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Abstract
Early imaging or blood biomarkers of tumor response are needed to customize
anti-tumor therapy, on an individual basis. This study evaluates the sensitivity and
the relevance of five potential MRI biomarkers.
Sixty Nude rats were implanted with human glioma cells (U-87 MG) and
randomized into 3 groups: one group received an anti-angiogenic treatment
(Sorafenib), a second a cytotoxic drug (BCNU) and the third group no treatment.
Tumor volume, apparent diffusion coefficient (ADC) of water, blood volume fraction
(BVf), microvessel diameter (VSI) and vessel wall integrity (CE) were monitored
before and during treatment.
Sorafenib reduced tumor contrast enhancement as early as one day after
treatment onset. By four days post treatment onset, tumor BVf was reduced and
tumor VSI had increased. By fourteen days after treatment onset ADC was increased
and tumor growth rate was reduced. With BCNU, ADC was increased and tumor
growth rate was reduced 14 days after treatment onset. Thus, estimated MRI
parameters were sensitive to treatment, at different times after treatment onset and in
a treatment dependent way.
This study suggests that multiparametric MR monitoring could allow the
assessment of new anti-tumor drugs and the optimization of combined therapies.
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Introduction
Glioblastomas are the most common subtypes of rapidly growing primary brain
tumors in adults. Being among the most angiogenic human tumors, they are
characterized by remarkable proliferative vascular components and are often necrotic
and invasive (1). Their aggressiveness is mainly due to their ability to stimulate the
formation of new blood vessels (2).
Despite active efforts in therapeutics such as surgery, radiotherapy and
chemotherapy, gliomas patients still have a poor prognosis and a high recurrence
rate. Since 1980, the median survival of patients with glioblastoma has not increased
and remains around 11 months after diagnosis (3). The lack of efficiency in
conventional therapeutic approaches is related to drug delivery challenges inherent
to chemoresistance. New therapeutic strategies directed against tumor vasculature or
preventing angiogenesis have been developed with exciting preliminary results (4,5).
Antiangiogenic drugs are likely to play a key role in the treatment of malignant
glioma, mostly in association with other molecularly targeted compounds or with
cytotoxic molecules (3,6).
In the clinic, the current standard for assessing the efficacy of an anti-tumor
therapy is the “Response Evaluation Criteria in Solid Tumor” (RECIST) which is
mainly based on measuring tumor volume from radiographic images (7). Given the
observed delay between treatment onset and its effect on tumor size (several weeks
or months), an early biomarker of response to therapy would allow rapid treatment
adaptation or guide treatment combination, on an individual basis. These biomarkers
can arise from biochemical assays (e.g. tissular or circulant markers) or from imaging
modalities (8,9).
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Among all imaging modalities, magnetic resonance imaging (MRI) appears as
a good candidate for monitoring the effect of anti-tumor therapy. MRI is routinely
used to estimate tumor volume using anatomical images, but also tumor associated
edema and tumor cellularity, using the apparent diffusion coefficient (ADC) of water
(10-12). Moreover, numerous microvascular parameters that appear well-suited to
assess the effect of antiangiogenic drugs can be estimated using MRI, such as blood
volume, blood flow, microvessel diameter, or vessel wall permeability (13-15). A
recent example shows that the extent of vascular normalization measured by MRI
would be predictive of the outcome of anti-Vascular Endothelial Growth Factor
(anti-VEGF) therapy in glioblastomas (16).
Several studies have monitored one or two of these parameters to follow the
effect of an anti-tumor therapy in addition to RECIST (17-19). Very few therapeutic
follow-ups have used an MRI protocol combining more than three parameters (20).
The aim of this study was to analyze various MR parameters into one protocol to
assess the impact of 2 different treatments on glioma model and to evaluate whether
these parameters are relevant, i.e. sensitive to a given treatment.
To address this issue, we used a combined MRI / histology protocol to monitor
the effect of a cytotoxic therapy (Carmustin / BCNU; an alkylating agent) and of an
antiangiogenic therapy (Sorafenib; Nexavar®; a multikinase inhibitor) a glioma model
obtained by orthotopically xenografting a human glioblastoma cell line (U-87 MG) in
Nude rats. BCNU has been chosen because it is one of the standards of care for
gliomas. Sorafenib is considered as an antiangiogenic molecule and has been found
efficient for several solid tumors (21). Regarding brain tumors, it was shown that
Sorafenib induces growth arrest on a medulloblastoma (22) and a human glioblatoma
(23) xenografted grafted in mice. Vascular effects were detected in the last case (23).
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Before and three time points after treatment onset, the following MRI parameters
were estimated: tumor volume, water ADC, blood volume fraction (BVf), vessel
diameter (vessel size index, VSI), and vessel wall integrity (contrast enhancement,
CE). The effect of treatments on each of these MRI parameters was assessed and
compared

to

cellular

and

vascular

characteristics

described

by

immunohistochemistry.

Material and methods
Glioma cell line and anti-tumor drugs
The U-87 MG human glioblastoma cell line was purchased from the American
Type Culture Collection (Manassas, VA). Cells were cultured in RPMI1640 medium
containing 10% fetal calf serum and 2 mM glutamine.
Sorafenib (Nexavar®) was purchased from Bayer Corporation (West Haven,
CT, U.S.A) and prepared as a suspension in a mixture of 5% dimethyl sulfoxide
(DMSO), 5% tween-20 and 90% NaCl 0.9%.
Carmustine (1,3-bis(2-chloroethyl)-1-nitroso-urea, BCNU) was purchased from
Sigma-Aldrich (St. Louis, MO, USA) and dissolved in NaCl 0.9% containing 30% of
ethanol.
In vivo intracerebral U-87 MG glioma model and treatments
This study was approved by the local committee for animal care and use
(approval 081). Experiments were performed under permits n° A380521,
A3851610004 and B3851610003 from the French Ministry of Agriculture.
Experimental design of this study is presented in figure 1a.
Male RH-rnu/rnu Nude rats (n=60, weight: 180-220g, Harlan Sprague Dawley,
Indianapolis, USA) were prepared for xenograft by whole body irradiation with a
!-source (7 Gy), 24-48 h prior to human tumor cell inoculation.

60

Co

Animals were
6

anesthetized with an intraperitoneal injection of Ketamine (75 mg/kg, Ketamine500®,
Centravet, France) and Xylazine (5 mg/kg, Rompun®, Centravet, France) in 0.9%
NaCl solution and immobilized in a stereotactic frame (David Kopf Instrument,
Germany). Five !l of U-87 MG cell suspension in serum-free RPMI1640 medium
containing 105 tumor cells were inoculated in the right caudate nucleus of the rat
brain by stereotactic injection through a 1-mm burr hole at 2.5 mm lateral to the
bregma and at a depth of 4.5 mm from the dura. The injection was performed slowly
over 15 minutes, and the needle was withdrawn over another 5 minutes. The burr
hole was filled with bone wax to prevent extracranial extension of the tumor.
Eleven days after tumor implantation (D11), anatomical imaging (T2-weighted
anatomical images) was performed to evaluate the volume of each tumor. Rats were
then randomized and stratified in 3 groups (n=20 per group) with the similar average
tumor volume per group (mean tumor volume across all rats at D11, 3.8 ± 2.2 mm3).
Treatment began 14 days after tumor implantation (Fig. 1a; D14(T0)):
- BCNU group received two intravenous injections of BCNU (10 mg.kg-1) on the day
of treatment onset and 13 days after (D14(T0) and D27(T13)).
- SORA group received daily oral administration of Sorafenib (100 mg.kg-1) between
treatment onset and the 14th day after treatment start (D14(T0) to D28(T14)).
- Untreated group received no treatment.
In vivo MRI experiments for tumor follow-up
Experiments were performed on a horizontal 2.35 Tesla (40 cm diameter)
magnet equipped with actively shielded gradient coils (Magnex Scientific Ltd.,
Oxford, UK) and interfaced to a SMIS console (SMIS Ltd, Guildford, UK). MR
acquisitions were performed under anesthesia: 5% isoflurane for induction and 2%
for maintenance in 70% air / 30% oxygen. Rectal temperature was maintained at
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37.0 ± 0.5°C throughout the experiments. After anesthesia, a catheter was inserted
into the tail vein allowing injection of contrast agent without removing the rat from the
magnet.
Tumor volume, ADC, BVf, VSI and CE were mapped in the tumor and
contralateral hemisphere one day before and 1, 4 and 14 days after treatment onset
(Fig. 1; D13(T-1), D15(T1), D18(T4) and D28(T14), respectively). The last time point was
chosen to correspond to 3 days before the median survival time of untreated Nude
rats bearing U-87 MG glioblastoma (31 days; based on the survival study – see
Fig. 2a). The total duration of one MRI session was 1h30 per animal. MRI sequences
were realized in the following order (Fig. 1b):
- Anatomical T2-weighted images were acquired using a spin-echo MRI sequence
(TR/TE = 2000/80 ms, 19 slices with FOV = 30x30 mm2, matrix = 256x256 and voxel
size = 117x117x1000 µm3). Imaging time was 4 min and 17 s.
- ADC was computed from 3 diffusion weighted spin-echo images (in X, Y, and Z
directions) with b = 900 s.mm-2 and a reference image (b " 0 s.mm-2)
(TR/TE = 2000/80 ms, 7 slices with FOV = 30x30 mm2, matrix = 128x128 and voxel
size = 234x234x1000 µm3). Imaging time was 17 min.
- BVf and VSI were estimated using a multi gradient echo and spin-echo MRI
sequence (MGESE) (TR = 6 s, 7 evenly spaced gradient-echoes = [6-42] ms, 1 spinecho

=

102

ms,

FOV = 30x30 mm2,

matrix

128x128

and

voxel

size

=

234x234x1000 µm3). Imaging time was 13 min and 40 s. MGESE sequences were
acquired prior to and 3 min after administration of ultra small superparamagnetic iron
oxide (USPIO) via the catheter within about 20 sec (200 µmoles of iron/kg body
weight; flush with 200µL of saline) (Sinerem®, Guerbet, Roissy, France; Combidex®,
AMAG Pharmaceuticals, Inc, MA, USA). Sinerem® is a dextran-coated iron-based
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contrast agent of about 20 nm in size and 4.5 hours plasmatic half-life in rats at this
dose. The relaxivities of Sinerem® in water at 2.35T and 37°C are 8 and 89 s-1.mM-1
for r1 and r2 respectively (data provided by Guerbet).
- CE was assessed using T1-weighted anatomical images acquired using a
3D-MDEFT sequence (TI = 605 ms, alpha = 22°, TR/TE = 15/5 ms, FOV
40x40x30 mm3, matrix = 128x128x96 and voxel size = 313x313x313 µm3). Imaging
time was 4 min and 15 s. To limit the duration of the MR session per animal, a simple
subtraction approach was preferred to a dynamic contrast enhanced MRI approach.
Thus, one 3D-MDEFT sequence was performed before and 3 min after
administration of P846 via the catheter in about 20 sec (50 µmoles/kg body weight;
flush with 200µL of saline). P846 (Guerbet, Roissy, France) is a Gd-based contrast
agent with a molecular weight of 3.5 kDa and a plasmatic half-life in rats of 51.1 ± 1.1
min at the concentration used (data provided by Guerbet). The relaxivities of P846,
measured in water at 2.35T and 37°C are 28 and 39 s-1.mM-1 for r1 and r2
respectively (data provided by Guerbet). In this study we used high molecular weight
contrast agent (P846: 3.5 kD), instead of a routinely used clinical agent (Gd-DOTA or
Gd-DTPA: around 0.5 kD), to increase CE sensitivity to different vessel maturity (24).
For each group, 4 rats, called the “longitudinal” subgroup were imaged at each
time point (D13(T-1), D15(T1), D18(T4) and D28(T14)). After the last MRI measurement,
animals were euthanized for subsequent ex vivo experiments. Per group, the sixteen
remaining rats were imaged once and then euthanized at the end of imaging session
to enable ex-vivo studies (4 animals/time point/group). They form the “single-time”
subgroup (Fig. 1a). Due to experimental and technical problems (death of animals
due to anesthesia, data unusable because of problems during acquisitions) only 7
out of 8 rats per group yielded acceptable data at D13(T-1), D15(T1), and D18(T4) and
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only 4 out of 8 rats per group at D28(T14). Details of data usable per group (untreated,
BCNU and SORA) and subgroup (single-time and longitudinal) are presented in
table 1.
Ex vivo experiments
At the end of the MRI experiment, the animals were humanely sacrified
(Fig. 1a). The brain was quickly removed, frozen in -40°C isopentane and stored at
-80°C until processing. Brains were sliced at -20°C with a cryostat (10 µm thick
sections).
First, anatomic changes associated with BCNU and Sorafenib treatment were
analyzed using hematoxylin and eosin (HE) staining.
Secondly, vascular components were analyzed by immunohistochemistry of
the vessel basal lamina with collagen IV labeling and of endothelial cells using rat
endothelial cell antigen-1 labeling (RecA-1). These two stainings assess the impact
of anti-tumor treatments on vessel integrity. Slices were rehydrated in phosphatebuffered saline (PBS, 0.01M) and fixed in 4% paraformaldehyde. After saturation in
PBS-Tween 0.01%-BSA 3% for 30 min at room temperature, primary antibodies (a
goat antibody against collagen IV, Southern Biotech, ref 1340-01, 1/2000; a mouse
antibody against RecA-1, AbD Serotec ref. MCA9070R, 1/200) were incubated
overnight at 4°C in PBS-Tween 0.01%-BSA 1%. Secondary antibodies were Alexa
546-linked Donkey anti-goat IgG (Invitrogen, A11030, 1/200) and Alexa 488 linked
Donkey anti-mouse IgG (Invitrogen, A21202, 1/200).
Survival Study
The effects of both treatments on the mean survival of Nude rats bearing a
human glioblastoma xenografts were assessed on 6 additional rats per group
(untreated, BCNU, and SORA groups) implanted and treated as described above.
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Animals were sacrificed at the onset of neurological signs (according to Redgate et
al. (25)). Increased lifespan (ILS) was estimated for each treated group compared (in
percent). ILS was calculated using the mean survival time (MST) of each group as
following: ILS (%) = (MSTuntreated – MSTtreated)/ MSTuntreated
Control MRI experiment: evaluation of USPIO extravasation
The MR method used to estimate BVf and VSI uses as a starting hypothesis
that the contrast agent remains intravascular (26). To estimate the amount of USPIO
that extravasates during BVf and VSI measurements, dynamic contrast-enhanced
MRI (DCE-MRI: T1-based) was performed on another set of tumor bearing rats
(n=12, in addition to those already mentioned). For this ‘control’ experiment, we used
a dedicated MRI protocol (Fig. 1c). At each time point, the 4 animals of each group
(SORA, BCNU and untreated groups) were imaged with multiple T1w spin-echo
images (TR/TE = 600/17ms, 11 slices with FOV = 30x30 mm2, matrix 128x128 and
voxel size = 234x234x1000 µm , 1 min 17 s/image; 17 repetitions; total acquisition
3

time = 21 min 49s). After one repetition (i.e. 1 min 17s after imaging start), Sinerem®
was administered via the catheter in about 20 sec (200 µmoles of iron/kg body
weight; flush with 200 µL of saline).
Data analysis
Determination of tumor volume (Fig. 1b): Tumor volume was obtained by manually
delineating the tumors on anatomical T2-weighted MR images from adjacent slices
containing the lesions, counting voxels within the tumor boundaries, and scaling with
the voxel volume.
ADC, BVf and VSI (Fig. 1b): Data were processed as described in Valable et al. (26)
using in-house developed software in the Matlab® environment. To avoid partial
volume effects that occur in slices located on the edge of the tumor (healthy and
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tumoral tissue are mixed), regions of interest (ROIs) were manually delineated over
the tumor on the 3 T2-weighted slices containing the largest tumor area. Contralateral
ROIs were defined in the contralateral striatum on the same slices. ROIs were
transferred to ADC, BVf and VSI maps. Then, within each ROI and each map, voxels
for which the analysis could not be performed were identified (e.g. voxels with nonconverging fit and voxels with values outside the range of validity of the method
(ADC>3500 !m2.s-1; BVf>17%, VSI>50 !m) and excluded from the analysis. The
total number of voxels, the number of excluded voxels, and the mean and standard
deviation over the 3 analyzed slices for a rat were computed for each ROI and each
parameter. Rejected voxels per ROI represented 4.5% for tumor and 0.5%
contralateral striatum of the total number of voxels, for all groups.
CE: Vessel integrity was assessed using the T1w images acquired before (T1w(before))
and 3 min after (T1w(after)) injection of P846 as describe by equation 1. The mean and
standard deviation were computed for each group using the same ROI described
above.
equation 1
SI : Signal Intensity
USPIO extravasation (Fig. 1c):

Since DCE-MRI images were acquired with a

TE = 17 ms, a decrease in signal (due to T2* reduction, intravascular USPIO) was
observed just after injection of USPIO, after which, in case of extravasation, signal
increased (T1 reduction, extravascular USPIO). The relative increase in signal
between the first image acquired after USPIO injection and the last image of the
DCE-MRI protocol was assigned to T1 effect. Eventually, this signal enhancement
was converted to extravascular iron concentration as described by Valable et al. (26).
Since we neglected the plasmatic clearance of USPIO in our analysis, we
12

overestimated the T1 effects and thus obtained an upper limit of the extravascular
iron concentration.
Quantitative histology: Sections corresponding to MRI images (up to three
microscopic fields per ROI and animal) were digitized using a CCD camera
(Olympus, Rungis, France). Collagen IV images were thresholded and vascular
parameters (mean vessel density, fractional vascular surface area, mean vessel
radius) were obtained using ImageJ software (Rasband,W.S., ImageJ) as described
by Valable et al. (26). The number of vessels stained by Collagen IV and RecA has
been account manually onto the immunohistologies images and then the percentage
of vessels doubly stained was calculated. We also realized a manual quantification of
the cell density from the HE sections (cells/mm2).
Statistical analysis
Paired t tests were used for comparing tumor versus contralateral striatum
inside the same group. Comparisons between each group were subjected to factorial
analysis of variance with a Protected Least Significant Difference (PLSD) Fisher’s
test as post hoc test (intergroup analysis). p<0.05: *; p<0.01: ** and p<0.001: ***.
Survival was visualized using Kaplan-Meier curves and differences between groups
assessed with a log-rank test. All statistics were performed with SPSS (SPSS Inc,
Chicago, Ill, USA). Results are presented as mean ± standard deviation and are
given by group, by time point and by region of interest.
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Results
Accuracy of the BVf and VSI measurements
Using our model, accurate BVf and VSI measurements require that the ironbased contrast agent remains intravascular. At each time point, USPIO extravasation
data were not statistically different across all groups (data were thus pooled). In
contralateral tissue, iron concentration remained below the detection sensitivity of our
DCE-MRI approach (#1!M) (26). Nineteen minutes after USPIO injection
(corresponding to the end of MR data acquisition in BVf/VSI measurement), the
average iron concentration in the tumor across all groups and time points was
2.6 ± 0.4 !M. This concentration corresponds to 0.3% of the plasma iron
concentration (3420 ± 970 !M, data reported by Valable et al. (26)).

Longitudinal MRI follow-up
In a longitudinal study, repeated anesthesia and contrast agent injections
might affect the physiological status of the animal, the rate of tumor growth and the
accuracy of the MRI measurements. To check this, we compared for each group the
"single-time" and the "longitudinal" subgroups at each time point and we observed no
difference in body weight, tumor size, ADC, BVf, VSI and in CE between. In this
experiment, a longitudinal study (repetition of MRI protocol) has no effect on the
assessed parameters. Consequently, for the 3 groups, values from the “single-time”
and “longitudinal” subgroups were pooled at each time-point.

In vivo anti-tumor activity of BCNU and Sorafenib treatments
MRI data in contralateral rat brain hemisphere
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No significant difference over time and across the 3 groups in ADC, BVf and
VSI was detected contralaterally (720±85 !m$.s-1, 3.3±0.5% and 5.6±1.1!m for ADC,
BVf and VSI mean across time points and groups respectively). Consequently, the
mean contralateral value across groups is represented at each time point, for the
sake of clarity (Fig. 3; dotted line). However, intragroup comparisons between tumor
and contralateral tissues were performed using the contralateral values of each
group.
U-87 MG tumor development (untreated group)
Median survival time of untreated U-87 MG glioblastoma cells bearing Nude
rats was 31 days (Fig. 2a). The volume of the untreated U-87 MG tumors increased
rapidly between D13(T-1) and D28(T14) (4.5 ±1.4 to 117.1 ± 22.9 mm3 respectively; Fig.
2b). ADC, BVf and VSI in U-87 MG tumors were significantly higher than in the
contralateral striatum and remained stable with time (tumor: 851 ± 43 !m$.s-1,
4.4 ± 0.3 % and 7.9 ± 1.2 !m; contralateral striatum: 720 ± 85 !m$.s-1, 3.3 ± 0.5 %
and 5.5 ± 0.3 !m for ADC, BVf and VSI respectively, mean value across the four time
points, p<0.001; Fig. 3a-c). In the untreated group, glioma vessels were permeable to
P846 during follow-up (CE: 190 ± 47 %, mean across all time points; Fig. 3d).
Effect of BCNU on U-87 MG glioma (BCNU group)
BCNU treatment slightly increased (but not significantly) the median survival of
U-87 MG glioma bearing rats (+16%; Fig. 2a). BCNU treatment strongly inhibited
tumor growth compared to untreated group (5.7 ± 4.9 vs. 117.1 ± 22.9 mm3, for the
BCNU and untreated groups respectively, at D28(T14), p<0.001; Fig. 2b). Intratumoral
ADC was comparable between the BCNU and untreated groups at all time points
except at D28(T14) when ADC in the BCNU group became significantly larger than in
the untreated group (1048 ± 10 vs. 794 ± 49 !m$.s-1, p<0.001; Fig. 3a). VSI, BVf and
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CE in the BCNU group did not differ from those measured in the untreated group
(Figs. 3b-d).
Effect of Sorafenib on U-87 MG glioma (SORA group)
Sorafenib treatment induced a small increase (but not significantly) of the
median survival time of the U87-MG glioma bearing rats as compared to the
untreated group (+23%; Fig. 2a). Sorafenib treatment significantly inhibited tumor
growth as compared to untreated group (28.7 ± 11.1 vs. 117.1 ± 22.9 mm3,
respectively, at D28(T14), p<0.001; Fig. 2b). We also observe, at D28(T14), that the
tumoral volume into the SORA group were statistically greater than that of the BCNU
group (28.7 ± 11.1 vs. 5.7 ± 4.9 mm3, respectively, at D28(T14), p<0.001; Fig. 2b). At
D28(T14), ADC in the SORA group was larger than in the untreated group (976 ± 37
and 794 ± 49 !m$.s-1, respectively, p<0.01; Fig. 3a).
All vascular parameters assessed in this study (VSI, BVf and CE) were
modified by Sorafenib. While tumoral VSI in the SORA and untreated groups were
similar before treatment (D13(T-1)), tumoral VSI in the SORA group became
significantly larger than in the untreated group as early as D18(T4) and up to D28(T14)
(D18(T4) : 7.2 ± 1.8 vs 5.8

± 1.8 !m; p<0.001 and D28(T14) : 12.4 ± 1.7 vs

8.7 ± 1.7 µm; p<0.01, respectively; Fig 3b). In the SORA group, the tumoral BVf
decreased from treatment onset (D15(T1): 5.0 ± 0.8 to D28(T14): 2.6 ± 1 %; Fig. 3c)
while it remained stable in the untreated group (D15(T1): 5.2 ± 0.9 to D28(T14):
5.5 ± 0.8 %; Fig. 3c). In contrast to what happens in untreated and BCNU group, in
the SORA group the extravasation of P846 was significantly reduced as early as 1
day after Sorafenib treatment start (CE: 116 ± 65% vs 184 ± 42% for the SORA and
untreated groups respectively at D15(T1)) and was not detectable at D28(T14) (Fig. 3d).

HE staining
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From D13(T-1) to D18(T4), U-87 MG tumors in the untreated, BCNU and SORA
groups presented very similar anatomical histological structures on HE stained
sections. Cell density was higher in the tumor core with some tumor cells aligned
along vessels, forming thin bundles. Tumors were surrounded by a ring of highly
edematous tissue. Neither necrosis nor pseudo-cyst was observed (Fig. 4a). At
D28(T14), in the SORA and BCNU groups tumor cell density was reduced compared to
previous time points and edematous areas appeared inside the tumor tissue
(Fig. 4a).

Vascular staining
To assess variation in vasculature properties, collagen IV and RecA labelings
were performed (Fig. 4). For all groups and all time points, vessels in contralateral
striatum exhibited similar diameter, density and vascular surface area (4.4 ± 0.2 !m,
337 ± 37 vessels per mm2 and 3.76 ± 0.34 % vascular surface area; mean across all
groups and all time points; Fig. 4b-d). All vessels were also stained by Collagen IV
and RecA (Fig. 4a). Before treatments, in all groups, tumor vessel diameters were
larger than in the contralateral striatum (5.2 ± 0.6; 5.4 ± 0.6 and 6 ± 0.3 !m versus
4.2 ± 0.2 !m for untreated, BCNU and SORA groups versus mean of contralateral
striatum across all group, respectively; p<0.05; Fig. 4b) and vascular surface area
was higher than in contralateral striatum (9.1 ± 1.4; 6.2 ± 1.3 and 7.7 ± 0.3 % versus
3.7 ± 0.5 % for untreated, BCNU and SORA groups versus mean of contralateral
striatum across all group, respectively; p<0.05; Fig. 4c). Vascular parameters were
stable with time in the untreated and BCNU groups (Fig. 4b-d).
At D28(T14), in the SORA group, tumor vessel density was lower compared to
untreated group (141 ± 21 versus 301 ± 60 vessels per mm$ respectively; p<0.01)
and vascular area was similar to that in contralateral striatum (3.7 ± 1.4 versus
17

3.7 ± 0.3 %, respectively; p = 0.45; Fig. 4c), but vessel diameter was higher than in
contralateral striatum (5.8 ± 0.7 versus 4.2 ± 0.1 vessels per mm$, respectively;
p<0.05; Fig. 4b). Finally, only a fraction (63 %; Fig. 4a) of the tumor vessels stained
by Collagen IV antibody was also stained by RecA antibody in SORA group as
compared to untreated and BCNU groups (100 %; Fig. 4a).
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Discussion
The effect of two different treatments (BCNU, an alkylating agent and
Sorafenib, a multikinase inhibitor) on an orthotopic human glioblastoma xenografted
in Nude rats (U-87 MG cell line) was investigated by MRI and by immunohistology.
MRI highlighted an important inhibition of tumor growth induced by both Sorafenib
and BCNU treatments. As previously demonstrated, ADC, BVf and VSI values were
higher in the tumor tissue than in the contralateral striatum. Sorafenib treatment
induced significant differences first on tumor contrast enhancement (D13(T-1)), then on
BVf and VSI (D18(T4)), and finally on ADC and tumor size (D28(T14)) compared to
control animals. In the BCNU group, only tumor size and ADC were modified 14 days
after treatment onset.
As a first prerequisite of this study, we determined whether our extensive MR
protocol could be repeated to monitor therapy response on brain tumor. First, we
compared for each group the “single-time” and the “longitudinal” subgroups. In each
“longitudinal” subgroup repeated anesthesia, repeated injection of contrast agent,
and treatment (BCNU or Sorafenib) had no detectable effect on body weight (data
not shown), tumor volume, or on MR-determined parameters as compared to the
“single-time” subgroup. The second prerequisite was to assess whether the USPIO
extravasated in this tumor model within the time frame of the MR session. A separate
experiment, performed on 4 animals per group followed at each time point (D13(T-1),
D15(T1), D18(T4) and D28(T14)), showed that the extravascular concentration of USPIO
in the tumor was at most 0.3% of the plasmatic concentration 20 min after injection.
This result validates the main hypothesis of the VSI and BVf measure, considering
the USPIO as an intravascular contrast agent. Moreover, it showed that the complete
imaging protocol could fit within approximatively 90 minutes, which allows designing
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follow-up experiments with a sufficient number of animals per group. All these results
indicate that our experimental protocol was appropriate to monitor the effect of antitumoral therapies in our U-87 MG tumor model.

The goal of this study was to assess the sensitivity of multiparametric MRI to
monitor the anti-tumor activity of BCNU and Sorafenib.
ADC in tumor was increased by both treatments compared to the untreated
group 14 days after treatment onset thus showing the slowest evolution under both
treatments. This increase is consistent with the cytotoxic effect of BCNU, and the
ADC is also known to be affected by changes in cell density (or cellularity) (27) and
by the occurrence of vasogenic edema. HE staining showed that cell density was
smaller in the tumors of treated groups than in the untreated group 14 days after
treatment onset. HE staining also showed intratumoral edema in treated groups.
Even if the mechanisms involved in ADC changes are complex, these histological
findings could explain the increase in intratumoral ADC in BCNU and SORA groups
observed 14 days after treatment onset.
Tumor microvasculature properties assessed by both MRI and histology were
not changed by the BCNU treatment. Conversely, Sorafenib induced significant
modifications in tumor microvasculature. Four days after antiangiogenic treatment
onset, the mean intratumoral BVf was markedly reduced compared to the untreated
group and was close to its normal value. This result suggests a tendency towards
normalization of tumor vasculature: under antiangiogenic treatment, the tumor
vasculature becomes more similar to healthy tissue. However, at the same time point
(D18(T4)), tumoral VSI was increased by Sorafenib, with values higher than that
observed in animals of untreated group. The quantitative immunohistochemistry of
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tumor vessels confirmed these observations on vessel diameters and also indicated
that the vessel density had decreased, as found by Siegelin et al. (23). The decrease
in vessel density observed in immunohistochemistry images is consistent with the
decrease in BVf and the concomitant increase in vessel diameter observed by MRI.
In addition to these morphological changes, 1 day after the start of Sorafenib
treatment (D15(T1)), immunohistochemistry showed some collagen IV-positive vessels
without RecA labeling. These observations indicate that some tumor vessels were
formed only with basal lamina. This discrepancy between both labelings was even
more pronounced after 4 and 14 days of treatment. This has been previously
reported in several studies (28,29). Inai et al. observed collagen IV-positive vessels
without endothelial marker in spontaneous pancreatic islet tumors treated with a
VEGFRs inhibitor.
We also observed a decrease in tumor contrast enhancement as soon as 1
day after antiangiogenic treatment onset. This reduction was more pronounced 4
days after treatment onset and no P846 contrast agent extravasation was detectable
14 days after treatment onset. BVf and VSI estimates using an intravascular contrast
agent (USPIO) injection show perfusion from at least a fraction of tumoral vessels
under antiangiogenic treatment. These different BBB permeabilities between contrast
agents with different sizes have already been described in the study by Turetschek et
al. (30). Together these results could indicate that the absence of contrast
enhancement of tumors after 14 days of Sorafenib treatment is due to modifications
of vessel permeability and not due to a lack of tumor perfusion. Modifications of
vessel integrity observed in our study are consistent with results of Flaherty et al. who
observed, by MRI, a decrease in vessel permeability/perfusion (Ktrans) after 3-12
weeks of Sorafenib treatment in patients bearing a renal cell carcinoma (17).
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In our study, BVf and CE parameters indicated a normalization of tumoral
vessels under antiangiogenic treatment, which has already been described in several
studies (20,31). In addition to these two MR parameters, estimates of VSI indicate
that tumor vessels had abnormal size compared to vessels in healthy tissue. A
normalization of vascular permeability/perfusion associated to an increase in vessel
diameters under antiangiogenic treatment has already been described (32). These
results highlight the necessity to measure VSI, BVf and CE parameters together to
monitor the different aspects of tumor microvasculature under antiangiogenic
treatment. An important step in future studies will be to demonstrate that all the MR
parameters used to evaluate the impact of anti-tumoral treatments are independent
of each other. After this demonstration we could relate, using multivariate statistical
methods, MR parameters with animal survival or tumor progression as proposed by
Sorensen et al. with 2 MR parameters plus one biological measurement associated
with patient outcome (16).
Glioblastomas are tumors that are highly resistant to many types of treatment.
Monotherapies with antiangiogenic or cytotoxic drugs, like Sorafenib or BCNU
respectively, demonstrated moderate efficacy in the U-87 MG glioblatoma. However,
despite their low effectiveness on the overall survival of animals, MRI biomarkers
reveal that drugs effectively reach their target and eventually induce both
morphological and physiological changes for which drugs were designed. This could
be helpful for pharmacological treatment optimization or combination.
The multiparametric MRI approach described in this study allowed the
measurement of various characteristics of cellular and vascular remodeling that
occurs due to therapy. To further complete this characterization, additional MRI
developments can be foreseen or refined analysis could be evaluated. In our study
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we use a CE-MRI method to evaluate vessel wall integrity. However, this parameter
depends on blood flow, vessel wall permeability and diffusion of contrast agent into
the extravascular compartment. An appropriate data model (33,34) could be used to
quantify the change in vascular permeability and in blood flow.

This requires a

protocol optimization to allow measurements of VSI, BVf (using USPIO) and
permeability/perfusion (using Gd-based contrast agent) in the same MRI session
(35). Blood flow could also be obtained using Dynamic Susceptibility Contrast MRI or
Arterial Spin Labeling (36). Using a quantitative analysis of T2* decay (37), one could
estimate the oxygen extraction fraction in the tumor, a possible marker of tumor
hypoxia.

In conclusion, this study indicates that numerous changes occur in the tumor
microvasculature and cellularity after antiangiogenic or cytotoxic therapy. This study
also indicates that the sensitivity of the studied MR parameters varies for a given
treatment and is also treatment dependent. Moreover, these changes appear
complex and may not be summarized by a single physiological measurement. MRI
appears as an imaging modality that can follow, non-invasively, several
microvascular and cellular parameters with a strong potential for the evaluation of
new drugs on brain tumors. In addition, these parameters could provide methods to
better describe and understand the mechanisms of action of antiangiogenic or
antivascular therapies, allowing the rational design of optimized combinations with
chemotherapy and/or radiotherapy.
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Table 1
Group

Subgroup

D13(T-1)

D15(T1)

D18(T4)

D28(T14)

Untreated

Longitudinal

4

4

4

3

Single-time

3

3

3

1

Total

7

7

7

4

Longitudinal

4

4

3

2

Single-time

3

3

4

2

Total

7

7

7

4

Longitudinal

4

4

3

2

Single-time

3

3

4

2

Total

7

7

7

4

BCNU

SORA

Table 1: Data available for each group (untreated, BCNU and SORA),
each subgroup (longitudinal and single-time) and each time point
(D13(T-1), D15(T1), D18(T4) and D28(T14)).
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Legends
Figure 1. a) Experimental protocol. At D0 60 rats were orthotopically implanted with
105 U-87 MG glioma cells. Eleven days later (D11) animals were randomized and
stratified into 3 groups (n=20 per group) with similar mean tumor volume (using
anatomical images). BCNU group received two intravenous injections of BCNU the
first and the 13th day after treatment onset (D14(T0) and D27(T13)).

SORA group

received daily oral administration of Sorafenib between the treatment onset and the
14th day after (D14(T0) to D28(T14)). Untreated group received no treatment. For each
group, 4 rats, called “longitudinal” subgroup were imaged at each time point (D13(T-1),
D15(T1), D18(T4) and D28(T14)). After the last MRI measurement, animals were
euthanized for subsequent ex vivo experiments. Per group, the sixteen remaining
rats, called “single-time” subgroup, were imaged once and then euthanized at the
end of imaging session to enable ex-vivo studies (4 animals/time point). b) Diagram
of the MRI experiments for tumor follow-up (the main experiment). c) Diagram of the
control MRI experiment designed to evaluate the USPIO extravasations (realized on
an additional set of animal).

Figure 2. a) Percent of animal survival as function of time. Open squares show the
survival time of untreated rats. Cross and open circles represent the animals treated
by BCNU and Sorafenib, respectively. (n = 6 per group). Increased lifespan was
presented for BCNU and SORA groups (%). b) Tumor volumes for untreated, BCNU
and SORA groups assessed by MRI as function of time. Mean ± SD. p<0.001: ***,
untreated versus SORA group; p<0.001: $$$; untreated versus BCNU group.
p<0.001: ¥¥¥; SORA versus BCNU group.
32

Figure 3. In vivo MRI estimated parameters. (a) Evolution of ADC, (b) microvessel
diameter (VSI), (c) blood volume fraction (BVf) and (d) vessel permeability (CE-MRI)
as function of time across each group. A representative map and the averaged value
for group analysis are shown for each parameter and for each group at each time
point. Dotted lines on MRI maps represent tumor ROI determined from anatomical
images. Mean ± SD. p<0.05: *, p<0.01: **, p<0.001: ***, untreated versus SORA
group; p<0.001: $$$; untreated versus BCNU group.

Figure 4. Ex-vivo study. a) Histological and immunohistological images at D28(T14).
Example of hematoxylin/eosine (HE) staining representative of contralateral and
intratumoral tissue in the untreated, BCNU and SORA groups. Black arrows point to
the hypostained intratumoral edema. Collagen IV and RecA stainings representative
of contralateral striatum and of tumor region for each group. White arrows point to
intratumoral vessel only stained by collagen IV in SORA group. The cells density
(cells/mm2) and the percentage of vessels doubly stained have been added to the HE
and to the merged images respectively. Scale bar = 100 !m. b-c-d) Quantitative
analysis of the collagen IV staining. Evolution of (b) vessel diameter, (c) vascular
area and (d) vessels density as function of time across each group. MeanSD. *:
P<0.05; **:p<0.01
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