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Susceptibility-Based Imaging of Glioblastoma
Microvascularity at 8 T: Correlation of MR
Imaging and Postmortem Pathology

Gregory A. Christoforidis, Allahyar Kangarlu, Amir M. Abduljalil, Petra Schmalbrock,
Abhik Chaudhry, Alan Yates, and Donald W. Chakeres

BACKGROUND AND PURPOSE: Imaging methods are currently being optimized in an
attempt to assess and monitor angiogenesis in vivo. The purpose of this investigation was to
determine whether areas of apparently increased tumor vascularity, as identified on 8-T
gradient-echo (GE) imaging of a known glioblastoma multiforme (GBM), corresponds to foci of
increased microvascularity on histopathologic analysis.

METHODS: We performed postmortem in situ, high-resolution GE 8-T MR imaging of the
brain in a 53-year-old woman with GBM. Ten histopathologic specimens in the region of the
tumor bed were studied by using hematoxylin-eosin and reticulin stains. MR and histopatho-
logic results were assessed and compared for microvascular size and density.

RESULTS: 8-T GE images showed small, penetrating vessels in the gray matter and white
matter. The images, however, were partly inhomogeneous as a result of local magnetic field
inhomogeneities adjacent to the skull base and aerated paranasal sinus structures. §-T MR
images demonstrated serpiginous areas of signal intensity loss, which were thought to represent
areas of increased microvascularity. Areas of lower microvascularity in the tumor bed corre-
sponded to areas of lower vascularity on histopathologic sections with smaller vessel diameters.
There was concurrence between vascular size predicted by histopathologic analysis and 8-T MR
imaging in nine of nine biopsy samples. Vascular density agreed in seven of nine biopsy

samples.

CONCLUSION: Our pilot data suggest that microvascularity in GBM can be identified by use

of high-resolution, GE, 8-T MR imaging.

The concept that tumor growth depends on angiogen-
esis has been refined over the past 3 decades (1, 2).
Antiangiogenesis therapy is targeted toward the re-
duction of tumor vascularity. As a result, imaging
methods are currently being optimized in an attempt
to assess and monitor angiogenesis in vivo. His-
topathologic methods to grade angiogenesis have
been based on the number of vessels, on the degree of
glomeruloid vascular structure formation, and on en-
dothelial cytology (2). More recently, microvascular
density (MVD) counting with panendothelial staining
techniques has been used to quantify angiogenesis
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and has been found to act as an independent predic-
tor (3-5). Imaging assessment of MVD in a tumor
bed may indicate tumoral angiogenesis. However,
MVD is not a direct measure of the functional status
of tumor angiogenesis. Such a marker would have to
more directly assess endothelial proliferative activity.

The purpose of this investigation was to determine
whether areas of apparently increased tumor vascu-
larity, as identified at 8-T gradient-echo (GE) imag-
ing of a known glioblastoma multiforme (GBM), cor-
responds to foci of increased microvascularity on
histopathologic analysis.

Methods

We compared in situ, postmortem 8-T MR images of a
biopsy-proved GBM in a 53-year-old woman with the corre-
sponding histopathologic sections. This patient had undergone
biopsy and debulking of this neoplasm 3 months before her
death and external beam irradiation 1 month after surgery. The
patient eventually died after her neoplasm continued to
progress. Consent for autopsy was obtained without restriction.
Postmortem examination included high-resolution MR imag-
ing at a field strength of 8 T by using a two-dimensional,
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Fourier transformation GE sequence with flip angle of approx-
imately 20°, a TR/TE of 500/10, a matrix of 1024 X 1024, a field
of view (FOV) of 20 cm, a section thickness of 2 mm, and an
acquisition time of 10 minutes. Radio-frequency (RF) spoiling
and 250 microseconds of gradient spoiling along the section
direction reduced residual transverse coherence. As such, the
in-plane pixel size was 196 um. The 8-T images were acquired
on a commercial console (Bruker, Billerica, MA) by using a
custom-built RF front end (6). A modified two-port, quadra-
ture-drive, transverse electromagnetic (TEM) RF volume coil
(7) was individually tuned on the patient’s head. The head coil
was placed inside the bore of the 8-T, 80-cm magnet (GE-
Magnex Scientific, Abingdon, England).

Two neuroradiologists (G.A.C., D.W.C.) identified foci of
enlarged microvasculature and foci of tortuous vascularity in
the tumor bed on the 8-T images (Figs 1A and 2A). The size of
the tumor vessels was compared with that of normal cortical-
penetrating vessels. They were determined to be small if they were
smaller than cortical penetrating vessels, medium if they
were equal to cortical penetrating vessels, and large if they were
larger than cortical-penetrating vessels in diameter.

Similarly, vessel density on 8-T images was estimated rela-
tive to cortical- and white matter—penetrating vessels and
graded as high if the density was greater than that gray matter,
medium if the density was between that of white matter and
gray matter, and low if it was less than that of white matter. In
addition, a method for measuring apparent vascular density in
the tumor bed was adapted from that of Abramovitz et al
(8-10). Regions of 5 mm were identified in the tumor bed and,
the average signal intensity in this region was measured by
using National Institutes of Health image software (version
1.62; National Institutes of Health, Bethesda, MD). In addi-
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Fic 1. Images from the intact cadaver of
a patient with known GBM.

A, Axial 8-T GE MR image (matrix =
1024 X 1024;TR/TE = 600/12; flip angle =
20°) in the patient with GBM at the level of
the trigone of the lateral ventricles (T) and
the level of the splenium (S) demonstrates
an exophytic mass extending into the left
lateral ventricle. A = anterior, P = posterior.

B-D, Reticulin-stained sections (original
magnification X100) correspond to an
area of normal gray matter (B), the focus
depicted by the arrow in A (C), and the
focus depicted by the arrowhead in A (D).
The arrow in B depicts the sulcus. Image
in C shows an area of high vascular den-
sity and large vessels. Image in D corre-
sponds to an area of vascularity and ves-
sel size similar to that of the gray matter in
the tumor bed. Vessels are depicted by
arrows in C and D.

tion, the signal intensity of the entire tumor bed visible at 8-T
MR imaging was measured. Angiogenic contrast (AC) was
defined as the ratio of the average signal intensity from each
region sampled (Sa) from the tumor bed to the average signal
intensity from the entire tumor bed visible at MR imaging (So),
as follows: So — AC = So/Sa. Apparent vascular density (ASD)
was then defined as ASD = —In(AC) (8-10). The values
obtained were then used to assist in grading vascular density in
the tumor bed.

Immediately after 8-T imaging, the patient’s body was taken
to autopsy, when the brain was removed without fixation and
sectioned parallel to the plane of imaging. Specimens were
then obtained from 10 regions in the brain corresponding to
foci identified at 8-T MR imaging. Specimen locations were
based on the corresponding topography identified on the basis
of autopsy and imaging findings. Anatomic landmarks near the
tumor, including the corpus callosum, the lateral ventricle, the
medial atrial vein, the septum pallucidum, the vein of Galen,
and the cortical sulci, were used to accurately match the loca-
tion of the tissue sample to the corresponding location on the
8-T MR images. Furthermore, because the tumor protruded
into the left lateral ventricle and invaded the septum palluci-
dum, the corresponding anatomy was readily identified by both
imaging and autopsy. Sample locations were estimated on the
image by interpolating the fraction of the distance between the
closest anatomic landmarks and the sampling site at autopsy.
For example, if a sampling site was located two-thirds the
distance between the junction of the septum pallucidum with
the lateral ventricle and the tumoral edge along the lateral
ventricle, this site was also identified on the 8-T MR image. We
made a similar calculation from other nearby anatomic sites,
taking into account all three dimensions. Anatomic landmarks
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Fic 2. Additional images from the intact cadaver of a patient with known GBM.
A, Axial 8-T GE MR image (matrix = 1024 X 1024;TR/TE = 600/12; flip angle = 20°) in the patient with known GBM involving the
splenium of the corpus callosum. This is 2 mm superior to the image in Figure 1A. Numerous small vessels are visible in the tumor bed.

A = anterior, P = posterior.

B and C, Hematoxylin-eosin—stained sections (original magnification X200) to the foci depicted by the arrow in A (B) and the
arrowhead in A (C). B, Histologic specimen shows larger vessels (arrow) in dense concentration. Vessels in this region of exophytic tumor
are also severely deformed in A, with loss of normal organization. Vessels can be seen crossing from the corpus callosum into the tumor.
C, Image shows tumor infiltration with vascular density similar to white matter.

This table compares findings on 8T gradient echo MRI to histopathologic findings from corresponding foci within the patient’s brain studied
here. Comparisons include whether tumor was identified in each of the modalities (8T and histopathology), vessel size relative to normal brain

tissues and vessel density relative to normal tissues

Identification of tumor Vessel size

Vessel density

8T Pathology 8T vessel size Histopathologic vessel size 8T vessel density Histopathologic vessel density
No Yes small small low low
Yes Yes large large high high
Yes Yes small small low medium
Yes Yes medium medium medium medium
Yes Yes medium medium low low
Yes Yes large large high high
No No large large low low
No No large large low low
Yes Yes large large low medium
Yes Yes necrosis necrosis necrosis necrosis
were 15 mm from sampling sites at autopsy. The two neurora- Results

diologists (G.A.C., D.W.C.) and two neuropathologists (A.Y.,
A.C.) agreed that the sampling sites corresponded to the im-
aging sites. Sampling included areas demonstrating high vas-
cularity on 8-T imaging, areas of lower vascularity in the tumor
bed on the images, and normal-appearing areas. (Table 1).

Tissue specimens were stained with hematoxylin-eosin to
characterize the tumor in a standard fashion. Reticulin fiber
stain was used to outline vascular walls and to analyze tumor
vascularity. Specimens were also stained with Perl stain to
determine whether iron deposition was present. The diameter
of the microvascular structures and vascular density in each
specimen was compared with that in normal cortex and normal
white matter. Two experienced neuropathologists (A.Y., A.C.)
graded these findings as high, medium, or low. Biopsy samples
were also analyzed for the degree of tumor infiltration and the
presence of necrosis and hemorrhage.

We compared semiquantitative assessments of microvascu-
lar size and density at 8-T MR imaging and histopathology.
Reproducibility of the measures of microvascularity with either
modality was not assessed because our sample was too small to
make this type of analysis meaningful.

8-T GE images could show small, penetrating ves-
sels in the gray matter and white matter. The images,
however, were partly inhomogeneous as a result of
local magnetic field inhomogeneities adjacent to the
skull base and aerated paranasal sinus structures and
in part related to Bl RF coil inhomogeneities. The
areas of interest were not significantly hampered by
these artifacts, and visualization of the microvascula-
ture in these regions was good.

The 8-T MR images demonstrated serpiginous ar-
eas of signal intensity loss, which were thought to
represent areas of increased microvascularity (Fig 1).
Areas of lower microvascularity in the tumor bed
corresponded to areas of lower vascularity on his-
topathologic sections with smaller vessel diameters
(Table). Foci of signal intensity loss surrounded areas
of increased vascularity. Histopathologic analysis in-
dicated that this was probably related to areas of
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increased microvascularity. There was no histopatho-
logic evidence on these stained specimens that this
finding was related to hemosiderin deposition. Fur-
thermore, no evidence of iron deposition was identi-
fied on the Perl stains.

Areas of brain with a normal MR imaging appear-
ance that were adjacent to the tumor bed contained
neoplastic cells (Fig 2). There was concurrence be-
tween vascular size predicted by histopathologic anal-
ysis and 8-T MR imaging in nine of nine biopsy
samples. Vascular density agreed in seven of nine
biopsy samples.

Discussion

The signal-to-noise ratio increases with field
strength (11-18). Imaging at higher field strengths
thus allows for imaging with a larger matrix, thinner
sections, or faster acquisition times. On the other
hand, magnetic susceptibility also increases with
higher field strength and can result in signal-intensity
loss and image distortion near the skull base and air
spaces, as well as with paramagnetic substances,
longer T1 times, or shorter T2 and T2* times (12, 19).
Unlike spin-echo imaging that suppresses local field
inhomogeneities, GE imaging with relatively longer
TEs becomes highly sensitive to paramagnetic sub-
stances, such as deoxyhemoglobin (12, 18-20). Sus-
ceptibility effect by using GE imaging and high mag-
netic field strength increases the conspicuity of
paramagnetic substances because of relative signal
intensity loss. As a result, in vivo high-field-strength
MR imaging at 8 T with a large matrix can show
vasculature as small as 100 um (20). Because this
study was done after the patient’s death, all vessels
were expected to contain concentrations of deoxyhe-
moglobin higher than those in live patients. Therefore
all vessels—arteries and veins—should be visualized
with higher sensitivity on 8-T GE MR imaging, in
contrast to similar examinations performed in vivo
where the arterial tree (which contains little deoxy-
hemoglobin) is substantially less conspicuous than the
deoxyhemoglobin-containing venous structures (11,
12). It is intuitive that any signal void due to flowing
blood in blood vessels would not be possible post
mortem. Vascular signal voids observed post mortem
should result from hemoglobin in paramagnetic
states. Susceptibility effects produced with GE imag-
ing are increasingly visible (lower signal intensity) as
TE increases; this leads to significant geometric dis-
tortion of images acquired near the skull base and air
spaces (12, 19). Thus, even though susceptibility ef-
fect resulting from the use of longer TEs improves
visualization of microvascular structures, it also results
in greater geometric distortion. Images produced by
using the parameters chosen for this study showed little
distortion, with the exception of structures adjacent to
the skull base.

In a study of 1440 malignant astrocytomas, Burger
et al (21) found that, among histopathologic features
such as cell density, nuclear atypia, mitotic activity,
necrosis, and vascular proliferation, only vascular
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proliferation differentially predicted short- and long-
term survival of patients with anaplastic astrocytomas.
Currently, the identification of vascular proliferation
in an astrocytoma places the tumor in World Health
Organization classification IV. Typically, vascular
proliferation is not uniform throughout a glial neo-
plasm. Because critical portions of a resected brain
tumor are not always delivered with the specimen to
a pathologist, critical markers of tumor grade may be
overlooked, leading to potential undergrading of the
tumor. As a result, in vivo imaging of features sug-
gestive of a high grade in an astrocytoma (eg, in-
creased vascularity) could play an important role in
assigning tumor grade (21, 22).

The angioarchitecture and perfusion of a tumor is
known to differ from that of normal brain: Vessels in
the tumor bed are more tortuous, larger, and disor-
ganized (23-25). Microvasculature in rat gliomas is
2-3 times as large as that within normal cortex, and
vessels may be as large as 250 um (24, 25). These
dimensions are well within the range of the 8-T im-
aging. Therefore, it should be possible to identify
areas of increased microvascularity in brain tumors at
8-T imaging (18).

In this study, the MR imaging findings of distorted
vasculature in the tumor included enlargement of
transmedullary veins, increased tortuosity, and gener-
ally increased overall vessel density. Other investiga-
tors have demonstrated that apparent vessel density
in a nude mouse glioma model, as identified on 4.7-T
GE MR images, correlates with the histopathologi-
cally identified density of blood-containing vessels (8)
and can be used to quantify angiogenesis in this same
animal model (9, 10). In these studies, vascular den-
sity was quantified from signal intensity loss on sus-
ceptibility-weighted images due to the paramagnetic
property of deoxyhemoglobin ( 8-10, 26). Correlation
to histopathologically determined vessel density mea-
sured immediately post mortem was statistically sig-
nificant (P = .0001, n = 35, r = 0.905) (9, 26). The
inhomogeneity of the signal intensity received from
the acquired images may also lead to underestimation
or overestimation of angiogenic contrast. We believe
this AVD determination helps to supplement the di-
rect visualization of tumoral microvasculature and is
presumed to be representative of the MVD in the
sampled region beyond the resolution of 8-T imaging.
Because field inhomogeneities encountered with 8-T
MR imaging may lead to large variations in the AVD
calculations, these calculations must be validated in a
large patient population. Reduction of field inhomo-
geneity should help reduce this problem.

Other groups have demonstrated high-resolution
imaging of the venous structures of the brain by using
blood oxygenation level-dependent GE imaging sim-
ilar to our techniques in that they both rely on longer
TE GE imaging (27-31). The advantage of imaging at
the higher magnetic field of 8 T is that the signal-to-
noise ratio is substantially higher; therefore, the res-
olution is higher. The 8-T images can be acquired at
a substantially shorter TE because the T2* of deoxy-
hemoglobin in the veins is short.
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Although our results are not conclusive, they dem-
onstrate good agreement between areas of increased
vascularity at 8-T imaging and histopathologic analy-
sis. Image analysis based on signal intensity may be
confounded only in regions of necrosis, hemorrhage,
and calcification. It is possible to differentiate these
regions from foci of increased vascularity on the basis
of adjacent vascular structures, morphology, and ap-
pearance of the surrounding tissues. In general, low
signal intensity due to vascular structures have a ser-
piginous shape, and these signal voids can be followed
toward the parent vessels.

Conclusion

The current study provides pilot data suggesting
that direct visualization of increased microvascularity
in a GBM may be possible at 8 T. These findings
should be confirmed on a more consistent basis in a
larger population of patients.
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