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ABSTRACT. Conventional contrast-enhanced CT and MRI are now in routine clinical use
for the diagnosis, treatment and monitoring of diseases in the brain. The presence of
contrast enhancement is a proxy for the pathological changes that occur in the
normally highly regulated brain vasculature and blood-brain barrier. With recognition
of the limitations of these techniques, and a greater appreciation for the nuanced
mechanisms of microvascular change in a variety of pathological processes, novel
techniques are under investigation for their utility in further interrogating the micro-
vasculature of the brain. This is particularly important in tumours, where the reliance
on angiogenesis (new vessel formation) is crucial for tumour growth, and the resulting
microvascular configuration and derangement has profound implications for diagnosis,
treatment and monitoring. In addition, novel therapeutic approaches that seek to
directly modify the microvasculature require more sensitive and specific biological
markers of baseline tumour behaviour and response. The currently used imaging bio-
markers of angiogenesis and brain tumour microvascular environment are reviewed.
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The advent of CT and MRI has enabled non-invasive
evaluation of brain tumours, providing insights into
their diagnosis, progression and therapeutic response.
Advances in imaging techniques are shedding further
light on tumour behaviour through imaging biomarkers
of specific aspects of tumour vascular structure and
function. In this review we will consider the current
status of imaging techniques that are designed to study
and quantify specific aspects of the angiogenic process
and the properties of the resulting vasculature.

Microvasculature in cerebral tumours

Gliomas account for the majority of primary brain
tumours, with glioblastoma multiforme (GBM) being the
commonest subtype and conveying the poorest prog-
nosis. The addition of adjuvant temozolomide che-
motherapy to radiotherapy has improved median
survival by only 2.5 months (from 12.1 to 14.6 months)
over conventional radiotherapy and surgery [1].
Recurrence is inevitable with fewer than 1 in 6 surviving
patients remaining progression free beyond 6 months
and only 26.5% alive at 2 years [1]. Malignant gliomas
exhibit a high degree of vascular proliferation histologi-
cally [2–4], and angiogenesis is a crucial, defining process
in the progression of the disease [5]. As such, angiogen-
esis is one of the major therapeutic targets for the
development of novel therapies. Microvascular prolif-
eration and tumour heterogeneity increase with tumour
grade. In addition to microvascular proliferation, GBMs
exhibit areas of both high cellularity (due to dense cell

packing and pseudopallisading) and low cellularity
(secondary to necrosis). This is in contrast to grade II
tumours with more diffuse spread of tumour cells and
blood vessel architecture and density similar to that of
normal brain, whereas grade III (anaplastic) tumours lie
in between grade II and IV tumours, with more
numerous tumour cells and occasional mitotic figures
(Figure 1) [6].

Angiogenesis in gliomas

The vascular microenvironment of gliomas plays a
major role in determining the pathophysiological char-
acteristics of the tumour [7]. In order for a tumour to
progress there must be an adequate blood supply to fuel
growth, and as the tumour increases in size, so too must
the blood supply to meet the increased nutrient de-
mand. This process of neovascularisation is called angio-
genesis, and is a major feature of high-grade tumours.

A vast number of growth factors have been implicated
in glioma angiogenesis with vascular endothelial growth
factor (VEGF) being attributed as the principal pro-
angiogenic factor [8–10]. VEGF has endothelial mitogenic
effects and promotes new capillary growth from existing
vessels [11]. In addition to promoting neovascularisation
it can also enhance microvascular permeability without
causing endothelial cell damage [12] and can cause
vasodilatation in normal vessels [13–15]. It was originally
described as vascular permeability factor because of its
ability to cause vascular leakage [16].

VEGF expression in glioma cells can be approximately
50 times that occurring in normal brain [17] and is
directly related to glioma grade [18]. A number of events
promote VEGF production. As new vessels grow there is
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endothelial hyperplasia, which in turn expresses more
VEGF and promotes the growth of more vessels [6]. As
tumour growth continues, fuelled with nutrients and
oxygen from the neovasculature, it begins to outstrip its
blood supply and oxygen levels fall. The ensuing cellular
hypoxia causes a cascade of events including the
production of the transcription factor, hypoxia inducible
factor 1 alpha (HIF-1a) [19]. This, in turn, upregulates
VEGF, promoting angiogenesis and perpetuating the
vicious cycle of hypoxia, tumour growth and angiogen-
esis (Figure 2) [20]. The clinical importance of VEGF
overexpression and its sequelae are related to the poor
prognosis associated with a generally higher underlying
grade of tumour [21–24].

The resulting neovasculature in gliomas is structurally
and functionally abnormal [7], and irregularities of the
endothelial lining result in increased blood–brain barrier
(BBB) permeability [25, 26]. The morphology of the
vessels varies within and between tumours, with vessel
diameters ranging from 3 to 40 mm [7] and formation of
microaneurysms and arteriovenous shunts. The topolo-
gical architecture also becomes chaotic, with disorganised
and tortuous vessels. Increased endothelial proliferation
with higher numbers of fenestrations, a thickened base-
ment membrane, and abnormal pericyte relationships

culminate in a dysfunctional blood–tumour barrier (BTB)
in stark contrast to the highly controlled BBB in parent
capillaries. In addition, although morphologically similar
in culture, isolated endothelial cells from high-grade
glioma (HGG) exhibit substantially higher rates of
proliferation than those from low-grade glioma (LGG).

The ability of tumour microcirculation to meet meta-
bolic demands is based on both structural and physiolo-
gical factors. Aberrant calibre, number and tortuosity
reflect the culmination of abnormal angiogenesis during
the growth of the tumour. This can be defined invasively
through histological assessment—such as microvascular
density (MVD), a standardised histopathological measure
of the mean microvessel count under set microscopic
conditions—although sampling error is common in light
of heterogeneity, and longitudinal follow-up is implicitly
precluded [27, 28]. The quality of perfusion also has a
large impact on the tumour microenvironment and in
gliomas, despite their highly angiogenic and vascularised
nature, perfusion is more heterogeneous than that of
normal grey and white matter [29, 30]. It has been shown
in a mouse model of glioma, for example, that the vessels
formed by neoangiogenesis are only 50–70% perfused in
the periphery of the tumour, compared with .95%
perfusion in the established capillary bed of normal brain

Figure 1. Schematic diagram show-
ing the progression of a low-grade
tumour to a high-grade glioblas-
toma multiforme. Black arrows indi-
cate palisades of densely packed
tumour cells adjacent to an area of
necrosis. White arrow identifies an
area of glomeruloid, abnormal
microvascular proliferation.

Figure 2. As tumour growth conti-
nues, fuelled with nutrients and
oxygen from the neovasculature, it
begins to outstrip its blood supply
and oxygen levels fall. The ensuing
cellular hypoxia causes a cascade of
events including the production of
the transcription factor, hypoxia
inducible factor 1 alpha (HIF-1a) [19].
This, in turn, upregulates vascular
endothelial growth factor (VEGF),
promoting angiogenesis and perpetu-
ating the vicious cycle of hypoxia,
tumour growth and angiogenesis
(reproduced from [6] with permission).
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tissue. Moreover, within the partially necrotic centre of
larger tumours fractional perfusion can be as low as 25%
[31]. Other features of glioma vasculature dysfunction
include hyperpermeability and disordered autoregulation
[32–34]. Permeability is a result of both a fundamental
difference in underlying vascular function, and the
constantly changing influence of local and circulating
factors on the BTB. It is advantageous, therefore, to be able
to describe elements of permeability, blood volume and
flow as distinct biomarkers. Each of these gives separate
insights into the ongoing angiogenic process and any
changes that result from or may influence treatment. Since
histological methods are largely morphological, providing
little information about perfusion, blood flow or vessel
function, non-invasive imaging assessment of microvas-
culature is increasingly sought after, and this underlies
the development and application of the techniques
described in this review and elsewhere in this special
issue.

Potential imaging biomarkers of angiogenesis

All major imaging modalities have been utilised in the
investigation of tumour microvasculature, including CT,
MR, single photon emission computed tomography
(SPECT), positron emission tomography (PET), ultra-
sound and optical imaging. The last two are largely
experimental, being used primarily in the intra-operative
setting or in animal models of disease, and will not be
discussed further. Other imaging techniques provide
either direct biomarkers of microvascular structure and
function or indirect markers that measure biochemical-
or physiological-related processes. Indirect evidence of
vascular status can be provided by metabolic imaging
techniques that estimate metabolite profiles in the
tumour and surrounding tissues; examples include
amino acid (tyrosine and methionine) and nucleotide
(thymidine) PET, which are correlated with vascular
endothelial proliferation and nucleic acid turnover
respectively [35]. Measures of hypoxia and glycolysis
such as 18FMISO (18F-fluoromisonidazole) PET [36] and
1H-MRS (proton magnetic resonance spectroscopy) also
provide useful supportive data in many applications
[37]. Early clinical work utilising hyperpolarised carbon-
13 MR to produce maps of tissue pH may be useful in the
management and follow-up of tumours but is severely
limited by logistic availability.

The basic science principles and methodology behind
these various techniques have been recently reviewed by
Herholz et al [38] and are discussed in detail later in this
special edition (Specific biomarkers of receptors, path-
ways of inhibition and targeted therapies, Parts I and II
by Waerzeggers et al).

As described earlier, endothelial cells in HGG are
more proliferative than those in LGG. [11C]-methionine-
uptake on PET has been correlated with MVD on
microscopy and proposed as an indirect marker of angio-
genesis [39]. Having previously demonstrated that me-
thionine uptake correlates closely with relative cerebral
blood volume (rCBV) in glioma, Sadeghi et al reported a
correlation between increasing rCBV on dynamic sus-
ceptibility weighted MRI (DSC-MRI), endothelial prolif-
eration and mitotic activity in stereotactic biopsies
guided to regions of high methionine uptake [40, 41].

They also described a relationship between rising rCBV
and an increase in both cellularity and MVD in bulk
tumour biopsies, which was not apparent on diffusion-
weighted imaging measures, which are often used as a
proxy for cellular density [42].

Correlation has also been reported between DSC-MRI
rCBV and glucose metabolism as measured by 18FDG-PET
[43], with correlation of maximum rCBV and maximum
glucose uptake seen in all 21 gliomas, but voxel-by-voxel
correlation seen in only 16 tumours. Unlike blood volume,
blood flow and glucose uptake were relatively well
matched. These functional parameters also correlated
with morphological and immunohistological vascularity
on biopsy. Using a combination of 18F-FET (fluoro-ethyl-
l-tyrosine) and H2

15O PET to determine the distribution of
brain capillaries and cerebral blood flow (CBF) respec-
tively in 17 LGGs, Wyss et al [44] demonstrated a highly
heterogeneous distribution with spatial coincidence of
flow and amino acid uptake at the centre of the tumours.
Increased uptake at the infiltrating tumour edge was not
coupled to increased flow, and such mismatches between
tracer delivery and uptake have been suggested as
markers for following response to treatment. Although
indirect imaging measures can be technically demanding
and can lack spatial resolution, there has been renewed
interest in adjuncts to more direct microvascular imaging
techniques owing to the confounding effects described
with novel vascular-targeting therapeutics [159].

In general, the imaging modalities aimed at deriving
direct information about vasculature and angiogenesis fit
into two categories: molecular imaging and dynamic
contrast-enhanced imaging.

Molecular imaging

Molecular imaging in gliomas is discussed in detail in
other articles within this special edition. However, it is
worthwhile briefly reviewing the available molecular
imaging approaches that specifically target the angiogenic
process. There is extensive interest in the development of
PET and SPECT ligands that target specific aspects of the
angiogenic process. A large number of candidate agents
have been described and employed, almost exclusively in
animal models. The major biological targets for angiogen-
esis-specific imaging agents are briefly discussed here.

Integrins
Integrins are a family of cell surface receptors that

mediate the interactions between adjacent cells, or the
cells and the intracellular matrix. They are known to play
a key role in angiogenesis, including the proliferation,
adhesion, differentiation and survival of endothelial cells
[45]. Of the various integrins, most attention has been
focused on avb3, which is upregulated in proliferating
endothelial cells and poorly represented in quiescent
vasculature. Since avb3 integrin binds proteins display-
ing the triple amino acid sequence arginine–glycine–
aspartic acid (RGD) it is a candidate for targeted
imaging. A recently published study [158] using a 18F-
labelled RGD peptide ([18F]Galacto-RGD) in patients
with glioblastoma showed negligible tracer accumula-
tion in normal brain, whereas tumours demonstrated
significant but heterogeneous tracer uptake. Immunohis-
tochemical examination of tumour tissue showed close

Angiogenesis biomarkers in cerebral tumours

The British Journal of Radiology, Special Issue 2011 S129



correlation between ligand uptake and immunohisto-
chemical expression of avb3, which were seen both on
endothelial and primary tumour cells. This and other
similar imaging agents, targeting one or more endothe-
lial cell-expressed integrins, offer considerable promise
in future studies where selective integrin-argeting agents
are used for therapeutic benefit.

VEGF and other targets
A large number of studies have described potential

imaging agents for the angiogenic process capable of
detection using SPECT or more commonly PET imaging.
To the best of our knowledge, none of these specific
angiogenesis-targeting agents has so far been employed in
glioma patients. Imaging of VEGF and, more commonly,
VEGF receptors (VEGFRs) has been the subject of
extensive study, and a number of pre-clinical imaging
studies have been described. Similarly, endothelial cell
surface receptors, which are regulated in malignancy,
have been studied as potential imaging targets. Endos-
tatin and angiostatin are naturally occurring proteins that
act as potent angiogenesis inhibitors targeting endothelial
cell proliferation [46]. Labelled versions of both of these
proteins have been used in animal models to assess
response to angiogenesis-targeted therapy. Matrix metal-
loproteinases (MMPs) are zinc-dependent enzymes that
catalyse the breakdown of the extracellular matrix (ECM)
components. They modify the ECM and, among other
functions, unmask integrin binding sites. MMP over-
expression is instrumental in tumour growth and inva-
sion. Several MMP inhibitors (MMPIs) have been
developed for anti-cancer therapy and the development
of imaging ligands based on MMPIs is a topic of current
research interest.

Dynamic contrast-enhanced imaging techniques

The majority of published studies using imaging
biomarkers to probe the structure and function of tumour
microvasculature have used dynamic contrast-enhanced
methods. These techniques, described in detail elsewhere in
this special issue, are similar. They use injection of an
intravascular contrast agent combined with dynamic image
acquisition to produce time course data, which show the
behaviour of the contrast agent as it passes into a tissue of
interest (Figure 3). The majority of published work has used
dynamic contrast-enhanced MRI (DCE-MRI), although
increasingly dynamic contrast-enhanced CT (DCE-CT) is
being applied in clinical settings. DCE-MRI data may be
acquired using either T1 (dynamic relaxivity contrast-
enhanced MRI, DRCE-MRI) or T2* (dynamic susceptibility
contrast-enhanced MRI; DSCE-MRI) weighted sequences.
It is worth noting that there is some diversity in the
nomenclature for dynamic MRI. While DRCE- and DSCE-
MRI are the technically correct variants of DCE-MRI, the
more generic DCE-MRI has been routinely adopted to refer
to T1 weighted or relaxivity-based techniques, and DSC-
MRI is used to refer to susceptibility-based techniques,
most commonly T2* weighted. Specific biomarkers can be
derived from these time course data using a variety of
approaches. Semi-quantitative analyses looking at the
degree or rate of change in signal intensity have been
widely applied but lack physiological specificity. Quan-
titative analyses, using pharmacokinetic models of contrast
distribution between the different tissue compartments, are
widely employed. These pharmacokinetic analysis techni-
ques give rise to a range of quantitative biomarkers with
varying degrees of biological specificity (Figure 4). The
most commonly employed in studies performed to date are
listed and briefly described below.

Figure 3. Time series of dynamic
contrast-enhanced images and the
contrast concentration curve. The dy-
namic series of images show the
passage of the contrast agent bolus
over a given time course. The
changes in signal intensity are con-
verted to changes in contrast agent
concentration. The graph depicts
changes in contrast agent concentra-
tion for three given regions of inter-
est: carotid artery (red), to provide
the arterial input function (AIF) for
kinetic analysis solid enhancing
tumour (blue) and normal appearing
white matter (green).
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Cerebral blood volume
Cerebral blood volume (CBV) describes the proportion

of each individual voxel that is represented by blood
vessels. Most analysis techniques produce a unitless
relative estimate of CBV that allows direct comparison
between regions in the same subject. Between-subject
comparison relies on normalisation of these values to a
representative area of apparently ’’normal’’ tissue such
as contralateral white matter or, more commonly, a large
vein. Terminology can be confusing: the term relative
cerebral blood volume is commonly used to describe
values prior to normalisation. Unfortunately, normalised
values are often referred to as regional blood volume
and both are commonly abbreviated to rCBV. Current
evidence suggests measurements of CBV from DSC-MRI
and the equivalent metric from DCE-MRI (vascular
fraction; vp) are relatively similar [47, 48], although the
behaviour of individual measurements is highly depen-
dent on the imaging parameters for acquisition, and
analytical approach applied to the data. In light of the
logistical problems associated with dynamic MRI, recent
work has addressed the use of other tissue contrast
mechanisms for examining tumour vascularity. In
particular, vascular space occupancy (VASO) imaging
is a T1 weighted technique using changes in measured T1

to calculate blood volume changes in response to
physiological stimuli [49, 50].

Contrast transfer coefficient
Most DCE-MRI analysis techniques will generate a

contrast transfer coefficient (Ktrans). This is variably
described as an indicator of either capillary permeability
or blood flow. In practice, the properties of the Ktrans

depend on the pharmacokinetic model used to calculate
it. Measurements from a simple two-compartment model
will be affected by blood volume (vp), blood flow (F) and
permeability surface area product (PS). The most
commonly used models explicitly derive vp such that
Ktrans represents the combined effects of F and PS.
Measurements from the more complex adiabatic tissue
homogeneity model [51] will separately calculate values
for F so that Ktrans represents the permeability surface
area product of the capillary endothelium. However,
these more complex analytical models are subject to
greater fitting errors and are more sensitive to signal to
noise ratio. The choice of appropriate model is guided by
the requirements of the individual study with regard to
the limitations of the available acquisition and post-
processing hardware and expertise [52].

Flow
Perfusion is the delivery of nutrient arterial blood to

the tissue capillary bed under steady-state conditions,
and is the key aspect of microvascular function. Defined

Figure 4. Examples of perfusion and
permeability maps for a variety of
histologically distinct intracranial
tumours. Post-contrast T1 weighted
images and post-contrast T1 weighted
images with overlaid rCBV (cerebral
blood volume) and Ktrans maps for
oligodendroglioma (O, grade II); there
are focal increases in both rCBV and
Ktrans within the tumour (white arrows)
when compared with normal appearing
white matter; astrocytoma (A, grade II),
both rCBV and Ktrans within the tumour
are similar to normal appearing white
matter; anaplastic astrocytoma (AA,
grade III), marked increase in Ktrans

and small increase in rCBV (white
arrows) is seen within the tumour
when compared with normal appear-
ing white matter; glioblastoma multi-
forme (GBM, grade IV), the tumour
exhibits both high rCBV and high Ktrans

within the solid enhancing component,
with low/zero rCBV and Ktrans within
the necrotic core; metastasis (primary
breast carcinoma), both rCBV and Ktrans

are elevated in comparison to normal
appearing white matter; lymphoma,
Ktrans is elevated within the tumour
mass while the rCBV remains similar
to normal appearing white matter;
and meningioma (grade I), the extre-
mely high values of both rCBV and
Ktrans within the tumour in comparison
to normal appearing white matter reflect
the dural blood supply of the lesion,
lying outside the blood–brain barrier.
DCE, dynamic contrast enhanced; DSC,
dynamic susceptibility weighted.
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in a neuroimaging context as cerebral blood flow (CBF),
this physiological property can be examined by looking
at a number of related physical parameters and their
imaging correlates. Techniques that utilise a freely
diffusible tracer, specifically H2

15O PET and xenon-
enhanced CT, quantify transfer of tracer from the vas-
cular to the extravascular compartment and therefore
accurately reflect perfusion. The term perfusion is com-
monly applied to techniques that actually measure some
other aspect of blood flow, which is not strictly accurate,
since tissues contain vessels in which the blood flow is
not directly contributing to tissue nutrition and therefore
perfusion. This occurs when arterial branches traversing
the region of interest (ROI) feed a separate capillary bed.

While sometimes referred to using an umbrella term of
perfusion-weighted imaging (PWI), approximations of
true flow may be calculated from DSC-MRI, DCE-MRI or
DCE-CT, H2

15O PET, xenon-CT and arterial spin label-
ling (ASL). The last three techniques are designed spe-
cifically to measure capillary perfusion. DSC-MRI is
purported to measure capillary perfusion due to the
relative amplification of signal from areas with a low
CBV, such as cerebral capillary beds, which occurs
because of the susceptibility effect in T2* imaging. In
practice, flow measurements are based on a number of
assumptions concerning the speed of contrast delivery
and the identification of an appropriate arterial input
function (AIF), i.e. the change in tracer concentration
over time in the feeding vessel (Figure 3). In normal
tissue these assumptions are more appropriate but
in tumour tissue, where the nature and timing of the
AIF cannot be assessed, the use of DSC-MRI to derive
absolute flow measurements may be considered inap-
propriate [53–55]. DCE-MRI can, as mentioned pre-
viously, be analysed using a complex pharmacokinetic
model which considers capillary transit to produce
estimates of flow but demands almost prohibitively high
temporal resolution and signal-to-noise ratio in the data,
and therefore this technique has not been widely used [51].

Vessel size imaging
Information about the morphology of tumour micro-

vasculature can be derived from first-pass and steady-state
techniques employing gadolinium contrast agents and
ultrasmall superparamagnetic iron oxide (USPIO) respec-
tively. These techniques, known as vessel size imaging
(VSI), can produce absolute quantitative measures of
average vessel size (Rv) and absolute measures of CBF
[56], and can be used to determine fractional blood volume
(fBV), which has been correlated with tumour blood
volume from tracer studies [57]. They have also been
validated against histology in animal glioma models [58].

Relative recirculation
Following the change in signal or concentration over

time in dynamic imaging reveals that the curve does not
return to baseline following the first pass of the tracer
bolus (Figure 3). While gamma-variate fitting removes
this discrepancy for the purposes of first-pass analysis,
useful information has been derived from this phenom-
enon, which is related to a delay in circulation of the
tracer through areas of the tumour vasculature with low
perfusion pressure. This has been described by different

sources as percentage recovery (100% representing com-
plete recovery to baseline) or relative recirculation (rR),
and may reflect local vascular tortuosity and lack of
autoregulatory control [59].

Other techniques
Imaging of these microvascular parameters in brain

tumours under physiological challenge with vasomodu-
lator drugs, or gases such as carbogen, are unlikely to
gain widespread use owing to the clinical challenges in
potentially unwell patients. Utilising inspired oxygen as
a contrast agent to alter the relaxivity of blood and
tissues is currently under investigation as an MR proxy
for vascular function and oxygen delivery in a variety of
tumours [160]. It is hoped this will have potential as an
MR technique to complement information from hypoxia
measures such as 18FMISO PET and this is preferred
owing to the less problematic use of oxygen in the
clinical setting. Alternative techniques that employ
combinations of ASL sequences and blood oxygen level
dependent (BOLD) sequences as used in functional MRI
can be used to determine maps of cerebral metabolic rate
of oxygen use (CMRO2) in addition to measures of
permeability. However, these techniques are at an early
stage of development.

Applications of vascular biomarkers in cerebral
malignancy

Neoplasm and its differential diagnosis

Imaging biomarkers of the vascular microenviron-
ment, whose development has been driven largely by
tumour research, have been utilised to improve radi-
ological diagnostic performance, particularly for solitary,
ring-enhancing lesions, and in the distinction of surgical
from non-surgical lesions. Prospective clinical trials are
necessary to define the sensitivity, specificity and pre-
dictive values of these biomarkers in clinical use and,
in particular, methodological questions regarding the
repeatability and reproducibility of parametric measure-
ments within and between centres have still to be fully
addressed.

Distinguishing solitary metastasis from glioma
Discriminating HGG from solitary enhancing cerebral

metastases can be difficult, but it is an important distin-
ction in determining the need for surgical intervention.
Signal peak height and the degree of signal recovery
using DSC-MRI have shown value in differentiating
between the two [60]. In malignant glioma, rCBV values
were found to be higher than in metastasis, particularly
measurements from the region surrounding the enhan-
cing tumour. This has been attributed to mixed vaso-
genic and cytotoxic oedema (due to tumour infiltrating
along white matter tracts) in glioma compared with
predominantly vasogenic oedema surrounding metas-
tases [61]. ASL studies have detected similar patterns
with significantly higher CBF in the T2 weighted high
signal areas surrounding GBM than surrounding metas-
tases. Further large prospective studies are required,
however, before such findings can be reliably applied to
clinical practice. Kremer et al used DSC-MRI to compare
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the mean rCBV in HGG and solitary cerebral metastasis
in patients with melanoma, renal and lung carcinoma.
Higher values were found in melanoma and renal meta-
stases, although lower values in HGG were indistinguish-
able from lung metastases [62].

Distinguishing lymphoma from glioma
Since resection of primary cerebral lymphoma can

worsen prognosis and result in unnecessary and avoid-
able patient morbidity, non-invasive diagnosis is pre-
ferred [63]. Malignant glioma is known to rely much
more heavily upon a network of new blood vessels than
malignant lymphoma. This difference has been exploited
in order to differentiate the two based on the far higher
rCBV values seen in HGG (Figure 4) [64–66]. Semi-
quantitative evaluation of the signal–intensity time curve
also revealed patterns characteristic of primary lym-
phoma [67]. Maximum rCBV has not only been found to
be significantly lower in lymphomas than gliomas, but
this was also reflected in a lower MVD on immunohis-
tochemical examination [68]. In addition, HGG has been
shown to have higher blood flow than lymphoma using
ASL. Figure 4 shows an example of the relative blood
volumes from DSC-MRI in lymphoma vs HGG.

Characterising meningioma
Although extra-axial in location, meningiomas are the

most common primary intracranial neoplasm. Using
DSC-MRI, extra-axial tumours have been shown to
generally exhibit higher rCBV values than enhancing
intra-axial tumours [69], although to be related to their
extra-axial location and vascular origin, although menin-
giomas also have higher rCBV values than either sch-
wannomas or neurinomas [70, 71]. Meningiomas are
vascular tumours with potential for morbidity related to
intra-operative bleeding. At low field strength (0.23 T),
time to peak (TTP) from DCE-MRI was associated with
MVD in meningioma, although the risk of surgical
bleeding was more highly associated with conventional
MR [72]. More recent reports have suggested that DSC-
MRI can detect increased permeability in meningiomas
with a partial internal carotid blood supply (via pial rather
than dural vessels). This is thought to have implications to
patient selection for pre-operative dural vessel embolisa-
tion and for planning resections of pial supplied tumours,
which are more likely to bleed intra-operatively [73].

DCE-MRI has also been used to differentiate true intra-
axial tumours from the subset of meningiomas that have

imaging features resembling intra-axial tumours [74].
ASL has been used to determine blood flow in both
meningiomas and gliomas [75–77]. Continuous (c)ASL-
derived relative changes in signal intensity (%SI) time
curves were also found to correlate with microvascular
area as determined histologically by CD31 expression. In
general, the values for the various perfusion metrics
from each technique were higher in angiomatous menin-
gioma than in fibrous meningioma. Similarly, Ktrans has
been shown to be helpful in distinguishing typical from
atypical meningiomas that demonstrate similar rCBV
values (Figure 5) [78].

Mixed tumour series
Other studies have examined the usefulness of perfu-

sion imaging in mixed series of intracranial lesions.
Noguchi et al [79] employed ASL in 35 patients with
brain tumours and were able to distinguish haemangio-
blastomas from glioma, meningioma and schwannoma
based on the maximal signal intensity within a tumour
ROI normalised to ’’normal’’ white matter. They also
reported a positive correlation between this measure and
MVD on six histological subtypes of primary brain
tumour. Additionally, there was a positive correlation
between the percentage change in signal intensity (%SI)
and MIB-1 (an antibody directed at proliferation antigen
Ki-67 in gliomas), suggesting a link between proliferation
and angiogenesis [79]. Weber et al [80] assessed conven-
tional imaging and MRS against perfusion-weighted
imaging (ASL, DSC-MRI and DCE-MRI) for the dis-
crimination of GBM from metastases, lymphomas and
other types of glioma. They concluded that perfusion-
weighted imaging had the greatest predictive success,
with GBM once again reporting the highest flow values.
Receiver operating characteristic (ROC) analysis identi-
fied a threshold rCBF value of 1.4 with sensitivity 97%,
specificity 50%, positive predictive value (PPV) 84% and
negative predictive value (NPV) 86% for discriminating
grade IV from grade III gliomas. This relatively low
specificity remains problematic in separating grade IV
and III gliomas using perfusion metrics. The sensitivity
increased to 94% for discriminating grade IV from grade
II (non-malignant) lesions. The higher blood flow in
GBM also allowed differentiation from lymphoma, an
rCBF cut-off of 1.2 possessing sensitivity, specificity, PPV
and NPV of 97%, 80%, 94% and 89%, respectively.
The authors recommended the use of PWI over MRS
on commonplace 1.5 T clinical scanners due to the
improved differential capability and shorter acquisition

(a) (b)

Figure 5. (a) Images from a pathologically confirmed atypical meningioma: A, contrast-enhanced T1; B, CBV (cerebral blood
volume) overlay; C, permeability (reproduced with permission from [78]). (b) Scatter plot showing the range of values for rCBV
and Ktrans in typical and atypical meningioma.
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times, and concluded the diagnostic power of ASL and
DSC-MRI was comparable. While ASL benefits from the
lack of exogenous intravenous contrast, DSC-MRI can be
acquired more quickly, particularly at lower field
strengths. As contrast is almost universally administered
to tumour patients, DSC-MRI is gaining prevalence as a
means of generating microvascular information during
the injection that is otherwise ignored. Use of an ex-
tended pharmacokinetic model with two extravascular
compartments and a measurement of blood volume al-
lowed differentiation of glioma, metastasis and menin-
gioma [81]. Additionally, a scatter plot of extravascular
volume against blood volume differentiated between
necrotising and proliferating tumour tissue, which may
have usefulness in monitoring therapy.

Distinguishing infection from glioma
Abscess is one of the main differential diagnoses of

GBM. While diffusion-weighted imaging is becoming
routine for clinical diagnosis of abscess, studies have
demonstrated significant separation between CBV values
observed in abscesses vs cystic HGG (Figure 6) [82–84].
The mean rCBV from DSC-MRI in rim-enhancing lesions
was found to be higher in cystic high-grade neoplasm
than in cerebral abscesses [83]. Specificity increased if
perfusion data were combined with measurements of the

apparent diffusion coefficient (ADC), which was found
to be higher in abscesses, possibly reflecting the reduc-
tion in cellularity caused by tissue destruction compared
with new tissue formation in neoplasia [85, 86]. Haris
et al [87] examined infective brain lesions, HGG and
LGG with DCE-MRI comparing rCBV, rCBF, Ktrans and
ve with VEGF expression and histopathological MVD.
MVD was correlated with VEGF expression and rCBV,
whereas Ktrans was not. Although each parameter was
significantly different among the three groups, the pre-
dictive value was not absolute. The DCE-MRI parameters
of Ktrans and ve were recommended as adjuncts to
differentiation of infective from surgical intracranial lesions
on conventional imaging, rather than as replacements.

Distinguishing inflammation from glioma
Tumefactive demyelinating lesions (TDLs) as seen in

multiple sclerosis (MS) can be difficult to differentiate
from neoplasm on conventional MRI. The passage of
large molecules across the BBB [88] and increased levels
of VEGF in the CSF have been found in MS [89],
indicating an inflammatory process that may share some
of the pathophysiological steps associated with BTB
disruption. Regional CBV derived by DSC-MRI has been
shown to differentiate TDL from intracranial neoplasm,
including primary lymphoma, with lower values seen in

Figure 6. Post-contrast T1 (left) and
cerebral blood volume maps from a
glioblastoma multiforme (top) and
cerebral abscesses (bottom). (Re-
produced from [83] with permission).
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demyelination than in neoplasia [90]. Differentiation
remains largely reliant on the clinical presentation.

Significance of microvascular properties in
glioma

The in vivo analysis of tumour microvasculature aids:
pre-operative grading of glioma; selection of representa-
tive biopsy sites; accurate determination of tumour
extent; and monitoring of LGGs for potential malignant
change. A number of studies have addressed the utility
of imaging biomarkers of angiogenesis in these roles.
Advanced imaging techniques have been mooted as key
elements in the formulation of novel glial tumour classi-
fication systems that extend beyond the World Health
Organization (WHO) histopathological classification and
incorporate cytogenetic features, histopathological fea-
tures and imaging features for the improvement of grad-
ing accuracy and predicting response to treatment [91].

Grading and histological subtype

Numerous studies have addressed the question of
whether perfusion MRI, alone or in conjunction with
other techniques, can accurately predict histopatho-
logical grade in glioma [84, 92, 93]. Early work utilising
DSC-MRI with a first-pass, non-diffusible tracer model
showed statistically higher rCBV in high-grade than in
low-grade astrocytoma [94]. Subsequently there is an
extensive body of work from the last decade showing
a correlation of dynamic MRI parameters with WHO
glioma grade, distinguishing LGG from HGG with good
sensitivity and specificity [95].

In other studies, both Ktrans and rCBV have been
shown to be independently predictive of glioma grade
with sensitivity and specificity greater than 90% [96].
Using DSC-MRI, rCBF was investigated in parallel to the
related but more widely utilised parameter rCBV, and
was found to be significantly higher in HGG and able
to discriminate between grades independently [82]. A
DSC-MRI study correlating a variety of pharmacokinetic
models with histopathological grade found rCBV from
a single compartment model, CBF and CBV from a
single compartment model with automated AIF, and
Ktrans and vp from a two-compartment model all cor-
related well. The optimal parametric combination was
found to be Ktrans and rCBV, with rCBV being the single
best predictor of grade [97]. Warmuth et al [77] com-
pared rCBV measurements from ASL and DSC-MRI and
found them equally effective in distinguishing HGG
from LGG, although ASL underestimated flow in areas
with apparently lower flow rates. This reflects a known
limitation of ASL for measurement of CBF in areas of
lower flow such as white matter. These findings were
reinforced by a later study using a combination of 1H-
MRS and perfusion imaging for the differentiation of
HGG from LGG that found the metric with the single
best performance in detecting malignancy in gliomas
was the rCBV derived from DSC-MRI [98].

Traditional analysis employs ROI approaches to extract
values from parametric maps. Histogram analysis of
the distribution of normalised CBV values within the
tumour ROI has been described as an alternative to the

’’hot-spot’’ (ROI maximum) method for differentiating
tumours and provides more accurate differential diag-
nosis and better interobserver reproducibility in glioma
[99]. Histogram techniques have the advantage of being
more noise resistant than voxelwise maximum values.
Young et al [100] employed a variety of analysis metrics
to describe the shape of the histogram in tumoural, peri-
tumoural and unsegmented tumoural regions within the
CBF, CBV and rCBV maps in glioma. The peritumoural
histogram metrics reportedly outperformed the stan-
dard methods and other histogram techniques in the
determination of glioma grade, with rCBV again being
the optimal studied parameter. Additionally, automated
histogram analysis of whole-volume DSC-MRI has
shown to be as effective as ROI analysis by an ex-
perienced observer when deriving rCBV for the grading
of cerebral glioma, thereby eliminating the operator-
dependent step of ROI selection [101].

Histogram analysis of rR showed a lower mean value
in grade II gliomas, while the distribution of pixel rR
values could discriminate between grade III and grade
IV [59]. VASO imaging has also been shown to distin-
guish HGG from LGG, although differentiating grade III
from grade IV was less robust [102].

Great interest has been placed in differentiating grade II
oligodendrogial tumours from grade II astrocytomas,
owing to the difference in behaviour and therapy. Cha
et al [103] showed that rCBVmax from DSC-MRI had
significantly higher values in low-grade oligodendroglio-
mas than in astrocytomas (Figure 7). Several groups have
confirmed the finding of high CBV values in oligodendrog-
lial tumours [103, 104] that have ’’chicken wire’’ vascu-
lature where the local rCBV can be as high as that of GBM.

Although less favoured than MR due to radiation
considerations, perfusion CT has also been used to dif-
ferentiate between LGG and HGG with similar sensiti-
vity and specificity to standard clinical MRI [105]. This
study found nCBV (normalised CBV) to be the single
best metric with sensitivity 85.7% and specificity 100%
with a cut-off of 1.92 compared with 85.7% and 60% for
conventional MRI. Similarly, Jain et al [106] reported
increased PS and CBV derived from perfusion CT
correlated with tumour grade, and PS in particular could
discern grade III from grade IV neoplasms, a diagnostic
feature many perfusion MR studies have failed to de-
monstrate. CT techniques may have a role in situations
where MR is contraindicated, but where advanced
characterisation of lesions is desirable.

The use of DSC-MRI obtained during routine clinical
examination and analysed with vendor-supplied software,
which is of particular relevance to current clinical practice,
has shown that rCBV had greater utility in the grading of
glioma (HGG vs LGG) than in the differentiation of solitary
metastases from HGG [107]. This work reported rCBV
thresholds of 3.9 for solid tumour and 1.9 for peritumoural
oedema and described high sensitivity, specificity and
accuracy in the differentiation of HGG from LGG. High
rCBV in the peritumoural ’’oedema’’ of HGG contrasted
with an rCBV of approximately 1.0 in metastases.

Tumour genetic status
Genetic factors such as loss of heterozygosity (LOH) of

chromosomes 1p/19q have been shown to be important
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biomarkers of chemosensitivity in gliomas [108]
(Figure 8). Jenkinson et al [109] found higher rCBV levels
in oligodendroglial tumours exhibiting the –1p/–19q
genotype than those with no LOH. Law et al [110]
subsequently found increased rCBV values in gliomas
with 1p deletions compared with those without. In
contrast, deletions of 19q—in isolation or with coexistent
1p deletions—produced no increase in rCBV. They pro-
posed a diagnostic protocol for the molecular typing of
gliomas with high rCBV suggestive of 1p deletion.

Emblem et al [99], recognising the confounding
effect that high blood volume benign oligodendroglial
tumours can have on non-invasive glioma grading
methodologies, assessed the histograms of rCBV va-
lues in glioma. They reported that the normalised peak
height of the histograms could differentiate low-grade
oligodendroglial tumours with maintained 1p/19q
heterozygosity from other gliomas with 100% sensi-
tivity and 91% specificity. The technique was also
used to distinguish LGG from HGG as previously
discussed.

Tumour edge and extent

Conventional imaging appearances of the tumour
often guide the ROI and histogram analysis and thus
much spatial information, particularly in the region sur-
rounding the contrast-enhancing tumour, is discarded.

This tissue is likely to contain invasive malignant cells
not observed by standard imaging. Although diffusion-
weighted imaging (DWI) is the main methodology for
examining microscopic tumour extension by evaluating
changes in cellular density, extracellular matrix and
white matter tract integrity, metabolic and perfusion
imaging have also been used. Glioma extension beyond
the visible edge on conventional imaging has been
detected with methionine PET and been correlated with
CBV and histology suggestive of focal malignancy [40].
Metabolic PET is being considered as a tool to guide
surgical and radiotherapy planning, and the more
accessible parametric maps produced by DSC-MRI
may be useful in this regard [111–113]. Di Costanzo et
al [114] utilised a combination of spectroscopy, DWI
and rCBV from PWI at 3 T in 31 patients with glioma (21
HGG, 10 LGG) and concluded the combination of all 3
could discriminate invasive tumour from surrounding
oedema or unaffected brain tissue, and could discrimi-
nate HGG from LGG. Assessment was carried out using
small ROIs in the tissue of interest with normalisation
to contralateral tissue. The HGG rCBV values were
3.70¡1.06 in the tumour mass and 3.39¡1.00 in the
margin. Lower values were detected in peritumoural
tissues, with rCBV ,1.0 in largely oedematous tissue,
increasing with some invasive tumour burden to
1.68¡0.41. Values in the bulk or margin of LGGs could
not be confidently distinguished from contralateral
tissue [114].

(a) (b) (c)

Figure 7. (a) Post-contrast T1, (b) fluid-attenuated inversion-recovery (FLAIR) and (c) cerebral blood volume (CBV) maps from in
patients with an oligodendrocytoma (top) and an astrocytoma (bottom) (reproduced from [103] with permission).
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Prognosis and transformation

LGG have a propensity to undergo malignant trans-
formation and become HGG although the timescale is
highly variable between individuals. A study of pro-
spective serial DSC-MRI in LGG investigating the
relationship between rCBV and malignant transforma-
tion found no significant difference in rCBV between
malignant transformers and non-transformers at base-
line. However, the rCBV at 12 months and 6 months
prior to eventual transformation were significantly
greater in transforming than in non-transforming glio-
mas; suggesting rCBV measurement in LGG may allow
prediction of malignant transformation with up to a 1

year lead time compared with contrast-enhanced T1

weighted imaging (Figure 8) [115]. During follow-up of
both HGGs and LGGs, Siegel et al [116] reported on the
clinical utility of rCBV in detecting increasing grade and
progression earlier than MRI, SPECT and clinical
assessment in up to two-thirds of patients with a mean
lead time of between 4.5 and 6 months. They also
described the usefulness of rCBV in differentiating
tumour necrosis and non-tumoural enhancing lesions
from infiltrative recurrence. Law’s group have employed
DSC-MRI to identify subsets of LGGs (astrocytomas,
oligodendrogliomas and oligoastrocytomas), which pro-
gressed rapidly or were more likely to undergo malig-
nant change [117]. They determined an rCBV cut-off of

(a) (b) (c)

d) (e) (f)

Figure 8. Images from serial MR perfusion studies in 30-year-old patient with oligodendroglioma that showed progression to
high-grade tumour 18 months after study entry. (a–c) Transverse rCBV (relative cerebral blood volume) overlay images. (d–f)
Transverse reformatted images obtained with double-dose contrast-enhanced volumetric T1 weighted sequence (spoiled
gradient echo; 14.4/6.4; inversion time, 650 ms). (a) rCBV map at baseline shows small area of elevated rCBV (arrow) measuring
up to 4.52. (b) rCBV map 6 months before transformation shows larger area of increased rCBV (arrow) measuring up to 8.32. (c)
rCBV map at transformation shows further increase in area with elevated rCBV (arrow), which now reaches a maximum value of
12.04. (d) Baseline contrast-enhanced T1 weighted image shows a hypointense tumour without pathological enhancement. (e)
Six months before transformation, there is no evidence of pathological intratumoural enhancement, despite a markedly
increased rCBV. (f) At transformation, there is irregular enhancement in centre of the tumour (arrow); the area of pathological
enhancement is much smaller than the region of increased rCBV (reproduced from [115] with permission).
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1.75, above which LGG exhibited significantly shorter
time to progression (4620 days vs 245 days). They later
demonstrated that LGG with rCBV .1.75 on DSC-MRI
had a significantly shorter median time to progression
(265 days vs 3585 days) regardless of pathological
findings. Relative CBV was also an independent pre-
dictor of prognosis in this cohort [118].

In a follow-up study of 41 malignant glioma patients
enrolled in a Phase II temozolomide trial, imaging 3–4
weeks after chemoradiotherapy and every 2 months
thereafter, failed to show a benefit from PWI or DWI in
predicting response as defined by conventional imaging
criteria [119]. Such approaches can be problematic since
conventional imaging may be misleading as a de facto
description of therapeutic response. In a study of a
first-pass pharmacokinetic model of DCE-MRI in glioma,
both Ktrans and CBV were shown to correlate with tumour
grade [120]. Furthermore, WHO grade, Ktrans and CBV were
all directly correlated with survival, although Cox’s re-
gression analysis identified only grade and Ktrans as signi-
ficant independent prognostic factors [121]. Ktrans exhibited
a direct relationship with survival in grade IV gliomas
(Figure 9). This initially appears counterintuitive as more
aggressive tumours should have higher angiogenesis rates
and hence leakier vessels; however, it most likely reflects
better drug delivery and potentially greater therapeutic
sensitivity in patients with higher Ktrans values [121].

Progression vs treatment effects

Progression vs pseudoprogression
Radiotherapy has been the foundation of GBM mana-

gement for over 30 years. Radiation-related treatment
effects are classified as acute (occurring during therapy),
sub-acute (in the 12 weeks following irradiation) or late
(occurring after 3 months from cessation of treatment).

An increase in the contrast-enhancing region on conven-
tional MR during the early post-irradiation period,
which subsequently resolves without intervention, has
been described [122]. This appearance mimics that seen
in tumour progression in the initial stages and is referred
to as pseudoprogression. Routinely employed MRI se-
quences are unable to distinguish accurately between
true progression and early or late treatment-related
effects. The distinction between true progression and
treatment-related effects is crucial in the management
decision-making process, since one represents treatment
failure while the other may actually be related to treat-
ment sensitivity.

The incidence of pseudoprogression has been reported
as 9% (3/32) for radiation alone and 21% (18/85) to
31% (32/103) with concomitant temozolomide [123–125].
Oedema and conventional contrast enhancement result-
ing from leaky neoangiogenic vessels in progressive
HGG cannot be distinguished from that caused by
temozolomide chemoradiotherapy in responsive patients
with pseudoprogression. Therefore, the ability to image
angiogenesis and tumour microvasculature has been
hypothesised to improve the sensitivity and specificity of
this important clinical distinction. In addition, the
confounding effect which pseudoprogression can have
on early detection of disease progression by current
standard methods—contrast-enhanced T1 weighted MRI
with RECIST criteria—means that a different progression
biomarker is required to assess response and potentially
to allow early stratification of treatment. Angiogenesis
biomarkers could provide greater information regarding
the microvascular changes which take place during
pseudoprogression.

Recurrence vs radiation necrosis
Radiation necrosis is a severe non-neoplastic tissue

injury, generally occurring between 4 and 12 months
post-radiation. It is related to the areas of highest radia-
tion dose. In one study 51% (26/51) of patients exhibited
radiological evidence of glioma progression within 6
months of temozolomide radiotherapy. 15 of the 26
patients were managed surgically, with almost half of those
(n 5 7) found to have radiation necrosis with no evidence
of recurrence [126]. Dual isotope SPECT with thallium-201
and the perfusion agent 99mTc-HMPAO have shown
potential in separating tumour recurrence from non-
specific changes in symptomatic, post-radiotherapy glio-
blastoma patients, matching 14 of the 15 histopathological
samples [127]. In a small Phase II trial of thalidomide and
radiotherapy in paediatric brain stem gliomas and GBM,
advanced imaging techniques such as FDG-PET, PWI and
MRS aided the distinction of recurrence from treatment
effect [128]. DCE-MRI follow-up of patients with a variety
of cerebral tumours who developed small enhancing
lesions in the radiotherapy field following treatment
showed relative CBV values were lower in non-neoplastic
enhancement (rCBV ,0.6) than in recurrence (rCBV.2.6),
but the inability to robustly discriminate between the
values was a major drawback [129].

While DWI, MRS and FDG-PET have been investi-
gated as methods for the differential diagnosis of
radiation injury from progression [130–135], the specifi-
city is not currently sufficient, and other modalities and

Figure 9. Scatter plot showing survival in patients with high
grade and low-grade glioma compared to measured Ktrans

(extracted from first-pass analysis and termed Kfp). The
figure shows a clear relationship between survival and Ktrans

in high-grade glioma.
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combinations must be investigated. Perfusion CT (ana-
lysed using commercial software) has shown that
recurrent tumours exhibit lower normalised (n)MTT
(normalised mean transit time) and higher nCBV and
nCBF than radiation necrosis [136]. The sensitivities and
specificities of nCBV with a cut-off value of 1.65 were
83.3% and 100%, for nCBF with a threshold of 1.28 they
were 94.4% and 87.5%, whereas in nMTT they were
94.4% and 75% with a threshold of 1.44. Hu et al [137]
attempted to establish DSC-MRI rCBV thresholds to
differentiate post-treatment radiation effects from tu-
mour recurrence in 13 volunteers using both T1 and T2

leakage-corrected techniques that were correlated with
biopsy location. An rCBV threshold value of 0.71 was
reported with a sensitivity of 91.7% and a specificity of
100% for distinguishing post-treatment radiation effects
from recurrent disease. The overall evidence supports
the notion that radiation necrosis exhibits lower rCBV
owing to transient leakiness rather than new vessel
formation or significant changes in vessel calibre.

Therapeutic response

Radiotherapy and chemotherapy
Cao et al [138] analysed data from glioma patients

undergoing radiotherapy by classifying the tumours into
regions of low and high blood volume on DSC-MRI.
Through proportional hazards survival analysis, they
demonstrated that the group of patients with tumours
comprising lower proportions of high rCBV (,7% of
the fluid-attenuated inversion-recovery (FLAIR) abnor-
mality) pre-treatment exhibited a statistically significant
increase in overall survival. In addition, a decrease in the
fraction of low rCBV at week 1 post radiotherapy was
associated with better survival, as was a decrease in the
fractional high rCBV at week 3. They suggested vascular
tumours are more aggressive, and that increased CBV
during week 1, followed by a decrease in week 3, is
the trajectory of rCBV change indicative of tumours
responding to radiotherapy [138]. This indicates the
potential to delineate areas within tumours with differ-
ential radiosensitivity, which may benefit from boost and
highly conformal radiotherapy techniques. Similarly,
following surgical resection of cerebral metastases,
rCBV measured at 6 weeks post-operatively was pre-
dictive of overall outcome with a sensitivity of 90%
compared with 64% for volume change alone [139].

Response to radiotherapy is important not only in the
context of the tumour and the timing of concomitant
chemotherapy, but has prognostic implications for the
damage to adjacent eloquent white matter. Lee et al [140]
detected a decrease in the rCBV peak height and an
increase in rR using DSC-MRI in normal appearing white
matter in a dose-dependent manner in the radiotherapy
field. They concluded that these changes reflected a
decrease in vessel density with a concomitant increase in
tortuosity or permeability in the 2 months following
radiotherapy. Fuss et al [141] examined rCBV in grade II
astrocytomas and the surrounding grey and white matter
following conformal radiotherapy, observing a signifi-
cant fall in rCBV in normal brain exposed to .40% of the
dose, but not in areas receiving lower doses. They also

documented radiation-induced changes in rCBV in the
tumours themselves despite a lack of response on
conventional MRI. In a small group of patients under-
going conformal radiotherapy, Price et al [142] reported
no changes in rCBF and rCBV outside the 60% isodose
line (32 Gy) during follow up, with a dose-related
decrease in both parameters in normal brain at higher
doses. These findings have the potential to predict
collateral changes during radiotherapy, although further
work is required to determine thresholds for the utility of
perfusion MR in detecting subclinical radiation changes
in normal brain during radiotherapy. As survival
improves with the advent of new therapies, the issue
of collateral radiation damage in eloquent brain may
become increasingly clinically relevant.

Since concomitant and adjuvant temozolomide che-
moradiotherapy is now the current standard of care in
GBM, there is interest in the potential effects which
timing of irradiation can have on the efficacy of chemo-
therapy. DCE-MRI studies have shown conformal radio-
therapy has a greater impact on the permeability of BTB
than of BBB, suggesting a preferential window for intra-
venous chemotherapy delivery from 1 week post initia-
tion to 1 month post completion of radiotherapy [143].
More evidence for the usefulness of microvascular imaging
may be derived once data are obtained on the administration
of these agents during the proposed therapeutic window.

Corticosteroids are the first-line medical therapy in
patients presenting with neurological effects secondary
to peritumoural oedema and mass effect. Early evidence
from xenon-CT demonstrated the rCBF in peritu-
moural oedema was significantly lower than contral-
ateral white matter in glioma patients, and that this was
not improved by dexamethasone therapy [144]. By
contrast, Bastin et al [145] used DSC-MRI to evaluate
the effects of dexamethasone and found no changes in
CBV, CBF or MTT within enhancing tumour or normal
appearing white matter following 2–3 days of dexa-
methasone 16 mg day–1, but did report increases in rCBF
in surrounding oedema. The authors suggested this was
due to the reduction in tissue fluid reducing interstitial
pressure and restoring flow. At present perfusion-
weighted imaging techniques such as DSC-MRI have
shown little value in predicting or detecting response to
temozolomide in glioma [119]. However, a case report has
noted areas of high rCBV corresponding to tumour volume
reduction following chemotherapy with PCV [procarba-
zine, lomustine (CCNU) and vincristine], whereas areas of
lower rCBV remained unchanged [146].

Emerging therapies
Considerable interest has arisen in targeted therapies

directed against the angiogenic process or neo-angio-
genic tumour vasculature [147–150]. These include the
anti-VEGF antibody bevacizumab (avastin, Genentech,
San Francisco, CA) that has shown improved progres-
sion-free survival [151] in a Phase II clinical trial of
recurrent malignant glioma treated with bevacizumab
and irinotecan in combination therapy. Objective disease
response was correlated with VEGF expression [152].
Trials to validate these results in larger patient num-
bers, and to test bevacizumab alone in both recurrent
and newly diagnosed disease, are under way. Similar
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successes have also been seen in drugs that target VEGF
and other growth factor receptor tyrosine kinases, so
called tyrosine kinases inhibitors (TKIs) in extracranial
solid tumours [150]. There are more than 60 Phase I/II
trials of such therapies in malignant glioma completed or
under way, and several imaging biomarkers have been
used in analysis of these potential new treatments.
Administration of a monoclonal antibody against VEGF
in a rodent model of glioma produced a profound
decrease in permeability as measured by DCE-MRI [153].
DCE-MRI was seen as a valuable adjunct to conventional
imaging in a study assessing response to anti-angiogenic
therapy with carboplatin and thalidomide, where rCBV
correlated better than conventional measures with
clinical status and response to therapy [154].

In a multicentre Phase I trial of an angiogenesis
inhibitor, DSC-MRI revealed decreases in blood volume
and blood flow in malignant glioma patients with a
clinical response, demonstrating the potential for detect-
ing alterations in perfusion parameters as markers of
therapeutic response in humans [155]. Similarly, in a
multicentre Phase I maximum tolerated dose study of
cilengitide in recurrent malignant glioma, rCBF changes
on PWI were significant following 16 weeks of treatment
and were apparently related to treatment response as
defined by conventional imaging [156]. Batchelor et al
[157] used a number of MR parameters in the assessment
of the oral anti-angiogenic pan-VEGFR tyrosine kinase
inhibitors AZD2171 and noted reductions in vessel size
and Ktrans. Ktrans may have decreased because of lower
vascular surface area; however, it remained low even after
vessel size increased, implying a reciprocal lowering of
vascular permeability. The reversible nature of vascular
normalisation (reduction in size and permeability) indi-
cates the need for longitudinal monitoring of such
therapies through non-invasive means such as DCE-
MRI. By transiently reducing permeability, the size of the
enhancing tumour on conventional imaging can shrink in
the presence of unchanged or progressing underlying
tumour bulk. This phenomenon—referred to as pseudor-
esponse—indicates the need for microvascular imaging
with such treatments, but also highlights the utility of
complementary advanced tumour imaging techniques.
Imaging biomarkers of microvascaulture will have a key
role in stratifying patients for anti-angiogenic therapy,
and detecting response or therapeutic escape.

Conclusion

To date, there has been extensive use of advanced
imaging techniques to grade and genetically type glioma,
target tumours for biopsy and aid differential diagnosis.
It is highly likely DSC-MRI, DCE-MRI and other imaging
techniques will be applied increasingly to studies of
novel and conventional therapeutic agents, particularly
those targeted at tumour microvasculature. For all of
these applications, variations in technique, the pros
and cons of the modality and kinetic analysis employed,
and the interpretation of the various derived para-
meters must be carefully considered before any links
to biological outcomes are inferred. Further research
is required to improve the acquisition, analysis and
standardisation of data before widespread clinical use is

feasible. It is likely, however, that standardised vascular
imaging approaches will be combined with circulating
biomarkers and complementary advanced imaging
methodologies. With ongoing improvements in scanner
hardware and post-processing techniques, these com-
bined advanced approaches should be transferrable to
the clinic. Ultimately, biomarkers of the tumour micro-
vasculature will result in more specific and sensitive
neuro-oncological diagnoses, more efficient clinical trial
design and improved rationalisation of individualised
cancer therapies. It is incumbent on those responsible for
assessing novel imaging diagnostic and response criteria
to be aware of the background surrounding their
implementation and utility.
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