Predicting Grade of Cerebral Glioma Using

ORIGINAL )
researcH | Vascular-Space Occupancy MR Imaging

H. Lu BACKGROUND AND PURPOSE: MR imaging can measure tissue perfusion and the integrity of the
E. Pollack blood-brain barrier. We hypothesize that a combined measure of cerebral blood volume and vascular
R. Young permeability using vascular-space occupancy (VASO) MR imaging, a recently developed imaging

technique, is of diagnostic value for predicting tumor grade.

J.S. Babb

G. Johnson MATERIALS AND METHODS: Thirty-nine patients (9 World Health Organization [WHO] grade Il, 20 grade
IIl, and 10 grade IV as determined by histopathologic assessment) were examined using VASO MR
D. Zagzag imaging, and regions-of-interest analysis was performed in tumoral regions, as well as in regions
R. Carson contralateral to the tumor. A Mann-Whitney test was conducted on the resulting VASO indices for a
J.H. Jensen pairwise comparison across tumor grades. Nominal logistic regression was used to evaluate the use
J.A. Helpern of VASO parameters for predicting group membership (by the percentage of correct classifications).
M. Law RESULTS: The ratio between tumor side and contralateral side, VASOg.o, Showed significant differ-

ences in all 3 of the pairwise comparisons (P < .01). VASO values in the tumoral regions, VASO+or
showed significant difference between grade Il and Il and between Il and IV but not between Ill and
IV. Both VASO+, o @and VASOg.., Were found to be significant predictors of tumor grade, giving
diagnostic accuracies of 66.7% and 71.8%, respectively. When testing to discriminate grade Il tumors
from higher grade tumors, the areas under the receiver operating characteristic curve were found to
be 0.974 and 0.985 for VASOrymer and VASOg_qio, respectively.

CONCLUSION: VASO MR imaging can be used for noninvasive tumor grade prediction based on
cerebral blood volume and vascular permeability. VASO is more effective in separating WHO grade |l

c erebral glioma is the most common type of primary brain
tumor, and the prognosis for this disease remains very
poor. Therefore, appropriate therapeutic measures are crucial
for improving the prognosis of this devastating disease. In de-
termining a treatment plan, tumor grade is a key consideration
for minimizing the risk of unnecessary morbidity and
mortality.

The current “gold standard” for determination of glioma
grade is by surgical biopsy/resection and histopathologic as-
sessment. However, in recent years it has become well known
that the biopsy approach may suffer from several sources of
errors,'® the most significant of which is that the number of
samples is limited, creating potential errors in determining
glioma grade. As a result, a high-grade tumor may be diag-
nosed as low grade because the samples were taken at a less
malignant region. Alternatively, noninvasive or minimally in-
vasive imaging technologies have been used to evaluate the
malignancy of brain tumors. Contrast-enhanced MR imaging,
now a standard procedure for suspected brain tumor cases,
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from higher grades than in separating grade Il from grade IV.

can cover a large field of view with the advantages of high
spatial resolution and relatively low invasiveness. However,
this approach is relatively qualitative and does not provide a
quantitative index for a direct measure of tumor grade. Fur-
thermore, it has been shown that many high-grade tumors do
not show contrast enhancement in the postcontrast images,”®
which may yield a false-negative diagnosis. More recently,
quantitative perfusion imaging by using dynamic susceptibil-
ity contrast (DSC) MR imaging has been applied to predict
glioma grade, and several studies have shown that perfusion
parameters can be used as biomarkers for tumor grade’? and,
in 1 study, for clinical outcome (survival time).'* However, the
DSC MR imaging approach suffers from difficulties in esti-
mating the arterial input function (AIF), which describes the
time course of the contrast agent concentration in the incom-
ing arterial blood.">'® Due to large spatial inhomogeneities in
the brain tissue, as well as partial volume effects of different
tissue types, accurate estimation of the AIF is not trivial and is
still the topic of ongoing research.'® In addition, the ATF esti-
mated from a large arterial branch may be different from the
true AIF for a particular brain voxel, because the contrast bo-
lus may have undergone dispersion during the transition.'”
Moreover, the AIF inside the tumor is likely to be different
from thatin normal regions, creating yet another confounding
factor for quantifying perfusion using DSC MR imaging.
Recently, a new technique that uses the difference between
the precontrast and postcontrast (gadolinium-diethylene-tri-
aminepentaacetic acid [Gd-DTPA]) image to compute vascu-
lar parameters in the brain, termed vascular-space occupancy
(VASO) MR imaging, has been described.'® In cases where the
blood-brain barrier (BBB) is intact or the leakage is negligible,
VASO MR imaging has been shown to provide quantitative
estimation of cerebral blood volume (CBV) in physiologic
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Fig 1. Schematic diagram of the VASO scans and the VASO
pulse sequence. VASO uses a nonselective inversion recovery
sequence, and the Tl is chosen to null the precontrast blood
signal intensity. Two scans using identical parameters are

performed before and after the contrast agent administration,
the signal intensity difference of which can be used to
calculate absolute CBV.

clinical correlation and follow-up imaging
(mean, 1.2 years; maximum, 3.1 years). Glio-
mas with oligodendroglial components were
excluded, because these often have highly ele-
vated CBV that confounds the ability of CBV
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units (milliliters of blood per 100 mL of brain tissue).'® When
the BBB is significantly compromised, as in the case of glio-
mas, the VASO results reflect a combined effect of CBV and
vascular permeability. Previous studies have shown that the
malignancy of glioma can be characterized by rapid cellular
proliferation accompanied by neovascularization,”'* as well
as increased permeability of the vascular endothelium.'*"
Both effects are expected to increase the VASO signal intensity,
rendering VASO MR imaging a unique advantage in its ability
to measure the combined effects of increased CBV and vascu-
lar permeability, thereby increasing the sensitivity of differen-
tiating low-grade tumors from high-grade tumors. The pur-
pose of the present study was to assess the clinical use of VASO
MR imaging in differentiating between high- and low-grade
gliomas.

Materials and Methods

Patients and Histopathologic Assessment

The Health Insurance Portability and Accountability Act-compliant
protocol used for this study was approved by the institutional review
board, and written informed consent was obtained for all of the pa-
tients. A total of 39 patients (age, 46.7 = 17.3 years; minimum, 9 years;
maximum, 86 years) with suspected primary intracranial glioma were
recruited, and all underwent conventional MR imaging and VASO
MR imaging scans before stereotactic biopsy and/or gross total
resection.

Histopathologic assessment was performed by an experienced
neuropathologist with evaluations based on the World Health Orga-
nization (WHO) 4-tier classification of gliomas®®: grade II includes
low-grade astrocytoma (n = 9; 5 males and 4 females; age, 38.1 * 22.4
years), grade III includes anaplastic astrocytoma (n = 20; 16 males
and 4 females; age, 46.8 * 16.5 years), and grade IV includes glioblas-
toma multiforme (GBM; n = 10; 7 males and 3 females; age, 54.2 =
10.1 years). Gross total resection was attempted whenever possible.
Two anaplastic astrocytomas underwent stereotactic biopsy only be-
cause of deep tumor location and nonresectable status as determined
by the neurosurgeon; for these 2 tumors located in the basal ganglia
and in the thalamus, respectively, area(s) of contrast enhancement
and/or maximal hyperperfusion were selected for biopsy. Four glio-
mas were not sampled; these were confirmed as low-grade tumors by
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to predict glioma grade.*"** Similarly, WHO
grade I gliomas (juvenile pilocytic astrocyto-
mas) were also excluded, because the enhanc-
ing nodule in these gliomas has been demon-
strated to have increased CBV, thereby also
confounding the prediction of glioma grade.*?

MR Imaging Experiment

Experiments were performed on 1.5T MR systems (Vision or Sym-
phony; Siemens Medical Solutions, Erlangen, Germany) by using
body coil transmission and head coil reception. The following scans
were performed as part of the conventional MR imaging: a T1-
weighted sagittal localizer; nonenhanced axial T1-weighting with TR/
TE = 600/14 ms; nonenhanced axial flow-sensitive alternative inver-
sion recovery (FLAIR) with TR/TE/TT = 9000/110/2500 ms;
nonenhanced axial T2-weighting with TR/TE = 3400/119 ms; DSC
perfusion scan with gradient-echo echo-planar imaging (EPI), TR/
TE = 1000/54 ms, 60 measurements, and injection occurring at the
10th image'®; and contrast-enhanced axial T1-weighted scan. The
Gd-DTPA contrast agent (Magnevist; Berlex Laboratories, Wayne,
NY) was administered intravenously by using a standard procedure
(dosage, 0.1 mmol/kg; injection rate, 5 mL/s) with a power injector
(Medrad, Indianola, Pa).

The VASO technique uses a nonselective inversion recovery pulse
sequence (Fig 1) and the T1-shortening effect of Gd-DTPA under
steady state and uses a precontrast/postcontrast image subtraction
approach to estimate CBV. The detailed theoretical framework and
experimental verification can be found in Lu et al.'® The sequence
uses an inversion time such that the blood signal intensity without
contrast agent is completely nulled,?* that is, 0, whereas the blood
signal intensity with contrast agent is at equilibrium magnetization,
that s, 1, which allows easier quantification of physiologic parameters
from the precontrast/postcontrast differences.'® The precontrast
VASO scan was performed immediately before the contrast injection
(ie, after the T2-weighted scan). The postcontrast VASO scan was
initiated immediately after the DSC MR imaging, which is approxi-
mately 1 minute postinjection. For the contrast agent dosage and
injection rate used in this study, it can be shown that the bolus effect
is present for 2 circulation circles, after which the contrast agent is
fully mixed within the whole body vasculature and the concentration
reaches a steady state. Image parameters were as follows: FOV =
230 X 230 mm, matrix = 128 X 128 ms, 10 sections acquired with
descending order, section thickness = 4 or 5 mm, TR = 6000 ms,
TI = 920 ms, segmented EPI acquisition with EPI factor =9, TE = 6.3
ms, flip angle = 90°, and acquisitions = 2. The scan duration for each
VASO experiment was 2 minutes and 12 seconds.
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Data Analysis

The VASO images were reconstructed on the scanner, and care was
taken to ensure that the scaling factor in the precontrast/postcontrast
images is identical, which is important in order to perform subtrac-
tion for these 2 images. The VASO images were aligned using statis-
tical parametric mapping (University College London, London,
United Kingdom). An in-house Matlab routine (MathWorks, Natick,
Mass) was used to calculate the VASO maps (in percentage) based on
the algorithms described previously,'® that is, VASO = 100% - abs
(Spost = Spre)!Cp, * M,), where S, and S,
precontrast and postcontrast scans, respectively, C,, is the water pro-

are MR signals in the

ton attenuation of blood, and M, is the MR signal intensity per unit
volume of water protons at equilibrium, which is measured from a
pure-CSF voxel in a long-TR, short-TE reference scan.'® In our cal-
culation, C, was assumed to be 0.87 mL of water per milliliter of
blood, which is taken from a study by Herscovitch and Raichle.?®
However, we want to point out that, because this term is the same for
every patient, the choice of this value only affects the scaling factor but
does not change the separation or statistics related to the grading. In
terms of the physiologic correlate of the VASO map, when the BBB is
intact, the VASO map is expected to solely reflect the CBV of the
brain. In the case of glioma, where BBB is likely to be compromised,
the VASO map will reflect the combined effect of CBV and vascular
permeability, though the precise weightings of these 2 factors are not
known.

Region-of-interest (ROI) analysis was conducted on the VASO
maps. The selection criteria for the ROIs were similar to methods used

FLAIR CE-T1W rCBV

Fig 2. T2-weighted, CE-T1-weighted, and FLAIR images, as
well as VASO maps for WHO grade I, Ill, and IV gliomas.

for DSC relative CBV (rCBV) maps estab-
lished previously and have been shown to have

VASO
-9

Len

' the highest intraobserver and interobserver
reproducibility for brain tumor studies.*
Briefly, 4 separate ROI measurements were
made, the signals within each region of interest
were averaged, and the maximum of the 4 val-
ues was then taken as the VASO value for the
tumor regions. To minimize confounding fac-
tors in ROI analysis, the ROIs were targeted to
the maximal abnormalities, and the size was
kept constant (radius of ~4 mm). This ap-
proach has been shown to provide more re-
producible results in comparison with placing
a large ROI or averaging over small ROIs.*
Similar procedures were performed on the
contralateral side to obtain the control VASO
value. The ROT analysis gives 2 parameters:
VASO signal intensity in the tumoral regions
(VASO
gions contralateral to tumor (VASOcgpra)-

Fumor) ad VASO signal intensity in re-
The ratio of these 2 parameters was also calculated, that is, VASOg_;,,
= VASO /VASO,
first-pass pharmacokinetic model, and the following parameters were
calculated: cerebral blood flow (CBF), CBV, rCBV, vascular perme-
ability (K"**), fractional plasma volume V), and mean transit time
(MTT).278

Statistical analysis was performed using SAS software (SAS Insti-

umor contra- L€ DSC data were analyzed by using a

tute, Cary, NC). Mean and SD for each patient category were calcu-
lated for each VASO parameter. A 2-tailed Mann-Whitney test was
conducted to pairwise compare the VASO parameters with regard to
the different tumor grades (based on histopathologic assessment).
Nominal logistic regression was used to evaluate the ability to predict
group membership (by percentage of correct classifications) using the
variables individually or in combinations. For all of the comparisons,
a P value of less than 0.05 is considered significant (not corrected for
multiple comparisons).

Results

Figure 2 shows the T2-weighted images, contrast-enhanced
T1-weighted (CE-T1-weighted) images, FLAIR images, and
VASO maps for grade II, III, and IV gliomas. It can be seen that
most of the regions in the VASO images display contrast sim-
ilar to that of a conventional CBV map,lg’zg because the BBB is
intact (or permeability to Gd-DTPA is negligible), and the
contrast agent is restricted to the intravascular space. In the
tumor regions, the higher signal intensities are attributed to a

Table 1: Mean = SD of each of the VASO and DSC parameters stratified by tumor grade

CBF, mL of CBV, mL of
Blood per Blood per
VASO+rymor,  VASOconyra, 100 g of Tissue 100 g of
Grade % % VASOgatio per Minute Tissue rCBV KTrans, g1 Ve, % MTT, s
Il 71532 54*29 15 %05 60.1 =258 4219 1405 0.011 = 0.009 2012 42 =06
M1l 413+ 236 6342 82*55 197.8 = 80.7 153 £6.9 3814 0.019 = 0.018 29+23 4810
% 56.1 = 32.7 48=*23 116 £37 251.9 = 160.8 179 £95 57x21 0.022 = 0.037 33x27 45=*08

Note:—VASOy,,, indicates vascular-space occupancy values in the tumoral regions; VASOgqq,, Vascular-space occupancy signal intensity in regions contralateral to tumor; VASOgyyio,
ratio between tumor side and contralateral side of the vascular-space occupancy; CBF, cerebral blood flow; CBV, cerebral blood volume; rCBV, relative cerebral blood volume; Ktrans vascular

permeability; V, fractional plasma volume; MTT, mean transit time.
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Fig 3. Three VASO indices, that is, VASOtymor VASOconar
and VASOgayio. in grade Il (n = 9), Il (n = 20), and IV (n =
10) gliomas. Error bars indicate SDs. The units for VASOq, o
and VASOgonya are percentages. The index VASOguio iS

100 - dimensionless. Significant differences (P < .05) for each pair
90 are indicated by asterisks.
80 B Grade ll rameters, K"*", V_, and MTT, did not re-
] sult in significant differences among tu-
70 - @ Grade I mor grades (Table 2).
Binary logistic regression was also ap-
60 - [0 Grade IV plied to discriminate grade II tumors
X from tumors of higher grade (ie, grades
50 - | I III and IV combined as “high grade”).
40 % % This resulted in much improved diagnos-
I_II_I tic accuracy. Figure 4 plots the receiver
30 A operating characteristic (ROC) curves
20 - = using VASO rymor and VASOy_;,- The ar-
eas under the ROC curve (AUC) were
- ound to be 0.974 an 985 for
10 found to be 0974 and 0.985 f
VASO-ymor and VASOp,io» Tespectively.
0 - 1 This is comparable to the classification
VASO(Tumor) VASO(Contra) VASO(Ratio)  results using DSC MR imaging, yielding

combined effect of greater CBV and increased vascular
permeability.

VASO parameters from the ROIs are listed in Table 1 and
are plotted in Fig 3. VASOymor and VASO ¢, v are shown in
percentage, and VASOy,,;, is dimensionless. The VASO values
from different tumor grades are compared pairwise, and the
statistical significance is shown in Table 2. It can be seen
that grade III and IV tumors each had significantly higher
VASO 1ymor values than did grade II tumors, but they were not
significantly different from each other. There were no signifi-
cant differences among tumor grades with respect to
VASO¢onira- With respect to the VASOp,;o, all 3 of the tumor
grades were significantly different. Specifically, VASOg,;, ex-
hibited a significant increase from grade II to grade III and
from grade III to grade IV.

Ordinal logistic regression was performed to evaluate the
prediction utility for VASO- o and VASOg o (VASOconira
was not included because it showed no significant differences
across groups). Both VASO-,,o, (P = .0006) and VASOyg_,
(P = .0004) were found to be significant predictors of tumor
grade. The overall diagnostic accuracy was 66.7% and 71.8%
for VASO 1ymor annd VASOg, ., respectively. Additional inves-
tigation suggested that the misclassification occurred primar-
ily between grade III and grade IV. Over the 13 misclassified
cases using VASOr 0 9 of them were due to grade IIT mis-
classified to grade IV or vice versa. Diagnostic accuracy using
VASO is similar to the accuracy using DSC parameters, rCBV
(74.4%), CBF (61.5%), and CBV (59.0%). The other DSC pa-

AUCs of 0.959, 0.959, and 0.981 for

DSC-CBF, DSC-CBV, and DSC-rCBYV,
respectively. Combining the indices of VASO and DSC further
improves the diagnostic accuracy. When using a combination
of the most sensitive VASO index, VASOg,,;,» and the most
sensitive DSC index, rCBYV, as the classification criteria, the
results showed 100% sensitivity and specificity (AUC = 1).

Discussion

The diagnostic use of a newly developed technique, VASO MR
imaging, was assessed for its ability to grade primary gliomas
in 39 patients. VASO-0r and VASOg,;, showed significant
differences for different tumor grade as determined by his-
topathologic assessment. As expected, VASO¢, o did not
show any significant difference across tumor grades.
VASO ymor and VASOyg,;, were found to be significant pre-
dictors (P = .0006 and 0.0004, respectively) for glioma grade
(WHO grades I1, I1I, and IV). Across different tumor grades, it
is more difficult to separate grade III and IV than to separate
grade II and III. VASO MR imaging and DSC MR imaging
seem to provide complementary information. When using
VASOg,i and DSC-rCBV for discriminating grade II tumors
from higher grade tumors, 100% sensitivity and specificity
were achieved.

The VASO map reflects absolute CBV when there isno BBB
leakage. Therefore, typical values are expected to be approxi-
mately 5.5% in gray matter.'® Within the tumors, however, the
VASO values are significantly elevated and increase with in-
creasing tumor grade. This is because, in the case of leaky BBB,

Table 2: P values from pairwise comparison between different tumor grades using the VASO and DSC parameters

Variable ~ VASOqymo, VASOconira VASOp, 0 CBF CBV rCBV Krans Ve MTT
Il vs I 0.0003* 0.685 0.0002* <0.0001* <0.0001* <0.0001* 0.248 0.423 0.170
Il vs IV <0.0001* 0.508 <0.0001* 0.0006* 0.0004* <0.0001* 0.858 0.400 0.509
Ml vs IV 0.194 0.356 0.0098* 0.442 0.650 0.025* 0.367 0.787 0.522

Note:—VASOr,,, indicates vascular-space occupancy values in the tumoral regions; VASOg,q,, Vascular-space occupancy signal intensity in regions contralateral to tumor, VASOpgyyic,
ratio between tumor side and contralateral side of the vascular-space occupancy; CBF, cerebral blood flow; CBV, cerebral blood volume; rCBV, relative cerebral blood volume; Ktrans vascular

permeability; V,, fractional plasma volume; MTT, mean transit time.
* Significant differences (P < 0.05, not corrected for multiple comparisons).
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Fig 4. ROC curves using VASOqryno OF VASOg.io- The sensitivity and specificity (in
fractions) in terms of distinguishing grade Il from higher-grade (grade Ill and grade IV)
tumors are plotted at different thresholds. If the 2 categories have identical distributions
of the VASO parameters, the ROC curve would have been a 45° straight line (dotted line).
The AUCs are 0.974 and 0.985 for VASOr,mor @nd VASORgayo. respectively.

the VASO map reflects a combined effect of CBV and vascular
permeability (to relatively large molecules, such as Gd-
DTPA). Therefore, these increases in VASO values are likely to
result from 2 factors: neovascularization (tumor angiogenesis)
results in an increase in vascular attenuation in tumor regions,
thereby a higher blood volume, and vascular permeability is
increased in tumor regions due to disruption of BBB, resulting
in leakage of a gadolinium contrast agent into the tissue space,
giving higher VASO signals.

An interesting observation is that VASO MR imaging and
DSC MR imaging seem to provide complementary informa-
tion, and the classification using both parameters outperforms
either parameter alone. DSC MR imaging is able to assess he-
modynamic parameters and has been applied widely in study-
ing brain tumors.'"'> As shown in several previous reports, as
well as in our data, DSC-CBV and DSC-rCBV are useful pre-
dictors of tumor grade, whereas the permeability index (esti-
mated from a first-pass T2* technique), K™, is of poorer
sensitivity.'> However, this does not necessarily mean the vas-
cular permeability is of limited value in tumor classification, as
others have demonstrated that by using a T1-steady state esti-
mation of vascular permeability, K"*" is a good biomarker of
glioma grade.’®?' The VASO method is more sensitive to per-
meability than a first-pass T2* (DSC MR imaging) measure of
K™, and we found that the VASO values can be used as a
significant predictor for tumor grade. It is possible that DSC
MR imaging is not very sensitive to small permeability changes
due to the short delay time after contrast agent injection when
only a relatively small amount of Gd-DTPA has penetrated the
BBB. Compared with the postcontrast T1 approach to esti-
mate K", the VASO has the advantage that the signal inten-
sity is more quantitative and is not affected by T1 relaxation
changes due to factors such as edema. Further studies are
needed to directly compare the VASO index with K" ob-
tained from postcontrast T1.

Mechanistically, CBV and permeability reflect different he-
modynamic phenomena and have distinct underlying physi-
ologic mechanisms. Several studies have shown disparity in
spatial locations of the blood volume and permeability af-
fected areas.'>*? Permeability may be associated with the com-
promise of the endothelial tight junctions in the microvascu-
lature. Blood volume change can be caused by multiple
metabolic and vascular factors, such as pH, oxygen tension,
and CO, partial pressure, as well as various neurotransmit-
ters.”>>* Other pathophysiological changes affect both param-
eters, such as angiogenesis and neovascularization, because
newly formed vessels tend to be tortuous and leaky. Therefore,
it is not surprising that the spatial distribution and classifica-
tion of these 2 parameters can be consistent in certain cases
and can be discordant in some other cases. Indeed, there is an
ongoing discussion regarding the predictive values of CBV
versus permeability in glioma classification.””*> Cha et al*?
have studied a cohort of glioma patients using both rCBV and
K" and found that K™ is more predictive of glioma (but
not meningioma) grades. On the other hand, Lev and Vedo-
lin*® have pointed out in their commentary that the same data
show a higher CBV prediction accuracy when the data are used
to distinguish grade II from grade III. Therefore, the compar-
ison of results can be affected by many confounding factors,
including inhomogeneity in patient pathophysiology, classifi-
cation criteria, measurement techniques, and so forth. Our
data suggest that a combination of CBV and permeability may
be able to provide the best prediction accuracy, and separate
imaging sequences can be used to obtain these maps within the
same session.

In this study, 3 tumor grades, WHO grade II, III and IV,
were investigated. It seems that the most challenging classifi-
cation is to distinguish between grades IIT and IV. This was the
case for both VASO MR imaging and DSC MR imaging. This is
probably because anaplastic astrocytoma and glioblastoma
multiforme are both considered high-grade tumors and are
characterized by aggressive cellular infiltration and vascular
proliferation. There is also the suggestion in the literature that
separating grade II from higher grades is more useful than
separating grade III from grade IV in terms of patient manage-
ment and prognosis.>> We, therefore, combined grades III and
IV and compared grade II “low-grade glioma” with “high-
grade glioma” in 1 of our analyses.

On the other hand, the traditional grading systems (WHO
4-tier® or Ringertz 3-tier’®) based on cell attenuation and
morphology are increasingly challenged by more recent stud-
ies by using noninvasive imaging techniques assessing metab-
olism, vasculature, tissue structure integrity, chemical con-
tent, and even gene expression and receptor distribution.
There are emerging biomarkers for glioma biology that may
provide better prediction of the prognosis and clinical out-
come'* than histopathologic parameters. It remains to be
tested whether DSC, VASO, postcontrast T1, or other nonin-
vasive imaging techniques can be more predictive of tumor
progression and patient outcome than the current gold stan-
dard of histology. It is likely that, as technologies evolve and
are optimized, a set of protocols (procedures) will emerge to
become the new standard for brain tumor assessment. This
will come from follow-up studies to correlate VASO MR im-
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aging measurements with clinical outcome and overall
survival.

One limitation of the present study is that the VASO signal
intensity reflects both CBV and vascular permeability. Al-
though this will likely increase the sensitivity of the technique
to glioma grade, because the combined effects are expected to
be greater than each individual effect alone, it does create some
challenges when interpreting the data in terms of understand-
ing the pathophysiology. Given the large amplitude of the
VASO signals in the tumor regions, 7.5%, 41.3%, and 56.1%
for grade I1, I1I, and IV tumors, respectively, we speculate that
increased permeability is the greater of these 2 contributing
factors (especially for grades III and IV), as the DSC-CBV
values were only 4.2%, 15.3%, and 17.9%, respectively (Table
1). A study with direct correlation between VASO MR imaging
and tissue biopsy is needed to fully understand the mechanism
for the elevated VASO signals in gliomas. Our laboratory is
currently investigating the relative weighting of CBV and per-
meability factors and aims to devise a method to give separate
estimations of these 2 parameters from a single measurement/
dataset. Also, the gold standard used in the present study is
based on histopathologic assessment and clinical follow-ups.
We note that there could be potential sampling errors in these
assessments, which is also why complementary and perhaps
more objective means (imaging or otherwise) for predicting
glioma biology need to be developed and assessed.

Conclusion

We have used a new technique, VASO MR imaging, to evalu-
ate the CBV and vascular permeability in patients with pri-
mary glioma. Significant differences in VASO parameters were
obtained in each pair of the 3 grades studied, WHO grades II,
III, and IV. VASO parameters can be used as significant pre-
dictors for tumor grade distinction, though VASO is more
effective in separating grades II and III than in separating
grades III and IV. Combining parameters from VASO MR
imaging and DSC MR imaging resulted in improved diagnos-
tic accuracy, suggesting that these 2 contrast agent-based MR
imaging techniques can provide complementary information
and may have great potential for noninvasive grading of pri-
mary gliomas.
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