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We used dynamic MRI to evaluate the effects of mono-
clonal antibodies targeting brain tumor vasculature.
Female athymic rats with intracerebral human tumor
xenografts were untreated or treated with intetumumab,
targeting aV-integrins, or bevacizumab, targeting vascu-
lar endothelial growth factor (n 5 4–6 per group). Prior
to treatment and at 1, 3, and 7 days after treatment, we
performed standard MRI to assess tumor volume,
dynamic susceptibility-contrast MRI with the blood-
pool iron oxide nanoparticle ferumoxytol to evaluate
relative cerebral blood volume (rCBV), and dynamic
contrast-enhanced MRI to assess tumor vascular per-
meability. Tumor rCBV increased by 27+++++13% over 7
days in untreated rats; intetumumab increased tumor
rCBV by 65+++++10%, whereas bevacizumab reduced
tumor rCBV by 31+++++10% at 7 days (P < .001 for
group and day). Similarly, intetumumab increased
brain tumor vascular permeability compared with con-
trols at 3 and 7 days after treatment, whereas bevacizu-
mab decreased tumor permeability within 24 hours (P 5
.0004 for group, P 5 .0081 for day). All tumors grew
over the 7-day assessment period, but bevacizumab
slowed the increase in tumor volume on MRI. We con-
clude that the vascular targeting agents intetumumab
and bevacizumab had diametrically opposite effects
on dynamic MRI of tumor vasculature in rat brain
tumor models. Targeting aV-integrins increased tumor

vascular permeability and blood volume, whereas beva-
cizumab decreased both measures. These findings have
implications for chemotherapy delivery and antitumor
efficacy.
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C
entral nervous system tumors induce neovascu-
larization resulting in blood vessels that differ sig-
nificantly from normal brain vasculature.1

Agents that specifically target tumor vasculature are
gaining use in brain tumor therapy.2,3 The rationale
for using vascular-targeted agents is based on the
concept that normalization of tumor vasculature,
pruning of aberrant vessels, and blockage of new angio-
genesis will starve the tumor and improve access of
cytoreductive drugs to tumor cells.4,5 In the brain,
however, vascular normalization may restore the low-
permeability characteristics of the normal blood–brain
barrier (BBB), resulting in decreased vascular per-
meability to chemotherapy.

Angiogenesis and control of BBB permeability are
complex phenomena involving multiple pathways. One of
thekey regulators of angiogenesis is the vascular endothelial
growth factor (VEGF) system, components of which are
often overexpressed in brain tumors.4,6 Bevacizumab
(Avastin), a monoclonal antibody (mAb) targeting VEGF,
has antitumor efficacy in animal models,7,8 and clinically
in recurrent glioblastoma.9,10 Another approach is to
target angiogenic vascular endothelial cells by blocking
cell surface integrins.11,12 The anti-aV integrin mAb intetu-
mumab (CNTO 95) binds cell surface proteins important
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for cell–cell adhesion and angiogenesis. Intetumumab has
shown efficacy in solid tumor xenograft and metastasis
models13,14 and has entered clinical trials in subjects with
advanced solid tumors.15 We hypothesized that both beva-
cizumab and intetumumab would alter vascular per-
meability in brain tumors.

New dynamic MRI techniques provide quantitative
characterization of tumor vasculature in vivo. Dynamic
susceptibility-weighted contrast-enhanced MRI
(DSC-MRI, also referred to as perfusion-weighted
imaging) can be used to assess tumor relative cerebral
blood volume (rCBV), which has shown potential for
determining response to therapy in human glioblas-
toma.16,17 High rCBV is thought to indicate active neo-
vascularization and viable tumor.17–19 DSC-MRI is
most accurate when a blood-pool contrast agent such
as ferumoxytol iron oxide nanoparticles is used to mini-
mize leakage artifacts.8,20,21 Alternatively, dynamic
contrast-enhanced (DCE) MRI can be used to character-
ize contrast leakage across the BBB and tumor vascula-
ture with high spatial and temporal resolution. Tissue
pharmacokinetic parameters derived from DCE-MRI
signal-intensity time-course data offer quantitative assess-
ment of blood vessel permeability to low molecular
weight gadolinium-based contrast agents (GBCAs).
DCE-MRI has been used to monitor angiogenesis22,23

and predict therapeutic efficacy.24 The goal of this
study was to use DSC and DCE dynamic MRI to assess
the effects of vascular targeting antibodies on brain
tumor vascular volume and permeability.

Methods

Agents

Intetumumab (CNTO 95) was provided by Centocor,
Inc. Ferumoxytol (Feraheme) was provided by AMAG
Pharmaceuticals. Bevacizumab (Avastin, Genentech
Inc.) was obtained from the Oregon Health and Science
University (OHSU) pharmacy.

Cell Lines Used in These Studies

Human tumor cell lines were UW28 glioma (obtained from
Dr Ali-Osman, Duke University, Durham, NC, in 1996),
DAOY medulloblastoma (obtained from American Type
Culture Collection), LX-1 small cell lung carcinoma
(SCLC) (obtained from Mason Research Institute,
Worcester,MA), andMDA-MB231BR-HER2breast carci-
noma cells expressing high levels of HER2 (obtained from
Dr Pat Steeg, National Cancer Institute, in 2005). Cells
were cultured in RPMI-1640 (LX-1 cells) or Dulbecco’s
modified Eagle’s medium (all other cell lines) supplemented
with 10% fetal bovine serum and antibiotics.

Animal Models

The care and use of animals were approved by the
Institutional Animal Care and Use Committee and

were supervised by the OHSU Department of
Comparative Medicine. Female athymic nude rats
(rnu/rnu, 200–240 g, from the OHSU BBB Program
in-house colony) were anesthetized with i.p. ketamine
(60 mg/kg) and i.p. diazepam (7.5 mg/kg). Animals
received 1.2–1.5 × 106 of more than 90% viable cells
in a volume of 15 mL, stereotactically injected in the
right caudate nucleus (vertical, bregma 5 mm; lateral,
bregma 3 mm). The needle was initially advanced to a
depth of 6.5 mm and then withdrawn to a depth of
5 mm to limit reflux up the needle track. Animals were
sacrificed if they showed severe clinical symptoms or
.20% weight loss.

In the pilot study, rats with all 4 tumor types (3 rats
per tumor type) underwent baseline dynamic MRI at
12 T, then received intetumumab i.v.; the initial 4 rats
in the study received 10 mg/kg, and all other animals
received 30 mg/kg. Follow-up MRI was done 48 hours
after treatment. In the treatment study, rats with LX-1
SCLC intracerebral xenografts were randomized to 3
treatment groups—Group 1, untreated control; Group
2, intetumumab 30 mg/kg i.v.; and Group 3, bevacizu-
mab 45 mg/kg i.v. (n ¼ 4–6 per group). The goal was
to have n ¼ 4 rats at the final imaging time point; 2
rats in the intetumumab group and 1 rat in the control
group died early and were replaced. Rats were imaged
prior to treatment at 10 days after tumor implantation
and at 1, 3, and 7 days after treatment. Initial rats
were also scanned at 2 hours after treatment, but we
found signal contamination from the pretreatment
scan, so the 2-hour point was discontinued.

Magnetic Resonance Imaging

Animals were anesthetized using i.p. medetomidine
(0.6 mg/kg, Pfizer Animal Health) and ketamine
(15 mg/kg) for MRI using the 12-T MRI scanner
(Bruker) with a custom rat head coil. Throughout the
MR scans, animals were wrapped in a warm-water
blanket, and oxygen saturation and heart rate were mon-
itored. High-resolution anatomical T2-weighted scans
(repetition time [TR]/echo time [TE] 5500/30 ms, flip
angle 1808, slice thickness 1 mm, field of vision [FOV]
3.2 × 3.2 cm2, matrix 384 × 384) were performed in
both the coronal and axial planes for accurate planning
of the DSC and the DCE studies. The DSC gradient
echo-imaging parameters were: TR/TE 9.7/4.0 ms,
flip angle 58, slice thickness 1.4 mm, with a 0.6 s/
image time resolution, and 280 × 200 mm spatial resol-
ution. During rapid single-slice coronal T2*-weighted
image acquisition, ferumoxytol (1.8 mg of Fe in
60 mL, 7–9 mg/kg) was infused at 3 ml/min via a tail
vein catheter. The DCE permeability measurement was
performed 5–15 minutes after DSC-MRI, using gado-
diamide bolus (60 mL of 250 mM Omniscan, GE
Healthcare) administered at a 1-mL/min flow rate
during rapid repeated single-slice T1-weighted image
acquisition. The DCE single-slice T1-weighted gradient
echo-acquisition parameters were: TR 25.0 ms, TE
1.7 ms, flip angle 208, slice thickness 1.0 mm, with a
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1.6 s/image time resolution, and 400 × 400 mm spatial
resolution. After the dynamic MRI, postcontrast ana-
tomical T1-weighted scans were obtained in both the
coronal and axial planes (TR/TE 160/1.4 ms, flip
angle 408, slice thickness 1 mm, FOV 3.2 × 3.2 cm2,
matrix 128 × 128) for tumor enhancement visualiza-
tion. Following the MRI, the medetomidine was
reversed using 1 mg atipamezole (Antisedan, Pfizer
Animal Health).

Perfusion parametric maps were processed using
Lupe software. At each time point, rCBV was calculated
as a ratio of the blood volume in a region of interest
(ROI) in tumor compared with normal appearing (con-
tralateral) brain tissue. The same ROI was analyzed
between time points, normalized to the highest rCBV
in the pretreatment parametric maps. Permeability was
calculated from the DCE-MRI time-intensity curves, in
the same ROI used for rCBV measurement.
Permeability is defined as the ratio of the maximum
signal intensity to the time-to-peak enhancement,
encompassing both Ktrans and ve. Tumor volume was
measured based on the T2 signal changes and postcon-
trast T1 signal hyperintensity.

Histology

Immediately after the 7-day MRI, the rat brains were
excised and fixed in 10% buffered formalin for vibra-
tome sectioning at 100 mm in the coronal plane. For
tumor volumetrics, every sixth brain section was stained
with hematoxylin and then imaged at 30 mm pixel diam-
eter resolution on an Epson 1640XL flatbed scanner
using Adobe Photoshop software. Tumor volumes
were assessed using National Institutes of Health
ImageJ software as we have validated previously.7,8

Immunohistochemistry was performed by incubating
the brain slices with proper dilutions (1:50–1:2000) of
primary antibodies and appropriate biotinylated second-
ary antibody and visualized with the Vectastain ABC kit
(Vector Laboratories) using diaminobenzidine. Mouse
anti-VEGF-R1 (sc-65442) was purchased from Santa
Cruz Biotechnology, Inc., and mouse anti-CD68 (clone
ED1) was from AbD Serotec. Microscopy was imaged
with an Axiocam digital camera mounted on a Zeiss
Axioplan microscope (Carl Zeiss Co.).

Data Analysis and Statistical Considerations

Repeated-measures analysis of variance (ANOVA)
models were fit to these data. For MRI tumor volumes,
the ANOVA model includes imaging measure (T1 vs
T2), group (bevacizumab, intetumumab, and control),
and day (1, 3, 7). Since all values were normalized to
the baseline on day 0, the day 0 data were excluded.
For rCBV and permeability, the ANOVA model includes
only group and day. For each ANOVA model, several
different covariance structures (compound symmetry,
first-order autoregressive, Huynh–Feldt, first-order
Toeplitz, and unstructured) were fit to the data, and
the one that provided the best fit (as assessed by the

corrected Akaike Information Criteria) was used to fit
the final model. Least-square means were estimated for
significant effects (P , .05), and the differences
between pairs of means or pairs of interactions were
assessed using a Tukey correction to account for mul-
tiple comparisons. All tests were run using SAS
Version 9.2 for Windows. No power calculations were
made a priori or post hoc.

Results

Effect of Intetumumab in Multiple Brain Tumor Models

In a pilot study, the effects of intetumumab were
assessed in rats with large, well-vascularized intracereb-
ral tumors, including 2 primary human brain tumor
models (UW28 glioma and DAOY medulloblastoma)
and 2 metastatic human brain tumor models (LX-1
SCLC and MDA-MB231BR-HER2 breast carcinoma;
n ¼ 3 per tumor type). Rats underwent baseline
dynamic MRI at 12 T when tumors were large and
well vascularized, then received intetumumab i.v. at 10
or 30 mg/kg in an effort to maximize vascular effects.
Follow-up MRI was done 48 hours after treatment to
match the maximal time for bevacizumab vascular
effects in a previous study.8

There were minimal effects of intetumumab on MRI
at the 2-day time point comparing pretreatement scans
with scans taken 48 hours after treatment in the 4
tumor types tested (Fig. 1); these effects did not mimic
our previous studies with bevacizumab.7,8 Each tumor
increased in size during the 2-day treatment period.
The corresponding parametric maps from the
DSC-MRI with ferumoxytol did not show significant
changes in rCBV in tumors at the 2-day time point
(data not shown). T1-weighted scans with GBCA
before and after intetumumab treatment showed a
general overall increase in signal intensity throughout
the tumor, suggestive of minimally increased tumor per-
meability (data not shown). It was not possible to deter-
mine from this pilot study if the modest effects on blood
volume and permeability were due to intetumumab or
could be attributed merely to tumor growth.

Changes in rCBV

The second study was a detailed evaluation of vascular
changes over time in a single-tumor model. The model
chosen was the LX-1 SCLC intracerebral xenograft
because of the well-characterized consistent growth of
these brain tumors.25,26 The rats were randomized to
untreated controls, intetumumab 30 mg/kg i.v., or bev-
acizumab 45 mg/kg i.v. Rats underwent dynamic MRI
immediately prior to treatment, and then 24 hours,
3 days, and 7 days after treatment.

Figure 2A shows T2-weighted images collected before
(top) and 7 days after treatment (bottom) in the 3 treat-
ment groups. The corresponding parametric maps from
the DSC-MRI show areas of high blood volume.
DSC-MRI with ferumoxytol was used to assess rCBV in
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all animals (Fig. 2B). Untreated control rats demonstrated
a 27+13% increase in rCBV from baseline at 7 days
(P , .0001). Intetumumab increased tumor blood
volume from baseline at 3 days (23+7%, P , .0001)

and 7 days (65+10%, P , .0001) after treatment and
was significantly different from untreated controls (P ¼
.0026). In contrast, bevacizumab significantly decreased
blood volume from baseline values at every time point,

Fig. 2. Effect of intetumumab and bevacizumab on tumor rCBV. Rats with intracerebral LX-1 SCLC xenografts were randomized to no

treatment, intetumumab (30 mg/kg i.v.), or bevacizumab (45 mg/kg i.v.) and underwent serial DSC-MRI with ferumoxytol. (A)

T2-weighted MRI and false-color rCBV parametric maps are shown prior to treatment (day 0, top row) and 7 days (bottom row) after

each treatment. Areas of high blood volume (red) are prominent after intetumumab, whereas low blood volume (blue) is found after

bevacizumab treatment. (B) Blood volume determined from DSC-MRI at each time point was normalized to the pretreatment rCBV

values. Mean and standard deviation are indicated for n ¼ 4–6 rats per time point, showing increased rCBV after intetumumab and

decreased rCBV after bevacizumab. In comparison with baseline, **P , .001; in comparison with control at each time point, †P ,

.05 and ††P , .001.

Fig. 1. MRI of tumor growth in 4 intracerebral human tumor models. Rats with intracerebral UW28 glioma, LX-1 SCLC,

MDA-MB231BR-HER2 breast carcinoma, and DAOY medulloblastoma tumors underwent T2-weighted MRI before (top row) and 48

hours after (bottom row) i.v. administration of intetumumab (30 mg/kg).
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with a maximum 31+10% decrease in rCBV at 7 days
(P , .0001 compared with control). Repeated-measures
ANOVA indicated that all treatment groups were signifi-
cantly different by group, day, and the interaction of
group and day (P , .0001 for each effect).

Changes in Vascular Permeability

Brain tumor vascular permeability was assessed by
DCE-MRI. The time-intensity curves derived from the
DCE-MRI remain relatively stable over time in an
untreated control intracerebral LX-1 tumor (Fig. 3A),
showing that vascular permeability increases only mini-
mally as the tumor grows. In intetumumab-treated
tumors (Fig. 3B), normalized DCE signal intensity
increased at each time point, with the maximal effect
observed at 1 week after treatment. The time-to-peak
intensity decreased, particularly at the 3- and 7-day
time points, indicating that the rate of GBCA extravasa-
tion into tumor was increased after intetumumab treat-
ment. In contrast, bevacizumab decreased GBCA
signal intensity and prolonged the time-to-peak
enhancement at all time points after treatment
(Fig. 3C), with changes noted as early as 24 hours
after treatment. The time-intensity data indicate that
intetumumab and bevacizumab had opposite effects on
both the magnitude of GBCA leakage and time-to-peak

enhancement, a surrogate for rate constant for passive
diffusion across the BBB.

The ratio of maximum signal intensity to time to peak
was calculated to give a single measure of permeability.
Figure 3D demonstrates the time course for changes in
vascular permeability in the LX-1 brain tumor model.
Untreated tumors showed a nonsignificant increase in
permeability over time. Treatment with intetumumab
significantly increased permeability, by 145+86%
over baseline at 3 days and 390+260% at 7 days
(P ¼ .0091 compared with control). In contrast, bevaci-
zumab significantly decreased brain tumor permeability
at each time point compared with baseline, ranging
from a 68+14% decline at 24 hours to a 53+22%
decrease at 7 days (P ¼ .0218 compared with control).
Repeated-measures ANOVA demonstrated that
treatment groups differed by group (P ¼ .0004), day
(P ¼ .0081), and the interaction of group and day
(P ¼ .0238).

Tumor Growth and Histology

Tumor volumes were measured on T2- and T1-weighted
MRI with GBCA at each time point. Normalized changes
in tumor volumes on MRI are shown in Fig. 4A and
B. Repeated-measures ANOVA showed no significant
effects of measure (T1- vs T2-weighted, P¼ .54) or

Fig. 3. Effect of intetumumab and bevacizumab on vascular permeability. Rats with intracerebral LX-1 SCLC xenografts underwent serial

DCE-MRI with GBCA. Changes in normalized signal intensity are shown in (A) control untreated rat; (B) rat treated with intetumumab

30 mg/kg i.v.; (C) rat treated with bevacizumab 45 mg/kg i.v. Scans were obtained before treatment (pre; blue) and 24 hours (red), 72

hours (green), and 1 week (purple) after treatment. (D) The time-intensity mean and the standard error are indicated for n ¼ 4–6 rats

per time point, showing increased permeability after intetumumab and decreased permeability after bevacizumab. In comparison with

baseline, *P , .05 and **P , .001; in comparison with control at each time point, †P , .05 and ††P , .001.

Muldoon et al.: MRI of the effects of vascular targeting agents

NEURO-ONCOLOGY † J A N U A R Y 2 0 1 1 55



interactions between measure and group or measure and
day. There are significant differences among the days
(P , .0001) and groups (P¼ .0012) and a significant
interaction between group and day (P¼ .0080).
Bevacizumab-treated tumors showed 145+49% increase
from baseline at 7 days (P¼ .0116) and a decreased rate
of volume change compared with controls (P¼ .0062).
Untreated controls and tumors treated with intetumumab
showed significant increases from baseline at every time
point; however, these groups were not significantly differ-
ent (P¼ .1421). Final actual tumor volumes are shown
for histological sections in comparison with T2- and post-
contrast T1-weighted MRI (Fig. 4C). Volumes were
highest on T2-weighted images and lowest on histological
measurements, but there were no significant differences
between groups by any measure. Correlation between his-
tological and MRI volume measurements was r¼ .95 for
T1-weighted with GBCA and r¼ .86 for T2-weighted
images.

Immunohistochemistry for VEGF receptor type 1
(VEGFR1) showed changes in blood vessel size and mor-
phology in histological sections (Fig. 5A–C).
Intetumumab-treated tumors showed multiple enlarged
blood vessels, whereas bevacizumab-treated tumors
showed minimal vessel staining. In control rats, blood

vessel volume as determined by VEGFR1 staining was
approximately 2.1% of tumor volume; this was
increased to 3.3% after intetumumab treatment and
decreased to 0.36% after bevacizumab treatment.
CD68 immunohistochemistry (Fig. 5D–F) demon-
strated macrophage infiltration in and around all brain
tumors, irrespective of treatment. Tumor necrosis,
judged by the morphology of amorphous sheets of cell
debris surrounded by macrophages, was markedly
increased in bevacizumab-treated tumors (25.2+5.7%
of tumor volume) compared with controls (13.8+
5.6% of tumor volume; P , .05).

Discussion

Angiogenesis is a necessary step in the growth of solid
tumors and metastases, but control of tumor angiogen-
esis is complex.1 The VEGF pathway has an established
role in promoting tumor angiogenesis. Binding of VEGF
to its receptors enhances vessel cooption by tumor cells27

and induces endothelial cell division and capillary tube
formation within and around tumors.4 Bevacizumab
sequesters and neutralizes VEGF, resulting in the inhi-
bition of new vessel growth, regression of newly

Fig. 4. Effect of vascular targeting agents on brain tumor volume. Rats with intracerebral LX-1 SCLC xenografts received intetumumab

(30 mg/kg i.v.; circles) or bevacizumab (45 mg/kg i.v.; triangles), in comparison with untreated controls (squares). Normalized tumor

volume changes over time were assessed on anatomical MRI scans obtained using T1-weighted with GBCA (A) or T2-weighted (B)

sequences. The mean and the standard deviation are indicated for n ¼ 4–6 rats per time point, showing decreased growth rate

in bevacizumab-treated tumors. In comparison with baseline, *P , .05 and **P , .001; in comparison with control at each time point,
†P , .05 and ††P , .001. C shows final tumor volumes (individual animals and means) assessed on T1-weighted + GBCA MRI,

T2-weighted MRI, and histological sections.
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formed vasculature, and alteration of existing tumor
vessel function.4,28

The case for antiangiogenic activity with anti-integrins
is also strong. Integrins are a family of heterodymeric
membrane proteins that bind to a variety of extracellular
matrix proteins that are critical to cell–cell adhesion.11,29

Two members of the aV-integrin group appear to be
especially important for angiogenesis, but through differ-
ent underlying pathways. The aVb3 dimer promotes
angiogenesis through basic fibroblast growth factor and
tumor necrosis factor-a, whereas aVb5 induces angiogen-
esis through VEGF and transforming growth
factor-a.14,30 Antagonists of aVb3 integrin induce apop-
tosis of proliferative vascular endothelial cells, without
affecting pre-existing quiescent blood vessels.31 A
pan–aV-integrin antagonist, the cyclic pentapeptide

cilengitide (EMD 121974), inhibits glioblastoma
growth in animal models32,33 and has shown promise in
a phase II clinical trial.34 Cilengitide has been shown to
suppress immunostaining for CD31, a marker of neovas-
culature, and to inhibit angiogenesis in blood vessels by
preventing the interaction of endothelial cell surface
aV-integrins with extracellular matrix ligands.32,33

Another low-molecular-weight aVb3 and aVb5 inhibitor,
SCH221153, inhibits angiogenesis and tumor growth in a
subcutaneous melanoma model,35 whereas Vitaxin, a
mAb targeting aVb3, has been tested in clinical trials as
an antiangiogenic agent.36 The mAb intetumumab used
in the current study recognizes and blocks all
aV-integrins. It has been demonstrated to inhibit angio-
genesis in several in vivo models,14 although this report
did not assess brain tumors.

Fig. 5. Brain tumor histology. Brain sections were obtained from untreated control study rats (A and D), and rats treated with intetumumab

(30 mg/kg i.v.; B and E) or bevacizumab (45 mg/kg i.v.; C and F). VEGFR1 immunohistochemistry (A–C) shows tumor blood vessels,

indicated by arrows; N, areas of necrosis; bar indicates 0.1 mm. CD68 immunohistochemistry for macrophages (D–F) shows the areas of

necrosis (arrows); bar indicates 1 mm.
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It was reasonable to hypothesize that bevacizumab
and intetumumab would have similar effects on brain
tumor vasculature. Instead, dynamic MRI techniques
demonstrated that these 2 antiangiogenic mAbs had dia-
metrically opposite effects on brain tumor blood volume
and blood vessel permeability.

Multiple investigators have reported decreases in
GBCA enhancement of brain tumors after bevacizu-
mab.3,10 It is unclear whether many MRI changes actu-
ally represent tumor regression rather than decreased
GBCA leakage.8 A decrease in vascular permeability
and perfusion in human tumors has been detected by
various imaging techniques after treatment with bevaci-
zumab as well as small-molecule VEGF receptor tyrosine
kinase inhibitors.3 Our previous studies demonstrated
that bevacizumab decreased tumor vascular per-
meability and blood volume in glioma models,7,8 and
the current report extends this finding to lung cancer
brain metastases.

DSC-MRI measurements of rCBV have been used for
grading glioma malignancy and predicting survival,17 as
well as differentiating recurrent tumor from radiation
necrosis16 or pseudoprogression.20 High blood volume
indicates active neovascularization and viable tumor17;
these measures appear to be closely correlated with
microvessel density.19 Most DSC-MRI studies have
used GBCA16,17; our study instead used ferumoxytol
for measurement of rCBV as we have reported pre-
viously.8,37 Ferumoxytol, an ultrasmall superparamag-
netic iron oxide nanoparticle approved by the Food
and Drug Administration for iron replacement therapy,
acts as a blood-pool agent in the short term (minutes
to hours), so its vascular localization is not compromised
by the leaky blood-tumor barrier.8,20,37 Bolus adminis-
tration of ferumoxytol is safe21 and can be used sequen-
tially with GBCA for measurement of different vascular
parameters. Dual-agent dynamic imaging is quick and
well tolerated in rats and humans.8,37

DCE-MRI is gaining wide use in the evaluation of
treatment efficacy against brain tumors,24 and for the
evaluation of tumor angiogenesis.22 Permeability
measures on DCE-MRI correlate with degree of angio-
genesis23 and demonstrate the antiangiogenic effects of
VEGF inhibitors38 and sunitinib.39 When analyzed by
the “shutter speed method,”40 the DCE-MRI time-
intensity time-course data can provide measurements
of Ktrans, a rate constant for passive contrast agent
plasma/interstitium transfer, and ve, the interstitial
space volume fraction (the putative contrast agent distri-
bution volume). These tissue pharmacokinetic par-
ameters have been validated against histopathology41

and quantitative autoradiography.42 In lieu of the
shutter speed method, we have combined the magnitude
of signal intensity changes and the time-to-peak intensity
into one overall measurement of permeability.8,37

We have previously demonstrated that bevacizumab
increased survival alone and synergistically increased
the efficacy of carboplatin chemotherapy in a glioma
model.7 In the current study, bevacizumab alone

decreased the rate of LX-1 tumor volume increase on
both T2- and postcontrast T1-weighted MRI, whereas
intetumumab actually increased tumor growth rates,
although final tumor volumes were not significantly
different between groups. Intetumumab has shown effi-
cacy in preclinical studies.13,14 A phase I clinical trial
in advanced solid tumors showed intetumumab was
well tolerated, and 1 of the 6 patients undergoing mul-
tiple treatments showed a prolonged tumor response.15

In contrast, we found no tumor shrinkage in 4 different
intracerebral tumor models in nude rats. The reason for
the difference between our findings and published results
may be the location of the tumors.

Our findings regarding changes in tumor blood
volume and permeability with antiangiogenic mAbs
may have clinical implications. Antiangiogenic therapy
not only prevents the development of new vasculature,
but it can also prune some tumor vessels and normalize
the structure of others. Jain has hypothesized that these
effects will normalize the tumor microenvironment,
improve drug delivery, and increase the efficacy of cyto-
toxic therapies.5 We show increased GBCA permeability
following intetumumab but not bevacizumab. We
hypothesize that normalization of brain tumor vascula-
ture with bevacizumab restored the low-permeability
characteristics of the BBB, decreasing access to GBCA
and, potentially, chemotherapeutic drugs. There is
some evidence that bevacizumab does not enhance che-
motherapy delivery clinically, resulting in minimal if
any benefit to the addition of chemotherapy to bevacizu-
mab treatment in brain tumors.9 In contrast to bevacizu-
mab, intetumumab increased GBCA delivery; we
hypothesize that the imaging changes will translate to
increased chemotherapy delivery and therefore efficacy
in brain tumor therapy. In conclusion, assessment of
treatment with intetumumab in combination with che-
motherapy is warranted in brain tumor clinical trials.
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