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Histologic Distribution and Characteristics on MR Imaging
of Ultrasmall Superparamagnetic Iron Oxide in
Ethyl-nitrosourea-induced Endogenous Rat Glioma

Atsuko Yamamoto', Kai Takaki?, Shigehiro Morikawa?, Kiyoshi Murata?,
and Ryuta Ito*’

Purpose: (1) To evaluate the enhancement patterns of an ultrasmall superparamagnetic iron oxide contrast
agent (USPIO-CA) compared with those of a gadolinium-based contrast agent (Gd-BCA). (2) To compare
the histologic distribution of USPIO-related iron particles (USPIO-IPs) with the USPIO-enhancement area
in the early vascular and in the cellular imaging phase (E- and L-phase, respectively) after intravenous
CA administration.

Methods: We performed USPIO-enhanced MRI of N-ethyl-N-nitrosourea (ENU)-induced endogenous
rat glioma, including spin-echo (SE) T,-weighted images (T,WIs) and gradient-recalled-echo (GRE)
T,-weighted images (T,WIs), before and at 3-6 h after USPIO-CA administration for E-phase images. For
L-phase images, MRI was performed at 16-19 and 62-69 h after administration. Two observers determined
the USPIO-enhancement area on E-phase images and Gd-enhancement areas. We compared the USPIO-
enhancement size (USPIO-ES) and Gd-ES on SE T, WTIs, and the hypo-intense USPIO-ES on GRE T,WIs
and Gd-ES using the Wilcoxon signed-rank test. In addition, two raters visually evaluated the correspon-
dence between the histologic distribution of USPIO-IPs and the USPIO-enhancement area on corresponding
GRE T,WIs at each phase using a 3-rating scale.

Results: Significantly smaller hyper-intense, hypo-intense and combined hyper-/hypo-intense areas were
observed on USPIO-enhanced SE T, WIs compared with Gd-enhanced images (all P < 0.001). The hypo-
intense USPIO-ES on GRE T,WIs was significantly smaller than the Gd-ES (P = 0.001). The distribution of
USPIO-IPs on histopathological specimen and USPIO-enhancement on GRE T,WIs exhibited poor agree-
ment in 5 of 9 tumors with enhancement from rats sacrificed early. The distribution of microglia con-
taining USPIO-IPs corresponded with the pattern of USPIO-enhancement in the 2 tumors with late
enhancement.

Conclusion: The enhancement pattern and size of USPIO-CA in a rat glioma model were statistically dif-
ferent from those of Gd-BCA. Our histological data suggests that USPIO-enhanced MRI offers vascular bed
imaging in E-phase and might depict the intra-tumoral distribution of immune effector cells in L-phase.
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Gliomas are common primary brain tumors and sometimes
show aggressive behavior with a very poor prognosis.' Clini-
cally, contrast-enhanced (CE) MRI using gadolinium-based
contrast agents (Gd-BCAs) enables evaluation of the aggres-
siveness of gliomas by assessing vascular factors of the
tumors, such as the intra-tumoral vascular bed volume and
degree of blood-brain barrier (BBB) disruption.?
Ultrasmall superparamagnetic iron oxide (USPIO) parti-
cles have been developed for use as a contrast agent in CE
MRIL*!" These nanoparticles are based on magnetite (Fe,0,)
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or maghemite (yFe,O,) cores coated with materials such as
dextran, which range from 10 to 50 nm in hydrodynamic
diameter.” Human clinical studies and experiments involving
murine glioma models have revealed some attractive features
of USPIO contrast agents (USPIO-CAs) when compared with
Gd-BCAs.c!% Furthermore, because Gd-BCAs pose the risk
of nephrogenic systemic fibrosis in patients with severe renal
dysfunction and have recently been reported to result in Gd-
deposition in the brain, USPIO-CAs have attracted interest as
an MR contrast agent.!! Since USPIO-CAs remain in the
intravascular space due to their relatively larger particle size
compared with Gd-BCAs, dynamic MRI using USPIO-CAs
may provide more accurate vascular parameters than dynamic
MRI using Gd-BCAs.”!% This may enable more accurate
determination of tumor grade and monitoring of the efficacy
of antiangiogenic chemotherapy. As well as intravascular
contrast agents, another interesting application of USPIO-
CAs is in cellular imaging. The USPIOs are ingested by
phagocytic cells such as reactive astrocytes including micro-
glia. Microglia play an important role in glioma progression
and are an attractive target for multi-modal therapy targeting
malignant gliomas.!? Therefore, CE MRI with USPIO-CAs is
a novel technique, which shows potential for monitoring the
immune environment and immunotherapy of gliomas.®’

We performed sequential USPIO-enhanced MRI of a rat
glioma model to evaluate the early vascular imaging phase
(E-phase) and the late cellular imaging phase (L-phase) fol-
lowing intravenous USPIO-CA administration. Since we used
a rat N-ethyl-N-nitrosourea (ENU)-induced endogenous
glioma model, despite difficulties in controlling tumor behavior
including location, size, and grading, we eliminated the poten-
tial for artificial modification of inflammatory reactions caused
by implantation or grafting of tumors. Therefore, we could
simulate the complex immune environment of brain tumors
more accurately than the exogenous models used in previous
reports.'3 The purpose of this study was to elucidate whether
USPIO-CA is a valid alternative to Gd-BCA in medical MRI
by evaluating the following: (i) tumor enhancement patterns
revealed by USPIO-CAs compared with Gd-BCAs, (ii) time
course of the enhancement patterns on various sequences and
(iii) time course of histologic localization of USPIO-IPs.

Materials and Methods

Animal model

Tumors were induced in Fischer 344 rats (CLEA Japan,
Tokyo, Japan) by transplacental exposure of litters to ENU
(50 mg/kg; 20 mg/mL in 0.2M phosphate-buffered saline
[PBS]; N85109-5G, Sigma-Aldrich Japan, Tokyo, Japan). The
study was performed on 20 offspring rats aged 4-8 months. To
check induced tumor development, rats were initially imaged
at 3 months of age and then every 1 or 2 weeks depending on
tumor size. All experiments complied with the National Insti-
tute of Health’s Guide for the Care and Use of Laboratory Ani-
mals and the Animal Care Guidelines of our institution.
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Magnetic resonance imaging

We used a horizontal 7-Tesla MR scanner (Unity Inova
Vnmr] 1.1c; Agilent, Santa Clara, CA, USA) with a super-
conducting magnet with a 40-cm clear bore (7.0-T/400 mm;
Japan Superconductor Technology, Kobe, Japan) and a
12-cm bore actively shielded gradient coil capable of pro-
ducing magnetic field gradients up to 400 mT/m (Magnex
Scientific Ltd., Abingdon, UK). A 43-mm-diameter home-
made coil was used to receive radiofrequency.

Rats were anesthetized during imaging procedures using
2.0-2.5% isoflurane in 40% oxygen and 60% room air
through a mask covering the nose. Their heads were tightly
fixed with sponge packed in the coil.

Pre-contrast baseline and Gd-enhanced MRI

A set of 3 sequences (each including 14 images with a section
thickness of 1.2 mm, intersectional gap of 0.2 mm, FOV of
30 x 30 mm and matrix size of 256 x 128) was obtained to
establish pre-contrast baseline images from a total of 20 rats
(weight 160—380 g). The sequences and their parameters were
as follows: spin-echo (SE) T,-weighted images (T,WIs) (TR
of 2500 ms; TE of 18 ms; average [AVE] of 2), gradient-
recalled-echo (GRE) T,WIs (TR/TE = 600/8; flip angle [FA] =
30.0°; AVE = 2), and SE T,-weighted images (T,WIs) (TR/
TE =850/12; AVE = 2). Subsequently, rats were intravenously
injected with 0.4 mmol/kg body weight of Gd-BCA (Gadodi-
amide Hydrate [Omniscan], Daiichi-Sankyo, Tokyo, Japan),
and Gd-enhanced SE T,WIs were obtained with the same
acquisition parameters as the pre-contrast baseline SE T, WIs.

USPIO-enhanced MRI

Three of the 20 rats were not injected with USPIO-CA to
create a control group. The remaining 17 rats were injected
intravenously with 10 mg Fe/kg body weight of USPIO-CA
(neutral surface charge carboxydextran-coated magnetite
with a particle diameter of 25-40 nm supplied by Meito
Sangyo, Aichi, Japan) on the following day to allow suffi-
cient time for Gd-BCA clearance. The USPIO-enhanced
images were obtained using the same acquisition parameters
as for pre-contrast images 3-6 h following USPIO-CA
administration for E-phase imaging from the 17 rats and at
16—19 and 62—-69 h following USPIO-CA administration for
L-phase imaging in 7 rats. Rats were returned to their cages
after each imaging session following USPIO-CA administra-
tion. Rats were randomly assigned to the control group, the
group in which the rats were sacrificed after E-phase imaging,
and the group in which the rats were sacrificed after L-phase
imaging.

Histopathology

Following MRI, rats were sacrificed under deep anesthesia
by intraperitoneal administration of sodium pentobarbital
(150 mg/kg body weight), and 4% paraformaldehyde and
0.25% glutaraldehyde in 0.1M PBS were perfused through
the heart. The brains were removed and sliced to match the
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location of histologic specimens with those of the MR
images. We cut at 3 um sections and mounted them on glass
slides. Sections were stained with Prussian blue to determine
the localization of iron oxide, and cell spots were counter-
stained with Nuclear Fast Red. To detect microglia, speci-
mens were stained with anti-Ibal antibody diluted 1:1000
(FUJIFILM Wako Pure Chemical, Osaka, Japan), using the
conventional ABC method (Elite ABC kit, Vector Laborato-
ries, Burlingame, CA, USA). The reaction product was
developed using diaminobenzidine. Histochemical images
were obtained from micrographs using image-processing
software (cellSens Dimension; Olympus, Tokyo, Japan).

Analysis

Time course of USPIO-enhancement

We evaluated intra-tumoral USPIO-enhancement on USPIO-
enhanced SE T,WIs and GRE T,WIs at 3-6, 16-19, and
62—-69 h following USPIO-CA administration by comparing

USPIO-enhanced MR images with the matching pre-contrast
MR images. Two observers (R.I. and K.T.) visually reviewed
the images and determined the number of tumors with
USPIO-enhancement by mutual consent.

Comparison of early-phase intra-tumoral enhancement
size by USPIO-CA and Gd-BCA

We measured the intra-tumoral USPIO-enhancement sizes
(USPIO-ESs) on USPIO-enhanced SE T,WIs and GRE
T,WIs. The Gd-enhancement sizes (Gd-ESs) were measured
on Gd-enhanced SE T, WIs. Two observers manually drew
regions of interest (ROIs) and delineated the areas of
enhancement with increased or decreased signal intensity on
all image sections covering the tumor area using NIH ImagelJ
1.52a software. We calculated the enhancement-positive area
by subtracting enhancement-negative areas from the total
area that was delineated within the outer edge of the enhance-
ment territory using “ROI Manager” tool (Fig. 1).

Fig. 1 ROI measurement in early-phase USPIO-enhanced and Gd-enhanced MR images of an ENU-induced tumor. SE T,WIs obtained
(@) pre-contrast and (b) 3 h following administration of USPIO-CA. (c) Gd-enhanced image. Gradient-recalled-echo images obtained
(d) pre-contrast and (e) 3 h following administration of USPIO-CA. Hypo-intense intra-tumoral pre-existent hemorrhage (asterisks in a—d)
and enhancement areas were manually segmented (yellow ROls in b—e). Hypo-intense enhancement is demonstrated on USPIO-enhanced
spin-echo T;WI (+ in b). CA, contrast agent; ENU, N-ethyl-N-nitrosourea; ROI, region of interest; SE, spin-echo; T,WI, T;-weighted image;
USPIO, ultrasmall superparamagnetic iron oxide. (Color version is available online)
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Interobserver agreement was assessed by calculating the
intraclass correlation coefficients. Based on the excellent
interobserver agreement, the mean value of the two measure-
ments was used. We compared hyper- or hypo-intense
USPIO-ES on SE T,WIs with Gd-ES on Gd-enhanced
T,WIs, as well as the summation of hyper- or hypo-intense
USPIO-ESs and Gd-ES, and compared hypo-intense USPIO-
ES on GRE T,WIs with Gd-ES, using the Wilcoxon signed-
rank test. Statistical analyses were performed using SPSS
software version 25 (IBM, Armonk, NY, USA).

Histological correlation between distribution of USPIO-
related iron particles and enhancement extent

Two raters (R.I. and A.Y.) evaluated whether the location of
iron oxide spots stained with Prussian blue matched the intra-
tumoral USPIO-enhancement on GRE T,WIs by using a
3-rating scale: good, fair or poor. The distribution of these
spots and iron-loaded microglia on the histochemical images
were documented in a descriptive manner.

Results

We induced 26 tumors in 20 rats, including 4 in 3 control
rats, using ENU. The 3 control rats which did not receive
USPIO-CA were sacrificed just after pre-contrast baseline
and Gd-enhanced MR imaging. Ten rats with 12 tumors were
sacrificed at 3—6 h after USPIO-CA administration (early
sacrificed), and 7 rats with 10 tumors were sacrificed 62—-69 h
after USPIO-CA administration (late sacrificed). Two of the
12 tumors from the early sacrificed rats, and 3 of the 10
tumors from the late sacrificed rats were not included in anal-
ysis due to severe signal loss on GRE T,WIs or damaged
histological sections. Ultimately, 10 tumors from eight early
sacrificed rats and 7 from the six late sacrificed rats were
included for analysis.

Pre-existent hemorrhage

Non-contrast GRE T,WIs revealed hypo-intense areas
within all 4 tumors from control rats. Histology revealed that
iron-particles originating from intra-tumoral hemorrhage
were scattered within the hypo-intense areas on corre-
sponding GRE T,WIs. We therefore assumed that the hypo-
intense areas within tumors observed on pre-contrast GRE
T,WIs in subsequent evaluations were due to pre-existing
hemorrhage and eliminated hypo-intense (pre-existent hem-
orrhage) areas on the corresponding pre-contrast baseline
GRE T,WIs from hypo-intense areas on USPIO-enhanced
images when USPIO-ES with decreased signal intensity was
observed (Fig. 1).

Time course of USPIO-enhancement

The number of tumors that exhibited changes in signal
intensity on SE T,WIs and GRE T,WIs at each time point
following USPIO-CA administration are summarized in
Table 1. On USPIO-enhanced SE T,WIs, 11 of 17 tumors
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demonstrated USPIO-enhancement with various signal
intensity changes in E-phase (Figs. 2 and 3). Three tumors
exhibited both hyper- and hypo-intense areas. In L-phase
images, obtained at 16-19 and 62—-69 h following USPIO-
CA administration, hypo-intense enhancement remained in
2 tumors (Fig. 3).

Intra-tumoral hypo-intense enhancement was observed on
USPIO-enhanced GRE T,WIs. In E-phase, 14 of the 17 tumors
from early and late sacrificed rats exhibited decreased signal
intensity (Figs. 2 and 3). Two of the seven tumors from late
sacrificed rats showed hypo-intense enhancement (Fig. 3);
these 2 also exhibited hypo-intense enhancement on USPIO-
enhanced T, WIs in the L-phase.

Comparison of E-phase intra-tumoral enhancement size
using USPIO-CA and Gd-BCA

The data exhibited excellent interobserver agreement with an
intraclass correlation coefficient of 0.995 (95% confidence
interval, 0.988-0.997). Mean enhancement sizes determined
by the two observers are detailed in Table 1. The intra-
tumoral hyper- and/or hypo-intense USPIO-ES on SE T, WIs
and the hypo-intense USPIO-ES on GRE T,WIs were signifi-
cantly smaller than Gd-ES. Furthermore, the total of hyper-
or hypo-intense USPIO-ES on SE T,WIs was significantly
smaller than the hypo-intense USPIO-ES on GRE T,WIs.

Histological correlation between distribution of USPIO-
related iron particles and enhancement extent

The number of tumors in early sacrificed rats which showed
a good, fair, and poor correlation between USPIO-IP distri-
bution on histologic images and USPIO-enhancement extent
on GRE T,WIs were 1, 3, and 5, respectively. We identified
USPIO-IPs on the wall of cavitation in the tumor and in
extravascular interstitial spaces (Fig. 2). In the two tumors
of late sacrificed rats that exhibited late enhancement,
USPIO-IPs were distributed within the USPIO-enhancement
area (Fig. 3). The USPIO-IP distribution reflected the
USPIO-enhancement area in those tumors. Most USPIO-IPs
were observed to be located within the cellular space of
Ibal-positive cells (Fig. 3).

Discussion

The present study shows that enhancement patterns and ES
measured on USPIO-enhanced SE T,WIs and GRE T,WIs
are different from those on Gd-enhanced SE T,WIs in rat
ENU-induced glioma. On USPIO-enhanced SE T,WIs, we
identified intra-tumor hyper- and/or hypo-intense enhance-
ment where Gd-enhanced T,WIs showed simply hyper-
intense enhancement. Furthermore, the total size of hypo- or
hyper-intense enhancement was significantly smaller when
measured on USPIO-enhanced SE T, WIs. The differences in
the particle size and BBB permeability of the two agents may
be one reason for the discrepancies, and iso-intense USPIO-
enhancement with signal intensity that is equal to that on
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pre-contrast tumor images may also contribute. It has been
reported that USPIO-enhanced T, WIs exhibit decreased and
increased signal intensity in areas of high and low concentra-
tion of contrast agent, respectively.!' The contrast effects of
USPIO-CAs depend on the strength of the magnetic field,
which can vary between scanners. Therefore, iso-intense
USPIO-enhancement due to transient agent concentration in
combination with scanner magnetic field strength might
cause underestimation of ES. These two contrary facets of
hyper- and hypo-signal changes on USPIO-enhanced T,WIs
may complicate the determination of enhancement magnitude
and, therefore, regional intra-tumor tissue characteristics. This
could also cause difficulty in the use of conventional diag-
nostic methods based on Gd-enhanced imaging, because the
degree of malignancy and tissue type of brain tumors are deter-
mined based on the magnitude and texture of intra-tumoral
Gd-enhancement. Previous studies on human intracranial
tumors using a 3T-scanner found significantly greater
changes in signal intensity as assessed using Gd-BCA
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Fig. 2 MR images and histopathologic
specimens of a rat sacrificed following
early phase imaging. Pre-contrast (a) SE
T,WIs and (d) GRE T,WiIs. (b) USPIO-
enhanced SE T,WI revealed both hypo-
(arrowheads) and hyper-intense (white
arrowheads) enhancement in the tumor
area. (e) A hypo-intense enhancement can
be seen on USPIO-enhanced GRE T,WI.
The (f) Prussian blue and (g) Iba-1-stained
specimens correspond to the square region
in e. Blue-stained iron oxide blue dots can
be seen on the wall of cavitation within the
tumor (arrowheads in ). However, the area
in which the iron oxide is scattered does
not correlate well with the area of hypo-
intense enhancement in the square region
in e. (c) Gd-enhanced SE T,WI. GRE,
gradient-recalled-echo; SE, spin-echo;
T,WI, T,-weighted image; T,WI, T,-weighted
image; USPIO, ultrasmall superparamag-
netic iron oxide.

compared with USPIO-CA. Qualitative analyses of lesion
border delineation, internal morphology, and contrast
enhancement also showed significant differences between
the two agents, although no significant difference in enhance-
ment volume of the lesions was reported between Gd- and
USPIO-enhanced T,WIs.'* The present study demonstrates
that the intra-tumoral ESs are also significantly different
when measured using Gd-enhanced T,WIs compared with
USPIO-enhanced T, WIs.

Our study histologically supports the use of USPIO-
enhanced MRI for vascular bed imaging in E-phase after
administration of CA. The USPIO-enhanced GRE T,WIs
exhibited strong, hypo-intense enhancement in the intra-
tumoral area and vascular structures in E-phase. It has been
reported that the transverse relaxivities of USPIO-CAs are
significantly greater than the longitudinal relaxivities.>!!
Therefore, GRE T,WIs are sensitive to the presence of
USPIO-CAs. Histologically, however, we detected few
Prussian-blue-stained iron oxide particles in the extravascular
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Fig. 3 Time course of MR images and histopathologic specimens of a rat sacrificed following late-phase imaging. SE T,WIs (top row) and
GRE T,WIs (bottom row) obtained (a and f) pre-contrast and at (b and g) 4 h, (c and h) 16 h, and (d and i) 63 h following administration
of USPIO-CA. (e) Gd-enhanced SE T,WI. The hypo-intense USPIO-enhancement in the early phase persisted in the late phase. The area
where iron oxide blue dots are distributed on the Prussian-blue-stained specimen under low magnification (arrowheads in j) matches the
area of hypo-intense enhancement (j corresponds to the square regions on the (d) SE T,WIs and (i) GRE T,WIs taken at 63 h after admin-
istration of USPIO-CA). The large square in j shows a high-magnification image of the small square region. In (k) the Prussian-blue- and
(I) Ibal-stained specimens under high magnification, stained iron oxide particles are observed within the cellular space of Iba1-positive
cells (arrowheads in k and I). Furthermore, Iba1-positive cells (thought to be microglia) consist of both iron-loaded microglia (arrowheads
in I) and microglia without iron (white arrowheads in I). CA, contrast agent; GRE, gradient-recalled-echo; SE, spin-echo; T,WI, T,-weighted
image; T,WI, T,-weighted image; USPIO, ultrasmall superparamagnetic iron oxide.

space of tumors. Presumably, in E-phase images, most of the
administrated agent remained within the intravascular or
extravascular space where it was removed by transcardial
perfusion fixation. Contrast enhancement in brain tumors is
produced by the presence of agent in both the intra- and
extra-vascular spaces, which occurs due to leakage from
vessels.> Since our ENU-induced glioma series included
tumors with Gd-enhancement, BBB disruption must be
occurred, allowing Gd-BCA to leak out.'’ It has been
reported that dynamic perfusion MRI with USPIO-CAs pro-
vides a more accurate assessment of the vascular bed of
brain tumors than Gd-BCA imaging, because USPIO-CA
remains in the intravascular space in the E-phase after
administration due to the larger particle size of the latter.”3!3
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Our histologic data support the results of these previous
reports, however, the USPIO-CA in the intravascular space
observed on E-phase images may explain why the hypo-
intense USPIO-ES on GRE T,WIs was statistically smaller
than Gd-ES. Moreover, GRE T,WIs can suffer from local
magnetic inhomogeneities originating from pre-existing iron
particle deposits and particular anatomical structures, such
as mastoid air cells. In the present study, the three tumors
with Gd-enhancement exhibited no USPIO-ES on GRE
T,WIs. This was caused by underestimation of ES on
USPIO-enhanced GRE T,WIs due to the large area of pre-
existing intra-tumor hemorrhage and the periventricular ana-
tomical location of the tumor. In addition, four tumors that
were located near mastoid air cells exhibited severe signal
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Table 1 Comparison between USPIO- and Gd-enhancement size in the early phase following intravenous administration of USPIO contrast agent and number of

tumors with USPIO-enhancement in the late phase

270

Hyper T, Hypo T, Sum of T, Hypo T,

3-6 h following USPIO administration

Gd-enhancement

Enhancement pattern

Early-phase imaging

10
34.19 (2.04-159.61)

Number of tumors with enhancement

10 tumors from early

sacrificed rats

24.42 (0-150.11)

19.34 (0-147.47)

5.19 (0-19.84)

14.11 (0-127.63)

Mean ES (min-max) (mm?)

Number of tumors with enhancement

Seven tumors from late

sacrificed rats

0.67 (0-3.16) 0.24 (0-1.00) 0.91 (0-3.16) 5.12 (0-27.84)

18.65 (1.84-53.80)

Mean ES (min—max) (mm?)

14
16.47
~3.465

11
11.75
-3.622
<0.001

17
27.79

Number of tumors with enhancement

Mean ES (mm?)

Z
P

Sum of T, USPIO-ESs vs. hypo Z

Total 17 tumors
T, USPIO-ES

3.15
-3.622

8.58
-3.623
<0.001

Wilcoxon signed-rank test vs.

0.001
-3.301

<0.001

mean size of Gd-enhancement

0.001
Hypo T,

P

Hypo T, Sum of T,

Hyper T,

Enhancement pattern
(Hours following USPIO

administration)

Late-phase imaging

2/7
2/7

2/7 2/7
2/7

2/7

0/7
0/7

16-19
62-69

Number of tumors with

USPIO-enhancement

ES, enhancement size; Gd, gadolinium; Hyper T,, hyper-intense T;; Hypo T,, hypo-intense T,; Hypo T,, hypo-intense T,; min, minimum size of enhancement; max, maximum size of

enhancement; Sum, summation; USPIO, ultrasmall superparamagnetic iron oxide.

loss on GRE T,WIs and had to be excluded from analysis.
These features of GRE T,WIs could limit its use for clinical
diagnostic imaging.

Late-phase MRI of the present study revealed intra-
tumoral intensity changes (USPIO-enhancement). Histologic
sections revealed iron-loaded microglia in the hypo-intense
areas on GRE T,WIs, suggesting that USPIO-IPs leaked
slowly across the BBB or tumor vessel walls and then were
taken up by microglia that were natively resident in the cen-
tral nervous system. However, histologic sections also
revealed that some microglia contained no iron oxide parti-
cles (Fig. 3). Protein corona on the surface of iron oxide
nanoparticles has been suggested to influence the cellular
uptake process of imaging agents.!! One reason for the heter-
ogenous distribution of USPIO-IP-containing microglia may
be the heterogeneity of the vascular architecture, which
delivers the agent to various regions within the tumor. Dif-
ferent types of microglia have different phagocytic activity
and migration characteristics under the influence of the
glioma,'? which might also contribute to the heterogeneous
distribution that we observed. If this enhancement could be
used to evaluate the degree to which microglia are activated
by tumors, it may provide insight into the clinical under-
standing of USPIO-enhanced MRI. It is also possible that
L-phase USPIO-enhanced MR images could depict signal
changes originating within the microglia, this suggestion
warrants further study.

We found the time course of USPIO-enhancement to be
in line with previous reports from clinical studies on humans
and exogenous murine model studies,®’ which revealed peak
T, enhancement in malignant tumors to peak 2448 h after
intravenous administration of ferumoxytol (which has a half-
life of 10~14 h in humans'"). Our study used carboxy-dextran
coating for the particles, which has a half-life of 68 h in
humans.!! Since the half-life of the agent is much shorter in
rats than humans,'® the timing of E-phase scanning in the
present study (6 h after administration of USPIO-CA) should
have been sufficient for the tissue concentration of contrast
agent to peak.

This study has several limitations that should be acknowl-
edged. First, there was a mismatch between Gd- and USPIO-
enhanced images, because they were obtained in different scan
sets. This prevented objective comparison of the extent of
intra-tumor enhancement between USPIO- and Gd-enhanced
images through the use of a similarity coefficient such as Dice
coefficient. Second, the section thickness was not identical
between MR images and histologic specimens. Although we
achieved excellent interrater agreement in terms of mean ES
when comparing E-phase intra-tumor ESs on USPIO- and Gd-
enhanced images, we should have used a three-dimensional
acquisition MR sequence and co-registration tool to match the
images. Third, the number of tumors with USPIO-enhance-
ment was small, as was the observed ES in L-phase images.
Although we administrated USPIO-CA at 10 times the usual
clinical dose, maintaining a sufficient blood concentration to
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enable transport across the BBB may have been difficult due
to the reduced half-life of USPIO-CA in rats. Our results show
that L-phase USPIO-enhanced MRI has the potential to detect
USPIO-IP-loaded microglia, we used a 7T-scanner (Unity
Inova Vnmr]J 1.1c) with a magnet strength greater than that of
scanners that are generally used in clinical settings. For evalu-
ating L-phase USPIO-enhancement in a clinical setting, more
sensitive and quantitative MRI techniques, such as quantita-
tive susceptibility mapping, may be required.

Conclusion

In summary, we demonstrate the use of intravenous adminis-
tration of USPIO-CA for MRI in an ENU-induced endoge-
nous glioma model, which eliminates unanticipated effects
of implantation or grafting. The pattern and extent of USPIO
enhancement on SE T,WIs differed from those of Gd-
enhanced images. Therefore, the use of USPIO-enhanced
MRI in clinical settings should be carefully considered,
because the diagnostic concepts will differ to those estab-
lished for Gd-enhanced MRI for gliomas. We provide histo-
logical data supporting the use of E-phase USPIO-enhanced
MRI for precise evaluation of intra-tumoral vascular bed
volume and show that L-phase USPIO-enhanced MRI could
be used to detect USPIO-IP-loaded microglia. However,
L-phase cellular MRI with intravenous administration of the
agent may present challenging in a clinical setting.
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