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Abstract: Magnetic Drug Targeting (MDT) is a promis-
ing technique for local chemotherapy, employing magnetic
nanoparticles (MNPs) and an external electromagnet to con-
centrate chemotherapeutic agents at tumor sites. Achieving
complete tumor perfusion with the drug requires precise con-
trol over MNP distribution, which can be optimized by reposi-
tioning the electromagnet. However, this process needs a ther-
apy monitoring system capable of 3D mapping of MNP dis-
tribution within the tumor. While ultrasound-based imaging
techniques, particularly magnetomotive ultrasound (MMUS),
have been shown to effectively track MNP accumulation in
2D, a full 3D characterization remains challenging. In this
study, we employ a matrix transducer combined with a slice-
by-slice 2D global ultrasound elastography (GLUE) approach
to reconstruct a 3D magnetomotive displacement map, en-
abling improved visualization of the MNP distribution.
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1 Introduction

Cancer remains the second leading cause of mortality world-
wide, surpassed only by cardiovascular diseases, claiming
approximately 20 million lives annually [1]. Despite being
a standard treatment, chemotherapy is associated with sig-
nificant systemic side effects due to its non-specific distri-
bution. Chemotherapeutic agents are typically administered
intravenously, affecting not only malignant tissues but also
healthy cells, leading to adverse effects such as nausea, hair
loss, and immunosuppression.

A promising advancement in targeted drug delivery in-
volves the use of nanoscale drug carriers [2]. In the case
of Magnetic Drug Targeting (MDT) [3], magnetic nanoparti-
cles (MNPs) serve as drug carriers that can be accumulated
at the tumor site using an external electromagnet. Compared
to non-magnetic nanoparticles, MNPs offer the advantage of
controlled accumulation at the target location [4]. The animal
study demonstrated that MDT results in higher intratumoral
concentrations of chemotherapeutic agents while reducing off-
target toxicity. Additionally, the study reported complete tu-
mor recession after a single MDT application for half of the
animals.

For effective tumor treatment, complete perfusion of the
tumor with the drug is required. To achieve this during MDT
treatment, it is essential to be able to record the 3-dimensional
(3D) distribution of the particles in real time in order to be able
to dynamically reposition the external electromagnet. Mag-
netic resonance imaging (MRI) is not compatible with the
strong magnetic fields used for MNP accumulation, and while
Magnetic Particle Imaging (MPI) holds potential for this appli-
cation, it remains in an early research phase [5]. Ultrasound-
based imaging techniques [6], particularly magnetomotive ul-
trasound (MMUS) [7], have been shown to successfully visu-
alize MNP distribution during MDT in two dimensions (2D)
using a linear ultrasound array [8].

In this study, we employed a matrix transducer to extend
MMUS imaging to three dimensions, enabling 3D magneto-
motive displacement estimation for improved therapy moni-
toring and optimized MDT treatment strategies.
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2 Methods and Materials

MMUS is an ultrasound-based imaging technique for visualiz-
ing the distribution of MNPs within tissue. This is achieved by
applying a time-varying magnetic field using the accumulation
electromagnet, which induces motion in MNP-perfused tissue.
An ultrasound probe captures beamformed radio-frequency
(RF) data to track this tissue displacement. Since the MNP-
induced motion follows the pattern of the applied magnetic
field, tissue movement serves as a proxy for estimating MNP
distribution.

2.1 Displacement Estimation

To estimate displacement in 3D, we employ an ultrasound ma-
trix probe combined with a slice-by-slice approach. For each
slice of the beamformed RF-data, 2D global ultrasound elas-
tography (2D-GLUE) [9, 10] was utilized to compute the ax-
ial displacement. A detailed description of 2D-GLUE can be
found in [9], while a brief overview is provided here.

Conventional displacement estimation in ultrasound elas-
tography typically relies on one-dimensional or window-based
correlation methods. In contrast, 2D-GLUE estimates the two-
dimensional displacement globally by considering all samples
within two RF-data slices (𝐼1, 𝐼2) across axial (𝑎𝑖) and lateral
(𝑙𝑖) directions for all 𝑖 = 1, . . . ,𝑚 samples of all 𝑗 = 1, . . . , 𝑛

RF-lines. This is by using an initial displacement map and by
minimizing the cost function

𝐶𝑆(Δ𝑎1,1, . . . ,Δ𝑎𝑚,𝑛,Δ𝑙1,1, . . . ,Δ𝑙𝑚,𝑛)

=

𝑛∑︁
𝑗=1

𝑚∑︁
𝑖=1

{︁
[𝐼1(𝑖, 𝑗)− 𝐼2(𝑖+ 𝑎𝑖,𝑗 +Δ𝑎𝑖,𝑗 , 𝑗 + 𝑙𝑖,𝑗 +Δ𝑙𝑖,𝑗)]

2

+ 𝛼1(𝑎𝑖,𝑗 +Δ𝑎𝑖,𝑗 − 𝑎𝑖−1,𝑗 −Δ𝑎𝑖−1,𝑗)
2

+ 𝛽1(𝑙𝑖,𝑗 +Δ𝑙𝑖,𝑗 − 𝑙𝑖−1,𝑗 −Δ𝑙𝑖−1,𝑗)
2

+ 𝛼2(𝑎𝑖,𝑗 +Δ𝑎𝑖,𝑗 − 𝑎𝑖,𝑗−1 −Δ𝑎𝑖,𝑗−1)
2

+ 𝛽2(𝑎𝑖,𝑗 +Δ𝑎𝑖,𝑗 − 𝑎𝑖,𝑗−1 −Δ𝑎𝑖,𝑗−1)
2, (1)

where Δ𝑎𝑖,𝑗 and Δ𝑙𝑖,𝑗 represent sub-sample displacement
corrections. The regularization parameters 𝛼1 and 𝛽1 enforce
smoothness constraints on axial displacement along the ax-
ial and lateral directions, while 𝛼2 and 𝛽2 do so for lateral
displacement. In this study, only the axial displacement was
utilized.

A Taylor series expansion of the cost func-
tion was employed to construct a linear system
of equations, which was then solved using numer-
ical optimization techniques. An openly available
implementation (https://users.encs.concordia.ca/ hri-
vaz/Ultrasound_Elastography/) was used for this purpose.

Fig. 1: Illustration of the experimental setup. The origin of the
used coordinate system is marked with a star symbol below the
transducer.

This approach enables accurate axial displacement estimation
using only two frames.

2.2 Experimental Setup

The experimental setup (see Fig. 1) consisted of an elec-
tromagnet powered by a dedicated power supply (Sorensen
DLM 40-75E), which is controlled by a signal generator (Ag-
ilent 33220A). This configuration generates a sinusoidal time-
varying magnetic field at 0.5 Hz, with a magnetic flux density
of 1 T at the pole tip and a field gradient of 72 T/m [11].

Positioned above the electromagnet was an ultrasound
phantom, fabricated following protocols from [12, 13]. The
phantom’s outer part consisted of 10 weight percent (wt%)
polyvinyl alcohol (PVA, Kuraray, Elvanol 71-30) powder, 1
wt% silica gel, and 89 wt% deionized water. The MNP-infused
region was created by replacing water with a dextran-coated
magnetic nanoparticle (MNP) suspension at an iron content
of 5 mg Fe/mL, followed by two freeze-thaw cycles to en-
hance structural stability. The outer phantom dimensions were
(𝑥, 𝑦, 𝑧) = (45, 25, 45) mm, with an embedded cylindrical in-
clusion. The inclusion’s circular base was placed in the 𝑥𝑧-
plane with (𝑥, 𝑧) = (−1, 34) mm and a 10 mm diameter, and
extended 25 mm along the 𝑦-axis.

A matrix ultrasound transducer (Vermon, 3 MHz, 32 ×
32 elements, 0.3 × 0.3 mm pitch) was positioned above the
phantom and connected to a 1024-channel Digital Phased Ar-
ray System (DiPhAS, Fraunhofer IBMT) [14]. The transducer
operated in plane wave compounding mode using nine angled
plane waves, achieving a data acquisition rate of 7 Hz. For
displacement estimation, two beamformed datasets were ac-
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Fig. 2: Results of the magnetomotive displacement estimation for planes 𝑥𝑦 at 𝑧 = 34 mm, 𝑥𝑧 at 𝑦 = 0 mm and 𝑦𝑧 at 𝑥 = 0 mm. The
red lines indicate the position of the nanoparticle inclusion.

Fig. 3: Results of the magnetomotive displacement estimation in
3D (values above -10 𝜇m are transparent). Red lines and circles
indicate the nanoparticle inclusion.

quired, corresponding to the time points when the magnetic
field reached its minimum and maximum, allowing for maxi-
mal magnetomotive displacement.

3 Results and Discussions

The results of the magnetomotive displacement estimation us-
ing a matrix transducer and the 2D-GLUE algorithm are pre-
sented in Fig. 2 and Fig. 3. Fig. 2 illustrates the estimated
displacement in three orthogonal 2D planes: the 𝑥𝑦-plane at
𝑧 = 34 mm, the 𝑥𝑧-plane at 𝑦 = 0 mm and the 𝑦𝑧-plane
at 𝑥 = −1 mm. The nanoparticle inclusion was positioned
slightly off-center at (𝑥, 𝑧) = (−1, 34) mm and extends along
the 𝑦-direction.

In the 𝑥𝑧-plane, the inclusion exhibited a circular shape,
which was faintly visible in both the B-mode image and
the displacement map. Due to the applied magnetic force,
the inclusion underwent displacement, which in turn in-
duced motion in the surrounding mechanically coupled non-
nanoparticle-perfused tissue. Additionally, a counteracting
displacement is observed beneath the inclusion.

In the 𝑦𝑧- and 𝑥𝑦-planes, the nanoparticle inclusion ap-
peared as a rectangular shape, which was similarly distinguish-
able in both the B-mode and displacement maps. Fig. 3 pro-
vides a 3D visualization of the axial displacement map, dis-
playing only displacements smaller than -10 𝜇m to enhance
the visibility of the nanoparticle-laden region. The cylindrical
inclusion was discernible, though, as previously mentioned,
the induced displacement extends beyond the nanoparticle-
infused region due to mechanical coupling with the surround-
ing phantom material. The estimated displacement within
the nanoparticle-laden tissue fell within the range of −10 to
−15 𝜇m, consistent with previous studies employing standard
linear array transducers [12, 15].

Both figures demonstrate reliable displacement estima-
tion in each 𝑥𝑧-slice. However, discontinuities were observed
along the 𝑦-direction. This can be attributed to the limitations
of the 2D-GLUE algorithm, which exclusively processes 2D
datasets without accounting for inter-slice continuity in the 𝑦-
axis.

4 Conclusion

In this study, three-dimensional magnetomotive displacement
maps were generated using a matrix transducer in combination
with a slice-by-slice 2D-GLUE algorithm. The estimated dis-
placements were consistent with values reported in previous
studies, demonstrating the potential of matrix transducers for
magnetomotive ultrasound imaging. The applied slice-by-slice

148



C. Huber et al., 3D Magnetomotive Displacement

2D-GLUE approach produced smooth displacement maps in
each 𝑥𝑧-slice. However, discontinuities were observed in the
orthogonal planes due to the inherent limitations of indepen-
dent processing of 2D datasets.

Despite these limitations, we successfully demonstrated
the feasibility of mapping axial magnetomotive displacements
in 3D using a matrix transducer. This imaging approach has the
potential to enhance tumor perfusion monitoring during Mag-
netic Drug Targeting (MDT) and could further improve the
quantification of nanoparticle distribution via inverse MMUS,
which will be investigated in future studies. Additionally, the
implementation and evaluation of the 3D-GLUE algorithm
[16, 17] for fully volumetric MMUS imaging will be explored
as part of ongoing research.
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