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Glioblastoma is a highly malignant brain tumor that relentlessly de-
fies therapy. Efforts over the past decade have begun to tease out the
biochemical details that lead to its aggressive behavior and poor prog-
nosis. There is hope that this new understanding will lead to improved
treatment strategies for patients with glioblastoma, in the form of tar-
geted, molecularly based therapies that are individualized to specific
changes in individual tumors. However, these new therapies have the
potential to fundamentally alter the biologic behavior of glioblastoma
and, as a result, its imaging appearance. Knowledge about common
genetic alterations and the resultant cellular and tissue changes (ie,
induced angiogenesis and abnormal cell survival, proliferation, and in-
vasion) in glioblastomas is important as a basis for understanding im-
aging findings before treatment. It is equally critical that radiologists
understand which genetic pathway is targeted by each specific thera-
peutic agent or class of agents in order to accurately interpret changes
in the imaging appearances of treated tumors.
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Abbreviations: BCL-2 = B-cell lymphoma 2, CDKN2A = cyclin-dependent kinase inhibitor 2A, DNA = deoxyribonucleic acid, EGFR =
epidermal growth factor receptor, FLAIR = fluid-attenuated inversion-recovery, H-E = hematoxylin-eosin, HIF-10 = hypoxia-inducible factor 1
alpha, IDH1 = isocitrate dehydrogenase 1, MMP = metalloproteinase, mTOR = mammalian target of rapamycin, NFxB = nuclear factor kappa of
B cells, p53 = protein 53, PDGFR = platelet-derived growth factor receptor, PTEN = phosphatase and tensin homolog, RAS = rat sarcoma viral
oncogene homolog, Rb1 = retinoblastoma 1, rCBV = relative cerebral blood volume, RTK = receptor tyrosine kinase, TRAIL = tumor necrosis
factor-related apoptosis-inducing ligand
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Introduction
Over the past decade there have been significant
advances in the way genetic alterations, gene
expression, and biology of glioblastomas are
understood. For radiologists, understanding the
common genetic alterations (mutations, amplifi-
cations, and deletions), changes in gene expres-
sion, and resulting tumor biology are important
for the following reasons: (@) imaging features of
glioblastomas may correlate with gene expression,
(b) imaging may provide a noninvasive technique
to assess both spatial and temporal changes in
gene expression, and (¢) understanding the mo-
lecular and cellular changes that occur in glio-
blastomas is helpful in interpreting imaging find-
ings in patients undergoing molecular-targeted
therapies.

In this article, we discuss the common genetic
alterations that are currently known to occur in
glioblastoma and the emerging use of gene ex-
pression studies in classifying glioblastomas. We
also describe four major changes that occur in
glioblastomas: angiogenesis, abnormal cell prolif-
eration, invasion, and abnormal cell survival, with
a focus on both the radiologic and histopatho-
logic features of these tumor properties (1).

Common Genetic
Alterations in Glioblastomas

The common genetic alterations that occur in
glioblastomas have been catalogued in recent
studies by using data from the Cancer Genome
Atlas Research Network; a typical glioblastoma
harbors more than 60 genetic alterations (2—4).
Nearly 90% of these alterations are mutations
(including deletions), and the remaining 10% are
chromosomal aberrations (amplifications) (Fig 1)

).

Effects of Genetic Alter-

ations in Signaling Pathways
Despite the large number of genetic alterations
that may occur, the recurring genetic muta-
tions, deletions, and amplifications that occur in
glioblastomas affect genes that function in three
major cellular pathways: the receptor tyrosine
kinase (RTK)/phosphatase and tensin homolog
(PTEN)/phosphatidylinositol 3-kinase (PI3K)
cell proliferation signaling pathway; the p53 tu-
mor suppression pathway; and the retinoblastoma
1 (Rbl) tumor suppression pathway (1,2). The
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majority of glioblastomas contain aberrations in
all three major pathways (1,2).

RTK/PI3K/PTEN Signaling Pathway

The RTK/PI3K/PTEN signaling pathway is re-
ported to be abnormal in more than 80% of glio-
blastomas (Fig 2) (2). The main cellular func-
tions of this pathway are control of cell processes
such as division, migration, and survival. These
functions are accomplished by way of extracellu-
lar signals (eg, growth factors, cell adhesion, and
contact with extracellular environment) that act
on transmembrane receptors—such as epidermal
growth factor receptor (EGFR), platelet-derived
growth factor receptor (PDGFR), and integrins,
which transmit signals through kinase-mediated
phosphorylation. Alterations in this pathway may
lead to autonomously increased downstream
activity, which results in proangiogenic signaling
and increased proliferation and survival of ab-
normal cells (1).

The common functional alterations in glio-
blastomas that may disrupt normal functioning of
the RTK/PI3K/PTEN pathway are increased ex-
pression through amplification or mutation of key
receptors such as EGFR and PDGFR; increased
activity through amplification or mutation of the
immediate downstream targets in PI3K and rat
sarcoma viral oncogene homolog (RAS) path-
ways; and decreased activity through deletion
or mutation of tumor suppressors such as PI3K
and RAS inhibitors (ie, neurofibromatosis 1 and
PTEN) and downstream suppressors such as
tuberous sclerosis complex, mammalian target of
rapamycin (mTOR), and p53. Ultimately, these
genetic changes may lead to abnormal control of
cellular proliferation, cell survival, and migration
of glioblastoma cells, as well as increased levels of
hypoxia-inducible factor 1 alpha (HIF-1a), a key
component of cellular metabolism and angiogen-
esis (1,5).

p53 Tumor Suppression Pathway

The p53 tumor suppression pathway is inactivated
in more than 80% of patients with glioblastoma
(Fig 3) (2). When deoxyribonucleic acid (DNA)
damage occurs in normal cells, p53 controls

cell cycle progression by giving the cell time

to repair DNA or by triggering apoptosis to
eliminate the damaged cell. The p53 tumor sup-
pression pathway is most commonly disrupted
by a mutation or deletion of p53 itself (which
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Figure 1. Genetic alterations in glioblastoma. Chart shows the common genetic alterations encountered in glio-
blastoma, which, on average, has over 60 genetic alterations, and the percentages of cases with genetic alterations of
that gene. Red circles = genetic changes that are most commonly amplifications, blue circles = changes that are most
commonly homozygous deletions, green circles = changes that are most commonly mutations. Brighter, lighter colored
circles = more common genetic alterations. PI3K = phosphatidylinositol 3-kinase, PIK3R1 = phosphatidylinositol
3-kinase regulatory subunit, PIK3CA = phosphatidylinositol 3-kinase catalytic subunit, PTEN = phosphatase and ten-
sin homolog, P53 = protein 53, CDKN2A = cyclin-dependent kinase inhibitor 2A, CDK4 = cyclin-dependent kinase
4, Rb1 = retinoblastoma 1, MDM2 = murine double minute 2, MDM4 = murine double minute 4, NFI = neurofibro-
matosis 1, EGFR = epidermal growth factor receptor, PDGFR = platelet-derived growth factor receptor, 7SC = tuber-
ous sclerosis complex, mTOR = mammalian target of rapamycin, VEGF = vascular endothelial growth factor,

IDH1 = isocitrate dehydrogenase 1.
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Figure 2. RTK/RAS/PI3K pathway. Chart shows
the RTK/RAS/PI3K pathway, in which mem-
brane receptors (such as EGFR, FGFR, and
PDGFR) receive signals from growth factors,
which results in activation of the RAS and PI3K
pathways. Neurofibromatosis 1 (NF1) and PTEN
are inhibitors of this pathway. Overexpression of
receptors and immediate downstream products
(eg, PI3K and RAS) or inactivation of the sup-
pressors (eg, NF1 and PTEN) results in abnormal
control of cell proliferation, survival, and migra-
tion, and an increase in hypoxia-inducible factor 1
alpha (HIF-1a), which stimulates angiogenesis.
AKT = human homolog of Akt oncogene, 7SC =
tuberous sclerosis complex, FGFR = fibroblast
growth factor receptor.
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Figure 3. p53 pathway. Chart shows
the pathway in which p53 directs cells

to undergo apoptosis or stay senescent to
allow DNA repair. This pathway may be
disrupted in patients with glioblastoma
in several ways: by mutation or deletion
of p53; overexpression of p53 inhibitors
(MDM2 and MDM4); overexpression of
MDM2, a result of MDM?2 gene amplifica-
tion; and, indirectly, deletion of CDKN2A,
an MDM2 inhibitor.
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occurs in 40% of glioblastomas) or by overex-
pression of p53 inhibitors such as murine double
minute 2 (MDM2) (which may be caused by a
direct genetic change or indirectly by deletions
that affect cyclin-dependent kinase inhibitor 2A
[CDKN2A], an MDM?2 inhibitor) and murine
double minute 4 (MDM4). CDKNZ2A is one of
the most frequently altered genes in glioblasto-
mas, with deletions occurring in approximately
50% of tumors (1).

Rb1 Tumor Suppression Pathway

The Rb1 tumor suppression pathway is abnormal
in more than 75% of patients with glioblastoma
(Fig 4) (2). The Rbl protein blocks cell cycle
progression in quiescent cells; Rbl pathway
disruption may lead to unchecked cell cycle pro-
gression. In glioblastoma, the pathway may be
disrupted by direct mutation of gene Rb1, which
makes it ineffective, or through overexpression of
cyclin-dependent kinase 4 (CDK4), which occurs
either directly by way of amplification or, more
commonly, by deletion of CDKN2A, which func-
tions as an inhibitor of CDK4 (1).

Effects of Genetic Changes on

Gene Expression and Tumor Biology
The effects of genetic alterations in glioblastoma
are further enhanced by local factors such as pH
level, hypoxia, hormones, growth factors, and
other epigenetic factors, and they lead to changes
in expression of the altered genes. As a result,
both spatial and temporal variations in gene ex-
pression occur, which ultimately manifest in the
tumor biology and are reflected in the heteroge-
neous imaging features and pathologic findings
of glioblastoma. The changes in angiogenesis,
cellular proliferation, cellular invasion, and cell
survival and apoptosis that occur in patients with
glioblastoma correlate with distinct imaging and
pathologic features (Fig 5).

Classification of Glioblastomas
Traditionally, glioblastomas have been clinically
classified as primary (ie, arising de novo as a glio-
blastoma) or secondary (ie, arising from a preex-
isting lower-grade glioma) (1,6). Several studies
have reported distinct differences in the genetic
alterations and gene expression patterns between
primary and secondary glioblastomas (Table 1).
More recently, there has been considerable
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Figure 4. RbI pathway.
Chart shows the pathway
in which Rb1 protein
blocks cell cycle progres-
sion. This pathway may
be disrupted in patients
with glioblastoma by
direct mutation of Rbl,
which makes it ineffec-
tive, or through over-
expression of cyclin-
dependent kinase 4
(CDK4), which occurs
either directly or by
deletion of CDKN2A,
which inhibits CDK4.

CDKN2A

Cell Cycle Progression

interest in further categorizing glioblastomas on
the basis of gene expression profiles to identify
groups of tumors with similar tumor biology,
prognosis, or response to therapy (7). In 2010,
Verhaak et al (7) published a framework for clas-
sifying glioblastomas on the basis of gene expres-
sion (Table 2). They identified four subtypes:
classic, mesenchymal, proneural, and neural.
Although the three pathways that were discussed
earlier were abnormal in most cases, the specific
genetic alterations that produced the observed
pathway abnormalities differed between subtypes.
Furthermore, noticeable differences in treatment
response and outcome were observed between
the subtypes. There was no improvement in sur-
vival among patients with proneural glioblastoma
who were heavily treated, whereas those with
classic or mesenchymal disease who were heavily
treated had improved survival (7). Further study
of the influence of genetic alterations on the ef-
ficacy of a specific therapy may lead to the ability
to tailor therapy on the basis of genetic changes
and their resultant gene expression (ie, geneti-
cally informed, individualized therapy).

Angiogenesis

Angiogenesis Pathway

Glioblastomas are among the most vascular
tumors in humans, with angiogenesis a known
hallmark of the transition from a lower-grade to
a higher-grade glioma (5). HIF-1co and vascular
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Figure 5. Chart shows how imaging features of glioblastoma are a reflection of genetic changes. Ge-
netic alterations are modified by local factors (pH, hypoxia, growth factors, and epigenetics) and result
in changes in gene expression, which manifest as altered cell and tumor biology and are reflected in the
imaging and pathologic appearances.

Table 1

Characteristics of Primary and Secondary Glioblastomas

Tumor Type Characteristics

Primary Occurs in patients older than 50 years; arises de novo; demonstrates EGFR am-

plification and no IDH mutation; the p53 pathway is affected through MDM2,
MDM4, and CDKN2A

Secondary Occurs in younger patients; preexisting low-grade glioma is present; demonstrates
PDGFR amplification and IDH, p53, and Rb1l mutations

Note.—Clinically, primary glioblastoma is defined as a glioblastoma that arises de novo, whereas a
secondary glioblastoma arises from a preexisting glioma. Genetic features are associated with each
type of tumor, although there is overlap between the two groups. MDM4 = murine double minute 4,
IDH = isocitrate dehydrogenase.

Table 2

Classification of Glioblastomas on the Basis of Gene Expression

Tumor Subtype Characteristics

Classic 100% loss of chromosomes 7 and 10; mutation or amplification of EGFR; dele-

tion or mutation of PTEN; no mutation of p53; loss of CDKN2A is common;
Notch and sonic hedgehog pathways are active

Mesenchymal Loss or mutation of NF1, p53, and PTEN; TNF and NF«B are activated

Proneural PDGFR amplification; mutation of IDH1; mutation of PIK3A/PIK3R1 if there
are no alterations of PDGFR; loss or mutation of p53, CDKN2A, and PTEN;
HIF, PI3K, and PDGFR pathways are activated; secondary glioblastomas com-
monly are proneural

Neural Amplification or overexpression of EGFR; demonstrates the gene signature of
normal brain

Note.—There has been considerable interest in classifying glioblastoma on the basis of gene
expression. This classification system was developed by Verhaak et al (7) in 2010. PIK3R1 = phos-
phatidylinositol 3-kinase regulatory subunit, PIK3CA = phosphatidylinositol 3-kinase catalytic
subunit, CDK4 = cyclin-dependent kinase 4, MDM4 = murine double minute 4, NF1 = neurofi-
bromatosis 1, IDH1 = isocitrate dehydrogenase 1, TNF = tumor necrosis factor, NFxB = nuclear
factor kappa of B cells.




RadioGraphics

1722 October Special Issue 2011

radiographics.rsna.org

Glioblastoma Cell




RadioGraphics

RG ¢ Volume 31 Number 6

Belden etal 1723

< Figure 6. Angiogenesis in glioblastoma. Top illustration shows the cellular mechanisms involved in angiogenesis.

The combination of genetic alterations and local factors results in increased HIF-1o and, ultimately, VEGF shown
in purple, which diffuses out of glioblastoma cells to nearby VEGF receptors shown in pink (VEGFR) on capillary
endothelial cells, a process that results in an increase in proliferation, migration, and survival of endothelial cells, as
well as increased permeability. IDH = isocitrate dehydrogenase 1, HIF-1a = hypoxia-inducible factor 1o. Bottom il-
lustration shows therapeutic targets in antiangiogenesis therapy. Numerous agents are currently being investigated for
their antiangiogenic properties. These agents may be divided into those that directly affect the VEGF pathway, those
that affect other pathways, and those that inhibit endothelial cell migration. FGF = fibroblast growth factor shown in

orange, PDGF = platelet-derived growth factor shown in red.

endothelial growth factor-A (VEGF-A) are im-
portant molecules for the promotion of angio-
genesis in glioblastoma (Fig 6). HIF-1q is a hy-
poxia-responsive DNA-binding protein that acts
as a key regulator of molecular pathways (eg,
angiogenesis) (8). Genetic changes in the PI3K
pathway in glioblastoma (eg, in EGFR, PI3K,
RAS, PTEN, neurofibromatosis type 1 [NF1], and
PDGFR) may result in increased HIF-1o expres-
sion. Certain genetic alterations (eg, in EGFR,
isocitrate dehydrogenase 1 [IDH]1], and PTEN)
also stabilize HIF-1o by decreasing its degrada-
tion. HIF-1o acts as a transcription factor to in-
crease production of VEGF, a substance that may
be important for tumors to switch from nonangio-
genic to proangiogenic factor—driven growth (8).
Local factors such as hypoxia, low intratumoral
pH, inflammatory cytokines, and the presence of
sex hormones and growth factors are also impor-
tant in promoting angiogenesis by several mecha-
nisms, including induction of the HIF-1o pathway.

VEGF-A is a diffusible molecule that is pro-
duced in glioblastoma cells and that binds to
VEGF membrane receptors (eg, VEGFR), which
are located on vascular endothelial cells. Over-
expression of VEGF-A occurs in all types of
glioblastoma, primarily in response to an increase
in HIF-1a (1). Binding of VEGF to VEGFR in
nearby capillary endothelial cells initiates a sig-
naling cascade that results in enhanced migration
and proliferation of endothelial cells, increased
endothelial cell survival, and increased vascular
permeability.

It is important to keep in mind that other non-
VEGTF pathways for angiogenesis—including the
effects of other growth factors such as PDGF
and fibroblast growth factor (FGF), interac-
tions of surface receptors (eg, Notch), and the
recruitment of endothelial stem cells from bone
marrow—play a role in glioblastoma. These sec-
ondary pathways become more important when
the primary VEGF pathway is blocked and likely
contribute to the eventual decrease in effective-
ness of current antiangiogenic therapies in pa-
tients with glioblastoma (9).

Angiogenic Switch

In normal tissue and low-grade gliomas, there

is a balance between proangiogenic and antian-
giogenic factors. At some point, a change in this
balance occurs that causes a tumor to switch to

a proangiogenic state (5). This change has been
termed the angiogenic switch. It is believed that
certain mutations in glioblastoma—such as those
involving PTEN, IDH1, and EGFR—contribute
to the angiogenic switch by helping to stabilize
HIF-10, which leads to increased transcription
of VEGEF. These factors help tip the balance of
pro- and antiangiogenic factors in favor of angio-
genesis (5).

Antiangiogenesis Therapy
There are three major strategies to antiangio-
genesis therapy in patients with glioblastoma
(Fig 6) (10,11). The first is to inhibit the VEGF
pathway by targeting the VEGF molecules either
with antibodies to VEGF (bevacizumab) or with a
decoy VEGF (aflibercept). Another approach is
direct inhibition of the receptor, VEGFR. Several
drugs that inhibit VEGFR have been developed,
including cediranib, sunitinib, and sorafenib (10).
Antiangiogenesis therapy with bevacizumab is
now approved for recurrent glioblastomas, with
modest improvement in survival reported (11).
The second approach is to inhibit non-VEGF
pathways. There are many non-VEGF pathway
inhibitors that may have an effect on angiogen-
esis, including inhibitors of PDGF (imatinib and
tandutinib), FGF (lenalidomide and brivanib),
Cox 2 (celecoxib), HIF-1a (methoxyestradiol),
and Notch, as well as temozolomide (10). The
third approach is to inhibit vascular endothelial
cell migration. Two drugs that are used for this
purpose are cilengitide and ATN-161 (10).

Imaging Features of Angiogenesis

In glioblastoma, tumor-induced angiogenesis
results in abundant leaky and inefficient vessels.
The imaging features of angiogenesis include
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Figure 7. Recur-
rent glioblastoma in
a 55-year-old man.
(a) Axial FLAIR
MR image shows

an area of abnormal
increased signal in-
tensity, a finding con-
sistent with vasogenic
edema in the left
parietal lobe. An area
of relatively decreased
signal intensity is
seen around the tri-
gone (arrow), a find-
ing that corresponds
with the more cellular
portion of the tumor.
(b) Axial gadolinium
contrast material-en-
hanced T1-weighted
MR image shows
accompanying en-
hancement in the
left parietal lobe.

(c, d) FLAIR (c)
and gadolinium
contrast-enhanced
T1-weighted (d)
MR images obtained
after the patient un-
derwent 6 weeks of
bevacizumab therapy
show that both the
enhancement and
edema improved,

a typical radiologic
finding after antian-
giogenesis therapy.

Figure 8. Vascular
proliferation. Photo-
micrograph (original
magnification, X200;
hematoxylin-eosin
[H-E] stain) of a
specimen obtained
during resection of
glioblastoma shows
serpiginous collec-
tions of endothelial
cells (arrows) under-
going rapid prolifera-
tion, which is elicited
by growth factors se-
creted by tumor cells.
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tumor enhancement and vasogenic edema. These
changes are readily apparent on standard con-
trast-enhanced T 1-weighted and fluid-attenuated
inversion-recovery (FLAIR) or T2-weighted mag-
netic resonance (MR) images (Fig 7). At patho-
logic analysis, an increased number of vessels and
proliferation of vascular endothelial cells are typi-
cal findings (Fig 8).

MR perfusion imaging has been used to evalu-
ate gliomas (Fig 9) (12,13). Dynamic susceptibil-
ity, dynamic contrast enhancement, and arterial
spin-labeling perfusion imaging techniques have
all successfully been used to evaluate glioblas-
tomas (12,13). An increase in relative cerebral
blood volume (rCBV) is an early sign of the
transformation from a lower-grade to a higher-

Belden etal 1725

Figure 9. Recur-
rent glioblastoma in
a 64-year-old man.
(a) Axial color-
coded MR perfusion
map shows an area
of increased rCBV
(arrow). (b) Axial
contrast-enhanced
T1-weighted MR
image shows a recur-
rent enhancing mass
in the right parietal
lobe, a finding that
correlates with the
area of increased
rCBV in a. (c¢) Axial
color-coded MR per-
fusion map obtained
after the patient un-
derwent 6 weeks of
anti-VEGF therapy
shows that rCBV
returned to near-nor-
mal levels. (d) Axial
contrast-enhanced
T1-weighted MR
image shows an ac-
companying reduc-
tion in the amount
of enhancement of
the tumor. These
changes commonly
occur after patients
begin antiangiogen-
esis therapy and may
be seen in a matter
of days.

grade glioma and is thought to represent the on-
set of angiogenesis. Perfusion parameters such as
contrast transfer coefficient and rCBV have been
shown to correlate with improved survival in pa-
tients with gliomas (12,13). Barajas et al (14) also
correlated diffusion and perfusion imaging find-
ings with histologic features of aggressiveness.

Use of MR Imaging Features to

Evaluate or Predict Response to Therapy
There is increased interest in identifying MR
imaging biomarkers that may help evaluate or
predict response to antiangiogenic therapy (15).
Antiangiogenic therapy results in decreases in
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tumor enhancement and edema in most patients,
and, as a result, the usual measures for assessing
response to therapy are no longer reliable (Fig 9).
Perfusion imaging often demonstrates a rapid re-
duction in contrast transfer coefficient and rCBV
after commencing antiangiogenesis therapy (Fig
9). Despite initial imaging findings of response
to antiangiogenesis therapy in most patients

with recurrent glioblastoma, tumors ultimately
progress, without exception. Tumor resistance to
antiangiogenic therapy results in distinct imaging
and pathologic patterns of growth. MR imaging
features of this pattern of recurrence are charac-
terized by an increased area of abnormal signal
intensity on T2-weighted images, with no accom-
panying prominent enhancement (16).

New techniques for calculating vessel size and
density are emerging and may prove useful in
monitoring anti-VEGF therapy (12). Diffusion
imaging has also been used to assess response
to antiangiogenesis therapy. After bevacizumab
therapy, changes (either increases or decreases)
in the apparent diffusion coefficient (ADC) cor-
relate with decreased survival in patients with
recurrent glioblastoma (17). In another study,
pretreatment ADC histogram analysis was used
to predict response to bevacizumab therapy in
patients with glioblastoma (18). In that study,
pretreatment ADC measures were found more
useful for stratifying progression-free survival
than were changes in enhancing tumor volume
measured during treatment.

Correlating MR Imaging

Features and Gene Expression Data
Studies have correlated gene expression with MR
imaging and pathologic features of glioblastoma
(14,19-21). Several of these studies use imaging
to guide sample selection for genetic analysis,
with significant variation in angiogenesis-related
gene expression among samples obtained in the
same patient and even greater variation among
samples acquired from different patients (14,19-
21).There is increased expression of angiogen-
esis- and hypoxia-related genes in the enhancing
portions of glioblastoma compared with that of
the necrotic core and the nonenhancing periph-
ery (14,20,21). In evaluating variability among
different patients, investigators have defined im-
aging phenotypes that correlate with gene expres-
sion. A “contrast-enhancing” phenotype, which
is defined by enhancement of more than 5% of
the total tumor volume, correlates with increased
expression of angiogenesis- and hypoxia-asso-
ciated genes (21). Significant variability in gene
expression was reported among tumors that were
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classified as completely or incompletely enhanc-
ing (19). In this study, incompletely enhancing
tumors were defined as those that contained re-
gions of nonenhancement (not necrosis), whereas
completely enhancing tumors were defined as
those that contained only enhancing tumor (ex-
cluding necrosis). Completely enhancing tumors
demonstrated increased expression of VEGF, as
well as several factors related to hypoxia-induced
angiogenesis pathways, compared with incom-
pletely enhancing tumors. Furthermore, patients
with completely enhancing tumors had decreased
survival compared with those with incompletely
enhancing tumors (19).

Cell Proliferation
Glioblastomas are heterogeneous tumors with
regions that undergo high levels of unrestrained
cellular growth (6,22). A synergistic interplay of
numerous molecular changes cause both onco-
gene activation and tumor suppressor inactiva-
tion, which ultimately lead to uncontrolled cellu-
lar proliferation and survival of the tumor (1,22).

Proliferation Pathways

Multiple genetic alterations and changes in gene
expression ultimately lead to aberrant control of
the cell cycle in glioblastomas. Rb1 and p53 are
the two most common tumor suppression path-
ways that are known to be inactivated in most
patients with glioblastoma (1,23,24). Rb1 and p53
are key regulators of cell cycle progression from
the G1 to the S phase (1). In patients with glio-
blastoma, control by Rb1 is usually circumvented
by mutation of Rb1, loss of chromosome 13q,

or increased activity of Rb1 inhibitors (1,25,26).
Decrease or loss of function of p53 most com-
monly results from point mutations, loss of
chromosome 17p, or increased expression of p53
inhibitors such as MDM4 (26,27). Inactivation
of p53 leads to inappropriate progression of cell
cycles after DNA damage occurs, when the cell
cycle should be arrested.

A hallmark of glioblastomas is increased acti-
vation of the PI3K/Akt signaling pathway, which
contributes to oncogenesis (6). Aberrant PI3K/
Akt signaling may result from changes in subunits
of PI3K or Akt, which may lead to dysregula-
tion of downstream target proteins involved in
cellular growth (1,28,29). Thus, the additive ef-
fect of decreased tumor suppressor activity and
increased oncogenic activity ultimately leads to
unrestrained proliferation in glioblastoma tumor
cells.

There are three major categories of molecular
changes that may lead to an increased prolif-
erative phenotype in glioblastomas (Fig 10):

(a) enhanced signaling of extracellular growth
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Figure 10. Proliferation in glioblastoma. Top illustration shows the molecular processes involved in un-
controlled tumor cell proliferation that occurs in glioblastoma, a result of the additive effects of increased
RTK activity—which results from overexpression, increased ligand, inherently active mutations of recep-
tors such as EGFRVIII, and genetic alterations in the RTK/PI3K pathway—and a decrease in suppressor
activity (eg, p53 and Rb1l). Bottom illustration shows the therapeutic targets of cellular proliferation; the
main targets are direct inhibition of RTK function and inhibition of downstream signal transduction.
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Figure 11. Glioblastoma in a 69-year-old man. (a-c) Axial diffu-
sion-weighted (a), FLAIR (b), and gadolinium contrast-enhanced
T1-weighted (¢) MR images show a left temporal mass. In a, the
area of increased signal intensity correlates with the more densely
cellular elements of the tumor and increased cellularity and pro-
liferation at pathologic analysis. (d—f) Axial diffusion-weighted (d),
FLAIR (e), and gadolinium contrast-enhanced T1-weighted (f)
MR images obtained 16 months later, while the patient was un-
dergoing bevacizumab therapy, show increased signal intensity in
the left basal ganglia (d) and a larger area of FLLAIR signal abnor-
mality (e). In f, note the relative lack of enhancement, a result of
anti-VEGF therapy. (g) MR spectrum shows an increased level of
choline (Cho), a marker of proliferation. After treatment, the glio-
blastoma recurred. Cr = creatine, NAA = N-acetyl aspartate.
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Figure 12. Histologic findings of proliferation. High-
power photomicrograph (original magnification, X400;
Ki-67 stain) of a specimen obtained during resection
of glioblastoma shows brown-stained nuclei that are
immunopositive for the cell-cycle marker Ki-67, a find-
ing indicative of the active proliferative phase of pleo-
morphic tumor cells.

factors (eg, PDGF, which activates PDGFR and
elicits downstream signaling cascades that promote
cellular growth); (b) increased activity of RTKs,
which results from many common alterations in
genes and gene expression, such as overexpression
of EGFR, which is observed in approximately 40%
of patients with glioblastoma (30), and EGFRVIII,
a specific EGFR mutation that is a constitutively
active variant of EGFR and is present in approxi-
mately 30% of patients with glioblastoma (1,31);
and (¢) dysregulated signaling pathways, most
commonly in the PI3K/Akt/RAS pathway, with
pro-oncogenic function seen in approximately
85% of patients with glioblastoma (28). Abnor-
malities in suppressors such as p53, Rb1l, and
PTEN are key factors in the lack of physiologic
cellular inhibition to aberrant cellular growth.

Significant communication between the major
receptors and signaling pathways reinforces inap-
propriate regulation of any single pathway. This
communication between key molecular media-
tors of proliferation and survival, as well as the
heterogeneous cellular make-up of glioblastomas,
makes guided therapy more complicated and im-
plies a need for combination therapies (1).

Antiproliferation Therapy
There are two major antiproliferation strategies
for treating glioblastoma (Fig 10). First, two
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small molecule inhibitors of EGFR, erlotinib
and gefitinib, have undergone clinical trials in
patients with glioblastoma, but results have been
inconsistent. Early studies suggested that glio-
blastoma with EGFRVIII mutations and an intact
PTEN gene may respond to EGFR inhibitors
(32). Other trials have reported no significant
improvements in progression-free survival (33).
Cetuximab, an antibody against EGFR, was also
not proved to be effective in treating glioblastoma
(22). PDGFR is another RTK target that dem-
onstrated no improvement in progression-free
survival after imatinib therapy. Studies of newer,
more potent PDGFR inhibitors are underway
(22). A final approach to treating glioblastoma in-
volves targeting multiple tyrosine kinase receptors
(eg, EGFR, PDGFR) with multitargeting agents
such as sorafenib, sunitinib, and lapatinib (22).
Second, inhibitors of signal transduction
pathways target different steps in the various
pathways that are known to be dysregulated in
patients with glioblastoma. Many of these thera-
pies are currently in the early phases of clinical
testing. Perifosine, an Akt inhibitor, has shown
promise for reducing tumor growth in animal
models and is currently in clinical trials (29,34).
Newer treatments, such as XL.765, a dual PI3K
and mTOR inhibitor, are underway, with results
still pending (22). A current treatment option
that uses targeted therapy has recently been re-
viewed by Krakstad et al (29).

Imaging and Histologic Features

There are three MR imaging features that cor-
relate with cellular proliferation in glioblastoma:
the amount of mass effect seen on conventional
MR images, the level of choline measured at
MR spectroscopy, and restriction of diffusion on
diffusion-weighted images (Fig 11). For example,
tumors with moderate or severe mass effect have
been shown to have substantially higher prolifer-
ation-related gene expression, independent of the
overall tumor size (21).

Further, choline is a marker of cell mem-
brane turnover and is reliably identified at MR
spectroscopy in patients with glioblastoma (35).
There is a linear relationship between the Ki-

67 labeling index, a histologic measure of pro-
liferation, and choline levels measured at MR
spectroscopy in homogeneous tumors; however,
this relationship is inconsistent in more heteroge-
neous tumors (Fig 12) (36).
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Figure 13. Invasion pathways. Top illustration shows the process of invasion, which involves several steps
and pathways: First, cells dissociate from the tumor mass, remodel the extracellular matrix, and undergo
migration. Finally, immune effector activation occurs, an important step in supporting migrating tumor
cells. Bottom illustration shows invasion therapy targets, which may involve any of the four steps involved
in tumor cell invasion. NFxB = nuclear factor k of B cells, MMP = matrix metalloproteinase, TGF-f8 =
transforming growth factor 8, Src = sarcoma gene (oncogene).
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Diffusion imaging is another tool that provides
insight into cellular proliferation in patients with
glioblastoma. Fraction anisotropy, which is de-
rived from diffusion tensor imaging techniques,
is correlated with tumor cell density and Ki-67
labeling (37). Investigators reported an inverse
relationship between the ADC and cellular den-
sity of glioblastomas, as well as other histologic
markers of aggressiveness (Fig 11) (14).

Invasion
Glioblastoma is an infiltrative tumor that is char-
acterized by aggressive invasion of tumor cells
into normal brain parenchyma, a characteristic
that causes substantial morbidity and is a signifi-
cant factor in the high tumor recurrence rates
(2). Molecular events including changes in cell
adhesion, extracellular matrix remodeling, im-
mune modulation, and cell motility occur in a
coordinated fashion to enable tumor cell invasion
into surrounding tissues (Fig 13) (38).

Invasion Pathways

Cell Adhesion.—Alterations in cell surface adhe-
sion molecules allow glioblastoma cells to dissoci-
ate from the tumor bulk, allowing their associa-
tion with the extracellular matrix for cell migra-
tion. Cell surface molecules, cadherins, and cell
adhesion molecules (CAMs), which form the ad-
herent junctions, are frequently destabilized and
disorganized in glioblastoma, allowing for tumor
expansion and invasion (38). Molecules involved
in gap junctions are downregulated to aid in in-
dividual tumor cell detachment. These molecular
alterations of cellular adhesion are thought to be
important early events in tumor invasion (38,39).

To effectively infiltrate the normal brain paren-
chyma, glioblastoma and endothelial cells attach
themselves to the extracellular matrix by way of a
set of surface receptors. The most important mol-
ecules mediating this attachment are integrins,
surface receptors for extracellular matrix that also
function as signaling molecules that activate focal
adhesion kinase and other intracellular mediators
of cell attachment and migration (40,41). In glio-
blastoma, integrins alpha beta, (o 3,), o B,, and
o, B, are most frequently upregulated, and their
increased expression correlates with the invasive
behavior of glioblastoma.

Extracellular Matrix Remodeling.—Upon acquir-
ing a unique cell-extracellular matrix interaction
between tumor cells and normal parenchyma, ad-
ditional remodeling of extracellular matrix is re-
quired to establish a favorable microenvironment
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that allows for tumor expansion. Further extra-
cellular matrix remodeling consists of two distinct
processes: (a) degradation of existing stroma by
way of proteolysis to dissociate tumor cells from
their surrounding tissue and (b) synthesis and
deposition of new extracellular matrix, which
primes tumor cells for migration (38,40,42).

Proteases play an important role in the degra-
dation of the existing ground substance in glio-
blastomas. It has been shown that loss of the nor-
mal organization of extracellular matrix ground
substance creates a favorable environment for
invasion of tumor cells (39). It was repeatedly
demonstrated that expression of metalloprotein-
ases (MMPs)—especially MMP-2, MMP-9, and
MMP-12—correlates with the grade of gliomas
and their invasive phenotypes (39,42,43). Other
proteases such as tenascin-C, urokinase plas-
minogen activator, and cysteine proteases are also
found in patients with glioblastoma, a finding
that indicates that degradation of extracellular
matrix is a contributing factor to tumorigenicity
and tumor invasion (39,44). Because glioblas-
toma cells tend to migrate along white matter
tracts, de novo synthesis of extracellular matrix
components during migration is also thought to
be important in supporting tumor invasion and
tumor-induced angiogenesis (38). Ectopic ex-
pression of various types of collagen in glioblas-
toma is associated with deposition of extracellular
matrix and blood vessels and is correlated with
infiltrative characteristics of glioblastoma and a
worse prognosis (42).

Cell Migration.—Molecular signaling that is
responsible for cell motility and cytoskeleton
rearrangement is necessary for tumor migra-
tion and invasion. Formation and disassembly
of protruding and retracting plasma membranes
at the leading edge of the tumor cell are thought
to be the essential processes that underlie tumor
cell motility in migration (38). Growth factor
pathways play an important role in tumor inva-
sion by orchestrating the activation of a network
of downstream mediators, which coordinate cel-
lular proliferation and tumor expansion. Com-
mon mediators of these pathways, such as Akt
and mTOR, are crucial regulators for both cel-
lular proliferation and motility. The rho family
of small guanosine 5’-triphosphate molecules is
downstream of growth factor receptors and is a
major regulator of cytoskeleton rearrangement,
which is necessary for cell motility and migration
(38,39,45).
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Figure 14. Histologic findings of glioblastoma invasion. (a) Low-power (original magnification, X20; H-E stain) pho-
tomicrograph shows densely packed tumor cells at left and subtle infiltration of glioma cells into the more-normal brain
parenchyma at right, a finding indicative of invasion by glioblastoma. (b) High-power (original magnification, X600; H-E

stain) photomicrograph shows individual tumor cells percolating through the neuropil at the infiltrating border.

Immune Modulation.—Modulation of immune
response by glioblastomas is important for tumor
maintenance and invasiveness. Altered chemo-
kine and chemokine receptor expression, such

as overexpression of CXC receptor 4 (CXCR4)
and CXC ligand 12 (CXCL12), is commonly
present in glioblastomas and serves to modulate
the types of infiltrating immune cells, leading to a
tumor-promoting microenvironment (46). Com-
munication between infiltrating immune effectors
(predominantly microglia) and tumor cells leads

to activation of signaling cascades in invasive glio-
blastomas, such as overexpression of MMP-2 and
activation of growth factor pathways. Transforming
growth factor beta (TGF-f), a cytokine produced
mainly by glioblastoma-associated microglia,
enhances invasiveness by promoting survival of
glioblastoma cells and altering expression of cell
motility—associated genes (47). In mouse models
of glioma, inhibition of TGF- abolished micro-
glia-induced glioma growth and invasion, a finding
that suggests that an immune modulatory aspect
of glioblastoma is important for tumorigenicity. In
addition to infiltrating microglia, subpopulations of
monocyte or dendritic cells and T cells are pres-
ent in subsets of glioblastoma; these subpopula-
tions promote tumor growth and invasion (48).

Anti-invasion Therapy

Strategies for inhibiting cell invasion by glioblas-
tomas have targeted four major processes: extra-
cellular matrix molecules, extracellular matrix

remodeling, cell migration, and immune effector
activation (Fig 13). Integrin inhibitors (ie, cilen-
gitide) competitively target o 3, integrin that is
overexpressed on tumor endothelial cells and o, 3,
that is overexpressed on glioblastoma cells. Early
clinical trials of cilengitide demonstrated antitu-
mor activity (48,49). Inhibition of extracellular
matrix degradation is the main strategy to pre-
vent extracellular matrix—dependent migration.
Marimastat and prinomastat are broad-spectrum
MMP inhibitors that demonstrated preclinical
anti-invasion effects (50,51). Inhibiting both cell
motility and cytoskeleton rearrangement by tar-
geting different mediators of the growth factor
pathway seems to be the most effective method of
inhibiting tumor migration. Inhibitors of Akt (ie,
perifosine and 1.Y294002) and mTOR (ie, everoli-
mus and temsirolimus) were both identified as ef-
fective therapeutics to reduce cellular proliferation
and tumor invasion in preclinical and early clinical
trials (39). Targeting chemokine receptors such as
CXCL12 and CXCR4 prevents cell migration and
tumor invasion in mouse models (49). Use of anti-
TGF-P therapy by way of antibodies, genetic ma-
nipulation, or pharmacologic agents may reduce
glioblastoma growth and invasion by preventing
microglia recruitment, downstream adhesion mol-
ecule activation, and chemokine signaling (44,50).

Histologic and Imaging Features

MR imaging findings underrepresent the extent
of tumor in essentially all patients with glioblas-
toma. Early in the pathogenesis of glioblastoma,
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tumor cells migrate along white matter tracts,
which may appear normal at MR imaging. Find-
ings of tumor spread also may be subtle at his-
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Figure 15. Nonenhancing progression of glioblastoma in a 66-year-old man.
(a) Axial FLAIR MR image shows a zone of vasogenic edema. (b) Axial
FLAIR MR image, obtained after bevacizumab therapy, shows that the
edema has improved. (c-f) FLAIR MR images obtained over the next 7
months show progressing changes in signal intensity, a finding consistent
with tumor invasion involving both hemispheres. (g) Axial gadolinium con-
trast-enhanced T1-weighted MR image shows limited enhancement even at
the patient’s last follow-up MR imaging evaluation.

tologic analysis (Fig 14). Bulk tumor invasion
beyond the enhancing portions of the tumor of-
ten may be recognized on FLAIR or T2-weighted
MR images as areas of high signal intensity that
are not as bright or in the same configuration as
areas of vasogenic edema (Fig 15). An infiltrating
phenotype of glioblastoma (compared with a
phenotype that exhibits classic vasogenic edema)
is more likely to lead to multifocal disease and
decreased survival (21). Evaluation of the gene
expression pattern in patients with an infiltrating
pattern of glioblastoma revealed increased ex-
pression of genes associated with gliogenesis and
central nervous system development (21). How-
ever, other studies have reported that vasogenic
edema is a negative prognostic factor (19,52).
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< Figure 16. Top illustration shows disruptions in normal cell survival and normal apoptosis in glioblastoma. A combi-

nation of pro—cell survival and antiapoptotic events triggers resistance to death-inducing stimuli, and increased ac-
tivity of PI3K—by way of extracellular factors (eg, EGF and PDGF) or inherently abnormal RTKs (eg, constitutively
active EGFRvIII mutant)—leads to increased downstream pathway signaling effects. Decreased proapoptotic activity
in the extrinsic and intrinsic apoptosis pathways is a substantial contributor to enhanced survival. Bottom illustration
shows therapeutic agents used to target contributors to cell survival and antiapoptosis, which overlap those used in an-
tiangiogenesis and antiproliferation therapies and include receptor inhibitors and inhibitors of Akt and mTOR. Other
newer strategies include targeting the apoptosis pathway with gossypol, adenoviral p53 therapy to restore tumor sup-
pressor activity, and recombinant TNF-related apoptosis-inducing ligand (TRAIL). Bcl-2 = B-cell lymphoma 2
oncogene, TNFR1 = tumor necrosis factor R1, 7P53 = mutant tumor p53.

IDH1 mutations are only present in about 5%
of patients with primary glioblastoma. Recent
data indicate that tumors with IDH1 mutation
have different imaging characteristics than those
without IDH1 mutation. Tumors with IDH1
mutation tend to be multifocal, and often no ab-
normal enhancement is seen on T1-weighted MR
images, findings that indicate that these tumors
may have less angiogenesis and a more invasive or
cell proliferation phenotype, as has been demon-
strated in cases of gliomatosis cerebri with IDH1
mutation (53,54).

In patients with glioblastoma, therapeutic
targeting of a single biochemical pathway often
offers little long-term benefit because other path-
ways remain abnormal and continue to drive ab-
normal cellular behavior. For example, continued
or even increased tumor invasiveness has been
observed when blocking key molecular media-
tors of angiogenesis, a phenomenon that has led
to the inclusion of progression of nonenhancing
tumors in the Response Assessment for Neuro-
Oncology (RANO) guidelines (Fig 15) (55,56).

Cell Survival and Antiapoptosis
Resistance to apoptosis and other cell death
mechanisms leads to survival of tumor cells in
the face of intrinsic and extrinsic death-inducing
stresses. This resistance to death-inducing stimuli
promotes increased resistance to radiation ther-
apy and chemotherapy, a commonly observed
characteristic of glioblastomas and a major factor
in tumor recurrence (1,22).

Cell Survival and Apoptosis Pathways

A key feature of glioblastoma cells is their resis-
tance to death-inducing stimuli. This resistance
is the result of enhanced cell survival pathways
and dysfunctional apoptotic pathways (Fig 16)
(29). As was previously mentioned, RTKs such
as EGFR and PDGFR help mediate cell survival

signaling and activate the PI3K/Akt pathway,
which leads to downstream prosurvival effects in
tumor cells and increased nuclear factor kappa of
B cells (NFxB) and survival. The genetic altera-
tions that affect this prosurvival pathway mostly
involve overexpression and less common muta-
tions of EGFR and PDGFR, as well as increased
activity of PI3K/Akt signaling pathways (1).

Apoptosis may be initiated by extrinsic or
intrinsic signaling pathways (29). Extrinsic path-
ways of apoptosis involve receptors in the tu-
mor necrosis factor family (TNFR), specifically
TNF receptor type 1 (TNFR1), TNF receptor
superfamily member 6 (FAS), death receptor 4
(DR4), and death receptor 5 (DR5). Ligands
for these receptors are TNF-o, TNF receptor su-
perfamily member 6 ligand (FASL), and tumor
necrosis factor—related apoptosis-inducing ligand
(TRAIL), respectively (57). Through caspases
and NFxkB, the extrinsic pathway activates the
intrinsic signaling pathway, which also may be
activated in response to DNA damage, oxida-
tive stress, or lack of growth factors (58,59).
Ultimately, activation of these pathways results
in increased caspase activity and apoptosis. Up-
regulation of antiapoptotic B-cell lymphoma-2
(BCL-2), family members of BCL-2, and BCL
extra large (BCL-XL) and downregulation of pro-
apoptotic BCL-2-associated x protein (BAX) is a
common anomaly in glioblastomas.

There are three major molecular changes that
may lead to an increased antiapoptotic phenotype
in patients with glioblastoma: (a) decreased ef-
ficacy of extracellular factors of apoptosis (eg,
inhibition of the death receptor ligand CD95L),
in which decoy receptor 3 (DcR3), a soluble de-
coy receptor that is expressed in glioblastomas
and correlates with the glioma grade, binds to
CDO95L and prevents its interaction with the



RadioGraphics

1736 October Special Issue 2011

receptor (1,60); (b) decreased death receptor
activity, a common aberration that inhibits the
downstream effects of death receptors, most
commonly TRAIL, FASL, and TNFR (eg, cas-
pase 8—inhibitory protein inhibition of death-re-
ceptor-mediated caspase 8 activation) (1,57); and
(¢) unbalanced anti- and proapoptotic signaling
pathways, which involves a synergistic interplay
of both pathways, with increased antiapoptotic
activity (eg, BCL-2 and BCL-XL) and decreased
proapoptotic activity (eg, BAX, caspases, and
p53), which leads to overall increased survival of
tumor cells (29).

Anti-Cell Survival and

Proapoptotic Targeted Therapies

There are three major anti—cell survival therapies
(Fig 16): (a) Akt inhibitors; (b) receptor inhibi-
tors, such as erlotinib and gefitinib; and (¢) mTOR
inhibitors, such as temsirolimus, sirolimus, and
everolimus (29). Currently, studies of multiple Akt
inhibitors, such as perifosine, are underway. Clini-
cal trials of mTOR inhibitors have reported no
improvements in survival.

There are also three major proapoptotic strat-
egies: (a) antiapoptotic BCL-2 inhibitors, in
which gossypol binds to antiapoptotic BCL-2
proteins, a method that is currently in clinical tri-
als, with preliminary results showing measurable
response rates (29); (b) death receptor activation,
an emerging approach that involves the use of re-
combinant human TRAIL to induce apoptosis in
glioblastoma cells (61); and (¢) tumor suppressor
activation, a recent target in proapoptotic therapy
that was developed because of the close relation-
ship of p53 to normal functioning of the intrinsic
pathway. An example of tumor suppressor activa-
tion that has been clinically investigated is the
use of adenovirus TP53 to introduce a functional
copy of the TP53 gene into tumor cells (29).

Histologic and Imaging Features
Abnormal cell survival and resistance to apop-
tosis is thought to result in central necrosis, a
characteristic feature of glioblastoma (Fig 17).
The propensity of glioblastoma for necrosis

is due, in part, to its resistance to apoptosis,
which drives cells to necrosis as an alternative
method of cell death. Abnormal cell survival is
also implicated in the resistance of glioblastoma
to therapy. Recently, abnormal cell survival was
implicated in the presence of new areas of re-
stricted diffusion, a curious phenomenon that
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Figure 17. Necrosis in glioblastoma. Low-power
(original magnification, X20; H-E stain) photomicro-
graph shows a band of densely packed tumor cells
separated by two fields of necrotic tissue (x), a find-
ing indicative of glioblastoma. Necrosis is a pathologic
hallmark of glioblastoma and generally results from a
combination of rapid proliferation and alterations in the
vasculature (including thrombosis), which cannot keep
up with the high metabolic needs of the tumor cells.

develops in patients with glioblastoma who are
undergoing antiangiogenesis therapy (62) (Fig
18). At histologic analysis, these regions fre-
quently contain proliferating, densely packed
tumor cells rather than the necrotic tissue that
one might expect.

Further, MR imaging features have been
shown to correlate with specific genetic altera-
tions associated with cell survival and apoptosis. A
high ratio of enhancing tissue volume to necrotic
tissue volume (= 1) has been shown to correlate
with EGFR overexpression in glioblastoma, a
finding that may have utility in selecting patients
who may benefit from treatment with EGFR in-
hibitors (21).

Conclusions
The imaging features of glioblastoma reflect the
dysregulation of key pathways, a result of genetic
alterations and changes in gene expression (Table
3). Targeted therapy alters the biologic behavior
of glioblastoma and its imaging appearance. As
we move toward a more individualized approach
to therapy for glioblastoma on the basis of its
specific genetic and biochemical features, radiolo-
gists may contribute to the future development of
targeted agents for treatment of glioblastoma.
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Figure 18. Recurrent glioblastoma in a 51-year-old woman. (a, b) Axial diffusion (a) and gadolinium contrast-
enhanced T'1-weighted (b) MR images show a glioblastoma. The patient underwent resection, radiation therapy, and
temozolomide therapy; however, the glioblastoma recurred 9 months later, and bevacizumab therapy was begun.
(c, d) Axial diffusion-weighted (c) and gadolinium contrast-enhanced T'1-weighted (d) MR images obtained 12
weeks after the beginning of anti-VEGF therapy show a region of restricted diffusion. (e, f) Follow-up axial (e) and
coronal (f) gadolinium contrast-enhanced T1-weighted MR images, obtained 16 weeks later, show diffuse tumor
infiltration into the left frontal lobe and across the corpus callosum.

Table 3
Potential Imaging Features of Underlying Cellular Changes
in Glioblastoma

Cellular Change Imaging Feature

Angiogenesis Enhancement, increased rCBYV, edema
Cell proliferation ~ Mass effect, increased choline level at MR
spectroscopy, restricted diffusion
Invasion Increased signal intensity on FLLAIR images
Cell survival, anti- Restricted diffusion, necrosis
apoptosis
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Page 1718

The common genetic alterations that occur in glioblastomas have been catalogued in recent studies by
using data from the Cancer Genome Atlas Research Network; a typical glioblastoma harbors more than
60 genetic alterations (2—4).

Page 1718

Despite the large number of genetic alterations that may occur, the recurring genetic mutations, dele-
tions, and amplifications that occur in glioblastomas affect genes that function in three major cellular
pathways: the receptor tyrosine kinase (RTK)/phosphatase and tensin homolog (PTEN)/phosphati-
dylinositol 3-kinase (PI3K) cell proliferation signaling pathway; the p53 tumor suppression pathway; and
the retinoblastoma 1 (Rb1l) tumor suppression pathway (1,2).
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In glioblastoma, tumor-induced angiogenesis results in abundant leaky and inefficient vessels.

Page 1729 (Figure on page 1728)

There are three MR imaging features that correlate with cellular proliferation in glioblastoma: the
amount of mass effect seen on conventional MR images, the level of choline measured at MR spectros-
copy, and restriction of diffusion on diffusion-weighted images (Fig 11).

Page 1733 (Figure on page 1733)

Bulk tumor invasion beyond the enhancing portions of the tumor often may be recognized on FLLAIR or
T2-weighted MR images as areas of high signal intensity that are not as bright or in the same configura-
tion as areas of vasogenic edema (Fig 15).



