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The aim of this work was to evaluate the potential of T 2-weighted,
steady-state susceptibility-enhanced contrast magnetic reso-
nance imaging (MRI), to characterize brain tumor heterogeneity
and tumor vascularization. In vivo T 2-weighted MRI experiments
were carried out on normal rats ( n 5 11) and rats bearing C6
glioma ( n 5 17), before and after the injection of a remanent
superparamagnetic contrast agent. The DR2 variations of the
transverse relaxation rate due to the injection of the contrast
agent were used to generate relative cerebral blood volume ( CBV)
maps. Contrast enhancement of the tumor was shown to reflect
tissue vascularization rather than leakage of the blood-brain
barrier. The quantitative results clearly show the heterogeneity
of tumor vascularization and reveal a high vessel density in the
peripheral area (CBV per ~~ 17.2 6 2.3 sec21) and a low vessel density
in the central area of the tumor (CBV cen ~~ 2.5 6 0.5 sec21). Magn
Reson Med 42:754–761, 1999. r 1999 Wiley-Liss, Inc.
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X-ray computed tomography (CT) and MRI have consider-
ably improved the detection and delineation of brain
tumors. However, these techniques do not allow the estab-
lishment of an etiologic diagnosis (benign or malignant
tumors, primary or secondary), which, up to now, has
relied on histological analysis of biopsies, a procedure that
has several limitations: a) quantitative information about
tumor heterogeneity (namely, the proportion of necrotic
tissues, viable tumor tissue, and edema) cannot be gained
since biopsies sampled small and localized areas (1);
b) little information can be obtained about tumor vascular-
ization and blood-brain barrier (BBB) breakdown, which
are two important parameters for determining the tumor
grade, guiding the therapeutic choices (2–4), and predict-
ing tumor growth (5); c) the invasive character of biopsies
restricts the monitoring of tumor growth, especially its
evolution from low to high grade. All these limits justify
the development of noninvasive techniques capable of
improving the characterization of brain tumors and, as a

consequence, indicating the choice of appropriate treat-
ment strategies.

The added value of low-molecular-weight contrast agents
in the detection and characterization of brain tumors is
now well established (6–10). Contrast enhancement arises
from leakage of the contrast agent into interstitial space
due to BBB breakdown. However, low-molecular-weight
contrast agents rapidly diffuse in the interstitium, leading
to some blurring of the tumor margins (11). The introduc-
tion of T*2-sensitive MRI in combination with bolus injec-
tion of contrast agents, which produces regional cerebral
blood volume (CBV) maps, now provides useful informa-
tion in addition to that obtained by conventional post-
contrast images (2,12–14). However in the case of dis-
rupted BBB, the rapid exchange of tracer from capillaries to
interstitial spaces may introduce CBV measurement errors
(2). New contrast agents (15–17), such as iron oxide
particles, are now available in clinical research and for
routine application. Because of the particle size and coat-
ing, these contrast agents exhibit a long blood half-life
(13,18). Their superparamagnetic properties create suscep-
tibility effects that modify strongly and locally the trans-
verse relaxation rates R2 and R2* (19). Their long half-life in
the intravascular pool make steady-state measurements
possible. The utility of such steady-state susceptibility
contrast MRI methods was recently pointed out (20). An
adequate susceptibility effect can be achieved with a
smaller injection volume of iron oxide particles than of
gadolinium or dysprosium chelates (13). Another potential
advantage of iron oxide particles could be to a low leakage
rate through a disrupted BBB, on account of their large size.
Finally, the information gained from the use of superpara-
magnetic iron oxide particles for functional characteriza-
tion of brain tumors could extend beyond the information
about tumor vasculature and BBB permeability. Indeed, it
was recently shown that iron phagocytosis by glioma cells
could be detected in vivo, allowing more accurate delinea-
tion of tumor margins (21,22).

The aim of this work was to use an animal model to
evaluate the potential of ultrasmall superparamagnetic
iron oxide (USPIO) particles, to characterize brain tumor
heterogeneity and vascularization. The C6 glioma model
was used as a model of high-grade glioblastoma (23). In
vivo MRI experiments were carried out on normal and
tumorous brain parenchyma of rats, before and after USPIO
injection. Since the changes (DR2) in the transverse relax-
ation rate R2 due to the contrast agent yields information on
microvasculature rather than on macrovasculature (24), all
the experiments were carried out by T2-weighted imaging.
Imaging experiments were correlated with histology.
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MATERIALS AND METHODS

Contrast Agent

The USPIO used in this study (Sinerem or AMI-227) was
obtained from Laboratoires Guerbet (Aulnay sous Bois,
France). In the case of intact BBB, AMI-227 acts as a blood
pool contrast agent. In the rat plasma, the half-life is 4.5 hr
for a 200 µmole Fe/kg dose and relaxivity values R1and
R2 are, respectively, 23 sec21 · mM21 and 51 sec21 · mM21

at 37°C and 20 MHz (Laboratoires Guerbet, unpublished
data). The saturation magnetization of AMI-227 is 0.34
mT · M21 (24). The diameter of the iron oxide core is 4–6
nm (as measured by electron microscopy) and that of the
dextran-coated particle is approximately 20 nm (as mea-
sured by photon correlation spectroscopy) (13,25).

Experimental Groups

All experiments were carried out on female Sprague-
Dawley rats (body weight range 180–220 g). The contrast
agent was injected in the saphenous vein at a dose of 200
µmole Fe/kg. The animals were divided into three groups.
The control group (group I) consisted of 11 animals and
was used to study contrast enhancement in the intact
brain. MR images were acquired before and 15 minutes
after injection. Rats in group II (n 5 17) were used for
studying contrast enhancement in intracerebral tumor
induced by cerebral implantation with C6 glioma cells.
The rats were studied by MRI 18 days (n 5 14), 19 days
(n 5 2), and 20 days (n 5 1) after tumor implantation. MR
images were acquired before and 15 minutes after injection
of the contrast agent. In group II, the time-course of the
AMI-227 leakage through the BBB was studied in 6 rats out
of 17 (18 days after C6 implantation) by performing serial
MR imaging during 6 hr after contrast agent injection. Rats
in group III (n 5 6) were used to study the correlation
between contrast enhanced MRI and histology. The rats
were studied by MRI, before and after injection, 18 (n 5 1),
22 (n 5 4), and 23 (n 5 1) days after C6 cell implantation.
The animals were sacrificed less than 12 hr after the MRI
experiment, and the brains were sampled for histological
examination.

Intracerebral Glioma Model in Rat Brain

Cell Line

The C6 glioma cell line was established by Benda et al. (23)
from a methyl nitrosourea-induced rat glioma. Cells were
grown in a monolayer with Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% fetal calf serum,
2% L-glutamine, and 0.2% penicillin/streptomycin and
incubated at 37°C in a mixture of air/CO2 (95/5%).

Tumor Implantation

The tumor cells were injected according to a method (26)
derived from Kobayashi et al. (27). Before injection in the
brain, cells were suspended in a 1% agar solution prepared
with supplemented DMEM (106 cells/ml). Agarose was
used to prevent the spread of cell migration out of the site
of injection (26,27). The rats were anesthetized (400 mg/kg
of chloralhydrate) and placed on a stereotactic head holder.
A middle scalp incision was made. The cell suspension

(104 cells in 10 µl) was slowly injected (10 sec) using a
Hamilton syringe through a burr hole (2.5 mm diameter) in
the right caudate nucleus (7.5 mm anterior to the zero
ear-bars, 3.5 mm lateral to the midline, 3 mm depth from
the dura). The syringe was slowly removed 1 min after the
injection. The burr hole was plugged with dental cement
and the scalp sutured. 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).

Magnetic Resonance Imaging

Rats were anesthetized with a mixture of halothane and air
(0.8 ml/min flow rate). Halothane concentration was 4% to
establish the anesthesia, 2% during installation of the rat in
the NMR probe, 1% for normal rats, and 0.4–0.8% for rats
bearing a glioma during MRI experiment. The body tempera-
ture of the rats was kept constant throughout the experi-
ment by using a water-circulated heating blanket. The
NMR probe consisted of a nonmagnetic stereotactic head
holder and an elliptic surface coil (with semi-major and
semi-minor axis 50 and 40 mm, respectively). MRI was
carried out on a 40 cm diameter horizontal bore magnet
(2.35 T) interfaced to an MSL spectrometer (Bruker Spectro-
spin, Wissembourg, France) or an SMIS console (Guilford,
England). Images of 3 transverse slices and 10 adjacent
coronal slices were acquired before and 15 min after
injection of the contrast agent. The position of these slices
was defined on scout images. The images were acquired
using a classical spin-echo (SE) sequence, predominantly
T2-weighted (TE 80 msec, TR 2000 msec). The number of
averages for each phase encoding step was 4. The slice
thickness was 1 mm. The field of view and bandwidth were
respectively 30 mm and 8.33 kHz for normal brain studies
and 35 mm and 12.5 kHz for tumor studies. Images were
acquired with 64 phase encoding steps, and zero filling
was applied to obtain a 128 3 128 image matrix. With 128
points in the read-out direction, the acquisition time was
about 10 msec for tumor studies and 15 msec for normal
brain studies. For kinetic studies, six rats were imaged
before injection, at 15 min and each hour up to 6 hr
post-injection.

Data Analysis

Data analysis was performed on a in-house software using
the IDL program operating on a Sun Sparc 10 work station
(Sun Microsystems, Mountain View, CA). Signal intensity
was determined in several regions of interest (ROI) defined
in the normal brain and in the tumor-bearing brain. Signal
intensity in each ROI was measured before (Ibefore) and after
(Iafter) contrast agent injection. The results were expressed
so as to highlight the changes (DR2) in the relaxation rate
due to the injection of the contrast agent. The variation DR2

of the transverse relaxation rate was calculated by using
the formula (24):

DR2 5 2
ln(Iafter /Ibefore)

TE
[1]
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where TE is the echo time of the imaging sequence, i.e., 80
msec.

In some regions, DR2 was very low. Due to image noise,
negative values could be obtained in these regions (in
group II, 3 cases out of 17 in the central area of the tumor).
In such a case, DR2 has been assume to be zero.

Statistics

Results were expressed as mean 6 SEM. The two-sided
nonparametric Wilcoxon test was used to compare DR2

differences between different brain areas in the normal or
tumor-bearing brains. For the comparison of DR2 changes
in one ROI between normal and tumor-bearing brains, a
two-sided nonparametric Mann-Whitney test was used.
Statistical significance was declared at P , 0.05.

Histology

In group III, brains were carefully excised and either frozen
in liquid nitrogen vapors or fixed in 10% formalin for 48 hr
and embedded in paraffin. Coronal sections of the tumor
(3–5 µm) were obtained with either a cryotome or a
microtome. Two different staining methods were used:
hematoxylin/eosin (HE) and Masson Trichrome (MT).

RESULTS

No deficit nor behavioral or physiological abnormalities
were observed during the first 2 weeks after tumor cell
implantation. After this period, clinical signs appeared:
loss of weight and neurological deficits.

Effect of AMI-227 on the Intact Rat Brain

Figure 1a and b shows T2-weighted images obtained on
healthy rats before and 15 min after AMI-227 injection.
AMI-227 induces a marked signal decrease in the whole
brain and improves the contrast between gray and white
matter. On DR2 maps, large vessels appeared as typical
strong hypersignals enhancing their visibility, particularly
in the cerebral posterior fossa and meninges (Fig. 1c).

The changes DR2 in the relaxation rate are summarized in
Table 1. The cortical areas exhibited the most important
modifications. DR2 in the thalamus and caudate putamen
were similar, whereas the smallest DR2 changes were
measured in the hippocampus and corpus callosum.

Effect of AMI-227 on Experimental Gliomas

Before AMI-227 injection, the tumor appeared as a slight
hyperintense area, well-delineated and homogeneous (Fig.
2a). The hyposignal at the center of the tumor is due to agar
residue. A mass effect due to the tumor was responsible for
a midline shift and a ventricular dilation. Fifteen minutes
after AMI-227 injection, the tumor appeared heteroge-
neous (Fig. 2b). Two areas within the tumor with different
patterns could be easily distinguished, the central area
(excluding the agar residue) and the periphery.

After injection, the central area of the tumor became
markedly hyperintense relative to the contralateral brain.
Whereas this area was homogeneous in 10 out of 17 rats, it
was punctuated with dark patches in the 7 other rats.

Analysis of the kinetics of the contrast enhancement
revealed further differences. In two out of six rats, the dark
patches could not be observed in the central area at any
time point. In two other rats, dark patches were not visible
on the first images after injection but became visible as
time increased after injection. Finally, in the last rats, dark
patches could be observed in the central area at any time
point, and their size increased as a function of the time.

On the periphery of the tumor, a well-delineated hypoin-
tense signal surrounding the central area was always
detected. Its thickness varied from slice to slice and rat to
rat. Image analysis as a function of time up to 6 hr after
injection showed two different patterns (Fig. 3). In some
rats (4/6), the thickness and general aspect of the periph-
eral hypointense ring remained unchanged throughout the
6 hr of follow-up (Fig. 3a). In other rats (2/6), the peripheral

FIG. 1. Coronal MR images (SE, TR/TE 2/0.08 sec) of rat brain
before (a) and after (b) IV administration of AMI-227 (200 µmole
Fe/kg) and as a DR2 map (c). Note the difference of intensity between
gray matter and white matter and also the presence of large vessels
in cerebral posterior fossa and meninges.

Table 1
DR2 Changes (Mean 6 SEM) 15 Minutes After AMI-227 Injection
in Normal Brain* and in Brain Bearing a Glioma**

Area

DR2 (s21)

Normal brain
(n 5 11)

Brain bearing
a glioma
(n 5 17)

Fronto-parietal cortex (cor) 12 6 0.8 9.4 6 0.3a

Caudate putamen (cau) 9.3 6 0.5 7.8 6 0.4a

Thalamus (tha) 9.1 6 0.5 —
Hippocampus (hip) 3.3 6 0.4 —
Corpus callosum (cal) 2.1 6 0.4 —
Peripheral area of the tumor — 17.2 6 2.3
Central area of the tumor — 2.5 6 0.5

*P , 0.05 with the nonparametric Wilcoxon test for all data except the
difference between caudate putamen and thalamus.
**P , 0.05 with the nonparametric Wilcoxon test for all data.
aContralateral hemisphere. The differences between the normal brain
and the contralateral area of the brain bearing a glioma were found
significant (P , 0.05 with non parametric Mann-Whitney test).
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hypointense ring progressively expanded toward the cen-
ter of the tumor (Fig. 3b).

Two ROIs were selected in the slice in which the tumor
had the largest area. The first ROI was located in the
hypointense ring surrounding the tumor, and the second
ROI was located in the central area of the tumor. The DR2

changes measured 15 min after injection are summarized
in Table 1. The relaxation rate increase (signal decrease)
was of much lower magnitude in the central part of the
tumor (DR2 5 2.5 6 0.5 sec21, range: 0–5.2) than in the
peripheral hypointense ring (DR2 5 17.2 6 2.3 sec21, range:
6.55–44). In the contralateral side, a ROI was located in the
fronto-parietal cortex, and another ROI was located in the
caudate putamen. The DR2 change in the contralateral
fronto-parietal cortex and in the caudate nucleus was equal
to 9.4 6 0.3 and 7.8 6 0.4 sec21, respectively (Table 1).
Such values are significantly smaller than those measured
in the same region in the normal brain (P , 0.05).

Figure 4 shows the time course of the normalized change
in relaxation rate, DR2(ti)/DR2(t0), with ti 5 i hr (i 5 1–6) and

t0 5 15 min, in the peripheral and in the central areas of the
tumor as well as in the contralateral brain, up to 6 hr after
injection. In the contralateral brain, DR2 shows a continu-
ing decrease. In contrast, in the peripheral area of the
tumor, DR2 shows a gradual increase followed by a gradual
decrease. This is less clear in the central part of the tumor.

Comparison of MRI With Histological Findings

The histological examination was undertaken to determine
which histological features correspond to the peripheral
hypointense ring and the dark patches visible in the
images. The tumors (about 5 mm in diameter) invaded the
right hemisphere and were fairly limited in their growth
without a real capsule. Despite tumor to tumor variability,
three clearly distinguishable histological areas could be
detected. The central necrotic area presented as a polymor-
phous shape with vast digitations directed toward the
external part of the tumor. The viable tumor area presented
as a region of high cellular density containing viable
malignant glial cells associated with vasogenous edema.
The interstitium was always loose, and the largest extracel-
lular space was about 20 µm. Due to the arrangement of the
C6 cells, some pseudo-palisading pattern could be ob-
served around necrotic digitations. The peritumorous area
presented as normal tissue with a loose insterstitium due to
vasogenic edema. Edema tends to decrease from the tumor
to the normal tissue.

The peripheral hypointense signal observed on T2-
weighted images 15 min after injection (Fig. 5b) corre-
sponds clearly on histological sections (Fig. 5c) to a highly
vascularized region overlapping the external part of the
tumor and the thin area of normal parenchyma surround-
ing the tumor. Vessel distribution was inhomogeneous, and
their lumens were expanded. On the other hand, only a few
vessels were found by histology in the necrotic central part
of the tumor, whose signal was less affected by AMI-227.
The central dark patches seem to correspond to small
hemorrhagic foci, visible on histological sections, or to
vessels crossing the slice plane.

DISCUSSION

Monitoring relative CBV with MR imaging can be achieved
with various techniques. Among them, dynamic suscepti-

FIG. 2. Coronal and transverse MR images (SE, TR/TE 2/0.08 sec)
of rat brain with C6 glioma before (a) and 15 min after (b) IV
administration of AMI-227 (200 µmole Fe/kg) and as a DR2 map (c).
Note that the hyposignal at the center of the tumor is due to the agar
residue.

FIG. 3. Transverse MR images (SE,
TR/TE 2/0.08 sec) of a kinetic study
after a 200 µmole Fe/kg injection to a
tumor-bearing rat brain. Note the two
different behaviors: either there is
no modification (a) or the peripheral
hypointense ring extended toward
the central part of the tumor (b).
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bility imaging using first-pass bolus tracking techniques
requires high-speed image acquisition resulting in a rela-
tively low spatial resolution but with the advantage of low
doses of tracer. In contrast, steady-state DR2 and DR2*
susceptibility contrast MRI allow high-resolution CBV-
weighted images to be obtained at the cost of higher doses
of contrast agent.

The potential of superparamagnetic contrast agents for
studying microvasculature has been recently pointed out
(19,20,24,28–30). It has been shown that, in case of intact
BBB, the change DR2 in the transverse relaxation rate is
approximately linearly proportional to the average contrast
agent concentration in the measured volume and thus to
the regional CBV (31). However, the CBV can be expressed as:

CBV 5 CPV 1 CEV [2]

where CPV is the cerebral plasma volume and CEV the
cerebral erythrocyte volume (32–35). In the absence of
rupture of the BBB, an MRI contrast agent is a plasma
marker. The technique is thus more sensitive to changes in
CPV than in CBV. Extrapolation to CBV is based on the
assumption that there is no regional variations of hemato-
crit and that hematocrit remains constant during the
experiment. It should be noted that, due to proton ex-
change, the presence of contrast agent in the vascular bed
reduces T1 in the tissue, resulting in a possible underestima-
tion of DR2. However, due to the use of a long TR, the effects
of T1 changes can be assumed to be small.

In this study, we used a spin-echo rather than a gradient-
echo technique. The increase in relaxation rate following
the injection of the contrast agent is due to the diffusion of
the water protons through the susceptibility gradients
induced by the difference Dx in magnetic susceptibility
between the intra- and extra-vascular compartment (24).
Compared with gradient echo, spin-echo techniques have a
reduced sensitivity: the decrease in the apparent T2 due to
the susceptibility contrast agent is smaller than the de-
crease in T*2 (29). However, a spin-echo technique presents

the advantage of relative insensitivity to macroscopic
susceptibility gradients, which are a source of image
artifacts. In particular, a gradient-echo technique is sensi-
tive to both micro- and macro-vasculature whereas a
spin-echo technique is mainly sensitive to microvascula-
ture (24,29). It should be noted that T*2 changes induce
changes in k-space weighting: the effective point spread
function (PSF) of the spin-echo acquisition is larger after
injection. This broadening of the PSF, however, should not
modify significantly the mean intensities in volumes of
interest (VOIs), whose sizes are generally much greater
than the digital resolution.

It has been shown that the change in relaxation rate in a
spin-echo experiment depends on the vessel size (24) and
displays a peak at a vessel radius that depends on Dx For
Dx < 0.2–0.4 ppm, the peak is obtained for capillaries (R <
2.5 µm). For largest Dx the peak occurs at a smaller radius
than the capillary radius. Under our experimental condi-
tions, Dx after injection is approximately 0.6 ppm, and the
variation of DR2 is expected to be sublinear in Dx (24). The
decay of DR2 with time, in the hemisphere contralateral to

FIG. 4. DR2 changes expressed as a function of time for 3 ROIs in
tumorous brain (n 5 6/ mean 6 SEM): peripheral area of the tumor,
central area of the tumor, and contralateral brain. Results were
normalized by dividing all values by values obtained 15 min after
injection for each rat.

FIG. 5. Correlation among pre-injection image (a), post-injection
image (b), and histological staining (c).

758 Le Duc et al.



the tumor (Fig. 4), is clearly related to clearance of the
contrast agent from the vascular compartment. Using the
measured half-life in the rat plasma (4.5 hr), the decrease in
plasma concentration and thus in Dx can be calculated at
each time point. In Figure 6, DR2 is plotted against Dx. In
the range of 0.2 ppm , Dx , 0.6 ppm, an approximately
linear dependence of DR2 on Dx is observed in the brain
hemisphere contralateral to the tumor. However, the curve
DR2(Dx) shows an offset, suggesting that DR2 is not linearly
proportional to Dx for small Dx values. For Dx ppm, the
peak of the DR2 vessel size dependence curve occurs at a
vessel radius smaller than the capillary radius. For Dx
decreasing from 0 ppm to 0.2 ppm, the maximum of the
relaxivity size dependence curve shifts to a larger radius,
preventing a decrease of relaxivity proportional to the
contrast agent concentration. This effect was theoretically
predicted by Boxerman et al. (24). This feature, however,
does not prevent CBV measurements: CBV measurements
using a steady-state technique require DR2 linearity in
blood volume fraction rather than in plasma concentration
of agent. Monte Carlo simulations (24) have shown an
excellent linearity of DR2 with blood volume fraction in the
case of a given distribution of vessel diameter. However,
the average vessel diameter can be significantly much
larger for the tumor than for the healthy brain tissue. It was
recently shown (30) that at given CBV, 1/DR2 behaves
approximately as the average vessel size. Thus, the use of a
spin-echo rather than a gradient-echo technique may result
in a significant underestimation of relative CBV in the
tumor.

AMI-227 injection induces a large signal intensity de-
crease in the normal parenchyma. As expected, the DR2

changes depend on the cerebral areas (Table 1). Assuming
proportionality between DR2 and CBV, we found CBVcor /
CBVcau 5 1.29, CBVtha/CBVcau 5 0.98 and CBVhip/CBVcal 5
1.57. These values agree reasonably well with the
data of Bereczki et al. (36): CBVcor /CBVcau 5 1.27,
CBVtha/CBVcau 5 1.09 and CBVhip/CBVcal 5 1.44. However,
the CBV ratio between highly vascularized brain areas and
poorly vascularized brain areas was found to be signifi-
cantly larger than by autoradiography: CBVcau/CBVcal 5
4.43, CBVcau/CBVhip 5 2.82 in this study, CBVcau/CBVcal 5
1.93, CBVcau/CBVhip 5 1.34 in Bereczki et al. (36). At this
point it should be borne in mind that T2-weighted CBV

measurements are mainly sensitive to capillaries, whereas
the autoradiography measurements concern microvessels
with diameter smaller than 50 µm (36). The discrepancies
between our experimental data and the data of Bereczki et
al. (36) might reflect differences in capillary volume frac-
tions. The amount of DR2 increase in the normal brain areas
is likely to be correlated to CBV and vascularization.
Recently, Jones et al. (29) used a superparamagnetic iron
oxide preparation (NSR 043, saturation magnetization:
0.52 mT · M21, dose: 60 µM Fe/kg) to study CBV with a
spin-echo sequence in a rat model of acute focal cerebral
ischemia. In the brain contralateral to the focal ischemia,
they found DR2 < 4.7 sec21 in the frontal parietal cortex
and DR2 < 3.6 sec21 in the caudate putamen. These values
can be compared with the results of the present study:
DR2 < 12 sec21 in the frontal parietal cortex and DR2 < 9.3
sec21 in the caudate putamen. First, the ratio CBVcor/
CBVcau 5 1.30 found by Jones et al. (29) is close to the ratio
CBVcor /CBVcau 5 1.29 obtained in the present study. Sec-
ond, assuming that DR2 depends linearly on both dose (200
µmole Fe/kg vs 60 µM Fe/kg) and tracer magnetization
(0.34 mT · M21 vs 0.52 mT · M21), the DR2 changes reported
in this work can be compared with the results of Jones et al.
(29). The results found in the present study would yield
under the conditions used by Jones et al. (29), DR2 < 5.49
sec21 in the frontal parietal cortex and DR2 < 4.27 sec21 in
the caudate putamen, which are in reasonable agreement
with the results of Jones et al. (29) (4.7 sec21 and 3.6 sec21,
respectively).

In the contralateral hemisphere of rats bearing an intrace-
rebral tumor, DR2 was found to be smaller than in the
normal brain. The difference is statistically significant (P 5
0.05) in the cortex (9.4 6 0.3 sec21 vs 12 6 0.5 se21 in the
normal brain) and in the caudate putamen (7.8 6 0.4 sec21

vs 9.3 6 0.5 sec21 in the normal brain). This reduction in
CBV will be associated with compression of the contralat-
eral hemisphere, which is demonstrated by the shift of the
midline.

The proportionality between DR2 and CBV relies on the
assumption that the permeability of the BBB to the contrast
agent is very low. In the tumor, the kinetic study yields
evidence of BBB permeability to the contrast agent: a) the
dark patches, if present, increase in size with time after
injection; b) the peripheral hypointense ring progressively
expands toward the tumor center in two of six rats (Fig. 3);
and c) DR2 in this ring slowly increases with time (Fig. 4).
Leakage of the contrast agent into the extra-vascular space
produces a change both in the susceptibility difference
between extra- and intra-vascular spaces and in T1 and T2

due to the direct interaction of extravascular water mol-
ecules with the contrast agent. However, the inaccuracy in
blood volume measurement introduced by the leakage of
the contrast agent into the interstitial space should be small
if the transport from intra-vascular to extra-vascular space
is slow. Information on the amount of initial leakage into
the extra-vascular space may be obtained by comparing the
enhancement kinetics in the normal contralateral brain
and in the tumor. The DR2 time-course shows a slow
increase followed by a decrease in the tumor periphery and
a continuous decay in the contralateral brain (Fig. 4). In the
central area of the tumor DR2 remains constant during the
first 2 hr after injection and then decreases. These resultsFIG. 6. DR2 changes plotted against Dx.
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suggest a leakage of the contrast agent into the interstitial
space in the tumor. Due to its large size (20 nm), the
transport of the contrast agent across the blood vessel walls
as well as the subsequent diffusion in the interstitium is
probably very slow. As time after injection increases, the
contrast agent particles leaving the vascular space slowly
diffuse within the interstitium, increasing progressively
the apparent size of the compartment containing the
contrast agent, which results in an increase in DR2 and in a
decrease in T1. Both phenomena increase the ratio Iafter /
Ibeforee. As time increases, the concentration gradient, and
thus the susceptibility gradient, around the capillaries
decrease. The decrease in DR2, which follows the peak
might be due to the progressive decrease of these suscepti-
bility gradients, which are at the origin of the changes in
the relaxation rate R2. From the data of Fig. 4, the initial
slope of the curve DR2(ti)/DR2(t0) was found to be equal to <
0.02 hr21 in the central area and < 0.12 hr21 in the
periphery. Thus in both cases, 15 min after injection, the
changes in DR2 due to the leakage of the contrast agent into
the interstitial space are probably much smaller than the
initial relaxation rate changes induced by the contrast
agent injection. Therefore, as expected, contrast enhance-
ment obtained within 15 min after AMI-227 injection
reflects the tumor micro-vascularization rather than leak-
age of the BBB. Thus, due to the large size of the agent, the
error introduced by the permeability of the BBB can be
assumed to be low.

The quantitative results (Table 1) clearly show the hetero-
geneity of tumor vascularization and reveal a high vessel
density in the peripheral area (CBVper ~ 17.2 6 2.3 sec21)
and a low vessel density in the central area of the tumor
(CBVcen ~ 2.5 6 0.5 sec21). By comparing these results with
those obtained in the contralateral hemisphere, one can
obtain CBVper /CBVcor 5 1.83, and CBVcen/CBVcor 5 0.26.
Given that CBV measurement in the tumor with a spin-
echo technique may be underestimated if the mean vessel
size is, as expected, larger than in normal brain, we
conclude that the tumor peripheral area is more vascular-
ized than the normal cortex. In contrast, CBV is smaller in
the central area of the tumor than in the normal cortex.
Comparison of MRI with histology further supports these
findings. It should be noted, however, that the contrast
agent-enhanced MRI highlights only functional vessels
whereas histology exhibits all kinds of endothelial cells of
both functional and nonfunctional vessels.

Compared with AMI-227, the transport of gadolinium
(Gd) chelates through the BBB and their diffusion into the
interstitium are much more rapid, resulting in a very small
time to peak and in an underestimation (2) of the blood
volume measured with dynamic susceptibility-weighted
imaging. This difference of behaviors is related to the small
size of Gd chelates (around 1 nm) compared with AMI-227
(20 nm). Fifteen minutes after AMI-227 injection, contrast
enhancement is visible only in the highly vascularized
regions of the tumor. Later on, two different patterns were
observed (Fig. 3). The expansion of the peripheral hypoin-
tense ring toward the center of the tumor observed in some
rats (2/6), could be explained by a slow extravasation and
diffusion of AMI-227 into the interstitial space of the
tumor, which, at late stage of tumor growth, is quite large.
Due to its large size compared with Gd chelates, the USPIO

particles might hardly diffuse into the interstitial space of
normal tissue. In addition, it has been shown that exposure
of glioma tumors to an iron oxide preparation leads to
phagocytic uptake by tumoral cells (21,22). T2-weighted
MRI performed 12 or 24 hr after injection (21) showed a
hypointense ring corresponding to the area of viable tumor
cells quite similar to that reported in the present paper.
Thus, the expansion of the peripheral hypointense ring
could be due to the slow extravasation and diffusion of
AMI-227 into interstitial space and phagocytic uptake by
C6 cells. In the other rats (4/6), the peripheral hypointense
ring did not expand toward the center of the tumor during
6 hr after injection. However, DR2 remained constant or
continued to increase with time. These results suggest that
the BBB is permeable to AMI-227 but that the contrast
agent diffuses extremely slowly in a tight tumor intersti-
tium. This pattern might occur at earlier stages of tumor
growth. However, testing these hypotheses requires further
experiments since no quantitative correlation between
MRI and histology was performed. Nevertheless these
findings show that kinetic studies could give information
about BBB permeability and tumor architecture or organi-
zation.

CONCLUSIONS

We have shown that T2-weighted steady-state susceptibil-
ity contrast MRI can be used for studying intracerebral
tumor vascularization. The method offers a higher spatial
resolution and sensitivity than bolus tracking techniques.
Compared with T*2-weighted steady-state susceptibility
contrast MRI, the method is mainly sensitive to microvas-
culature and is relatively free of detrimental artifacts due to
boundaries between macroscopic regions of different sus-
ceptibility. In the normal brain we have shown that relative
CBV estimates agree reasonably well with quantitative
autoradiography (32). In the tumor we found that the BBB
permeability to the USPIO contrast agent was small, allow-
ing blood volume estimate undisturbed by leakage into the
interstitial space. We have shown that MRI microvascula-
ture characterization correlates with histology, suggesting
that the method could be of interest to improve character-
ization of brain tumor vascularization. It is generally well
recognized that increased malignancy is associated with
increased vascularization and that the acceleration of the
tumor growth is correlated with the angiogenesis phenom-
enon (4,5,14,15,37,38). Thus, the use of contrast agents
with high molecular weight can be interesting for clinical
cerebral imaging to grade in vivo brain tumors, to choose
the appropriate therapy, and to follow up the tumor
evolution. Furthermore, CBV imaging could be useful to
determine the transition time from tumor dormancy (low
grade) to tumor aggressiveness (high grade) and to assess
tumor heterogeneity.
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