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Abstract

Magnetomotive ultrasound (MMUS) is a developing imaging modality
using magnetic nanoparticles (MNPs) as contrast agent. MNPs are accu-
mulated at a tissue target and set in motion by a time-varying magnetic
field. The resulting displacement spreads to surrounding tissue and is
detected with ultrasound. The objective of this modality is to transition
medical ultrasound from structural to molecular specific imaging, with
application potential for cancer cell detection and drug administration.
An existing MNP detection method is based on quadrature demodulation
and phase gating. However, the detection limit remains constrained by
the method’s sensitivity to noise. Additionally, cardiorespiratory rhythms
increase the risk of spectral leakage in the detection of fixed frequency
magnetic excitation commonly used for MMUS. To overcome these lim-
itations, I implemented three strategies to improve the detection of MNPs
in MMUS and evaluated their efficiency with a contrast-to-noise ratio
(CNR) on tissue-mimicking phantoms with descending MNP concentra-
tions. The first strategy was frequency modulated magnetic excitation
signals, specifically linear bidirectional chirp signals generated with a ro-
tating permanent magnet. Secondly, I developed a matched filter algo-
rithm that correlates phase oscillation in ultrasound radio frequency (RF)
data with a magnetic force reference. The resulting normalized correla-
tion was employed as a probability mask, where each pixel value repre-
sents the likelihood of MNP presence, used for weighting the results of
the previous detection method. The third strategy was implementation
of thresholding for segmentation and morphological filtering to suppress
noise and refine object boundaries on the mask. The chirp excitation sig-
nals did not substantially improve the visibility of accumulated MNP re-
gions compared to fixed frequency excitation signals. Thus, the use of
these signals is not justified. When the previous detection method was
combined with the probability mask from the matched filter, the CNR in-
creased by 6.6 dB for 0.5 mg/ml of MNPs, 7.6 dB for 0.3 mg/ml of MNPs
and 13.2 dB for 0.1 mg/ml of MNPs. Segmentation and morphology fur-
ther improved the CNR with 1.6 dB for 0.5 mg/ml of MNPs, 1.7 dB for
0.3 mg/ml of MNPs and 16 dB for 0.1 mg/ml of MNPs. These results
demonstrate that the matched filter algorithm and image processing en-
hance noise suppression and spatial specificity in MMUS, likely allowing
detection of lower MNP concentrations.
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Populérvetenskaplig sammanfattning

Sa hittas cancer med magneter och ultraljud

Genom att kombinera ultraljud med magnetiskt kontrastmedel kan
man hitta cancerceller som tidigare varit osynliga. Detta banar vigen
for billigare cancerdiagnostik utan stralning. En algoritm som ut-
vecklats i detta arbete gor metoden dnnu mer prickséiker.

Frisk vdvnad och tidiga cellféridndringar ser néstan identiska ut med van-
ligt ultraljud. Att forsoka skilja dem at dr darfor som att leta efter en nal i
en hostack. Jag har utvecklat en algoritm for magnetomotoriskt ultraljud
som kan mala upp griansen mellan friskt och sjukt med hogre noggrann-
het @n tidigare metoder. Denna teknik dppnar dorren for cancerdiagnostik
som dr stralningsfri, billigare och mer tillginglig 4n dagens metoder.

Idag anviinds ofta dyra tekniker som MR och PET for att hitta specifi-
ka cancerceller. Ultraljud hade varit ett perfekt komplement till dessa om
det inte vore for den daliga kontrasten. Losningen kan vara magnetiska
jarnpartiklar som kontrastmedel. Dessa sma partiklar injiceras i kroppen
och soker upp cancerceller. Genom att sedan skaka om dem med ett starkt
magnetfilt far man omgivande vivnad att vibrera. Det dr dessa vivnads-
vibrationer som uppticks med ultraljudet i tekniken som kallas for mag-
netomotoriskt ultraljud.

Min nya algoritm fungerar som ett avancerat filter. Genom att matcha
vivnadens rorelse med magnetfiltets svangningar kan algoritmen rensa
bort brus och fokusera helt pa vibrationerna fran jarnpartiklarna. Det gor
att aven mycket sma méngder kontrastmedel syns tydligt. Detta &r viktigt
for att tekniken ska bli sa kédnslig som mojligt for diagnostik.

For att testa algoritmen gjordes experiment pa viavnadsliknande fantomer,
tank som ett brostimplantat med en konstgjord tumér 1. En roterande mag-
net skapade magnetfiltet som fick jarnpartiklarna i “tumoren” att vibrera
samtidigt som en ultraljudsgivare tog bilder. Hypotesen var att om mag-
neten snurrade med varierande rotationsfrekvenser skulle vibrationerna
vara lattare att hitta. Resultatet visade ovéntat nog att det fungerar lika
bra med en konstant frekvens. Ddremot ger den nya algoritmen noggran-
nare detektion, bara genom att analysera samma data pa ett annat sétt.
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Use of AI

Generative Al has been utilized in two main areas during this thesis project.
The first objective was to assist with the coding in MatLab, and the sec-
ond was to reformulate heavy sentences for the report. The primary Al
model used was Gemini Pro. All suggestions were verified and adjusted
to ensure academic accuracy.
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1 Introduction

Imaging is one of the strongest and most critical diagnostic tools in mod-
ern medicine. By tracking structural and physiological changes in the
body, physicians can make decisions about diseases and treatment courses.
This is invaluable for the diagnosis of various types of cancer (Hussain et
al.2022). However, the goal is to diagnose cancer in earlier stages, before
a visible tumor forms. To achieve this, current imaging developments are
focused on molecular specificity. Molecular imaging involves labeling
specific cells to make them visible. This allows for tracking of individ-
ual cell types, instead of focusing on anatomy and structure. Successful
molecular imaging can reveal the cause of a disease before anatomical
changes occur. One such application is the localization of cancer metas-
tases (Hood et al. 2004).

Imaging modalities that allow molecular specificity include magnetic res-
onance imaging (MRI), positron emission tomography (PET), single pho-
ton emission computed tomography (SPECT) and optical methods. The
main drawbacks of these techniques are the high cost of MRI, the ionizing
radiation in PET and SPECT, and the shallow penetration depth of optical
methods (Sjostrand et al. 2020). An alternative, complementary modality
could be ultrasound. Although ultrasound is less suitable for whole-body
screening to detect new cancer occurrences, it could be valuable to lo-
calize known tumors or regional metastases. It is a widely accessible
and inexpensive modality that is free of ionizing radiation and capable
of reaching deeper targets (Hoskins et al. 2019). However, the contrast
between early stage cancer and healthy tissue is inadequate for distinc-
tion with conventional ultrasound. Instead, contrast agents that can be
coated with antibodies or other types of proteins are needed to target spe-
cific cells. Commercial ultrasound contrast agents have mainly consisted
of micrometer-sized bubbles of air. These bubbles are confined to the
vascular system, limiting the cells they can target. As an alternative, su-
perparamagnetic iron oxide nanoparticles (SPIONs) have been proposed
as a contrast agent for ultrasound, in a technique called magnetomotive
ultrasound (MMUS). These particles could also be coated to target spe-
cific cells, and their size allows them to escape the vascular system (Sj0s-
trand et al. 2020). Another advantage of utilizing SPIONs for MMUS is
their established clinical history. As they are already an available contrast
agent for MRI, they are accepted for medical use (O’Donnell 2018]).



If the magnetic nanoparticles (MNPs) are successfully coated with spe-
cific ligands, this could unlock a wide range of application opportunities
for MMUS. An example is visualization of drug administration. By func-
tionalizing the particles with chemotherapeutic drugs, a local treatment
called magnetic drug targeting can deliver chemotherapy directly to can-
cer cells. Indirectly, MNPs would serve as the contrast agent for MMUS,
allowing visualization of drug dosing. This is vital to optimize drug de-
livery to the tumor and achieve a successful treatment. The successful
use of MMUS for this application could hopefully complement the use of
MRI (Fink et al. 2017). Another proposed application for MMUS is as
an intraoperative guide. By accumulating MNPs at a metastasized lymph
node, the technique has been shown to act as a complement to standard
PET or MRI during lymph node removal. The implementation of MMUS
would limit radiation exposure for surgical staff (Evertsson et al.|[2017]).

However, the nanometer-size of the MNPs limits their backscattering
echo, making it impossible to detect them directly with ultrasound. In-
stead, MMUS exploits the magnetic properties of MNPs. When the con-
trast agent has accumulated at the tissue target, a strong time varying mag-
netic field causes displacement of the MNPs. The displacement spreads
to surrounding tissue that, in turn, vibrates with the same frequency as the
MNPs (Sjostrand et al. 2020) (Fink et al.2017). To detect tissue displace-
ment, subsequent conventional ultrasound images are taken to capture
tissue displacement in the time domain.

Fixed frequency sinusoidal magnetic excitation signals are commonly
used for MMUS applications (Fink et al. 2016). A developed detection
method for MNPs based on a fixed frequency oscillation is the phase
tracking algorithm described by Evertsson et al. (2013). The method
quantitatively assesses tissue displacement at a specific frequency based
on phase gating and quadrature detection. However, the detection limit of
MNPs remains constrained by the method’s sensitivity to noise. Addition-
ally, biological rhythms like heartbeats and respiration increase the risk
of spectral leakage in the detection of fixed frequency magnetic excitation
commonly used for MMUS. To overcome these limitations, I propose fre-
quency modulated excitation signals to increase noise suppression and to
lower the detection limit. Furthermore, I aim to investigate how matched
filtering and image processing can enhance noise suppression and spatial
specificity in MMUS imaging.



To evaluate the detection limit of the matched filter algorithm and the fre-
quency modulated excitation signals, I demonstrate their performance us-
ing tissue-mimicking phantoms of decreasing MNP concentration. Specif-
ically, I quantify the improvements in noise suppression using the contrast-
to-noise ratio (CNR) and compare the matched filter algorithm with the
previous phase tracking algorithm to highlight the gained specificity.



2 Background

2.1 Magnetomotive force

The magnetomotive force is the force acting on the MNPs when subject
to a magnetic field. With a time-varying magnetic field B(z), the magnetic
gradient force acting in the axial direction on a particle can be approxi-
mated by Equation (1),

_ V—XB (o) dB(t)

Ko dy
where V is the volume of the particle, y is the magnetic susceptibility
of the particle and i is the magnetic permeability of vacuum (Sjostrand
et al. 2018)). If the magnetic field is a fixed frequency sinusoid, it is de-
scribed by Equation (2),
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where By is the amplitude of the magnetic excitation, f is the frequency
and ¢ is time. The magnetic gradient force on the particle will be propor-
tional to the magnetic field multiplied by the derivative of the magnetic
field, as described in Equation (1). The proportionality is described in
Equation (3).
dB(t) dBy .

o< Bo——sin“ (27 ft 3
2 075y Sin (27 ft) (3)
The trigonometric identity can be used to further simplify the expression,
see Equation (4).

Fy < B(t)

0B
FyocBoﬁ;(l — cos(4mft)) (4)

The result in Equation (4) shows that the magnetic gradient force on the
particle will have twice the frequency as the magnetic field. Additionally,
the magnetic force is proportional to the magnetic field squared, given by
comparing Equation (2) and Equation (3). This means that if the magnetic
field is measured, a proportional reference for the magnetic gradient force
can be calculated by squaring the magnetic field. These proportionalities
also hold for a frequency modulated magnetic field but are presented for
the fixed frequency case to maintain clarity and simplicity.



2.2 Previous work

Different magnetic excitation signals have been used in MMUS. Fixed
frequency sinusoidal signals, pulsed signals, chirped signals, where the
frequency speeds up over time, and Barker code sequenced signals are
some examples. A summary of previous work on frequency modulated
excitation signals in MMUS is provided below.

Frequency modulated excitation signals are characterized by their instan-
taneous frequency, which varies over time. Fink et al. (2016) studied the
detection of MNPs using a linear up-chirp signal in MMUS. This signal
has a lower initial frequency than peak frequency and accelerates linearly
over time. Fink et al. (2016) presented an algorithm for detection based
on the fractional Fourier transform which allowed detection of MNPs in a
tissue-mimicking phantom. Fink et al. (2017/) investigated a 4-bit Barker
coded sequence instead. This frequency modulated signal switched be-
tween two different frequencies in a Barker sequence with two possible
states, -1 and +1. In their implementation, the -1 state corresponded to one
frequency while the +1 state corresponded to another frequency. The sig-
nal was specifically evaluated when exposed to noise up to 5 Hz, applied
to mimic biological functions. Fink et al. (2017) compared the Barker
sequence performance to that of a fixed frequency signal and found that
the coded excitation resulted in a more specific spatial confinement of the
magnetic region of a tissue-mimicking phantom than the fixed frequency
signal. Gu et al. (2025)) compared a single-pulse signal, a linear up-chirp
excitation and a 13-bit Barker coded sequence. In their implementation,
opposite states in the Barker code corresponded to opposite phases of
the same frequency. The results of Gu et al. (2025) included a detectable
concentration of 10 mg/ml MNPs for both coded signals compared to 100
mg/ml for the single-pulse signal, with an improved CNR. However, their
study did not include a comparison with a continuous fixed frequency
sinusoidal signal. All mentioned previous studies on frequency modu-
lated excitation signals have utilized an electromagnet to drive the MNP
displacement. In this contribution, I use a rotating permanent magnet to
induce the time-varying magnetic field on the MNPs.

2.3 Phase tracking algorithm

The phase tracking algorithm is an MNP detection method for MMUS
developed by Evertsson et al. (2013). The method calculates tissue dis-



placement at one specific frequency by mixing the phase of the received
ultrasound radio frequency (RF) data for each pixel with a reference si-
nusoid at the magnetic excitation frequency (in-phase component) and its
90°shifted counterpart (quadrature component). This step filters out all
other frequency components. The amplitude and phase of the quadrature
detected sequence are calculated. The amplitude is converted to displace-
ment magnitude for the tissue in each pixel and the phase is used for
gating. The gating is a manual decision by the operator to filter out pixels
that move out of phase with the MNP region. The resulting output is a
displacement detection map for the ultrasound image.



3 Method

3.1 Phantom preparation

Phantoms are tissue-mimicking objects that are used for evaluating imag-
ing techniques on inanimate objects before moving on to animal or human
testing. Using ultrasound phantoms is often preferred as a starting point
because of its economical and ethical advantages (Mousavi et al. 2025).

3.1.1 Oil-based bulk material

Phantoms were created to resemble human fat, with an embedded insert
of SPIONs that symbolized a tissue region with accumulated contrast
agent. The bulk material of the phantom was 3 wt.% styrene-ethylene-
butylene-styrene (SEBS, Kraton G1650 EU, USA), a type of copolymer
with plastic or rubber-like properties, mixed with mineral oil (330779,
Sigma-Aldrich, Germany). The percentage of SEBS in oil was mim-
icked from previous studies by Mousavi et al. (2025)), to have a Young’s
modulus (stiffness) that closely relates to human fat. Graphite (282863,
Sigma-Aldrich, Germany) at 1 wt.% was used as the scattering material
for ultrasound. The insert material was 5 wt.% polyvinyl alcohol (PVA,
341584, Sigma-Aldrich, Germany), 1.5 wt.% graphite for attenuation and
descending concentrations of SPIONs (Ocean Nanotech, USA) as con-
trast agent for MMUS.

The preparation was dimensioned for three separate phantoms. The total
weight of the prepared bulk material was 300 g. The preparation began
by combining 87.5% (252 g) of the total weight of mineral oil (288 g)
with 9 g of SEBS, resulting in 3 wt.% SEBS. The mixture was heated
in an oven (FN 300, Niive, Turkey) at 120°C for 2 hours. The rest of
the mineral oil (36 g) was combined with 3 g of graphite (1 wt.%) and
combined with the heated SEBS solution. The two mixtures were stirred
with a magnetic stirrer for 5 minutes before being added to three phantom
molds. A 5 mm diameter metal rod was inserted into each mold before
the SEBS hardened to create a cylindrical hole for the PVA insert. See
Figure (1| for a schematic illustration of the phantom mold. The phantoms
rested in room temperature for 2 hours before the metal rod was removed.
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Figure 1. Schematic illustration of the phantom molds from (A) the top and (B)
the side. Lengths are in mm. The black 5 mm diameter cylinder is the PVA
insert.

The preparation of the inserts began by combining 9.3 ml of Milli-Q wa-
ter with 0.56 g of PVA. The mixture was heated in the oven at 100°C for
1 hour before adding 0.17 g of graphite. Water was added to compensate
for the loss from evaporation. The solution was divided into three parts,
each 1.35 g, and MNPs were added to each part at concentrations of 0.5,
0.3 and 0.1 mg/ml. The particles used were SPIONs in water with a di-
ameter of 30 nm (Ocean Nanotech, USA). Extra water had to be added
to the lower concentrations to achieve a total weight of 1.5 g for each in-
sert. The final composition of the inserts was 5 wt.% PVA and 1.5 wt.%
graphite.

Next, the PVA was poured into the cylindrical hole that the metal rod
had left in the SEBS mold. To remove air bubbles, the phantoms were
placed in a vacuum pump for 20 minutes at a pressure of approximately
-15 inHg. More PVA was added in case there was room in the cavity and
another vacuum pump cycle at -15 inHg was employed for 2 minutes.
The phantoms were then placed in a freezer. After 18 hours, the phantoms
were moved to rest at room temperature for 2 hours before the residual
SEBS solution was added to seal the PVA to prevent evaporation. The
residual SEBS solution had been heated at 100°C for 30 minutes to melt
again. The phantoms had a final rest at room temperature for 2 hours
before being ready for the experiments.

11



3.1.2 Water-based bulk material

A version of phantoms was created in which both the bulk and insert
material was polyvinyl alcohol (PVA). The aim of this fabrication was
to investigate a water-based bulk material, just as human tissue is, and
to evaluate the detection capacity of MMUS in a phantom with identical
acoustic properties in the bulk and insert material. In both materials, 5
wt.% PVA (341584, Sigma-Aldrich, Germany) determined the stiffness
of the material and 1 wt.% graphite (282863, Sigma-Aldrich, Germany)
was used as the scattering material for ultrasound. In the insert material,
SPIONs (Ocean Nanotech, USA) were used as contrast agent for MMUS.

The preparation was dimensioned for three separate phantoms, in the
molds illustrated in Figure|l| To prepare the bulk material, 282 g of Milli-
Q water was mixed with 15 g of PVA. The mixture was heated in an oven
(FN 300, Niive, Turkey) at 100°C for 3.5 hours and stirred every half hour
to reach a point where the PVA was melted and transparent. However, this
point was never reached. The PVA did not fully dissolve and the solution
had to be removed from the oven before all of the water evaporated. After
heating, 3 g of graphite was added and stirred into the solution for 5 min-
utes with a magnetic stirrer. The loss of water was calculated and added
accordingly to ensure a final composition of 5 wt.% PVA and 1 wt.%
graphite. The mixture was poured into three molds and a 5 mm diameter
metal rod was inserted into each mold to create a hole for the insert.

The insert material was created in the same way, with 5 wt.% PVA and 1
wt.% graphite. The total volume prepared for the insert material was 10
g. This mixture was heated in the oven at 100°C for 1 hour. SPIONs in
water with a diameter of 20 nm and 30 nm (Ocean Nanotech, USA) were
used as contrast agent and mixed into three parts of the PVA solution at
0.5, 0.3 and 0.1 mg/ml. The 0.5 and 0.3 mg/ml solutions had 20 nm parti-
cles, while the 0.1 mg/ml had 30 nm particles. The solutions were sucked
into three syringes with an inner diameter of 5 mm.

Two freeze-thaw cycles were performed to polymerize the bulk and insert
solutions. The molds and syringes were put in the freezer for 18 hours.
Then they were placed in the fridge for 8 hours before thawing at room
temperature for 20 hours. A new cycle was started by freezing the phan-
toms for 20 hours before thawing them for 24 hours at room temperature.
The syringe tops were cut with a scalpel and the metal rods were removed

12



from the phantom molds. The magnetic insert was pushed into the hole
in the phantom with the syringe before being ready for experiments.

3.2 Experimental setup

An illustration of the experimental setup is shown in Figure[2] The phan-
tom was placed between the rotating permanent magnet and the ultra-
sound transducer. Images were acquired with the Vevo F2 system (FU-
JIFILM VisualSonics, Canada) and the linear ultrasound transducer L.38.
The transducer had a transmission frequency of 7.1 MHz. All images
were acquired with a cine-loop of either 200 or 250 frames, with a sam-
ple frequency of 50 frames per second. A cine-loop captures a sequence
of ultrasound images over time. This means that a 200 frame cine-loop
was 4 seconds long and a 250 frame cine-loop was 5 seconds long. 200
frame cine-loops were used for the fixed frequency signals and the 1 sec-
ond duration chirp signals, while 250 frame cine-loops were used for the
2 second duration chirp signals. The length of the cine-loop was thus ad-
justed to ensure a whole bidirectional chirp cycle fit in the recording. The
gain and focus were adjusted on the ultrasound system for each phantom,
specifically to avoid clipping the RF-data collected during image capture.
Data were acquired for three cross sections of each phantom.

A rotating permanent magnet generated the time varying magnetic field
used to drive displacement of the MNPs. The magnet is shaped like a
cylinder, made of neodymium and diametrically magnetized (K&J mag-
netics, USA), which means that the magnet is magnetized across the di-
ameter, with a pole on opposite curved sides. The outer diameter of the
magnet housing is 28 mm. To create a sinusoidal magnetic field acting
on a stationary object on one side of the cylinder, the magnet revolved
around its own axis, alternating the poles location in relation to the ob-
ject. To drive the magnet rotation, an EPOS2 motor controller and a motor
(DCX 22 S maxon motors, Switzerland) were connected to the magnet.
The motor was in turn powered by a 20 V power supply (PSI 8080-60
T, EA Elektro- Automatik GmbH & CO. KG, Germany) and controlled
from a computer. The magnet was placed flush to the phantom before
being moved 2 mm out, making sure that no part of the magnet was in
contact with the phantom to decrease the likelihood of mechanical vibra-
tions from the contact interface. This resulted in a total distance of 1 cm
from the magnet edge to the center of the PVA insert.

13



Phantom

2
Ultrasound
Q;Iagnet .\ transducer
Magnetic
insert

Figure 2. Schematic illustration of the experimental setup. Lengths are in mm.

An image of the experimental setup is shown in Figure 3] The bulk mate-
rial was black from the graphite, which is why the magnetic insert could
not be seen. The mounting of the ultrasound transducer was placed on a
separate table from the magnet and its power supply. This was deliber-
ately done to minimize the risk of mechanical vibrations.

Figure 3. Image of the experimental setup for measurements.
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3.3 Frequency modulated magnetic excitation

The frequency modulated magnetic excitation signal used in this contri-
bution was a linear bidirectional chirp. In this model, the instantaneous
frequency f(¢) varies linearly over time. The rate of this change, or the
chirp rate c, is defined in Equation (5),
. f P f 0

c==r0 7 (5)
where f), is the peak frequency, fj is the lowest frequency and 7T is the
total modulation period (Fink et al. |2016). Note that for a bidirectional
sweep, the frequency had to change from fj to f, in half the total period
(T /2). To maintain frequency continuity and ensure that there was no
phase jump, the signal for the second half of the period (T /2 <t < T)
had to begin at the frequency value reached at r = 7' /2 and decelerate
using a negative chirp rate. This created a periodic sweep where the mag-
netic field linearly accelerated to its peak frequency and symmetrically
returned to its minimum. The resulting magnetic field followed Equation
(6) with its instantaneous frequency defined in Equation (7).

B(%) = Bo+ Bosin <27r /0 o dt) ©)
_ Jfotect, 0<r<T/2
f(t)_{fp—c(t—T/Z), T/2<t<T @

To create a frequency modulated magnetic excitation, I designed a control
system with MatLab (The MathWorks Inc., USA). EPOS2 libraries, in-
cluding a USB driver and function files (Eugenio 2026), were integrated
into the control system. The implemented control system enabled the
magnet to rotate both at a fixed frequency and via a frequency modu-
lated signal. Specifically, the system utilized linear bidirectional chirps
with adjustable parameters to control modulation duration and peak fre-
quency. The system calculated a velocity vector based on the parameters
and continuously updated the motor command. In this way, the signal
could change frequency over time.

The evaluated fixed displacement frequency signals were 1.7 Hz, 6.7 Hz
and 13.3 Hz. The chirped signals that were evaluated all had the lowest
frequency 1.7 Hz and a peak frequency of 3.3 Hz, 6.7 Hz and 13.3 Hz,

15



respectively. All chirped signals were tested for a duration of 1 second
and 2 seconds. The magnetic field frequency was half of the frequency of
the MNP oscillations presented here according to Equation (4).

During experiments, I noticed that the motor updates experienced lag-
ging, resulting in longer magnetic chirp durations than expected. This
meant that an artificial reference that matched the intended signal would
not be sufficient to find the chirped magnetic excitation in the ultrasound
data. To combat this issue, a measured reference was obtained with a
Three Axis Hall Magnetometer THM1176 (Metrolab Technology SA,
Switzerland). Measurements were recorded with the magnetometer probe
in direct contact with the permanent magnet at the cross section of the
cylinder with maximum magnetization. An example of a measured ref-
erence magnetic field signal is presented in Figure 4jA. The graph in Fig-
ure shows the resulting proportional magnetic force reference acting
on the MNPs, which was calculated by squaring the measured magnetic
field. This means that the amplitude of the reference force is not accurate
since no material specific parameters were included in the calculation.
However, it was the timing and frequency of the magnetic force that had
significance for detection, which meant that a reference proportional to
the magnetic gradient force was sufficient.
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Figure 4. (A) Measured magnetic field and (B) the calculated proportional mag-
netic gradient force from this field. The intended duration of bidirectional chirp
was 2 seconds. The force frequency spanned from 1.7 to 3.3 Hz.

For the comparison between fixed frequency versus linear bidirectional
chirp magnetic excitations, all reference signals were derived from per-
manent magnet measurements. For fixed-frequency references, a duration
of 1.5 seconds was chosen. The reference lengths for the chirped signals
were scaled according to their sweep durations. A 1.5 second reference
was used for the 1 second bidirectional chirps, while a 2 second reference
was applied to the 2 second chirps. The extended 1.5 second window for
the fast chirp was necessary to capture a complete bidirectional chirp cy-
cle, compensating for motor lag that extended the modulation beyond its
expected duration. Conversely, the 2 second reference for the slow chirp
did not encompass a full frequency cycle. Instead, this duration was de-
termined in retrospect, informed by the properties of the measured data.
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3.4 Matched filter

To evaluate the probability that a pixel in the acquired ultrasound image
represented a region with accumulated magnetic contrast agent, I devel-
oped a matched filter algorithm. Matched filtering was used to find simi-
larities between the shape of the reference signal and the received signal.
The filter can be performed in the time or frequency domain. In this study,
the filter was performed in the frequency domain to reduce computational
complexity and time.

The impulse response of a matched filter /(¢) in the time domain is a com-

plex conjugate and time-reversal of the reference signal 5(¢), see Equation
(8) (Spooner et al. 2009).

h(t) = s*(—t) (&)
The impulse response was converted into the frequency domain using the
fast Fourier transform (FFT). The FFT of s(—¢) is S(—) and the FFT
of s*(¢) is S*(—w) (Spanne 1995). By combining these, the resulting
impulse response was defined as in Equation (9).

H(w) = $"(0) )

To apply the filter to a received signal x(z), it was also transformed to
the frequency domain with FFT to X (@) and multiplied with the impulse
response, see Equation (10).

Y(w)=X(w) -Ho)=X0) S (o) (10)

With this operation, the matched filter suppressed uncorrelated compo-
nents through spectral weighting. Frequencies present in the received
signal but not in the reference were assigned near-zero coefficients dur-
ing multiplication. The resulting output, Y (®), was transformed back into
the temporal domain using the inverse fast Fourier transform (IFFT). The
amplitude in the time domain provided a direct measure of the correla-
tion between the received signal and the reference, based on constructive
interference.

The matched filter algorithm was designed in (The MathWorks Inc., USA).
The RF-data were exported from the ultrasound system for analysis, where
the first step was to convert all frames to I/Q data. This was done with
a Hilbert transform. From the Hilbert transformation, the phase of each
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pixel was retrieved over all frames in the cine-loop. The phase dimension
was unwrapped to restore the continuous phase signal. The matched filter
was applied on a region of interest (ROI) of the image that included the
magnetic insert.

The matched filter was based on the proportional magnetic gradient force
reference. The filter was applied to the phase data extracted from every
pixel in the ROI across the entire frame sequence (200 or 250 frames).
Before applying the matched filter, the mean was subtracted from the ref-
erence signal and phase data to center them around O and the phase data
were detrended to mitigate drifting amplitudes. To perform matched fil-
tering, both signals were transformed into the frequency domain using
FFT before multiplying the complex conjugate of the reference with the
pixel phase signal. The filtered signal was converted back to the time do-
main using IFFT.

Figure [5] shows an example of the phase data for a pixel in the magnetic
insert region overlaid with the reference, at the point of maximum corre-
lation between the phase data and the reference. The figure exemplifies
a pixel with a high correlation with the reference. A normalized value
of the correlation was calculated and the maximum absolute value of the
correlation across all frames was saved. Thus, each pixel was assigned a
value between 0 and 1, where 0 is a perfect mismatch and 1 is a perfect
match between the phase data and the reference. The absolute value in-
cludes both matches in and out of phase with the reference, deliberately
done due to unknown magnet position and phase at image initialization.
The maximum correlation value for each pixel was saved in a detection
image that visualized the probability of MNP presence.
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Figure 5. The reference magnetic force overlaid the phase data for a pixel in the
magnetic insert region of a phantom at the point of maximum correlation. The
phantom in the example had MNP concentration of 0.5 mg/ml and the excitation
signal for MMUS was a bidirectional chirp with frequency span from 1.7 to 3.3
Hz with a duration of 2 seconds.

3.5 Image processing

3.5.1 Masking

In image processing, a mask is applied to an image to weight the pixel
values. The values of a mask are normalized, often as a binary distribu-
tion to turn pixel values on or off.

The normalized correlation maps from the matched filter algorithm rep-
resented the likelihood of MNP presence in each pixel. With this in mind,
I employed the resulting correlation as a non-binary probability mask on
the displacement detection images from the previous phase tracking algo-
rithm. This integration was a multiplication of the two algorithm results.
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To take advantage of the full length of the fixed frequency MMUS images
(200 frames) for masking, a 190 frame long artificial reference signal was
created for the fixed 6.7 Hz frequency excitation. This was the evalu-
ated excitation signal for the matched filter detection as a mask for the
displacement detection.

3.5.2 Segmentation and morphology

Image segmentation is the process of dividing an image into separate ob-
jects or segments. One common application is to separate an image into
a foreground and a background by creating a binary image parted at a
specific threshold. Then, if a pixel value is lower than the threshold, it is
considered as the background, and if it is larger than the threshold, it is
considered as an object pixel, creating a binary mask for the image. In this
contribution, segmentation was performed to separate regions of accumu-
lated contrast agent from the background. Segmentation was performed
on the detection images from the matched filter algorithm with pixel val-
ues corresponding to the maximum correlation between the phase of the
pixel and the magnetic force reference.

3.5.2.1 Triangle algorithm

There are different automated algorithms for thresholding an image. An
example used in this study is the "triangle algorithm" described by Zack
et al. (1977). This method is suitable for thresholding an image where,
if all pixels are arranged in a histogram, the values are distributed in one
main peak with a tail. Figure [6] shows a pixel histogram of a detection
image. The x-axis corresponds to the correlation value ranging from O to
1 and the y-axis is the number of pixels for each value. The threshold was
determined by calculating the perpendicular distance from each bar in the
histogram to the line going through the peak and tail of the histogram. The
threshold was chosen as the point where this distance was maximized. In
the description of the algorithm by Zack et al. (1977), a fixed offset was
added to push the threshold further from the peak. This was an appro-
priate step in their implementation, informed by their specific test data.
However, the step was not deemed relevant for this implementation and
therefore excluded.
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Figure 6. Visualization of how the triangle threshold was determined. The
threshold was chosen as the point in the correlation histogram with a maximized
perpendicular distance from the line going through the histogram peak and tail.

3.5.2.2 Otsu’s method

Another thresholding algorithm is Otsu’s method, described by Otsu (1979).
This algorithm chooses the threshold of a normalized image as the value
that minimizes the intraclass variance of the pixels in each segment when
sorted into a histogram. This method was also applied to the normal-
ized detection images from the matched filter to create a binary mask to
separate the MNP regions from the background.

3.5.2.3 Additional image processing

I implemented additional image processing steps on the binary masks to
achieve a clearer spatial mapping of the MNPs. To reduce noise, all fore-
ground segments smaller than 10 pixels were removed. These were con-
sidered noise, as their high correlation values with the magnetic force ref-
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erence were attributed to the random nature of noise rather than as signal.
To achieve a smoother object boundary, morphological image process-
ing steps were applied using a filter of alternating erosion and dilation.
Specifically, the MatLab functions "imclose" and "imopen" were imple-
mented using a disk-shaped structuring element with a 5-pixel radius.
This element defined a neighborhood of pixels that slid over the image.
During dilation, a pixel is set to 1 if any pixel within its neighborhood
is 1, effectively filling small gaps. Conversely, erosion sets a pixel to 0
if any neighbor is 0, which strips away thin protrusions. By performing
a closing (dilation followed by erosion) followed by an opening (erosion
followed by dilation), the filter eliminated internal holes and smoothed
the external boundary of the mask by removing small irregularities and
noise.

3.6 Contrast-to-noise ratio

An established method to quantitatively evaluate the visibility of an object
in an image compared to the background signal is a contrast-to-noise ratio
(CNR). The CNR was calculated as in Equation (11),

CNR = Ho — Hp (11)

Op

where LU, is the mean signal of the object, u; is the mean signal of the
background and oy, is the standard deviation in the background signal.
The object was the magnetic insert in the phantom. The CNR was con-
verted into dB with the formula in Equation (12).

CNRy5 = 20l0g1o(CNR) (12)

The improvements in noise suppression when using frequency modulated
excitation signals and with a probability mask from matched filter detec-
tion were quantified with CNR ;5.
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4 Results

4.1 Frequency modulated magnetic excitation

To evaluate the visibility of the magnetic insert after applying the matched
filter to RF-data from the SEBS phantoms, the CNR was calculated. Ex-
amples of detection images from the matched filter are shown in Figure
The magnetic excitation signal for MMUS in the example was a bidi-
rectional chirp with frequency span from 1.7 to 3.3 Hz and a duration of 2
seconds. The images show the normalized correlation from the matched
filter algorithm, where the yellow color represents a perfect match (1) and
the dark blue color represents a perfect mismatch (0) between the propor-
tional magnetic force reference and the pixel phase data. The background
region and the object region for CNR calculations are visualized.
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Figure 7. Normalized correlation from matched filter algorithm for MNP con-
centrations 0.5, 0.3 and 0.1 mg/ml in SEBS phantoms. Excitation signal for
MMUS was a bidirectional chirp with frequency span from 1.7 to 3.3 Hz and a
duration of 2 seconds.

The calculated mean CNR in dB for all magnetic excitation signals and
for all MNP concentrations are presented in Table[I] The first three rows
are fixed frequency signals and the last six are chirp signals, defined by
their frequency span and duration of bidirectional frequency sweep. The
mean CNR is calculated from three cross sections of each phantom. All
measured CNR are presented in Appendix A, where the mean is calcu-
lated by excluding outliers. The magnetic excitation signals with the high-
est CNR were the linear bidirectional chirps with a duration of 2 seconds.
For MNP concentrations of 0.5 and 0.3 mg/ml, the increase was approxi-
mately 2 dB compared to the fixed frequency signals and the chirps with
a duration of 1 second. For MNP concentration of 0.1 mg/ml, no general
improvement was observed between the excitation signals.
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Table 1. Mean CNR of matched filter detection in SEBS phantoms.

Excitation signal 0.5 mg/ml 0.3 mg/ml 0.1 mg/ml

Fixed 1.7 Hz 18.06 dB 18.14 dB 15.20 dB
Fixed 6.7 Hz 18.48 dB 18.38 dB 14.44 dB
Fixed 13.3 Hz 18.52 dB 17.72 dB 11.24 dB
1.7t03.3Hz, 1 s 18.30dB 18.54 dB 13.76 dB
1.7t06.7Hz, 1 s 18.38 dB 19.14 dB 13.70 dB
1.7t0 13.3Hz, 1 s 17.74 dB 17.34 dB 12.72 dB
1.7t03.3Hz,2s 20.52dB 20.68 dB 14.74 dB
1.7t06.7Hz,2 s 20.06 dB 20.10 dB 11.24 dB
1.7t0 13.3Hz,2 s 19.52 dB 20.48 dB 14.84 dB

In Figure [§] the B-mode image of the SEBS phantom with 0.3 mg/ml
MNPs is presented together with the correlation detection images from a
fixed 6.7 Hz excitation and a chirp excitation with a frequency span from
1.7 to 6.7 Hz and a duration of 2 seconds. The example showcases the
small visual difference of a 2 dB increase in CNR.
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Figure 8. B-mode image together with correlation detection images from a fixed
6.7 Hz frequency excitation and a chirp excitation with frequency span from 1.7
to 6.7 Hz and a duration of 2 seconds in SEBS phantom with 0.3 mg/ml MNPs.

4.1.1 Noise

During early data analysis, it was noticed that the experiments suffered
from noise at a specific frequency, 16 Hz. In Figure [9] examples of the
magnitude spectrum from the first cross section of the SEBS phantom
with an MNP concentration of 0.5 mg/ml are shown. Figure DA is from
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a bidirectional chirp excitation with frequency sweep from 1.7 to 3.3 Hz
and 2 seconds duration, and Figure E]B is from a bidirectional chirp exci-
tation with frequency sweep from 1.7 to 13.3 Hz and 1 second duration.
The magnetic excitation signal in Figure [JA gave a CNR of 20.3 dB,
while the signal in Figure OB gave a CNR of 4.1 dB. The low CNR in
B was considered an outlier in Appendix A, since the behavior was not
consistent for all measurements with that excitation signal.
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Figure 9. Single-sided magnitude spectrum derived from the FFT of the phase
signal in a pixel in the magnetic insert region. Measurements from the first cross
section of the SEBS phantom with MNP concentration 0.5 mg/ml. Magnetic
excitation signal was a bidirectional chirp with (A) frequency sweep from 1.7 to
3.3 Hz with 2 seconds duration and (B) frequency sweep from 1.7 to 13.3 Hz
with 1 second duration.

4.2 Matched filter with phase tracking algorithm

For the purpose of using the matched filter as a probability mask on the
displacement detection from the previous phase tracking algorithm (Ev-
ertsson et al. [2013)), a longer artificial reference was used. The reference
length was 190 frames, compared to 75 frames used for the evaluation of
frequency modulated excitations. Figure |10 demonstrates the detection
difference between using a shorter versus a longer reference. The CNR
improvement in this case, calculated with object and background boxes
of the same size, was 3.4 dB. The example in Figure [I(]is from the fixed
6.7 Hz excitation in a SEBS phantom with 0.3 mg/ml of MNPs.
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Figure 10. Comparison of the same MMUS data from a fixed 6.7 Hz excitation,
matched with either a 75 frame long measured reference or a 190 frame long
artificial reference. SEBS phantom with 0.3 mg/ml of MNPs.

When applying the matched filter detection as a mask for the displace-
ment detection, noise suppression was increased. The previous detection
method based on phase tracking, shown in Figure[TT|A, poorly defined the
MNP insert region while quantitatively assessing displacement. When
combined with the non-binary probability mask from the matched fil-
ter algorithm, noise suppression and boundary definition were enhanced
without compromising the quantitative integrity, see Figure [I1B. Both
the phase tracking and the matched filter analysis in Figure [IT] utilize the
same MMUS data from a fixed 6.7 Hz magnetic excitation. The exam-
ple in Figure [T is of a SEBS phantom with 0.3 mg/ml of MNPs. See
Appendix B for examples of 0.5 and 0.1 mg/ml of MNPs.
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Figure 11. (A) Phase tracking algorithm detection with (B) non-binary matched
filter mask overlaid the B-mode image. SEBS phantom with 0.3 mg/ml MNPs.

The improvements in noise suppression were quantified with the CNR.
The mean CNR of three cross sections in SEBS phantoms with 0.5, 0.3
and 0.1 mg/ml MNPs is presented in Table 2] See Appendix C for the
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full CNR calculations of all cross sections. The CNR was calculated by
comparing the signal from the MNP insert (indicated by a dashed circle
in Figure [TT)) with the surrounding.

Table 2. Mean CNR of phase tracking algorithm by itself and with the non-
binary matched filter mask for a fixed 6.7 Hz MMUS excitation.

Algorithm 0.5 mg/ml 0.3 mg/ml 0.1 mg/ml
Phase tracking 7.33dB 5.55dB -8.65 dB
Phase tracking with 13.91 dB 13.18 dB 4.59 dB

matched filter mask

4.3 Image processing

When implementing the image processing steps of segmentation and mor-
phology on the matched filter probability mask, noise suppression and
boundary definition improved further. Figure[I2JA shows the phase track-
ing algorithm by itself, multiplied by the matched filter detection and
segmented with either the triangle threshold (Figure [I2B) or the Otsu
threshold (Figure [I2C). Regardless of the method chosen for threshold-
ing, morphology filtering was implemented on the binary mask. Both
the phase tracking and the matched filter analysis in Figure [[2 utilize the
same MMUS data from a fixed 6.7 Hz magnetic excitation. The exam-
ple in Figure [I2]is of a SEBS phantom with 0.3 mg/ml of MNPs. See
Appendix B for examples of 0.5 and 0.1 mg/ml of MNPs.
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Figure 12. (A) Phase tracking algorithm detection with (B) segmented binary
matched filter mask from triangle thresholding and (C) Otsu thresholding over-
laid the B-mode image. SEBS phantom with 0.3 mg/ml MNPs.

The improvements in noise suppression were quantified with the CNR.
The mean CNR of three cross sections in SEBS phantoms with 0.5, 0.3
and 0.1 mg/ml MNPs is presented in Table [3] See Appendix C for the
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full CNR calculations of all cross sections. The CNR was calculated by
comparing the signal from the MNP insert (indicated by a dashed circle in
Figure [12)) with the surrounding. The CNR calculations were performed
on the results from the triangle mask and the Otsu mask.

Table 3. Mean CNR of phase tracking algorithm by itself and with the binary
matched filter mask for a fixed 6.7 Hz MMUS excitation. Thresholding per-
formed with the triangle or Otsu method.

Algorithm 0.5 mg/ml 0.3 mg/ml 0.1 mg/ml
Phase tracking 7.33 dB 5.55dB -8.65 dB

Phase tracking with 14.95 dB 14.44 dB 20.58 dB

triangle mask

Phase tracking with 15.46 dB 14.89 dB 16.45 dB

Otsu mask

4.4 PVA phantoms

The acoustic properties of the bulk and insert material in the PVA phan-
toms were successfully matched, as evidenced by the homogeneity of the
B-mode image in Figure [[3]A. However, the preparation of the phantoms
was compromised, rendering the resulting phantoms unsuitable for fur-
ther analysis. The PVA did not fully dissolve in the water during heating,
resulting in a non-uniform material with a lower viscosity than expected.
Additionally, the MNP solution appeared to separate from the PVA mix-
ture during the freeze-thaw cycles in the syringes.

The detection of the matched filter algorithm had a less defined bound-
ary between the bulk and insert material than the phantoms with SEBS as
the bulk material, see Figure . However, no CNR calculations were
performed for the PVA phantoms. This was prompted by the inability to
distinguish the insert in the B-mode image, making an ROI decision for
the CNR calculation more arbitrary. Additionally, PVA phantom prepa-
ration errors further motivated the decision to shift the focus away from
them in this study.
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Figure 13. (A) B-mode image and (B) detection of the matched filter of the
PVA phantom with 0.5 mg/ml of MNPs. The excitation signal for MMUS was
a bidirectional chirp with frequency span from 1.7 to 3.3 Hz and a 2 seconds
duration.
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5 Discussion

5.1 Phantom material

The correlation of the matched filter in the PVA phantoms was less spa-
tially specific than in the SEBS phantoms. Additionally, errors occurred
during the preparation of the PVA phantoms. Consequently, the focus
pivoted towards the SEBS phantoms for the mask and segmentation re-
sults. A probable cause for the reduced specificity in the PVA phantoms
is the fact that they had the same bulk and insert material. With this con-
figuration, it is more likely that the displacement from the MNPs is prop-
agated faster and further in the surrounding material, making it harder to
distinguish between MNP displacements and delayed responses to this
displacement.

Nevertheless, PVA phantoms could be a promising topic for future inves-
tigation because PVA is a water-based material, just as human tissue. To
mitigate the effects of propagating tissue displacements, my suggestion is
to implement a reference between the magnet’s position and phase, and
image initialization. With this reference, correlations could be discrim-
inated based on the temporal relation with the magnetic excitation. If a
correlation happens with a large time delay after the excitation, it is prob-
able that this effect comes from propagated movement through the tissue,
not necessarily close to the MNPs which should move relatively soon to
the magnet rotation. Successful experiments on PVA phantoms would
validate the method’s ability to distinguish accumulated MNPs in tissue
regions that are indistinguishable in acoustic properties.

In the SEBS phantoms, the acoustic properties of the bulk material and
the insert material were not the same. SEBS is an oil-based material
compared to PVA. Furthermore, the graphite concentration was higher
in the insert. Despite this, the use of SEBS phantoms is not unsupported.
Mousavi et al. (2025) claims this kind of phantom to be acoustically close
to lymph nodes in fat, which is a relevant scenario for MMUS imaging.

5.2 Region definition for CNR calculations

CNR calculations were conducted both to evaluate frequency modulated
magnetic excitations and to quantify the noise suppression improvements
when applying the matched filter as a mask on displacement detections.
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It is worth noting that the region definition in both cases lacked ground
truth. For the first case, equally large background and objects were cho-
sen and the object region was placed arbitrarily in the region of highest
correlation. For the second case, the object region was defined as a 5
mm diameter circle and the background as the surrounding. The circle
was placed based on attributes in the corresponding B-mode image and
on prior knowledge of the phantom construction. If a ground truth for
the location of the MNPs can be obtained, the accuracy of the boundary
definition can be evaluated more precisely.

5.3 Frequency modulated magnetic excitation

The results from the comparison between fixed frequency and linear bidi-
rectional chirp magnetic excitation signals suggest that longer chirped
signals provide superior noise suppression to the fixed frequency signals.
However, the necessity of this relatively small improvement is question-
able. A chirped signal with a longer sweep duration results in longer
image acquisitions. This is incompatible for clinical applications, where
image acquisitions should be as short as possible to reduce the risk of
noise from patient movements, operator movements and biological func-
tions. Furthermore, if the matched filter detection is to be combined with
the phase tracking algorithm to preserve the quantitative integrity, the use
of a chirped signal adds a step to the data acquisition. Since the phase
tracking algorithm uses a fixed frequency excitation for analysis, it would
be preferable to use the same data for matched filter analysis and segmen-
tation. This was the reason for pivoting towards fixed frequency signals
when using the matched filter as a probability mask for the phase tracking
algorithm and when applying segmentation to the mask.

Moreover, the increased CNR for the 2 second duration chirps could be
attributed to the length of the reference. It should be kept in mind that
the reference length for the 2 seconds duration chirps was 100 frames (2
seconds), while the reference for fixed frequency and shorter chirp signals
was 75 frames (1.5 seconds). The significance of this difference has not
been quantified, but is a probable cause of increased CNR. The references
were kept this length to give the longer chirp signals an advantage for
having a larger time-bandwidth product and because the cine-loops were
longer during image acquisition of these excitations.
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5.3.1 Noise

Different excitation signals showed varying levels of sensitivity to the 16
Hz interference frequency. Figure [9] shows the magnitude spectrum for
two example signals. In both cases, there is a clear amplitude peak at
16 Hz. However, for the broader frequency sweep signal, the amplitude
of the interference is larger than the amplitude of the signal frequency,
seemingly obstructing the matched filter algorithm from finding a large
correlation with the magnetic force reference. All outliers in Appendix A
included the 13.3 Hz frequency, suggesting that these excitation signals
were more susceptible to the interference frequency. Additionally, most
of the outliers were chirped excitation signals. This result contradicts
the hypothesis that the implementation of frequency modulated excita-
tion signals would increase the robustness to noise.

Several interventions were suggested and tested to reduce the interfer-
ence at 16 Hz. The approaches included turning off all other motors and
computers in the room with the experimental setup, placing the phantom
on a foam mat, placing a weight on the phantom, moving the motor that
drove the magnet to a separate table from the phantom, turning off the
magnet driving motor, changing the length of the lever for the ultrasound
transducer and wrapping the transducer cable in fabric. The purpose of
every change was to reduce the risk of mechanical vibrations in the setup.
However, no change mitigated the interference frequency. I have no clear
hypothesis of what caused the interference. If the interference frequency
was caused by vibrations from the ultrasound machine or transducer, it
can be expected in future measurements. In this case, frequency sweeps
with a larger bandwidth seem to be more sensitive and should be avoided.
To rule out an external source in the local environment as the cause of the
interference, I suggest that the measurements be replicated with the same
setup in a second laboratory room.

5.4 Matched filter as probability mask

5.4.1 Excitation signal and reference length selection

As mentioned before, the focus pivoted towards a fixed frequency excita-
tion for the application of matched filter as a probability mask, reasoned
by the phase tracking algorithm’s need for this type of excitation. Using
different excitation signals for these steps does not justify the longer im-
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age acquisition time and system complexity. My choice to investigate the
6.7 Hz excitation signal was reasoned by the limited number of cycles in
a 4 second ultrasound cine-loop with a 1.7 Hz excitation and the 13.3 Hz
excitation’s sensitivity to the interference frequency at 16 Hz. Addition-
ally, all fixed frequency signals performed similarly (Table|[I)), making an
analysis of every frequency redundant.

The reference length was increased for the purpose of using the matched
filter detection as a mask. This adjustment predictably improved noise
suppression and CNR, as shorter references are more prone to correla-
tion with noise. Consequently, a reference length approaching the total
image length is more effective, clearly demonstrated by Figure [[0] How-
ever, a shorter reference was used when comparing fixed frequency versus
chirped excitations to ensure a fair comparison. Chirped excitations re-
quired a longer acquisition time to ensure that a full bidirectional cycle
was captured. Therefore, the reference for these excitations had to be
much shorter than the full image length, thus explaining the fairness of
comparing this to a shorter fixed frequency reference.

5.4.2 Mechanism and interpretation of the combined algorithm

The implementation of the matched filter as a mask for displacement de-
tection from the previous phase tracking algorithm resulted in enhanced
noise suppression and boundary definition. This improvement implies
that the detection of MNPs in MMUS can be specific, likely allowing
detection of lower MNP concentrations. Successfully locating small con-
centrations of MNPs would increase the monitoring sensitivity for drug
administration, intraoperative guidance and molecular change detection.
This would elevate the diagnostic and therapeutic relevance of MMUS.

To understand why the matched filter improves the noise suppression
compared to when phase tracking is used by itself, it is important to
note the different approaches. The phase tracking algorithm calculates
the mean phase of the pixel phase from the RF-data, and a manual gate
decides which phases should be kept. In this way, the pixels that move
together close in time at the right frequency are kept and their displace-
ment is calculated. Phase gating requires some prior knowledge of where
the MNPs are located to make a relevant phase decision, matching the
phase of the magnetic insert. In comparison, the matched filter does not
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require any manual interventions. Furthermore, it does not calculate dis-
placement and does not operate based on the phase of the pixel phase.
Rather, the filter is about the shape of the phase oscillation. With the
matched filter, received pixel phase signals that do not contain the spec-
tral components of the reference template or do not match the timing and
duration of the reference template result in a worse correlation. These
approaches may seem similar but the phase tracking algorithm operates
by mixing the received signal with quadrature demodulation of the target
frequency while the matched filter filters the signal based on frequency
spectrum and constructive interference. The results in this study indicate
the increased detection specificity of shape matching the phase signal to a
reference template over tracking the phase of the phase signal. However,
the methods must be combined to avoid loss of quantitative detection.

The physical interpretation of the product of displacement detection and
probability detection can be conceptually aligned with the energy transfer
detection of the MNPs. This is not a perfect analogy since the probability
has no unit, meaning the output still has a length unit. To make sense
of the analogy, the probability is considered as the force or mass of the
MNPs. In simpler, and more factual terms, the matched filter combined
with the displacement detection is a weighted displacement detection.
The weight is based on the probability of detected MNPs and does not
scale with the concentration.

5.5 Image processing

The application of segmentation and morphological filtering on the proba-
bility mask from the matched filter detection further increased the bound-
ary definition of MNP regions. This is exemplified by the results in Figure
and Appendix B. Implementing image processing is always a matter
of interpreting the data, in this case to decide where contrast agents have
accumulated or not. However, it is important to implement filtering tech-
niques with caution to reduce the risk of losing MNP information caused
by too strict filtering.

Two thresholding methods were compared for segmentation, the triangle
and the Otsu method. For contrast agent concentrations of 0.5 and 0.3
mg/ml, the Otsu method performed better than the triangle method. At
a concentration of 0.1 mg/ml MNPs, the mean CNR across the three im-
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aged cross sections indicates that the triangle method had superior perfor-
mance. However, the first column of Table [9]in Appendix C presents the
results for a specific cross section in the SEBS phantom with 0.1 mg/ml of
MNPs. The CNR results for this cross section did not follow the pattern of
all other measurements. This could be considered an outlier, but it was not
done in order to showcase the difficulty in identifying MNP presence at
low concentrations. The lowest concentration of contrast agent yield the
smallest displacements and phase shifts, evidently creating more fluctua-
tion in the detection results. With this in mind, the triangle segmentation
still increased the CNR for this particular detection by 29 dB.

5.6 Ethics discussion

During the development of any medical application, it is important to
conduct animal and/or clinical studies to ensure safety and efficiency. It
is an important step from discovery to clinical implementation. Clinical
studies (which avoid selection bias by including a heterogeneous sample
population) ensure that a method does not only work for one type of per-
son with a specific tissue composition. However, to evaluate technical
properties, the use of tissue-mimicking phantoms is often considered to
have an ethical advantage over human and animal studies (Mousavi et al.
20235])). This belief is built on the 3R principle first introduced by Russell
et al. (1959). The 3R terms are replace, reduce and refine. These prin-
ciples were formulated specifically with the ethics surrounding animal
research in mind to reduce suffering and save animal studies for clinical
investigations. Considering this, it is ethically justifiable that this study
was performed on phantoms.

When developing new technology for medical applications, equality is
a major ethical consideration. The ultimate scenario is that technology
becomes available and beneficial to all people, regardless of their social
and economic status. The development of MMUS, a molecular specific
imaging modality based on ultrasound, is aimed at achieving this equal-
ity. Ultrasound is one of the most widely used imaging modality for med-
ical applications with a lower cost than other techniques (Hoskins et al.
2019). This makes MMUS a relatively available technique, reducing the
need for large machines such as MRI and PET scanners, while providing
the molecular specificity of these techniques, with the aim of improving
healthcare quality globally.
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6 Conclusion

By using a linear bidirectional chirped magnetic excitation for MMUS
imaging, the CNR between the MNP region and the background is slightly
increased compared to when using a fixed frequency excitation. How-
ever, this small improvement does not justify the longer image acquisition
time and system complexity, especially when combined with the previous
phase tracking algorithm that needs a fixed frequency excitation. Addi-
tionally, frequency modulated signals were most susceptible to the inter-
ference frequency during experiments, contradicting the hypothesis that
these excitations would increase robustness to noise.

The matched filter algorithm described in this study is an efficient strategy
for noise suppression and spatial specificity in MMUS imaging. When
image processing steps are included, the efficiency is enhanced further.
By combining the matched filtering with the previous detection method,
the quantitative displacement analysis is retained. Decreasing the detec-
tion limit of MNPs for MMUS with these strategies could increase the
diagnostic and therapeutic capacity of the technique.
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Appendix A

All CNR values from matched filter detection of different excitation sig-
nals for SEBS phantoms with MNP concentrations 0.5, 0.3 and 0.1 mg/ml
are presented in Table [4] Table [5|and Table[6] Three cross sections (CS)
were imaged for each phantom and the mean values were calculated by
excluding outliers marked with red text.

Table 4. CNR in SEBS phantom with 0.5 mg/ml of MNPs for different magnetic

excitation signals.

Excitation signal CS1 CS2 CS3 Mean

Fixed 1.7 Hz 18.14dB 17.70dB  18.32dB  18.06 dB
Fixed 6.7 Hz 18.72dB  18.14dB 18.54dB 18.48dB
Fixed 13.3 Hz 18.42dB 18.06dB 19.02dB 18.52dB
1.7t03.3Hz, 1 s 18.28dB 17.82dB 18.78dB  18.30dB
1.7t06.7Hz, 1 s 17.86dB  17.80dB  19.38dB  18.38 dB
1.7t0 13.3Hz,1s 4.10dB 16.40dB 1890dB 17.74dB
1.7t03.3Hz,2s 2028dB 20.20dB 21.04dB 20.52dB
1.7t06.7Hz,2s  2026dB 1944dB 2048dB 20.06 dB
1.7t0 13.3Hz,2s 17.56dB 17.80dB 22.30dB 19.52dB
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Table 5. CNR in SEBS phantom with 0.3 mg/ml of MNPs for different magnetic
excitation signals.

Excitation signal CS1 CS2 CS3 Mean

Fixed 1.7 Hz 18.82dB 18.34dB 17.20dB 18.14dB
Fixed 6.7 Hz 18.74dB 1896dB 1736 dB  18.38 dB
Fixed 13.3 Hz 1898dB 17.50dB 16.52dB 17.72dB

1.7t03.3Hz, 1s 19.48dB 18.92dB 17.02dB  18.54 dB
1.7t06.7Hz, 1s 19.82dB 19.26dB 18.26dB  19.14dB
1.7t013.3Hz,1s 17.62dB 17.04dB 1092dB 17.34dB
1.7t033Hz,2s 21.30dB 20.88dB 19.76dB  20.68 dB
1.7t06.7Hz,2s  21.16dB 20.28dB 18.68dB  20.10dB
1.7t0 13.3Hz,2s 20.14dB 21.88dB 19.20dB  20.48 dB

Table 6. CNR in SEBS phantom with 0.1 mg/ml of MNPs for different magnetic
excitation signals.

Excitation signal CS1 CS2 CS3 Mean

Fixed 1.7 Hz 10.24dB  1590dB 17.82dB 15.20dB
Fixed 6.7 Hz 730dB  1494dB 17.96dB 14.44 dB
Fixed 13.3 Hz 1.62 dB 9.66 dB 12.82dB 11.24dB

1.7t0 3.3 Hz, 1 s 7.10 dB 15.06dB 16.50dB 13.76 dB
1.7t06.7Hz, 1 s 6.44 dB 13.30dB  17.82dB  13.70dB
1.7t0 13.3Hz,1s -422dB 9.72 dB 1494dB 12.72dB
1.7t03.3 Hz, 2 s 8.78 dB 1564dB 1756 dB 14.74dB
1.7t06.7Hz, 2 s 4.50 dB 1434dB 12.12dB 11.24dB
1.7t013.3Hz,2s -522dB 16.14dB 13.32dB 14.84dB
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Appendix B

Figure[T4]presents a cross section of the SEBS phantom with 0.5 mg/ml of
MNPs. In Figure[T4JA, the detection of MNPs is executed with the phase
tracking algorithm, Figure [[4B shows the detection when the matched
filter detection is employed as a non-binary probability mask on the dis-
placement detection and in Figure [T4C, segmentation is performed with
the Otsu method and morphological filtering is applied. The correspond-
ing steps are presented in Figure[T5|A, Figure [I5B and Figure [I5]C but for
a cross section of the SEBS phantom with 0.1 mg/ml of MNPs.

0.2 um

0pm

Figure 14. (A) Phase tracking algorithm detection with (B) non-binary matched
filter mask and (C) binary mask from Otsu thresholding overlaid the B-mode
image. SEBS phantom with 0.5 mg/ml MNPs.

0 pm

Figure 15. (A) Phase tracking algorithm detection with (B) non-binary matched
filter mask and (C) binary mask from Otsu thresholding overlaid the B-mode
image. SEBS phantom with 0.1 mg/ml MNPs.
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Appendix C

All CNR values for SEBS phantoms with MNP concentrations 0.5, 0.3
and 0.1 mg/ml from different detection algorithms are presented in Table
Table [§] and Table [9] Three cross sections (CS) were imaged for each

phantom.

Table 7. CNR for SEBS phantom with 0.5 mg/ml of MNPs for different detec-

tion algorithms.

Algorithm CS1 CS2 CS3
Phase tracking 7.31 dB 7.36 dB 7.31 dB
Phase tracking with 14.10 dB 14.13dB 13.51 dB
matched filter mask

Phase tracking with 15.15dB 15.34 dB 14.36 dB
triangle mask

Phase tracking with 15.81 dB 15.87 dB 14.69 dB
Otsu mask

Table 8. CNR for SEBS phantom with 0.3 mg/ml of MNPs for different detec-

tion algorithms.

Algorithm CS1 CS2 CS3
Phase tracking 5.56 dB 5.46 dB 5.63dB
Phase tracking with 13.59 dB 13.30dB 12.65 dB
matched filter mask

Phase tracking with 14.95 dB 14.42 dB 13.95 dB
triangle mask

Phase tracking with 15.37 dB 15.06 dB 14.23 dB
Otsu mask
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Table 9. CNR for SEBS phantom with 0.1 mg/ml of MNPs for different detec-

tion algorithms.

Algorithm CS1 CS2 CS3
Phase tracking -9.91 dB -9.70 dB -6.34 dB
Phase tracking with 0.05dB 4.95 dB 8.77 dB
matched filter mask

Phase tracking with 19.27 dB 20.13 dB 22.31dB
triangle mask

Phase tracking with 3.49dB 20.25 dB 25.60 dB
Otsu mask
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