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Preface

This is truly an exciting time in the field of neuro-oncology, particularly in the area of high-
grade gliomas. The management of patients with high-grade gliomas has historically been one
of the most challenging and disheartening fields in medicine, where failure is the rule and
longevity is the exception. The jaded often state that despite purported advances in surgical
and radiotherapeutic techniques and a myriad of clinical trials of medical therapies, the sur-
vival statistics for glioblastoma have not changed in the last three decades. The nihilism
associated with these tumors is such that some practitioners still advise against treatment or
even biopsy, recommending palliative care with the diagnosis based only on history and an
MRI scan. If the current state-of-the-art in the diagnosis and management of high-grade
gliomas was truly so bleak, there would be no reason to compile and publish a monograph on
the subject. The fact is that we have recently entered an era where real progress is being made
in our understanding and treatment of high-grade gliomas that is directly benefiting some
patients.

We are slowly but surely chipping away at this problem. One approach has exploited
correlations between particular molecular markers and therapeutic response. The first such
“breakthrough” in high-grade glioma was the observation that loss of chromosomes 1p and
19q uniformly predict chemosensitivity in anaplastic oligodendrogliomas (/). Subsequent
work has refined this relationship using additional markers to forecast longevity in patients
with these tumors (2). More recently we have seen similar observations in glioblastoma where
methylation of the methyl-guanine-methyl transferase (MGMT) gene promoter is associated
with better response to temozolomide (TMZ) (3). Similarly, co-expression of the vIII muta-
tion of epidermal growth factor receptor (EGFR) and the PTEN tumor suppressor gene pre-
dicts response to EGFR inhibitors (4).

Another approach has been large multi-center clinical trials using conventional and uncon-
ventional agents. Stupp et al have shown that radiotherapy with concurrent low dose temozo-
lomide and subsequent high dose TMZ leads to longer survival than radiotherapy alone for
newly diagnosed glioblastoma (5). Presently a large multicenter trial is comparing the use of
an immuotoxin (IL13-PE39QQR) delivered by convection enhanced delivery against
carmustine-impregnated biodegradable wafers in patients with operable glioblastoma at first
recurrence. Yet another avenue of investigation is to use preclinical animal testing to improve
response by refining traditional therapeutic delivery schedules, combining agents and inves-
tigating various modes of delivery and concentrations of agents achieved in tumor, brain and
CSF.

So in this volume we present the spectrum of issues pertaining to high-grade gliomas from
the basics of clinical characteristics and management to the state-of-the-art in diagnosis and
therapeutics, as well as current areas of investigation that may lead to the treatments of
tomorrow. We explore whether molecular diagnosis complements histology or is likely to
supercede it, the most current information in imaging techniques to assist us in diagnosing and
monitoring treatment, and the latest in “conventional” treatments such as surgery, radiation,
and cytotoxic chemotherapy.
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After decades of uniformly poor outcomes, we have entered an era where meaningful
advances are being made in our understanding of the biology of high-grade gliomas that is
leading to better, more rational, patient-specific treatments. I hope you find this book infor-
mative and useful.

Gene Barnett, MD, FACS
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I CLASSIFICATION OF HiGH-GRADE GLIOMA




1 Histologic Classification
of High-Grade Gliomas

Richard A. Prayson

Summary

High-grade gliomas (HGQG), as a group, are the most common primary neoplasms of the central
nervous system (CNS). Historically, and to a great extent currently, morphologic classification has and
does dictate treatment. This chapter reviews the pathologic features and grading parameters for high-
grade astrocytomas, oligodendrogliomas, mixed gliomas, and ependymomas. The histologic subtypes
of glioblastoma multiforme and the affects of radiotherapy on gliomas will be discussed. The potential
role for cell proliferation markers (Ki-67, MIB-1) in evaluating HGGs will be examined.

Key Words: Malignant glioma; glioma; glioblastoma multiforme; anaplastic oligodendro-
glioma; anaplastic ependymoma; gliosarcoma; anaplastic mixed glioma; radiation; Ki-67 antibody;
cell proliferation.

INTRODUCTION

High-grade gliomas (HGGs), in particular glioblastoma multiforme (GBM), are the most
common primary tumors of the central nervous system (CNS). Despite limitations, histologic
classification and grading continues to be the basis on which many therapeutic decisions
are made. In recent years, recognition of the association of certain genetic alterations, most
notably deletions on chromosomes 1p and 19q with the oligodendroglioma phenotype and
chemoresponsiveness, has had asignificantimpact on clinical decision making and has proven
to be a significant addition to the morphologic evaluation of gliomas (/—4). This chapter will
focus on the morphologic features of HGGs including grading, limitations of current grading
and classification approaches, differential diagnostic considerations, and the utilization of cell
proliferation markers in evaluating gliomas.

DIFFUSE FIBRILLARY ASTROCYTOMA

Diffuse or fibrillary astrocytomas account for the bulk of HGGs. Two main grading
approaches are currently employed in evaluating astrocytomas. The modified Ringertz sys-
tem is a three-tier approach in which tumor grade is denoted by name (5,6). Low-grade
astrocytomas are marked by mild hypercellularity and atypical astrocytic cells characterized
by nuclear enlargement, nuclear hyperchromasia, and nuclear pleomorphism. Rare mitotic
figures may be encountered. The intermediate grade anaplastic astrocytomas (AA) are more
cellular than the low-grade tumors. Nuclear pleomorphism is more evident and mitotic figures

From: Current Clinical Oncology: High-Grade Gliomas: Diagnosis and Treatment
Edited by: G. H. Barnett © Humana Press Inc., Totowa, NJ

3



4 Part I / Prayson

Fig. 1. AA characterized by prominent hypercellularity, mitotic activity, and nuclear atypia (nuclear
enlargement, pleomorphism and hyperchromasia) (hematoxylin and eosin, original magnification
x200).

are more readily encountered. A subset of AA is marked by vascular or endothelial prolifera-
tion, which accounts for the enhancement seen radiographically in HGGs. These vascular
changes are marked by a piling up or proliferation of all the normal cellular constituents of the
vessel wall including endothelial cells, fibroblasts, pericytes, and smooth muscle cells. The
diagnosis of high-grade GBM, in the modified Ringertz system, requires the presence of
geographic necrosis; the necrosis may or may not be rimmed by a pseudopalisade of tumor
cells.

The other main grading approach for astrocytomas which enjoys widespread use is the
World Health Organization (WHO) system (7). The WHO system is a four-tier system in
which tumor grade is denoted by Roman numerals I-IV. The grade I designation is used for
certain low-grade astrocytoma variant lesions such as pilocytic astrocytoma and subependy-
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Fig. 2. Vascular proliferative changes in a GBM (hematoxylin and eosin, original magnification
%200).

mal giant cell astrocytoma. The low-grade fibrillary astrocytoma of Ringertz roughly corre-
sponds to the WHO grade II astrocytoma. WHO grade III astrocytoma includes a subset of
the Ringertz AA (those tumors which are devoid of vascular proliferative changes) (Fig. 1).
The WHO grade IV astrocytoma (GBM) includes those Ringertz AA that demonstrate vas-
cular proliferative changes (Fig. 2) and the Ringertz GBM with necrosis (Fig. 3). The main
difference between the two grading approaches, with respect to fibrillary astrocytomas, lies
in the relative significance attached to the vascular proliferation. In the WHO system, vas-
cular proliferative changes in the proper background, even in the absence of necrosis, are
sufficient enough to warrant a diagnosis of GBM (grade IV).

There are a variety of other findings that one may encounter in high-grade astrocytomas
that do not necessarily affect tumor grade. Microcystic degeneration is a fairly common
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Fig. 3. A GBM marked by geographic necrosis rimmed by a pseudopalisade of tumor cells (hema-
toxylin and eosin, original magnification x100).

feature of fibrillary astrocytoma. About 15% of astrocytomas may demonstrate foci of micro-
calcification. Particularly at the infiltrative edge of an astrocytoma, one may observe satel-
litosis of tumor cells around pre-existing structures, such as vessels or neurons (Fig. 4). This
satellitosis phenomenon, when observed in fibrillary astrocytomas, is referred to as a second-
ary structure of Scherer and is often more pronounced at the infiltrating edge of high-grade
astrocytomas. Focal subpial aggregation of tumor cells may be observed and occasional
tumors may directly extend into the leptomeninges. In contrast to some of the astrocytoma
variant lesions, Rosenthal fibers, granular bodies, perivascular chronic inflammation, and
vascular sclerosis are relatively uncommon findings and their presence (particularly
Rosenthal fibers and granular bodies) should prompt serious consideration before a diagno-
sis of GBM is made.
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Fig. 4. Satellitosis of tumor cells around cortical neurons and vessels (secondary structures of Scherer)
at the infiltrating edge of a GBM (hematoxylin and eosin, original magnification x200).

A subset of high-grade astrocytomas may be marked by the presence of gemistocytic
astrocytes. These large cells are characterized by abundant eosinophilic cytoplasm (filled with
intermediate molecular weight glial filaments) and an eccentrically placed, enlarged nucleus
(Fig.5). Large numbers of these cells (comprising >20% of the tumor in one study) in a tumor
have been associated with more aggressive behavior (8). These tumors are generally treated
as if they are higher grade astrocytomas. Interestingly, when one evaluates such tumors with
a cell proliferation marker such as Ki-67 (or MIB-1), the gemistocytic cells are generally
quiescent and most of the proliferating cells are the more conventionally atypical astrocytic
cells with the irregular, elongated, and hyperchromatic nuclei in the background (9,10).

There are a variety of morphologic variants of GBM that have been described that are
important to recognize primarily because of their resemblance to other neoplasms. In gen-
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Fig. 5. Gemistocytic astrocytoma characterized by increased numbers of large astrocytic cells with
abundant eosinophilic cytoplasm (hematoxylin and eosin, original magnification xX200).

eral, there is little difference in terms of treatment approaches or outcome between these
morphologic variants. Gliosarcoma is one of the earliest variants recognized (Feigin tumor)
(11-14). The gliosarcoma consists of an admixture of recognizable glioblastomosis foci and
areas resembling sarcoma (Fig. 6). Most commonly, the sarcoma component looks like a
fibrosarcoma or malignant histiocytoma, although occasionally angiosarcomatous, osteo-
sarcomatous, or chondrosarcomatous areas may be observed. When the sarcomatous com-
ponent is spindled, a combination of a reticulin stain and glial fibrillary acidic protein
(GFAP) immunostain may be useful in differentiating the lesion from a spindled glioblas-
toma mutliforme. The sarcomatous component is reticulin-rich (Fig. 7); the only reticulin
usually observed in a GBM is concentrated in foci of vascular proliferation. In contrast to
the glioblastoma areas, the sarcoma component is GFAP negative. In a spindled GBM,
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Fig. 6. Gliosarcoma characterized by a mixture of glioblastomatous and spindled cell sarcomatous
patterns (hematoxylin and eosin, original magnification x100).

many of the spindle cells will be GFAP positive and the spindled region reticulin poor. Pure
sarcomas do not demonstrate GFAP immunoreactivity. Historically, these tumors were
thought to arise from an initial GBM that secondarily induced a malignant transformation
of neighboring mesenchymal cells, resulting in the development of the sarcomatous com-
ponent. More recent genetic studies have demonstrated identical genetic alterations in the
glioblastomatous and sarcomatous components, implying derivation from a common cell of
origin (/5,16). It would seem that astrocytomas have the capability to undergo mesenchy-
mal differentiation, a concept further supported by the occasional reports of benign appear-
ing mesenchymal elements in astrocytomas.

Two particular variants of GBM that phenotypically resemble carcinomas include the
epithelioid and small cell variants. The epithelioid variant of glioblastoma is marked by the



10 Part I / Prayson

Fig. 7. A reticulin stain highlighting the reticulin rich sarcomatous component of a gliosarcoma (reti-
culin, original magnification x100).

presence of discohesive cells that have distinct cytoplasmic borders, a moderate amount of
cytoplasm, and a rather prominent nucleus with a large nucleolus (Fig. 8) (/7,18). The
features of this variant, if predominant in a tumor, may cause confusion with a metastatic
large cell carcinoma (or at times even melanoma). The small cell variant of glioblastoma is
similarly characterized by a discohesive proliferation of cells with scant cytoplasm, resem-
bling a metastatic small cell carcinoma (Fig. 9) (19,20). In many cases, these phenotypes
are admixed with more conventional appearing areas of glioblastoma and may be diagnos-
tically straightforward. In tumors where these patterns predominate, immunohistochemis-
try may be employed to aid in distinguishing these tumors from metastatic carcinoma. These
cells still variably stain with GFAP and do not generally stain with epithelial markers
(e.g., cytokeratins, epithelial membrane antigen). Some care must be taken, however, in the
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Fig. 8. Rounded cells with distinct cytoplasmic borders and prominent nucleolation in an epithelioid
variant of GBM (hematoxylin and eosin, original magnification x200).

choice of keratin antibody. Certain keratin antibodies, most notably cytokeratin AE1/3,
show cross immunoreactivity and stain GBM, sometimes even more extensively than
GFAP antibody does (27). Lower molecular weight keratin markers, such as CAMS5.2, tend
to demonstrate less crossreactivity. Interestingly, the small cell variant of glioblastoma
appears to be somewhat genetically homogeneous in that epidermal growth factor recep-
tor (EGFR) amplification/overexpression is invariably present in this subset of tumors
(20).

The giant cell variant of GBM (monstrocellular sarcoma of Ziilch) is characterized by
increased numbers of large, frequently multinucleated astrocytic cells (Fig. 10) (22). The
cells demonstrate more atypia than the “usual” cytologic abnormality encountered ina GBM.
There has been some suggestion in the literature, albeit limited, that this variant may be
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Fig. 9. Small cell variant of GBM is characterized by a proliferation of small cells resembling metastatic
small cell carcinoma (hematoxylin and eosin, original magnification x200).

somewhat more common in younger age patients and may be associated with a slightly better
prognosis.

Other phenotyopic variants of high-grade astrocytoma include tumors with granular cell
differentiation or spongioblastomatous pattern (23—25). The presence of granular cells in an
astrocytoma appears to be a marker of a higher grade lesion. The granular cells are character-
ized by abundant, finely granular cytoplasm (Fig. 11). The granularity is caused by an accu-
mulation of large lysosomes in the cell cytoplasm. The spongioblastomatous pattern is marked
by a striking palisaded arrangement of cell nuclei with intervening fibrillary zones (Fig. 12).

Conventional treatment for high-grade astrocytomas is radiotherapy. Radiation itself can
induce changes in the tissue that can mimic tumor (26—28). The earliest morphologic changes
associated with radiation include edema, reactive astrocytosis, and perivascular chronic
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Fig. 10. Large, multinucleated cells characterize the giant cell variant of GBM (hematoxylin and eosin,
original magnification x400).

inflammation. Vascular sclerosis eventually develops with the concomitant development of
necrosis (Fig. 13). In contrast to glioblastoma associated necrosis, radionecrosis is not
rimmed by a palisade of astrocytic cells and it is frequently accompanied by increased
numbers of macrophages (Fig. 14). Radiation can also induce significant cytologic atypia
in both reactive and neoplastic astrocytes (Fig. 15), resulting (in extreme cases) in a mark-
edly enlarged nucleus, multinucleation, and cytoplasmic vacuolation. Grading lesions that
have been previously radiated can be difficult, particularly if the modified Ringertz system
is being employed. Given the relative importance afforded necrosis, in the absence of a
pseudopalisade of tumor cells around the necrotic focus, it is difficult to definitively distin-
guish between radionecrosis and tumor necrosis. In the WHO system, vascular proliferative
changes can additionally be employed to upgrade a lesion to GBM. Radiation also predis-
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Fig. 11. A sheet of cells marked by finely granular cytoplasm in a granular cell GBM (hematoxylin and
eosin, original magnification x200).

poses one to the development of a secondary neoplasm or malignant progression in a low-
grade lesion.

The concept of multifocality in astrocytomas is well accepted; as many as 10 to15% of
astrocytomas may be multifocal. Multifocality is defined by the presence of two or more
discrete or noncontiguous foci of tumor. Some lesions that radiographically appear to be
distinct may represent a single tumor. The infiltrative nature of astrocytomas often allows
them to spread far beyond what their gross and radiographic appearance would otherwise
suggest. Infiltration of tumor via the commissural system to involve the contralateral side
(so called “butterfly gliomas™) is, unfortunately, not uncommon.

Rarely, astrocytomas may become diffusely infiltrative and involve most, if not all, of
the brain. Such a lesion is referred to as gliomatosis cerebri and is associated with a particu-
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Fig. 12. A focal palisaded nuclear pattern typical of the spongioblastomatous pattern in a GBM (hema-
toxylin and eosin, original magnification x100).

larly poor prognosis (29,30). The diagnosis of gliomatosis cerebri requires correlation of
the pathology with the radiographic findings of a diffusely infiltrative process. Often on
biopsy, the gliomatosis cerebri resembles a low-grade, infiltrating astrocytoma (Fig. 16).
Tumor cells are frequently spindled and may resemble microglial cells. To distinguish
these cells from microglial cells, a CD68 immunostain, which highlights the microglial
cells, can be used. Small foci of high-grade appearing glioma may be observed in glioma-
tosis.

There are a variety of astrocytoma variant tumors that are important to distinguish from
fibrillary astrocytomas because of their unique clinical presentation, better prognosis, and
differences in treatment approaches. Most of these tumors are low-grade lesions (WHO
grade I and II tumors). Rarely, some of these neoplasms may degenerate into higher-grade
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Fig. 13. Vascular sclerosis and gliosis secondary to radiation therapy (hematoxylin and eosin, original
magnification x100).

tumors. Most commonly, this occurs in pleomorphic xanthoastrocytomas. Malignant degen-
eration in xanthoastrocytoma (anaplastic pleomorphic xanthoastrocytomas) is a well-recog-
nized phenomenon (32—34). Criteria for distinguishing the higher-grade lesion fromits lower
grade counterpart are not well defined. Some of the morphologic features (such as hyper-
cellularity, nuclear pleomorphism, and vascular proliferation) that are utilized to assign
tumor grade in the fibrillary astrocytomas are regular features of the pleomorphic xantho-
astrocytoma and do not have the same implication in this setting. Anaplastic tumors are
marked by increased mitotic activity and/or necrosis (Figs. 17 and 18).

Malignant degeneration in pilocytic astrocytomas is an extraordinarily rare event (35).
Most of these cases arise in the setting of ordinary pilocytic astrocytomas that are irradiated
and subsequently undergo malignant degeneration. These tumors may demonstrate areas
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Fig. 14. A collection of macrophages in a focus of radiation-induced necrosis (hematoxylin and eosin,
original magnification x200).

that make them morphologically indistinguishable from GBM. Subependymal giant cell
astrocytomas, which are probably more akin to hamartomas, are not thought to undergo
malignant progression. A subset of other rare astrocytic tumors (astroblastomas and desmo-
plastic astrocytoma of infancy) may demonstrate aggressive morphologic features and may
behave in a more aggressive fashion; however, experience is too limited in these cases to
allow for the definition of precise morphologic criteria predictive of behavior (36-39).

OLIGODENDROGLIOMA AND MIXED GLIOMA

Historically, the grading of oligodendrogliomas has paralleled their astrocytoma counter-
parts. Many of the same histologic features that are used to grade diffuse astrocytomas are
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Fig. 15. Bizarre, radiation-induced atypia in a residual GBM (hematoxylin and eosin, original magni-
fication x200).

used to grade oligodendrogliomas; the threshold between low- and high-grade lesions is a bit
different (40-45). The currently favored approach to grading oligodendroglioma stratifies
them into low- (WHO grade II) and high-grade anaplastic (WHO grade III) lesions (46).
Low-grade oligodendrogliomas are marked by a rather monomorphic proliferation of
cells with rounded nuclei and scant cytoplasm. The tumors are associated with an arcu-
ate or “chicken wire” capillary vascular pattern and approx 80% of tumors are calcified.
Like fibrillary astrocytomas, oligodendrogliomas are infiltrative tumors. Tumor cells
have a propensity to satellite around pre-existing structures in the cortex (e.g., neurons,
vessels) and subpial aggregation of tumor cells is common. Focal microcystic degenera-
tion may be observed, resulting in a pattern resembling the dysembryoplastic neuroepithe-
lial tumor or rare low-grade protoplasmic astrocytoma. A subset of tumors contains cells
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Fig. 16. Gliomatosis cerebri often resembles alow-grade astrocytoma with spindled nuclei (hematoxylin
and eosin, original magnification X200).

referred to as “minigemistocytes.” The cells contain rounded oligodendrocyte nuclei with
increased eosinophilic cytoplasm filled with intermediate molecular weight glial filaments
(Fig. 19).

High-grade tumors are generally more cellular than low-grade tumors (Fig. 20). Nuclear
pleomorphism is more prominent and in some tumors may approach the variation in nuclear
size and shape that marks high-grade astrocytomas. Mitotic activity is more prevalent and
often approaches and exceeds five mitotic figures/ten high power fields. Vascular prolifera-
tion and foci of necrosis may be present (Fig. 21). Some tumors resemble GBM with palisaded
necrosis (Fig. 22). These tumors should not, however, be referred to as GBM; tumors of
oligodendroglial lineage generally have a better prognosis and are more likely to respond to
chemotherapy.
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Fig. 17. Anaplastic pleomorphic xanthoastrocytoma with focus of geographic necrosis (hematoxylin
and eosin, original magnification x100).

Itis notunusual, in an otherwise typical appearing oligodendroglioma, to find occasional
atypical appearing astrocytic cells; admixture of astrocytoma and oligodendroglioma cells
in the same tumor have been recognized since the early 1970s as a mixed glioma (oligo-
astrocytoma) (47). Two patterns of this tumor have been described. In one pattern, there is
a diffuse admixture of cellular elements in the tumor. In the other pattern, geographically
distinct areas of astrocytoma and oligodendroglioma are juxtaposed to one another in the
same neoplasm (Fig. 23). Unfortunately, precise criteria regarding what percentage of a
minor component needs to be present in order to designate the lesion a mixed glioma
varies; the literature suggests anywhere between 20 and 35% as a guideline in this regard
(48-51). The diagnosis is further complicated by the lack of a reliable immunomarker for
oligodendroglial cell differentiation, making distinction of cell types sometimes challeng-
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Fig. 18. Increased mitotic activity in an anaplastic pleomorphic xanthoastrocytoma (hematoxylin and
eosin, original magnification x200).

ing, particularly in the so-called diffuse pattern of the tumor. The GFAP antibody generally
does not stain oligodendroglioma cells well, with the notable exception of the mini-
gemistocytes. In theory, astrocytoma cells should stain with GFAP; however, in the
higher grade, more poorly differentiated tumors, not all tumor cells stain. The extent of
sampling also becomes an issue regarding diagnosis. One cannot comfortably make a diag-
nosis of mixed glioma on a small biopsy; the lesion needs to be sampled extensively enough
to ensure that the designation is in fact an appropriate reflection of what the neoplasm
actually is.

Given the previously enumerated problems, it is not surprising that the literature is
difficult to interpret on this subset of tumors. Many studies either fail to clearly define what
is meant by mixed glioma or they include mixed gliomas in studies of oligodendrogliomas.
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Fig. 19. Minigemistocytic oligodendroglial cells with increased cell cytoplasm in an oligodendroglioma
(hematoxylin and eosin, original magnification x200).

Assessing the behavior of these tumors has been difficult. More recently, the molecular
evaluation of mixed gliomas (oligoastrocytomas) for loss on chromosomes 1p and 19q has
helped to clarify this issue. Mixed gliomas which are 1p/19q deleted appear to act more like
oligodendrogliomas (i.e., more likely to benefit from a course of chemotherapy and have a
better prognosis), and tumors which are 1p/19q intact act more like astrocytomas (52).

EPENDYMOMAS

As a group, ependymomas are the least common of the gliomas but they comprise a signifi-
cant percentage of gliomas in children. The most commonly employed grading systems for
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Fig. 20. Increased cellularity and nuclear pleomorphism in an anaplastic oligodendroglioma (hematoxy-
lin and eosin, original magnification x200).

ependymomas are two-tiered systems in which tumors are graded as low-grade (WHO grade
IT) and anaplastic (WHO grade I1I) ependymomas (53). The histologic hallmark of ependymo-
mas is the formation of true ependymal rosettes and perivascular pseudorosettes (Fig. 24).
Tumors may demonstrate microcystic change, calcification, and melanin pigmentation. Simi-
lar to diffuse astrocytomas and oligodendrogliomas, anaplastic ependymomas are more cellu-
lar than low-grade tumors, more pleomorphic, and more mitotically active (Fig. 25). They may
demonstrate vascular proliferative changes and/or necrosis (Fig. 26). Similar to oligodendro-
gliomas, the precise criteria required to distinguish an anaplastic tumor from a low-grade tumor
are not well established (54-60).

Many of the higher grade tumors resemble high-grade astrocytomas and the rare clear cell
variant of ependymoma can mimic an oligodendroglioma. Similar to astrocytomas, ependymo-
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Fig. 21. Prominent vascular proliferative changes in an anaplastic oligodendroglioma (hematoxylin and
eosin, original magnification x200).

mas are GFAP and S-100 protein positive. Keratin immunoreactivity may also be observed,
particularly in epithelial-type ependymomas. When the rosettes and pseudorosettes are not
obvious in a high-grade tumor, or the biopsy is limited, ultrastructural examination of the
neoplasm may be required to identify the tumor as ependymal. Features unique to ependymo-
mas (vs other) HGGs include cilia, microvilli, ciliary attachments (blepharoplasts), and cell
junctions (Fig. 27).

GRADING ISSUES

There are a number of limitations to currently employed, morphologic-based grading
approaches in gliomas. The fact that there are continuous efforts at improving grading
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Fig. 22. Focal palisaded necrosis in an anaplastic oligodendroglioma (hematoxylin and eosin, original
magnification x200).

schemas implies recognition of the limitations of the current approaches and a lack of
agreement regarding the relative importance of certain parameters in assigning grade.

Superimposed issues related to tumor heterogeneity and the implications for tumor sam-
pling further complicate matters. HGGs are notoriously heterogeneous lesions; different
areas of the tumor may have a different appearance (6/,62). This has significant implica-
tions with regard to surgical sampling. To ensure that the tissue sampled represents the
highest grade area of the tumor underscores the importance of intraoperative correlation of
the radiographic findings and communication between the surgeon and pathologist in the
context of intraoperative consultation (63).

Given the descriptive nature of the currently employed histologic grading systems, there
is inherent interobserver variability in grading (64—66). This variability extends beyond the
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Fig. 23. Anaplastic mixed glioma (oligoastrocytoma) marked by geographically distinct areas resem-
bling astrocytoma and oligodendroglioma (hematoxylin and eosin, original magnification x200).

grading arena and impacts the assignment of tumor type. This is particularly true in differ-
entiating one HGG type from another and is particularly operative in the differential diag-
nosis of high-grade astrocytoma vs anaplastic oligodendroglioma vs malignant mixed
glioma. The interobserver variability in grading underscores the intrinsic limitations of the
descriptive grading systems. This can to some extent be compensated for either by experi-
ence or in a group setting, by collectively reviewing diagnoses and tumor grade assignments
and refining personal criteria to conform to the group (67).

CELL PROLIFERATION MARKERS

All of the aforementioned limitations to tumor grading and even to some degree assign-
ment of tumor type has prompted numerous studies attempting to define other parameters
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Fig. 24. Prominent perivascular pseudorosette formations in a anaplastic ependymoma (hematoxylin
and eosin, original magnification x100).

that assist in predicting behavior in a given patient and indicate optimal treatment options.
The utility of certain molecular markers has already been alluded to and is the subject of
another chapter.

One of the other groups of markers that has proven useful in evaluating tumors are the
cell proliferation markers. There are a variety of markers (e.g., radioactive, flow cytometric,
and immunohistochemically based) that have been explored in detail (68). Of the currently
available modalities, the most practical and effective marker is Ki-67 or MIB-1 antibody
(69—77). These markers stain a nuclear protein that is expressed during the proliferative
phases of the cell cycle. The immunostaining has the advantage of being relatively easy to
perform, easy to interpret, and relatively inexpensive. Labeling indices are determined by
computing the percentage of positive staining tumor cell nuclei. Correlation between either
histologic-grade or prognosis and the labeling indices have been demonstrated; high-grade
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Fig. 25. Prominent hypercellularity and nuclear pleomorphism in an anaplastic ependymoma (hema-
toxylin and eosin, original magnification x400).

tumors have higher labeling indices than low-grade tumors. Labeling indices are particu-
larly useful in tumors that are histologically “on the fence” with regard to grade. A higher
labeling index would be suggestive of a more proliferative lesion (more likely higher grade).
A low labeling is less informative. A low index may indicate a lower grade lesion or it may
be the result of sampling. Gliomas demonstrate regional heterogeneity in cell proliferation
(Fig. 28A,B). A low index may be reflective of sampling and selection of an area of the
tumor thatis not very proliferative. Among high-grade tumors (GBM), there is no indication
that labeling indices add any additional prognostic value.

The labeling index is subject to some limitations. Aside from the issue of tumor heteroge-
neity, indices may be affected by a variety of factors including source of antibody, staining
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Fig. 26. Vascular proliferative changes in an anaplastic ependymoma (hematoxylin and eosin, original
magnification x100).

conditions, and interobserver variability in counting. Labeling indices may, therefore, vary
somewhat from one lab to another. Because of these limitations, the establishment of precise
cutoff indices with regard to grade or prognosis is not appropriate. The general value of the
index is more important than the precise number generated.

CONCLUSION

In the near future, morphologic assessment of tumors will remain the basis of prognos-
tication and treatment/management. The overall approach to evaluating gliomas, however,
is becoming more multifaceted, utilizing a combination of imaging, histology, evaluation
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Fig. 27. Cilia and cell junctions ultrastructurally mark ependymomas and allow for their distinction from
other gliomas (original magnification x3600).

of cell proliferation, protein expression, and molecular evaluation of the tumor. The search
continues for markers that predict outcome in an individual patient and predict treatment
response (Or non-response).
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2 Molecular Classifications

Gregory N. Fuller

Summary

The field of glioma classification is currently entering a new era with the introduction of para-
digms based on molecular information. Rather than supplanting traditional morphology-based clas-
sification schemes, it is anticipated that emerging molecular biologic, genomic, transcriptomic, and
proteomic data will complement and augment existing morphologic and immunophenotypic data,
providing for a more accurate and refined stratification of glioma patients for directed therapies and
for the resolution of several problematic issues inherent in histological classifications. Two different
approaches are contributing to the improvement of glioma stratification. The first is the analysis of
alterations of a limited number of genes or gene products of recently demonstrated impact on patient
survival and response to therapy, such as deletion status of chromosomes 1p and 19q in oligodendro-
glial tumors, and O(6)-methylguanine-DNA methyltransferase (MGMT) promoter methylation in
glioblastoma. The second is a more comprehensive analysis of the tumor genome, transcriptome, or
proteome, which may in itself provide refined subclassification, or may identify specific relevant
biomolecules for use in the single gene analysis approach. Both paradigms have already exerted a
tangible and growing impact on glioma classification, yetitis highly likely that we have only just begun
to exploit their potential contributions.

Key Words: Molecular classification; glioma; transcriptomics; genomics; proteomics; tissue
microarray; MGMT; PTEN; 1p; 19q.

INTRODUCTION

The histopathologic classification of diffuse gliomas by microscopy has a long and storied
history. Many different classification and grading systems of increasing precision and clinical
utility have been proposed. Currently applied classifications, such as the modified Ringertz
systems of Burger (/) and Nelson (2), the St. Anne-Mayo system (3), and the World Health
Organization (WHO) system (4) are largely based on morphologic pattern recognition and
relative weighting of various histologic features, with supportive input provided by immuno-
phenotypic studies using monoclonal (MAbs) and polyclonal antibodies (PAbs) directed
against various differentiation and cell proliferation makers. The clinical usefulness of these
time-tested glioma classification systems cannot be overemphasized. In addition, the techni-
cal simplicity and cost efficiency of rendering a diagnosis based on the examination of a
hematoxylin and eosin-stained tissue section by simple light microscopy are unparalleled.
Nevertheless, morphology-based tumor stratification exhibits a number of shortcomings
(Table 1). Among these are (1) subjectiveness, (2) inability to substratify patients within a
given major tumor category, such as anaplastic astrocytoma (AA), and (3) inability to predict
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Table 1
Some Shortcomings of Traditional Morphology-Based Tumor Classification Systems

» Subjective classification criteria open to variable interpretation and relative weighting by
individual evaluators.

* Nonpredictive of individual patient survival within a given tumor type and grade.

* Nonpredictive of individual tumor response to particular therapeutic regimens.

Table 2

Two Current Paradigms for Molecular Classification of Gliomas

* Sequential assay of a small number of genes or gene products of known significance (e.g., 1p,
19q, 9p, 10q, PTEN, P16k TP53, EGFR, MGMT).

* Simultaneous assay of a large number (hundreds or thousands) of genes or gene products by
any one of a number of high-density, high-throughput techniques, followed by statistical
analysis to identify glioma subsets and robust classifiers. Techniques include gene expression
profiling, array comparative genomic hybridization and proteome profiling.

patient response or lack thereof to specific therapeutic regimens. Subjectiveness or ambiguity
of interpretation is usually not an issue for gliomas that exhibit classical morphology—such
as typical glioblastomas that show pleomorphism, fibrillary cytoplasmic processes, florid
microvascular proliferation, and zones of tumor necrosis with pseudopalisading—or for oligoden-
drogliomas with monotonous, uniform cells, bland round nuclei, and prominent perinuclear
halos; however, in a significant percentage of diffuse gliomas, there exists either a mixture of
cells with either astrocytic or oligodendroglia features, or a large percentage of cells exhibit
a combination of astrocytic and oligodendroglial features. At different times throughout the
history of glioma classification, the neuropathology Zeitgeist has variously favored including
such morphologically ambiguous tumors in the astrocytic camp, the oligodendroglial camp,
or in a hybrid category called mixed oligoastrocytoma in which there may be topographically
separate areas of astrocyte-featured cells and oligodendrocyte-featured cells, or the two popu-
lations may be intimately intermixed, or there may be a tertium quid variant in which all of
the tumor cells display features that are intermediate between those of classical astrocytoma
and classical oligodendroglioma (5).

Therefore, there is a clearly defined need for a more refined, individually tailored, and less
subjective glioma classification. Contemporary molecular and genomic techniques provide a
wealth of possible avenues for improving current glioma stratification.

MOLECULAR CLASSIFICATION PARADIGMS

There are two paradigms for the molecular classification and substratification of diffuse
gliomas that are currently enjoying widespread investigation and application (Table 2). The
first is based on the assay of only a very small number of genes or gene products of known
importance. The second approach employs a more global analysis of hundreds or thousands
of genes using contemporary high-density, high-throughput genomic technologies. Both
approaches have proven fruitful in preliminary molecular classification attempts.
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Table 3
Contemporary Genomic, Transcriptomic, and Proteomic Techniques
Used for Data Acquisition for Molecular Classification Studies

DNA RNA Protein

Genome Transcriptome Proteome

Array CGH Expression microarrays MALDI-TOF MS
FISH + TMA SAGE Protein arrays
Antibody arrays
TMA + Ab

Abbr: Ab, monoclonal and polyclonal antibodies; CGH, comparative genomic
hybridization; FISH, fluorescent in situ hybridization; MALDI-TOF MS, matrix-
assisted laser desorption/ionization time-of-flight mass spectrometry; SAGE,
serial analysis of gene expression; TMA, tissue microarray.

PATIENT STRATIFICATION BASED ON ASSAY
OF A SMALL NUMBEROF MOLECULAR MARKERS

The term “molecular classification,” in the most basic sense, implies the use of molecular
data to effect or facilitate the reliable and reproducible stratification of patients into groups
that have differing prognostic or therapeutic implications. Contemporary basic and transla-
tional molecular biological research has yielded a number of molecular marker assays with
proven prognostic and/or therapeutic significance in high-grade gliomas. The most salient of
these is deletion testing for markers on chromosomes 1p and 19q in oligodendrogliomas.
Co-deletion of markers on both chromosomal arms is associated with better response to
therapy, increased time to recurrence, and increased survival compared with morphologically
similar tumors that lack this molecular signature (6—/4). In this instance, the assessment of
only two chromosomal regions yields a clinically significant dichotomous molecular classi-
fication of oligodendroglial tumors. Assay of a few additional molecular markers, such as
TP53 mutation can be used to generate an even finer molecular substratification of anaplastic
oligodendrogliomas into four prognostically significant groups (6). Another prominent example
of molecular stratification using only a single gene assay is the assessment of epigenetic silenc-
ing of O(6)-methylguanine-DNA methyltransferase (MGMT) by promoter methylation in
high-grade astrocytomas. Patients with tumors that exhibit MGMT gene promoter methyla-
tion survive longer after treatment with temozolomide and radiation therapy compared with
patients with tumors that lack this feature (/5—/7). Thus, MGMT promoter methylation status
permits the molecular subclassification of glioblastoma patients into two different treatment
response groups.

MOLECULAR STRATIFICATION BASED ON TRANSCRIPTOME
PROFILING, COMPARATIVE GENOMIC
HYBRIDIZATION, AND PROTEOME PROFILING

A number of contemporary high-density genomic, transcriptomic, and proteomic tech-
niques are available that could potentially provide data useful for tumor molecular classifica-
tion and novel class discovery (Table 3). In theory, quantitative information on DNA
alterations, mRNA (cDNA) levels, or protein composition and quantities could be used to
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Table 4
Technology-Driven Revolutions in the History of Tumor Nosology

¢ Light microscopy

* Electron microscopy

¢ Immunocytochemistry

* Genomics & Transcriptomics
¢ Proteomics Next!

separate gliomas into meaningful subsets for diagnostic, prognostic, and/or therapeutic pur-
poses. Currently, transcriptome profiling (/8—26) and array comparative genomic hybridiza-
tion (27-30) are the dominant methodologies that have been used to generate molecular
classifications of the diffuse gliomas. Initial experiments using proteomic data to subclassify
gliomas have also been reported (3/).

Several conclusions can be drawn from the collective experience on molecular classifica-
tion of gliomas using genomic and transcriptomic techniques to date: (1) molecular classifi-
cation can separate tumor types and grades as well as and often better than histopathologic
classification, (2) gene expression profiling can identify subgroups within histologic tumor
types that are not identifiable by morphologic or immunophenotypic evaluation, and (3)
nosologic groups identified by expression profiling have prognostic significance with respect
to patient survival. In addition, it is clear that the analysis of hundreds or thousands of genes
or gene products, although alogical starting point, is not necessary once robust classifier genes
have been identified. Rather, the paradigm that is evolving is the initial quantitation of thou-
sands of genes, followed by statistical analysis to identify small sets of only a few genes that
are strong classifiers. These markers can then be used to stratify tumors for various ends, such
as prognosis, susceptibility to specific therapeutic regimens, or resistance to specific thera-
pies. Sets as small as three genes have proven as powerful as the indiscriminant evaluation of
hundreds of genes in classifying gliomas (/9). This then raises the possibility of design of
relatively simple chip sets for diagnosis that would be feasible from both technological and
cost efficiency perspectives for widespread routine diagnostic application. Additionally, it
may also be possible to select for robust classifier gene sets that code for expressed proteins
for which antibodies could then be raised, thereby “translating” genomic classification into
protein immunohistochemical classification. In contrast to high-density gene expression plat-
forms and array comparative genomic hybridization (CGH) technology, immunohistochem-
istry is available in virtually all modern hospital diagnostic clinical laboratories.

CONCLUSIONS

Numerous studies by multiple institutions over the past several years have convincingly
demonstrated the power and ability of molecular approaches to classify and substratify diffuse
gliomas. In the words of Nutt and colleagues, “Gene expression-based classification of
malignant gliomas correlates better with survival than histological classification (25).” At
the same time, it is equally true that classical histopathological evaluation of gliomas provides
much useful information and no cogent arguments for discontinuing morphologic and
immunophenotypic diagnosis and classification studies have been advanced. Morphologic
evaluation has the advantages of simplicity, cost effectiveness, and a long history of proven
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useful application. Although itis hazardous to attempt to predict the future, it seems likely that
morphology will continue for some time to provide the foundation for glioma classification,
with molecular analysis judiciously applied as warranted to provide more refined stratifica-
tion as continued research unveils additional applications.

The history of tumor classification is replete with examples of the influence of technologi-
cal advances (Table 4). The invention of the light microscope was arguably the single greatest
advance in tumor nosology, introducing the modern era. Other waves of progress were pro-
vided by the transmission electron microscope for ultrastructural analysis and the introduction
of immunocytochemistry for differentiation antigen identification. Currently, transcriptomic
techniques (gene expression profiling) and genomic techniques (array comparative genomic
hybridization and related techniques) are exerting a strong influence on the field. Proteomic
technology is likely to have an increasing influence in the future as the field matures.
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3 Pediatric High-Grade Glioma

Bruce H. Cobhen

Summary

Brain tumors are the second-most common neoplasm in children, and the most common solid
tumor. Glial tumors comprise about 40% of the primary brain tumors that occur in children. Slightly
more than 50% of the glial neoplasms are low-grade tumors, and these are almost all pilocytic astro-
cytomas that occur in the cerebellum, optic apparatus, and diencephalon. As with adults, HGG in
children may occur anywhere in the central nervous system (CNS). However, in children, there tends
to be a greater percentage of tumors that are localized in the deep gray matter, cerebellum, and espe-
cially within the brainstem. Despite technological advances in neuroimaging, improvements in surgi-
cal techniques, advances in radiotherapy, and the proliferation of new anti-neoplastic agents, the
prognosis for survival of high-grade glioma in children has only improved marginally over the past
several decades. Although the prognosis for survival of supratentorial high-grade glioma is not as
ominous in children as in adults, this survival advantage may be in part a result of stronger constitution
of children as well as differences in the molecular genetic substrate of the neoplasm.

Key Words: Pediatric gliomas; brainstem HGG; supratentorial HGG.

INTRODUCTION

Brain tumors are the second-most common neoplasm in children, and the most common
solid tumor. The incidence of brain tumors in children, based on an analysis of several studies,
is 2 to 3 per 100,000 children per year (/). Glial tumors comprise about 40% of the primary
brain tumors that occur in children. Slightly more than 50% of the glial neoplasms are low-
grade tumors, and these are almost all pilocytic astrocytomas that occur in the cerebellum,
optic apparatus, and diencephalon. A relatively common tumor in adults, the fibrillary infil-
trating astrocytomas (referred to as low-grade astrocytomas or grade Il astrocytomas), is very
rare in childhood. The high-grade brainstem glioma and high-grade supratentorial gliomas
each account for 20% of pediatric gliomas, with the remaining 5% occurring in the cerebellum.
In total, high-grade gliomas (HGG) make up about 5% of all pediatric neoplasms (2). As with
adults, HGG in children may occur anywhere in the central nervous system (CNS). However,
in children, there tends to be a greater percentage of tumors that are localized in the deep gray
matter, cerebellum, and especially within the brainstem. The HGG of the brainstem, which
will be discussed separately in great detail, tend to be easy to identify with neuroimaging, and
do not require biopsy for diagnosis (3—5). The clinical behavior of the high-grade brainstem
gliomas tends to follow a rather predictable course with early response to radiotherapy and
recurrence within about 1 yr (6,7). The clinical course of the supratentorial and cerebellar
HGG is not as predictable in children as it is in adults. Regardless, both the genetic alterations
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are different than in adults and the outcome is somewhat better for children than adults (8).
There is limited information about the genetic alterations that lead to HGG formation in
childhood malignant gliomas. The molecular changes that have been found are more like those
in the adult secondary glioblastoma than in the denovo pathway. However, other genetic
changes suggest that the early mechanisms of tumorigenesis is different in children than in
adults (9).

Despite technological advances in neuroimaging, improvements in surgical techniques,
advances in radiotherapy, and the proliferation of new anti-neoplastic agents, the prognosis
for survival of high-grade glioma in children has only improved marginally over the past
several decades. The historical data suggest that only about 20% of children survive 3 yr post-
diagnosis. Although the prognosis for survival of supratentorial high-grade glioma is not as
ominous in children as in adults, this survival advantage may be in part a result of stronger
constitution of children as well as differences in the molecular genetic substrate of the neo-
plasm (7). However the infratentorial high-grade glioma, especially the intrinsic pontine
glioma, remains one of the most treatment-resistant tumors, with an ultimate prognosis similar
to adults with glioblastoma multiforme (GBM).

NONBRAINSTEM MALIGNANT GLIOMAS
Clinical Presentation

The clinical presentation may be quite different in infants and young children for several
reasons. The skull bones do not begin to fuse until after 2 to 3 yr of life, and relatively slow-
growing tumors, even if they have a malignant histology, can cause considerable macrocrania
before causing increased intracranial pressure (ICP). The fact that the intracranial volume is
not fixed as it is in older children and adults also explains why many infants present with
nonlocalizing signs such as behavioral changes. The tumors in infants tend to be located more
along the midline and therefore hydrocephalus may occur because of blockage of cerebrospi-
nal fluid (CSF) at the level of the foramen of Monroe, the third ventricle, the aquaduct of
Sylvius, or as a result of obstruction of the outflow tracts of the fourth ventricle. Aside from
hydrocephalus, macrocrania may occur because of tumor volume alone. The clinical exami-
nation of an infant or toddler may show splitting of the cranial sutures and an enlarged or
bulging fontenelle without any signs of increased ICP, including absence of papilledema.
Unless there are well documented head circumference measurements performed as part of the
standard well-child care, the diagnosis of macrocrania may be delayed for months. When the
intracranial volume does expand faster than the skull can accommodate, increased ICP can
occur and manifest itself as changes in feeding patterns or vomiting. Early in the course of the
illness these changes can mimic common childhood viral infections. As the pressure increases,
the infant or young child may become more irritable. In extreme situations, the long-standing
hydrocephalus may cause optic atrophy and optic pallor without any evidence of papilledema.
As with older children and adults, focal neurologic signs and seizures may occur (2,/0).

The presentation in children out of the infant and toddler stage is similar to adults. In a study
that was published as computer tomography (CT) was becoming first available noted that the
mean duration of symptoms prior to diagnosis for children with GBM was 13 wk (//). Head-
ache is the earliest and most common symptom, occurring in almost 60% of children. Vom-
iting occurs in 40% and seizures in 30%. Eight percent of children have more than one
symptom at the time of diagnosis and 69% have symptoms for less than 3 mo. The neurologic
examination is abnormal in 94% of children at the time of diagnosis (2).
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Treatment Considerations

As in adults with malignant glioma, there is difficulty in developing treatment trials and
interpreting results; the problem, however, is considerably more difficult in children because,
as rare as these tumors are in adults, there are far fewer pediatric patients to study.

Role of Surgery

Some debate remains around the use of aggressive surgery as part of the overall treatment
for HGG. However, there are data to suggest that, in those tumors amenable to safe surgical
resection, the overall long-term survival may be dramatically improved in those children in
which a gross-total resection is accomplished. As with adult gliomas, aggressive surgery is not
possible for those tumors that involve eloquent volumes of cortex, deep gray matter structures,
central structures, cerebellar nuclei, and peduncles and brainstem. The most important study
to suggest a role for aggressive resection involved 131 children with anaplastic astrocytomas
and GBM. The distribution of location was supratentorial in 63%, deep/midline in 28%, and
posterior fossa in 8%. In this study, children were treated with surgical resection followed by
either radiotherapy followed by eight cycles of chemotherapy (vincristine, CCNU, and pred-
nisone) or two cycles of 8-in-1 chemotherapy followed by radiotherapy, then an additional
cycles of 8-in-1 chemotherapy. In this study, those children that underwent a gross-total or
near-total resection (defined as greater than 90% resection but less than total) fared much
better than those children that had a sub-total resection (defined as less than 90% resection)
or biopsy. The 5-yr progression-free survival (PFS) was 35 £ 7% for the >90% resection group
vs 17 £ 4% for the group with < 90% resection. For the subset of children with anaplastic
astrocytomas, the 5-yr PFS was 44 £ 11% and 22 t 6% respectively and for the children with
GBM, the 5-yr PFS was 26 + 9% and 4 £ 3% respectively (12,13).

Role of Radiotherapy

The role of radiotherapy in the treatment of malignant gliomas of childhood is well estab-
lished. Radiotherapy has become a standard treatment in all but very young children (defined
by different authors as less than 3 yr to less than 6 yr of age). In one historical report, children
with anaplastic astrocytoma treated with surgery and radiotherapy had a 29% 5-yr survival
and a 26% 10-yr survival (/4). In another report of children with malignant gliomas
treated with radiotherapy between they years 1957 and 1980, the dose of radiotherapy did
correlate with outcome; those that were treated with 54-60 Gy had a 60% 5-yr survival vs
those treated with 35-50 Gy. Another observation was that those with midline tumors fared
poorly when compared with hemispheric tumors; 0% vs 44% 5-yr survivals respectively. The
patients with grade III gliomas (anaplastic astrocytoma) had survivals of 74% at 1 yr, 56% at
2 yr, 36% at 5 yr, and 32% at 10 yr, suggesting a slightly better outcome in children vs
adults with anaplastic astrocytoma. In this same study, the children with GBM had survivals
of 44% at 1 yr, 26% at 2 yr, 4% at 5 yr, and there were no survivors at 10 yr, which is similar
to the overall survival as observed in adults with this disease (/5). In another study of 50
children, 13 with GBM, 29 with anaplastic astrocytomas and 8 with other malignant gliomas,
the median time to tumor progression was 31 wk, with a median survival of 98 wk, and a 3-
yr survival of 32%. The 5-yr survival is not reported in this series, as only 8 patients remained
censored at the time of publication (/6). Other studies showed a 5 to 10% 5-yr overall survival
(17) and a 24% 1-yr overall survival (/8) in similarly treated patients.

For most malignant gliomas, fractionated radiotherapy is the most accepted method of
treatment. Involved-field radiation has been conventionally delivered by standard opposing
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fields, although in the past decade the use of conformal fields has become more accepted.
Because many of these tumors disseminate early in their course, a staging evaluation (imaging
of the entire neuroaxis with a contrast-enhanced magnetic resonance imaging [MRI] and CSF
sampling) is required for all tumors located in the posterior fossa or that involves CSF path-
ways. In those circumstances where leptomeningeal spread of tumor is identified, consider-
ation for craniospinal irradiation is recommended. There are some groups that recommend
craniospinal irradiation irrespective of the staging evaluation if the tumor is located in the
cerebellar hemispheres or involves CSF pathways. Obviously, irradiating the spine will impact
on the ability to administer high quantities of cytotoxic chemotherapy, as the bone marrow of
the vertebrae are essential in hemopoetic activity in children. Regardless, the biggest problem
with high-grade gliomas, irrespective of location, is local disease recurrence (/9).

Role of Chemotherapy

As with adults, there are hundreds of studies reporting the efficacy (and lack of efficacy)
of many different chemotherapeutic agents in treating this disease. Conventional dose studies
have been performed with the nitorsoureas (BCNU and CCNU)), the platinum agents (cisplatin
and carboplatin), vincrisitine, etoposide (VP-16), cyclophosphamide and ifosfamide,
procarbazine, topotecan, and others. High-dose chemotherapy using combination chemo-
therapy with BCNU, carboplatin, etoposide, thiotepa and others followed by either autologous
bone marrow rescue and more recently autologous stem cell rescue has been used to treat high-
grade glioma as well.

The role of chemotherapy was first explored (and established) in a randomized trial of 58
children conducted by the Children’s Cancer Group. Patients were randomized and treated
with maximal surgical resection and involved-field radiotherapy with or without eight cycles
of chemotherapy (CCNU, vincristine and prednisone). The 5-yr PFS was 18% in the radio-
therapy group and 46% in the radiotherapy plus chemotherapy group (event-free survival,
p =0.026; overall survival, p =0.067). The overall 3-yr survival was 19% in those children
with GBM and 60% in those with anaplastic astrocytoma (20).

The use of pre-irradiation chemotherapy was explored in a later Children’s Cancer Group
study where the radiation + chemotherapy arm (CCNU, vincristine and prednisone) of the
prior study was compared to two cycles of pre-radiation 8-in-1 chemotherapy followed by
radiotherapy and then eight additional cycles of 8-in-1 chemotherapy. There was no difference
in outcome between the two treatment arms of this study (27).

Therole of high-dose chemotherapy followed by autologous bone marrow rescue (AuBMR)
was explored in eleven children with GBM. The children were treated with myeloablative
doses of BCNU, thiotepa, and etoposide, followed by AuBMR, and then were treated with
54Gy radiotherapy in standard fractions. There were 3 survivors (27%) at 2.9, 3.9, and 5.1 yr
after treatment. One of these children developed non-Hodgkin’s lymphoma 3.5 yr after treat-
ment, 2 died of toxicity, and 6 died of their primary disease (22). In another trial conducted
atrelapse, the use of a high-dose thiotepa and etoposide regimen followed by AuBMR resulted
in a 30% long-term disease control rate, although the children that did well had complete or
near-complete surgical resections prior to treatment (23). A more recent report utilized high-
dose induction chemotherapy in 21 children with high-grade gliomas (10 with glioblastoma,
9 with anaplastic astrocytoma, 2 with anaplastic oligodendroglioma). The location of these
tumors was supratentorial in 17, spinal in 2, and posterior fossa in 2. Eighteen patients had
residual disease after surgery. The induction therapy consisted of two courses of cisplatin
(30 mg/m?) plus etoposide (150 mg/m?) x 3 d and vincristine (1.4 mg/m?), cyclophospha-
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mide (1.5 gm/m?) and methotrexate (8 gm/m?) followed by thiotepa (300 mg/m? X 3 doses),
with harvesting of the peripheral stem cells after the first cisplatin and etoposide course.
Following this induction, children were treated with involved-field irradiation and then were
maintained on conventional doses of CCNU and vincristine. At a median of 57 mo, the overall
survival was 43% and the progression-free survival was 46% (24).

In adults, temozolomide has become part of the standard approach to the treatment of GBM
and often used in the initial treatment of anaplastic astrocytomas and other glial neoplasms
(25). The efficacy of temozolomide in the setting of recurrent high-grade astrocytoma in
childhood was explored in a multicenter, phase II trial. Patients were stratified on the basis of
tumor location: supratentorial and cerebellar biopsy-proven grade Il or [V astrocytoma (Arm
A, n=25) or diffuse, intrinsic brainstem glioma (Arm B, n = 18). Children were treated with
5 d of temozolomide at a dose of 200 mg/m?/d and repeated every 28 d or when the bone
marrow recovered. The response rate was 12% (95% confidence interval [CI] 2-31%) for
patients in Arm A and 6% (95% CI 0-27%) in Arm B. Of the three responders in arm A, the
duration of response was 7, 8, and 24+ mo, with a median survival of 4.7 mo. Of the children
with brainstem tumors, there were no early responders but a partial response was seen in one
patient after seven cycles. There were 3 additional patients with stable disease for 4, 6, and
28+ mo. If stable disease is taken into consideration the partial response and stable disease
response rate was 22% (95% CI 6-48%) (26). In a more recent study of 15 children with
recurrent HGG, (including 7 with oligodendroglioma features) treated with temozolomide at
adose of 200 mg/m?/d x 5 d, in 28 d cycles, the reported overall response rate was 20%, with
a median progression-free survival of 2.0 mo (range 3 wk to 34+ mo) and a progression-free
survival rate of 20% at 6 mo (27).

MALIGNANT BRAINSTEM GLIOMAS
Clinical Considerations

Brainstem tumors account for 10 to 20% of all childhood brain tumors (28). Before the
introduction of the MRI, the certainty of correctly diagnosing a brainstem glioma was often
in question. Even with CT, the technical limitations resulted in poor sensitivity to distinguish
the myriad of tumors and other pathology in the posterior fossa. Not only was distinguishing
the more malignant diffuse pontine glioma from the less aggressive focal pontine glioma
uncertain, other diseases such as acute disseminated encephalomyelitis (ADEM) affecting the
brainstem (also known as brainstem encephalitis) could mimic the clinical presentation and
CT radiographic appearance of the diffuse pontine glioma. Therefore, the natural history
of many of the brainstem tumors could not be defined until the late 1980s, and the validity
of retrospective studies are questionable, because the current and more accurate methods of
correct diagnosis could not be certain (3—5). This discussion will focus on the diagnosis and
treatment of the intrinsic pontine glioma and the intermediate grade gliomas in this region.

Clinical Presentation

The clinical presentation will depend on the exact location of the tumor within the brainstem,
the rate of growth, and whether or not the flow of CSF is disturbed. In general, there is often
involvement of individual or multiple cranial nerves, long-tract signs and disturbances of
coordination. Bulbar symptoms, including swallowing and speech difficulties, are very com-
mon. If CSF flow is disrupted, headache and vomiting may occur, along with limitation of
upgaze and alteration of motor tone. Exophytic lesions and those involving the cervicomedullary
junction may not cause cranial nerve dysfunction early in the course of the illness, but tend
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to present with unsteadiness, nausea, and vomiting. Symptoms may develop over the course
of days, or may stretch out for months or years. In general, gliomas of the posterior midbrain
and tectal plate will present with macrocrania and symptoms of hydrocephalus. Depending on
the extent of the lesion, impairment of upgaze and pupils that do not react to light (but will react
to near accommodation) may also be present (29).

General Neuroimaging Considerations

MRI generally allows for arapid and usually accurate diagnosis. Because of the widespread
availability of CT in emergency departments, some patients will come to diagnosis by way of
CT, although this technique is generally inferior to MRI in terms of sensitivity and specificity.
The CT appearance of the diffuse pontine glioma typically is a low-density lesion in the
brainstem with associated compression and obliteration of the surrounding cisterns. The
fourth ventricle is often distorted and displaced posteriorly, and obstructive hydrocephalus is
common. There is little, if any, enhancement, even with HGG. Less frequently, the lower-grade
gliomas affecting the brainstem are isodense or hyperdense and contain cystic areas. Exo-
phytic portions of the tumor are only moderately well delineated on CT. If the diagnosis of a
brainstem glioma is suspected by CT, the diagnosis should be confirmed with an MRI (3-5).

The presence and extent of infiltrating brain stem gliomas is best seen with MRI. The
higher-grade infiltrating gliomas are usually seen as masses with decreased signal intensities
on T,-weighted images and increased signal intensity lesions on T,-weighted images. The
tumors typically involve and expand the entire pons, and will often extend into the higher
brainstem regions and beyond, as well as caudally into the medulla and upper cervical spinal
cord. These tumors tend not to enhance with contrast agents, or do so only minimally. In some
cases the tumor seems surprisingly demarcated and localized to one brain stem site, which is
often associated with a less aggressive tumor (3—5). Because the higher grade gliomas can
disseminate early in the course of the disease, many centers are performing complete spinal
cord MRIs with and without contrast at the time of diagnosis to investigate for leptomeningeal
spread (8,10-12,30-32).

Pathology Correlation By Means of Neuroimaging

The standard management of most brain tumors is deferred until after tissue has been
obtained for pathologic examination. Although a biopsy can be safely performed on most
brainstem tumors, their remains a risk and it is doubtful as to whether there is any benefit to
the biopsy procedure given the excellent predictive value of the MRI. The principal prognostic
factors found for patients with gliomas have been the location of the tumor and its histology;
however, there is excellent correlation between the location and appearance of the tumor on
MRI and the clinical course, obviating the need for pathologic examination. Several investi-
gators have developed a proxy pathologic-pathophysiologic paradigm for brainstem gliomas
based on the MRI appearance of the tumor.

The diffuse infiltrating pontine glioma has an aggressive course, even when the histology
may suggest the tumor is a low-grade glioma in those patients that do undergo biopsy, sug-
gesting a sampling effect. In general, infiltrating tumors in the upper portion of the brainstem,
particularly those of the diencephalon and upper midbrain, tend to be lower grade and have
longer survival following radiotherapy, when compared with the survival in patients with
intrinsic pontine gliomas, but like the intrinsic pontine gliomas are not amenable to resection.
In addition, there is no evidence to suggest improved survival with surgery for those with
diffuse infiltrating tumors. Patients with cervicomedullary tumors, which may be intrinsic or
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Fig. 1. These images show the typical MRI appearance of a patient with a diffuse pontine glioma. (A)
Sagittal T1 with gadolinium. (Continued on next page.)

exophytic, tend to have a benign histology, usually that of a pilocytic astrocytoma; some can
be cured with surgery alone although the routine use of surgery has been recently questioned.
The focal brainstem and exophytic pontine gliomas have a variable degree of aggressiveness
and debulking surgery followed by radiotherapy may lead to a longer survival, although the
risk of worsening the neurologic function should be considered (33-37).

Brainstem Malignant Glioma Subtypes
D1FFUSE INFILTRATING PONTINE GLIOMA

This tumor may occur at any age but is most common between 5 to 10 yr of age, and is
distinctly uncommon before 2 yr of age (38). The typical presentation of this tumor is a triad
of cranial nerve palsies, ataxia, and cerebrospinal tract dysfunction. Most often the VIth and
VIIth cranial nerves are involved (sometimes unilaterally), and the motor and cerebellar signs
often involve contralateral limbs. Symptoms may be present for several weeks but some
patients come to medical attention within hours of their first complaint. On occasion, signs and
symptoms of hydrocephalus (headache, irritability, and limited upgaze) may be the factor that
brings the patient to medical attention. The MRI (Fig. 1) appearance and clinical course for
these tumors is quite typical and there is seldom a question of diagnosis. These tumors are
hypointense on T1 weighted images and hyperintense on T2 weighted images. They may
involve the entire pons and appear to expand the entire body of the affected portion of the
brainstem. There may be patchy and variable enhancement of the mass, but often there is no
enhancement. At times the tumor appears to wrap around the basilar artery. These tumors may
have exophytic components, and may also invade through the cerebellar peduncles or extend
up into the midbrain or down into the pons (3-5,36). The routine evaluation of patients with
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Fig. 1. (Continued from previous page.) (B) coronal T1 with gadolinium, (C) axial fluid-attenuated
inversion recovery (FLAIR) image.
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these tumors should include a complete spinal MRI to evaluate for leptomeningeal spread of
tumor (LMS), which is not an uncommon finding (32,33).

The initial neurologic symptoms often respond partially with the use of dexamethasone or
another corticosteroid, although the improvement in function is temporary. The dose of ste-
roids is not standardized and should be the minimal dose necessary to control symptoms.
Children may require steroid therapy for weeks to months, therefore monitoring of blood
pressure and blood sugar is recommended. Although not routinely practiced, the use of pro-
phylactic antibiotic therapy (usually trimethoprim + sulfamethoxazole or pentamidine) may
be considered for prevention of pneumocystis pneumonia. The risk of gastric ulceration needs
to be considered, and although the use of proton pump inhibitors, H2-blockers, or buffering
agents has not been proven to decrease the risk of ulceration, they are commonly used.

Approximately one-third of patients will present with symptomatic hydrocephalus, and
either a shunting procedure or a third ventriculostomy should be considered. Asymptomatic
or presymptomatic hydrocephalus is quite common and these children will need close moni-
toring during the initiation of therapy, as symptoms of progressive hydrocephalus can often
mimic the side-effects of treatment (2,33,39).The standard treatment for these tumors is focal
radiotherapy with 1- to 2-cm margins around the tumor, usually at a dose of 4500 to 5500 cGy
delivered daily in fractions of 180 to 200 cGy. There is a survival advantage to those children
treated with more than 5000 cGy (40). Most children have a clinical improvement and radio-
graphic response following treatment. Even as the steroids are tapered, the neurological
examination and MRI will improve, and occasionally return to normal. However, the median
time to progression is about 6 mo, with the overall duration of survival in the range of 9 to
13 mo; approx 10% of patients are alive in a relapse-free state 18 mo after diagnosis (2,6,
40).

Several treatment trials explored the use of hyperfractionated radiotherapy, using twice-
daily (or thrice-daily) smaller radiation fractions (typically using 100 cGy doses in a bid
regimen). The use of higher total treatment dosages may result in improved tumor control and
survival rates. This technique also would take advantage of the fact that healthy brain tissue
is better able to tolerate higher total dosages of radiotherapy if the individual dose fractions
are smaller. Finally, the rapidly dividing tumor cells would not be able to repair DNA breaks
during the time between dose fractions, whereas normal tissue (the relatively nonprofilerating
neurons, glial, and endothelial cells of the brain) would be relatively spared the damaging
effects of this treatment. The Children’s Cancer Group treated 66 children with 7800 cGy of
hyperfractionated radiotherapy in 100 cGy bid fractions. This treatment was well tolerated.
Unfortunately the 1-yr survival rate of 35% and 3-yr survival rate of 11% was no different than
historical controls (4/). The Pediatric Oncology Group conducted a similar study of 136
children treated with either 6600 cGy, 7020 cGy, or 7560 cGy in 110 cGy bid fractions, and
had similar disappointing results. The 1-yr survival was 47% and the 2-yr survival was 6%,
with the median time to progression of 6.5 mo (42). In yet another study, the total treatment
doses of 64.8, 66, 72, and 78 Gy were given using a similar bid fraction scheme. The response
rate using hyperfractionated radiotherapy ranged from 62 to 77% but did not result in improve-
ment in time to disease progression or impact on ultimate survival (43,44). Because none of
these studies altered the outcome of this disease, at this time the standard radiotherapy treat-
ment consists of daily (5 d/wk) fractions of 180 to 200 cGy with a total treatment dose of about
5400 cGy. Because of the high risk of radiation necrosis, there is not a role for stereotactic
radiosurgery, such as would be delivered by the Gamma Knife or Linac-based radiosurgical
method.



54 Part II / Cohen

Chemotherapy

Numerous trials of chemotherapy, used either in an adjuvant or neo-adjuvant setting have
not demonstrated benefit. Most of the earlier trials involved single or multiple agents in a
phase II setting. More recent studies have involved the use of neo-adjuvant chemotherapy or
concurrent chemotherapy and/or radiation sensitizers with irradiation. Although results from
some of these trials were initially encouraging, the final results have been uniformly disap-
pointing as well (44,45,47-50).

Etoposide (VP-16) was used to treat 12 patients at the time of tumor progression, and
demonstrated a remarkable 50% response rate, which was durable for a median of 8 mo. The
dosing of etoposide was a conventional regimen (50 mg/m?/d X 21 d with 14 d of rest between
cycles). All patients had received prior radiotherapy at diagnosis (5/). Subsequent studies
using various agents have failed to show consistent results and to date there is no standard
relapse therapy given to patients with this tumor.

The Children’s Cancer Group conducted a randomized trial of two different arms of inten-
sive pre-irradiation chemotherapy followed by hyperfactionated radiotherapy. Children were
randomly assigned to receive three courses of carboplatin, etoposide, and vincristine (arm A,
n = 32), or cisplatin, etoposide, cyclophosphamide, and vincristine (arm B, n = 31). Granu-
locyte colony-stimulating factor was used in both arms. Following chemotherapy, both groups
received 7200 cGy of radiation in 100 cGy bid fractions. The radiographic response rate to the
chemotherapy was 10 £ 5% in arm A and 18 + 9% in arm B. Event-free survival was 17 = 5%
at 1 yr and 6 + 3% at 2 yr. Although those children that responded to the chemotherapy had
a longer survival, the authors concluded that neither chemotherapy regimen meaningfully
improved response rate, event-free survival, or overall survival (52).

In a study using standard dose radiotherapy (54—60 Gy in 1.5-1.8 Gy/d daily fractions) and
high-dose tamoxifen (200 mg/m?/d) the median survival was 10.3 mo, with a 1-yr survival rate
0f 37.0 £ 9.5%, which the authors conclude did not improve the prognosis for this tumor (53).

The most intensive chemotherapy regimen has employed high-dose chemotherapy with
autologous bone marrow rescue, which failed to improve survival for children with this tumor (54).

Effective therapy for the intrinsic pontine glioma has remained one of the most elusive in
neurooncology. Most investigators conclude that the standard approach to treating these
tumors begins with staging of the tumor and if contained to the pons, treating with standard
dose radiotherapy delivered in a single daily fraction to the tumor plus a 1- to 2-cm margin.
Leptomeningeal dissemination is present in one-third of children at diagnosis and if identified
at diagnosis, or at any time in the illness, radiotherapy can be used with a palliative attempt
to treat the involved areas. Although there is no evidence that neoadjunctive or adjunctive
chemotherapy prolongs the time to relapse, the use of low-dose etoposide or experimental
agents may be considered at relapse. The survival in patients with this particular tumor has not
improved in the last several decades despite escalating both radiation and cytotoxic chemo-
therapy dosing to the maximum tolerated levels. Further advances will likely require a unique
chemotherapeutic agent or biological agent.

Dorsal Exophytic Brainstem Tumors

Dorsal exophytic brainstem gliomas are a distinct subgroup of neoplasms that account for
20% of all brainstem tumors. They generally have a relatively benign histology and slow
growth characteristics, and do not carry the near universal dismal prognosis seen in the intrin-
sic pontine gliomas. However, some do have higher grade histology, but do not share the same
dismal prognosis of the intrinsic pontine glioma.
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These tumors may present in early infancy and generally appear before puberty. They most
often grow out of the floor of the fourth ventricle and into the ventricle itself, as opposed to
invading the brainstem. The tumor may obstruct the flow of CSF. The MRI appearance is
hypointense on T1 and hyperintense on T2, but unlike the more malignant intrinsic pontine
glioma, these tumors have sharp borders and enhance intensely with contrast. And unlike
many other brainstem tumors, they are sometimes amenable to surgical excision with a posi-
tive outlook (55).

Symptoms can be insidious, and patients may have a mild set of symptoms for months or
years before the diagnosis is made. The initial symptoms may be caused by intermittent
obstruction of CSF flow. Occasional vomiting and failure to thrive without overt neurologic
signs may result in prolonged evaluations by specialists without correct diagnosis. Because
of the location, the child may have only mild or intermittent cranial nerve paresis, and may not
have any pyramidal tract findings unless the tumor is invasive. Symptoms will vary by age,
with failure to thrive and chronic vomiting seen in infants, whereas older patients present with
a combination of headache, vomiting, and ataxia (4).

The treatment for these tumors is primarily surgical, although a complete surgical excision
is usually not feasible because there is not a plane between the tumor and brainstem. In
addition, the tumor can invade a large area of the brainstem surface, in which case only the
exophytic component can be removed. CSF flow may be re-established with successful
debulking, butif this is not possible a ventriculo-peritoneal shunt or third ventriculostomy will
be necessary.

These tumors most often have a low-grade glial histology and tend to be grade I or grade
IT astrocytomas. However, higher grade astrocytomas and gangliogliomas have been reported
and therefore surgical consideration needs to be considered with each patient. The small
percentage of tumors that recur typically remain histologically benign and are amenable to
repeat tumor excision. Following a surgical excision, even if there is remaining tumor, it is
reasonable to withhold radiotherapy or other treatments in favor of expectant observation with
interval MR imaging and examinations (55-57).

Radiation therapy has been generally reserved for patients with either HGG or progression
that is not amenable to repeat surgery. For those patients with high-grade neoplasms, it is
recommended that surveillance MRI of the spine be performed to properly stage the patient’s
disease. Unless there is evidence of tumor spread, involved-field radiotherapy using standard
dose and dose-fractions is recommended (55-57).

Brainstem Tumors and Neurofibromatosis Type I

Gliomas are far more common in persons with neurofibromatosis type 1 (NF-1) than in the
general population. Although most of these tumors occur along the visual pathway (i.e., optic
nerves, optic chiasm with or without hypothalamic involvement, and extending into the optic
tracks) and most of these are low-grade gliomas, some gliomas may occur in the brainstem and
have higher grade histology (58). Itis both difficult and important to distinguish true neoplasm
from the focal areas of signal intensity that are commonly found in children with NF1. These
focal areas of signal intensity, which are bright on both FLAIR and T2 weighted images, are
common in the deep gray masses, the brainstem and cerebellum, and may have some mass
effect. These MRI abnormalities are often found on surveillance scanning or on scanning
performed for clinical problems unrelated to brainstem function. In most instances, observa-
tion with repeated examinations and repeated imaging is all that is necessary. However, if the
child does have progressive neurologic signs related to the area of involvement, surgical
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biopsy for confirmation and either chemotherapy, radiotherapy, or both would be indicated
for malignant pathology. Children with NF1 and intrinsic brainstem masses have a better
prognosis than the typical child with a pontine glioma (58-61).

Malignant Glioma of the Spinal Cord

As with adults, malignant gliomas of the spinal cord are rare. The natural history is not well
defined but these tend to be as aggressive as their corresponding tumors in the brain. The
standard treatment involves confirmation by biopsy and surgical resection if possible. Follow-
ing staging with brain and spine MRI, standard dose radiotherapy is considered the standard
of care. In a Children’s Cancer Group study, 18 children with malignant glioma of the spinal
cord were treated with maximal surgical resection, followed by 2 cycles of 8-in-1 chemo-
therapy, standard involved-field radiotherapy, and then 8 additional cycles of 8-in-1 chemo-
therapy. The histology of these tumors included 4 GBM, 8 anaplastic astrocytomas, 1 mixed
malignant gliomas, and 5 with discordant malignant glioma pathology. The surgical results
included six with gross-total or near-total resections, four with partial or subtotal resections,
and three with biopsy only. Leptomeningeal spread of tumor was identified in six of these
children at the time of diagnosis. The 5-yr PFS as 46 + 14%. Seven of 13 of the children (54 %)
were alive at a median of 76 mo (51-93 months) from the end of treatment (62).

CONCLUSIONS

As with adults, the successful treatment of malignant gliomas in children remains elusive.
Aggressive attempts at surgical resection and radiotherapy are the backbone of treatment, with
chemotherapy as a helpful adjunctin the nonbrainstem high-grade gliomas. There is a survival
advantage for those patients that do undergo successful gross-total or near-total resections of
their tumors, and there does seem to be a survival advantage if chemotherapy is added to
radiotherapy as opposed to radiotherapy alone. For the intrinsic pontine glioma standard
irradiation offers the most tolerable treatment, and more intense therapy has not been shown
to be helpful. Treatment using high-dose chemotherapy with bone marrow or stem cell rescue
has not resulted in any long-term benefit in terms of duration of survival in any of these
patients. As with adult gliomas, insights into the molecular mechanisms of tumor pathogen-
esis and treatments designed to alter these mechanisms may result in better treatments.
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4 Adult High-Grade Glioma

Nicholas Butowski and Susan Chang

Summary

Why adults develop high-grade gliomas (HGG) is still unknown. These aggressive tumors may
present in a number of ways, depending on such factors as growth rate and anatomic location. Whereas
standard histopathological and epidemiological studies have helped us categorize patients with HGG
into risk groups, treatment results for most patients are still unsatisfactory. An improved epidemiologi-
cal understanding of brain tumors in conjunction with continued advances in the use of molecular
markers will hopefully lead to better treatment and prevention strategies. This chapter serves as an
introduction into the epidemiology of HGG and their associated risk factors. We also present the
neurological signs and symptoms that a glioma may cause, and the prognostic factors used for estimat-
ing survival.

Key Words: Glioblastoma; brain tumor; glioma; epidemiology.

INTRODUCTION

This chapter is an introduction to the clinical characteristics of adult high-grade glioma
(HGG). Included within the designation of high-grade or malignant gliomas are anaplastic
astrocytoma (AA), glioblastoma multiforme (GBM), anaplastic oligodendroglioma (AQO),
anaplastic oligoastrocytoma (AOA), and anaplastic ependymoma. The discussion below
reviews relevant epidemiologic data and risk factors for developing HGG. Also reviewed
are the general and focal neurological signs and symptoms that a glioma may cause and the
prognostic factors used for estimating survival.

EPIDEMIOLOGY

HGG are the most common primary central nervous system (CNS) neoplasms. They also
continue to be among the top ten causes of cancer-related deaths despite a relatively low
incidence when compared with other cancers. According to the American Cancer Society, an
estimated 17,000 new cases of primary malignant brain tumor were diagnosed in 2002 in the
United States (9600 in males and 7400 in females) (/). This represents 1.3% of all cancers
diagnosed in 2002; however, an estimated 13,100 deaths in 2002 were attributed to primary
malignant brain tumors, approx 2% of cancer-related deaths in the US (/).

The incidence rate of primary malignant brain tumor is 6.4 cases/100,000 person-yr. This
rate is higher in males (7.6/100,000 person-yr) than females (5.4/100,000 person-yr) (2). The
global incidence rate of primary malignant brain tumor is 3.6/100,000 person-yr in males and
2.5/100,000 person-yrin females. The incidence rates are higher in more developed countries
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(males: 5.9/ 100,000 person-yr; females: 4.1/100,000 person-yr) than in less developed
countries (males: 2.8/100,000 person-yr; females: 2.0/100,000 person-yr). The prevalence
rate for primary malignant brain tumors is 29.5/100,000 persons. It is estimated that in the
United States more than 81,000 persons are living with a diagnosis of primary malignant
brain tumor (3).

Recently, some have questioned whether brain tumor incidence is increasing. Review and
comparison across time periods or across studies is difficult because of such problems as
diagnostic discrepancies and ascertainment bias in registry data. Nonetheless, after extensive
review, this apparent increase is thought to be to the result of many factors including better
diagnostic procedures, better access to medical care, and better care for the elderly, all leading
to greater detection rather than an actual increased incidence (4,5). Nevertheless, more uni-
form and unbiased diagnosis and registration methods must become accepted and employed
before this issue is truly resolved.

Age, Gender, Ethnicity, and Geography

Whereas a malignant glioma can occur at any age, the average age of onset for glioblastoma
is 62 yr(2).In general, gliomas affect males 40% more frequently than females (6). According
to a recent study, this greater incidence of glioblastoma in males becomes evident around the
age of menarche, is greatest around the age of menopause, and then decreases, suggesting a
possible protective effect provided by female hormones (7), though such a protective effect
is merely speculation.

Glioma incidence data is subject to variations in diagnostic and reporting techniques
amongst different ethnicities or geographic regions. As stated previously, brain-tumor inci-
dence tends to be higher in countries with more developed medical care; however, this is not
always the case. For example, the incidence rate for malignant brain tumors in Japan is less
than half of that in Northern Europe (5). In the United States, gliomas are more common in
Caucasians than in African Americans, non-white Hispanics, Chinese, Japanese, and Filipi-
nos (5). These dissimilarities are hard to attribute exclusively to differences in access to health
care or diagnostic practices. Conceivably, incidence is affected by genetics in a manner that
has yet to be exposed. Chen et al. showed that among adults with astrocytic glioma of any
grade, tumors from Caucasians had different spectra of genetic abnormalities when compared
with non-Caucasian patients (8). Such discoveries warrant further research into the possible
implications of differences in genetics amongst races playing a significant role in tumoro-
genesis.

Risk Factors

Research into the etiology and possible contributing causes of gliomas is ongoing, but is
hindered by many factors including the relative rarity of the disease and rapid death of patients
with aggressive subtypes. As such, studies to date have revealed little with regard to specific
causal factors. High-dose therapeutic ionizing radiation to the head, administered for benign
conditions or for cancer treatment, has been shown to increase the risk of glioma as well as
meningioma and nerve sheath tumors (9).

Other established risk factors include the hereditary genetic syndromes listed in Table 1.
These syndromes explain less than 5% of glioma cases. Outside of these known genetic
syndromes, information on familial aggregation is indefinite at best. There does seem to be
a slightly increased incidence of glioma in first-degree relatives, and a gender predominance
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Table 1
Hereditable Genetic Syndromes
Syndrome Gene affected CNS lesion Chromosome
Li-Fraumeni syndrome p53 Malignant glioma 17q
Neurofibromatosis 1 NF1 Glioma of optic pathway/brainstem  17q11
Neurofibromatosis 2 NF2 Acoustic neuroma, meningioma 22ql12
Tuberous sclerosis TSC1, TSC2  Subependymal giant cell 9q34, 16p13.3
astrocytoma, cortical tuber
Von-Hippel-Lindau VHL Hemangioblastoma of 3p25
cerebellum/spine
Turcot’s syndrome APC Glioblastoma multiforme, 5q21
medulloblastoma
Retinoblastoma RB1 Pineoblastoma 13q14
Gorlin’s Syndrome PTCH Medulloblastoma 9q22.3
Lhermitte-Duclos/ Cowden PTEN gangliocytoma of cerebellum 10g23.2

with malignant gliomas being more common in males than females; however, a well-defined
mode of inheritance is not readily evident. Several “glioma families” have been followed over
time, but the pattern of inheritance is indistinct as tumors seem to skip generations, have
variable times of onset and, in parent-child pairs, the child is often diagnosed before the parent
(10). Various segregation analyses of familial glioma favor an autosomal recessive mode of
inheritance, but a multifactorial model was not rejected and deserves further analysis (/7).
Additionally, other segregation analyses favor a polygenic model. Armed with this informa-
tion, investigators have initiated studies of genetic polymorphisms that, when coupled with
certain environmental exposures, may lead to brain tumors. Unfortunately, several studies of
genetic alterations involved in oxidative metabolism, DNA stability and repair, and immune
response have led to conflicting reports (5). Clearly, more precise explanations of the etiologic
and therapeutic relevance of this information continue to be hindered by low incidence of
disease, and await further studies.

Numerous noninherited risk factors also have been examined in relation to brain tumors.
For example, there have been several studies suggesting a possible role of the immune system
in tumorogenesis. For instance, people who received polio vaccines contaminated with the
SV40 virus have been shown to be at increased risk of developing glioma, though other studies
have failed to support this claim (5). Viral antigens from JC virus and human herpes virus 6
have been detected in brain tumor subtypes, but their possible etiologic role isunclear (/2,13).
Nucleic acids and proteins from human cytomegalovirus (hCMYV) have also been found in
HGG (74). Intriguingly, other studies have indicated that prior infection with vermicelli zoster
may decrease glioma risk. Likewise, there appears to be an inverse association of allergic
diseases (e.g., asthma, eczema, general allergy) with glioma, further suggesting an immuno-
logic role in the formation of glioma (5). Of course, more study is needed to elaborate the
potential role of viruses, allergic diseases, and allergy medicines in brain tumor development.

Another area of concern discussed in the popular media is that of a possible risk from
exposure to electromagnetic fields through power lines. To date, the overwhelming amount
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of evidence does not support any such relationship (/5,/6). However, there continues to be
anecdotal concern over such matters fueled by increased exposure to radio frequency involved
in the increased use of handheld phones and wireless radio devices. Again, numerous studies
fail to indicate a causal relationship (/7,/8). In fact, a recent case-control study found no
relationship between brain cancer mortality and radiofrequency exposure (/9). Of course, the
effects of long-term exposure remain to be determined. Another area of popular concern is the
possible association between head trauma and brain tumor risk. To date, no correlation between
head trauma and glioma has been supported. In fact, arecent study comparing adult patients with
glioma and a history of head injury requiring medical attention with controlled patients failed
to support an association during an average of eight years of follow up (20). However, there
was a slight increased risk in the first year following the injury that the authors attributed to
increased detection. This leaves a measure of uneasiness about unequivocally denying an
association between head trauma and brain-tumor development.

Studies of diet, vitamins, alcohol, tobacco, and environmental exposures have revealed
little information about the cause of glioma. Nitrate exposure from cured meats likely does
not influence brain-tumor development (5). However, reliable assessment of true exposure
to nitrates is difficult, mainly because of widespread potential exposure through tobacco
smoke and cosmetics, not to mention the endogenous digestive exposure. Although tobacco
is anearly ubiquitous environmental source of carcinogens, studies have not supported arole
in developing a brain tumor (27). Alcohol consumption does not seem to increase one’s risk
of developing a glioma, and may actually decrease risk (22). Lastly, little to no significant
association with increased brain-tumor risk has been found with exposure to pesticides,
synthetic rubber, or agents known to be carcinogens, including vinyl chloride and petro-
chemicals (5).

CLINICAL PRESENTATION

Symptoms or signs of brain tumors are produced by the tumor mass, the adjacent edema,
or the infiltration and destruction of normal tissue. However, these symptoms and signs and
are best appreciated by considering the tumor location and growth rate. For example, rapidly
growing tumors located in eloquent cortex or along the ventricular system may manifest after
only a small amount of growth. Those in less eloquent areas of the brain may manifest only
after substantial growth. Moreover, no specific sign or symptom is pathognomonic for a brain
tumor.

Brain tumors can cause either “generalized” or “focal” neurological dysfunction. Included
within the “generalized” grouping are those signs and symptoms related to increased intrac-
ranial pressure (ICP) and seizures. Increases in ICP may result from cerebral edema (damage
to brain tissue from tumor infiltration), vasogenic edema (produced by leakage of the blood-
brain barrier), obstruction of cerebrospinal fluid (CSF) flow, or obstruction of venous flow.
Under these conditions, the patient may develop headache, nausea, vomiting, lassitude, and
visual abnormalities like papilledema or diplopia. An acute rise in ICP (as caused by blockage
of CSF pathways or hemorrhage into the tumor) may cause a sudden onset of these symptoms
accompanied by a significant change in level of alertness. If elevations in ICP go untreated,
patients may develop herniation. There are three general types of herniation: tentorial, tonsil-
lar, and subfalcine.

Tentorial herniation involves displacement of the uncus over the edge of the tentorium
cerebelli, with resulting compression of the third cranial nerve producing an ipsilaterally
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dilated pupil. As displacement continues, the midbrain is pushed away from the displaced
hemisphere, resulting in the contralateral cerebral peduncle being pressed up against the
tentorium. The injury to the cerebral peduncle, also known as Kernohan’s notch, results in
hemiparesis on the same side of the body as the tumor; this is often referred to as a false
localizing sign. If untreated, further downward and medial displacement of the hemispehere
through the tentorial opening compresses the posterior cerebral artery, resulting in an inf-
arct of the occipital lobe with consequent contralateral homonymous hemianopsia.

Tonsillar herniation entails downward displacement of the cerebellar tonsils through the
foramen magnum, with consequent compression of the brainstem and cervical spine. Patients
may complain of neck stiffness or pain and tilt their head to one side to help reduce discomfort.
If untreated, the patient may develop respiratory or cardiac abnormalities.

Subfalcine herniation, also known as cingulate herniation, occurs when the medial part of
the hemisphere is pushed beneath the edge of the falx cerebri. This action generally results in
damage to or ischemia of the cingulate lobe and medial motor cortex and therefore manifests
itself with contralateral lower-limb weakness and urinary incontinence.

Headache occurs in approx 50% of patients with brain tumors (23). The headaches usually
are not severe and are classically more noticeable in the morning, tend to improve later in the
day, and worsen with coughing, straining, or another activity that may increase ICP. A uni-
lateral headache indicates the side of the lesion approx 80% of the time. Headaches can occur
in brain-tumor patients without an increase in ICP, and are subsequently thought to be a result
of traction on pain-sensitive structures such as the meninges or blood vessels. Of course,
headache is a nonspecific symptom occurring in most people as the result of many causes other
than a brain tumor. As such, one should always consider other possible reasons why a patient
may experience a headache. Furthermore, remember that the most distinguishing feature of
a brain-tumor headache is its association with other neurological signs such as personality
changes, motor deficits, or seizures.

The incidence of seizures at presentation of a brain tumor varies with histological subtype,
ranging from 90% in patients with low-grade gliomas to 35% of patients with GBM (24).
Seizures may occur during the clinical course in approx 30% of patients with any sort of brain
tumor, which is why many patients are prophylactically treated with anti-seizure medicine.
However, randomized controlled studies have demonstrated that prophylactic anticonvulsants
are unlikely to be useful in brain-tumor patients who have not had a seizure (25). Whether and
what type of seizure a tumor will produce depend on the location and growth rate of the tumor.
Seizures are more frequent when the tumor is cortical and slow growing (26). Several com-
monly used anticonvulsants (e.g., Dilantin, Tegretol, and phenobarbital) induce hepatic
enzymes and thus may lower the blood levels of a variety of medicines used as palliative or
chemotherapeutic agents. This point must be considered when designing and evaluating the
efficacy and toxicity of treatment regimens. As with headaches, other etiologies need to be
considered in the evaluation of a patient with new-onset seizures; nevertheless, timely imag-
ing should be performed to rule out a focal lesion like a tumor.

Within the “focal” group of signs and symptoms are those neurological deficits caused by
the anatomic location of the tumor. These focal findings are generally gradual in onset and
progressive, in contrast with acute occurrences such as those seen with vascular events. A site-
specific discussion of signs and symptoms follows, but a few general principles can be easily
recalled: supratentorial tumors may produce motor or sensory deficits, visual field deficits,
dysphasia, or a combination of these; cognitive or personality changes of considerable variety
can be seen in patients with frontal lobe involvement, gliomatosis, or meningeal dissemina-
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tion; and infratentorial tumors or posterior fossa tumors generally produce multiple cranial
nerve deficits, cerebellar dysfunction, or long tract signs.

Tumors within the frontal lobe often cause progressive cognitive decline, emotional liabil-
ity, and contralateral grasp reflexes. If the left inferior frontal gyrus is involved, the patient
may experience productive aphasia. Focal motor seizures or contralateral motor weakness
may result frominvolvement of the precentral gyrus. Lastly, anosmia may result from pressure
on the olfactory nerve.

In the temporal lobes, left-sided involvement may lead to receptive aphasia whereas right-
sided lesions may disturb the perception of musical notes or quality of speech. Uncal involve-
ment may manifest itself with olfactory or gustatory seizures; these events may be
accompanied by lip smacking or licking movements and impairment of consciousness,
without actual loss of consciousness. For instance, a patient may experience an aura of
déjajvu or jamais vu followed by or accompanied by odd smells or lip smacking. More
generalized involvement may lead to emotional changes, behavioral difficulties, and audi-
tory hallucinations. Lastly, involvement of the temporal optic radiations may resultin crossed
upper quadrantonopsia.

Tumors of the parietal region may cause contralateral dysfunction of sensation or sensory
seizures. Sensory loss manifests itself with postural instability and impaired appreciation of
size, shape, or texture. Involvement of the optic radiations passing through this region can
cause contralateral lower quadrantonopsia. If the left supramarginal gyrus is affected, the
patient may experience ideational apraxia. Tumor infiltration into the left angular gyrus can
result in alexia, agraphia, right-left confusion, and finger agnosia, or a combination thereof.
Nondominant (usually right-sided) involvement often manifests itself with anoagnosia (neglect
or denial of an affected limb) or constructional apraxia.

Tumors of the occipital lobe generally produce crossed homonymous hemianopsia or
visual hallucinations. Involvement of the left occipital lobe can result in visual agnosia for
objects and/or colors. Bilateral damage results in cortical blindness. Several other visual
syndromes can occur from occipital lobe defects including Balint’s syndrome (a triad of
optic ataxia, an inability to move the hand to an object by using vision; ocular apraxia, an
inability to voluntarily control the gaze; and simultanagnosia,an inability to recognize more
than one object shown at the same time)—and Anton’s syndrome (a form of cortical blind-
ness in which the patient denies the visual impairment).

In the case of cerebellar lesions, if the vermis is affected, the patient will experience truncal
ataxia. If the hemispheres are affected the patient will experience appendicular ataxia (inco-
ordination of the limbs usually accompanied by hypotonia). Vertical nystagmus can also be
observed with cerebellar involvement.

Tumors affecting the brainstem generally manifest themselves with cranial nerve palsies,
nystagmus, and long tract signs (pyramidal or sensory). Tumors affecting the pituitary-hypo-
thalamic axis may produce signs and symptoms of excess or deficiency of pituitary hormones
in any combination.

Ependymomas, followed by astrocytomas, are the most frequent gliomas of the spinal cord
in adult patients. Primary spinal tumors cause signs and symptoms that generally arise from
nerve-root compression before parenchymal destruction. As such, patients generally present
with radicular pain; conversely, patients can present with deficits resulting from central
syringomyelia, which leads to destruction of lower motor neurons and results in segmental
muscle weakness and diminished reflexes. The onset of symptoms may be gradual or acute
and is generally asymmetric in nature. Of course, the exact set of symptoms depends on which
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cord level is affected. In general, cervical lesions affect the arms, shoulders, and neck regions.
Thoracic lesions affect the abdominal muscles and region. Lumbosacral lesions may affect the
lower extremities, pelvic region, and bladder. Cauda equina lesions also affect the lower
extremities, bladder, and bowel.

RADIOLOGICAL ASSESSMENT

When a brain tumor is suspected, the initial step in evaluation is brain imaging with com-
puter tomography (CT) or magnetic resonance imaging (MRI), with gadolinium administra-
tion (see Chapters 5 and 6 for details). These studies will assist in determining the location and
size of the lesion in addition to the extent of mass effect and degree of cerebral edema. MRI
is generally the preferred study, as it is superior to CT in a number of ways: (1) MRI resolution
and sensitivity are higher, (2) there is less chance of artifact in the posterior fossa or pituitary
fossa, and (3) MRI provides a more accurate three-dimensional reconstruction of the tumor,
which can better guide surgical resection or biopsy. CT does remain superior for demonstrat-
ing acute hemorrhage.

PROGNOSTIC FACTORS AND CLINICAL OUTCOME

The overall survival for patients with malignant glioma has not improved much over the
past 30 yr. From 1975 to 1995, patients younger than 65 with primary malignant brain cancer
made moderate improvements in survival, but older patients made no such advances (5).
Glioblastoma remains the histological subtype with the poorest survival, with a mean survival
of less than 1 yr and less than 3% of patients with glioblastoma multiformesurviving 5 yr after
diagnosis (27). The mean survival for AA is only slightly better, at 2 to 5 yr (28). Increased
mitotic activity and or increased MIB-1 labeling (staining for cell division) correlate with
reduced survival in glioblastoma multiforme patients and across histologic subtypes of HGG
(29,30).

Among HGG, correct histological identification can be complicated because of the high
degree of variability in tissue appearance and collection. The process is also prone to a degree
of subjectivity with a fair degree of inter-observer variability. Such challenges may lead to
errors in identification and subsequentl errors in prognostic estimation. In an attempt to help
remedy this situation, gene-expression based classification is gaining favor and may greatly
assist in appropriately estimating prognosis and guiding clinically relevant treatment. In fact,
a recent study demonstrated that gene-expression profiling, when coupled with class predic-
tion methodology, classified diagnostically challenging malignant glioma in a manner that
better correlated with clinical outcome as compared with histopathologic identification (3/).
Nevertheless, further studies and reproducible results are needed before this technique is
widely utilized, especially considering the increasing evidence that a sequential accumulation
of independent genetic alterations is essential for tumor development.

There is also limited but increasing data on the prognostic value of molecular markers.
Studies among patients with AO demonstrate that certain chromosomal abnormalities do
correlate with survival; specifically, studies have shown that loss of chromosome arms 1p and
19q is associated with chemosensitivity and improved overall survival (32). Similarly, patients
with glioblastoma multiforme (without features of an oligodendroglioma) with a 1p and 19q
deletion also have a significantly longer survival than patients with glioblastoma multiforme
that do not have these deletions (33). In patients with AA, Smith et al. demonstrated that loss
of the pTEN tumor suppressor gene is associated with poor survival (34). Additionally, epi-
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Table 2
Karnofsky Performance Score
Score Function
100 Normal, no evidence of disease
90 Able to perform normal activity with only minor symptoms
80 Normal activity with effort, some symptoms
70 Able to care for self but unable to do normal activities
60 Requires occasional assistance, cares for most needs
50 Requires considerable assistance
40 Disabled, requires special assistance
30 Severely disabled
20 Very ill, requires active supportive treatment
10 Moribund

dermal growth factor receptor (EGFR and p53 expression have been studied in glioblastoma
multiformepatients with the finding that EGFR overexpression (particularly when combined
with normal p53 expression) may correlate with poorer survival in patients aged less than 55
(35). Overexpression of MDM?2, a p53 inhibitor, has also been found to significantly correlate
with short-term survival in glioblastoma multiformepatients. Deletions or mutations in the
p14ARF gene, responsible for activation of p53, have been discovered in 70% of glioblastoma
multiforme, but the prognostic value is still under scrutiny (36). As glioma appears to be a
polygenic disease, further study is ongoing into the prognostic value of molecular signatures
to understand how they may guide effective therapy.

Many other factors other than histology have been investigated for their association with
survival in malignant glioma patients. Age continues to be strong a prognostic indicator,
although the age range associated with more-favorable outcome varies between studies (37).
In general, an age less than 45 yr is associated with increased survival (5). Stratifying patients
into risk groups based on age is likely to lead to better prognostic information. For example,
a recent retrospective study employing recursive partitioning of 832 glioblastoma patients
who were enrolled into prospective clinical trials at the time of initial diagnosis established
3 risk groups based on age: =40, 40 to 65, and =65 (38). Based on the commonly accepted
belief that functional status also predicts longer survival (39), this study maintained that the
40 to 65 age group be subdivided by Karnofsky Performance Score (KPS) into >80 or <80,
with the <80 group behaving similarly to the age =65 group. KPS is summarized in Table 2.
Mental status has also been shown to be a prognostic factor. In fact, arecent publication reports
that baseline mini-mental status score correlates more strongly with time to progression and
survival than performance status (40).

Tumor location, size, and extent of resection are variables that have also been studied
in relation to predicting survival. Multivariate analyses have not shown tumor location or
size to be significant prognostic factors (40). The benefit of extent of resection continues to
be unresolved, though most of the neuro-oncology literature testifies to the benefit of exten-
sive resection especially when compared with biopsy alone (4/). It must be noted, though, that
these studies are retrospective in nature and subject to selection bias. They state that patients
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with surgically resectable tumors have a better survival rate than those with nonrersectable
tumors; this is not the same as stating that prognosis is improved by extensive resection.
Nonetheless, in the absence of randomized clinical trials and prospectively collected data, this
question will remain unanswered.

Of special note is that the poor survival associated with malignant glioma has important
implications for designing and conducting clinical trials aimed at determining etiology or
treatment. For example, incidence based studies must often rely on information from family
members or caretakers because of difficulties in identifying and interviewing patients before
a rapid death; obviously, such indirect information gathering can lead to erroneous informa-
tion. Additionally, patients in phase II and III trials of experimental treatments need to be
compared with appropriate historical control groups that take into account prognostic markers
and afford for stratification into similar groups.

THE FUTURE

An understanding of the epidemiologic, molecular, and genetic events regulating HGG is
growing. Standard histopathology and epidemiologystudies to date have helped us group
patients into risk groups, which aide physicians in determining prognosis and treatment.
Nonetheless, treatment results for most patients are still unsatisfactory, likely because of the
genetic and epidemiological heterogeneity amongs brain tumors. We need a better under-
standing of how epidemiological and genetic mechanisms influence the development of brain
tumors and the clinical course of patients with HGG. Continued advances in the use of genetic
or molecular markers in conjunction with standard histopathological identification can lead
to a more accurate tumor classification system that will allow improved assessment of prog-
nosis and more standardized future studies and resulting data. Moreover, we are hopeful that
with an improved genetic and epidemiological understanding of brain tumors we may be able
to prevent them or create better treatment strategies.
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Summary

MRI is undoubtedly at the forefront of brain tumor imaging. It is the imaging study of choice,
not only for diagnosis but also as a preferred modality for characterization and treatment planning of
brain tumors. CT is superior in detecting calcification, hemorrhage, and in evaluating bone changes
related to tumors. Patients with pacemakers or metallic devices, as well as critically ill or unstable
patients, represent some of the specific areas in which CT is the diagnostic modality of choice. The
arrival of multichannel, spiral CT has rejuvenated its role because of the high speed scanning which
facilitates sophisticated multiplanar three-dimensional (3D) imaging as well as dynamic imaging (i.e.,
CT-perfusion [CTP] and CT angiography [CTA]). These advanced techniques are extremely useful in
preoperative localization, intraoperative navigation, and radiation therapy targeting.

Key Words: Computed tomography; spiral CT; MDCT.

INTRODUCTION

MRIis undoubtedly at the forefront of brain tumor imaging. Itis the imaging study of choice,
not only for diagnosis but also as a preferred modality for characterization and treatment
planning of brain tumors. Although computed tomography (CT) appears somewhat antique in
the context of diagnosing central nervous system (CNS) neoplasms, it continues to play a
significant role in patient management. CT is superior in detecting calcification, hemorrhage,
and in evaluating bone changes related to tumors. Patients with pacemakers or metallic devices,
as well as critically ill or unstable patients, represent some of the specific areas in which CT
is the diagnostic modality of choice. As a result of its speed and accessibility, CT is used in
immediate postoperative evaluation. The arrival of multichannel, spiral CT has rejuvenated its
role because of the high speed scanning which facilitates sophisticated multiplanar three-
dimensional (3D) imaging as well as dynamic imaging (i.e., CT-perfusion [CTP] and CT
angiography [CTA]). These advanced techniques are extremely useful in preoperative local-
ization, intraoperative navigation, and radiation therapy targeting.

STATE OF THE ART: CT IMAGING OF BRAIN TUMORS

Multidetector CT

Multislice or multidetector CT (MDCT) (/,2) denotes the ability of a scanner to acquire
more than one slice simultaneously. To be capable of doing so, the detector system must be
composed of more than a single row of detectors. The MDCT era started in 1992 with a dual
slice scanner. State of the art scanners currently have 16 rows of detectors, but 32, 40, and
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Fig. 1. Multiplanar reformation (MPR). Simultaneous orthogonal display in (A) axial, (B) coronal, and
(C) sagittal planes.Typical necrotic GBM (arrows) with thick nodular rim enhancement is better local-
ized on this 3D display, involving the middle and superior frontal gyri.

64-slice systems will soon be used in clinical practice. In addition to the number of detectors,
the rotational speed has increased from 1.0 to about 0.375 s/rotation. The advantages of
MDCT can be summarized by the acronym RSVP: Resolution-improved spatial resolution
along the z-axis (“acquisition of thin slices”), Speed-reduced time for scanning a given portion of
the body, Volume-increased length of the body that can be traversed for a given set of scan
parameters, and Power-efficient usage of X-ray tube power.

Multiplanar Reformation and 3D Reconstruction

MDCT can acquire isotropic data sets which enables anatomic evaluation in an infinite
number of planes and projections while maintaining image resolution and quality (3). Multi-
planar reformation (MPR) means simultaneous display of orthogonal or oblique sagittal,
axial, and coronal reconstructions (Fig.1). Itis extremely useful in localizing a lesion, particu-
larly if there is more than one lesion. Maximum intensity projection (MIP) is another post
processing technique in which single layer of brightest voxels along a line (or projection) at
a specified angle (orthogonal or oblique) is displayed. A major drawback is that it lacks depth
information (i.e., displays only the density of objects and not spatial information). This tech-
nique suits post-contrast studies as the post-processed images display highlights the contrast
enhanced structures with partial suppression of the background (e.g., vessels.) Shaded surface
display (SSD), combines depth information as well as tissue density based on preset thresh-
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olds; the first layer of voxels within defined density thresholds is used for display, leading to
the visualization of the surface of all structures that fulfill the threshold conditions. Depth
information is preserved but the attenuation information is scaled proportionately. Volume
rendering (VR) utilizes all the information in the volume data set, groups of voxels are selected
within a series defined threshold densities, each color coded with appropriate depth shading/
opacity. This is considered one of the best 3D techniques, particularly for intraoperative
navigation.
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CT Angiography and Perfusion

Intracranial CTA is performed via rapid data acquisition cued to the arrival of an arterial
bolus of contrast administered via intravenous power injection. High-resolution axial images
are then acquired longitudinally (i.e., in the direction of flow), and then evaluated using MIP
or volume rendered post processing with thresholds set for contrast enhanced vessels.

CTP is another dynamic imaging technique, also performed after bolus contrast admin-
istration, in which a pixel-by-pixel time—density curve is created by rapid data acquisition
over a stationary area of interest (4). Considering the linear relationship between the density
changes and contrast agent concentration, as well as the lack of confounding sensitivity to
flow artifacts, CT-based quantifications potentially offera more accurate representation of
the tissue microvasculature than similar magnetic resonance (MR) perfusion (MRP) imag-
ing studies. However, there is limited data currently available regarding CT perfusion
imaging in brain tumor imaging. Compared with MRP, the major limitation of CTP is that
a limited volume of brain can be scanned. However, new techniques are being developed
to overcome this limitation (e.g., table toggle technique) (5).CTP has the potential to play
a significant role in brain tumor imaging; the rationale is as follows: Vajkoczy and Menger
described endothelial proliferation as acommon feature of glioma vasculature (6). Endothe-
lial proliferation is an important histologic feature in determining glioma grade, with the
other features being nuclear atypia, mitoses, and necrosis. The diameter of normal cerebral
capillaries has a limited range of 3 to 5 wm, whereas gliomas contain tortuous, hyperplastic
vessels 3 to 40 um in diameter. It is therefore not surprising that regional cerebral blood
volume (rCBV) measurements are reliably correlated with tumor grade and histologic find-
ings of increased tumor vascularity. Malignant tumors, whether primary tumors or metas-
tases, arecommonly characterized by neovascularity and increased angiogenic activity (7).
The neovasculature has also increased permeability because of the local alteration in blood—
brain barrier (BBB) (8).

Cerebral blood flow (CBF) is the flow (mL/min/100 g) through a given vascular network
in the brain. CBV is the volume of blood (mL/100 g) within the vessels. Mean transit time
(MTT) is the mean transit time of all blood elements entering at the arterial input and leaving
at the venous outputof the vascular network. Time to peak (TTP) is the time to peak enhance-
ment. In addition to these parameters which are related to flow dynamics, microvascular
permeability is also assessed in perfusion imaging by measuring permeability surface (PS)
area product (9).

With multislice CT, a 2- to 3-cm-thick section can be examined. The region (slice) of
interest has to be selected for perfusion imaging (e.g., a portion of the brain tumor, surgical
cavity or post radiation field). A 50-cc bolus of contrast material is injected at a high rate
(usually 8 mL/s) using a power injector and large bore (18 gage) intravenous line; tissue
attenuation is monitored as the contrast first reaches and then perfuses the brain with
one image/s acquired during wash-in and wash-out. Semiautomatic post-processing is used
to create scaled, color maps of TTP or MTT, CBF, and CBV in less than 1 min (/0). Two
mathematical approaches are used to calculate these parameters (//): (1)the maximum slope
model requires a rapid, tight bolus to calculate the slope of time attenuation curve which is
used to approximate CBF and (2) the deconvolution analysis model calculates regional MTT
by deconvolving the time-attenuation curve (/2). The latter method requires an arterial input
function to deconvolve the curve (/3—15) and theoretically provides absolute values for CBF
and CBV. Nevertheless, there are variables (e.g., choice of input function, recirculation cor-
rection) which may limit the accuracy of these values (/6).
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CBYV and PS are the most meaningful parameters in evaluation of any type of tumors. CBF,
TTP, and MTT are more of value in vascular-occlusive diseases. The major application for
microvascular assessment using dynamic contrast-enhanced CT is differentiation of the most
malignant region of tumor before conducting stereotactic biopsy. This may be particularly
valuable in previously treated lesions in an effort to differentiate radiation necrosis, post-
surgical scar tissue, and recurrenttumor. Additionally, tumor can be graded based on its blood
volume and permeability. There is limited available data on CTP in brain tumor imaging. Data
from MRP studies of brain tumors can be used as a means of extrapolating meaningful con-
clusions as well as predicting the role of CTP in future. Increased CBV and PS (or other
parameters of permeability such as k-trans) are reliable indicators of high-grade brain tumors
(17). However, differentiation between high-grade and low-grade tumors needs a threshold
or cut-off value (/8), therefore interpretation becomes difficult in borderline cases. Lam et al.
(19) showed amaximum CBYV value 0f 2.95+2.127 mIL100 g for low-grade tumors compared
with 9.48 £4.520 mL/100 g in high-grade tumors. In human gliomas, estimates of permeabil-
ity have been shown to be predictive of the pathologic grade and correlate with the mitotic
activity of a tumor (20). Additional studies suggest rCBV is a more accurate predictor of tumor
grade than permeability co-efficient in three-tiered glioma classification system (2/,22).

Differentiating radiation necrosis from the recurrent brain tumor can be very challenging.
Sugahara et al. (23) showed the utility of MRP imaging. In their study, enhancing lesions
with a normalized rCBV ratio >2.6 or <0.6 suggested tumor recurrence or non-neoplastic
contrast-enhancing tissue, respectively. CTP holds enormous potential for this purpose (Fig. 2,
A-C).

Preoperative Planning and Intraoperative Navigation

State of the art, neuronavigation procedures involve the use of high resolution CT or MRI
data acquisition with fiducial markers or stereotactic frames data transfer, presurgical viewing
and planning, and intraoperative registration and navigation (24). The three main objectives
of resection are: (1) accurate localization, (2) complete or controlled removal and, (3) sparing
of normal brain function. Surgical navigation allows real-time localization in the operative
field of corresponding CT or MRI images utilizing mechanical, sonic, or infrared surgical
pointing devices once data sets have been registered utilizing the fiducial markers and the
Cartesian volume of the image data set. There are three different measures of accuracy in
surgical navigation systems (25): (1) mechanical accuracy (i.e., how well the system knows
its own position in space), (2) registration accuracy (i.e., alignment of the cursor, representing
the tip of the pointer, anatomically and accurately positioned in the image) and, (3) application
accuracy indicates how reliably the pointer tip in physical space corresponds to its anatomical
position of the cursor in the CT or MR image. Frame based stereotactic systems possess the
best mechanical and registration accuracy and are capable of localizing very small tumors.
However, amajor drawback is the limited physical access and approach afforded by the frame
at the time of surgery. Frameless navigation is much more flexible with no restrictions on
microsurgical techniques (25).

The main problem of the navigation system based on preoperative scanning is the inability
to predict intraoperative spatial distortion produced by mass effect and brain shift following
craniotomy and durotomy. One solution to this problem is to perform intraoperative imaging
using intraoperative MRI or CT. Intraoperative CT consists of a mobile gantry and matched
operating table that can be directly docked to the gantry. Anesthesia and surgery are performed
on the same table (26). There has been improved efficiency and better work flow in both
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Fig. 2. Recurrent HGG detected on CT perfusion. (A, arrow) Noncontrast CT images show: a focal surgical
defect in the right temporal lobe. (B, arrow) Note nonfocal and nonspecific surrounding region of low
attenuation coefficient in the right temporal and occipital lobes. (C) Recurrent HGG detected on CT perfu-
sion. Multiple CBV map images demonstrate asymmetric focal region of increased blood volume (arrows)
(based on qualitative assessment). Biopsy of this region showed recurrent HGG.

microsurgery and endoscopic surgery as a result of the introduction of intraoperative CT with
fewer repeat surgeries (25,26).

GENERAL CT CHARACTERISTICS OF GLIOMAS

CT imaging features of high grade gliomas are nonspecific. There is an overlap of imaging
features between low- and high-grade gliomas (HGG).
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Fig. 3. (A) Infratentorial GBM. Noncontrast CTshowing subtle heterogenous density with mass effect
(effacement of left perimesencephalic cistern) (short arrow) in the left cerebellar hemisphere. (B) Axial T2
and (C) post-contrast T1 MR images demonstrate large area of signal abnormality with minimal focal
enhancement (arrows). (Parts B and C are on page 81.)

Location

HGG can occur anywhere in the brain (Fig. 3), but are most commonly lobar in the suprat-
entorial compartment (27). Multicentric tumors (Figs. 4 and 5) are those with neither macro-
scopic nor microscopic connection whereas those with such a continuity are termed multifocal
(28,29). The multifocal subtype tends to disseminate more frequently through leptomeningeal
space (30,31).

Attenuation Coefficient (“Density”)

HGG have variable densities on CT (Fig. 6), usually isodense to moderately hyperdense to
gray matter (the isocenter of the mass may appear denser because of the surrounding vasogenic
edema). A small or atypically hypodense mass may not be visible on nonenhanced CT study,
masked by the presence of the surrounding, low-density, vasogenic edema (Fig. 7). Such cases
can be occasionally mistaken for subacute infarcts unless contrast is administered. X-ray
attenuation coefficient has no significant relationship to grading of gliomas.
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Fig. 4. (A,B) Ulticentric GBM. Enhanced CTdemonstrates focal hyperdense superficial masses (arrows) in
the (A) right temporal lobes and (B) left mesial frontal, the former appears necrotic. There is minimal
enhancement compared to pre contrast images(not shown).This appearance is difficult to distinguish from
intracranial lymphoma except that lymphoma typically shows intense homogenous enhancement.
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Fig. 5. Multicentric AA. (A,B) Noncontrast CT imagesshowing focal hyperdense masses (arrows) in
the right cerebral peduncle, left mesial temporal lobe, and left thalamus. Note post-operative changes in B.
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Fig. 5. (continued from page 83) (C,D) Focal enhancing masses (arrows) demonstrated on corresponding
post contrast axial T1 weighted MR images.
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Fig. 6. Focal superficial GBM, two different patients. (A) Noncontrast CT image shows a mixed density
right fronto-temporal mass (arrow) with mild surrounding vasogenic edema. (B) Example of extensive
hyperdense cortical and subcortical mass in the right frontotemporal operculum with mass effect and
midline shift.Note lack of significant vasogenic edema in B, an unusual finding in GBM.
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Fig. 7. (A) GBM Mmasked by vasogenic edema. Large area of vasogenic edema in the left cerebral
hemisphere including the basal ganglia (arrows), demonstrated on this noncontrast CT image. No focal
mass evident. (B) Post-contrast T1 MR image shows enhancing necrotic mass (arrow).
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Hemorrhage

Hemorrhage, depicted as an area of high attenuation coefficient, is more commonly seen
in advanced grade gliomas (World Health Organization [WHO] grade III-1V), particularly
glioblastoma, but it is not a pathognomonic feature; 12% of symptomatic hematomas can be
caused by low-grade gliomas) (32). Thus, it is important to remember that any atypical cere-
bral hematomas (e.g., hematoma with disproportionate edema) will need follow up to rule-out
underlying tumor. Relationship of hemorrhage to the grade of a tumor can be explained by the
endothelial proliferation, a common histologic feature of HGG.

Calcifications

Low-grade gliomas are more likely to be calcified (Fig. 8). Nevertheless, a small percentage
of HGG also shows calcifications (33). One of the hypothesis regarding calcified HGG is their
transformation from low-grade to high-grade, the former responsible for the presence of cal-
cification; it is thus regarded as a positive prognostic factor in HGG and may be suggestive
of an oligodendroglial origin (33).

Vasogenic Edema

Vasogenic edema is an indirect indicator of the aggressive growth of a brain tumor, mainly
responsible for the secondary mass effect. Focal region of vasogenic edema may be the only
finding on unenhanced CT in cases of HGG or intracranial metastases. White matter edema
produced by HGG, particularly GBM, can be quite extensive (Fig. 7) and actually represents
a tumor plus edema (34).

Contrast Enhancement

Contrastenhancement on CT imaging has a high sensitivity and specificity for HGG (about
87 and 79%, respectively) (33). About 20% of low-grade gliomas will also show enhancement
(33). Likewise, a substantial number of nonenhancing brain tumors can turn out to be HGG,
particularly anaplastic astrocytomas (AA) (35) (Fig. 9). Overall, enhancement on CT imaging
is a negative prognostic factor, irrespective of the glioma grade (33). Furthermore, Yamada
etal. (36) showed contrast enhanced area (CEA) of >4 cm and heterogenous enhancement as
negative prognostic factors while CEA <4cm and homogenous enhancement indicated better
prognosis.

HISTOLOGY SPECIFIC CT CHARACTERISTICS

Gliomas can be simply divided into astrocytomas, oligodendrogliomas, ependymomas,
and mixed gliomas. Astrocytic tumors can be further divided into two macroscopic categories:
indolent, circumscribed (grade I), or diffuse/ malignant (grades II-1V). Histologic grading of
each of subtype of glioma is critical for assessing prognosis and planning therapy. This
grading system, which is now well recognized (37), relies upon recognition of four param-
eters: nuclear atypia, mitoses, endothelial proliferation, and necrosis. The presence of two or
more of the above described features places the tumor in the high grade category (38). CT-
imaging based differentiation of various histologic sub-types of gliomas is limited. For the
sake of completion, we discuss below the CT imaging features of different histologic cell types
with an emphasis on imaging—pathologic correlation.

Anaplastic Astrocytoma

Anaplastic astrocytomas (AA) are infiltrating tumors with biologic behavior and average
age of diagnosis intermediate between simple astrocytomas (grade I and I1) and GBM (grade
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Fig. 8. Calcified glioma. (A) Unenhanced CT demonstrates focal coarse calcification (long arrow) in
the right thalamus with out significant vasogenic edema. Biopsy compatible with low-grade oligoden-
droglioma. Note shunt catheter tip (short arrow). (B) Axial T2 weighted MR image shows correspond-
ing area of susceptibility related to calcification (arrow).
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Fig. 9. AOA. (A) Pre- and (B) post-contrast CT.Right frontal lobe low density mass (long arrows) with
cortical and subcortical involvement mimicking an acute or subacute infarct. There is no significant
enhancement. Note contralateral extension into mesial frontal lobe (short arrows).



90 Part I1T / Ahmed and Masaryk

Fig. 9. (Continued from page 89.) Follow up post contrast axial T1 MR image showing rim enhancing
necrotic mass (long arrows) along with leptomeningeal recurrence (short arrow).

IV). AA represent about one-quarter of all gliomas (39). Although they can originate as
primary tumors, significant numbers of AA are thought to have transformed from benign
tumors, particularly the diffuse infiltrative astrocytomas (grade I and II) (40). They can
potentially progress to GBM. The gemistocytic astrocytomas—having increased eosino-
philic cytoplasm—have an increased tendency for malignant transformation and, although
generally low-grade gliomas, may show enough malignant features to be diagnosed as AA
(40).

Because of their infiltrative growth, AA may have indistinct margins which are often
reflected as ill-defined, inhomogenous lesions on CT. Because of its high cellularity, the
attenuation usually ranges from intermediate to high in relation to the normal brain (Fig. 5).
Alternatively, as cystic change or necrosis and hemorrhage are uncommon, AA are generally
more homogenous compared with GBM. Calcification is rarely seen unless there has been
transformation from a lower grade glioma. Post-contrast CT studies usually show limited to
moderate patchy/heterogenous enhancement (35,44). AAmay show leptomeningeal dissemi-
nation (including the ependymal surface) (4/). Differentiation from GBM is generally very
difficult, particularly on CT (Fig. 10). Marked vasogenic edema, mass effect, hemorrhage and
necrosis favor GBM.
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Fig.10.Focal AA, GBM -like features. Contrast enhanced CT image showing left frontal
lobe complex mass with large portion of enhancement. Note small areas of cystic degeneration
(large arrow), the mass is also abutting the corpus callosum (short arrow).

Glioblastoma Multiforme

GBM is the most common primary intracranial tumor and constitutes more than half of all
glial tumors (42). GBM correspond to WHO grade IV with the most aggressive behavior and
poor differentiation. Like AA, some are also hypothesized to transform from lower grade
gliomas, whereas others may arise de novo.

The cerebral hemispheres are the most common location; typically in the centrum semi-
ovale with a tendency to cross midline along the white matter tracts in the “butterfly” pattern
(Fig. 11). They can involve basal ganglia, and are rarely found in the posterior fossa (Fig. 3).
Primary intraventricular glioblastomas have been rarely reported. The majority of GBM are
solitary lesions; multifocal or multicentric GBM occur in about 3% of cases (28) (Fig. 4).

The typical appearance of GBM on nonenhanced CT is a mixed density complex mass with
disproportionate surrounding vasogenic edema, usually involves corpus callosum (Fig. 11).
The marked heterogeneity on either CT or MRI corresponds to the pathologic hallmark find-
ings of necrosis and hemorrhage as well as marked cellular pleomorphism, which at times
makes the determination of histologic origin of some GBM very difficult. Central necrosis is
an imaging hallmark of GBM (Fig. 1). Hemorrhage, seen in about 20% of GBM , can be easily
identified on CT (43). Vasogenic edema is a prominent imaging feature of GBM and com-
monly extends along the white matter tracts. One of the common management related ques-
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Fig. 11. GBM of corpus callosum. (A) Pre- and (B) post-contrast CT images showing diffuse vasogenic
edema with complex enhancing mass (short arrows) originating in the splenium of corpus callosum. Some-
what semi-butterfly appearance of the vasogenic edema with asymmetry towards the right side (long arrows).
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tions concerns the delineation of tumor vs edema. This is often not accurately answered in
cases of GBM (even by MRI) as the extensive vasogenic edema seen on imaging in such cases
may actually represent a combination of an infiltrating tumor and an accompanying edema.
Perfusion imaging has shown some utility to delineate the extent of the tumor and identify the
most suspicious area for biopsy (23,44).

GBM typically shows heterogenous rim enhancement with irregular thick and nodular
margins (Fig. 1) corresponding to the prominent endothelial proliferation seen on pathology,
with a poor BBB and more aggregate around the necrotic center. The enhancing tumor around
the necrotic center also probably explains the “pseudopalisading” pattern of neoplastic cell
aggregation around necrosis, as previously described in (27). These large areas of necrosis
reflect aggressive tumor growth that subsequently outstrips vascular supply; they are associ-
ated with poor prognosis (45). As a result of the infiltrative nature of AA, GBM, and other
HGG, histologic margins of the tumor are poorly delineated on post contrast CT.

The most common dissemination route is direct extension along white matter tracts, includ-
ing spread across the commissures. Other routes include subependymal (portends poor prog-
nosis) and neuroaxial spread via the CSF. As a result of the beam-hardening artifact created
by the skull in CT (particularly at the basal cisterns), MRI is the diagnostic study of choice for
evaluating dissemination.

Anaplastic Oligodendroglioma /Oligoastrocytoma

The term anaplastic oligodendroglioma (AO) (WHO grade III) is used when there are focal
or diffuse histologic features of malignancy. Typically these tumors involve cortex and sub-
cortical white matter. About one-half of oligodendrogliomas are anaplastic (46). Mixed tumors,
such as anaplastic oligoastrocytoma (AOA) (Fig. 9), have a relatively poor prognosis (47).

AO are indistinguishable from oligodendroglioma (WHO II) on CT or MRI. On a CT, a
typical finding is a well defined mixed density superficial frontal lobe mass with calcifications,
which may be nodular, clumped, or even gyriform (48,49) (Fig. 8). The involved cortex is
expanded, cystic degeneration is common, and hemorrhage or necrosis may also be seen (50).
The lesions may expand, remodel, or erode the calvarium. About 50% of all oligodendroglio-
mas show enhancement, usually heterogenous. AO are more likely to enhance than low-grade
oligodendrogliomas (50) (Fig. 9C). A new focus of enhancement is suggestive of malignant
transformation (57).

Gliomatosis Cerebri

Gliomatosis cerebri represents diffuse, cortical glial cell proliferation with preservation of
brain cytoarchitecture so that a focal mass is not grossly appreciable (52,53). Generally,
gliomatosis cerebri is restricted to cases with contigous involvement of at least two lobes; less
commonly with extension into deep nuclear structures, brainstem, and cerebellum (54). Pri-
mary leptomeningeal gliomatosis is considered a sub-type of gliomatosis cerebri (55,56). The
term gliomatosis though sounds like a sub-type of glioma, but its cell of origin is controversial
and considered unknown (55). Regardless, gliomatosis cerebri is still considered a HGG
(WHO grade III) because of its grim prognosis, although the histological features more closely
mimic low grade lesions (57,58).

Diagnosis of gliomatosis cerebri may be difficult on CT imaging in the absence of a focal
mass lesion with no appreciable abnormality in some cases. The reason for subtely of findings
on CT and sometimes MRI is probably related to the infiltrative nondestructive nature of the
gliomatosis cerebri as it infiltrates along the vessels and white matter tracts. On a CT there are
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Fig. 12. Gliomatosis cerebri. (A,B) Noncontrast CT, (C) axial FLAIR, and (D) post contrast T1 MR
images. (A, arrows) There is subtle loss of gray-white matter differentiation and (continued on next page)
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(B, arrows) bilateral thalamic diffuse lucency resulting in loss of interface between posterior limbs of inter-
nal capsules and lateral thalami. Corresponding (more obvious) increased signal evident on MRI (arrows).
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Fig. 13. GS as arecurrent high grade glioma. Fifty-four-year-old female with about 6 mo history of gross
total resection of left temporal lobe GBM followed by adjuvant radiotherapy. Post-contrast CT image shows
arecurrent rim enhancing necrotic left temporal lobe mass at the site of previous mass. Imaging features are
similar to a GBM. Note fiducial markers (arrows) for stereotactic localization.

usually diffuse, ill defined, iso- to hypodense multifocal regions with subtle cortical thicken-
ing, sulcal effacement, and loss of gray-white matter demarcation (as both gray and white
matter are involved) (Fig.12 A,B). Deep gray matter structures can be involved (Fig. 12 B,C).
Contrast enhancement is uncommon, but if present is usually very subtle unless the process
is quite advanced (59). The enhancement pattern is either linear or patchy (60) (Fig. 12D).

The extent of disease is evaluated much better on MRI (particularly T2-weighted and
FLAIR MR images) than on CT scans (60).

Gliosarcoma

Gliosarcomas (GS) actually represent a subtype of GBM in which a sarcomatous component
is present. GS are typically present along the periphery, abutting the dura (6/). Like glioblas-
toma, they correspond to WHO grade V. Extracranial metastases are more commonly seen
than GBM (6/). GS may appear in previously irradiated regions of the brain (62,63) (Fig. 13).

On CT, GS tends to present as a sharply defined, round or lobulated, hyperdense solid mass
with relatively homogeneous contrast enhancement and peri-tumoral edema. They have a
tendency to invade adjacent dural reflections (64,65). The hyperdensity is attributed to sarco-
matous component as it is highly vascular and cellular. The lesions are often well demarcated
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from surrounding tissue, leading to complete removal and prolonged survival despite high
malignancy (66). Nevertheless, aggressive tumor regrowth occurs often after incomplete
resection with prognosis almost similar to GBM (61,67,68). Typically, the hyperdense mass
abutting the dura mimics a meningioma; both in imaging and surgery. However, compared
with meningioma, they are more heterogenous, have a smaller dural based attachment, and
there is usually a significant amount of parenchymal edema. Some cases of GS have imaging
features like GBM, having a large necrotic center with irregular enhancement (69) (Fig. 13).

Malignant Brain Stem Glioma

Brain stem gliomas are a heterogenous group of, typically, pediatric brain tumors. Adult
brainstem gliomas are rare (70). Focal, more benign subtypes (i.e., tectal, focal tegmental,
dorsal exophytic, cervicomedullary) are usually pilocytic gliomas while diffuse (intrinsic)
pontine gliomas are of the fibrillary type with a higher WHO grade and poor prognosis (7/).
Diffuse pontine gliomas have a somewhat better prognosis in children with NF1 whereas the
prognosis is worse for NF1 adults (72).

Onnoncontrast CT, diffuse pontine gliomas are usually seen as alow-attenuation ill defined
mass expanding the pons (Fig.14A). Abnormal signal intensity with expanded configuration
of pons, exophytic growth into the basal cisterns, and occasional encasement of basilar artery
are better appreciated on MRI (Fig.14B). Calcification is rarely seen. Hydrocephalus is
uncommon even in large infiltrative tumors, seen in only about 10% of cases at presentation
(unlike focal tumors such as tectal glioma) (73). Enhancement is variable in pontine gliomas
and indicates poor prognosis particularly in adults (70). CSF dissemination occurs in up to
50% of cases (74).

Anaplastic Ependymoma

Ependymomas generate considerable controversy with regard to their rational clinical
management. Malignant histologic features seen in ependymomas are related to prognosis,
but not as strongly as seen with astrocytomas (75,76 ). According to WHO grading, ependymal
tumors have been divided into subependymomas (grade I), ependymomas (grade II), and
anaplastic ependymomas (grade III) (77). Besides the typical histologic features of ependy-
momas which includes glial (perivascular “pseudorossettes’) and epithelial (ependymal “true
rosette” pattern) components, anaplastic ependymomas (AE) show endothelial proliferation,
mitoses, necrosis, and loss of typical cellular architecture (78,79).

Tominaga et al. (78) reported CT imaging features in seven cases of anaplastic ependymo-
mas. All had both cystic and solid components with CT detectable, calcific fragments. Increas-
ing endothelial proliferation facilitates contrast enhancement. As these features are similar to
subepyndemoma and ependymoma (grade I and II), distinction between them is difficult on
the basis of imaging findings (Fig. 15).

Anaplastic Pleomorphic Xanthoastrocytoma

Anaplastic pleomorphic xanthoastrocytoma (PXA) is a benign supratentorial astrocytoma
which occurs almost exclusively in young patients. They are classified as WHO grade II.
Histologically, pleomorphism is the hallmark of PXA in addition to other characteristic fea-
tures. Anaplastic PXA is rare (80). PXA may need a long follow up as malignant transforma-
tion has been seen after many years (8/7).

Imaging features of PXA are either a cyst with an enhancing mural nodule or, less com-
monly, a solid tumor (82—-84). Calcification may be present (Fig. 16). The mural nodule is
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Fig. 14. Diffuse pontine glioma (DPG). Noncontrast CT image displaying a large area of lucency in the
posterior fossa (arrows) representing expansion of brainstem by infiltrative mass. Axial T2 weighted
MRI of another patient showing hyperintense expansile mass (long arrow), early stage as basilar artery
is intact and not yet involved (short arrow).
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Fig. 15. Anaplastic ependymoma. Noncontrast CT and axial T2 MR images. Focal region of mixed density
in the right frontal lobe (long arrow) with punctate calcifications (short arrow). Note lack of vasogenic
edema.MRI demonstrates well defined solid (short arrow) and cystic (long arrow) portions of the mass.
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Fig. 16. Pleomorphic xanthoastrocytoma. (A,B) Noncontrast CT images. (A, long arrows) Focal periven-
tricular left occipital hyperdensity with (B, short arrows) punctuate calcifications. The lesion was removed
but later on had a recurrent tumor at the same location (not shown). Biopsy showed anaplastic pleomorphic
xanthoastrocytoma.
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usually attached to the leptomeninges as the tumor usually has a peripheral location (83). On
unenhanced CT, the mural nodule or solid tumor has variable density. Angiography may show
ahypervascular tumor with supply from meningeal arteries (85). Itis because of these imaging
features that PXA can be confused with meningioma. Anaplastic PXA presents as a recurrent
tumor with leptomeningeal dissemination.

Astroblastoma (Anaplastic)

A rare glial neoplasm, occurring in young patients. The cell of origin is debatable as they
share features of astrocytoma and ependymoma. Based on histologic features, they can be low
grade or high grade (86).

Typical CT features (irrespective of the grade) are a mixed solid and cystic lobulated mass;
the solid portion has a characteristic “bubbly” appearance (better seen on MRI). Punctate
calcifications may be seen. Solid component shows heterogenous enhancement whereas there
is usually rim enhancement of the cystic portion. Astroblastomas lack significant peritumoral
edema (87).

SUMMARY

Computed tomography continues to play a significant role in the management of HGG. CT
is superior in detecting calcification, hemorrhage and in evaluating bone changes related to
tumors. Patients with pacemakers or metallic devices as well as critically ill or unstable patients
represent some of the specific areas in which CT is the diagnostic modality of choice. CT is
also study of choice for assessment of immediate post-operative complications. The arrival of
multichannel, spiral CT has facilitated sophisticated 3D as well as dynamic imaging. These
advanced techniques are useful in preoperative localization, intraoperative navigation, radia-
tion therapy targeting and differentiation of recurrent tumor from post therapy changes.
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6 Magnetic Resonance Imaging

Paul M. Ruggieri

Summary

Magnetic resonance (MR) is clearly the accepted imaging standard for the preliminary evalua-
tion, peri-operative management, and routine longitudinal follow-up of patients with high-grade glio-
mas (HGG). The purpose of this chapter is to review the imaging characteristics of HGG using
conventional MR imaging techniques. Whereas the newer techniques of MR diffusion, perfusion,
diffusion tensor imaging, and MR spectroscopy will be included as part of this discussion of the high
grade neoplasms, the detailed concepts of such studies will be discussed elsewhere in this text.

Key Words: MR imaging; anaplastic astrocytoma; glioblastoma multiforme; gliosarcoma;
gliomatosis cerebri; oligodendroglioma.

INTRODUCTION

Magnetic resonance (MR) is clearly the accepted imaging standard for the preliminary
evaluation, peri-operative management, and routine longitudinal follow-up of patients with
high-grade gliomas (HGG). The purpose of this chapter is to review the imaging characteristics
of HGG using conventional MR imaging techniques. Whereas the newer techniques of MR
diffusion, perfusion, diffusion tensor imaging, and MR spectroscopy will be included as part
of this discussion of the high grade neoplasms, the detailed concepts of such studies will be
discussed elsewhere in this text.

In general terms, high-grade glial neoplasms are conventionally thought of as infiltrative
parenchymal masses that are hyperintense on FLAIR fluid-attenuated inversion recovery
(FLAIR) and T2-weighted images, hypointense on unenhanced T1-weighted images, may or
may not extend into the corpus callosum, are surrounded by extensive vasogenic edema, and
prominently enhance following gadolinium administration. It must be pointed out that this
descriptionis clearly justa generalization as many high-grade neoplasms clearly do not follow
these “rules” and some of these characteristics may even be seen in low-grade neoplasms. The
most common and obvious contradiction is the pilocytic astrocytoma in children and young
adults. This is clearly a low-grade neoplasm although MR imaging demonstrates a solid soft
tissue nodule that enhances strikingly following gadolinium administration. Conversely, many
HGG do not enhance at all with gadolinium (/). Such contradictions would suggest that
isolated MR imaging characteristics frequently do not permit a clear distinction between the
different primary glial neoplasms or the histologic grades of these masses. Earlier studies
demonstrated sensitivities for MRI alone ranging from 55 to 83% for grading of gliomas (2—
7). One of these studies suggested mass effect and necrosis as the most reliable predictors of
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tumor grade but these generalizations are frequently contradicted. Whereas enhancement is
thought to be common in higher grade masses, all such masses do not enhance and, in one
study, nearly 20% of glioblastomas did not enhance (6,8). It is likely safe to state that a
prominently enhancing parenchymal mass in an adult is unlikely to be a low-grade neoplasm.
In practice, the primary job of imaging in the preliminary evaluation of such patients is to
characterize the extent of disease and the impact on the adjacent normal brain. Limited con-
ventional MRI features in conjunction with demographic data and the clinical presentation can
help to distinguish the different neoplasms and to identify the more aggressive masses. It is
still becoming increasingly common to employ specialized studies such as diffusion, perfu-
sion, and MR spectroscopy if conventional evaluation fails to make these distinctions in
patients with conflicting clinical and imaging data. Alternatively, such studies can be utilized
in the follow-up of gliomas to differentiate tumor recurrence, malignant degeneration, and the
sequelae of therapy if conventional MRI fails to do so.

ANAPLASTIC ASTROCYTOMA

Anaplastic astrocytomas (AA) are histologically classified as World Health Organization
(WHO) grade III neoplasms. Analagous to infiltrative astrocytomas, these tumors have infil-
trative margins on histology. On the other hand, they contain areas of pleomorphism and high
cellularity and may demonstrate areas of necrosis and cyst formation like their higher grade
counterparts. Up to 75% of AA are felt to arise from lower grade gliomas whereas the anaplas-
tic group may also dedifferentiate into glioblastomas over time (9). The age of presentation
also tends to be intermediate between these two groups, typically discovered during the fourth
to fifth decades of life in patients presenting with seizures, focal neurologic deficits, or signs
of increased intracranial pressure (ICP) (/0). In view of the above, it should not be surprising
that AA tend to have imaging findings that are intermediate between the infiltrative astrocy-
tomas and glioblastomas.

The AA can be quite variable in location but nearly all are supratentorial and most are
centered in the deep white matter and may secondarily involve the deep gray-matter struc-
tures. These masses generally have poorly defined margins and are somewhat heterogeneous
in signal intensity characteristics on all MR pulse sequences, most evident on the FLAIR and
T2-weighted images (Fig. 1). The amount of surrounding vasogenic edema is quite variable
but more commonly relatively mild and frequently indistinguishable from the margins of the
nonenhancing component of the mass. Consequently, itis difficult to determine the true extent
of neoplastic cell invasion when planning complete resection by MRI. FLAIR and T2-weighted
images certainly demonstrate the extent of parenchymal involvement better than the
T1-weighted images but tumor cells can extend into parenchyma that is normal in signal
intensity on all pulse sequences. Of the two, the FLAIR images generally make it easier to
appreciate the MRI abnormality because the darkened cerebrospinal fluid (CSF) makes
involvement along the pial and ependymal surfaces of the brain more obvious and resetting
the gray scale makes the subcortical involvement more apparent. The T1-weighted images are
generally more useful for assessing mass effect and location of the mass. The unenhanced
T1-weighted images may also show small foci of mild hyperintensity related to dystrophic
calcification (shortened T1-relaxation time resulting from the impact on water molecules by
the calcium along the margins of the crystalline matrix) that could be misleading when
assessing gadolinium enhancement. Small foci of hemorrhage that may arise de novo or may
berelated to arecent stereotactic biopsy procedure are commonly more obviously hyperintense
on the T1-weighted images. The parenchyma that enhances with gadolinium represents the
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Fig. 1. Anaplastic astrocytoma: (A) Axial T2-weighted image demonstrating large infiltrative mass in
the left frontal lobe that is heterogeneously hyperintense, presumably representing the heterogeneity of
the histology. (B) Large irregular nodular foci and small ill-defined patchy foci of enhancement are
detected in the inferior left frontal lobe on this gadolinium-enhanced T1-weighted spin echo images.
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arca with the most extensive breakdown in the blood—brain barrier (BBB) and generally
indicates the more aggressive component of the mass but clearly does notreflect the true extent
of the mass. The enhancement within the masses is generally patchy or heterogeneous in
nature. Ring enhancement is atypical as this is generally seen in glioblastomas with central
necrosis. On the other hand, some AA may not enhance at all. One prior study demonstrated
that nearly 40% of nonenhancing masses were found to be AA (§). The associated mass effect
is contingent on size, location, and surrounding edema but is usually moderate in degree.
Evidence of prior hemorrhage is relatively infrequent in contrast to glioblastomas. It is also
important to remember that AA generally spread in a contiguous fashion along normal white-
matter tracts but may also disseminate in the CSF along the pial and ependymal surfaces if the
mass is contiguous with the ventricles or the outer surface of the brain. This is most sensitively
demonstrated on gadolinium-enhanced T1 images as linear and/or nodular enhancement along
the ependymal or pial surfaces of the brain and/or spinal cord or as confluent masses of varying
sizes in the basilar cisterns, over the cerebral convexities, or within the spinal canal.

GLIOBLASTOMA MULTIFORME

Glioblastoma multiforme is classified as a WHO grade IV neoplasm and is among the most
common primary intracranial neoplasms. Glioblastomas account for the majority of glial
tumors, over half of astrocytic tumors, and up to 20% of all intracranial tumors (/,//). Although
uncommon in the pediatric population, glioblastomas make up more than half of primary
intracranial neoplasms in adults with a peak incidence during the sixth and seventh decades
of life. Similar to the AA, the glioblastomas generally arise within the cerebral hemispheres
and symptoms at presentation usually include headache, seizures, focal neurologic deficit,
change in personality, and/or signs of increased intracranial pressure.

Histologically, these masses are characterized as infiltrative masses with high cellularity,
cellular pleomorphism, and increased mitotic index. These tumors are characteristically very
heterogeneous with evidence of microvascular and endothelial proliferation, tumoral hemor-
rhage, and variably sized foci of tissue necrosis (/2,/3). Imaging characteristics reflect the
histopathologic findings as these masses are generally quite heterogeneous in appearance on
MR and computed tomography (CT). Hemorrhage may be seen in up to 20% of masses and
evidence of necrosis is conventionally thought of as the “imaging hallmark” of glioblastomas
(14—16). Dystrophic calcification is quite uncommon, likely due to the relatively aggressive
nature of the mass.

MRI demonstrates an infiltrative, intra-axial, soft tissue mass within the cerebral hemi-
spheres that is heterogeneous in signal intensity on all pulse sequences. Although glioblasto-
mas are quite cellular, the soft tissue components are generally heterogeneously hyperintense
on the FLAIR and T2-weighted images. There is generally a large amount of surrounding
vasogenic edema resulting from the proliferation of abnormal blood vessels within the mass
and transudation of fluid into the interstitium through the leaky endothelium. There may also
be neoplastic cells within the edematous tissue that is indistinguishable from the edema alone
(17-19). In either case, this will appear as surrounding prominent hyperintensity on T2 and
FLAIR and less obvious hypointensity on T1-weighted MR images. As the corpus callosum
is made up of densely packed white matter that is generally resistant to the spread of vasogenic
edema, FLAIR and T2 signal abnormalities that are contiguous with the mass and extend into
the corpus callosum can generally be thought of as contiguous spread of neoplasm rather than
extension of vasogenic edema regardless of whether there is enhancement with gadolinium in
this region of the corpus callosum or not (Fig. 2).
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The vascularity and necrosis in these masses explains the presence of prior hemorrhage that
may be seen in these masses. Acute hemorrhage will appear as a focus of hypointensity on
T1- and T2-weighted images, subacute hemorrhage will appear hyperintense on both
sequences, and remote hemorrhage may be seen as mild hyperintensity on T1 or, more likely,
irregular or linear foci of hypointensity on the T2-weighted images. Turbo- or fast-spin echo
acquisitions are now used routinely for conventional MRI. Unfortunately, these pulse
sequences inadvertently suppress the signal loss because of local field inhomogeneities caused
by the iron deposition at the site of remote hemorrhage. If there is a suspicion of prior hem-
orrhage, it is necessary to perform a T2*-weighted gradient echo acquisition with a relatively
long echo time in addition to conventional MR pulse sequences to more sensitively evaluate
for the presence of prior hemorrhage. Such sequences will accentuate foci of prior hemorrhage
as irregular foci of hypointensity resulting from a localized tissue gradient (hemorrhage
adjacent to normal brain tissue) causing loss of signal in the tissues.

Contrast enhancement in these masses is usually quite prominent and heterogeneous in
nature. The enhancement is generally more prominent peripherally as a thick, irregular rim
surrounding a central area of necrosis that may occupy up to 80% of the volume of the overall
mass (20). Although not uniformly present, glioblastomas classically demonstrate multi-
loculated enhancement, comparable to that seen with abscess cavities. Abscess cavities would
be more likely to have a thinner, more uniform rim that is hypointense on T2-weighted
sequences in contrast with glioblastomas. The central cavities of abscesses are also more apt
to have restricted diffusion on diffusion-weighted sequences than a glioblastoma (2/,22). If
these imaging findings and the clinical presentation still present a dilemma, alternative spe-
cialized studies could be employed for further preoperative evaluation.

The overwhelming majority of glioblastomas are solitary, supratentorial, intra-axial masses
that spread within the parenchyma along white-matter tracts. In less than 5% of cases, these
masses may be multifocal or multicentric. Such masses are thought to arise simultaneously at
several sites if the masses are clearly separated by normal appearing white matter on all pulse
sequences and are not contiguous with a pial or ependymal surface. Even more commonly than
AA, glioblastomas may disseminate within the CSF space along the leptomeninges, ependy-
mal surfaces of the ventricles, and pial surfaces of the brain and/or spinal cord to cause cranial
nerve symptoms, hydrocephalus, radiculopathies, and myelopathy. It is possible to identify
larger deposits of neoplasm that have spread within the CSF as hyperintense to isointense
nodules of tissue on FLAIR images or hypointense to isointense masses on T1-weighted
images. Gadolinium enhanced T1-weighted imaging is a far more sensitive means of evalu-
ation for leptomeningeal spread of neoplasm and will be recognized as linear or nodular
enhancement along the leptomeninges or pial or ependymal surfaces. Early signs on MRI may
be unexplained new hydrocephalus without evidence of infection, new linear enhancement
along the ependymal surfaces of the ventricles, or enhancement along the cranial nerves in the
basilar cisterns (commonly cranial nerves III, V, VII, and VIII).

GLIOSARCOMA

Gliosarcomas are rare glioblastomas that contain an anaplastic glial component compa-
rable to a glioblastoma, as well as, a mesenchymal component (23). Most commonly, the
mesenchymal component is a malignant fibrous histiocytoma or fibrosarcoma but other alter-
natives include sarcomatous derivatives of smooth muscle, striated muscle, cartilage, and
bone (24-26). These masses present during the fifth to seventh decades of life and are thought
to arise from vascular constituents of glioblastomas. Gliosarcomas have also been reported
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Fig. 2. Glioblastoma multiforme: (A) Axial TSE T2 image demonstrates a large heterogeneous soft
tissue mass that extends to either side of midline. There is extensive confluent surrounding hyper-
intensity in the white matter of both cerebral hemispheres that likely represents a combination of edema
and infiltrative neoplasm. (B) The mass clearly involves both mesial frontal lobes and the patchy
hyperintensity within the mesial left frontal lobe suggests recent hemorrhage.
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Fig. 2. (continued from previous page) (C) Following gadolinium administration, there is prominent,
heterogeneous and multiloculated enhancement that involves both frontal lobes and the intervening
body of the corpus callosum, typical for a glioblastoma.

following radiation therapy for pituitary adenomas, leukemia and lymphoma, presumably
from vascular or astrocytic elements of a preexistent mass (27—-29). Such secondary masses
arise after arelatively long latent period ranging from 1 to 12 yr after the therapy, appear within
the irradiated parenchyma, and are different than the original mass (29,30). In contrast with
most primary intracranial masses, it is relatively common for the gliosarcomas to metastasize
to sites outside of the central nervous system (CNS) (24,31,32).

These masses are generally supratentorial and most commonly temporal in location. The
masses are frequently relatively peripheral and may abut the dural surface similar to meningio-
mas but are still clearly intra-axial in location. Similar to the glioblastomas, the gliosarcomas
are somewhat heterogeneous in signal intensity characteristics on MRI as a result of hemor-
rhage and necrosis within the masses. On the other hand, the gliosarcomas are discrepant as
the underlying soft tissue component is still relatively hypointense on T2-weighted images,
likely because of the high cellularity and high vascularity of the masses. Surrounding edema
is frequent and the enhancement may be uniform or ring-like but very prominent following
gadolinium administration (33).

GLIOMATOSIS CEREBRI

Gliomatosis cerebri (GC) is defined as a generalized infiltration of parenchyma by neoplas-
tic glial cells involving at least two, and more commonly three lobes of the brain (34,35). The
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Fig. 3. Gliomatosis cerebri: (A—C) Axial turbo spin echo FLAIR images of the brain demonstrates
diffuse subtle hyperintensity involving the white matter of nearly the entire left cerebral hemisphere and
contiguous extension across midline through the corpus callosum into the right cerebral hemisphere.
There is relatively mild mass effect in proportion to the size of the mass and the architecture of the
hemispheres is largely maintained.
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Fig. 3C. (Continued from previous page.)

involved areas should all be contiguous in contrast to a multifocal or multicentric glioma in
which the multiple lesions appear completely separate. Beyond this, the overall architecture
of the brain parenchyma is generally preserved on imaging and gross pathology. Although
gliomatosis may present any time from the first decade to the sixth decade, it usually presents
during the second through fourth decades without a predilection for sex. The clinical presen-
tation may be nonspecific and usually insidious over a period of months to years, including a
change in personality, dementia, hydrocephalus, and signs of increased intracranial pressure
(ICP) prior to the onset of focal neurologic symptoms (36,37).

Parenchymal involvement is usually supratentorial and predominantly involves the white
matter with secondary involvement of deep and superficial gray matter and may also include
the brainstem and cerebellum. On rare occasions, gliomatosis may present as a diffuse leptom-
eningeal process, indistinguishable from leptomeningeal metastases from distant primaries
(38,39). The “more common’ parenchymal variety is typically recognized as a poorly defined,
confluent and frequently mildly hyperintense process on the FLAIR and T2-weighted MR
images that may be somewhat heterogeneous. The involved tissue is mildly increased in
volume yet the overall structure of the tissue is still relatively well maintained (Fig. 3). The
tissue may be isointense to mildly hypointense on T1-weighted images or hypointense and
mildly heterogeneous on the T1-weighted gradient echo volume acquisitions typically used
for preoperative three-dimensional (3D) localization. There is usually no enhancement with
gadolinium on the T1-weighted images but may be present late in the disease process and
described as linear or patchy in nature when it is present (40).
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OLIGODENDROGLIOMA

Oligodendrogliomas are considerably less common than glioblastomas and other astrocy-
tomas and have a bimodal age distribution at presentation: the smaller initial peak occurs
during the latter part of the first decade whereas the more common age of presentation is during
the third to fifth decades of life (4 /). These masses almost invariably arise supratentorially and
are most commonly found in the frontal white matter and less commonly in the temporal and
parietal white matter (42). A few reports have also documented primary posterior fossa masses
in children which are thought to be more aggressive (43). Oligodendrogliogliomas may also
rarely arise within the spinal cord (44).

The histology of oligodendrogliomas can be widely variable and different criteria have
been proposed for characterizing the histologic grading of these masses for prognostic pur-
poses and therapeutic decisions (45-50). As there is no one reliable criterion, each of these
systems implements a combination of criteria to grade these masses. Among these proposals,
only one of these systems includes an imaging criterion in the grading system—contrast
enhancement (49). Regardless of which criteria are used for histologic grading, the WHO
recognizes only two categories: oligodendrogliomas and anaplastic oligodendrogliomas—
the latter of which we are most interested in for this discussion. Molecular studies of oligo-
dendrogliomas suggest that vascular endothelial growth factor receptors are highly expressed
in the anaplastic oligodendrogliomas. This would imply that portions of oligodendrogliomas
that degenerate to higher grade masses may then express these receptors and induce neo-
vascularity and central necrosis (5/). These factors would argue the importance of enhance-
ment, tumor heterogeneity and necrosis as important imaging criteria for more aggressive
oligodendrogliomas. Cytogenetic studies are also generally utilized in predicting response to
therapy: loss of chromosome 1p is associated with increased chemosensitivity; loss of 1p and
19q associated with higher chemosensitivity and longer survival; and the deletion of p16 on
chromosome 9p in anaplastic oligodendrogliomas is associated with reduced survival (52,53).
Unfortunately, there are no real imaging correlates for these genetic characteristics.

Conventional MRI characteristics are somewhat nonspecific. The oligodendrogliomas
present as confluent and relatively well-defined foci of hyperintensity on FLAIR and T2 with
predominant involvement of the subcortical white matter and secondary involvement of the
overlying cortical gray matter. Whereas a very high percentage of these masses are reportedly
calcified on histology, up to 60% are calcified on CT (54,55). The calcifications are typically
large, dense, and globular on CT but can be easily missed altogether (even in retrospect) on
MRI and do not clearly correlate with the histologic grade of the mass. Likewise, these masses
may also contain cysts or foci of prior hemorrhage in 20% of cases but are not clearly predic-
tive of tumor grade or the uniformity of histology. In some cases, the patients may present
because of acute parenchymal hemorrhage within the mass but this is relatively rare. Sur-
rounding edema is reported in 60% of cases and more commonly seen with higher grade
neoplasms but may be difficult to distinguish from the underlying mass on FLAIR and T2. The
signal intensity on T1-weighted images may be hypointense or mixed hypo- and hyperintense,
perhaps because of prior hemorrhage and/or dystrophic calcification. Enhancement with
gadolinium is also quite variable but more commonly seen with the higher grade neoplasms.
When present, the gadolinium enhancement is subtle and patchy or honeycomb-like in nature
(54,56). Leptomeningeal metastases may also be seen in the setting of anaplastic oligodendro-
gliomas causing more extensive diffuse enhancement of the leptomeninges (57).

It is relatively common for oligodendrogliomas to be mixed with components of an astro-
cytoma of varying degrees of malignancy. Anaplastic oligodendrogliomas may also degen-
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erate into glioblastomas. Unfortunately, there are no good imaging criteria to preoperatively
distinguish a mixed oligoastrocytoma from a pure oligodendroglioma. Degeneration into a
glioblastoma may be distinguishable on preoperative imaging studies, the criteria for which
are listed above.

DIFFUSION

MR diffusion imaging initially gained popularity and is now routinely used in the evalu-
ation of patients with acute strokes (58-6/). In MR diffusion imaging, strong magnetic gra-
dients are applied in each of three orthogonal directions to imaging sequences in equal but
opposing directions. These gradients establish gradients across the individual imaging voxels
and diffusing protons within these voxels cause a loss of phase coherence over time that
accounts for signal loss within those voxels. The signal loss is proportional to the distance the
diffusing protons moved over that time period. Protons whose diffusion is “restricted” by
physical barriers or because they are bound to macromolecules will not change their net
phases. Apparent diffusion coefficients (ADCs) can be calculated by ratios of intravoxel
signal intensities taken from at least two sequences with differing gradient strengths. In the
case of an acute stroke, the ischemic injury results in cytotoxic edema and influx of Na* and
water from the extracellular space to the intracellular compartment. The brownian motion of
water that would normally take place in the extracellular compartment is then restricted in the
cells by the cell membranes. Conversely, protons within the CSF of the ventricles will move
in a relatively unrestricted fashion, lose proportionately more signal, and have high apparent
diffusion coefficients.

Preliminary implementations of diffusion imaging were limited by artifact from physi-
ologic motion (normal brain pulsation) and long imaging times. The routine use of echo-
planar imaging (EPI) reduces the problem of physiologic motion dramatically and makes the
overall acquisition time very short (typically on the order of 1.5 min) so gross patient motion
is rarely a problem. The residual practical problems in this acquisition largely relate to local
field inhomogeneities caused by the air/soft tissue interface at the skull base. This results in
signal loss and geometric distortion in the inferior frontal lobes, temporal lobes, and the
posterior fossa. Such problems are further aggravated by artifact from metal in dental work
and ventriculostomies or anywhere in the region of the skull base with higher field strength
magnets (e.g., 3.0 Tesla). The dilemma is that artifact could potentially be misinterpreted as
restricted diffusion. This can be minimized with stronger and faster gradients in the MR
machines, multishot echo-planar acquisitions, and more recently, parallel acquisition tech-
niques using phased array head coils. Parallel acquisition techniques also have the potential
to improve the spatial resolution of the voxels in these images which is currently on the order
of 4 X 2 X 5 mm with conventional coils and EPI.

This concept has been applied to a number of other situations to complement conven-
tional MRI sequences for improved specificity. It has been argued that solid intracranial
neoplasms will cause a reduction in the apparent diffusion coefficient whereas surrounding
edema, cyst formation and necrosis will increase the calculated apparent diffusion coeffi-
cient. The restricted diffusion in solid neoplasms has been attributed to an increase in cel-
lularity and the corresponding reduction in the extracellular fluid space in contrast to normal
brain tissue (62-66). Although a statistically significant correlation has been demonstrated
between lower ADC values, higher cellularity, and higher-grade neoplasms in large groups,
ADC values have not been proven useful to make these distinctions in individual patients.
Interestingly, some of these same investigators attempted to correlate the increased cellular-
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ity of these tumors with the degree of T2 hypointensity (presumed to indicate high cellular-
ity in conventional MRI such as is commonly seen in primary CNS lymphoma) and failed
to demonstrate consistent results. Investigators have also attempted to characterize different
primary gliomas by their ADC values, but these studies have utilized different techniques
with variable hardware and software in small groups of patients making this data of limited
clinical utility. Moreover, the nature of the pathology in question is exceedingly variable
within an individual patient, making it difficult to effectively measure even with a consistent
technique (63). This would likely contribute to the overlap in ADC values previously mea-
sured in gliomas, metastases, and meningiomas.

Another hope was that diffusion could help to preoperatively characterize the peripheral T2
and FLAIR hyperintensity to distinguish a solitary metastasis from a primary glioma. The
peripheral T2 hyperintensity in the white matter surrounding metastases should be vasogenic
edema within the extracellular fluid space whereas the peripheral hyperintensity surrounding
gliomas should be infiltrating neoplastic cells. Once again, investigators found no significant
difference in diffusion characteristics of this tissue. The white matter surrounding gliomas
likely contains edema and infiltrating tumor cells which have canceling effects on the diffu-
sion study and could be quite variable between different patients and possibly even within a
single patient. In the end, diffusion studies are more likely to complement conventional MRI
studies rather than provide a new physiologic contrast that is clearly better than conventional
sequences in the evaluation of patients with gliomas. For example, diffusion sequences could
serve to identify the most densely cellular component of a primary glioma as a guide for
localizing a biopsy site. The diffusion sequences may also serve as an additional indicator of
malignant degeneration of a known lower grade neoplasm beyond more conventional param-
eters such as new gadolinium enhancement and/or worsening mass effect (Fig. 4).

Alterations in the histology and quantity of fluid in the intracellular and extracellular spaces
have also been implemented to distinguish chemo- and/or radiation therapy-induced necrosis
from recurrent neoplasm in the routine follow-up of patients with HGG (67,68). Tissue con-
taining radiation-induced necrosis should have a marked paucity of cells and recurrence of a
HGG within the parenchyma should contain more densely packed cells. Although the histol-
ogy is quite discrepant, the appearance of these two entities on conventional MRI may be
indistinguishable owing to physical proximity to the site of the original tumor, surrounding
vasogenic edema, localized mass effect, and the breakdown in the blood—brain barrier (BBB)
causing gadolinium enhancement. In practice, the distinctions have often relied upon clinical
suspicion, short-term follow-up conventional MRI, positron emission tomography (PET),
single photon emission computed tomography (SPECT), and, ultimately, surgical biopsy.
One recent study compared two small groups of patients with WHO grade III and I'V gliomas
who had recurrence of the primary neoplasm vs therapy-induced necrosis (68). They were able
to demonstrate significantly lower ADC values in those patients with recurrence than in those
patients with therapy induced necrosis, presumably related to higher cellularity in the recur-
rence group (66,69). These differences were more significant when the data were normalized
to regions of interest in the opposite normal hemisphere in the same patients by generating
ADC ratios. This data set a threshold of 1.62, above which suggested treatment induced
necrosis while values below this were only found in patients with tumor recurrence.

DIFFUSION TENSOR IMAGING

The principle of diffusion imaging can also be implemented to perform diffusion tensor
imaging (DTI) and reproduce directional maps of the cerebral white matter. Instead of apply-
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Fig. 4. Gliomatosis cerebri: (A) FLAIR image through the thalamus in the same patient as Fig. 3
demonstrates a more confluent mass with more prominent mass effect, distinctly different from
the diffuse infiltrative process elsewhere. (B,C) Axial diffusion trace image and correlative ADC map
demonstrate restricted in the periphery of this focus suggesting restricted diffusion. Note the striking
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Fig. 4. (continued from opposite page) signal loss and geometric distortion in the inferior frontal poles
resulting from the local field inhomogeneity of the brain/skull base interface. (D) There is prominent
enhancement of this rim of tissue following gadolinium administration but there was no enhancement
elsewhere. Biopsy of this focus revealed glioblastoma.
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ing the strong diffusion gradients in each of the conventional three orthogonal directions, these
same gradients and various combinations of these gradients are applied in a minimum of six
directions in the same echo-planar sequences (70,7/). The diffusion in white matter is clearly
dependent on the orientation of the white matter bundle. Specifically, white matter diffusion
is greatest along the longitudinal axis of the myelin sheaths and neuronal axons and minimal
perpendicular to their longitudinal axes as a result of the physical barriers of the membranes.
As a result, such measurements can be used to demonstrate the orientation of white matter
tracts in vivo. The diffusion measurements in each of the six directions are used to generate
a 3 x 3 diffusion tensor matrix. Diagonalization of these data generate ellipsoids for each
imaging voxel whose major, minor and intermediate axes define the orientation of the white
matter in the voxel (72,73). These axes are characterized as eigenvectors to indicate the
direction of these axes and eigen values to reflect the maximal diffusivity in these directions.
The eigen value for the major eigen vector of each voxel indicates the maximal diffusivity or
primary orientation of the white matter in a specific imaging voxel. Diffusion anisotropy is
ameasure of the deviation of the ellipsoid from a sphere. In the case of a sphere, the fractional
anisotropy (FA) is equal to zero and there is equal diffusion in all directions. The converse
would be a fractional anisotropy of 1.0 in which the diffusion is essentially all along one
direction as might be expected in a highly organized white matter tract. Maps can be generated
and displayed in a variety of fashions, the most common of which are color FA maps. By
convention, red indicates a right/left direction, green indicates an anterior/posterior direction,
and blue indicates a cephalo-caudad direction. The intensity of the color is directly proportion-
ately to the FA in each voxel. If a region of interest (ROI) is chosen in a specific white matter
bundle, a region-growing algorithm can be applied to demonstrate the three-dimensional
course of the white matter tract in a process called tractography (74-78). Alternatively, ROIs
can be chosen on the diffusion maps to quantify the direction and magnitude of the diffusion
in the white matter using fractional anisotropy and mean diffusivity (average eigen values for
the three vectors defining the ellipsoids).

Not surprisingly, DTT has also been implemented in a variety of intracranial pathologies,
including patients with HGG (71,79-82). The results of studies implemented for diagnostic
purposes have demonstrated somewhat mixed results. Mean diffusivity (MD) was not found
to be diagnostic for distinguishing low- and high-grade gliomas. Whereas the MD of low-
grade gliomas (LGG) was somewhat higher than HGG, the differences were not statistically
significant. It is also not possible to distinguish edema from infiltrative neoplasm along the
margins of LGG and HGG with DTI (83). The mean diffusivity of the T2-hyperintensity in
the white matter surrounding parenchymal metastases was found to be significantly greater
than in the hyperintensity surrounding primary gliomas (80). In another study of HGG, normal
white matter had higher FA and lower MD than the underlying mass and surrounding edema.
Similarly, the gadolinium-enhancing rim of the masses had higher FA and lower MD than the
nonenhancing center. When comparing solitary and multifocal primary masses, the MD was
lower and the FA was higher in the enhancing components of multifocal gliomas than in
solitary gliomas (79). The surrounding T2-hyperintensity was similarly discrepant in multi-
focal disease, perhaps to infiltrating, nonenhancing neoplasm in the white matter.

DTI studies have also been implemented in preoperative planning of patients with HGG
(Fig. 5). When planning surgery in these patients, the goal is obviously to maximize the extent
of resection of the mass without compromising eloquent structures. DTI has been used to
locate major white matter tracts (e.g., corticospinal tracts) and determine if these tracts are
simply displaced and normal, edematous, infiltrated by tumor, or frankly destroyed (7/,52).
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Fig. 5. Hig-grade glioma: (A,B) Coronal and sagittal planar reconstructions of colorized fractional
anisotropy maps demonstrating complete disruption of the normal white matter tracts in the region of
the large infiltrative left frontal mass and mild displacement of the corticospinal tracts (blue) dor-
sally.
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Four different categories have been described to characterize these tracts on DTI, including:
(1) bulk displacement of the tract causing abnormal location and direction and normal or
slightly reduced FA; (2) edematous tract with a normal location and direction and reduced FA;
(3) tract infiltrated by tumor causing a change in direction of the tract and reduced FA; and
(4) complete disruption of the tract by infiltrating neoplasm causing markedly reduced FA. In
practice, it may be somewhat more difficult to implement these distinct classifications, as
there will likely be combinations of these findings in large white matter tracts.

PERFUSION

MR perfusion (MRP) imaging has also been utilized in the diagnosis and management of
HGG. Conventional MRI provides qualitative information about the degree of breakdown in
the BBB. Gadolinium enhancement within a mass is more commonly seen with HGG than
low-grade masses but this is clearly not uniform as alluded to above. Angiogenesis is an
important factor in the growth and malignant transformation of gliomas but does not neces-
sarily correlate with the presence of enhancement on MRI. Perfusion imaging provides the
capability of calculating parameters such as cerebral blood flow (CBF) and cerebral blood
volume (CBV) as quantifiable measures of the extent and nature of blood vessels supplying
gliomas. It has been argued that the angiogenesis found in higher grade gliomas is more
sensitively detected in MRP studies as areas of increased cerebral blood flow and cerebral
blood volume (Fig. 6). Such studies have been performed with PET and SPECT in the past
with relatively high specificity for malignancy but these studies have also been hampered by
low spatial resolution, reduced sensitivity for low-grade intra-axial masses, and limited avail-
ability (84-87). Alternatively, MRP can be performed at the same time as the routine follow-
up MRI of patients with HGG with minimal additional time and cost and with good correlation
to PET-derived values (6,88-917). MRP studies themselves have also been found to directly
correlate with histologic grade and individual histologic features of malignancy (92—-94).

MRP imaging can be performed by one of two different methods. Arterial spin labeling
applies an inversion or tagging radiofrequency pulse to the inflowing blood outside the vol-
ume of interest, waits for an appropriate transit time to flow into the volume and exchange free
water within the tissue, image the volume, and subtract a control image. A modification of the
Kety method is utilized to calculate perfusion parameters of the tumors (95,96). Clinical
experience with this method is relatively limited and MRP imaging is far more commonly
performed with dynamic susceptibility-weighted contrast-enhanced MRI (7,92,97,98). This
technique implements a rapid intravenous bolus of gadolinium and relies on high-intravascu-
lar concentration of the contrast to cause local field inhomogeneities surrounding the perfus-
ing vessels. Tissue perfusion is measured by monitoring the degree of signal loss over time
on a voxel-by-voxel basis on sequential T2*-weighted echo-planar images. The echo-planar
acquisition permits coverage of the entire head and very high temporal resolution. Because all
patients with HGG will receive gadolinium as part of the routine diagnostic study anyways, this
study is performed immediately prior to the contrast-enhanced T1 imaging and adds minimal
time to the exam.

Both arterial-spin labeling and first pass bolus methods of MRP can be implemented in a
clinical setting and can differentiate low- and high-grade neoplasms based on the discrep-
ancies of blood flow to these neoplasms (97). Arterial spin labeling is noninvasive, permits
repeated measurements, is not impacted by a disruption of the BBB, and provides perfusion
parameters with minimal post-processing. Absolute values of perfusion are also possible with
arterial spin labeling, making it easier to compare different patients and to longitudinally
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Fig. 6. High-grade glioma: (A) Localized elevation in the CBV in the left inferior frontal gyrus (red)
suggesting a more aggressive component of the mass for biopsy. (B,C) Corresponding focus of mildly
restricted diffusion on the diffusion trace image and the ADC map.
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Fig. 6C. (Continued from opposite page.)

follow individual patients during the course of therapy. On the other hand, it is still possible
to provide information about tumor grading without absolute measurements and such mea-
surements must still be corrected for age and the individual. Accurate measurements are
contingent on the relaxation time of the tissues, vascular transit time to the tissues, and
equilibrium magnetization of the blood. The spin labeling technique is limited by signal-to-
noise in older individuals because reduced cardiac output prolongs inflow from the labeling
volume to the volume of interest. The differential blood flow to gray and white matter also has
animpact on transit time (200-400 ms in gray matter and 700—1000 ms in white matter). These
factors would suggest more reliable results for masses located within the gray matter or
more highly vascularized masses in white matter. By contrast, the first pass bolus methods
produce images with higher signal-to-noise, permit data from a larger volume of interest, and
allow easier calculation of parameters beyond CBF flow such as relative CBV, permeability,
and oxygen extraction fraction. This latter method assumes no contrast extravasation into the
extracellular fluid space and therefore demands an initial injection of gadolinium to reduce the
impact of this systematic error. First pass bolus methods also demand the user to choose an
appropriate arterial input function for calculation of the perfusion parameters. Depending on
the location, size, heterogeneity, and vascularity of the mass, a single large vessel (e.g.,
ipsilateral middle cerebral artery) may not provide a uniform reference point for measure-
ments throughout the mass.

Clinical studies support the use of MRP studies to improve the sensitivity and specificity
of MRI in the grading of gliomas (6,7,89,93,94,97—100). In one study, MRI factors such as
signal intensity heterogeneity, gadolinium enhancement, mass effect, border definition,
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amount of edema, hemorrhage, necrosis, and involvement of the corpus callosum were used
as indicators of tumor grade (7). The sensitivity, specificity, positive predictive value, and
negative predictive value for HGG with MRI were calculated as 72.5, 65, 86.1, and 44.1%.
To minimize the misclassification of neoplasms, a threshold of 1.75 for rCBV was utilized
in first pass bolus perfusion studies and demonstrated corresponding values of 95, 57.5, 87,
and 79.3%. A threshold of 2.97 produced the same sensitivity as MRI whereas the specific-
ity, positive predictive value, and negative predictive values were 87.5, 94.6, and 52.5%.
This and other studies found mean rCBV values of 5.18 and 2.14, 3.64 and 1.11, 5.07 and
1.44, and 5.84 and 1.26 for HGG and LGG respectively (6,7,94,101). On the other hand,
there was no statistically significant difference between AA and glioblastomas with MRP
studies.

MRP studies have also been utilized to differentiate a solitary metastasis from a primary,
HGG (98). No differences could be identified between these two entities if the rCBV was
compared within the central, gadolinium-enhancing foci on the T1-weighted images, but
statistically significant differences could be appreciated in the surrounding hyperintensity
on the FLAIR and T2-weighted sequences. In particular, the mean rCBV immediately
adjacent to and peripheral to the gadolinium-enhancing foci of metastases and HGG were
found to be 0.39 £0.19 and 1.31 £0.97, and 0.66 = 0.17 and 1.06 £ 0.66, respectively. The
higher perfusion surrounding the gliomas was attributed to nonenhancing tumor infiltration
that dissipates with increasing distance from the enhancing focus while the reduced perfu-
sion surrounding the metastases likely relates to vasogenic edema compressing the local
microvasculature.

Although neoplasms are characterized by increased vascularity, radiation and chemo-
therapy generally compromise the microvasculature so that treated neoplasms will have
reduced vascularity. It has therefore been suggested that MRP studies can be used like nuclear
medicine studies to distinguish treatment effects from recurrent or residual neoplasm
(102,103). Good correlation between PET, SPECT, and MRP otherwise would support this
but few well-controlled studies have been performed to date.

SPECTROSCOPY

MR spectroscopy (MRS) is becoming more commonplace in the routine evaluation of
patients with intracranial masses as the software becomes more widely available and user-
friendly on MR machines. Proton MRS can be practically implemented on any 1.5T MR
system with clinically useful exam times, signal-to-noise, and spatial resolution. Higher
field systems (e.g., 3.0 Tesla [T]) provide the theoretical advantages of improved signal to
noise, shorter exam times, and improved spectral resolution (peak separation). The actual
improvements in signal-to-noise are closer to 20-50% resulting from greater line width at
3.0T as a result of greater field inhomogeneities and shorter T2 and T2* relaxation times
(104,105). Certainly, most studies are performed at 1.5T. The most practical considerations
affecting the visibility of metabolites in MR spectra are the relaxation times of the metabo-
lites and the sequence parameters. In single voxel techniques, chemical-shift imaging, or 3D
multivoxel techniques, the primary choice in parameters with conventional MRS software
is between short and long echo times. Long echo time acquisitions produce spectra that
include-acetylaspartate (NAA), choline (Cho), creatine/phosphocreatine (Cre), and possibly
lactate (Lac) peaks. Short echo time acquisitions include these same metabolites as well as
myo-inositol (Ins), glutamate and glutamine (Glx), and possibly alanine (Ala), glucose (Gc),
scyllo-inositol/taurine (scylns/Tau), and proteins/lipids (/06—111).
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NAA is present in relatively large quantities in the brain (8—10 mM) and therefore is the
largest peak in normal spectra (at 2.02 ppm). A number of different roles have been proposed
for NAA although its exact significance is unclear. Although it is generally felt to be neuron
specific, it can also be found in immature oligodendrocytes and astrocyte progenitor cells
(/12).Reduced NAA is found early in development and with any process that causes a decline
in the number of neurons, an impairment in neuronal metabolism, or replacement of normal
neurons. Although the reasons are unclear, there is normally a progressive increase in NAA
in the cerebral gray matter from ventral to dorsal and from the cerebral hemispheres to the
spinal cord (/11).

The Cho peak at 3.2ppm primarily represents phospho-/glycerophospho-/phosphatidyl-
choline. An elevation in brain total Cho is therefore felt to reflect increased membrane turnover
as would be seen with cell proliferation related to gliosis, primary neoplasm, or normal
myelination. Conversely, Cho can rise with increased membrane breakdown such as with
demyelinating and dysmyelinating disorders. Regional variation in the brain is the reverse of
that described for NAA.

Cre consists of two peaks located at 3.04 ppm and 3.94 ppm. These peaks reflect a combi-
nation of creatine and phosphocreatine and hence, an indication of the energy stores in the
brain. Not surprisingly, there is relatively high concentration of creatine in the brain with a
progressive increase from white matter, to gray matter and the cerebellum (/ /7). The amount
of Cre is relatively constant in each tissue type in normal brain and is frequently used as an
internal standard. In pathologic tissue, this generalization is not that reliable, particularly in
areas of necrosis (/13).

Lac is generally present in only minute amounts (<0.5 mM) in the brain and undetectable
in normal spectra (/74). The lactate peak can be visualized in any condition that results in
anaerobic glycolysis such as energy metabolism disorders, hypoxia, stroke, neoplasms, or
siezures. It can also be present in macrophages and therefore may be seen with acute inflam-
mation. Lastly, lactate will also accumulate if there is poor washout from the tissue as with
cysts, necrotic foci, or infarcts. When present, it is recognized as a doublet with 0.2 ppm peak
splitting, centered at 1.32 ppm, and inverted below the baseline at long TEs (e.g., 135 ms) but
projected above the baseline at short (e.g., 20 ms) and very long (e.g., 272 ms) TEs.

The Ins peak is found at 3.56 ppm. Whereas Ins accounts for the majority of this peak,
myoinositol-monophosphate and glycine also contribute to it. Myoinositol is not present in
neurons and may be glia-specific as variations are linked to myelin formation and break-
down(/11,115,116).This would notbe surprising as itis acomponent of membrane phospho-
lipids. It is suggested that Ins is important in osmotic regulation of the brain, serves as an
energy reserve, and as a reserve pool for inositol diphosphate—a second messenger.

Glutamate (Glu) and glutamine (Gln) and GABA (y—aminobutyric acid) are generally
inseparable at 1.5T and result in a complex peak (Glx) between 2.1 and 2.5 ppm. Glu is an
excitatory amino acid found in neurons. Beyond this, Glu participates in the regulation of
ammonia, fatty acid synthesis, and the Kreb’s cycle. Gln also has a role in ammonia regulation
butis restricted to cerebral astrocytes. GABA is a product of Glu and functions as an inhibitory
neurotransmitter.

Ala (1.5ppm) is a nonessential amino acid with no known function that is often hidden in
the lactate peak regardless of the echo time in the acquisition. Tau is another amino acid that
serves as an excitatory neurotransmitter as well as in brain growth and osmoregulation (/2).
Tau resonates between 3.26 and 4.0 ppm and likely combines with scylns (an isomer of Ins)
at 3.35 ppm to produce a small peak at 3.3 ppm that may be hidden by the adjacent Cho peak.
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The lipids produce metabolite peaks at 0.9 ppm (methyl protons of lipids and macromol-
ecules), 1.3 ppm (methylene protons of neutral lipids and lactate), and 2.0 ppm (lipid and
cytosolic protein macromolecules) (/17,118). The chemical moieties in proteins also contrib-
ute to these peaks and peripherally positioned voxels may reflect contamination from the
overlying subcutaneous fat. Otherwise, the lipid peaks may be accentuated in the setting of a
necrotic focus, HGG and meningiomas, myelin breakdown, and certain inborn errors of
metabolism.

Much has been written about proton MRS in the evaluation of intracranial neoplasms in
vivo (119-129). Although the conclusions from these studies are somewhat variable, this is
clearly in part related to the inconsistency of the MRS techniques and post-processing as well
as volume-averaging artifact from the placement of variably sized voxels. Nevertheless, these
studies all seem to support the generalizations that neoplasms are characterized by alow NAA/
Cre ratio, an elevated Cho/Cre ratio, and in some cases elevated lactate (Fig. 7). The NAA is
reduced as the mass replaces normal neurons and/or the tumor cells produce lesser amounts of
NAA than normal neurons. Cre may be reduced if energy stores are reduced from the high
metabolic demand of the tumor. The Cho is thought to be high because of increased membrane
turnover imposed by more rapid cell growth and proliferation in the tumor. The Cho tends to
be more prominently elevated in more aggressive solid neoplasms and is thought to be an
indicator of cellularity but it does not necessarily correlate directly with tumor grade. Although
ithas been suggested that Lac tends to be more common in more malignant or necrotic masses,
this is clearly controversial (121,126,128-130). These discrepancies may also be in part
technical although Lac can definitely be seen on MRS in benign masses such as pilocytic
astrocytomas and its presence hinges on the level of glycolytic activity, efficiency of electron
transport in the tumor cells, and washout from the tissue (/29,131). Elevated lipid levels may
be complimentary to Lac—if not more helpful—in distinguishing more malignant masses
(118,120,128,131).

Although it is possible to quantify metabolites with MRS, most clinical studies rely on
metabolite ratios and are compared to age-matched controls and, in the case of intracranial
neoplasms, contralateral normal brain parenchyma. As suggested above, more aggressive
neoplasms tend to have higher Cho/Cre ratios and lower NAA/Cre ratios. A linear correlation
has been demonstrated between Cho/Cre and the cell proliferation index for Ki-67 positive
cells which would imply that Cho may be a predictor of tumor grade by MRS but more likely
just relates to cellularity (132,133). A recent study comparing LGG and HGG with ROC
analysis to assess the performance of multivoxel proton MRS identified thresholds comparable
to other studies of 1.08 for Cho/Cre, 0.75 for Cho/NAA (2,7,122,134-136). Such cutoffs
yielded relatively high sensitivities (97.5 and 96.7%) but low specificities (12.5 and 10.0%)
for distinguishing high and LGG. It is important to state that there have been variable results
in showing statistically significant difference in these ratios when comparing AA with glio-
blastomas. The presence of necrosis on the imaging study and lipid and lactate on MRS still
cannot necessarily make this distinction.

Distinguishing oligodendrogliomas from astrocytomas is perhaps of greater clinical sig-
nificance given the response to chemotherapy of some oligodendrogliomas and mixed
oligoastrocytomas. Both of these groups typically have reduced NAA and elevated choline
levels. Short echo time MRS acquisitions can be used to evaluate for increased levels of Glx
that have been reported in low- and high-grade oligodendrogliomas (/37-139) . These same
short echo time MRS studies could be used to identify myoinositol and alanine as markers for
oligodendrogliomas (139—142). One dilemma would be that GIx and myoinositol both reso-
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Fig. 7. High-grade glioma: (A) Axial T2 image demonstrates an infiltrative mass of heterogeneous
hyperintensity in the inferior right frontal and temporal lobes. (B) A single voxel taken from a multivoxel
MR proton spectroscopy study at 1.5T with a long echo time (TE 135 ms) which demonstrates a
markedly elevated choline peak (304.89), elevated choline/creatine ratio (approx10/1),and NAA (45.02)
reduced nearly to the level of background noise.
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nate at 3.55 ppm. The distinction between the high- and low-grade neoplasms would depend
on the presence of elevated lipids and lactate and reduced myoinositol levels in the higher
grade neoplasms.

MRS has also been used in an attempt to differentiate metastases from HGG. No significant
differences in the spectra have been consistently identified when comparing the mass lesions
themselves. As shown with MRP, it is possible to distinguish these masses when data are
obtained from the parenchyma surrounding the central gadolinium-enhancing focus. The
Cho/Cre ratio in the peritumoral parenchyma is significantly higher with gliomas than with
metastases (2.28 £1.24 vs 0.76 £ 0.23) as the T2-hyperintensity surrounding gliomas also
contains infiltrating tumor cells. The parenchyma surrounding metastases may show a global
diminution of metabolites due to the dilution effect of vasogenic edema. There is no significant
difference in the NAA/Cre ratios when comparing the two groups in this region.

Lastly, MRS can be used to distinguish between other entities such as treatment induced
necrosis and recurrent neoplasm. One small study used ROC analysis to demonstrate good
reliability of MRS when readers assumed recurrent tumor was characterized by normal-to-
high Cho and readily visible Cre while radiation necrosis contained voxels with markedly
reduced Cho and Cre (/43). Other studies similarly concluded that an elevated Cho/Cre ratio
could be used to identify recurrent tumor in these patients while other investigators contra-
dicted this (/44,145). Cho can actually be elevated in early radiation- induced lesions due to
demyelination and reactive astrocytosis. Elevated Cho/Cre may also be evident in late severe
radiation necrosis and may be accompanied by Lac. Serial MRS studies would show a progres-
sive decline in NAA/Cre and NAA/Cho and a relatively stable Cho/Cre with radiation necro-
sis. A study with brachytherapy suggested an easier alternative is to use the patient’s irradiated
normal tissue as a control instead of the brains of healthy volunteers (/46). With these internal
references, NAA/Cho, NAA/Cre and Cho/Cre approached 1.0 in radiation necrosis. In this
study, elevated lipids were only present with radiation necrosis following therapy.

REFERENCES

Ricci PE. Imaging of adult brain tumors. Neuroimaging Clin No Am 1999;9:651-669.
. Moller-Hartmann W, Herminghaus S, Krings T, et al. Clinical application of proton magnetic resonance
spectroscopy in the diagnosis of intracranial mass lesions. Neuroradiology 2003;44:371-381.

3. Dean BL, Drayer BP, Bird CR. Gliomas: classification with MR imaging. Radiology 1990;174:411-415.

4. Watanabe M, Tanaka R, Takeda N. Magnetic resonance imaging and histopathology of cerebral gliomas.
Neuroradiology 1992;34:463-469.

5. Kondziolka D, Lunsford LD, Martinez AJ. Unreliability of contemporary neurodiagnostic imaging in evalu-
ating suspected adult supratentorial (low grade) astrocytoma. J Neurosurg 1993;79:533-536.

6. Knopp EA, ChaS,Johnson G, et al. Glial neoplasms: dynamic contrast-enhanced T2*-weighted MR imaging.
Radiology 1999;211:791-798.

7. LawM, Yang S, Wang H, et al. Glioma grading: sensitivity, specificity and predictive values of perfusion MR
imaging and proton MR spectroscopic imaging compared with conventional MR imaging. AJNR Am J
Neuroradiol 2003;24:1989-1998.

8. Ginsberg LE, Fuller GN, Hashmi M, et al. The significance of lack of MR contrast enhancement of suprat-
entorial brain tumors in adults: histopathological evaluation of a series. Surg Neurol 1998;49:436-440.

9. Smirniotopoulos JG. The new WHO classification of brain tumors. Neuroimaging Clin No Am 1999;9:
595-613.

10. McKeran RO, Thomas DGT. The clinical study of gliomas. In:Thomas DG, Graham D I, eds. Brain tumors:
Scientific Basis, Clinical Investigation, and Current Therapy. London: Butterworth, 1980:194-230.

11. Russel D, Rubinstein L. Tumors of central nervous system origin. In: Rubinstein LJ, ed. Pathology of Tumors
of the Nervous System. Baltimore, MD:Williams and Wilkins, 1989:

12. Paulus W, Pfeifer J. Intratumoral histologic heterogeneity of gliomas. Cancer 1989;64:442-447.

13. Vandenberg, ST. Current concepts of astrocytic tumors. J Neuropathol Exp Neurol 1992;51:644-657.

DN =



Chapter 6 / MRI 129

14.

15.

16.

17.

18.
19.

20.

21.

22.

23.
24.

25.

26.

27.

28.

29.
30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Kondziolka D, Bernstein M, Resch ., et al. Significance of hemorrhage into brain tumors: clinicopathological
study. J Neurosurg 1987;67:852-857.

Burger PC, Heinz ER, Shibata T, et al. Topographic anatomy and CT correlations in the untreated glioblas-
tomas multiforme. J Neurosurg 1988;68:698-704.

Lilja A, Bertstrom K, Spannare B, et al. Reliability of CT in assessing histopathological features of malignant
supratentorial gliomas. J Comput Assist Tomogr 1981;5:625.

Earnest FIV, Kelly PJ, Scheithauer BW, et al. Cerebral astrocytomas: histopathologic correlation of MR and
CT contrast enhancement with stereotactic biopsy. Radiology 1988;166:823-827.

Atlas SW. Adult supratentorial tumors. Seminars in Roentgenol 1990;25:130-154.

ToviM, Lolja A, Erickson A. MR imaging in cerebral gliomas: tissue component analysis in correlation with
histopathology of whole-brain specimens. Acta Radiol 1994;35:495-505.

Drevelegas A, Karkavelas G. High grade gliomas. In: Drevelegas A., ed. Imaging of Brain Tumors with
Histological Correlations. Berlin:Springer-Verlag, 2002:109-136.

Hartmann M, Jansen O, Heiland S, et al. Restricted diffusion within ring ehnancement is not pathognomonic
for brain abscess. AINR Am J Neuroradiol 2001;22:1738-1742.

Desprechins B, Stannik T, Koerts G, et al. Use of diffusion-weighted MR imaging in the differential diagnosis
between intracerebral necrotic tumors and cerebral abscesses. AINR Am J Neuroradiol 1999;20:1252-1257.
Feigin IM, Gross SW. Sarcoma arising in glioblastoma of the brain. Am J Pathol 1955;31:633-665.
Morantz RA, Feigin I, Ransohoff J. Clinical and pathological study of 24 cases of gliosarcoma. J Neurosurg
1976;45:398—408.

Lee YY, Castillo M, Nauert C, Moser RP. Computed tomography of gliosarcoma. AJNR Am J Neuroradiol
1985;6:527-531.

Meis JM, Martz KL, Nelson JS. Mixed glioblastoma multiforme and sarcoma. A clinicopathologic study of
26 radiation therapy oncology group cases. Cancer 1991;67:2342-2349.

Beute BJ, Fobben GS, Hubschman O, et al. Cerebellar gliosarcoma: report of a probable radiation-ionduced
neoplasm. AJINR Am J Neuroradiol 1991;12:554-556.

Averback P. Mixed intracranial sarcomas: rare forms and a new association with previous radiation therapy.
Ann Neurol 1998;4:229-233.

Kaschten B, Flandroy P, Reznil M, et al. Radiation induced gliosarcoma. J Neurosurg 1995;83:154-162.
Marcus G, Levin DF, Rutherford GS. Malignant gliomaa following radiation therapy for unrelated primary
tumor. Cancer 1986;58:886-894.

Cerame MA, Buthikonda M, Kohli CN. Extraneural metastases in gliosarcoma. A case report and review of
the literature. Neurosurgery 1985;17:413—418.

Maiuri F, Stella I, Benvenuti D, et al. Cerebral gliosarcomas: correlation of computed tomographic findings,
surgical aspect, pathological features and prognosis. Neurosurgery 1990;26:261-267.

Lieberman KA, Fuller CE, Caruso RD. Postradiation gliosarcoma with osteosarcomatous components.
Neuroradiology 2001;43:555-558.

Ross IB, Robitaille Y, Villemure JG, Tampieri D. Diagnosis and management of gliomatosis cerebri: recent
trends. Surg Neurol 1991;36:431-440.

Artigas J, Cervis-Navaro J, Iglesias JR, et al. Gliomatosis cerebri: clinical and gistological findings. Clin
Neuropathol 1985;4:135-148.

Couch JR, Weiss SA. Gliomatosis cerebri: report of four cases and review of the literature. Neurology 1976;
24:504-511.

Dickson DW, Horoupian DS, Thal LJ, et al. Gliomatosis cerebri presenting with hydrocephalus and dementia.
AJNR Am J Neuroradiol 1988;9:200-202.

Rippe DJ, Boyko OB Fuller GN, et al. Gadopentetate-dimeglumine-enhanced MR imaging of gliomatosis
cerebral: appearance mimicking leptomeningeal tumor dissemination. AINR Am J Neuroradiol 1990;11:
800-801.

Leproux F, Melanson D, Mercier C, et al. Leptomeningeal gliomatosis: MR findings. J Comput Assist Tomogr
1993;17:317-320.

Shin YM, Chang KH, Han MH, et al. Gliomatosis cerebri: comparison of MR and CT features. AJR Am J
Roentgenol 1993;161:859-862.

Wilkinson IMS, Anderson JF, Holmes AE. Oligodendroglioma: an analysis of 42 cases. J Neurol Neurosurg
Psychiatry 1987;50:304-312.

Chin HW, Hazel JJ, Kim TH, et al. Oligodendrogliomas I A clinical study of cerebral oligodendrogliomas.
Cancer 1980;45:1458-1466.

Packer RJ, Sutton LN, Rorke LB, et al. Oligodendroglioma of the posterior fossa in childhood. Cancer
1985;56:195-199.



130

Part III / Ruggieri

44,
45.
46.
47.
48.
49.
50.

51.

52.

53.
54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Pagni CA, Canavero S, Gaidolfi E. Intramedullary “holocord” oligodendroglioma: case report. Acta Neurochir
1991;113:96-99.

Ringertz N. Grading of gliomas. APMIS 1950;27:51-64.

Smith MT, Ludwig CL, Godfrey AD, et al. Grading of oligodendrogliomas. Cancer 1983;52:2107-2114.
Shaw EG, Scheithauer BW, O-FallonJR, et al. Oligodendrogliomas: the Many Clinic experience. ] Neurosurg
1992;76:428-434.

Burger PC, Scheithauer BW. Central nervous system. Atlas of tumor pathology. Washington, DC: Armed
Forces Institute of Pathology, 1994:107-120.

Daumas-Duport C, Tucker ML, Kolles H. Oligodendrogliomas. Part II: A new grading system based on
morpholoical and imaging criteria. J Neurooncol 1997;34:61-78.

Shibata T, Burger PC, Kleihaus P. Ki-67 immunoperoxidase stain as a marker for the histologic grading of
nervous system tumors. Acta Neurochir Suppl 1988;43:103-106.

Chan ASY, Leung SY, Wong MP, et al. Expression of vascular endothelial growh factor and its receptors in
the anaplastic progression of astrocytoma, oligodendroglioma, and ependymoma. Am J Surg Pathol 1998;22:
816-826.

Cairncross JG, Ueki K, Zlatescu MC, et al. Specific genetic predictors of chemotherapeutic response and
survival in patients anaplastic oligodendrogliomas. J Natl Cancer Inst 1998;90:1473—-1479.

Paleologos NA, Carincross J. Treatment of oligodendroglioma: an update. Neurooncology 1999;1:61-68.
Lee YY, Van Tassel P. Intracranial oligodendrogliomas: imaging findings in 35 untreated cases. AJR AmJ
Roentgenol 1989;152:361-369.

Segall HD, Destian S, Nelson MD, et al. CT and MR imaging in malignant gliomas. In:Apuzzo M.IL.J., ed.
Malignant cerebral glioma. Park Ridge, IL: AANS Publications Committee, 1990:63-77.

Couldwell WT, DeMattia JA, Hinton DR. Oligodendroglioma. In:Kaye A.H., Law E.R., eds. Brain Tumors:
an encyclopedic approach. London: Churchill Livingstone, 2001:525-540.

Burger PC. Classification, grading and patterns of spread of malignant gliomas. In: Apuzzo MLJ, ed. Malig-
nant Cerebral Glioma. Park Ridge, IL: AANS Publications Committee, 1990:3-17.

Hajnal JV, Doran M, Hall AS, et al. MR imaging of anisotropically restricted diffusion of water in the nervous
system: technical, anatomic and pathologic considerations. J Comput Assist Tomogr 1991;15:1-18.

Le Bihan D, Breton E, Lallemand D, et al. MR imaging of intravoxel incoherent motions: application to
diffusion and perfusion in neurologic disorders. Radiology 1986;161:401-408.

Chien D, Kwong KK, Gress DR, et al. MR diffusion imaging of cerebral infarction in humans. AJNR AmJ
Neuroradiol 1992;13:1097-1102.

Warach S, Chien D, Li W, et al. Fast magnetic resonance diffusion-wieghted imaging of acute human stroke.
Neurology 1992:42:1717-1723.

Brunberg JA, Chenevert TL, McKeever PE, et al. In vivo MR determination of water diffusion coefficients
and diffusion anisotropy: correlation with stgructural alteration in gliomas of the cerebral hemispheres. AJNR
Am J Neuroradiol 1995;16:361-371.

Sugahara T, Korogi Y, Kochi M, et al. Usefulness of diffusion-weighted MRI with echo-planar technique in
the evaluation of cellularity in gliomas. Magn Reson Med 1999;9:53-60.

Stadnik TW, Chaskis C, Michotte A, et al. Diffusion-weighted MR imaging of intracerebral masses: compari-
son with conventional MR imaging and histologic findings. AJNR Am J Neuroradiol 2001;22:969-976.
Castillo M, Smith JK, Kwock L, et al. Apparent diffusion coefficients in the evaluation of high-grade cerebral
gliomas. AJNR Am J Neuroradiol 2001;22:60-64.

Kono K, Inoue Y, Nakayama K, et al. The role of diffusion-weighted imaging in patients with brain tumors.
AJNR Am J Neuroradiol 2001;22:1081-1088.

Tsui EY, Chan JH, Ramsey RG, et al. Late temporal lobe necrosis in patients with nasopharyngeal carcinoma:
evaluation with combined multi-section diffusion weighted and perfusion weighted MR imaging. Eur J Radiol
2001;39:138.

Hein PA, Eskey CJ, Dunn JF, et al. Diffusion-weighted imaging in the follow-up of treated high-grade
gliomas: tumor recurrence versus radiation injury. AJNR Am J Neuroradiol 2004;25:201-2009.

Guo AC, Cummings TJ, Dash RC, et al. Lymphomas and high-grade astrocytomas: comparison of water
diffusibility and histologic characteristics. Radiology 2002;224:177-183.

Wakana S, Jiang H, Nagae-Poetscher LM, et al. Fiber tract-based atlas of human white matter anatomy.
Radiology 2003;230:77-87.

Jellison BJ, Field AS, Medow J, et al. Diffusion tensor imaging of cerebral white matter: a pictorial review
of physics, fiber tract anatomy, and tumor imaging patterns. AJNR Am J Neuroradiol 2004;25:356-369.
Moseley ME, Cohen Y, Kucharczyk J, et al. Diffusion-weighted MR imaging of anisotropic water diffusion
in cat central nervous system. Radiology 1990;176:439-446.



Chapter 6 / MRI 131

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

Basser PJ, Matiello J, Le Bihan D. MR diffusion tensor spectroscopy and imaging. Biophys J 1994;66:
259-267.

Jones DK, Simmons A, Williams SC, et al. Non-invasive assessment of axonal fiber connectivity in the human
brain via diffusion tensor MRI. Magn Reson Med 1999;42:37-41.

Contouro TE, Lori NF, Cull TS, et al. Tracking neuronal fiber pathways in the living human brain. Proc Natl
Acad Sci U S A 1999;96:10422-10427.

Mori S, Crain BJ, Chacko BP, et al. Three dimensional tracking of axonal projections in the brain by magnetic
resonance imaging. Ann Neurol 1999;45:265-269.

Basser PJ, Pajevic S, Pierpaoli C, et al. In vitro fiber tractography using DT-MRI data. Magn Reson Med
2000;44:625-632.

Jones DK, Simmons A, Williams SC, et al. Non—invasive assessment of axonal fiber connectivity in the human
brain via diffusion tensor MRI. Neuroimage 2000;12:184—-195.

Sinha S, Bastin ME, Whittle IR, et al. Diffusion tensor MR imaging of high-grade cerebral gliomas. AJNR
Am J Neuroradiol 2002;23:520-527.

Lu S, Ahn D, Johnson G, et al. Diffusion-tensor MR imaging of intracranial neoplasia and associated
peritumoral edema: intrroduction of the tumor infiltration index. Radiology 2004;232:221-228.

Nimsky C. Ganslandt O, Hastreiter P, et al. Intraoperative diffusion-tensor MR imaging: shiftging of white
matter tracts during neurosurgical procedures-initial experience. Radiology 2005;234:218-225.

Witwer BP, Moftakhar R, Hasan KM, et al. Diffusion-tensor imaging of white matter tracts in patients with
cerebral neoplasm. J Neurosurg 2002;97:568-575.

Tropine A, Vucurevic G, Delani P, et al. Contribution of diffusion tensor imaging to delineation of gliomas
and glioblastomas. J Magn Reson Imaging 2004;20:905-912.

Lammertsma A, Wise R, Jones T. In vivo measurements of regional cerebral blood flow and blood volume
in patients with brain tumours using positron emission tomography. Acta Neurochir 1983;69:5-13.
Black K, Emerick T, Hoh C, et al. Thallium-201 SPECT and positron emission tomography equal predictors
of glioma grade and recurrence. Neurol Res 1994;16:93-96.

Kaplan WD, Takvorian T, Morris JH, et al. Thallium-201 brain tumor imaging: a comparative study with
pathologic correlation. J Nucl Med 1990;28:47-52.

Kim KT, Black KL, Marciano D, et al. Thallium-201 SPECT imaing of brain tumors: methods and results.
J Nucl Med 1990;31:965-969.

Uematsu H, Maeda M, Sadato N, et al. Blood volume of gliomas determined by double-echo dynamic
perfusion-weighted MR imaging: a preliminary study. AJNR Am J Neuroradiol 2001;22:1915-1919.
Lev M, Rosen B. Clinical applications of intracranial perfusion MR imaging. Neuroimaging Clin No Am
1999;9:309-331.

Le Bas J, Kremer S, Graand S, et al. NMR perfusion imaging: applications to the study of brain tumor
angiogenesis. Bull Acad Nat Med 2000;184:557-567.

Ostergaard L, Johannsen P, Host-Poulson P, et al. Cerebral blood flow measurements by magnetic resonance
imaging bolus tracking: comparison with [(15)OJH20 positron emission tomography in humans. J Cereb
Blood Flow Metab 1998;18:935-940.

Roberts JC, Roberts TPL. Brasch RC, et al. Quantitative measurement of microvascular permeability in
human brain tumors achieved using dynamic contrast-enhanced MR imaging: correlation with histologic
grade. AJINR Am J Neuroradiol 2000;21:891-899.

Roberts H, Roberts T, Bollen A, et al. Correlation of microvascular permeability derived from dynamic
contrast-enhanced MR imaging with histologic grade and tumor labeling index: a study in human brain
tumors. Acad Radiol 2001;8:384-391.

Aronen H, Gazit I, Louis D, et al. Cerebral blood volume maps of gliomas: comparison with tumor grade and
histologic findings. Radiology 1994;191:41-51.

Silva A, Kim S, Garwood M. Imaging blood flow in brain tumors using arterial spin labeling. Magn Reson
Med 2000;44:169-173.

Gaa J, Warach S, Wen P, et al. Noninvasive perfusion imaging of human brain tumors with EPISTAR. Eur
Radiol 1996;6:518-522.

Warmuth C, Gunther M, Zimmer C. Quantification of blood flow in brain tumors: comparison of arterial spin
labeling and dynamic susceptibility-weighted contrast-enhanced MR imaging. Radiology 2003;228:523-532.
Law M, Cha S, Knopp EA, et al. High-grade gliomas and solitary metastases: differentiation by using perfu-
sion and proton spectroscopic MR imaging. Radiology 2002;222:715-721.

Roberts H, Roberts TPL, Brasch RC, et al. Quantitative measurement of microvascular permeability in human
brain tumors achieved using dynamic contrast-enhanced MR imaging: correlation with histologic grade.
AJNR Am J Neuroradiol 2000;21:891-899.



132

Part III / Ruggieri

100.

101.

102.

103.

104.

105.

106.

107.

108.
109.

110.

111.

112.

113.

Wong ET, Jackson EF, Hess KR, et al. Correlation between dynamic MRI and outcome in patients with
malignant gliomas. Neurology 1998;50:777-781.

Sugahara T, Korogi Y, Kochi M, et al. Correlation of MR imaging-determined cerebral blood volume maps
with histologic and angiographic determination of vascularity of gliomas. AJR Am J Roentgenol
1998;171:1479-1486.

Wenz F, Rempp K, Hess T, et al. Effect of radiation on blood volume in low-grade astrocytomas and normal
brain tissue: quantification with dynamic susceptibility contrast MR imaging. AJR Am J Roentgenol
1996;166:187-193.

Pardo FS, Aronen JJ, Kennedy D, et al. Functional cerebral imaging in the evaluation and radiotherapeutic
treatment planning of patients with malignant glioma. Int J Radiat Oncol Biol Phys 1994;30:663-669.
Barker PB, Hearshen DO. Boska MD. Single-voxel proton MRS of the human brain at 1.5T and 3.0T. Magn
Reson Med 2001;45:765-769.

Gonen O, Gruber S, Belinda S, et al. Multivixel 3D proton spectroscopy in the brain at 1.5 versus 3.0T: signal-
to-noise ratio and resolution comparison. AINR Am J Neuroradiol 2001;22:1727-1731.

Birken DL, Oldendorf WH. N-acetyl-L-aspartic acid: a leterature reviw of a compound prominent in 1H
spectroscopic studies of brain. Neurosci Biobehav Rev 1989;13:23-31.

Ross BD. Biochemical considerations in 1H spectroscopy. Glutamate and glutamine; myo-inositol and related
metabolites. NMR Biomed 1991;4:59-53.

Howe FA, Maxwell RJ, Saunders DE, et al. Proton spectroscopy in vivo. Magn Reson Q 1993;9:31-59.
Vion-Dury J, Meyerhoff DJ, Cozzone PJ, et al. What might be the impact on neurology of the analysis of brain
metabolism by in vivo magnetic resonance spectroscopy? J Neurol 1994;241:354-371.

CastilloM, Kwock L, Mukherji SK. Clinical applications in proton MR spectroscopy. AJNR AmJ Neuroradiol
1996;17:1-15.

Pouwels PJW, Frahm J. Regional metabolite concentrations in human brain determined by quantitative
localized proton MRS. Magn Reson Med 1998;39:53-60.

Urenjak J, Williams SR, Gadian DG, et al. Specific expression of N-acetylaspartate in neurons, oligodendro-
cyte-type-2 astrocyte progenitors, and immature oligodendrocytes in vitro. J] Neurochem 1992;59:55-61.
Lowry OH, Berger SJ, Chi M-Y, et al. Diversity of metabolic patterns in human brain tumors-1. High energy
phosphate compounds and basic composition. J Neurochem 1977;29:959-977.



7 Magnetic Resonance Spectroscopy
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Summary

Magnetic resonance imaging (MRI) is the current standard neuroimaging modality for patients
with high-grade gliomas (HGG). A valuable addition to the morphologic information obtained from
MRI is magnetic resonance spectroscopy (MRS), which provides information regarding the metabolic
status of the brain and tumor. In the clinical setting, MRS can be obtained during the same session as
the MRI examination, therefore providing both morphological and metabolic imaging with minimal
additional time.

Key Words: MRI; MRS; adjuvant therapy planning.

INTRODUCTION

Magnetic resonance imaging (MRI) is the current standard neuroimaging modality for
patients with high-grade gliomas (HGG). A valuable addition to the morphologic information
obtained from MRI is magnetic resonance spectroscopy (MRS), which provides information
regarding the metabolic status of the brain and tumor. In the clinical setting, MRS can be
obtained during the same session as the MRI examination, therefore providing both morpho-
logical and metabolic imaging with minimal additional time. As the literature regarding the use
of MRS for patients with gliomas has increased substantially over the last decade, MRS has
become an essential part of the clinical management of patients with HGG. Metabolic data
obtained from MRS provides information that is useful at various stages of HGG management
including diagnosis, treatment planning, and evaluation of response to therapy. This chapter
outlines the basic principles of MRS, how various metabolites are altered in HGG, and the use
of MRS in the multidisciplinary management of patients harboring these tumors.

BACKGROUND

By using the same basic principles as in MRI, MRS techniques provide metabolic assess-
ments by quantifying the levels of important intracellular compounds. In order to acquire 1H
(proton) MR spectra of these compounds, water resonance is suppressed and the area excited
by radiofrequency pulse is limited to within the skull to prevent signal contamination from
subcutaneous lipids. Spectra from regions of interest (ROI) may be obtained as either a single
spectrum from each region (i.e., single-voxel MRS) or as a multidimensional array of spectra
(i.e., magnetic resonance spectroscopic imaging [MRSI]) that is also known as chemical shift
imaging (CSI) (/). Single-voxel techniques provide a single spectrum from a defined volume
of tissue, and lack spatial resolution, whereas excitation and recording of a multidimensional
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array of spectra from hundreds of smaller contiguous voxels provide significant increase in
spatial resolution. MRSI, the most common method for acquiring spectra in multiple voxels,
is important for HGG as these tumors are histologically heterogeneous even within the regions
appearing uniform on anatomical imaging, and, tumor cells are often present beyond the area
depicted on MRI (2,3).

For HGG that constitute the topic of this chapter, metabolites of interest which can be
evaluated with MRS include N-acetylaspartate (NAA), choline (Cho), creatine (Cre), lactate
(Lac) and lipids. Analysis of proton MRS data entailed selection of a population of normal
voxels (typically contralateral to the lesion), based on the absence of disease as seen on
T2-weighted and contrast-enhanced T1-weighted images. The Cho and NAA levels in all
voxels were then normalized using the mean of the corresponding metabolite levels observed
in the normal voxels, generating a unitless measure of metabolite concentrations, which could
be compared across examinations with minimal errors from differences in coil loading.
Alteration in their respective levels constitutes the basis of metabolic imaging of HGG. In
addition, there are other metabolites such as glutathione and alanine, which may have increased
levels in meningiomas (4,5), and myo-inositol levels are known to be higher in lower grade
gliomas (6). NAA, which is localized in viable neurons and absent in other central nervous
system (CNS) cells, is important for the regulation of neuronal protein and neurotransmitter
synthesis, and myelin production (7,8). NAA is decreased in gliomas when compared with
normal brain tissue. However, postradiation neuronal dysfunction may also resultin decreased
NAA levels (9). Cho and its derivatives that form the Cho peak are involved in membrane
phospholipid metabolism. Cho levels are elevated in regions of hypercellularity and increased
membrane turnover. In HGG, histologic heterogeneity and presence of necrotic areas may
result in highly variable levels of Cho within the tumor (/0). The Cre peak, which includes
phosphocreatine, is indicative of cellular bioenergetic processes, and is usually reduced in
HGG (11,12). Lac levels, which indicate anaerobic metabolization of glucose, may represent
cellular breakdown, and are very low in normal brain tissue. Although nonspecific, increased
Lac levels are often seen in HGG (/17,12).

USE OF MAGNETIC RESONANCE
SPECTROSCOPY IN THE CLINICAL SETTING

Metabolic data obtained from MRS provides information that is useful at various stages of
HGG management including diagnosis, treatment planning, and evaluation of response to
therapy.

Preoperative Evaluation and Surgical Planning

Over the past 15 yr, MRS techniques have been used to help differentiate tumor from
normal brain in patients suspected of harboring HGG, to predict histological grade, and for
surgical planning. Increased Cho levels and decreased NAA levels when compared with
normal brain are general characteristics of gliomas. However, these alterations may also be
observed in conditions where membrane turnover is increased and mature neuron populations
are decreased.

Although histological diagnosis is the undisputable standard for the diagnosis and grading
of gliomas, there has been interest in using MRS to correlate metabolite levels with histologi-
cal grade (13,14). In general, further variation from normal metabolite peaks is considered to
correlate with histologically higher grades (/5) (Fig. 1). The reports in the literature are
controversial, however, and despite some promising reports, the quality of evidence is limited
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to retrospective case series as there is no prospective report in the literature where histological
grade was predicted based on information obtained from MRS data (8,/6-20). An increased
Cho level, in addition to higher Lac/Lip ratios, have been suggested in several of the earlier
single-voxel studies despite histologic heterogeneity of gliomas within the same grade, as well
as variability among various areas of individual lesions (/7-/9). Although parts of the same
tumor may suggest different histologic grades, the overall diagnoses were based on the portion
with the highest histologic grade. Including later studies that provided a multidimensional
array of spectra from the ROI, a consistent finding has been high resonance in the spectral
region of Cho and/or a low-NAA resonance which results in an increased Cho/NAA ratio
(1,6,8,19,20).

In a patient population consisting of 49 gliomas, Li et al. (/0) showed that the tumor burden
measured with either the volumes of the metabolic abnormalities or the metabolic levels in the
most abnormal voxels was correlated with the degree of malignancy of the tumor. The volumes
of elevated Cho and decreased NAA were helpful for distinguishing low-grade from high-
grade lesions, and, volume of abnormal Lac was correlated with the existence of necrosis
and with the volume of contrast-enhancing lesions in high-grade lesions. The differences in
the volume of abnormal Lac/Lip were also statistically significant between patients in each
grade (10).

In another study performed on 100 biopsy samples from 44 patients with gliomas obtained
during open resections, the authors observed a difference among the four histological classes,
and a subsequent pairwise comparison of data revealed differences between the Cho/NAA
index (CNI) of the nontumorous samples and those of grades II, III and IV. No differences
were found in the pairwise comparison of CNIs of the three grades of tumor or when the CNIs
of the grade II tumors were contrasted with those of grades III and IV tumors combined (27).

Although extent of resection is one of the predictors of outcome for HGG, stereotactic
biopsy remains to be an option at the initial management of a subset of patients with HGG (22).
For those patients undergoing stereotactic biopsies, in addition to MRI data, which is generally
used to determine the locations to be biopsied within the tumor, information obtained from
MRS is helpful in determining the areas that are more likely to represent tumor histology and
might be helpful in selecting the best biopsy sites. In a study correlating metabolite levels
measured by preoperative MRSI with histologic findings of biopsies obtained during image-
guided resections from the same locations, the authors showed that if the metabolic abnormal-
ity consisted of increased Cho (2 standard deviations above normal levels) and decreased NAA
(2 standard deviations below normal levels), histologic findings of the biopsy specimen invari-
ably was positive for tumor (2). In this study, even when the increase in Cho levels was less
than 2 standard deviations (SD) above normal, the histologic findings were consistent with
tumor in 85% of the cases as long as Cho was greater than NAA (2). In another study that
correlated MRSI data with subsequent histologic analysis of biopsied tumor samples, all areas
of confirmed tumor demonstrated significantly increased choline levels and amean Cho/NAA
ratio that was at least greater than 4 SD above the mean found in normal tissue (23).

Knowing the extent of the disease is essential in planning and effectively conducting
resective surgery on a HGG. In a study, which included 34 patients with anaplastic astrocy-
tomas and glioblastoma multiforme, MRSI data was compared with information obtained
from MRI (3). For both grades, although T2 estimated the region at risk of microscopic disease
as being as much as 50% greater than by MRSI, metabolically active tumor still extended
outside the T2 region in 88% of patients by as many as 28 mm. In addition, T1 suggested a
lesser volume and different location of active disease compared to MRSI (3).
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Fig. 1. MRS images depicting the metabolic characteristics of (A) grade II, (B) grade III, and (C) grade
IV astrocytomas.
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McKnight et al. (27) compared MRSI data with histology results from biopsies obtained
during surgery to evaluate the sensitivity and specificity of the Cho to NAA index (CNI),
which is used to distinguish tumor from nontumorous tissue within the T2 hyperintense and
contrast enhancing lesions. The authors reported that samples containing tumor were distin-
guished from those containing a mixture of normal, edematous, gliotic, and necrotic tissue
with 90% sensitivity and 86% specificity by using a CNI threshold of 2.5 (27). Recently, in
a study performed on pre-radiotherapy patients with glioblastoma who had already undergone
surgery, a significantly shorter median survival time was observed for patients with a large
volume of CNI2 than for patients with a small CNI2 volume (12.0 and 17.1 mo, respectively,
p=0.002), emphasizing the importance of volume of the postresection metabolic abnormality
in predicting survival for patients with HGG (24). The authors’ finding in patients who will
undergo radiotherapy is in accordance with the prognostic importance of tumor extent in
patients with glioblastoma who will undergo chemotherapy (25).

Intraoperative frameless neuronavigation systems are important tools in the current neuro-
surgical treatment of brain tumors. The data set used is usually based on a preoperatively
obtained MR scan which provides structural information about the tumor and surrounding
brain tissue. Incorporation of MRSI data to these systems has the potential of enabling the
surgeon to observe the extent of the metabolic abnormality and the spatial extent of the tumor.
Another surgical implication is, despite its lesser availability, the ability to obtain real-time
MRS data with the second and third generation intraoperative MRI systems (26).

Adjuvant Therapy Planning

The role of MRSI in planning adjuvant therapies is mainly based on its ability to determine
the extent of metabolic abnormality which is often beyond the morphologic boundaries
observed on conventional MR scans. For HGG, areas of potential use include planning of
radiotherapy, gamma-knife radiosurgery, and brachytherapy. Increasing use of adjuvant
therapeutic modalities that aim focal delivery at residual tumor make the need for accurate
delineation of tumor extent more important.

Postoperative radiotherapy is an essential part of the management of HGG. The standard
approach of defining target volume based on the contrast enhancing area with an added
margin does not take into account the fact that enhancement may not always correlate with
histologic malignancy. Presence of active disease has been shown outside the enhancing
region, in the T2-hyperintense areas and beyond (3,27). To assess the potential effect of
MRSI on the target volumes used for radiation therapy planning for HGG, Pirzkall et al. (3)
evaluated 34 patients with HGG by comparing areas of MRI based signal abnormalities with
NAA and Cho levels obtained by three-demensional (3D) MRSI. Their data showed that
metabolically active tumor may extend outside the T2 region, and, T1-weighted MRI sug-
gested a lesser volume and different location of active disease compared to MRSI. The
authors concluded that the use of MRSI to define target volumes for radiotherapy planning
would increase the volume receiving a boost dose of radiation and change its location, in
addition to reducing the volume receiving a standard dose (3). In another study, the registra-
tion and display of MRS data within radiotherapy planning software has been shown to be
feasible and reproducible (28).

The prognostic value of MRSI in planning gamma-knife radiosurgery was evaluated by
Graves et al. (29) in a retrospective analysis on 36 recurrent malignant gliomas. In this study,
those patients who had a gamma-knife treatment volume determined by MRI contrast enhance-
ment with no suspected tumor pattern detected by MRSI outside the contrast enhancement had
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a significantly better outcome than those patients who had MRSI suspected disease extending
outside the MRI derived treatment volume (29). Specifically, for patients harboring a glioblas-
toma, those patients with regions containing tumor-suggestive spectra outside the gamma-
knife target had a significant increase in contrast-enhancing volume, a decrease in time to
progression, and a reduction in survival time when compared with patients exhibiting spectral
abnormalities restricted to the gamma-knife target (29). At our institution we are currently
incorporating MRSI data to define treatment volumes for gamma-knife radiosurgery (30).

Evaluation of Response to Therapy

In order to evaluate response to therapy, MRSI data obtained from sequential examinations
need to be directly correlated. It has been shown that accuracy of registration can be achieved
within one to two pixels, and following translations and rotations to align the coordinate
system from one examination to the other, the images and spectral data may be matched voxel
by voxel (37). In addition to the increasing use of MRSI as part of the standard multimodality
management and follow-up of patients with HGG, MRSI data is also considered for the
evaluation of experimental therapeutic modalities such as immunogene therapy using repli-
cation-incompetent viruses and convection enhanced delivery of immunotoxins (32,33).

Although MRI is the standard imaging modality in evaluating response to therapy, the
distinction between radiotherapy-induced necrosis and progressive tumor is not always clear.
In a study planned to assess the use of serial 3D MRSI to analyze the dose-dependence of
changes in metabolite ratios and time variation of individual metabolites in non-tumorous
white matter, Lee et al. (34) reported a statistically significant rise in the Cho/NAA ratio 2 to
6 mo after therapy in regions receiving >25 Gy, changes in the Cho/Cr ratio that were only
significant 2 mo after therapy, a general trend toward increased Cho/Cr at higher doses, and
no significant dose-dependence in the Cr levels.

In one of the earlier studies using serial MRSI, Wald et al. (35) evaluated patients with
glioblastoma after brachytherapy, and observed a significant reduction in Cho levels after
therapy, as well as an increase in Cho levels for patients who demonstrated subsequent pro-
gression with increased Cho in regions that previously appeared either normal or necrotic.
Since then, the ability to distinguish recurrent tumor from radiation effects based on Cho/
NAA, normalized Cho, normalized NAA, and normalized Lac has been studied by several
groups (36—40). Their common finding was higher Cho and lower NAA in recurrent tumor
compared with adjacent enhancing tissue that had no histologic evidence of tumor. In addition,
a global decrease in peak amplitudes is consistent with radiation injury without neoplasm. As
spectral changes following radiation therapy have been shown to be transient (i.e., often
appearing tumor-like within the first 2 to 4 mo after therapy and returning to a relatively
normal pattern after 8 mo) both the spectral patterns and their temporal characteristics need
to be evaluated to differentiate radiation effects from recurrent tumor (9).

CONCLUSION

MRS is an important adjunct in the management of patients with HGG. Its clinical use
includes depiction of metabolically abnormal tissue to guide surgery and planning of adjuvant
therapies, as well as evaluation of response to therapy. In the neurosurgical setting, the meta-
bolic information obtained from MRS, combined with various pre- and intraoperative imag-
ing techniques such as perfusion MRI(4/), diffusion tensorimaging (42,43 ), and intraoperative
MRI (26) enable the surgeon to better understand the extent of the disease and its relationship
with various intracranial structures.
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8 Imaging Tumor Biology
Physiological and Molecular Insights

Timothy P L. Roberts and Andrea Kassner

Summary

Anatomic medical imaging offers the ability to detect and delineate brain tumors. In addition,
emerging techniques (in particular MRI variants) offer insight into aspects of tumor physiology and
metabolism, thus allowing characterization of tumor dysfunction, in principle, at a metabolic, cellular,
and vascular level. This chapter will present advances in faster and higher resolution magnetic reso-
nance spectroscopic imaging (MRSI) as a probe of abnormal metabolism; diffusion weighted imaging
(DWI) as a measure of tumor cellularity, and the related technique of diffusion tensor imaging (DTTI)
as a measure of structural organization; and, imaging of tumor perfusion and vascular permeability, as
a measure of vascularity and as an approach to the study of angiogenesis.

Key Words: MRI; MRSI; DWI; DTIL

1. INTRODUCTION

Anatomic medical imaging offers the ability to detect and delineate brain tumors for exam-
ple using T2-weighted or T1-weighted post-gadolinium magnetic resonance imaging (MRI).
In addition, emerging techniques (in particular MRI variants) offer insight into aspects of
tumor physiology and metabolism, thus allowing characterization of tumor dysfunction, in
principle, at a metabolic, cellular, and vascular level. This chapter will present advances in (1)
faster and higher resolution magnetic resonance spectroscopic imaging (MRSI) as a probe of
abnormal metabolism; (2) diffusion weighted imaging (DWI) as a measure of tumor cellular-
ity, and the related technique of diffusion tensor imaging (DTI) as a measure of structural
organization; and, (3) imaging of tumor perfusion and vascular permeability, as a measure of
vascularity and as an approach to the study of angiogenesis. Multispectral or combinatorial
approaches harnessing multiple physiological specificities will also be introduced. These
physiologically specific imaging techniques will be developed in the context of tumor grading
as well as in the monitoring of cytotoxic and tumoristatic therapies. In particular, the role of
imaging as a marker of biological activity of anti-angiogenic therapies will be discussed as a
potential means of elucidating the biologically effective dose and as an early indicator of
responsiveness. Furthermore, the role of advanced imaging techniques in guiding surgical
approaches will be presented synergistically with reference to identification of eloquent cortex
(with functional magnetic resonance imaging, [fMRI], and magnetic source imaging, [MSI])
and subcortical white matter (with diffusion tensor imaging, [DTI]). Together these advances
offer increasingly specific opportunities for diagnosis, characterization, treatment planning
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Fig. 1. Gliblastoma multiforme (GBM) on conventional MRI. (Af) T1-weighted axial acquisition after
administration of 0.1 mmol/kg Gd-based contrast agent clearly delineates tumor “rim enhancement.”
(B) FLAIR (CSF-suppressed, T2-weighted) image at the same level demonstrates peritumoral edema
(hyperintensity).

and therapy monitoring of brain tumors. Beyond physiology, however, it is clear that under-
lying biochemical changes associated with neuro-oncology demand attention. Preliminary
insights into the newly emerging field(s) of molecular imaging, based on optical fluorescence,
nuclear medicine and indeed novel MRI will also be introduced with a vision of ultimately
uniting molecular/biochemical processes and physiological descriptions at the cellular and
vascular level into a comprehensive view of brain tumor characterization.

PHYSIOLOGICALLY SPECIFIC IMAGING
Conventional Magnetic Resonance Imaging

Conventional MRI, particularly T2-weighted and fluid attenuation inversion recovery
(FLAIR) techniques and T1-weighted sequences with gadolinium enhancement, have proven
highly useful in the radiological definition and localization of intracranial tumors with high
spatial (anatomic) resolution, as well as providing the distinction between intra-axial (e.g.,
glioma) and extra-axial (e.g., meningioma) lesions (Fig. 1). However, powerful as they have
proven, the physiological insights they shed are limited in specificity and are thus augmented
by the emerging technologies discussed below.

Magnetic Resonance Spectroscopy and Spectroscopic Imaging

Abnormal tumor metabolism, with elevated cell membrane turnover and depleted neuronal
viability may have characteristic signatures visible in the proton-MR spectrum. MRS and its
imaging counterpart, MRSI, allow elucidation of the relative regional concentration of certain
key metabolic products. Interest typically focuses on the relative levels of free choline-con-
taining compounds, including phosphocholine and glycerophosphocholoine (designated Cho),
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Fig. 2. ROI selection and the corresponding MR spectra (A,B) tumor (GBM) and (C,D) in healthy
tissue. Whereas the healthy tissue shows clear Cho, Cr, and NAA resonances (with an NAA:Cho ratio
of approx 1.2), the tumor shows markedly reduced NAA, elevated Cho (NAA:Cho ratio of approx 0.5)
and the presence of a large resonance at 1.2—1.4 ppm corresponding to “lipid and lactate (LL).” All
spectra are acquired at 1.5T at TE = 144 ms using a PRESS sequence. Spectra represented in the right
hand panels are derived from the region described by the green box in the corresponding images.

which may be elevated by excessive membrane synthesis and turnover; creatine and phos-
phocreatine (designated Cr), associated with cellular energetics; N-acetyl aspartate (NAA, a
signature of viable neurons); and lactate and free lipids (commonly combined as “lipid and
lactate” because of their overlapping spectral resonances) (/) (Fig. 2).

In MRSI, also known as CSI, individual spectra are obtained for each voxel of a two-
dimension (2D) or three-dimensional (3D) grid covering the lesion and/or healthy control
tissue. As such regional variation in metabolite concentration can be investigated (Fig. 3). The
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Fig. 3. A grid of “voxels” spanning the axial brain slice each reveals local distribution of key metabo-
lites, Cho, Cr, NAA and the abnormal presence of lipids and/or lactate. Overlaid on the T2-weighted
FLAIR MRI one canreadily appreciate the decreased peak height of the NAA resonance in the vicinity
of the tumor in contradistinction to the contralateral hemisphere. One can also recognize the limited
spatial resolution of the spectroscopic technique, suggesting its utility as an adjunct or complement
to conventional imaging.

fundamental limitation of this powerful advance is the increased length of scans, resulting in
clinical adoption of rather low matrix or grid sizes—a typical 16 X 16 2D grid acquisition
might have a scan duration of approx 4 min.

Based on multivoxel approaches, or MRSI, it is thus possible to achieve an assessment of
regional variations in the metabolite concentrations, by observing the relative magnitude of the
distinct “peaks” or “resonances” at each spatial site. Quantitative approaches typically assess
either the peak height or area under the peak and frequently control for systematic variations
by normalization (ratio forming) to either an external reference or an internal marker (com-
monly the local Cr resonance, which is relatively invariant, or the contralateral metabolite
level—giving a quantitative estimation of depletion or elevation). Because such quantitative
information is obtained over a grid of voxels it is possible to synthesize “metabolite maps”
where the intensity of each voxel is determined by the local metabolite level (either resonance
peak or area). Because these maps are derivable only at the low resolution of the MRSI exam,
they are commonly overlaid on high resolution “anatomic” MRI scans (Fig. 4).

Although there is general consensus that higher grade tumors tend to be associated with
elevated Cho, decreased NA A, and the presence of lipid/lactate resonances, most studies find
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Fig. 4. Parametric metabolite map of (A) N-acetyl aspartate (NAA) and (B) “lipid and lactate” distribu-
tion overlaid on contrast enhanced MRI, delineating a right hemispheric grade IV GBM. NAA is
depleted in the region of the tumor, where lipid and lactate are clearly elevated (hotter colors = yellow,
red).

considerable overlap between tumors of different histological grades (/,2). This tends to
support the role of MRSI as an adjunct to other physiologically-specific methods in non-
invasive prediction of tumor grade. However, the utility of MRSI, or the definition of the
“metabolic lesion” may in fact extend beyond diagnosis and may be an important contributor
to effective treatment planning. By sensitive detection of metabolic signatures of abnormality
(e.g., elevated Cho and decreased NAA) beyond the margins of the radiologic appearance of
the tumor, it is speculated that the presence infiltrative tumor cells in otherwise normal appear-
ing parenchyma can be identified. In a study of MRSI prior to gamma-knife treatment of the
tumor, Graves et al. demonstrated that evidence of metabolic abnormality extending beyond
the contrast enhancing margin of the tumor (used to define the radiotherapy target) was
associated with poor treatment response (3). In a follow-up study Graves et al. demonstrated
evidence for tumor recurrence in regions of metabolic abnormality notincluded in the gamma-
knife target zone (4). These studies suggest an important role for MRSI in defining the extent
of metabolic abnormality and in planning treatment, either radiotherapy or surgical.

Beyond diagnosis and treatment planning, Li et al. assessed the prognostic utility of MRSI
in predicting survival in patients with malignant gliomas (5). In addition to age and degree of
contrast enhancement, they found that poor outcome was predicted by elevated Cho (either
referred to Cr or to NAA), elevated lipid and lactate and low values of NNA/Cr.

Because the utility of spatial metabolic interrogation holds significant potential promise,
approaches to increase the speed of acquisition are being pursued to enable higher spatial
resolution and 3D acquisitions to be achievable in clinically practical scan times. Two funda-
mental strategies are of special interest: multi-echo acquisitions (modeled on multi-echo
imaging, fast-spin echo, and echo-planar imaging) and parallel acquisitions using multiple
receive RF coils and the principles of sensitivity encoding (SENSE) (6). Both are enhanced
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by the ongoing trend towards the use of higher magnetic field strength MR scanners (espe-
cially 3 Tesla [T] compared with the previous standard 1.5T). Multi-echo spectroscopic tech-
niques (such as turbo spectroscopic imaging, TSI, and PEPSI) rely on the acquisition of
multiple echoes after each RF excitation pulse (7—9).These echoes are required to build up the
image matrix and thus collecting 2, 3, 5 or more per excitation pulse has a commensurate
reduction in overall scan time. Unfortunately these approaches introduce two potential con-
founds. First, each echo of the echo train is necessarily acquired at a different echo time (TE)
and is thus differently T2-weighted. Furthermore, in order to achieve reasonably short echo-
train durations, individual echo acquisitions must be constrained in time. This has a conse-
quence in terms of the spectral resolution of the resultant spectra (spectral resolution is related
by the Fourier transform to the inverse of the echo duration; thus a 100 ms echo acquisition
would yield 10 Hz spectral resolution). An interesting added benefit of 3T vs 1.5T is that not
only is overall signal-to-noise ratio increased, but also spectral separation (in Hz) between
metabolites is increased, potentially making 10 Hz resolution “metabolically acceptable” at
3T where it would fail to resolve similar metabolite resonances at lower field strengths (/0).
A second strategy to reduce acquisition times for MRSI and consequently enable higher
spatial resolution and extended anatomic coverage is to capitalize on the recent development
of parallel imaging approaches, using multiple RF receiver coils and the principles of SENSE
(6). By exploiting multiple receive elements, a reduction in the number of phase encoding
steps can be achieved with commensurate reduction in scan time. Because MRSI is charac-
terized by one additional dimension per phase encoding than analogous MRI (in which no
spectral information is obtained), it potentially stands to benefit even more from such accel-
eration, with “speed-up” factors of 4 or more being achievable (/7). In combination with
turbo-spin echo approaches, overall acceleration factors of 7 to 9 have been demonstrated,
drastically reducing MRSI acquisition times and opening the door for higher resolution and
3D application in realistic scan times (7).

Diffusion Weighted Imaging and Diffusion Tensor Imaging

Diffusion weighted magnetic resonance imaging (DWI) is a widely adopted technique in
the field of cerebral ischemia. By exploiting its high sensitivity to the mobility of water
molecules, images can be obtained which clearly delineate diffusion “restriction, or hin-
drance” as well as “elevation, or even, facilitation.” Interpretations of the underlying causes
of these observed changes vary, but a prevailing consensus considers dense cell packing a
predictor of reduced diffusion, whereas vasogenic edema is associated with considerably
elevated diffusion, when compared with normal tissues. This generalization is confounded
further by the anisotropic diffusion of white matter (in which diffusion is different parallel and
perpendicular to fiber bundles) (Fig. 5).

In general, findings on DWI of intra-axial tumors have shown considerable heterogeneity
and thereby little diagnostic utility. Cystic or necrotic regions are typically associated with
elevated ADC because dense cellularity may lead to reduced apparent diffusion coefficient
(ADC) values. Nonetheless, Sugahara et al. were able to demonstrate a significant correlation
between the minimum ADC value in HGG and the histologically determined cell density (from
light microscopic analysis of cell nucleus count) (/2). Selecting the minimum ADC value as
the dependent variable ameliorates the variation associated with intra-tumoral heterogeneity.
However, within the population of HGG they studied, the minimum ADC value observed
ranged from 0.82 to 2.46 x 103 mm?s, indicating the inter-tumor variability. Despite this
variance, the minimum ADC value was nonetheless found to be significantly different from
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Fig. 5. GBM. (A) Diffusion weighted image; (B) exponential diffusion weighted image (T2-normal-
ized), and (C) synthesized map of apparent diffusion coefficient (ADC) showing heterogeneous iso-,
hypo-, and hyper-intensity (elevated diffusion) in the necrotic core and more uniform hyperintensity in
the peritumoral edema.

a population of low-grade gliomas (LGG) (associated with higher values of minimum ADC).
Thus, the property of water diffusion in tumors appears to relate to underlying cellularity and
may be a useful constituent property in the physiological characterization of the tumor.

Although the ADC reflects the mean diffusivity, a variant of DWI allows description of the
directional dependence of water diffusion. That s, in certain environments (e.g., white matter)
there may be a preferred direction of diffusion (e.g., along the fiber), with considerably reduced
diffusivity in other directions (e.g., across the fiber). Directional sensitivity can be incorpo-
rated into the DWI experiment by appropriate application of magnetic field gradient pulses. By
performing several different DWI acquisitions, each with different directional encoding of
diffusion, a description of the directional dependence of diffusion can be elucidated. This
technique, known as diffusion tensor imaging (DTI) effectively leads to a voxel wise descrip-
tion of water diffusion in terms of both directional preference and diffusion magnitude.
Whereas equal diffusivity in all spatial directions is termed isotropic diffusion, directional
preference is described as “anisotropic diffusion” and can be quantified by a variety of metrics,
of which the “fractional anisotropy” (FA) is most widely encountered. In regions of high
anisotropy, FA takes a higher value; in regions of isotropic diffusion, FA equals zero. Figure 6
illustrates a map of fractional anisotropy, overlaid on an anatomic image. White matter regions
are clearly depicted by high FA values, except in the region of tumor invasion (right, poste-
rior). Based on such pixel-wise maps of fractional anisotropy and pixel-wise determination of
the preferred direction of diffusion (known as the principal eigenvector), it is possible from
any start point to trace a path of preferred diffusion, which is assumed to reflect the path of
white matter fibers forming the fiber tracts. A variety of algorithms have been proposed for
this, with fiber assignment by continuous tracking (FACT) being the currently most widely
implemented (13,14).

The clinical appreciation of DTI (and quantitative white matter fiber assessment) is emerg-
ing in two distinct areas: first, in the distinction between infiltrative tumors (causing a loss of
anisotropy) vs lesions where fibers are anatomically distorted or shifted, but in which anisot-
ropy is nonetheless preserved (/5)-Second, the identification of peritumoral white matter fiber
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Fig. 6. Disturbance of white matter fiber integrity by invasive GBM. (A) T2-weighted echo planar image
demonstrates large right hemispheric parietal mass. (B) Overlaid fractional anisotropy map demon-
strates both the anatomic distortion of fibers (in the more anterior portion of the right hemisphere
periventricular white matter) and its infiltration and loss of anisotropy (in the more posterior portion),
where fractional anisotropy is quantitatively reduced (represented as a departure from red towards green/
yellow on overlay. (C) colored map of principal eigenvector (pixel-wise preferred diffusion direction).

tracts is a potentially valuable adjunct to the presurgical planning and intraoperative guidance
of resective procedures (16,17).

Dynamic Contrast Enhanced-Magnetic Resonance Imaging

If dynamic MRI is performed in concert with bolus injection of gadolinium-based contrast
media, itis possible to track the bolus as it passes through the tissues of the brain. In the context
of tumor imaging, it is not only the first pass (perfusion-related) transit of the contrast agent
which is of interest, but also progressive enhancement revealed over the course of the next
3 to 5 min. Conceptually, initial enhancement will reflect the vascular fractional volume of the
tissue (a tissue with 5% vascular volume will initially enhance 5% as much as a reference
blood vessel containing 100% blood); any progressive enhancement, however, will relate to
the extravasation of contrast medium from the intravascular to the interstitial space. Given the
lack of such extravasation in the healthy brain (where contrast media cannot cross the intact
blood-brain barrier [BBB]), such hyperpermeability can be viewed as an indicator of patho-
logic compromise of BBB integrity. Kinetic modeling of the dynamic signal intensity vs time
curves from tissue and a reference blood vessel (e.g., the sagittal sinus) allows interpretation
of the dynamic datain terms of fBV and microvascular permeability, directly (/8—20). Because
this analysis can be performed on a pixel-by-pixel basis, it is possible to generate parameter
maps or pseudo-images, where image intensity relates to the physiological parameter of
interest (fBV or Kps) (Fig. 7).

Studies have demonstrated the superior distinction between tumors of various grade by the
adoption of such measures of microvascular permeability (Fig. 8), over consideration of rela-
tive blood volume alone (/9). However, assessment of microvascular permeability is not only
useful for grading tumors, but should also be taken in context of emerging evidence that
microvascular permeability elevation may be an indicator of the process of angiogenesis and
thus may be a sensitive marker of the process of anti-angiogenesis via new generations of
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Fig. 7. Characterization of the microvasculature in a grade [V GBM. Dynamic contrast enhanced MRI
can be modeled to yield pixel-wise estimates of (A) fractional blood volume and (B) microvascular
permeability in this axial slice through a patient with a right parietal lesion. In this example, while fBV
does not show marked tumor delineation, a rim of hyperintensity on the Kps map clearly identifies a
peripheral zone of tumor characterized by high microvascular permeability.
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Fig. 8. (A) In patients with glioma, estimates of microvascular permeability showed a significant cor-
relation with tumor grade (r = 0.7) (20). (B) In an experimental rodent model of human glioma (U87),
a significant reduction in microvascular permeability was observed in the group undergoing treatment
with Avastin™, a monoclonal antibody to vascular endothelial growth factor (27).

pharmaceutical, such as Avastin™ (Genentech Inc., South San Francisco, CA) (27). Such
agents which may indirectly reduce tumor growth rate rather than killing tumor cells directly
demand an effective indicator of biological efficacy, such as quantitative assessment of
microvascular permeability reduction, as traditional endpoints may no longer be appropriate.
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Fig. 9. (A) Multispectral analyses using imaging methods with different physiological specificities
allow identification of tissue types and subtypes by their clustering in multidimensional space. In this
example tissues can be distinguished based on their location in a 2D plane, the axes of which are defined
by the apparent diffusion coefficient and fractional blood volume. Other axes from which this 2D
projection was obtained include microvascular permeability and metabolic abnormality (defined as the
ratio of Cho/NAA). (B) Gold standard assessments of tissue classification were obtained by invasive
tissue sampling (resection/biopsy) guided by intraoperative neuronavigation (47).

3. MULTISPECTRAL ANALYSES AND MULTIMODAL INTEGRATION

Whereas the above described emerging imaging technologies offer tantalizing glimpses of
physiological specificity and clear clinical utility, a comprehensive tissue characterization
may require description at the metabolic, cellular, and vascular level. Consequently, much
effort is being devoted to the appropriate combination of results from such physiologically
specific imaging approaches in methods described variously as “cluster analysis,” “factor
analysis,” or “multispectral approaches.” These offer the possibility of identifying features or
“physiological phenotypes” that distinguish tissues, characterize heterogeneity within lesions,
and yield the most specificity in determining prognosis and treatment response. Figure 9
illustrates an example of multispectral image analysis in which different tissues types, over-
lapping in one physiological dimension, can be separated by their clustering pattern in the
appropriate multidimensional space (in this example a 2D space defined by apparent diffusion
coefficient and fractional blood volume). Gold standard tissue classification, based on radio-
logic assessment, is augmented by image guided biopsy and resection procedures in which the
site of tissue sampling is identified on 3D anatomic MRI at the time of the surgical procedure
via a neuronavigational workstation.

Taken together, the currently available techniques of spectroscopic imaging, DWI and
perfusion/permeability imaging offer an increased level of physiological specificity for the
characterization of brain tumors, offering utility at the diagnostic and prognostic levels as well
as offering biologically-specific indicators for the stratification, selection, targeting, and
monitoring of therapy. However, emerging pharmaceutical approaches and oncologic under-
standing suggest the importance of the consideration of brain tumors not only at the physi-
ological level, but also at the subcellular and genetic levels. Newly emerging is the field of
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molecular imaging, offering yet further specificity and promising to be an imaging partner to
the rapid developments and understanding in cancer biology at the cellular, molecular, and
genetic level. The remainder of this chapter will introduce the general principles and outlook
for the field of molecular imaging as it applies to basic and clinical science.

MOLECULAR IMAGING

Molecular imaging (MI) is emerging as a new tool and enables the in vivo characterization
and measurement of biological processes at the cellular and molecular level (22). The aims of
this field are to noninvasively characterize and quantify molecular changes associated with
disease instead of imaging the resulting morphological changes. For example, molecular
changes in cancer occur several years before a mass becomes visible. Molecular imaging
therefore provides the potential for earlier characterization of disease, better understanding of
the biology and evaluation of treatment response.

Imaging and quantifying biological processes in vivo is very challenging and requires the
following key elements: (1) specific and sensitive site-targeted probes, (2) amplification strat-
egies to enhance the signal of the probe, and (3) imaging systems with high spatial resolution
and sensitivity including optical, nuclear, and MRI (22).

Imaging Targets and Amplification Strategies

Potential molecular imaging targets include DNA and mRNA sequences or proteins. Imag-
ing DNA sequences in cells is challenging because the number of copies per cell is very small
and the DNA is supercoiled and hidden deep within the cell nucleus. Imaging the message of
a gene via mRNA or, preferably, a protein is therefore much more feasible (23) as it uses
natural biochemical flows of genetic information via transcription of the DNA into mRNA and
translation of the mRNA into the protein (Fig. 10). Proteins can be targeted by their structure
or their function. Proteins are either localized intracellularly, on the cell membrane, or secreted
into the extracellular space and can be detected at any of these locations. Finally, the whole
cell can be labeled, either by means of specific markers on the cell membrane or by uptake of
the probe into the cell.

Once atargetis found, a substance (ligand) that binds to it has to be identified. Ligands must
have the ability to reach the target at sufficient concentration and sufficient length of time to
be detectable in vivo. However, rapid excretion, nonspecific binding, metabolism, and deliv-
ery barriers hinder this process and must be overcome. Furthermore, any unbound ligands
have to be eliminated in order to minimize background noise—a critical issue for in vivo MI.
To date, a number of chemical and biological amplification strategies have been developed
to facilitate molecular imaging at the protein level (22).

Imaging Systems for Molecular Imaging

Molecular information can be obtained with some but not all of the available imaging
modalities (Fig. 11). The most commonly used modalities are optical, nuclear, and MRI.
Although optical methods are very powerful and allow imaging of molecular processes in an
inexpensive way, their clinical application is limited because the optical imaging is surface
weighted and has limited penetration depth and resolution. However, niche applications for
clinical use may emerge when coupled with endoscopic technology such as catheter based
lenses. For clinical purposes, techniques of nuclear medicine (positron emission tomography
[PET] and single photon emission computed tomography [SPECT]) and MRI are the most
promising modalities.
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Fig. 11. Current imaging modalities used for anatomical, physiological, and molecular imaging.

Optical Imaging

Optical imaging exploits absorption, emission, scattering, and fluorescent techniques but
itis fluorescence and luminescence that are particularly useful forin vivo studies (24). Fluores-
cence is a physical process and requires electromagnetic stimulation (use of an external light
source). A fluorochromeis activated by a specific excitation wavelength to emitlightatalower
wavelength. Tissue penetration of photons is maximized in the near-infrared (NIR) spectrum;
therefore, NIR fluorochromes are frequently used. Amplification of the signal is usually
obtained by accumulation or by activation of smart, or biochemically-activated, probes. In
order to externally image and follow the natural course or impediment of tumor progression,
the use of green fluorescent protein (GFP)—originally extracted from the jellyfish (Aequorea
victoria)—has proven to be very useful (25). However, a major drawback of GFP is the fact
that its emission wavelength (510 nm) is close to the autofluorescence of many tissues which
causes significant background signals (25,26). This is one of the reasons that GFP with
redshifted emission have been engineered (27). More recently, a new red fluorescent protein
that emits light at 583 nm has been isolated from tropical corals (28). Luminescence, on the
other hand, does not require a light source but arises from the conversion of chemical energy
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Fig. 12. Fluorescence imaging: enzyme activity in a 9L glioma model in a live mouse. The image is
superimposed onto an MRI image. Reproduced with permission from ref. 25.
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Fig. 13. Bioluminescence imaging: migration of luciferase-labeled neural progenitor cells across the
brain midline attracted by a contralaterally implanted glioma. Reproduced with from ref. 25.

to light. Luminescence occurring in living organisms is referred to as bioluminescence. It is
an energy (i.e., ATP-) dependent biological process, where light is generated by oxidation of
luciferin by luciferase, the former being the substrate and the latter being the catalyzing
enzyme. Cells expressing the luciferase gene luminesce upon the addition of luciferin, a
process that is less harmful for cells than the electromagnetic stimulation used to detect GFP.
Although the light produced is extremely weak, a light-tight chamber allows imaging of the
bioluminescence (28,29). An excellent overview of in vivo optical imaging is provided by
Frostig (30). In general, optical imaging approaches using fluorescent proteins and biolu-
minescence are prevalent in biological imaging and are commonly used to track cells (including
stem and tumor cells) and to act as gene reporters in a wide variety of systems (3/,32). Figure 12
shows an example of fluorescence imaging using a cathepsin B-activatable probe in a 9L
glioma model. Figure 13 shows an example of bioluminescence.

Nuclear Imaging

Nuclear imaging techniques including PET and SPECT use radiolabeled tracers to image
interactions of biological processes in vivo. These techniques have a lower spatial resolution
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Fig. 14. Glioma: Post-contrast T1-weighted MRI image shows alteration of BBB and extent of
peritumoral edema. [18F] FDG shows increased glucose consumption, [11C] MET shows increased
activity of membrane transporters for amino acid and [18F] FLT for nucleosides. Reprinted with per-
mission from ref. 33.

than MRI (typically several mm for PET compared with approx 1 mm for MRI), but are
inherently quantitative and highly sensitive. Picomolar concentration of isotopes can be
detected with no depth limit but with only little anatomical information, making combinations
with CT or MRI very useful. The newly commercialized combination of PET and CT is
becoming widespread in the clinical setting, allowing anatomic registration of functional PET
data, as well as attenuation correction for improved quantitative interpretation of the PET data.
PET and SPECT are currently the most advanced methods to image molecular events in
patients, and indeed several molecular imaging probes are already under evaluation in
clinical trials.

For PET, positron-emitting isotopes are produced in a cyclotron. They are used to label
small molecules, recognized by enzymes, receptors, or other targets. Depending on the radio-
tracer used, various molecular processes can be visualized, most of them relating to increased
cell proliferation in tumors. 18F-fluorodeoxyglucose (FDG), a glucose analog, is the most
widely used tracer molecule for PET imaging to detect metabolic active tumors. Cancer cells
have high uptake and metabolism rate of glucose and, hence, FDG. This up-regulation is an
early event during malignant transformation and, importantly, precedes anatomical changes.
This is therefore of potential value in early diagnosis and staging of cancer. However, because
some tumors show hypo- or isometabolism in 18F FDG PET, more specific radiotracers
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Fig. 15. Extent of vector-mediated gene expression in ['>*I] FIAU-PET 1 h and 68 h post-injection.
Tumor showed signs of necrosis after 68 h post-injection. Reprinted with from ref. 35.
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are required such as methyl-[11C]-L-Methionine (MET) and 3'-deoxy-3'-[18F] fluoro-L-
thymidine (FLT) to image increased activity of membrane transporters for amino acid and
nucleosides, respectively (33). An example of increased cell proliferation in a glioma using
multitracer PET imaging is shown in Fig. 14.

PET has also been applied to study multidrug resistance, apoptosis (programmed cell
death), and gene expression. To study gene expression with PET, the herpes simplex virus type
1 thymidine kinase (HSV-1-tk) has been used as a marker gene (34). HSV-1-tk isotopes
analogs are phosphorylated by the viral kinase and then trapped within the cell. The accumu-
lation of activity is therefore an indicator of HSV-1-tk presence and thus successful transfec-
tion. In clinical gene therapy trials for recurrent glioblastomas, transduction of HSV-1-tk gene
with subsequent prodrug activation by ganciclovir was found to be safe. PET with 1-124-
labeled 2'-fluoro-2'-deoxy-1b-n-arabino-furanosyl-5-iodo-uracil (['*I]-FIAU)—a specific
marker substrate for gene expression of HSV-1-tk—was used to identify the location, mag-
nitude, and extent of vector-mediated HSV-1-tk gene expression in a phase I/II clinical trial
of gene therapy for recurrent glioblastoma in five patients. The extent of HSV-1-tk gene
expression seemed to predict the therapeutic response (35). Figure 15 shows FIAU PET in a
glioma before and after vector application.
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SPECT utilizes gamma-emitting isotopes, which are usually cheaper and have a longer
half-live than positron-emitting isotopes used for PET imaging. The resolution of PET is still
superior, but new developments in image requisition and software are trying to improve the
resolution. With SPECT, several isotopes can be imaged simultaneously, providing multipa-
rameter measurements. SPECT has been used to track molecules or cells such as radio-labeled
annexin-V to image apoptosis or tumor-specific peptides in vivo (36). Preliminary reports
show that SPECT imaging might play arole as a surrogate marker after chemotherapy as well.

Magnetic Resonance Imaging

MRIis emerging as a particularly advantageous modality for MI because of its high spatial
resolution (when compared with PET and SPECT), very good sample penetration (when
compared with optical imaging methods), it’s widespread clinical availability, and lack of
ionizing radiation. A tremendous drawback, however, is its low sensitivity compared with
these other methods, which necessitates the development of powerful amplification strategies.
MR contrast agents that could serve as potential bases for molecular imaging probes are in
clinical use but specific derivatives for molecular imaging have not yet been approved (23).
In general, MR contrast agents are designed to shorten the relaxation times of the tissue of
interest and therefore increase the relaxation rates (37). There are two major classes of MR
contrast agents; paramagnetic contrast agents which are designed to predominantly affect
T1 and thus tend to provide increased MR signal and superparamagnetic agents and agents
designed to predominantly shorten T2 and T2* relaxation times and thereby decrease signal
on appropriately weighted MR imaging sequences. In both cases, the potency of a contrast
agent is commonly expressed as relaxivity and is typically measured relative to the paramag-
netic or superparamagnetic ion concentration, such as gadolinium or iron (with units of mmol/
s). For targeted contrast agents, however, the relaxivity per particle is more useful for com-
paring the contrast agent effect per binding site. In current development, there are two main
strategies for MRI-suitable contrast media for molecular imaging; those based on iron oxide
and those using nanoparticles or emulsions which incorporate gadolinium ions. These will be
briefly elaborated explained below.

Molecular Imaging With Iron Oxides

Ultrasmall superparamagnetic iron oxides (USPIO) are potent MRI contrast agents. The
iron produces strong local disruptions in the magnetic field which leads to increased T2*
relaxation. This increased relaxation causes decreased image intensity in areas with iron oxide
accumulation (also known as susceptibility artifacts). Because of the extremely large change
in MRI signal induced by superparamagnetic particles, they offer a potential solution to the
problem of MR insensitivity, and have been developed for a wide variety of contrast agent
applications, including imaging vasculature, bowel, liver, spleen, lymphatics, tumors, and
stem cell therapy (38—40). In particular, dextran-coated USPIO particles with a 15- to —25-nm
diameter have a very long circulating half-life and are preferentially taken up by macrophages
and the reticuloendothelial system (RES) in the body. This uptake allows them to be employed
for passive targeted imaging of pathological inflammatory processes, such as unstable athero-
sclerotic plaques (4/). Another passive targeted imaging study by Stiskal et al. compared two
candidate iron oxide particles for the sensitive detection of radiation induced liver injury in
an experimental model. Results showed readily visualizable damage to the RES system (42).
Dextran-coated USPIOs are also employed for single cell imaging (43). Although MR reso-
lutions are rarely comparable with cell dimensions, these complexes distort the magnetic field
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Fig. 16. (A) T1-weighted image showing vx-2 tumor. Yellow overlay indicates signal enhancement
(along periphery proximate to tumor/blood vessel interfaces) 120 min post injection. (B) Corresponding
histology of tumor with H+E as well as otv33 staining. Black arrows show formation of small angiogenic
vessels along periphery near tumor/blood vessel interface. Reprinted with permission from ref. 46.

far beyond their boundaries of the cell, thus massively amplifying signal on T2*-weighted
images. However, for significant signal change, many USPIO particles need to be within an
imaging voxel. Recently, a paper by Shapiro et al. demonstrated that single micrometer-sized
iron oxide particles (MPIOs) could be detected in individual cells (44). This should open
numerous future possibilities for cellular imaging using MRI.

Molecular Imaging With Paramagnetic Nanoparticles

Nanoparticles can be formulated to carry paramagnetic gadolinium ions and targeted to a
number of important biochemical epitopes, such as orv3-integrin—an important marker of
angiogenesis (new vessel formation) and an essential component of tumor growth and spread.
The arvB3-integrin plays a critical role in smooth muscle cell migration and cellular adhesion,
both of which are required for the formation of new blood vessels. The integrin is expressed
on the luminal surface of activated endothelial cells but not on mature quiescent cells (45). In
a recent paper by Winter et al., the utility of awvf3-integrin targeted nanoparticles for the
detection and characterization of angiogenesis associated with tumor growth was demon-
strated in a Vx-2 tumor model (Fig. 16) (46).

SUMMARY

Insummary, techniques of physiologically specific imaging offer characterization of tumors
at a metabolic, cellular, and vascular level. In current clinical practice these techniques offer
utility for diagnosis, prognosis, treatment selection and planning, as well as therapy monitor-
ing. However, the field of cancer biology is advancing rapidly and demands on imaging are
increasing commensurately, such that a requirement for not only imaging physiology but also
imaging in vivo biochemical processes is apparent. The emerging technologies, described as
“molecular imaging” offer a promising and powerful array of tools to visualize disease pro-
cesses and therapeutic responses at the sub-cellular and molecular level. Although still in their
infancy, molecular imaging techniques are evolving rapidly and progressing towards the
clinic. It seems likely that the resulting capabilities of this technological evolution will shape
the field of diagnostic and therapeutic neuro-oncology for years to come.
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9 Nuclear Imaging of Gliomas
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Summary

This chapter reviews nuclear imaging of gliomas, both high- and low-grade, with emphasis on
results from positron emission tomography (PET) with [F-18]-2-fluoro-2-deoxyglucose (FDG) for
assessing energy metabolism. There are many additional advances beyond FDG-PET that are very
exciting and potentially applicable in the management of gliomas. Biosynthesis in tumors occurs along
several important broad fronts for DNA, proteins, and membrane lipids. Molecular imaging of these
pathways is coming to the foreground. Hypoxia, a significant resistance mechanism that compromises
the efficacy of radiotherapy and chemotherapy, can now be regionally quantified in vivo with PET. In
the near future it is likely that the presence of mutant receptors, apoptosis, and angiogenesis will also
be measurable with PET and new tracers.

Key Words: Brain tumor; glioma; PET; FDG; fluoromisonidazole; amino acids; thymidine;
FLT; proliferation; acetate.

INTRODUCTION

Positron emission tomography (PET) provides the opportunity to image multiple dynamic
biological processes in situ in brain tumors. [F-18]-2-fluoro-2-deoxyglucose (FDG) has been
the most widely used tracer for nuclear imaging of gliomas, but this field is rapidly advancing
and other processes aside from energy metabolism are being increasingly investigated. Imag-
ing pathophysiology in vivo requires an understanding of the biology of tumors and their host
organs at a molecular level. Knowledge gained from the test tube, tissue culture dish, or the
microchip can be applied by nuclear imaging to whole tumors, host organs, and even multiple
organ systems both simultaneously and quantitatively. PET is assuming an increasingly
important role in the design of cancer treatments as well as monitoring the results earlier and
more reliably.

The current standard noninvasive imaging procedures, X-ray computed tomography (CT)
and magnetic resonance imaging (MRI), provide excellent anatomical precision and sensitiv-
ity. Unfortunately, their specificity in distinguishing neoplastic disease from vascular or
inflammatory processes can be problematic in individual cases. Treatment effects including
surgical trauma, corticosteroid-induced reduction of edema and contrast enhancement, and
radionecrosis cannot always reliably be distinguished from tumor recurrence or response to
therapy. As gliomas grow and infiltrate the normal cellular milieu, tumor cell density relative
to the normal elements increases. T2 and fluid attenuated inversion recovery (FLAIR) mag-
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Table 1
Metabolic Processes and Most Commonly Used Tracers To Study Them
Function Tracers
Energy metabolism [F-18]-2-fluoro-2-deoxyglucose (FDG)

1-[C-11]glucose
[O-15]0,, [O-15]H,0, [O-15]CO
Amino acid transport and incorporation L-methyl-[C-11]methionine (MET)
L-[C-11]tyrosine
L-[F-18]fluorotyrosine
L-[C-11]leucine
DNA synthesis 2-[C-11]thymidine
methyl-[C-11]thymidine
[F-18]-3'deoxy-3'-fluorothymidine (FLT)
Membrane/lipid biosynthesis I-[C-11]acetate
[C-11]choline
[F-18]fluorocholine
Hypoxia [F-18]fluoromisonidazole (FMISO)

netic resonance imaging (MRI) very ably define the margins of this advancing wave of pathol-
ogy, but within a given abnormal volume the ratio of tumor to normal elements is not well
defined. Magnetic resonance spectroscopy can profile some of the main chemical constituents
of tumor and normal tissue but has limitations as does PET in that the volume of resolution
is large relative to that provided by conventional MRI. As our understanding of pathology
becomes increasingly molecular, especially in the brain where tissue sampling in vivo carries
significantrisks, it is imperative that we develop methods for measuring molecular pathologic
processes as they progress over time. PET adds this capability to our clinical and research
armamentarium. MRI and CT cannot estimate growth rate in a single setting whereas PET can
provide quantitative measures of this with tracers of DNA, protein or membrane biosynthesis.

There are several uses for PET. For some of these our current experience is reasonably
mature whereas for others more research is necessary (/).

Detection.

Delineating tumors from non-neoplastic processes.

Grading and prognosis.

Localizing the optimum site for biopsy.

Distinguishing radionecrosis from recurrence.

Assessing response to therapy.

Predicting malignant degeneration in low-grade glioma (LGG).

Distinguishing high grade glioma (HGG)from LGG in MRI T1 gadolinium (Gd) nonenhanc-
ing tumors.

Designing therapy.

PNAN R WD =

©

The main functions and tracers studied thus far with PET in gliomas are shown in Table 1.

ENERGY METABOLISM: [F-18]JFLUORODEOXYGLUCOSE (FDG)

Glucose metabolism begins with transport from the serum to cells and continues through the
process of phosphorylation catalyzed by hexokinase (HK), one of the most important enzymes
controlling the rate of glucose utilization (Fig. 1). The product, glucose-6-phosphate (G6P)
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Fig. 1. The chief pathways followed by glucose intracellularly. Production of lactate in gliomas is
increased, whereas in normal brain oxidation of glucose via the tricarboxylic acid cycle predominates.
GO6P, glucose-6-phosphate; 6PG, 6-phosphogluconic acid; R5P, ribose-5-phosphate; RNA, ribose
nucleic acid; DNA, deoxyribose nucleic acid; Acetyl-CoA, acetyl coenzyme A; TCA, tricarboxylic acid
cycle.

is the starting compound for glycogen synthesis, for the Embden—Meyerhof pathway (EMP)
leading to lactate (glycolysis) or to pyruvate and entry to the tricarboxylic acid (TCA) cycle,
and for the pentose shunt. Although malignant brain tumor tissue may show a respiratory
quotient as low as 0.70, indicating some use of nonglucose substrates such as fatty acids or
amino acids for energy, glucose is the chief source of energy (2).

PET imaging with FDG is based on the fact that FDG, similar to glucose, is transported
across the blood—brain barrier (BBB) and cell membranes and is phosphorylated by hexoki-
nase to FDG-6-phosphate (FDG6P), which accumulates in tissues at a rate proportional to the
rate of glucose utilization. FDG6P is not metabolized further along the glucose metabolic
pathways, but is slowly dephosphorylated in the brain. FDG and glucose differ in their rates
of transport and phosphorylation and respective volumes of distribution in brain or tumor
tissue. This has been investigated and reported in detail but will not be reviewed here where
emphasis will be on FDG (3).

Grading and Prognosis

Di Chiro and coworkers pioneered the application of FDG-PET to gliomas (4-6). HGG
contained regions of high FDG uptake and lower grade gliomas lacked these regions (Fig. 2).
In patients with grade III or IV astrocytic gliomas, FDG uptake correlated with survival (7).
Patients with ratios of tumor to contralateral normal brain glucose utilization greater than 1.4:1
had a median survival of 5 mo whereas patients with ratios of less than 1.4:1 showed median
survival of 19 mo. The optimal cutoff levels for distinguishing LGG from HGG have been
reported as 0.6 for the tumor-to-cortex (T/C) ratio and 1.5 for tumor-to-white matter (T/WM)
ratio (8). The sensitivity and specificity were 94 and 77%, respectively. The results of most
other investigators of gliomas with FDG-PET agree (9).

LGG present several diagnostic and management problems. Lesions that appear on MRI or
CT scans to be low grade by virtue of lacking contrast enhancement or being calcified may
remain apparently dormant for years or may progress to malignant behavior at unpredictable
times in the future. Opinions vary widely about when to operate, irradiate, or treat with
chemotherapy. These treatments, especially surgery and radiotherapy, carry significant risks
of permanent neurological impairment. At presentation, when the MRI or CT scan shows no
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Fig. 2. (A) LGG of the left thalamus with FDG uptake < normal white matter. (B) Intermediate-grade
lesion of the right posterior white matter; FDG uptake is > normal white matter but < normal cortex. (C)
HGG of the corpus callosum with FDG uptake > normal cortex.

enhancement to raise suspicion of anaplastic disease, the clinician does not want simply to
observe and follow a malignant tumor delaying treatment that could control progression or
even provide a response. On the other hand, causing neurological deficits by needlessly
overtreating low-grade tumors is to be avoided if possible. Although MRI and CT cannot
distinguish nonenhancing grade III or IV lesions from grade II, this may be possible with
physiological imaging. Patients that have biopsy-proven LGG and FDG uptake in the tumor
thatis greater than white matter are at higher risk for progression and death than patients whose
tumors show no areas of uptake greater than white matter (/0).

Localizing the Optimum Site for Biopsy
Many authors have presented convincing data and arguments that support the practice of
selecting biopsy sites where the uptake of FDG is maximum to provide sampling of the most
malignant areas of tumors (Fig. 3) (//-13).

Dexamethasone Effect and Surgical Trauma

Steroid therapy does not appear to influence FDG uptake in recurrent anaplastic astrocy-
tomas (AA) (/4). This was shown in five patients studied with FDG-PET before and after
radiotherapy. In five nontumor-bearing patients following temporal lobectomy for epilepsy,
no effect on FDG uptake from the surgical trauma was seen.

Radionecrosis vs Recurrence

From several recent series the sensitivity of FDG-PET for distinguishing recurrence of
glioma from radionecrosis is typically 81 to 86%, although some results are higher, up to
100% (15—19). Specificity is problematic in that estimates range from 22 t0 92% (16,17,19).
The results of Ricci et al. are instructive. There were 31 patients suspected of harboring a
recurrence in which the pathology was positive in 22 and negative in 9. With the cutoff of FDG
uptake greater than normal white matter, the sensitivity was 86% and the specificity only 22%
(positive predictive value, 73%; negative predictive value, 40%). With the cutoff greater than
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Fig. 3. Forty-six-year-old woman with a right parietal WHO grade II oligodendroglioma. The first
biopsy attempt was too far posterior and was not diagnostic of tumor. The second biopsy (white arrow)
directed by the FDG-PET proved the glioma diagnosis. Reprinted with permission from ref. /30.

cortex the sensitivity was 73% and specificity 56% (positive predictive value, 80%; negative
predictive value, 45%). Patients with irradiated malignant gliomas whose FDG-PET scans are
hypometabolic consistent with radionecrosis may show in biopsy or resection specimens
viable-appearing tumor cells that are incapable of proliferation. Also, a high percentage of
post-treatment gliomas may be necrotic, as viewed by the pathologist or PET imaging special-
ist, but the tumor may still harbor viable cells that later lead to recurrence.

Assessing Response to Therapy

Animportant question with implications for clinical practice is whether changes in glucose
metabolism are a reliable predictor of the response of malignant gliomas to therapeutic inter-
ventions. Successful radiotherapy (RT) of a tumor would be expected to kill tumor cells and
cause a reduction of metabolism measured with FDG. That is, tumors that responded to
treatment would show reduced metabolism and conversely, tumors that did not respond would
show unchanged or increased metabolism. This hypothesis has been tested in patients scanned
quantitatively with FDG within 2 wk pre- (Pre-RT) and/or 1 to 3 wk post-RT (20,217). The
results unexpectedly showed that an increase in metabolism, measured with FDG, from the
beginning to end of RT correlated with longer survival whereas a decrease in metabolism was
associated with shorter survival (Fig. 4).

Similar results, but involving chemotherapy, were reported for patients with recurrent glio-
blastoma studied with quantitative FDG-PET before and after a single cycle of 1,3-bis-(2-
chloroethyl)-1-nitrosourea (BCNU) (22). Following stereotactic radiosurgery (24—-32 Gy) in
a series of 19 tumors (mostly metastatic), Maruyama et al. reported that all but one of the
tumors showed an increased uptake of FDG compared with Pre-RT levels (23). This corre-
lated with a decrease in the size of the tumors seen at later follow-up with CT or MRL
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Fig. 4. These Kaplan Meier plots show survival results for 14 patients scanned with FDG both before
and after RT. The patients were ranked from greatest to least value of the ratio of post-RT MRFDG over
the pre-RT MRFDG and then split in two groups, higher 50% vs lower 50%. Survival was compared
between the two groups. Two patients still alive were censored. The graphs show that an increase in
metabolic rate from before to after RT correlates with longer survival.

How therapy could lead to increased metabolism and relatively better outcome is suggested
from chemotherapy and radiotherapy experiments on tumor cultures and animal tumors (24—
28). Increased transport has been considered one explanation. Infiltration of dead and dying
tumor regions with metabolically active inflammatory elements has been reported following
radiotherapy in rats bearing hepatomas implanted in the thigh (29,30). This could occur in
responding gliomas and appear in the volume seen by PET as increased metabolism. Another
speculative explanation is energy consumption for apoptosis (3/,32). Lastly, an additional
potential explanation is that therapy destroys tumor cells leading to an uncrowding effect that
allows more active metabolism in surviving normal elements (i.e., within a volume of tissue
the ratio and density of normal cells to tumor cells improves), leading to increased regional
metabolism.

Another way to measure response to therapy is to assess metabolism at a single time follow-
ing the intervention and hypothesize that longer survival correlates with lower metabolism. In
26 glioma cases from the study cited above, MRFDG measured shortly after RT did not
correlate with survival (Fig. 5) (20). Although no prior studies have systematically and quan-
titatively examined the immediate post-RT time to correlate metabolic rate with outcome,
examination of FDG uptake of malignant gliomas specifically at the time of clinical and/or
radiographic recurrence has proven to be a significant predictor of survival (33).

In sum, multiple investigations have shown that high MRFDG preceeding treatment sig-
nifies more aggressive disease and shorter survival. Greater volume of FDG uptake likewise
is associated with shorter survival (34). Comparisons of pre-treatment to post-treatment
measurements for radio- or chemotherapy for primary or metastatic brain tumors have shown
that increases in MRFDG correlate with longer, not shorter, survival. Lastly, immediate post-
RT quantitative PET with FDG does not correlate with length of survival, whereas FDG
uptake at the time of clinical and MRI determined recurrence does correlate with shorter
survival.

Thus, for prognosis and grading before initial treatment or at recurrence, FDG-PET is
clinically useful (33,35,36). For assessing response by pre- to post-treatment comparisons,
there appears to be limited clinical usefulness. FDG-PET is not clinically useful for assessing
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Fig. 5. This regression graph shows the data from studies performed on patients within 2-3 wk after RT
(n = 26). There was no correlation between the post-RT MRFDG and survival.

response to radio- or chemotherapy immediately after the treatment is completed which is the
time when it would be most helpful to clinicians to know whether a treatment has succeeded
or not.

Therapy Planning

Conventional conformal RT for malignant gliomas consists of 1.8 to 2.0 Gy fractions that
total around 60 Gy. Despite these doses, nearly inevitably there are in-field recurrences, pro-
gression and death. Doses as high as 70 to 90 Gy have been studied with the goal of providing
better results than 60 Gy (37—40). There was no improvement in survival or local control, and
recurrences developed in the volumes that received the high doses (38). Metabolic imaging
with FDG-PET has been used to define the optimal volume in malignant gliomas for high-dose
boost RT (34,41). Patients received 59.4 Gy in 33 fractions followed by an additional 20 Gy
in 10 fractions directed at the FDG-PET defined volume of hypermetabolism plus a 0.5-cm
margin. The median survival for 40 patients enrolled in this trial preliminarily is about 70 wk.
Thus far, the study has shown no more radiation toxicity than would be expected from standard
dosing. This pilot study shows that experimental radiotherapy protocols based on PET images
are feasible and could in the future be designed to target regions of hypoxia, proliferation,
protein synthesis or membrane biosynthesis.

OXYGEN METABOLISM AND BLOOD FLOW:
[0-15]0,, [0-15]H,0, [0-15]CO

Oxygen metabolic rate (MRO,), cerebral blood flow (CBF), oxygen extraction fraction
(OEF), and cerebral blood volume (CBV) in malignant gliomas have all been examined by
several groups (2,42—46). Among these studies there is consistency in showing that oxygen
utilization is low relative to normal cortex despite an adequate supply of oxygen, at least
macroscopically (i.e., there are adequate blood flow and blood oxygen levels to meet the
metabolic demands of the tumors). Wise et al. in particular noted that both MRO, and
OEF tend to be lower in malignant gliomas suggesting the tissue is not macroscopically
ischemic (46).
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Table 2
CBF, MRO, and OEF From Glioma and Contralateral Cortex (44)
Function (units) Tumor Contralateral cortex
CBF (mL/100 mL/min) 32+9 3245
MRO, (mL/100 mL/min) 1.2+0.6 2.8+0.5
OEF 0.21 +0.07 0.47 +0.05

Table 2 shows data from seven patients with intermediate- or high-grade gliomas that
illustrate the parameters relevant to oxygen metabolism (44). Note that blood flow in the
tumors is the same as in uninvolved brain whereas MRO, and OEF are roughly half.

The utilization of oxygen relative to that of glucose, namely the metabolic ratio, is reduced
in malignant gliomas (44,45). In normal brain the metabolic ratio is 5.2 moles of oxygen per
mole of glucose whereas in gliomas it is 1.9 (44,47). A lower than normal metabolic ratio
indicates that the tissue is breaking down glucose to lactate (glycolysis) and that nonoxidative
metabolism of glucose is occurring. In the face of adequate blood flow and reduced oxygen
extraction in tumors, the reduced metabolic ratio indicates that glycolysis is occurring under
aerobic rather than anaerobic conditions (2).

Measurements of oxygen metabolism with PET in gliomas have not been as clinically
useful as glucose measurements simply because the dominant energy source, glucose, under-
goes glycolysis to lactate rather than oxidative breakdown. Measurements of glucose metabo-
lism with FDG, therefore, have been more revealing of tumor tissue energetics than oxygen
measurements.

HYPOXIA: [F-18]FLUOROMISONIDAZOLE (FMISO)

Although oxygen metabolism in gliomas differs from that in normal brain, the lack of
oxygen, known as hypoxia, appears to be an important factor in determining glioma aggres-
siveness and response to therapy. It has been documented in several types of cancers that low-
oxygen tension levels are associated with persistent tumor following RT and with the
subsequent development of local recurrences (48—50). In gliomas, spontaneous necrosis sug-
gests the presence of hypoxic regions that are radioresistant. Rampling et al. proved, by
measurements with polarographic electrodes, that glioblastomas contain hypoxic regions
(51). The percent pO, values <2.5 mmHg were between 10 and 69% with a median of 40%.
In patients with AA the percent pO, values <2.5 mmHg were betweem 9 and 42 with a median
of 20%.

The significance of hypoxia in the response of gliomas to radiotherapy has not been clari-
fied completely. Treatment approaches based on eradication of hypoxic cell populations with
radiotherapy have been either unsuccessful as reported for hypoxic cell radiosensitizers
(52-54) or have been too toxic as reported following fast neutron therapy (55).

In the mid 1980s it was discovered that some radiosensitizing drugs (e.g., misonidazole) are
selectively bound to molecules in viable hypoxic cells in vitro and in vivo (56,57). This has
led to the development of [F-18]fluoromisonidazole (FMISO) as a hypoxia imaging agent
with PET (58). The partition coefficient is essentially unity so the tracer is not retained in non-
hypoxic tissues such as brain.

Reports of FMISO-PET imaging of gliomas are emerging (59-61). Liu et al. reported that
FMISO was taken up in 14 of 18 brain tumors. Scott’s group studied 13 newly diagnosed
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Fig. 6. Twenty-eight-year-old woman with a recurrent left frontotemporal malignant pleomorphic
xanthoastrocytoma. MRI T1Gd (left), FDG (middle) and FMISO (right) images are co-registered. The
patterns of FDG and FMISO uptake are distinctly different in both tumor and uninvolved brain. The
region of irregular central necrosis is nearly the same in the FDG and FMISO images. Reprinted with
permission from ref. 730.

patients prior to surgery with both FMISO- and FDG-PET (60). There was a correlation
between FMISO uptake and tumor grade, and all high-grade lesions showed uptake that was
frequently heterogeneous. There was some, but not complete, overlap between regions of
FMISO uptake and FDG uptake. An example shown in Fig. 6 demonstrates heterogenous
uptake that does not show conformity to the FDG region of uptake in these co-registered
images.

Swanson et al. studied four glioma patients with FMISO-PET before, during, and after
radiotherapy. There was an average decrease in MRI detectable tumor volumes (-28%) with
aconcurrentaverage increase in FMISO-positive hypoxic volumes (+10%) suggesting that the
two imaging modalities provide distinctly different information in the assessment of radio-
therapy response (62).

These studies in aggregate show significant promise for FMISO-PET in gliomas but need
to be extended to alarger patient population and examined at additional time points throughout
the clinical course. Identifying the regional distribution of hypoxia may improve planning of
resections and allow targeting higher doses of radiotherapy more precisely to the hypoxic
areas.

AMINO ACID TRANSPORT AND INCORPORATION:
[C-11]METHIONINE (C-11-MET), [F-18]JFLUOROTYROSINE (F-18-TYR),
[F-18]FLUOROETHYL-L-TYROSINE (F-18-FET), [C-11]TYROSINE (C-11-TYR)

The goal of PET imaging with labeled amino acids is to assess the protein synthetic process
in growing tumors (63). Most of the amino acids used for PET are transported by the L
system. This has been documented by competition studies with other amino acids that use the
same transporter (64). Where the BBB is impaired, the exchange of amino acids can partially
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bypass the transporter in the capillary wall. Intracellularly, amino acids for protein synthesis
come either from the extracellular pool to which PET tracers contribute or from the intracel-
lular recycling of proteins (65). As a result, PET with amino acids measures transport plus
amino acid incorporation and does not assess that fraction of protein synthesis that includes
endogenous recycling (66). Depending on the particular amino acid, there are additional
biochemical pathways leading in several directions for production of hormones, neurotrans-
mitters, purines, pyrimidines and many other biomolecules. Incorporation in these nonpro-
tein products cannot be distinguished from protein synthesis with PET. This is particularly
true for methionine, which contributes via transmethylation reactions to several nonprotein
products, as well as for tyrosine that is incorporated into dihydroxyphenylalanine. Degrada-
tion pathways for amino acids are similarly complicated. Consequently, the development of
PET with amino acid tracers has had to deal with these complexities in the design and
validation of mathematical models, tracer selection, and metabolite analysis (63,67-70).
Quantification of protein synthesis is more complicated than quantification of glucose metab-
olism with FDG.

Transport contributes significantly to the uptake of amino acids in gliomas (69). In 15
patients studied with dynamic PET with L-2-[F-18]fluorotyrosine (F-18-TYR), there was a
greater uptake in tumors than contralateral brain, but this resulted from a doubling of the
transport rate, not the rate of incorporation into intracellular constituents. This increased
transport did not correlate with Ga-68-ethylene-diamine tetraaacetic acid (EDTA) accumu-
lation so that it was not due to breakdown of the BBB.

Whereas the goal of measuring protein synthesis rates with labeled amino acids has been
complicated by the dominance of transport and the alternate biochemical directions that
amino acids may follow, there are many observations in a large number of studies that have
elevated the status of methionine and tyrosine in the PET arena. Amino acid uptake in normal
brain is low relative to FDG uptake so that the tumor to normal tissue contrast is better with
amino acid imaging than with FDG. It is especially interesting that the uptake of methionine
in lesions lacking breakdown of the BBB suggests that there is upregulation of the transport
process across the capillary wall (Fig. 7). This by itself is an interesting pathophysiological
marker of the growth and metabolism of neoplasia. Particularly in the case of methionine, the
distribution through several biosynthetic processes, including phospholipid synthesis, pro-
vides a broad measure of tumor growth. PCNA staining of histology specimens to assess
proliferation correlated with methionine uptake in one study (7/). In contrast, the relation-
ship between C-11-TYR-PET measurements of protein synthesis and expression of Ki-67
antigen to assess proliferation and nucleolar organizer regions (NORs) to assess protein
synthesis in paraffin sections has been reported (72 ). Protein synthesis rates ranged from 0.44
to 1.99 nmol/mL/min, Ki-67 ranged from 0.9 to 33.5 and AgNOR area ranged from 0.13 to
0.85 mm?/cm?. In this small group of patients there were no correlations among these mea-
surements.

Detection

In a report of 50 cases, PET with [C-11]methionine (MET-PET) showed accumulation in
31 of 32 HGG (97% sensitivity) and 11 of 18 LGG (61%) (73); sensitivity as high as 98% has
been published (74). Correlation between biopsy specimens and C-11-TYR-PET showed that
PET detected the presence of tumor in 20 of 22 primary or recurrent lesions for a sensitivity
0f91% (75). Compared with C-11-MET, O-(2-[F-18]fluoroethyl)-1.-tyrosine (F-18-FET) PET
findings in brain tumors are similar (76).
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Fig. 7. A 15-yr-old boy presented with a large left frontoinsular tumor, without gadolinium uptake on
MRI (upper 3 images). The diagnosis obtained from biopsy was that of an anaplastic oligodendroglioma.
The C-11-MET pattern (lower 3 images) is that of an extremely hypermetabolic and heterogeneous
lesion. The patient died 6 mo after the PET study, despite radiotherapy and chemotherapy. Adapted with
permission from ref. /31.

Grading and Prognosis

In an early study of 22 patients with gliomas, C-11-MET uptake was measured by a ratio
of tumor to contralateral healthy brain and correlated with pathology grade (77). For grade 11
gliomas (n = 5) the ratio was 1.0, grade III (n = 5) 1.7 and grade IV (n = 12) 2.3. Despite the
small numbers, the differences between II and III, and II and IV were significant, but not
between IIl and I'V. Another report showed that tumor-to-mean cortical uptake (T/MCU) less
than 2.1 was associated with survival greater than 5 yr whereas greater than 2.1 was associated
with survival of 8 mo (78). Other small studies of varied histological types of gliomas have
shown the rate of uptake of C-11-MET in HGG to be significantly higher than in LGG but
evaluation of malignancy in individual cases by MET-PET alone has been difficult (7/,73).
Interestingly, C-11-MET uptake has been found to be greater in grade III oligodendroglioma
than grade III astrocytoma, although the prognosis is generally better for oligodendroglioma
than for astrocytic tumors (74). In grade Il lesions C-11-MET uptake was greater in untreated
oligodendroglioma (n = 6) than astrocytoma (n = 31) or oligoastrocytoma (n = 14) (79). One
has to know both the histology and PET result for more complete grading and prognostication.
For example, World Health Organization (WHO) grade II gliomas with a ratio of tumor/
normal brain greater than 2.2 were associated with poor outcome; for WHO grade III gliomas
with a ratio greater than 2.8 there was a poor outcome (74).
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How well MET-PET or FDG-PET predict malignant degeneration in LGG was examined
in a study confined to a group of patients who had WHO 1I fibrillary astrocytoma (80).
Thirteen patients received radiotherapy and seventeen did not. The T/C ratios for MET-PET
and FDG-PET were no different between the groups at 94 mo, an interval during which
malignant progression would have been expected. Malignant progression occurred at the
same rate in both patient groups (3 in each group) at a mean postoperative interval of 46 mo.
This suggests that malignant progression is not suppressed or enhanced by adjuvant RT in this
patient group. Malignant recurrences showed higher T/C ratios than recurrences that were not
malignant.

DNA BIOSYNTHESIS: 2-[C-11]THYMIDINE (TDR),
[F-18]3'DEOXY-3'-FLUOROTHYMIDINE (FLT)

The most direct measure of tumor proliferation is the rate of DNA synthesis (8§/-83). Of
the four nucleosides used in DNA synthesis, only thymidine (TdR) is used in DNA and not
RNA; therefore most tracer approaches for measuring proliferation have used a labeled form
of TdR or an analog (81,83-85).

The application of cellular proliferation imaging to brain tumors is supported by several
investigations that examined the S-phase fraction (SPF) in series of astrocytic gliomas and
established that there is a significant correlation between labeling index (LI) and histological
grade (86-89). Glioblastoma SPF averages about 8%, AA 4%, and low grade between 1 and
2%, with normal brain at or close to 0% (88,89). Consequently, tracers of DNA synthesis
potentially provide high contrast between tumor and normal brain in proportion to the grade
and proliferation rate. Following RT the LIs in gliomas fall by roughly 50% such that cellular
proliferation imaging may reliably measure response to treatment early after the intervention
(88,90).

The metabolic pathways traced by TdR and [F-18]-3'deoxy-3'-fluorothymidine (FLT), the
chief analog of TdR used in PET, are illustrated in Fig. 8. Circulating TdR, extrinsic to the cell,
is taken up and incorporated into DNA via the exogenous or salvage pathway. TdR enters cells
by facilitated, nonenergy dependent transporters as well as active, Na+-dependent carriers
(91,92). Whereas TdR delivery from the blood to the cell is rapid in most somatic tissues,
limited transport of TdR across the BBB makes transport a potentially rate limiting step in brain
tumor imaging (93,94).

Once inside the cell, TdR is phosphorylated three times to TdR tri-phosphate (TTP) before
being incorporated into DNA (8/7). The initial rate limiting step is phosphorylation by thymi-
dine kinase-1 (TK1), a cytosolic enzyme, to thymidine monophosphate (TMP). This supple-
ments the production of TMP via the de novo pathway from deoxyuridine monophosphate
catalyzed by thymidylate synthase. The ultimate rate-limiting step is the incorporation of TTP
into DNA by DNA polymerase (8/,95). TK1 is upregulated several-fold as cells pass from G1
to the S-phase of the cell cycle (96) so that retention of exogenous TdR tracers in the pathway
to DNA synthesis largely reflects the activity of 7K. In the cell the salvage pathway competes
with de novo synthesis from intracellular deoxyuridine, and therefore the rate of TdR uptake
is affected by the relative utilization of the salvage and de novo pathways (87,95). Tumors
wherein the de novo pathway dominates DNA synthesis may be poorly imaged with PET
tracers that are limited to following the salvage pathway (97).

Thymidine labeling with C-11 in either the methyl or 2-position produced the earliest PET
tracers for imaging cellular proliferation (95—/01). The use of these tracers is complicated by
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Fig. 8. The metabolic pathways followed intracellularly by thymidine leading to incorporation in DNA
and by FLT through phosphorylation steps in the exogenous (salvage) pathway. PET images measure
tracer uptake via the exogenous pathway.

rapid metabolism, yielding [C-11]-CO, from 2-[C-11]-TdR and other labeled metabolites
from methyl-[C-11]TdR (/02). The large pools of thymidine phosphorylase (TP) present in
blood, liver, and spleen rapidly degrade TdR in vivo. This limits the incorporation of TdR into
DNA and produces a large pool of labeled blood metabolites.

Images can be produced semi-quantitatively by injecting these tracers intravenously and
collecting the emission data in the field of view of the PET scanner for up to 60 min (/03—
105). The signal in the PET images includes not only the radioactivity of TdR bound in the
DNA synthetic pathway but also the labeled unmetabolized TdR in the tumor plus that in the
blood as well as circulating labeled metabolites, especially [C-11]-CO,, some of which reenter
the brain and tumor. The image as such is a composite of the bound TdR in the DNA synthetic
pathway plus labeled precursor TdR and metabolic byproducts that contaminate the image.
Importantly, this approach also does not distinguish the proportion of labeled unmetabolized
TdR in the tissue that accumulates as aresult of transport via a disrupted BBB vs the proportion
that actually enters and binds in the DNA synthesis pathway.

Despite these confounding issues, a limited number of patient studies collected in this
manner have been reported. Early on, Vander Borght et al. imaged 13 glioma-bearing patients
with 2-[C-11]-TdR (105). There were 10 high-grade and 3 low-grade, as well as 8 untreated
and 5 recurrent tumors. They were imaged for 60 min but metabolites were not measured. The
tumor-to-cortex uptake ratio was 1.27 £ 0.23 (standard deviation [SD]). However, no corre-
lation was found between TdR uptake and tumor grade.

We have since developed and validated [C-11]-TdR labeled in the ring-2 position building
on the work of Vander Borght (/03,105). The dominant metabolic product carrying the label
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Fig. 9. Compartmental model for kinetics of [C-11]-CO, and 2-[C-11]-thymidine.

C

MRI T1Gd Summed TdR TdR Flux
(Mixture Analysis)

Fig. 10.2-[C-11]TdR images of a patient with arecurrent right frontal glioma. The MRI T1Gd(A) shows
distinct contrast. The summed TdR image (B) shows uptake in the tumor but also shows the effect of
metabolite uptake degrading the image. The TdR Flux (mixture analysis) image (C) shows the focus
most clearly in the posterior aspect of the resection cavity. Reprinted with permission from ref. /03.

is [C-11]-CO,. This requires [C-11]-CO, injections and imaging prior to the injections of
2-[C-11]-TdR (7/03). Blood metabolite analysis and kinetic modeling of dynamic plasma
concentrations as well as imaging data are necessary to separate the contributions of [C-11]-
TdR and [C-11]-CO, in the images. Analysis of the plasma and tissue kinetics of the [C-11]-
CO, and 2-[C-11]-TdR data combined with compartmental modeling yields parameters from
which a flux constant for exchange of TdR into DNA can be calculated as follows (Fig. 9):

thymidine flux constant = Kz = K|, - k3/(ky, + ks,)

In this formulation, K4 represents retention of [C-11]-TdR into the DNA synthetic path-
way and K, represents transport of [C-11]-TdR from blood to the intracellular space that may
in largely result from disruption of the BBB.
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Fig. 11. MRI T1Gd, summed [C-11]-CO, and [C-11]-TdR images from a recurrent anaplastic mixed
glioma with corresponding tissue time-activity curves below representing the tissue dynamic PET data
in the tumor region of interest (ROI) and whole brain ROI. [C-11]-CO, was injected at t = 0 min and
[C-11]-TdR was injected at7 =85 min. The initial peaks are from the [C-11]-CO, injection and the second
peaks are due to the injection of [C-11]-TdR. These data were analyzed with the model shown in
Fig. 9. Reprinted with permission from ref. 708.

Examination of the summed image collected from 20 to 60 min after injection of 2-[C-11]-
TdR (Fig. 10B) shows high background in the normal cortex, most likely on the basis of
[C-11]-CO, that has accumulated from TdR metabolism elsewhere in the body. The image in
Fig. 10C demonstrates the application of the kinetic model and mixture analysis to the dynamic
TdR images and is an image of TdR flux, which indicates the rate of TdR incorporation into
DNA with the model correction for labeled metabolites (/06,107). Comparison between the
TdR summed and TdR flux images from mixture analysis (Fig. 10B vs 10C) shows the
suppression of normal brain background and significant enhancement of tumor contrast in
the calculated image, resulting in much better definition of the tumor.

More recently, detailed kinetic analysis of 2-[C-11]-TdR PET images in a group of 20
patients with a broad range of brain tumors was reported (94, /08). Validation of the modeling
approach was achieved in that PET studies with sequential injections of [C-11]-CO, followed
by 2-[C-11]-TdR provided dynamic images that allowed mathematical modeling (Fig. 9) to
estimate K4, (retention) and K, (transport) with standard errors between 10 and 15%, respec-
tively (94). An example of the images and type of dynamic data are shown in Fig. 11. This
patient had a recurrent right parietal anaplastic mixed glioma. For tumor, K (retention) and
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Fig. 12. Thymidine retention against tumor grade for untreated tumors (A) and tumor grade and treat-
ment status (B). Reprinted with permission from ref. /08.

K,, (transport) were 0.059 and 0.081 mL/min/g respectively and for whole brain 0.016 and
0.011 mL/min/g respectively.

In the whole population of patients there was an association between transport (K;,) and
contrast-enhancement on MRI T1Gd in the expected direction of increased TdR transport into
the tumors with contrast enhancement as an indication of BBB damage (p <0.001). There was
overlap between the estimated retention (Kp,z) for contrast enhancing and nonenhancing
lesions which suggested that the flux constant was indeed measuring retention, not simply
reflecting transport. TdR retention in untreated tumors (low grade, n = 9; high grade, n = 3)
was significantly greater in the high-grade vs low-grade tumors despite low-population num-
bers (p <0.02) (Fig. 12A). Previously treated patients with high-grade tumors tended to show
lower TdR retention than those not yet treated, the lack of significance likely a result of the
small number of cases (untreated, n = 3; treated, n =4) (p > 0.2) (Fig. 12B). Also, there was
no significant difference between patients with low-grade tumors that had received or had not
received treatment (p > 0.7) (Fig. 12B).

One patient was scanned four times over the course of tumor progression and treatment. The
time course of changes in K4 and K, are shown in Fig. 13. The tumor was a mixed grade II
glioma at the time of the first scan when the model estimated a low level of retention. At the
time of the second scan, MRI suggested that the tumor had transformed into a high-grade
lesion, and the TdR retention (K1.z) was also much higher. Partial resection confirmed a mixed
grade III glioma. After treatment with both radiotherapy and chemotherapy (third scan), the
model estimated a lower retention level, corresponding with residual contrast enhancement
on MRI and a clinical course suggesting treated, but viable, tumor. One year later the patient
was clinically well but had increased contrast enhancement on MRI, leading to the clinical
question of active tumor vs radionecrosis. The kinetic analysis showed a decreased retention
and increased transport rates, suggesting radionecrosis. The patient did well for 1 yr without
additional treatment or evidence of tumor progression.
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Fig. 13. Estimated flux constants and transport rates for a single patient scanned 4 times over the course
of tumor progression and treatment: Oct-97, grade II mixed glioma diagnosed by biopsy; Oct-98,
transformed to grade III followed by surgery, chemotherapy and radiotherapy; Sep-99, after therapy
when retention and transport both were reduced; and Oct-00, increased contrast enhancement on MRI
raising question of active tumor versus radionecrosis, but the kinetic analysis showed a decreased
retention and increased transport rates consistent with a radionecrotic effect. Reprinted with permission
from ref. 708.

[F-18]FLUORO-L-THYMIDINE (FLT)

An alternate approach to imaging brain tumor cellular proliferation is to label TdR analogs
with F-18 that are resistant to degradation by TP. This eliminates the background of labeled
metabolites and provides a longer lived and more convenient tracer (/09). The leading com-
pound for this is [F-18]-fluoro-L-thymidine (FLT) (//0,111). FLT is a selective substrate for
TK1 which is used for nuclear DNA replication, but only goes as far as the triphosphate along
the DNA synthesis pathway shown in Fig. 8. FLT undergoes relatively little degradation after
injection aside from production of the glucuronide in the liver. TP in the blood does not break
it down. However, as with TdR the uptake of FLT is restricted by the BBB.

Several studies of tumors exposed in vitro to FLT have validated that its uptake correlates
positively with TK 1 activity in cycling cells (97,112). A study of the short-term metabolic fate
of FLT in the DNA salvage pathway in exponentially growing A549 tumor cells has provided
additional validation of the usefulness of FLT for imaging cellular proliferation (//3). TK1
activity produced FLT-monophosphate (FLT-MP), which dominated the labeled nucleotide
pool. Subsequent phosphorylations led to FLT-triphosphate (FLT-TP) that comprised about
30% of the metabolic pool after 1 h. A putative deoxynucleotidase (ANT), which degrades
FLT-MP to FLT, provided the primary mechanism for tracer efflux from cells. In contrast,
FLT-TP was resistant to degradation and highly retained.

The mathematical model describing the uptake of FLT is much simpler than that for TdR
(Fig. 9) because the only metabolite in the plasma that needs to be measured is the glucuronide
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Fig. 14. Two-compartment, 4 rate constant model for kinetics of FLT.

Table 3
FLT Modeling Results on the Patient shown in Fig. 15
PreRT PostRT
Parameter Right frontal tumor Right frontal tumor
ROI volume of T uptake (cc) 19.0 33.8
Tumor volume encompassed by T uptake (cc) 48.4 73.9
Flux (mL/min/g) 0.027 0.015
K1 (mL/min/g) 0.066 0.059

(Fig. 14). Similar to TdR, retention of FLT is reflected in the flux constant, K, 1, and transport
in Kypp:

Flux constant = Ky 7 = Kyp1 - ksprr/(Kopr + Kaprr)

Few brain tumor cases have been studied with FLT-PET. Sloan and coworkers reported 29
patients with gliomas at presentation or recurrence (//4—116). Tracer uptake was quantified
as standard uptake value (SUV) which equals the tissue concentration of tracer normalized to
the injected dose of tracer and body weight (i.e., SUV =tissue concentration of tracer/injected
tracer dose/body weight). The value of the pixel in the image with the highest SUV is the
SUVmax. From their results SUVmax of FLT correlated with tumor grade and MIB-1
immunolabeling for proliferation. SUVmax in normal brain was 0.32; LLG between 0.49 and
0.79; intermediate grade between 0.85- and 1.46; and HGG between 2.04 and 3.90. Uptake in
areas of radionecrosis was low with SUVmax < 1.0. FLT uptake was seen exclusively in areas
that showed contrastenhancementin MRIimages (//6). These investigators also reported that
brain tumor tissue biopsied shortly after FLT injection contained the labeled species largely
in the form of phosphorylated FLT (//4).

Our preliminary work is illustrated in Table 3 and Figs. 15 and 16. In Table 3 and Fig. 15
the data and images are shown for a 67-yr-old man who had a bicentric gliosarcoma of the right
frontal and temporal lobes. The right temporal lesion was resected and the frontal lesion was
left untouched. FLT images were obtained both 2.5 wk before and 2.5 wk after 63 Gy of
fractionated external beam RT. The K, 1 before RT for the frontal lesion was 0.030 mL/min/g
and the tumor volume encompassed by increased FLT uptake was 48.4 cc. The images taken
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Pre-RT MRI T1+Gd  Pre-RT FLT (15-60m) Post-RT MRIT1+Gd Post-RT FLT (15-60m)

Fig. 15. Sixty-five-year-old man with a bicentric gliosarcoma in the right temporal lobe (resected) and
the right frontal lobe (unresected). Labels under the images identify their sources and times.

MRI T1 MRI T1Gd MRI FLAIR FLT-PET

Fig. 16. Sixty-one-year-old man who had a bifrontal AA. The MRI T1 and T1Gd show there was no
contrast enhancement (i.e., no detectable breakdown of the BBB). The FLAIR image shows abnormality
in the deep medial left frontal lobe. Other slices showed similar findings in the right frontal lobe. The
FLT image shows no detectable uptake even though the microscopic examination of the tumor showed
a MIB-1 labeling level of 10%.

after RT show that the volume had decidedly increased assessed by MRI T1Gd and the FLT
volumes (73.9 cc), consistent with tumor progression by conventional standards (//7). How-
ever, the Ky r was roughly halved after RT (0.017 mL/min/g) suggesting that growth rate had
been reduced by the RT but not by enough to stabilize or shrink the tumor volume. The FLT-
PET images clearly show an additional dimension to assessing response to therapy achievable
by this approach. With additional therapy the patient survived a total of 10 mo from diagnosis.

Another illustrative case is shown in Fig. 16. This 61-yr-old man had a bifrontal AA that
completely lacked contrast enhancement on MRI T1Gd at the time of clinical presentation;
biopsy preceeded the FLT-PET by 20 d. The MIB-1 labeling level was 10%. The point here
is that this malignant glioma had a high MIB-1 level but no breakdown of the BBB and little,
if any, uptake of FLT. The tumor and brain K, ; levels were 0.006 and 0.011 mL/min/g,
respectively, whereas the Ky 1 flux constants were 0.003 mL/min/g. These numbers suggest
very low transport into tumor and brain. Obviously, the essentially equal flux constants suggest
but likely do not indicate that tumor and brain had the same proliferation rates since the tumor
MIB-1 was 10%.
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Fig. 17. Thirty-nine-year-old women with a recurrent AA of the right frontoparietal region. The tumor
to normal brain uptake is much better for the 1-[C-11]acetate than for the FDG. The tumor 1-[C-
11]acetate SUV is 2.6 and the brain 1.0. SUV is (tissue concentration of tracer)/(injected tracer dose/
body weight). Reprinted with permission from ref. /30.

MEMBRANE BIOSYNTHESIS: [C-11]ACETATE,
[C-11]CHOLINE, OR [F-18]FLUOROCHOLINE

The rationale for imaging membrane and lipid biosynthesis is that tumor growth requires
both of these processes in parallel with DNA and protein synthesis. Studies of growth in
additional dimensions may reveal clinically important biological insights. The tracers appro-
priate for this include 1-[C-11]acetate, [C-11]choline, or [F-18]fluorocholine. These will
likely show retention in tumor tissue but not by gray matter, an important advantage over FDG
(Fig. 17). For 1-[C-11]acetate, in particular, in nontumor regions of brain, C-11 will egress
quickly as CO, via the tricarboxylic acid cycle.

1-[C-11]Acetate may be selectively taken up by glioma cells, because exogenous acetate
is preferentially metabolized by astrocytes in the central nervous system and the uptake in
astrocytes is by a carrier similar to the monocarboxylic acid transporter (//8). Transport
across the BBB should be less problematic with 1-[C-11]acetate than with FLT, [C-11]TdR
or amino acid tracers because the brain uptake index of acetate is higher than for these other
compounds (93,119). Further supporting the application of PET with 1-[C-11]acetate are the
data of Yoshimoto and coworkers who measured uptake of 1-[C-14]acetate in vitro in four
tumor cell lines and fibroblasts and showed a positive correlation between C-14 accumulation
and growth estimated with [H-3]methyl TdR (/20).

Several studies in humans support the potential for 1-[C-11]acetate-PET in gliomas. Liu
and others reported 14 gliomas (4 low grade, 10 high grade) imaged with 1-[C-11]acetate in
13 of which acetate uptake was higher than in gray matter (/27). In a second study, there was
“intense” uptake of 1-[C-11]acetate in 18 of 25 brain tumors (59). Although these studies in
aggregate show significant promise for 1-[C-11]acetate in gliomas, they obviously need to be
extended to a larger patient population and conducted with more rigorous quantitative meth-
ods at important decision-making points in the patient’s clinical course.
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[C-11]choline or [F-18]fluorocholine are alternative tracers that are being evaluated for
lipid/membrane biosynthesis; early results in brain tumors have been encouraging (/22—125).
However, Yoshimoto et al. have shown in uptake studies in cultured human tumors and fibro-
blasts that acetate distributes mainly in the lipid fraction whereas choline is converted to water-
soluble metabolites (/26). Choline uptake could reflect choline transporter and/or choline
kinase activity rather than lipid/membrane biosynthesis (/26).

CONCLUSIONS AND FUTURE DIRECTIONS

PET provides the opportunity to image multiple dynamic biological processes in situ in
brain tumors. Energy metabolism and amino acid transport and incorporation are important
components of the pathophysiology of gliomas about which molecular imaging is providing
regional biological information that is useful in clinical practice. Imaging hypoxia is straight-
forward and proliferation imaging with FLT shows significant promise. Neither has been
exploited thoroughly enough to allow judgment of their potential benefit to the practice of
neuro-oncology. Whereas cell division is the most distinguishing function of growth in tumors,
probing membrane biosynthesis with PET and 1-[C-11]acetate or a choline tracer may yield
information as helpful as protein or DNA synthesis. Because astrocytic gliomas frequently
carry epidermal growth factor receptor mutations at a frequency that is related to grade, a PET
tracer specific for this mutated receptor could be useful for grading and prognosis (/27).
Methods for imaging angiogenesis are being developed as F-18-labeling of a cyclic RGD-
containing glycopeptide, cyclo(-Arg- Gly-Asp-p-Phe-Lys(sugar amino acid)-), with 4-
nitrophenyl 2-[F-18]fluoropropionate has been reported (/28). [F-18]-labeled annexin V is
being tested as a new PET agent for quantitating tumor cell death and predicting response to
therapy. Annexin V binds to surface membranes that have exposed phosphatidyl serine resi-
dues resulting from programmed cell destruction. Recently, a Tc-99m-labeled derivative has
been shown to accumulate in late stage lung cancer and lymphoma in response to chemo-
therapy (/29). As molecular pathways leading to and sustaining neoplasia become better
understood, so will our capacity improve to measure them in vivo and intervene to the patient’s
advantage.
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