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Abstract
Purpose—This investigation sought to optimize ultrasmall particles of iron oxide (USPIO)
contrast agent dosage for visualizing cerebral microvasculature on an 8.0-Tesla ultra high field
magnetic resonance imaging system.

Materials and Methods—USPIO contrast agent was intravenously administered to 3 groups of
4 rats at 1, 2, and 3 mg Fe/kg. Each animal was scanned before and after injection of USPIO using
a high resolution T2*-weighted gradient recalled echo sequence with an in-plane resolution of 78
µm. The signal-to-noise ratio (SNR) and the number of microvessels visualized within the cortex
and basal ganglia were calculated and compared before and after the administration of USPIO.

Results—As the USPIO dose increased, microvascular conspicuity increased, and SNR
decreased. A dosage of 2 mg Fe/kg improved microvascular visualization in both cortex and basal
ganglion regions relative to 1 mg Fe/kg without significantly sacrificing SNR as was the case at 3
mg Fe/kg.

Conclusion—Two mg Fe/kg USPIO is an optimal dose when imaging normal rat cerebral
microvasculature using GRE T2*-weighted MR imaging at a field strength of 8 T.
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Ultrasmall particles of iron oxide (USPIOs) are magnetic resonance (MR) contrast agents,
which are cleared by the polymorphonuclear system. Because of their unique clearance
characteristics, the plasma half-life of USPIOs is prolonged and has been categorized as a
blood-pool MR contrast agent for magnetic resonance angiography (MRA).1–5 In these
studies, USPIO produced a strong T1 effect to visualize the vessels at conventional 1.5-
Tesla (T) magnetic field strength. In addition, USPIO also has a strong T2* effect, which
can be detected by T2*-sensitive sequences, such as gradient recalled echo (GRE).6–8 In the
central nervous system, the distinct macrophage-microglia is quiescent in the presence of an
intact blood-brain barrier. Under physiological conditions, USPIO only circulates in cerebral
blood vessels rather than penetrating the blood-brain barrier.7 This leads to a concentration
gradient between cerebral vessels and surrounding brain parenchyma, which provides an
opportunity to visualize cerebral microvasculature on steady state T2* GRE sequences.
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Ultra high field (UHF) MR systems provide significantly higher signal to noise ratio (SNR)
and more pronounced susceptibility effect relative to lower field systems. 9–12 These 2
advantages of UHF MRI combined with the use of USPIO intravascular contrast agents
make it possible to obtain high-resolution negative-enhanced images of the normal rodent
brain microvasculature.

The purpose of the present study was to determine the optimal dosage of USPIO in normal
Wistar rat brain using an 8-T MRI system. This dosage can then be applied toward the in
vivo visualization of microvascularity in rodent brain pathologies such as stroke and glioma.
Ultimately, it can serve as a reference for establishing dosages for imaging microvascularity
in human pathology.

MATERIALS AND METHODS
Animal Preparation

This study was performed according to the guidelines of the National Institutes of Health
and the recommendations of the committee on animal research of our institution. The
protocol was approved by the Institutional Animal Care and Use Committee (ILACUC).
Male adult Wistar rats (n = 12), body weight 250–350 g, were divided randomly in 3 dosage
groups which received 1, 2, and 3 mg Fe/kg USPIO (n = 4).

The rats were anesthetized initially by spontaneous inhalation of 5% isoflurane, mixed with
O2 at a rate of 1000 mL/min, and followed by 1.5–2% isoflurane with 500 mL/ min O2
through a nose cone. The left femoral vein was then cannulized by a 0.47-mm out-diameter
silicone tube filled with 2% heparin. The body temperature of the rats was kept at 37 ± 1°C
during the operation by using a preheated isothermal pad (Deltaphase; Braintree Scientific,
Braintree, MA).

Contrast Agent Preparation
The USPIO agent used in this study was 0.5 mol/L solution of SHU 555 C (Supravist,
Schering AG, Germany). It consists of superparamagnetic iron oxide particles coated with
carboxydextran. The mean diameter of the particles is 21 nm. The blood plasma half-life of
USPIO in rats is approximately 2–3 hours at a dose of 40 µmol/kg (2.24 mg Fe/kg).
Furthermore, the USPIO particles have an R1 relaxivity of approximately 25 seconds−1

nM−1 and an R2 relaxivity of approximately 164 seconds−1 nM−1 at 0.47 T, 37°C in water.7

Dosages were initially derived from preceding MRA, lymph node inflammation, and
macrophage activity in brain ischemia studies published previously,13–17 in which the
dosage of USPIO varied from 2.5 mg Fe/kg to 16.8 mg Fe/kg. Initial experience at our
institution with doses 5 mg/kg or more resulted in poor quality images suspected to be due
to signal loss from the susceptibility effects of iron within the particles in the cerebral
circulation. This obscured visualization of finer structures such as microvessels but not
lymph nodes. As a result, doses used in this study were smaller than those used in studies
evaluating lymph node inflammation and macrophage activity. Before administration, the
SHU 555 C solution was diluted with 0.9% sodium chloride to 0.1 mmol/ml at room
temperature. Either 1, 2, or 3 mg Fe/kg doses were prepared for each rat. A total of 3 groups
of 4 rats were used in this study.

8-T MRI Scanning
In vivo MRI was performed on an 8-T/80cm MRI system (Magnex-GE, Abingdon, UK)
equipped with a Bruker AVANCE console (Bruker, Billerica, MA) interfaced with Techron
(Crown International, Elkhart, IN) gradient amplifiers and Magnex gradients (Magnex

Yang et al. Page 2

Invest Radiol. Author manuscript; available in PMC 2012 November 07.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



Scientific, Abingdon, UK) using a custom-built radiofrequency front end. A custom-made 3-
cm diameter birdcage coil was tuned to the head of each rat at 340 MHz while the rat was in
a prone position. The rat was anesthetized and its body temperature maintained with the
same protocol used for surgery (see the section “Animal Preparation”) and fixed on a
custom-made holder. The coil was placed inside the bore of the magnet. A T2*- weighted 2-
dimensional multislice GRE sequence (TR/TE 700/16 milliseconds, flip angle 45°, matrix
512 × 512, field of view 4 cm, slice thickness 1 mm, gap 0.1 mm, number of average 2,
acquisition time 12 minutes) was used to acquire 16 coronal images with an in-plane
resolution of 78 µm. These parameters were derived from previous studies to obtain
favorable SNR. After the precontrast imaging, a dose of USPIO was administrated through
the silicon tube canalized in the left femoral vein at a rate of 1 mL/min, followed by an
equivalent volume of normal saline flushing at the same rate. The postcontrast sequence
started within 2 minutes after administration of the USPIO.

After imaging, the rat was removed from the coil and put in a 35°C warm cage with room air
for a full recovery from anesthesia. All rats were monitored until they ambulated All rats
tolerated MR scanning well and recovered from anesthesia.

Image Analysis
Among the 16 consecutive coronal GRE images for each rat, the slice that best displayed the
telencephalon was selected for image SNR analysis and microvascular quantification. This
slice covered both cortex and basal ganglia, and showed little susceptibility artifact from the
base of the skull.

Signal was measured using Paravision software (version 2.1; Bruker Biospin Corp.;
Billerica, MA). Four regions of interest (ROIs) were selected, 2 covering most of the cortex
in each hemisphere separately and the basal ganglia in each hemisphere. To minimize
variation in slice selection before and after contrast administration, contrast was
administered to the rodents while they were in the magnet without moving the rodent. The
exact same size and site of the regions of interest were selected before and after USPIO
administration. Two narrowed vertical rectangular ROIs were obtained from the top corners
of the same image to get the average standard deviation (SD) of the noise. The SNR was
calculated as:

Two observers, M.Y. and T.G., independently counted the number of visualized cortical
penetrating microvessels and visualized basal ganglion microvessels from both hemispheres
on the same slice used for the SNR measurement. This generated a total of 2 basal ganglion
regions and 2 cortical regions in each rat. A consensus definition for the microvessels was
used. Microvessels were considered to be cortical perforating vessels if they displayed a
radial pattern extending from the convexities, whereas basal ganglion branches presented a
tortuous pattern extending from the base of the brain.

Statistical analysis on SNR change, microvascular conspicuity after administration of
USPIO in each dosage group and interobserver agreement were performed by student t test.
A P value less than 0.05 was regarded as significant. In addition, multiple comparisons
among 3 dosage groups on overall SNR change and improvement of microvascular
conspicuity were performed using Bonferroni correction in which a P value less than 0.0167
was regarded as significant.
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RESULTS
SNR Decrease in the Rat Brain After the Administration of USPIO

As expected, after the administration of USPIOs, the SNR on T2* GRE imaging of the
rodent brain decreased as the dosage increased (Table 1 and Fig. 1). With each successive
increment in USPIO administration, SNR decreased by 3.80%, 6.53%, and 17.83%,
respectively, in the cortex, and 5.44%, 6.59%, and 22.42% in the basal ganglia. The
decrease in SNR in cortex and basal ganglion areas in the 3 mg Fe/kg group was
significantly more, relative to the other 2 dosage groups respectively (P < 0.0167), whereas
there was no significant difference between the 1- and 2-mg Fe/kg groups (Fig. 1A).

Microvascular Conspicuity
The average number of visualized microvessels within the cortex and basal ganglion regions
are quantified and are presented in Table 2. In the precontrast series, the number of vessels
identified in all 12 rats ranged between 0 and 12. Among all 12 rats, 4 (33%) displayed
recognized branches of cortical penetrating vessels, whereas in the basal ganglia area, 8 rats
(67%) displayed microvessels.

Vessel conspicuity and number of vessels identified increased following contrast injection
relative to precontrast images. Cortical and basal ganglion microvasculature was visualized
in all 12 rats after contrast administration. The overall improvements of microvascular
visualization in the 2- and 3-mg Fe/kg groups were significantly higher than that in (P <
0.0167), whereas there was no significant difference between 2- and 3-mg Fe/kg groups
(Fig. 1B). No significant interobserver difference was found (P = 0.55). The 2 mg Fe/kg
provided an improved microvascularity visualization without significant loss in SNR (Figs.
1 and 2).

DISCUSSION
The present study demonstrates that intravenous USPIO at a dosage of 2 mg Fe/kg produces
a favorable negative contrast for the visualization of microvasculature in the Wistar rat brain
on the 8-T MRI system. To the best of our knowledge, this is the first study that uses USPIO
to visualize the microvessels in the rodent brain. High-resolution, high-field MR imaging of
cerebral microvasculature has significant value because it can potentially provide evidence
for increased tumoral microvascularity, which can be a critical marker for tumor growth,
metastatic potential, and therapeutic potential.11,12,18 From this point of view, identification
of new vessel formation on UHF MR systems with the aid of USPIO agents, may predict the
prognosis of tumor as well as disease progression.

Eight-Tesla MRI provides a unique platform to study the microvasculature caused by high
resolution (78 µm) and high SNR. 9,11,12,19 Moreover, the microsusceptibility changes of the
local static magnetic field increase linearly with the field strength, causing a significant
decrease in T2* of the local tissue which leads to a reduction of the MR signal in the
affected region relative to lower field strengths.10,20 Echo time (TE) plays an important role
in T2* weighted imaging. As TE values increase, there is a corresponding decrease in the
MR signal. The TE value (16 milliseconds) adapted in the current study was based on
preceding 8-T parameter optimization.9,21 As the TE value increases, there is a
corresponding decrease of MR signal causing image deterioration due to the strong macro
susceptibility artifacts in the regions of the bone tissue contacts and near the cranial
cavities.20 As a result selection of imaging parameters balance the enhancement of
susceptibility effects, which allow improved visualization of microvessels, to that of image
deterioration as a result of susceptibility effects.
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Susceptibility effects induced by the iron particles in the blood vessels shorten the transverse
T2 and T2* relaxation times and cause a signal loss in T2* sensitive sequences. These
effects have been shown to be valuable in the diagnosis of some diseases.8,17,22 As a tissue-
specific MR contrast agent, USPIO has been used to detect lesions in organs where
macrophages exhibit strong activity. In these studies, a dosage from 2.5 mg Fe/kg to 16.8
mg Fe/kg has been determined to be safe without side effects or adverse effects in
experimental clinical and animal studies.13,22–25 USPIO has a prolonged intravascular half-
life varying from 2 to 5 hours in animal studies; thus, imaging of the microvessels is
possible in the steady state even with prolonged imaging times without significant leakage
of USPIO into the surrounding tissues.13,26 Images were acquired immediately after
administration of the contrast agent to take advantage of the highest possible blood pool
concentration of the agent.

In this study, the precontrast images inconsistently demonstrated microvessels in the cortex
and basal ganglia, which is expected to result from a combination of susceptibility effect
from paramagnetic properties of deoxyhemoglobin predominantly in the venous system as
well as blood flow.9,11,12 In the postcontrast series, magnetic susceptibility generated by
USPIO overwhelmed the effect of deoxyhemoglobin in cerebral vessels as reflected in the
visualization of a greater number of microvessels. Larger doses of USPIO were observed to
decrease the SNR, thus resulting in some loss of vessel and tissue conspicuity. It is expected
that a higher dosage of USPIO will reduce image quality further.7,22 Because there is a
difference in density and morphology of microvessels located in the basal ganglia versus
cortex, the cortex showed more penetrating microvessels and less decrease in SNR than
basal ganglia.

An overall comparison of SNR of brain parenchyma with microvascular conspicuity at
different doses indicates that as dosage increased, postcontrast decrease in SNR concealed
the enhancement effect in conspicuity of microvessels (Fig. 1). As a result, the 2 mg Fe/kg
dosage provides good visualization of microvessels in the areas of interest without
significantly sacrificing image quality.

Interpretation of T2*-weighted images is influenced by many factors, which include
sequence parameters, the subject’s physiological condition, and the strength of the magnetic
field.27 Compared with other approaches that attempt to improve microvascular conspicuity,
including Gd-DTPA enhanced MRA, USPIO-aided T2*-weighted GRE imaging at UHF
strengths takes advantage of high resolution, susceptibility effect, and high SNR to provide
direct evidence of microvasacularity. Indeed, the susceptibility effect enhanced by the use of
gradient echo techniques allows for imaging vascular structures containing paramagnetic
deoxyhemoglobin which are substantially smaller than the in-plane resolution of the
acquired image.9–12,28,29 It is intuitive that the use of superparamagnetic agents would also
enhance the capability to image microvascular structures beyond the in-plane resolution of
the imaging sequence.

Currently, many different kinds of iron containing MR agents are being
investigated.5,26,30,31 Because of the differences in pharmacodynamics and
pharmacokinetics, their enhancement patterns in microvasculature imaging at UHF MR
system deserve to be clarified.

CONCLUSION
An intravenous USPIO dose of 2 mg Fe/kg immediately before imaging using high-
resolution GRE imaging on an 8-T UHF MR system with the parameters described in this
study was found to be an optimal dose for the enhanced visualization of microvascularity in
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the Wistar rat brain. Compared with other doses this dose showed clear conspicuity of
microvascular structures without significant loss of SNR in the brain parenchyma.
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FIGURE 1.
Comparison of mean percentage SNR loss (A) and of mean difference in the number of
microvessels visualized (B) among the 3 dosage groups. Standard error bars with upper and
lower range limits set to 98.3% are reflected in the diamonds. Circles represent the range in
each dosage group using the Student t test with α = 0.0167 for Bonferroni correction.
Separation between circles thus reflects a significant difference.
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FIGURE 2.
Coronal T2*-weighted GRE image (TR/TE 700/16 milliseconds, flip angle = 45°, matrix
512 × 512, FOV = 4 cm, slice thickness 1 mm, slice gap 0.1 mm, NEX = 2, in-plane
resolution 78 µm) before and after USPIO administration of 1 mg Fe/kg (A and B,
respectively), 2 mg Fe/kg (C and D, respectively), and 3 mg Fe/kg (E and F, respectively).
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