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Vessel size imaging (VSI) for brain tumor characterization was
evaluated and the vessel size index measured by MRI (VSIMRI)
was correlated with VSI obtained by histology (VSIhisto). Blood
volume (BV) and VSI maps were obtained on 12 rats by simul-
taneous measurements of R2* and R2, before and after the
injection of a macromolecular contrast agent, AMI-227. Immu-
nostaining of collagen IV in vessels was performed. An expres-
sion was derived for evaluating VSI from stereologic measure-
ments on histology data (VSIhisto). On BV and VSI images ob-
tained from large-size tumors (n � 9), three regions could be
distinguished and correlated well with histological sections: a
high BV region surrounding the tumor, a necrotic area where BV
is very low, and a viable tumor tissue region showing lower BV
but higher VSI than the normal rat cortex, with the presence of
larger vessels. The quantitative analysis showed a good corre-
lation (Spearman rank’s rho � 0.74) between VSIhisto and VSIMRI

with a linear regression coefficient of 1.17. The good correlation
coefficient supports VSI imaging as a quantitative method for
tumor vasculature characterization. Magn Reson Med 51:
533–541, 2004. © 2004 Wiley-Liss, Inc.
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Angiogenesis is an important stage in tumor development.
Neovascularization, which is associated with rapid tumor
growth, is characterized by a higher vessel density in some
areas of the tumor and by vessels of larger lumen than in
normal tissues (1). Microvessel density was found to be a
major factor in predicting the aggressiveness of the disease
(2) and patient survival in different tumor types (2–5). This
is currently determined by immunohistochemistry on bi-
opsies. Nevertheless, regional tumor heterogeneity limits
the use of this technique for routine examinations since
biopsy samples are small and might not be sampled in the
most aggressive or representative part of the tumor. In
addition, its invasiveness prevents the use of this tech-
nique for therapy follow-up.

Among the possible imaging methods for vasculariza-
tion characterization, perfusion MR techniques allow
brain microvascularization assessment, are noninvasive,
and provide a high spatial resolution. Blood volume (BV)
imaging could be a noninvasive alternative to histology
since an increase in the mean vessel density and/or vessel

lumen can be detected through an increase in BV. For
example, in rat mammary adenocarcinoma models, statis-
tically significant differences were observed by Okuhata et
al. (6) in MRI-estimated tumor BV between tumor subtypes
and between the tumor periphery and tumor center. More
recently, Dennie et al. (7) suggested that the ratio of gradi-
ent-echo and spin-echo relaxation rate changes (�R2*/�R2)
induced by a high molecular weight contrast agent pro-
vides an indication of the average vessel size in a voxel,
under certain conditions related to the echo time, the
contrast agent concentration, and the main magnetic field
(8). A good correspondence between MRI and histology
results was shown in a rat glioma model (7). More recently,
the �R2*/�R2 ratio obtained after Gd-DTPA injection was
found to correlate strongly with tumor grade (9) in patients
with brain tumors. However, access to the morphology of
the vessels is not straightforward, since correlation with
histology necessitates Monte-Carlo simulations (7). �R2*/
�R2 is a dimensionless ratio and its expression in terms of
tissue model parameters depends, in addition to the vessel
size distribution, on the contrast agent concentration and
the water diffusion coefficient, as discussed by Jensen and
Chandra (eq. 24 of Ref. 10). To avoid strong dependency on
contrast agent concentration, these authors rather suggest
the use of a quantity Q, defined as the ratio �R2/(�R2*)2/3

and expressed in s�1/3, which was shown to depend only
on intrinsic tissue properties such as the BV fraction, the
vessel size distribution and the tissue water diffusion
coefficient (eq. 23 of Ref. 10). The underlying theory
assumes appropriate choice of contrast agent concentra-
tion and echo times (eqs. 12, 13, 21, 22 of Ref. 10) and
supposes small blood volume fractions (BV � 1). The
data of Dennie et al. (7) which satisfy these conditions
were used to estimate Q from histology and MRI measure-
ments, with good agreement found by the authors (10). In
parallel, we have developed a novel method for vessel size
imaging (11) in which a vessel size index (VSI), expressed
in micrometers, was defined from the distribution of the
vessel sizes only. This index can be easily estimated by
MRI from the ratio (�R2*/�R2)3/2, the water diffusion co-
efficient, and the contrast agent concentration. Unlike pre-
vious methods, a multipoint technique was used for �R2*
measurements to avoid TE-dependent errors (see discus-
sion in Ref. 11). BV is simultaneously obtained from VSI
MRI experiments and both pieces of information, BV and
VSI, might become prognostic indicators for tumor angio-
genesis (12).

The aim of this work was twofold: to assess the interest
of VSI imaging for noninvasive characterization of brain
tumor microvasculature, and to further validate the
method by comparing the VSI obtained by MRI (VSIMRI)
with results from quantitative immunohistology (VSIhisto)
on the same animals.
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Michallon, Grenoble, France.
*Correspondence to: Irène Troprès, Unité IRM 3T, Hôpital Albert Michallon,
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THEORY

The theory underlying the estimation of BV and VSI has
been reported previously (11). VSI is the weighted mean,
expressed as a distance:

VSI � ��
0

�

r�2/3f�r�dr��3/2

, [1]

where f(r) is defined from BV � f(r), the volume fraction of
vessels with radius r and �0

� f(r)dr � 1. Briefly, the
changes of the relaxation rates R2* and R2 induced by the
presence of the contrast agent in the blood are measured
using, respectively, gradient echo and spin echo imaging
sequences, before and after contrast agent injection. Sub-
sequently, VSI can be estimated from the following equa-
tion:

VSIMRI��m� � 0.424� D
	 � �
 � B0

� 1/2��R*2
�R2

� 3/2

, [2]

where D is the water diffusion coefficient in the tissue
(�m2/s), �
 is the increase (induced by the presence of the
contrast agent in the vasculature) in the magnetic suscep-
tibility difference 7
 between the extra- and intravascular
compartments (nonrationalized cgs emu units), B0 is the
main magnetic field (T), and 	 is the gyromagnetic ratio of
protons. From NMR measurements, BV is calculated ac-
cording to the following equation:

BV�%� �
3

4�

�R*2
	 � �
 � B0

. [3]

Blood volume is directly obtained from �R2* measure-
ments (gradient echo NMR sequence) and VSIMRI from
both �R2 and �R2* measurements (spin echo and gradient
echo sequences, respectively), provided the water diffu-
sion coefficient and the susceptibility increase are known.
Expressions [2] and [3] are valid for small BV fractions and
high blood contrast agent concentrations (BV �1, high �

(8,11,13)). VSIMRI measurement also necessitates the use of
long TEs (TE � 1/(2�	�
B0) (11,14)) to be independent of
the echo time.

VSI can also be calculated from vessel radii measure-
ments on histological sections, leading to an estimated
VSIhisto. According to Underwood (15), the average areal
fraction Aa, determined on sections through a volume,
represents an estimate of BV (Fig. 1). Therefore:

BV � Aa � �
0

�

Aa�r�dr , [4]

where Aa(r)dr is the areal fraction of vessels with radius r.
Since �0

� f(r)dr � 1 (Eq. 1), Aa(r)dr can be expressed as:

Aa�r�dr � BV � f�r�dr � Aa � f�r�dr [5]

and therefore:

f�r�dr �
Aa�r�dr

Aa
. [6]

Using the simple approach of considering vessels as ran-
domly oriented cylinders of a given radius, Aa(r) can also
be calculated from:

Aa�r�dr �
2� � r2 � n�r�dr

S
, [7]

where S is the microscope field examined and n(r)dr the
number of vessels with radius r. By substituting Eq. 7 into
Eq. 6, the following is obtained:

f�r�dr �
n�r� � r2dr

�0
� n�r� � r2dr

.

Equation 1 then becomes:

VSIhisto � ��0
� n�r� � r4/3dr
�0

� n�r� � r2dr �
�3/2

or:

FIG. 1 Estimation of BV by Aa. Vessels are modeled as cylinders of
given radii. The areal fraction of cylinders Aa(x) on sections through
a volume is measured and, according to stereology principles (36),
its average Aa is equal to the blood volume fraction BV occupied by
the cylinders in this volume.
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VSIhisto � �
�

i

n�ri� � ri
4/3

�
i

n�ri� � ri
2 �

�3/2

, [8]

when working with histograms of a constant interval
width �ri.

MATERIALS AND METHODS

Intracerebral Glioma Model in Rat Brain

Male Wistar rats were anesthetized (400 mg/kg chloral
hydrate) and placed on a stereotactic head holder. A scalp
incision was performed along the median line. A 2.5-mm
diameter burr hole was drilled in the skull 3.5 mm lateral
to the bregma. The cell suspension (105 cells in 5 �l) was
injected in 10 sec using a Hamilton syringe into the right
caudate nucleus, at a depth of 3.5 mm under the dura. The
syringe was slowly removed 1 min after the injection. The
burr hole was plugged with Horsley wax and the scalp
sutured. The survival time of the rats was about 4–5 weeks
after tumor cell implantation. All procedures related to
animal care strictly conformed to the guidelines of the
French Government (decree 87-848 of October 19, 1987,
licenses 006722 and A38071).

Imaging Protocols

All experiments were performed in a 2.35 T, 40-cm diam-
eter horizontal bore magnet (Bruker Spectrospin, Wissem-
bourg, France), equipped with actively shielded gradient
coils (Magnex Scientific, Abingdon, UK) and interfaced to
an SMIS console (SMIS, Guildford, UK).

The contrast agent used in this study was a high molec-
ular weight contrast agent, AMI-227 (Sinerem from Guer-
bet Laboratories, Aulnay-sous-Bois, France) made of ul-
trasmall superparamagnetic iron oxide (USPIO) particles.
Provided that the blood–brain barrier (BBB) is intact, AMI-
227 acts like a blood pool contrast agent. Experiments
performed on rats bearing a glioma with a similar contrast
agent (MION) (7) suggested that, even within the tumor,
the contrast agent remained within the vasculature. The
half-life in the rat plasma is 120 min for a 30 �mol Fe/kg
dose and 4.5 hr for a 200 �mol Fe/kg dose (unpubl. data,
Laboratoires Guerbet).

Experiment 1

Within 26–34 days after C6 cell implantation, rats (n � 12)
were anesthetized with a mixture of 1.5% halothane in air
after induction with 4% halothane. The animal prepara-
tion consisted of inserting two 0.7-mm external diameter
catheters, one in the femoral vein for i.v. injection of
contrast agent, and the other in the femoral artery for mean
arterial blood pressure (MABP) measurement and blood
sampling for gas analysis. After surgery, halothane was
maintained at 0.6%. MABP was measured via a graphic
recorder (8000S, Gould Electronics, Balainvilliers, France)
and blood gases (PaO2, PaCO2), blood pH, hematocrit, and
oxygen saturation of hemoglobin were analyzed with an
ABL510 (Radiometer, Copenhagen, Denmark). Blood sam-
ples smaller than 0.1 ml were taken before and immedi-

ately after acquisition of each imaging series. The body
temperature was monitored by a rectal probe and main-
tained at 36.8 � 0.4°C by a heating pad placed under the
abdomen.

The rats were placed in the magnet immediately after
catheter surgery and preliminary NMR adjustments (tun-
ing, shimming, and acquisition of scout images for posi-
tioning) were performed. It was then checked that the
physiological parameters were within the normal range.
The precontrast images were obtained, in the transverse
plane, immediately followed by an injection of AMI-227.
After a 3-min delay to allow the contrast agent to distribute
homogeneously in the intravascular pool, the postcontrast
images were acquired. Three successive injections of AMI-
227 were made: the first one of 30 �mol Fe/kg and two
others of 100 �mol Fe/kg, resulting in a total injected dose
of 230 �mol Fe/kg. Approximately 35 min elapsed be-
tween the two injections. The contrast agent dose remain-
ing at the time of the last acquisition can be calculated
from the elimination law and the half-life in plasma (e�
t

where 
 � ln(2)/�1/2; �1/2 is the contrast agent half-life and
t is the elapsed time after injection) and was �205 �mol
Fe/kg. Only images obtained from the last injection were
analyzed in the current work. The others were aimed at the
study of the effects of contrast agent concentration on VSI
evaluation (16).

The imaging sequence consisted of a simultaneous mul-
tigradient echo spin echo acquisition described previously
(11). Eight contiguous slices were obtained with the nom-
inal image resolution of 0.234 � 0.468 � 1 mm3 and were
zero-filled to 0.468 � 0.468 � 1 mm3. The number of
averages was 2 for a total acquisition time of 12 min. TR
was set to 6 sec. The TE values were 9.04, 17.32, 25.60,
33.88, and 42.16 msec for gradient echo images and
100 msec for the spin echo image.

Due to technical problems during the histology process,
only four rats were exploitable for the correlation of MRI
results with histology. Another experiment was then per-
formed and coronal instead of transverse images were
acquired for an easier comparison with histologic sections.

Experiment 2

In the second experiment, three rats were imaged 20 –
24 days after C6 cells implantation. The rats were anesthe-
tized with a mixture of 30% oxygen, 0.6–1% isoflurane,
and air. The animal preparation was the same as described
in the first experiment except that MABP was not moni-
tored. Body temperature was maintained at 37.9 � 1.0°C
by a heating pad placed under the abdomen. A single
injection of 200 �mol Fe/kg body weight was performed
and coronal images were acquired immediately before and
4 min after the injection. The difference between Experi-
ments 1 and 2 lay in the image orientation and in the slice
thickness: 1 vs. 1.1 mm.

Immunohistology

At the end of the MRI experiment, intracardiac perfusion
was performed under anesthesia. The blood was removed
by rinsing with a heparinized saline solution and the brain
was fixed by acetic formalin. The brain was then excised,
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stored in a salted formalin solution, and embedded in
paraffin. Two stainings were performed: hematoxylin
erythrosin safran (HES) staining was used to characterize
brain tumor (localization, size, and tumor regions) and the
collagen IV staining procedure resulted in a brown stain-
ing of the basement membranes of the blood vessels. Two
5-�m thick sections were analyzed in the corresponding
1-mm thick NMR image.

Slides were analyzed with a SAMBA image analysis
system (SAMBA Technologies, France). The image of a

0.27 mm2 microscope field was collected with an RGB
tri-CCD camera (Sony). The blue channel provides the best
contrast for the vessel staining and was used for image
segmentation and feature extraction. The binary masks of
the vessels were obtained by thresholding the gray level
histogram of the blue component. A manual correction
was sometimes necessary because of the nonhomogenous
staining on the slices. The vessel lumina were filled in and
a unique label was assigned to each vessel. Then, for all
pixels within a vessel, the shortest distance d to the edge of

FIG. 2. ROIs drawn on (a) the �R2 map of rats from
Experiment 1 (transverse plane) and from Experi-
ment 2 (coronal plane) and (b) histological sections
(�100) corresponding to ROIs on the NMR images.
1 is the intratumoral zone, 2 is the periphery of the
tumor, and 3 is the contralateral cortex.

FIG. 3. a–c: �R2*, �R2, and VSI maps of the three
different types of tumors: (a) large-size tumor, (b)
medium-size tumor, and (c) small size tumor.
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the vessel was calculated. The outer radius of each labeled
vessel was given by the greatest distance d measured
among all pixels in this vessel. Then the vessels were
classified according to their diameter and the number, n, of
vessels associated with each diameter was reported.

Data Analysis

VSI images were calculated using Eq. [2]. A uniform dif-
fusion coefficient D � 697 �m2.s�1 (17) was assumed in
the whole brain. The pixels corresponding to a BV exceed-
ing 17% (limit value for the linearity between �R2* and
BV) were excluded from the computations (red on the BV
and VSI maps). For these pixels, no valid VSI estimation
could therefore be performed. The pixels whose value
exceeded 100 �m were also colored in red on VSI maps.
This threshold was necessary in order to better exploit the
gray levels but did not concern in-brain pixels. Whenever
�R2* or �R2 was equal to zero due to the absence of the
contrast agent, corresponding BV and VSI pixels were set
to black (zero). No VSI measurements were made for black
or red pixels. Results are expressed as the mean � stan-
dard deviation.

VSI and BV information from NMR acquisitions on six
rats from Experiment 1 with a large tumor were analyzed
first. Three regions of interest (ROIs) were defined in the
contralateral cortex, the periphery of the tumor, and its
central part (Fig. 2). They were chosen either on the basis
of the SE postinjection image or the �R2 map where nor-
mal anatomy and tumor regions could be easily distin-
guished. The significance of differences between ROIs was
tested by the Wilcoxon Signed Rank test (P � 0.05) for VSI
and BV (StatView SE program, Abacus Concepts, Berkeley,
CA).

The second analysis consisted of validation of VSIMRI

computations by comparing them to VSIhisto. The rats in-
cluded were chosen according to the quality of the histo-
logical sections: n � 4 in Experiment 1 and n � 3 in
Experiment 2, corresponding to large and medium-size
tumors. For each animal, ROIs were defined on the VSI
maps in accordance with the area selected on histological
sections (Fig. 2). Red and black pixels were avoided. Since
the areas analyzed by histology were very small, only a few
pixels were selected. The microscope field in the rim of the
tumor was chosen to span the healthy and the tumoral
tissue. In the tumor center, the microscope field contained
only tumoral tissue. VSIhisto was calculated from the mean
vessel radius histogram on the two sections. Correlation
was evaluated by a Spearman rank correlation test on all
data points and the linear regression coefficient (R2) was
calculated zone by zone.

RESULTS

Qualitative Analysis

For Experiments 1 and 2, three types of tumors were ob-
served: nine large-size (diameter � 6 mm) with shifted
median line, two medium-size (diameter � 4–5 mm), and
four small-size tumors (diameter � 2–3 mm). Ventricles
were enlarged in all rats.

For all the animals presented here, the physiological
parameters remained within a normal range except for the

O2 saturation for animals in the first experiment (SaO2 �
88.5% with PaO2 � 70.5 � 8.4 mmHg) and a slight hyper-
capnia for animals in experiment 2 (PaCO2 � 44.8 mmHg,
Table 1).

Figure 3 shows the typical aspect of a C6 glioma at the
last stage of tumor growth for the three sizes of tumors. On
BV and VSI images obtained from the nine large-size tu-
mors, three regions could be distinguished: 1) a high BV
region surrounding the tumor, which was found to corre-
late with a highly vascularized region where angiogenesis
takes place; 2) a region where BV is very low, correspond-
ing to necrosis; and 3) a region showing a similar or lower
BV but a higher VSI than in the contralateral rat brain
tissue, indicating the presence of larger vessels. This was
confirmed by histology and was found to be associated
with nonnecrotic tumor tissue. For the two medium-size
tumors the central part of the tumors was characterized by
a high blood volume instead of a low blood volume as for
large-size tumors. This area was a mixture of necrotic and
tumor tissue and showed numerous large vessels (10–
80 �m in diameter). The four small-size tumors showed
only two regions: a peripheral ring around the tumor with
a high BV and the central region with a BV similar to that
of the contralateral brain and a higher VSI, corresponding
to nonnecrotic tumor tissue. We found edema in all tu-
mors, mainly in the frontal cortex on the tumor side. In
addition, pseudocysts could be observed in all but two
rats.

Figure 4 shows the histogram of the vessel diameters in
different regions of seven tumors used for the MRI/histol-
ogy correlation. The distribution is centered around a ra-
dius of 3.1 �m and is narrow in the contralateral hemi-
sphere (mean � SD � 3.1 � 1.3 �m and median � 3.1 �m),
whereas the distribution is stretched towards higher diam-
eters in tumoral regions (5.8 � 4.1 �m and median 4.7 �m
in the intratumoral region, 4.1 � 2.1 �m and median
3.9 �m in the periphery of the tumor). This histogram is
similar to fig. 6 in Dennie et al. (7), where the same tumor
model was used.

MRI Quantitative Analysis

In Fig. 5, both BV and VSI, measured from the six rats with
large tumors from Experiment 1, are plotted for three dif-
ferent regions: contralateral cortex, peritumoral, and intra-
tumoral areas. BV is significantly lower (P � 0.05) in the
tumor area (2.0 � 0.7%) compared to the values in the
contralateral cortex (4.3 � 0.7%) and in the peritumoral
area (4.0 � 0.3%). No statistically significant difference

Table 1
Physiological Parameters of All the Animals (Mean � SD)

1st experiment
n � 12

2nd experiment
n � 3

PaCO2 (mm Hg) 35.0 � 5.0 44.8 � 2.3
PaO2 (mm Hg) 70.5 � 8.4 154.0 � 21.4
MABP (mm Hg) 108.1 � 34.2 —
Arterial pH 7.38 � 0.03 7.37 � 0.03
Temperature (°C) 36.8 � 0.4 37.9 � 1.0
Hemoglobin (g/dl) 13.0 � 1.5 13.9 � 0.5
SaO2 (%) 88.5 � 4.0 99.4 � 1.4

In Vivo Assessment of Tumoral Angiogenesis 537



between the contralateral cortex and peritumoral region
was found. These values were calculated on pixels where
the BV fraction was neither null nor higher than 17%. All
VSIs in the three ROIs were significantly different from
each other (P � 0.05), with intratumoral VSIMRI (20.0 �
6.3 �m) being much higher than peritumoral (7.5 �
0.6 �m) and contralateral cortical (4.5 � 0.8 �m) VSIMRI.

Validation With Histologic Sections

VSIMRI is plotted against VSIhisto in Fig. 6 for all ROIs of
the seven rats which could be used for correlation between
histology and MRI. A linear regression on all these points
gives VSIMRI � 1.17 � VSIhisto with R2 � 0.76. The corre-
lation coefficient measured by a Spearman rank correla-
tion test is 0.74. Correlation is good especially for small
values of VSI. Linear regression coefficients are, respec-
tively, R2 � 0.83, 0.93, 0.97 in the tumor, the peripheral
area, and the contralateral cortex.

DISCUSSION

With an NMR sequence allowing simultaneous T2 and T2*
assessment, we measured the BV and the VSI in three
different regions of the tumor brain: in the contralateral
cortex, in the periphery of the tumor, and within the

tumor. We showed that intratumoral BV was significantly
lower than contralateral BV and peritumoral BV and that
VSI in tumor regions was significantly higher than VSI in
the cortex, with VSI in the tumor higher than VSI in the
periphery. The correlation between VSIMRI and VSIhisto

measurements was good.

BV Measurements

In large-size tumors, no significant difference was found
between peritumoral BV (4.0 � 0.3%) and contralateral
cortical BV (4.3 � 0.7%), although we observed a very
important signal drop around the tumor on the postinjec-
tion T2 and T2* images. Two phenomena can explain this
result: first, peritumoral BV was certainly underestimated,
since high BV fraction pixels were excluded because of the
upper limit of the method. Second, rats of Experiment 1
were under moderate hypoxia (PaO2 � 70.5 mmHg),
which increases BV by 15% in healthy brain areas (18), but
does not significantly change BV in peritumoral zones for
15% of fractional inspired oxygen (19). We found a signif-
icantly smaller BV in the tumor (2.0 � 0.7%) than in its
periphery and in the contralateral area, in accordance with
results on the same tumor model with injection of Sinerem
(19). Julien-Dolbec et al. (19) have shown BV values

FIG. 4. Histogram of the mean vessel radii in seven
rats for three different ROIs: periphery of the tumor,
intratumoral area (viable tumor tissue), and con-
tralateral cortex. Two histological slices were ana-
lyzed per animal and the mean vessel number per
ROI is reported here. The microscope field of view
was 0.27 mm2 for each ROI. The total number of
vessels counted on these ROIs was 1336.

FIG. 5. VSI and BV MRI information: (n � 6 rats from the first
experiment) #P � 0.05 with the nonparametric Wilcoxon test for the
difference between peritumoral and intratumoral BV and for the
difference between contralateral cortex and intratumoral BV. $P �
0.05 with the nonparametric Wilcoxon test for all VSI data.

FIG. 6. Plot of VSIMRI vs. VSIhisto. Spearman rank correlation test on
all data yields �s � 0.74.
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smaller than ours, but in that study pixels where BV was
null were taken into account for BV measurements and
therefore decreased intratumoral BV values compared to
our values. These results are in agreement with the vessel
density qualitatively assessed as described in this article.
It was clear on the corresponding histological slices that
there was a higher vessel density at the margin of the
tumor than in the nonnecrotic tumor tissue, a vessel den-
sity in the nonnecrotic tumor tissue similar to or lower
than in the contralateral brain and no vessels in the large
necrotic areas. These qualitative results are confirmed by
two independent quantitative studies performed in the
laboratory on the same experimental model at a similar
growth stage (20,21). These results are also in agreement
with histological data obtained by different authors on
similar experimental brain tumor models (A15A5 tumor
cells (1,22); GXII cells (23)). Luthert and Lantos (22) found
that the vessel density decreased progressively from the
periphery to the center of the tumor towards 20% that of
the normal cortex, but the vessel size more than doubled.
In addition, the surface area of the vessels reached a max-
imum at the tumor edge. Similar results were described by
Zama et al. (23).

BV was high centrally in medium-size tumors and low
centrally in nonnecrotic tissue in large tumors. One pos-
sible explanation which would be very attractive but has
to be confirmed by additional experiments is that these
three aspects represent the three different stages of tumor
growth described by Holash et al. (24). First, there would
be a co-optation of host vessels (small-size tumor with
blood volume similar to the contralateral one), followed by
vessels regression (medium-size tumor with an intermedi-
ate period where vessels are enlarged before regression),
and finally, new vessel formation in the periphery of the
tumor. Another explanation might be that these medium-
size tumors (as well as the small-size tumors) are simply
not normally growing tumors and that this might reflect an
abnormal growing pattern, like degeneration.

VSIMRI Measurements

The VSI value measured in a previous study (11) by MRI
on the healthy rat brain was 4.8 �m in the cortex, similar
to VSIMRI measured here (4.5 � 0.8 �m).

VSIMRI in the tumor was more than twice VSIMRI in the
peritumoral zones (20.0 � 6.3 �m vs. 7.5 � 0.6 �m) and
almost five times VSIMRI obtained in the contralateral cor-
tex. These results are in accordance with previous studies
on the size of vessel diameters in tumors (1,7,25), which
showed larger vessels in the tumor relative to the con-
tralateral brain and also relative to the edge of the tumor
(1).

In the present study, VSIMRI was calculated using the
same water diffusion coefficient for normal and tumor
tissues. In Refs. 26–28, larger D values were measured in
tumoral tissue than in healthy tissue. The diffusion coef-
ficient in high-grade tumors can be twice the diffusion
coefficient in normal gray matter, which would increase
VSIMRI in tumor tissue by a factor of �2. Using effective
diffusion coefficients would therefore increase the differ-
ence between VSIMRI in the tumoral and contralateral ROIs
and reinforce the significance of the results obtained here,

with increased VSIMRI in the tumor. For more accurate
VSIMRI measurements, apparent diffusion coefficient mea-
surements are recommended for forthcoming protocols.

The question of contrast agent leakage through the bro-
ken BBB should be evoked, since the last acquisition oc-
curred about 60 min after the first injection. Dennie et al.
(7) have shown that �R2 and �R2*, following injection of a
contrast agent (MION) similar to AMI-227, remained stable
over 90 min in the tumor. Le Duc et al. (29) observed a lack
of evolution during the first hour in the tumor after
200 �mol Fe/kg AMI-227 injection but measured a �12%
�R2 increase in the meantime in the peripheral rim of the
tumor. VSIMRI measurements in the intratumoral ROI
should therefore not be affected by the leakage of the
contrast agent through the broken BBB. Concerning the
peripheral area, VSIMRI is probably underestimated. Since
�R2 and �R2* are both linear with �
 in the range 0.2–
0.6 ppm (8,29), VSIMRI is affected only by (�
)�1/2 (see Eq.
2). If we had injected 200 �mol Fe/kg 1 hr before imaging,
VSIMRI would have been underestimated by about–
(1.12)�1/2 or –6% according to the results of Le Duc et al.
Since the total dose was fractionated (30 �mol Fe/kg, then
30 min later 100 �mol Fe/kg and again 30 min later,
100 �mol Fe/kg) and considering the measurement preci-
sion, the error introduced by the permeability of the BBB
can thus be assumed to be negligible.

Dennie et al. (7) and Packard et al. (30) found a good
correlation between �R2*/�R2 and vessel size. However,
this ratio is relative and Monte-Carlo simulations are nec-
essary for histology correlation. Another study (10) pro-
posed the use of an absolute parameter Q and found a good
agreement between QMRI and Qhisto values estimated from
Dennie et al. (7) experimental data. Applied to our exper-
iments, Q can be calculated from the relationship:

Q � 0.4372
�9D � BV�1/3

�VSI�2/3 .

Q equals 0.72 �0.04 s�1/3 in the peritumoral area, 0.31 �
0.09 s�1/3 in the tumor, and 1.04 � 0.07 s�1/3 in the
contralateral side. This last value is higher than QMRI �
0.72 � 0.21 s�1/3 found in Jensen and Chandra (10), but
our measurement was done in the contralateral cortex,
whereas Dennie et al.’s measurement was performed in the
striatum. From BV and VSI results obtained in our previ-
ous experiments on healthy rat brain (11), Q equals 0.92
s�1/3 in the striatum, which is in accordance with Jensen
and Chandra’s computations. In the tumor, a good agree-
ment is found (QMRI � 0.36 � 0.15 s�1/3).

Correlation Between VSIMRI and VSIhisto

Each region is characterized by a distinct VSIMRI value and
this was verified by VSI computations from histograms
published in the literature. From Weiss et al. (31) and Eq.
8 of our study, we obtained a VSIhisto of 3.4 �m in the
normal brain. From fig. 6 in Dennie et al. (7), we calculated
a VSIhisto of 3.8 �m in the gray matter and 9.4 �m in the
tumor. These values in the contralateral side are in good
agreement with our MRI mean value (4.5 � 0.8 �m, Fig. 5),
and Dennie et al.’s tumor value is comprised between our
peripheral and intratumoral VSIMRI. We have found a
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proportionality coefficient of 1.17 between VSIMRI and
VSIhisto on all regions with higher MRI values in general.
Looking tissue region by tissue region, very good correla-
tion was obtained on the VSI measured in the contralateral
hemisphere (R2 � 0.97 and slope of 0.97), which validates
MRI as a noninvasive tool for vessel size index assess-
ments. In the tumor, the correlation is not as good (R2 �
0.83 and slope of 1.42), probably because of the heteroge-
neity in the vessel density and in the vessel size in these
regions (32,33). Note also that the histological technique
we used detects all vessels (perfused and nonperfused),
while MRI is sensitive only to perfused vessels (i.e., those
accessible to the contrast agent). An improved interpreta-
tion of BV and VSI measurements might be obtained using
a combination of histological techniques to allow not only
the visualization of all vessels, as was done here, but also
to distinguish those actually perfused (using, e.g., Hoechst
as in Refs. 34,35).

CONCLUSION

In areas of necrosis, BV was null. In the viable tumor
tissue, BV was lower than in the contralateral cortical area
and VSI was much higher. In the periphery, BV was higher
or equal to the contralateral cortical area and VSI was also
higher. Necrosis, viable tumor tissue, and the periphery of
the tumor can therefore be distinguished on the basis of BV
and VSI measurements. The good correlation observed
between VSIMRI and VSIhisto demonstrates the potential of
VSI imaging for in vivo tumor analysis and characteriza-
tion.

VSI imaging is a powerful tool for assessing vessel size
distribution and BV in cerebral tumors and for detecting
small changes between the different regions. It would be
interesting to apply this method at different stages of tu-
mor growth to determine the correlation between VSI, BV,
and tumor aggressiveness and to follow up the effect of
antiangiogenic therapy. VSI analysis could then play a role
in the diagnosis, therapeutic strategy, and follow-up.
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21. Lamalle L, Troprès I, Péoc’h M, Farion R, Grillon E, Lahrech H, Usson
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