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MR Cerebral Blood Volume Maps Correlated
with Vascular Endothelial Growth Factor
Expression and Tumor Grade in
Nonenhancing Gliomas
Antonio C. M. Maia, Jr, Suzana M. F. Malheiros, Antonio J. da Rocha, Carlos J. da Silva,
Alberto A. Gabbai, Fernando A. P. Ferraz, and João N. Stávale

BACKGROUND AND PURPOSE: Relative cerebral blood volume (rCBV) measurements
derived from perfusion-weighted imaging (PWI) may be useful to evaluate angiogenesis and
preoperatively estimate the grade of a glioma. We hypothesized that rCBV is correlated with
vascular endothelial growth factor (VEGF) expression as marker of the angiogenic stimulus in
presumed supratentorial low-grade gliomas (LGGs).
METHODS: From February 2001 to February 2004, we examined 20 adults (16 men, four
women; mean age 36 years; range, 23– 60 years) with suspected (nonenhancing) supratentorial
LGG on conventional MR imaging. Preoperative MR imaging used a dynamic first-pass
gadolinium-enhanced, spin-echo echo-planar PWI. In heterogeneous tumors, we performed
stereotactic biopsy in the high-perfusion areas before surgical resection. Semiquantitative
grading of VEGF immunoreactivity was applied.
RESULTS: Nine patients had diffuse astrocytomas (World Health Organization grade II),
and 11 had other LGG and anaplastic gliomas. In patients with heterogeneous tumors on PWI,
the high-rCBV focus had areas of oligodendroglioma or anaplastic astrocytoma on stereotactic
biopsy, whereas the surgical specimens were predominantly astrocytomas. Anaplastic gliomas
had high rCBV ratios and positive VEGF immunoreactivity. Diffuse astrocytomas had negative
VEGF expression and mean rCBV values significantly lower than those of the other two groups.
Three diffuse astrocytomas had positive VEGF immunoreactivity and high rCBV values.
CONCLUSION: Our results confirmed the correlation among rCBV measurements, VEGF
expression, and histopathologic grade in nonenhancing gliomas. PWI may add useful data to
the preoperative assessment of nonenhancing gliomas. Its contribution in predicting tumor
behavior and patient prognosis remains to be determined.
Microvascular proliferation is one of the most important criteria for determining the malignancy of gliomas (1). Several authors have demonstrated the relevance of assessing tumoral angiogenesis in
diagnosing gliomas and in treatment planning and
follow-up (2–7). Although tumor enhancement on
conventional gadolinium-based MR imaging has been
an important criterion in preoperatively predicting
the malignancy of gliomas, contrast enhancement it-

self reflects only disruption of the blood-brain barrier
and not tumor angiogenesis. According to the literature, 20% of low-grade gliomas (LGG) enhance after
the administration of Gd-based contrast agent, but
approximately one-third of nonenhancing gliomas are
malignant (8, 9). For this reason, tumor enhancement
is not accurately predictive of the grade of the glioma,
and the diagnosis of LGG cannot be based on conventional MR imaging alone, particularly in the case
of nonenhancing tumors.
Some authors have suggested that relative cerebral
blood volume (rCBV) measurements derived from
perfusion-weighted imaging (PWI) can be useful
tools to evaluate tumor angiogenesis and to preoperatively estimate the grade of tumor, as they add diagnostic information not available with conventional
MR studies (10 –13). In addition, rCBV measurements can potentially reduce the sampling error in
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the histopathologic diagnosis of gliomas, improving
the selection of targets for stereotactic biopsy (10 –17).
Several growth factors are responsible for the angiogenic process, particularly vascular endothelial
growth factor (VEGF) (18). Expression of VEGF has
been demonstrated in a wide variety of malignant
tumors, including gliomas (19 –21). High-grade gliomas have marked microvascular proliferation, and
VEGF expression is thought to be prognostic in astrocytic tumors (19).
The correlation between PWI and VEGF has been
described. Many authors reported the application of
this technique to monitor treatment with anti-VEGF
compounds (22–27). Our aim was to evaluate the
correlation between rCBV and VEGF to obtain
quantitative measurements that could improve preoperative examination and offer potential parameters
for use in the follow-up assessment of nonenhancing
gliomas.

Methods
Our institutional review board approved the study protocol.
From February 2001 to February 2004, we enrolled 20 adults
(16 men, four women; mean age, 36 years; range, 23– 60 years)
with suspected supratentorial nonenhancing LGG, as shown on
conventional MR imaging. All provided informed consent.
The patients were examined by using 1.5-T equipment with
echo-planar capability. Only a single bolus of contrast material
was administered for each examination. Eleven axial section
levels (5 mm thick, 2-mm gap) were chosen for echo-planar
imaging; this selection was based on the extent of the lesion
estimated on conventional MR images. Axial T2-weighted,
spin-echo echo-planar images were acquired by using the following parameters: TR/TE ⫽ 1700/80, frequency R/L, 128 ⫻
128 matrix, 28-cm FOV. Intravenous administration of 0.3
mmol/kg of a Gd-based contrast agent at a rate of 5-mL/second
followed by a 20-mL saline flush was accomplished by using an
MR-compatible power injector.
All dynamic MR images were transferred via Ethernet to a
workstation (Sun Ultra 10; Sun Microsystems, Santa Clara,
CA) and evaluated with ADW 4.0 software (GE Medical Systems, Milwaukee, WI). Knopp et al (12) previously describe the
details of data processing. At least six rCBV measurements
were obtained in different regions of interest within the lesion.
In homogeneous lesions, mean and maximum rCBV values
were recorded to analyze the overall degree of tumor vascularity. The maximum obtained value was the method that provided the best interobserver and intraobserver reproducibility,
according to previous studies (16, 28). Cerebral blood volume
must be expressed relative to an internal reference, such as the
normal contralateral white matter. We referred to these values
as rCBV. Tumors with homogeneous rCBV maps (low or high
ratios compared with those of normal white matter) were
surgically removed. In tumors with heterogeneous rCBV maps
and focal areas of high perfusion, mean and maximum rCBV
measurements were recorded separately, and the higher values
of both were considered for statistical analysis. We performed
stereotactic biopsy in the focus with highest perfusion before
surgical resection, by using a Micromar Stereotactic Planning
System software (29). This was done to better evaluate the
possible correlation between rCBV and VEGF expression.
This method of multimodality image fusion and treatment
planning in stereotactic conditions was classified as semiautomatic, with three dimensions, and uses rigid-body transformation with referential markers defined in both modalities to
accomplish CT and MR image fusion. The registration errors
were smaller than the voxel size on the primary images (29).

Despite the potential limitations of the stereotactic biopsy (30,
31) and the possible geometric distortion of fused color maps
with a low-resolution matrix (128 ⫻ 128), this method allowed
us to obtain a sample of the high-perfusion focus to be compared with the residual tumor that has been removed by craniotomy after biopsy.
One neuropathologist (J.N.S.), who was blinded to the MR
imaging results, analyzed all pathology slides. Surgical specimens were fixed in 10% buffered formaldehyde in preparation
for light microscopy and stained with hematoxylin-eosin. The
histopathologic diagnosis was based on the World Health Organization (WHO) classification (1).
A semiquantitative grading of VEGF immunoreactivity was
applied, as Chaudhry et al (32) described. Deparaffinized sections were immunohistochemically stained by using the avidinbiotin-peroxidase complex and monoclonal antibody against
VEGF (clone A20, 1:30; Santa Cruz Biotechnology, Santa
Cruz, CA). Stains were graded from 0 to 3 according to extent
and intensity of staining: Grade 0 indicated no staining; grade
1, focal weak staining; grade 2, focal strong staining; and grade
3, widespread strong staining. We further simplified the grading scale to distinguish strong immunostaining from equivocal
weak or no staining: Grades 0 and 1 were classified as negative
(VEGF absent or focal weak staining of uncertain significance), whereas grades 2 and 3 were grouped as positive,
indicating that VEGF was present. This grading scale was
adapted from that of Abdulrauf et al (19).
To analyze the rCBV values and VEGF expression observed
in different gliomas, we classified the tumors into three groups:
diffuse astrocytomas (WHO grade II); oligodendrogliomas and
oligoastrocytomas, grouped as other LGG; and anaplastic gliomas (anaplastic astrocytomas or oligoastrocytomas). To assess
the relationship among rCBV ratio, VEGF expression, and
histopathologic diagnosis, we analyzed rCBV ratios in the three
groups by using the Kruskal-Wallis test and evaluated VEGF
expression by using the Fisher exact test. We compared rCBV
ratios and VEGF expression by using the Mann-Whitney U
test. P value ⬍.05 indicated a statistically significant difference.
Statistical analysis was performed by using a SPSS statistical
software package (SPSS, Chicago, IL).

Results
Nine patients had diffuse astrocytomas (WHO
grade II), and the remaining 11 had different diagnoses: four LGGs (one oligodendroglioma and three
oligoastrocytomas) and seven anaplastic gliomas (one
anaplastic oligoastrocytoma and six anaplastic
astrocytomas).
Table 1 summarizes our results. All anaplastic gliomas had positive VEGF immunoreactivity and high
rCBV ratios compared with those of normal contralateral white matter (rCBV ⬎ 1.0) (Fig 1). Both
rCBV (P ⫽ .0006, Kruskal-Wallis test) and VEGF
expression (P ⫽ .02, Fisher exact test) were significantly higher in anaplastic gliomas than in diffuse
astrocytomas. rCBV values were significantly correlated VEGF immunoreactivity (P ⫽ .0007, MannWhitney U test).
Although tumors with low rCBV ratios (rCBV ⬍
1.0) and negative VEGF expression were invariably
diffuse astrocytomas (Fig 2), three diffuse astrocytomas (in patients 7–9) showed positive VEGF immunoreactivity. All of these also had rCBV values higher
than those of normal contralateral white matter
(rCBV ⬎ 1.0) (Fig 3).
Six patients had heterogeneous rCBV maps. The
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rCBV ratios, histologic results, and VEGF expression
Patient/Sex/Age (y)
WHO grade II
1/M/30
2/M/35
3/F/33
4/M/27
5/M/41
6/M/39
7/M/38
8/F/22
9/M/32
10/M/39
11/M/26
12/F/37
13/M/27
WHO grade III
14/M/42
15/M/30
16/M/58
17/F/55
18/M/25
19/M/56
20/M/25

Histology

rCBV*

VEGF

Diffuse astrocytoma
Diffuse astrocytoma
Diffuse astrocytoma
Diffuse astrocytoma
Diffuse astrocytoma
Diffuse astrocytoma
Diffuse astrocytoma
Diffuse astrocytoma
Diffuse astrocytoma
Oligodendroglioma
Oligoastrocytoma
Oligoastrocytoma
Oligoastrocytoma

0.65/0.77
0.55/0.72
0.57/0.7
0.69/0.81
0.62/0.65
1.73/2.1
1.07/1.2
1.61/1.9
0.68/0.82
1.27/1.62
1.72/1.88
1.59/1.97
2.64/2.99

⫺
⫺
⫺
⫺
⫺
⫹
⫹
⫹
⫺
⫺
⫺
⫹
⫹

Anaplastic
Anaplastic
Anaplastic
Anaplastic
Anaplastic
Anaplastic
Anaplastic

2.78/3.11
2.89/3.08
3.45/3.6
3.79/3.9
3.22/3.7
3.30/3.8
2.99/3.19

⫹
⫹
⫹
⫹
⫹
⫹
⫹

astrocytoma
astrocytoma
astrocytoma
astrocytoma
astrocytoma
astrocytoma
oligoastrocytoma

* Mean/maximum.

samples obtained during stereotactic biopsy of the
highest rCBV focus allowed for the histologic diagnosis of two oligoastrocytomas and four anaplastic
gliomas, whereas their surgical resection samples
proved to be predominantly diffuse astrocytomas at
histopathologic analysis (Fig 4). In these patients,
expression patterns were also correlated with malignancy, as all anaplastic gliomas had positive immunoreactivity for VEGF.
Oligodendroglioma and oligoastrocytoma had
rCBV ratios higher than those of diffuse astrocytomas, but significantly lower ratios than those of anaplastic tumors. Two oligoastrocytomas had positive
immunoreactivity for VEGF.

Discussion
Gliomas constitute a wide range of heterogeneous
tumors, which differ greatly in terms of their potential
for growth, invasiveness, and tendency to progression
(1). LGG account for 10 –20% of the adult primary
brain neoplasms and their clinical management remains controversial, particularly in young, asymptomatic patients with controlled epilepsy and tumors involving functionally eloquent brain areas (33–38).
Accurate histopathologic diagnosis is crucial to define
the best management and prognosis of these tumors.
Despite the lack of evidence-based definitive recommendations to support the benefit of gross total resection in gliomas (39, 40), most neuro-oncologists
believe that safe and feasible resection improves the
outcomes for these patients (36, 37). In addition,
gliomas are known to be heterogeneous tumors, and
one of the main advantages of surgery is to avoid
potential diagnostic error with biopsy samples (40).
However, many gliomas are not amenable to gross
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total resection because of their infiltrative nature and
their involvement of eloquent brain structures. In this
case, stereotactic biopsy may be an option to confirm
the diagnosis. In this context, nonenhancing gliomas
remain a major diagnostic challenge. Despite recent
advances in sequences and protocols, conventional
MR imaging is unreliable in predicting the diagnosis
and grade of brain gliomas (16), and it does not
provide consistent morphologic criteria to select the
target for stereotactic biopsy in patients with nonenhancing tumors.
Marked neovascularization is characteristic of
high-grade gliomas (1). The degree of tumor vascularity and the extent of peritumoral vasogenic edema
are correlated with much of the morbidity and mortality observed with malignant and certain benign
CNS neoplasms. In the last 2 decades, some reports
have focused on mechanisms of glioma vascularization, including growth factors, receptors, and possible
mechanisms involved in tumor-associated angiogenesis and capillary permeability (18, 19, 32, 41, 42).
Angiogenesis is regulated by a number of both
stimulating and inhibiting angiogenic factors (43).
Some authors have identified many growth factors
with chemotactic and mitogenic activity for endothelial cells (44). Among them, VEGF is thought to be a
major regulator in the development of tumor angiogenesis (42, 45, 46). Some reports describe a positive
correlation of VEGF levels and vascularity in gliomas
(47– 49).
MR imaging is widely accessible and is the best
option for diagnosis and follow-up assessment of
brain tumors (12, 33, 36, 37, 50). Furthermore, in the
past few years, technical advances have allowed the
use of MR imaging for noninvasive evaluation of
angiogenesis.
Several previous studies described the rCBV ratios
of gliomas (10 –12, 51, 52), and although some authors reported a wide range of rCBV ratios that
overlap among neoplasms of different grades, they
observed notable differences between LGGs and
high-grade gliomas, as we did. However, previous
series included patients with heterogeneous tumors—
both enhancing and nonenhancing—as well as important information regarding perienhancement edema,
distant tumor foci, hemorrhage, necrosis, mass effect,
which are helpful data for characterizing tumor aggressiveness and hence tumor grade on conventional
MR imaging (16). Our patients had relatively homogeneous and nonenhancing tumors; therefore, highgrade features could not be accurately predicted on
the basis of conventional MR imaging results.
We chose spin-echo echo-planar images because of
their presumed increased sensitivity to microvascular
changes (eg, capillary-level blood volume) (11, 53,
54). In fact, this is a somewhat contentious issue.
Donahue et al (55) argue that spin-echo PWI is less
accurate in predicting glioma grade than gradientecho PWI. Sugahara et al (10) found that tumor
rCBV obtained with the gradient-echo echo-planar
technique was significantly higher than that obtained
with the spin-echo echo-planar technique in the high-
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FIG 1. Anaplastic astrocytoma. Axial enhanced T1–weighted image demonstrates a right frontal, nonenhancing lesion (A). rCBV map
shows a markedly elevated rCBV of 3.6, which is consistent with biopsy-proved anaplastic astrocytoma (B). Immunohistochemical
staining (400⫻) with monoclonal antibody against VEGF reveals strong cellular and endothelial positivity (C).

FIG 2. Diffuse astrocytoma. Axial enhanced T2-weighted image shows a left frontal nonenhancing lesion (A). rCBV map shows an
obviously reduced rCBV of 0.72, which is consistent with biopsy-proved diffuse astrocytoma (WHO grade II). Immunohistochemical
staining (400⫻) with the monoclonal antibody against VEGF is negative (C).

FIG 3. Diffuse astrocytoma. Axial enhanced T1-weighted image shows a left frontal nonenhancing lesion (A). rCBV map shows an
elevated rCBV of 1.9 (B). Histologic section (400⫻) reveals a diffuse astrocytoma (WHO grade II), but VEGF staining shows strong cellular
and endothelial positivity (C).

grade gliomas but not in LGGs. These findings have
been related to the increased sensitivity of the gradient-echo echo-planar technique to large vessels,
which can be clearly observed in high-grade gliomas.
On the other hand, Lev et al (52) reported that

spin-echo rCBV maps show fewer falsely elevated
values related to larger cerebral vessels, draining
veins, and shunt vascularity than do gradient-echo
MR-PWI maps. Because the gradient-echo echo-planar technique is sensitive to susceptibility effects from
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FIG 4. Anaplastic astrocytoma. Coronal enhanced T1-weighted image shows a heterogeneous left frontal lesion (A). rCBV map
demonstrates a focal area with a high rCBV of 3.11. Histologic section (400X) of this focus is consistent with biopsy-proved anaplastic
astrocytoma, and VEGF staining shows strong cellular and endothelial positivity (C).

total vascular beds, normal arteries and veins on the
surface of the brain tissue and ventricles might be
misinterpreted as tumor vascularity.
Correction for the leakage of contrast material was
not performed because our patients had only nonenhancing lesions. Although contrast enhancement
might not be visible, an element of leakage may be
present in nonenhancing regions, and the T1 shortening effect from the extravascular space accumulated during the first pass could not be completely
excluded. Finally, substantial methodologic variability
may explain the lack of a consistent relationship between angiogenesis markers and prognosis in our
study compared with previous series.
Despite the limitation of the sample size, we confirmed a positive correlation between increased tumoral perfusion (rCBV ratios) and VEGF expression
in our patients. Diffuse astrocytomas usually show
negative VEGF expression, as we observed. Furthermore, on PWI, all patients had rCBV values lower
than those of normal contralateral white matter. One
hypothesis to explain the absence of vascular proliferation in VEGF-expressing WHO grade II astrocytomas is that, though VEGF is upregulated, specific
receptors on endothelium are not expressed (18).
This would prevent tumor neovascularization induced
by VEGF. Another possibility is that additional signals are required to trigger angiogenesis in these
neoplasms (18). However, three of our patients with
low-grade astrocytomas had positive VEGF expression. These patients also had rCBV values higher
than those of normal contralateral white matter. Although the regulatory mechanisms involved in the
upregulation of VEGF in LGG have not been elucidated, this finding may be of biologic relevance because VEGF expression may be correlated with the
prognosis in diffuse, low-grade fibrillary astrocytomas. Abdulrauf et al (19) reported that VEGF positivity in low-grade astrocytomas is associated with
increased progression to high-grade tumors and with
a poor prognosis. Our relatively small sample size was
essentially based on our intention of including only
nonenhancing supratentorial tumor in adults. In ad-

dition, the limited follow-up precluded further statistical analysis of the association between VEGF expression and tumor progression or prognosis.
In our study, oligoastrocytomas and the only case
of oligodendroglioma had rCBV ratios higher than
those of diffuse astrocytomas; this was probably related to their increased microvascular density (56).
Lev et al (52) reported different perfusion patterns in
diffuse astrocytomas and oligodendrogliomas, probably in association with the fine capillary network typically observed in oligodendrogliomas. Some reports
show conflicting results regarding VEGF expression
in oligodendrogliomas. Although some authors (20,
57) did not find immunoreactivity for VEGF in oligodendrogliomas, Christov et al (21) showed immunohistochemical expression of VEGF in 31 of 34
oligodendrogliomas. In their study, as in ours, VEGF
expression patterns were also correlated with malignancy, as our anaplastic oligoastrocytoma exhibited
strong immunoreactivity for VEGF.
These technical differences include differences in
markers to highlight vessels, counting methods (manual vs imaging analysis), quantification methods (average microvessel count per square millimeter vs
highest microvessel distribution count per square millimeter), and microvascular distribution in various
regions of the tumor. Our intention in using the
semiquantitative method was to detect areas of highest vascularity, not as a prognostic marker but as a
diagnostic tool for a possible high-grade tumor.

Conclusion
Our results confirmed the correlation of rCBV
measurements, VEGF expression, and histopathologic grade in nonenhancing gliomas. PWI is a feasible supplementary sequence to conventional MR imaging that may add important and useful data for the
preoperative assessment of nonenhancing gliomas. In
this study, we were able to improve MR imaging
analysis by adding noteworthy information, such as
the VEGF finding as an immunohistochemical
marker of angiogenesis. PWI may provide new ap-

782

MAIA

AJNR: 26, April 2005

proaches for functional studies and become a valuable method for noninvasive, in vivo monitoring of
tumor growth and angiogenesis. Its contribution in
predicting tumor behavior and patient prognosis remains to be determined.
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