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Abstract
Objectives—This study assessed whether ultra-small particles of iron oxide (USPIO) intravascular
contrast agent could enhance visualization of tumor microvascularity in F98 glioma bearing rats by
means of ultra high field (UHF) high-resolution gradient echo (GRE) magnetic resonance imaging
(MRI). In an effort to explain differences in visualization of microvascularity before and after USPIO
administration, hypoxia and vessel diameters were assessed on corresponding histopathologic
sections.

Materials and Methods—F98 glioma cells were implanted stereotactically into the brains of
syngeneic Fischer rats. Based on clinical criteria, rats were imaged 1 to 2 days before their death
with and without USPIO contrast on an 8 Tesla MRI. To identify hypoxic regions of the brain tumor
by immunohistochemical, a subset of animals also received a nitroimidazole-based hypoxia marker,
EF5, before euthanasia. These sections then were compared with noncontrast enhanced MR images.
The relative caliber of tumor microvasculature, compared with that of normal brain, was analyzed
in a third group of animals.

Results—After USPIO administration, UHF high-resolution GRE MRI consistently predicted
increased microvascular density relative to normal gray matter when correlated with histopathology.
The in-plane visibility of glioma microvascularity in 22 rats increased by an average of 115% and
signal intensity within the tumor decreased by 13% relative to normal brain. Tumor microvascularity
identified on noncontrast MR images matched hypoxic regions identified by immunohistochemical
staining with a sensitivity of 83% and specificity of 89%. UHF GRE MRI was able to resolve
microvessels less than 20 μ in diameter, although differences in tumor vessel size did not consistently
account for differences in visualization of microvascularity.

Conclusions—USPIO administration significantly enhanced visualization of tumor
microvascularity on gradient echo 8 T MRI and significantly improved visualization of tumor
microvascularity. Microvascularity identified on pre-contrast images is suspected to be partly
associated with hypoxia.
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Improved signal-to-noise ratio with ultra high field (UHF) 8 T magnetic resonance imaging
(MRI) allows acquisition of high- resolution (HR) images of the central nervous system. One
major advantage of UHF MRI has been its ability to delineate cortical vascular anatomy.1 MRI
(8 T) can resolve microvessels with a diameter as small as 100 μm, using gradient echo (GRE)
sequences with an in-plane resolution of 196 μm in normal human brain2–4 and in glial tumors.
5,6 This 100-micron dimension is smaller than the voxel size used in acquisition, although the
paramagnetic properties of deoxyhemoglobin, combined with increasing magnetic
susceptibility effects at high field, allow microvessels to be resolved on T2*-weighted images.
3,7 Ultra-small superparamagnetic particles of iron oxide (USPIO) are intravascular magnetic
resonance (MR) contrast agents that have been shown to increase microvascular visibility in
rats by means of UHF MRI on GRE sequences.8–11 On the basis of these observations, we
hypothesized that USPIO contrast agents could be used to enhance the resolution of
microvasculature within the F98 rat glioma and allow us to assess microvascularity by visual
inspection. As a secondary aim, this work evaluated discrepancies in the visualization of
microvascularity within the tumor bed between contrast and noncontrast enhanced images.
Vessel size and presence of deoxyhemoglobin were considered as possible explanations for
discrepancies. With this in mind, the areas of microvascularity identified on unenhanced GE
MRI were compared with regions of hypoxia identified by immunohistochemical (IHC) stained
sections. To determine whether the visualization of the microvasculature on noncontrast
images was because of enlarged microvessels within the tumor, microvessel caliber was
measured on histologic sections and compared with images. The primary purpose of this study,
however, was to determine whether visualization of tumoral microvascularity on UHF HR
GRE MRI within the F98 glioma improves with the addition of USPIO contrast agent.

MATERIALS AND METHODS
Tumor Model

This study was performed in accordance with the guidelines of the National Institutes of Health
and the protocol was approved by the Ohio State University Institutional Animal Care and Use
Committee. Twenty-seven male Fischer 344 rats (Charles River Laboratories, Wilmington,
MA), weighing 200 to 240 g, were implanted intracerebrally) with F98 glioma cells.12–15

Briefly, rats were anesthetized with ketamine/xylazine, placed in a stereotactic headframe
(David Kopf Instruments, Tujunga, CA), and 105 F98 cells were implanted into the right
caudate nucleus. Cells were suspended in 10 μL of serum-free Dulbecco modified Eagle
medium containing 1.4% agarose with a low-gelling temperature (<30°C) and injected over
10 to 15 seconds through a central entry port of a plastic screw (Arrow Machine Manufacturing
Inc., Richmond, VA) that had been embedded in the skull. Approximately 3 weeks later, when
the animals began to display clinical signs of impending death (weight loss, ataxia, periorbital
hemorrhage), they were imaged. All rats underwent imaging with and without USPIO as well
as hematoxylin and eosin (H and E) histopathology. A group of 9 rats underwent IHC stain for
hypoxia and another group of 9 rats underwent intravascular formalin fixation for vessel size
measurements (Fig. 1).

MR Imaging
Anesthesia initially was induced by spontaneous inhalation of 5% isoflurane, mixed with O2,
at a rate of 1000 mL/min, and after endotracheal intubation, it was continued using 1.5% to
2% isoflurane, mixed in 500 mL/min of 100% O2. To facilitate injection of USPIO and EF5,
a 0.47-mm outer-diameter silicone cannula, filled with 2% heparin, was inserted into the right
femoral vein. Body temperature was maintained at 37° ± 1°C during the operative procedure
by means of a preheated isothermal pad (Deltaphase, Braintree Scientific, MA). Animals then
were mounted on a custom-made 4-cm diameter birdcage coil, which was tuned to the head of
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the rat at 340 MHz. Sixteen 1-mm thick (0.1 mm gap) coronal images were acquired using a
T2*-weighted GRE sequence (TR/TE: 600/14.6 milliseconds, flip angle: 45 degrees, number
of excitations = 2, field of view = 4.0 × 4.0 cm, matrix = 512 × 512, acquisition time: 10 minutes
34 seconds, and 78 μm in-plane resolution), and a rapid acquisition with relaxation
enhancement sequence (TR/TE: 5000/18.4 milliseconds, rapid acquisition with relaxation
enhancement factor = 4, number of excitations = 1, field of view = 4.0 × 4.0 cm, matrix = 256
× 256, slice thickness = 1 mm with 0.1 mm gap, acquisition time: 5 minutes 20 seconds, and
in-plane resolution of 156 μm). A second set of GRE images were acquired approximately 30
to 60 seconds after infusion of USPIO (2 mg Fe/kg) (SHU 555 C, Supravist, Bayer Healthcare
AG, Berlin) administration. The USPIO dose previously had been optimized for the imaging
parameters used in this study.9 The SHU 555 C solution was diluted with 0.9% sodium chloride
to 0.1 mmol/mL at room temperature before injection. To facilitate pre- and postcontrast image
comparisons, the rats’ position remained constant within the magnet throughout all imaging.

In Vivo Preparations for Hypoxia IHC With EF5, Animal Euthanization, and Fixation
The nitroimidazole EF5 (2-(2-nitro-1H-imidazol-1-yl)-N-(2,2,3,3,3-pentafluoro-propyl)
acetamide) (provided by Cameron Koch, University of Pennsylvania) previously has been
employed as a marker for hypoxia and this has been described in detail elsewhere.16–18 Briefly,
10 mM EF5 (dissolved in 5% glucose) was administered intravenously in a volume equal to
1% of the animal body weight (2.0–2.4 mL) at a rate of 1 mL/min. Animals were euthanized
2 hours later to allow for adequate binding of EF5 to hypoxic tissue. All but 9 animals were
euthanized under anesthesia by decapitation, using a guillotine (Braintree Scientific, Braintree,
MA) and their brains were removed immediately and frozen on dry ice for 2 minutes, after
which coronal brain sections were cut at 2 mm intervals. Brain sections from rats that had
received EF5 were stored in liquid nitrogen. The brains of the other 9 rats were set aside for H
and E and reticulin staining to assess vessel caliber. Anesthetized rats were perfused
intracardially at ambient temperature with 100 mL of phosphate buffered saline (PBS) followed
by 80 mL 10% formaldehyde, after which their brains were removed and fixed in 10%
formaldehyde for 24 hours before H and E and reticulin staining was carried out.

Histopathologic and IHC Staining for Hypoxia
Brain sections were placed on separate paraffin blocks. From each block, one 5-μm slice was
cut for H and E staining and a second slice was cut for reticulin staining. In addition, one 10
μm thick section was cut from the brains of tumor-bearing animals that had received EF5 for
IHC analysis. The detailed procedure for in vivo EF5-hypoxia IHC staining has been described
previously.17,19 Briefly, each IHC slice was fixed using acetone for 5 minutes. and immersed
in PBS at 0°C. The monoclonal antibody (mAb), ELK3-51 was kindly provided by Dr Koch,
University of Pennsylvania, and this had been conjugated to Cy3, a red fluorochrome. Each
slide was rinsed, blocked, and stained with ELK3-51:Cy3 at a concentration of 75 μg/mL.
Photomicrographs were taken using a Nikon immunofluorescent microscope (E800, Nikon)
equipped with an automatic stage (Proscan Motorized stage system, Prior scientific, MA). Each
IHC or immunofluorescent image was overlaid on both the corresponding GRE MR image and
the H and E slide for comparison.

Identification and Histopathologic Confirmation of Tumor Microvascularity
Tumors were identified on GRE images and correlated to histopathologic sections to confirm
that increased microvascularity observed on UHF GRE MRI corresponded to increased
microvascularity, as determined by histopathologic examination. Microvascularity was
assessed on images which include the tumor. The presence of serpiginous flow voids was used
to identify a focus of microvascularity on UHF GRE MRI. Furthermore, microvessels would
be expected to lose signal after intravascular contrast administration. Increased tumor
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microvascularity was assessed relative to microvascular appearance in the normal cortex of
the contralateral cerebral hemisphere. There was some concern that foci of microhemorrhage
might be confused with foci of microvascularity. Features distinguishing microhemorrhage
from microvascularity were defined before image analysis. In general, foci of microvascularity
contained serpiginous signal voids, whereas foci of hemorrhage tend to produce a more
globular appearance. Signal loss relative to normal brain after contrast administration indicated
that the focus under examination more likely was related to microvascularity because USPIO
remains intravascular for at least 90 minutes following injection and imaging is performed
within 11 minutes following injection10,20–23 (Fig. 2).

Identification of foci of increased tumor microvascularity on MRI relative to that within gray
matter was confirmed by histopathologic findings. It was hypothesized that increased visibility
of tumoral microvasculature relative to normal brain would correspond to increased tumoral
microvascular density on histopathology. A single MRI slice was chosen through the center
of the neoplasm for each tumor-bearing rat. Three types of foci not larger than 3 millimeters
were identified: the first showing increased microvascularity on the noncontrast images, the
second showing increased microvascularity on the contrast image only, and the third showing
no increase in microvascularity. Foci selected were thought to be unambiguously representative
of each type of focus. An automated co-registration method was not possible because of
distortion introduced by tissue preparation. Tissue specimens from the central portion of the
tumor were used for comparison. The images were examined visually and histopathologic
slices were chosen based on adjacent anatomic structures. MR images were reviewed by 4
radiologists (G.C., M.Y., M.K., D.L.). Histopathologic specimens were reviewed by 2
pathologists (A.C., R.B.) for the presence of increased microvascularity within predefined
imaging foci visually coregistered on reticulin and H and E stained sections relative to normal
gray matter in the contralateral normal brain on visual inspection. Coregistration was on the
basis of the nearest anatomic structures, such as the ventricle, the caudate nucleus on the site
of tumor cell implantation. Tissue sections were evaluated for increased microvascularity
relative to normal brain tissue, as well as for the presence of hemorrhagic foci.

Quantitation of Tumor Microvascularity
Methods for assessing tumor microvascularity by 8 T MRI before and after contrast
administration were reviewed and validated. These included: (1) measurement of in-plane
visibility of increased tumor microvascularity on imaging, and (2) measurement of signal loss
within this same measured tumoral microvascularity. On each GRE UHF MRI slice before and
after contrast administration which displayed the tumor, the area within the tumor that the
radiologist interpreted to represent tumoral microvascularity—based on the criteria described
above—was manually outlined using image analysis software (MIPAV 2.7, NIH). Both the
area and signal intensity were measured. Total in-plane visibility was calculated by summing
the area measured of each slice and multiplying it by the slice thickness. In-plane visibility is
thus a volume estimate. The difference in in-plane visibility of microvascularity visualized
before and after contrast administration was calculated and the percent difference relative to
preinjection in-plane visibility was determined.

Signal loss within the areas outlined after contrast administration was assessed relative to the
signal within normal cortical brain tissue. The ratios of the average signal from the areas
outlined for microvascular in-plane visibility to the average signal from normal brain in the
contralateral nontumor-bearing cerebral hemisphere were measured and calculated before and
after USPIO administration. For each pre- and postcontrast image, the exact same area outlined
on the postcontrast image was superimposed on the precontrast image. Because the rats were
not moved during administration of USPIO, it was possible to use the exact same areas before
and after contrast administration (Fig. 3). Average signal measurements, therefore, were
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calculated from identical areas of both abnormal and normal brain within the contralateral
hemisphere before and after contrast administration. The average signal measured from each
image was weighted for the number of pixels outlined on the image.

Comparison of MR Imaging to Histopathologic Specimens for Tumor Microvascular Size
Histopathologic sections from rats killed by intracardiac injection of PBS and formaldehyde
were compared with UHF GRE MRI images to assess the microvascular size detected. The
MR images were visually inspected for tumor microvascular structures. On the basis of adjacent
anatomic structures, as described earlier, corresponding histopathologic sections were selected.
Within the tumor bed, the largest vessels visible on postcontrast images were presumed to be
the largest vessels visible on histolopathologic sections. Their diameter was measured with a
micrometer to estimate of vessel size visible on HR GE UHF MRI (Fig. 4).

Comparison of MR Imaging to Histopathologic and IHC Analysis for Tumor Hypoxia
To determine whether regions, which were thought to show tumor microvascularity on
noncontrast MRI, were associated with hypoxic tumor tissue, MR images were compared with
H and E and IHC stained sections. Two or 3 8 T images derived from the central portion of
each tumor was chosen and 4 foci were selected from each slice. At least 2 foci were from
areas of microvascularity, identified on precontrast images, 1 from an area, identified as
microvascularity on postcontrast images but not the precontrast images, and 1 in which no
microvascularity was identified on either pre- or postcontrast imaging. The microvascular foci
identified on imaging were then coregistered to the IHC stained sections that were overlaid on
H and E stained sections by visually assessing their spatial relation to known anatomic
structures (Fig. 5). The MR images were reviewed by 2 radiologists (G.C., M.Y.) and the
histopathologic specimens were reviewed by a neuropathologist (A.R.C.). Contingency
analysis was used to determine correlation between imaging analysis and histopathologic
analysis. Agreement between imaging and histopathologic analysis was assessed using the
kappa statistic.

Statistical Analysis
Statistical analysis was performed using JMP 5.1 software (SAS; Cary, NC). For identification
of presence of microvascularity, contingency analysis was used to determine correlation
between imaging analysis and histopathologic analysis. Agreement between imaging and
histopathologic analysis was assessed using the kappa statistic. For in-plane visibility of
microvascularity and signal loss relative to the normal brain, interobserver reproducibility was
calculated using the Bland-Altman method in 10 rats studied by 2 independent observers.24

Matched pair analysis was used to determine whether a significant difference in in-plane
visibility and ratio of microvascular signal intensity to normal brain existed before versus after
contrast administration and the percent signal loss within the tumor bed after USPIO
administration relative to normal brain tissue. A bivariate linear fit was used to determine
whether a correlation existed between tumor in-plane visibility and relative signal intensity
before and after contrast administration.

RESULTS
Identification and Histopathologic Confirmation of Tumor Microvascularity

Comparison of histopathologic sections, coregistered to regions of interest on postcontrast 8
T MRI, indicated a statistically significant correlation between the visualization of increased
microvascular density relative to normal brain on the 8 T image to that of the tissue section.
Increased microvascular density relative to normal brain was considered to be either present
or absent. There was agreement in 57 of 57 foci on the contrast enhanced images (κ = 0.99)
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and 38 of 57 in the noncontrast images with 33% false negatives and no false positives for
increased microvascularity (κ = 0.41).

Quantitation of Tumor Microvascularity
Matched pair analysis indicated that the in-plane visibility of microvascularity visualized
within the tumor on GRE HR UHF MRI increased from 77.8 (σ = 59.0) mm3 to 158.6 (σ =
102.4) mm3 after contrast administration (P < 0.0001; t test; correlation = 0.9619; matched
pairs analysis). The average percent increase in in-plane visibility of microvascularity was
123.6% (σ = 62.8). A linear relationship was found between the in-plane visibility of
microvascularity within the tumor visualized before and after contrast administration (Fig. 6).
Interobserver reproducibility for in-plane visibility of microvascularity using the Bland-
Altman statistic24 is reported on Table 1.

The ratio of signal intensity within the areas of microvascularity in the tumor relative to normal
brain was 0.921 (σ = 0,116) before contrast administration and 0.774 (σ = 0.101) after contrast
administration. Matched pairs analysis indicated that the signal intensity within the tumor-
bearing region relative to the nontumor-bearing hemisphere decreased by an average of 14.7%
(95% CI = [11.4–18.0]; correlation = 0.771; P < 0.0001) after USPIO administration. A linear
relationship was identified between the ratio of the tumor signal intensity relative to normal
brain before and after contrast administration (Fig. 7). Tumor signal intensity after contrast
administration was always lower than normal brain tissue. Inter-observer reproducibility for
microvascular signal calculations using the Bland-Altman statistic24 are reported on Table 1.
In tumors containing a necrotic focus (n = 12), confirmed by histopathologic examination, this
part of the tumor demonstrated no signal loss (0.1%; σ = 0.8%).

Comparison of MR Imaging to Histopathologic Specimens for Tumor Microvascular Size
Vessel size determination on histopathologic specimens, prepared after intracardiac formalin
infusion, coregistered to 8 T MRI images indicated that vessels less than 20 μm in diameter
were visible following contrast administration. The same vessels were not consistently
identified on noncontrast images (Fig. 4).

Comparison of MR Imaging to Histopathologic and IHC Analysis for Tumor Hypoxia
Foci of tumor microvascularity, identified on precontrast images, were coregistered to IHC
specimens (Fig. 5). Analysis of 76 regions of interest for hypoxia identified 5.3% false positive
and 9.2% false negative readings from the MR images (Table 2) using the IHC specimens as
the standard for hypoxia. UHF HR GRE MRI has 82.9% sensitivity and 88.5% specificity for
hypoxia (κ = 0.71).

DISCUSSION
As previously reported, microvascularity within high grade gliomas can be visualized directly
on HR GRE UHF MRI.5,6,9,25 In the present study we have demonstrated that the use of USPIO
as a blood pool agent enhanced the visualization of microvessels in the F98 glioma using HR
GRE UHF MRI. Theoretically, visualization of microvascularity before contrast
administration could have been due to vessel size or paramagnetic effects attributable to
deoxyhemoglobin, which may be a surrogate marker for tumor hypoxia.12 Histopathologic and
IHC analysis suggested that enhanced visualization of microvascularity before the
administration of USPIO may have been associated with tissue hypoxia. Higher grade gliomas
tend to form areas of necrosis with surrounding hypoxic zones. Identifying hypoxic regions
could assist in the planning of external beam radiation and chemotherapy because hypoxia is
associated with lower tumor susceptibility to these treatment modalities.26–35 Although not
clear on the basis of results presented here, use of deoxyhemoglobin as a surrogate marker for
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hypoxia may deserve further exploration. Increased microvascularity within gliomas has been
shown to correlate with tumor aggressiveness and thereby provide a target for the selection of
a biopsy site, as well as for therapy.25,36,37 MRI methods, previously shown to correlate with
microvascularity within gliomas, primarily have measured cerebral blood volume using time-
dependant acquisitions and differentiate brain tissue using functional parameters.38–41 In
contrast, direct visualization of tumor microvascularity, on static images as shown in the
present study, provides higher resolution images relative to dynamic acquisitions and
differentiate tissues based on anatomic parameter. This method could serve as an alternative
or complimentary method and may be acquired following at dynamic acquisition whether
USPIO is used as the contrast agent.

Because of T2* influencing factors, gradient echo acquisitions are especially sensitive to
paramagnetic and superparamagnetic agents such as iron and deoxyhemoglobin, and relaxation
rates increase as a function of the concentration of the latter.42 Intravascular susceptibility
effects of deoxyhemoglobin and USPIO are influenced by geometric factors, such as vessel
size and spacing of field inhomogenities, rate of water diffusion, field strength, echo times, as
well as the orientation of the blood vessels relative to the magnetic field.43–45 Microvascularity
identified on UHF HR GRE MRI, correlated better with histopathologic findings on contrast
compared with noncontrast enhanced images. Visualization of microvessels on noncontrast
images could have been due to susceptibility effects from either deoxyhemoglobin within
dilated vessels or hemosiderin, deposited adjacent to microvessels. In the present study,
hemosiderin deposition rarely was identified within the tumor on H and E stained sections.
Determination of the presence versus absence of microvascularity on post-intravascular
contrast imaging, may serve as a reproducible method for assessing tumor microvascularity.
Foci of increased microvascularity, identified on postcontrast images, were highly sensitive
and specific for increased microvascularity, as determined by histopathologic analysis.

Susceptibility effects from the superparamagnetic USPIO contrast agent, used in this study,
significantly enhanced the detection of microvascularity within the tumor relative to
noncontrast images. Both an increase in the extent of microvascularity within the tumor and
signal loss because of the presence of the intravascular contrast agent was detected.
Susceptibility effects induced by iron particles in blood vessels shortened the transverse T2
and T2* relaxation times and caused signal loss on T2* sensitive sequences. Susceptibility
effects were enhanced in this study via the use of long TE and a field strength of 8 T. USPIO
has a prolonged intravascular half-life, varying from 2 to 5 hours in animals, and they have
been shown to remain intravascular for 90 minutes.10,20–23 Thus, UHF HR GE MRI
immediately after USPIO administration can improve the visualization of microvessels, even
with prolonged imaging times without significant leakage of USPIO into the surrounding
tissues.10,11,20,46–49 In the present study, images were acquired immediately after
administration of the contrast agent to take advantage of the highest possible blood pool
concentration of the agent. As a result, signal loss after contrast administration was
representative of microvascularity and not permeability. Percent signal loss in this study was
approximately 2.6 times greater within the tumor than within normal brain, which indicated
that there was increased microvascularity. Furthermore, areas known to be poorly vascularized,
such as the necrotic center of the tumor, showed no significant signal loss.

Regions within the tumor in which microvessels were visualized on GRE UHF HR GRE MRI,
without USPIO contrast administration (Fig. 5), were more likely to correspond to hypoxic
tissue on IHC stained sections than regions within the tumor in which microvessels were only
visualized following USPIO administration. This finding is corroborated by previous studies
demonstrating that gradient echo imaging methods can detect hypoxic regions in tumors and
stroke.12,25,50–55 Alternatively, the presence of deoxyhemoglobin within tumor microvessels
could be attributed to their diminished vasoreactivity. Under these circumstances, microvessels
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within the tumor would perfuse and extract oxygen, but they would have a limited capacity to
shunt oxygenated blood toward venous drainage.56–59 As a result, venous drainage would be
more likely to contain deoxyhemoglobin. The association between deoxyhemoglobin and
hypoxia in the F98 glioma, although frequent, was not constant. Indeed, much like normoxic
regions within normal brain, which contain veins and venules carrying deoxyhemoglobin,
within the tumor they may also contain deoxyhemoglobin. Variability in the visualization of
microvascularity in noncontrast images within the tumor may reflect differences in tumor
oxygenation or vasoregulation. The less than absolute specificity and sensitivity of UHF HR
GRE MRI to hypoxia observed in the present study suggest that the enhanced visualization of
microvessels to deoxyhemoglobin was not entirely explained by hypoxia. Vascular prominence
on GRE HR UHF MRI depends on the relative effect of the concentration of deoxyhemoglobin,
vessel size, and vasoregulation. Further evaluation of this observation may yield more
conclusive results.

Although differences in deoxyhemoglobin concentration within the tumor may be a dominant
factor leading to enhanced visualization of microvascularity within the tumor, vessel size also
can affect microvessel visualization. It was not possible to determine whether vessel size
influenced visibility of microvascularity. Visual inspection of images correspondingly used to
explain the enhanced visualization of microvascularity within the tumor on noncontrast images.
Comparison of vessel diameters, within the tumors of rats that had received an intracardiac
injection of formalin, demonstrated that although diameters within the tumor were often larger
than adjacent normal brain, there was no measurable difference in microvessel diameter within
regions of the tumor that were identified on noncontrast images relative to those identified only
on contrast enhanced images (Fig. 4). This suggests that vessel size alone could not account
for the enhanced visualization of microvessels on noncontrast images. Because this
corresponded to hypoxia, and vessel size did not differ significantly, observations derived from
this study suggest that the enhanced visualization of microvascularity on noncontrast images
was influenced more by the concentration of deoxyhemoglobin than vessel diameter.

All of the above notwithstanding, one must be cautious about drawing inferences from a rat
glioma to a human brain tumor. Whereas the F98 glioma is highly vascular and it has a number
of characteristics in common with glioblastoma multiforme,15,60,61 it is not as infiltrative of
normal brain cortex as glioblastoma multiformes, nor is it as histologically pleomorphic. The
incidence of hemorrhage identified within tumors imaged for this study was very low. It is
suspected that within human gliomas, hemorrhage could interfere with visualization of
microvascularity. As a consequence of this, direct inferences of microvascular enhancement
identified in this study may not apply to human gliomas. Nevertheless, the results from our
study are encouraging and may provide supportive data for the use of USPIO to help visualize
tumor microvascularity in human studies. Because the F98 glioma is a highly vascular tumor,
62 our study only determined whether intravascular USPIO increased microvascular
visualization within this tumor. Whether this is predictive of tumor behavior remains to be
determined? Comparison of microvascular enhancement within the F98 glioma to that of other
rat glioma models including less aggressive rat gliomas,63–66 or evaluation of microvascularity
in varying grades of human gliomas, may help assess whether microvascular enhancement is
predictive of outcome or treatment response. Although, volume estimates from MR images are
prone to large interobserver variability,66–69 this does not deter from the conclusion that USPIO
administration increased microvascular visibility in this study. Further studies are needed,
however, to determine the relative contribution of vessel size and deoxyhemoglobin
concentration when visualizing microvascularity by means of HR GRE UHF MRI or other
susceptibility related effects.70 Some bias was introduced when assessing hypoxic regions,
because foci were selected from predefined regions of the tumor bed. As a result, prediction
of foci of hypoxia within the tumor bed using the methods described here requires further
investigation. Finally, although vessels as small as 20 μm were identified on this study, there
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is no indication based on results presented here that all vessels larger than 20 μm should be
visible using HR GRE UHF MRI.

In conclusion, USPIO administration significantly enhanced the visualization of tumor
microvascularity on gradient echo high resolution 8 T MRI in F98 glioma bearing rats. Vessels
as small as 20 μ were visualized in this study. Visualization of microvascularity within the
tumor on noncontrast images could be partly attributed to presence of deoxyhemoglobin in
hypoxic regions and in this context could help identify difficult-to-treat targets for therapy.
Although direct visualization of microvascularity within the F98 glioma was possible using
GE HR UHF MRI techniques, comparison with other methods which assess microvascularity
will help further validate USPIO-enhanced microvascular assessment on GE HR UHF MRI.
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FIGURE 1.
Overview of experiments. Rodents were implanted with F98 glioma cells and imaged. They
were subsequently prepared for histopathology. A total of 20 rodents were included in the
analysis (see text).
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FIGURE 2.
UHF GRE MRI of a tumor bearing rodent brain before (A) and after USPIO administration
(B). Tumor microvessels are more readily identified on postcontrast images as serpiginous
structures (arrowheads) that enhance after USPIO administration. The enlarged venous
structure draining the tumor is more readily recognized on the postcontrast images (arrows).
This draining vein is readily distinguished from tumor microvascularity (arrowheads). Note
the relative enlargement of veins which drain tumor bed (arrows) compared with comparable
vessels on the normal contralateral hemisphere.
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FIGURE 3.
Enhanced visualization of microvascularity within the F98 glioma using USPIO as an
intravascular contrast agent. F98 glioma bearing rats were imaged without (A) and following
USPIO administration (B). Note the enhanced visualization of hypointense serpiginous vessels
within the tumor. Microvascularity within the noncontrast images surrounding the area of
necrosis (asterisk, A) is where tumor hypoxia is typically found.
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FIGURE 4.
UHF GRE HR MRI of the brain of F98 glioma bearing rat before (A) and after (B) USPIO
administration with magnification (C) of the area within the box (B) is compared with a
corresponding histopathologic section (40×) using reticulin stain (D) in a rat that received an
intracardiac injection of formalin. Arrowheads indicate vessels within the tumor and the
asterisk depicts a focus of necrosis. Assessment of tumoral microvessel diameters measured
on histopathology (D) indicate that there was often a difference in microvessel diameter
between vessels identified on the precontrast images (A) and those identified only on the
postcontrast images (B). Microvessels at least as small as 20 μm diameter are visualized.
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FIGURE 5.
UHF GRE HR MRI of a F98 glioma bearing rat before (A) and after (B) USPIO administration
compared with EF5 IHC stain for hypoxia (red), overlaid on to corresponding H and E stained
section (C). Note the concurrence between the regions of hypoxia identified with the EF5 stain
(C) and the areas of microvascularity identified on the noncontrast 8 T image (A). Hypoxic
regions primarily surround the central area of necrosis, Microvascularity along the periphery
of the tumor identified on the postcontrast images does not correspond to the hypoxic regions.
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FIGURE 6.
Bivariate linear fit for calculated in-plane visibility of microvascularity (MV) before (x-axis)
versus after (y-axis) USPIO administration. The derived linearly fitted equation is: post contrast
MV = 1.67 (precontrast MV) + 28 (P < 0.0001; r-square = 0.93). This indicates that USPIO
significantly increases visualization of microvessels using UHF HR GRE MRI.
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FIGURE 7.
Bivariate linear fit for ratio of signal intensity derived from entire volume of tumoral
microvascularity relative to normal contralateral brain (rSI) before (x-axis) versus after (y-
axis) USPIO administration. The derived linearly fitted equation is: post USPIO rSI = 0.67
(precontrast rSI) + 0.15 (P < 0.0001; r-square = 0.59). The dashed line represents the point at
which the relative tumor signal loss before versus after USPIO administration would be equal.
All points fall below the dashed line indicating that a greater concentration of USPIO is present
within this tumor at the time of imaging. Because USPIO at the time of imaging is expected
to be entirely intravascular, this suggests that tumor microvascular density within the F98
glioma is greater than that of normal tissue.
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TABLE 2

Correlation of Regions of Hypoxia and Microvascularity

Regions demonstrating hypoxia on both UHFMRI and EF5 IHC 34/38

Regions demonstrating no hypoxia on both UHFMRI and EF5 IHC 31/38

Total 4 (5.3%) false positives

7 (9.2%) false negatives

Seventy-six regions of interest were obtained from 8 rats which underwent 8 T high resolution gradient echo MRI and were also stained for hypoxia
using IHC EF5 nitroimidazole staining (see text). There was a high degree of correlation between the regions of interest selected.
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