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Abstract
Vascular-space-occupancy (VASO)-MRI without contrast injection was explored for imaging
cerebral blood volume (CBV) and tissue heterogeneity in gliomas (n=10). VASO contrast
complemented contrast-enhanced T1-weighted (GAD-T1w), FLAIR and T1w Magnetization-
Prepared-RApid-Gradient-Echo (MPRAGE) images. High-grade gliomas showed a VASO-
outlined hyperintense zone corresponding to long-T1 regions in MPRAGE and to non-enhancing
regions in GAD-T1w images. FLAIR, MPRAGE, and VASO data were used to segment tumors
into multiple zones of different T1. After removal of known resection areas using pre and
postsurgical MRI, the volume of overlap between the hyperintenseVASO-zone and the long-T1
MPRAGE zone correlated with that of GAD-T1w enhancement (R2=0.99) and tumor grade. Based
on these correlations, this remaining long T1 overlap area was putatively assigned to necrosis. The
results suggest that this collective T1-weighted approach may provide useful information for
regional assessment of heterogeneous tumors.
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Introduction
Despite recent treatment advances in neuro-oncology, prognosis for patients with high-grade
gliomas remains poor (1–3). First-line therapy for glioma patients is neurosurgical resection
and the extent of resection may impact survival (4–6). However, due to the heterogeneous,
infiltrating nature of these tumors, their spatial extent is often not apparent from
conventional MRI. Currently, areas targeted for resection are based largely on abnormal
enhancement in T1-weighted (T1w) MRI following intravenous Gd-DTPA injection (GAD-
T1w). This enhancement is attributed to blood brain barrier (BBB) leakage associated with
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angiogenesis and capillary damage in regions of active tumor growth (7–9). However, viable
tumor may extend beyond regions of contrast enhancement (8–11), while many low-grade
and even some high-grade tumors may not enhance (12,13). Therefore, supplemental
imaging techniques and improved processing are needed to better define regions of viable
tumor and assist in diagnosis and treatment planning for glioma patients.

Angiogenesis is an important contributor to tumor growth and correlates with tumor
aggressiveness (14–16). Since angiogenesis increases microvascular cerebral blood volume
(CBV), CBV-imaging may provide unique insight into tumor physiology, histology and
response to therapeutic agents. Both positron emission tomography (PET) and MRI-CBV
methods have been employed in glioma imaging, but both require appropriately timed
injection of contrast agents and subsequent post-processing (15,17), making them
logistically difficult. Recently, a new MRI approach called vascular-space-occupancy
(VASO) imaging was developed as a noninvasive method for detecting CBV changes
accompanying neuronal activation (18). VASO is a T1-weighted MRI approach that exploits
the T1 difference between blood and tissue to null intravascular blood signal, giving an
image of extravascular tissue water only. While VASO has shown consistent sensitivity to
CBV changes in functional MRI experiments (18–20), it has not been tested extensively in
the clinic. Recently, VASO images with and without contrast were combined to
quantitatively assess absolute CBV in brain tumors (21), showing promise for tumor grade
assessment. However, this approach is confounded by the assumption that the administered
contrast remains in the vasculature, which may not be applicable in regions of BBB
breakdown. The purpose of the current study was to compare the image properties of VASO
without contrast injection to GAD-T1w and FLAIR images. A high-resolution T1-weighted
MRI approach called Magnetization-Prepared-RApid-Gradient-Echo (MPRAGE) was also
employed to substantiate the VASO-based contrast.

VASO and MPRAGE may expand the relatively limited diagnostic specificity that
traditional T1w-MRI has offered for tumor imaging. T1 values of healthy tissue at 3.0T are
known to vary considerably: approximately 1209 ms for gray matter (22), 758 ms for white
matter (22) and 1627 ms for blood (23). While limited data is available at 3.0T on tumor T1
values, it has been shown at 1.5T that T1 of necrotic tissue is approximately 1500–2600 ms,
whereas T1 of GAD-T1w enhancing tumor is 1300–1700 ms and T1 of edematous brain is
1200–1500 ms (24–26); T1 values have also been shown to increase with tumor grade (25).
In VASO, blood signal is nulled, leading to the expectation of low signal intensity in fresh
tumor regions where CBV is increased. Hyperintense regions within the VASO image
reflect a longer T1 (negative signal at time of blood nulling) appearing as positive signal in
magnitude images (Fig. 1). In T1w MPRAGE-MRI, such areas will have lower signal
intensity. These regions can reflect resection cavities as well as necrosis, but the former can
generally be assigned from anatomical imaging before and after surgery. Enhancement in
GAD-T1w is traditionally attributed to a disrupted BBB, due to both endothelial damage as
well as pathologic angiogenesis, and occurs within tumor or around the perimeter of necrotic
regions, but not within areas of edema. Our hypothesis was that, due to the appreciable
differences in T1 between healthy tissue, necrosis, and edema/viable tumor, as well as the
high variation in CBV within tumor regions, VASO-MRI may provide additional contrast
and valuable information regarding tumor composition.

Methods
Ten patients with histologically-confirmed gliomas of varying grade were investigated: four
glioblastoma multiforme (GBM, WHO grade 4), two anaplastic astrocytoma (AA, WHO
grade 3), one anaplastic oligodendroglioma (AO, WHO grade 3), and three low-grade (low-
grade, WHO grade 2) gliomas. Written consent was obtained from all patients prior to
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involvement in this IRB-approved, HIPAA-compliant study. Rapid, moderate or slow tumor
progression was tracked by the overseeing physician according to routine clinical and
imaging surveillance. Rapid progression was defined as patient death within 60 days of
imaging, moderate progression as visible tumor progression on MRI combined with
progression of focal neurological symptoms referable to tumor and decline in performance
status, and slow progression as little change in either MRI or quality of life. Because the
time of diagnosis, tumor features and prior treatments varied widely between patients, tumor
progression criteria provide only a rough estimation of tumor aggressiveness, which, in this
pilot study, was compared qualitatively with FLAIR, MPRAGE, GAD-T1w and VASO
images.

Imaging
MPRAGE, GAD-T1w, FLAIR and VASO-MRI were performed on a 3.0T MRI scanner
(Philips Medical Systems, Best, The Netherlands) using body coil excitation and phased-
array coil (6 channels) with sensitivity encoding (SENSE) reception. Scan parameters were
FLAIR: 60 slices, TR/TE=11/0.12s, FOV=212, spatial resolution 0.83×0.83×2.2 mm3, scan
duration 4:57; MPRAGE MRI: 150 slices, 3D turbo-gradient-echo acquisition (SENSE-
factor=2), TR/TE=7.9/3.7ms, FOV=256, spatial resolution 1×1×1 mm3, scan duration 5:14;
images were acquired before (T1w) and after Gd-DTPA injection (GAD-T1w). VASO
(SENSE-factor=2): 22 slices, TR/TE =6/0.019s, three dynamics, FOV=220, in-plane spatial
resolution 2.3×2.3×2.2mm3, scan duration 3:18. In VASO, two slices were acquired in each
TR and the null-time (inversion time corresponding to blood signal nulling), TI=1.086s, was
centered between the two readouts.

Analysis
All images were reconstructed to a 256×256 matrix and corrected for motion and baseline
drift. Whole-brain MPRAGE, GAD-T1w and FLAIR images were resliced and co-registered
to the 22 VASO slices using standard algorithms established by the Oxford Centre for
Functional Magnetic Resonance Imaging of the Brain (FMRIB). The FMRIB Linear Image
Registration Tool (FLIRT, (27)) with a 12-parameter affine transformation and normalized
mutual information cost function was used for coregistration.

Although hyper- and hypo-intensities in the different T1w images could generally be
recognized by visual inspection alone, we developed a semi-automated algorithm to segment
the tumor (Fig. 2). First, FMRIB’s Automated Segmentation Tool (FAST)
(www.fmrib.ox.ac.uk/fsl/fast) was applied to all slices in co-registered FLAIR images to
obtain an outline of maximal combined tumor and edema volume. This mask was applied to
MPRAGE, GAD-T1w, and VASO images and only voxels lying within this mask were
analyzed. This was done by comparing intensities in the FLAIR volume with the mean
signal intensity (Sh) and standard deviation (stdh) of a “seed” region-of-interest (ROI) within
healthy appearing white matter. Next, for each voxel in the segmented FLAIR tumor
volume, it was determined how many (n) stdh its intensity (Si) deviated from Sh according
to:

[1]

Thus, n reflects how much the tumor voxel signal intensity deviates from healthy, white
matter signal intensity. Separate n-maps for MPRAGE, GAD-T1w and VASO were
generated. In order to perform tumor segmentation, the range of n-values corresponding to
certain tumor features has to be determined. Contrast enhancement, i.e. signal increase, in
GAD-T1w n-maps was defined as any voxel with n>0 (Fig. 2). GAD-T1w enhancement
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generally occurs around necrosis and within regions of metabolically active tumor. Based on
this assumption, an attempt to interprete the T1-features in MPRAGE and VASO images in
terms of necrosis and viable tumor features was made with ROIs drawn in hypointense
MPRAGE and hyperintense VASO n-map regions and mean n-values determined, which
were labeled nmax ± stdmax and nmin ± stdmin, respectively. Next, a region-growing
algorithm was applied to determine the spatial extent of the long-T1 region. Growing began
at a manual initiation point and proceeded by testing adjacent voxels to be within a certain
threshold n-value. In VASO, initiation was in regions of high n-value and the threshold was
nmax ± β·stdmax. In MPRAGE, initiation corresponded to regions of low n-value and the
threshold was nmin ± β·stdmin. A threshold parameter β = 1.5 was used, but this may be
varied to increase the strictness of the segmentation. As can be seen from the n-maps and
original images in Fig. 2, the location of the “long-T1 zone” is visually obvious and
therefore there was little bias present in the manual initiation step. We found this method to
be more accurate than automated routines, however current work is focusing on
development of entirely automated segmentation routines. The number of voxels from the

total FLAIR lesion volume (VFLAIR), the long-T1 zone as predicted by VASO ( ),

MPRAGE ( ), and both VASO and MPRAGE segmentation ( ) and
enhancement regions in GAD-T1w (VGAD–T1w) images were all recorded. Segmented tumor
maps were generated and color-coded such that white corresponded to long-T1 regions
predicted from combined MPRAGE and VASO segmentation, red to remaining long-T1
regions predicted by either MPRAGE or VASO segmentation and blue to the remaining
lesion volume which was found in the FLAIR segmentation.

Finally, three of the ten patients underwent surgical resections prior to imaging. Therefore,
resection cavities were identified by the overseeing radiologist from post-operative imaging
as well as current MPRAGE and FLAIR images. Regions were drawn around the
radiologically-confirmed resection cavities and these regions were not analyzed.

Results
Fig. 3 shows all T1w images for four representative slices for a patient with a recurrent
GBM. First, notice the red arrow in the FLAIR image of Fig. 3a which identifies a small
resection cavity. The resection cavity, present only on the inferior most slices, was
confirmed by post-operative images and was excluded from the analysis. Second, there is
great similarity between hypointensity (long T1) in the MPRAGE image and hyperintensity
(long T1, low CBV) in the VASO image. These combined image features were used to
assign regions of assured long T1 (white in fifth column). Third, GAD-T1w enhancement is
observed around and within this region, suggesting that this long-T1 zone is surrounded by
vasculature that is at least partly perfused. Fourth, a striking well-defined dark line
surrounds the long-T1 region in the raw VASO image (e.g. Fig. 3c). This boundary effect is
a consequence of longitudinal magnetization going from negative (zone with T1 longer than
that of blood) to positive (tissue with T1 shorter than blood). A similar effect can be seen for
CSF in the ventricles and for resection cavities, which both have very long T1. However,
such regions were excluded from the analysis. The dark VASO line clearly demarcates the
long-T1 region, unlike the MPRAGE image where the region slowly transitions to the mixed
viable tumor and edema region. To illustrate the approach for region assignment, the bottom
slice (d) of the MPRAGE and VASO images contains white arrows identifying confirmed
long-T1 tumor zones and a yellow arrow pointing to healthy white matter. Hyperintensity in
VASO (white arrows) surrounded by a dark border correspond to hypointensity in
MPRAGE. Viable tissue (yellow arrow) appears bright in both MPRAGE and VASO.
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Fig. 4 displays representative images for patients with varying gliomas: GBM (a), AA (b),
AO (c), and low-grade (d). For the GBM (Fig. 4a) and AA (Fig. 4b) a clear central long-T1
region can be deduced from the MPRAGE and VASO images. Since GAD-T1w
enhancement is robust mainly outside of the central, long T1 region in Fig. 4a, this tumor
may consist of a region of central necrosis surrounded by a well-vascularized region of
viable tumor tissue. For the AO shown in Fig. 4c, a central region of long T1 is again found,
but, unlike the GBM and AA above, the region surrounding this zone does not show GAD-
T1w enhancement. We hypothesize that this region may consist of a mixture of edema and
infiltrating tumor. Interestingly, the MPRAGE image predicts a single, long-T1 region.
However, the VASO image suggests this zoneconsists of multiple spatially-distinct regions.
We conclude that the distinct regions could not be delineated in the MPRAGE image due to
gradual contrast changes. However, there is an abrupt transition between negative
magnetization (T1 longer than blood) and positive magnetization (T1 shorter than blood)
with VASO-MRI. In the low-grade glioma (Fig. 4d), no clear hypointensity in MPRAGE or
hyperintensity in VASO image is apparent.

Fig. 5 shows an interesting biopsy-confirmed mixed residual low-grade tumor with
treatment effect in a patient treated with radiochemotherapy. The GAD-T1w image shows
regions of contrast enhancement, which often clinically suggests tumor transformation from
a low-grade to a high-grade histology. However, neither the VASO nor the MPRAGE
predicts a region of long T1, suggesting that the combined MPRAGE and VASO approach
may have potential for differentiating progressive or recurrent gliomas from treatment effect
compared with GAD-T1w imaging. Validation studies with prospective histological
sampling are planned.

Table 1 summarizes the general clinical progression information for the patients from the
time of imaging as well as segmented-volume ratios with respect to the FLAIR volume,
assumed to be the maximum tumor extent. Fig. 6a shows regression analysis for volume
correlation between the MPRAGE and VASO-predicted long-T1 zone. This statistically
significant (p<0.01) high correlation (R2=0.88) suggests that VASO and MPRAGE provide
similar information, not unexpected in view of their mechanistic origin. However, as seen in
Fig. 4c, VASO contrast often gives additional or clearer information due to the black
boundary outlining the long T1 region region. Increased GAD enhancement in high-grade
tumors is reflected in a higher V GAD–T1w: V FLAIR ratio in GBMs (0.27±0.21) and anaplastic
tumors (0.19±0.19). This ratio was only 0.03±0.02 in low-grade tumors. Similarly, the mean
volume of long-T1 as predicted by combined VASO and MPRAGE was found to be
elevated in high-grade tumors (Table 1). In Fig. 6b, the correlation between V GAD–T1w:

V FLAIR and  grouped according to tumor grade is extremely good
(R2=0.99), showing that the long-T1zone determined from VASO/MPRAGE, like the
degree of GAD enhancement, increases with tumor grade (Fig. 6c).

Discussion
This study shows that VASO and MPRAGE MRI provide contrast complementary to GAD-
T1w and FLAIR MRI for glioma imaging, Interestingly, FLAIR, VASO, and MPRAGE are
all inversion-based MRI sequences. However, they each offer a range of T1w contrasts, of
which a collective analysis provides information not otherwise evident. We presented a
method for segmenting different T1 zones, however, visual inspection of the raw images
(e.g. Figs. 3, 4) was generally sufficient for identifying different regions. This was especially
evident in the VASO images, largely due to exquisite separation of positive and negative
signals as based on T1 being smaller or larger than T1 of blood, respectively, which
generated a well-defined black borderline around areas with T1 longer than blood T1.
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The first question that arises is whether such long-T1 areas can provide any useful
information for tumor diagnosis. A long T1-value could correspond to any liquid-like tissue,
including necrosis, and CSF (including CSF in resection cavities). However, we removed
the resection cavities based on prior knowledge from anatomical images before and after
surgery. We then performed correlations between the GAD-T1w data and the VASO/
MPRAGE data. The occurrence of GAD enhancement around long-T1 zones in high-grade
tumors, combined with the correlation between tumor grade, GAD enhancement and the size
of the long-T1 zone in VASO/MPRAGE images suggests that tumor necrosis is likely the
dominant constituent in these zones. This possible explanation is supported by absence of
similar long-T1 zones in low-grade tumors. The assignment of the remaining tumor regions
is more difficult. In all of the above cases, the VASO images appear dark in the tumor
indicating that VASO may not qualify for separating this residual area into edema or viable
tumor due to a comparable T1-range for these two tissue types.

The preliminary findings in this paper have several clinical implications. First, in terms of
pragmatics, VASO-MRI and MPRAGE-MRI do not require contrast injection, making them
easily incorporable into existing protocols and, for VASO, a good alternative to CBV
imaging using dynamic GAD approaches. This is important considering potential risks of
contrast administration in patients with renal failure including nephrogenic systemic fibrosis
and fibrosing dermopathy. Obviously, much more validation is needed before elimination of
GAD approaches can be suggested, as they are currently well validated and essential for
clinical evaluation of brain tumors. Second, VASO provides information on the
physiological parameter, CBV (18). Therefore, novel therapeutic strategies which focus on
growth factors associated with vascular proliferation (14,16) may incorporate VASO as a
method for screening antiangiogenic agents and tracking therapy response in regions of high
vascularity (28–30). VASO-MRI is additionally appealing since it does not require timed
bolus contrast injection. A current disadvantage of VASO-MRI is that the T1 of edema and
viable tumor may mimic T1 of blood, complicating delineation. However, dynamic
experiments (e.g. using a breath-hold stimulus) may aid in distinguishing compartments.

Regression analysis showed a significant correlation between  and  (Fig. 6) and

increased  and  in high-grade tumors compared with lower-grade
tumors. Thus, VASO and MPRAGE provide similar information regarding features of high-
grade tumors, but the data indicate that combining the two methodologies provides the most
reliable data for tumor grading. This is illustrated for one low-grade tumor in Table 1 (case
8), where the MPRAGE and VASO images individually predicted possible high-grade, but
when MPRAGE and VASO segmentation was combined, the result correctly predicted a
low-grade tumor. Putative necrotic zones were found more frequently in high-grade tumors,
correlating with increased GAD enhancement. However, GAD enhancement is not specific
to either necrotic zones or viable tumor regions. Error bars (standard error) were smaller for
the combined VASO and MPRAGE approach compared with GAD-T1w enhancement,
suggesting that detection of the presence of necrotic zones may ultimately be a reliable
measure of tumor grade. Although these initial results are intriguing, the conclusions are
limited since prospective pathologic sampling for direct radiopathologic correlation was not
obtained and other variables which may alter imaging features (i.e. glucocorticoids, prior
therapies) were not controlled.

One may notice that the  ratios appear small, even in high-grade tumors.
The reason is that the values in Table 1 reflect the entire, 22-slice tumor volume, while the
slices presented in the figures are only representative slices traversing the center of the
tumor. Also, the semi-automated segmentation routine was based on a region growing
algorithm with hand-selected initiation points. While the location of the initiation points is
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readily apparent from the figures, current work is aimed at developing a reliable, fully
automated routine.

These preliminary data suggest that VASO-MRI is feasible in glioma imaging and provides
contrast that complements conventional FLAIR and GAD-T1w approaches. When
combining the three inversion-based MRI sequences (FLAIR, VASO, and MPRAGE), clear
trends regarding T1 zones were found, which were interpreted in terms of necrosis and
viable tumor or edema locations. This inclusion of additional MRI sequences in the tumor
imaging protocol was possible because MRI acquisitions can be played out in a shorter time
at high field strength without loss of signal-to-noise (here four scans in approximately 15
minutes). We believe that inclusion of VASO and MPRAGE to brain tumor protocols may
be useful for surgical and radiation treatment planning, and assessing tumor response to
antiangiogenic therapies. Future validation studies to prospectively correlate VASO and
MPRAGE findings with pathology and clinical course are planned.

Conclusions
Multiple T1-weighted MRI approaches were combined to segment tumors into separate T1-
zones. VASO-MRI provided novel, clear information due to the black borderline which
surrounded the long T1-zone. The presence of an area of T1 longer than blood water T1
correlated with tumor grade and the volume of enhancement in GAD-enhanced MRI. This
was used to tentatively assign the long-T1 zone to tumor necrosis and the remainder of the
volume to viable tumor or edema.
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Figure 1.
The VASO pulse sequence (a) consists of a spatially nonselective adiabatic inversion
followed by imaging at an inversion time (TI) when blood water magnetization is nulled.
The T1 recovery curves for healthy gray matter (GM) and white matter (WM), estimated
viable tumor and edema, blood, predicted necrosis, and CSF are shown in (b). At the TI for
blood nulling, healthy WM signals are positive, while areas with viable tumor (including
some edema and increased CBV) generally appear dark, although this may vary with
individual and tumor grade. Necrosis and CSF signals (including cavity fluid) are negative
due to long T1 here. Therefore, when magnitude VASO images are displayed, a dark line
will surround the CSF/parenchyma boundary (c, black arrow) as well as the necrosis/
parenchyma boundary (c, white arrow).
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Figure 2.
Method for automated tumor segmentation. First row, the maximum area of tumor plus
edema is identified by segmenting the FLAIR image (a, blue). Second row, a corresponding
ROI is drawn within healthy white matter in the MPRAGE, GAD-T1w and VASO images
and the mean signal intensities and standard deviations are recorded (b). Third row, n-maps
are generated that reflect the number (n) of standard deviations each FLAIR-masked tumor
voxel differs from mean healthy white matter signal intensity (c). Fourth row, thresholds and
region growing procedures are applied to segment regions of abnormal intensity (d). The
VASO and MPRAGE images are segmented into long-T1 (red) and remaining volume from
FLAIR (blue). Fifth row, for improved consistency, overlapping regions in the MPRAGE
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and VASO image are identified for a final segmentation of predicted-long-T1 (white) and
surrounding regions (e).
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Figure 3.
Four representative slices from a single patient with a GBM. Notice the red arrow pointing
to the exluded, radiologically-confirmed resection cavity in the first FLAIR image (a).
Volume segmentation for the maximum tumor area (FLAIR, blue) and long-T1 zone
(combined VASO/MPRAGE, white) is shown in the fourth and fifth columns. The red
region represents long-T1 predicted by either MPRAGE or VASO, but not both. In (d),
white arrows on the MPRAGE and VASO images point to long-T1 tumor sections,
putatively assigned to necrosis (see discussion) whereas yellow arrows point to healthy
white matter.
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Figure 4.
One representative slice for a GBM (a), AA (b), AO (c) and low-grade (LG) (c). Long-T1
zones exist, to varying spatial extents, in the high-grade tumors, with negligible detectable
long-T1 zone in the low-grade tumor. Notice the dark boundary surrounding the VASO
hyperintense (long-T1) zone corresponding to a non-enhancing central tumor area, which is
putatively assigned to necrosis (see discussion).
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Figure 5.
A biopsy-confirmed low-grade tumor with treatment effects. Notice that the GAD-T1w
image shows regions of enhancement, suggesting a possible high-grade tumor. However, the
VASO and MPRAGE images show no clear regions of hypo- or hyper-intensity, implying
that there is no necrotic zone and implicating the true low-grade diagnosis.
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Figure 6.
(a) Regression analysis for MPRAGE and VASO long-T1 zones. MPRAGE and VASO
predict similar long-T1 volumes, an observation significant at p<0.01. A strong correlation
between GAD-T1w volumes and combined predicted MPRAGE and VASO long-T1
volume exists (b), which, on average, also increases with tumor grade (c). Therefore, VASO
and MPRAGE approaches may provide a method for noninvasively determining tumor
grade. Error bars represent standard error.
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