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Efficacy of positive contrast imaging
techniques for molecular MRI of
tumor angiogenesis
M. Woltersa,c, M. Oostendorpa,b,f, B. F. Coolenc, M. J. Posta,d,
J. M. H. Janssene, G. J. Strijkersc, M. E. Kooia,b, K. Nicolayc and
W. H. Backesa,b*

Superparamagnetic iron oxide particles (SPIOs) are promising contrast agents for molecular MRI. To improve
the in vivo detection of iron-based contrast media, positive contrast imaging techniques have been developed.
Here, the efficacy of two positive contrast techniques, white marker and susceptibility gradient mapping (SGM),
were evaluated for molecular MRI of tumor angiogenesis and compared with conventional negative contrast
gradient echo (GE) imaging. In vitro, cylindrical phantoms containing varying iron oxide concentrations were used
to measure the response of positive contrast techniques. In vivo, tumor bearing mice were used as a model for tumor
angiogenesis. Mice were injected with unlabeled SPIOs (n=5) or SPIOs labeled with cyclic NGR peptide (cNGR) (n= 5),
which homes specifically to angiogenic microvessels. Pre- and post-contrast GE and white marker images were
acquired. Subsequently, SGM images and R2

* maps were calculated. For image analysis, the contrast-to-noise ratio
(CNR) and the percentage of enhanced voxels (EVs) in the tumor rim and core were calculated. In vitro, the linear
increases in MRI signal response for increasing iron oxide concentration were much stronger for SGM than
white marker. In vivo, the CNR of GE, white marker and SGM imaging was 5.7, 1.2 and 6.2, respectively, with equal
acquisition times. Significant differences in the percentage of EVs between the tumor rim and core were found using
R2
* mapping, GE and SGM (p< 0.05). The two contrast agents had significantly different percentages of EVs by

R2
* mapping and SGM in the rim (p< 0.001). The in vivo efficacy of white marker and SGM was evaluated for molec-

ular MRI relative to GE imaging and R2* mapping. Only SGM, and not white marker, can be used to transfer the neg-
ative contrast from targeted SPIOs in a positive contrast signal without loss of CNR. Copyright © 2012 John Wiley &
Sons, Ltd.

Keywords: positive contrast; molecular MRI; NGR; SPIO; white marker; susceptibility gradient mapping; angiogenesis

1. INTRODUCTION

Molecular imaging involves the detection of sparse biomarkers
and requires high sensitivity of the contrast agent and imaging
technique (1,2). MRI is a highly desirable modality for molecular
imaging as it provides high spatial resolution and excellent soft
tissue contrast. However, the inherently low sensitivity of MRI
for the detection of contrast agents makes imaging of sparse
biomarkers of diseases more difficult compared with nuclear
or optical techniques. To obtain sufficient T1-weighted image
contrast, relatively large particles (e.g. polymers, liposomes,
micelles) are usually administered, carrying a high payload of
gadolinium (3–5). Alternatively, iron oxide particles can be applied
to generate T2 and, in particular, T2

*-weighted contrast. These
susceptibility contrast agents are known for their good sensitivity
at low particle concentrations (2). An example of molecular MRI
of angiogenesis using a targeted ultra small superparamagnetic
iron oxide (USPIO)-based contrast agent was provided by Zhang
et al. (6). As the accumulation of iron oxides in tissue generally
results in reduced T2

* relaxation times, the signal decrease induced
by the iron-particles (i.e. negative contrast) can be difficult to
discern from intrinsically hypointense or heterogeneous background
tissue, especially at higher field strengths.
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To overcome this issue, several positive contrast techniques
have been developed which generate hyperintensities in the
vicinity of iron oxide nanoparticles. These techniques can be
divided into three groups: gradient sensitive techniques
(7,8), frequency sensitive techniques (9–11) and post-processing
techniques (12,13). The present study evaluates two positive
contrast techniques, a gradient sensitive technique, white marker
(7) and a post-processing technique, susceptibility gradient
mapping (SGM) (12). The theoretical background of white marker
and SGM is summarized in Fig. 1.
The main objective of this study was to compare the two

positive contrast techniques with traditional gradient echo
(GE) imaging for molecular MRI of tumor angiogenesis using
targeting SPIOs. The feasibility and in vivo application of positive-
contrast MRI has been demonstrated previously (7,12,14,15).
However, so far it has remained unclear whether this can be
used for molecular imaging and how the contrast effect com-
pares with negative contrast imaging. The current study pre-
sents the applicability of white marker and SGM to depict
uptake in angiogenesis exhibiting tumors using targeted iron
oxide nanoparticles. Both techniques were first optimized and
compared in phantoms and then evaluated in tumor-bearing
mice using cyclic NGR (cNGR) tripeptide-labeled iron oxide par-
ticles that home to activated endothelial cells of angiogenic
blood vessels. The cNGR peptide has a high affinity for CD13,

which is a well-known angiogenic marker (16–21). This peptide
has already successfully been used in experimental molecular
MRI studies of angiogenesis in tumors and in the heart (22,23).

2. METHODS AND MATERIALS

2.1. Phantom MRI experiments

To test and optimize the different MRI acquisition techniques,
two phantoms were used: (1) a single iron oxide cylinder
phantom to optimize acquisition and imaging techniques;
and (2) a phantom with multiple iron oxide cylinders to determine
the signal response of positive contrast techniques on different
iron oxide concentrations.

For the first phantom, the single cylinder phantom, a cylindrical
tube (diameter 30mm; length 70mm) was filled with 2% agarose
gel. The center of this phantom contained a 3mm cylindrical
core filled with 2% agarose gel containing 0.15mmol Fe l�1

(Resovist 0.5mol Fe l�1, Schering). Imaging was performed on a
7.0 T horizontal bore MRI system (Bruker Avance II Biospec 70/
30 USR, Ettlingen, Germany) equippedwith a BGA12mini imaging
gradient system (maximum gradient strength 400 mT m�1;
slew rate, 4000 Tm�1 s�1) and a quadrature volume resonator
(inner diameter 82mm). The cylindrical axis of the phantom was
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Figure 1. (A) Slice selection gradient (Gz), the susceptibility gradient and the RF signal (RF) of the white marker (7) sequence. For conventional gradient
echo (GE) imaging, the dephasing of spins in the selected slice is compensated for by the rephrasing gradient of equal strength and opposite direction.
The presence of iron-oxide particles will induce field inhomogeneities, which is represented by the susceptibility gradient (gray). Owing to this suscep-
tibility gradient, the dephasing of the spins will be altered and will not be completely rephrased by the original slice selection gradient, which will lead
to signal loss. For white marker, the strength of the rephasing gradient can be adjusted (0–100%) to compensate for the additional dephasing effect of
the iron oxide-induced susceptibility gradient. The correct rephasing depends on the strength of the rephasing gradient, the susceptibility gradient,
and the echo time. (B) The principle of SGM (12). The SGM image is calculated from the complex pixel values of a GE image. A sliding window of five
pixels samples the complex data of the GE image. Subsequently, these data samples are Fourier-transformed to a short-term k-space. The susceptibility
gradient (white arrow), is determined from the shift d of the maximum in the Fourier spectrum relative to the spatial frequency k=0. This shift is pro-
portional to the strength of the susceptibility gradient and was assigned to the center position of the sliding window in the SGM image. With SGM, it is
possible to slide a window in two or three directions to obtain a 2D or 3D susceptibility vector, respectively.
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placed vertically in the (horizontal)magnet bore and perpendicular
to the magnetic field B0. In this orientation, a paramagnetic cylin-
der will induce susceptibility gradients perpendicular to the
cylinder and the susceptibility gradient parallel to the cylinder
is minimized. This phantom, with a well-known susceptibility
geometry, was used to optimize the imaging techniques.
For image acquisition, a series of conventional GE sequences
(TE= 3.5, 7, 10, 15, 25ms, TR=750ms, and Flip Angle FA = 40�)
and a series of white marker sequences (TE = 5ms, TR =
750ms, FA= 40�, rephasing 100, 75, 50, 25, 0%) were applied.
The white marker sequence is a GE sequence with an altered
rephasing gradient in the slice selection (Fig. 1A); 100% rephas-
ing represents a complete rephasing and is therefore equal to a
conventional GE acquisition. 25% rephasing is a quarter of the
strength of the rephasing gradient of a GE acquisition. For both
the white marker and the GE sequences, five 1mm-thick axial
slices with a gap of 1mm were acquired. The acquired matrix
was 256 � 256 and the field of view (FOV) was 30 � 30mm,
resulting in 0.12 � 0.12mm2-sized voxels. White marker depicts
only positive contrast in the slice direction. Therefore, axial slices
(i.e. short-axis sections) are not useful and coronal slices (i.e. long-
axis sections) were applied, owing to the minimal susceptibility
gradient parallel to the cylinder in this orientation.

For the second phantom, the multiple cylinder phantom, a
30mm cylindrical tube with nine vertical cylinders, 1mm in
diameter and 10mm in height, was designed (Fig. 3A and 3B).
The cylinders were filled with iron concentrations of 0.0, 0.1, 0.2,
0.3, 0.6, 0.7, 0.8, 0.9 and 1.0mmol Fe l�1, diluted in saline buffer.
For gradient echo imaging, the same setup up was used as
for the first phantom experiment. A single 1mm axial
(short-axis) slice was acquired with a conventional GE
sequences (TE=3.5, 7, 15ms, TR=750ms, and FA= 40�). For
white marker 100, 50 and 25% rephasing was applied. For
each rephasing value two orthogonal long-axis (one parallel
and one perpendicular to B0) acquisitions were made. Both
acquisitions had a matrix of 256� 256, 64 slices and a voxel size
of 0.2� 0.2� 0.8mm3. The image data of acquisition were inter-
polated to obtain one reformatted image, i.e. an axial (short-axis)
image (pixel size, 0.2� 0.2mm2) as used for the gradient echo
acquisition.

2.2. Contrast agent

Streptavidin-coated SPIOs (mMACS™) were obtained from Miltenyi
Biotec (Bergisch Gladbach, Germany) (24). The absolute iron con-
centration in the SPIO solution was 0.28mgml�1, as measured
using inductively coupled plasma mass spectrometry, which is
equivalent to an iron concentration of 5mM. To measure r1, r2
and r2

* relaxivities, SPIOs were diluted in saline in eight steps
to concentrations of 0–0.7mmol Fe l�1. The R1, R2 and R2

* of
each sample were determined using a series of Inversion Recov-
ery IR (TE= 8.1ms; TR= 10 000 s; TI= 150, 250, 500, 750, 1000,
1500, 2000, 2500, 3000 and 3500ms), Spin Echo SE (TE= 11, 22,
33, 44, 55, 66, 77, 88, 99, 110, 121 and 132ms; TR= 10 000) and
GE (TE=3.9, 7.5, 10, 15, 20, 25, 30 and 40ms; TR=10 000; FA= 40�)
acquisitions, respectively. Before acquisition, first- and second-
order global shimming was performed. All data were acquired at
room temperature.

The cNGR peptide used in this study was biotinylated and
could therefore be easily linked to the SPIOs. The iron oxide
nanoparticles are able to bind 100 nmolml�1 biotinylated
compounds, as indicated by the manufacturer. For the in vivo

experiment, a dose of 200ml was prepared. The peptide was
dissolved in water and 20 nmol peptide was added to the
iron nanoparticles. This resulted in a total dose of approximately
29mmol Fe kg�1 body weight. Unlabeled SPIO contrast agent
was used as control.

2.3. Animal model

The animal study was approved by the institutional animal
welfare committee. Human colorectal adenocarcinoma cells
(1.5–3.0� 106; LS174T; American Type Culture Collection CL-188)
were subcutaneously injected in one flank of 12-week-old male
Swiss nu/nu mice (Charles River Laboratories, L’Arbresle cedex,
France). Mice were subjected to MRI when the tumor volume
was approximately 1 cm3, which was 14 days after LS174T injec-
tion. For in vivo MRI, mice were anesthetized using 1.5–2.0%
isoflurane (Abbott Laboratories Ltd Queensborough, UK) in
medical air and were placed in prone position in a dedicated
animal holder with a built-in mask for anesthesia gas supply.
An infusion line was placed in the jugular vein for contrast
agent administration during MRI. A heating pad was placed
over the mice to maintain normothermic conditions. Respiration
rate and body temperature were continuously monitored via a
balloon sensor and a rectal temperature probe, respectively,
interfaced to an MR compatible small animal monitoring system
(SA Instruments Inc., Stony Brook, NY, USA). Mice were randomly
selected for injection with either cNGR-labeled SPIOs or unlabeled
SPIOs. For both contrast agent groups, five mice were included.
The investigator was blinded for the administered contrast agent.
After theMRI experiment, all mice were euthanized by exsanguina-
tion and perfusion fixed with 2% glutaraldehyde. Tumors were
excised, sliced in approximately 1mm slices corresponding to the
MRI geometry and conserved in 2% glutaraldehyde for histology.

2.4. In vivo MRI experiment

For animal experiments, the 7.0 T MRI system was equipped with
a BGA6-S microimaging gradient system (maximum gradient
strength, 1000 mT m�1; slew rate, 11250 Tm�1 s�1) and a quad-
rature volume resonator (inner diameter, 35mm). Pre- and post-
contrast images were acquired with a FOV of 30� 30mm2,
192� 256 acquisition matrix, 256� 256 reconstruction matrix,
0.12� 0.12mm2 voxel size and 1mm slice thickness. In the
tumor, six to eight axial slices were planned depending on the
dimensions and orientation of the tumor. The order of the
scans was randomized for each animal and consisted of
a T2-weighted spin echo sequence for tumor localization (TE=
30ms and TR= 3500ms), a GE series (TE= 2.9, 6, 10, 15, 25ms,
TR= 750ms and FA= 40�) and a white marker series (TE= 5ms,
TR= 750ms, rephasing 50, 25 and 0%). To determine the plasma
half-life of the contrast medium, a dynamic GE series (TE=4.0ms,
TR= 7.0ms, 6.7 s per dynamic phase, FOV=30� 30mm2, matrix =
64� 64) was acquired with 100 dynamic phases, and 200ml of
contrast agent was administered after the twentieth dynamic
phase inside the magnet. Post-contrast imaging was started
2min after the dynamic scan.

2.5. Histology

The fixed tumor tissue was processed overnight in the Tissue-Tek
VIP apparatus (Sakura, Zoeterwoude, the Netherlands) where it
was dehydrated and permeabilized for paraffin perfusion. After
paraffin perfusion, the tissues were blocked in paraffin and
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sections (4 mm) were cut on a microtome (Leica Microsystems,
Nussloch, Germany). Iron-staining was performed on tissue sec-
tions according to Perls, with solution A containing 2g Potassium
Ferrocyanide(II) (Merck, Darmstadt, Germany) in 100ml aqua dest,
and solution B being 2% HCl (Merck, Darmstadt, Germany). Before
staining, equal volumes of solutions A and B were filtrated through
a paper filter (Schleicher&Schuell, Dassel, Germany). Tissue
sections were deparaffinized in xylene (Merck, Darmstadt,
Germany) and rehydrated in a series of alcohol (100! 0%).
Next, the slides were incubated in Perls staining solution for
30min and counterstained with Nuclear Fast Red (Klinipath,
Duiven, the Netherlands) for 5min. After rinsing in aqua dest,
the slides were dehydrated in a series of alcohol (0! 100%)
and xylene and mounted on a microscope glass with Entellan
(Merck, Darmstadt, Germany). Slides were examined on a
Leica DM3000 microscope equipped with a DFC320 camera.

2.6. Data analysis

R2
* relaxation rate maps were calculated from the series of five

GE acquisitions. The complex image data of these images was
subsequently used to compute the SGM images (Fig. 1B). SGM
uses a shifting window (size, five voxels) in which Fourier trans-
formation of the complex image data is performed (25). The

spectral shift in the obtained Fourier spectrum with respect to
the center of the spectrum is proportional to the susceptibility
gradient. The spectral shift was determined by calculating the
center of mass of the spectrum and was assigned to the center
voxel of the shifting window in the calculated SGM image. The
SGM image contained two susceptibility gradient vectors
originating from the x- and y-direction of each voxel. The sus-
ceptibility gradient in each voxel was calculated by taking the
length of the resulting vector.

Regions of interest (ROI) were drawn manually using MRIcro
(26). For the single cylinder phantom, two ROIs were drawn,
the first in the positive contrast regions and the second in
a nonpositive contrast region inside the phantom. The contrast-
to-noise ratio (CNR) for SGM, white marker and GEwas determined
by

CNR ¼ SA � SBj j
s

where SA and SB are the mean values of the ROIs (the positive
contrast area and the nonpositive contrast area, respectively)
and s is the standard deviation of the nonpositive contrast ROI.
For the multiple cylinder phantom, one ROI was drawn covering
the entire cross-section of the tube, nine equally sized ROIs were
drawn for the iron oxide cylinders and the direct vicinity, and

Figure 2. (A) Conventional axial gradient echo image (TE, 7ms) of the cylindrical agarose phantom with an iron oxide-filled core. (B) R2
* relaxation rate

map, range from 0 to 100 s�1. (C–F) Coronal sections of the phantom for the white marker with different percentages of the rephasing gradient
strength: 75% (C), 50% (D), 25% (E), and 0% (F). (G–J) SGM images with different TE of 3.5ms (G), 7ms (H), 10ms (I) and 15ms (J). Note that the orien-
tation of the white marker slices is different from those of the GE and SGM images as the cylinder was equally positioned along the B0 field. The white
marker technique is only sensitive to susceptibility gradients in the slice selection direction.
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one ROI was drawn in the rim of the tube to obtain background
signal outside the positive contrast regions. Enhanced voxels
(EVs) were selected for each positive contrast technique, which
was defined as the 5% voxels with the strongest contrast agent
induced signal of the tube. CNR was calculated for each concen-
tration by using only EVs, which were within the ROI (iron oxide
cylinder and vicinity). For the in vivo images of the different
acquisition techniques, ROIs were drawn in the rim and core
of each tumor. Again, only EVs were considered during image
analysis, which was defined as the 5% voxels with the strongest
contrast agent induced signal differences between post- and pre-
contrast images. All voxel intensity values from each animal and
each group (per contrast agent type) were collected to produce
a histogram. From this histogram the 5% most strongly enhanced
voxel values were taken. For these voxels, the probability of
being part of the nonenhanced background tissue is 5% or less.
Increasing this cut-off percentage to 10% did not essentially
modify the results of the comparison study. For the in vivo
measurements, the signal difference SA� SB was defined as the
mean pixel difference of the post- and pre-contrast images of
the EVs. For s, the standard deviation of the pre-contrast signal
in the contralateral nonangiogenic muscle tissue was taken.
Comparison of the different imaging techniques was restricted to
those acquisitions where cNGR-labeled SPIOs were administered.

2.7. Statistical analysis

First, the number of EVs for rim and core was compared with a
nonparametric Wilcoxon signed-rank test and the ratio for

unlabeled and cNGR-labeled SPIOs was tested with a nonpara-
metric Mann–Whitney U-test. Second, the number of EVs as a
function of the distance of the tumor contour was evaluated
with spatial linear regression analysis. A significant (negative)
correlation would indicate a rim–core difference. The intercept
resulting from the regression analysis was used to compare
the rim uptake of labeled and unlabeled SPIOs. All statistical
tests were performed on the results of R2

*, SGM and GE using
a commercial statistical software package (SPSS 16, SPSS Inc.,
Chicago, IL, USA). A value of p< 0.05 was considered statisti-
cally significant.

3. RESULTS

3.1. Phantom MRI experiment

For GE, R2
* relaxation rate mapping, white marker and SGM,

representative images of the single cylinder phantom are
presented in Fig. 2. The R2

* relaxation rate was calculated in
an ROI on an axial slice. The R2

* contrast between the iron oxide-
filled cylindrical core and the agarose-filled outer shell of the
phantom is visible with this technique (Fig. 2B). For the white
marker images, coronal slices were acquired, since the gradient
caused by the iron needs to be in the slice direction to generate
positive contrast with this technique. The positive contrast is
noticeable along the cylinder axis (Fig. 2C–F). For SGM, the
strongest positive contrast arises at the interface between the
iron-oxide-filled core and the agarose-filled outer shell of the
phantom. This is because the SGM technique visualizes the
susceptibility gradient, which is only present in the direct vicinity
outside the iron oxide core (Fig. 2G–J).
CNR values for the various acquisition techniques for the

single cylinder phantom are presented in Table 1. For the
positive contrast techniques, the highest CNR of 5.3 was
obtained with the SGM sequence with a TE of 15ms. For
white marker, the highest CNR of 2.3 was obtained with 25%
rephasing.
For the multiple cylinder phantom experiment, the CNR of the

SGM images showed a linear relation (highest slope 9.10� 0.38 l
mmol�1 Fe at TE=7ms, R2 = 0.99) with the iron oxide concentra-
tion at various echo times (Fig. 3E). For white marker the most
sensitive linear relation (highest slope 0.41� 0.17 lmmol�1 Fe,

Table 1. CNR values of the cylindrical agarose phantom
with iron oxide core, measured for SGM and white marker with
different settings

White marker SGM

Rephasing (%) CNR TE (ms) CNR

0 1.6 3.5 1.6
25 2.3 7 4.2
50 2.2 10 4.9
75 1.8 15 5.3

25 4.7

Figure 3. (A) Photograph of the (multi cylinder) phantom with the iron oxide-filled cylinders. (B) Scheme of the iron oxide concentration at each
position (in mmol Fe l�1). (C) Axial (short-axis) SGM image (TE 15ms, TR 750ms). Positive contrast is shown in the direct vicinity of the cylinder; at higher
iron oxide concentration the positive contrast becomes stronger. (D) Axial (short-axis) white marker image (50% rephasing), obtained by interpolation
and reformation of two orthogonally acquired long-axis images. (E, F) CNR of SGM and white marker as function of the concentration for different
echo times or rephasing values.
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R2 = 0.47) was found for 50% rephasing, with a small positive
slope (Fig. 3F).

3.2. Animal experiments

3.2.1. Contrast agent characterization

The relaxivities r1, r2 and r2* at 7.0 T were 1.30� 0.13 (R2 = 0.951),
196� 9.4 (R2 = 0.987) and 416� 11 (R2 = 0.996) s�1mM

�1 Fe, re-
spectively. The hydrodynamic diameter of the SPIO particles
was 86.3 nm with a polydispersity index of 0.13, as measured
using dynamic light scattering. For cNGR-labeled SPIOs, the
plasma half-life was 63.3� 13.6 s and for the unlabeled SPIO

64.8� 12.1 s, as determined from an exponential fit of the
signal decay curve in the aorta.

3.2.2. Positive contrast imaging in tumors

Figure 4 shows representative images of a tumor-bearing mouse
injected with cNGR-SPIO contrast agent for the different imaging
techniques. For the GE and SGM, but not for white marker
images, the effect of contrast uptake is noticeable when pre-
and post-contrast images are compared. The post-contrast GE
and SGM images show hypointense regions at exactly the same
position. An R2

* post- and pre-contrast subtraction image, ΔR2
*,

was calculated and showed increased relaxations rates in panel

Figure 4. Axial sections through the tumor, where the red line represents the tumor contour and the purple line divides the rim and core section
(1mm-thick rim). (A) A spin echo image that shows the location of the tumor in a mouse of the cNGR-SPIO group. (B1, B2) Pre- and post-contrast
GE images, respectively. (B3) ΔR2

* mapping (post�pre-contrast), color bar range is 0 (black) to 100 (white) s�1. (C1, C2) Pre- and post-contrast white
marker images with 0% rephasing, respectively. (C3) ΔWhite marker (post�pre-contrast). (D1, D2) Pre- and post-contrast SGM TE=6ms, respectively.
(D3) ΔSGM image (post�pre-contrast). The arrows show SPIO accumulation in different images.

POSITIVE CONTRAST MOLECULAR MRI

Contrast Media Mol. Imaging 2012, 7 130–139 Copyright © 2012 John Wiley & Sons, Ltd. wileyonlinelibrary.com/journal/cmmi

135



B3 (Fig. 4). Also the SGM subtraction image, ΔSGM, showed an
increased susceptibility gradient in panel D3 (Fig. 4). White
marker displayed a weak contrast, which could not be correlated
with the hyperintensities of the other techniques.

3.2.3. Histology

Perls iron staining was performed on a number of slices of
the excised tumors, where the blue coloring indicates iron
oxide accumulation. Examination of the slices showed a spatial
correspondence with the MRI acquisitions. Blue coloring occurs
mainly in the rim and could be related to the contrast enhance-
ment on the in vivo post-contrast MRI (Fig. 5).

3.2.4. Contrast-to-noise ratio

For SGM and GE images, the highest CNR values in tumor bearing
mice were 6.2� 0.5 and 5.7� 0.9, respectively, whereas the best
white marker images had a CNR of 1.2� 0.1 (Table 2). The CNR
of SGM was slightly higher than for conventional GE images, al-
though it was not significantly different. The CNR of white
marker was significantly lower than for SGM and GE (p< 0.05).

3.2.5. Rim and core analysis

Figure 6 shows a diagram of the percentage of EVs, as determined
by the ΔR2

* measurements, as a function of the distance to the
tumor periphery. The mean percentage EVs decreased from 0
to 1mm distance for both labeled SPIOs and unlabeled SPIOs
according to linear regression analysis (R2 = 0.97 for labeled
SPIOs and R2 = 0.86 for unlabeled SPIOs). Furthermore, linear
regression analysis showed a higher intercept in the percentage
of EVs for the cNGR-labeled SPIOs compared with the unlabeled
SPIOs (p< 0.001), which indicates a significantly higher accumu-
lation of cNGR-labeled SPIOs in the rim compared with the
unlabeled SPIOs. The same analysis was performed for SGM
(TE= 6ms), which also showed a decrease (R2 = 0.95 for both
contrast agents) in EVs as a function of distance and a signifi-
cantly higher intercept for the cNGR-labeled SPIOs (p< 0.001).
The percentage of EVs remained approximately constant beyond
1mm. Therefore, the thickness of the rim was chosen as 1mm to
further evaluate the differences between cNGR and unlabeled
SPIOs over the tumor rim and core (22,27,28).

Ligand efficacy was further analyzed by comparing the
number of EVs in the 1mm-thick rim and core for R2

* mapping,
SGM (TE= 6ms) and the GE image (TE= 6ms; Fig. 7). Significantly

stronger rim enhancement relative to the core was found for all
three techniques and both contrast agents (p< 0.05), except for
unlabeled SPIOs in the GE images. The stronger enhancement
in the rim compared with the core reflects the higher level of
angiogenic activity and blood volume typically found in the
tumor rim (22,29).

4. DISCUSSION

4.1. Current findings

In this study, two positive contrast MRI techniques to detect iron
oxide contrast agents, white marker and SGM, were compared
with GE imaging and R2

* mapping in cylindrical phantoms and
in tumor-bearing mice. In both experiments, SPIOs could be
detected with positive contrast techniques. First, the white
marker and the SGM technique were optimized for a phantom
to obtain the strongest positive contrast between iron-oxide-
filled regions and the agarose-filled background. The in vitro
MRI sensitivity, in terms of signal increase per iron oxide concen-
tration unit, was much higher for SGM than white marker
(range 0–1mmol Fe l�1). Second, in vivo experiments with these
optimized techniques showed that only SGM, and not white
marker, provided positive contrast, which was comparable to
R2
* mapping in terms of signal effect and localization. Third, a

stronger uptake of cNGR-labeled SPIOs in the 1mm-thick tumor
rim relative to the core region was observed for SGM and R2

*

mapping. Fourth, bothMRI and histology demonstrated accumula-
tion of cNGR-labeled SPIOs mainly in the tumor. Fifth, spatial
linear regression analysis showed a significantly higher uptake

Figure 5. Comparison of contrast-enhanced MRI with histology. The box in the ΔR2
* mapping (A) shows the location of the corresponding histological

tissue section (B). The tumor tissue slice in (B) is stained for iron (Perls blue) and shows iron oxide accumulation in the tumor rim.

Table 2. In vivo CNR values for tumor bearing mice injected
with cNGR-labeled SPIOs for GE, white marker and SGM
acquisitions with different echo time or rephasing

GE White marker SGM

TE (ms) CNR Rephasing (%) CNR TE (ms) CNR

3 5.1� 0.5 0 1.2� 0.1 3 4.9� 0.4
6 5.7� 0.9 25 1.2� 0.1 6 6.2� 0.5

10 3.9� 0.6 50 1.2� 0.1 10 5.7� 0.7
15 3.1� 0.5 15 4.8� 0.7
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of cNGR-labeled SPIOs relative to unlabeled SPIOs in the outermost
part of the rim for R2

* mapping and SGM.

4.2. In vivo versus in vitro imaging

Different results were found in the in vivo and in vitro experi-
ments for the positive contrast techniques. In the phantom
experiments, SGM achieved the strongest positive contrast at
an echo time of 15ms, whereas in vivo the optimal echo time
was found to be 6ms. The differences between these results
are probably related to in vivo motion artifacts and geometric
differences. With an increasing echo time the motion artifacts
will also increase. Therefore, the optimal positive contrast for
in vivo SGM will shift to lower echo times. Furthermore, some
artifacts appear outside the ROI in both the pre- and post-
contrast SGM images owing to tissue–air interfaces for the
intestines and the skin.

White marker showed positive contrast in the phantom,
whereas hardly any contrast was found in vivo. The differences
between in vivo CNR and in vitro CNR for white marker are
possibly due to differences in the induced susceptibility gradient
of the iron oxide. The strength of the magnetic perturbation
depends on a number of parameters, including magnetic proper-
ties of the iron particles and shape and dimension of the iron
particle distribution. The magnetic field perturbation of a spherical
object filled with iron, which most closely reflects the in vivo
configuration of the contrast agent accumulation, is approximately
10-fold smaller compared with an infinite cylindrical phantom
having the same radius and filled with the same substance.
Furthermore, the diameter of the in vivo sphere is much smaller
than the cylindrical phantom, resulting in a smaller magnetic
field perturbation. The phantom in this study does not mimic
the in vivo angiogenesis situation. However, this phantom
induces geometrically well-defined susceptibility gradients and
therefore it was able to show how positive contrast was induced
by white marker and SGM.

4.3. Comparison of different MRI techniques

The analysis was performed on the EVs, which were selected
separately for each technique. This selection criterion was chosen
to avoid spatial mismatching as positive contrast manifests
themselves in different regions and levels for the different
techniques. Even with the relatively low iron concentration
of 29 mmol Fe kg�1 body weight, the in vivo CNR for SGM was
still greater than 5, which is assumed to be the lower detection
limit for molecular imaging (30). The high relaxivities of SPIOs
have the opportunity to induce stronger contrast at higher con-
centrations, which was shown by Zhang et al. (6), who used a
more than 30 times higher concentration than in the present
study. White marker did not show positive contrast in tumor
areas where contrast was observed with R2

* mapping, GE or
SGM (Fig. 4). The absence of in vivo positive contrast for white
marker might be explained as follows. White marker gives positive
contrast when a gradient field in the slice direction compen-
sates for the refocusing gradient. Magnetic fields with non-
matching strengths or directions will not contribute to the
refocusing of the spins. Matching of this gradient field
depends on three parameters: the strength of the refocusing
gradient, the echo time and the strength of the additional
field induced by the iron oxide. This field is derived from
the susceptibility gradient, which means that only a part of
the gradient will contribute to an effective rephasing. Probably
this contribution is too small to be detected in vivo. Recently,
Varma et al. (31) introduced a white marker post-processing
approach with a three-dimensional (3D) acquisition, which might
resolve these issues.

Small voxel sizes are preferred to measure the spatial pattern
of susceptibility effects, because they minimize the contribution
of intravoxel dephasing as much as possible. To obtain small
voxels a 3D acquisition with isotropic voxels can be used, with
the advantage of calculating three susceptibility gradients with
SGM and a higher signal-to-noise ratio, compared with a two-
dimensional (2D) acquisition. However, the acquisition time
of a 3D acquisition is longer and an extra phase-encoding is
involved, which is prone to motion artifacts. In this study, a 2D
GE acquisition was therefore chosen to achieve a reasonable
acquisition time for the in vivo experiments. With this 2D
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Figure 7. The percentage of EV at optimal settings (SGM and GE: TE
6.0ms) for all techniques. The percentage of EVs is given for rim and core
and for both contrast agent groups. Significant differences were found
between rim and core for all three techniques and both contrast agents
(*p< 0.05), except for untargeted-SPIO in the GE image. Data are pre-
sented as means� standard errors.
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Figure 6. The percentage of EVs versus the distance to the tumor con-
tour with relaxation rate mapping (ΔR2

*). There is a deceasing trend from
0 to 1mm. Based on this observation, 1mm was chosen as the thickness
of the rim. Data are presented as means� standard errors.
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acquisition, SGM provided promising results and a reasonable
CNR in vivo. The characteristic properties of all three techniques
evaluated in this study are summarized in Table 3.

4.4. Limitations

The plasma half-life of both SPIO contrast agents was approximately
63 s. The amount of homing of a labeled SPIO contrast agent
to the vascular target is probably lower compared with other
targeted contrast agent with longer plasma half-life owing to
the rapid uptake into the reticuloendothelial system, but further
histology and biodistribution measurements are needed to
substantiate this hypothesis. Despite the short plasma half-life,
linear regression analysis in the rim region showed significant
differences between labeled and unlabeled SPIOs (Fig. 6). In
addition, as a result of the short plasma half-life, post-contrast
imaging could be started 10min after contrast injection and a
good target-to-background ratio was achieved. Furthermore,
histological validation was performed on a few slices only,
since the homing of cNGR conjugated to different particles
was already previously validated by histology by different research
groups (18,22,32).

4.5. Clinical perspective

Positive contrast techniques using SPIO contrast agents, especially
SGM, have a number of potential clinical advantages for future
molecular MRI. SGM produces positive contrast images, which
are preferred in the reading of radiological images. These SGM
images are comparable to GE images in terms of CNR and acquisi-
tion time. This is important because eventual clinical implementa-
tion of molecular MRI requires rapid imaging techniques. Further-
more, iron oxide particles have already been applied in humans
in clinical trials (33).

5. CONCLUSION

This experimental study shows the in vivo efficacy of positive
contrast imaging techniques for molecular MRI using a cNGR-SPIO
contrast agent targeted to the angiogenic vasculature of murine
tumors. Of the positive contrast imaging techniques evaluated,
SGM is themost promising formolecular imaging. Further research
is required to optimize the imaging technique and the design
of the iron oxide particles before translation to clinical trials
can be made.
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