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Abstract

The ultrasonic backscatter coefficient (BSC) of superparamagnetic iron oxide (SP10) nanoparticles, which are
used as a liver MRI contrast agent, was simulated using a Yagi backscattering model. The BSC of SPIO cores
that are aggregated in the lysosomes of Kupffer cells is significantly higher (85 dB) than the BSC of non-
aggregated SPI1O cores. Considering in vivo concentrations, the aggregated SPIO does not elevate the BSC of
the liver markedly (9x10° dB). Thus, the reported visibility of SPIO in clinical ultrasound cannot be explained
by classical scattering theory. Other non-linear effects need to be taken into account.

1 Introduction

Superparamagnetic iron oxide nanoparticles, such as
ferucarbotran, are conventionally used as contrast
agents for magnetic resonance imaging (MRI). These
agents can be used for the detection of malignant liver
tumors since they aggregate in Kupffer cells, only.
Kupffer cells are exclusively present in healthy liver
tissue [1].

It has recently been shown in vivo that these agents
are detectable in liver sonography, too [2]. An ultra-
sound study of a liver has been performed after the
administration of ferucarbotran for MRI. It revealed
pathologic foci within the liver that were not detect-
able before the injection of the contrast agent.

By investigating the acoustic scattering behaviour of
these nanoscale contrast agents we aim to optimize
the use of these particles as a novel contrast agent for
sonography. Additionally, we study principle nano-
scale backscattering phenomena that are of interest
for the understanding of nanoscale ultrasound contrast
agents such as liquid perfluorocarbon [3].

2 Materials and Methods

Ferucarbotran is a superparamagnetic iron oxide
(SPIO) contrast agent that causes a signal decrease in
T2-weighted MR images. This agent mainly accumu-
lates in the liver (80%) and the spleen (5-10%). Sev-
eral minutes after the bolus injection the agent is se-
questrated by phagocytic cells and decreases the MR
signal of the liver and the spleen.

The SPIO cores of ferucarbotran consist of magnetite
(FesO4 density: p =5150 kg/m3, speed of sound
(SOS): c¢~5000m/s) and maghemite (Fe,0O;

o =4900 kg/m3,c ~5000 m/s) and are coated by
carboxydextran. The polycrystalline core comprises
several monocrystals, each of 4.2 nm size. At maxi-
mum a bolus of 1.4 ml is applied comprising 756 mg
ferucarbotran, which is equivalent to 39.2 mg iron.
The carboxydextran coat of ferucarbotran is degraded
by the phagocytic cells of the liver, the Kupffer cells,
and the SPIO cores are clustered in the lysosomes of
the Kupffer cells.

The human liver weights 1.3-1.5 kg in average. The
Kupffer cells comprise 2 % of the total parenchymal
volume of the liver [4]. They measure 12-16 pum. The
lysosomes of the Kupffer cells account for 0.3 % of
the total liver volume. In the further course of this
work it is assumed that the Kupffer cells exhibit a
spherical morphology and that the lysosomes of
Kupffer cells are concentrated in a spherical structure.
The insonification of a spatially varying distribution
of tissue compressibility and density generates an
echo signal. The echo signal can be subdivided into
components that origin from macroscopic changes of
the acoustical properties of tissue (coherent specular
reflection) and components originating from tissue
structures with wavelength (Mie scattering) and sub-
wavelength size (Rayleigh scattering). If the scatterer
volume fraction is high, the scatterers are not uni-
formly random and statistically independent distrib-
uted and one needs to take into account a correlation
between the scatterers. A continuum scattering model,
which uses a spatial autocorrelation function (ACF)
describing the density and compressibility fluctuation
of a two-component medium was presented by Yagi
[5]. The characteristic length of the ACF depends on
the scatterer concentration and the scatterer size.
Thus, the acoustic backscattering of the SP1O contrast
agent is modelled assuming that the SPIO filled ly-



sosomes can be interpreted as scatteres in the scope of
the Yagi model. The acoustical properties of theses
lysosomes are derived by averaging the properties of
the SPIO particles and the liver tissue according to the
SPIO concentration. The backscatter coefficient
(BSC) is given as [5]:
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where k = w/c is the wave number, @ is the angular
frequency, i.e. insonification frequency (4MHz), ¢ is
the SOS of the medium, r, is the characteristic radius

of the scatterers, H is the volume fraction of the scat-
terers in the medium, x; is the compressibility and p,

is the density inside the scatterer and the correspond-
ing values outside are x,and p,, x,and p, are the

mean value according to H. The scatterers of the
model correspond to the SPIO filled lysosomes and
the medium corresponds to the liver using the values
given in Section 2.

The BSC based on the Yagi model for SPIO filled ly-
sosomes is compared to the BSC of non-aggregated
SPIO cores and in vivo measurements of the BSC of
the human liver [6]:
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The gain of the BSC is computed according to Eq. 3:
g =10l0g,, (M] ©)
2
3 Results

Figure 1 shows the simulation of the BSC gain for
n,set to the BSC of SPIO filled lysosomes and for

1, set to the BSC of the liver (cf. Eq. 2). The gain is

depicted as a function of the effective radius of the
lysosomes and the fraction of Kupffer cells that ag-
gregate the contrast agent. The total contrast agent
dose remains constant for all parameter configura-
tions. For in vivo values the gain is 9x10° dB. Aggre-
gated and non-aggregated SPIO cores exhibit congru-
ent curves. However, the BSC of aggregated SPIO is
significantly higher than the BSC of non-aggregated
SPIO (gain ~ 85 dB).

4 Discussion

We have simulated the backscatter coefficient of
SPIO filled lysosomes and compared it to non-
aggregated SPIO cores and the BSC of the liver. The
backscattering model shows that the BSC of aggre-

B
o_o
i

B R
o, o o

=
1S

[
o, o

Gain of backscatter coefficient [dB]
=
15
L= VR R BN N A I

N
S

Fraction of SPIO filled
Kupffer cells [%]

Fig. 1 Simulation of the BSC gain of the liver due
to SPIO filled Kupffer cell lysosomes. The black
dot denotes in vivo values.

gated SPIO is significantly higher than the BSC of
non-aggregated SP1O. However, the effects of the ag-
gregated SPIO are negligible compared to the BSC of
the liver assuming a linear backscattering model and
in vivo concentrations of ferucarbotran. The observa-
tions of [2] cannot be explained by classical scattering
theory. Additional non-linear effects, such as cavita-
tion, need to be considered. Further clinical studies
need to be conducted in order to understand the pos-
sible visibility of SPIO contrast agents in clinical ul-
trasound.
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