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BACKGROUND AND PURPOSE: Abnormalities in the recirculation phase of the passage of
a contrast agent bolus have been identified in tumors and have been suggested to represent
vascular tortuosity and hypoperfusion in areas of angiogenic neovascularization. This study was
performed to examine the hypothesis that these abnormalities provide information concerning
the microcirculation related to tumor grade in patients with cerebral glioma.

METHODS: Contrast-enhanced dynamic susceptibility MR imaging was performed in 27
patients with glioma. Residual relaxivity effects were minimized by injection of contrast agent
before dynamic imaging. Maps of relative cerebral blood volume (rCBV) and relative recircu-
lation (rR) were calculated, and values from enhancing tumor tissue were compared with tumor
grade.

RESULTS: Histologic grades were grade II, astrocytoma (n � 3); grade III, anaplastic
astrocytoma (n � 10); and grade IV, glioblastoma multiforme (n � 14). rCBV values varied
among tumor grades, with higher mean values in higher grade tumors (P < .001). Mean rR
values in grade II tumors were not significantly different from those in normal gray and white
matter. Mean rR values in grades III and IV tumors were similar and were significantly higher
than those in grade II tumors (P < .01). The distribution of the pixel values of rR showed
significant differences between grades III and IV tumors (P < .001), with low values of skewness
in keeping with a normal distribution in grade III tumors and higher values in grade IV tumors.

CONCLUSION: Variation in the recirculation characteristics of a contrast agent bolus is
related to tumor grade in gliomas. This supports the hypothesis that abnormalities in contrast
agent recirculation provide independent information concerning the microcirculation in imag-
ing studies of angiogenesis and may be of value as surrogate markers in trials of antiangiogenic
therapy.

Tumor growth depends on the development of new
blood vessels (1), which is driven by local production
of angiogenic cytokines such as vasoactive endothelial
growth factor (VEGF) (2). This angiogenic activity is
stimulated by regional hypoglycemia and hypoxia (3),
and the expression of angiogenic cytokines appears to

be proportionately greater in more rapidly progres-
sive tumors (4). Histologic examination supports this
observation, and the microvascular density (MVD) of
tumor tissue has been shown to relate to tumor be-
havior and prognosis in a wide range of tumor types
(1, 5–7). Many new therapeutic agents in develop-
ment target the angiogenic process either by inhibi-
tion of cytokine activity or by selective targeting of
newly formed vessels (1, 8, 9). These observations
have led several groups to investigate the use of MR
measurements of relative cerebral blood volume
(rCBV) as a possible in vivo marker related to MVD
(6, 10–13). A number of MR studies have shown
strong correlation between rCBV and both histologic
vascularity and tumor grade (6, 13), and one study
showed rCBV responses to antiangiogenic doses of
thalidomide and carboplatin (14). Capillary perme-
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ability is also elevated in neoangiogenic vasculature as
a direct effect of cytokine activation. MR measure-
ments of endothelial permeability have been shown to
correlate with histologic grade in glioma (15) and
have been proposed as a surrogate marker of antian-
giogenic drug activity.

In a previous publication (16), we examined changes
in the recirculation phase of the first passage of a
contrast agent bolus in tumors due to disruption of
normal flow patterns by chaotic tumoral vasculature.
We described a new parameter, relative recirculation
(rR), to allow quantification of abnormalities in the
recirculation phase. The rR provides a quantitative
indicator of delayed local passage of intravascular
contrast agent through the microvasculature. We pre-
viously demonstrated elevated areas of rR in a range
of cerebral tumors and showed that this occurred
independent of local variations in rCBV (16). The
changes were observed only in those regions of tumor
in which histologic studies would help predict in-
creased neovascularization and vascular complexity.
On the basis of this evidence, together with simple
mathematical modeling of the effects of microvascu-
lar structure on the shape of the contrast agent bolus,
we propose that rR indicates abnormal flow patterns
that can result from vascular tortuosity and variations
in regional perfusion pressure (16).

The biologic value of rR measurements remains to
be clarified, and the role, if any, of the measurement
in clinical practice is not yet clear. However, on the
basis of our previous observations, it is apparent that
elevation of rR occurs independent of elevations in
rCBV and is more common in rapid-growing tumors
(16). The measurement helps identify areas of de-
layed flow such as are seen in hypoperfused areas of
gliomas in which the anoxic and hypoglycemic stimu-
lus for the production of angiogenic cytokines is
greatest (3, 16). The measurement of rR could there-
fore provide an indicator of the extent and location of
active angiogenic activity, which may be of value as a
surrogate marker in the development and testing of
novel antiangiogenic therapies. The measurement
may also be valuable in identifying areas of maximal
angiogenic drive for image-guided biopsy to allow
histologic quantification of maximal angiogenic activ-
ity within the tumor based on measurements of cyto-
kine expression, such as receptor density.

To assess the potential value of rR as a marker of
angiogenic activity, it is important that we further
characterize the behavior of this variable. This study
was designed to examine the relationship among
these abnormalities of the recirculation phase, rCBV,
and histologic grade in a series of patients with cere-
bral glioma to test the hypothesis that abnormalities
of rR will correlate with tumor grade.

Methods

Research Subjects
The study was approved by the Manchester Local Research

Ethics Committee. All patients gave informed consent before
inclusion and underwent diagnostic MR or CT examinations

before recruitment. Twenty-seven patients (16 men, 11 women;
median age, 56 years; age range, 34–72 years) suspected to
have glioma were included in the study.

Histologic Analysis
All patients underwent tumor biopsy (n � 12) or debulking

(n � 15) within 4 days of the imaging study. Tissue samples
were retrospectively reviewed by a neuropathologist (H.R.)
specializing in cerebral tumors, who was blinded to the im-
aging results. Histologic analysis was performed on hema-
toxylin-eosin–stained sections, and tumors were classified
according to the revised World Health Organization classi-
fication of 1993 (17).

Image Acquisition
In all 27 patients, an enhancing mass lesion was depicted on

either CT or MR images before inclusion in the study. All
imaging was performed within 5 days of presentation, before
biopsy or definitive treatment, although all patients were re-
ceiving steroids to reduce intracranial pressure. Imaging was
performed by using a 1.5-T whole-body MR system (Phillips
ACS NT6000; Phillips Medical Systems, Best, the Netherlands)
(maximum gradient strength, 23 mT/M; maximum slew rate,
105 mT/M/ms) with a birdcage head coil. Before imaging, a
16–18-gauge catheter was inserted into an antecubital vein, and
a local anesthetic was administered. The larger needle bore was
initially employed to minimize resistance to manual injection;
however, adequate injection rates can be attained by using an
automated injection pump with an 18-gauge needle. Routine
clinical T1- and T2-weighted imaging was performed in all
patients before dynamic studies. Perfusion imaging was per-
formed by using a multisection field-echo echo-planar se-
quence with heavy T2* weighting (262/30 [TR/TE], 35° flip
angle, matrix 128 � 128). A gradient-echo technique was pre-
ferred over the spin-echo sequence to avoid spurious suppres-
sion of signal changes in large vessels (18, 19). The acquisition
collected 9 � 5-mm-thick sections with an intersection gap of
0.5 mm. The temporal resolution was 1.89 seconds per acqui-
sition, and a series of 60 consecutive acquisitions were ob-
tained. Contrast agent (0.1 mmol/L gadodiamide injection
[Omniscan; Nycomed, Oslo, Norway]) was injected 10 minutes
before imaging to remove residual relaxivity effects. The inter-
val of 10 minutes was based on a published study (16) from our
laboratory designed to identify the optimal method for the
removal of residual relaxivity effects in T2*-weighted data. A
subsequent dose of contrast agent (0.1 mmol/L gadodiamide
injection) was administered during image acquisition after the
10th dynamic image was obtained (t � 1.86 seconds). The
injection was made over 4 seconds and was followed by a chaser
of 35 mL of normal saline at the same rate. Injections in the
first 16 patients were performed with a manual injection tech-
nique. Manual injections were made by a single experienced
operator (A.J.) with use of a metronome to control injection
timing and a large-bore (16-gauge) needle for all manual in-
jections. In the subsequent 11 patients, injections were made
with an automated power injector (Spectris; Medrad). Images
were transferred to an independent workstation for analysis.

Calculation of Parametric Images
Perfusion data sets were used to calculate T2* rate changes

(� R2) with the relationship

1) �R2 � �ln(S(t)/S(0))/TE,

where S(0) is the baseline signal intensity, S(t) is the pixel
intensity at time t, and TE is the echo time (20).

To produce a theoretical first-pass curve free of recircula-
tion effects, the data were fitted to a gamma variant function by
using a Simplex curve-fitting algorithm with the relationship

2) �R2(t) � Q(tr)exp(�t/b)
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where Q, r, and b are fitting constants (21, 22).
Curve-fitting data were used to derive parametric maps of

rCBV, which is proportional to the area under the � R2 curve.
This was calculated analytically as

3) rCBV �

te

�
t0

�R2�t�dt,

where t0 is the time of first arrival of contrast agent and te is the
time at which � R2 returns to baseline.

Curve fitting and derivation of calculated images were per-
formed with a software program developed in Interactive Data
Language (Floating Point Software; Research System Software
Ltd, Boulder, CO) and C. This program calculated the fitting
constants Q, r, and b by using a “down-hill” Simplex method
(23, 24).

The recirculation phase of the time-signal response curve
was examined by calculation of the area between the ideal
first-pass curve represented by the gamma variate function and
the measured data during the recirculation phase. The mea-
surement was made between the midpoint of the down-slope of
the gamma variate fit and a point 30 seconds after the initial
contrast agent arrival time (t0). Because the area under the
time-intensity curve partially represents true contrast agent
recirculation (25), it would be predicted to correlate closely
with regional rCBV. To remove this correlation, the recircula-
tion parameter was normalized by using the maximum value of
�R2 (�R2max). This normalized parameter, rR, was calculated
on a voxel-by-voxel basis and used to construct parametric
maps as follows:

4) rR �

N�
i � A

��R2measured�i� � �R2theoretical�i��

�R2max�N � A�
,

where �R2max is the maximum value of �R2theoretical.

Image Analysis
Enhancing tumor tissue was manually segmented from post-

contrast T1-weighted images by an experienced neuroradiolo-
gist (A.J.), and the resultant volumes of interest (VOIs) were
transferred to corresponding parametric maps of rCBV and rR.
VOIs included only enhancing tissue. The pixel values from
these VOIs were exported to ASCII files, and the relationship
between tumor grade and the parametric variables was exam-
ined by using standard statistical software packages.

Although indicators of distribution position (mean or me-
dian) are traditionally used in this type of analysis, it is impor-
tant to remember that regional abnormalities in microvascular
structure may affect only a small proportion of the tumor pixels
and may preferentially affect those with high or low values (26).
Because abnormalities in the rR parameter have previously
been shown to affect only a small proportion of the tumor (16),
a number of parameters reflecting the distribution of rR and
rCBV were calculated for each tumor to examine variations in
both the position and shape of the pixel distributions. Param-

FIG 1. Parametric images of rCBV (left) and rR (right) in a patient with glioblastoma multiforme. The rCBV map is in color to aid
interpretation. The color scale is nonlinear: black, �2%; blue, 2–5%; green, 5–10%; red, 10–30%; orange, 30–80%; and yellow, �80%.
The image demonstrates large peripheral vessels (yellow) and a central area of high rCBV within the tumor core (red) and other central
areas of poor perfusion or necrosis (black). The red areas in the rR map indicate pixels with values �0.46, which are seen in fewer than
2% of normal tissue. Single-pixel areas of elevated rR have been filtered out, and the pixel clusters have been filtered by using a 0.5-pixel
gaussian filter. The underlying gray-scale image shows the rCBV map. This image demonstrates areas of elevated rR, which occur
principally in the center of the tumor, adjacent to areas of necrosis and away from the central area of elevated rCBV.

FIG 2. Plot of mean rCBV values against tumor grade shows
increase in rCBV with increasing tumor grade. (AU indicates
arbitrary units.)
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eters included mean values to identify any shift in the overall
position of the pixel distribution; 95%, 90%, 85%, and 80%
values to identify any changes in the distribution of high values;
and the skewness of the distribution to identify any changes in
the shape of the pixel distribution that might result from a
change in pixel values within the lower 80%. Skewness was
calculated as follows: (mean � mode)/SD. Comparisons with
tumor grade were made with a one-way analysis of variance. A P
value less than .05 indicated a statistically significant difference.

Results
Histologic data were available from biopsy (n � 12)

or excision samples (n � 15) in all cases. Histologic
analysis confirmed the suspected diagnosis of glioma
in all cases. Histologic gradings were grade II, astro-
cytoma, in three patients; grade III, anaplastic astro-
cytoma, in 10 patients; and grade IV, glioblastoma
multiforme, in 14 patients.

Dynamic images showed no evidence of significant
motion during data acquisition in any case, and para-
metric images of rCBV and rR were of high quality
(Fig 1). Measurements of mean rCBV (in arbitrary
units) from the VOI ranged from 102 to 3256 with a
group mean of 1678. The range of measurements for
the mean rR was 0.076–0.257 with a group mean of

0.156. In normal tissue, values of rR exceeded 0.35 in
5% of pixels and 0.46 in fewer than 2%. Elevated
values of rR above these thresholds were seen in two
of the three grade II tumors with 7% and 9.6% of
pixels above 0.35 and less than 1% of pixels above
0.46. Elevated values of rR were seen in all grades III
and IV tumors with 9–21% of pixels above 0.35 and
8–12% above 0.46. Elevation of rR was most com-

FIG 3. Pixel-by-pixel plots of rR versus rCBV for two examples of anaplastic astrocytoma (GIII) (top) and glioblastoma multiforme (GIV)
(bottom). rR values show a relatively normal distribution in the grade III tumors and a more skewed distribution in the grade IV tumors.
No evidence of correlation exists between rCBV and rR.

FIG 4. Plot of skewness of rR against tumor grade shows in-
creased skewness in grade IV tumors.
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monly seen in the central area of the tumors and
adjacent areas of central necrosis, as previously de-
scribed (16). The frequency of elevated values in
grade II tumors was not significantly different than
that of values in normal gray and white matter. Val-
ues in grades III and IV tumors were significantly
greater than in grade II tumors and normal tissue
(P � .01). No significant difference in the prevalence
of elevated values existed between grades III and
grade IV tumors.

Values of rCBV varied with tumor grade, with
higher mean values seen in higher grade tumors (Fig
2, P � .001). Use of the 95–75% points for rCBV and
rR, as an indicator of distribution shape, confirmed a
significant increase in pixels above these thresholds in
grades III and IV tumors compared with those in
grade II tumors but showed no significant difference

between grade III and grade IV tumors. The skew-
ness of the distribution of rCBV was not related to
tumor grade. Skewness of the distributions of rR
showed no difference between grade II and grade III
tumors; both demonstrated low values, in keeping
with a normal distribution. Grade IV tumors demon-
strated greater skewness in the distribution of rR, not
in keeping with a normal distribution (Figs 3–5) and
significantly greater values than in grade II and grade
III tumors (P � .001). Although the number of pa-
tients in the study is small, a plot of the skewness of
rR against mean rCBV values (Fig 6) suggests that
these parameters provide complementary informa-
tion about tumor microvasculature, both of which are
independently related to tumor grade.

Discussion

The angiogenic process is central to tumor growth
and provides a target for novel therapeutic ap-
proaches (1, 8, 9). The development and application
of these new antiangiogenic therapies is highly depen-
dent on the identification of surrogate markers of
angiogenic activity, and many groups have studied the
use of MR-based techniques to characterize and
quantify the angiogenic neovasculature (12, 14, 15,
26). The microvascular structure that develops in tu-
mors in response to angiogenic cytokine activity dif-
fers in many ways from that seen in normal tissue
(27). These abnormalities of arterial and venous
structures are well known to pathologists who identify
features such as vascular complexity and dysplasia to
support tumor classification. Abnormalities in the tu-
mor vasculature are found in all components of the
vascular tree including the capillary structure, and the
severity of the disorganization generally correlates
with growth rate and malignant behavior. These areas
of abnormal structure are associated with an in-
creased proportion of vessels and with increased tor-
tuosity of the vessels themselves (28, 29). Both of

FIG 5. Plot of rR values in one patient with a grade III tumor (left) and one patient with a grade IV tumor (right) shows loss of
conformance of the pixel values to the normal distribution in the grade IV tumor. The optimal fitted normal distribution is illustrated.

FIG 6. Plot of skewness of rR against mean rCBV values dem-
onstrates the separation of grade IV tumors on the basis of both
skewness of rR and rCBV and the separation of grade II and
grade III tumors by rCBV. Grade II tumors are represented by
triangles, grade III by diamonds, and grade IV by circles. (AU
indicates arbitrary units.)
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these factors relate to histologic measurements of
MVD, which can be increased by the presence of
increased numbers of vessels and by the presence of
tortuous vessels that repeatedly pass through the
plane of the section.

The development of MR-based surrogate measures
of angiogenic activity may have considerable impact
in the determination of tumor grade, prognosis, met-
astatic potential, therapeutic response, and tumor re-
currence (6, 26, 30–33). The measurement of rCBV
provides an obvious surrogate for estimations of
MVD and has shown good correlation with both
grade and prognosis in a range of tumor types (12, 15,
34). The findings in this study were in close agree-
ment with those of previous investigators who dem-
onstrated a significant increase in mean values of
rCBV in high-grade tumors (Fig 1). Technically, the
measurement of rCBV in tumors is complicated
where there is breakdown of the blood-brain barrier.
Measurements based on relaxivity effects will reflect a
combination of first-pass kinetics and contrast agent
leakage into the extracellular space (35). Imaging
sequences sensitive to susceptibility effects will reveal
a decrease in signal intensity because of contrast
agent passage. However, any sensitivity to relaxivity
effects will cause elevation of signal intensity (T1
shine-through), which may result in underestimation
of rCBV (6, 36). We previously compared a number
of techniques to reduce this T1 shine-through (16)
and found preenhancement of the tumor by adminis-
tration of a dose of contrast agent 5–10 minutes
before the dynamic imaging sequence to be highly
effective at removing T1 shine-through. This ap-
proach also allows the use of high-flip-angle tech-
niques, with consequent improvements in signal-to-
noise ratio of the T2*-dependent signal intensity
change, which allows us to measure the abnormalities
in the recirculation phase.

Measurement of capillary endothelial permeability
with MR imaging of contrast agent distribution also
provides information about the angiogenic process,
because angiogenic cytokines, such as VEGF, are
rapid and potent promoters of endothelial permeabil-
ity (37). Previous investigators have been able to show
a relationship between endothelial permeability and
grade in gliomas (15) and to show rapid decreases in
endothelial permeability over 24 hours in response to
anti-VEGF therapy in a range of tumor types (38).
The information provided by measurements of rCBV
and endothelial permeability is complementary, with
rCBV providing an indication of the amount of neo-
angiogenic vessel formation that has occurred and
endothelial permeability providing an indicator of the
current cytokine activity within the tumor. The ability
of endothelial permeability measurements to reveal
major changes within hours of first administration of
angiogenic cytokine blockers (38) provides a powerful
tool for the development and testing of antiangio-
genic agents.

Abnormalities in the recirculation phase of the con-
trast agent bolus also offer the possibility of further
characterizing the neoangiogenic microvasculature. The

angiogenic process is stimulated by regional hypoxia and
hypoglycemia (3); thus, cytokine production is most ac-
tive in areas of the tumor subject to hypoperfusion and
ischemia. In rapidly growing tumors such as glioblas-
toma multiforme, the angiogenic activity is unable to
provide adequate perfusion, and necrosis occurs in cen-
tral areas of the tumor. The areas of most active angio-
genic cytokine production are characterized by inade-
quate perfusion, and capillary blood flow is likely to be
slow and erratic (27). These flow characteristics will give
rise to the abnormalities in the recirculation phase of
the contrast agent bolus, which we have demonstrated
herein and in previous work (16). The rR parameter
therefore can indicate these areas of inadequate and
deranged flow that likely exist deep in the tumor and
adjacent to areas of necrosis. The finding of these ab-
normalities is likely to indicate a rapidly growing, ag-
gressive tumor in which the angiogenic process is failing
to adequately support tumor demands. These hypothe-
ses are supported by the finding of elevated areas of rR
centrally within glioblastomas in areas adjacent to re-
gions of necrosis ([16] and Fig 1) and by the observation
in this study that elevation of rR is seen only in grade III
and IV tumors.

Because the role of the angiogenic process is to
ensure adequate perfusion to the tumor tissue, it is
unlikely that slow-growing tumors will contain areas
of significant hypoperfusion. In more rapidly growing
tumors, we can expect areas in which perfusion pres-
sure is low and blood flow is sluggish and disorga-
nized, leading to abnormalities in the recirculation
phase. As discussed above, these effects are likely to
be most marked deep in the tumor in areas furthest
from the supplying vessels. However, it is also possi-
ble that similar flow disruption will occur, albeit to a
lesser extent, in more superficial areas of the tumor.
The increase in mean rR in grade III and IV tumors
supports the suggestion that changes in rR are asso-
ciated with widespread abnormality affecting many of
the tumor pixels. However, the similarity in mean rR
values between grade III and IV tumors does not
exclude a difference in the circulatory properties be-
tween them. Measurements of skewness of the pixel
distribution of rR demonstrated a clear variation be-
tween grade III and grade IV tumors. Skewness is a
measure of the asymmetry of a distribution. The nor-
mal distribution is symmetric and has a skewness
value of zero. A distribution with a significant positive
skewness has a long right tail. A distribution with a
significant negative skewness has a long left tail. A
skewness value greater than 1 generally indicates that
the data differ significantly from a normal distribu-
tion. In the current study, nine of 10 grade III tumors
demonstrated a skewness of the distribution of rR
that was less than 1, whereas all grade IV tumors
demonstrated values between 1 and 4.5. This finding
indicates a shift in the distribution of rR values so that
the higher grade tumors have a greater proportion of
voxels, with values above the mode of the distribution.
These observations suggest that the presence of in-
creased areas of slow or deranged perfusion in grade
IV tumors produces a significant increase in rR in
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many voxels. This change is insufficient to further
affect the mean values of the distribution but does
shift sufficient voxels to produce a significant skew-
ness in the distribution. This observation is of consid-
erable interest for two reasons. First, it supports our
hypothesis that abnormalities in the recirculation
phase, as demonstrated by rR, reflect tumor grade
and that increases in rR are seen in higher grade
disease. Second, these observations indicate that the
use of simple measures such as the mean of a distri-
bution can be insensitive in detecting changes in para-
metric variables. This has been noted by Mayr and
colleagues (26), who used measurements of dynamic
contrast enhancement in cervical carcinoma. In their
investigation, a highly heterogeneous distribution of
enhancement pattern was seen, and the incidence
of tumor recurrence was best predicted by the value
of the lower centiles of the distribution. These inves-
tigators suggest that this might reflect the higher
recurrence rates in hypoxic tumors after radiation
therapy. Their findings suggest that low-grade (grade
II) tumors maintain normal perfusion patterns indis-
tinguishable from those in normal tissue but that
more aggressive tumors (grades III and IV) are
marked by abnormal flow affecting most of the tumor
tissue. This abnormal flow results in an increase in the
mean rR. In grade IV tumors that are histologically
characterized by areas of necrosis, no increase in the
mean or in the high rR values exists, but more of the
pixels within the tumor show abnormal elevation of
rR, resulting in a change in the pixel distribution. The
distribution of markedly elevated values of rR can be
seen on parametric images (Fig 1). However, the
skewness of the distribution can only be detected by
analysis of all the tumor pixel values and cannot be
represented as a pixel-by-pixel map.

The clinical role of the rR parameter still requires
further elucidation. It is likely that parametric maps
of elevated rR would help in the distinction between
grade I and II gliomas and those of higher grade.
However, it is unlikely that this would improve diag-
nostic accuracy over simple measurements of rCBV
or endothelial permeability. In grades III and IV
tumors, parametric maps will allow the identification
of areas of abnormal perfusion that could be used to
guide biopsy procedures to improve the identification
of areas of dedifferentiation within grade II tumors
and avoid histologic undergrading. One grade III tu-
mor in the current study demonstrated a high skew-
ness of rR (Fig 6), although rCBV values were in
keeping with a grade III tumor. The use of the rR
map in this case may have allowed more specific
biopsy of an area of dedifferentiation and may have
led to a change in histologic grading. However, the
most likely clinical role for the rR parameter in glio-
mas is in the development and use of novel antian-
giogenic therapies. The gliomas are heavily expressive
of VEGF, which appears to be the dominant stimulus
of angiogenesis in this tumor line. The rR measure-
ment provides a potential surrogate marker of re-
sponse to antiangiogenic therapies capable of identi-
fying subtle changes in perfusion characteristics that

may result from inhibition of new vessel development.
It could also provide an indicator of microvascular
flow disruption resulting from therapies such as mi-
crotubulin poisons that change tumor perfusion pres-
sure by damaging the neovasculature.

Conclusion
We have shown that abnormalities of the recircu-

lation phase of a contrast agent bolus can be demon-
strated in high-grade gliomas and are not seen in
lower grade tumors. Parametric maps of rR can be
used to identify areas of disorganized flow, which may
be useful in guiding stereotactic biopsy in higher
grade tumors. In higher grade tumors, increasing
grade is accompanied by changes in the distribution
of rR that are characterized by a skewness in the
distribution of the rR parameter. We suggest that rR
may have a role in the development and monitoring
of novel antiangiogenic therapies.
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