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Abstract

This study explores the potential of Magnetically enhanced Ultrasound Strain Elastography (MUSE) for
visualizing the distribution of magnetic nanoparticles (MNPs) employed in magnetic drug targeting
(MDT). MDT leverages MNPs as drug carriers, accumulated by an external magnetic field at the target
site, typically a tumor. The localized accumulation of these particles alters the effective elastic properties
of the tissue, potentially enabling visualization through ultrasound strain imaging, which maps local var-
iations in elasticity. However, a direct link between MNPs and regions of increased stiffness has yet to
be established. This work proposes MUSE as a solution, utilizing an external magnetic field to manipu-
late MNP distribution and consequently, tissue elasticity. The feasibility of MUSE was assessed using
a polyvinyl alcohol ultrasound phantom containing an MNP inclusion. The results demonstrated suc-
cessful mapping of the inclusion using the proposed method.

Keywords: Medical Technology, Ultrasound Imaging, Cancer Therapy, Magnetic Nanoparticles, Mag-
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1. Introduction

Cancer is one of the leading causes of mortality
worldwide, ranking second only to heart dis-
eases [1]. The standard treatment options typi-
cally include radiation therapy, hyperthermia,
surgical removal, or chemotherapy. In chemo-
therapy, therapeutic agents are administered
systemically, affecting the entire body, which
can result in damage to healthy cells and overall
health deterioration.

A promising approach to mitigate these side ef-
fects is localized chemotherapy using magnetic
nanoparticles (MNPs), known as Magnetic Drug
Targeting (MDT) [2]. In MDT, chemotherapeutic
agents are bound to nanoscale magnetic parti-
cles and accumulated at the tumor site using an
external magnetic field. This method has shown
considerable advantages over traditional sys-
temic approaches [3]. Nevertheless, further ad-
vancements are crucial to unlock its full poten-
tial. Key areas for improvement in MDT include:

e Accumulation process: Optimizing the
process by which MNPs are guided to the
target site remains crucial. While current
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methods utilize external magnetic fields,
ultrasound technology [4] and improved
magnet designs [5] hold promise for fur-
ther refinements.

e Local drug release: Efficient and local-
ized release of the therapeutic payload
specifically at the tumor site is critical for
maximizing therapeutic benefit. Ultra-
sound-mediated cavitation offers a prom-
ising strategy for achieving this [6, 7].

e Therapy monitoring: Accurately detect-
ing and mapping the spatial distribution of
MNPs is essential for optimizing drug dos-
age, ensuring complete tumor eradication,
and preventing potential side effects. This
study focuses on developing a novel
method for effective therapy monitoring.

Traditional imaging techniques, such as mag-
netic resonance imaging [8] and magnetic parti-
cle imaging [9], are not ideal for monitoring MDT
due to interference from the external magnetic
field and logistical challenges in
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Fig. 1:

accommodating the therapy setup within these
imaging devices.

In contrast, ultrasound-based methods offer ef-
fective and cost-efficient alternatives, such as
magnetomotive ultrasound (MMUS) [10, 11],
photoacoustic imaging [12] or ultrasound strain
elastography (USE) [13].

USE holds advantages compared to other ultra-
sound-based methods, as it is a real-time mo-
dality and is already widely integrated into mod-
ern clinical ultrasound systems. This technique
maps the mechanical properties of biological
tissues [14]. Our previous study demonstrated
a potential link between regions of increased
stiffness and MNP presence [13].

A crucial challenge remains in verifying whether
these stiffer regions definitively correspond to
MNP distributions. To address this, we propose
a novel approach — magnetically enhanced ul-
trasound strain elastography (MUSE).

MUSE leverages the inherent magnetic proper-
ties of MNPs by utilizing the static magnetic field
already present during MDT therapy. This tech-
nigue establishes a clear correlation between
observed stiff areas and the actual distribution
of MNPs. Notably, MUSE remains effective
even in scenarios where conventional USE fails
to detect any stiffness variations, offering a ro-
bust and reliable method for therapy monitoring
in MDT.

2. Methods and Materials

The setup illustrated in Fig. 1 was utilized to as-
sess the effectiveness of MUSE in visualizing
MNPs. A computer gathered data from the ul-
trasound system (Verasonics Vantage 64 LE),
linked to a linear array transducer (L11-5v,
Verasonics). This transducer features a center
frequency of 7.6 MHz, a relative bandwidth of
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Fig. 2. Simulated magnetic flux density field
of the MDT-electromagnet used in
this contribution. The arrow lines
mark the direction of the magnetic

flux density gradient.

77 %, and an element pitch of 0.3 mm. Posi-
tioned above the ultrasound phantom, the trans-
ducer was mounted on a mechanical linear unit
for precise control of the compression level dur-
ing ultrasound strain imaging. Beneath the ultra-
sound phantom, an MDT-electromagnet was
positioned [3, 15]. The electromagnet was pow-
ered by a DC power supply, which could be
switched between a DC current of 70 A (repre-
senting the "Magnet on" state) and no current
(representing the "Magnet off" state) for the
measurements. Fig. 2 displays a simulation
(COMSOL Multiphysics) illustrating the mag-
netic flux density field of the MDT-electromag-
net at 70 A coil current. Within this simulation,
the maximum field strength reaches approxi-
mately 1 T, directly at the tip of the magnetic
pole. The magnetic force is proportional to the
magnetic gradient field, which is depicted
through a series of arrow lines in Fig. 2, provid-
ing a visual representation of the magnetic
force.

2.1 Tissue mimicking ultrasound phantom

The tissue-mimicking ultrasound phantom was
created using polyvinyl alcohol (PVA) powder
(Kuraray, elvanol 71-30), dextran magnetic na-
noparticle  suspension, graphite scatterer
(ProGraphiteShop, spherical Graphite, size
~10 ym), and ultra-pure water. The phantom
adopted a cubic shape (outer phantom) with di-
mensions of (x,y,z) = (50 mm, 25 mm,
50 mm). A cylindrical inclusion (inner phantom),
either containing MNPs or devoid of them,
spanned the entire depth (25 mm) with a diam-
eter of 10 mm. As depicted in Fig. 1, the phan-
tom was positioned below the ultrasound
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transducer, with d, = 35 mm and d; = 15 mm.
Two different phantoms were created for the
measurements, with one containing MNPs and
the other serving as a control phantom without
MNPs. This ensured that any discrepancies in
stiffness were not due to the construction pro-
cess. The measurement process (which is de-
scribed in Section 2.3 Ultrasound Strain Elas-
tography and illustrated in Tab. 1) was repeated
three times, each with newly constructed phan-
toms, which resulted in a total of six phantoms.
The construction method, adapted from [16],
began with the outer ultrasound phantom. A
mixture of 10 wt% PVA powder, 1 wt% graphite,
and 94 wt% ultra-pure water was heated to
80 °C with continuous stirring. This mixture was
then poured into a cubic mold with a cylindrical
recess and placed in a vacuum chamber to re-
move any potential air inclusions. Two such
outer ultrasound phantoms were created at the
same time using this process.

After this, the inner inclusion was constructed,
following similar steps. One inclusion was pre-
pared using the same ingredients as the outer
phantom, while a second one incorporated
5 (mg Fe)/mL of MNPs. This mixture consisted
of 10 wt% PVA, 1 wt% graphite, and 94 wt%
MNPs fluid, following the same subsequent
steps. These mixtures were then filled into a cy-
lindrical mold, that had the same dimensions as
the recess in the outer mold. The outer and in-
ner molds with the respective mixture were then
placed in a freezer at -18 °C for 12 hours, which
froze the mixtures. Afterwards, they thawed at
room temperature for 12 hours. Subsequently,
the inner part was placed in the recess of the
outer phantom. This freeze-thaw process was
repeated once, for a total of two freeze-thaw cy-
cles.

2.2 Magnetic Nanoparticles

The dextran-coated superparamagnetic iron ox-
ide nanoparticles (Dex-SPIONs) employed in
this study were produced and characterized by
the Section of Experimental Oncology and Na-
nomedicine (SEON) at the University Hospital
Erlangen [17]. These nanoparticles are versa-
tile, finding applications as contrast agents in
magnetic resonance imaging as well as in MDT.
They exhibit an average hydrodynamic size of
20 nm. Their stock solution contains an iron
content of 12 (mg Fe)/mL, which was diluted to
5 (mg Fe)/mL for the experiments.

2.3 Ultrasound Strain Elastography

USE maps the stiffness or elasticity of the im-
aged region of interest. Usually, USE images
are generated by using an ultrasound trans-
ducer to measure biological tissue. Here, two
sets of radiofrequency (RF) ultrasound datasets
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are captured under two different levels of me-
chanical compression. This mechanical com-
pression can be either induced by pressing
down the ultrasound transducer or through nat-
urally occurring internal movements, such as
vascular flow or breathing. In the case of phan-
tom studies, no naturally occurring movements
are induced, so mechanical compression using
the ultrasound transducer was utilized.

The induced tissue displacement was then
tracked between pairs of RF data before and af-
ter compression using 1D-correlation along the
axial dimension, as illustrated in Fig. 3. For es-
timating the axial displacement u, two axial (in z
segments of RF data are defined as:

m (n + k) = Tgrr (xi! Zn+ki tl) (1)
and

9 (Tl + k) = TRF(xL'! Zn+ko tZ)! (2)

where r; is an axial segment of an RF line be-
fore compression (t;), and r, is a segment after
compression (t,). x; represents the lateral posi-
tion, while z,,, denotes the central axial posi-
tion, with N/2 neighbors above and below. k is
the current axial pixel under consideration for
displacement computation and n is a counter
variable.

The normalized cross-correlation (NCC) be-
tween RF frames r; and r,,

N/2
Zn:—N/Z Rl : RZ
3
N/2 2 N/2 2
\/Zn=—N/2 Rl ’ Zn:—N/z RZ

ce(w) =

is scaled by their respective standard deviation
[18]. In equation (3), the formulation
R, =r(n+k)andR, = r,(n + k — u) are used.
The necessary displacement for the maximum
of the NCC function in equation (3) is the esti-
mated displacement:
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Tab. 1: Measurement scenarios used for
magnetically enhanced ultrasound
strain elastography. With two axial
transducer positions (Trans 1 and
Trans 2) and electromagnet pow-
ered on (Mag. On) or powered off

(Mag. Off).

Mag. | Mag.

| Trans | Trans

1, = argmax{c, (u)}. (4)

Using this displacement, the relative strain rate
u
Sk =" (5)

can be computed, where L is the axial pixel size.
USE allows only for the calculation of relative
values, indicating that in resulting images, only
variations in tissue stiffness, such as softer or
harder regions, can be visualized (see Fig. 3).
As a result, the strain values within each image
are normalized to a range of 0 to 1 in this con-
tribution. 0 indicates hard regions while 1 indi-
cates soft regions.

In the case of magnetic nanoparticle imaging,
other compression methods are viable. Along-
side the compression induced by the ultrasound
transducer, the magnetic force capable of dis-
placing tissue perfused with MNPs can be uti-
lized. This study examined the following me-
chanical influences and their combinations, as
clearly in Tab. 1:

A. Transducer compression: For ry, the
magnet was turned off and transducer
was in its default position. For r,, the
magnet was turned off and the trans-
ducer applies compression.

B. Magnetically stiffening tissue in com-
bination with transducer compres-
sion: For r;, the magnet was turned on
and the transducer was in its default po-
sition. For r,, the magnet was turned on
and transducer applied compression.

C. Magnetic compression: For ry, the
magnet was turned on and the trans-
ducer was in its default position. For r,,
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Ultrasound B-mode image of a poly-
vinyl alcohol ultrasound phantom
containing an inclusion of magnetic
nanoparticles (marked as red dashed
circle).

the magnet was turned off and the trans-
ducer was in its default position.

D. Transducer and magnetic compres-
sion: For r;, the magnet was turned on
and the transducer was in its default po-
sition. For r,, the magnet was turned off
and the transducer applied compression.

3. Results and Discussion

To assess the effectiveness of magnetically en-
hanced ultrasound strain elastography, ultra-
sound phantoms were constructed and sub-
jected to sonographic measurements. Fig. 4
displays an ultrasound B-mode image of a
phantom containing an inclusion of MNPs, indi-
cated by a dashed red circle. Notably, the nano-
particle inclusion is not directly visible in the B-
mode image without prior knowledge of its posi-
tion.

For the elastographic assessments, a control
phantom was fabricated to identify any potential
errors in construction that might result in
changes in stiffness. It was observed that even
minor discrepancies in weighing the ingredients
could significantly impact the resulting inclusion.
Therefore, attention is required during the con-
struction of such phantoms.

Among the repeated measurements of various
control phantoms, no discernible changes in the
resulting elastogram at 500 um (1 % strain)
were visible. At lower compression levels of
100 pum (0.2 % strain) areas of increased stiff-
ness in the region of the inclusion occurred (alt-
hough not in the same order as with MNPs).
Fig. 5 demonstrates elastographic imaging of a
control phantom at 0.2 % and 1 % strain. These
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compression is feasible, as magnetic displace-
ment alone suffices for imaging purposes. Con-
versely, in a body with larger natural move-
ments due to factors such as breathing, higher
compression levels would naturally occur. Fig. 7
illustrates the results for higher compression
level at 1000 um (2 % strain) for scenario A and
B. The elastogram using scenario A depicts no
distinguishable difference between inclusion
and surrounding phantom material. Scenario B
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Fig. 6:  Elastographic images of all meas-
urement scenarios for a polyvinyl
alcohol ultrasound phantom with an
inclusion of magnetic nanoparticle
and a transducer compression of
500 um (1 % strain).
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Fig. 7:  Elastographic images of polyvinyl al-
cohol phantom with magnetic nano-
particle inclusion for scenario A and B
with high compression of 1000 um

(2% strain).

still demonstrates increased stiffness in the in-
clusion area, whereas not as clearly as with 1 %
strain. MUSE possesses the ability to map
larger areas of compression, as standard USE.
This enhanced robustness for higher compres-
sions is attributed to the magnetically induced
increase in stiffness within the tissue perfused
with MNPs.

These findings suggest that conventional USE
can indeed visualize MNP distributions, but with
the assistance of an MDT electromagnet, the
imaging capabilities can be enhanced.

4. Conclusion

This study introduced a novel approach for
mapping MNP distributions using a combination
of USE and the magnetic force generated by an
electromagnet used in MDT. This technique,
termed “Magnetically Enhanced Ultrasound
Strain Elastography” (MUSE), aims to augment
the imaging capabilities of standard USE specif-
ically for MNPs. The efficacy of MUSE was eval-
uated using two different ultrasound PVA phan-
toms, with measurements repeated three times
using newly constructed phantoms.

One phantom served as a control, revealing
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areas of increased stiffness, but only at low
compression levels. In contrast, the ultrasound
phantoms containing MNP inclusions exhibited
heightened stiffness. Under typical compres-
sion levels of 1 %, MUSE exhibits slightly im-
proved imaging quality compared to conven-
tional USE. At greater compression levels, the
presence of the MNP inclusion remained de-
tectable with MUSE, while USE failed. This sug-
gests potential utility in scenarios involving nat-
urally occurring movements.

Moreover, a technique similar to magnetomo-
tive ultrasound could be employed at lower or
negligible compression levels to establish a di-
rect correlation with MNP distributions.

Future investigations should aim to explore the
application of this method across varied elastic
environments to better understand its limita-
tions. Adjustments to the measurement setup
are necessary, aligning the electromagnet on
the same side as the ultrasound transducer to
reflect practical scenarios. Moreover, animal
studies should be conducted to further validate
the efficacy and potential clinical utility of
MUSE.
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