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Iron Particles Enhance Visualization of
Experimental Gliomas with
High-Resolution Sonography

Ingo Nolte, Giles H. Vince, Mathias Maurer, Christian Herbold, Roland Goldbrunner,
Laszlo Solymosi, Guido Stoll, and Martin Bendszus

BACKGROUND AND PURPOSE: Intraoperative MR imaging and sonography are used for
navigation during neurosurgical procedures. The purpose of this experimental study was to
evaluate the potential of high-resolution sonography using superparamagnetic iron oxide
(SPIO) particles as a contrast medium to delineate brain tumors and to relate these findings
with those of MR imaging.

METHODS: C6 gliomas were implanted in 36 rats. Eleven days after tumor implantation, the
animals underwent MR imaging with a 1.5-T MR imaging unit. Twelve animals received
gadopentetate dimeglumine immediately before the MR examination, 12 animals were injected
with SPIO particles 24 hours before MR imaging, and 12 animals received no contrast agent.
Immediately after MR imaging, the animals were sacrificed and their brains were removed and
placed in saline. Sonography was performed instantly after brain removal. Brains were em-
bedded in paraffin, and sections were stained for iron with Perl’s stain and for macrophages
with ED-1 immunohistochemistry.

RESULTS: At MR imaging, the tumors appeared hyperintense on T2-weighted and gadolin-
ium-enhanced T1-weighted images. After application of SPIO particles, they became markedly
hypointense on T2-weighted images and hypo- to hyperintense on T1-weighted images. On
sonograms, gliomas were iso- to slightly hyperechoic to normal brain parenchyma on nonen-
hanced and on gadolinium-enhanced images. After application of SPIO particles, tumors
became markedly hyperechoic and were distinctly demarcated from the surrounding brain
tissue.

CONCLUSION: SPIO particles improved the detection and demarcation of the experimental
gliomas on sonograms, which may improve intraoperative neuronavigation with sonography.

The treatment of choice for malignant gliomas is
tumor resection followed by adjuvant radiation ther-
apy and/or chemotherapy. The extent of surgical tu-
mor removal has an effect on tumor regrowth and
patient prognosis (1). Intraoperative MR imaging has
been shown to reduce the amount of residual tumor
tissue in glioblastomas (2). Several clinical studies
also report on the value of sonography in the intra-
operative resection control of brain tumors (3-5). In
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addition, residual tumor mass delineated by sonogra-
phy correlates with postoperative survival of patients
with high-grade gliomas (6). In general, brain tumors
are slightly hyperechoic on intraoperative sonograms;
however, in a substantial number of cases the tumor
margins are poorly defined on sonograms (4, 5). Su-
perparamagnetic iron oxide (SPIO) particles have
been shown to accumulate both in experimental as
well as in human gliomas (7, 8). Our purpose was to
evaluate the potential of high-resolution sonography
using SPIO particles as a contrast medium to delin-
eate brain tumors and to relate these findings with
those of MR imaging.

Methods

Tumor Implantation
The C6 rat glioma cell line was purchased from the Amer-
ican Type Culture Collection (Rockville, MD). Clones were
grown as a monolayer in 75-mL flasks in Dulbecco’s minimum
essential medium supplemented with 10% fetal calf serum
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(Flow Laboratories), 100 U/mL penicillin, and 100 mg/mL
streptomycin (Flow Laboratories). Cells were grown at 37°C,
5.0% CO,, and 100% humidity. Reaggregations of in vitro
monolayer tumor cells (spheroids) were produced by seeding
5 X 106 cells into a 75-mL flask that had been coated previ-
ously with 1.0% Noble agar (Difco, Detroit, MI) covered by a
liquid medium overlay (9). Spheroids were screened for signs
of necrosis by using inverted light microscopy to avoid confu-
sion of in vitro tumor necrosis with in vivo tumor necrosis (in
vivo, the spheroid can recruit tumor vessels and can thereby
grow to a larger size before necrosis occurs [9]). Necrotic
centers were observed when a diameter of more than 400-500
wm was reached. After 5 days, spheroids of each clone with a
diameter of 400 um and without a necrotic core were selected
for implantation.

All experimental procedures were approved by the animal
care committee of the University of Wiirzburg and in accor-
dance with the State of Bavaria guidelines for the care of
laboratory animals. The hosts were 36 male Sprague-Dawley
rats weighing 300-350 g. They were kept on a regular daylight
schedule with rodent animal chow and water ad libidum. For
implantation surgery, each animal was deeply anesthetized with
an intramuscular application of ketamine 100 mg/kg (Ketanest;
Parke-Davis, Morris Plains, NJ) and xylazine 10 mg/kg
(Rompun; Bayer Vital, Leverkusen, Germany). The head was
mounted in a headholder, and a midline skin incision was
performed. The skull was trephined at the bregma, and the
dura was exposed. The dura was then excised around the bone
under microscopic control to prevent vascularization by dural
vessels. The pia and the cortex were incised in an X shape with
a microscalpel. A single spheroid was then placed subcortically
into the X-shaped incision.

MR Imaging Measurements

All measurements were performed with a 1.5-T unit (Vision;
Siemens, Erlangen, Germany) by using a round surface coil
(diameter 4 cm). Animals were deeply anesthetized with an
intramuscular application of ketamine 100 mg/kg (Ketanest;
Parke-Davis) and xylazine 10 mg/kg (Rompun; Bayer Vital). In
12 animals, gadopentetate dimeglumine 0.2 mL/kg (Magnevist;
Schering, Berlin, Germany) was injected before the MR exam-
ination. Twelve animals had received SPIO particles (Resovist
300 umol/kg of body weight; Schering) 24 hours before imag-
ing, and 12 animals received no contrast agent. SPIO particles
are mostly taken up by the reticuloendothelial sytem of liver
and spleen (10) and are therefore mainly used for hepatic
imaging. A minor portion is taken up by circulating macro-
phages that subsequently leave the circulation and can be
visualized with MR imaging because of their strong paramag-
netic effect (11). The MR protocol consisted of T2-weighted
(2500/96 TR/TE) and T1-weighted (600/14) turbo spin-echo
sequences in the coronal plane (60-mm FOV, 3-mm section
thickness). The section position was perpendicular to the skull
base.

Sonography

After the MR examinations, animals were euthanized by
intracardiac injection of pentobarbital 50 mg/kg under deep
ketamin anesthesia. The brains were rapidly and carefully re-
moved and placed into a water tank on a navigable mechanical
table. Sonography was performed ex vivo by using a color-
coded, phased-array sonographic system (Sonoline Elegra; Sie-
mens) equipped with a VX 13.5 13-MHz transducer with an
emission frequency of 12 MHz. The axial resolution in the
focus zone is about 0.7 mm. The sonographic system indexes
chosen were penetration depth 1.5 cm, dynamic range 60 dB,
low persistence, focus length 1 cm. Image brightness and gain
(26 dB) were not changed for sonification of the different
groups. The sonographic transducer was fixed directly above
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the brain, which was imaged in coronal and sagittal planes by
continuously moving the tank with the mechanical table.

Histologic Examination

Brains were immersed in 4% paraformaldehyde and embed-
ded in paraffin. Then, 10-wm coronal sections were cut through
the cortical hemispheres and stained with Perl’s stain for iron
detection and either counterstained with hematoxylin-eosin or,
in addition, stained for macrophages by immunohistochemistry
by using the monoclonal antibody ED-1, as described in detail
elsewhere (12).

Results

Both on sonograms and MR images, the tumors
appeared round to ellipsoid (Fig 1). Imaging charac-
teristics are summarized in the Table. On nonen-
hanced MR images, the tumors were isointense on
T1-weighted images and predominantly hyperintense
on T2-weighted images, whereas on sonograms they
were slightly hyperechoic to the surrounding brain
parenchyma. After application of gadopentetate
dimeglumine, the lesions revealed a marked contrast
enhancement. On T2-weighted MR images and sono-
grams, the signal intensity and echogenicity, respec-
tively, were unchanged compared with that on non-
enhanced images. Twenty-four hours after systemic
SPIO application, the tumors revealed a predominant
hypointensity on T2-weighted images and a mixed
hypo- to hyperintensity on T1-weighted images. On
sonograms, the application of SPIO particles mark-
edly increased tumor hyperechogenicity. This was
most pronounced at the tumor margins where the
glioma was sharply demarcated from the surrounding
brain tissue. Two brains underwent additional his-
tologic analysis. After Perl’s stain, islets of blue
iron-positive cells with the typical morphology of
tumor cells were detectable within the tumor pa-
renchyma (Fig 2, A). In addition, small iron-posi-
tive cells were found diffusely within the tumors,
and more prominently at their margins (Fig 2B).
Most of these scattered iron-positive cells could be
identified as ED-1-positive macrophages by double
labeling (Fig 2C and 2D).

Discussion

Intraoperative neuronavigation and image-guided
resection control have gained importance during the
past years. The most commonly applied intraopera-
tive imaging modalities include MR imaging and
sonography. In the present study, we compared the
imaging characteristics of experimental glioma with
different imaging modalities (nonenhanced MR im-
aging and sonography, gadolinium-enhanced MR im-
aging and sonography, SPIO-enhanced MR imaging
and sonography) in order to compare tumor visual-
ization and demarcation of the tumor edges.

As a principal and novel finding, we have shown
that SPIO administration increases tumor echogenic-
ity on sonograms. On nonenhanced sonograms, glio-
mas have been reported to appear iso- to hyperechoic
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Fic 1. A-M, MR images (T2-weighted, 2500/96; T1-weighted, 600/14), sonograms (US), and photomicrographs of paraffin sections

(hematoxylin-eosin stain; original magnification, X2) of C6 glioma in rat brain. Each row shows the different modalities in one animal.
Images in the first row (A-D) were obtained without contrast media, the second row of images (E-H) was gadolinium-enhanced, and
images in the third row (J-M) were SPIO-enhanced.

A-D, On the nonenhanced images, the C6 glioma is predominantly hyperintense on the T2-weighted image (A) and isointense on the
T1-weighted image (B). On the sonogram (C), the tumor appears iso- to slightly hyperechoic to brain tissue. With hematoxylin-eosin
staining (D), the corresponding area is clearly identifiable.

E-H, After injection of gadopentetate dimeglumine, the tumor is hyperintense on the T1-weighted image (F) and reveals similar
characteristics on T2-weighted image (E), sonogram (G), and hematoxylin-eosin staining (H) to those of the tumor on nonenhanced
images.

J-M, Twenty-four hours after injection of SPIO particles, the tumor is inhomogeneously hypo- to hyperintense on T2-weighted (J) and
T1-weighted (K) images. On the sonogram (L), the tumor appears inhomogeneously hyperechoic to brain tissue with hyperechogic
margins.

Imaging characteristics of the 36 experimental gliomas

Hyperechogenicity on Hypointensity on T2-

Sonogram™ . Weighted MR Image*
Size of Tumor on
Contrast Agent - + ++ Sonogram (cm?)" - + ++
SPIO particles (n = 12) 1 3 0.11 = 0.06 1 6 5
Gadopentetate dimeglumine (n = 12) 9 3 0.18 0.1 12 0 0
None (n = 12) 9 2 0.15 = 0.08 12 0 0

Note.—The — indicates absent; +, moderate; ++, extensive
* Data are number of tumors.

" Data are mean = SD. Tumor size on sonogram was measured as maximal coronal area.

(3, 4, 13) to the surrounding brain tissue. Especially
on intraoperative sonograms, tumor demarcation can
be difficult because blood clots in the resection cavity
and superimposing tissue margins may also be slightly
hyperechoic (5). Moreover, tumor echogenicity may
not differ significantly from that of surrounding nor-
mal brain tissue (3, 4).

Intraoperative MR imaging has been shown to in-
crease the extent of tumor resection in patients with
high-grade glioma (14). Nevertheless, intraoperative
imaging has several limitations including brain shift
(15-18) and surgically induced extravasation of gad-
olinium-based contrast agents, potentially mimicking
residual tumor (19, 20). Ultrasmall iron oxide parti-

cles have been suggested as a possible solution for the
latter problem since they are applied preoperatively
and are already cleared from the blood pool at the
time of surgery (21).

Previous experimental and clinical studies have
shown an increase of tissue echogenicity due to local
iron deposition. Stereotactically injected FeCl3 into
rat substantia nigra causes hyperechogenicity (22). In
a postmortem brain analysis of 20 patients without
extrapyramidal disorders, hyperechogenicity of the
substantia nigra on sonograms was related to a higher
tissue iron level (23). The change of impedance is
generally accepted as the mechanism of iron-induced
hyperechogenicity, though additional effects such as
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Fic 2. A-D, Histologic and immunohisto-
logic localization of iron, tumor cells, and
macrophages. Photomicrographs (original
magnification, X500 [A, C, and D] and X330
[B]) of paraffin sections stained with Perl’s
stain (A and B) for detection of SPIO parti-
cles show iron-laden tumor cells in the cen-
ter of the tumor in A and mostly mononu-
clear cells in the periphery of the tumor in B.
These cells represent iron-labeled macro-
phages as shown by double labeling with
the antibody ED-1 (C). The black-appearing
(due to overlap of blue and brown staining
product) macrophages in C show discern-
ible blue staining for iron and brown ED-1
immunoreactivity in D when the same sec-
tion is examined by using a different optic
filter of the microscope (identical cells are
marked by arrows).

the specific molecular environment may play a role as
well, as ferritin does not show a comparable hypere-
chogenic effect (22).

Uptake of iron particles in experimental and hu-
man glioma (7, 8, 24-28) has already been demon-
strated both on MR images and at histologic exami-
nation. In the view of these previous findings, we
tested the effect of systemic iron particle application
on tumor echogenicity on sonograms. Administration
of iron particles induced an increase of echogenicity
on sonograms compared with nonenhanced sono-
grams, thereby demarcating the tumor margins from
the surrounding brain tissue. In a clinical setting,
sonography may assist in tumor resection.

Even though the increase in tumor visualization on
sonograms was obvious, some potential limitations
have to be considered. In the present study, we have
shown that iron particles can be used to enhance
echogenicity on sonograms in a rat brain tumor
model. However, the C6 glioma model—although
one of the most recognized models for human glio-
blastoma— does not adequately reflect the infiltrating
nature of the human glioblastoma. Because of this

AJNR: 26, June/July 2005

R e‘ -’--.';\4-1“;.
; ' a*i Sl

4 ' [
\ ¢ VAR
Y E' ‘; ,.‘fx.

D&

limitation, we were not able to prove that SPIO par-
ticles can be used to delineate infiltrating glioma cells.
Nevertheless, Varallyay et al (7) and Enochs et al (29)
reported that infiltrating human glioma could effec-
tively be labeled by iron particles as shown on MR
images.

Second, controversy appears in the literature re-
garding the specific type of cell within the tumor that
takes up the iron particles. Zimmer et al (8, 24)
reported in vivo uptake of monocrystalline iron oxide
nanoparticles (MIONs) exclusively in gliosarcoma
cells. Moore et al (25) quantified in vivo MION up-
take in GFP-expressing 9L glioma and found labeled
MION to be co-localized predominantly with GFP-
expressing tumor cells and, to a lesser degree, within
tumor-associated macrophages and tumor vascular
endothelium. Fleige et al (28) used labeled ultrasmall
SPIO in GFP-expressing F98 glioma cells in vivo and
detected the ultrasmall SPIO predominantly in mi-
croglia and macrophages but hardly in tumor cells.
Varallyay et al (7) applied ferrumoxtran in 17 patients
with different histologic types of brain tumors and
found tumor iron enhancement in 15 cases. In one
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patient with an anaplastic oligodendroglioma, histo-
logic work-up revealed most iron staining in cells with
astrocytic morphology and, to a lesser degree, in tu-
mor cells. In our study, accumulation of systemically
applied SPIO particles occurred in both tumor cells
and macrophages, with the latter predominantly lo-
cated at the tumor margins. Tumor cells could be
identified on the basis of their typical morphology,
and macrophages by double labeling with the mono-
clonal antibody ED-1. Therefore, we believe that the
capsule-like appearance on SPIO-enhanced sono-
grams is due to iron particles within macrophages.
Uptake of SPIO particles in macrophages is consis-
tent with our previous findings in neurodegeneration,
cerebral ischemia, and autoimmune disorders of the
nervous system (12, 30, 31). Most important, we could
show that the presence of iron-laden macrophages in
these neurologic disorders reflected recent infiltra-
tion from the circulation into the nervous system,
whereas resident macrophages/microglia were not la-
beled. Although tumor cells clearly must have taken
up SPIO particles locally within the brain, it is very
likely that iron-laden macrophages represent an acute
inflammatory response from the circulation. Thus, at
the present stage, sensitivity and specificity of iron
enhancement is limited, a problem well known from
nonenhanced and contrast-enhanced CT and MR im-
aging (32-36); however, as proof of principle we were
able to show that SPIO particles improve the detec-
tion and demarcation of experimental glioma on
sonograms.

Moreover, detection of iron particles on MR im-
ages is also possible in extracerebral human tumor
cell lines (breast carcinoma, colon carcinoma, and
small lung cell carcinoma [25]). Our results imply that
SPIO particles may also improve sonographic delin-
eation in extracerebral tumors that show SPIO-en-
hancement on MR images.

More experimental data are needed to exactly clar-
ify the mechanism of iron uptake in tumor cells and
macrophages in glioma before a clinical application
can be considered.

Conclusion

The intravenous injection of SPIO particles im-
proved the detection and demarcation of experimen-
tal gliomas on sonograms. This finding may assist
intraoperative neuronavigation with sonography.
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