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Summary: We used 8-T high-spatial-resolution gradient-
echo MR imaging to directly visualize microvascularity
in pathologically proved glioblastoma multiforme. Im-
ages were compared with 1.5-T high-spatial-resolution
fast spin-echo T2-weighted images and digital subtrac-
tion angiograms. Preliminary data indicate that 8-T
high-spatial-resolution MR imaging may enable the
identification of areas of abnormal microvascularity in
glioblastoma multiforme that are not visible with other
routine clinical techniques.

Angiogenesis in an astrocytic neoplasm is a feature
of a more aggressive tumor such as a glioblastoma
multiforme, and histopathologic methods based on
the number of vessels, degree of glomeruloid vascular
formation, and endothelial cytology have been used
to grade it (1, 2). More recently, microvascular den-
sity analysis with panendothelial staining techniques
(eg, with factor VIII or CD34) has been used to quan-
tify angiogenesis and has been found to act as an in-
dependent predictor of disease-free survival (3, 4).
Other investigators have suggested that imaging find-
ings of vascular density in a tumoral bed may, in the-
ory, act as an indicator for tumoral angiogenesis (5–7).
In this context, the purpose of this study was to di-
rectly identify the microvascular features of glioblas-
toma multiforme at 8 T and to correlate those fea-
tures with imaging findings at 1.5 T and conventional
catheter digital subtraction angiography (DSA).

Description of the Technique and Results
A 37-year-old man had a glioblastoma multiforme of the left

parietal lobe that was examined at stereotactic biopsy. The
patient underwent 8-T MR imaging after providing written
informed consent. The protocol was performed with approval

of our institutional review board and in accordance with a
consent form under an Food and Drug Administration–ap-
proved Investigational Device Exemption. Images were ac-
quired by using a commercial console (Bruker Avance; Bruker,
Billerica, MA) and a custom-built radio-frequency (RF) front
end (8). A modified two-port, quadrature-drive, 16-strut, trans-
verse, electromagnetic, RF volume coil (8) was individually
tuned on the head of the patient. The head coil was placed
inside the bore of the 8-T, 80-cm magnet (GE Magnex Scien-
tific, Abingdon, England). A conventional two-dimensional,
multisection, gradient recalled-echo sequence was used to en-
code the images. RF spoiling and 250 ı̀s of gradient spoiling
along the section direction reduced the residual transverse
coherence. Images were acquired in 2-mm sections in the axial
plane with a 20-cm field of view FOV and encoded into square
900 � 900-pixel matrices. As such, the in-plane pixel size was
222 �m. A TR of 714 ms was selected to maintain a reasonable
imaging time of 10 minutes 49 seconds with an adequate signal-
to-noise ratio. To increase the degree of contrast and T2*
weighting, the nutation angle was set to approximately 23°, and
the TE was set to 10 ms. These parameters were derived from
the solutions to the Bloch equations for the spoiled gradient-
echo sequence and from the preliminary 8-T relaxation param-
eter estimates. An FOV of 20 cm was used, and 24 sections
were acquired with an NEX of 1.

The patient also underwent imaging at 1.5 T performed with
a commercial system (Signa LXCV; GE Medical Systems, Mil-
waukee, WI). Fast spin-echo (FSE) T2-weighted axial images
were acquired with a TR/TE of 5650/104, an FOV of 20 cm, a
matrix of 512 � 512, and a section thickness of 3 mm. These
images were compared with the 8-T MR images obtained on
the same date. Foci of microvascularity were then identified on
the 8-T images, and the corresponding regions were identified
on the 1.5-T images (Fig 1). The size of the vessels identified at
8 T was compared with the size of cortical penetrating veins. To
identify vessels beyond the resolution of 8-T imaging, the signal
intensity immediately adjacent to the foci of visible tumoral
microvascularity was measured and compared with the signal
intensity of the tumoral bed excluding these foci. For this com-
parison, we used NIH Image software version 1.62 (National
Institutes of Health, Bethesda, MD; available at rsb.info.nih.gov/
nih-image) (Fig 1).

Foci of enlarged vasculature and foci of tortuous vascularity
in the tumoral bed were identified on the 8-T images, and their
size was compared with the size of the cortical penetrating
veins in the same patient. The ratio of the sum of the diameters
of three transmedullary veins adjacent to the tumoral bed to
the sum of the diameters of three transmedullary veins away
from the tumoral bed was also calculated.

The patient began intraarterial chemotherapy. As part of
this treatment, DSA was performed by using a biplane
Neurostar TOP system (Siemens, Erlangen, Germany). The
arteriograms were evaluated for areas of increased vascular-
ity, increased vascular size, and vascular blush. The arterio-
graphic images were then compared with the 8-T MR images
to identify similar vascular features and to help validate the
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findings on the 8-T images. Vessels identified with both
techniques were also compared for the spatial resolution of
vascularity.

A low signal-to-noise ratio was achieved at 1.5 T imaging by
using a 2-mm section thickness, a 512 � 512-pixel matrix, and
gradient-echo sequences similar to those used for 8-T imaging
in this study. As a result, we could not reasonably compare the
gradient-echo images obtained at 8 T with those acquired at 1.5
T (8). Therefore, 1.5-T FSE T2-weighted images were com-
pared with 8-T gradient-echo 900 � 900 images.

Essentially all of the blood vessels were seen as hypointense
regions without phase-encoded artifacts. Areas of disturbed
vasculature in the tumoral bed were identified on 8-T MR
images. These areas included enlargements of the adjacent
transmedullary venous vasculature, irregularly shaped serpigi-

nous signal-intensity voids in the tumoral bed, and foci of
decreased signal intensity in the tumoral bed (Fig 2A). The
irregularly shaped signal-intensity voids were connected to the
transmedullary veins and were therefore believed to represent
tumoral veins (Fig 2). When we compared the size of the
tumoral vessels with that of the cortical penetrating veins in this
patient, the tumoral vessels appeared larger and more tortuous
(Fig 2). The ratio of the sums of the diameters of three trans-
medullary veins adjacent to the tumoral bed to three transmed-
ullary veins away from the tumor bed was 1.8. This determina-
tion was not possible with the 1.5-T images; we could not
identify the presence of irregular vessels in the tumoral bed on
the 1.5-T images. Foci of decreased signal intensity were iden-
tified adjacent to the areas of increased vascularity on 8-T
images (Fig 2A).

FIG 1. Comparison of MR images obtained at the inferior border of a glioblastoma multiforme. Although the arterial structures in the
sylvian fissure (arrowheads) are identified at both 1.5- and 8-T imaging, the smaller venous structures (unlabeled arrows) are depicted
only on the 8-T image. These venous structures represent draining veins from the tumoral bed. A indicates anterior; CP, choroid plexus
within the trigone of the left lateral ventricle; L, lateral; M, medial; P, posterior; VOG, vein of Galen; and 3V, third ventricle.

A, Image obtained at 8 T (714/10, 23° flip angle, 900 � 900 matrix, 2-mm section thickness, 20-cm FOV).
B, FSE T2-weighted image obtained at 1.5 T (5650/104, 512 � 512 matrix, 3-mm section thickness, 20-cm FOV).
C, Gadolinium-enhanced magnetization-transfer image obtained at 1.5 T (616/20, 256 � 256 matrix, 5-mm section thickness).

FIG 2. Axial images obtained through
the superior aspect in patient with a glio-
blastoma multiforme demonstrate the
ability to identify the fine angioarchitec-
ture associated with the tumor at 8 T but
not at 1.5 T. Note the enlargement and
tortuosity of the transmedullary veins
coursing over the tumor bed (long arrows),
as compared with those in a healthy pa-
tient. The signal-intensity voids in the tu-
moral bed connect to the transmedullary
veins (short arrows). Also note the area of
overall decreased signal intensity that is
associated with haphazardly arranged
vessels, which are thought to represent
neovascularity (arrowheads). A indicates
anterior; CS, centrum semiovale; L, lat-
eral; M, medial; P, posterior; SDV, sub-
ependymal draining vein.

A, Image obtained at 8 T (714/10, 23°
flip angle, 900 � 900 matrix, 2-mm sec-
tion thickness, 20-cm FOV).

B, FSE T2-weighted 1.5-T image (5650/
104, 512 � 512 matrix, 3-mm section
thickness, 20-cm FOV).

C, Image obtained at 8 T at one section
superior to that in B (714/10, 23° flip an-
gle, 900 � 900 matrix, 2-mm section
thickness, 20-cm FOV).

D, Gadolinium-enhanced T1-weighted
magnetization transfer images (616/20,
256 � 256 matrix, 5-mm section thick-
ness).
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The comparison of 8-T MR high-spatial-resolution images
to DSA images revealed that both techniques were able to
depict irregular vessels in the tumoral bed as well as enlarged
transmedullary veins that drained the tumor. Regions of de-
creased signal intensity in the tumoral bed, which accompanied
areas of increased vascularity at 8 T, corresponded to areas of
vascular blush in the tumoral bed. Some of the larger trans-
medullary veins that drained the tumoral bed could be identi-
fied on conventional angiograms. However, the normal trans-
medullary veins identified on 8-T images were not visible on
conventional angiograms. In addition, some of the smaller
vascular structures in the tumoral bed that were depicted at 8
T were not identified on DSA images (Fig 3).

Discussion
Imaging with higher magnetic fields is associated

with higher signal-to-noise ratios (9, 10). As such,
high-quality imaging is possible with larger matri-
ces, thinner sections, and faster acquisition times.
Signal intensity can be lost with high field strengths
because of increased magnetic susceptibility arti-
facts associated with the skull base, air spaces, and
paramagnetic substances; longer T1 times; and
shorter T2 and T2* times (9, 11). Unlike spin-echo
imaging that suppresses local field inhomogene-
ities, the use of gradient recalled-echo imaging with
a relatively long TE is sensitive to structures that
containing notable concentrations of paramagnetic
materials (9, 11, 12). These materials should in-
clude deoxyhemoglobin in venous blood and iron in
deep gray matter nuclei. On the other hand, the
magnetic susceptibility effects produced with gra-
dient recalled-echo imaging become increasingly
visible (lower signal intensity) as the TE increases.
This effect leads to substantial geometric distortion

of images acquired near the air spaces in the skull
base (9, 11). In general, the images produced by
using the parameters in this study showed little
distortion with the exception of structures adjacent
to the skull base. Because intracranial arterial and
venous vasculature can appear as flow voids on 8-T
MR images obtained with intermediate TEs (8 –20
m), we were not able to discriminate between these
two types of vessels with means other than ana-
tomic location (12). The higher deoxyhemoglobin
content of the venous structures is believed to ac-
count for the visibility of the smaller venous struc-
tures (12).

The angioarchitecture and perfusion of a tumor is
known to differ from those of normal brain. Vessels
in the tumoral bed are more tortuous, larger, and
more disorganized (13). The microvasculature in rat
gliomas are 2–3 times as large as those in normal
cortex, and the vessel diameters may be as large as
250 �m (13). These dimensions are well within the
range of the resolution at 8-T imaging.

High-field-strength MR imaging at 8 T with a large
matrix enables visualization of the vasculature to ap-
proximately 100 �m (12). This type of high-resolution
imaging enabled us to directly identify vascular fea-
tures in the tumoral bed in this case. The 8-T MR
imaging findings in the tumor related to vascular
distortion included enlargement and tortuosity of
transmedullary veins adjacent to the tumor and foci
of increased vascular density in the tumoral bed. Re-
sults of previous studies have demonstrated that ap-
parent vascular density in a nude-mouse glioma
model, as identified on 4.7-T gradient-echo MR im-
ages, is significantly correlated with the histopatho-
logically identified density of blood-containing vessels
(6). High-resolution MR imaging of apparent vascu-
lar density has been successfully used as an assay for
angiogenesis in this same animal model (6, 7). There-
fore, the identification of the neovascularity in brain
tumors should be possible with 8-T MR imaging. In
these studies, vascular density was quantified from
the signal intensity loss in susceptibility-weighted im-
ages due to the paramagnetic property of deoxyhe-
moglobin (5–7). This vascular density determination
may help to supplement the direct visualization of
tumoral microvasculature by representing vascular
structures with sizes beyond the resolution of 8-T
imaging. However, this possibility remains to be stud-
ied in humans.

The angiographic appearance and vascular pat-
tern of glioblastoma have previously been de-
scribed as varying widely and not consistently
present (14, 15). Typically, glioblastoma neovascu-
larity is characterized by a pattern of increased
vascularity in which the vessels are irregularly ar-
ranged with alternating foci of dilatation and con-
striction. The draining veins are dilated, they often
appear on arterial-phase angiograms, and they are
indications for shunt surgery (14, 15). These angio-
graphic features of neovascularity are reminiscent
of the microvascular features identified at 8 T in
this case in this report. Preliminary evidence thus

FIG 3. Lateral arteriogram obtained with a left carotid injection
demonstrates tortuous vascularity (arrows and arrowheads) in
the tumor bed within the glioblastoma multiforme. These find-
ings were also identified on the 8-T images (Figs 1 and 2).
However, the normal transmedullary veins and the smaller ves-
sels are less conspicuous on DSA images than on 8-T images. A
indicates anterior; DLV, direct lateral vein; I, inferior; ICV, internal
cerebral vein; P, posterior; and SS, straight sinus.
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far indicates that the resolution of venous vascula-
ture may be higher with imaging at 8 T or the same
as that of other techniques. In our experience, the
transmedullary veins were consistently identified
on 8-T gradient-echo 1024 � 1024 images (Fig 4)
(12) but not on conventional angiograms (14, 15).
In addition, several small branches of the trans-
medullary veins that were identified with 8-T im-
aging were not clearly identified with DSA (Fig 2).

The current study provides preliminary evidence
that direct visualization of microvascularity within a
glioblastoma multiforme may be possible at 8 T. This
possibility supports endeavors to further examine
whether this tumoral microvascularity may indeed rep-
resent neovascularity. The consistency of these findings
should be confirmed in a larger population of patients.
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FIG 4. Axial gradient-echo 8-T MR images (600/12, 23° flip
angle, 2-mm section thickness, 1024 � 1024 matrix, 20-cm
FOV) display the medullary veins in the head of a healthy volun-
teer. The image is centered at the centrum semiovale and shows
many transmedullary veins (black arrowheads) that drain into the
subependymal veins (arrows), which are depicted as linear signal
intensity voids converging on the surface of the lateral ventricles.
Also note the cortical penetrating veins (white arrowheads). A
indicates anterior; L, lateral; M, medial; and P, posterior.
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