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Technical Note

MR High-Resolution Blood Oxygenation Level–
Dependent Venography of Occult (Low-Flow)

Vascular Lesions

Benjamin C.P. Lee, Katie D. Vo, Daniel K. Kido, Pratik Mukherjee, Juergen Reichenbach, Weili Lin,
Myeong S. Yoon, and Mark Haacke

FIG 1. Diagram representative of the phase behavior of brain
and veins. The phase mask is created by setting to unity (black
regions) all positive phase values (0 to 12048), and negative
phase values (0 to 22048) are displayed on a scale of 1 to 0
(hashed region).

Summary: A new technique for detecting vascular malfor-
mations, high-resolution BOLD venography (HRBV), is de-
scribed. This technique relies on the BOLD principle for
detecting deoxygenated blood in low-flow malformations.
HRBV images are acquired using a modified 3D gradient-
echo with voxel volumes of 0.5 3 0.5 3 2 mm3. The mag-
nitude data are masked with the phase images to enhance
visibility of the venous structures and are displayed using
the minimum intensity projection. Preliminary results for
10 patients show that HRBV is more sensitive in detecting
cavernomas than is T2*-weighted imaging, and lesions that
are presumed to be telangiectasias are detected only with
this technique.

Low-flow vascular malformations are detected
on MR images only after they have bled (126).
The abnormal vessels of the malformations are
shown unreliably with contrast enhancement and
are rarely visible on conventional MR angiograms
(7). A method of 3D gradient-echo MR venogra-
phy, the high-resolution BOLD venography
(HRBV) technique, which is capable of showing
venous anatomy at submillimeter resolution, has
been developed at our institution (8, 9). This tech-
nique is useful for characterizing these malforma-
tions and currently seems to be the only reliable
method for detecting nonhemorrhagic cavernomas
and telangiectasias.

Technique
HRBV was performed, without the intravenous administra-

tion of contrast material, as part of the clinical MR examina-
tions. The HRBV images were acquired with a 3D fast low-
angle shot sequence with a TE of 40, a low bandwidth (78 Hz/
pixel), gradient moment nulling in all three orthogonal
directions, 24 partitions, and a voxel volume of 0.5 3 0.5 3
2 mm3. The total acquisition time was 8 minutes. In addition
to standard T1-weighted and turbo T2-weighted images, gra-
dient-echo echo-planar images (TE, 40; axial section, 5 mm;
matrix, 128 3 128 interpolated to 256 3 256), 3D time-of-
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flight MR angiograms (matrix, 512 3 512; section thickness,
1 mm), and 2D MR venograms (matrix, 256 3 256; section
thickness, 2 mm) were obtained. Using a conventional circu-
larly polarized (CP) head coil, all imaging was conducted on
a 1.5-T Vision system (Siemens, Erlangen, Germany).

To enhance the visibility of the venous structures, the mag-
nitude images were manipulated with the phase data by the
use of the ‘‘phase mask’’ (9). Because paramagnetic structures
had a higher resonance frequency, the phase of small veins
was often negative and appeared dark relative to the brain pa-
renchyma and CSF on the phase image. The phase mask was
created by setting all positive phase values (between 0 and
11808) to unity and by normalizing the negative phase values
(from 0 to 2p) to a gray scale of values ranging linearly from
1 to 0 (Fig 1). This normalized phase mask was multiplied
against the original magnitude image and yielded images that
maximized the negative intensities of the veins. A minimum
intensity projection technique was used to display the pro-
cessed data using contiguous sections of thickness from 3 to
10 mm in the axial plane.

Preliminary results were available for 10 patients. All of the
cavernomas diagnosed using conventional MR imaging were
visible on HRBV images (seven cases); not only were the mar-
gins of the lesions better defined but HRBV showed additional
malformations compared with T2*-weighted images in two
cases (Fig 2). Lesions that were presumed to be telangiectasias
were shown on HRBV images (two cases); one showed non-
specific contrast enhancement (Fig 3), and the other was in-
visible on conventional images (Fig 4). Numerous vessels were
shown on HRBV images compared with the conventional con-
trast-enhanced images, but it was not possible to ascertain
whether these vessels were part of the venous lesions or a
concurrent telangiectasia (one case) (Fig 5).
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FIG 2. Comparison of HRBV and T2*-
weighted images.

A, T2*-weighted echo-planar image (TE,
40) shows the susceptibility effects of mul-
tiple cavernomas. Susceptibility is present
in the right frontal region.

B, HRBV image shows numerous addi-
tional lesions. Note that the margins of the
cavernomas are defined better with this
technique.

FIG 3. Comparison of HRBV and contrast-enhanced T1-weighted images.
A, Contrast-enhanced T1-weighted image (750/20 [TR/TE] with one acquisition) shows slight enhancement (arrows).
B, HRBV image shows abnormal vessels in the same regions compatible with telangiectasias. Some of the vessels have configurations

of veins.

Discussion
Cavernomas are detectable on MR images by

virtue of the signal of hemorrhage and flow void
within the abnormal vessels. Contrast enhancement
is inconstant and often nonspecific (126, 10).
Time-of-flight and phase-contrast angiography rely
on the presence of moving blood and are best in
detecting vessels in the sensitized direction. These
techniques are much less effective when the mal-
formed vessels are organized in a multidirectional
and complex manner. The slow flow within the ves-
sels of the malformations poses additional difficulty

because of blood signal saturation. Large vessels
within malformations are visible after contrast;
small vessels are often not detected because of the
partial volume effect of the relatively large voxel
used in conventional imaging.

HRBV relies on the magnetic properties and the
associated differences in relaxation rates between
venous and arterial blood or brain issue. The dif-
ference in bulk volume susceptibility between ox-
ygenated and deoxygenated red blood cells ac-
counts for both phase changes and T2-weighted
differences between arterial and venous blood. It is
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FIG 4. HRBV image shows a small vascular blush (arrow), which is a presumed telangiectasia, and an adjacent draining vein
(arrowhead).
FIG 5. Comparison of HRBV and contrast-enhanced T1-weighted images.

A, Contract-enhanced T1-weighted image (750/20 with one acquisition) shows enhancement of a typical venous angioma in the right
cerebellopontine angle.

B, HRBV image shows numerous small vessels in addition to the enhancing vessels seen on the contrast study. These small vessels
may represent small venous malformations or telangiectasias.

possible to differentiate deoxygenated from oxy-
genated blood by using the HRBV gradient-echo
technique with appropriately long echo times. This
technique exploits the signal losses in venous blood
from both T2-weighted and phase changes. The
bulk susceptibility shift effect of deoxygenated
blood causes a frequency shift of the protons,
which leads to a phase difference between venous
blood and issue spins. Because of the partial vol-
ume effect of venous blood with surrounding tis-
sue, there is signal cancellation in the reconstructed
magnitude images if the protons in the venous
blood and brain tissue are out of phase. This phase
reversal of venous blood causes a cancellation of
signal from the brain parenchyma. For a signal
fraction of blood of l and for brain parenchyma of
1-l, the signal intensity changes in tissue mixed
with venous blood reduces from 1 to 1–2l in the
opposed phase condition described above. This
cancellation is the essence of the venous enhance-
ment phenomenon used in this study (9). The
unique feature of the technique is the phase mask
used for data processing, which renders the HRBV
exquisitely sensitive to small BOLD changes.
When the magnitude images are multiplied by the
phase mask, there is enhancement of the venous

data but no change in the magnitude signal where
veins are not present. The resulting magnitude im-
ages are displayed, using the minimum intensity
projection. This technique is the converse of the
maximum intensity projection and displays low-
signal differences of the veins, minimizing the high
signals of the bran tissue (9).

Intracerebral veins of all sizes are visible rou-
tinely on HRBV because of the small voxel size.
Vessels smaller than the voxel are detected with
this technique by virtue of the susceptibility inher-
ent in the BOLD effect, which causes signal loss
beyond the immediate vicinity of the vessels (8).
Although it might be possible to detect small ves-
sels with conventional T2*-weighted echo-planar
images, provided the voxel size is reduced, this
technique does not have the benefit of the enhanc-
ing effect of the phase mask. We rely on the cur-
vilinear configuration of the vessels on the mini-
mum intensity projection to identify discrete veins,
but we are currently unable to differentiate visually
small patent vascular malformations from those
that have thrombosed or bled. It is, however, pos-
sible to characterize patent vessels by a careful
analysis of the phase pattern; for a patent venous
vessel, the phase will fall within a well-known limit
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FIG 6. HRBV image shows an example of the ‘‘ring’’ effect of
two veins.

based on an oxygen saturation of 55%. Pooled
blood that has clotted is likely to have a much lon-
ger phase effect (expected to be four times higher)
because of the increased hematocrit and reduced
oxygen saturation compared with slowly flowing
venous blood. For a moderately large vein, the lu-
men occupies several voxels and often will exhibit
a phase close to p, so that it is nullified. The pe-
ripheral portion of the vessel will appear dark be-
cause of the partial volume effect (Fig 6).

HRBV is acquired using a modification of the
3D gradient-echo technique, which is available in
most modern scanners. Postprocessing of the data
takes approximately 20 minutes and is performed
off-line using a program developed at this institu-
tion (8, 9). It is entirely feasible to incorporate this
process into the reconstruction software of future
scanners. This technique is ideal for screening pa-
tients with a high clinical suspicion of low-flow
vascular malformations, such as cavernomas and
telangiectasias. It is of less use in the diagnosis of
venous malformations, because these are usually

visible on conventional scans. An important finding
in our preliminary data is the ability of HRBV to
reveal cavernomas that are invisible on T2*-
weighted images. Sequential HRBV may be used
to determine whether cavernomas that increase in
number with time arise de novo or merely represent
subsequent bleeding from previously unrecognized
small malformations.
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