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INTRODUCTIONINTRODUCTION

Despite aggressive surgery, radiotherapy and chemotherapy, malignant gliomas remain uniformly fatal. These tumors stimulate 
the formation of new blood vessels (neo-angiogenesis).  Many therapies directed against tumor vasculature or preventing 
angiogenesis have recently been developed. Monitoring changes in gliomas microvasculature should help to evaluate the 
efficacy of new anti-tumor therapy. Recently, MRI has shown its ability to map different microvascular parameters (blood volume 
(BV), vessel size index (VSI) and blood brain barrier permeability (BBB perm.))[1-2]. MRI measurements can be performed 
repeatedly and safely on the same rat. Moreover, they are sensitive enough to reveal differences between normal and tumor 
tissues as well as differences between tumor types[3].

STUDY AIMSTUDY AIM
To assess the sensitivity of MRI biomarkers to the anti-tumor activity of Carmustine (BCNU, alkylating agent) and 
Sorafenib (SORA, multikinases inhibitor) in an orthotopic human glioblastoma model (U87-MG) xenografted in Nude 
rats.

MATERIAL AND METHODS (fig.1)MATERIAL AND METHODS (fig.1)
In a first imaging experiment, 55 Nude rats were orthotopically injected at D0 with 105 U87-MG glioma cells. At D11, 

anatomical images were acquired for tumor size measurement. Rats were randomized at D12 in 3 groups of 16 animals 
according to tumor volume (4±2mm3, figs.1&4a). Treatment started at D14. The first group (BCNU group) received two 
injections of 10 mg/kg BCNU i.v. (D14 and D27). The second group (SORA group) received daily oral administration of 
100mg/kg of Sorafenib from D14 to D28. The third group (Control group) received no treatment. Rat survival was monitored 
daily. In a second survival experiment, 20 Nude rats were orthotopically injected at D0 with 105 U87-MG cells. Rats were 
randomized at D12 according to body weight in 3 groups of 6 animals. Tumor volume was measured by MRI just before 
treatment (4±2mm3). Treatment started at D12 with the same schedule as described above. Survival was monitored daily, and 
animals were ethically sacrificed when clinical signs appeared.

BV, VSI, apparent diffusion coefficient (ADC) and BBB perm. to a contrast agent  P846 (Gd-based, 3.5kDa, obtained 
from Dr P. Robert, Guerbet, France) were mapped in tumor and contralateral hemisphere by MRI, at 2.35T, one day before 
treatment and 1, 4 and 14 days after treatment start (respectively D13, D15, D18 and D28 after tumor cell injection). 12 rats (4
per group) were imaged at each time point and 12 additional rats (4 per group) were also imaged at each time point and 
sacrificed at the end of the imaging session for ex-vivo studies. At sacrifice, brains were collected and cryo-preserved in OCT 
for collagen IV immunostaining. 

For each imaging session, animals were anesthetized with 2% isoflurane in oxygen/air. Tumor volume was computed 
from T2w images. ADC, BV and VSI were mapped using diffusion-weighted and multiple gradient-echo/spin-echo MR 
sequences applied before and after intravenous injection of ferumoxtran-10 (Sinerem®/Combidex®, 200μmol Fe/kg, obtained 
from Dr P. Robert, Guerbet/AMAG Pharmaceuticals). BBB perm. was assessed on T1-weighted images acquired before and 
after injection of P846 (50μmol Gd/kg). Voxel size was 234x234x1000μm3. Data, averaged across rats, are presented for each 
region of interest and each group as a function of time. At D13, D15, D18, data from one rat per group were rejected for 
technical reasons.

Student t-tests (after assessment of variance homogeneity) were used to assess differences (*:p<0.05, **:p<0.01, 
***:p<0.001).

TREATMENT AND IMAGING PROTOCOLTREATMENT AND IMAGING PROTOCOL
Treatments

D13 D15 D18 D28D0
4+4+4 4+4+4 4+4+4 4+4+4

4+4+4

4+4+4
4+4+4

Sacrifice for ex-vivo studies

MRI 
session

Control group
BCNU group
SORA group

Orthotopic
injection of 105

U87-MG cells 
BCNU
SORA

D11

An
at

om
ic

al
 im

ag
es

Fig. 1

RESULTSRESULTS
BCNU and Sorafenib treatments induced a moderate effect on the survival of 

U87-MG glioma bearing rats. (+16% and +23% respectively) (fig.2).
Both treatments show a significant inhibition of tumor growth compared to the 

Control group at D28 as measured by MRI (5.7±4.9, 28.7±11.1 and 117.1±22.9 mm3 
for BCNU, SORA and Control group respectively) (fig.4a).

Intratumoral ADC in SORA and BCNU groups are higher than in Control group 
at D28 (+23 and +32% respectively) (fig.4b).

VSI is not significantly different between BCNU and Control groups at any time 
point. However, VSI is significantly higher in the SORA group than in the Control 
group at D18 (9.8±1.6 vs. 8.8±1.8µm respectively)  and at D28 (12.7±1.5 vs. 
9.3±0.9µm respectively) (fig.4c). 

Intratumoral BV is not modified by BCNU treatment but is strongly decreased 
by SORA treatment (5.0±0.8 at D13 to 2.6±1.0% at D28) (fig.4d). 

While BBB remained permeable to P846 in BCNU and Control groups, SORA-
treated tumors became non permeable to P846 as early as 4 days after treatment 
start (fig.3 BBB perm.).

Unlike Control and BCNU groups, SORA treatment induced a strong decrease 
in intratumoral vessel number between D15 and D28 (fig.3 collagen IV staining).

CONCLUSIONSCONCLUSIONS
MRI highlights a tumor growth inhibition induced by Sorafenib and BCNU treatments, despite their moderate effect on the survival of U87-MG-bearing rats. ADC appears sensitive to both 

treatments only at D28. In SORA group, MRI of BV, VSI and BBB perm. to P846 reveals significant modifications in tumour vasculature as early as 4 days after treatment start (D18) (confirmed by
immunohistological studies). This is consistent with the anti-angiogenic activity of Sorafenib. Our results suggest that early MRI follow-up of modifications of microvascular parameters (BV, VSI and 
BBB perm.) is useful to monitor the effects of anti-angiogenic treatment on glioma models. This study also indicates that Sorafenib alone does not cure U87-MG glioblastoma. It is therefore important, 
in future works, to combine anti-angiogenic treatment with other treatments (chemotherapy and/or radiotherapy) and microvascular MRI parameters could be helpful to design therapeutic 
combination.

Fig. 3

13.5 (%)

BV

0

50 (µm)

VSI

0

3500
(µm².s-1)

ADC
0

D13 D15 D18 D28 D13D13 D15 D18 D28

From D14 daily treatment

D15 D18 D28

BBB 
perm.

Collagen IV 
staining

Control Group BCNU Group
Treated twice (D14 and D27)

SORA Group

Days post tumor cell injection

Su
rv

iv
in

g 
ra

ts
 (%

)

10 20 30 40 50
0

20

40

60

80

100

Control BCNU SORA

+16%

+23%

Fig. 2

(n=7) (n=7) (n=7) (n=4)

[1] Troprès et al., Magn. Res. Med. (2001)45:397-408. [2] Troprès et al., Magn. Res Med. (2004)51:533-541 [3] Valable et al., NMR in Biomed, 2008 (in press).
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*: p<0.05, **: p<0.01, ***: p<0.001 between control and SORA groups. 
*** p<0.001 between control and BCNU groups.

0

4

8

12

16

12 17 22 27

VS
I (

µm
)

c) **

***

0

2

4

6

12 17 22 27

B
V 

(%
)

d)

**

0

50

100

150

D13 D15 D18 D28

Tu
m

or
  v

ol
um

e 
(m

m
3 )

***

***

a)

400

800

1200

12 17 22 27

A
D

C
 (µ

m
².s

-1
)

b)
***

***

D13 D15 D18 D28



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


