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Comparison of Two Superparamagnetic
Viral-Sized Iron Oxide Particles Ferumoxides
and Ferumoxtran-10 with a Gadolinium Chelate
in Imaging Intracranial Tumors

Peter Varallyay, Gary Nesbit, Leslie L. Muldoon, Randal R. Nixon, Johnny Delashaw,
James 1. Cohen, Annie Petrillo, Doris Rink, and Edward A. Neuwelt

BACKGROUND AND PURPOSE: Ultrasmall superparamagnetic iron oxide particles result in
shortening of T1 and T2 relaxation time constants and can be used as MR contrast agents. We
tested four hypotheses by evaluating MR images of intracranial tumors after infusion of two iron
oxide agents in comparison with a gadolinium chelate: 1) Ferumoxtran in contrast to ferumoxides
can be used as an intravenous MR contrast agent in intracranial tumors; 2) ferumoxtran enhance-
ment, albeit delayed, is similar to gadolinium enhancement; 3) ferumoxtran-enhanced MR images
in contrast to gadolinium-enhanced MR images may be compared with histologic specimens
showing the cellular location of iron oxide particles; 4) ferumoxtran can serve as a model for viral

vector delivery.

METHODS: In 20 patients, ferumoxides and ferumoxtran were intravenously administered at
recommended clinical doses. MR imaging was performed 30 minutes and 4 hours after ferumoxides
infusion (n = 3), whereas ferumoxtran-enhanced MR imaging (n = 17) was performed 6 and 24
hours after infusion in the first five patients and 24 hours after infusion in the remaining 12. MR
sequences were spin-echo (SE) T1-weighted, fast SE T2- and proton density-weighted, gradient-
recalled-echo T2*-weighted, and, in four cases, echo-planar T2-weighted sequences. Representative
regions of interest were chosen on pre- and postcontrast images to compare each sequence and

signal intensity.

RESULTS: Despite some degree of gadolinium enhancement in all tumors, no significant T1 or
T2 signal intensity changes were seen after ferumoxides administration at either examination time.
Fifteen of 17 patients given ferumoxtrans had T1 and/or T2 shortening consistent with iron
penetration into tumor. Histologic examination revealed minimal iron staining of the tumor with

strong staining at the periphery of the tumors.

CONCLUSION: 1) Ferumoxtran can be used as an intravenous MR contrast agent in intracra-
nial tumors, mostly malignant tumors. 2) Enhancement with ferumoxtran is comparable to but
more variable than that with the gadolinium chelate. 3) Histologic examination showed a distribu-
tion of ferumoxtran particles similar to that on MR images, but at histology the cellular uptake was
primarily by parenchymal cells at the tumor margin. 4) Ferumoxtran may be used as a model for
viral vector delivery in malignant brain tumors.

Ultrasmall superparamagnetic iron oxide (USPIO)
particles have been under extensive research for the
past decade as MR imaging contrast agents. They
have proved useful in several applications including

imaging of the gastrointestinal system, liver (1-4),
and spleen (5) and may also help! in differentiating
between malignant and benign lymph nodes (6-8).
Because USPIO particles may also serve as a blood-
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pool agent, they may be used for MR angiography
and perfusion imaging of the brain and heart (9-11).

Depending on their structure, iron oxide particles
have different intravascular half-lives and are variably
taken up in the reticuloendothelial system. In reactive
brain lesions, they can also be found in the vascular
endothelium and in the perivascular space (12). Stud-
ies have also shown promise with the use of USPIO
particles in detecting active inflammatory or demyeli-
nating lesions because of iron uptake in perivascular
macrophages (12-14). In addition, iron oxide parti-
cles can be detected in the central nervous system in
neurons after either direct inoculation or blood-brain
barrier (BBB) disruption (15, 16), as well as in ma-
lignant glial tumors after intravenous administration
(17-20) and in cell lines in vitro (21). In other studies,
USPIO particles have been used to assess the vari-
ables in maximizing the volume of distribution after
direct interstitial infusion by convection in a rat
model (22), as well as to demonstrate antibody tar-
geted delivery (23). USPIO particles may be identi-
fied at the light and electron microscopic levels, al-
lowing evaluation of their exact location within tissues
(15, 16), unlike other central nervous system MR
imaging agents.

Two iron oxide agents were examined in this study.
Ferumoxides (Feridex IV; Advanced Magnetics,
Cambridge, MA), which is approved by the U.S. Food
and Drug Administration (FDA) for liver imaging,
has a mean particle size of 58.5 nm = 185.8 (volume
weighted). The particle cores are aggregates of iron
crystals incompletely coated with dextran and have a
large size distribution as well as irregularity in shape
(24). Ferumoxides tends to be rapidly opsonized and
taken up by the reticuloendothelial system, and there-
fore it has a short plasma half-life of 8—30 minutes.
Ferumoxtran-10 (Combidex; Advanced Magnetics)
has a mean particle size of 29.5 nm * 23.1 (volume
weighted), consists of monocrystalline cores, is more
uniform in shape and size, and is completely coated
with a thicker dextran layer (24). Ferumoxtran-10 has
a plasma half-life of 25-30 hours, therefore the organ
uptake duration is much longer than that with feru-
moxides.

This study was designed to answer the following
hypotheses: 1) ferumoxtran, in contrast to ferumox-
ides, may be used as an intravenous contrast agent for
MR imaging of intracranial tumors; 2) ferumoxtran
enhancement, albeit delayed, is similar to enhance-
ment with a gadolinium-based contrast agent; 3) feru-
moxtran-enhanced MR images, in contrast to gado-
linium-enhanced MR images, may be compared with
histologic specimens showing the location of the iron
oxide particles at the cellular level in tumors; and 4)
ferumoxtran may serve as a model for viral vector
delivery.

Methods

Twenty patients (age range, 30—66 years; mean age, 47.2
years) with primary and metastatic intracranial tumors were
enrolled in this FDA- and institutional review board—approved
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study from December 1999 to December 2001. Six patients
were randomly assigned to receive either ferumoxides or feru-
moxtran before a lack of substantial iron accumulation was
found on MR images after ferumoxides infusion (Table). At
that point, ferumoxtran was used exclusively. Written informed
consent was obtained from each patient. All patients under-
went MR imaging with a gadolinium-based contrast agent
(Omniscan [gadodiamide]; Nycomed Imaging, Oslo, Norway)
at least 24 hours before but no more than 28 days before iron
infusion.

Ferumoxides was administered intravenously in three pa-
tients at the recommended clinical dose of 0.56 mg of iron per
kilogram of body weight, and MR imaging was performed 30
minutes and 4 hours after infusion. Ferumoxtran was adminis-
tered intravenously, under FDA-approved Investigational New
Drug approval, in 17 patients at a dose of 2.6 mg Fe/kg, diluted
in 50 mL of normal saline, infused at 4 mL/min. Because of the
increased intravascular half-life, MR images were obtained 6
hours and 24 hours after the infusion of ferumoxtran in the first
five patients; the remaining 12 patients underwent MR imaging
only at 24 hours because the signal intensity changes were
stronger and extended into a larger area at 24 hours.

All patients underwent MR imaging with spin-echo (SE)
T1-weighted, fast SE T2-weighted, fast SE proton density—
weighted, and gradient-recalled-echo (GRE) T2*-weighted se-
quences; one patient underwent echo-planar SE T2-weighted
imaging; one patient underwent echo-planar GRE T2*-
weighted imaging; and one patient underwent both echo-planar
SE T2-weighted and echo-planar GRE T2*-weighted imaging.
Multiplanar images were obtained with a 1.5-T superconduct-
ing magnet (Gyroscan, Philips, Best, the Netherlands; or Ho-
rizon LX, GE Medical Systems, Milwaukee, WI) with a 23-cm
field of view. SE T1-weighted images were obtained with 500/13/2
(TR/TE/NEX), fast SE T2-weighted images were acquired with
3000/95/2, and fast SE proton density-weighted images were ob-
tained with 2500/13/2. GRE T2*-weighted images were acquired
with 750/23/2, flip angle 10° multishot (echo-planar imaging fac-
tor 3) echo-planar GRE T2*-weighted images were obtained with
750/23/2, flip angle 10° and echo-planar SE T2-weighted images
were obtained with 4880/90/2 (echo-planar imaging factor 11).
The matrix size was 256 X 192, section thickness was 3 mm, and
intersection gap was 1 mm.

For quantitative analysis, the two patients with nasopharyn-
geal carcinoma (patients 10 and 11) who received ferumoxtran
were excluded because they had only minimal intracranial
spread, with mandibular nerve and dural involvement in the
region of the foramen ovale. To compare ferumoxtran accu-
mulation with gadolinium enhancement in the remaining 15
patients, representative regions of interest (ROIs) were chosen
on the ferumoxtran-enhanced SE T1-weighted images in areas
of maximal, minimal, and absent ferumoxtran enhancement
and, for reference, in an area of normal-appearing brain. By
using the pre—ferumoxtran-enhanced fast SE T2-weighted and
the gadolinium-enhanced SE T1-weighted images, an ROI was
also obtained in the area of T2 signal intensity abnormality that
surrounded the gadolinium-enhancing tumor (ie, brain around
the enhancing tumor). The same areas of ROI were carefully
applied on each of the following images in the 15 patients:
pre—gadolinium-enhanced SE T1-weighted, gadolinium-
enhanced SE Tl-weighted, ferumoxtran-enhanced SE T1-
weighted, pre—ferumoxtran-enhanced fast SE T2-weighted,
ferumoxtran-enhanced fast SE T2-weighted, and ferumoxt-
ran-enhanced GRE T2*-weighted. Most patients were en-
rolled in the study after undergoing routine brain MR im-
aging with and without the gadolinium-based contrast agent;
this did not include a GRE T2*-weighted series. However,
two of the 15 patients underwent pre—ferumoxtran-enhanced
GRE T2*-weighted imaging; thus, on these images the same
areas of ROI were obtained. One patient underwent feru-
moxtran-enhanced echo-planar GRE T2*-weighted imaging,
another patient underwent ferumoxtran-enhanced echo-
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Demographics and imaging results
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Patient No./ Histologic Diagnosis Tumor Location USPIO Iron Uptake T1 Signal T2 Signal
Sex/Age (y) Intensity Intensity
Change Change
1/F/48 Metastatic large cell Cerebellum Ferumoxides - - -
carcinoma
2/M/46 Anaplastic oligodendraglioma R temporoparietal Ferumoxides +* + -
3/F/53 Meningioma L frontal Ferumoxides - - -
4/M/54 Gliblastoma multiforme L thalamus, parietal Ferumoxtran-10 + + +
5/M/55 Anaplastic oligodendraglioma L temporal Ferumoxtran-10 +* + +
6/M/54 Oligodendroglioma L frontotemporal Ferumoxtran-10 - - -
T/F/47 Hamartoma L temporal Ferumoxtran-10 +* + -
8/F/30 Medulloblastoma Cerebellum Ferumoxtran-10 +¥ + +
9/M/58 Anaplastic oligodendraglioma R temporoparietal Ferumoxtran-10 +1 + +
10/M/55 Squamous cell carcinoma Nasopharynx with Ferumoxtran-10 + + +
skull base invasion
11/M/50 Squamous cell carcinoma Nasopharynx with Ferumoxtran-10 + + +
skull base invasion
12/F/42 Meningioma L petroclival Ferumoxtran-10 +¥ + +
13/M/57 Oligodendroglioma R parietal Ferumoxtran-10 - - -
14/M/55 Anaplastic glioma L temporal Ferumoxtran-10 +* + -
15/F/54 Glioblastoma multiforme R temporoparietal Ferumoxtran-10 + + +
16/F/66 Glioblastoma multiforme R frontal Ferumoxtran-10 +1 + +
17/F/57 Anaplastic oligodendraglioma R frontal Ferumoxtran-10 +1 + +
18/M/54 Pituitary adenoma Intra- and suprasellar Ferumoxtran-10 + + +
19/M/39 Glioblastoma multiforme L fronto-opercular Ferumoxtran-10 + + +
20/M/46 Anaplastic oligodendraglioma R posterior temporal Ferumoxtran-10 +1 + +

Note.—L indicates left; R, right; +, yes; —, no.

* Iron accumulation was only minimal compared with gadolinium enhancement.
T Ferumoxtran enhancement as measured with ROI (see Methods) was regionally more prominent than gadolinium enhancement.

planar SE T2-weighted imaging, and in a third patient both
ferumoxtran-enhanced echo-planar SE T2-weighted and
echo-planar GRE T2*-weighted sequences were performed.

Signal intensities were measured in each ROI, and the signal
intensity values were normalized to normal brain for each
sequence, making a ratio by dividing the signal intensity value
in a specific ROI with the signal intensity value of the normal-
appearing brain area. The normalized quantitative signal intensity
values of the different ROIs for each sequence were analyzed and
compared, and the level of significance was determined by using a
paired-samples ¢ test. A P value of less than .05 was considered to
indicate a statistically significant difference.

Minimal signal intensity change was detected in only one of
the patients receiving ferumoxides; therefore, similar quantita-
tive measurements were not made in the three patients who
received ferumoxides.

Two neuroradiologists (P.V., G.N.) and a neurosurgeon
(E.AN.) reviewed the images, and a consensus was made if
there were different opinions regarding where to place the
specific ROIs. The above-described method ruled out the pos-
sibility for evaluation to be blinded for gadolinium-enhanced
images and ferumoxtran- or ferumoxides-enhanced images,
because the ROIs had to be chosen in areas of ferumoxtran
enhancement.

Biopsy specimens were immersion-fixed in neutral buffered
formalin for at least 24—48 hours, then imbedded in egg yolk-
gelatin. Serial vibratome sections (100 pm) from throughout
the biopsy specimens were assessed for iron localization. His-
tochemical staining for iron was performed by using the dia-
minobenzidine (DAB)-enhanced Perls stain, as described pre-
viously (15, 16); sections were counterstained with hematoxylin.

Results

Despite the presence of gadolinium enhancement
in all tumors, no sign of iron penetration into tumor

(ie, T1 or T2 signal intensity changes) was seen in two
of the three patients at either examination time after
the intravenous administration of ferumoxides with
the maximum clinically approved dose. One patient
who received ferumoxides had only a tiny area of
increased T1 signal intensity (much fainter and
smaller than the gadolinium-enhancing area) without
detectable T2 signal intensity change, consistent with
a very small amount of iron accumulation (Fig 1).

Fifteen of the 17 patients who received ferumoxtran
had T1 and/or T2 shortening consistent with iron accu-
mulation in the tumor (Figs 2-4). The hyperintense T'1
signal intensity changes were readily detectable, and the
hypointense fast SE T2 and GRE T2* signal intensity
changes were modest and more variable. The signal
intensity changes were stronger and extended into a
larger area on the 24-hour ferumoxtran-enhanced im-
ages compared with the 6-hour study (Fig 2).

In general, 13 of the 15 brain tumors had signal
intensity changes in the approximate region where
gadolinium enhancement was seen (Figs 2-4), but
three of the 13 patients (patients 9, 17, and 20) had
ferumoxtran enhancement even in areas of no gado-
linium enhancement (Fig 3, Table). Four of the thir-
teen patients (patients 8, 12, 16, and 17) had higher
normalized T1 signal intensity with ferumoxtran than
with the gadolinium chelate in the maximal ROI, and
four patients (patients 5, 8, 16, and 17) showed higher
normalized T1 signal intensity with ferumoxtran than
with the gadolinium chelate in the minimal ROI (Ta-
ble). Only the two low-grade oligodendrogliomas (Fig
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Fic 1. Patient 2 with anaplastic oligodendroglioma.

USPIO PARTICLES VERSUS GADOLINIUM 513

A, Gadolinium-enhanced SE T1-weighted image shows an intensely enhancing tumor nodule in the posterior right temporal lobe.
B and C, Four hours after ferumoxides infusion, SE T1-weighted image (B) shows only a tiny area of increased signal intensity (arrow),
whereas the GRE T2*-weighted image (C) demonstrates no decreased signal intensity (arrow). The rounded hypointense lateral region

in C is from a craniotomy plate.

Fic 2. Patient 5 with anaplastic oligo-
dendroglioma.

A and B, SE T1-weighted images ob-
tained 6 hours (A) and 24 hours (B) after
ferumoxtran infusion show progressive
peripheral and patchy central enhance-
ment in the left temporal tumor.

5) demonstrated no signal intensity changes (neither
T1 nor T2) with ferumoxtran (Table). The two naso-
pharyngeal carcinomas also revealed T1 and T2
shortening in the areas of abnormal gadolinium en-
hancement in the parapharyngeal area and in the
region of the involved skull base. The venous struc-
tures had variable T1 signal hyperintensity and per-
sistent T2 hypointensity due to the persistent blood
concentration of ferumoxtran secondary to its long
plasma half-life.

The T1 and T2 shortening effects of ferumoxtran
were obvious (Figs 6 and 7) with progressive accumu-
lation of the USPIOs from 6 to 24 hours (P < .05). In
the area of maximal ferumoxtran enhancement, the
degree of enhancement was similar and significant

(P < .001) with ferumoxtran and gadolinium, with no
significant difference between the ferumoxtran-en-
hanced SE T1 and gadolinium-enhanced SE T1 signal
intensities (Fig 6). In the area of minimal ferumoxt-
ran enhancement, both gadolinium (P < .001) and
ferumoxtran (P < .005) demonstrated significant en-
hancement compared with the precontrast images,
but gadolinium-enhanced SE T1-weighted images
showed higher signal intensity compared with that on
ferumoxtran-enhanced SE T1-weighted images (P <
.05) (Fig 6). In the area of maximal and minimal
ferumoxtran enhancement, significant decrease (P <
.001, P < .01, respectively) in signal intensity was seen
between the precontrast and ferumoxtran-enhanced
fast SE T2-weighted images (Fig 7).
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Fic 3. Patient 9 with anaplastic oligodendroglioma.

A and B, Nonenhanced (A) and gadolinium-enhanced (B) SE T1-weighted images of the right temporal tumor. The gadolinium-
enhanced image shows evidence of strong, lobulated peripheral enhancement with a central nonenhancing zone.

C, At 24 hours after ferumoxtran infusion, SE T1-weighted image demonstrates marked high signal intensity in a similar distribution
but with less peripheral lobulation compared with the gadolinium-enhanced image. Also note that the non-gadolinium-enhancing
central zone became isointense to white matter, suggesting some ferumoxtran accumulation.

D-F, Fast SE T2-weighted image obtained before ferumoxtran infusion (D) and fast SE T2-weighted (E) and GRE T2*-weighted (F)
images obtained 24 hours after ferumoxtran infusion show a heterogeneous tumor mass with peripheral decreased signal intensity that
is more prominent on the GRE T2*-weighted image. The distribution of the low-signal-intensity areas is similar to that of the
high-signal-intensity areas on the SE T1-weighted image in C.

G and H, Photomicrographs from histologic staining for iron (DAB-enhanced Perls stain). In G (original magnification X7.5; bar
indicates 1 mm), tumor (T) and reactive brain interface (RB) show the intense staining for iron at the periphery of the tumor. In H (original
magnification xX100; bar indicates 0.1 mm), cellular iron staining at the tumor-reactive brain interface shows iron uptake by the
parenchymal cells with fibrillar processes (arrows) rather than by the round tumor cells (7).
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Fic 4. Patient 12 with meningioma, after radiation therapy.

A and B, Nonenhanced (A) and gadolinium-enhanced (B) SE T1-weighted images. The image in B shows evidence of strong

enhancement, except in the central region.

C, At 24 hours after ferumoxtran infusion, SE T1-weighted image shows strong ferumoxtran enhancement in the less gadolinium-
enhancing central region and only minimal ferumoxtran enhancement in the surrounding intensely gadolinium-enhancing portion.

Fic 5. Patient 6 with oligodendroglioma.
A, Gadolinium-enhanced SE T1-weighted image shows a large left frontotemporal mass (arrow) with only small areas of enhancement
in its anterior aspect.
B and C, At 24 hours after ferumoxtran infusion, SE T1-weighted (B) and GRE T2*-weighted (C) images demonstrate no signal intensity
changes (arrow), indicating no accumulation of iron.

The lack of pre—ferumoxtran-enhanced GRE T2*-
weighted images in all but two patients did not allow
us to statistically compare the ferumoxtran-enhanced
GRE T2* signal intensities with the pre—ferumoxtran-
enhanced GRE T2* signal intensities. However, in the
minimal ferumoxtran-enhancing region and brain
around enhancing tumor, there were significantly lower
normalized signal intensities (P < .005, P < .05, respec-
tively) on GRE T2*-weighted images than on fast SE
T2-weighted images, with easier visual detectability of
T2 shortening on GRE T2*-weighted images (Fig 7). In
the two patients who also had nonenhanced and feru-
moxtran-enhanced GRE T2*-weighted images, we

could measure the percentage of signal intensity de-
crease, which was compared with the fast SE T2 signal
intensity decrease. The first patient showed 77% sig-
nal intensity decrease on GRE T2*-weighted images
and 65% signal intensity decrease on fast SE T2-
weighted images in the maximal ferumoxtran-enhanc-
ing ROI, and 55% signal intensity decrease on GRE
T2*-weighted images and 10% signal intensity de-
crease on fast SE T2-weighted images in the minimal
ferumoxtran-enhancing ROI. The second patient
demonstrated 62%, 38%, 30%, and 13.5% signal in-
tensity decrease, respectively. The four ferumoxtran-
enhanced echo-planar imaging studies revealed no
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Fic 6. Quantitation of SE T1-weighted MR images. Normalized
mean SE T1 signal intensity values with standard mean error in
areas of absent, minimal, and maximal ferumoxtran enhance-
ment in the tumor as well as in brain around tumor (BAT) (n = 15
patients). a indicates P < .05 for gadolinium (Gd) enhancement
compared with precontrast images; b, P < .05 for gadolinium
enhancement compared with ferumoxtran (Combidex) enhance-
ment; ¢, P < .001 compared with precontrast image; d, P < .005
compared with precontrast images.
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Fic 7. Quantitation of fast SE T2-weighted and GRE T2*-
weighted MR images. Normalized mean T2 signal intensity val-
ues with standard mean error in areas of absent, minimal, and
maximal ferumoxtran enhancement in the tumor as well as in
brain around tumor (BAT) (n = 15 patients). a indicates P < .01
compared with the precontrast fast SE (FSE) T2-weighted im-
ages; b, P < .005 comparing ferumoxtran (Combidex)-enhanced
GRE T2*-weighted images with ferumoxtran-enhanced fast SE
T2-weighted images; ¢, P < .001 compared with precontrast
fast SE T2-weighted images; d, P < .05 comparing ferumoxtran-
enhanced GRE T2*-weighted images with ferumoxtran-en-
hanced fast SE T2-weighted images.

clear signal intensity difference between the echo-
planar GRE T2*-weighted and echo-planar SE T2-
weighted images versus GRE T2*-weighted images,
and the susceptibility artifacts and geometric distor-
tion were more prominent with the echo-planar se-
quences.

Biopsy specimens from a patient given ferumoxtran
(patient 9, Table) were stained for iron histochemis-
try (Fig 3G and H). The close-packed blue nuclear
staining indicates the area of tumor; only scattered
cells demonstrated iron staining. Most of the staining
within the tumor was in cells with fine fibrillar pro-
cesses, suggesting an astrocytic or microglial deriva-
tion. Staining was much more dense at the periphery
of the tumor at the brain interface. At higher magni-
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fication, staining appeared to be in both neurons and
astrocytes. The pattern of histologic staining (Fig 3G
and H) correlated quite well with MR changes (Fig
3A-F), that is, marked signal intensity changes and
iron staining peripherally with minimal changes cen-
trally either at MR imaging or histologic examination.

Discussion

Lack of, or only minimal, tumor signal intensity
changes with ferumoxides in this study may be ex-
plained first by the structure of this iron oxide parti-
cle. The thin (3.3 nm) and incomplete dextran coating
results in rapid protein- and membrane-binding (op-
sonization) when in circulation and thus a short
plasma half-life. This hypothesis is also supported by
the fact that there were no detectable signal intensity
changes even in the case of the meningioma (patient
3), which does not have a BBB and is highly vascu-
larized, and yet it did not show iron accumulation.
Other features such as its relatively larger particle size
and the large variety in size (compared with ferumox-
tran) as well as its shape irregularity may also con-
tribute to ferumoxides being unable or only minimally
able to cross the incompetent BBB. Lack of or only
minimal tumor signal intensity changes on ferumox-
ides-enhanced images compared with gadolinium-en-
hanced images in our initial three patients led us to
discontinue the use of ferumoxides in our clinical stud-
ies, although it theoretically may better represent vi-
ruses that are also easily opsonized and are taken up by
the immune system cells. The almost five-fold smaller
dose of ferumoxides than ferumoxtran might also play a
role in the minimal or no enhancement seen with feru-
moxides, but the administered doses were the largest
clinically approved doses we could use.

Ferumoxtran showed signal intensity changes in
most of the gadolinium-enhancing regions, consistent
with USPIO accumulation in the tumors. Thicker
(8-12 nm) and complete dextran coating of this iron
oxide particle prevents it from reacting with plasma
proteins and membranes. The somewhat smaller and
more uniform size, compared with that of ferumox-
ides, may improve the ability of the ferumoxtran iron
oxide particles to cross the damaged BBB (endothe-
lial junctions and basement membrane) (15). A long
plasma half-life (25-30 hours) may create enough
time for these iron oxide particles to “search for” the
most leaky areas of the damaged BBB, and because of
their uniform size, more iron oxide particle may cross
the BBB resulting in good detectability with MR
imaging.

In brain, signal intensity changes versus iron oxide
concentration has been studied in detail (15).
Whereas iron uptake results in continuous T2 short-
ening with higher concentrations (ie, decreased signal
intensity on T2-weighted images), the T1 shortening
effect (ie, increased signal intensity on T1-weighted
images) peaks at lower concentrations and then de-
creases with higher concentrations, and in cases of
very high concentrations of iron, slight decreased sig-
nal intensity can be found. Iron oxide particles are
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much more effective in MR relaxation than their
more common paramagnetic (gadolinium) counter-
part (24) and can be detected in vivo at lower con-
centrations down to 1 pg (15, 16). In the current
series, ferumoxtran resulted in increased T1 and de-
creased T2 signal intensity; thus, at the applied doses,
the iron accumulation is not concentrated enough to
cause decreased T1 signal intensity.

The findings from this study corroborate the obser-
vation of Enochs et al (17) that different pathologic
tissues can show different enhancement with distinct
classes of MR contrast agents. It is widely accepted
that BBB breakdown may be variable not only in the
case of different histologic types of tumors but also
within one tumor mass (25-27). The question remains
of the mechanism and the necessary conditions for
enhancement by different contrast agents other than
gadolinium-based contrast agents. It is reasonable to
assume that even if the BBB becomes incompetent
for low-molecular-weight gadolinium, it does not nec-
essarily mean that it is leaky enough to allow larger
sized particles (ferumoxtran) to enter the interstitium
(27). Ferumoxtran accumulation (enhancement) may
also be related to cell metabolic activity. Studies have
shown that metabolically active cells such as malig-
nant glial cells take up the iron oxide particles by
endocytosis in vitro (21). Some investigators (17-20)
have also demonstrated that this iron uptake by ma-
lignant glial cells may also occur in vivo, but according
to our animal experiments tumor cell uptake of feru-
moxtran in vivo is often poor. Further studies are
necessary to determine the exact location of iron
particles in the tumor and in adjacent tissues in vivo.

Ferumoxtran enhancement also seems to depend
on the amount of parenchymal cells capable of taking
up the iron particles. Histologic staining of the tumor
and brain around enhancing tumor (Fig 3G and H)
from a patient with distinct ferumoxtran enhance-
ment (Fig 3A-F) showed iron uptake by scattered
cells within the tumor and strong iron staining at the
tumor periphery and brain around enhancing tumor.
Although some stained cells may be tumor, as evi-
denced by small round morphology, most staining is
found in cells with fine fibrillar processes with astro-
cytic morphology. The results suggest that two major
phenomena come into play for ferumoxtran enhance-
ment. First is crossing the BBB, allowing passage of
ferumoxtran from the intravascular space. Second is
the presence of parenchymal cells capable of accumu-
lating the ferumoxtran particles. Absent or minimal
ferumoxtran enhancement in areas within tumor that
show gadolinium enhancement may thus be due to a
variably incompetent BBB for the smaller gadolinium
and the larger ferumoxtran molecules and/or a vari-
able presence or ability of the cells that take up iron.
Further evaluation of these hypotheses with multiple
tumor samples is underway.

Only in the two low-grade oligodendrogliomas (pa-
tients 6 and 13, Fig 5) was there no sign of ferumox-
tran penetration into the tumor despite the evidence
of BBB breakdown by gadolinium enhancement. The
hamartoma (patient 7) had only slight ferumoxtran
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enhancement compared with the more prominent
gadolinium enhancement, and this faint ferumoxtran
enhancement occurred in the gadolinium-enhancing
areas. The difference between gadolinium and feru-
moxtran enhancement in these low-grade gliomas
(patients 6, 7, and 13) may be the result of the above-
described possible mechanisms.

The meningioma (patient 12, Fig 4) demonstrated
variable ferumoxtran enhancement despite promi-
nent gadolinium enhancement. This could suggest
either variable vascular endothelium barrier much
more permeable to the gadolinium chelate than to the
larger ferumoxtran, except in its central portion, or
the lack of parenchymal cells capable of trapping
ferumoxtran. In patient 14, the anaplastic glioma
showed just scattered areas of ferumoxtran enhance-
ment within the more homogeneously gadolinium-
enhancing tumor. These two cases, in which the pa-
tients underwent radiation therapy, suggest that prior
radiation may have had an effect on the vascular
endothelium, causing endothelial proliferation, and
thereby impeded ferumoxtran penetration (28). A
large pituitary tumor (patient 18) also showed only
modest ferumoxtran enhancement despite excellent
gadolinium enhancement, which may be primarily a
reflection of only a few cells capable of taking up the
iron within the tumor.

The presence of ferumoxtran enhancement in re-
gions of no gadolinium enhancement (patients 9, 17,
and 20) may suggest a separate mechanism of passing
across the BBB than the intercellular junctions. Pa-
tient 20 with anaplastic oligodendroglioma showed
significantly increased T1 and decreased T2 signal
intensities in the brain around enhancing tumor,
where gadolinium enhancement could not be ob-
served at all. Although the time interval between the
two images was 26 days and there was mild interval
progression both in size of the solid tumor and mass
effect, this ferumoxtran enhancement occurred
clearly in areas of increased T2 signal intensity in the
white matter, where 26 days before no gadolinium
enhancement was seen. However, the solid tumor
demonstrated less ferumoxtran enhancement than
gadolinium enhancement. Ferumoxtran does not
cross the intact BBB even in much higher doses with
intraarterial administration (15). Three possibilities
or a combination thereof may account for this phe-
nomenon. First, an accumulation mechanism may ex-
ist for ferumoxtran but not for gadolinium. Second,
ferumoxtran may extend from gadolinium-enhancing
to non-gadolinium-enhancing regions by means of
diffusion (less likely), convection, and/or intracellular
transport (more likely) (15). Third, ferumoxtran may
cross the endothelium by a distinct mechanism other
than the intercellular junctions in these regions. An-
imal studies and/or larger patient series will be
needed to address this issue.

The other previously mentioned finding that re-
quires further evaluation is the intensive peripheral
ferumoxtran accumulation rather than accumulation
in the center of tumor. In assessing invasive breast
cancer, Harms et al (29) also reported the accumula-
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tion of ferumoxtran primarily in the reactive cells at
the tumor-normal tissue interface at histologic and
MR imaging examinations of the breast as we did at
our histologic and MR imaging examinations of brain
(Fig 3).

In all of the ferumoxtran-enhanced tumors, the
tumor margins were sharp without detectable differ-
ence in sharpness on the 6- or 24-hour ferumoxtran-
enhanced images. This observation is in agreement
with the study of Enochs et al (17). Both the gado-
linium chelate and USPIO particles can extravasate
and accumulate in the tumoral interstitium; however,
the gadolinium chelate will diffuse over time into the
surrounding brain to a much greater degree than will
ferumoxtran, presumably owing to the larger size,
decreased diffusion coefficient, and cellular uptake of
ferumoxtran. Long-lasting as well as better delinea-
tion of the tumor with ferumoxtran, in contrast to the
gadolinium chelate, raises the possibility of the appli-
cation of this iron oxide particle for preoperative and
intraoperative surgical planning and postoperative as-
sessment of surgical resection. Indeed, it is intriguing
that in an animal model by Knauth et al (30), intra-
venously administered monocrystalline iron oxide
nanoparticles (MION) did not cause high signal in-
tensity on T1-weighted images in the normal or the
postoperative brain after superficial electrocoagula-
tion or deep ablation, which is a problem with gado-
linium chelates. Gadolinium enhancement caused by
surgical BBB damage makes it difficult to correctly
differentiate between residual tumor and postopera-
tive enhancement. This difference may make feru-
moxtran especially useful for intraoperative or post-
operative MR imaging to assess the degree of
resection.

Finally, virus-mediated gene therapy is a promising
treatment for brain tumors. Delivery of viruses across
the BBB to the tumor and brain around the tumor is
one of the major obstacles; however, direct interstitial
instillation and systemic infusion with BBB disruption
have been proposed (15). Preclinical studies have been
carried out with MION, which is the preclinical grade
preparation of ferumoxtran. According to the results of
studies with the co-injection of adenovirus and MION
(with BBB disruption or intracerebral inoculation), it
appears that the volume of distribution is very similar
(31). Intracellular MION has already been detected
in rodent neurons and pericytes by electron micros-
copy after intraarterial administration, with BBB dis-
ruption (15, 16). Similarly, intracellular adenovirus
has been demonstrated by immunostaining for trans-
genic protein expression after intraarterial adminis-
tration, with BBB disruption (31). The current study
showed that intravenously administered viral-sized
USPIO particles do accumulate in tumors, and they
were demonstrated histologically in the tumor and in
the tumor-brain interface both intracellularly and in-
terstitially (Fig 3G and H). Because the size of the
USPIO particles is similar to the size of small viruses
and both USPIO and adenovirus have been demon-
strated intracellularly, these iron oxide particles may
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serve as an important model to evaluate potential
transvascular as well as interstitial vector delivery.

Conclusion

We showed that ferumoxtran, in contrast to feru-
moxides, can be used as an intravenous contrast agent
for MR imaging of intracranial tumors; however, its
utility in brain tumor imaging needs further study.
Enhancement with ferumoxtran was comparable to
but more variable than that with the gadolinium che-
late, and previous radiation therapy may have an
effect on ferumoxtran accumulation. All of the ma-
lignant tumors showed ferumoxtran enhancement,
but more studies are needed to determine the degree
of ferumoxtran accumulation in low-grade gliomas.
For intraaxial tumors, ferumoxtran enhancement
seems to be dependent on both the degree of BBB
incompetency and the number of parenchymal cells
within and around the tumor able to trap it. For
extra-axial tumors, which do not have a BBB, feru-
moxtran accumulation (enhancement) may mainly
depend on the presence of parenchymal cells capable
of taking up the iron particles, though altered vascu-
lar endothelium secondary to radiation therapy may
also be a factor. Histologic examination showed sim-
ilar distribution of the ferumoxtran particles as seen
on MR images, that is, primarily at the tumor margin,
with less central localization. Also, the intratumoral
demonstration of ferumoxtran after intravenous ad-
ministration may enable this iron oxide particle to be
used as a marker for viral vector delivery in malignant
brain tumors. The changes of increase in signal inten-
sity on the 24-hour ferumoxtran-enhanced images
compared with that of the 6-hour images better de-
lineate iron accumulation and decrease the blood-
pool effect, although extending that to 48 or 72 hours
(two or three half-lives) may further increase this
effect. As expected, the most striking signal intensity
changes could be observed on the SE T1- and GRE
T2*-weighted images, suggesting these sequences
might be the best to evaluate iron accumulation. In
addition, ferumoxtran signal intensity changes that
persist for at least 24 hours may render advantages
over gadolinium enhancement for intraoperative MR
imaging as well as postoperative assessment of surgi-
cal resection.
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