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Is Volume Transfer Coefficient (K*™"*) Related
to Histologic Grade in Human Gliomas?

Tufail F. Patankar, Hamied A. Haroon, Samantha J. Mills, Danielle Balériaux, David L. Buckley,
Geoff J.M. Parker, and Alan Jackson

PURPOSE: The purpose of this study was to examine the relationship between contrast
transfer coefficient [K”*"*] and grade in gliomas.

MATERIAL AND METHODS: Median values of K"*" CBVy,, and of the 95th percentile
(95%) of the distribution (K™ [95%] and CBV., [95%]) were calculated in 39 patients with
glioma. Group comparisons and post hoc pairwise comparisons were performed. The relation-
ship between variables and grade used Spearman rho and canonical discriminant analysis. The
separation of high- from low-grade tumors was separately assessed by using Mann-Whitney U
tests and logistic regression. Receiver operator curve analysis was performed for high- and
low-grade tumors and grade III and grade IV tumors.

RESULTS: There were significant differences between grades for all variables (P < .001).
Pairwise comparisons demonstrated significant differences between grades II and III and II
and IV for all variables except K"", which did not show significance in the grade II and III
comparison, and between III and IV for CBV,; and CBVy, (95%; P < .01). All variables
correlated with grade (P < .01). Discriminant analysis showed independent relation between
both CBVy, and K™ (95%) and grade, and the canonical function produced a total correct
classification of 74.4% of cases. Logistic regression analysis for low- versus high-grade tumors
showed K™ (95%) and CBVy, to be independent factors (P < .01 and P < .05).

CONCLUSION: There are strong independent relationships between both CBV and K™
and histologic grade in gliomas. Both measurements show good discriminative power in
distinguishing between low- and high-grade tumors with diagnostic sensitivity and specificity

>90%.

Histologic grading of glial cell tumors makes an im-
portant contribution to determining optimal thera-
peutic strategy and estimating prognosis. Unfortu-
nately, these tumors, and particularly those of higher
grade are histologically heterogeneous and surgical
biopsy can lead to acquisition of unrepresentative
samples. This has led to widespread use of image-
guided biopsy in an attempt to avoid inappropriate
classification (1-7). Targeting of enhancing areas
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within tumors ensures that biopsy material will rep-
resent viable tumor; however, areas of most marked
enhancement do not appear to correspond specifi-
cally to areas of dedifferentiation and several tech-
niques have been developed in an attempt to allow
identification of the most dedifferentiated areas
within a tumor as biopsy targets. The identification of
correlations between imaging-based parameters and
tumor grade has led many groups to examine the
feasibility of noninvasive imaging-based tumor grad-
ing (2, 3, 6-12). The most promising methods for
noninvasive grading to date are based on MR spec-
troscopy (4, 13) and dynamic contrast-enhanced MR
imaging (DCE-MR imaging) (3). Dynamic acquisi-
tion of images during contrast enhancement allows
calculation of specific descriptive parameters related
to local microvasculature characteristics including ce-
rebral blood volume (CBV). The production of para-
metric maps of CBV is straightforward, and many
groups have demonstrated a relationship between
CBYV and tumor grade (1, 8, 12, 14-18). Furthermore,
regional increases in CBV in high-grade glial tumors
appear to correlate to areas of histologic dedifferen-
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tiation. Despite this, estimation of CBV does not
allow accurate classification of tumor grade, though
some authors have quoted diagnostic specificities as
high as 79% (1-3, 5, 7, 8, 19, 20). The relationship
between CBV and grade is intuitive, because patho-
logic studies demonstrate clear increases in the pro-
portion of blood vessels in higher-grade tumors.
More recently, many groups have described phar-
macokinetic analysis techniques to extract other de-
scriptive parameters from DCE-MR imaging data
(21-25) that include blood flow (F) and microvascular
endothelial permeability surface area product (PS).
Evidence from modalities such as xenon-enhanced
CT shows a clear relationship between tumor grade
and blood flow (26, 27). There is also a theoretical
basis for a relationship between endothelial perme-
ability and tumor grade, because high-grade tumors
classically express increased levels of the vasoactive
cytokine vascular endothelial growth factor (VEGF),
which promotes endothelial proliferation and directly
increases endothelial permeability. Consequently,
high-grade tumors are characterized by a high pro-
portion of immature and hyperpermeable vessels
(28-30). In practice, the separate estimation of F and
PS is difficult and most techniques attempt to mea-
sure the volume transfer coefficient, K™, for pas-
sage of contrast agent between the blood and the
extravascular extracellular space (EES) (21). The
transfer coefficient will be affected by both flow and
permeability surface area product, however, because
both of these values are expected to increase with
increasing tumor grade their effects on measured
K" can be confidently predicted to be cumulative.
Consequently, measurements of K™ might be ex-
pected to be related to tumor grade and could poten-
tially provide additional information to measure-
ments of CBV. This has led several authors to
examine the relationship between the transfer coeffi-
cient and tumor grade (2, 10, 11, 31). The results from
these studies are, however, conflicting, with some
showing far weaker relationships between K" and
tumor grade than for CBV and others showing K"
to be strongly related to grade. The reasons for this
variability in the results of apparently similar studies
have to date been unclear, though there is wide meth-
odologic variation between them. This study repre-
sents an attempt to clarify the potential value of CBV
and K" measurements for classification of cerebral
gliomas by using a well-validated pharmacokinetic
modeling technique and an attempt to explain the
apparent contradictions in the literature to date.

Materials and Methods

Subjects

Thirty-nine patients with clinically suspected gliomas of
varying grades were recruited for this study (mean age, 52.9
years; range, 31-77 years; 29 men and 10 women). All diag-
noses were histologically confirmed. All patients gave informed
consent. The Central Manchester Healthcare NHS Trust and
Salford Royal Hospitals NHS Trust medical ethical committees
and the ethical committee of Erasme Hospital approved the
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TABLE 1: Patient demographics

Patient No./Sex/Age (y) Histological Grade

1/M/52 v
2/M/58 v
3/F/31 I
4/F/46 111
5/M/75 111
6/M/55 v
7IM/52 v
8/M/53 111
9/M/53 v
10/M/45 v
11/M/54 v
12/F/71 v
13/M/64 v
14/M/69 v
15/M/69 v
16/M/50 v
17/M/55 v
18/M/65 v
19/F/56 v
20/M/47 r*
21/F/46 Ir*
22/M/44 T
23/F/34 r*
24/M/45 I
25/F/42 11
26/M/38 111
27/M/46 111
28/M/53 v
29/M/58 v
30/M/48 v
31/F/40 T
32/F/60 v
33/M/55 v
34/M/72 11
35/M/61 v
36/M/50 v
37/M/17 v
38/M/42 111
39/F/33 I

Note.—Grading is according to World Health Organisation criteria
for histopathologic findings of tissue biopsy samples taken after imag-
ing. In general, glioma grade II indicates fibrillary astrocytoma; III,
anaplastic astrocytoma; IV, glioblastoma multiforme.

* Oligodendroglioma, but has been included.

study. All patients with high-grade tumors (grades III and IV)
were treated with steroids before scanning, but none were
receiving any other treatment. The histologic grading and de-
mographic data are shown in Table 1. Following MR imaging,
patients underwent surgery either for tumor resection or bi-
opsy. Histologic examination and determination of the grade of
tumor biopsy was performed according to criteria set out by the
World Health Organization (32).

MR Imaging

Imaging was performed on 2 identical 1.5T MR systems
(Philips Medical Systems, Best, the Netherlands) by using bird-
cage head coils. Routine pre- and postcontrast clinical imaging
was performed according to local protocol. Three precontrast
datasets were acquired for baseline T1 calculation by using a
3D T1 fast field echo sequence (TR/TE, 4.2/1.2 ms; field of
view, 230 X 230 mm; imaging matrix, 128 X 128; section
thickness, 6 mm interpolated to 3 mm; 25 sections) with flip
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angles of 2°, 10°, and 35°. This was followed by a DCE-MR
series at a flip angle of 35°, consisting of 20 volume acquisitions
with a temporal spacing of approximately 5 seconds. Gadolin-
ium-based contrast agent (Gd-DTPA-BMA; Omniscan, Amer-
sham Health, Oslo, Norway) was injected as a bolus for 4
seconds at a dose of 0.1 mmol/kg of body weight following
acquisition of the ninth image volume.

Image Analysis

All imaging data were transferred from the scanners to an
independent workstation (Sun Microsystems, Palo Alto, CA)
for analysis. Pixel-by-pixel values of K"*" and CBV were cal-
culated by using the theoretical approach described by Li et al
(33). Analysis was carried out with software written in-house by
using IDL (Interactive Data Language; Research Systems,
Boulder, CO). A vascular input function was measured from
the vertical part of the superior sagittal sinus on the middle
section of the scanned volume for every patient dataset. Re-
gions of interest were defined by an experienced radiologist
(T.F.P. and S.J.M.) on one of the postcontrast datasets. The
regions were drawn on 3 consecutive sections through the
middle of the tumor volume. Tumor regions of interest were
defined to contain all visually enhancing components of the
tumors and specifically excluded coherent large nonenhancing
areas.

Statistical Analysis

The analysis generates maps of K™ and CBV. These
parameters do not exhibit normal distributions, and hence, for
statistical analysis, median values were taken. In addition, pre-
vious studies have demonstrated potential benefit of measure-
ments that reflect the higher values in the distribution of some
variables. We have therefore examined the significance of the
value of the 95th percentile (95%) of the distribution for both
K" and CBV (K" [95%] and CBV [95%)]).

Comparison between grades for each of the 4 parametric
variables was performed by using a one-way analysis of variance
and intergroup comparisons were performed by using a post
hoc test assuming unequal variance between the groups (Tama-
hane) (34). The correlation between histologic grade and me-
dian values for each parametric variable was assessed by using
Spearman correlation coefficient. In addition, the correlation
between each of the parametric variables was measured by
using Pearson correlation coefficient. The ability of the para-
metric variables to distinguish between the tumor grades was
assessed by using a discriminate analysis by using a forward
stepwise model. A leave-one-out cross-validation analysis was
also performed to estimate the expected efficiency of diagnos-
tic classification in a larger group.

Separate statistical analysis was performed to examine the
difference between high- (grade III and grade IV) and low-
grade (grade IT) tumors. The difference between median values
for each of the 4 parametric variables was assessed by using a
Mann-Whitney U test, and the ability of each of the variables to
distinguish between high- and low-grade tumors was assessed
by using a logistic regression analysis. Finally, receiver operator
curve (ROC) analysis was performed to quantify the ability of
each of the parametric variables and of the optimized canonical
discriminate function to distinguish between high- and low-
grade tumors and grade III and grade IV tumors.

Results

Figures 1 and 2 show a representative selection of
parametric brain images showing cross-sections
through gliomas of varying histologic grade (I [4], 111
[B], and IV [C]). K™ maps are shown in Fig 1, and
corresponding CBV maps are shown in Fig 2. The
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Fic 1. Representative K" maps from (A) a grade Il fibrillary
astrocytoma, (B) a grade lll anaplastic astrocytoma, and (C) a
grade IV glioblastoma multiforme. The white boxes enclose the
tumor area in each image. Note that vasculature does not appear
in these maps, and K" values in normal brain are insignificant
and consistent with noise. The K@ values in the grade Il tumor
(A) are insignificant corresponding to the lack of enhancement
with contrast. The high-grade-defining necrotic core is clearly
evident in the middle of the tumor in panel C. The heterogeneity
of K'"s is clearly evident in the enhancing tumor portion in
panels B and C.

K" maps show the clear difference between low
(II) and high (III and IV) grades and heterogeneity
within high grade tumor tissue. K" values within
normal brain are 0 or consistent with noise. CBV
values in grade II tumor tissue are very similar to
normal tissue and are clearly higher and heteroge-
neous in high-grade tumor tissue. Vasculature in nor-
mal brain is evident on the CBV maps, especially the
superior sagittal sinus and cerebral arteries. The
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Fic 2.  Representative CBV maps from (A) a grade Il fibrillary
astrocytoma, (B) a grade lll anaplastic astrocytoma, and (C) a
grade IV glioblastoma multiforme. The white boxes enclose the
tumor area in each image. The normal cerebral vasculature is
clearly seen on these maps, particularly the superior sagittal
sinus and other major vessels. The grade Il tumor in panel A
homogeneously shows very low blood volume, which is below
the measurement accuracy of the technique. The necrotic core
is clearly evident in the middle of the tumor in panel C. The
heterogeneity of CBV is clearly evident in the enhancing tumor
portion in panels B and C and shows very different distributions
to those in Fig 1 (A and B).

mean value and SD of the distribution of median
values from individual tumors for each of the 4 para-
metric variables are shown in Tables 24 and -B. There
was close correlation between measured values of
CBV and K™ (r = 0.688; P < .001). There were
significant group differences between tumor grades
for all 4 parametric variables (K™, K™ [95%],
CBV, and CBV [95%]; P < .001). Pairwise compari-
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TABLE 2: Means and standard deviations of volume transfer coeffi-
cient (K"") and cerebral blood volume (CBV) measurements in
gliomas grouped by World Health Organization grade

) ) K" (min ') CBV (%)
WHO Histological No. of

Grade Patients Mean SD Mean SD

Median values*

II 10 0.000712  0.000712  1.284 0.75

111 6 0.0185 0.0102 2.995 0.44

v 23 0.025 0.0177 4.022 1352
95% values

1I 10 0.018 0.0126 4.63 247

111 6 0.073 0.033 883 1.64

v 23 0.112 0.055 12.24 437

Note.—Assumes that values are normally distributed.

TABLE 3: Post hoc pairwise comparisons between grades (Tamahane
test)

Grade III Grade IV

Grade II

CBV <.001 <.001

Ktrans NS <.001

CBV (95%) <.01 <.001

K" (95%) <.05 <.001
Grade III

CBV <.05

Ktrans NS

CBV (95%) <.05

K" (95%) NS

Note.—CBYV indicates cerebral blood volume; K™, volume trans-
fer coefficient. Grading is according to World Health Organization
criteria.

sons demonstrated significant differences between
grades II and III and between grades II and IV for all
variables except K", which did not show signifi-
cance in the grade II and III comparison and between
grades III and IV for CBV and CBV (95%) (Table 3).
There was a significant correlation between grade and
the median values of each of the parametric variables
(Fig 3, P < .01). The correlation was greatest for
K™ (95%) (r = 0.740; Table 4). Discriminant anal-
ysis identified a single significant predictive function
(C1):

C1 = 0.695 X (CBV) + 0.577 X (K"*%[95%]).

Median values of K™ and CBV (95%) had no
independent predictive value. Figure 4 shows the re-
lationship between values of median CBV and K"
(95%) for all individual cases. The discriminant vari-
ables accounted for 99.7% of the variance in the
model (P < .001), and the effective classification
accuracy is shown in Table 5 with a total correct
classification of 74.4% of cases. The results of cross-
validation analysis showed the expected decrease in
discriminative accuracy (Table 6).

Comparison of High- and Low-Grade Tumors

There were significant differences between high-
and low-grade tumors for all 4 parametric variables
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Scattergrams showing the relationships between histologic grade and median values of K"@"s, K"a"s (95%), CBV, and CBV

(95%). Individual cases are indicated by circles, multiple cases are represented by the addition of “petals” to the glyph with the number
of petals representing the number of cases. Lines indicate the optimal linear regression fit for the data and the 95th percentile confidence
limits for the regression fit for the entire dataset. The correlation between grade and the median values of each of the parametric
variables is significant (K"@"s, K" [95%], CBV, and CBV [95%]; P < .01).

TABLE 4: Correlation values (Spearman rho) and significance of the
correlation between each of the four parameteric variables and grade

Spearman rho Significance

CBV 0.719 <.001
Krrans 0.656 <.001
CBV (95%) 0.718 <01

KU (959%) 0.740 <.001

Note.—CBYV indicates cerebral blood volume; K", volume trans-
fer coefficient.

(K'rans, K" [95%], CBV, and CBV [95%]; P <
.001). Logistic regression analysis showed K™
(95%) and CBV to be independently and significantly
related to grade (P < .01 and P < .05, respectively).

Table 7 and Figs 5 and 6 show the results of ROC
analysis. Figure 5 shows the effect of using each in-
dividual variable or the discriminant function (C1) in
differentiating between high- and low-grade tumors,
and Fig 6 shows the effect in differentiating between

grade III and IV tumors. The area under the ROC
curve for high versus low grade was greatest for the
discriminant function (0.993). Within the indepen-
dent parametric variables the area was highest for
K™ (95%) (0.986), though similarly high values
were seen for K™ and CBV (0.979 and 0.966,
respectively).

Discussion

Several groups have studied the relationship be-
tween contrast transfer coefficient and tumor grade in
gliomas by using MR imaging (2, 10, 11, 31). The
results of these studies appear contradictory, and
careful review demonstrates a wide variation in image
acquisition protocols, image analysis techniques, and
statistical analysis approaches. It is important to at-
tempt to clarify the causes of these discrepancies,
because the potential role, if any, for transfer coeffi-
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Fic 4.  Scattergram showing the relationship between values
of median CBV and K" (95%) for all individual cases. The
grade Il tumors show lower values of both CBV and K" (95%).
Higher values are seen in grade lll and IV tumors, but there is a
considerable overlap in these distributions.

TABLE 5: Classification results using the canonical discriminate
variable

Predicted/Observed Grade 11 Grade IIT Grade IV
Grade 11 9 (90) 1(10) 0
Grade IIT 0 6 (100) 0
Grade 1V 0 9(39.1) 14 (60.9)

Note.—Numbers in parentheses represent percentages of correct
classification. The total number of cases correctly classified is 74.4%

*C1 = 0.695 (CBV) + 0.577 (K"*™ (95%)), where CBV indicate
cerebral blood volume and K" is the volume transfer coefficient.

TABLE 6: Classification results using canonical discriminate func-
tions derived using a leave-one-out (jackknife) cross-validation anal-
ysis

Predicted/Observed Grade 11 Grade 111 Grade IV
Grade 11 9 (90) 1(10) 0
Grade III 1(16.7) 4(66.7) 1(16.7)
Grade IV 0 9(39.1) 14 (60.9)

Note.—This approach can be expected to represent classifications
more accurately that are expected in a larger population. Numbers in
parentheses represent percentages. The number of cases correctly clas-
sified is 69.2%.

cient measurements in clinical practice remains
unclear.

In the current study, we have used a pharmacoki-
netic model based on the first passage of the contrast
bolus described by Li et al (22, 33). The model is
based on temporal changes in calculated contrast con-
centration derived from T1-weighted data and uses a
decomposition of the measured data to identify rela-
tive contributions from intravascular and extravascu-
lar contrast in each pixel. The decomposition step—
together with the reduction in the number of fitting
variables employed in curve-fitting stages—makes the
model highly reproducible and stable to wide varia-
tions in signal intensity—to-noise ratio. The reproduc-
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TABLE 7: Results of the receiver operator curve analysis for each
variable and for the discriminate function C1 in differentiating be-
tween low-grade tumors and grades III IV high-grade tumors

High Versus Grade III Versus
Low Grade Grade 1V
CBV 0.966 (<.001) 0.754 (NS)
Ktrans 0.979 (<.05) 0.551 (NS)
CBV (95%) 0.955 (<.001) 0.754 (NS)
K™ (95%) 0.986 (<.001) 0.725 (NS)
CI 0.993 (<.001) 0.732 (NS)

Note.—CBYV indicates cerebral blood volume; K™, volume trans-
fer coefficient. Values are areas under ROC followed by significance
(P values) in parentheses.

ibility of the model is further improved by scaling of
the observed arterial input function peak to provide a
first order correction for variations of signal intensity
induced by local flow artifacts. A major significant
drawback is the inherent assumption that no backflow
of contrast will occur from the EES into the plasma
during the first passage of the contrast bolus. This is
untrue in tissues with very high endothelial perme-
ability (>0.2 minutes '), and an underestimation of
transfer coefficient values occurs above this approxi-
mate threshold (35). In the current study, values of
this magnitude were not observed in any individual
case, and, therefore, we can reasonably expect the
measured values of transfer coefficient and CBV to
be representative of true tissue values. The output of
the analysis is matched quantitative parametric maps
of K" and CBV.

We have chosen to examine all tissues within the
enhancing component of the tumor for this study and
to examine both the median value of the parametric
variables extracted from the tumor and their 95th
percentile values. The use of 95th percentile values
recognizes the fact that many distributions show a
significant skew with a tail to the right side of the
distribution (ie, an excess of high values), which pre-
sumably represents increases in measured parameters
in a small sub-population of pixels. The use of the
95th percentile value helps to identify distributions in
which the median value is not significantly changed,
but the presence of small numbers of pixels with
increased values gives rise to a large skew in the
distribution (36).

In this study, we demonstrated close correlation
between measurements of CBV and K", This cor-
relation can be predicted because K™ is directly
affected not only by endothelial permeability surface
area product, but also by blood flow. All parametric
variables discriminated between high- and low-grade
tumors and logistic regression analysis showed that
K" (95%) and CBV were independently related to
grade. Optimal differentiation between high- and
low-grade tumors was obtained by using a discrimi-
nant function, which correctly classified 94.9% of
cases. Comparison of values across all tumor grades
showed that only CBV and CBV(95%) were signifi-
cantly different between grades III and IV. Discrimi-
nant analysis again showed both K™ (95%) and
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CBV to be significant independent predictors of
grade, but classification accuracy was poor.

One potential problem with the current study is
that all patients with high-grade tumors were imaged
following commencement of steroid therapy, which is
intended to stabilize the endothelium and conse-
quently is expected to reduce measured values of
K", In practice, this is impossible to avoid and has

also been a potential weakness in other studies be-
cause steroid therapy is commonly commenced at
diagnosis. The effects of steroid therapy, however,
would be predicted to reduce the measured K™ and
reduce or abolish the strength of the relationship
between K™ and grade that we have described.
Many studies have demonstrated a relationship be-
tween CBV and tumor grade by using susceptibility
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contrast-enhanced (T2*-weighted) techniques, and,
despite variations in methodology, these publications
are largely in agreement (3, 5, 7, 8, 12, 19, 20, 23, 31,
36, 37). Previous publications examining the relation-
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ship between grade and transfer coefficient have de-
scribed widely varying findings. The first such study,
published in 2000, used a low-temporal-resolution (26
seconds) T1-weighted acquisition (11). The analyses
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of dynamic data were based on signal intensity
changes, and no attempt was made to correct for
baseline T1 values or to calculate contrast concentra-
tion changes during the study. The regions of interest
studied included all of the enhancing tissue within the
tumor and found significant differences in permeabil-
ity between all pairs of grades and a high correlation
between grade and permeability (r = 0.76). This study
showed no statistical difference of fractional blood
volume between grades, though there was a weak
correlation (r = 0.39). There are 2 significant poten-
tial methodologic problems with this analysis tech-
nique (11). First, the use of signal intensity variations
rather than calculation of contrast concentration
changes and, second, the use of very low temporal
resolution. The relationship between contrast agent
concentration and signal intensity on T1-weighted
images is nonlinear (38). This is particularly problem-
atic in areas of very high concentration where the
signal intensity will be significantly lower than would
be expected with a linear relationship. The form of
arterial input function used may have been flawed,
because high concentrations are typically seen in
large vessels so that the use of signal intensity changes
to provide an arterial input function are likely to
systematically overestimate the contrast changes tak-
ing place in the vascular tree. In addition, contrast
agent was administered as a short-lived bolus with a
duration shorter than the sampling time of the acqui-
sition sequence. This makes accurate measurement of
the peak arterial contrast value impossible and can
lead to considerable variation in measured arterial
input functions (39). The combination of these effects
can be predicted to produce considerable variability,
which would seriously affect CBV estimations in an
unpredictable manner dependent on the temporal
relationship between the first-pass peak of contrast
concentration and the sampling interval. This repre-
sents a source of large random measurement errors in
the estimates of CBV and could explain the lack of
correlation between CBV and tumor grade. The ex-
pected errors in estimations of transfer coefficient
due to this reason would be far smaller so that one
would expect that any underlying relationship with
grade would be detected. The failure of the study to
demonstrate relationships between CBV and tumor
grade contradicts a large body of previous work based
principally on susceptibility-based techniques that
have repeatedly demonstrated such a relationship to
exist. It is possible that any genuine contribution from
CBYV was factored into the transfer coefficient esti-
mate due to the low temporal resolution data
acquisition.

The second group to specifically address the rela-
tionship between endothelial permeability and grade
used a high temporal resolution (1 second) T1-
weighted acquisition and analyzed the data by apply-
ing a multicompartment pharmacokinetic model to
the calculated contrast agent concentration data (2,
40). The analysis included all the tumor tissue, includ-
ing nonenhancing components, and produced para-
metric images of the variables. The analysis was based
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on histogram distribution in individual pixels within
the tumor and specific measured values of individual
parameters were not presented; however, the authors
stated that there was a strong discriminative relation-
ship between estimates of CBV and grade that could
be used to classify individual tumors by using arbi-
trary thresholds. In this study of 24 gliomas, defining
any tumor with >5% of voxels with values >5% CBV
as grade III and any tumor with >7% of voxels with
values >8% CBV as grade IV resulted in 83% of
cases being classified correctly. There was, however,
no relationship between permeability-related param-
eters and grade. This may be due to the fact that the
model applied to the data was nonstandard and that
the form of arterial input function used was flawed,
with no evidence of a first-pass peak.

In 2002, Provenzale et al (10) studied 22 patients
with glioma by using a T2-weighted dynamic imaging
spin-echo sequence with a temporal resolution of 1.5
seconds. The data were analyzed by using a model
previously described by Weisskoff (25) to produce
parametric maps of transfer coefficient. The data
were analyzed by sampling the tumor with multiple
regions of interest to find a mean and the highest
measurable transfer coefficient value. These authors
demonstrated significant differences in transfer coef-
ficient between low- and high-grade tumors with the
greatest difference being seen in maximum values
(P = .018). This provided a positive predictive value
of 90% and a negative predictive value of 75% for a
transfer coefficient value of 0.03. The authors did not
measure nor comment on blood volume effects. Un-
fortunately, the accuracy of decomposition of intra-
and extravascular contrast agent contributions from
T2*-weighted dynamic dataset are related to the ex-
traction rate of contrast agent into the tumor tissue.
In the presence of large extraction fractions, the orig-
inal authors expect the model to be less appropriate
(25). The presence of significant T1 contributions to
signal intensity represents the worst case scenario
where parts of the tumor with highly permeable cap-
illary beds show significant T1-related enhancement
during the first passage of the contrast bolus (41).
Weisskoff et al suggested that in such cases the use of
techniques to minimize T1-related enhancement
would be required to more aggressively correct the
contrast agent leakage (25). In fact the original de-
scription of the technique employed pre-enhance-
ment techniques to reduce T1-related effects and the
authors suggested that higher dose pre-enhancement
might be needed where contrast extraction fraction
was high. In the study by Provenzale et al, no pre-
enhancement was used so that T1 effects should be
expected and will be proportionately greater in high-
er-grade tumors where leakage is likely to be higher
(41). This would have the effect of reducing apparent
values of CBV while increasing measures of K™ in
high-grade, enhancing, tumors.

The latest study to examine the relationship be-
tween microvascular parameters and tumor grade in
gliomas was published in 2004 (31). This large study
of 73 patients with primary gliomas used a high-
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temporal-resolution (1 second) T2*-weighted acqui-
sition sequence. CBV estimates were calculated by
using standard techniques for T2*-weighted images,
which have previously been shown to produce strong
correlations between CBV and grade. Estimates of
transfer coefficient (K"™") were produced by using a
standard 2-compartment model applied to the same
data. Measurements were extracted from parametric
images by using multiple regions of interest targeted
at areas of significant enhancement and the highest of
4 measurements was selected. The authors demon-
strated significant differences in CBV between all
pairs of grades, but differences between K" were
found only between grades II and III and grades II
and IV. There was a significant correlation between
CBV and grade (r = 0.817) and a much weaker
relationship between K" and grade (r = 0.266).
Logistic regression to identify predictors of high- ver-
sus low-grade tumors showed only CBV to be signif-
icantly predictive. Once again, there are potential
methodologic problems associated with the approach
taken in this study. The use of T2*-weighted imaging
again raises the problem of competing T1-weighted
effects in enhancing tissue as were discussed above
(41). Once again, no attempt was made to reduce
these effects by pre-enhancement or by use of se-
quences insensitive to T1. Second, the elevation of
apparent contrast concentration following the pas-
sage of the bolus is attributed entirely to contrast
agent leakage and takes no account of the possibility
of residual intravascular contrast. In practice, the au-
thors acknowledge that blood flow can be extremely
variable and heterogeneous in any given region of a
tumor and that K"*" may be underestimated if ex-
tremely slow flow is present such as might be seen in
areas of low perfusion pressure or tortuous vessels.
We have previously examined the relationship be-
tween tumor grade and the early contrast recircula-
tion phase on T2*-weighted images by using a mea-
surement of the integral of contrast concentration in
the early recirculation phase to the regional blood
volume (36, 41). This relative recirculation parameter
shows clear relationship to tumor grade in gliomas
with increased skewness of the distribution at higher
grade, and we attributed this relationship to retention
of contrast within tortuous poorly perfused vessels
that are typically seen in high-grade tumors. This
raises the possibility that some of the early recircula-
tion phase changes on T2*-weighted acquisitions not
only reflect permeability, but also retain intravascular
contrast.

Although it is clear that DCE-MR imaging tech-
niques offer considerable promise in clinical practice,
there are considerable problems associated with their
implementation and interpretation. Estimation of
CBV from T2*-weighted images represents an exam-
ple of a technique that is relatively robust to image
acquisition protocol and analysis technique with a
large body of published work generally showing good
agreement. More complex analysis strategies inevita-
bly involve a series of assumptions relating to the
cause of observed signal intensity changes and the
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underlying physiologic mechanisms that control con-
trast distribution and signal intensity formation. The
studies described here show quite disparate results
almost undoubtedly as a result of variations in meth-
odology. There seems little doubt that there is a
strong relationship between CBV and tumor grade in
gliomas, because there is a large published body of
work derived from both T2*- and T1-weighted data
(5-8, 19, 42—44). These studies use direct measure-
ment of CBV by integrating the contrast concentra-
tion time course curve, and this same method was
used with similar results in the study of Law et al
described above (31). The current study and the work
of Ludeman et al (2, 40) used pharmacokinetic mod-
eling of T1-weighted data and were also able to dem-
onstrate this relationship. The relationship between
K" and grade remains less clear. The studies of
Ludemann et al (2, 40) failed to demonstrate any
relationship between K™ and grade, and the study
of Law et al (31) showed only a weak relationship;
however, both the current study and the study de-
scribed Provenzale et al (10) identified K™ as a
significant discriminator between high- and low-grade
gliomas. Each of the imaging and analysis techniques
employed in these previous studies is associated with
specific potential disadvantages. This is also true of
the technique we have used, which is known to un-
derestimate K"*" where the contrast extraction frac-
tion is high. The method has, however, been tested
extensively both by establishment of reproducibility
coefficients and by Monte Carlo modeling to identify
the magnitude of errors induced by the use of low
signal intensity—to-noise data and by the assumptions
in the modeling itself (22, 33, 35). The studies suggest
that within the measured range of K™ identified in
the current study the model can be expected to be
accurate and reproducible. The technique also offers
significant advantages because data acquisition can be
performed in less than a minute and can be used in
conjunction with a breath-hold technique (45).

In conclusion, we have demonstrated strong rela-
tionships between both CBV and K™ and histologic
grade in gliomas. Either measurement, or a combina-
tion of the 2, show good discriminative power in
distinguishing between low- and high-grade tumors
with diagnostic sensitivity and specificity >90%. The
identification of grade III and grade IV tumors is
relatively poor, with diagnostic sensitivity of only 68%
and specificity of 62%. We have also clarified the
causes of apparent discrepancies between previous
studies by a careful review of their experimental ap-
proaches. This study indicates that K" provides
important and independent information concerning
tumor biology and microvascular structure that sup-
ports the continued development and use of these
more complex analysis protocols.

References

1. Shin JH, Lee HK, Kwun BD, et al. Using relative cerebral blood
flow and volume to evaluate the histopathologic grade of cerebral
gliomas: preliminary results. AJR Am J Roentgenol 2002;179:783—
789



AJNR: 26, November/December 2005

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

. Ludemann L, Grieger W, Wurm R, et al. Comparison of dynamic

contrast-enhanced MRI with WHO tumor grading for gliomas. Eur
Radiol 2001;11:1231-1241

. Law M, Yang S, Wang H, et al. Glioma grading: sensitivity, spec-

ificity, and predictive values of perfusion MR imaging and proton
MR spectroscopic imaging compared with conventional MR imag-
ing. AJNR Am J Neuroradiol 2003;24:1989-1998

. Law M, Cha S, Knopp EA, et al. High-grade gliomas and solitary

metastases: differentiation by using perfusion and proton spectro-
scopic MR imaging. Radiology 2002;222:715-721

. Knopp EA, Cha S, Johnson G, et al. Glial neoplasms: dynamic

contrast-enhanced T2*-weighted MR imaging. Radiology 1999;
211:791-798

. Fuss M, Wenz F, Essig M, et al. Tumor angiogenesis of low-grade

astrocytomas measured by dynamic susceptibility contrast-en-
hanced MRI (DSC-MRI) is predictive of local tumor control after
radiation therapy. Int J Radiat Oncol Biol Phys 2001;51:478-482

. Aronen HIJ, Perkio J. Dynamic susceptibility contrast MRI of

gliomas. Neuroimaging Clin N Am 2002;12:501-523

. Aronen HJ, Gazit IE, Louis DN, et al. Cerebral blood volume maps

of gliomas: comparison with tumor grade and histologic findings.
Radiology 1994;191:41-51

. Haroon HA, Buckley DL, Patankar TA, et al. A comparison of

Ktrans measurements obtained with conventional and first pass
pharmacokinetic models in human gliomas. / Magn Reson Imaging
2004;19:527-536

Provenzale JM, Wang GR, Brenner T, et al. Comparison of per-
meability in high-grade and low-grade brain tumors using dynamic
susceptibility contrast MR imaging. A/JR Am J Roentgenol 2002;
178:711-716

Roberts HC, Roberts TP, Brasch RC, Dillon WP. Quantitative
measurement of microvascular permeability in human brain tu-
mors achieved using dynamic contrast-enhanced MR imaging: cor-
relation with histologic grade. AJNR Am J Neuroradiol 2000;
21:891-899

Sugahara T, Korogi Y, Kochi M, et al. Correlation of MR imaging-
determined cerebral blood volume maps with histologic and angio-
graphic determination of vascularity of gliomas. AJR Am J Roent-
genol 1998;171:1479-1486

Croteau D, Scarpace L, Hearshen D, et al. Correlation between
magnetic resonance spectroscopy imaging and image-guided biop-
sies: semiquantitative and qualitative histopathological analyses of
patients with untreated glioma. Neurosurgery 2001;49:823-829
Wong ET, Jackson EF, Hess KR, et al. Correlation between dy-
namic MRI and outcome in patients with malignant gliomas. Neu-
rology 1998;50:777-781

Wong JC, Provenzale JM, Petrella JR. Perfusion MR imaging of
brain neoplasms. AJR Am J Roentgenol 2000;174:1147-1157

Cha S, Knopp EA, Johnson G, et al. Intracranial mass lesions:
dynamic contrast-enhanced susceptibility-weighted echo-planar
perfusion MR imaging. Radiology 2002;223:11-29

Lev MH, Rosen BR. Clinical applications of intracranial perfusion
MR imaging. Neuroimaging Clin N Am 1999;9:309-331

Petrella JR, Provenzale JM. MR perfusion imaging of the brain:
techniques and applications. A/R Am J Roentgenol 2000;
175:207-219

Aronen HJ, Pardo FS, Kennedy DN, et al. High microvascular
blood volume is associated with high glucose uptake and tumor
angiogenesis in human gliomas. Clin Cancer Res 2000;6:2189-2200
Lev MH, Ozsunar Y, Henson JW, et al. Glial tumor grading and
outcome prediction using dynamic spin-echo MR susceptibility
mapping compared with conventional contrast-enhanced MR: con-
founding effect of elevated rCBV of oligodendrogliomas [cor-
rected]. AJNR Am J Neuroradiol 2004;25:214-221

Tofts PS, Brix G, Buckley DL, et al. Estimating kinetic parameters
from dynamic contrast-enhanced T(1)- weighted MRI of a diffus-
able tracer: standardized quantities and symbols. J Magn Reson
Imaging 1999;10:223-232

Li KL, Zhu XP, Checkley DR, et al. Simultaneous mapping of
blood volume and endothelial permeability surface area product in
gliomas using iterative analysis of first-pass dynamic contrast
enhanced MRI data. Br J Radiol 2003;76:39-50

Zhu XP, Li KL, Kamaly-Asl ID, et al. Quantification of endothelial
permeability, leakage space, and blood volume in brain tumors
using combined T, and T2* contrast-enhanced dynamic MR imag-
ing. J Magn Reson Imaging 2000;11:575-585

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

VOLUME TRANSFER COEFFICIENT 2465

Johnson G, Wetzel SG, Cha S, et al. Measuring blood volume and
vascular transfer constant from dynamic, T(2)*-weighted contrast-
enhanced MRI. Magn Reson Med 2004;51:961-968

Weisskoff R, Boxermann J, Sorensen A, et al. Simultaneous blood
volume and permeability mapping using a single Gd-based con-
trast injection. In: Proceedings of the International Society of Mag-
netic Resonance in Medicine. ISMRM: Berkeley, CA;1994:279
Nasel C, Schindler E. [Xenon-CT and perfusion MRI in the diag-
nosis of cerebral gliomas]. Radiologe 1998;38:930-934

Nakagawa T, Tanaka R, Takeuchi S, Takeda N. Haemodynamic
evaluation of cerebral gliomas using XeCT. Acta Neurochir (Wien)
1998;140:223-233; discussion 233-224

van Dijke CF, Brasch RC, Roberts TP, et al. Mammary carcinoma
model: correlation of macromolecular contrast-enhanced MR im-
aging characterizations of tumor microvasculature and histologic
capillary density. Radiology 1996;198:813-818

Schwickert HC, Stiskal M, Roberts TP, et al. Contrast-enhanced
MR imaging assessment of tumor capillary permeability: effect of
irradiation on delivery of chemotherapy. Radiology 1996;198:
893-898

Dvorak HF, Detmar M, Claffey KP, et al. Vascular permeability
factor/vascular endothelial growth factor: an important mediator
of angiogenesis in malignancy and inflammation. Int Arch Allergy
Immunol 1995;107:233-235

Law M, Yang S, Babb JS, et al. Comparison of cerebral blood
volume and vascular permeability from dynamic susceptibility con-
trast-enhanced perfusion MR imaging with glioma grade. A/JNR
Am J Neuroradiol 2004;25:746-755

Kleihues P, Louis DN, Scheithauer BW, et al. The WHO classifi-
cation of tumors of the nervous system. J Neuropathol Exp Neurol
2002;61:215-225; discussion 226229

Li KL, Zhu XP, Waterton J, Jackson A. Improved 3D quantitative
mapping of blood volume and endothelial permeability in brain
tumors. J Magn Reson Imaging 2000;12:347-357

Tabachnick B, Fidell L. Using multivariate statistics. New York:
Harper Collins;1996

Li KL, Jackson A. New hybrid technique for accurate and repro-
ducible quantitation of dynamic contrast-enhanced MRI data.
Magn Reson Med 2003;50:1286-1295

Jackson A, Kassner A, Annesley-Williams D, et al. Abnormalities
in the recirculation phase of contrast agent bolus passage in cere-
bral gliomas: comparison with relative blood volume and tumor
grade. AJNR Am J Neuroradiol 2002;23:7-14

Sugahara T, Korogi Y, Kochi M, et al. Perfusion-sensitive MR
imaging of gliomas: comparison between gradient-echo and spin-
echo echo-planar imaging techniques. A/JNR Am J Neuroradiol
2001;22:1306-1315

Roberts TP. Physiologic measurements by contrast-enhanced MR
imaging: expectations and limitations. J Magn Reson Imaging
1997;7:82-90

Jackson A, Jayson GC, Li KL, et al. Reproducibility of quantitative
dynamic contrast-enhanced MRI in newly presenting glioma. Br J
Radiol 2003;76:153-162

Ludemann L, Hamm B, Zimmer C. Pharmacokinetic analysis of
glioma compartments with dynamic Gd-DTPA-enhanced magnetic
resonance imaging. Magn Reson Imaging 2000;18:1201-1214
Kassner A, Annesley DJ, Zhu XP, et al. Abnormalities of the
contrast re-circulation phase in cerebral tumors demonstrated
using dynamic susceptibility contrast-enhanced imaging: a possi-
ble marker of vascular tortuosity. / Magn Reson Imaging 2000;
11:103-113

Jackson A, Kassner A, Zhu XP, Li KL. Reproducibility of T2*
blood volume and vascular tortuosity maps in cerebral gliomas. J
Magn Reson Imaging 2001;14:510-516

Bruening R, Kwong KK, Vevea MJ, et al. Echo-planar MR deter-
mination of relative cerebral blood volume in human brain tumors:
T1 versus T2 weighting. AJNR Am J Neuroradiol 1996;17:831-840
Hacklander T, Hofer M, Reichenbach JR, et al. Cerebral blood
volume maps with dynamic contrast-enhanced T1-weighted
FLASH imaging: normal values and preliminary clinical results.
J Comput Assist Tomogr 1996;20:532-539

Jackson A, Haroon H, Zhu XP, et al. Breath-hold perfusion and
permeability mapping of hepatic malignancies using magnetic res-
onance imaging and a first-pass leakage profile model. NMR
Biomed 2002;15:164-173.



