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Abstract

As an emerging medical imaging modality, magnetic particle imaging (MPI) has demon-
strated considerable potential in imaging scenarios where established techniques are limited
or have adverse effects. However, it still faces several challenges for future clinical integration
and for achieving theoretical predictions of performance. MPI is a quantitative, tracer-based,
and indirect imaging technique, that measures the non-linear response of magnetic nanopar-
ticles (MNPs) at high temporal and spatial resolution with very high sensitivity. Major
milestones such as the in vivo measurement of a beating mouse heart in 2009 or the first
MPI-tailored MNPs in the same year, have been complemented by progress in various disci-
plines that constitute the research field of MPI. These include image reconstruction, signal
encoding, MNP synthesis, applications and hardware instrumentation as main categories.
Today, real-time reconstructions are feasible for perfusion imaging, as well as simultaneous
measurement and signal separation of different MNP systems, and intentional interaction of
MNPs with their immediate environment by mechanical activation, hyperthermia or targeted
drug delivery.

Initial progress toward the development of a full-scale, human-sized system by the Philips re-
search division in Hamburg, Germany, in 2015 was accompanied by a number of challenges.
The enormous engineering effort included the development of instrumentation needed to
generate strong alternating and static magnetic fields in a cost-effective and maintainable
manner, with a complexity similar to that of a magnetic resonance imaging (MRI) system.
Ultimately, the project struggled to maintain funding. At the Institute of Biomedical Imag-
ing, Hamburg University of Technology, the challenge in instrumentation was addressed on a
smaller scale, but still within the range of human proportions. A human-sized head scanner
was introduced in 2019 that incorporated numerous straightforward solutions to previous
difficulties, benefiting from smaller components and lower electrical specifications. A signif-
icant aspect of this thesis is the comprehensive redesign of this head-sized imaging system
to align with clinical standards in terms of 3D acquisition speed, safety, and resolution. The
design process incorporates both feasibility and clinical trial requirements, and achievable
results are highlighted for an approved, but inferior, Ferucarbotran-based tracer. One part
of this thesis is devoted to an in-depth examination of the transmit-receive signal chain of
the device, accompanied by a comprehensive account of the development and design process
of a high current linear toroidal transformer. The high-gain transformer can also be utilized
in applications beyond medical imaging, operating in the kHz range, such as wireless power
transmission. Another section in the present thesis investigates the suitability of a novel

Ferucarbotran tracer, its MPI signal quality, composition, and performance in comparison
to other MNPs.

In the fields of neurology and interventional radiology, a head-sized imaging system can
be employed for the prompt diagnosis of various types of stroke, including ischemic stroke,



which represents a significant cause of mortality in the context of cardiovascular disease.
Intracerebral hemorrhage represents the second most common type of stroke for which per-
fusion imaging serves as an invaluable diagnostic tool. Our head-sized imaging system may
facilitate long-term monitoring of such patients. In this study, we propose a negative contrast
perfusion imaging technique based on a long-circulating tracer and a saline bolus, which en-
ables the repeated generation of trackable dynamic changes in MNP concentration without
increasing the total administered iron dose. It leverages several significant advantages of
MPI over other modalities, including its sensitivity, linearity, and high temporal resolution
for 3D volume tracking, enabling not only concentration changes but also the rate of these
processes to be monitored. Given the limited iron uptake by the liver and spleen, reducing
the administered dose is a crucial aspect to consider for repeated monitoring of an individual
patient.

MNP spectrometry is a highly valuable tool during the preclinical stage of MPI, as it allows
for the assessment and evaluation of the non-linear response and relaxation behavior of MNPs
with high signal quality and low noise in homogeneous fields. Concerning the instrumentation
of MNP spectrometry, we develop and calibrate an arbitrary waveform magnetic particle
spectrometer (MPS) for the purpose of measuring and emulating MPI excitation sequences.
In particular, the device can operate at different excitation waveforms and offset fields, which
can be utilized to emulate an arbitrary waveform MPI scanner, assess MPI signal encoding,
saturation behavior, and the magnetization behavior of nanoparticles on a small scale with
short measuring times, typically below one minute.



Kurzfassung

Als aufstrebende medizinische Bildgebungsmodalitdt hat die Magnet Partikel Bildgebung
(MPI) ein betrachtliches Potenzial in Bildgebungsszenarien gezeigt, in denen etablierte
Techniken begrenzt sind oder nachteilige Auswirkungen haben. Sie steht jedoch noch vor
mehreren Herausforderungen, wenn es um die kiinftige klinische Integration und das Erre-
ichen theoretischer Leistungsvorhersagen geht. MPI ist ein quantitatives, tracerbasiertes und
indirektes Bildgebungsverfahren, das die nichtlineare Reaktion von magnetischen nanopar-
tikeln (MNPs) mit hoher zeitlicher und raumlicher Auflésung und sehr hoher Empfindlichkeit
misst. Wichtige Meilensteine wie die In-vivo-Messung eines schlagenden Mauseherzens im
Jahr 2009 oder die ersten auf MPI zugeschnittenen MNPs im selben Jahr wurden durch
Fortschritte in verschiedenen Disziplinen erganzt, die das Forschungsgebiet der MPI aus-
machen. Dazu gehdren die Bildrekonstruktion, Signalkodierung, Synthese von MNPs, medi-
zinische Anwendungen und Hardware-Instrumentierung als Hauptkategorien. Heute sind
Rekonstruktionen in Echtzeit fir die Perfusionsbildgebung moglich, ebenso wie die gleichzeit-
ige Messung und Signaltrennung verschiedener Partikelsysteme und die gezielte Interaktion
von MNPs mit ihrer unmittelbaren Umgebung durch mechanische Aktivierung, Hyperthermie
oder gezielte Medikamentengabe.

Die ersten Fortschritte bei der Entwicklung eines menschengroBen Systems durch die Philips-
Forschungsabteilung in Hamburg, Deutschland, im Jahr 2015 wurde von einer Reihe von
Herausforderungen begleitet. Der enorme technische Aufwand umfasste die Entwicklung
von Feldgeneratoren, um starke magnetische Wechselfelder und statische Magnetfelder auf
kosteneffiziente und wartbare Weise zu erzeugen. Das Gerat ist mit der Komplexitat eines
MRT-Systems zu vergleichen und hatte letztendlich Schwierigkeiten die Finanzierung aufrecht-
zuerhalten. Am Institut fiir Biomedizinische Bildgebung der Technischen Universitit Ham-
burg wurde die Herausforderung der Instrumentierung in kleinerem MaBstab, aber immer
noch im Bereich von menschlichen Proportionen, angegangen. Im Jahr 2019 wurde eine
erste Version eines Kopfscanners in menschlicher GroBe vorgestellt, der zahlreiche unkom-
plizierte Losungen fiir frithere Schwierigkeiten enthielt und von kleineren Komponenten und
geringeren elektrischen Anforderungen profitierte. Ein wichtiger Aspekt dieser Arbeit ist
die umfassende Neugestaltung dieses kopfgroBen Bildgebungssystems, um es in Bezug auf
3D-Erfassungsgeschwindigkeit, Sicherheit und Auflésung an klinische Standards anzupassen.
Der Entwurfsprozess beriicksichtigt sowohl die Machbarkeit als auch die Anforderungen fiir
klinische Studien. Es wird auBerdem aufgezeigt, welche Ergebnisse mit einem zugelassenen,
aber minderwertigen Tracer auf Ferucarbotran-Basis erzielt werden kénnen. Ein eigenstandi-
ger Teil dieser Arbeit ist einer genauen Untersuchung der Sende-Empfangs-Signalkette des
Gerats gewidmet, begleitet von einer umfassenden Darstellung des Entwicklungs- und Kon-
struktionsprozesses eines linearen Hochstrom-Ringkerntransformators. Der toroidale Trans-
formator kann auch in Anwendungen auBerhalb der medizinischen Bildgebung eingesetzt



werden, die im kHz-Bereich arbeiten, z.B. in der drahtlosen Energielibertragung. In einem
weiteren Teil der vorliegenden Arbeit werden die Eignung des neuartigen Ferucarbotran-
Tracers, seine MPI-Signalqualitdt, Zusammensetzung und Leistung im Vergleich zu anderen
MNPs untersucht.

In der Neurologie und der interventionellen Radiologie kann ein kopfgroBes Bildgebungssys-
tem zur schnellen Diagnose verschiedener Arten von Schlaganfillen eingesetzt werden, ein-
schlieBlich des ischamischen Schlaganfalls, der im Zusammenhang mit kardiovaskuldren
Erkrankungen eine der fiihrenden Todesursache darstellt. Die intrazerebrale Gerhinblutung
ist die zweithaufigste Schlaganfallart, bei der die Perfusionsbildgebung ein unschatzbares di-
agnostisches Instrument darstellt. Unser kopfgroBes Bildgebungssystem kann die langfristige
Uberwachung solcher Patienten erleichtern. In einer eigenstindigen Studie schlagen wir eine
Perfusionsbildgebungstechnik mit negativen Konrast vor, die auf einem lang zirkulierenden
Tracer und einem Bolus aus Kochsalzlésung basiert, der die wiederholte Erzeugung dynamis-
cher Veranderungen der MNP-Konzentration erméglicht, ohne die verabreichte Gesamtdo-
sis an Eisen zu erhéhen. Dabei werden mehrere wesentliche Vorteile von MPI gegeniiber
anderen Modalitaten genutzt, darunter die Empfindlichkeit, Linearitdt und hohe zeitliche
Auflosung fiir die 3D-Volumentomographie, so dass nicht nur Konzentrationsdnderungen,
sondern auch die Geschwindigkeit dieser Prozesse iiberwacht werden kdnnen. Angesichts
der begrenzten Eisenaufnahme durch Leber und Milz ist die Verringerung der verabreichten
Dosis ein entscheidender Aspekt, der bei der wiederholten und dauerhaften Uberwachung
eines einzelnen Patienten zu beriicksichtigen ist.

Die MNP-Spektrometrie ist ein duBerst wertvolles Instrument in der praklinischen Phase
von MPI, da sie die Beurteilung und Bewertung der nichtlinearen Reaktion und des Relax-
ationsverhaltens von MNPs mit hoher Signalqualitat und geringem Rauschen in homogenen
Feldern erméglicht. Beziiglich der Instrumentierung der MNP-Spektrometrie, entwickeln
und kalibrieren wir ein MPS mit beliebiger Wellenformanregung fiir die Messung und Emu-
lation von MPI-Anregungssequenzen. Insbesondere kann das Gerat mit verschiedenen An-
regungswellenformen und Offset-Feldern arbeiten, die zur Emulation eines MPI-Scanners
mit beliebiger Wellenform, zur Bewertung der MPI-Signalkodierung, des Sattigungsverhal-
tens und des Magnetisierungsverhaltens von Nanopartikeln in kleinem MaBstab mit kurzen
Messzeiten, typischerweise unter einer Minute, verwendet werden konnen.
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Glossary

Nomenclature

Notations

a hat: Fourier transform of signal a

a* asterisk: complex conjugate of signal a
a boldsymbol: vector or matrix

€, unit vector: points in direction of a
Name Unit Description

B T = Vs/m? Magnetic flux density

Bpe T Magnetic drive field

Bsr T Magnetic selection field

c gre / m® MPI particle concentration

C F = As/V  Capacitance

D As/m? Electric displacement field

E V/m Electric field

f Hz Frequency (see also w)

Af Hz Bandwidth

fr Hz Resonance frequency

fi Hz Fundamental frequency, first harmonic
fs Hz Sampling frequency (ADC)

G T Magnetic gradient field

H A/m Magpnetic field

] Imaginary unit, j2 = —1

k Frequency index (harmonics)

kg J/K Boltzmann constant, kg ~ 1.381 - 1072 J/K
ke Coupling coefficient (transformer)

K Number of frequencies k

[ Channel index

Leh Number of channels [

L H = Vs/A Inductance

L1 H Primary inductance of transformer

L, H Secondary inductance of transformer
Lm H Mutual inductance, also: Lp; acting on 2 from 1 (reciprocal)
L, H Stray inductance of transformer

m Am? Magnetic moment (m = [ M dV)

M A/m Magnetization

viii



ix Nomenclature
J A/m? Free current density
P As/m? Polarization density
p W Power
Qc C=As Charge
Qs Quality factor of resonance
r m Location vector, r € R
S Vm?®/gre System matrix
SNR dB Signal-to-noise ratio
t s Time
to s Initial time, e.g. of bolus
T s Period
T s Group period
u V Receive signal
Z Q Impedance, complex resistance
ds m Skin depth
€ As/Vm Permittivity (tensor)
€0 As/Vm Permittivity of free space (€9 ~ 8.854 - 10712 As/Vm)
€ Relative permittivity
G m?3 Field of view
Ar Regularization parameter (Kaczmarz solver)
U Vs/Am Permeability (tensor)
1o Vs/Am Permeability of free space (o ~ 471 - 1077 Vs/Am)
Ur Relative permeability
o As/m?3 Free charge density
o S/m Electrical conductivity (tensor)
04 Statistical standard deviation
) s Brownian relaxation time
™ s Néel relaxation time
Lo Vs Magnetic flux
w rad/s Angular frequency
Aw rad/s Bandwidth
wo rad/s Angular resonance frequency



Abbreviations

Abbreviations

ADC analog-to-digital converter
CT computed tomography

DAC digital-to-analog converter
DFG drive field generator

DFT discrete Fourier transform
DLS dynamic light scattering
ECD equivalent circuit diagram
ESL equivalent series inductance
ESR equivalent series resistance
FFL field-free-line

FFP field-free-point

FFR field-free-region

FFT fast Fourier transform
FNOs Fourier neural operators
FOV field-of-view

FWHM full width at half maximum
Gl gastrointestinal

GUI graphic user interface

HCR high current resonator

ICN inductive coupling network
ICU intensive care unit

ISI integrated signal intensity
JFET junction field-effect transistor
lcm least common multiple

LFR low-field-region

LNA low noise amplifier

MNP magnetic nanoparticle
MoM method of moments

MPI magnetic particle imaging
MPS magnetic particle spectrometer
MRI magnetic resonance imaging
MTT mean-transit-time

NF noise figure

NWA network analyzer

PA power amplifier

PCB printed circuit board

PDE partial differential equation
PET positron emission tomography
PNS peripheral nerve stimulation
PSF point spread function

PTT pulmonary transit time

PWM pulse width modulation
RBCs red blood cells

rBF relative blood-flow

rBV relative blood-volume

rCBF relative cerebral-blood-flow
rCBV relative cerebral-blood-volume
RFFT right-sided fast Fourier transform
RMS root mean square

ROI region of interest

RP RedPitaya Stemlab 125-14

RSS root sum-of-squares

SAR specific absorption rate

SFG selection field generator
SPECT single-photon emission CT
SR slew rate

SU surveillance unit

TDD targeted drug delivery

TEM transmission emission microscopy
TF transfer function

THD total harmonic distortion
TTP time-to-peak

TxRx transmit-receive

VNA vector network analyzer

VOI volume of interest

VSM vibrating sample magnetometry



1.1 Motivation . . . . . . . . .. ... 2
1.2 Publications and Contributions . . . . . . . . . .. 4
1.3 Structure of thisWork . . . . . . . . . ... ... 5

Introduction

Medical imaging plays a pivotal role in modern healthcare and describes the process of ob-
taining an internal image of the body that can be used for diagnosis and treatment. It is
largely based on the ability to non-invasively analyze, prepare for, and guide medical proce-
dures using one or several imaging modalities. Historically, medical imaging has been a tool
used primarily for diagnosis. Treatment was a separate process and imaging was used as a
pre- and post-evaluation of the surgical intervention. Over the years, this distinction has
faded and medical imaging has begun to play an important role during interventions, e.g. for
minimally invasive surgery via catheters [216]. Additional requirements for medical device
design, such as patient accessibility and acquisition speed, became important for surgical
integration. Today, medical imaging is an integral part of many therapies, providing feed-
back for monitoring and combining therapy and diagnostics into theranostics. At its essence,
the interdisciplinary field of medical imaging combines principles from physics, engineering,
mathematics, computer science, and medicine to devise new methodologies for the visualiza-
tion of internal structures, organ functionality, and physiological processes within the human
body.

Since the introduction of clinical X-ray imaging and its refinement over the last century, a
large number of other techniques have been invented, each with different purposes and ad-
vantages that determine its specific clinical application [55, 206]. There is no single imaging
modality suited for an all-embracing evaluation, but each method has distinct advantages,
is suitable for different imaging aspects, and has adverse effects. Advances in the instru-
mentation of individual modalities improve their capabilities, such as spatial resolution or
sensitivity, which in turn enable new applications. These two main pillars of instrumentation
and application form a progressive interplay in advancing modern imaging modalities. We
loosely differentiate two groups of non-invasive methods: The class of direct or morphological
techniques and the class of indirect imaging methods [40]. The former is based on physi-
cal parameters that are directly coupled to the imaging signal, as in computed tomography
(CT), magnetic resonance imaging (MRI), or sonography. The latter involves the injection
of a tracer material with specific properties that enables its detection, such as in positron
emission tomography (PET), single-photon emission CT (SPECT) and magnetic particle
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imaging (MPI). A basic comparison and overview of these non-invasive modalities is given in
Table 1.1. The wide range of requirements for modern modalities includes, but is not limited
to, high spatial resolution, fast acquisition times, high sensitivity, strong image contrast and
low risk to patients and staff, at best in demanding environments such as an intensive care
unit (ICU) with free access to conduct surgery. Moreover, engineering effort and system cost
are important factors in ensuring a widespread availability. There are also invasive imaging
techniques, such as optical coherence tomography angiography or endoscopy, which will not
be the focus of this work.

Motivation

This dissertation focuses on MPI, which is the only aforementioned imaging modality that
is not yet established in clinical practice. It was first patented in 2001 [68] and subsequently
published in 2005 by Gleich et al. [70] during their tenure at the Philips Research Labora-
tories in Hamburg. The first in vivo images of a beating mouse heart where presented in
2009 by Weizenecker et al. [309]. As an indirect imaging modality, MPI requires a tracer,
more specifically magnetic nanoparticles (MNPs), which are typically introduced into the
bloodstream by intravenous injection. Based on different static and varying magnetic fields
in the kHz range, the nonlinear response of the MNPs is measured without employing ioniz-
ing radiation. Associated risks are therefore bound to heating, peripheral nerve stimulation
(PNS) and tracer toxicity. MPI is capable of yielding real-time, background-free images with
excellent contrast and sensitivity, making it a promising technology that has already shown
significant potential in preclinical studies [27, 130, 194, 319].

In an effort to enhance current medical imaging capabilities for patients and clinical staff,
research conducted on MPI aims to complement and refine medical imaging rather than
replace existing modalities. Key objectives for future patients include reducing radiation
exposure, combining diagnosis and therapy, and reducing scan times for fast and effective
diagnosis, e.g. through the use of hybrid devices [37, 63, 290, 291]. MPI is a driver for the
aforementioned interplay of instrumentation and application, as advances in instrumentation
enable new applications that may become feasible in the near future, providing new imaging
aspects, physiological information, tailored monitoring and unprecedented resolution [95].
Current efforts are directed toward the creation of clinical-grade systems for use in human
applications, where five major areas of study can be loosely distinguished: research on MNPs,
reconstruction, signal encoding, instrumentation, and application. In an effort to validate the
safe and useful future use of MPI, this work aims to contribute primarily to instrumentation,
signal encoding, and suited applications of MPI.

Advances of MPI. Present capabilities of MPI include real-time reconstructions providing
live feedback of ongoing 3D measurements [132, 289], which can then be dissected into
cross-sectional images or used for volume rendering. MPI can be classified as a tomographic
imaging technique that employs algorithms to reconstruct the detailed 3D spatial distribu-
tion of the MNPs by solving a linear inverse problem. The underlying signal-model assumes
a linear model [70, 130, 163], that is usually solved either in the time-domain [74] or using a
system matrix approach in the frequency domain [70, 215]. Current bore-sizes of preclinical
imaging systems are restricted to around 20 to 30 cm and commercial human-sized system
do not yet exist, however different groups are committed to path the way by investigat-
ing different human-scale designs [76, 174, 213, 233, 255, 287] or independent hand-held
devices [43, 105, 175, 228, 231].
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Table 1.1: Overview and comparison of different non-invasive imaging techniques [95, 137].
Measurement times refer to slices or small volumes and increase for full 3D (body) scans. The
contrast resolution of CT, MRI, and sonography can be increased using suitable tracers [162].

CcT MRI sonography PET SPECT MPI
spatial resolution 0.5mm 1mm 1mm 4mm 8mm | 0.5mm
measurement time 1s 1s to 10 min <0.1s 1 min 1min <0.1s
sensitivity low low low high high high
quantitativity yes no no yes yes yes
contrast resolution low moderate low high high high
tracer optional optional optional yes yes yes
anatomical info. yes yes yes no no no
risks ionizing heating heating B/vy-rad. | v-rad. | heating

An important step for MPI has been the invention of the magnetic particle spectrometer
(MPS) [26, 300], which not only resembles a low-power model of the signal chain and
thus refines and shapes the requirements for the instrumentation of larger devices, but it
is also fundamental for the development of tailored tracers. The performance of MNPs
can be measured at high SNR and the effects on the signal spectrum of changing the
MNPs environment can be determined [219]. This is important to quantify the future image
resolution and sensitivity of MPl. An MPS can also be used for highly sensitive medical
diagnosis [218, 293] or as a continuous flow apparatus to optimize and monitor particle
synthesis [172].

It is also possible to gather information about the immediate environment of MNPs, as long
as a calibration is performed beforehand [209]. Such a functionalization includes, but is not
limited to, evaluating viscosity [51, 186, 219, 280], temperature [217, 226, 253, 281, 312],
particle core size [247], and binding state [185, 285] or several simultaneously [331]. The use
of multi-contrast reconstructions allows the simultaneous visualization of different properties
in different colors or images (channels). The combination of imaging, targeted therapy
(theranostics) and feedback is a unique feature of MPI and motivates further development.
For example, during hyperthermia treatment, the MNPs can be simultaneously tracked for
imaging, actuated to induce cellular apoptosis, and used for thermometry via multi-contrast
imaging [37, 222].

Examples for future diagnostic MPI applications are stroke imaging [76, 262, 313], an-
giography [156, 187], perfusion imaging [79, 120, 164, 165, 187, 332], cardiovascular and
periinterventional imaging [17, 91-93, 104, 305, 309]. The transition to theranostics is
manifested in cell tracking [11, 27, 221, 244, 245, 251, 267, 329], cancer detection [14, 59,
60, 96, 122, 168, 226, 282, 325], hyperthermia [6, 24, 41, 113, 188, 266], and targeted drug
delivery [38, 81, 155, 158, 169, 284, 327]. Moreover, MPI has the ability to assist during
clinical procedures, like vascular interventions [5, 82, 93, 103, 211, 227, 287, 304, 311] or
potentially by actuation of micro-robots (magnetic force navigation) [18, 19, 38, 39, 213,
212], i.e. to treat cerebral aneurysms. Preclinical MPI devices exist in a variety of config-
urations, like cylindrical bore [70-72] single sided scanner [232], or Halbach configuration
(permanent magnets) [16, 303], which rely on different approaches towards signal encoding,
like an field-free-point (FFP) [70, 292], or an field-free-line (FFL) [25, 54, 74, 129, 176,
256].
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Potential and Limitations of MPI. Established modalities such as CT for cerebral an-
giography [160] or MRI for imaging stroke or intracranial hemorrhage [124] outclass current
MPI capabilities. However, MPI does not need to replace current imaging modalities, but
can be used to compensate for drawbacks and limitations of established modalities. It has
many clear advantages in terms of sensitivity, resolution, speed and low risk, especially for
applications in perfusion imaging or hyperthermia treatment. Among disadvantages of MRI
are the long acquisition times and low temporal resolution for dynamic processes with low
tracer contrast. CT, PET, and SPECT use harmful radiation that causes adverse effects for
tissue health. Although MPI measures no anatomical background information, a single CT
or MRI reference image could provide the necessary co-registration and subsequently MPI
provides sensitive tracer based images at high temporal resolution. Overall the radiation
dose is reduced for the patient and more diversity is added the established modalities. Com-
bined CT/MPI or MRI/MPI systems can help to bridge the gap to healthcare [27, 63, 290],
together with theranostic platforms [37, 222].

Current concerns and limitations of MPI include the lack of commercially available hardware
and approved MNPs, as well as risks to humans in the form of tracer biocompatibility
and toxicity [27, 259], heating and PNS [34, 229, 243]. Limits of the specific absorption
rate (SAR) for tissue are not expected to be a problem below 150kHz [35, 241, 306].
However, the medical approval of suited tracers constitutes a causality dilemma, because
clinical approval is a costly endeavor and the broad market for tailored MPI tracers does not
yet exist that justifies such an investment. Preclinical tailored MNPs for MPI are available
since 2009 [58], and some approved contrast agents from MRI like Ferucarbotran also exhibit
a measurable, but low, MPI signal contrast [70, 121, 166, 323]. Nevertheless, MPI has great
potential as a non-invasive, real-time imaging modality that can permeate the human body
without attenuation and with low risk to patients and staff [35]. The benefit of combining
diagnosis and therapy, along with its robustness to be integrable to demanding environments
like an ICU, makes it a valuable candidate in neuroimaging, hyperthermia treatment and
cardiovascular interventions. To enable a wider range of applications and to expand the
tools available in medical imaging, the assessment of new applications and the upscaling of
instrumentation to human dimensions is a major motivation for further research in MPI.

Publications and Contributions

In order to contribute to overcoming current limitations, the first part of this work concerns
the instrumentation of MPI over the course of three publications. We commence with
a hybrid simulation framework based on a custom designed arbitrary waveform MPS that
enables the investigation of different excitation waveforms and offsets [O1]. Most notably,
different types of imaging sequences can be modeled in 2D using arbitrary waveforms to
characterize the signal response and the potential of future scanner designs and the eligibility
of tracers (chapter 5). Stepping from spectroscopy to the instrumentation of an imaging
device, a highly linear transformer with a high gain, called inductive coupling network (ICN),
is simulated and designed in the second work [02]. As a resonant passive component, this
toroidal transformer is optimized and integrated as one essential part of a human-sized head
scanner for MPI (chapter 6). Lastly, the head scanner is the subject of the third work, which
encompasses the full development and system characterization of a 3D real-time human-
sized head scanner, intended for diagnosis like cerebral imaging [O3]. A variety of phantom
imaging experiments are conducted to determine resolution and sensitivity, as well as to
calculate perfusion maps using a medically approved MRI tracer (chapter 7).
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The second part of this thesis addresses the extension of future applications of MPI, again
over the course of three publications. Firstly, we connect to our work of chapter 7 [O3] with
a discourse and detailed analysis of the mentioned approved MNPs (Ferucarbotran) for MRI
which are both, suitable for MPI and currently approved for human injection [O4]. In addition
to our arbitrary waveform MPS, various methods and instruments such as vibrating sample
magnetometry, dynamic light scattering, transmission emission microscopy, and preclinical
MPI are used to evaluate spectral signal quality, magnetization, imaging performance, and
composition (chapter 8). Secondly, we further pursue enhancements to perfusion imaging,
a prospective area for MPI, as evidenced by our development of a human-sized system for
cerebral applications. A new way to utilize the MPI signal is proposed by exploiting a nega-
tive contrast in the concentration based on long circulating MNPs [O5]. We demonstrated
the successful deduction of medical parameters in the context of perfusion imaging using a
negative-contrast-saline bolus (chapter 9). Finally, we present an application for interven-
tional radiology that improves the future detection of gastrointestinal bleeding in humans
using two tracers and multi-contrast real-time imaging in [O6] (chapter 10).

Teamwork. The construction of the first version of a human-sized head scanner in 2019 [76]
and its advancement towards a safe clinical prototype [O3] from 2020 to 2024 was a major
interdisciplinary team effort at our institute, spanning across all research fields of MPI.
Essential to a running imaging device is the data acquisition system [90], a graphic user
interface (GUI) [138], and the data processing [89], developed over time with a suitable
data format [144, 147]. The reconstruction of images requires not only a versatile software
package [016, 132, 148], but also detailed knowledge on artifact suppression [29, 192, 235]
and on parameter tuning and balancing [30, 33, 190, 237, 279]. Prerequisite for an MPI
system evaluation is the exact determination of its magnetic fields [28, 32, 015, 238, 274], an
excitation sequence [76, 261, 314] and the tools to calibrate the system correctly [31, 276].
Our group also contributed research on background signal reduction [131, 139, 143], on the
long-term stability of a running system [273, 020], on hardware components [79, O3, 021],
and on channel decoupling [02, 275]. Lastly, a significant amount of effort was dedicated to
the development, simulation, and prototyping of a flexible selection field generator with low
power consumption [61, 62, 014, O13], aimed to be integrated in a future upgrade of the
head scanner. The sum of these publications and preliminary work, their interlinking and
their parallel progress have helped to achieve iterative improvements at our institute.

Concerning the work of the author, parts of this thesis were published in peer-reviewed scien-
tific journals [O1] to [O6], and presented at conferences [O7] to [O11]. Furthermore, several
publications were published and/or presented at conferences with the author’s participation
[012] to [022].

Structure of this Work

The introduction is followed by two preliminary chapters, one on the fundamentals of MPI
(chapter 2) and one with a focus on electromagnetic fields in MPI (chapter 3). The purpose
is to explain the basic physics of MPI and provide the reader with an understanding of instru-
mentation and signal processing first, before moving on to an encompassing description of
all works in chapter 4. Here, a detailed outline and motivation of the six journal publications
that attend to this dissertation is provided, including their relation with each other. The
focus is on details that were omitted in published articles and to motivate our approach,
without duplicating the findings or discussion of the self-contained works.
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Chapters 5, 6, and 7 treat the instrumentation, characterization, and optimization of hard-
ware components and imaging systems, as well as hybrid sequence modeling. Chapters 8, 9,
and 10 are focused on applications that are self-contained works, using primarily an estab-
lished preclinical MPI scanner for measurements. The corresponding studies are included in
their respective chapters in the journal style. Finally, the overall conclusion, discussion, and
outlook are given in chapter 11.
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Fundamentals of
Magnetic Particle Imaging

This chapter provides an introduction to MPI, outlining the necessary steps involved in ob-
taining an image. The image acquisition process in this thesis can be broadly categorized
into four essential components:

Measurand: MPI| measures MNPs, which convey information from the subject to the scan-
ner. As a quantitative imaging method, MPI primarily measures the MNP concentration,
which consists mainly of superparamagnetic nanoparticles. Although intrinsic information on
tissue or bones is not recorded in MPI, the nanoparticles are influenced by their surroundings
and also encode information about their environment, viscosity and binding state.

Signal encoding: In order to excite the MNPs to evoke a measurement signal, MPI uses
magnetic excitation fields in the low kHz range and detects the particles non-linear mag-
netization response via induction. Due to the quick relaxation of the MNPs, the receive
signal is recorded simultaneously during the ongoing excitation. The relaxation delay and
non-linearity in the magnetization response is then visible in the induced receive signal.
Spatial encoding: An image requires distinguishable spatial information on the exact origin
of the particles that cause the receive signal. Typically, a gradient field for spatial selection
is applied to reduce the signal origin to a small selective low-field-region (LFR). The desired
field-of-view (FOV) of the image is then sampled by a trajectory, that continuously shifts the
LFR. The location of the LFR over time is thus known and encoded in the receive signal.
Reconstruction: A reconstruction algorithm is used to solve the underlying inverse problem
of MPI in the frequency domain. The solver utilizes the spatially dependent features in the
recorded signal to match the spatial particle concentration distribution to a prior calibration
measurement. The FOV can be a 3D volume and each voxel is then ascribed a concentration
dependent value.

The following sections elaborate on each step and present the process of obtaining an MPI
image from data acquisition to image reconstruction.
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Magnetic Nanoparticles

The essential measurand in MPI are small magnetic iron oxide particles, i.e. magnetite Fe304
and maghemite Fe;O3, which are coated to improve biocompatibility and influence hydrody-
namic behavior [154]. They vary in shape and core-size, ranging from a few nanometers to
several micrometers which determines the governing physics and thus their behavior in an os-
cillating magnetic field [23]. The coating is often dextran-based or PEG-based (polyethylene
glycol) to ensure and design biocompatible properties [57, 157] and avoid particle agglomer-
ation. Agglomeration and aggregation into particle clusters, as well as long particle chains,
greatly affect the particle response [53, 271, 322]. To understand the non-linear magneti-
zation behavior of MNPs, we will first consider magnetic permeability, which describes the
measure of internal magnetization M that a material obtains in response to an externally
applied magnetic field H [111]. The magnetic flux density B can then be expressed as

B = (H+ M) = uH. (2.1)

Non-magnetic materials do not interact with H and therefore B aligns with H and the
permeability tensor u becomes a scalar material constant as expressed in

B = pouH (2.2)

with a relative permeability 4, = 1 in vacuum [111] and a vacuum permeability pg =~
471 -107"Hm™!. The p, can be regarded as a neutral threshold line and is drawn in
Figure 2.1 (a). Materials that reduce the overall magnetization by internally opposing the
external magnetic field, are called diamagnetic and are positioned below o with an u, < 1.
Substances above this line interact with an external field by aligning internally with the field,
which increases the overall magnetic flux density (¢£r > 1) [326]. In the case of ferromagnetic
materials, this intensification greatly increases B until the majority of magnetic domains are
aligned and consequently saturation occurs above a certain external field strength (p, > 1).

(a) magnetic permeability (b)  hysteresis with remanence

— Hf
Hp it

- == Ho
— g
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saturation

Figure 2.1: Permeability and hysteresis. Different types of magnetic permeability are shown in (a)
and their reaction in terms of magnetic flux density to an applied 1D external field: ferromagnetism
M, paramagnetism yp and diamagnetism jiy. The hysteresis loop depicted in (b) corresponds to a
ferromagnetic material, whereby the magnetization curve exhibits a non-zero residual magnetization
M, also known as remanence.

When ferromagnetic materials are reduced in size, they eventually become a single magnetic
domain and paramagnetic behavior can be evoked. If the particles are considered in isolation,
thermal fluctuations cause the magnetization to flip, resulting in a net magnetization of zero
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in the absence of an external field [44, 67]. However, when an external field is applied to the
considered superparamagnetic iron nanoparticles, the resulting net magnetization is much
larger than that of typical paramagnetic materials and is thus called superparamagnetism.

One typical ferromagnetic characteristic at macroscale is remanence, where the material re-
tains a non-zero residual magnetization M, after the external magnetic field is removed [326].
This effect arises due to the persistence of magnetic domain alignment, causing the mag-
netization to deviate from the demagnetization curve. If exposed to an oscillating magnetic
field, a hysteresis loop is created that does not pass through the origin of the H-M-field
plot, as shown in Figure 2.1 (b).

In the case of MPI, remanence is an undesired property. However, a steep magnetization
curve is desired for effective signal encoding. Beside the magnetic core material, the design
of a suitable coating is very important to improve biocompatibility with the human body and
to influences particle agglomeration [99, 195]. The coating creates a hull around the particle
(or a cluster of particles) and a spatial separation of these is achieved that reduces magnetic
particle-particle-interactions between individually coated particles. Specific applications can
thus be conceived by changing the shape and size of the particle shell, although the core
material is identical [24, 52, 66, 154, 322].

Brownian and Néel Relaxation

The size of the magnetic core and its shell can be roughly modeled by diameters d. and dj,,
respectively. The latter describes the hydro-dynamic particle diameter, which determines
aqueous particle behavior when suspended in a fluid like water or blood, illustrated in Fig-
ure 2.2 (a). In the following subsection, we will regard two different relaxation types, which
together govern the particle dynamics at the nanometer range.

Brownian and Néel relaxation are two fundamental phenomena that are observed in a wide
range of physical systems. In the MPI context they pertain to the process of particle re-
laxation, and they are characterized by the time required for the particles to align with an
applied field, which we call relaxation. Of the two, the relaxation time that is shorter dom-
inates the measured signal response, due to the time dependence of signal induction (see
Equation (3.6c) of section 3.1).

(a) single-core multi-core Brownian Relaxation Néel Relaxation

00 06 00

external f\eld external field

Figure 2.2: Particle diameters and relaxation. In (a), diameters and different particle cores
(bright green) in a coating/hull (dark green) are shown. Relaxation relates to the time it takes a
particle to align with an external field or revert back to its easy-axis. Brownian relaxation in a fluid
is shown in (b), where the entire particle rotates (marked by a dent) and Néel relaxation is shown in
(c) where only the magnetization turns internally.

Brownian relaxation can be used to describe a mechanism by which small particles suspended
in a fluid undergo hydrodynamic motion caused by external forces such as molecular collisions
or magnetic fields, if susceptible. The internal magnetization remains fixed with respect to
the crystalline lattice and the whole particle rotates, as shown in Figure 2.2 (b). A rotational
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motion is influenced by e.g. viscosity 17 and temperature T and can be simplified to the
zero-field Brownian relaxation time Tg as

 ymd;
- 2kgT’

T8 (2.3)

where kg is Boltzmann's constant [49].

Néel relaxation, on the other hand, is a mechanism by which the magnetization of a magnetic
material turns internally with respect to the surrounding crystalline lattice [193], shown in
Figure 2.2 (c). An immobilized particle (e.g. frozen or cemented) would only undergo Néel
relaxation and Brownian motion is suppressed. This is a tool to methodically analyze the
contributions of both relaxations [317]. The underlying mathematical model is more complex
and depends on material parameters like the gyromagnetic ratio, saturation magnetization
and anisotropy [49, 127], which makes Ty in general sensitive to the magnetic field strength.
A simplified zero-field expression is found with

KiV Kiﬂ'dg
N = Tp exp kT )~ Ty exp kT )’ (2.4)

where K;V describes the energy barrier and 1y denotes a material-specific constant (Ki is
the anisotropy constant). However, this expression fails to express field strength dependence
and phase delay in an oscillating field. In addition, 73 and Ty are coupled and cannot be
treated independently [49, 223, 248].

The simulated individual sensitivity of Tg and Ty with respect to the excitation field amplitude
is plotted in Figure 2.3 (a) for a step input. The green line highlights the T that dominates
the induced signal response for MPI. Brownian relaxation dominates at lower amplitudes, but
is outrun by Néel relaxation at high amplitudes for this simulated particle [49] (simulation
parameters can be found in the figure description). This exemplifies that a precise prediction
of particle relaxation in a fluid is difficult and complex, as well as identified the dominating
physical mechanism. However, accurate particle models are an active research field and have
many applications in MPI [7, 127, 139], which will be explained in detail in subsection 2.5.1.
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TEM image of Resotran
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Figure 2.3: Relaxation times and TEM images. In (a), the simulated step response for different
amplitudes is shown, demonstrating the amplitude dependence of a single particle. Data and simula-
tion from Deissler et al. [49]. Parameter selection: dy, = dc = 20nm, T = 300K, 7 = 1.0049 mPas,
K =20000]/m3. In (b), transmission emission microscopy (TEM) images of Resotran are shown,
where particles agglomerate and form clusters that change their relaxation time [O4].
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To visualize the magnetic core and particle clusters and how particles agglomerate and
aggregate, a TEM image is shown in Figure 2.3(b) of the tracer Resotran (b.e. imaging,
Baden-Baden, Germany).

Langevin Model and Signal Generation

After introducing the basics for particle magnetization and relaxation, this section focuses
on a model to express the non-linear signal generation of MNPs. Under the assumption that
M adiabatically follows an externally applied field B = Bep, a simplified model for the 1D
magnetization M can be expressed using the Langevin function

M(¢&) = Mycoth¢ — E ,  with ¢ = mb . (2.5)

¢ kgT

Here, m stands for the mean magnetic moment of a single particle in a 1D excitation field
B [214]. This approximation is valid for ideal paramagnetic materials at the thermodynamic
limit [125], and it ignores effects of dynamic excitation, remanence or coercivity, which ex-
plains the single magnetization curve for both magnetization directions seen in Figure 2.4 (a).
The advantage of this simplistic model is its ability to demonstrate the basic principle of
signal generation, shown by the point spread function (PSF) in (b): Plotted are the changes
in magnetization %—]\f for different particle core sizes. One insight is that a larger core size
corresponds to a steeper, non-linear magnetization curve, resulting in a higher change of %,
which is directly related to the voltage induction in MPI receive coils. A desirable property
of particles for MPI is therefore a high and narrow PSF to obtain a strong receive signal [46].

(a) superparamagnetic magnetization (b)  point spread function
(langevin function)
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Figure 2.4: Langevin function and PSF. Langevin function simulation of magnetization (a) and
the associated point spread function (b) for different particle core sizes. An ideal magnetization flips
instantaneously and thus produces a Dirac-like induced signal.

A review of empirical data on particle measurements reveals that superparamagnetic nanopar-
ticles exhibit some hysteresis and that the PSF is asymmetrically broadened, shown in Fig-
ure 2.5 along with different types of PSFs. Reason for this include the mainly the dynamic
excitation instead of a ferromagnetic remanence, as studied in more detail in chapter 8.
One typical model used to estimate spatial resolution is shown in Figure 2.5 (b), the static
PSF [46]. During a constant 1D excitation of Bpr = 20 mT, a sweep of different offset fields
Bofr is performed, similar to moving a sample from one end to the other through the FOV of
an MPI scanner. The result is an offset-field dependent PSF that is typically characterized
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by its full width at half maximum (FWHM) in mT [268]. This value can easily be converted
to a distance in mm for a specific gradient field G and relates to the maximum achievable
spatial resolution, which will be explained in section 2.3.

A more straight-forward consideration is shown in the plot of Figure 2.5(c), which can be
dM . dm

understood as a dynamic PSF where 7 o G is plotted against a single period of the
sinusoidal excitation field. At maximum amplitude (20 mT) the change in magnetization
is zero, which corresponds to the change to the other half-wave. The highest slew rate of
a sinusoid is located at its zero-crossing, as evidenced by the plot, which reveals the delay
by particle relaxation as a shifted maximum in its direction, either positive or negative. The
plots in Figure 2.1 permit the assessment of tracer performance for the MPI by evaluating
shape, size, and FWHM. They demonstrate the fundamental principles underlying 1D signal
generation: the significance of the nonlinear particle response that identifies them as distinct

from the excitation field.

(a)  particle relaxation with hysteresis (b)  static PSF (x-space) (o) dynamic PSF
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Figure 2.5: Measured hysteresis and PSF of MNPs. Spectroscopy measurements of Reso-
tran [O19]. The magnetization curve in (a) deviates from the Langevin model (broadening) and a
relaxation delay is introduced, which shifts the PSF and causes asymmetry. In (b), the change in
magnetization is plotted against an offset in excitation direction, and in (c) against the drive field.

Signal Encoding

With the introduction of modeled and measured particle signals, we commence with a de-
tailed description of the MPI signal and the methodology employed to obtain it. The objec-
tive of signal encoding is to acquire a response from the measurand that inherently carries
information about both the measurand itself and its immediate environment. This infor-
mation mainly provides the particle concentration, but it depends on characteristics such
as size, binding state, easy axis alignment, and temperature, which influence the recorded
signal as well.

The 1D response of a particle ensemble refers to the non-linear magnetization M(t) that
MNPs exhibit when exposed to an external sinusoidal field Bpr = Asin(27tfit) with am-
plitude A, time ¢ and fundamental frequency f1. The particle’s response can be quantified
by measuring the time derivative of the magnetization %4 o u, which is proportional to the
voltage induced in a nearby receive coil. This voltage is known as the receive signal and
it is typically converted to frequency space [70, 214], denoted by a hat as in i, for signal

processing and image reconstruction.

The MPI signal encoding principle is illustrated in Figure 2.6 for a low amplitude A; and
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a high excitation amplitude A, = 5A1, based on a Langevin function particle model. The
smaller amplitude (orange) barely leaves the linear region of the magnetization curve in
(b), which results in a weak receive signal u in (d) and in steeply declining harmonics of
the magnitude of i in (e). The high amplitude (green) yields a much stronger and more
distorted signal u, resulting in numerous and larger harmonics. A magnetization curve with
a steeper slope would also result in a stronger signal induction and the creation of more
harmonics when the particles are driven in their saturation region [214]. The first harmonic
of 1l is called the fundamental with frequency f; and higher-order harmonics are referred to
by their indices fx = kf1 with k € N, which are integer multiples of the fundamental.

It should be noted that the unfiltered receive signal also contains the fundamental of the ex-
citation field itself, either due to coil coupling between receive and transmit coils or because a
single transmit-receive coil is shared. The coupled signal fundamental is approximately eight
orders of magnitude higher than the particle’s response, if not suppressed or filtered [214,
308]. For this reason, two types of filters are typically employed: transmit filters to minimize
the total harmonic distortion (THD) of the excitation field, thereby ensuring the presence of
only particle harmonics suitable for imaging; and receive filters to suppress the fundamental
feedthrough, thus maintaining the dynamic range of the low noise amplifier (LNA) at the
end of the receive chain. A homogeneous sinusoidal excitation, as illustrated in Figure 2.6,
results in the generation of only odd harmonics for a punctual Langevin magnetization [214].
In superposition with other fields, such as a selection field or an offset field, will result in
the generation of different harmonic patterns in amplitude and phase. These patterns are
crucial for spatial encoding, as they represent unique spatial locations that can be matched
to the signal origin.
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Figure 2.6: Signal encoding for two different signal amplitudes. In order: (a) excitation from
an externally applied field, (b) Langevin particle magnetization, (c) resulting magnetization M, (d)
the derivative ‘%A which relates to the induced voltage u, (e) the Fourier transform i of u, plotted
on a logarithmic y-axis. The smaller amplitude (orange) creates a weaker and more linear voltage
u, whereas a larger amplitude (green) drives the particles into the non-linear saturation region which

creates a stronger particle response and thus more harmonics.
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Spatial Encoding

We have just observed the emergence of harmonic patterns while exciting individual particles
in signal encoding, and it has been determined that these patterns are influenced by the exci-
tation field and the particle's magnetic properties. The subsequent stage of spatial encoding
is designed to intentionally generate a distinctive signal for various locations, enabling the
reconstruction of the signal’s origin. One approach involves the utilization of a second field,
the selection field Bsg(r), which is spatially dependent and thus the magnetization vector
of particles varies with the FOV. Taking a magnetic field with a linear gradient, such as

G 0 0 1 0 0
G=|0 G, 0]|=g¢(0 -3 0], (2.6)
0 0 G 0 0 —3

with a gradient strength ¢ in Tm™1, creates a location depend offset field. Gy, Gy and G,
are chosen in this way in order to satisfy Gauss's law for magnetism

9B, 9B, 9B,

v-B ax+@+az

= trace(G) =0, (2.7)

which states that magnetic field lines are always closed and magnetic monopoles do not
exist. This is a natural restriction to the amplitude and direction of selection fields that can
be used. In superposition of a 1D drive field and the selection field, the local flux density at
a point € R3 in the FOV is given by

B(l‘, t) = BDF(t) + BSF(V) = Asin(27tf1t) + Gr. (28)

With Bsg(r), a spatial selection is achieved that has a field-free-region (FFR) around an
FFP, or more precisely a low-field-region (LFR) in its center, where the particles are respon-
sive, while surrounding particle responses are gradually silenced by a dominating saturation
magnetization. These particles in saturation do not contribute to the receive signal and are
not flipped by Bpf, thus achieving spatial selection.

Field Free Point (FFP)

In the following, we will consider a one dimensional example with r = (x, 0,0)" where a
linear gradient G(x) is zero at x = 0, called the FFP. At all other locations x # 0 along this
line, the gradient field creates a different offset, which is shown in Figure 2.7 for 4 different
positions (1-4). It should be noted that either the sample can be moved through the field
or vice versa, the field can be shifted relative to a stationary sample. The amplitude A,
of Bpg(t) is constant and superimposed with the linear offset from G(x). Together they
span a 1D FOV in x-direction (green area). At positions x = £A,/g, the offset becomes
larger than the amplitude and therefore the particles cease to flip. Here, particle saturation is
achieved. The signal contribution from outside the FOV is strongly dampened with distance,
but it depends on the slope of the magnetization and particles still contribute to the recorded
response in close proximity of FOV borders. The response falloff is gradual, as shown in (1)
of Figure 2.7, and stronger for steep particle magnetization. Nevertheless, i is dominated
by contributions from inside the FOV as illustrated by (2) and (3).

Therefore, 1D spatial encoding is achieved: each location induces a slightly different voltage
which corresponds to the unique combination of excitation and offset field along x. Con-
sequently, 7 has a different complex spectral pattern for all positions of x throughout the
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Figure 2.7: 1D spatial encoding. Simulation of different relations of particle responses and offset
fields. Shown are magnetization, receive signal and spectrum for four different particle locations in a
linear gradient field G(x) of strength g, at a constant excitation Bpg(t) = Asin(27rf1t). Note that
moving the sample through the field is equivalent to shifting the field relative to a stationary sample.
A spans the 1D FOV with a distance of 2A/g. Characteristic patterns of #i indicate that different
locations can be spatially separated. The MNP response outside the FOV is strongly suppressed.
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FOV, also called a spectral fingerprint. If the spectral fingerprints of all locations are known,
a system of linear equations can be solved to reconstruct position and concentration (see
section 2.5). This example can be transferred to 2D or 3D excitations and the challenge
becomes to encode large areas while maintaining a high resolution, which is a fundamental
challenge for MPI that requires a careful trade-off.

Resolution and FOV Size: A significant observation is that the spatial position of the LFR
undergoes a shift due to the presence of the drive field, which is relative to the ratio of the
drive-field amplitude vector A and the selection field gradient G. This is the fundamental
mechanism that simultaneously creates a trajectory to sample different positions within the
scanner, determines the FOV size, and causes the MNPs to flip. For each spatial direction,
the component-ratio A/ G defines the deflection that is caused by each drive-field cycle and
results in the boundaries of the 2D or 3D FOV. Large amplitudes in the presence of a low
selection field gradient yield a large FOV as stated in Equation (2.8). It can be postulated
intuitively that the size of the LFR should be reduced with a high G in order to create a
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smaller area of responsive particles that guarantees high spatial selectivity. However, for a
constant A this is coupled to a reduction of the FOV size and forces a trade-off.

2D and 3D MPI: The creation of an LFR with a single Maxwell coil pair and its displacement
by current variations in the same coils via Bpg is illustrated in Figure 2.8. For a 2D scenario
with two sinusoids and a second coil pair, the LFR follows a Lissajous trajectory, if slightly
different frequencies f, f, are used for each channel. This is shown in Figure 2.8 (c), where
a full trajectory is completed with the group period T. The same principle can be expanded
to 3D, shown in (d), where Ty is determined by the least common multiple (lcm) of all
involved periods, required a third coil pair. The base frequency

fbase = fox = nyy = fsz (29)

expresses the relation of the individual frequencies, which can be used to determine the
sampling density and the group period of one full drive field cycle

B lem(Ky, Ky, K)
8 fbase .

One characteristic of Lissajous trajectories is the dense sampling of edge regions and a sparse
sampling towards the center due to the higher velocity, caused by the high slew rate at the

(2.10)

(a) selection-field Maxwell coil pair with LFR (c) 2D Lissajous tracjectory
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Figure 2.8: Selection field, LFR and Lissajous trajectory. A linear selection field that satisfies
Equation (2.7) is shown in (a), with 2Gx = G, = G, which yields an ellipsoidal LFR shape. By
varying currents 71 and ip, the LFR is shifted in (b) along a single axis. On the right side, a 2D
(c) and a 3D (d) Lissajous trajectory with the group period Ty are shown, based on a combination
of sinusoidal oscillations. These offer the possibility to shift the LFR around the FOV, but require
additional coils.
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zero-crossing of sinusoids. Examples of common trajectories exhibit a meandering shape
(Cartesian) or a combination of harmonic oscillations (Lissajous, spiral, radial) [128]. It
should be noted that the sequence trajectory exerts a direct influence on the image quality
and the types of artifacts that occur.

We have now described and illustrated the fundamentals of spatial encoding in MPI using an
FFP and a technique to simultaneously excite a small selection of particles along a specific
trajectory. It should be noted that a genuine field-free point is neither achieved nor strictly
required. LFRs often have an ellipsoid shape or fields are distorted by coil geometry or
excitation [36], especially towards the edges of the imaging bore.

Before embarking on a short discourse on advanced concepts for dynamic selection fields in
section 2.4, we will briefly examine a specific type of LFR in the following subsection. The
last part of this chapter will explain the reconstruction of acquired data in section 2.5.

Field Free Line (FFL)

As mentioned in the previous section, a minimization of the LFR incurs high spatial selectivity
and seems desirable. However, the amount of responsive nanoparticles is also reduced if a
homogeneous distribution is assumed and their combined response constitutes the overall
receive signal strength. Thus, the sensitivity is diminished for a higher gradient field.

In an effort to increase the sensitivity, other spatial encoding techniques feature different
concepts for the shape of the LFR, such as the FFL. Here, the responsive region of particles is
larger and the system becomes more sensitive, but the spatial encoding requires a mechanism
to recover the lost information along the principal axis of the line [141, 310]. A classic
approach is to rotate the FFL to achieve volumetric sampling [25, 134, 151, 310], as known
from Radon-space sampling where the receive signal equals the integral along the projected
line [129]. The FFL gradient can be described using a gradient field such as

1 0 0
G=g|0 -1 0}, (2.11)
0 0 0

which creates a field-free-line in z-direction. A filtered back-projection can be used for image
reconstruction, which is well known from CT [134, 208, 310].

The advantage of an FFLis the boost in sensitivity due to a larger responsive area. The
trade-off is that it requires more complex dynamic selection field generation and sequencing.
FFL scanners pose an active field of research and the development in the community also
focuses on flexible selection field generators (SFGs) [014, 80, 176, 256, 278, 303].

Dynamic Selections Fields

So far, the size and shape of the FOV relies on the component-wise ratio of Bpr and the
static Bsg. The FOV is thus limited by the drive field amplitude that deflects the LFR. Due
to limitations of the drive-field amplitude concerning instrumentation and safety, the size of
the FOV needs to be increased by other means [69].

To maintain high spatial selectivity for large scanned volumes, the introduction of a third field
component is necessary, mutating the static selection field Bsg(r) into a dynamic selection
field Bsg(r,t). Consequently, the LFR can be gradually shifted to other areas within the
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scanner bore, and the overall field can be expressed as
B(r, t) = BDF(T, t) + BSF(V, t) = BDF(f, t) + G(I’) + BsF dyn (1’, t) . (2.12)

The LFR typically undergoes a slower displacement induced by the dynamic selection field
compared to the fast drive field, and gradually follows a sampling trajectory to scan the FOV,
which may have arbitrary geometry. This increases the FOV for an unchanged drive-field
slew rate. This can be adapted to the type of excitation, e.g. to bring orthogonal motion
to an excitation plane, and such fields usually require additional coils to cover the remaining
spatial dimensions [145, O3]. This imposes additional constraints on positioning, current
efficiency, and bore accessibility [142, 145, 146].

In conclusion, the incorporation of a dynamic component to Bsg(r,t) allows for the spa-
tiotemporal adjustment of the LFR, thereby enhancing the overall flexibility of the MPI
scanner. If the objective is to expand the image FOV, multi-patch reconstructions are an
effective tool. Further important use cases of a dynamic selection field besides imaging are
its deployment in force experiments and hyperthermia applications.

Multi-Patch Imaging

The term "multi-patch" refers to enlarging the overall image FOV by sequentially shifting an
enclosed drive field FOV, using the dynamic selection field to include multiple, neighboring
2D or 3D patches [69]. This sequential technique is particularly useful to exploit the high
resolution of small drive field FOVs, covering large volumes in the range of the human body.

Typical gradients strengths lie in the region of 0.5 to 7 Tm™! [152, 261] and drive field
amplitudes are limited around 4 to 7mT [200, 242]. Restrictions by PNS are often more
important for MPI than SAR limits [229, 230, 243]. A typical drive field FOV remains for
example at 10 x 10 x 5mm? for A, = A, = A, =5mT and G = diag(—1,—1,2)Tm ',
In multi-patch imaging, multiple drive field FOVs are connected to form a much larger
overall volume. The resulting individual sections are called patches and may overlap slightly,
are imaged on a continuous trajectory in order to reduce boundary artifacts [4, 33, 136,
235, 261]. The comparably slow movement of the temporal component in Bsg causes no
intensification in terms of PNS or SAR, compared to the duration and effects of the drive
field. Multi-patch sequences imply a major leap towards human scale MPI and its clinical
application and feasibility.

Torque, Force and Actuation

Another aspect of dynamic selection fields is their ability to manipulate the focus gradient to
exert a magnetic force on MNPs [169, 320]. This concept allows particles to be navigated to
a desired position and their target position simultaneously verified by imaging using a time
division multiplexing scheme [48, 169, 197]. Such a combination of actuation and imaging is
particularly useful for targeted drug delivery (TDD) [155, 158, 169] and for steering magnetic
devices such as magnetically coated swimmers or magnetic drills [18, 19, 213]. MNPs in
combination with a tissue plasminogen activator could dissolve blood clots in the future and
can be controlled in the presence of blood flow of 1.36 mLs™! to reach a 100% stenosis [81].
The advantage of TDD is manifold, it delivers the drug more precisely to the target site
(less dispersed), which reduces side effects and the duration at the target location is longer.
Consequently, with TDD the total dose administered can be reduced, which is a major benefit
for many therapies.
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The technique behind magnetic actuation relies on the torque and force originating in a
magnetic field gradient [2]. The force on a particle in a given direction is defined by the dot
product of the magnetic field derivative in that direction and its magnetization. Therefore,
the force has no upper limit, unlike the torque, which has an upper bound as a function of
the particle geometry and its saturation magnetization [2]. A strong and flexible selection
field can therefore steer and visualize untethered magnetic micromachines at a distance and
would be a valuable tool in a broad range of clinical applications [213, 212].

Hyperthermia

By deliberately leveraging the mechanism that particles convert some part of the excitation
field energy into heat due to their reorientation and remagnetization, magnetic particles or
magnetic fluids can be used in hyperthermia applications [37, 113, 114, 170]. In hyperthermia
treatment, the objective is to destroy carcinogenic cells by increasing local tissue temperature
to induce cytoclasis and apoptosis, or to sensitize cells to other treatments [100]. The selec-
tion field is used to spatially focus the treatment, and heating is caused by energy absorption
in magnetic or conductive materials induced by an alternating field in the frequency range
of 100 to 300 kHz [100, 266]. The potential benefit to patients lies in combined theranostic
MPI devices capable of hyperthermia treatment, simultaneous imaging, precise temperature
feedback, all with high spatiotemporal control [41, 100]. Recent studies promise a successful
combination of imaging, hyperthermia treatment and thermometry [37, 222].

In case of implants or metals used in osteosynthesis, the effect is reversed and heat becomes
an undesired side-effect for MPI, due to eddy currents in conductive materials and the power
absorption of magnetic materials [252].

Image Reconstruction

With the previously outlined fundamentals in MPI signal encoding and spatial encoding,
this section treats the method to calculate a medical image from the acquired raw data.
The image reconstruction in MPI determines the spatial concentration of particles based on
the measured receive voltage and assigns them to corresponding voxels. Unlike projection
data in modalities like CT, raw MPI data cannot be directly interpreted in a visual manner
without undergoing the reconstruction process.

Spatial encoding makes the particle’'s response dependent on its location, allowing identi-
fication of the signal’s origin. To this end, an inverse problem needs to be solved, which
can be approached either in the frequency domain (subsection 2.5.1) [70] or in the time
domain (subsection 2.5.2) [72]. The inverse problem involves the measured receive signal
and a system function that accurately describes the particle relaxation for different positions
to recover their spatial concentration.

The key assumption to this type of MPI reconstruction is the linear relationship between
the measured receive signal u(t) and the particle concentration ¢(r) [70], expressed by the
integral equation over the FOV ©

u;(t) :/®sl(r,t)c(r) d’r. (2.13)

I refers to the channel index of I € {0, ..., Lcy — 1}, with L, € IN receive coils. The mapping
and physical relation between particle concentration and voltage is embodied by the integral
kernel s;(r,t), which represents the system function in time domain. An expansion into a
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Fourier series (subsection 3.5.1), yields the Fourier coefficients

= [ Six(r) () r, (2.14)
(S)

of the receive signal with indices k € {0,..,K —1} for K € IN frequency components.
Usually, K is determined by a maximum frequency or the bandwidth of the receive chain,
e.g. the LNA or analog-to-digital converter (ADC) sampling. For algebraic reconstruction,
the system function 3  is discretized on a grid covering @ with N € IN integration points r;
with indices n € {0, ..., N — 1}, determining the resolution of the final image. The integral
of Equation (2.14) is approximated by the discrete imaging equation

N-1
ﬁj = Z §j,n Cn, (2.15)
n=0

where §;,, 1= wy8;,(r,) are the sampled system function and ¢, := c(r,) are the sampled
particle concentration [130]. If a non-regular grid is sampled, the quadrature weights w,
will also be not constant [117]. The row index j = k+IK € {0,.., M} is introduced
for convenience to enumerate all channels | and frequency components k linearly, with a
maximum number of M = L, K frequency components in the system function.

Consequently, the system function encodes the relationship between the particle concentra-
tion and the measurement signal, and can be obtained using different approaches: calibration-
based, model-based, learning-based, or hybrid.

Calibration-based system functions rely on measurements conducted within the MPI scan-
ner, utilizing a delta sample of the tracer and a robot to position it along a grid. The unique
particle responses from the known positions along the grid are recorded and stored. Usually
these calibration measurements require a long time and need to be repeated if parts of the
hardware change, but they are very accurate and track the entire receive path information
from particle until the ADC. Compressed sensing approaches from MRI [167] significantly
reduce the acquisition time [150] by exploiting spatial symmetries in the system matrix [302]
and suitable sparsity transformations [161, 189, 301]. These methods can be combined and
provide results for high undersampling factors even for multi-patch system matrices [85].
Model-based system functions require precise mathematical models and computing time.
They are broadly categorized in equilibrium and nonequilibrium models with varying degrees
of idealized and realistic field shapes and particle dynamics [87, 127, 246]. Realistic nonequi-
librium models are numerically expensive [126], e.g. the Fokker-Planck equation is a partial
differential equation, which is usually translated into a set of stiff ordinary differential equa-
tions for the solver.

Learning-based system functions form a third approach, based on neural networks [279,
298]. Recent works indicate that machine learning significantly accelerates the calculation
of system matrices and accuracy approaches that of a Fokker-Planck model, e.g. by using
Fourier neural operators (FNOs) [139]. To improve accuracy, measurements can be included
(e.g. magnetic fields or the transfer function (TF)) [8, 75].

The hybrid system function is a fourth approach, a combination of model- and calibration-
based or learning- and calibration-based representations. Measurements are conducted in
an MPS [26] with high SNR for a parameter set of excitation and offset fields. The delta
sample does not need to be moved by a robot and the measured responses are combined
or interpolated to a hybrid system matrix by a processing step. The basic principle is that
each point of the field in the MPI scanner can be represented by the correct superposition of
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static offset and excitation fields in the MPS, providing an accurate response at a fraction
of the robot-based calibration time [86, 94, 294].

In this thesis, we use the calibration-based and the hybrid approach by solving the system
of linear equations in frequency space to obtain the reconstructed image as shown in Fig-
ure 2.9. A convenient matrix notation that can be implemented in a programming language
is introduced in the following section.

(1) calibration measurement
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Figure 2.9: System matrix image reconstruction. At the center of image reconstruction is the
image equation in matrix form. The system matrix S can be calibration-based (1) or model-based, the
former requires lengthy, time consuming measurements and the latter elaborate simulations for the
non-linear particle behavior. The blue dots mark the N positions where a delta sample is imaged to
store each spectrum in a new column of S, prior to particle measurements. If distributed particles are
measured (2), the receive voltage u is Fourier transformed and # equals the product of S and ¢. The
solution of the spatial concentration ¢ can be found by solving the inverse problem (3). If S contains
the spectral fingerprints for all positions of a grid, these can be used to match the spectrum of #
using a linear combination. The grid of the calibration measurement (SM FOV) directly determines
the image resolution of ¢. The quality of the image is influenced by many factors, for example the
solver, its reconstruction parameters, the SNR and the sequence trajectory.

System Matrix Reconstruction

If the discretized Equation (2.15) is expressed in matrix vector notation, the system matrix
S € CM*N js obtained and the rewritten equation becomes

i=Sc. (2.16)

This system of linear equations can now be inverted and the Fourier transformed receive
signal components ## € CM are utilized to solve for the unknown particle distribution ¢ € CN.
An overview of the entire reconstruction process is shown in Figure 2.9. Since different
positions are recorded and stored in the columns of S during calibration (1), their unique
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spectral fingerprints can be used to find an appropriate linear combination of ¢ (3) that best
represents the measured receive voltage (2) and thus the actual spatial particle distribution.

Different types of approaches and solvers can be used in system matrix reconstruction,
but the gold standard in system matrix reconstruction is to solve the Tikhonov regularized
optimization problem
argmin||Sc — @[3 + Allcll3 . (2.17)
c

This approach adds the penalty term ||c||3 to the least squares approach, which penalizes
oscillatory solutions with a large L, norm. The Tikhonov regularization is suitable for the ill-
conditioned system matrix S due to its robustness against noise in the measured data [140].
The regularization parameter A, € R™ can be used to weigh data and penalty terms and
thus it has a strong influence on the final image quality. Choosing A, too small results in a
corroded and noisy image, choosing A, too large results in smoothing the data at the expense
of spatial resolution. Typically, A, and the number of iterations ¢ are determined empirically,
but ideas for a model representation and fully automated reconstructions have recently been
proposed [236, 237]. Equation (2.17) can be complemented by another term based on the L;
norm «|/c|| to reduce image blurring [161, 257], motivated by the sparsity of the data [130].
For real-time reconstructions, however, minimizing a non-smooth optimization function is
difficult, and small adjustments can have a large impact on the solution.

One solver that is often used in practice is the Kaczmarz method, which is an iterative
method that converges rapidly and is implemented in a wide range of publications [016,
115, 133]. A significant advantage of approaches that solve the imaging equation using the
system matrix is that it is a generic approach. Consequently, the transition from 1D to 2D
and 3D imaging is facilitated because the underlying particle physics is already included in
the generic model. This facilitates the transition from small-scale prototypes in the early
stages of development to human-sized bore diameters and 3D imaging, as the system matrix
simply increases in size, but the technique remains identical. Finally, the total particle
concentration, measured within the FOV ® € RR3, is given by the integral

Cp:/G)c(r)d3r. (2.18)

X-Space Reconstruction

An alternative approach to image reconstruction in MPI is x-space reconstruction, which
is a fast technique in the time domain and straightforward in a 1D or 2D conception [72].
It is based on the assumption that particles relax instantaneously and that their relaxation
curve is well represented by an analytical model [46]. Thus, the signal origin and intensity
can be mapped because the position and motion of the FFP is known at all times during
the excitation. If the excitation field is assumed to be homogeneous and the coil current
of the assumed linear selection field is known, the FFP positions can be calculated. This is
usually done for Cartesian trajectories as a grid, line by line, and sequentially for different
excitation directions if more than one is used. In general, three steps are necessary to obtain
a reconstruction image in x-space:

= velocity compensation by normalizing the speed of the sinusoidal drive field
= match spatial information by gridding data on the sampling trajectory

= optional deconvolution with the PSF of the particle (image kernel)



2.5.3

23 2.5. Image Reconstruction

The inaccuracies from the mentioned presumptions pose a challenge for x-space reconstruc-
tion and may cause image artifacts, especially near the edges of the FOV where velocity
compensations fails (division by zero, results in amplification of noise). Particles do not
relax infinitely fast, which causes an positioning error, however, an additional term in the
signal model with an exponential relaxation function may compensate the offset [46] and
field inhomogeneities can be partly addressed by calibration [265]. Generalization to multi-
dimensional excitation [73] and different trajectories is complicated due to complex particle
relaxation effects for 2D and 3D excitations and the shortcomings of the model assumptions.
Due to the simplicity of the approach, tailored particles for 1D excitation, and the compu-
tationally easy implementation, many advantages outweigh the drawbacks and x-space has
produced great reconstruction results [13, 199, 269, 325]. Although acquisition can be fast,
typical scan times are long [324] and cartesian sampling of 3D volumes requires several
minutes [173].

Multi-Contrast MPI

The term "multi-contrast" refers to the ability to distinguish and map multiple particle sys-
tems or environmental states onto distinct reconstruction channels [209]. These contrasts
can be visualized separately or together using different colors after the reconstruction pro-
cess. The discrimination of channels can be achieved by exploiting the amplitude and phase
information of slightly different relaxations, as particles exhibit different responses to exci-
tation due to factors such as core size or hydrodynamic diameter [209, 247]. Additionally,
it is also possible to discriminate between physical parameters in the vicinity of the particle
environment, such as viscosity [186], temperature [253, 281], or binding state (easy-axis
alignment) [185, 285], as already explained in section 1.1. Alterations in temperature or the
(partial) immobilization of particles within a gel or by means of cementation induce variations
in the effects of anisotropic energy and the dominant relaxation processes, as highlighted in
subsection 2.1.1 [217, 219]. By generalizing Equation (2.16), we obtain the following signal
model for multi-contrast MPI

R
[51 Sz s SR} : = ZSi Cc; = i. (2.19)

Here, R € IN sub system matrices contain different complex valued spectral patterns. In
other words, multi-contrast is obtained by using multiple system matrices that differ in
phase and amplitude information and that allow the separation of the measured signal into
R reconstruction channels ¢;,i € {1,...,R}. After reconstruction, the result is R different
images, one for each reconstruction channel. The Kaczmarz method typically requires a
higher number of iterations to clearly distinguish the channels compared to single channel
reconstructions.

Multi-contrast is a valuable tool in the future clinical application of MPI: it can help in
tracking, orienting and positioning surgical instruments by marking the tip [93] or during
the inflation of a balloon-catheter [227], to differentiate the tools from surrounding liquid
particles. Furthermore, the timescale of a brain hemorrhage can be quantified [262] and in
hyperthermia applications the particles themselves can provide the necessary temperature
feedback [226]. An isolation of different particles was also shown for x-space reconstructions,
based on the physical relaxation model [102]. Multi-contrast reconstructions are used in this
work in chapter 7 and chapter 10.
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Electromagnetic Perspective on MPI

Alternating electromagnetic fields and currents are fundamental to MPI signal encoding,
where they are used to obtain information about the measurand from a distance, as discussed
in the previous chapter. Here we present the underlying equations that govern electromag-
netic fields, their relationships, and how they can be combined to provide resonances and
filters. In addition, signal amplification, reception, digitization, and processing are discussed
to complete the picture of the physical background required for MPI signal acquisition and
processing. Finally, an overview of a generic MPI system schematic is provided to guide the
reader to the published works that follow.

Maxwell’s Equations

In analogy to the magnetic flux density B in Equation (2.1), the electric displacement field D
(flux density) is linked to the electric field E by the permittivity tensor €, as in

D=¢E=¢E+P. (3.1)

In the presence of an electric field, the displacement field accounts for the effect by free and
bound charges within dielectric materials that influence the internal electric field [111]. E
can be separated from the polarization density P, using the vacuum permittivity €y ~ 8.854 -
1072 AsV-Im~!. For linear materials with symmetric tensors (isotropic), € becomes a
simple material constant

D = €,6oFE . (3.2)

In general, the relative permittivity €, can be understood as the factor by which the electric
field inside a dielectric material is reduced compared to vacuum, and measures the ability
of the material to store electric energy [111]. The polarization inside a material opposes
the external electric field and can be considered analogous to the magnetization M. The
polarization cannot change instantaneously in response to an applied electric field, which
introduces a phase lag (relaxation and resonance effects) and causes losses. Consequently, €
becomes a complex and frequency dependent quantity, which is embodied by the introduction
of P.

24
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A major difference between magnetic and electric fields is the existence of electric charges,
so called electric monopoles, which give rise to the electric field and can be positively or
negatively charged. Considering a closed surface interval of D, the total enclosed charge Q.
is expressed by Gauss's law

Q. = ngdA. (3.3)

Using the divergence theorem, this can be rewritten as the first of Maxwell's equations
(Equation (3.6a)). In other words, field lines emanate from the location of a localized
charge density p of a given volume. In the case of magnetic fields, there are no monopoles,
and magnetic fields of particles arise due to the magnetic dipole moment. This is expressed
by the second of Maxwell's equations, Gauss's law of magnetism, which states that a closed
surface integral always equals zero, as in

d)zjinA:O. (3.4)

The magnetic flux ® through a closed surface is zero, which means that a magnetic field
has no individual sources or sinks. Therefore, magnetic field lines are always closed, which
can be expressed in terms of a divergence operator, as in Equation (3.6b).

So far, Equation (2.1) and (3.1) establish a connection between the magnetic and electric
fields and their respective flux densities. A third important equation, that links the free
current density J within a material to the electric field is given by Ohm's law (for vectors)

J=cE. (3.5)
Note that the electrical conductivity o is also a complex, frequency-dependent rank-2 tensor

in general, which becomes a material constant for linear isotropic materials.

The first two of Maxwell's equations on field densities D and B are complemented by
Faraday's law of induction and Ampeére’s circuital law, based on the vector rotation of the
electric and magnetic fields. All 4 equations are given by [111, 180, 179]:

V:-D = p Gauss's law (3.6a)
V-B =0 Gauss's law for magnetism (3.6b)
oB : : ,
VXE = T Faraday’s law of induction (3.6¢)
oD T
VxH = J+ o Ampere's circuital law (3.6d)

Faraday's law (or the Maxwell-Faraday equation) states that changing magnetic fields cause a
rotating electric field and vice versa, which is called electromagnetic induction. The induced
quantity opposes the direction of its origin, hence the negative sign (Lenz's law). Induction
is the key player in signal reception for many imaging modalities, such as MRI or MPI,
which allows to pick up receive voltages at a distance in coils due to dynamic magnetic
fields. Lastly, Ampére's Circular Law relates rotational magnetic fields to a constant current
density and a dynamically changing displacement field. This law is famous as an example of
the right-hand rule that symbolizes directions of cause and effect.

The presented form of Maxwell's equation are given for the general case, but different writ-
ten forms and approximations exist that allow simplifications, depending on e.g. materials
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(vacuum), dimensions or frequency ranges. In this work, the quasi-stationary approximation
for harmonic oscillations is often applied, based on the condition

1 €
—> 2, (3.7)
w o

which conveys the idea of neglecting the displacement current Jp = a&TIt) at low angular

frequencies w. It also depends on device and circuitry dimensions, which should be small
compared to the wavelength. The typical transmit fields of MPI are in the low kHz range of
10 to 150 kHz [130] (wavelength of 2 to 30 km) and thus comply with the quasi-stationary
condition for conductors like copper with Ocopper = 5.8 - 107Sm~1. For receive circuits,
especially at high harmonic indices, the approximation may not hold, when the dimensions
of the coil length of a receive coil approach that of the wavelength. For gradiometric receive
coils, this effect is discussed in subsection 3.6.2. Two important phenomena concerning the
current distribution in electrical conductors are the skin effect and proximity effect, which

motivate the deployment of stranded litz wires in MPI transmit and receive circuitry.

Skin Effect

The skin effect describes an increase of losses of a solid conductor at high frequencies,
when internal induction causes a rotating magnetic field within the conductor, according to
Equation (3.6d) [111]. A circular (longitudinal) current is induced with opposing orientation
as stated by Equation (3.6¢), called eddy current, consequently reducing the primary current
at the center and amplifying it at the surface. The result is a high current density towards
the surface, where the majority of the total current forms like a "skin" of the conductor.
Due to the reduction to a fraction of the cross-section compared to a DC current, the energy
dissipation increases. A common approximation of the skin depth Js is

[ 2
0s ~ m, (3:8)

showing that the skin depth decreases with rising frequency [116]. For copper the skin depth
at 25kHz is already below 500 pm. Materials with a high relative permeability ., like iron
are a bad conductor for alternating currents, due to enhancing the internal rotating magnetic
fields, reducing the skin depth significantly with high eddy currents.

Proximity Effect

The proximity effect causes non-uniform current distributions in parallel neighboring conduc-
tors due to induced eddy currents. It is similar to the skin effect, however, the phenomenon
is caused by the penetration of magnetic fields from currents in close proximity, indepen-
dent of galvanic connections. The resulting changes in | depend on the specific layout and
arrangement of all contributing wires and are neither symmetric nor homogeneous. The
proximity effect can be caused by two different types of internal magnetic fields: Either by
neighboring wire-bound currents or by the presence of a strong magnetic field that acts on
the entire wire bundle [258], e.g. for the windings of a transformer. The results is that eddy
currents cause local non-uniform current densities.

In MPI, skin effect and proximity effect play an important role in both the transmit and
receive chains. They cause significant losses in signal generation, filtering, and transmission,
as well as thermal noise in the receive chain. To mitigate these effects during transmission,
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litz wires are used with up to 2000 individual strands of insulated wire, each only 50 pm
thick. In the receive chain, a thickness of 20 pm is common to further reduce the skin effect.
A Rutherford wire configuration is used to counteract the proximity effect, which refers
to the winding of the strands as a helix. The helical pitch provides a more homogeneous
effect on individual parallel wires by interchanging all positions throughout the litz wire,
which compensates for the penetrating flux by transposition. This technique can be used on
multiple layers (sub-strands) or by winding multiple litz wires in parallel [116, 258].

Resonance and Filters

Resonance is a fundamental physical phenomenon, that occurs in many forms and variations
in nature. Typically, it has a periodic character that stores and transfers energy easily between
different storage modes. Cyclic losses will dampen the oscillation and are expressed by the
quality factor Qs (subsection 3.2.2) for electromagnetic fields. In electrodynamics, resonance
is determined by harmonic oscillations with a sinusoidal waveform and their natural frequency
is called resonance frequency f,. Two fundamental storage modes are the energies of the
electric and magnetic fields, which are represented by capacitor and inductor in electrical
engineering. The dampening of such oscillations occurs due to resistive elements, which
means that power is dissipated and lost to the environment [111].

In MPI, resonances are primarily, but not exclusively, found in transformers, filters and to
generate the drive field. Before elaborating on resonance circuits and their characteristics,
we quickly review the transient response of capacitor and inductor. These are determined
by their first order differential equations of capacitor voltage vc and coil current ip

doc(t dip(t
ic(t) = ¢ 4 (3.9a) or(t) = 1 4L (3.9b)
dt dt
They can be rewritten to express the complex impedances
1 .
Zc(w) = TwC =jXc, (3.10a) ZuL(w) =jwL=jX., (3.10b)

for an easier assessment and visualization in the complex plane.

The capacitance depends on the amount of charge on the capacitors plates and on the
polarization density of the dielectric. A dielectric with a high €, reduces the electric field
between the electrodes, due to the anti-parallel alignment of charges to the applied field,
which corresponds to a high capacitance. Losses due to dipole (re-)polarization are generally
lower than conduction losses for alternating currents in MPI.

A large inductance refers to a strong reluctance to a change in the current of the inductor,
and hence in its magnetic field. The effect can be understood by the opposing voltage
induced by the self-inductance across the inductor if its field is changed, which cancels the
potential energy of the charges flowing through it. Materials with a high p, increase the
magnetic flux density for a constant current and therefore the inductance, if placed within
the magnetic field of an inductor.

Compared to mechanical oscillators, typical inductors and capacitors in circuits can only store
small amounts of energy. One way to integrate a mechanical oscillation into an electrical
circuit is the quartz crystal, which changes shape under an electric field, known as inverse
piezoelectricity. It has a much higher quality factor, described in subsection 3.2.2, and is
thus a tool for increasing the total energy stored in a circuit [182].
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Series and Parallel Resonance

The unification of a capacitor C and an inductor L creates a resonant circuit with losses
R, called RLC circuit. A voltage source can be integrated inline as a series RLC circuit or
in parallel to both elements, which defines two fundamental resonance behaviors. A series
RLC has a minimum impedance ("acceptor") and a parallel RLC a maximum impedance
("rejector"), during frequency analysis. An overview of both types is given in Figure 3.1.

The minimum impedance of a series RLC appears at resonance and corresponds to a
maximum current in the circuit limited only by R, when the imaginary part of Z becomes
zero. In many cases, R is equal to the dominant equivalent series resistance (ESR) Ry of
L, and is defined by the copper losses of L and the connectors. Considering the Nyquist
plot at the bottom of Figure 3.1 (a), the locus curve resembles a vertical line that goes to
positive infinity for high frequencies. The overall circuit impedance Z can be derived, which
becomes the minimum real resistance Z = Ry, at the resonance frequency

wy 1

fr 27~ anvic’ (3.11)
which is the frequency at which the imaginary parts of L and C are equal and cancel each
other out: X; = Xc. This is typically denoted by fy, for zero phase. Note, that for the
considered series RLC fy = f,, however, for a parallel resonance a fy # f, is possible. At
frequencies f > f, the capacitor becomes irrelevant for the series RLC and the inductor
dominates with ~ wL. Below f,, the capacitor dominates with ~ wic and determines the
behavior of the circuit. When implementing a series RLC circuit, component ratings should
be heeded, as high voltages will occur internally across L and C, although they cancel out
for the overall circuit.

The parallel RLC is inversely analogous to many general characteristics of the series RLC,
such as its frequency response, which has a maximum impedance at resonance. However,
closer inspection reveals that the resonance of a parallel RLC has two distinct frequencies that
play an important role: First, fy, where the imaginary parts cancel and Z = R (zero phase).
Second, the resonance frequency f;, where Z is maximum (Z,) and a small imaginary part
remains. This shift between fy and f, is caused by the ESR R, which does not affect the
phase shift at fy when the imaginary part is zero, but causes a peak impedance at a slightly
higher frequency when the parallel voltage reaches its maximum. The Nyquist diagram
at the bottom of Figure 3.1(b), resembles a circle for small R, = R||Rr, but becomes
increasingly distorted for high R; or when other losses like the ESR of C are included. The
|| symbolizes a parallel connection. The point where the locus curve crosses the real axis
gives fop. The maximum distance of R, from the circulation defines f, and Z,. The parallel
RLC is dominated by Xc ~ wic at high frequencies, approaching a short for f — co (or the
ESR of C, if included). At frequencies f < f,, inductance dominates first, eventually being
replaced by R, at low frequencies, resembling the positive arc of the locus curve, or a plateau
of magnitude and zero phase in the magnitude plot of Figure 3.1 (b). When implementing
a parallel RLC circuit, it is important to choose components with minimum ESR due to the
high internal currents that occur at resonance as energy is transferred back and forth from
the electric field of C to the magnetic field of L, effectively creating a high impedance to
the supply voltage source.

Passive Filters. Frequency analysis of series and parallel RLC circuits provides two insights
that bridge the gap between resonant circuits and passive filters: single lumped elements
provide simple high/low pass filters, and resonances can be combined to achieve band-
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Figure 3.1: RLC series and parallel resonance. For each RLC type, an equivalent circuit diagram
(ECD) is shown along with the component values for the simulation. In the middle, a magni-
tude/phase plot shows the frequency response of the two RLC circuits in the kHz range, and at the
bottom, the corresponding Nyquist plot shows the frequency-dependent locus curve. Note that the
parallel RLC has two different frequencies, fy where the imaginary part is zero (phase turn) and f;
with maximum impedance. Series and parallel RLCs are a simple example of passive bandpass and
bandstop filters, respectively, and reflect (inverse) mutual characteristics.

pass/stop behavior or higher order filters. For example, a fifth-order bandpass filter can be
designed by cascading several RLC circuits to provide higher rejection of signals outside the
passband [177, O21]. Common filter types, such as the Buttherworth or Chebyshev filters,
differ in the flatness of the passband as a trade-off for the roll-off steepness after their cutoff
frequency. During MPI signal reception, a bandstop filter is typically implemented to filter
the fundamental frequency and mitigate feedthrough. The reader is referred to [110, 315]
for further reading on active and passive filter design.
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The Quality Factor

The quality factor or Qf is a dimensionless quantity that relates the stored energy of an
oscillating physical system to the dissipated energy per cycle. It is a measure of the merit
of a resonance and is used to assess the damping of the oscillation, hence a low Qf marks a
strongly damped system [110, 111]. We consider the stored energy W5 and the losses Wiqss
per cycle in

Qf =2 I/\I;?/ (3.12)
0SS

with Wioss = Wiadiation + Weonduction, that refer to the radiated energy and the dissipated
energy by ohmic resistance, respectively. The series and parallel RLC circuits have inverse
Qs factors, which can be derived from the ECDs and Equation (3.11) to yield

1 /L  wl 1

Qf,series = E E = R = m ’ (313)
C R
Qf,parallel =R I = w L = Wy RC. (3.14)

Multiple definitions for Qs exist, that provide similar results and one other alternative ex-
pression is to measure the —3dB FWHM of a resonance [110]. This approach is visualized
in Figure 3.2 for three different quality factors of the same resonance and based on
~ w
Q= —

W3dB

(3.15)

The cutoff frequencies that define the bandwidth w3gyg are given by an amplitude reduction of
%, which equals 201og;, % = —3.01dB on a logarithmic scale. The FWHM is therefore
measured at —3dB from the maximum or +3dB from the minimum of the resonance,
depending on the measured parameter. Typically, the values for the Qs based on wsgyg are

lower than the estimates given in (3.13) and (3.14).
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Figure 3.2: Different Q-factors. Three Qs of a series resonance are plotted on a logrithmic y scale
and evaluated using their 3 dB FWHM. A Qs above 100 indicates a high quality resonance in the
kHz range, which forms a sharp peak.
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Electromagnetic Coupling

Line voltages and wire-bound currents in close proximity affect each other by coupling
via electromagnetic fields. In particular, resonant circuits that are sensitive to impedance
changes and carry high currents are susceptible. Coupling in general can refer to inductive
coupling via magnetic fields or to capacitive coupling via the displacement current of elec-
tric fields. The term crosstalk refers to unintended coupling, that should be suppressed.
Although inductive coupling is dominant in MPI, a combination of both is most commonly
encountered and is quantified by the coupling coefficient k. [326]. Different strategies for
decoupling to avoid unwanted interference are presented in subsection 3.3.2 and in chap-
ter 6. Desired coupling can occur when using transformers, filters, decoupling, motors, or
eddy currents in breaks or heating.

An example of unintended inductive coupling occurs between two or more resonant circuits
tuned to very similar frequencies and located in close proximity. In MPI, this is the case
for orthogonal drive-field coils operating at different but very similar frequencies. With field
imperfections, manufacturing variations, and coil geometry limitations, residual coupling
becomes an unwanted side effect that greatly affects system performance. Amplifiers expe-
rience varying loads and undesired beat frequencies can occur in the transmit chain. The
higher the Qs of a resonator, the more sensitive it is to coupling at f;.

Two coupled resonant circuits are shown in Figure 3.3 and described in the caption. Peak
splitting creates a new minimum current at the desired position of the target resonance
instead of the intended maximum. At high Qy, two slightly shifted modes appear, the anti-
phase mode and the in-phase mode, which are analyzed in the ECD on the left in Figure 3.3.
When the currents in both loops oscillate in phase, the overall circuit has a lower inductance
because the voltages across Ly have opposite signs, effectively canceling each other out.
This results in an upward shift of the resonance, as well as a slightly higher Qs due to the
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Figure 3.3: Mutual inductance and mode-splitting. The ECD on the left represents two separate
resonance circuits, both individually tuned to f;, which can be galvanically disconnected, but experi-
ence inductive coupling. This is expressed by the shared mutual inductance Ly, with Ly < L; and
Ly < Ly. A consequence is the split of the original frequency f;, with an unsymmetrical shift into an
anti-phase and an in-phase mode. The new frequencies both modes can be calculated by accounting
for the contribution of Ly, that carries no current for the in-phase mode and both currents for the
anti-phase mode. At f, the currents oppose each other, which creates a minimum.
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bypassing of the series resistance Rg of Ly (specific to this example). For the anti-phase
mode, the frequency shift is downwards, because twice the current is carried by the mutual
circuit branch.

Different techniques to counter cross-talk by inductive coupling will be discussed in the
upcoming subsection 3.3.2. This type of coupling is typical for phased arrays in MRI [159],
but due to the close proximity of drive field frequencies (often less than 3% apart [130]) it
can affect MPI as well, depending on the quality factor of involved resonances.

Transformers

An example of intentional coupling is the transformer, where the coupling coefficient k. is
typically maximized by guiding, bundling and intensifying the magnetic flux ® between two
coils. Typically, iron cores are used to achieve fully linked flux ®11 = ®y, when k. — 1, for
the ideal transformer. In this case the stray inductance L, becomes zero, which describes
the part of the coil that is not coupled to the other side of the transformer. This can be
visualized as stray field lines, which pass through only one side but are not enclosed by the
other side. With regard to Figure 2.1 above, the hysteresis of a magnetic transformer core
material means that the transformer has limited energy storage. This causes a non-linear
distortion of the signal when the material is driven into and above its saturation region. Air
cores are better suited for applications that require highly linear behavior, although the stray
inductance is typically much higher. A toroidal transformer with optimal cross-section for
high currents is developed in chapter 6.

Resonant Decoupling Strategies

To avoid electromagnetic coupling and unwanted crosstalk, several strategies exist to sup-
press the influence of nearby alternating fields and charges in medical imaging [159]. In
MPI, these include inductive decoupling, capacitive decoupling, and active cancellation [02].
Broadly speaking, they can be divided into narrowband and broadband solutions, referring
to the bandwidth for which decoupling is achieved.

For formal analysis, an I-port network model can be used [326] that takes on the shape of
an impedance matrix and which can be simplified for zero capacitance as

’
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In the case of two channels Lo, = 2 and neglected capacitances, the mutual inductance Ly
is the sole contribution to coupling k. = LM(\/LlLQ)*% [02, 326]. The goal of decoupling
is to reduce ke, including the initial geometric arrangement of the channels (orthogonal
field directions). If orthogonality is unachievable, overlap decoupling can be used, such as
in the case of coil arrays. This is often used in MRI, e.g. for phased arrays, that have
the same resonant frequency and are located in close proximity of each other [159, 224].
The advantage of these strategies is that they do not introduce additional resistance that
lowers Qs, which is the case when additional loops or transformers are used for decoupling.
However, complete (perfect) decoupling is unattainable in real-world applications, which is
why decoupling schemes are necessary. Even very small coupling factors can contribute to
significant undesired currents in the coupled channel [02, O3]. This topic is the subject of
an in-depth analysis and discussion in chapter 6.
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Amplifiers

Different types of amplifiers are used in MPI, ranging from small-signal and low-noise am-
plifiers to power amplifiers with several kW. The reader is referred to [45] for a detailed
overview of amplifier classes and their design.

Power Amplifier: Power amplifiers (PAs) are used to generate strong alternating magnetic
fields in MPI, like the drive-field or dynamic selection field. If selection fields are not entirely
based on permanent magnets, they also require PAs to create the gradient or to adjust
FFR positioning. Proper impedance matching aims to terminate the PA with an appropriate
load to guarantee stability and best performance, which is typically slightly inductive with a
dominating resistive part.

An important figure of merit is the THD, given by the sum of all voltage root mean square
(RMS)-amplitudes of the signal harmonics, divided by the fundamental

V Ik, |02
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with K measured harmonics [249]. Another important characteristic of amplifiers is the slew
rate (SR), which is given by the maximum change of the output voltage per unit time

dz)out (t>

SR = max i

, (3.18)

and typically expressed in V ps~!. Especially at high frequencies, or when generating rect-

angular waveforms and step inputs, amplifier performance is limited by the SR.

Previously, class-D amplifiers were avoided in MPI due to their higher THD compared to
linear gain amplifiers (class-A/B/AB). However, modern class-D amplifiers reach a THD
of —110dB [178] and should not be categorically excluded. They score on a compact
design, high efficiency and low heat dissipation, but require an actively controlled pulse
width modulation (PWM) unit to shape their output waveform.

PAs can be operated in voltage or current mode, although the voltage mode is more widely
used. The current mode requires a specific adaptation to the load, by tuning a small
feedback control circuit, i.e. a PID controller, that the amplifier uses to control the output
current. This can reduce the bandwidth of the amplifier, which may become unstable at high
frequencies. However, the current mode is of advantage for MPS devices that control the
drive-field directly via the coil current at different excitation frequencies and waveforms [012,
01], due to the direct relation of the magnetic field and coil current of (3.6d).

Operational Amplifier: The input signal to a power amplifier is often amplified by a small
operational amplifier (5 to 10 times) for simple step-up voltage conversion. The operational
amplifier usually provides a single-ended output, and they can be configured with much
higher gain and very low noise, such as the ADA-4898 from Analog Devices, MA, USA [9].
Their simple circuitry makes them an alternative for many applications that do not require
the more complex design of an LNA.

Low Noise Amplifier: The LNA is a special type of amplifier for very low signal amplitudes,
designed to amplify weak signals without (significantly) decreasing the SNR. Every amplifier
introduces additional noise, with regard to the noise level at its input, and LNAs are built
to minimize this undesired influence while providing a high gain [239]. In a typical MPI
receive chain, one or several LNAs are used to amplify the weak receive signal prior to ADC
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sampling and after the signal was filtered to suppress the dominant fundamental signal,
which would exceed the dynamic range of a sensitive LNA. In this work, we use a custom
LNA consisting of highly parallelized ultra-low-noise JFETs, cascaded with an operational
amplifier as a second stage for high gain [78].

To compare different LNA models, typically the noise figure (NF) is used, defined by the
ratio of SNR at in- and output, given with

SNRi,
NF = 1010 — ] . 3.19
810 <SNRout) (3.19)
The Friis formula [239] identifies the first amplifier in a cascade as the most critical, having
the greatest influence on the overall NF. This criterion can be met by using the amplifier
with the lowest NF first and then, for example, an operational amplifier with a significantly
higher gain.
Due to the input capacitance of an LNA, a receive coil connected to the input will always
form a resonance and therefore a non-linear frequency response. This can be exploited to
increase sensitivity in a limited frequency range that can be selected by shifting this resonance
to a desired point.

Signal Processing

After the introduction of resonances, coupling, and amplifiers, the picture of the MPI signal
chain is gradually completed with the basics of signal processing. To this end, an ADC is used
to digitize analog signals for further processing like the image reconstruction. An overview
of the complete send and receive chain is given at the end of this chapter in section 3.7.
Fundamental to the system matrix approach is the Fourier transform, which is the key topic
of this section.

Two important variables that determine the digitization of an analog signal are the sampling
rate fs in Hz and the amplitude resolution in V bit™1. The sampling rate limits the highest
frequency that can be recorded, with

fs > 2 fmax , (3.20)

which is referred to as the Whittaker-Nyquist-Shannon theorem [198]. If it is not satisfied,
the sampling points of higher frequencies might be interpreted as lower frequencies, causing
aliasing. The maximum bandwidth of an ADC is called the receive bandwidth, which is
often an integer division of its main clock frequency. The receive bandwidth Af and the
amplitude or ADC resolution determine the amount of data produced for each sample point.
The product of fs and the ADC resolution determine the data rate required to store the
received data.

The Fourier Series

A primary tool in frequency analysis is the Fourier transform and the expansion of periodic
signals into a Fourier series within the frequency domain. The Fourier transform is a lin-
ear map, that transforms a time-domain signal into a frequency-domain signal [254] with
commutative and associative properties.

For a T-periodic voltage u(t) of a single channel (Lc, = 1), the Fourier coefficients can be
calculated with

1T .
oy = ?/0 u(t) e P2/ Tgp (3.21)
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Figure 3.4: Fourier series expansion. A signal u(t) is shown in the time domain and it's Fourier
components 7(f) in the frequency domain, arranged on two orthogonal planes. The original signal
(green) can be expanded into individual components fi (orange), shown in 3D space, and both 2D
projections fully represent the periodic signal.

As mentioned in section 2.5, the index k denotes the frequency components with a total of
K frequencies, which mainly depends on the chosen receive bandwidth of the ADC. These
coefficients represent the original signal as a superposition of sinusoidal waves in the time

domain
+o00

u(t) ~ Y T (3.22)
k=—c0
which converges for 27t periodic signals, although general convergence is a multifaceted
problem [254]. The representations in the time and frequency domain are illustrated as
projections in Figure 3.4. Due to symmetry, the complex conjugate of the negative frequency
coefficients equal the positive coefficients, as stated by

(_)* = 1. (3.23)

This holds for all real signals, which is the case for the MPI measurement signal. Note that
the above definitions use continuous signals. However, after signal acquisition and ADC
sampling, u(t) becomes the discrete signal u; for digital signal processing. Therefore, the
Fourier series is usually performed with a right-sided fast Fourier transform (RFFT), which
calculates only the positive coefficients of the fast Fourier transform (FFT), which in itself
is a fast implementation of the discrete Fourier transform (DFT).

The FFT is based on the principle of interlaced decomposition that calculates a spectra for
each pair of sample points and then re-combines them step-wise into the full spectrum of the
signal, effectively reducing the number of complex multiplications to O(nlogn) instead of
O(n?) for the DFT [101]. Thus, a rapid implementation on computers is feasible, but also on
low complexity microcontrollers with low computing power like the 8-bit AVR ATmega328P.

Spectral Leakage: A challenge in digital signal processing arises when the sampling time
window does not exactly cover a full 27-period (or an integer number of T). Depending
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on how the discrete time points are spaced, the selected window may not represent an
exact period, causing the DFT to interpret and repeat the window with discontinuities.
This causes new frequency components to appear as side bands, that are not part of the
original function, which may result in a continuous spectrum instead of individual frequencies.
This is called spectral leakage, and usually the unwanted frequency bins are highest closest
to the original components and follow an exponential decay. For example, the RFFT of
a single real cosine signal should have only a single frequency component, but multiple
non-zero components appear near the original component if periodicity is violated. The
problem is intensified when the sampling becomes sparse, which is typically not the case
with MPI, except for high harmonics, compressed sensing or arbitrary waveforms with high
slew rates. Window functions that differ from the rectangular window like e.g. Gaussian,
Hann, Hamming, Blackman or Nutell windows can be used to suppress side-lobes and to
influence the shape of the main lobe [97]. An efficient workaround is to synchronize ADC
sampling with the digital-to-analog converter (DAC) clock, resulting in the special case of
zero spectral leakage. To this end, the channel frequencies in subsection 3.5.3 are chosen as
integer divisors to match the clock and sampling frequency fs. Consequently, the DAC and
the ADC use a single global clock.

Zero Padding: Zero padding refers to adding trailing zeros to a windowed signal in order
to increase the sampling time window size. If this is done to obtain a total number of
samples as a power of 2, the DFT operation can be sped up significantly using radix-2 FFTs.
Another strategy is to add as many zeros as necessary to obtain an integer multiple of the
expected signal frequency component(s) if the sampling and signal frequencies cannot be
synchronized. Such operations require prior knowledge and can mitigate spectral leakage by
matching the sample spacing to the expected frequencies to resolve those frequencies.

Gibbs Phenomenon: The Gibbs phenomenon describes oscillating behavior of the Fourier
series in proximity to a jump discontinuity. For a rectangular signal, the signal representation
given by Equation (3.22), has an over- or undershoot error of roughly 9% of the jump
height [254]. Even if a large number of frequency components K are included, a jump
cannot be fully represented using finite orders of sine waves. The Gibbs phenomenon is also
visualized in time domain representation of the signal in Figure 3.4, visible before and after
the zero-crossings of the green signal.

Intermodulation

Frequency multiplication or frequency mixing results in a certain number of amplitude mod-
ulated sidebands that depend on the sum and difference of the multiplied frequencies, called
intermodulation products [225]. This phenomenon is exploited in high-frequency engineer-
ing in applications such as broadcasting, satellite, or cellular devices, and plays a role in
the MPI received signal, where sidebands contain valuable information about particles [215,
260]. Intentional intermodulation is for example achieved with a known nonlinear element,
while unintentional intermodulation can be caused by unwanted nonlinearities or time-varying
systems.

To perform intermodulation, a signal f, is multiplied with a carrier signal f,, of higher
frequency (f, > fa), resulting in two bands at f, & f,, symmetrically spaced around fp.
Magnetic particles are in principle a magnetic mixer, which relies on a non-linearity to
perform the frequency multiplication [153, 196]. Consequently, at least two distinct drive-
field frequencies need to be utilized, causing intermodulation of the particle signal at the
channel frequencies themselves and again, between resulting mixing products. The result
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is side bands around all harmonics of the drive field frequencies that are rich in different
frequency components and include higher mixing orders of the particle signal (higher order
intermodulation). These side bands are not masked by the harmonics of the fundamentals
of the direct excitation feedthrough and contain spatial information on the particles, hence
they are easier to detect and isolate than the k harmonics.

Data Acquisition System

To complete this section on signal processing and before continuing with the MPI receive
chain, a specific input-output-card is introduced: The RedPitaya Stemlab 125-14 (RP)
is a flexible low-cost open-source hardware solution that integrates DAC and ADC into a
single device for precise real-time signal handling. The advantage of unifying DAC and
ADC within a single device is the synchronous system clock, effectively avoiding spectral
leakage and the software can administer both data streams clock-synchronously. Multiple
RPs can be combined to form a synchronous stack, using one identical system clock, and are
coordinated by a collection of open-source software in this work [89, 90]. The RP is clocked
at 125 MHz, has an amplitude resolution of 14 bit and typically we use ADC-dividers of 8,
16, 32 or 64, resulting in a receive bandwidth of 7.8125 MHz, 3.906 25 MHz, 1.953 125 MHz
or 976.5625 kHz, respectively. Typical transmit frequencies are also the product of integer
dividers and the clock frequency, for example

125 - 10° 125 . 106
fem = o =e = 25699.013..Hz and fe = 2 —=-

These frequencies are implemented across many devices in MPI, from MPS and head-
scanner [O3] to the preclinical Bruker MPI 25/20 FF (Bruker BioSpin, Ettlingen, Germany).
The custom open-source software is also capable of handling arbitrary signal waveforms and
tracking feedback signals for drive field control, while real-time operations are handled on
the Xilinx Zynq 7010 FPGA. The signal data in this work is stored in the open MPI data
format (MDF) [149] and all custom build devices are based on the RP [014, 013, O1, O3].

— 26041.666..Hz. (3.24)

MPI Signal Reception and Calibration

So far, we have introduced the fundamental equations, theory and phenomena needed to
understand signal generation and transmission in MPI, as well as specific details on the
equipment and circuitry necessary to generate the required field strengths. This section
addresses the process of signal reception and the theory behind it, using signal processing
tools such as the Fourier transform to interpret and analyze the received signals in the
frequency domain.

A general representation of the MPI receive signal for channel [ in the time domain is
separable into three components, as in

up(t) = ubF(8) +ulf (8) +ul(t) . (3.25)

EF refer to the direct excitation feedthrough of the drive-field excitation, P denotes the
particle signal and N summarizes different noise sources. The particle signal is typically
about 6 to 10 orders of magnitude below the excitation signal, exceeding the dynamic range
of ADCs and requiring separation prior to signal acquisition [77]. One approach implements
filters to fully suppress the fundamental and another typical design uses a gradiometer,
explained in the upcoming subsection 3.6.2.



3.6.1

38 3.6. MPI Signal Reception and Calibration

In an ideal scenario, the particle signal can be isolated by separating the different signal
contributions using the following steps:

1. background measurement of uBC(t) = uFF () + uN(t), without particles
2. foreground measurement of u;(t), including the particles

3. measurement subtraction of u;(t) — uBC(t) = uf (t)

Unfortunately, the noise floor itself and other non-deterministic signals cannot be fully sub-
tracted and are prone to time-shifts and spontaneous fluctuations or channel cross-talk [203].
Thus the real signal after background subtraction becomes

up(t) = ul (t) + ul*(t). (3.26)
The residual component u™* includes thermal noise from the coils, patient noise [240],
acquisition noise from the LNA and ADC, cross-talk signals, random distortions [203], as
well as a residual drive-field feedthrough despite filtering and compensation. Imperfect
background cancellation poses a challenge and uB® represents only a snapshot in time,
that is prone to drift and change, especially during long measurements [143]. Excitation
harmonics, caused by nonlinearities of bad connections or eddy currents, leave standing
harmonics at the precise frequency positions where the weak particle signals are located and,
in the worst case, mask them. Mitigating the residual component by combined analog and
digital signal processing methods is therefore important to increase the sensitivity of MPI.

Before focusing on a receive coil configuration for feedthrough cancellation and the exact
calibration of the receive path, the MPI signal equation is analyzed in the following.

Signal equation

Using Faraday’s law of induction (3.6¢), the receive coil voltage signal in the [-th channel is
given by
r—r 3

_ J Ho

pi(r)

where p;(r) is the receive coil’s sensitivity profile and dI a vector along the path on the
boundary dS. The sensitivity profile is determined by the coil's geometry and the generated
flux density per unit current in it's wire at position 7', acting on the (evaluation) point 7,
via the Biot-Savart law. Reciprocity states that the relation of an oscillating current in a
coil with sensitivity p; and the resulting electromagnetic field generated at r is unchanged,
if source and effect are exchanged: The same electromagnetic field will induce a voltage in
the coil, causing the identical current. This is very helpful, because we can measure the
sensitivity profile for a known current and thus conclude on the origin and strength of a
signal. The receive signal of (3.27) is Fourier transformed and further supplemented with
coefficients 4, that denote the TF to give the general expression

T o9 ‘
ﬁl,k = _ﬁl,k %/0 /@ gM(T, t) . pl<1’> esznkt/T d31’ dt, (328)

for particles located in the FOV ©. The TF of the MPI system characterizes the frequency
response and it is used to calibrate the receive signal to account for the signal chain influence



3.6.2

39 3.6. MPI Signal Reception and Calibration

and its components such as filters and LNA. Using such a calibration, the magnetic moment
of the particles can be derived from 1, independent of the device that measured the
response [276], as will be shown in subsection 3.6.3.

We already stated an expression for I that includes the system function §;x(r) and the
spatial particle distribution c(r) in Equation (2.14). Using (2.14) and (3.28), as well as
the linear relationship of the magnetic field H and the magnetization M, we can derive an
expression for the Fourier coefficients of the system function with

Sk =~ / 5 t) - pi(r) e J2R/T gy | (3.29)

The changing spatial magnetization M(r,t) = m(r,t) c(r) is therefore linked to the particle
distribution via the mean magnetic moment m.

The general expression of the system function in (3.29) completes the picture of the MPI
imaging equation. The correlation of measured receive voltage, system function and particle
concentration form the backbone of the MPI image reconstruction in section 2.5.

Gradiometer Receive Coil

After discussing various signal contributions within u; and the theory of signal induction by
particles based on m and p;, we continue to complete the receive chain by introducing the
gradiometer receive coil [119].

To suppress direct feedthrough, a gradiometric coil winding technique is commonly used in
MPI: the receive coil is duplicated and the second coil captures the same amount of magnetic
flux B as the primary receive coil, but in reverse orientation. This requires the second coil
to be sensitive only to the transmit field and not to the particle signal. The technique is
very similar to the methods described in subsection 3.3.2 (reverse induction), but the goal is
not to decouple two drive field channels, but to decouple the transmit and receive channels.
As a result, the sensitivity of the receive channel to the particle signal is increased and the
feedthrough is suppressed. The strong advantage of this technique is that it is broadband,
in the sense that is is not tuned to a specific frequency and also suppresses distortions from
within the transmit chain [204], and its flexibility to adapt to changes during excitation.
Gradiometers have been shown to provide excellent sensitivity [78, 79, 204, 207, 256].

The explanation of the principle is as follows: The exact same excitation field, including
unwanted distortions, induces two identical voltages of opposite sign, which cancel each other
out in the gradiometer coil. Ideally, only the signal harmonics of the nonlinear response of the
magnetic particles remain in the receive coil after cancellation. Two factors are important
at this point: the amplitudes of the receive and cancellation voltages must match, and the
phase difference should be as close to 180° as possible. The amplitude can be adjusted by
placing the coils in different areas of the Bpg and the number of turns. In contrast, the phase
is affected by coil topology, wire length (frequency), and parasitic elements (capacitance and
series resistance), reducing the efficiency of the gradiometer. Residual signal contributions
become part of the background measurement ulBG(t), especially for large field generators
and at high frequencies.

The influence of the wire length can be exemplified if a fundamental frequency of 26 kHz as
given in Equation (3.24) is considered and a head-sized cylindrical coil is used: for a diameter
of 24cm and N = 30 windings for each coil, receive and cancellation coil each, the total
wire length is approximately 45 m. This is approximately equal to 2% of the wavelength at
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the 5th harmonic, which causes a significant phase shift and the cancellation signal does not
match the receive signal. For higher harmonics, this effects scales linearly.

A prerequisite for the gradiometer is that the length of the excitation coil exceeds the FOV,
so that one set of turns is sensitive to particles in the FOV, while the other set of turns is
away from the FOV and does not pick up the particle signal. Especially for multiple nested
coils or saddle coil designs, this becomes a major challenge due to the limited space available
(with orthogonal fields). In addition, a gradiometer adds additional windings to the receive
coil, increasing the total inductance and resistance, which is usually not a problem due to the
high impedance input of the LNA, but must be considered because it changes the resonance
with the input capacitance of the LNA.

A variation of the gradiometer uses a full duplicate field generator for decoupling, which has
advantages when space is limited and multiple (orthogonal) channels are implemented [77]. It
also ensures that the particles are only in the intended FOV and separated from the duplicate
gradiometer [77]. However, especially for large MPI systems, the power consumption is
significantly increased, and the wire lengths for the receive path are extended and prone to
distortion [177]. The particle excitation field is not the same as the field used for decoupling,
further reducing effectiveness. All of the above are passive compensation techniques that
can be supplemented with active feedthrough suppression [106, 264, 321, 330], such as using
a low-loss injection transformer to add an actively controlled compensation signal [202].

Receive Path Calibration

As mentioned at the beginning of section 3.6, a receive path calibration method called TF
correction can be derived for the entire receive chain [276]. Based on the knowledge of the
signal model of Equation (3.28), the frequency response is measured, which depends on the
receive path characteristics such as p;(r), LNA and receive filter. This measurement can
be used to transfer #i; into the domain of the magnetic moment, making it independent of
specific device characteristics and comparable.

To this end, we use a small and known transmit coil (calibration coil) placed in the center
of the FOV to generate a known magnetic field corresponding to the magnetic moment of
the particles. The setup can be viewed as a two-port network and measured with a network
analyzer (NWA), using a frequency sweep to determine the joint frequency response of the
receive coil, filter, connections, and LNA. If performed by the DAC/ADC itself, even the
frequency behavior of this stage can be considered (e.g. using the RP as a virtual NWA).
For each scanned frequency bin, a coefficient is determined that can be used to correct
and calibrate the receive signal in amplitude and phase (weighting bins). The reader is
referred to [276] for a general discourse on this topic, where the authors elaborate on the
implementation, limitations, and accuracy of this method. An important finding is that coil
positioning has a large influence on the method, along with the radius of the calibration coil,
which enters quadratically into the equation. It is critical to know the exact dimensions of
the coil and to position it closely to the measured spatial dimensions [275]. This method is
also used to confirm and calibrate model-based field predictions [022].

To derive the TF, first we assume homogeneous coil sensitivity profiles inside the FOV,
so p;(r) becomes a constant p;. Moreover, a constant tracer sample distribution and a
homogeneous applied magnetic field in the FOV allow to simplify m(r,t) to m(t) with the
Fourier coefficients #i1; . A channel-wise evaluation projects #; ; on to the directions of the
receive coil sensitivity, resulting in 7, and py, if calibration coils and receive coils align for
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each channel. Using these assumptions, (3.28) simplifies to

~ . i27tk . A
Ay = —apk (.”OJTPI) e = Sk Mg, (3.30)

which is accurate for an MPS setting. However, for large MPI systems the deviations
may increase and further restrictions apply [276]. The missing knowledge on the generated
calibration field of a TF can be explained by considering the magnetic moment

me=N-1-A;, (3.31)

generated by a calibration coil with a number of turns N, current i and a cross-sectional
area A; for each considered channel [111]. The current is typically determined by the
voltage across a large series resistance that dominates the Rs of the coil channel. With
all constituents known, the intended magnetic moment 7, is generated by the NWA,
consecutively for each channel I, while the receive voltage 7; x is measured using a frequency
sweep. The known and measured spectra are used to determine TF;(w) by interpolating
the calculated weights

>

Lk N
TF = —& = . 3.32
= g = (3.32)

As mentioned above, the dimension of the coil enters quadratically into A; via 7r72 and small
deviations lead to a significant error in 71, which is amplified by positioning or rotation
offsets and field inhomogeneities of the FOV [022, 275, 276].

Given the aforementioned assumption that the coil sensitivity is homogeneous within the
specified FOV, it is not possible to apply an exact TF correction to obtain the magnetic
moment in a generalized manner in the case of a measurement of distributed particles
using a large MPI scanner. However, the inversion is feasible for calibration measurements
(system matrix) where the delta sample position is known. Also, MPS measurements can
be calibrated very precisely, where the entire FOV is excited homogeneously [276].

MPI System Composition

Throughout this chapter, all fundamental equations, physical effects, processing steps and
hardware components were introduced that play a part in the construction and implementa-
tion of an MPI system. Finally, we present a generic assembly of a typical MPI system with
an overview of common components and their interactions in Figure 3.5. All constructed
systems described later are based on this generic DAC/ADC system model. It should be
noted that a system can also be designed differently and the complexity varies depending on
the size of the imaging or spectroscopic device.

Central to all MPI systems are the DAC/ADC stages, power amplifier, field generator and
low-noise-amplifier, as illustrated in Figure 3.5 when moving on a circle from the top left to
the right and back to the bottom left. Some devices do not use a selection field, such as
the MPS, and others achieve it either by permanent magnets and mechanical motion [15,
16], by driving currents in coils [25, 71, 76, 213], or by a hybrid form of permanent magnets
combined with coils [3, 176, 292]. Most systems with harmonic drive fields employ filter
stages to reduce the THD and improve feedthrough cancellation, although this is not feasible
for arbitrary waveform devices [O1, 202, 268].

A compensation or cancellation technique is required by all systems, due to the fast relaxation
process coherent with the excitation, as mentioned in the previous chapters. Some passive
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Figure 3.5: MPI system overview with a generic DAC/ADC model. We use a synchronized
DAC/ADC device (RedPitaya Stemlab 125-14) for signal generation and acquisition, that is connected
to a computer. Here, the operator can initiate, abort, supervise and analyze measurements, as well
as perform the (live) reconstruction. Depending on the specific system topology and number of
channels, some components may be omitted, amended or customized.

techniques were already introduced, like the gradiometer (subsection 3.6.2), using a signal-
tap in a symmetric circuit [233, O3], duplicating the entire drive field generator (DFG) [77],
or using inductive coupling transformers [77]. In principal, these can be combined with active
control signaling using an injection transformer [106, 202, 330] and additional filtering to
improve overall signal quality [77].

We conclude this chapter with the transition to clinical safety, which will play a key role in
most of the upcoming chapters and individual publications in this thesis. When human trials
are planned, it is beneficial to use a type of surveillance unit (SU) that collects sensor data to
monitor the ongoing measurements for increased component protection and patient safety.
Various failure states can be categorized to decide if automatic transmission interruption is
necessary, to inform the operator, and to write meaningful log files [O3]. The system design
can also include panic buttons and limit the hardware to a maximum operating field strength
that is safe for humans [242].
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From Instrumentation to Application

The following chapter offers a comprehensive motivation of the works included in this dis-
sertation, providing additional information of the works, explaining their interrelationships
and contributions to the field of MPI. Figure 4.1 below presents an overview of the active
research fields of MPI, along with a positioning of the contributions of this dissertation.

The outline of this thesis is oriented along the indices: [O1] refers to chapter 5, [02] refers
to chapter 6, [O3] refers to chapter 7, [O4] refers to chapter 8, [O5] refers to chapter 9 and
[O6] refers to chapter 10.
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Figure 4.1: MPI research fields overview. The index number [#] refers to the journal publica-
tions [O1] to [O6], and chapters 5 to 10, respectively. This overview does not explicitly mention
software development, although it is the underlying and required element of most research fields.
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Instrumentation

With the fundamentals of MPI in chapter 2 and the outlined electromagnetic perspectives on
resonance, coupling, signal processing, reception, and calibration in chapter 3, the previous
section concludes with a generic MPI system composition. On this basis, we first motivate
and describe the construction of an arbitrary waveform MPS and its components. This device
is not new to the instrumentation of MPI, but the additional orthogonal offset channel that
we will introduce allows for a novel way of emulating 2D sequences. We begin by exploring
a hypothesis about pulsed excitation and its influence on particle relaxation, and analyze our
device and method in general. The complete study is then documented in chapter 5.

As a second and third contribution to the instrumentation, the process and motivation to
refine and advance a human-sized head scanner, including the development and construction
of an ICN, is elucidated from a general perspective. Since a detailed description of methods
and their discussion is included in chapter 6 [02] and in chapter 7 [03], we will focus on
specific issues, challenges, and simulations for insight that were omitted from the original
manuscript. These will be addressed together in a single section before transitioning and
connecting these to the applications within this thesis.

Pulsed Magnetic Particle Imaging

Motivation. The utilization of non-sinusoidal waveforms to drive the MNPs into saturation,
referred to as pulsed excitation, originated in the context of x-space MPI, where researchers
encountered a resolution limit in 2017, referred to as the relaxation wall [270]. The re-
searchers analyzed sinusoidal data of varying amplitudes and frequencies obtained from an
x-space MPI scanner [47] and from an arbitrary waveform MPS that was constructed in
2016 [268]. The Langevin model for particles predicts a cubic improvement in spatial resolu-
tion with increasing particle core diameter, however, this was only observed up to a certain
size of approximately 25 nm [270] for single-core particles, coated with carboxylic acid. Be-
yond this size, blurring of x-space reconstructions hinders any further expected improvement
in resolution. The team determined that relaxation effects were the cause and that their
model did not account for them when using deconvolution in the time domain. To address
this, they used a low amplitude and very short rise times, namely a rectangular waveform at
5kHz. This resulted in a better resolution that seemed to follow the expected trajectory for
increasing core size [269].

Pulsed excitation promises an improvement in resolution for large particles (narrower PSF),
but it comes with two major constraints: (1) a broad-band excitation, and (2) PNS / SAR
limits. A broad-band excitation impedes the use of resonators, i.e. filters and LC tanks for
amplification gain in drive-field coils. This represents a significant drawback that necessitates
a rethinking of the signal chain and the direct feeding of the required current drive-field coils.
In order to scale to human size, this places high demands on amplifier specifications in terms
of slew rate and maximum voltage, and requires a relatively low-inductance DFG. With
regard to PNS, it is highly probable that a pulse of several mT amplitude with a high
slew rate in the kHz region will stimulate nerves, which will result in an unpleasant sensation
and/or pain [229, 230, 243, 269]. An orientation for limits can be derived from MRI gradient
fields [263]. PNS tests with a head-sized cylinder coil found a Bpg amplitude limit of around
3.5 to 4mT at 24 kHz [200], which is rather a low threshold. For extremities such as the
arms and legs, this threshold is higher, due to the differing orientation of nerves and tissue
composition [230]. Concerns on the SAR for body tissue arises if a threshold of 4 W kg™ is
exceed within 6 minutes, which was found to be not an issue for a sinusoidal drive-field at
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150 kHz with 3 simultaneous (orthogonal) excitation channels with 11 mT amplitude [242].
This threshold is a lot higher compared to PNS limitations and therefore of lower concern for
the drive field parameters of most MPI systems. Awareness of these limitations is of higher
concern when scaling arbitrary excitation to human-sized scanners. This work researches the
possible benefits of pulsed excitation over a broad range of parameters for a potential small
bore system and spectroscopy.

Hypothesis. An open question at this point is the usefulness of pulsed excitation for system
matrix-based reconstructions. Here, the problem of blurring (relaxation wall) is different
than in x-space, because the measured response of the particles to the excitation is used
instead of a model with assumptions. Yet, large particles with a slow relaxation may not have
sufficient time during a sinusoidal half-wave to follow the excitation, resulting in a partial
loss of their response at the moment the magnetization changes sign. However, in principle
large particle are desirable, because the magnetic moment of large particles is higher, which
would increase the MPI signal. A pulsed excitation offers the advantage of a high slew rate
and a sufficient hold time to observe the full relaxation of the MNPs [268].

A further question is whether the phase information is partially or completely lost if the
change in magnetization of small MNPs to a step input is instantaneous [O1, O8]. If
only amplitude information remains, is a Radon-based reconstruction with a filtered back-
projection a viable approach that necessitates a rotating excitation to supplement the missing
information [129]7

Hardware Setup. To investigate these questions, we constructed an arbitrary waveform
MPS, which is capable of producing pulsed waveforms with an optional DC offset in the
x-channel [O1], shown in Figure 4.2. Concurrently, another DC offset channel can drive
the particles into saturation from an orthogonal direction in the y-channel. This enables
the measurement of a 2D grid of arbitrary waveforms for a small MNP sample of 5 to
20 pL, including a reference signal of the coil current. Such measurements contain data for
a 2D PSF, the static x-space PSF and the dynamic PSF. For the required flexibility, a low-
inductance drive-field coil is necessary which is not resonant, reducing the overall complexity
by omitting a resonant drive-field circuit and the TX filter (see Figure 3.5). Due to the
small inductance, a 32 resistor is connected in series to stabilize the amplifier operation and
increase temperature stability for long measurements due to the changing resistance of a
heated coil. The power amplifier Hubert A 1110-40-QE-100 with a slew rate of 70V ps™! is
used for the x-channel drive-field. Gained insights to different amplifier operation modes are
used to derive a voltage-mode model with feedback in contrast to a current-mode operated
amplifier, presented in [012].

A stack of two RPs are used as a ADC/DAC stage, with a receive bandwidth of 7.8125 MHz
that are operated with the open source software RedPitayaDAQServer [90] and MPIMea-
surements.jl [89]. The RP stack is shown in Figure 4.2(a), along with other hardware
components such as the LNA, a filtered linear voltage supply and both, measurement cham-
ber and decoupling unit for signal feedthrough compensation. A custom GUI developed by
software developers of our institute shown in Figure 4.2 (b) is used to execute and record
measurements. It does not provide post-processing or sequence simulation, but raw data
can be displayed with several options like background subtraction or transfer function correc-
tion. One typical pulsed sequence is outlined in Figure 4.2 (c) for a combination of different
xy-offsets. Each blue cross marks a patch where a fixed number of repeated periods of a
given x-channel amplitude and freely configured waveform is executed. Device calibration
is achieved by DC field calibration of the drive-field coil sensitivity and a transfer function
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Figure 4.2: Overview of pulsed MPS system. In (a), a picture of the main electric components
of the arbitrary waveform MPS is shown. The top aluminum box is the compensation chamber, the
bottom one the measurement chamber (both are closed during operation). The RP stack [90] is
on the bottom left, the LNA in the center left. Amplifiers, network hub, measurement computer
and voltage sources are located underneath. The measurement GUI can be seen in (b), where
measurements are configured, saved and displayed [89]. A typical pulsed sequence with different x-
and y-offsets is shown in (c). See chapter 5 for more details on coil arrangement.

measurement using a known small calibration coil [276]. Thus, the entire receive chain is
calibrated and device-independent measurements can be performed that are particle specific
using the net magnetic moment m of the sample.

Framework. We developed a custom, versatile software framework in the programming
language Julia, aiming to process measurement data with the following requirements [O1]:

data handling: selection, cropping, calibration and storage (.h5)

= data processing: sample interpolation to create and concatenate time sequences

reconstruction: using emulated sequences to calculate phantom spectra and images

variability: adaptation to different forms of scanners, sequences and excitation types

Using these features, the framework interprets the recorded pulsed data as a 2D grid of
offset combinations with a chosen excitation waveform and amplitude that can be shaped
into a time sequence that is e.g. meandering, rotating, shifting, or a combination of these.
It works by selecting a sub-set of the measured 2D grid with a spatial interpretation based on
the offset amplitudes and uses temporal concatenation to create a time sequence. Noise and
measured background signals are added to mask the repeated use of identical parts of the
measurement data. The Fourier transform of this sequence yields a spectrum, which can be
used either as phantom data or as input vector for image reconstruction. The versatility of
the developed framework is emphasized by the work of Niebel et al. [017], where a trajectory
analysis is conducted for an FFL scanner [303].
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Wrap up. To follow up on the above stated hypotheses that motivated the construction
of the arbitrary waveform MPS, we initially analyze the well-known tracer Perimag. The
measured signal for Perimag is presented in Figure 4.3 for sinusoidal and pulsed excitation
with different offsets in the x-direction. As anticipated for small particles, they are capable
of following the excitation slope, with no loss of phase information. Consequently, for a
Radon-based reconstruction, other particles need to be measured, such as large single-core
particles, as motivated in the hypothesis paragraph above. In this case, spatial information
would be lost, if relaxation and signal response are identical from all positions within the
FOV, hence no phase-shift occurs between different signal positions. We would not expect
a Dirac-like response due to the strong Brownian relaxation component (compare to pulsed
excitation in Figure 4.3), but that the signal response is shaped identically for all offsets
(colored crosses) with the same starting point. As reasoned above, for the measured small
particles, we can discern a separation along x-offsets and therefore within the FOV. However,
the Perimag data can be used to validate the sequence generation approach: offsets in two
directions with constant excitation amplitude provide a 2D grid of piecewise measurements.
A selection and temporal concatenation of a subset of the measured 2D grid is used to
emulate sequence motion and excitation direction. To avoid inverse crime, we overlay the
data with measured noise floors and use two different grids, namely 1/3 mT and 1/2 mT
steps [O1]. Two system matrices are computed, one for each measured grid, which are then
utilized separately for phantom spectrum computation and image reconstruction.

sinusoidal excitation pulsed excitation

sinusoidal excitation pulsed excitation
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Figure 4.3: Measured sinusoidal and pulsed excitation for various offsets [08]. Offsets are
aligned in excitation direction and non-overlapping crosses indicate that a pulsed excitation with a
high slew rate does provide residual phase information. The color coded lines and crosses indicate
negative offsets (orange), fading to positive offsets (green).

The detailed methodology and outcomes for distinct waveforms and different sequences are
elucidated in depth in chapter 5 [O1]. This works contributes to the instrumentation of MPI
by providing a platform and an approach to compare sequences and flexible excitations in a
realistic emulation based on measurement data. Insights on possible enhancements for MPI
and on the small-scale signal chain with low power assist in the identification of challenges
prior to the construction of a full-scale arbitrary waveform device.

Towards a Safe Human-Sized Head Scanner

The following section will examine the connection and relationship between the works [02]
and [O3] of chapters 6 and 7 of this thesis, and the individual design decisions that are stated
but not explained in detail in the published papers. Both works concern the instrumentation
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of MPI, where [O2] provides a detailed account of the development of a portion of the signal
chain that is part of the head-sized human MPI scanner described in [O3].

Motivation. Prior to our work, the first human-sized head scanner was presented by Graeser
et al. [76] in 2019. The design is effective and straightforward, similar to upscaling the signal
chain of a resonant MPS device. This scanner was designed with high sensitivity and low
power consumption in mind, and it featured a custom receive chain, including an LNA,
similar to the receive chain presented in [78]. Despite its satisfactory performance, the
scanner was deemed unsuitable for human trials due to its prototype status and potential
safety concerns. These include exposed and uninsulated wires but also regard high voltages,
as well as the design for discharge- and leakage currents. A complete redesign is motivated
by three main aspects, which can be expressed as follows:

= motivation 1: electrical patient safety & future clinical trials
= motivation 2: fast, volumetric imaging in real-time

= motivation 3: a 2D transmit-receive (TxRx) drive-field signal chain

Key characteristics, overview and comparison between the original head scanner version
(2019, [76]) and our redesign (2023, [O3]) are shown in Table 4.1.

First, a direct ground connection of the DFG may expose a patient to a life-threatening
current in the case of a first fault. The version by Graeser et al. [76] was designed as a

Table 4.1: Overview of both head sized imaging systems. A selection of parameters for
performance and safety are considered. For the 2023 version, a sagittal slice requires a closed
Lissajous frequency of both drive fields with fy = 25.699kHz and f, = 26.042kHz, which is then
shifted by perpendicular focus fields [O3]. The redesign required more than 3 years (2020 to 2023).

version 2019 [76] version 2023 [O3]

drive field channels X X,z
receive channels (gradiometric) X,y X,y

3 receive channels (TxRx) none X,z

é 2D slice coronal xy 2Hz 4 Hz

L 2D slice sagittal xz robot-shifted 342.6 Hz

:ao 2D slice transversal yz robot-shifted 4Hz

ED 3D volume robot-shifted 4 Hz

§ Bsr type and gradient FFP, 0.2 Tm™! FFP, 0.24Tm™!
Bsfg sequence sinusoidal triangular
Bpg amplitude x: 6mT x:5mT /z: 4mT
DFG voltage at max. Bpf 1000V 565V / 485V

0 DFG inductance 186 pH 14.4pyH / 9.74 pH

'4;% DFG resistance 125 mQ 17.2mQ / 10.9mQ

% floating potentials no yes

% conducting surfaces yes no

:5‘ control unit no yes

s panic button no yes
surveillance unit yes yes




49 4.1. Instrumentation

proof-of-concept prototype, without the intention of measuring humans and the design did
not consider leakage or discharge current specifications. A single point of contact is sufficient
for a life threatening electric shock, considering the high voltage in the unprotected DFG.
The redesign uses floating potentials for the entire drive field signal chain, which requires
contact at to separate points of the circuit. Furthermore, due the lower inductance, the
total voltage in the vicinity of the DFG is also reduced [021]. To deliver the same power
to the field, high currents and a low loss DFG design are required. In addition, this design
avoids single-ended signaling and prevents long ground loops that can cause unwanted signal
distortions [112]. The redesigned scanner is expected to be suitable for human trials after
documentation and approval by the local ethics committee.

The second motivation is driven by imaging performance to increase the usability in a clinical
setting, effectively reducing scan times, and having accessibility to a volumetric scan, includ-
ing the important transversal slice of the brain. Cerebral imaging is important to diagnose
different types of stroke and to provide rapid imaging of the relevant slices.

The third motivation pertains to the topology of the signal chain and the implementation of
the capability for rapid volumetric imaging. We use two nested coils for the two drive-field
channels, one of which is a cylindrical coil in x-direction and the other a saddle coil for an
orthogonal field profile in z-direction. With regard to the topology of the signal chain, the
decision was made to employ a TxRx design, despite the proven excellent performance of
dedicated receive coils [78, 204, 207]. Reasons for this include the reduced complexity of
the receive chain, which saves valuable space within the DFG, the possibility of lowering
resistive coil noise due to large copper-cross sections in pursuit of a patient-noise-dominated
system [240, 328], the low inductance DFG with a reduced voltage to increase safety, and
the available receive channel in the z-direction. Due to its position on the surface of a
cylindrical bore, a saddle coil is used for which no gradiometer has yet been developed,
which will be explained in paragraph "Fields and Receive Coils" below. Although a full
duplicate setup can be used for compensation [77], the increases in system complexity and
power consumption [177] is larger compared to a TxRx design.

The following paragraphs will present a methodology for the balanced evaluation of these de-
cisions. Despite the identification of certain trade-offs during the development process [O11]
and the avoidance of numerous setbacks through the introduction of new conceptualiza-
tions [020], several decisions were ultimately irrevocable and deeper knowledge only acquired
afterwards which will be discussed in section 11.2.

Implementation. For the implementation of the TxRx signal chain, an ICN is chosen as
the central element for the realization of a TxRx concept, however, a backup solution of
a dedicated x-receive coil is prepared as an insert [O11, O3], reducing the available free
bore size. The ICN itself is shown in Figure 4.4 and part to the signal chain shown in
Figure 4.5(b) and (c). Each ICN feeds the high current resonator (HCR) of one drive
field channel. The DFG and its resonance capacitors are effectively mirrored vertically and
horizontally inside the HCR. This symmetric topology brings the advantage of a built-in f;
filter: the potential vtxrx can be used as a receive signal tap [233] without feedthrough
of the excitation fundamental. As previously stated, a significant current of approximately
300 A oscillates within the HCR, necessitating the optimization of all electrical components
with a large copper cross-section to minimize losses. The complete design process of the
ICN is explained in depth in chapter 6 [02], encompassing all design decisions, requirements,
and conflicting design goals that necessitate meticulous trade-offs. In principle, the design
can be adapted for other applications, e.g. in wireless power transfer [183, 283, 318].
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Figure 4.4: The inductive coupling network. A low loss and highly linear toroid with an optimized
cross-section shape and parallel segmentation for high signal gain is shown [02]. The figure on the
left depicts the secondary side of a single ICN, where only 3 of 4 parallel segments (dark blue to gray)
are displayed. The copper crosses at the top and bottom are thick copper connections to equalize
the current distribution to the parallel segments. The H magnitude of is shown for the D-shaped
cross section, simulated in CONCEPT-II [108]. On the right, a picture of the constructed ICN is
shown, including its primary toroid (black). A compensation turn, akin to the Rogowski coil, reduces
leakage field by reversing one turn along the circumference.

One unexpected challenge during the construction of the head scanner is the frequency detun-
ing of the resonant circuit by thermal drift. Due to the required current rating and the high
internal voltages driven by the series resonance, capacitors of type CELEM CSM 150/200
are used, rated with up to 200 kVA, which form the 4 capacitor banks in Figure 4.5 (c). Their
housings are mainly made of copper, and the capacitance drifts considerably due to heat
dissipation, especially during extended measurements. To prevent resonator detuning and
to ensure stability during long system matrix calibration measurements, a heating control
unit is designed and evaluated in [020]. The concept here is counter-intuitive: rather than
cooling, the capacitors are heated to a preset individual temperature within the range of
35 to 55 °C. This process reduces but stabilizes the value of the capacitance. To this end,
the capacitors are mounted on rails that support heating cartridges and sensors, which are
driven by a PID controller. If the limitations of capacitor current at elevated temperatures
are adhered to, there are two advantages to be gained. Firstly, water- or oil-based cooling
is effective, but requires an unacceptable amount of auxiliary equipment and modifications
to the HCR. Secondly, air-based cooling is not fast or effective enough because a small
and sudden change of 2 to 5°C already causes a significant rise in power consumption due
to detuning of the resonator [020]. Another combined effect is a pronounced increase in
drive field coupling, which, due to the meticulously calibrated single decoupling capacitor
between both channels, results in a rising beat frequency and a steep increase in power
consumption [02, O3].

As previously visualized for a generic ADC/DAC model in Figure 3.5, the entire head-sized
imaging system is controlled through a stack of 3 RPs [90] for signal acquisition and signal
encoding. The synchronization, communication and storage of measurements is done with
MPIMeasurements.jl [89] and controlled with a custom GUL.

Fields and Receive Coils. The drive field of the head scanner consists our of two super-
imposed fields in x-direction (cylindrical coil, 25.699 kHz) and in z-direction (saddle coil,
26.042 kHz). Although measured field plots are shown in Fig. 2 of [O3], these are restricted
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(a) power band-pass DFG dedicated feedthrough low noise

amplifier receive coil compensation amplifier
—] —] —] T —] ] —]
~ MNPs activc/pab:sivc
DAC ~~ cancellation ADC
8% setup
| | | — - [ |
(b) powst band-pass N Y low noise © ICN capacitors DFC
amplifier and-pass ICN and DFG amplifier LIS DEC R S
—] —] —] 1 LT T ir
’X’ MNPs
DAC |> ~ Tx / R ADC b v
o Hem L
— — — — — — H
,,,,,,,,,,,,,,,,,,,,,,
1 resonance 11
MNPs

Figure 4.5: Overview of different MPI signal chains. A topology with a dedicated receive-only
coil is shown in (a) that is fully coupled to the transmit coil and requires feedthrough compensation
to unmask the MNPs signal. In (b), a TxRx circuit is shown that uses the DFG for signal generation
and acquisition. In (c), the symmetric circuit within the Tx/Rx box is shown, which is composed of
the ICN, 4 (split) capacitor symmetric banks and the DFG on the right side [O11].

to a spherical area within the DFG, about the size and position of the FOV, forward of
the geometrical DFG center [O3]. Shown in Figure 4.6 is a complete simulation setup of
both DFG coils and the copper shielding that encapsulates the SFG. Here, a larger area of
the simulated drive-field profiles are shown in Figure 4.6 (d) and (e), as influenced by their
coil design and proximity to the copper housing. Eddy currents are induced on the copper
surface of the SFG, especially on the back plane behind the DFG along the principal x-axis
of the coils and on the bottom in front of the DFG, as shown in Figure 4.6 (c). These eddy
currents create magnetic fields, that oppose their origin and thus distort the field towards
its edges. Such an analysis of eddy currents in shielding and their influence on field homo-
geneity was not included in our article [O3]. The simulation in CONCEPT-Il is confirmed by
measured field values and field profile, which showed good agreement with a Cartesian and
a spherical harmonics-based field measurement method [32, 36, 274]. Field plots and the
resulting shape of the Lissajous trajectory are shown and evaluated in detail in chapter 7.

The simulated results for surface currents and field plots are of significant interest when
constructing a dedicated gradiometer receive coil. Given the prevalence of signal distortions
in the TxRx chain, a high base harmonic content and a high noise floor [O3], we decided
to include a gradiometer receive coil in the x- and z-direction’. While the field distortion
due to eddy currents is more readily observable in the x-DFG in Figure 4.6 (d), it is more
straightforward to construct a gradiometer in this direction. This becomes evident, when
considering Figure 4.6 (d) and (e), due to two main conditions: a gradiometer requires a
large homogeneous region where the same field can be encompassed twice, once with a set of
turns with broad sensitivity of the FOV and with a second set of turns for cancellation, away
from the influence of MNPs. Additionally, the gradiometer cancellation should be insensitive
to the other drive field channel to mitigate crosstalk between receive channels (decoupled).

For the cylindrical coil in Figure 4.6 (d), the approach is obvious, as a specific number of
windings with high sensitivity can be applied around the FOV (green) and a dense region
towards the back plane (negative x-direction) for cancellation, which is sufficiently distant

IThe y-channel is already equipped with a dedicated receive coil, due to its orthogonal orientation to all
transmit channels. It is not necessary to use a gradiometer if the coil is positioned carefully.
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from the FOV. The field of the saddle coil in Figure 4.6 (e) is not nearly as homogeneous
and a closer look reveals a rhombus-shaped area in the center where the field is roughly
unidirectional. Due to the narrow center cavity of each saddle-coil pair, only a small ver-
tical column is truly unidirectional. A solution that involved moving the two parts of the
gradiometer to different locations with the same field vectors was not found to be viable,
despite the intuitive suggestion that symmetry would permit such a solution. Either both
coils are sensitive to the same area or coupling to the x-field is stronger than to z. Hence, the
signal quality of a z-gradiometer prototype was not sufficient, and the effort was abandoned
in favor of the x- and y-receive coils utilized in chapter 7 [O3]. The loss in spatial resolution
due to the loss of the z-channel is expected to be in the range of 12 to 22 % [260]. Possible
alternative approaches are proposed in section 11.4.

Wrap up. The full system characterization within safe PNS limits for humans [200, 229]
is treated and presented in chapter 7. A safe and MRI approved tracer is used to resemble
feasible future human imaging capabilities and results are not artificially enhanced by tailored
MNPs [O2]. Various experiments aim to characterize field homogeneity, the 3D measurement
sequence, spatial resolution, sensitivity, dynamic perfusion and multi-contrast imaging. A
direct comparison of spatial resolution or sensitivity to the earlier version before our redesign
is difficult for several reasons, such as the use of different tracers, experiments, imaging
sequence, drive-field strengths and receive coils [O3]. Refer to Table 4.1 for a comparison

(a) simulation setup of head scanner in CONCEPT-II (b) rendering of DFG and SFG, without copper housing

high

Tor H/Am™!

Figure 4.6: Simulation setup for head scanner. (a) A discretized model using surface currents
is developed in CONCEPT-II [108] and both DFG coils are simulated independently. (b) Rendering
of SFG with iron yoke and both DFG coils, without dedicated receive coils. (c) Simulation results
of surface currents, showing two pronounced eddy current nodes. (d) Results for the cylindrical
x-DFG show a smooth, but slightly distorted field plot due to the proximity of the copper shielding
where eddy currents occur. Gray dashed lines indicate a sufficiently homogeneous field region for
decoupling gradiometer coils. (e) Results for the saddle coil z-DFG indicate a narrow center line with
homogeneous z-field. A central rhombus-shaped unidirectional field region occurs.
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of the instrumentation and safety considerations between the original head scanner [76] and
our redesign [O3]. The used Ferucarbotran tracer is the link to the following application part
of this thesis, which initially features a detailed analysis and comparison of different MNPs.

Applications of MPI

Within the experimental part of [O3], we do not use a high performance MPI tailored
tracer to enhance and maximize the MPI specific signal [58], but intentionally conduct all
experiments using the MRI approved tracer Resotran (b.e.imaging GmbH, Baden-Baden,
Germany). It has a signal performance akin to the well-studied tracer Resovist (formerly
Bayer Schering Pharma, Berlin, Germany) [98, O4, O19], which is expected because both
consist of Ferucarbotran, mainly a mix of maghemite and magnetite. We conduct this study
in order to predict the realistically achievable resolution and sensitivity for the first human
trials. Possible medical applications, such as perfusion imaging, are conducted and analyzed,
demonstrating the current ability and limitations of head-sized scanners for human trials in
the near future.

Perfusion imaging is a valuable diagnostic tool for identifying different types of stroke and
its severity. This motivates the investigation of potential improvements for likely scenarios
where MPI can be utilized in the future. Further research on the applications of MPI
within chapter 9 concerns reducing the amount of administered MNP material for long-
term monitoring scenarios, such as perfusion imaging of a stroke patient [O5]. Moreover,
the viability of multi-contrast MPI for real-time gastrointestinal bleeding detection [O6] is
investigated in chapter 10 using a preclinical MPI system. Here, MPI has the potential
to reduce X-ray radiation exposure and to be integrated to interventional medicine in the
future.

Resotran and the Dilemma of Tailored MNPs

Tailored MNPs like Perimag (micromod Partikeltechnologie, Rostock, Germany) [52], Syn-
omag (micromod Partikeltechnologie, Rostock, Germany) [64, 286], VivoTrax+ (Magnetic
Insight Inc., Alameda, United States) [66], PrecisionMRX (Imagion Biosystems Ltd, Mel-
bourne, Australia) [270], LS-008 (LodeSpin Labs, Seattle, USA) [288], or magnetosomes [171,
277] have shown significant potential for MPI and superior magnetic properties compared
to Ferucarbotran (Resotran, Resovist, VivoTrax), of which only around 3 % of the total iron
mass were reported to be MPI active [70, 322]. However, the requirements for a medical ap-
proval are a costly endeavor, justified only for a well defined business case and far exceeding
the budget of most research divisions. This contributes to the dilemma that without suitable
clinical scanners, there will be no approved tailored MNPs in the near future and vice versa,
that the performance of prototype (human-sized) scanners will not be fully exploited due to
unsuitable MNPs or lack of diversity.

Our work in chapter 8 focuses on the characterization of Resotran, Resovist, Perimag and
Ferrotran (b.e.imaging GmbH, Baden-Baden, Germany) to draw a conclusion on performance
and eligibility for MPI based on comparison. Next to magnetic properties and imaging
performance, an evaluation of size and shape concludes that Resotran is very similar to the
well-understood MNPs Resovist. This is expected, because both consist of Ferucarbotran
and the article forms a basis and reference for experiments conducted with MPI-tailored
MNPs and the medically approved Ferucarbotran in the future. Calibrations are used to
derive general magnetic properties via vibrating sample magnetometry (VSM) and MPS
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that are displayed device-independent. Along TEM images and size distributions obtained
by dynamic light scattering (DLS), the data in [O4] (chapter 8) provide a reference for the
investigated MNPs beyond the scope of medical imaging.

Reducing Tracer Dosage: Saline Bolus

Many envisioned applications of MPI include perfusion imaging [79, 120, 164, 165, 187, O3,
332], which aims to capture the transient process of fluids that pass through the lymphatic
or vascular system within the human body. As a non-invasive, radiation-free modality with
high temporal resolution, MPI is a promising candidate for such a tool and could become
an alternative in the diagnosis of ischemic stroke and intracerebral hemorrhage.

In pursuit of optimizing perfusion imaging for devices like the head scanner of chapter 7,
our work in chapter 9 is based on the idea that a negative change in signal can provide the
same information as a positive change. Because the derivation of perfusion parameters is
based on the curve's gradient, shape, area, or time differences between two points, it does
not matter if the bolus introduces an signal intensity maximum or minimum [22]. However,
so far only the positive bolus application has been investigated in MPI. Negative contrast
is known from MRI perfusion imaging, where the MNPs influence the regional magnetic
susceptibility linearly and thus changes the measured signal relaxation time [22].

For a successful implementation of this technique, a long-circulating tracer with a strong
MPI signal response is required. Here, the design of the MNP surface coating [27, 118] plays
a key role. Other research suggests to load red blood cells with MNPs [12]. In this case, the
MNPs circulate within the blood stream for several hours and are not taken up by the liver or
spleen, so imaging at regular intervals can be performed, i.e. for a monitored stroke patient.
Effectively, the overall dose of MNPs could be reduced because a fresh bolus of tracer is not
required for every image. We show that negative contrast using a saline bolus is possible and
that equal perfusion-maps of the time-to-peak (TTP), the mean-transit-time (MTT), the
relative blood-flow (rBF) and the relative blood-volume (rBV) can be calculated. To this
end, a circulatory pump setup and a rat-sized heart-phantom are used in chapter 9 [O5]. The
main advantage of neutral saline is that vast amounts with regard to bolus sizes in the pL
to mL range can be given, where recommendations exceed 100 mL h—! to treat dehydration,
and that its composition is approximately isotonic to the human blood serum with a 0.90 %
mass concentration of sodium chloride [205].

Real-Time Multi-Contrast MPI for Gastrointestinal Bleeding

As a potential tool for interventional medicine, MPI also aims to improve the diagnosis of
occult or overt gastrointestinal (Gl) bleeding, which in severe cases can be a life-threatening
condition [123]. Endoscopic evaluation of the upper and lower abdomen is an invasive
treatment and if inconclusive, further modalities such as CT are required. The middle
Gl tract can be difficult to access by endoscopy and clinically important lesions may be
missed [65]. Real-time MPI could be used to image the entire Gl tract without sedating the
patient and providing high spatiotemporal information on MNP passage at the source of the
bleeding.

The study in chapter 10 focuses on the deployment of single- and multi-contrast MPI to
detect Gl bleeding in human-sized bowels by performing two types of experiments [O6].
These include 3D printed phantoms with and without a perforation and ex vivo porcine small
bowel specimen, which are similar in size to the human bowel. We also focus on a real-
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time aspect, for acute bleeding that requires prompt intervention. Single-contrast MPI was
previously used to detect Gl in rodents by Yu et al. [325], but in their work, pictures are taken
at time intervals of 20s, prone to long averaging times and a slow acquisition with a high
gradient field. We use the preclinical MPI scanner Bruker MPI 25/20 FF with a repetition
time of 21.54 ms per 3D FOV to be able to provide real-time online reconstruction [132] and
the system matrix approach is used to apply single- and multi-contrast MPI.

The main advantage of using multi-contrast is that a signal threshold can be applied to each
channel individually: if two tracers occupy separate volumes, a region with signal overlap of
both tracers can be identified as bleeding. For this purpose, one tracer is administered orally
and the other via the bloodstream. This helps to achieve independence from the anatomical
reference, in the sense that any cluster of voxels containing a fraction of both tracers will
identify a nearby perforation. In the case of single contrast, a hemorrhage is identified only
by using an anatomical reference, such as a CT image, to determine if the signal location
is within an area that should be perfused. Even with anatomical reference information, a
referenced and tracked voxel, e.g. located in the vascular structure around the bowel lumen,
remains very sensitive to motion such as breathing and displacement. Misdiagnosis is more
likely and more CT reference images are required as opposed to the multi-contrast approach
where a single reference may suffice.

In our study, stomach acid may pose a challenge to coated MNPs particles and a tracer
that can survive hostile environments is therefore required for human applications. However,
the general principle is applicable to other separated volumes and gains in accuracy for two
tracers with high separability and low channel leakage.
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System Matrix based Reconstruction
for Pulsed Sequences in MPI

In this chapter, a hybrid system matrix approach is combined with a sequence simulation
framework that allows the computation of system matrices based on arbitrary waveform
excitation measurements with one offset channel [O1]. Our framework is generic and can
be used for different types of data to evaluate the performance of different trajectories, such
as for a trajectory analysis of an FFL type scanner [017].

Parts of this work were presented at the BMT 2021 conference in Hannover [O7] and at the
IWMPI 2022 online conference [O8]. During waveform optimization and value calibration
of the arbitrary waveform MPS, gained insights helped to contribute to deriving an iterative
voltage-mode amplifier model, presented by Ackers et al. [012] at the IWMPI conference
2023. Also presented on the same conference was the work by Niebel et al. [017]. Measure-
ments using the arbitrary waveform MPS have also been used in other publications [O4].

Two Bachelor theses were conducted during the construction and optimization of the hard-
ware for the arbitrary waveform MPS, the first by Lars Feyerabend " Konstruktion eines Breit-
bandmagnetpartikelspektrometers fiir beliebige Signalformanregungen", 29.01.2020, TUHH,
concerning the construction and the second thesis by Lukas Hildebrandt "Optimierung
und Analyse der analogen Signalentkopplung eines Breitbandmagnetpartikelspektrometers",
17.11.2020, TUHH, concerning the optimization of the transmit coil and decoupling unit.
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Abstract—Improving resolution and sensitivity will
widen possible medical applications of magnetic particle
imaging. Pulsed excitation promises such benefits, at the
cost of more complex hardware solutions and restrictions
on drive field amplitude and frequency. State-of-the-art
systems utilize a sinusoidal excitation to drive superpara-
magnetic nanoparticles into the non-linear part of their
magnetization curve, which creates a spectrum with a
clear separation of direct feed-through and higher har-
monics caused by the particles response. One challenge
for rectangular excitation is the discrimination of particle
and excitation signals, both broad-band. Another is the
drive-field sequence itself, as particles that are not placed
at the same spatial position, may react simultaneously
and are not separable by their signal phase or shape.
To overcome this potential loss of information in spatial
encoding for high amplitudes, a superposition of shifting
fields and drive-field rotations is proposed in this work.
Upon close view, a system matrix approach is capable to
maintain resolution, independent of the sequence, if the
response to pulsed sequences still encodes information
within the phase. Data from an Arbitrary Waveform Magnetic
Particle Spectrometer with offsets in two spatial dimensions
is measured and calibrated to guarantee device indepen-
dence. Multiple sequence types and waveforms are com-
pared, based on frequency space image reconstructionfrom
emulated signals, that are derived from measured particle
responses. A resolution of 1.0mT (0.8 mm for a gradient of
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(-1.25,-1.25,2.5) Tm!) in x- and y-direction was achieved and
a superior sensitivity for pulsed sequences was detected on
the basis of reference phantoms.

Index Terms— Biomedical imaging, pulsed excitation,
high amplitudes, sequence design, MPI.

|I. INTRODUCTION

N MAGNETIC Particle Imaging (MPI) the spatial dis-

tribution of superparamagnetic iron oxide nanoparticles
(SPIONSs) is determined by a superposition of a static gradient
field and one or several oscillating excitation fields [1]. The
static gradient field, called selection field, generates a low-
field-region (LFR) in its center, that includes a field-free-region
(FFR), which could either be a field-free-point (FFP) or field-
free-line (FFL), depending on its shape. On the one hand, the
oscillating excitation field drives the SPIONs through their
magnetization curve, causing higher harmonics due to their
nonlinear characteristic. On the other hand, it drives the LFR
through the imaging volume and creates a specific trajectory.
Most scanner topologies use narrow-band sinusoidal signal
shapes to excite the tracer material (see Table II in [2] for an
overview). Due to the superposition of the oscillating fields
and the selection field, these encoding schemes cause the
SPIONS in the LFR to respond at a specific point in time with
their maximal amplitude. In frequency domain this results in
a spectral fingerprint depending on space, which can be used
to reconstruct the image by solving a linear system of equa-
tions [1], [3]. Another advantage of narrow-band excitation is
the discrimination of the frequency space in the two domains,
the narrow-band excitation band and the higher receive band,
which contains the harmonics caused by the particles non-
linearity. Due to this discrimination, a separation between the
strong feed-through of the excitation field and the by 10~°
to 10710 Jower particle signal can be achieved, using resonant
passive filtering [4]. Current developments show that such
encoding schemes can provide sub-millimeter resolution [5],
more than 46 volumes per second time resolution [6] and
pico-gram sensitivity [7]. Developments in instrumentation
now reach for clinical scale [8]-[10] to address specific needs,
which are currently only partly addressed by conventional
imaging systems. Possible medical applications reach from
catheter imaging [11] in digital subtraction angiography, over
stent quantification [12], stroke imaging [13]-[15] and many
more. Using multi-contrast image reconstruction [16], it is also
possible to distinguish between different particle systems [17]
or physical parameters in the vicinity of the particle system
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like temperature [18], viscosity [19], or binding state [20],
[21]. With sinusoidal excitation, large single-core particles
show a strong relaxation behaviour, which broadens the
point spread function (PSF) and reduces the signal response,
therefore reducing sensitivity and resolution [22]. Recently,
Tay et al. proposed a rectangular excitation and showed that
it has the potential to improve the achievable resolution by
using large particles in combination with a new reconstruction
approach [23]. They showed that the effect of broadening
the PSF can be significantly reduced under certain condi-
tions, using rectangular excitation with small amplitudes [23].
In idealized rectangular excitation sequences, a LFR would
jump between two resting points in space, causing all particles
in between to react simultaneously. Tay ef al. proposed a
reconstruction scheme, that integrates the receive signal, which
in turn encodes the magnetic moment m of the area between
the LFR locations before and after the pulse, as long as m
reaches a steady state within the resting time between pulses.
Consequently, this approach requires low field amplitudes
(1 to 3 mT), such that the LFR remains within a single voxel
and no loss in spatial resolution in the excitation direction is
induced. Otherwise, the information of the particle distribution
between two LFR positions would be lost. Furthermore, a low
excitation frequency is required in order to let the particles
fully relax to ensure their steady state [23].

In this paper, multiple sequences based on different exci-
tation waveforms and amplitudes are compared in system
matrix phantom reconstructions. A sequence for rectangular
excitation shapes is proposed, that uses shifts and rotations
simultaneously for better spatial encoding. In this proposed
sequence, the rectangular excitation is rotated and shifted
orthogonal to the excitation. Similar to a radon sampling
scheme, this allows to reconstruct measured data with large
amplitudes and an isotropic sampling trajectory in 2D, even
if the phase information between the resting points is lost.
If particles relax fast enough to follow the slew rate of the drive
field, their phases within the signals become distinguishable
which allows a system matrix approach to reconstruct images
at high resolution. For pulsed sequences, the results show
improved sensitivity while the proposed sequence has uniform
and high resolution with short acquisition times.

Il. MOTIVATION AND CONCEPT

All signals and reconstructions are emulated, meaning they
are based on measurements of an arbitrary waveform mag-
netic particle spectrometer (AWMPS) [24]-[26], which are
processed to resemble a specific particle response for a defined
sequence. By exciting SPIONS, superimposed by a range of
different DC-offsets in two spatial dimensions, their response
is mapped on a 2D grid. This resembles the response to
an overlaying 2D gradient field [27]. This approach has the
benefit to deliver reliable results for a first evaluation, without
the time consuming process of building an actual system that
can produce the required fields on a large scale. Following

conditions should be met to reproduce the data:
a) Hardware: A device that is capable of producing arbitrary

waveform excitations, superimposed by two orthogonal spatial
DC-offsets. See Section III-A for details on the AWMPS,

which is used to measure a hybrid system matrix with 1D
excitation and 2D offset fields [27]. This raw dataset is later
processed to generate the sequence specific particle response.

b) Transfer function correction: To be able to compare the
results with other imaging systems, the data needs to be
handled in a comparable physical variable, in this case the
domain of the magnetic moment m ([m] = Am?), which is
achieved by correcting the received signals with the transfer
function (TF) of the system [28]. In this domain, the signal
is independent of the receiver and individual properties of a
given system, like receive coils or amplification [29]. This
allows cross-platform comparison of the SPIONs response to
a given excitation.

¢) Sequence noise: To avoid correlation of intrinsic mea-
surement noise by reusing a subset of the same dataset within
the emulated sequence, the signal needs to be overlaid with
dominant, digitally generated noise i’ . .(f).

d) Reconstruction noise: A model to accurately represent
receive chain noise of a scaled MPI system, consisting of
resonant coils, low noise amplifier (LNA) and analog-to-
digital converter (ADC), based on reference measurements
from a 40 mm receive coil, named uy, ;. (f) [30]. Therefore,
calculated images are comparable to those of a small scanner
system.

e) Phantoms: In spite of correcting data by a TF, the
measured data from the AWMPS has a high signal-to-noise
ratio (SNR), due to the close proximity of the receive coils to
the tracer and the large sample compared to a voxel volume
of a system matrix calibration. While the close proximity is
corrected by the TF, a realistic model for scaling the measured
iron mass to the emulated voxel grid is needed.

f) Independent system matrices: Two sets of system matrices
need to be acquired to avoid inverse crime, when the phantom
spectrum stems from the identical dataset as the system matrix
used for reconstruction. For each sequence that is investigated
in this paper, two independent system matrices on different
grids are calculated, which are based on separately measured
datasets, to guarantee a realistic reconstruction.

g) Comparability across sequences: In a final condition, the
total sequence measurement time is chosen as the common
criterion to compare sequences of different design.

Following these criteria, the images reconstructed by this
method represent realistic images, achievable by a well
designed pulsed MPI system.

I1l. METHODS

Different sequences are generated on various sets of raw
data, to compare and identify the effects that excitation wave-
form, amplitude or sampling trajectory have on the image SNR
and resolution. This includes pulsed and sinusoidal excitation,
as well as low and high excitation amplitudes. Individual
sequences and their sampling trajectories are explained in
Section III-C. Instead of depending on a narrow PSF for
high resolution, the proposed method in this work uses higher
excitation field strengths above 10 mT, as this benefits not
only the sensitivity, but also reduces acquisition time in future
imaging systems due to the capability of using less averages.
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Fig. 1. Sectional view of the AWMPS and flowchart of the entire
process chain from raw data to image. Using gradiometric receive
coils, the receive signal can be isolated by suppressing direct excita-
tion feed-through. Fine-tuning is achieved by turning the gear-wheel.
A Helmholtz-coil creates an additional DC-offset field in another spatial
dimension (y-direction). The general process of the methodology is
shown in the block diagram.

To highlight the advantages and limitations between the differ-
ent methods, the Cartesian sequence proposed in [23] is com-
pared with the proposed method in this work. For a detailed
comparison of the benefits of pulsed excitation, the proposed
shift-radial sequence is run with both, rectangular excitation
as well as sinusoidal excitation. A radial sine sequence is also
included, as proposed by Knopp et al. in [31], which does not
use the shift orthogonal to the excitation direction. The system
matrix reconstruction approach is chosen for all sequences [3].
For an overview of the image reconstruction pipeline in this
study, the process is depicted in Fig. 1 (c).

A. Arbitrary Waveform Magnetic Particle Spectrometer
A non-resonant AWMPS with two transmit coils was built
to perform measurements that contain the one-dimensional
excitation, superimposed by DC-offsets in two orthogonal
spatial dimensions. The main transmit coil combines excitation
signal and DC-offset in x-direction within a single cylindrical
coil, whereas a second transmit coil in Helmholtz configuration
is responsible for the orthogonal DC-offset in y-direction with
up to £50 mT. The AWMPS may measure any waveform
up to 45 mT in amplitude and is limited for arbitrary pulse
shapes by a final slew-rate due to load and amplifier char-
acteristics, around 10 mTus™'. Fig. 1 shows a picture and
the cross-section of the design. The excitation and x-offset
coil is connected to a 4-quadrant-amplifier (Dr. Hubert GmbH,
Bochum, Germany). To avoid direct feed-through, two receive
coils are arranged in opposite orientation for decoupling of
the receive path from the transmission line. The position of
one coil is adjustable by a gear wheel for fine-tuning of the
feed-through cancellation. The signal is then amplified by
a custom-build LNA. The data acquisition card STEMLab
125-14, Red Pitaya is used for signal generation on two

pulsed excitation, different a-offsets pulsed excitation, different frequencies

(1)

ref

3 mT ampl., 2.5 kHz
- = 3mT ampl., 15 kHz

.
{
{
f | Ea
D { D
N [l A
2o z ! 2
|
v\i = 2 / mi
—— 15 mT ampl. —10 mT offset | \
40 ——15mTampl. 0 mT offset / A\
—— 15 mT ampl. +10 mT offset O S S—————————
0 10 20 30 40 50 60 70 0 5 10 15 20
time (ps) time (ps)
Fig. 2. Pulsed excitation measurements with a 20 yL sample of

Perimag 17 ugre pL=1. To the left, three offsets in excitation direction
are plotted (14.88 kHz), the reference channel from the current monitor
is on the top, the TF corrected receive signal on the bottom. Plots on the
right show identical relaxation behavior of two overlaid signals at 2.5 kHz
and 14.88 kHz. The slew rate of both frequencies is identical, only the
hold time differs. Both signal curves are coinciding for Perimag.

transmit channels and records the receive signal, as well as
the amplifiers reference current monitor for control purposes.

B. Measurements

All measurements in this work are based on a multi-
core tracer, Perimag (micromod Partikeltechnologie GmbH,
Rostock, Germany) with an undiluted iron concentration cpeas
of 17 mgremL~™! (304.4 mmolL~"). The delta sample is
filled with Vpeas = 20uL of undiluted tracer to guarantee
high measurement SNR at low amplitudes. The excitation
frequency is chosen to be 14.88 kHz, to ensure steep flanks
of the rectangle excitation and avoid slew rate artifacts on the
edges while keeping a good reception for induction sensors.
This differs from the choice of 2.5 kHz in [23], however the
rise time #; of the pulsed excitation (square wave, f; = 3us)
lies in a similar region (2 to 5 ps). On the right side in
Fig. 2 these two frequencies are compared, to confirm the
quick and identical relaxation behaviour of the used tracer for
both frequencies. We note that Perimag is a tracer with low
relaxation times, in contrast to the long relaxations times of
the tracers used in [23]. Therefore, our frequency choice is
only valid for fast relaxing particles and not a general choice
for larger core SPIONs. Instead of averaging 25 times [23],
datasets in this work are all recorded with 3 averages. Data
is acquired sequentially, each y-offset is held constant during
which a sweep of all x-offsets is performed. Frequency and
excitation amplitude stay constant until a dataset acquisition is
completed. Measurements are background corrected, TF cor-
rected for device independence and arranged by time samples
and spatial offsets. The two resulting raw data sets for each
sequence type form the basis for the sequence generation
process, yielding a low resolution system matrix (SLr with
0.67 mT steps in x- and y-direction) and a high resolution
system matrix (Sgr with 0.5 mT steps in x- and y-direction),
respectively.

C. Sequence Generation

Three sequence types are presented in this paragraph,
each based on two independent sets of measured raw data,
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TABLE |
OVERVIEW OF SEQUENCE DETAILS AND MEASUREMENT PARAMETERS OF THE AWMPS RAw DATA
drive field sequence parameter raw data matrix
sequence amplitude  waveform frequenc ISI shape sequence specific values periods .J FOV x x grid low res.
name P q y P q P seq. time Xy grid high res.
rectangular small, 31 steps in « and y 1920 2 121 x 121
meander 3mT 3mT tr = 3pus 14.88 kHz localized 1mT step resolution 129 ms 80 x 80mT 161 x 161
rectangular broad area, | S1 steps inz and y 1920 o 121 x 121
meander 15mT | 15mT t = 3ps 14.88 kHz circular 7/31 mT step res. in @ 129 ms 80 x 80 mT 161 x 161
1mT step res. in y
15 mT amplitude of shifts
. . rectangular broad area, X . 1920 2 61 x 121
shift-radial 15mT t = 3ps 14.88 kHz circular 32 shifts per ro[?tlon JSpR 129 ms 40 x 80 mT 81 x 161
31 pulses per shift Jpys
15 mT amplitude of shifts
. . . . broad N : . 61 x 121
shift-radial 15mT sinusoidal 14.88 kHz elrl(i’;ticarea 32 shifts per rotation Jspr 133(1)115 40 x 80 mT2 81 i 161
31 pulses per shift Jpys
radial 15mT  sinusoidal  14.88kHz erl‘i’ggcma’ 1920 pulses per rotation Jppr igg?ﬂs 40 X 40 mT? g} " g}

to compose SLR and SHR for reconstruction. The parameters
for excitation amplitude and waveform depend on the sequence
version, as detailed in Table I.

The sequence itself is built from the time series data i (r, 1)
in a way, that a subset of the dataset, like a virtual FOV,
is continuously shifted over the raw dataset by the LFR
sequence. If the sequence contains a rotation R(¥(¢)), it is
applied consecutively with the shifting b(z), as described by
the rigid transformations

R (1)) (r + b(r)) seq. type a)
T(r,t) =34 RW@)r seq. type b)
r+b() seq. type c)

_ [cos(t) —sind (1) _ (bx(®)
for R (1) = (sinﬂ(t) cos ¥ (1) )’ br) = (by(z))

where ¥(t), by (t) and by(r) are piecewise constant functions
for each period. The measurement noise within the trans-
formed measurement voltage (7 (r, ), 1) from the AWMPS,
would appear identically numerous times within the sequence,
which can create reconstruction artifacts. To avoid correlation
of measurement noise throughout the sequence, digitally gen-
erated noise is added with a higher noise level of

ﬁfmise(t) = 10 omeas ﬁn,l/f(l) (1)

which is crucial to mask the measurement noise floor of the
raw dataset. omeas 1S the standard deviation of the measurement
background noise and iip 1/r is the digitally generated noise,
that has been fitted to the shape of the measured background
noise. The overall shape resembles 1/f noise, which is typ-
ical for integrated circuits in the low frequency region. The
addition of the tenfold standard deviation is based on an
analysis of the correlation coefficient versus the addition of
I - Omeas With n € R+, such that the noise in the generated
sequence is dominated by uncorrelated noise. In general, i
is the unprocessed voltage signal whereas the TF corrected
signal u = a *x it is in the domain of the magnetic moment.

Finally, the voltage signal is Fourier transformed (denoted
by hat) and TF corrected, yielding the system function

—i2

a T kt
f(r,k)z%k) / (AT 0,0 + e ®)e ™ dr - 2)
0

where r € R? is the position and k € No the frequency
component. Negative frequency components are omitted, due
to the symmetry of Fourier coefficients of real signals. 7 =
Jtmax is the sequence time length, J the number of appended
periods and #n,x the time length of a single period. Each voxel
contains a time signal of J periods.

To visualize the sequence generation process, a magnitude
plotis used in Fig. 3, 4 and 5. In this plot, the absolute value of
the raw data u(r, t) is summed up over a whole period for each
offset value. In other words, the signal intensity is integrated
to quantify the system response for discrete, equally spaced
measurement values #; = u(r,t;) as in

i ma 1/p
ax

IG@iller = D lawl” ) 3)
i=0

In this work, the £!-norm with p = 1 is selected and referred
to as the integrated signal intensity (ISI). Thus, the ISI is
represented by bright yellow colors for positions of strong
signal response and dark blue colors represent low signal
response. It is noted that the ISI-plot is for visualization
purposes only and the ¢'-norm is not implemented in the
sequence calculation. Within the virtual FOV, the ISI-plot
visualizes a moving (and rotating) system response. The final
sequence is generated by appending all time signals. Noise
addition, fast Fourier transform and TF correction are done

equivalently for all sequences.
a) Shift-radial sequence: Proposed in this work is a

sequence with the properties of combining a shift, orthogonal
to its excitation direction, with a rotation of the excitation
itself, referred to as shift-radial sequence. The excitation
direction in the raw data is in x-direction and the shift is
in y-direction. The shift-radial sequence requires twice the
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Fig. 3. Sequence generation diagram of the proposed shift-radial sequence. Raw data is recorded with twice the offset values in y-direction
than in x (excitation direction) with pulsed excitation. The absolute values of U(r, f) are summed up for each offset value to represent an integrated
signal intensity (ISI) plot. To generate a sequence, a virtual FOV is shifted from positive to negative y-offsets, mimicking an orthogonal shifting field.
Simultaneously, it is continuously rotated to perform a rotation of the fields or the object. To avoid inverse crime, due to reusing the same dataset
over and over, noise is added to mask repeating measurement background noise and prevent correlation from within the sequence. The sequenced
data is fast Fourier transformed and TF corrected to yield a system matrix, which is used to reconstruct images or create phantom spectra. Refer to
Table | for specific sequence parameter choices, excitation waveform and other measurement details.
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Fig. 4. Sequence generation diagram of the radial sequence. Similar to the shift-radial sequence, the radial sequence is a simplified version,
without the FOV shifting component. A rectangular subset is solely rotated, as proposed by Knopp et al. in [31]. In contrast to Fig. 3 and Fig. 5,
the ISI-plot shows the response to a sinusoidal excitation waveform (in x-direction). Otherwise, the system matrix is generated likewise, by noise
addition, FFT and TF correction. Refer to Table | for specific sequence parameter choices, excitation waveform and other measurement details.

oversampling of raw data along the y-direction with 40 mT
than in x-direction with 20 mT, to produce the necessary
oversampling for the shift (see Fig. 3). A high excitation ampli-
tude of 15 mT is chosen, which corresponds to a wide PSF
spanning almost the entire FOV. An LFR sequence controls
the virtual FOV shift over the raw data to produce a shifted
dataset with a given number of pulses per shift Jpps. These
are rotated with a given number of shifts per rotation Jspr
with respect to their center. Subsequently, shifts and rotations
are interweaved to generate a continuous acquisition of both
in the time domain. In this work, Jspr = 32 with Jpps = 31
are chosen, amounting to J = Jspr - (Jpps -2 —2) = 1920
total periods. For each pulse the virtual FOV is shifted one
step in y-direction, starting from —35 mT until +35 mT is
covered, where the direction inverses without sampling the
turning-point nor the start-end-point twice (15 mT amplitude
of shifts, virtual FOV of 40 x 40 mTZ). This sequence is
similar to sequences known from MPI-FFL encoding and

Computed Tomography (CT) and restores the lost information
caused by large amplitudes [32]. The trajectory is plotted in
Fig. 6 (a). For a better understanding of the influence of
the excitation waveform, this sequence is generated for both,
a sinusoidal and a pulsed rectangular excitation.

b) Radial sequence: The radial sequence is an adaptation
of the shift-radial sequence, which solely utilizes a rotation
of the raw data, without the virtual FOV shift component.
Hence, a square-shaped subset with 20 mT offsets in x- and
y-direction is rotated with a given number of pulses per
rotation Jppr around its center, imitating a rotating excitation
as proposed in Knopp et al. [31]. The excitation amplitude is
the same as the shift-radial sequence with 15 mT, but the
waveform depicted in Fig. 4 differs, as the radial sequence
is only generated on the base of sinusoidal raw data. The
sequence trajectory is shown in Fig 6 (b).

¢) Meander sequence: A Cartesian sequence is implemented
with a discretization of 31 steps in a resolution of 1 mT per
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Fig. 5. Sequence generation diagram of the meander sequence proposed in [23]. Measured raw data of 3 mT amplitude, with offsets in two
spatial dimension is over-sampled in order to be able to move a virtual FOV, which results in a smaller shifted dataset. The sequence name stems
from the nature of this LFR movement and the excitation is in x-direction only. The system matrix is generated identically as for all other sequences,
by noise addition, FFT and TF correction. Refer to Table | for specific parameter choices of the LFR sequence and other measurement details.

step in x- and y-direction, and is referred to as meander
sequence due to its LFR movement. By over-scanning the
required square-shaped FOV of £20 mT, with a larger offset
of +40 mT, the initial measurement yields enough raw data
to move the virtual FOV, as illustrated in Fig. 5. The virtual
FOV is moved along the meandering sequence, resulting in
a shifted dataset. The measurement data inside the shifted
dataset has been moved along the trajectory and was sequen-
tially appended to represent the particle response to the entire
sequence. A version of the sequence is generated for each of
the two drive field amplitudes, 3 mT and 15 mT (x-direction).
The low excitation amplitude is chosen to be 3 mT, in a way
to trade off SNR and spatial resolution as proposed by Tay
et. al [23]. In order to keep the FOV boundaries identical
between versions, the step resolution for 15 mT amplitude
is reduced to 7/31 mT in x, as illustrated in Fig. 6 (d).
Both sequences consist of 31 steps in x- and 31 steps in
y-direction, tracing the same path backwards without sampling
the turning-point nor the start-end-point twice, amounting to
J =31-31-2—2 = 1920 periods.

The sequence types differ in the shape of their FOV,
depending on the fact if a rotation was applied. Rotating a
rectangular dataset necessarily results in a circular sampled
area (see Fig. 3 and Fig. 4, far right), whereas for the meander-
sequence (Fig. 5) the FOV stays rectangular. To create com-
mon ground between different sequence types, the same time
length to compare sequence types is chosen, as this reflects the
acquisition time. For a generated sequence length of 129 ms
at 14.88 kHz, this amounts to 1920 periods for each sequence
in this work.

D. Phantoms

The intensity of the signal response of SPIONs scales
linearly with the concentration of the tracer [1], [33]. Conse-
quently, the system matrix signal based on the AWMPS needs
to be scaled down. One option is to introduce a scaling factor
o that scales the phantom concentration vector ¢p € [0, 1N

(a) shift-radial (b) radial (c) meander 3mT  (d) meander 15mT
T T T T T T T

yl
Il L L
5 5 mT

Fig. 6. Sequence trajectory plot. The black line typifies the focus-field
trajectory of the LFR, as transformed by 77(r, f). Orange and blue depict
exemplary drive field excitations at individual time points, which then
deflect the LFR from this trajectory. The length of these bars correlates
with the excitation amplitude and ticks are drawn in 15 mT increments.
One side length equals 40 mT. Type (b) is not exposed to any offsets.
Type (c) and (d) have identical FOV boundaries. Image sizes and scales
are consistent throughout this work. For demonstration purposes, the
density of the trajectories is reduced.

(N voxel), to a realistic value, in order to match the total iron
mass within one voxel. a5 together with a noise addition from a
real life receiver system, results in realistic signal spectra. In all
undiluted tracer experiments, a targeted tracer concentration
of Crarget = 5 mgFe mL~! was used throughout this work. The
concentration vector ¢, which is used to create the phantom
spectrum voltage @p for reconstruction, is expressed by

c Ogs Cp

Vtargel Ctarget

= e “
Vimeas Cmeas

where Vineas 1S the volume and cpeas the concentration of the
measured delta sample in the AWMPS. An assumed linear
gradient field G, with detG # 0 in Tm™', and a voxel
grid vector g in mT with 3 dimensions, yield the target
concentration Vigrget in

3
Viarget = H ‘Gi1 g L= 64 nL, for
i=1
—1.25 0 0 0.5
G = 0 -125 0}, g=105 5)
0 0 2.5 1
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where i denotes the i-th entry of the vector. This gradient field
results in an exemplary scaling factor of as = 9.4 - 10™%, for
a volume of 20 uL and a concentration of 17 mgre mL~! as
described in Section III-B. Further experiments are performed
with a lower phantom concentration cp to create a dilution
series for a sensitivity analysis of all sequences types. Due to
as, the change in m contributed by a voxel with concentration
cp matches the real life magnetic moment change.

A second step involves a noise model to represent realistic
MPI receiver noise during reconstruction. Real background
noise measurements from a pre-clinical MPI scanner (Bruker,
Ettlingen, Germany), utilizing an optimized 42 mm coil [30],
are used to select a noise level of n” = 70 - 10~°mA? for
the highest frequency. Using a 1/f function to model the noise
curve results in a higher noise for every frequency compared to
the measured reference in [14], guaranteeing a realistic SNR
scenario. The TF corrected noise level added during image
reconstruction is

n"¢
2n Tf,max

AT
Unoise =

T ecX (©6)
with ¢ ~ CN(0,1) a standard complex normal random
variable with zero mean and variance of 1. T € IRJIf contains
the period time for each of the K frequency components and
Ttmax is the period length of the highest frequency in the
receive band. @, ;. will overlay the scaled phantom spectrum
itp, as visualized in Fig. 8, during the image reconstruction
process. In Fig. 7, four phantoms are shown for original

reference.

E. Image Reconstruction

Images are reconstructed using the iterative Kaczmarz
method [34], which gives the calculated particle concentration
ce I[{ﬁ for N voxel, solving the linear system of equations

@)

where fisNg € ©X is a filtered subset of the emulated
complex phantom voltage ip with K frequency components
and § € CF*V is the system matrix in the frequency domain.
For reconstruction the following least squares problem can be
solved

S ¢ = snr

) N 2
~ 2
cl"LCCO Sc—uSNRHZ"i‘i ||C||2

)

= argmin
ce]Rf

A A~ 2 . . 2

where ‘S c— uSNRH2 is the data discrepancy term and ||c||3

is the penalization term used to dampen large oscillations
in the solution. cf.., is the solution of the concentration
distribution, controlled by a relative regularization parameter
A € R+, that blurs the image noise at the cost of spatial
resolution. With increasing dilution, the SNR threshold is set
higher and both, 4 and the number of iterations, increase.
Additionally, the SNR selection Psnr is subjected to a minimal
frequency threshold, acting as a high-pass, to filter out any
signal before the first harmonic of the fundamental frequency.
A reconstruction diagram is shown in Fig. 8, to visualize
necessary steps. Handling noise amplification in images is
described in detail in [35]. We note that the solution of (8)

Fig. 7. Phantoms used in this study. Reference for original shape. Left
to right: Gap phantom with 2.0 mT (1.6 mm) gap in x-direction, vessel
phantom with stenosis in the left branch, large phantom to reveal borders
of FOV and fine resolution phantom with 1.0 mT (0.8 mm) gap.

in practice leads to better spatial resolutions than the width
of the derivative of the particle magnetization curve would
predict [36].

As this work contains emulated gradients only, distances
in phantoms are best defined in mT. However, to give the
reader a better classification of the results, the corresponding
dimensions for a gradient as in (5) are given in brackets e.g.
2.0 mT (1.6 mm) in x- and y-direction. This same gradient is
used for all emulations through-out this work. All phantoms
are oriented in xy-plane. Resulting images are reconstructed
with the low resolution system matrix SpRr, yielding an image
resolution of 61 by 61 pixel, corresponding to a side length
of 40.0 mT (24.4 mm). Assuming the gradient field from
(5), the fine system matrix Sggr, that is used to constitute
the phantom spectrum, accounts for an image resolution of
0.5 mT/pixel - (1.25 T/m)~!' = 0.4 mm/pixel. System matrices
are denoised to reduce the impact of system matrix noise on
the reconstructed image [37].

F. Implementation

Raw data measurements in the AWMPS are controlled by a
system software implemented in the open source programming
language Julia [38]. It controls the parameter sweep through
the chosen x-offset range and gradually steps up the y-offset
for each excitation combination. The raw data is stored in an
extended version of the Magnetic Particle Imaging data format
(MDF) [39] and the sequence is afterwards calculated within
a custom simulation framework developed in Julia. System
matrix reconstructions are based on the MPI reconstruction
package developed in [40], accessible under [41].

IV. RESULTS

Results are summarized in two main figures with phantom
image reconstructions, one focusing on sensitivity by means
of a dilution series (Fig. 9), the other on resolution and FOV
shapes (Fig. 10). Reconstruction parameters are individually
determined to match the image noise across the different
reconstructions.

Fig. 9 shows a dilution series of two phantoms to visually
compare the results of different excitation waveforms, ampli-
tudes and sequences, with an undiluted iron concentration of
Ko = 5 mgFemLfl. The left part of the figure depicts a
simple two bar phantom (gap in x-direction), the right part
a more intricate vessel phantom with a stenosis in the left
branch (see Fig. 7 for originals). For undiluted reconstructions,
the shift-radial sequences and the meander sequence with
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Fig. 8. Diagram of the |mplemented reconstruction process. A vessel phantom with a visible stenosis is scaled to represent a tracer distribution

¢ with a concentration of 5 mgge mL™

1 and a selectable dilution. The high resolution system matrix SHR multiplied by the phantom vector ¢ results

in the phantom spectrum #p, which is overlaid by a realistic measurement noise level unolse After frequency selection (PgnR), the low resolution
matrix SLR is used to reconstruct the image using the iterative Kaczmarz method with Tikhonov regularization. All images span 40 x 40 mT2.

high excitation amplitude perform very similar, whereas the
low amplitude meander sequence suffers from a low SNR.
Fine structures are resolved independent of the excitation
waveform. This effect becomes more visible with the intricacy
of the vessel phantom on the right hand side in Fig. 9.
In undiluted reconstructions of the radial sequence, significant
blurring appears towards the edges of the FOV with the
exception of a small region in the center, where resolution
is excellent. At a dilution of 78 ngemL_' (1:64, x3), the
pulsed 3 mT meander sequence starts to lose the ability to
resolve any fine structures and for dilutions of 1.2 pgpemL_1
(1:4096, x3) it stops to resemble even the rough shape of
the original phantom. However, the pulsed 15 mT meander
sequence is able to display basic phantom features down to
the highest dilution. The shift-radial sequence is able to depict
phantom outlines of simple shapes at x3 for both, pulsed
and sinusoidal excitation. The pulsed excitation for extremely
high dilutions of 153 ngl;emL*1 (1:32768, x4) seems to have
a slight advantage over the sinusoidal excitation, being still
able to marginally reconstruct a simple phantom whereas the
sinusoidal excitation is entirely dominated by system noise.
When comparing pulsed sequences with 15 mT amplitude,
edges are traced more accurately by the pulsed shift-radial
sequence than the meander sequence at dilution x3 for the left
phantom (row 2 and 3). The sinusoidal radial sequence is able
to resolve most structures at x», especially around its center,
however it becomes heavily distorted beyond x3.

In Fig. 10, the characteristic FOVs of all sequences are
visualized using a phantom that extends over the full image
width (40 mT). For the meander sequence, the FOV spans to
the out-most LFR boundaries (36 x 30 mT2). Shift-radial is
confined with full resolution to the radius of its shift amplitude
(inner circle, 15 mT), although this extends with /2 to a sec-
ond region of slightly degraded reconstruction ability (dashed,
white line). The shift in excitation, which can be described
as a pulse line, results in a rectangular shaped sampling area.

As this rectangle is rotated, only a circle with the diameter of
one side length is fully covered. As shown in Fig. 10, the area
in between the inner circle with diameter of a side length and
a circle with a diameter of a diagonal length, is only occasion-
ally covered by the corner of the rectangular sampling area.
Thus, the resolution decreases as sampling becomes sparse.
The radial sequence shows a very fine resolution in the center
of the FOV, which deteriorates continuously with increasing
radius. As the excitation is rotated without shifting, the center
of the FOV is sampled by every pulse, which in turn results
in a fine local resolution. This comes with the drawback of
losing precision towards the edges of the FOV. A bar-phantom
with a 1.0 mT (0.8 mm) gap in y-direction is shown in the
center row of Fig. 10, with the associated intensity profile
over y in the bottom row. An average of three pixel left
and right of the center line is taken to calculate the intensity
plot. The reconstruction based on the meander sequence is
not able to resolve the two bars in both cases, whereas
shift-radial and radial sequences are able to do so. This can
be explained by the limitation of Cartesian sequences to be
an-isotropic in their nature, as the excitation is oriented solely
in one direction. In this work, x is chosen for excitation and
therefore a better resolution in x is obtained than in y, as also
apparent in the an-isotropic FOV plot in the top row for
the meander sequence, independent of using small or large
amplitude.

In Fig. 11 the impact of changing a sequence parameter
is shown by comparing shift-radial sequences with different
trajectory densities. On the left, the identical system matrix
that was used throughout this work for sinusoidal shift-radial
reconstructions with Jspr = 32 shifts per rotation was imple-
mented. On the right side, a sequence was generated with
Jspr = 120 that has 7200 periods instead of 1920. All other
parameters and reconstructions are identical. Results indicate
that for a good representation of edges and corners a high
density is advantageous.
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Fig. 9. Dilution series emulation for two excitation waveforms and three different sequence types. Iron concentration «q of 5 mgge mL~",

which is diluted from left to right, for two different phantoms. On the left,

the phantom consists of two rectangles with a gap of 2.0 mT (1.6 mm) in

x-direction, whereas the right side depicts a vessel phantom with a stenosis towards the left branch (originals in Fig. 7). Reconstruction parameters
are individually determined, to yield comparable noise in the image domain. System matrices are denoised and the intensity is normalized to 1 within
each image. Highlighted in orange are reconstructions of similar quality, produced by the identical sequence but differing in excitation waveform and
dilution. All images span 40 x 40 mT2 (24.4 x 24.4 mm?), sequence trajectories are shown to scale in Fig. 6.

In a final result in Fig. 12, the effect that phase information
from within our measured data has on resolution, is isolated by
creating an immobile sequence without any shifted or rotated
components in the trajectory. This can be done by setting the
shift amplitude and step resolution to zero and the repetitions
to 1920 periods, so the time length is identical to all other
sequences. The lack of any focus-field movement implies that
the LFR is solely moved by the excitation waveform along a
single line in x, resulting in a 30 mT FOV line (dashed, white
line). Shown in Fig. 12 are reconstructions based on pulsed
and sinusoidal data, which are both capable of restoring a
simple pattern in the FOV. The elliptic outline of this area is
shaped similar to the outline of the ISI plots of raw data in
Fig. 3 and 4 for pulsed and sinusoidal data respectively.

V. DISCUSSION

By combining a shifting focus field with a rotating drive
field of large amplitude, the proposed shift-radial sequence
overcomes previous limitations in amplitude and acquisition
time for pulsed rectangular excitations. Shift-radial sequences
provide an alternative to Cartesian sampling schemes, due to
their ability to resolve 1.0 mT gaps (0.8 mm for a gradient
of (—1.25, —1.25, 2.5) Tm~!) and their spatially isotropic
sampling trajectory. Furthermore, pulsed excitation seems to

bear a slight advantage in sensitivity compared to sinusoidal
excitation for the identical shift-radial sequence, if the two
images marked in orange in Fig. 9 are considered recon-
structions of the same quality. Note that a factor of 103
distinguishes column 3 from 4. The basis of this advantage
lies in the simultaneous response of many spatial positions,
resulting in a better SNR. The magnitude of this advantage
becomes visible at higher dilutions only, and it depends on
the phantom or on the medical application. The more homo-
geneous the distribution of SPIONs (e.g. perfusion imaging),
the higher seems the advantage of pulsed excitation in contrast
to the accumulation of tracer material in a bulk (e.g. stem cell
tracking).

The drive field frequency was chosen to be 14.88 kHz as
this is the upper limitation of the amplifier to produce a
clean waveform with rise-times around 3 ps. The relaxation
behaviour of the used tracer (Perimag, Fig. 2) allows the
use of 14.88 kHz in this work, due to its quick relaxation.
Two points need to be clarified regarding this choice: First,
tracers need to be asserted individually and measurement
parameters such as frequency and rise time would need to
be adapted for larger particles to match their relaxation.
Tay et al. proposed the pulsed excitation scheme for large
particles beyond a specific size of about 28 nm [23], [42]
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Fig. 10. Resolution simulation and FOV comparison. The top row compares the reconstruction of a 5 by 5 squares phantom, separated by 2.0 mT
(1.6 mm) gaps to distinguish the boundaries of the respective FOVs (white lines). The phantom is shown in the rightmost column for reference.
The shape of the FOV depends on the sequence, resulting in a circular FOV for radial sequence types. In the center row, a phantom with a 1.0 mT
(0.8 mm) gap in y-direction is shown, with the corresponding intensity profile in the bottom row. The iron concentration is 5 mgge mL~" each and

the images span 40 x 40 mT2 (24.4 x 24.4 mm?).

v

shift-radial shift-radial

Jspr = 32

Jspr = 120

Fig. 11. Trajectory density comparison. The image to the left stems
from the same system matrix for the sinusoidal shift-radial sequence
throughout this work, with the sequence parameter of Jgpr = 32 shifts
per rotation. The image to the right has a denser trajectory with Jgpr =
120, consequently the sequence is longer with 7200 periods instead of
1920. Image reconstruction parameters are identical.

to circumvent limiting relaxation effects and improve reso-
lution. The so called “relaxation wall” blurs the MPI image,
as particles do not follow the Langevin model [22], and the
optimum predicted resolution cannot be achieved [43], [44].
One precondition in order to reach optimum resolution for any
particle system is to ensure that the particle magnetization
is sufficiently saturated to generate a strong signal, which
sets an upper limit to the excitation frequency. The second
point is that due to the quick relaxation of Perimag and the

15 mT

no shifts
or rotations

15 mT

no shifts

or rotations /\/

Fig. 12.  Comparison of pulsed and sinusoidal data without a
sequence trajectory. In order to reveal the effect of information encoded
within the phase of the measured raw data for different excitation
waveforms, an immobile sequence is generated that does not use shifts
or rotations of any kind (also 1920 periods). Consequently, the LFR is
only moved by the drive field (in x) and the resulting FOV is a single line
with 15 mT amplitude (white, dashed). The images span 40 x 40 mT2.
Below, the intensity profile along this line in x is plotted.

m
®
m
1
u

Yl

sigmoid-shaped excitation, which differs from an idealized
rectangle, a small time-shift is observable in the raw data,
as shown in Fig. 2 on the left. Therefore, the phase information
of the signal is distinguishable within the measured raw
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data, despite our assumption that all phase information is
lost by pulsed excitation. Due to this fact, the following
argument needs to be considered: Results in Fig. 9, 10 and
11 show the combined effect of pulsed excitation including
phase and the effect of the sequence trajectory for system
matrix reconstruction. A separation of individual contributions
is not possible with our measurement data. Ultimately, system
matrix reconstruction of pulsed sequences with high amplitude
combine the benefit in the SNR and profit from any phase
information within the particle response. This holds true for
meander as well as shift-radial sequences and explains why
a meander sequence with 15 mT amplitude performs similar
compared to the pulsed shift-radial sequence (Fig. 9, rows 2
and 3) for our measurement data and using system matrix
reconstruction. Shift-radial sequences profit from phase infor-
mation, but they would be capable to restore basic phantom
features even without any phase information, similar to a
Radon transform [32]. For an ideal rectangular excitation (no
phase discrimination) Cartesian meander sequences depend on
a small excitation amplitude for achieving high resolution. For
this reason a low amplitude (1 mT) was chosen in previous
works [23] to guarantee a small sampling kernel and sustain
high resolution, with the draw back of a low SNR.

The sole benefit due to phase information for pulsed and
sinusoidal raw data can be identified in Fig. 12. Surprisingly,
basic phantom features are resolved by the reconstruction
based on pulsed raw data, which can only be attributed
to phase information as there is no additional information
provided by means of a sequence trajectory. Edges of the
squares along the white FOV line are slightly better shaped
for sinusoidal data, when the intensity profiles along the
x-center line are compared. However, the pulsed reconstruc-
tion clearly separates all 5 squares, relying only on the
small time-shift that is induced in the raw signal, as shown
in Fig. 2 on the left. If this holds true for larger particle
systems remains to be proven. As a consequence, system
matrix reconstruction may be able to sustain basic resolution
even for large single-core particles, if the Nyquist criterion is
not violated during waveform slopes (rise-time). Resolution
improvements of pulsed excitation compared to sinusoidal
excitation were neither observed nor expected for the given
tracer and measurement parameters. However, the proposed
shift-radial imaging sequence and reconstruction method does
not make any assumptions on the particle size and thus we
predict that it generalizes to different relaxations and larger
particles, if individual particle dynamics are heeded and an
equilibrium state is reached.

Concerning our implemented methods, the noise added
during sequence generation, as well as the noise added during
image reconstruction, are overestimated and higher than in a
well designed scanner system. While rectangular excitation
can be superior for large particles, the results in this work
could not assert a clear advantage for standard MPI tracers
with a size lower than the relaxation wall. In fact, sinusoidal
excitation seems superior at high concentrations, as it is
less prone to artifacts at the edges of the FOV. The signal
intensity for each spatial position is linked to the derivative
of the excitation field at the time the LFR passes [45].

For sinusoidal excitation this leads to an attenuation of the
signal at the FOV border, which is lower for pulsed sequences.
This attenuation may help avoiding artifacts at the hard cut
off at the end of the circular FOV for the presented radial-
shift sequences. Sinusoidal drive fields performed equally in
almost all regards throughout this study, hence the effort for a
pulsed non-resonant scanner may only be reasonable for larger
particle systems. Further research on the application of the
proposed method to large single-core particles has to be done.
Improvements may be limited by peripheral nerve stimulation
and the specific absorption rate, reducing the advantage of high
drive field amplitudes for in-vivo imaging in large animals or
humans. Also, the optimum frequency-amplitude combination
for shift-radial and the choice of sequence parameters to trade
off resolution and acquisition speed need to be investigated.

Although rectangular excitation patterns did not outperform
the sinusoidal ones for medium-sized MPI particles in this
work, they certainly have the potential to improve MPI not
only for large particles. By allowing to vary the excitation
frequency as an adjustable hardware parameter, one can tailor
the excitation pattern to the currently used particle system,
giving maximum flexibility. Potentially, this allows optimiz-
ing the contrast in multi-contrast MPI applications, e.g. for
discriminating different particle sizes [17].
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6.1

Resonant Inductive Coupling Network for
Human-Sized Magnetic Particle Imaging

Balancing safety considerations, performance and power consumption, this work goes into
the details of design decisions and optimization of an ICN, as well as multi-channel decou-
pling in MPI [O2]. Two devices have been built and integrated into the human-sized head
scanner [O3]. The underlying theory, the simulation process and the conceptualized design
are presented in this chapter. The provided insights are not limited to this specific use
case and might improve other application that require highly linear air-core transformers. It
should be noted that the mutual induction Ly is denoted with M within [02].

Parts of this chapter were presented at the IWMPI 2024 conference in Switzerland [O11].
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ABSTRACT

In magnetic particle imaging, a field-free region is maneuvered throughout the field of view using a time-varying magnetic field known as
the drive-field. Human-sized systems operate the drive-field in the kHz range and generate it by utilizing strong currents that can rise to the
kA range within a coil called the drive field generator. Matching and tuning between a power amplifier, a band-pass filter, and the drive-field
generator is required. Here, for reasons of safety in future human scanners, a symmetrical topology and a transformer called an inductive
coupling network are used. Our primary objectives are to achieve floating potentials to ensure patient safety while attaining high linearity
and high gain for the resonant transformer. We present a novel systematic approach to the design of a loss-optimized resonant toroid with
a D-shaped cross section, employing segmentation to adjust the inductance-to-resistance ratio while maintaining a constant quality factor.
Simultaneously, we derive a specific matching condition for a symmetric transmit-receive circuit for magnetic particle imaging. The chosen
setup filters the fundamental frequency and allows simultaneous signal transmission and reception. In addition, the decoupling of multiple
drive field channels is discussed, and the primary side of the transformer is evaluated for maximum coupling and minimum stray field. Two
prototypes were constructed, measured, decoupled, and compared to the derived theory and method-of-moment based simulations.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0192784
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I. INTRODUCTION this frequency falls in the range of 20-160 kHz,””” where lower fre-

quencies tend to cause more peripheral nerve stimulation (PNS).”
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Medical imaging modalities such as magnetic particle imaging
(MPI) and magnetic resonance imaging (MRI) rely on alternating
current to generate strong radio-frequency fields that form the back-
bone of signal generation and acquisition."”” In the context of MPI,
the frequency of the so called drive field does not depend on the
Larmor precession of hydrogen atoms, nor is it correlated with a
static By field, as in MRI. The choice of this frequency is flexi-
ble, with the proviso that it should be above the human audible
range but below frequencies where wave propagation effects begin
to affect signal detection and below the limits for energy deploy-
ment due to the tissue’s specific absorption rate (SAR).” Typically,

In addition, the best non-linear signal response of the required mag-
netic nanoparticles (MNPs) that provide the image contrast in MPI
falls into this range, depending on the particle’s anisotropy.® Cur-
rents for a human torso system reach the kA range,”'’ whereas
head-sized systems require around 300-500 A.'" While it is possi-
ble to perform MPI with non-sinusoidal excitation waveforms,'”"”’
the benefit of using sinusoidal excitation lies in the ability to imple-
ment resonators such as passive filters. This study focuses primarily
on MPI, while the basic concept has broader applicability to similar
circuits and other frequencies. Such circuits can be found in the con-
text of inductively coupled wireless power transmission, """ power
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converters,*'” band-pass filters, or other applications requir-
ing high linearity and large currents. A prominent challenge in this
context is the formulation of a resonant transformer, i.e., the pri-
mary side forms a resonance with the band-pass filter output stage,
and the secondary side of the transformer is part of a high quality
factor (Q) resonant transmit-receive circuit called the high current
resonator (HCR).

Our purpose for the resonant transformer, referred to as the
inductive coupling network (ICN), is to obtain a differential volt-
age system and a safe operating voltage. Ground loops and long,
high-current cables can introduce undesired harmonics or distur-
bances into the received spectrum, i.e., induced by eddy currents in
non-linear components such as unsoldered joints (screws). These
distortions can dominate important particle harmonics, or side-
bands, that are essential to the imaging process.'”** A differential
design with balanced filters avoids a global ground node and is
less susceptible to interference and noise.”” Another strong advan-
tage of a differential setup is floating signals with respect to the
patient under examination, who is always capacitively coupled to
the ground. A single-ended transmission chain entails the danger for
humans if they come into contact with any single point in the system.
As MPI systems strive for human trials,”'*** this safety aspect can-
not be ignored. Furthermore, reducing voltage levels in proximity to
the patient requires a low inductance DFG, which in turn requires
large currents to maintain the same field specifications.”"’

In this work, we design and implement a resonant toroidal
inductive coupling network that encompasses safety concerns and
incorporates a strictly linear and loss-optimized design. We elab-
orate on our design decisions and weigh different conditions and
restrictions to present a new approach to finding suitable parameter
choices, i.e., for inductors, cross section shape, parallel segments,
gain, and dimensions. Our reasoning is intended to be transferable
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to other transformers under similar constraints using resonant loads
for applications beyond medical imaging. Furthermore, we consider
crosstalk by channel decoupling between multiple drive-field chan-
nels that each use an individual ICN and review multiple decoupling
strategies. Based on a TxRx topology that was presented with-
out details by Sattel et al,'’ this study elaborates on the original
implementation and optimization of an ICN and tailors the design
parameters to a human-sized head scanner.'!

1. MOTIVATION AND PURPOSE

Many current MPI systems use dedicated receive coils,
often in a gradiometer configuration,” " effectively suppressing
feedthrough harmonics, interference, and systemic background.”*”*
However, receive coils take up valuable space and ultimately increase
power consumption when signal generating coils have to be placed
farther away, independent of the method of feedthrough suppres-
sion.”” For preclinical systems with rodent-sized bores, power con-
sumption can be managed; however, on the path to human-sized
systems, this issue becomes a major challenge.””” The advantage
of choosing to combine the transmit and receive circuitry is that
it reduces system complexity and overall space requirements by
eliminating the need for a dedicated receive coil nested within the
DFG and the receive band-stop filter.”” One possible topology of a
transmit-receive (TxRx) circuit is a symmetric HCR, as shown in
Fig. 1(a), with a linear ICN, as shown in Fig. 1(b). A comprehensive
characterization of the different noise and background contributions
of TxRx and dedicated receive systems can be found in Ref. 24. How-
ever, there is currently no clear consensus in the community as to
which system performs better on a human scale with manageable
power consumption, although this may change in the future. The
development of a TxRx system with an ICN is driven by various

(b) model of the toroidal transformer for one channel,
called inductive coupling network (ICN)

secondary
side Lo

primary
side Ly

port 1

CONCEPT-II

FIG. 1. Overview of the MPI transmit chain and the ICN. In (a), the power amplifier is connected to a ferrite-core transformer, a band-pass filter, and the primary side of
the ICN. The secondary side of this transformer is part of a high-Q resonator, called a high current resonator (HCR), that includes the drive-field generator (DFG). Magnetic
particles excited by the DFG induce signals via Lty, and the received signal is tapped within the symmetric HCR at vryg. In (b), a four-fold segmented toroidal, D-shaped

ICN is shown within a simulation setup of CONCEPT-II.54
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design goals, including a. achieving floating potentials; b. ensuring
linearity; c. attaining high current gain and high Q; d. designing cir-
cuit symmetry for excitation, filtering, and signal reception; and e.
modularizing for impedance matching.

A. Floating potentials

The first design goal concerns patient safety and avoids ground
loops that may negatively affect signal reception. A galvanically iso-
lated high current resonator (HCR) with an overall low voltage
and floating potential is achieved by many common transformer
topologies. Floating potentials become relevant for a patient being
examined in the scanner. Following the principle of the first fault
case, the potential separation ensures that a patient is not exposed
to a life-threatening current through single contact with the cir-
cuit. This would require contact at two separate points of the
circuit, which drastically reduces the risk. In this unlikely event,
we take the further precaution of reducing the overall voltage in
the DFG and HCR by selecting low-inductance components.'"”
A capacitive coupling network®® would not provide real iso-
lation at the drive-field frequency, although DC currents are
blocked.

B. Linearity

A strictly linear air-core transformer is required because the
ICN is located after the band-pass filter stage and must not increase
the total harmonic distortion (THD) of the transmit or received
signal. Harmonics generated directly within the HCR, where the
received signal is tapped, would be unfiltered and, thus, mask and
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alter the particle’s response. Harmonic generation by iron-core
transformers is well known due to core saturation effects,”” " and the
principle is demonstrated in Fig. 2(c). Here, we compare the THD
after the band-pass filter with the THD generated by a ferrite-core
transformer. Although an iron core would be preferable for its high
permeability, effectively bundling magnetic field lines to achieve a
high coupling coefficient k and low leakage inductance, it introduces
distortion due to the saturation effects of the ferrite-core material.
This constraint is so strong that a THD of 0.5% from a class-AB
power amplifier in combination with our transmit filter results in
a theoretical THD benchmark of below 5 x 107°%, calculated using
the fundamental definition of THDg.”” The typical THD of a linear
power amplifier ranges from 0.1% to 1%,"""* and our filter achieves
a measured 65 dB amplitude attenuation at the second harmonic f>,
100 dB at f3, and below 150 dB at f; and above.'"*’ Regarding a low-
core loss iron powder material such as “—8” (Micrometals, Inc., CA,
USA™) and neglecting any hysteresis effects, a maximum amplitude
deflection of only 1% of the saturation field strength Hg, results in
a THD of 3 x 107°%, as shown in Fig. 2(c-4). Although this num-
ber is extremely low, it is about three orders of magnitude higher
than the combined THD of the amplifier and band-pass filter. Simi-
larly, an amplitude of about 0.14 x Hgy would cause a THD of 0.5%,
counteracting any achievements by the band-pass filter. Moreover,
intermodulation of harmonics will occur, which further degrades
the THD of an iron-core transformer, which was not modeled here.
Consequently, an air-core transformer is preferred to achieve max-
imum linearity, and a toroidal shape is advantageous to enclose
the majority of field lines within the toroid. This minimizes any
coupling leakage flux and eddy current losses in the surrounding
shielding and reduces the susceptibility to external disturbances to
avoid spurious harmonics.
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FIG. 2. Segmented toroidal air-core transformer and THD simulation of iron-core saturation without hysteresis. Shown in (a) is a toroid parallelized with Ns = 12 individual
segments, of which eight are shown in different colors (four are hidden). The primary winding also forms a toroid, here with Ny = 12 turns, whereas each secondary segment
has N, = 13 turns. In (b), the circular cross section in the xz-plane is shown with characteristic parameters noted. On the right in (c), three sinusoidal input signals (1) are
modulated by the magnetization curve in (2), which results in the output in (3) and its spectrum in (4). The magnetization curve is adapted from the “—8” iron powder core
material,** but without hysteresis effects and modeled with a tanh-function.*> A THD of 0.5%, typical for class-AB amplifiers, is caused by an amplitude of about 0.14 of He.
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C. High current gain and high Q

In order to maintain the same excitation field using low-
inductance components, higher currents are required.'’ We are
focusing on minimal conduction losses and an overall loss-
optimized transformer design. The ICN is a resonant transformer,
shown in Fig. 1(b), and the secondary side of the transformer is part
of the HCR. Note that both voltage and current are amplified on the
secondary side, unlike non-resonant transformers. This is based on a
two-step process of having a tank LC with high impedance from the
perspective of the primary side and the voltage scaling into a high Q
load on the secondary side. However, amplification is due to reso-
nance, and a change in the turns ratio still changes the voltage and
current in opposite directions. A limiting factor in the gain is the
structural size because it limits the overall achievable Q of the HCR.

Independent of the desired inductor values, the cross-sectional
shape of the toroid is optimized to maximize the inductance L, for a
given wire length, i.e., the perimeter p; of the toroidal cross section
(D-shape). To achieve this, we implemented the results of a compre-
hensive study by Murgatroyd.”® In addition, frequency dependent
losses are minimized by using litz wires that suppress the skin effect
and reduce proximity effect losses.”” Due to the angular symmetry of
the toroid, the winding core offers the possibility of parallel segmen-
tation of the secondary side. Such parallel segments share the same
enclosed field lines to compose a single composite toroid, as shown
in Figs. 2(a) and 2(b), which can be used to shift the desired value
for L, at a constant Q to change the desired turns ratio n. A trade-
off must be made between wire diameter, feasible parallelization of
toroidal segments, stacked wire layers near the symmetry axis, heat
dissipation, and target inductance.

D. TxRx circuit symmetry

Symmetry refers to the HCR layout, where the capacitors are
split into two separate banks for each inductor, as shown in Fig. 1(a).
This offers the advantage of combining transmit and receive chains
in a single circuit, as proposed by Sattel et al.'’ Here, the HCR acts
simultaneously as a filter for the fundamental frequency, allowing it
to tap the particle’s response v1xrx during transmission. However, a
partial attenuation of the particle signal is inevitable using this con-
figuration because the strength of the particle signal relies on the
proportion of inductors L, and Lty, which we call the DFG matching
condition.

E. Impedance matching modularization

For feasible impedance matching, a modularization into two
matching stages is carried out, as shown in Fig. 1. The ICN can thus
be designed without additional constraints regarding amplifier load
matching, which is done separately by an amplifier matching stage.
To this end, we use a ferrite-core transformer before the band-pass
filter with a maximum amplitude below 10% of Hs,, as explained in
Sec. II B, on the condition that the transformer’s THD is similar to
the amplifier’s THD and a band-pass filter is implemented afterward.

1. THEORY

In this section, we present a systematic optimization of an
inductive coupling network, delineating the theory and criteria
employed to derive the configurations for both sides of the toroidal
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transformer. Our approach commences with an examination of the
transformer’s current gain G in Secs. I1I A and I1I B. The focus then
shifts to optimizing the toroidal geometry with the goal of minimiz-
ing losses and maximizing inductance, as described in Sec. III C. This
optimization process encompasses cross-sectional shape, multiple
winding layers, segmentation, and primary winding characteristics.
In order to select an appropriate inductance value, we proceed to
the inductance matching condition specific to a symmetric setup of
the HCR in Sec. I1I D, a consideration tailored for the MPI imaging
modality.

Given the broader context of multichannel MPI systems, it
is imperative to devise individualized ICNs for each channel and
account for coupling, which is described in Sec. 11T E. Nevertheless,
up to that point, the entire section focuses on a single channel with
the resonance frequency fi.

A. Maximum transformer current gain

The current amplification factor, denoted as G for the ICN
transformer, will be investigated with the objective of maximizing
it, according to design goal c. A first expression for G can be derived
by considering the power P, on the secondary side, caused by the
primary current 7; that induces the voltage v,, as in

vl oM o*MPi
- - - bl

p,
Ry Ry Ry

1
where w = 271f; denotes the channel angular frequency, j denotes
the imaginary unit, M denotes the mutual inductance of the trans-
former, and Rs = R, + Rty denotes the total series resistance of the
secondary side at resonance (capacitor losses are neglected).” All
components, currents, and voltages are shown in Fig. 3. Now, the
power at resonance can be rewritten to obtain the current gain G by
23 02): 12 .
w M*|i i wM
W M| = Gg=2:=%7 2)

.2
i|"Rs =
2l Rs R, iR

In the following, this expression is rearranged for resonant trans-
formers using characteristic transformer variables such as the turns
ratio n, the coupling coefficient k € [0, 1], and the quality factor Q of
the transformer’s secondary side.”””’ Note that voltages across the
leakage inductance Ly,; = L1 (1 — k) and matching capacitor Cp of

, ICN
Zprim | resonant transfer ratio: kn :
|
|
| P
Com| i Li(1—k) La(1 — k) iz ! (|71 Cf
I ir : | I
|
| . :
: kLo V2 : VTxRx  LTx
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FIG. 3. Resonant transformer circuit diagram. A resonant transformer is shown,
where an ideal transformer remains embedded in the center. The inductors are
split into leakage and coupled inductances. The matching capacitor C, resembles
the filter output stage, which goes into resonance with the leakage inductance
Lyt = L1(1—k), and Zyim becomes real at w = 27fy.
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the band-pass filter cancel at resonance. Furthermore, L, is part of a
resonant circuit on the secondary side; therefore, voltage and current
are increased.

The turns ratio is defined by the number of primary turns N to
secondary turns N,. For an ideal transformer that is perfectly cou-
pled (k = 1), there is no phase difference and, therefore, no losses
between the two sides. In this case, #n directly relates the magnitude
of the voltages v; and v, and can be used to step up or step down the
reflected impedance seen at the input,”’ as given in

N L
n=to /oM 3)
Nz Lz V2

L, and L, are the transformer’s primary and secondary induc-
tances. Next, to obtain the coupling coefficient, we first consider the
coupling factors,

®y M D, M

= ==, = == (4
@11 L1 g q)22 LZ )

1
for the general case of arbitrary transformer shapes. K; measures
the proportion of the mutual magnetic flux ®,; caused by a current
iy in M and the magnetic flux ®@;; caused by a current i; in L;. The
same principle applies to K. Note that the value of K; can be greater
than 1. The mutual inductance M is reciprocal for all linear mate-
rials with symmetric tensors for electric conductivity, permittivity,
and permeability.”’ Now, the definition of the coupling coefficient is
given with

M
k= 7@ =\/m- (5)

Finally, a general expression for the quality factor Q is given
by the ratio of stored energy to dissipated energy per cycle: For
an inductor L, perfect capacitors, and assuming negligible radiation
losses in the kHz region, the quality factor is

{L i di
Q- 2nbvoed _ypp JoL1di ol (6)
lP 2 \2 R
7 diss (L\[) R
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R is the total resistance of the considered resonance,” and i is the
total current of the inductor.

Under the consideration of a dominant Q of the coils, the three
constituents of the gain in (2) are replaced by the considered ICN,
and the equation yields

7wM7sz M Llf

"Ry Ry VL.L V L

Note that the inserted Q refers to the transformer with its energy
stores Ly, C1, and C,, while the resonance on the right side acts as a
real impedance, adding only the serial resistance Rty of the DFG.
There are three conclusions due to (7): The channel frequency
should be chosen as high as reasonable, taking into account the
drawback of increasing losses due to high-frequency effects in the
transmit and receive chains. We consider fixed frequencies in the
low kHz range (around 26 kHz) and discuss the frequency choice in
Sec. V1. Second, a reduction of R is beneficial: The correct type of litz
wire should be chosen,"” connections within the HCR should be kept

Qkn. (7)
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short, and the cross section shape of the inductor should be chosen
to obtain a minimum R for a maximum L'” to result in a high Q.
Apart from minimizing R, the goal of maximizing M requires find-
ing a toroid with both a high k and a large L. A high turns ratio n can
be obtained by a dense primary winding and parallelizing the second
transformer side. Third, as the total energy dissipated must equal the
energy delivered in the resonant circuit, we obtain

|Pi|At = |[PoJAt = Re(Zy) = G*Re(Z) (8)

for a time interval At at steady-state, Z, = v1 /i1 and Z> = v,/i,. The
imaginary part is zero at resonance, and the real impedance seen by
the primary side equals

2312
M
Re(Zprim) = R + G* Ry = Ry + “’R . ©)

B. Structural size limits Q

As argued above and evident from Eq. (7), we need a large
secondary inductance to obtain a high transformer gain. A large
structural size is beneficial because an increasing cross section A
increases the inductance faster than its reduction by the growing
center radius r., as approximated by the equation for a single-layer
air-core toroid with a circular cross section,

wN?A

. 10
27t (10)

Lioroid ®

Here, p, is the vacuum permeability, and the dimensions are shown
in Fig. 2(b). However, a constant number of turns that are stretched
around a growing cross section will reach a point where the changes
in inductance and resistance compensate. This problem and its para-
meter dependencies are a well-known optimization problem, treated
by Murgatroyd,””” and an overview can be found in Ref. 54. A can
be increased until an optimum is reached where the inductance is
maximum for a given total wire length [ = N27r of all turns. This
is a restraint on A, and there exists an optimum for the ratio of
outer to inner radius for a finite /. The optimum number of turns
for toroids with a circular cross section and wire diameter d lies at
N =0.8165+/1/d, which in turn yields the ratio r/r; = (0.8165) >
~ 1.5 and the optimal inductance,

Ltoroid,opt,circ ~ % (02722( é) ’ + 0255 )> (1 1)

as derived by Murgatroyd.”*

Optimal benefits are obtained from the correct area to radius
ratio in combination with a large overall construction volume, cou-
pled with a judicious selection of layers within the interior, as shown
in Fig. 4(b) and explained in Sec. III C 2. The upper limit is reached
if the interior space is fully occupied by wires, which also affects the
cross section shape that deviates from a circle for the outer layers.”””
Overall, increasing the dimensions of the toroid leads to an increase
in L, Q, and, thus, G. The maximum Q is defined by the available
construction volume.
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FIG. 4. Optimal D-shaped cross section and multi-layer toroids.** In (a), the opti-
mal D-shape cross section is shown for the fixed optimum ratio of ro/r; = 5.3. The
left toroid-half features a field intensity plot with the field profile along the x-axis
in white (the toroid has three layers on the inside, simulated in CONCEPT-II*4).
Highlighted in orange in the right toroid-half is the curve obtained by a step-
wise evaluation and integration of (13). In (b), two different types of winding
arrangements of multi-layer toroidal inductors are shown.

C. Toroidal transformer

The ICN toroid is optimized for a finite available construction
volume by optimizing the cross-sectional shape for a higher induc-
tance, taking into account multiple layers of winding, and improving
the coupling of the primary winding. Then, segmentation provides a
tuning mechanism that allows us to change the nominal inductance
with a constant inductance-to-resistance ratio™ to a desired value.

1. Optimal cross section: D-shape

A circular cross section gives the largest area A for a fixed turn
perimeter p, but it does not provide the highest inductance for this
wire length. This discrepancy is caused by the non-uniform flux den-
sity within A, which is denser toward the inside for toroids,””" as
shown in Fig. 4(a). Due to the straight inner edge of the D-shape,
it encompasses the higher magnetic flux density toward the z-axis
of symmetry and yields ~15% more inductance than the circular
window for the same p,.”*

For the single-layer DC loss optimized D-shape, the optimum
was found to be

Lioroid,opt.D # @:(0.314(;)2 + 0.25;) (12)

for =53 and N = 0.565\/—5,‘5 as shown in Fig. 4(a). The slope
(orange) is obtained by a stepwise evaluation along the radial
direction, given by

dz In @ (13)
i =
dr " /nfin%
Integrating the slope dz/dr yields coordinates for the optimized
quarter section shapes.

AC losses are mainly eddy current losses due to proximity
effects, since the skin effect plays only a minor role in litz wire wind-
ings. The impact of the proximity effect is twofold: internal magnetic
fields due to neighboring currents cause eddy currents, but they
are dominated by the second effect due to the main toroidal field
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through the rest of the coil, acting on the entire litz wire bundle.”
Overall, this results in eddy currents causing local non-uniform cur-
rent densities that require a more complex shape optimization for
high frequencies, as can be found in Ref. 46. The optimum shape
for high frequencies differs from a D-shape due to the stronger con-
straint of eddy current losses, which are highest near the center,
causing the highest point of the slope to move outward. However,
in the kHz range, the AC optimized shape converges to the DC
optimized shape of (13) for litz wires with sufficiently small strands.

2. Multiple layers

Another way to effectively increase L,, which optimizes Q, is
by using multiple wire layers. However, insufficient heat dissipation
from the inner layers becomes an issue that, in turn, increases cop-
per resistance and might damage the litz wire insulation layer. To
this end, we propose a single, nearly dense outer layer of turns, as
shown in Fig. 4(b), which overlap on the inside near the axis of sym-
metry. This compromise gives satisfactory results and sufficient heat
dissipation by air cooling. If the litz wire winding is not operated
near its maximum current rating, e.g., for split-core toroids in filter
stages,""”” multiple dense layers are an efficient option. A general
study on optimal shapes for air cores and non-air core multilayered
toroidal inductors can be found in Ref. 55.

3. Segmentation

The secondary side L, can be divided into N identical seg-
ments, which are wired in parallel but enclose a single common
field, as shown in Figs. 2(a) and 2(b). If the winding remains oth-
erwise unchanged, both the inductance and the resistance will be
reduced with NS2 if N is increased. As an example, a segmentation
into two halves is considered, where one half is limited to N/N;
= N/2 turns. Intuitively, it seems that L is reduced quadratically
and the resistance R is reduced linearly for a dense winding that
remains unchanged, due to L o< N? via (10) and R o< N via each
turn perimeter. However, the effect for L is changed to L o< N due
to the shorter magnetic core length I, exemplified by a long and
straight solenoid with L oc N?/I oc N that has a constant turn den-
sity N/I. An additional slight decrease in L is caused by the now
open magnetic circuit, which results in less coupling of the end turns
with the rest of the toroid. Mutual coupling M compensates for this
loss of self-inductance L for toroids since the halves now couple to
the parallelized second half, i.e., to their neighbors at both ends if
again arranged as a joint toroid after segmentation. However, paral-
lelizing equal impedances results in a 1/N; division for both L and
R. Overall, the linear contribution of the separation and the linear
contribution of the parallelization result in a 1/N? scaling for both
LandR.

A segmented toroid with N =12 segments is shown in
Fig. 2(a), and the total current is distributed by a central node (cop-
per plates) at the top and bottom. A lead wire from each segment
is connected to the node as shown in Fig. 1(b) for N = 4. Another
aspect of the segmentation is that the current i; of the HCR is divided
equally among the parallel segments, thus relaxing the copper cross
section requirements for the L, winding. In system design situa-
tions, the construction volume is usually constrained to a maximum
bounding box. For an optimal shape, Q is thus fixed. Using this
method, the design can start with an optimal single winding inductor
and then use segmentation to tune for a desired L, and R,.
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4. Primary winding

A final design decision for the toroidal topology concerns the
primary winding. For a reasonable volume and, therefore, limited Q,
the primary winding should achieve a high coupling k, as shown in
(7). Consequently, one choice is that L; is also toroidal and (sparsely)
wound around the outside of L,. This ensures that the majority of
the field lines are shared by both transformer sides to maximize k. In
Fig. 2(b), such a toroidal primary winding of L; (orange) is shown for
a toroid with a circular cross section. Known from Rogowski coils’®
is the beneficial effect of a return wire in the xy-plane that counter-
acts the single turn of / along the center circumference of the toroid
to diminish the field on the outside, which is in line with the z-axis.
For ease of fabrication, we propose a return wire along the outside
at o, which suppresses most of the stray field but deviates from the
optimal enclosed position at re.

If a dense L; coil is used, i.e., a few turns at one point around
the toroid, the result is a large K, and a very weak K,. The overall
k is small, which is only sufficient for a design with a very large Q.
However, such a dense L; provides several advantages for peripheral
measures, such as a pick-up coil to measure the current, i;. Such a
coil, L3, could be mounted on the toroid opposite to L, to focus its
sensitivity locally on L, and avoid coupling between L; and Ls.

D. DFG matching condition

We have previously shown that, in order to achieve high gain
for design goal ¢, it is advantageous to obtain a high Q. Currently, the
inductance of L, itself is not considered. In the following, a trade-off
is identified that characterizes L; in its dependence on Lty to comply
with design goal d. This consideration arises from the specific con-
straints imposed by the MPI imaging setup, in particular the circuit
symmetry condition for simultaneous transmission and reception
and the absolute power consumption, which has not been consid-
ered so far. Here, we assume a constant Q, which is justified for a
fixed bounding box as reasoned in Sec. III B, resulting in a linear
relationship between R, and L, at a fixed w. The ohmic resistances
of the capacitors and the DFG remain constant.

Our objectives are twofold, yet inherently contradictory:
achieving both maximal particle signal strength at the vy port
and minimal power consumption within the HCR. The particle
response is characterized by the prevalence of high-order harmonics
at the resonance frequency f;. These harmonics experience a signif-
icant voltage drop across an inductive voltage divider formed by the
inductances L, and Lty when compared to the relatively minor influ-
ences of their small series resistances within the m(Q) range'' and the
associated HCR capacitors at harmonic frequencies. The winding
configuration of Lty can be conceptualized as a distributed voltage
source, thereby inducing the particle voltage at the virtual ground
nodes of vrxry.'’ Ideally, in the scenario of an infinitely large L,
the complete induced voltage would be dropped across L,, leading
to a maximal particle response at vrxrx. In contrast, a diminished
ratio of L,/Ltyx would effectively short-circuit the receive voltage,
advocating a maximum value for L,. However, the cumulative series
resistance R, o< N27r of the toroid manifests the same increase as L,
is augmented, as imposed by a constant Q via (6). The total power
consumption increases with R,, but it is limited to a feasible amount.
This imposes a constraint on L, because the current amplitude at
resonance i in the HCR must stay constant to maintain the same
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FIG. 5. Inductance matching condition of DFG and ICN. A trade-off is identified
at L, = Lyx when the received signal is halved (—3 dB), expressed by the inter-
section of the particle signal (blue) and the normalized signal-to-loss ratio (green).
This graph demonstrates that additional power is required to avoid receiving signal
attenuation.

drive field strength. Consequently, a partial attenuation of the parti-
cle signal is inevitable due to the voltage division effect inherent in
the inductance voltage divider of L, and Lrx.

The crucial point is that the power consumption at the fun-
damental f; scales linearly with R,, and the particle voltage at
frequencies f > f1 drops depending on the inductive voltage divider
when the impedance of capacitors becomes negligible. We consider
a unit current iy = 1 A and define the particle signal-to-power ratio
(SPR) as

V{Z Rx V%(Z Rx
SPR = XX = XX 14
ph 2R, (14)

The power consumption P/ is considered at the fundamental, but
the particle signal v{szx is at the first harmonic. Note that for f, and
all higher frequencies, the inductive voltage divider is the dominant
part, and all harmonics are recorded. The maximum particle volt-
age Vmax of v{szx is defined in the limit of a large L,, where it is not
attenuated. To remove the influence of the absolute value of R;, we
normalize (14) with its maximum in the parameter range and call it
NSPR. The constituents of (14) and the NSPR are plotted in Fig. 5.
One possible trade-off position can be identified at =3 dB of
NSPR and v{szX, which results in halving the received signal (har-
monics). This point coincides with L, = Lty, where the inductances
match, which we chose as the trade-off for the design of our ICNs.
Consequently, a less attenuated particle signal requires more power.
Note that (14) remains valid when Lty is varied instead of L,, and the
consideration of the inductance voltage divider remains identical.

E. Channel decoupling

The use of multiple channels in MPI has the advantage of
simultaneous sampling of a 3D field-of-view (FOV). Due to the
imperfect spatial orthogonality of these channels and the close prox-
imity of resonance frequencies, typically within a range of less
than Af = 0.03f1,” strong coupling between the different drive-field
channels is expected. Thus, even weak coupling coefficients present
a particular challenge, especially in the case of resonant circuits
with high Q, necessitating the development of effective decoupling
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mechanisms while introducing minimal additional resistance to the
HCR.

Causes of channel coupling are misalignment of the drive-field
coils, non-orthogonal field components, and undesired loops in the
connecting wires. Small errors in positioning, e.g., for two planar
coils with k o< cos(f8), can lead to coupling with significant currents.
A B =3° results in k = 0.052, which can generate a current ir, in
channel 2 of similar magnitude to the original current i, in channel
1. For this purpose, if we consider the complex impedance Zycr of
the second channel’s HCR and let j be the imaginary unit, then the
current ir» in the second channel at the first angular frequency wr,1
is caused by induction via i;,; and M, as in

irg(@r1) _ Vind21(@r1) 1
in1(w1)  Zncra (@) it (@r1)
_ jwr,1M ir,l (wr,l)
- ZHCR,z(Aw + wr,z) ir,l (wr,l)
jwraM wr, 1 M Wr,1

1
~ — k. (15)
4AwL2,2 4 Aw

" j28w(Lrys + Lap)
Note that the matching criterion of Sec. III D is respected with
L1y = Ly, and we approximate Zycr near wr,» with J2AwL;,, as

shown in Appendix A 1. With 22 = = (ouay) _

W1
ning of Sec. V) and the aforementloned mlsahgnment of f=3°
this example results in "—2 =0.25-75-0.052 = 0.975 ~ 1. The con-
sequence is a severe distortion of the Lissajous trajectory, which is
already significant for values ir>/ir,1 > 10%.%

In order to avoid the negative effects of uncompensated cou-
plings, such as trajectory distortion, additional power dissipation,
detuning, and frequency beating that will act on the power amplifier,
we consider three types of decoupling schemes: capacitive, induc-
tive, and active compensation. Capacitive compensation is narrow-
band and requires additional connections between channels, but
the equivalent series resistance (ESR) of capacitors is low. Inductive

P (see the begin-
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compensation is directed at counteracting M and is broad-band, but
additional coils typically increase the series resistance, thus reduc-
ing Q. Finally, active decoupling uses the channel’s amplifiers but
demands reactive power in the band-pass filters [Fig. 1(a)] and for
the mismatched HCR. Furthermore, it requires accurate feedback
for current control. It should be considered a last resort, as the
amplifier will see a reactive load at other frequencies, and maximum
voltage ratings may be exceeded over the course of a full Lissajous
trajectory cycle.

In general, capacitive decoupling may not offer an exact solu-
tion, and there are unsolvable combinations of coupling depend-
ing on the sign of the coupling coefficients. However, capaci-
tive compensation is advantageous for the particle signal of a
transmit-receive circuit because a large common series capacitor
can be used, which becomes short at harmonic frequencies and has
a very low series resistance compared to coil windings. This requires
two common nodes between channels and similar inductive cou-
pling coefficients of the same sign, due to the single narrowband
decoupling point. We could use three capacitors, two within each
channel, or, alternatively, one common capacitor for all channels.
The mentioned low differences in drive-field frequencies in MPI
are a premise, and a limitation is that the sum of all currents flows
through this capacitor. A schematic is shown in Fig. 6(a), which rep-
resents only the right part of the symmetric HCR, with vrxrx across
each numbered a-b terminal pair, shown for three channels each.

Inductive compensation is a general alternative for all coupling
coefficient signs. Either a coil is added in series to Lty for each unique
off-diagonal entry of the system’s impedance matrix, as shown in
Fig. 6(b), or the same number of separate windings is used to intro-
duce the desired compensation without a galvanic connection by
careful positioning, as shown in Fig. 6(c). A disadvantage of the first
technique is the additional high current lines, stray fields, their influ-
ence on the tuning of the resonators, and additional series resistance,
as well as their mounting and cooling effort. The second technique
uses separate windings that are sensitive to a partial amount of
the drive-field, equal to the M introduced by coupling. A suitable

—\[ZI —U;z
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FIG. 6. Schematic of decoupling schemes with three TxRx channels. The schematics refer to one-half of the symmetric HCR, where vtz can be tapped across each
numbered a-b terminal pair (compare Fig. 1). Capacitive decoupling for a single frequency via a common capacitor Cp is shown in (a), with the condition that May ~ M3,
~ Ms4. Inductive decoupling strategies (broadband) are shown in (b) and (c), for the case of series inductors and the case of separate windings, respectively.
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inductive decoupling position is the ICN itself, as implied in the last
paragraph of Sec. I1I C 4. Turns on the outer surface of the toroid are
only capable of utilizing integer multiples to achieve a match with
M. However, a slab outfitted with a wire loop can be introduced to
encompass a partial quantity of the magnetic field inside: a loop on
a slab that is inserted into a prepared gap within the toroid. Adjust-
ment of the slabs can be used to fine-tune each channel if the ICN
was prepared with such gaps. The sign can be adapted by inverting
the orientation of the wire-loop. However, the principle remains the
same if it is done with partial fields in the proximity of the DFG.

For our two-channel human-sized system,'' we decided to use
a single common capacitor that carries a peak current of ir; + ir>
(depending on the phase of the Lissajous cycle), introducing the
same voltage as M into each circuit but with the opposite sign. The
common decoupling capacitor Cp is calculated at a single frequency
wp in-between both drive-field frequencies by

1 1
CD szM (ﬂ(fr,z + fr,l ) )2 k\/ LTx,lLTx,Z ' (16)

This narrowband solution is acceptable for our implemented
two-channel system, and the additional ESR introduced by the
decoupling capacitor is small.

IV. METHODS AND IMPLEMENTATION

Guided by the theory to optimize the ICN for a given bound-
ing box, we now describe the implementation and name the changes
to our design that deviate from the stated optimum. We employ
simulations to assess performance in Sec. I'V A, which includes a D-
shaped toroid. They are used to refine our decision on the number of
segments and the type of primary winding. The construction of two
ICNGs is described in Sec. IV B, and the measurement methodology
to analyze the prototypes is given in Sec. IV C.

A. Simulations

Linear circuit simulations are performed with LTspice 17.1
(Analog Devices, MA, USA).°" Simulations of the magnetic field
and the transformer’s impedance matrix are performed using
CONCEPT-II (Institut fiir Theoretische Elektrotechnik, Hamburg
University of Technology, Germany).**

1. Toroid geometry

The CONCEPT-II software is based on the method of moments
(MoMs) that solves electromagnetic boundary or volume integral
equations in the frequency domain.®” It is especially suited for the
numerical computation of 3D radiation and scattering problems.
CONCEPT-II is used in our work to calculate and test differ-
ent toroidal transformer configurations. Input parameters include
the general geometry (distances, shape and size of A, number of
segments N, turns N1 and N, primary winding shape, number
of overlapping layers inside the toroid), while important output
parameters include the impedance matrix Z, 3D field plots, and con-
ductor current densities. A two-port network is used to estimate k
and G via the impedance matrix of the transformer,

7 Zn Zn . Ry +joL1  joM . 1)
Zn Iy joM Ry + jwL,
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Different numbers of segments N are simulated, as well as the cou-
pling between neighboring segments. Stray fields are minimized and
coupling is maximized by looking at different winding options for
Ly (dense vs sparse/distributed), the suited number of turns N,
and the current density in the copper-plates where parallel segments
are joined. Litz wire windings are approximated by a single thin
wire, assuming that the currents are restricted to the direction of
the wire and the copper conductivity of surfaces and wires is set to
0 =58 x 10° S m™". The results of the simulation are used to adapt
the design and finally to compare the expectations with the man-
ufactured prototypes in terms of L, k, n, and G. One simulated
B-field plot is shown in Fig. 4(a) for a number of three overlap-
ping wire layers on the inside. One complete model (four segments)
is shown within the simulation framework in Fig. 1(b), including
copper distribution plates.

2. Circuit analysis

With simulated values for L;, L, k, and resistors as input
parameters, the resonance behavior is analyzed in the schematic
circuit analyzer tool LTspice. A model of the entire HCR is simu-
lated, including the band-pass filter stage, the ICN, and two chan-
nels including crosstalk. Different decoupling strategies are tested
to probe the schematic, based on Fig. 3, and to tune values for
decoupling elements. The input impedance value, Zpim, was also
simulated with LTspice. A simplified LTspice model without the
band-pass is provided in the supplements with two coupled chan-
nels, including the HCR, and approximate values for capacitors and
inductors.

B. Construction of two toroidal ICNs

To weigh the different design decisions of the ICN, we followed
the reasoning of Secs. III and IV A consecutively. The construction
was performed after the simulation, with the probed values for para-
meters L, N, the number of segments N;; = 4 and N, = 6, as given
in Table I, and the chosen dimensions of r; = 4 cm, 7, = 9.2 cm, and
the height / = 8.6 cm for the D-shaped second side. Moreover, we
use the channel frequencies f;,; = 25.699 kHz and f, = 26.042 kHz
with a distance of Af = 343 Hz.

The choice of N = 6 segments for the second channel is owed
to the fact that we implemented a saddle coil (DFG of channel 2),
which requires a higher current than the first channel to meet field
specifications;'! thus, we chose to reduce R,. Due to the fact that Q
remains constant, the increase in gain is caused by the turns ratio n
due to the shift in the ratio of L; to L,. As reasoned in Sec. 111 C 3,
the inductance decreases for a higher number of segments, which
also better fits the lower DFG inductance of the saddle coil to com-
ply with the matching condition of Sec. III D. To further increase
the turns ratio n of the second channel, we chose N1, = 13 instead
of N1, = 12. As a consequence, we were able to use the same sup-
port structure for winding, and both ICNs are of equal dimensions
despite their different objectives. The 3D printed toroidal support
structure of the ICN is made from the high temperature resin RS-F2-
HTAM-02 (Formlabs, MA, USA). Air cooling along the symmetry
axis is installed using shielded fans to prevent impedance changes
caused by insufficient heat dissipation.

A difference between the derived optimal design and the con-
structed ICNs is the ratio of radii ri/ro = 2.3 for the D-shaped toroid.
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TABLE I. Values from simulation (yellow) and measurement (blue) for both constructed ICNs. Bold fonts denote important values.
L/yH  R/mQ N fi'Hz M/pH  Qicen Quer n k G Zpiim/Q Lrx/pH  Rrx/mQ

pri. 6.21 200 12

£ 25699 547 219  90.1 062 054 302 268
— 3 sec. 163 120 436
z
© 4 pi 665 233 12
g 25699 608 215 908 0.63 057 330 326 144 17.2
£ sec. 167 125 436
. pri. 688 200 13
g 26042 409 230 771 094 056 408  27.6
~ B osec. 773 55 624
z
© 4 pi 685 210 13
g 26042 439 220 764 094 060 43.0 311 9.74 10.9
£ sec. 7.8 5.8 6-24

This deviation from the optimum of ri/r, = 5.3 is a compromise to
gain more space for a feasible winding through the center of the
toroid, to reduce the number of inner layers, to increase the air cool-
ing surface, and to comply with a limit on the available construction
height. Basically, we calculated the optimal design to fully utilize the
available construction space height h and then opted to increase r;
while keeping the other parameters constant.

Regarding the primary winding, a dense (localized) winding is
unsuited due to a low k, as reasoned in Sec. I1I C 4. Sparse windings
on a helical path yielded the best results, thereby forming a toroid on
top of the outer surface around the L, toroid, as shown in Figs. 2(a),
2(b), and 7(a).

To minimize AC losses within the conducting material, a silk-
wrapped litz wire of 2000 strands of 50 ym copper (effective copper
cross section of 3.1 mm?) is used for the secondary transformer
winding. The primary winding consists of 400 strands of 50 um cop-
per (effective copper cross section of 0.78 mm?) and is wrapped in a
shrinking tube to increase durability and breakdown voltage. Parallel
segments are connected on a 1 mm thick copper plate (top and bot-
tom), which serves primarily as a distribution platform and connects
parallel litz wires of the HCR and the ICN with a solder connec-
tion. In addition, balancing currents can be equalized on this low
resistance copper plate.

'(a) )
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C. Measurements

Measurements of inductors are performed with the LCR
meter Keysight E4980AL (Keysight Technologies, CA, USA) at the
channel’s frequency. The coupling coefficient of a transformer is
measured by using the short and open circuit inductances® i

m
ke y| 1 - Dliston, (18)
L1|L2 open

Note that L, needs to be sufficiently shorted (more difficult at high
frequencies), and the quality factor of the secondary side should
be Q > 50 for this model to be accurate. A comparison of different
measurement techniques at higher leakage can be found in Ref. 64.
The LCR meter is used for Table I to determine L, the series
resistance R, and k in the measured rows. All other values in these
rows are calculated: M via (5), Qcy via (6) with L and R, of the
same row, similarly Qycg with L and Rs = R, + Rry, 1 via (3) using
the primary and secondary measured L, and G via (7) for each row.
For the simulated rows of Table I, L and M were obtained from the
simulation in CONCEPT-II, and k was calculated via (5) here.

gy n‘.\i -

gy m?
vy )
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FIG. 7. Two ICNs for a two channel MPI system. In (a), the ICN 1 with N5 = 4 segments is shown (primary winding in black), and in (b), the top of the same ICN is shown with
a reference scale in cm (without primary winding). ICN 2 with Ns = 6 segments is shown in (c) after installation. The connecting litz wire of the HCR and the primary winding
are insulated with a black shrinking tube.
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V. RESULTS

We have designed, simulated, and fabricated two ICNs with
fr =25.699 kHz (N = 4) and f,, = 26.042 kHz (N, = 6) for a two
channel human-sized MPI system and integrated both into our
MPI scanner.'! The simulation and measurement results of the final
design are summarized in Table I, and details of the construction are
described in Sec. IV B. Pictures of both constructed ICNs are shown
in Fig. 7.

The deviation between measured and simulated inductances L,
is below 2.5% and below 1% for the first and second ICN, respec-
tively. The measured value for k is about 5%-7% larger than the
simulated value. Therefore, M is also larger in rows 2 and 4, because
its calculation is based on k and L. This results in the measured G
being 9.3% and 5.4% larger for ICN 1 and 2, respectively. Qjcy refers
only to the self-inductance L, and series R, of the secondary trans-
former side, while Qycy is the more important measure that includes
the entire resonant load. Here, Ry = R, + Ry represents the losses
of the HCR and resembles the gain actually achieved. Later current
measurements showed a gain very similar to these values, although
they are marginally lower due to losses of additional connections and
wires (e.g., decoupling capacitors).

The inductors of DFG and ICN are nearly matched for both
channels, as explained in Sec. III D, with Lrx; =144 yH~ L,
=16.7 yH for channel 1, and with L1y = 9.74 uH ~ L, = 7.8 uH for
channel 2. Note that the target input impedance Zrim of (9) remains
for both ICNs at around 30 ), which is the load after the band-
pass filter. In addition, the Q of both ICNs remains constant, with
215 ~ 220 (measured values) for the different segmentations, as
argued in Sec. III C. The increase in G is achieved by the
augmentation of # due to the segmentation.

Due to the non-orthogonal DFG channels, there is a resid-
ual coupling of k=0.062,"" which has serious implications for
both resonators, as described in Sec. III E. The channels were
decoupled by —35 dB using a single common decoupling capac-
itor carrying both currents ir; and ir,. This choice provided
good results with minimal changes to the existing HCR without
introducing a large series resistance and with high temperature
stability.

VI. DISCUSSION

Applications that require highly linear transformers, such as
MP], rely on circuits that do not utilize magnetic materials that satu-
rate. Any harmonic distortion may obscure the weak receiving signal
and degrade the image quality. As a result, air-core structures are
chosen at the expense of increasing component dimensions, which
sets the maximum Q for an available construction volume. In this
study, we present a blueprint for a high-gain linear transformer with
a high quality factor. We formulate an expression for the gain as a
function of mutual inductance, optimize the cross-sectional shape,
employ segmentation to shift the nominal inductance, deduce a pri-
mary winding topology, and incorporate multiple layers to enhance
performance. In the context of the emerging imaging modality
MPI, we establish a matching condition that balances particle sig-
nal and power consumption. Furthermore, we elaborate on various
decoupling techniques for multichannel systems and support our
assessment of the ICN with simulations.

ARTICLE pubs.aip.org/aip/rsi

In terms of human safety, the entire HCR has floating poten-
tials, and component voltages in patient proximity are reduced by
the ICN due to its high current gain that drives the low-inductance
DFG to generate the required MPI drive-field. The symmetric design
of the HCR allows for fundamental filtering at the signal tap but
results in partial received signal attenuation due to the inductive
voltage divider of L, and Ltx. The TxRx topology generally reduces
power consumption by saving space through the elimination of
dedicated receive coils, but consumption is approximately dou-
bled by the ICN. In addition, common decoupling strategies, such
as gradiometric receive coils, reduce the design requirements for
linearity within the transmit chain. A direct comparison in sig-
nal quality between this TxRx topology and a gradiometric receive
topology is currently pending, although other TxRx systems have
been characterized.”!

The presented toroidal transformer blueprint is limited by its
restriction to the quasi-static regime of electromagnetics, where
wave propagation effects are not dominant. In addition, if AC losses
due to proximity effects dominate in the toroid, the D-shape opti-
mization will result in a different shape.”® Parameters given or
assumed in this study, such as frequency or volume, require careful
selection. Q increases linearly with frequency and should be cho-
sen as high as possible, taking into account component voltages,
high reactive power (in resonance),” signal induction, wave prop-
agation effects at high harmonics, required receive bandwidth, PNS,
and SAR limits.”**" " Our decision regarding the deviation of r,/r;
from the optimum was aimed at facilitating the winding process and
reducing the number of stacked inner layers. This decision allowed
the winding of a nearly dense outer layer with two to three stacked
inner layers. Regarding (10) with a given constant area and a linearly
increasing 7., we assume that the deviation from the optimal induc-
tance is small. The copper plates at the top and bottom (nodes of
parallel segments) should be designed to facilitate air cooling of the
inner layers.

A key insight is that the available construction space should
be exhausted, and the quality factor of the ICN benefits from
a large volume, yielding a high gain. Therefore, the construc-
tion volume should be as large as cost, weight, and size factors
will allow. If a lower L, is desired compared to a single wind-
ing on the maximized toroid, segmentation provides the means
to reduce both inductance and resistance at the same rate with a
constant Q. Note that this also increases the turns ratio n, caus-
ing a higher gain G. Independent of geometric choices, the method
of moment based simulation provided accurate results, and the
simulated inductance value deviated less than 2.5% from the man-
ufactured ICNs. Two linear ICNs were built based on our presented
schematic optimization that fed a floating two-channel HCR, includ-
ing crosstalk decoupling, for a human-sized MPI head scanner'' to
fulfill safety precautions on a path toward the clinical integration of
MPIL.

SUPPLEMENTARY MATERIAL

An LTspice simulation (.asc) and a brief guide (.pdf) are pro-
vided in the supplementary material. The simulation includes a
two-channel ICN transmit chain with and without coupling to
investigate HCR behavior and decoupling performance. Its use and
configuration are briefly explained in the guide document.
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APPENDIX: SLIGHTLY DETUNED RESONATORS

Let w; and w, be the channel frequencies of channel 1 and 2,
respectively, and Aw = w1 — w>. Only w; in channel 1 is excited and
we approximate the impedance of the coupled second resonator for
small Aw. R; is the real part of the resistance of channel 2 at reso-
nance. The first order Taylor series expansion of the impedance of
channel 2 yields

Zy(wy + Aw) = Z(w2) + Aw - d%i)m

W

1
=Ry +Awj| L+ —5—
vaoi{t )

=R, +j2Aw L. (A1)

Weinsert L = w%—c which is an expression of the resonance condition
2

Im(Z,) = 0 at w; for a RLC resonant circuit. Here, L is the sum of

all inductances within the circuit. Consequently, we can rewrite (A1)

into

Aw sz)
Z +Aw) = Ra| 1 +j2—
z(wz w) s,Z( ] @ R

= Rs,z(l +j2A—wQ). (A2)
w2

. A . . . . .
With a w—‘: of % and a Q > 200, we obtain a dominating imaginary

part and the equation simplifies to Z,(w> + Aw) » j2AwL.
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7.1

System Characterization of a Human-Sized
3D Real-Time Magnetic Particle Imaging
Scanner for Cerebral Applications

To date, no MPI images incorporating a magnetic tracer material within the human body
have been produced. A major contribution of this work is the conceptualization, implemen-
tation, and characterization of a real-time 3D head scanner and all its individual components
required for safe operation in preparation for human in vivo trials in the near future.

Numerous publications contributed to the construction of the MPI scanner characterized
in this chapter: The development of software is essential, such as the Julia measurement
framework [89] and a flexible stack of RPs [90]. To avoid frequency drifts of the signal
chain, the idea of active heating of the capacitor banks was presented in 2022 [020] and
the bachelor thesis "Development of an Active Heating Control for Resonance Trimming
of Capacitors in Magnetic Particle Imaging" by Vincent Janetschek was completed at our
institute at the TUHH on 20.12.2022, which optimized this approach. Parts of this chapter
were also presented at the IWMPI 2023 conference in Aachen, Germany [021]. First authors
Thieben, Foerger, and Mohn contributed equally to the following work.
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System characterization of a human-sized
3D real-time magnetic particle imaging

scanner for cerebral applications

M| Check for updates

Florian Thieben ® '?°[<, Fynn Foerger'?®, Fabian Mohn ® %, Niklas Hackelberg ® 2, Marija Boberg ® 2,
Jan-Philipp Scheel ® %4, Martin Méddel ® 2, Matthias Graeser®* & Tobias Knopp ® '**

Since the initial patent in 2001, the Magnetic Particle Imaging community has endeavored to develop a
human-applicable Magnetic Particle Imaging scanner, incorporating contributions from various
research fields. Here we present an improved head-sized Magnetic Particle Imaging scanner with low
power consumption, operated by open-source software and characterize it with an emphasis on
human safety. The focus is on the evaluation of the technical components and on phantom
experiments for brain perfusion. We achieved 3D single- and multi-contrast imaging at 4 Hz frame rate.
The system characterization includes sensitivity, resolution, perfusion and multi-contrast experiments
as well as field measurements and sequence analysis. Images were acquired with a clinically approved
tracer and within human peripheral nerve stimulation thresholds. This advanced scanner holds
potential as atomographic imager for diagnosing conditions such as ischemic stroke (different stages)
or intracranial hemorrhage in environments lacking electromagnetic shielding, such as the intensive

care unit.

Human-scale magnetic particle imaging (MPI) has the potential to provide
background- and radiation-free tomographic images, at high temporal
resolution. In comparison, computed tomography (CT) provides high-
resolution images at the cost of radiation exposure and is ill-suited for
reoccurring or long-term monitoring, whereas Magnetic Resonance Ima-
ging (MRI) suffers from limited patient accessibility and lengthy scan
durations. Both modalities come as large and fixed systems, which makes it
challenging to use them in an intensive care unit (ICU). The main challenge
is that patients usually need to be transported, which is not without risks and
requires considerable preparation'. In addition, patients are highly encap-
sulated in MRI systems, making it difficult to monitor their condition’.
These are also the reasons why portable devices such as chest radiographs
and ultrasounds are mainstay imaging modalities in ICUs’. Recently, por-
table MRI systems with low By, fields proved the potential of bedside brain
imaging devices in the ICU**. MPI also has great potential in this direction,
due to its size and compatibility with the ICU environment. MPI brain
images could be acquired inside the ICU, directly at the patient’s bed,
reducing the workload for medical staff, avoiding transport of the patient,
and shortening the time of treatment decisions. As a quantitative and tracer-

based imaging modality, MPI is able to visualize the structure of larger blood
vessels or quantify tissue perfusion with high temporal resolution, among
other diagnostic and therapeutic applications’. The potential application in
ICUs targets neurovascular diseases like ischemic stroke, intracranial
hemorrhage, and traumatic brain injury that require immediate attention
and post-treatment monitoring to evaluate the procedure. More than 17
million cases occur each year worldwide and are a leading cause of death and
disability”®, motivating further research and development.

Currently, MPI is in the process of upscaling’ the preclinical (small
rodent) bore size'*" to match human proportions like the head*'*" or
extremities'’. Images are acquired with high spatiotemporal resolution,
providing background-free contrast information, based on the nonlinear
response of magnetic nanoparticles (MNPs)"” with high sensitivity'*"".
Various combined magnetic fields in the low kHz range allow the spatial
selection and detection of a tracer, such as the established contrast agent
Ferucarbotran from MRI, with up to 46 volumes per second'’. MPI was
shown to be capable of hyperthermia treatment'®', stem cell labeling”,
detection of lymph node metastatsis’', gut bleeding” and lung perfusion
imaging” in murine models, cancer detection™, as well as being useful in

"Section for Biomedical Imaging, University Medical Center Hamburg-Eppendorf, Hamburg, Germany. ?Institute for Biomedical Imaging, Hamburg University of
Technology, Hamburg, Germany. *Fraunhofer IMTE, Fraunhofer Research Institution for Individualized and Cell-based Medical Engineering, Libeck, Germany.
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interventional applications that involve guiding catheters™*® and stent

positioning”. In addition, the MPI tracer can be used as a micro probe for
several external and internal parameters that change the signal response, like
the carrier medium viscosity’® and temperature”. Furthermore, particle
properties like binding state™, the particle core-size’”, or the orientation™,
can be derived and visualized using multi-contrast imaging.

One objective of upscaling MPI scanners is to investigate clinical utility
by evaluating the power required to generate the magnetic fields and by
assessing the realistic resolution and sensitivity of real-time imaging at this
scale. A major challenge is to minimize the scanners power consumption,
especially of the selection field (SF)*, as well as ensuring patient safety in
proximity to high-power components. Our approach encompasses these
conditions and attempts to combine standard-socket power supply, an
unshielded environment and to meet local medical device safety regulations.

In this paper, we describe a human-sized MPI system for brain
applications, and verify its functionality in several experiments using a
clinically approved tracer”. The general scanner concept is based on
Graeser et al’, although many hardware components were replaced,
improved, or re-developed for this version to increase instrumental safety
with a focus on future human trials. A major improvement is the reali-
zation of 3D imaging by using 2D excitation from two orthogonal drive-
field coils (DFCs) and a slow shift of the dynamic selection field to
achieve volumetric sampling at 4 Hz. In this work, we describe and
analyze the full system design and implementation, including our exci-
tation fields and the measured system matrix, as well as characterize the
overall performance of the brain scanner with resolution-, sensitivity-,
perfusion-, and multi-contrast experiments.

Our work represents a substantial step towards the clinical application
of MPI and may pave the way for monitoring neurovascular diseases within
the ICU. The scanner system described is suited for end users, with an
adaptable and interactive graphical user interface (GUI), an open-source
reconstruction framework, and redundant safety mechanisms, that facilitate
performing MPI scans and the live inspection of results. We elaborate on all
system components, explain how the magnetic fields are generated, provide
insight into our custom signal receive chain, and characterize the imaging
performance using the system matrix approach.

Results

System overview

The presented MPI brain scanner is captured in an image in Fig. 1a, and a
schematic block diagram is depicted in Fig. 1b. The scanner can be classified
into four main parts: operational control (subsubsection “Operational
control”), field generation (subsubsections “Field generation and reception,

(b)

signal
generator

Selection-field generation, and Imaging sequence”), signal reception (sub-
subsection “Signal reception”), and data processing (subsection “Data
processing”), which are briefly introduced in this section for an overview.

The operational control is tasked with coordinating signal generation
(digital-to-analog converter (DAC)) and reception (analog-to-digital
converter (ADC)). The system devices are driven and coordinated by a
collection of open-source software’®”’. The combined software stack rea-
lizes a framework, which is adaptable and scalable to many different MPI
applications. The framework accepts user inputs via a command line
interface, and, more conveniently, via a GUI (https://github.com/
MagneticParticleImaging/MPIUL,jl), that allows different types of mea-
surements to be started, paused, aborted, or stopped. Also, it enables live
displaying and analyzing measurement data and controlling and mon-
itoring system devices such as temperature sensors or robots. The acquired
MPI signals are stored in the open MPI data format (MDF)*. Another part
of the operation control is a surveillance unit (SU) for monitoring, based on
the micro-controller board Arduino Mega 2560 Rev3. It processes sensor
data, controls the state of signal relays, and communicates via analog pins
with amplifiers, temperature units, and control units, as well as serial
communication with the operational software. Some functions, status
information and relays are routed to a hardware user console, placed with
the human operator, allowing interaction via buttons to activate or deac-
tivate key parts of the system at will.

Field generation is initiated by four DACs, which generate two drive-
field (DF) signals and two signals for the dynamic selection field. The DF
signal of each channel is connected to a floating transmission chain with a
5th-order band-pass filter that powers the drive-field generator (DFG) via
an inductive coupling network (ICN). The DFG is responsible for 2D field
excitation in the xz-plane (5, 4 mT) and forms a high-quality-factor reso-
nator that is designed to carry high currents at low voltage (referred to as
high current resonator (HCR)). The ICN is a toroidal transformer that
serves three purposes, high current gain, circuit symmetry, and floating
potentials to increase human safety. The dynamic selection field is generated
by the selection-field generator (SFG) with two coils mounted on an iron
yoke inside a copper cabin, identical to this part of the setup in ref. 8.
Identical 10 A coil currents generate a 0.24 Tm ™' gradient field with a field-
free-point (FFP) in the center of the field of view (FOV). By varying these
currents, the FFP is moved along the y-direction to create a large nominal
3D FOV (84 x 85 x 67 mm’). The dynamic selection-field current wave-
form can be chosen to be sinusoidal, or in our case, triangular, for a constant
shifting motion with a 4 Hz imaging sequence. This principle is shown in
Fig. 1c and explained along with all mentioned fields in more detail in the
subsection “Field generation and reception”.
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Fig. 1 | General setup of the Magnetic Particle Imaging (MPI) brain scanner.

a Front view photo with the drive-field generator (DFG) in a white 3D-printed
housing. b Schematic overview of the entire scanner using a flowchart that illustrates
the key system components and their interactions. The digital-to-analog converter
(DAC) and analog-to-digital converter (ADC) for signal generation and acquisition

-

are realized by a stack of three RedPitaya STEMlab 125-14. ¢ Rendering of the DFG,
including the selection-field generator (SFG), which is an iron yoke that creates the
dynamic selection field. Individual closed (ideal) 2D Lissajous trajectories are
visualized in the xz-plane, that are shifted in y-direction.
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Signal reception is realized with a gradiometric receive coil for feed-
through suppression in the x-direction and a saddle coil in the y-direction.
Given that both DFCs are orthogonal to the y-direction, this channel is not
required to suppress high feedthrough signals by gradiometric turns. Both
receive coils are connected to a symmetric fourth-order band-stop filter,
transferred to single-ended signals via a balun transformer matching a
single-ended custom low noise amplifier (LNA). Signals are then transferred
differentially towards the ADCs, which are configured with a receive
bandwidth of 976.56 kHz. Furthermore, two more signals are passed to the
ADC:s for feedback during the control step at the beginning of measure-
ments, that automatically scales the transmit channel currents to match the
desired DF strengths.

Data processing describes image reconstruction and further processing
steps in the case of perfusion images. For image reconstruction, the
system matrix approach is used, implemented by the open-source
MPI reconstruction framework™. The measured data can be interpreted
as multi-patch data corresponding to the selection-field shifts, or as a 3D
single-patch dataset. We use a Kaczmarz-solver, system matrix over-
gridding (interpolation), L*-as well as L'-regularization, background sub-
traction, and frequency selection to obtain images (see subsubsection
“Image reconstruction” for details). These are presented for different
experiments with individually tuned reconstruction parameters in the
subsection “System characterization”. Perfusion images are calculated based
on reconstructed 3D volumes that are filtered and processed to obtain the
time-to-peak (TTP), mean-transit-time (MTT), relative cerebral-blood flow
(rCBF), and relative cerebral-blood volume (rCBV). The definition and
details on the implementation can be found in the subsubsection “Perfusion
image calculation”.

System characterization

To evaluate the performance of the developed MPI brain scanner and its
characteristics, several experiments were conducted. We start with a low-
level evaluation of the scanner and first study the generated drive field and
selection field by using appropriate field measurements. In the next step, we
perform an analysis of the acquired system matrix S, which allows to derive
and predict the imaging performance, independent of specific phantoms.
Then, the imaging performance is analyzed at the phantom level using
simple sensitivity and resolution phantoms and later also using an
application-relevant dynamic perfusion phantom. Finally, the suitability of
the scanner for multi-contrast imaging is demonstrated.

Field analysis. The image quality of an MPI scanner is closely linked to
the FFP trajectory, which in turn depends on the homogeneity of the
drive and selection field. For the presented MPI scanner, the DFG is
located in close proximity to the copper shielding of the selection-field
generator (see Fig. 1). Hence, the drive field generates eddy currents
inside the copper shielding, which in turn influences the field profile of
the DFCs. For the selection-field coils, the cross-section area is relatively
small compared to the distance between the coils, which leads to field
inhomogeneities.

To obtain the actual imaging trajectory, the field profiles of the drive
and selection fields can be represented as a spherical harmonic expansion by
measuring a few points on a sphere rather than using a Cartesian grid
interpolation, as reported by ref. 40. A 1D transmit sequence (0.248 s) at a
defined DF amplitude of 5 and 4 mT was used to measure the x- and z-drive
field. The dynamic magnetic fields were determined using a calibration
robot with a mounted custom 3D coil sensor, with 86 measurement posi-
tions of a spherical 12-design'""". Due to the x-receive coil turns at the front
of the DFG, the FOV center and, thus the sphere center are shifted by 23 mm
in x-direction from the geometric DFG center. In addition, these mea-
surements were used to determine the fundamental total harmonic dis-
tortion (THD) of the drive fields”. The amplified and filtered DF signal
induced into the coil sensor exhibits a THD of 0.0669% and 0.127% for the
x- and z-channel, respectively. Regarding the selection field, the field of each
coil was examined individually. Due to soft-iron-induced saturation

behavior, a list of 2, 4, 6, 8, 10, 12, and 14 A DC currents was set to measure
the magnetic field at 36 positions of a spherical eight-design* using a three-
axis high-sensitivity Hall-effect sensor with a three-channel gaussmeter
(Model 460, Lake Shore Cryotronics, Inc., USA). This measurement allowed
the adjustment of the relationship between current, gradient strength, and
FFP position”. In Fig. 2, the field profiles for the x- and z-drive fields are
shown in the top rows. Field inhomogeneities become stronger towards the
edges of the FOV.

The selection field for identical 10 A currents in both coils is shown in
the third row of Fig. 2. The largest gradient is observed in the y-direction,
reaching 0.24 Tm . In comparison, the gradients in the x- and z-direction
are half as strong, measuring —0.12 Tm™". In the bottom row of Fig. 2, the
2D Lissajous trajectory is shown in the xz-plane for defined selection-field
offsets of patches 3,22, and 33. The trajectory is sampled by marking the FFP
after the superposition of all three magnetic fields for certain time points. For
visualization, the density of the trajectory is adapted by changing the fre-
quency ratio to 12 In the background, the selection field of each patch is
shown in the xz-plane. From the measurements, the calculated 3D DF FOV
spans a volume of 83 x 80 x 73 mm’.

System matrix analysis. In the next step, the imaging performance of
the scanner is analyzed by studying a measured system matrix, which
will later also be used for image reconstruction. The system matrix was
acquired using a robot-based approach with a cubic 200 pL §-sample
filled with Resotran (b.e.imaging GmbH, Germany) in a concentration
of 8.5mggmL™" (152molL™") to prevent magnetic dipole-dipole
interactions*’. The sample was shifted to 15 x 15 x 11 positions cov-
ering a volume of 140 x 110 x 100 mm?, and at each position, one full
3D sequence (0.248 s) was applied. For later background subtraction
and SNR analysis, 12 empty measurements after each xy-plane were
performed by moving the sample with the calibration robot outside
the scanner bore. During the acquisition, the DF feedback was tracked
and the observed amplitudes and phases showed a standard deviation
of below 0.4% over the 2491 measurements. All signals are considered
in frequency space, which is common in MPI since it allows for
direct filtering of interfering signals like the signal induced by the
drive field.

The measured system matrix can be interpreted in two different ways.
First, since the FFP movement induced by the selection-field generator is very
slow, the data can be interpreted as a multi-patch dataset, where the 2D
Lissajous trajectory (xz-plane) is slowly shifted to M, = 85 positions along the
y-axis. One can thus expect that the system-matrix patterns are just shifted in
space, which was shown for idealized magnetic fields by refs. 45, 46. The
measured system matrix considering this multi-patch processing is illustrated
in Fig. 3. Shown are frequency patterns i.e., system matrix rows reshaped on
the 3D grid at frequencies f}F = kA}VIP where A}VIP = qr ~342.654 Hz is

cycle

the frequency spacing derived from the 2D Lissajous sequence length TMF

cyde™
2918 ms and k € IN is the frequency index. The index k can be expressed
using the mixing factors m, and m, as k,, ,, = m.M, + m M, where

M, :fEFTgfle =76 and M, :f?FTxfle =75, see ref. 47. The figure

shows on the left selected frequency patterns ((f, m,, m,) € {(51.4kHz, 2,
0), (102.8 kHz, 4, 0), (155.22 kHz, 3, 3)} of the x-receive chain and on the right
of the y-receive chain. Each pattern is visualized using an iso-surface ren-
dering (lower left) and three orthogonal slices (upper left: xz, upper right: yz,
lower right: xy) where the dotted line indicates the slice position. The
complex-valued colormap encodes the amplitude in the saturation and the
phase in the color®. In the middle part of the figure, the mean SNR over all
patches is shown as a function of frequency. To illustrate both, the global and
the local SNR progression is plotted for different frequency ranges. The lower
part of the figure shows a 3D iso-surface rendering of frequency component
102.80 kHz combined with the actual FFP trajectory derived from the mea-
sured fields for the three considered patches. The measured system matrix
shows the expected wave-like structure in which the number of extrema
depends on the mixing factors”. For m, =3,m, =3 one can see oscillating
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Fig. 2 | Field analysis of the magnetic field-generating coils. The field-generating
coil setups are shown with the measured corresponding magnetic field profiles and
an illustration of the respective planes. The drive field of the x- and z-channel and the
selection field are plotted individually. All fields were measured on a sphere utilizing
a three-axis field sensor within the actual setup. For better visualization, the copper
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shielding between selection-field coils and drive-field coils is not shown. With
respect to the entire field generator, the drive-field trajectory of patches 3,22, and 33
is displayed in the xz-plane, while the background features the corresponding
selection field shifted in the y-direction. For visualization, the frequency ratio is
adapted to 1¢ and the system matrix field of view is outlined in red.

patterns in x- and z-direction, which shows that the sequence spatially
encodes both directions. When considering the patch movement, it is clearly
visible that the frequency patterns are shifted when the FFP sweeps slowly in
the y-direction. However, slight distortions of the patterns are observable,
which are caused by field imperfections and violate the true shift-invariance of
the system.

Next, we consider the system matrix not as a multi-patch dataset but as
a single-patch dataset. This is possible because there are no temporal gaps in
the sequence, and thus the sequence can be considered to be 3D with fast
FFP movement in the xz-plane and slow FFP movement in the y-direction.
In turn, the sequence time increases to Ti;’de =M, Txfle ~248.06 ms and
the frequency spacing in turn decreases to 4.031 Hz. This means that the
single-patch spectrum contains much more frequencies (factor M,) but that
the patch-encoding dimension is lost. This is illustrated in Fig. 4, which now
shows in the SNR plot a signal with two levels of sub-bands. The SNR is
slightly higher compared to the multi-patch case since an implicit averaging
takes place when applying the Fourier transform to the longer time interval.
In the single-patch case, the signal occurs at frequencies f;’ = kA and the
frequency index k can now be expressed as k = m,, 4+ M, (m. M, + m_M,)
where m,, is now a new mixing factor that encodes the finest level of fre-
quency shifts. The upper part of Fig. 4 shows selected frequency components

for various mixing factors sampling different sub-bands of the frequency
space. Again, the expected wave-like patterns are visible, but this time the
patterns do not only surround the trajectory plane, but cover the entire FOV
and also show oscillating structures in the y-direction. The lower part of the
figure shows the frequency component 102.7 kHz of the x-receive chain in
combination with the full 3D FFP trajectory from three different angles. One
can again see that both the system matrix pattern and the trajectory are
rotated within the xz-plane due to field imperfections.

Sensitivity and spatial resolution experiments. To determine the
sensitivity of the MPI scanner, we implemented the protocol using three
different spatial positions developed in ref. 16. First, a dilution series of
the tracer Resotran was prepared with 50 uL samples inside 200 pL
Eppendorf tubes and ascending iron mass between 4 and 512 pg.
Applying one full 3D sequence (0.248 s), eight samples were measured at
three spatial locations each, positioned along the y-axis. This facilitates a
distinction between the sample signal and reconstruction artifacts. The
reconstruction results are shown in Fig. 5a for several iron masses. The
spatial position can be resolved down to 8 pg iron. At 4 pgiron, a blurred
dot can be seen, but its position does not change for different sample
positions indicating that the seen dot is caused by the system background
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Fig. 3 | Measured system matrix considering a multi-patch processing. a Selected
frequency components for the x-(left) and the y-(right) receive channel. Each 3D
frequency component is visualized by plotting three orthogonal slices and an iso-
surface rendering of the magnitude. The slice position is indicated as a white dotted
line, while the frequency component is shown for three different patch positions
(p €1{3, 22, 33}). b Signal-to-noise ratio (SNR) of the system matrix rows as a
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function of frequency. The SNR is visualized in a hierarchical fashion using two
different nested frequency ranges, which are indicated by light green boxes. ¢ 3D iso-
surface rendering in combination with the actual field-free-point trajectory for the
considered patch and one selected frequency component. Here, the color encodes
the time within the full imaging sequence.

and not by the sample itself. Thus, the detection limit of the scanner is
reached at 8 pg iron.

For quantitative analysis, a post-processing step sums the recon-
structed particle concentration within the mask around the sample position
and multiplies it by the iron mass of the system matrix §-sample. The results
are shown in Fig. 5b. At higher iron mass, the reconstructed iron content
matches the applied iron content. For lower iron mass, below 32 g, the
reconstructed particle concentration becomes smaller than expected.

To assess the spatial resolution, a 200 puL §-sample of Resotran with
8.5 mgg.mL ™' (152 mol L") iron was placed in the FOV center. A second,
identical §-sample was mounted on a rod, which could be positioned by a
calibration robot. The latter was moved directly next to the centered sample.
After imaging using the 3D sequence (0.248 s) without frame averaging, the
edge-to-edge distance was increased by 0.5 mm until reconstruction could
discriminate the two samples. This procedure was performed for all three
main axes. For better reconstruction results, the system matrix grid was
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nested frequency ranges, which are indicated by a light green box. ¢ For one selected
frequency component, the 3D iso-surface rendering in combination with the actual
field-free-point trajectory, viewed from three different angles, is shown. Here, the
color encodes the time within the imaging sequence.

interpolated to 25 x 25 x 19. The image signal was summed up over three
voxels inside a mask around the direction of interest to generate profile lines.
The reconstruction was defined to be resolved if the profile line dropped
below half the maximum in the middle between the two samples. In Fig. 5c,
the resolved reconstructions are shown for a half and quarter maximum
criterion for all the directions. Additionally, the profile lines are shown in the

reconstructed images. With the half maximum definition, the best spatial
resolution is found in the y-direction with 6.7 mm, followed by 11.2 mm in
x- and 31.2 mm in z-direction.

Dynamic perfusion experiments. For the analysis of volumetric ima-
ging at high temporal resolution, we used a flow phantom filled with glass
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view, while the other was moved by the calibration robot to defined positions with
increasing distance (0.5-mm steps). Images were recorded using the 3D sequence
with dedicated x- and y-receive channels, and reconstructions are based on a single
frame (one average) with an interpolated grid 25 x 25 x 19. The spatial resolution
was considered successful when the profile line in the middle between the two
samples dropped below the half maximum (white line). Results for a quarter max-
imum criterion are shown as well.

spheres and bolus injections of Resotran. The phantom in this experiment
is similar to the one developed by ref. 8. It consists of two tubes with a
volume of 50mL each, filled with 1 mm diameter glass spheres to
simulate capillaries within the tissue. Two rods are placed inside the tubes
with evenly distributed holes facing opposing directions, as shown in
Fig. 6 on the top right. The tubes represent the two hemispheres of the
brain and each tube is connected to a peristaltic pump, which uses suction
to deliver an adjustable flow rate that is independent of the other hemi-
sphere. Five experiments were conducted with different average flow
rates: While the flow rate in the right hemispheres remained constant at
100 mL min~', 0, 25, 50, 75, and 100% stenosis was obtained for the left
hemisphere by reduced flow rates. Prior to experiments, the overall flow
rates of outlets A and B were precisely matched by independent reference
experiments to compensate for pressure differences. Applying the 3D
sequence (0.248s), each experiment was measured over 150 frames
(37.2's) and a 100 pL bolus of pure Resotran (28 mgg.mL™") was admi-
nistered. For imaging, the same 3D sequence was used for the sensitivity
and resolution experiments, which is described in detail in the sub-
subsection “Imaging sequence”. During the perfusion measurements, the
observed drive field showed a standard deviation below 0.3% over the 150
consecutive frames without additional control steps. The data processing
is divided into a reconstruction step, described in the subsubsection
“Image reconstruction”, and a post-processing step that is built upon the
reconstruction results and yields different perfusion parameters, as
described in detail in the subsubsection “Perfusion image calculation”.
For the reconstruction, the system-matrix grid size was interpolated to
N=n,xn,xn,=25x25x18 voxels. The reconstruction results
revealed that the relevant data for the post-processing step ended
after t=25s.

The results are illustrated in Fig. 6. They indicate that fast dynamic
imaging is feasible and different levels of stenosis can be detected and dis-
tinguished through calculated perfusion maps. Throughout the referenced
figure, a transversal 2D slice is shown, and its relative position is indicated in

the picture of the phantom on the right side. This slice is exemplary for the
entire 3D tomogram. The time response graphs in the leftmost column
show reconstructed data for voxel A and B, prior to Hann-filtering. Post-
processing produced the 3D TTP, MTT, rCBF, and rCBV maps, and the
definitions of each perfusion parameter are sketched above each column. In
the case of stenosis, the flow suppression is visualized by a delayed signal
peak in the TTP map and an increasing transit time in the MTT map (dark
colors). Relative blood flow and volume decrease with the severity of the
stenosis, which is revealed by lighter colors and a smaller area of outlet A.
The decreasing area can be attributed to the threshold mask, which elim-
inates values below 10% of peak intensity. Slight differences in MTT or
rCBV in the case of equal flow rate (0% stenosis) are caused by variations of
the phantoms, their filling, and air cavities, which all influence the internal
flow. The entire set of four perfusion parameters reveal not only changes due
to the stenosis, but also the increments of these changes become visible in
each perfusion map.

Multi-contrast experiments. To demonstrate the ability of multi-
contrast imaging within the MPI brain scanner, a simple two-dot phan-
tom and two different tracers were chosen. The §-samples of Resotran and
synomag (micromod Partikeltechnologie, Germany) contained 200 pL
each with an iron concentration of 8.5 mgg.mL ™" (152 mol L ™). For this
proof-of-concept, applying the 3D sequence (0.2485s), two system
matrices were recorded in the xy-plane on a 15 x 15 x 1 grid with a system
matrix FOV of 140 x 110 mm’ in x- and y-directions. The §-samples were
used for the imaging experiments, mounted on a 3D-printed platform,
and inserted by a calibration robot into the center of the scanner. The
imaging sequence was the same as in all other experiments above. A single
frame was recorded and reconstructed, using background subtraction.
Reconstruction followed the protocol described in the subsubsection
“Image reconstruction”, with the only difference that two measured sys-
tem matrices are passed to the Kaczmarz-solver to separate the signal
contributions of each tracer sample’.
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Fig. 6 | Perfusion experiment for fast dynamic imaging. b Two cylinders represent
the left and right hemispheres of the brain. Each 50 mL cylinder is filled with 1 mm
diameter glass spheres. Inside the cylinder is a perfusion insert with two perforated
rods, one connected to the inlet (orange) and the other connected to the outlet (blue).
They contain multiple holes on opposite sides to mimic tissue perfusion. a Perfusion
parameters after bolus injection are visualized for the transversal yz-slice, that is

depicted throughout the reconstructed images. The bolus contained 100 pL of pure
Resotran (28 mgg.mL™"). The measurements were acquired with the 3D sequence.
Different levels of stenosis in 25% of steps were simulated by using two independent
peristaltic pumps, connected to one output each. The suction was regulated to match

a flow rate of 100 mL min~" for the healthy brain half (on the right in each case). For
the highlighted voxels A and B, the time responses of the normalized concentration
are shown. From the data of the time responses, TTP the time-to-peak, MTT mean-
transit-time, rCBF relative cerebral-blood-flow, and rCBV relative cerebral-blood-
volume perfusion maps were calculated. These calculations are based on the max-
imum peak identification, on the full width at half maximum (FWHM), on the
gradient (grad), and on the area under the curve (AUC). The rCBF and rCBV were
normalized to the maximum value in the imaging volume. All time data were shifted
to the arrival time of the bolus.
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Fig. 7 | Multi-contrast experiment, using Resotran and synomag. The two -
samples (200 pL each, 8.5 mgz.mL™") were separated by a distance of 50 mm. The
image was recorded using the 3D imaging sequence with x- and y-receive channels,
and the reconstruction is based on a single frame (one average). In x-direction, the

Synomag picture of the 2-dot phantom

Synomag
Resotran

field of view size is 140 mm, while in y-direction, it is 110 mm. For each tracer
channel (system matrix), the signal intensity is normalized individually. However,
the MPI-tailored tracer synomag has a stronger particle response. Overall, the
separation of the tracer samples was successful.

The resulting concentrations for both reconstruction channels are
shown in Fig. 7, along with a picture of the phantom. Both §-samples are
correctly depicted in their respective channel and spatially separated. In the
synomag channel, a residual signal from the Resotran sample can be
observed. However, this channel leakage is small compared to the intrinsic
signal of the synomag sample.

Discussion

In this study, we investigated a human-sized MPI brain scanner
designed to provide 3D imaging with high spatial resolution, 4 Hz
temporal resolution, and with a focus on enabling the detection of
neurovascular diseases. We achieved a resolution of 12 mm in x-, 7 mm

in y-, and 31 mm in z-direction using the clinically approved Fer-
ucarbotran tracer Resotran. Moreover, our scanner was able to detect an
iron dose down to 8 pg. Perfusion experiments were performed and
images reveal that five levels of stenosis (25% increments) can be dif-
ferentiated. Furthermore, we were able to discriminate Resotran and
synomag within the same FOV in multi-contrast images. Instru-
mentation safety was a major focus in the design and implementation of
the transmit- and receive chains, as well as obtaining a 3D imaging
sequence that samples a 480 mL volume. The scanner can potentially be
used in an ICU due to its manageable total power consumption of less
than 4kW and its robustness to electromagnetic interference in an
unshielded environment.
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Imaging capabilities

The spatial resolution of an MPI system is an elaborate interaction of
gradient-field strength and drive field”, imaging sequence’', magnetization
response of particles”, and the receive chain”. All measurements were
obtained at a DF amplitude of 5 mT in x- and 4 mT in z-direction, with a
gradient strength of 0.24 Tm™ in y-direction (measured in the FOV center).
Despite being orthogonal to both DF directions, the best spatial resolution of
7 mm was found in the y-direction. It benefits from a stronger gradient
strength, the dedicated receive coil, and the multi-patch excitation sequence.
The x-direction benefits from being aligned with one of the DF directions
and a dedicated receive coil, but we observe only about half the gradient
strength. This culminates in a spatial resolution of 12 mm. Due to the lack of
a dedicated receive coil and the same gradient strength as in x, the spatial
resolution in the z-direction is inferior at 33 mm, although it aligns with a
DF direction. In terms of sensitivity, a dilution series measured at different
positions was required. In contrast to other imaging modalities, noise in
MPI can lead to structured image artifacts. For low iron amounts, super-
imposed noise in combination with strong regularization parameters for the
reconstruction algorithm, structured image artifacts structured image arti-
facts may occur'®.

Compared to the previous version of the head scanner”, we reached a
detection limit of 8 g, whereas the old limit was 2 pigg.. However, this does
not imply that the redesign has a lower sensitivity by a factor of 4, since a
direct comparison does not prove to be feasible due to the differences in the
experimental configuration and particle system. The reasons for an expected
reduction of the sensitivity and spatial resolution are the topology of the
imaging sequence that samples a 3D volume in the current version instead of
a 2D slice. On the other hand, our new imaging sequence is only half as long,
and the signal intensity of the tracer Resotran is lower than perimag
(micromod Partikeltechnologie, Germany), which implies that the actual
sensitivity difference is lower.

The dynamic perfusion experiment takes full advantage of the tem-
poral resolution of 4 Hz and its 3D imaging capability. Setting realistic flow
rates of 100 mL min ™", we were able to visualize a bolus passing through our
perfusion phantom™. In terms of temporal resolution, we calculated four
different perfusion parameters in five different levels of stenosis. The spatial
resolution of our scanner is sufficient to separate the left and right brain
hemispheres in all experimental settings. However, the resolution required
to image the cerebral vasculature (brain angiography) is not yet achieved. In
a clinical scenario, the size of this bolus would need to be increased, due to
the amount of blood delivered to the brain from an intravenous bolus
(fraction of 15 to 20%™’). Assuming a fraction of 20%, the amount of
administered boli would be restricted to about 3 per prefilled vial (1.4 mL),
although limitations depend on body mass and metabolism™**. A plausible
long-term monitoring scenario would require a larger number of admin-
istrable boli, to facilitate interventions and evaluate treatment success
afterwards. To increase the number of boli, we could reduce the bolus
concentration, as the ability of perfusion parameter calculation is likely
possible for lower signal strengths of the time response curves. A specifically
tailored MPI tracer, which could be clinically approved in the future, would
increase the measurement signal leading to a lower iron dose per bolus. A
complementary approach could make use of negative boli to increase the
total number of administrable boli®.

Multi-contrast imaging was performed utilizing the clinically approved
tracer Resotran and the MPI-tailored tracer synomag. For this proof-of-
concept, we used 200 pL samples at a concentration of 8.5 mgg.mL ™
(152mol L") and a single measurement without averaging. We observe
minor channel leakage in the multi-contrast tomogram, which is typical for
multi-contrast imaging”'. In general, the underlying phenomena for the
observed channel leakage in multi-contrast imaging needs to be further
investigated. However, localization and discrimination of both samples was
successful and has the potential to provide additional information like
temperature in hyperthermia®”".

All experiments in this work have been performed at least twice to
ensure reproducibility. Qualitatively, no significant difference could be

found. The system-characterizing values obtained from the experiments are
given without an accuracy estimate, but provide a good estimate of the
corresponding order of magnitude. Future applications can use the high
frame rate of the scanner to aggregate and statistically evaluate the
acquired data.

Reconstructions of the presented results were performed retro-
spectively on the stored measurements. However, the operational control
and data processing software makes it possible to reconstruct online.
Although the software is not yet optimized for this use case, the GUI is able
to perform online reconstruction with a latency of less than one second
between signal acquisition and image visualization. Further latency reduc-
tion could be achieved by accessing the measurement data earlier in the
processing pipeline and by adapting additional methods from ref. 58.

Common to the imaging sequence of the current and old scanner
version, is the combination of a slow selection-field shift in y-direction with
fast orthogonal DF excitation. The old scanner used a 1D drive field in the x-
direction, which results in an imaging trajectory that samples a 2D FOV in
the xy-plane at 2 Hz. In contrast, the current design uses a Lissajous-type DF
excitation in xz-plane, sampling a 3D FOV (480 mL; the volume of an adult
human brain is about 1200 mL”) at 4 Hz. We note that both sampling
trajectories are redundant by a factor of two since they contain a sweep along
the positive and negative y-direction. This yields the potential to increase the
frame rate by a factor of two when reconstructing the two halves inde-
pendently, as has been proposed by ref. 60. A major improvement of the
redesign is the extension of the FOV to a 3D volume, sampled at twice the
frame rate, which is a leap towards imaging the entire human brain. Pro-
totypes of multi-coil iron core selection-field generators are in development,
that further enlarge the FOV and extend the space of feasible imaging

sequences”®.

Device safety

The presented scanner in this work uses the same selection-field yoke as the
prior version by ref. 8, however, all other major hardware components (the
DFG, ICN, HCR, transmit, and receive chain) were redesigned for this
scanner upgrade to achieve 3D imaging and focus on human safety. To this
end, the limitation of high voltages in the vicinity of the imaging volume and
the implementation of an independent surveillance unit were key concerns.

On a path toward human trials, safety concerns and regulations
regarding the specific absorption rate (SAR), peripheral nerve stimulation
(PNS), and conductors in patient proximity influence the scanner design,
and imaging sequence and limit maximum magnetic field strengths. The
SAR limitations in the head are given with 3.2 W kg™ for the chosen DF
frequencies in the kHz range””. However, for sinusoidal electric fields
below 100 kHz, PNS concerns prevail and are the limiting factor for alter-
nating field strengths” . Heeding PNS limitations, the maximum DF
amplitude was set to 5 mT, which is realistic for human trials**””. Compared
to MRI gradients, the maximum slew rate of the dynamic selection field
(=24 Tm's™") is very low and below the risk threshold for PNS*®. In MR],
all ferromagnetic components must be excluded from entering the scanner,
including pacemakers, mechanical ventilators and oxygen cylinders'.
Potentially, this does not apply to our scanner, due to the confinement of
high magnetic fields within the head region only. Further investigations on
specific device compatibility are required.

Electrical safety regarding shock and discharge, are mainly addressed
by reducing the inductance of the DFG. The necessary power to obtain the
same fleld strength is thus provided by a high coil current, which creates a
maximum voltage of 535 V (240 A at 5 mT, 14.4 puH) that is a reduction of a
factor of about 4 compared to the previous version of the DFG®., To achieve
the capability to conduct around 300 A with Litz wire, we used Rutherford
wire parallelization in both DF coils, which also minimizes the proximity
effect. Moreover, the polyamide housing of the DFG provides dielectric
isolation and increases breakthrough voltage between DFG components
and the patient. Due to the ICN, the entire HCR obtains a floating potential,
which implies that touching a single exposed point of the circuit is not a
hazard, because residual leakage currents towards the ground, e.g., caused by
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capacitive coupling, are below 20 mA”’. Thus, the insulation would have to
fail at two separate points simultaneously, and both would have to make
contact with the patient to create a dangerous voltage drop across the body.
The operational control of the scanner is implemented with multiple safety
mechanisms, features an independent monitoring of relevant metrics, and
has the ability to intervene in signal generation. For example, the SU is
capable of disabling the transmission chain in the event of overheating. The
same applies to the resonant tuning heating unit. An active imaging phase is
only entered if no unexpected DF feedback is observed. Unintended high DF
levels due to incorrect inputs or component failures are prevented by the
chosen operating point at the upper power limit of the amplifier. In addition,
the resonant transmit chain is frequency-specific and unexpected waveform
changes or detuning of components in the transmit chain will reduce the
power in the DFG. Finally, a human operator can use a hardware console to
disable parts of the system at any point.

It should be noted that only phantoms were used in the studies pre-
sented. However, the corresponding measurement parameters were care-
fully chosen to be reasonable for future studies in humans. Ultimately,
conclusive assertions concerning safety and tolerability in humans can only
be made after animal or human studies”".

Hardware implementation

The design concept for signal generation and reception, includes a sym-
metric approach to enable simultaneous signal generation and reception””,
called send-receive approach (TxRx). This utilizes a pick-up node within the
HCR that is sensitive to the voltage signal induced by the particle magne-
tization response, while suppressing the excitation voltage. The imple-
mentation of this approach requires an ICN as one fundamental part. If built
symmetrically with a similar serial resistance of the inductor to the DFG,
twice the power is required to match the field generated by a single reso-
nance circuit, limiting the maximum DF amplitude of the TxRx approach.
In addition, the complexity of the send-receive chain increases, leading to a
high susceptibility to disturbances generated within the HCR (e.g., from
connections and eddy currents). In our case, the received signal acquired by
this approach was inferior to the received signal of a dedicated receive coil,
which is able to suppress signal distortions”, justifying the utilization of the
dedicated x-receive coil for this channel. A dedicated receive coil in the z-
direction has not yet been developed due to the laborious design and
intricate tuning process required for the cancellation coil. Due to the DF
saddle coil, the magnetic field profiles in z have only a small homogeneous
area, and coupling to other channels becomes an issue.

The sampling trajectory originates from a superposition of the slowly
varying selection field and the fast-oscillating drive field. The arising FFP
movement follows a trajectory, which samples the FOV and ideal MPI
systems try to generate homogeneous and orthogonal drive fields with a
linear selection field. However, to achieve low field imperfections, large coils
are required that are less energy efficient. Restrictions of design space, power
supply, and coil coupling™ within the DFG of our scanner cause noticeable
field imperfections, as shown in Fig. 2, that deviate from the ideal field.
Especially towards the edges of the coils, field imperfections are severe and
cause a deformation of the Lissajous-type trajectory in all spatial dimen-
sions. Our magnetic field measurements contain systematic uncertainties
due to errors in coil sensor size and orientation. Consequently, they can only
shear and rotate the resulting trajectory, and the observed deformations can
be attributed mainly to the imperfections of the magnetic fields.

Conclusion and outlook

We have performed a comprehensive system characterization of a 3D
human-sized MPI scanner for real-time cerebral applications. The perfusion
experiments conducted provide a proof-of concept that the discrimination
of brain hemispheres and different severities of stenosis are possible. This
will allow us to better assess which clinical application scenarios are feasible
in the future. For example, MPI trials for the ischemic stroke scenario in
human volunteers may soon be possible using the Resotran tracer. Tailored
MPI tracers, such as perimag and synomag, with future clinical approvals,

promise to increase system performance in sensitivity and spatial resolution
and further expand the range of applications.

Methods

Field generation and reception

This section provides a detailed presentation of all scanner components and
introduces the concept of how they interact to obtain MPI measurements.
Beginning with the generation of magnetic fields, details are given on signal
reception, imaging sequences, operation control, and data processing for
image reconstruction and post-processing.

The scanners fundamental component for signal generation and
acquisition is realized by a stack of three RedPitaya STEMlab 125-14 (RPs).
These are a flexible low-cost hardware solution for integrating DACs and
ADC:s into a single device for precise real-time signal handling. The open-
source software for the RPs by ref. 36, ensures a parallel and synchronous
signal generation and reception by synchronizing the 125 MHz clock and
logic of the three used RPs. This stack thus provides six radio-frequency
input and output channels.

Drive-field generation. In Fig. 8, a simplified equivalent circuit diagram
(ECD) of the transmit circuit is shown, with details of the transmit filter
for one of the two channels. In the following, we describe the components
of the transmit chain in detail from field to source: the drive-field gen-
erator (DFG), the high current resonator (HCR), the inductive coupling
network (ICN), the transmit filter and the impedance matching trans-
former at the output of the amplifier.

Drive-field generator. The MPI brain scanner utilizes two DFCs in x- and z-
direction, respectively. The solenoid x-DFC (with inductance L,) and the
saddle coil z-DFC (with inductance L) are nested, with the x-DFC placed on
the inside. Both are manufactured using Rutherford wire parallelization
with 12 individual strands of a high-frequency Litz wire (2000 isolated
strands with 50 um diameter, Elektrisola, Germany). It further serves the
minimization of the self-inductance of the wire, keeps individual wires at
identical lengths, and mitigates proximity- and skin-effect. By parallelizing
12 Litz wires, a minimized serial resistance is achieved while maintaining the
ability to form and wind the wire into the desired coil topology”. In the FOV
center, the manufactured DFCs exhibit coil sensitivities of 0.022 mTA™" and
0.014 mTA ™" in x- and z-direction, respectively. Further details on the
achieved component values can be found in Fig. 8. The support structure
(PA2200) of the DFG forms an elliptic open bore with a width of 17.5 cm
and a height of 21.5 cm. The resulting 2D drive field is set up in the xz-plane
with DF frequencies set to f, =32 MHz=~25.699kHz and
f. = 2 MHz=~26.042 kHz. The frequency ratio between the two channels
results in a closed 2D Lissajous trajectory after 76 and 75 periods for the x-
and z-directions, respectively.

High-current resonator. In order to mitigate high voltages near the human
brain, a design objective was to utilize parallelized low inductance DFCs that
require high currents instead of high voltages for generating the desired
drive field. To minimize reactive power and obtain symmetry, the DFCs are
operated in resonance at the DF frequency by connecting two capacitors of
equal size both upstream and downstream of the inductance. Instead of
utilizing a capacitive voltage divider for impedance matching’, a mirrored
resonant setup with a toroidal transformer coil (L;c,) is connected to each
DEFC with the same resonance frequency. For resonance tuning, the capa-
cities Cyy , Cyy;,, i = 1, ..., 4 are temperature controlled capacitors (CSM
1507200, Celem, Israel), which enables stable and precise resonance tuning””.

Manufacturing orthogonal DFCs is challenging; hence residual coil
coupling between DF channels must be addressed in order to avoid beat
frequencies, undesired frequency shifts by mode splitting, and resulting
losses. Due to the resonant behavior of the coupled coil circuit and the low
difference of DF frequencies, the coupled signals also experience an
amplification in the other circuit. Even the small coupling coefficient of
k.=0.06 can lead to large currents in the orthogonal coil, resulting in a
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high current resonator (HCR)

and roughly matched the inductance of the corresponding drive-field coils within
the drive-field generator (DFG). Resonance is achieved by the high current resonator
(HCR) circuit. Residual coupling of the DF channels and decoupling counter-
measures are also shown. Values of major components are denoted in the equivalent
circuit diagram. Since fine-tuning needs to be performed with a fully assembled
HCR, the denoted HCR capacity values are guide values.

strong beating signal of the two frequencies. For the HCR, the field coupling
far exceeds 10%, causing a distorted trajectory, which substantially degrades
the image quality””. Coupling is reduced by a decoupling capacitor
(Cbecouple) that is connected in series within both circuits. It carries both
currents and matches the complex conjugate impedance of the mutual
inductance Ly; = k. /L, L, between the two DFCs. As a result, the voltage
drop across the capacitor cancels the induced voltage from the other channel
within each channel loop. For our setup, we built a capacitor
Cbecouple = 58 UF by parallelization of 58 - 1 uF (MKP C4Q, Kemet, USA)
and achieved a residual channel coupling of —35 dB.

Inductive coupling network. The aforementioned toroidal air-core trans-
former coil composes the inductive coupling network (ICN), one for each
DF channel. The ICN serves the triple purpose of high current gain
(impedance matching), circuit symmetry, and floating potentials. The last
point is achieved by any transformer. It increases patient safety by requiring
direct contact with two separate points of the circuit in order to cause a
voltage drop across a grounded person. Also, a floating HCR avoids ground
loops that may have a negative influence on signal reception.

The intention of circuit symmetry is to obtain two voltage nodes in each
channel, between which the voltage of the fundamental frequency is zero.
Both inductors of a channel (ICN and DFG) are in a series resonance with
their corresponding capacitors, which have equal voltages but opposing sign
at resonance. A pick-up point for the particle harmonics is thus created,
which is nested in between the capacitors within the HCR, denoted by 1z
in Fig. 8, with a suppressed feedthrough™. For the higher harmonics induced
by the particles, the inductors on both sides result in higher impedances,
creating an inductive voltage divider for both noise and particle signals.

The ICN also plays a crucial role in providing current gain at the
resonance of the HCR. This enables the transformation of filtered transmit
signals into the desired low-voltage-high-current signal. Multiple Litz-wire
parallelization on the secondary transformer side (L, ) are used to achieve
low losses and a high-quality factor; nevertheless, additional inductance and
resistance is introduced by the ICN into the HCR. The HCR constitutes the
load of the transformer, and the primary transformer coil (L;cy;) shows a
real load impedance (Z;y=30 Q) at the resonance frequency and becomes

part of the last stage of the transmit filter. The achieved current gain is 31 for
the x-channel and 35 for the z-channel.

Transmit filter. A differential 5th-order band-pass filter is used to smoothen
the excitation voltage before it is connected to the primary side of the ICN,
shown in Fig. 8. The three odd stages of the filter consist of serial resonance
circuits that act as a band-pass by having a minimum impedance at reso-
nance. In-between these stages, two even stages act as parallel resonators that
create a short for all other frequencies in order to dissipate the energy of
undesired frequencies. The serial resonator (odd stages) is composed of a
3D-printed toroidal air coil (Lsogq =500 uH, Ro4q =1 Q). For a symme-
trical differential signal, the toroid is separated into two halves, with each half
forming their own resonance together with a high voltage, polypropylene
film capacitor (e.g, KEMET C4C series, 2 kV DC rated). Due to the mutual
magnetic field within the toroidal coil, the field lines run through both sides
of the toroid. Additional resistors across the second and third serial reso-
nator stages are utilized to attenuate side lopes™. The two parallel resonators
(even stages) are formed by smaller toroidal air coils (Lgeyen =250 uH,
Ry even =500 mQ) to pose a high impedance at the DF frequency between
the two voltage rails. The assembled transmit-filter chains attenuate har-
monic distortions of the DF signal by —65, —100, and —150 dB amplitude
ratio for the second, third, and fourth harmonics, respectively. The overall
differential filter setup provides common mode rejection.

Transformer. For maximum power transfer, we implemented an impe-
dance matching transformer with an iron core (N87 material
B65686A0000R087, TDK Electronics, Germany). To prevent distortion and
harmonics due to core saturation effects, the core flux density is minimized
to 16% of the saturation magnetization B, *. The secondary side of the
transformer is connected to the transmit filter and ensures floating poten-
tials and differential signaling. The turns ratio of the transformer changes
the low impedance (=2.5 Q), amplifier side) to a high impedance (=30 Q,
filter side) to minimize the current in the transmit filter.

Drive-field power amplifier. Two 1200 W power amplifier (A1110-40-QE-
100, Dr. Hubert GmbH, Germany) are used in voltage mode for
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amplification of each DF signal. To generate the DF strength of 5 and
4mT, a total power of 930 W for x and 1100 W for z has to be provided
by the power amplifiers. For safety and control reasons, the initial signal
from the DAC runs through a relay at the input of the amplifier that is
only closed during measurements (by the SU). In addition, serial inter-
lock commands are sent to the amplifier to ensure that the output is only
enabled during a measurement. The advantage of this double safety
configuration is that the SU is able to interrupt transmission in case of
failure (e.g., temperature overshoot), even when the software activated
the amplifier via the interlock mechanism. A pre-amplifier is used to
amplify the voltage signal by a factor of 8 to scale it to the required input
voltage of the power amplifier.

Feedback signal. To control the DF signal in amplitude and phase, one turn
is wound around each ICN toroid. According to the law of induction, the
induced voltage is proportional to the field, which is proportional to the
HCR current and hence to the drive field. The induced signal is fed back to
the RPs via a voltage divider, where it is processed during the DF control
phase. To generate a stable DF trajectory, the control accuracy is set <1% and
able to generate field strengths up to 5.5 mT for the x-channel and 4.5 mT
for the z-channel.

Selection-field generation. The previously presented SFG in ref. 8 is
used to generate the required gradient field, and further moves the FFP in
y-direction with a maximum displacement amplitude of 70 mm from the
center. The SFG consists of two coils (Lg = 200 mH) mounted on a soft-
iron yoke at a distance of 31 cm from each other. The magnetic gradient
field is generated by superimposing the two field contributions, in a
Maxwell-like coil topology with opposing current directions. The setting
of equal opposite coil currents creates an FFP in the FOV center. By
changing the currents, the position of the FFP along the y-axis can be
shifted and the maximum FFP offset is set to 43 mm to each side with
respect to the FOV center. We chose the FFP velocity to be 68.8 cms ),
which results in a similar trajectory density in the y-direction as in the xz-
plane (see subsubsection “System matrix analysis”). The selection-field
signals are generated by the aforementioned RedPitaya STEMIab 125-14
(RPs). A pre-amplifier is used to scale the input voltage according to the
required voltage for the power amplifier for selection-field generation.
For this purpose, two AE Techron 2105 (AE Techron, USA) in current
mode feed the selection-field coils. For the generation of the gradient, a
total power of 380 W is required.

Signal reception

Receive coils. Two dedicated receive coils are used for signal reception for all
measured data in this work. The gradiometric x-coil has ten turns on a
length of 10 cm and 18 counter turns at the rear end of the DFG. In the y-
direction, a saddle coil with two times 20 turns is installed. Due to the
orthogonal orientation of the two DFCs, a gradiometric setup is not
required, and residual feedthrough voltages are suppressed by the receive
filter. Both dedicated receive coils are located within the 3D-printed housing
of the DFG, on the inside of the DFCs. A dedicated z-receive coil has not yet
been implemented, due to its challenging design as a gradiometric saddle
coil. The small homogeneous field region of the z-channel does not allow a
clear spatial separation of the FOV and the sensitive region of the
gradiometer.

However, as mentioned in the subsubsection “Drive-field generation”
in the ICN paragraph, the symmetric circuit design included a second
method for signal pick-up, referred to as the send-receive method (TxRx).
Consequently, receive signals for x and z can be obtained in principle. The
pick-up node is positioned in the LC circuits of the HCR between Cyy,, Cyys3,
and Gy, Gy, for each DF channel (see Fig. 8). In theory, the voltage of the
fundamental DF frequency is near zero at this node, and any induced
particle signal will create a voltage drop across the DFC (and the parallel
ICN, halving the received signal if Licy,, =L, or Licy,, =L,). Between
these nodes, the input of the receive chain can be connected, enabling signal
reception during transmission’”.

Receive chain. The receive voltage ugy is composed of the particle signal, the
background noise, distortions, and the direct signal feedthrough from the
DEFCs. Before the signal is connected to the LNA, a fourth-order resonance
notch filter suppresses the fundamental frequencies around 26 kHz (20 to
33 kHz stopband). The filter is a differential circuit, shown in Fig. 9a. The
odd stages feature a parallel resonance with high impedance at the DF
frequency, and the even stages are serial resonances towards the ground with
low impedance at the DF frequency. To avoid nonlinear effects due to high
receive voltages, the first two stages utilize toroidal air coil resonators. The
attenuated residual voltage in the last two stages allows the use of ferrite iron
core coils (B64290, TDK Electronics, Germany). The filtered receive signal is
connected to an improved version of the custom LNA by ref. 8 via a signal-
matching transformer. The transformer and the input impedance of the
LNA are used to shift the resonance frequency of LNA and receive coil to
optimize signal amplification of higher harmonics in the 300 to 600 kHz
range’. The LNA consists of three amplification stages, the first stage is built
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Fig. 9 | Receive path. a Equivalent circuit diagram of a receive filter circuit with
signal matching for the low noise amplifier (LNA). In the receive circuit, a four-stage
analog band-stop filter is installed for x-, y-, and z-feedthrough suppression,
although only x and y are used for reconstruction in this work. The first two filter
stages are utilized by air coil resonators and the last two stages by iron core coil
resonators. A signal-matching transformer follows the filter to adjust the received

f1MHz

signal prior to the LNA. For differential signaling, the LNA output is connected to a
differential amplifier, and in front of the analog-to-digital converter, an instru-
mentation amplifier generates the single-ended measurement signal u,c,s. b The
receive path Magnetic Particle Imaging (MPI) transfer function for the transfor-
mation of ty,e,s into the magnetic moment 1, is plotted for the two dedicated
receive coils and the two signal paths using the send-receive approach (TxRx).
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by parallelizing 20 JFETs (BF862, NXP Semiconductors, Netherlands),
followed by two stages with non-inverting operational amplifier circuit
using dual ICs (ADA4898, Analog Devices, USA)”. The output is converted
into a differential signal by a fully differential amplifier (AD8138, Analog
Devices, USA). Just before the input of the ADC of the RPs, an instru-
mentation amplifier (AD8253, Analog Devices, USA) generates the single-
ended measurement signal #es.

For each of the four receive chains, the receive path calibration was
performed utilizing a custom calibration coil”. In Fig. 9b, the individually
measured MPI transfer functions are plotted. The two dedicated receive
coils provide resonances at 531 and 414 kHz for x and y, respectively. It can
be seen that the TxRx signal for x and z are less sensitive in the relevant 100 to
800 kHz range.

Imaging sequence. The MPI brain scanner superimposes two fast drive
fields in the x- and z-direction and a dynamic selection field. The selection
field is shifted along the y-axis, as explained in previous sections. Using
and combining these constituents, it is possible to perform various
imaging sequences. First of all, there are three different 2D sequences
possible that drive the FFP either along a 2D Lissajous trajectory with a
frequency ratio of Z (xz-plane) or along Cartesian trajectories (xy- and
yz-plane) with flexible densities. For an overview of common MPI
sampling trajectories, we refer the reader to ref. 51. In the case of the xz-
sequence, both drive fields are activated, and a static FFP field is generated
at an eligible y-position, using the SFG. For the other two cases, only one
DF channel is activated, and the FFP is swept dynamically along the y-
direction. The repetition time of the xz-sequence is fixed and given by

f;fde =2.918ms and for the other two sequences, Tz;’de = T{;de =
0.25s if we set the y-sequence to 4 Hz (the default value for the scanner).
We note, that the first generation of the scanner published in ref. 8 was 2D
only and limited to the xy-sequence with a frame rate of 2 Hz.

In addition to the 2D sequences, it is also possible to apply fully 3D
sequences. This is done by using both DF channels and simultaneously
generating a slowly varying selection field with an FFP moving along the
y-axis’'. The resulting sampling trajectory is a 2D Lissajous trajectory
within the xz-plane that is slowly swept back and forth along the y-
direction, as visualized in Fig. 1. In this way, the volume is sampled plane
by plane, and the repetition time is derived from the y-sequence, resulting
in T2%, =0.25s for a 4Hz sequence. The waveform of the currents
applied to the selection field is chosen to be triangular, such that the
sequence is always periodic, at constant velocity, and without sudden
discontinuities, in order to avoid strong mechanical forces in the copper
shield of the DFG due to eddy currents. Furthermore, a triangular sweep
minimizes the likelihood of PNS and SAR by the selection field. The
triangular waveform provides a constant slew rate, and results in an
almost linear FFP movement as the iron cores are not yet saturated. The
chosen sequence type depends on the spatial dimensions and the
requirements for temporal resolution. Within this work, we only show
experiments that were performed using the 3D imaging sequence and
therefore focus on this particular sequence in the following. The nominal
FOV captured by the 3D sequence assuming ideal magnetic fields is
(84 x 85 x 67 mm’). The density of the FFP sampling trajectory within
the xz-plane is inhomogeneous due to the sinusoidal excitation’, and the
largest gap can be derived from the Lissajous node points*”. For the
applied Lissajous sequence, the resulting distance is 1.819 mm. The
distance between slices in the y-direction is equidistant with 1.982 mm.
Both values are well below the expected spatial resolution between 5 and
20 mm, which ensures that the resolution is not limited by the sampling
scheme.

Operational control. The task of the operation control is to implement
the chosen imaging sequence by coordinating all scanner components
used during measurement. Next to the synchronous signal handling, an
imaging sequence also requires several asynchronous tasks, such as
enabling the various amplifiers, moving a calibration robot, updating the

RPs waveforms based on different imaging sequences, or informing the
SU of an upcoming signal generation. These steps are handled by the
open-source framework”, which can implement a variety of different
measurement scenarios, including system matrix calibrations and mag-
netic field measurements”.

Depending on the type of measurement and sequence, the components
and steps required may vary, but in general, each measurement can be
divided into three phases. During the setup phase, the amplifiers are dis-
abled, the RPs are neither transmitting nor receiving signals, and the reso-
nance tuning heating is enabled. In this phase, various components are
prepared for the next imaging sequence, e.g,, the calibration robot is moved,
or the RPs waveforms are updated. The next phase is the control phase. This
is where the DF amplifiers are enabled, and the DF waveform is sent down
the transmit chain. During these transmissions, the feedback signal is
analyzed at the frequencies of the DF channels, and the transmitted
amplitude and phase are adjusted to the desired values from the selected
sequence. When the deviation between the selected and observed DF
waveform is sufficiently small, the control phase ends. In measurement
scenarios with frequent measurements, such as a system matrix calibration,
the feedback signal from the previous measurement can be used instead to
adjust the amplitude and phase. The third phase is the active imaging phase.
Here the resonance tuning heating is switched off to prevent possible dis-
tortions, both the SF and DF waveforms are transmitted, and the signal is
received via the RPs to be stored for further processing.

Data processing

Image reconstruction. The measured voltage signal of the j-th
time frame u;(, [) depends on the time t € R, and the receive channel
1€ {1, ..., L} where L is the number of receive channels, i.e., L =2 in our
case. The signal is sampled at time points ¢;= (i — 1)/fuampte i=1, ..., K
where f 15 MHz and K=484,500 for our 3D 4 Hz (0.248s)
sequence. Prior to reconstruction, we apply the standard signal
processing’, which involves Fourier transformation, a frequency selec-
tion based on a band-stop filter in the receive chain filter (see above for
details), as well as a filtering based on the SNR using different thresholds
ranging from 3 to 100, resulting in M frequency components. For better
readability of the following paragraphs, we express the resulting discrete

sample =

signal as the vector u € C", omitting the frame index j.

The goal of image reconstruction is to recover an image ¢ € RIX that is
discretized on a (3D) grid with N voxels. The relationship between u and cis
given by the linear system of equations Sc=u, where § € CM*N is the
system matrix that encodes the physical process from the particle magne-
tization progression to the system-dependent measurement signal at the end
of the receive chain. Since the linear system is ill-conditioned and the
measured data is disturbed by noise, we consider a regularized least-squares
approach

argmin || Sc — u||§ + Az |l cllg + A0 ey, )

N
ceRY

where the first term ensures data consistency, the second term penalizes
large solutions and prevents that the particle concentration vector c is fitted
to the noise in the measurement u, and the last term allows to penalize non-
sparse solutions, which helps in reducing noise. The optimization problem
(1) is solved using the iterative Kaczmarz approach™ using L’-regularization
as well as L'-regularization®**. The reconstruction has four parameters in
total: A;2,A;1, the SNR threshold, and the number of iterations that are
chosen based on visual inspection and experience.

The system matrix S encodes the applied imaging sequence and can be
interpreted in two different ways. It can be interpreted either as a multi-
patch dataset, where the entire 3D sequence is split into the individual 2D
subsequences, or as a single-patch dataset. A patch refers to a subvolume
that is moved by the dynamic selection field and consists of a single full DF
cycle. The multi-patch approach is common when the applied selection field
changes only in a step-wise fashion, but it can also be applied when the
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selection field changes only slowly compared to the rapid drive field-induced
movement. This multi-patch reconstruction approach was used in the first
generation of our perfusion imager’ and studied in more detail by ref. 86.
Alternatively, one can also interpret the entire imaging sequence as a single-
patch dataset, which was considered by ref. 87 for Cartesian 2D trajectories.
The multi-patch approach has the potential advantage that it may allow to
exploit shift-invariant sub-blocks within the system matrix, which can
accelerate operations involving the system matrix § within image
reconstruction®. On the other hand, the single-patch approach can take
field imperfections better into account and can also better prevent spectral
leakage, which can be induced by non-periodic external signal contribu-
tions. Effectively, the key difference between both approaches is that the
Fourier transform is applied to smaller signal snippets in the multi-patch
case, while the single-patch case applies the Fourier transform to the entire
time signal. Since the single-patch reconstruction is fast enough for our
purposes, we use this approach in all experiments shown in this paper. For
the system matrix analysis performed in the subsubsection “System matrix
analysis” we, however, consider both the multi-patch and the single-patch
data interpretation since this gives much deeper insight into the system
matrix structure.

Perfusion image calculation. To evaluate perfusion experiments in the
subsubsection “Dynamic perfusion experiments”, the reconstructed data
is processed to obtain the time-to-peak (TTP), mean-transit-time
(MTT), relative cerebral-blood-flow (rCBF), and relative cerebral-
blood-volume (rCBV). Post-processing includes four consecutive steps:
(i) time framing, (ii) filtering and offset correction, (iii) threshold
masking, and (iv) parameter map calculation. After explaining these
post-processing steps, we give the implemented definitions of the men-
tioned perfusion parameters. The definitions and the post-processing
script that handles the data are based on the work by ref. 56, which
provides more details.

Step (i) selects the relevant reconstructed data by taking the time frames
that include the entire first passage of the administered bolus. It starts with
the injection (5 s before bolus appearance), includes the administered bolus
and stops after the passing levels to zero again. This step ensures that only
relevant data is processed later, as shown in the leftmost column of Fig. 6. In
step (ii), an appropriate filter type smooths the data for a more accurate peak
detection and noise suppression. We avoided rectangular windows to reject
ringing artifacts and selected a low-pass Hann-filter with a window size of
ten samples. The Hann-filter is applied voxel-wise on the Fourier-
transformed temporal data, which also shifts the concentration offset to
zero by excluding the DC component. Afterwards, in step (iii), a threshold
mask reduces image noise by excluding any voxels with an intensity lower
than 10% of the maximum value. This increases the readability of perfusion
maps, by excluding irrelevant regions, e.g., outside (phantom) vessels. A last
post-processing step (iv), calculates the mentioned perfusion parameters
based on the following definitions, which are also sketched in the top row of
Fig. 6. The reconstructed time-dependent solution of the entire volume in
the FOVisc: [0, T] — Rf with N = n, x n,, x n voxels. ¢(t) describes the
reconstructed volume of all measured time frames, that record the entire
bolus administration.

TTP. We define the time-to-peak (TTP) as the time elapsed between a
chosen reference point (the bolus injection #,) and the measured signal
maximum of the bolus passing. The TTP € RY is calculated element-wise
for all voxel n €{1, ..., N} via TTP, = arg max,(c,(t)), where ¢, (t) is the
concentration over time of the nth voxel®.

MTT. With mean-transit-time (MTT), we refer to the measure of the
average time interval that a particle or blood cell spends inside an organ
or vessel and it strongly correlates with the full width at half maximum
(FWHM) of the bolus concentration on passing (for low tissue
perfusion)*”. The time interval of the FWHM was therefore selected as
the MTT € RY in this work.

rCBF. The relative cerebral-blood-flow (rCBF) equals the highest
positive gradient of the concentration over time ¢,(t), as in rCBF, =
arg maxt(% ¢,(t)), which is evaluated element-wise for all voxels n to
obtain rCBFe RY.

rCBV. We derive the relative cerebral-blood-volume (rCBV) data
rCBVe RY from an element-wise evaluation of the integral (area under the
curve (AUC)) of the concentration ¢,(f) in the nth voxel, over the time
interval of the passing bolus (¢,(f) >0) as in rCBV, = [¢,(t)dz.

Blood flow and volume are both calculated in a relative manner, due to
amissing correct arterial input function (e.g., feeding phantom hose), which
poses as a reference by providing the undisturbed flow (without perfusion).

Data availability
Data sets generated during the current study are available from the corre-
sponding author on reasonable request.

Code availability

The code supporting the findings of this study is publicly available on
GitHub. You can access the code repositories through the following links:
GUI: https://github.com/MagneticParticleImaging/MPIULjl Signal gen-
eration and reception: https://github.com/tknopp/RedPitayaDAQServer
Hardware and measurement control: https://github.com/Magnetic
Particlelmaging/MPIMeasurements.jl Image reconstruction: https://
github.com/MagneticParticlelmaging/MPIReco.jl
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8.1

Characterization of the Clinically Approved
MRI Tracer Resotran for Magnetic Particle
Imaging in a Comparison Study

Commencing with applications of MPI, we validate and classify the MPI performance of
the medically approved MRI tracer Resotran (b.e.imaging GmbH, Baden-Baden, Germany),
which is based on Ferucarbotran. The hypothesis of this chapter is that the MNPs are very
similar to the well known and established MNPs Resovist, both Ferucarbotran-based, that are
used in human MRI applications since 2003 [220] with a low rate of reported incidents [299].
We compare Resotran and Resovist with two more MNPs by using a variety of 5 different
methods to determine the size, magnetic properties and MPI imaging performance [O4].
This work is a comprehensive study on the eligibility of Resotran for future human trials, as
well as to indicate room of improvement by using superior MPI tailored tracers.

Parts of this chapter were presented at the IWMPI 2023 conference in Aachen, Germany [019].
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Abstract

Objective. The availability of magnetic nanoparticles (MNPs) with medical approval for human
intervention is fundamental to the clinical translation of magnetic particle imaging (MPI). In this
work, we thoroughly evaluate and compare the magnetic properties of an magnetic resonance
imaging (MRI) approved tracer to validate its performance for MPI in future human trials.
Approach. We analyze whether the recently approved MRI tracer Resotran is suitable for MPIL. In
addition, we compare Resotran with the previously approved and extensively studied tracer
Resovist, with Ferrotran, which is currently in a clinical phase IIT study, and with the tailored MPI
tracer Perimag. Main results. Initial magnetic particle spectroscopy (MPS) measurements indicate
that Resotran exhibits performance characteristics akin to Resovist, but below Perimag. We provide
data on four different tracers using dynamic light scattering, transmission electron microscopy,
vibrating sample magnetometry measurements, MPS to derive hysteresis, point spread functions,
and a serial dilution, as well as system matrix based MPI measurements on a preclinical scanner
(Bruker 25/20 FF), including reconstructed images. Significance. Numerous approved MNPs used
as tracers in MRI lack the necessary magnetic properties essential for robust signal generation in
MPI. The process of obtaining medical approval for dedicated MPI tracers optimized for signal
performance is an arduous and costly endeavor, often only justifiable for companies with a
well-defined clinical business case. Resotran is an approved tracer that has become available in
Europe for MRI. In this work, we study the eligibility of Resotran for MPI in an effort to pave the
way for human MPI trials.

1. Introduction

Magnetic particle imaging (MPI) is an emerging tomographic technique that combines high magnetic
nanoparticle (MNP) sensitivity with high temporal and spatial resolution (Gleich and Weizenecker 2005).
The main principle is the exploitation of the nonlinear magnetization behavior of MNPs in a periodic
magnetic excitation field (drive field). A spatial resolution is achieved by using a magnetic gradient field
(selection field) keeping the MNPs in saturation everywhere except in a small field-free-region. As a
promising tomographic technique without ionizing radiation, MPI has high potential in numerous medical
applications. Due to its very high temporal resolution, a main focus is cardiovascular and periinterventional
imaging (Weizenecker et al 2009, Haegele et al 2012, 2016a, 2016b, Bakenecker et al 2018, Herz et al 2019,
Wegner 2021) as well as perfusion imaging (Ludewig 2017, Kaul et al 2018, Mohn et al 2023). Due to the
multifaceted properties of MNPs that can be exploited by MPI, further applications are part of extensive

© 2024 The Author(s). Published on behalf of Institute of Physics and Engineering in Medicine by IOP Publishing Ltd
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research: development of dedicated MPI instruments for treatment of vascular stenosis (Ahlborg 2022),
cellular tracking (Zheng et al 2015, Sehl et al 2020, Remmo et al 2022), local magnetic hyperthermia (e.g.
tumor imaging and therapy without surgery) (Chandrasekharan 2020, He et al 2023) and navigation of
magnetic micro-robots for targeted drug delivery and treatment of cerebral aneurysms (Bakenecker et al
2021, Bui et al 2021, 2023). The authors refer to reviews for detailed insight on the full functionality of MPI
as well as the progress made from the first prototype in 2005 to the first commercial preclinical systems,
given by Knopp et al (2017). Further outlines over current research and applications can be found in Billings
etal (2021), Neumann (2022), Yang et al (2022).

Besides upscaling MPI hardware to human-sized scanners (Sattel et al 2015, Mason et al 2017, Rahmer
et al 2018, Graeser 2019, Vogel et al 2023) and addressing safety concerns (Saritas ef al 2013, Schmale 2013,
Thieben et al 2024), the availability of suitable MNPs with medical approval is crucial for a clinical
translation of MPI. The development of medical MNPs is primarily driven for the application in magnetic
resonance imaging (MRI). Unfortunately, most MNPs developed for MRI do not have the specific magnetic
properties that are needed to generate a strong signal in MPI. If nanoparticles are too small, the thermal
energy dominates the magnetic energy, inducing a rather linear magnetization behavior. Thus, they are not
suited for MPI, where signal generation and spatial encoding is based upon a nonlinear magnetization. On
the other hand, if particles are too large, they block the Néel relaxation process due to strong magnetic
anisotropies. This reduces their ability to follow the magnetic field at excitation frequencies between 10 kHz
to 150 kHz (Deissler et al 2014, Tay et al 2017). An important MRI MNP that has magnetic properties
suitable for MP1 is ferucarbotran, namely Resovist, formerly with medical approval in Germany (Bayer
Schering Pharma, Berlin, Germany) and still approved in Japan (I'rom Pharmaceuticals, Tokyo, Japan).
However, due to a wide particle size distribution with the majority of particles being smaller than 15 nm,
only a small fraction of the total iron mass contributes to a useful MPI signal (Yoshida et al 2013). First
dedicated MNPs, tailored to enhance the MPI specific performance, were published by Ferguson et al (2009).
Later, a monodisperse iron core MNP coated with polyethylene glycol (Ferguson 2015), evolving into the
formerly commercially available MNPs LS-008 (LodeSpin Labs, Seattle, USA) was developed. In 2013,
dextran coated multicore magnetic iron oxide nanoparticles were presented by Eberbeck et al (2013),
commercially available as the preclinical MNPs Perimag and Synomag (micromod Partikeltechnologie,
Rostock, Germany). The mean magnetic core size of Perimag is about 19 nm, in the range where a coupled
Brownian and Néel relaxation occurs (Eberbeck et al 2013, Ludwig et al 2013). Moreover, MNPs can also
undergo a system-specific optimization, i.e. to match a particular type of excitation: the formation of particle
chains has improved the nonlinear response in 1D excitation (Tay 2021). A comparison of commercial MNPs
with respect to their MPI performance is given by Liidtke-Buzug et al (2013) and Ludwig et al (2013) and
more recently by Irfan et al (2021a). A recent overview of the development of MPI tailored MNPs is given
by Harvell-Smith et al (2022).

The research on MPI tailored tracers increased in the last years (Antonelli et al 2020, Liu et al 2021, Moor
et al 2022, Thieben et al 2023a), however, none of these tracers has reached a level of development that would
warrant the costs of a medical approval and consequently their use in clinical MPI remains distant. Such an
approval requires a well-defined business case and a long-term market to justify the multi-annual process
and investment in a new approval. Fortunately, Resotran (b.e.imaging GmbH, Baden—Baden, Germany;
medical approval granted in Oct. 2022 under reg. no. 7002 837.00.00 in Germany), containing ferucarbotran
MNPs, has recently received approval in certain countries, including Germany and Sweden. Additionally,
there is a phase III clinical trial underway for ferumoxtran MNPs called Ferrotran, consisting of ultrasmall
superparamagnetic iron-oxide nanoparticles (USPIONSs). Both MNPs are officially authorized for MRI liver
imaging and initial measurements showed similar MPI performance (Hartung et al 2023, Scheffler et al
2023). General concerns regarding toxicity of MNPs in long-term metabolism remain (Sun et al 2008,
Billings et al 2021, Rubia-Rodriguez 2021), although the incidence of adverse events for ferucarbotran
(Resovist) is low with 7.1% (Wang 2011). The performance of known ferucarbotran-based tracers such as
Resovist and VivoTrax (Magnetic Insight Inc. Alameda, USA) is similar (Song et al 2018, Gevaert et al 2022,
Yeo et al 2022). A comparison of VivoTrax and Perimag is found in Irfan et al (2021b), Synomag is also
included by Yeo et al (2022), and Synomag, Perimag, and Resovist are compared in Ludewig (2022).

The purpose of this paper is to provide a comprehensive characterization of the MNPs Resotran and
Ferrotran with a focus on their applicability to MPI. Comparisons will be made with the extensively studied
MRI MNPs Resovist as well as with the MPI tailored MNPs Perimag. We chose Perimag because of its
established position and its appearance in a wide range of publications and open datasets (Knopp et al 2020).
In this work, we address the characterization of the four MNPs Perimag, Resotran, Resovist and Ferrotran by
transmission electron microscopy (TEM), dynamic light scattering (DLS), vibrating sample magnetometry
(VSM) and magnetic particle spectroscopy (MPS) measurements. In addition, 2D MPI reconstructions for
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two different phantoms are compared at the system matrix level and in the image domain for future
applications in MPI. We present and discuss the results of applying these methods to all four MNPs.

2. Materials and methods

For a comprehensive characterization of the four MNPs Perimag, Resotran, Resovist and Ferrotran regarding
their suitability in MPI, we analyze shape parameters, magnetic properties, system matrix performance and
image reconstructions.

First, the hydrodynamic diameter can be determined using DLS and the core diameter of the magnetite
can be determined using TEM. The latter provides a detailed visualization of the inner iron core in a
sub-nanometer resolution and thus of the relationship between the iron structure and performance in MPI.
Second, regarding the magnetic properties, we determine the static magnetization characteristic by VSM and
the dynamic particle response to a drive field by MPS. The VSM data are used to observe the MNPs in the
saturation region as well as their nonlinear slope through the origin according to the Langevin model. MPS
measurements show the particle spectrum and can reveal relaxation induced hysteresis as a function of
excitation amplitude. We also measure a dilution series and different offset-field combinations to plot two
types of point spread functions (PSFs) that can be used to estimate image resolution. Third, prior to
reconstruction, the signal-to-noise ratio (SNR) and system matrix patterns are analyzed to estimate the
performance and compare Resotran to Resovist in the frequency domain. The fineness of the frequency
pattern indicates the expected resolution of the reconstructed image. Finally, the MNPs are evaluated in a
typical MPI imaging scenario to demonstrate suitability and resolution for medical imaging, using a
commercial imaging system (Bruker MPI 25/20 FF). Two different phantoms are measured and we also
perform cross reconstructions using the Resotran system matrix to reconstruct all other tracers to assess
compatibility. In the following we introduce each of these methods in detail and describe the performed
experiments and their implications.

2.1. MNP material

The MNPs are measured at a concentration of 8.5mgy, ml™' &~ 152mmol 17", a threshold that is chosen to
avoid concentration dependent behavior (Lowa et al 2016). For Perimag, we use stock dispersion with this
concentration (LOT 045 211). Both Resotran (LOT F1901) and Resovist (LOT 20F01) are supplied with

28 mgp, ml ™" and are therefore diluted with distilled water. Ferrotran (LOT PRX19L02) is shipped as
freeze-dried powder and has a concentration of 20 mg,, ml~" once dispersed in water, which we dilute to the
same level of 8.5mg, ml~". All MNPs are made from iron oxide and coated with a dextran shell. More
specifically, Resovist and Resotran are made from ferucarbotran and Ferrotran is made from ferumoxtran-10
lyophilisate and additionally coated with sodium citrate.

2.2.DLS

The hydrodynamic diameter of the aqueous iron oxide nanoparticle dispersion is measured using DLS on a
Zetasizer Pro-Blue (Malvern Panalytical Ltd, Malvern, United Kingdom) device at a laser wavelength of
633 nm. The sample is diluted 1:100 with Milli-Q (Merck Group, Darmstadt, Germany) water and measured
in a plastic cuvette at an optical path length of 1 cm. Each measurement is recorded over three cycles

(3 averages) of 30 s each and an intensity weighted mean hydrodynamic diameter of the particle ensemble
(z-average) is calculated with the respective polydispersity index (PDI). The z-average is based on the
method of cumulants (Koppel 1972), where the monochromatic light source is scattered by the MNPs in
suspensions and the light intensity of the interference pattern is evaluated for a logarithmic normal size
distribution (Thomas 1987). The light scattering is caused by the particle ensemble surface and the results
include the dextran shell, therefore a size distribution of the hydrodynamic diameter is shown, not the
magnetite core. The data is analyzed using the ZS XPLORER software version 3.2.0.84 (Malvern Panalytical
Ltd, Malvern, United Kingdom).

2.3. TEM

TEM measurements are performed with a JEOL JEM-1011 (JEOL Ltd, Tokyo, Japan) at 100 kV equipped
with two spherical aberration correction devices (CETCOR and CESCOR by CEOS GmbH, Heidelberg,
Germany) and a Gatan 4K UltraScan 1000 (Gatan Inc., Pleasanton, USA) camera. For the preparation, 10 ul
of the diluted nanoparticle dispersion are placed on a carbon-coated TEM copper slide with a 400 mm mesh.
The excess solvent is removed with a filter paper and the TEM grid is air-dried. The recorded images achieve
a 2 - 10°-fold magnification at 100 kV. For a quantitative analysis, the size of 250 individual particles is
measured using the software Image] (NIH, Bethesda, USA) and plotted in a histogram to visualize the
size-distribution, following the guidelines of (2014) for counting (Pyrz and Buttrey 2008). Our evaluation
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only accounts for the short-axis diameter (Pyrz and Buttrey 2008, Verleysen et al 2019) of individual particles
and we do not count any particle clusters or chains (Bender 2018, Bresch et al 2022).

2.4.VSM

The magnetization of the liquid samples in response to static magnetic fields are characterized using a VSM
(Lakeshore 8607 VSM, Westerville, USA). A quantity of 20 pl is filled into the sample holder and covered
with oil, resulting in an almost spherical sample shape. A sweep of the external magnetic field in the range of
+2T (step size 20 mT) and in the range of =30 mT (step size 0.5 mT) is performed. The signal is averaged for
1 s at each step. The results are given in the domain of the magnetic moment, calibrated by the VSM (Foner
1959) and divided by 2 to match the iron mass of the MPS samples of 85 yig, (10 ul). Direct measurement of
10 pl would have been possible, but accurately pipetting amounts below 20 ul into the VSM sample holder
proved more error prone than measuring the larger sample and relying on the linear signal response (Knopp
et al 2017) (refer to the dilution series of section 3.4).

2.5. MPS

We use an arbitrary waveform MPS to measure different 10 pl samples of MNPs exposed to a combination of
a static and a dynamic magnetic field (Mohn ef al 2022). These fields are homogeneous inside the
measurement chamber and consist of two quantities, a sinusoidal drive-field Byye at 26.042 kHz and a static
offset field Byggse; for saturation. In this case, both fields are oriented in the same direction. A set of static
offsets in the range of £30mT (step size 0.5 mT) is measured for different drive-field amplitudes in the range
of 4 to 20 mT (step size 2 mT). All measurements are averaged over 45 drive-field periods (1.73 ms) to reduce
noise at low drive-field values. The receive bandwidth of the MPS device is 7.8125 MHz, using a stack of two
RedPitaya STEMIab 125-14 and the open source software stack composed of RedPitayaDAQServer
(Hackelberg et al 2022) and MPIMeasurements.jl (Hackelberg et al 2023). The system is calibrated using a
transfer function measured with a small calibration coil (Thieben et al 2023b). By calibrating the entire
receive chain, we can express the particle response in terms of the net magnetic moment m and thus obtain
device-independent measurements that are particle specific. The hysteresis curve is obtained by plotting m
against the actual drive-field Byyive, using the calibrated reference channel in mT of the device.

2.5.1. PSF

Two types of PSFs are calculated to visualize tracer differences using the MPS data. A narrow and steep PSF is
generally indicative for high resolution MPI (Croft et al 2012), while relaxation effects cause asymmetries
and broadening of the PSE The dynamic PSF is based on a straight forward approach by plotting one
half-cycle of ‘3—”: against the excitation Bgive (positive half-cycle only). Consequently, the PSF approaches a
zero-crossing at the maximum amplitude of Byyive. The calculation of the x-space PSF is typically based on
partial field-of-views (FOVs) and a DC-recovery step (Goodwill et al 2012, Lu et al 2013), which becomes
obsolete when the fundamental is not filtered, i.e. when using a gradiometric arbitrary waveform MPS, as
validated by Tay et al (2016). To this end, we plot the value of %’:’ at the maximum field gradient of Byyive
against each offset step value. The data is then normalized to facilitate the comparison of the full width at
half maximum (FWHM) of the x-space PSE.

2.5.2. Serial dilution

To investigate the linearity between the particle magnetization and the total amount of iron in a sample, we
perform a dilution series with an MPS with 1D sinusoidal excitation with 20 mT at 26.042 kHz. Each
measurement is performed using 10 background frames and 10 foreground frames, using a transfer function
correction and a sample of 10 ul of each MNP. Starting with 8.5 mgp, ml ™" the concentration is halved seven
times, dispersed with the same amount of distilled water, leading to a set of 8 measurements per tracer with
8.5 - (l/z)l mg, ml ™! fori =0,...,7. Despite working with highest precision, potential inaccuracies while
pipetting increase with a diminishing total iron amount. We evaluate the absolute values of the third
harmonic of the measured magnetization response in the frequency domain (Léwa et al 2020) to compare
the results of the 4 different MNPs.

2.6. MPI

MPI is performed using the preclinical Bruker MPI system 25/20 FF. We use a 2D Lissajous excitation in
xy-direction with an amplitude of 12mT at a frequency of 24.509 kHz/26.041 kHz in x-/y-direction and a
selection field gradient of (—1,—1,2) Tm™! generating a FOV of 24 x 24 mm?. All measurements are taken
with a dedicated 3D receive coil with an open bore of 72 mm, based on the gradiometric approach, a custom
built low noise amplifier, and corrected with a measured transfer function (Graeser et al 2017). The 2D
system matrices are measured using a delta-sample of 1 x 1 x 5 mm? filled with 4 pl of each tracer diluted to
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a common iron concentration of 8.5mg;, ml~' on 29 x 29 x 1 equidistant grid positions covering
29 x 29 x 5mm?>. A quantitative comparison of the different MNPs on system matrix level is done by
considering the SNR profiles and characteristics (Franke et al 2016) as well as the structural similarity index
measure (SSIM) (Wang et al 2004) over all frequency components. Furthermore, a qualitative comparison is
given on three selected frequency components with high (99.57 kHz), medium (104.17 kHz), and low
(108.76 kHz) SNR.

The MPI reconstructions are performed on two different phantoms, each measured with 500 averages
(10 s measurement time). The first phantom consists of three 1 x 1 x 1 mm? square samples, filled with
0.8 ul of the tracer at 8.5mgg, ml ™, placed in the corners of an equilateral triangle with an edge length of
9.24 mm. If the MNPs are MPI suitable, the individual dots should be easily separable. The second phantom
is more complex and consists of a spiral with two full windings. The round vessel phantom consists of
windings with an inner diameter of 2.5 mm, separated by an edge-to-edge distance of 2.8 mm. It is filled with
a concentration of 8.5mgy, ml ™. Although the total iron amount is much higher than in the three-dot
phantom, a complete resolution of the spiral is expected to be more challenging than for the three-dot
phantom. Image reconstruction is performed using the iterative Kaczmarz method and a careful selection of
frequency components and regularization strength for each individual image. Complete fairness in the
comparison is a hard problem due to its complexity and is currently part of research (Weizenecker et al 2007,
Dittmer et al 2021, Hackelberg et al 2024, Scheffler et al 2024).

3. Results

All measurements of section 2 were performed identically for the four considered MNPs. With the exception
of the dilution series and the DLS experiments, all MNPs were prepared at identical concentrations of
8.5mgg, ml~' (152 mmoll~1).

3.1.DLS

Results of the DLS measurements are shown in figure 1. Light intensity is given in percent for each size bin
(round marks) with respect to all measured bins of the log normal size distribution. Perimag exhibits the
largest hydrodynamic sizes with a peak value at 114 nm (z-average 102.5 nm, PDI 0.1853), followed by
Resotran with a narrower distribution and a peak at 74 nm (z-average 66.32 nm, PDI 0.1806). Resovist is
roughly comparable to Resotran, with a peak value at 65 nm (z-average 55.97 nm, PDI 0.2007). Ferrotran is a
ultra-small superparamagnetic iron oxide (USPIO) and has a hydrodynamic diameter of around 28 nm
(z-average 27.82 nm, PDI 0.09) and the narrowest distribution of all tracers.

3.2. Transmission emission microscopy

In figure 2, TEM images and a histogram of individual particles for a count of n = 250 short-axis core
diameter measurements are shown for each tracer. The mean y and the standard deviation o are given in the
top right corners. TEM images provide indications of shape, structure, size and uniformity of the
nanoparticles. Note that the counting rule applied significantly influences the classification (Bresch et al
2022), but we mostly observe spherical individual particles without strong elongation and do not classify
particle clusters.

Perimag and Ferrotran exhibit the smallest mean core diameter, followed by Resotran and Resovist in
increasing order. As TEM images show the magnetite cores, clusters and particle-chains are visible as well as
overlapping particles. Especially for Perimag, such clusters and chains are visible in the pictures and the cores
tend to form large clusters in the range of 20 to 50 nm. Visual inspection of Resotran and Resovist indicates a
similar structure and size of both tracers. Ferrotran shows isolated cores, separated by their ligand hull,
which reduces magnetic interaction in between particles. Seemingly, no clusters are formed and particles do
not overlap, which agrees with DLS results for this USPIO.

3.3.VSM

The results of the VSM measurements are shown in figure 3. All particle samples show the expected
superparamagnetic behavior with sigmoidal magnetization curves and no detectable hysteresis. In the £2'T
range plot, the magnetization curves of Resovist and Resotran are very similar, reaching almost the same
saturation magnetization at about 83.6 Am” kg, ~". The saturation magnetization of Perimag is around

89.3 Am’ nge_l. Ferrotran has the highest saturation magnetization of the investigated particles

(93.88 Am? ng;l ), but has a much lower initial slope with an almost linear curve in the MPI relevant range
+30mT, when the origin of the left plot in figure 3 is considered. In contrast, Perimag shows the strongest
nonlinearity with an initial slope around 1.23 zAm? mT ™', whereas Resotran exhibits 0.67 uAm?> mT ™" and
Resovist is lower with 0.45 yAm*> mT ™" (evaluated at +1mT).
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Figure 1. Intensity weighted log normal size distribution by DLS. A sample with a 1:100 dilution of each tracer was measured

using DLS to determine the hydrodynamic particle diameter, that includes the dextran shell coating (laser wavelength of 633 nm,
30 s measurement time, 3 averages).
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Figure 2. TEM images. Samples of each tracer as visualized by TEM for two different zoom levels at 20 nm and 100 nm reference
scale, showing the iron-oxide core. Each histogram lists the mean y and the standard deviation o of the core short-axis diameter
for a count of n = 250 particles categorized into 12 individual size bins. Note, that Perimag, Resotran and Resovist form clusters

and chains, which were not counted, whereas Ferrotran accounts for the smallest and individual particles (USPIOs).

3.4. MPS

Four types of plots are generated in figure 4, each containing measurements of the four MNPs under
investigation. On the top, the spectrum for 6 mT and 20 mT excitation amplitude is shown, because these
amplitudes refer to a realistic range for human-sized MPI (Ozaslan et al 2022, Thieben et al 2024). We only
plotted the odd harmonics, because they contain the majority of the information on the nonlinear
magnetization of MNPs in a homogeneous sinusoidal excitation field (without offset fields). The spectrum of
Resotran and Resovist are very similar for both 6 mT and 20 mT, the amplitude of Resotran being slightly
higher in the range of 5%-15%. Compared to Resotran, Perimag has a 1.5-2.0 fold higher signal amplitude
at low harmonic indices, increasing to 2.5 at higher indices above 400 kHz. Ferrotran has an overall low
signal amplitude, as already indicated by the linear slope in figure 3. Even at 20 mT excitation, useful signal is
only detectable below 300 kHz, indicating insufficient MPI signal.

In the middle row, the hysteresis curve is plotted, which shows a residual magnetization for all tracers,
except for Ferrotran, which does not seem to undergo a measurable, relaxation-induced hysteresis. On the
bottom the different normalized PSFs are plotted. We state the FWHM for the x-space PSF to facilitate
comparison. At 6 mT, all tracers except Ferrotran indicate very similar magnetic properties, however, the
difference in terms of FWHM between both PSF types are large. This effect reduces at 20 mT with a trend for
the x-space PSF to broaden and the dynamic PSF to narrow. The PSFs show that the relaxation behavior of
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Figure 3. VSM results. The magnetic moment is plotted against the external field for two different ranges with identical samples.
The steeper the slope of the net magnetic moment m at the origin, the stronger is the nonlinear response which is the useful signal
in MPL
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Figure 4. Arbitrary waveform MPS results. Spectrum, hysteresis and PSFs from top to bottom for 6 mT and 20 mT sinusoidal
drive-field excitation. The frequency spectrum only contains odd harmonics of the fundamental f; = 26.042kHz. The FWHM of
the x-space PSF is given in the legend and the gray arrow indicates the scan direction (positive half-wave).

the first three tracers is very similar, especially at low excitation amplitudes. At 20 mT the measured Resotran
sample seems to broaden slightly, possibly due to a stronger Brownian component. Both PSFs indicate an
inferior MPI image quality for Ferrotran. The noisy shape is caused by the normalization, which maps all
peak amplitudes to one. Their original relation of maximum signal can be deduced from the saturation
region of the hysteresis curve above.

In a deeper MPS analysis, we refer to three different types of plots in figure 5. On the left side, the results
of the MPS dilution series are shown. We observe a linear behavior in the absolute magnitude of the third
harmonic over all concentrations down to 8.5 - (1/2)7 ~ 0.066 mgml ™' for Perimag, Resotran and Resovist.
While Perimag produces the highest signal, the results indicate that Resotran and Resovist are relatively
comparable in signal strength, with Resotran’s signal being slightly higher. Ferrotran gives a much weaker
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Figure 5. MPS data analysis. On the left, a dilution series of all tracers is shown. The absolute value of the third harmonic of

0 7
exponentially decreasing concentrations between 8.5 - (1/2) mgml~! and 8.5 - (1/2> mgml ™! is plotted (20 mT, 26.042 kHz).

The center plot focuses on Resotran: the hysteresis for 5 different excitation amplitudes is plotted (bright to dark for increasing
amplitude) with an overlay of the VSM curve (dash-dot). On the right, the FWHM is plotted against the drive-field amplitude.
Ferrotran was omitted to retain a detailed scale.

MPS signal, starting with a linear result for higher concentrations, but loosing linearity by the 4th dilution
step towards lower concentrations. At the lowest two concentrations, the response is barely higher than the
background signal.

In the center of figure 5, the hysteresis curve for Resotran is plotted in a range of 4 to 20 mT with 4 mT
steps for the excitation fields. In addition, the VSM curve of Resotran is overlaid, as obtained from
figure 3. The hysteresis broadens with increasing amplitude and the turning point in saturation
(maximum/minimum of Byyive) Seems to approach the VSM line at high amplitudes.

The x-space PSF was evaluated at varying excitation amplitudes between 4-20 mT in 2 mT intervals, as
shown on the right-hand side of figure 5. The resulting plot displays the FWHM of the PSFs against the
drive-field amplitude and provides detailed insights into its tendency to increase with amplitude, which was
previously observed in figure 4. Specifically, the FWHM seems to increase linearly with amplitude. However,
the linear increase is only applicable to a small region, and both Perimag and Resovist demonstrate a decline
above 16 mT. On the other hand, Resotran maintains a consistent linear pattern throughout our
measurement range.

3.5. MPI
For a quantitative comparison of the system matrices, we consider the SNR profile of the x-channel as well as
an SSIM comparison with Resotran over all frequencies of the x-channel, shown in the upper part of figure 6.
As expected, Perimag achieves the highest SNR over the entire frequency band. Especially for higher
harmonics above 350 kHz the measured signal outperforms the other tracers. Ferrotran clearly shows the
lowest SNR profile. Only the first 4 harmonics reach SNR levels suitable for MPI. In contrast, Resotran and
Resovist achieve SNR profiles suitable for good MPI measurements with useful frequency components up to
500 kHz. Higher harmonics show good SNR levels above 10 up to 350 kHz. Overall, Resotran and Resovist
show very similar SNR profiles. This is supported by the SSIM comparison in the 3rd row of figure 6.
Moreover, the SSIM indicates, that the Resotran and Resovist system matrix patterns are similar in structure.
Especially around the harmonics with a SNR above 10, the SSIM is high and the system matrix patterns of
Resotran and Resovist are very similar. We also considered mean absolute error and mean squared error
between the different spectra and the Resotran spectrum, but the results are very similar to the SSIM course
and we decided to focus on the SSIM to reduce redundant information.

A qualitative comparison of the system matrices on three selected frequency components with high SNR
(99.57 kHz), medium SNR (104.76 kHz) and low SNR (108.76 kHz) is displayed in the bottom part of
figure 6, which are sidebands of the fourth harmonic. The fourth harmonic was selected for analysis, because
it has a higher SNR than the third on the Bruker MPI 20/25 FE, in part due to our custom receive chain
without harmonic notching (Mattingly et al 2022). The close resemblance of the system matrix components
of Resotran and Resovist can be seen in phase and amplitude. Moreover, the wave patterns show the same
structure when compared to Perimag. Visible differences compared to Perimag can be seen in the component
with medium SNR, especially in the outer corners and in the component with low SNR, where Resotran and
especially Resovist have significantly more noise. At the highest frequency we also see Resotran and Resovist
differing in quality. The system matrix components of Ferrotran are clearly different and the wave patterns
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Figure 6. MPI system matrices. On the top, the SNR of the x-channel of all MNPs is shown, as measured with the preclinical
system Bruker MPI 20/25 FF with xy-excitation. The relation of signal amplitudes and visible harmonics is similar to the MPS
measurements. The second row shows a zoom on the fourth harmonic including its sidebands, from 90 to 115 kHz. The third row
displays the SSIM of Perimag, Resovist and Ferrotran with respect to Resotran for the full spectrum. Below, the complex
color-coded system matrix pattern are shown for three frequencies (marked by red crosses above) across all tracers.

are not represented correctly even for the component with the high SNR value. Phase and amplitude are also
different and noise is clearly dominant.

Lastly, we consider the reconstruction results of two phantoms, a 3-dot phantom and a spiral phantom,
given in figure 7. In the upper part, reconstructions with the dedicated system matrices are shown. In the
lower part, cross-reconstructions with the Resotran system matrix are shown for all other tracers. The SSIM
to the reconstruction result of Resotran is superposed in the lower right corner for all reconstructions.

The images indicate, that both phantoms can be reconstructed successfully by using Perimag, Resotran
and Resovist. Here, Perimag visibly achieves the best image quality, followed by Resotran. Ferrotran is not
able to resolve the phantoms at all. Cross-reconstructions using the Resotran system matrix are possible for
Perimag and Resovist on both phantoms. While the result for Perimag gets worse, the reconstruction result

9

111



10P Publishing

Phys. Med. Biol. 69 (2024) 135014 F Mohn et al

Perimag Resotran Resovist Ferrotran Phantoms

Reconstruction
with dedicated SM

Cross Reconstruction
with Resotran SM
—

normalized signal intensity / a.u.

o

Figure 7. Comparison of MPI reconstructions. Results of the four different MNPs in two different phantoms are shown, each with
an iron concentration of 8.5 ngFe ml ™. The signal intensity is normalized for each image individually and the reconstructed
image has a size of 29 x 29 mm?®. The MPI tailored tracer Perimag provides the best image quality. Resotran and Resovist are
similar, but Ferrotran has a very weak particle response. The SSIM to the reconstruction unsing Resotran (row-wise) is
superposed in the lower right corner.

for Resovist improves when using the Resotran system matrix. This is supported by the increasing SSIM to
the reconstruction of the Resotran spiral (0.75) in comparison to the reconstruction of the spiral using the
Resovist system matrix (0.65). One reason may be that there are more disruptions and noise in the Resovist
system matrix, as it can be seen in the lowest system matrix component in figure 6. The MNP concentration
in the spiral phantom should be consistent, but due to the different representation of the windings by 1 to 3
voxels, the reduced physical resolution towards the edges of the FOV, and the influence of regularization and
solver on the reconstruction (Hackelberg et al 2024), the intensity seems to vary in the image.

4. Discussion

This work evaluates the four particles Perimag, Resotran, Resovist, and Ferrotran by classifying their sizes,
magnetic properties, and imaging performance. We have shown that Resotran and Resovist are similar in
composition and performance, with acceptable imaging results, and that Ferrotran is unsuitable for MPI.
The reintroduction of ferucarbotran-based MNPs in Germany offers the potential for future human trials in
MPI, which motivates a comparison of Resotran with the established but discontinued Resovist.

The purpose of this study is threefold: first, to establish a relationship of the well-known and thoroughly
studied MNPs Resovist to the newly MRI approved MNP Resotran, both ferucarbotran, to indicate similar
properties and MPI performance. Secondly, this work makes a contribution on the way to an official
approval of Resotran for human applications in MPI for vascular imaging based on its similarity to Resovist.
Toxicological risks of MNPs on the metabolism remain (Chen et al 2010, Singh et al 2010, Winer et al 2012),
however, the long-term application of ferucarbotran in human MRI (Reimer et al 1995, Amemiya et al 2009)
since its introduction in 2003 (Reimer and Balzer 2003) has so far not raised any major concerns (Wang
2011). Third, we complement our study with two more MNPs, one MPI tailored tracer called Perimag to
indicate possible future increases in performance and dosage and another called Ferrotran, USPIOs
currently in a Phase III study, but not suitable for MPI due to their linear magnetization behavior caused by
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their low magnetic energy and their small size. We chose Perimag because it is well studied in the literature
(Eberbeck et al 2013, Liidtke-Buzug et al 2013, Szwargulski 2020, Ludewig 2022, Vogel et al 2023) over a
period of 10 years, it appears in various open datasets (Knopp et al 2020), its synthesis process is analogous to
ferucarbotran and it is expected to perform well in viscous (partially immobilized) media such as blood
(Wockel et al 2019, Antonelli ef al 2020). However, other tracers such as Synomag (Gavilan 2017, Vogel et al
2021), VivoTrax (Irfan et al 2021b, Gevaert et al 2022, Yeo et al 2022), PrecisionMRX (Imagion Biosystems
Ltd Melbourne, Australia) (Tay et al 2017), LS-008 (Vogel 2019), or magnetosomes (Makela et al 2022,
Thieben et al 2023a) have also shown significant potential and even superior magnetic properties for MPI
compared to Perimag (Irfan et al 2021a, Yeo et al 2022).

The size discrepancy of DLS and TEM measurements shows how the hydrodynamic diameter reveals
clusters and chains: although Perimag and Ferrotran have similar individual mean core diameters around
3.1 nm (TEM, figure 2), they have very different hydrodynamic diameters (DLS, figure 1), e.g. due to
embedded cluster within a single dextran shell for Perimag. Clusters are known to be the MPI active
component for signal generation (Eberbeck et al 2011) of small MNPs like Perimag and our images show a
similar core size of around 5 nm as reported by Eberbeck et al (2013). While the short-axis has been
considered in our analysis (section 2.3), the long-axis is more relevant to the magnetic properties under
investigation. In alignment with the easy axis, particle clusters, chains, and particle-particle interactions play
a dominant role in the observed magnetic response in the kHz range (Eberbeck et al 2011). However, manual
quantification of agglomerates and aggregates ( 2014) is difficult and prone to user bias and errors in
detecting edges and boundaries of overlapping particles (Pyrz and Buttrey 2008, Bresch et al 2022). The
effective MNP size of Perimag is thus in a range of 20 to 50 nm (visual inspection of figure 2) and these
particle ensembles are then surrounded by the dextran shell which yields a hydrodynamic size at around
100 nm as reported in figure 1 by DLS.

Regarding Resovist and Resotran, Gleich and Weizenecker (2005) reported that only 3% of the total iron
mass are expected to be MPI active, which agrees with our findings to the extent that the performance of
Resotran/Resovist is better than Ferrotran, but worse than Perimag, suggesting that most particle ensembles
are too small (Yoshida et al 2013). Also, visual inspection of the TEM images reveal small clusters in the 10 to
20 nm range and Resotran/Resovist MNPs overlap much less than Perimag, with a hydrodynamic diameter of
about 65 nm. Accordingly, in the case of Ferrotran, the separation by the hull prevents any overlapping
particles and particle-particle interactions are suppressed, resulting in MNPs that are too small for MPI with
an almost linear magnetization curve in the relevant excitation range. The magnetic properties of Ferrotran
indicate that it is not eligible for MPI, which was confirmed with images of poor quality, that do not
resemble the measured phantoms in figure 7.

In this study, we did not perform an in-depth analysis regarding the relaxation behavior by blocking
Brownian rotation using immobilization methods (Riahi 2020). Regarding Perimag, its third harmonic of a
liquid and an immobilized sample have a ratio of 18.31/13.1 ~ 1.4 (Wockel et al 2019). This ratio indicates a
coupled relaxation with a predominant Néel relaxation. From our PSF results, the similarity between
Perimag, Resotran and Resovist indicates a similar coupled relaxation behavior. For Ferrotran, almost no
relaxation behavior is visible, indicating a fast Néel relaxation, as expected for USPIONs (Krishnan 2010). All
four MNPs have similar core sizes around 3 to 4 nm, but very different hydrodynamic diameters with the
relationship that the larger the hydrodynamic diameter, the better the MPI performance. A clear distinction
in Brownian and Néel relaxation cannot be made on the basis of our results without immobilization.
However, our results are analogous to the performance improvement seen due to a larger effective core size as
reported by Yoshida et al (2013).

The differences in saturation magnetization observed by VSM most likely result from the different
material composition ratios for the iron oxides magnetite and maghemite with a saturation magnetization of
98 Am? kglpe_1 and 82 Am’ nge_l, respectively (Colombo et al 2012). Additionally, the presence of clusters
with particle-particle interaction contribute to a difference in the initial slope of the magnetization curve as
indicated by the VSM data in figure 3. Further, VSM successfully predicted the magnetization curve that was
measured using MPS, without the hysteresis that is induced by the dynamic excitation field. The center plot
of figure 5 confirms this behavior, as the hysteresis curve widens with increasing excitation amplitude and the
maximum saturation approaches the values measured with VSM for high amplitudes, without surpassing
them. The 1D MPS results are supported by the achieved SNR levels of the measured MPI system matrices
and indicate that the imaging quality of the tailored tracer Perimag outperforms all other tracers, which was
eventually shown by the reconstruction of the spiral phantom. The analysis of MPS data on tracer
performance correlates well with the image reconstructions for all 4 tracers using the system matrix
approach. We did not perform x-space reconstructions in the time-domain but expect our findings to
generalize to other imaging sequences and reconstruction techniques. The FWHM of the x-space PSF also
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implies a good performance of Perimag and a bad performance of Ferrotran, indicated by a narrow and
broad PSF (Croft et al 2012), respectively.

Throughout all conducted measurements, the properties and performance of Resovist and Resotran
proofed to be akin and the remaining differences could be due to variations between LOT numbers or due to
different distributions of the iron oxides magnetite and maghemite. The reconstructed images of figure 7
confirm suitability of Resotran for intricate MPI applications and our work indicates its suitability for 2D
sequences, where particle clustering is relevant. On this basis, suitability for more elaborate 3D sequences can
be assumed, because the excitation direction is changing for a 2D sequence as well, which is the main
difference of 2D/3D excitation to colinear 1D sequences. This is crucial for the medical translation of MPI,
although the performance of ferucarbotran-based MNPs does not reach the level of tailored MPI tracers.
Cross-reconstructions of Resotran and Resovist are possible, emphasizing their resemblance, and
surprisingly even improving the reconstruction result for Resovist using the Resotran system matrix. This
might be due to a slightly higher SNR of the Resotran system matrix, as indicated by the analysis in figure 6,
similar to the boost in SNR in hybrid system calibration approaches (Von Gladiss et al 2017). More
investigations on this matter using different particle batches are necessary.

5. Conclusion

Resotran qualifies as a tracer for MPI and its deployment in preclinical trials and system characterizations
(Thieben et al 2024) could positively impact an official medical approval for MPI. Furthermore, it will
facilitate the process of clinical translation of MPI, even if the signal performance is surpassed by tailored
MNPs. Due to its similarity to the established MNPs Resovist in both, performance and composition,
insights gained on Resovist are in principle transferable to Resotran. With Resovist no longer licensed in
most countries, the main benefit of Resotran is the reintroduction of a ferucarbotran-based tracer for
medical imaging.
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9.1

Saline Bolus for Negative Contrast Perfu-
sion Imaging in Magnetic Particle Imaging

In this chapter we investigate the feasibility of using negative contrast perfusion imaging
to generate perfusion maps and compare them to the ground truth of positive boli for a
rat-sized heart phantom [O5].

The experiments, the measured data and its evaluation in this chapter originated during
the master thesis of Miriam Exner, which was completed at the Institute of Biomedical
Imaging of the Hamburg University of Technology between 2021 and 2022 [56]. Parts of
this chapter have also been presented at the IWMPI 2023 conference in Aachen, Germany,
with a published proceedings [O9] prior to publication of the full paper.
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Abstract

Objective. Magnetic particle imaging (MPI) is capable of high temporal resolution measurements of
the spatial distribution of magnetic nanoparticles and therefore well suited for perfusion imaging,
which is an important tool in medical diagnosis. Perfusion imaging in MPI usually requires a fresh
bolus of tracer material to capture the key signal dynamics. Here, we propose a method to decouple
the imaging sequence from the injection of additional tracer material, without further increasing the
administered iron dose in the body with each image. Approach. A bolus of physiological saline solution
without any particles (negative contrast) diminishes the steady-state concentration of a long-
circulating tracer during passage. This depression in the measured concentration contributes to the
required contrast dynamics. The presence of a long-circulating tracer is therefore a prerequisite to
obtain the negative contrast. As a quantitative tracer based imaging method, the signal is linear in the
tracer concentration for any location that contains nanoparticles and zero in the surrounding tissue
which does not provide any intrinsic signal. After tracer injection, the concentration over time
(positive contrast) can be utilized to calculate dynamic diagnostic parameters like perfusion
parameters in vessels and organs. Every acquired perfusion image thus requires a new bolus of tracer
with a sufficiently large iron dose to be visible above the background. Main results. Perfusion
parameters are calculated based on the time response of the proposed negative bolus and compared to
apositive bolus. Results from phantom experiments show that normalized signals from positive and
negative boli are concurrent and deviations of calculated perfusion maps are low. Significance. Our
method opens up the possibility to increase the total monitoring time of a future patient by utilizing a
positive-negative contrast sequence, while minimizing the iron dose per acquired image.

1. Introduction

Magnetic particle imaging (MPI) is a tracer based imaging modality which measures the spatial concentration of
magnetic nanoparticles (Gleich and Weizenecker 2005). After rapid development, the method has already
proven its potential in several clinical applications like control of the temperature rise in magnetic hyperthermia
(Murase et al 2013), monitoring of cellular grafts (Zheng et al 2016), cancer detection (Yu etal 2017),
quantification of vascular stenosis (Vaalma et al 2017), lung perfusion imaging (Zhou et al 2017), traumatic brain
injury imaging (Orendorff et al 2017) and stroke detection (Ludewig et al 2017, Szwargulski et al 2020). Recent
developments show that MPI is feasible on a human scale (Rahmer et al 2018, Graeser et al 2019, Mason et al
2021, Vogel etal 2022, Thieben et al 2023).

MPT uses the nonlinear magnetization behavior, which is controlled by the superposition of a static
spatial encoding field (selection field) and an oscillating homogeneous field (drive field). The first creates a

©2023 The Author(s). Published on behalf of Institute of Physics and Engineering in Medicine by IOP Publishing Ltd
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field-free-region (FFR), the second deflects the FFR and causes the particles to realign to the current field vector,
which can be measured using Faraday’s law of induction (Gleich and Weizenecker 2005). Due to the non-
linearity of the particles, the receive signal contains higher harmonics, encoding a location depend spectral
fingerprint. Using Fourier transform, a solution to the underlying system of linear equations reveals the location
and concentration of the tracer (Gleich and Weizenecker 2005).

As MPI depends on a magnetic tracer injected into the human body, several questions regarding the safety of
these tracers arise. The iron oxide particles are usually coated either by dextran or PEG shells making the tracer
compatible to the body (Reimer and Balzer 2003, Arbab et al 2005, Oh and Park 2011). If coated with dextran,
the particles are taken up by Kupffer-cells in short time intervals (=10 min half-life) (Reimer and Balzer 2003,
Haegele et al 2014) and are integrated in the human iron pool by the liver. Certain PEG shells remain longer
within the blood pool with a circulation half-life of approximately 7 h in mice (Liu et al 2021). After that, these
particles are also taken up by the liver and spleen (Liu et al 2021). A long half-life is as well achieved by labeling
red blood cells with magnetic particles, where 30% of signal remains after 24 h (Antonelli et al 2013). Once in the
liver, the particles take up to several weeks to be dismantled (Reimer and Balzer 2003). Therefore, in the case of
MPI, the maximum iron dose is typically a threshold for a safe use of magnetic tracer in humans. The range of
iron doses for human use varies from 2.24 mgg./kg (Resovist) to 8.5 mgg./kg (Feraheme) (Southern and
Pankhurst 2018). As both are designed and medically approved for very different purposes, a specific MPI tracer
has yet to be approved for imaging in humans. Nevertheless, the doses of these tracers can be used as an
indication for safety in humans. Concerns remain if particles can be fully incorporated naturally or if toxicity
remains in long-term metabolism (Sun et al 2008, Billings et al 2021, Rubia-Rodriguez et al 2021), which
motivates to reduce the added iron amount as much as possible.

In Graeser etal (2019), a surveillance scenario for a stroke patient was presented by investigating brain
perfusion imaging. Perfusion imaging is an important technique to provide hemodynamics which are used to
characterize pathological conditions (Cha and Perfusion 2003, Wintermark et al 2005). For perfusion imaging,
usually short circulating tracers are used, because long circulating tracers would only lead to a higher background
signal after distribution within the body. In such a scenario, a bolus injection is given in every imaging sequence,
e.g. when monitoring a stroke patient. To comply with the above-mentioned limits, each single bolus may only
contain a fraction of the total iron dose, with a minimum dose based on the system’s sensitivity. Also, each bolus
needs to be visible above the background of prior boli (baseline concentration). Thus, each additional bolus
reduces the number of future images that can be acquired safely.

In order to calculate perfusion parameters, the shape, peak, timing and area under the curve (AUC) of an
increase in concentration is assessed (Dstergaard et al 1996, Cha and Perfusion 2003, @stergaard 2005,
Wintermark et al 2005, Ludewig et al 2017, Graeser et al 2019, 2020, Kaul et al 2021, Ludewig et al 2022). Other
work focused on blood flow velocity (Kaul et al 2018), kidney perfusion (Molwitz et al 2019) or blood flow with
stenosis (Siepmann et al 2021), using similar methods. Apart from an increase in concentration, perfusion
parameters may also be obtained from a concentration decrease, known from magnetic resonance imaging
(MRI) as negative contrast (Detre et al 1992, Barbier et al 2001). Other works in MPI also took advantage of a
decrease in concentration to identify and track changes e.g. for the inflation condition of a balloon catheter
(Salamon etal 2016).

In this work, we present an approach that will enable long-term monitoring of a future patient, without
increasing the administered iron dose in the body with every image. Using long circulating tracers, we decouple
the imaging sequence from the injection of additional tracer material. To acquire the necessary dynamics in the
signal, from which perfusion parameters are calculated, we use physiological neutral saline solution to shortly
reduce the concentration of the tracer circulating within the perfused tissue (negative contrast). After image
processing, this depression in concentration can be used in the same way as the positive change in concentration
of abolus to derive perfusion parameters. The underlying principle requires a minimum baseline or steady-state
concentration of tracer to be present in the volume of interest (VOI).

A circulatory experimental setup is employed in our study, with a rat-scaled heart phantom on a pre-clinical
MPI system. We show that signals from negative and positive boli are concurrent, that the deviations in shape
and AUC are low after normalization and that perfusion maps can be obtained from negative boli. This method
has great potential to increase the number of diagnostic perfusion examinations of a future patient within the
safety limits of the total iron dose.

This paper is the full and extended version of our conference abstract (Mohn et al 2023).

2. Methods

We consider a scenario that requires a baseline tracer concentration, which could be reached with either a single
large initial bolus, by labeled and administered red blood cells or accumulated over time by several smaller
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Figure 1. Experimental Setup. A visualization of the experimental setup in (a), stated in flow direction: peristaltic pump, reservoir
(syringe), air bubble trap, bolus injection point, 3D printed heart phantom, return tube. Only the heart phantom is located inside the
scanner bore. The bubble trap and the phantom are shown as a blow-up in the upper corners. To the right (b), alabeled photo of the
setup at the scanner is shown. The tubes reach inside the scanner bore in the background where the phantom is placed. All other parts
from (a) are visible.

positive boli. Once the tracer concentration has reached a homogeneous steady-state in the circulating blood
pool, abolus of saline solution can be imaged due to the negative contrast (a reduced signal over time) that is
created by tracer dilution. To prove this hypothesis, perfusion parameters are derived from the time response of
negative and positive boli. Positive boli serve as the ground truth in this work and verification is done by
comparing dynamic subtraction images, normalized time curves and perfusion maps between negative and
positive bolus types, namely the time-to-peak (TTP), relative blood-flow (rBF), relative blood-volume (rBV) and
mean-transit-time (MTT). In this work, we administer an initial large positive bolus for a baseline concentration
and continue with alternating small positive and negative boli, and measure the time depended concentration
variations using MPI.

2.1. Experimental setup

To validate the feasibility of negative boli, we constructed a rat-sized heart phantom for circulatory flow
experiments, shown in figure 1. The hollow phantom is connected to a peristaltic pump using an average flow
rate of 31 ml min ', a realistic cardiac output for a rat (Treuting 2018), to circulate the imitated blood pool
(desalinated water). The heart phantom has a volume of 1763 mm?, with a portion of 60% for the actual heart
consisting out of 4 chambers (left/right atrium/ventricle). All partial volumes are realistically scaled and
designed on the basis of a 200 g rat (Exner et al 2019). Different details of the phantom are displayed in figure
1(a). The total volume of the imitated blood pool is 14 ml including all tube lengths and reservoirs, similar to the
blood volume of a 200 g rat (Belcher and Harriss 1957). The phantom was placed in the center of the MPI system
via arobotic mount. Following the experimental setup shown in figure 1, the fluid passes a reservoir of 1 ml first,
to compensate pressure and changes in volume when a bolus is injected. Next is a 3D printed trap for air bubbles,
which filters arising air from pressure variation or by injection to keep the phantom free of trapped air. The
injection point is located at a realistic distance (vena caudalis) from the heart phantom, where a small catheter
tube (0.28 mm diameter) is connected to the bolus syringe. The pulmonary circuit consists of a loop with a tube
length of 9 cm and 1.6 mm diameter to achieve a delay of 1 s, which is the pulmonary transit time (PTT) of a
healthy rat (Su et al 2022). It should be noted that for simplicity in these flow experiments, tissue mimicry to
simulate real organ perfusion was neglected at this small organ scale. Before measurements, the peristaltic pump
was fitted in a shielded housing and measurements were performed to exclude any influence of the motor on the
MPI measurement signal.

2.2.Phantom measurements

The measurements were performed using a Bruker preclinical MPI system (MPI FF 20/25, Bruker BioSpin MRI
GmbH, Ettlingen Germany) with a gradient field set to 1.2 Tm ™" in z-direction and a drive-field amplitude of

12 mT in all spatial directions. Consequently, the image field of view (FOV) spans 40 x 40 x 20 mm”. For
detection, a 3D gradiometric receive coil with an open bore of 72 mm was used, which enables high signal-to-
noise ratio (SNR) and sensitivity (Paysen ef al 2018), similar to the one constructed in Graeser et al (2017).
Measurements of 12 000 frames were recorded without averaging at 21.54 ms repetition time to observe changes
in the concentration over 4.3 min per bolus. A baseline concentration of 237 jigp. ml™" (4.24 mmol 1™") Perimag
(micromod GmbH, Rostock, Germany) was chosen for the 14 ml imitated blood pool volume and administered
via a single initial bolus which circulated until homogeneously dispersed (in total 3.3 mgiron). During
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Figure 2. Processing flow chart and signal analysis. The data processing flow chart is shown in (a). The measurement data is
reconstructed, the relevant time frame containing the first passing of the bolus (12 s) is selected, then negated (negative bolus only),
and filtered before post processing. A threshold mask selects only relevant voxels. Raw data and filtered data are shown exemplarily for
one voxel in (b) and (c), respectively. In (d), the applied definitions of perfusion parameters are visualized.

measurements, positive and negative boli were applied alternatingly to minimize concentration changes between
boli. A total of 8 boli was given, 4 boli of each type. The time between boli was set to approximately 5 min while
the pump continuously circulated the pool to reach a homogeneous distribution before the next injection. A
volume of 150 11 was chosen for all boli, either as a tracer dispersion of 1 yigg. pl~" (positive) or consisting of
physiological neutral saline solution (negative). Before injection of another bolus, 150 pl were drawn out of the
pool to guarantee identical starting conditions. The injection was queued in the catheter tube, with aleading tiny
air pocket to avoid dispersion of the bolus during preparation and to obtain identical constant injection rates. By
means of the long catheter tube, the bolus can be conveniently applied from outside the scanner. A syringe-
pump was not used due to the high pressure necessary to operate the small bolus syringe. Ongoing experiments
were supervised with an online reconstruction software (Knopp and Hofmann 2016) to evaluate success (bolus
passages) and confirm a homogeneous steady-state distribution.

2.3.Image reconstruction and post processing

All images were reconstructed using the system matrix approach described in Gleich and Weizenecker (2005).
The system matrix was recorded ona22 x 22 x 22 grid, spanning a system matrix FOV of 44 x 44 x 22 mm”.
This includes an overscan of 1 voxel compared to the image FOV and yields a voxelsize of 2 x 2 x 1 mm”. Each
single point response was averaged 150 times. Solutions were obtained by solving a Tikhonov regularized least
squares problem using the MPI reconstruction framework MPIReco.jl (Knopp et al 2019). For reconstruction, a
relative regularization parameter of A = 0.01 and 5 iterations were chosen. Frequency selection includes
frequencies from 80 kHz to 1.25 MHz with an SNR of at least 2. A background measurement (without the
phantom in the scanner) was subtracted from the phantom measurements before reconstruction. The
reconstructed solution ¢ € RN*" withN=n, x n, x n, = 227 voxels has 11, = 12 000 time frames. The term ¢; ,
refers to the i-th voxel and ¢-th time frame of the discrete solution. Furthermore, ¢/ refers to all voxels of the
j-th bolus.

The entire data processing chain is displayed as a flow-chart in figure 2, along with data examples and
parameter definitions. After reconstruction, the post processing includes time synchronization, data negation,
Hann-filtering, voxel masking and lastly the perfusion parameter calculation. In the order of mention: the time
is synchronized over all boli by selecting a time frame that starts with the injection (), includes the first bolus (#;
to t,) and stops after the first passing (f = 12 s). This step ensures that only relevant data is processed later. For
negative boli the concentration is inverted, so they can be processed identically to positive boli by the same code
that works e.g. by using the maximum intensity. Afterwards, an appropriate filter type was chosen to smoothen
the data for a more accurate peak detection and data interpolation, which also shifts the concentration offset to
zero. To reject ringing artifacts, we avoided rectangular windows and selected a low-pass Hann-filter with a
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window-size of 10 samples. The Hann-filter is applied voxel-wise on the Fourier transformed temporal data.
The last step before perfusion parameters are calculated is the determination of a threshold mask, which reduces
image noise by excluding any voxel with an intensity lower than 6% of the maximum value for the selected time
frame. The term ‘raw data’ refers to data reconstructed from the measurement signal before any processing, and
‘filtered data’ is a term for the final Hann-filtered data prior to post processing. This last step includes subtraction
images, normalization and perfusion maps.

Subtraction images. To visualize small changes in concentration, a pre-bolus reference is subtracted (pre
contrast) from all following images (post contrast) to remove the native concentration, and consequently only
changes in the concentration become visible (Hecht et al 2004). Dynamic subtraction images are based on the
filtered data and calculated by subtracting with the identical spatial slice at ,, that is before the administered
bolus reaches the FOV.

Normalized images. By using a normalization, the time response of positive and negative boli can be overlaid
e.g. to compare rise times or the shape of the bolus. To this end, the filtered data was used and normalization was
applied to match maxima (in this graph only). The normalization is done via linear regression to match the
maxima of the first peak without distorting the underlying time axis. Based on the linear model
ol = a; colsi 4 b;forallj € {2,...,8} boli, a slope a;and an offset correction b;is determined for all time
samples ¢, so each bolus can be mapped individually to one selected positive bolus (Zou et al 2003).

Perfusion images. In order to assess the feasibility of negative boli in perfusion imaging, calculations were
performed on the filtered data for positive and negative boli using a threshold mask as described above and in
figure 2(d). The data is not normalized for this calculation and the identical functions were used for positive and
negative boli. The only difference is that negative boli are inverted before filtering. Perfusion maps are generated
for TTP, rBF, rBV and MTT. The definition of individual perfusion parameters follows in section 2.4 below.

2.4. Perfusion parameters
The following definitions are formulated continuously by using ¢,(), to provide a more general consideration.
However, our data were processed using the discrete solution c; ;.

TTP: the TTP is defined as the time elapsed between a chosen reference point (the bolus injection, here #,)
and the measured signal maximum of the first bolus passing (see figure 2(d)). The TTP €RY is calculated
element-wise for all voxel i € {1,...,N} via

TTP; = arg max,( ¢;(t)), (D

where ¢;(t) is the concentration over time of the ith voxel (Fieselmann et al 2011).

PTT: the PTT is the time that a particle or blood cell needs to pass from the right to the left ventricle, therefore
the average time that the blood circulates through the lung. It can be calculated by the difference of the TTPs of
the ventricles (Dedn-Ben et al 2015). In this work it is defined by a length of tube and the flow rate that was
chosen to introduce a delay of about 1 s (see section 2.2).

rBF: the rBF equals the highest positive gradient in ¢,()

d
rBF; = arg max,( Ec,-(t) ), 2)

as shown in figure 2(d). A calculation for all voxels yields rBF €RN. The BF and BV are calculated in a relative
manner, due to a missing correct arterial input function.

rBV: the rBV can be derived from an element-wise evaluation of the AUC in the ith voxel, divided by the
AUC in the artery to yield rBV €RN. Therefore, the blood volume is proportional to the integral of ¢(), divided
by the integral of c,,((¢) in the artery, over their respective time intervals [#;, #,] (see figure 2(d)), that mark the
time the bolus needs for the first passing, as in

f;z ci(t)dt

BV, = S—.
J. can(®dt

3

MTT: the MTT is a measure of the average time that a particle or blood cell spends inside a vessel or organ. It
is usually defined by the ratio of rBV to rBF or via the first moment of the AUC (Weisskoff et al 1993, Ostergaard
et al 1996), however, it strongly correlates with the full width at half maximum (FWHM) of the concentration
peak (Kealey et al 2004, @stergaard 2005), especially for measurements with low tissue perfusion. To avoid error
propagation due to inaccuracies in rBV and rBF (Weisskoff et al 1993, @stergaard et al 1996), we took the time
interval FWHM as the MTT (@stergaard 2005), shown in figure 2(d).
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2.5. Comparison of positive and negative boli performance

Negative and positive boli are qualitatively compared by visual inspection of subtraction images, normalized
data and perfusion maps. All these calculations are based on the filtered data set, but with an increasing
computational effort in the mentioned order. The subtraction images reveal small changes in the concentration
over time and require just the filtered time data and a threshold mask. Normalized images require a
normalization step via linear regression and perfusion maps need to be processed according to section 2.4. All of
these calculations were done for all boli, however, in the results only some boli and some perfusion maps are
shown exemplarily. Positive boli are taken as the ground truth during comparison to negative boli in this work.

3. Results

3.1. Comparison of signal time histories, difference images, and normalization of the positive and
negative boli

In figure 3(a), raw data of positive and negative boli in the left ventricle are shown, displaying several bolus
passages over 100 s. The steady-state level increases slightly after each additional positive bolus (boli are
administered alternately). Due to the relation of the chosen bolus concentration and initial baseline, peaks of
negative boli are about 43% lower in the raw data.

Below in figure 3(b), normalized curves based on filtered data of all 8 boli are shown for the right atrium and
left ventricle. The normalized overlay of all 8 boli at the same location shows that curvature, shape and AUC
coincide and are almost identical. On average, the FWHM is 12% smaller for negative boli in the right atrium and
5% smaller in the left ventricle, which predicts shorter rise times for negative boli. Boli were applied with identical
procedure and alternatingly, hence a systematical fault in the setup is unlikely. An excessive low-pass filter setting
would result in underestimating the bolus peak and equalize the FWHM difference between bolus types.

Dynamic time responses at different positions in the heart phantom are displayed in figure 4(a). The delay, in
other words the transition times between different areas, and the shape of the bolus peak can be distinguished.
We expected the width of the peak to increase with time, the AUC to remain constant, and the peak to be highest
in the vena cava at the beginning. Limited resolution and unfortunate voxel spacing resulted in partial volume
effects that led to locally lower concentrations compared with these expectations. The voxelsize of
2 x 2 x 1 mm? is the lower limit for the represented resolution, but the smallest features of the 3D printed
phantom were tubes with diameters below 2 mm, e.g. for the vena cava, aorta and pulmonary vessels. As a result,
these concentrations are underestimated for both bolus types, which is visible here in the maxima and AUCs of
the vena cava and aorta in figure 4(a).

Below in figure 4(b), subtraction images are shown, suggesting that negative boli do not show significant
deviation from the positive ground truth and dynamic imaging is possible. Each bolus can be seen to enter the
right ventricle first, then passing through the pulmonary circuit and on to the left side of the heart. A small air
bubble accumulated over the course of the experiments in the right ventricle in spite of all efforts to prevent air
from entering the phantom. This caused a void in the images as no concentration changes occur except by
movement of the bubble. Therefore, the bubble appears with zero intensity in subtraction images.

3.2. Comparison of perfusion parameter maps of positive and negative boli

In figure 5, the TTP map is shown for a positive and a negative bolus, on the left and right, respectively. The top
row shows the vena cava (blue) and the aorta (red), which are at the extremes of the colorbar, as they mark inlet
and outlet of the heart phantom (compare to reference on bottom left). The bottom row shows the tubes of the
pulmonary circuit (the return bend is outside the FOV), which are very similar in color shape due to the small
time difference (PTT =1 s). The center of the heart phantom (layer 13) is enhanced to show that the 4 chambers
of the heart are identifiable by slight differences in shading. The TTP was successfully obtained from a negative
bolus and deviations between the two bolus types are low and in the same range of variations between
administered boli of identical type. Note that the filtered data used in these results is not normalized, as this
would impact the rBF, rBV, MTT, and the shape of the curve is therefore preserved.

Further perfusion parameters, namely the rBF, rBV and MTT, are shown in figure 6. Differences between the
results of positive and negative bolus are small. The slightly darker tint of the negative rBF corresponds to the
above mentioned difference in the FWHM, also visible in the data in figure 3(b). The same tendency can be seen
in the MTT, which is a little shorter for negative boli. However, the MTT is generally around 2.5 s for both boli
types and due to minor dispersion of the boli, the shading is darker in the left ventricle compared to the right
ventricle, indicating that the bolus passed first through the right heart chamber and then through the left
chamber. In the area of the pulmonary artery and the pulmonary vein, the actual blood flow is expected to be
higher due to the smaller cross-section. The calculated blood flow shows the opposite due to the lower measured
concentration. As already mentioned above with regard to figure 4(a), the local underestimation can be
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Figure 3. Raw data and normalized data. In (a), the exemplary raw data of a consecutive positive and negative bolus for 100 s are
shown. Several bolus passages are visible, indicated by numerous peaks. The baseline steady-state concentration of the negative bolus
(prior to first pass) is increased due to the preceding positive bolus. Below in (b), the right atrium and the left ventricle of the filtered
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Figure 4. Local time responses and subtraction images. In (a), the time response of a single bolus is tracked at different voxel locations
in the heart phantom (filtered data). This is mapped in (b) below, where subtraction images are displayed for a positive and a negative

explained by partial volume effects and that the system matrix resolution is lower than the smallest vessels cross-
section. This is consequently not a problem for the comparison between positive and negative boli, but a
resolution-related limitation by the imaging system. Low resolution and partial volume effects prevented a
correct definition of the arterial input function, consequently the BF and BV were calculated in a relative
manner. Note that rBF and rBV are relative, however, they are scaled identically for positive and negative bolus
types. These two images for one perfusion parameter are not normalized individually, therefore they refertoa

common colormap for direct comparability.
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Figure 5. Spatial progression of the TTP. On the left, a positive bolus was administered and on the right a negative bolus. The data were
processed according to figure 2. The time is mapped from bright colors (3.5 s) to dark colors (6.5 s) and 0 s corresponds to the time of
injection, identical to all time graphs above. The equidistant progression (1-20) along the y-axis shows different xz-slices of the FOV.
Layer 13 is magnified on the bottom and the 4 heart chambers can be identified for each bolus type. The phantom reference slice is
marked with a green corner for image orientation.
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Figure 6. The rBF, rBV and MTT for both bolus types. Shown is a single slice (layer 13) for a positive and a negative bolus on the top
and bottom respectively. Note that the images of each perfusion parameter are scaled to a single common colormap vertically and not
normalized individually.

As mentioned in section 2.2, the tiny air pockets used to avoid dispersion during bolus preparation
accumulated in the phantom, due to the position of the catheter just in front on the phantom. However, a bubble
trap behind the catheter would have caused high dispersion of the bolus. Air also arose from cavitation in
proximity to the pump, which prevented long experiments with more than 10 boli (around 5 min each).

4. Discussion

We presented a novel method without the need of additional tracer dosage for calculating perfusion mapsin
MPI. The method was evaluated based on phantom measurements, including the visibility of negative boli in the
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raw data (figure 3(a)), in normalized data (figure 3(b)), in dynamic subtraction images (figure 4(b)), and in
perfusion maps (figures 5 and 6). Overall deviations between the reconstructed images of a negative bolus and a
positive bolus are low and in a similar range to the variations seen with multiple administrations of a positive
bolus.

Regarding signal quality, negative boli do not need to be identical in volume to positive boli for perfusion
imaging, they could be chosen larger for abetter SNR, since the human body is compatible with large amounts of
neutral saline solution as opposed to magnetic particles. The maximum achievable SNR of a negative bolus
depends on the baseline concentration in advance to the injection and on the injection volume of the bolus itself.
If chosen in such a way that the negative bolus completely displaces all tracer from a VOI during passing,
maximum contrast is created. However, this is not desirable due to the intensity plateau that it creates, just as
input-clipping of alarge positive bolus should be avoided for the correct calculation of all perfusion parameters.
A mindful selection of bolus volume and baseline concentration is necessary, similar to the selection of a
sufficient dose for positive boli that is just visible for the planned imaging scenario. Further tracer-specific
investigations regarding the baseline concentration for sufficient in vivo SNR should be conducted.

Limitations to the efficiency and impact of the presented method are rooted in the availability and
performance of along circulating tracer for humans that upholds the mandatory baseline concentration. In
addition, the in vivo performance of saline solution as a bolus has not been investigated. Some modifications to
reduce dispersion in real blood may be required before the bolus reaches the desired organ (e.g. the brain).

Although our study chose an exemplary scenario of a rat-heart phantom, and therefore a focus on
cardiovascular imaging, the proof of concept to use negative boli for perfusion maps is transferable to other areas
e.g. cerebrovascular imaging. In a scenario that encompasses a long-term observation e.g. the monitoring ofa
future stroke patient, positive boli should be dosed as before, with a minimum of iron added for each acquisition
of the perfusion parameters. Following several administered positive boli of along circulating tracer, when a
baseline concentration is reached, the observation can be continued using negative boli without adding to the
particle iron mass in the body. A combination of positive-negative boli allows for a much longer observation
with shorter intermediate boli time compared to positive boli only. Positive boli should be used if the blood pool
concentration falls short of the baseline concentration for a negative bolus, caused by tracer which is taken up by
the liver. Another potential application is in endovascular interventions, e.g. stenosis assessment and stent
implantation. The morphology of the vessel would be visible from the long circulating tracer and the catheter via
amarker (Herz etral2019). A small negative bolus could be administered directly in the FOV, without dispersion,
to evaluate the procedure e.g. by calculating the blood flow. This can be repeated without adding more iron
compared to positive bolus evaluation.

Generally valid quantitative statements about the amount of tracer reduction cannot be made on the basis of
our experiments. The specific iron reduction by using negative boli depends on the surveillance scenario, the
number of boli administered, the half-life of the tracer in blood, and other monitoring specific parameters.

In conclusion, our study proposes a method for obtaining perfusion images in MPI with a positive-negative
contrast sequence. The results from phantom experiments demonstrate that the negative bolus approach
effectively contributes an image contrast resulting in concurrent signals with positive boli. Furthermore, our
proposed method enables an increased monitoring time of a future patient while keeping the total iron dose
constant. We believe that our results can significantly contribute to making MPI perfusion imaging techniques
applicable in a clinical scenario with long monitoring times.
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Real-time multi-contrast MPI for the de-
tection of gastrointestinal bleeding

We investigate in this chapter the detection of Gl bleeding using MPI experiments with
human-sized bowel phantoms and ex vivo porcine small bowel specimen. Single- and multi-
contrast experiments as well as subtraction and threshold images are used to evaluate the
robustness and feasibility of the technique for future interventions. The main advantage is
the use of two tracers, one administered orally and one injected, to detect Gl bleeding by
multi-contrast MP| when both tracers mix at the same location [O6].

The following work originated in a collaboration of the Department of Diagnostic and Inter-
ventional Radiology and Nuclear Medicine, together with the Section for Biomedical Imag-
ing, both affiliated with the University Medical Center Hamburg-Eppendorf (UKE). The
collaboration aims to involve physicians who are part of the daily routine of a hospital in
conceptualizing possible MPI applications that could facilitate their job in the future.

Parts of this work were presented at the European Congress of Radiology 2022, Vienna,
Austria [O18] and at the IWMPI 2024, Switzerland [O10].
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Real-time multi-contrast magnetic
particle imaging for the detection
of gastrointestinal bleeding

Fabian Mohn®2, Patryk Szwargulski®?, Michael G. Kaul ©3, Matthias Graeser®%45,
Tobias Mummert3, Kannan M. Krishnan$, Tobias Knopp®%2, Gerhard Adam?,
Johannes Salamon3 & Christoph Riedel ®3*

Gastrointestinal bleeding, as a potentially life-threatening condition, is typically diagnosed by
radiation-based imaging modalities like computed tomography or more invasively catheter-based
angiography. Endoscopy enables examination of the upper gastrointestinal tract and the colon but
not of the entire small bowel. Magnetic Particle Imaging (MPI) enables non-invasive, volumetric
imaging without ionizing radiation. The aim of this study was to evaluate the feasibility of detecting
gastrointestinal bleeding by single- and multi-contrast MPI using human-sized organs. A 3D-printed
small bowel phantom and porcine small bowel specimens were prepared with a defect within the
bowel wall as the source of a bleeding. For multi-contrast MPI, the bowel lumen was filled with an
intestinal tracer representing an orally administered tracer. MPI was performed to evaluate the fluid
exchange between the vascular compartment of the bowel wall and the lumen while a blood pool
tracer was applied. Leakage of the blood pool tracer was observed to the bowel lumen. Multi-contrast
MPI enabled co-registration of both tracers at the same location within the bowel lumen indicating
gastrointestinal bleeding. Single- and multi-contrast MPI are feasible to visualize gastrointestinal
bleeding. Therefore, MPI might emerge as a useful tool for radiation-free detection of bleeding within
the entire gastrointestinal tract.

Gastrointestinal (GI) bleeding represents as a clinical manifestation of a variety of diseases'. GI bleeding occurs
within the entire GI tract and can be classified based on its anatomic location into upper, middle, and lower GI
bleeding. Upper GI bleeding is located between mouth to duodenum above the ampulla of Vater?. Peptic ulcer
disease followed by gastritis and esophagitis are the most common causes, while bleeding from esophageal varices
and neoplasms are associated with the highest mortality®. A bleeding in the middle GI tract, between the ampulla
of Vater to the terminal ileum?, might arise from vascular pathologies (e.g. angiodysplasia, Dieulafoy’s lesions),
inflammatory bowel disease, Meckel’s diverticulum, ulcers or neoplasms*®. A lower GI bleeding occurs in the
colon or rectum’. The most common causes include colonic diverticulosis followed by internal hemorrhoids
and ischemic colitis®.

A GI bleeding might present as an overt or as an occult bleeding. An overt bleeding is characterized by vis-
ible signs of a bleeding like hematemesis, hematochezia, or melena. Acute overt GI bleeding, as a potentially
life-threatening condition, requires prompt clinical evaluation and treatment'. Typically, in both the upper and
the lower GI tract endoscopy serves as initial modality (i.e. esophagogastroduodenoscopy and ano-/sigmoido-/
colonoscopy) to locate the bleeding source with the advantage to enable therapeutic intervention®’. However,
if endoscopic evaluation is not feasible or inconclusive, further imaging techniques like computed tomography
(CT) might be necessary”'’. The diagnostic evaluation of a bleeding in the middle GI tract depends on the
clinical presentation of the patient. If an acute overt bleeding in the small bowel is suspected, *™Tc-labeled red
blood cell scintigraphy, CT angiography or, in case of a hemodynamically unstable patient, conventional catheter
angiography might reveal the bleeding source by extravasation of a tracer or contrast agent*. An occult bleed-
ing might present with iron deficiency anemia or a positive fecal occult blood test, but without visible signs of
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a bleeding">!'!. Initially, colonoscopy and esophagogastroduodenoscopy might be performed to find a bleeding
source in the lower or upper GI tract, respectively. If no bleeding source is detected, CT enterography, video
capsule endoscopy (VCE) and double balloon endoscopy (DBE) can be used to evaluate the small bowel'. VCE
enables the noninvasive evaluation of the entire small bowel. However, limitations of this technique include the
inability to influence the GI passage and the possibility to miss clinically important lesions*. DBE is performed
in sedation and enables deep intubation of the small bowel with the possibility for therapeutic intervention.
Nonetheless, lesions might be missed if a total enteroscopy is not achieved*.

Here, a non-invasive, radiation-free imaging technique with coverage of the entire GI tract is desirable
for bleeding detection. Magnetic Particle Imaging (MPI) is a technique for volumetric imaging at a high
spatiotemporal resolution without ionizing radiation based on superparamagnetic iron oxide nanoparticles
(SPIONs)'>'3, Potential applications encompass e.g. the in vivo evaluation of blood flows'*', the assessment of
brain perfusion', MPI-derived angiography'’, and MPI-guided vascular interventions'®'®. Furthermore, MPI
enabled the detection of an induced acute GI bleeding in a murine model®. In comparison to other imaging
modalities like CT, MPI offers the advantage of multi-contrast imaging?' with the possibility to visualize more
than one tracer simultaneously or to exploit the physical link of the magnetization behavior to measure viscosity
or temperature??~2*, Multi-contrast MPI has been used to detect intracranial bleeding and to monitor the expan-
sion of the hematoma in a murine model*.

In this study we demonstrate the feasibility of non-invasive MPI to visualize real-time tracer enhancement of
a bowel wall and to detect gastrointestinal bleeding in human-sized organs. Therefore, single- and multi-contrast
experiments were performed on 3D-printed phantoms in the scale of human small bowel and on ex vivo porcine
small bowel specimens to visualize extravasation of a blood pool tracer to the bowel lumen. In multi-contrast
experiments, an additional intraluminal tracer represented an orally administered tracer providing an anatomic
reference of the affected bowel segment.

Methods
To prove and validate the registration of GI bleeding with MPI, fundamentals on data acquisition and image
reconstruction are explained first. Then, a verification of the used tracers is laid out to verify their separability for
multi-contrast MPI with a dilution series. Afterwards, the phantom construction process and phantom experi-
ments are described. Finally, ex vivo porcine small bowel specimen measurements are specified, and experiments
are performed in analogy to the phantom experiments.

The following four experiments were conducted on both phantoms and ex vivo porcine small bowel specimen.

Single-contrast (blood pool tracer only), bowel intact (control)
Single-contrast (blood pool tracer only), bowel perforated
Multi-contrast, bowel intact (control)

Multi-contrast, bowel perforated.

The purpose of control measurements was to demonstrate the absence of a bleeding, so any registered bleeding
in a perforated bowel experiment could be attributed to the actual perforation of the phantom or bowel specimen.

Magnetic particle imaging

Visualization of the spatial distribution of SPIONs was performed on a pre-clinical MPI system (Bruker Biospin
GmbH, Ettlingen, Germany) using a gradiometric x-receive coil with a bore diameter of 72 mm. The receive coil
was connected to a custom developed receive chain that filters, amplifies, and samples the signal. The measure-
ments were recorded with a gradient strength of G=diag(-0.75, —0.75, 1.5) T/m and drive field amplitudes
A,=A,=A,=12 mT resulting in a field of view (FOV) of 32 x 32 x 16 mm®. The repetition time was 21.54 ms,
resulting in the acquisition of 46 volumes per second. With the use of a custom online reconstruction software,
the experiments were displayed in real-time to monitor the process and outcome of the measurements at the
scanner®. The final image reconstructions were performed afterwards, where parameters were visually optimized
to obtain the best results®.

MPI image reconstruction
Multi-contrast reconstructions were performed using the iterative Kaczmarz method??, yielding the particle
concentrations ¢; and ¢ by solving the linear system of equations

~ ~ c ~
Sc= [Sl SZ] |:C;:| = Ureceive>

where Zzeceive € CK is the Fourier transform of the received voltage with K frequency components and §,- € CKxN
for i=1, 2 are the tracer specific system matrices in the frequency domain. The system matrices were acquired on
a grid of 20 x 20 x 20 voxels (voxel size 2 x 2 x 1 mm?) in phantom experiments and on a grid of 26 x 26 x 26 voxels
(voxel size 1.5% 1.5x0.75 mm?) for the porcine small bowel specimens. This included an overscan of at least 2
voxels in all directions to reduce boundary artifacts®. In case of single-contrast reconstruction, only a single
tracer is regarded and S, ¢, are neglected. For all reconstructions, the following least squares problem is solved

. .S —~ 2 5 2
C;eco = argmlnllsc - ureceive”z + A||C||2,
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where ||§c — ﬁreceiveH; is the data discrepancy term and ||c||? is the penalization term that is utilized to dampen
large oscillations in the solution. The solution of the concentration distribution ¢/, contains both concentration
vectors ¢y and ¢, and is used to display the distributions in different colors. Therefore, voxels that contain signal
from both tracers appear as a blend of these two colors. A€ R controls the relative regularization parameter that
reduces the image noise at the cost of spatial resolution. The frequency selection, the parameter A, and the number
of iterations were adapted individually for each reconstruction to obtain best image results. However, parameters
were identical for both tracers as the two system matrices constituted to a single minimization problem. For

visualization purposes, images were averaged to a temporal resolution of 1.72 s (80 averages) to reduce noise.

Post-processing of MPI reconstructions

Post-processing techniques might be used to improve the visualization of tracer extravasation and consequently
increase the sensitivity for bleeding detection. For single-contrast MPI, digital subtraction images were calcu-
lated by voxel-wise subtraction of signal intensities at two different timepoints (f,—t,). Consequently, only the
temporal changes in signal intensities between both timepoints were visible. For multi-contrast MPI, overlay
images highlighting a mixture of both tracers were reconstructed. Therefore, only voxels with signal intensities
of both tracers above a defined threshold were displayed. The thresholds were visually determined to obtain
the best delineation of the tracer mixture. Here, MPI at a single timepoint is sufficient to calculate this image.

Tracer separability for multi-contrast MPI

In this study, the tracer Perimag® (Micromod Partikeltechnologie GmbH, Rostock, Germany) was used as blood
pool tracer and LS-008 (Lodespin Labs, Seattle, United States) was used as intestinal tracer. LS-008 is a single-core
tracer with polyethylene glycol coating®®?!, whereas Perimag is a multi-core tracer with dextran coating®. To
separate their signal contributions to the receive signal tieceive, an image of a specimen was reconstructed using
both system matrices to plot each tracer’s intensity. Before actual experiments were performed, a dilution series
was used to compare the signal contribution in known samples of different tracer compositions. Specimens of
100 pl were prepared at different volume ratios of both tracers, Perimag (at ¢z, =266 pg/ml (4.75 mmol/l)) and
LS-008 (at cg. =321 pg/ml (5.75 mmol/l)). Concentrations were chosen to obtain similar peak signal intensities
and to match the signal-to-noise ratio of both tracers which prevents signal dominance of one tracer over the
other. Volume ratios of Perimag/LS-008 were set in 10% steps (10070, 90/10, 80/20, ..., 10/90, 0/100) to evaluate
the channel leakage and tracer separability by their signal contributions after image reconstruction. Due to the
underlying linear signal model of MPI", the signal intensity of each channel is expected to scale linearly from
0 to 100%.

3D-printed small bowel phantom experiments

Phantoms resembling a small bowel segment were 3D-printed using clear resin in a stereolithography printer
(Form 3, Formlabs Inc., Somerville, USA). Coated with NanoSeal (NanoSeal LLC, Conroe, USA), the printed
structures were hydrophobic and impermeable for liquids. The core structure of the phantom had the shape
of an oval cylinder (Fig. 1a-d). The interior oval lumen measured 7.0 mm x 13.5 mm which is in the range of
human small bowel®’. The surrounding bowel wall was constructed with a hollow layer of 2.0 mm representing
the vascular compartment in a perfused bowel wall. One phantom was created with a separation of the vascular
and the luminal compartment and served as control (Phantom I, Fig. 1b). Another phantom was created with a
perforation of 2.0 mm between both compartments representing the source of a bleeding (Phantom II, Fig. 1¢).
The luminal compartment was filled with water for single-contrast MPI and with a tracer suspension of LS-008
(cge=321 pg/ml (5.75 mmol/l)) as intestinal tracer for multi-contrast MPI. During the experiments, the inlet
and outlet of the lumen were sealed. The vascular compartment was accessible via an inlet and an outlet. Both
inlet and outlet were connected to a water-filled circulatory system (total volume 15 ml) with a flow pump and
a three-way valve enabling the injection of a blood pool tracer (Fig. le). The peristaltic flow pump was set to a
flow rate of 93 ml/min. The phantoms were placed at the center of the MPI scanner by guidance of a small delta
sample mounted on the phantoms. Phantoms were imaged dynamically in the MPI scanner to evaluate the
exchange process between the vascular compartment and the lumen while a bolus of 1 ml Perimag (cg, =850 pg/
ml (15.2 mmol/l)) was injected as the blood pool tracer.

The following experiments were conducted:

Single-contrast (blood pool tracer only), bowel intact (phantom I)
Single-contrast (blood pool tracer only), perforated bowel (phantom II)
Multi-contrast, bowel intact (phantom I)

Multi-contrast, perforated bowel (phantom II)

Porcine small bowel specimens and ex vivo experiments

In analogy to the four phantom experiments, similar ex vivo experiments for single- and multi-contrast MPI
were performed using porcine small bowel specimens (Fig. 2a) of a female pig (German landrace, approx. 85 kg).
The pig was euthanized at the University Medical Center Hamburg-Eppendorf within the scope of a different
study approved by the national authority for animal protection (Behérde fiir Gesundheit und Verbraucherschutz,
Hamburg, Germany). It conforms to the Guide for the Care and Use of Laboratory Animals, eighth edition,
updated by the US National Research Council Committee in 2011 and was performed in accordance with the
European Directive 2010/63 EU. The original approval does not address our experiments. Subsequent experi-
ments on residual cadaver tissue are allowed without additional approval in Germany. To avoid further animal
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Figure 1. Phantoms of a small bowel segment. (a) Sectional view of the phantom illustrates the design of

the small bowel phantom in a sagittal cross section consisting of an inner bowel lumen and an outer vascular
compartment. The vascular compartment was accessible via an inlet and an outlet to enable the connection

to a circulatory system. (b) The transversal cross section of the control phantom shows a separation of the
vascular and the luminal compartment. (c) Another phantom was created with a perforation (arrow) between
both compartments representing the source of a bleeding. (d) Photograph of a phantom with separated
compartments, dyed for illustration (blue =bowel lumen, red = vascular compartment). (e) The phantoms were
placed within the MPI scanner and the vascular compartment was connected to a circulatory system.

experiments, the residual cadaver tissue of the pig was used to prepare small bowel specimens. No animal was
euthanized within the scope of this study. Small bowel specimens were prepared of a length of 3-4 cm including
the adjacent mesenteric tissue. An incision in the mucous membrane of a length of 0.5 cm represented the source
of a bleeding. Specimens with an intact mucous membrane served as control. Small bowel specimens were ligated
at both ends and a mesenteric vessel was cannulated using a 24G catheter to enable the injection of a blood pool
tracer (Fig. 2b). The bowel lumen was filled with water for single-contrast MPI and with a tracer suspension of
LS-008 as intestinal tracer for multi-contrast MPI. The specimens were placed at the center of the MPI scanner
and imaged dynamically in the MPI scanner to evaluate the exchange process between the vascular compartment
and the lumen while a bolus of 1 ml Perimag was injected manually through the cannulated mesenteric vessel
followed by slow injection of 1 ml water.

Results

Tracer separability

Image reconstructions using the MPI multi-contrast approach of 100 pl samples provided the signal intensi-
ties of different volume ratios of Perimag/LS-008 in equidistant 10% steps shown in Fig. 3. The multi-contrast
reconstruction of 100% Perimag resulted only in a signal in the Perimag channel without relevant signal leakage
to the LS-008 channel. A decreasing volume fraction of Perimag led to a strictly monotonically decreasing signal
intensity of Perimag. At a volume ratio of 90% Perimag/10% LS-008, the LS-008 signal was not detectable. At
higher concentrations of LS-008, an increasing volume fraction of LS-008 led to a strictly monotonically increas-
ing signal intensity of LS-008. The multi-contrast reconstruction of 100% LS-008 resulted only in a signal in
the LS-008 channel without signal leakage to the Perimag channel. A mixture of both tracers could be clearly
determined at volume ratios between 80% Perimag/20% LS-008 and 10% Perimag/90% LS-008.

Phantom experiments
MPI enabled real-time 3D tracer visualization in all phantom experiments. The measured signal intensities of
phantom experiments for the four different scenarios, intact bowel vs. perforated bowel using both single- and
multi-contrast MPI, are shown in Fig. 4. A side-by-side comparison of single- and multi-contrast MPI of small
bowel phantoms with an intact and a perforated bowel wall is shown in Supplementary Video S1. After injec-
tion at 10 s, the signal of the blood pool tracer increased within the bowel wall and reached a plateau phase in
all experiments.

Single-contrast measurements with an intact bowel wall did not detect any tracer within the bowel lumen.
Single-contrast measurements with a perforated bowel wall revealed a signal increase of the blood pool tracer
within the bowel lumen after injection caused by extravasation of the tracer from the vascular to the luminal
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Figure 2. Photograph of porcine ex vivo small bowel specimen. (a) Porcine small bowel was used for
preparation of small bowel specimen of 3-4 cm (rectangle). (b) An adjacent mesenteric vessel was cannulated to
enable injection of the blood pool tracer (arrow).

compartment. The extravasation was observed immediately after bowel wall enhancement. Within the lumen,
the signal intensity was higher at the bottom of the lumen due to sedimentation of the tracer.

Multi-contrast MPI enabled the visualization of the bowel lumen before injection of the blood pool tracer.
After tracer injection to the intact bowel phantom, the signal of the intestinal tracer remained nearly constant
without any detectable blood pool tracer within the bowel lumen. Multi-contrast MPI of the perforated bowel
phantom revealed a co-registration of the signal of both vascular and intestinal tracer at the same location within
the lumen. This leakage of the blood pool tracer with consecutive mixture of both tracers indicated GI bleed-
ing. The mixture was observed immediately after bowel wall enhancement. The signal intensity of the intestinal
tracer decreased overtime, being partially diluted by the inflowing blood pool tracer through the perforation.

Digital post-processing enabled a clear identification of GI bleeding in single- and multi-contrast MPI of small
bowel phantoms (Fig. 5). Digital subtraction of reconstructed single-contrast images at ¢, =60 s and immediately
after bowel wall enhancement at t, =15 s does not show a GI bleeding for the intact bowel wall. The perforated
bowel wall led to a residual signal after digital subtraction indicating GI bleeding. For multi-contrast MPI, overlay
of multi-contrast MPI-derived signal intensities above a defined threshold of both the intestinal tracer and the
blood pool tracer clearly indicated GI bleeding only in case of a perforated bowel wall.

Small bowel ex vivo experiments

Single- and multi-contrast MPI enabled real-time 3D tracer visualization in ex vivo porcine small bowel speci-
mens during tracer injection. The signal intensities of ex vivo small bowel measurements for the four different
scenarios, intact bowel vs. perforated bowel using both single- and multi-contrast MPI, are shown in Fig. 6. After
injection of the blood pool tracer, the signal increased partially within the bowel wall, but without enhancement
of the entire circumference.

Single-contrast measurements with an intact mucous membrane did not detect any tracer within the bowel
lumen. Single-contrast measurements after incision of the mucous membrane revealed a signal increase of the
blood pool tracer within the bowel lumen after injection caused by extravasation of the tracer from the vascular
to the luminal compartment. The extravasation was observed immediately after bowel wall enhancement. Similar
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Figure 3. Multi-contrast MPI-derived signal intensities of different volume ratios of Perimag/LS-008 in
equidistant 10% steps-contrast. MPI-derived signal intensity mean and variance of different volume ratios of
Perimag/LS-008 in equidistant 10% steps obtained from 20 measurements (frames). Both curves are normalized
with their maximum signal intensity and dashed lines indicate the expectation based on the linear MPI model.
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to the corresponding phantom experiment, the signal intensity was higher at the bottom of the lumen due to
sedimentation of the tracer.

Using a blood pool tracer and an intestinal tracer, multi-contrast MPI enabled the visualization of the bowel
wall and the lumen. After injection of the blood pool tracer to the intact bowel segment, the signal increased
partially within the bowel wall, but without enhancement of the entire circumference. The signal of the intestinal
tracer remained nearly constant without a detectable signal increase of the blood pool tracer within the bowel
lumen. Multi-contrast MPI after incision of the mucous membrane showed an extravasation of the blood pool
tracer to the lumen with partial displacement of the intestinal tracer and mixture of both tracers. The mixture
led to a co-registration of the signal of both blood pool tracer and intestinal tracer at the same location within
the lumen. This leakage of the blood pool tracer with consecutive mixture of both tracers indicated GI bleeding.
The mixture was observed immediately after bowel wall enhancement.

The subsequent injection of water led to a signal decrease of the bowel wall in two experiments (i.e., single-
contrast MPI with incision of the mucous membrane and multi-contrast MPI with an intact bowel wall), indi-
cating a washout of the blood pool tracer. For single-contrast MPI with an intact bowel wall and multi-contrast
MPI with incision of the mucous membrane, parts of the blood pool tracer remained within the bowel wall.

Discussion

We successfully demonstrated the feasibility of MPI to detect gastrointestinal bleeding in a human-sized bowel
in real-time. MPI enabled visualization of the tracer enhancing bowel wall in both 3D-printed bowel phantoms
and ex vivo porcine bowel specimen. Accumulation of the blood pool tracer within the bowel lumen as an
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Figure 4. MPI of small bowel phantoms. Images on the left show MPI reconstructions at 60 s. MPI enabled
visualization of the enhancing bowel wall after injection of the blood pool tracer (red). In case of multi-contrast
MP], the luminal compartment is visualized by the intestinal tracer (blue). A representative region of interest
(ROI) in the bowel wall (ROI 1) and the lumen (ROI 2) was identified manually. A signal increase of the blood
pool tracer within the bowel lumen was only observed in case of a perforation between the vascular and the
luminal compartment and indicated GI bleeding. For multi-contrast MPI, leakage of the blood pool tracer led to
co-registration of both tracers at the same location within the lumen and indicated GI bleeding.
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Figure 5. Post-processed single- and multi-contrast MPI of small bowel phantoms. Left: Digital subtraction of
the reconstructed images at t,=60 s and immediately after bowel wall enhancement at t; =15 s. A GI bleeding
was not detected for the intact bowel wall. The perforated bowel wall led to a residual signal after digital
subtraction indicating GI bleeding. Right: Overlay of multi-contrast MPI-derived signal intensities above a
defined threshold. The thresholds were visually determined to obtain the best delineation of the tracer mixture
with the used setup and reconstruction parameters (threshold blood pool tracer: 28% of the maximum signal
intensity; threshold intestinal tracer: 38% of the maximum signal intensity). Co-registration of both tracers at
the same location was only observed in case of a perforated bowel wall and indicated GI bleeding.

indicator for GI bleeding was observed using single-contrast imaging. Multi-contrast MPI enabled detection of
GI bleeding by co-registration of both tracers at the same location within the bowel lumen.

GI bleeding, as a potentially life-threatening condition, requires prompt clinical evaluation'. Therefore, a
noninvasive technique for comprehensive real-time imaging of the entire GI tract is desirable. Esophagogas-
troduodenoscopy or colonoscopy might serve as initial modality to locate the bleeding source®®, but do not enable
assessment of the entire GI tract. Further, endoscopic techniques might require bowel preparation and patient
sedation'. Other techniques like CT and catheter angiography enable bleeding detection in the entire GI tract
but require the use of ionizing radiation. MPI does not apply ionizing radiation and is therefore potentially safe
for patients if applied magnetic fields stay within safety limits'>

Similar to CT, tracer extravasation to the bowel lumen indicates GI bleeding. In our study, the detection of
tracer extravasation was already possible after image reconstruction. In more complex cases, such as small GI
bleedings, the additional use of post-processing techniques might enable a superior visualization of GI bleed-
ings and consequently increase the sensitivity for bleeding detection. However, future studies need to prove a
beneficial detection rate before implementation of these post-processing techniques.

Unfortunately, if an intravascular MPI tracer is cleared from the blood pool, single-contrast MPI does not
provide an anatomical reference and allocation of tracer extravasation to a specific bowel segment is not pos-
sible. Here, the use of a long-circulating blood pool tracer might help to overcome this issue**~*’. After reaching
a steady state blood pool concentration of the tracer, a first MPI scan could provide the anatomical reference.
A repeated MPI scan with subsequent image subtraction might enable visualization of tracer accumulation
within the bowel lumen. Multi-contrast MPI with the use of a second, intestinal tracer is an alternative method
to obtain an anatomical reference. After oral administration, MPI enables the detection of tracer-filled bowel.
The mixture of both intestinal and blood pool tracer within the bowel lumen indicates GI bleeding. Here, GI
bleeding detection might also be improved with a long-circulating blood pool tracer. In case of slow bleeding,
MPI might be performed or repeated after a defined period of time when the amount of tracer extravasation
is considered to be detectable. In case of an intermittent bleeding, MPI could be performed or repeated when
bleeding is suspected to be active. Measurements can be repeated multiple times without the need of ionizing
radiation. Thus, the sensitivity of GI bleeding detection might be improved with the multi-contrast approach.

All experiments were performed on a pre-clinical MPI system. This system enabled the investigation of a FOV
encompassing small bowel phantoms in a human-sized scale or porcine small bowel segments. However, the
basic principle of bleeding detection by extravasation of a blood pool tracer to the lumen applies to the entire GI
tract. Therefore, MPI would enable bleeding detection within the entire GI tract including esophagus, stomach,
colon and rectum if adequate MPI systems with a FOV encompassing the entire abdomen are developed for
clinical applications®®.

With regard to limitations, motion-related artifacts (e.g. caused by bowel or patient movements) were not
considered, since all experiments were performed on phantoms or ex vivo bowel specimen. These artifacts cause
blurring in averaged images and consecutive reduction of image quality but might not have a major influence due
to the high temporal resolution of MPI. However, bleeding detection by post-processing techniques using images
of more than one timepoint (i.e. digital subtraction) will be impaired due to bowel or patient movement. Here,
multi-contrast MPI has the advantage to enable co-registration of a blood pool tracer and an intraluminal tracer
within the bowel lumen at a single timepoint and has a higher robustness against such motion-related artifacts.

Tracer separability was confirmed by a dilution series to demonstrate that multi-contrast MPI enabled co-
registration of two tracers in the same voxel. This feature was used to detect extravasation of the blood pool
tracer to the lumen with consecutive mixture with the intestinal tracer. Depending on the voxel size, partial
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Figure 6. MPI of ex vivo porcine small bowel specimen. These experiments were conducted in analogy to
phantom experiments. Single contrast MPI enabled visualization of the enhancing bowel wall after bolus
injection. Note the enhancement of the feeding vessel for this bowel segment (arrow). A signal increase of

the blood pool tracer within the bowel lumen was only detected after incision in the mucous membrane. In
multi-contrast MPI, co-registration of both tracers at the same location in the lumen represented the mixture of
tracers and indicated GI bleeding.

volume effects at the border of the lumen to the bowel wall might occur and imitate a mixture of both tracers.
Such partial volume effects have not been investigated in this feasibility study.

Experiments were performed on porcine ex vivo small bowel specimen. After injection of the blood pool
tracer, only parts of the bowel wall enhanced. A possible explanation for this phenomenon might be an occlusion
of capillaries during specimen preparation. Here, future in vivo studies will potentially observe a more uniform
bowel wall enhancement.

In conclusion, MPI enables the visualization of tracer enhancement of the bowel wall in bowel phantoms
and ex vivo porcine bowel specimen. Further, both single- and multi-contrast MPI enable the detection of a GI
bleeding. Therefore, MPI might emerge as a useful tool for noninvasive, radiation-free detection of acute and
chronic GI bleeding if adequate MPI systems for clinical use are developed and suitable MPI tracers are approved.

Data availability
The datasets generated during and/or analyzed during the current study are available from the corresponding
author on reasonable request.
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Discussion and Outlook

Conclusion

Medical imaging is a vital component of contemporary healthcare, providing invaluable guid-
ance for interventions and establishing diagnoses. Its advancement is contingent upon the
concurrent evolution of both applications and instrumentation, which must be integrated
with the existing workflow of medical personnel. This thesis considered key aspects of both,
application and instrumentation utilized in Magnetic Particle Spectroscopy and Magnetic
Particle Imaging. The objective was to address challenges related to hardware, sequence
emulation, image quality improvement, fast 3D imaging, patient safety, and also to find
application-specific optimizations.

In order to facilitate future human MPI trials, a safe, human-sized 3D head scanner was
refined and developed for diagnostic purposes, including fast cerebral imaging to calculate
perfusion maps [02, O3]. Continuing in the field of neurology, our research efforts have
focused on two key areas: the investigation of suitable MPI tracers that are approved for
human injection [O4] an on the development of negative contrast perfusion imaging to
reduce the total tracer uptake [O5]. By leveraging the advantage of long-circulating MNPs,
we demonstrated that excellent negative imaging contrast can be achieved by administering
a saline bolus. This approach enables the long-term monitoring of patients with conditions
such as ischemic stroke or intracerebral hemorrhage, which are major causes of mortality and
morbidity. With the aim of gaining insight into arbitrary waveform sequences, including their
instrumentation, calibration, and performance, we developed an arbitrary waveform MPS,
which can be used for an MPI scanner emulation. Our approach, as outlined in [O1], builds
upon the concept of pulsed excitation, which was introduced in 2019 [269] and differs from
the hitherto vision of most MPI scanner designs. A versatile, custom software framework was
developed and used to emulate multiple sequences for different types of scanners [017] and
we measured particle dynamics in various pulsed excitation fields to compare their system
matrix reconstruction results [O1].
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Discussion

The major part of this work contributes to the research fields of instrumentation and signal
encoding in MPI, as indicated in Figure 4.1, which is also the focus of this discussion.

System Matrix Reconstruction for Pulsed Sequences. The approach in chapter 5 used
real particle measurements with different offsets to generate a 2D sequence based on con-
catenating different subsets of the data, adding realistic system noise, and avoiding inverse
crime during reconstruction by using different measurement grids for offsets. This is a ver-
satile approach that allows a moving sequence to be emulated based on measured arbitrary
waveform data that can be adapted to different topologies. The device was also used for
MNP spectroscopy with arbitrary waveforms and offsets in two orthogonal directions, to
analyze relaxation behavior, different PSFs and harmonic content. However, the step of
analyzing different particle core sizes as described by Tay et al. [269], which we hypothesized
would no longer provide sufficient phase information at high slew rates, was not investigated
further. Instead of losing information due to concurrent relaxation, the particle system we
measured (Perimag) provided sufficient phase information due to its rapid relaxation and
ability to follow the excitation. In preparation for this analysis, we have tried to apply the
idea of a Radon-based reconstruction approach, similar to an FFL [129], which recovers lost
phase information by rotating the excitation direction, hence the development and focus on
a shift-radial sequence in [O1]. Although the conceptual validation of the approach using
Perimag was successful, we did not proceed with measurements of larger single-core MNPs
as planned. Thus, the hypothesis of loss of phase information for large particles could not
yet be confirmed, only the opposite for Perimag, as shown in Figure 4.3, which provides suf-
ficient phase information for reconstruction using ps slew-rates [08]. Due to its small core
size [52], this ability to follow high slew rates was expected, because of its Néel-dominated
relaxation [317]. For the arbitrary waveform MPS, it was not possible to increase the slew
rate any further due to amplifier performance limitations in combination with the load in-
ductance and power dissipation of the drive-field coil. Especially for long sequences with
fine offset grids and large amplitude, detuning due to thermal drift was a problem. A follow-
up of this original idea was discontinued after the publication of the conceptual validation
with Perimag in [O1], although measurements of different single-core particles were partially
performed but not fully evaluated.

Although we restricted our research in chapter 5 to a 2D plane and 1D excitation, the ap-
proach of using arbitrary excitation and offset signals can be translated to a 3D volume. 3D
MPS devices with sinusoidal excitation exist [42, 294, 296], but not yet for arbitrary excita-
tion, which is currently under construction at the Fraunhofer IMTE, Liibeck, Germany [234].
A device with such measuring capabilities can be used to measure the dynamic and satura-
tion regions of MNPs with a large overscan and an arbitrary excitation vector. This dataset
can then be cropped and concatenated in an analog fashion to our approach in [O1], to
fully mimic the movement of a 3D time sequence without building the required selection
and drive field coils. Continued development of the software framework by other groups lead
to its adaptation for FFL trajectory simulations [O17]. The calibration and optimization of
the slew-rate inspired an optimized amplifier voltage mode model [012].

Other aspects that could be investigated with an arbitrary waveform or pulsed MPS include
multi-contrast separability and channel leakage reduction for two or more MNPs [191, 192].
Multi-contrast system matrix reconstructions may be improved when MNPs are excited
with both a sinusoidal and a pulsed waveform, each of which captures different relaxation
processes that produce different spectral fingerprints. However, the improvement of such
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reconstructions is difficult to determine: First, a metric for channel leakage, separability, and
resolution must be defined, which strongly depends on the implemented solver [016, 191].
The use of masks for channel leakage classification requires the definition of parameters for
weighting or edge sharpness. Second, once a set of meaningful metrics, a suitable noise floor,
reconstruction parameters (grid search), and a solver is chosen, the question of computational
time or number of iterations required does not allow clear statements about performance.
For example, if a pulsed excitation with a very broad spectrum requires fewer iterations than
a narrower sinusoidal spectrum, each iteration may contain a very large number of frequency
components due to the high SNR, resulting in a longer overall computation time. For
sinusoidal excitations, more iterations performed in the same time may vyield reconstruction
results of identical quality. In turn, the computational time depends, among other things, on
the processor power, the number of kernels, the code implementation, and the way the inverse
problem is posed. Third, the choice of emulated acquisition sequence for a 2D reconstruction,
such as meandering or radial, also has a significant impact on the resolution and shape of
edges, artifacts, and the object being resolved. As a result, statements about multi-contrast
using pulsed vs. sinusoidal waveforms are narrowly focused on specific system parameters
and metrics, making a general prediction of improvement very difficult. However, its general
feasibility can be postulated by the difference in spectral fingerprints that are visible in the
spectra of pulsed and sinusoidal MPS measurements [O1].

The deployment of the pulsed MPS also included arbitrary waveform spectroscopy with
and without DC offsets. Using a TF calibration [276], the hysteresis curve in the domain
of the net magnet moment of the particles was determined [O4]. Using offsets along the
excitation direction, a static PSF was calculated [163, 268], as for example required for
Cartesian reconstructions based on a time-domain convolution with a suitable kernel, like
x-space MPI (see Figure 2.5). The versatility of the pulsed MPS as a spectrometer was used
in chapter 8, where four different MNPs were measured and compared [O4]. The device was
cross-validated by measuring the same MNP sample at identical sinusoidal excitation with a
standard resonant MPS without offsets [019] that was developed, calibrated, and described
in [276].

Human-sized 3D Head Scanner with Inductive Coupling Network. Beyond the scope
of the detailed discussion of imaging capabilities, device safety and hardware implementa-
tion in chapter 7 [03], this section addresses the remaining steps toward clinical trials and
unmentioned issues that affect both the ICN and the head scanner in hindsight.

Verification of the MPI system before conducting human trials should include PNS test-
ing, tracer approval for the desired deployment, electrical verification by a third party, and
agreement of the local ethics committee regarding human volunteers. Part of the documen-
tation laid before the ethics committee should contain a thorough risk assessment table,
device description, study description, clear assignment of roles and responsibilities, as well
as a checklist to show conformity with the general safety and performance requirements
(GSPR) set out in Annex | of regulation (EU) 2017/745 on medical devices. The electrical
verification concerns discharge-, contact-, and earth-currents, dielectric strength, insulation,
and mechanical impact resistance of the DFG. Next to the approval of an MNP injection, a
reasonable expected resolution should be shown for the selected application, to emphasize
suitability [O2, O3]. PNS tests can be carried out based on thresholds determined in [200,
230], however, these results do not included a 2D excitation in the 26 kHz region. It stands
to reason that a combination of both fields will reduce the applicable threshold further [243],
and the fields should be ramped up carefully. Also, the PNS threshold for extremities such
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as the arm or leg depends on the orientation of the nerves with respect to the B field and
is not transferable to the human head, which has very different values for € and ¢, making
it more sensitive to stimulation [1].

Initial design goals of the ICN included the reduction of complexity of the receive chain,
reducing power consumption by saving space and providing a receive channel in z-direction.
Although the ICN was successfully designed and implemented, it failed to reduce the com-
plexity of the receive chain, which still required an f; filter. The ICN rather increased the
complexity and design process of the transmit chain, as well as the power consumption. It
should be noted, that the increased power consumption was mainly due to the low induc-
tance design with a high-current DFG as listed in Table 4.1, which was intentional to increase
safety, and a complete duplicate compensation system would require even more power [177].
Therefore, a comparison of power consumption between the two versions is misleading. The
additional increase in power consumption for this DFG and the signal trade-off from the ICN
became apparent after the ICN was completed and commissioned [O11]. For best signal
quality, a dedicated receive coil was nested inside the DFG, as the TxRx signal quality was
inferior and had a high harmonic content. A dedicated z-receive coil was difficult to design,
as argued in subsection 4.1.2, but the expected improvement in spatial resolution in the
range of 12 to 22 % [260] would be worth investigating further. As a gradiometer coil can
adapt to changes during image acquisition, they provide dynamic background compensation
and are known to suppress interference [77, 119].

Nevertheless, the implementation of the ICN in chapter 6 and the redesign of the head
scanner in chapter 7 were successful, the overall device safety strongly increased, 3D imaging
capabilities at high spatiotemporal resolution achieved, and a roadmap to clinical trials
presented.

Applications in MPI and Conclusion. In the context of the above statement, several com-
mon objectives link the application part of this thesis to the instrumentation part via perfusion
imaging. These include the focus of the characterization study on the Ferucarbotran-based
tracer Resotran of chapter 8, which was central to all experiments in chapter 7, and the
optimization of cerebral perfusion imaging for specific scenarios in chapter 9. Here, the mon-
itoring of a stroke patient could potentially include the presented head scanner as a future
rapid diagnostic tool in the ICU. This allows for the following illustration of contributions
within this thesis: The ultimate goal of perfusion imaging in the ICU is enabled by the head
scanner [02, O3] and optimized by iron dose reduction and a long-circulating tracer [O5].
The intermediate and necessary step of clinical evaluation and trials on humans is based on
the well-studied Ferucarbotran [O4] that is next to Gadolinium-based agents [107] one of
the best understood MNPs in human metabolism with a low reported number of incidence
of adverse events [299].

Challenges for MPI

MPI has numerous advantages if introduced into clinical practice as a medical imaging
modality, demonstrated in the introduction in Table 1.1. Its predicted spatial resolution,
high temporal resolution, linear quantification, and background-free acquisition without tis-
sue attenuation are unique features. However, the underlying physics of its successful im-
plementation are complex, and some issues have persisted since its invention 20 years ago.
One of these issues include the correlation of spatial resolution, gradient, sensitivity and FOV
size. A high gradient is desired for a high spatial selectivity, to minimize the responsive FFR,
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which increases resolution. However, this also reduces the strength of the signal response,
because a smaller volume of MNPs is excited and flipped. Furthermore, the FOV size is
decreased by a high gradient for a constant drive field strength, which is determined by the
ratio of drive field to gradient as explained in section 2.3. When an FFL is employed instead
of an FFP, the number of concurrently responding particles is augmented [310], relaxing
restraints on one constituent of the above correlation at the cost of more complex sequence
encoding and reconstruction. Although the origin of the dilemma is well documented, it
cannot be entirely resolved [70, 130]. One approach is the use of multi-patch sequences to
increase the overall FOV size [33, 70, 210, 261] at constant high resolution. The entire FFR
is thus shifted by slow offset-fields and concatenated to increase the overall FOV within the
scanner bore. Again, large focus field shifts and more complex sequences tend to require
more power, which can also become a bottleneck for instrumentation because space and
infrastructure are limited or require more money. Power consumption can be reduced by
utilizing permanent magnets, as seen in Halbach configuration [16, 303] for the selection
field that can also used to shift the FFR [3, 184].

One large issue for MPI is PNS, as elaborated above in section 11.2, which limits the
usable drive-field strength significantly [230]. Approaches to increase the drive frequency
promise higher PNS thresholds [109, 242], but other instrumentation-related problems are
encountered concerning increased losses in hardware components, required bandwidth and
background signals [35, 242]. Although sensation of PNS is unpleasant and should be
avoided, the range between barely perceptible and clearly noticeable could be exploited,
before the sensation becomes unpleasant [243], especially due to large ranges of individual
perception. Homogeneous regions, at further distance to the DFG are expected to have
higher thresholds [243]. Small scale pre-clinical devices and regional application tend to
have a higher PNS threshold compared to full torso systems [229, 243]. It should be noted,
that the applied field direction is correlated to the sensation and depends on nerve and tissue
alignment and composition [1, 263].

Other challenges include the mitigation of noise and background signals [272, 308]. Noise
may appear in different categories, such as coil noise (thermal), patient noise [240], random
noise, background noise (short-, mid-, and long-term regime), distortions [203, 240] and im-
age noise [50, 257, 308]. LNA noise matching is required [328] and improves the detection
threshold significantly [78]. Remedies against random noise are limited and a careful analysis
of sources is required, however systematic occurrences in the background are often mitigated
using empty measurements, either before and/or after the particle measurement [131, 143].
Although background subtraction is effective, it is not a substitute for feedthrough com-
pensation due to the limited dynamic range of the LNA and the superior signal quality if
passive and/or active compensation is applied [77, 202]. In particular, the gradiometer coil
has demonstrated its utility by pushing limits for sensitivity [78] and due to its adaptability
to changes during ongoing measurements [77, 204, 207]. The concept of TxRx systems has
difficulties due to the increased amount of noise sources by (partly) sharing transmit and
receive chains [203, 231, O3] and loss in signal strength [O11]. Concerning image noise,
the regularization technique and implemented solver have a large influence on the trade-off
between spatial resolution, edge drop-off, and graininess of the image [50, 016, 190, 279].

In order to address the issue of lengthy calibration times associated with measurement-based
approaches [135] for system matrix reconstructions, a number of methods have been devel-
oped to facilitate and speed up the system matrix acquisition. These include sparse recon-
structions like compressed sensing [83-85, 150, 295, 301], using hybrid reconstructions [265,
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294, 297] by utilizing a 3D MPS [296], or model-based and learning-based approaches [8,
126]. Especially the combination of model-based and learning-based approaches show high
potential [139].

A final major challenge is the approval of an MPI-tailored clinical tracer [O4] and more insight
on the long-term toxicity and metabolisation of MNPs [27, 250, 307, 316]. To reach the full
potential of MPI, several tracers suited for different purposes such as 1D excitations [271],
long- and short-circulation [10], multi-contrast imaging (high separability), or hyperthermia
actuation are desirable. With suited and available instrumentation, the costly process of
tracer approval might soon become remunerating for large institutions or companies. This
would in turn increase the usability of clinical MPI due to the improvement in resolution,
sensitivity, and variety of approved tailored MNPs.

Outlook

As the number of obstacles to the use of MPI in medical imaging is gradually overcome by
recent research, the applicability and versatility of MNP-based diagnostic and therapeutic
tools is becoming increasingly evident [95]. The persistence of many research institutions
and companies to develop and enhance new and existing fields, as evidenced by the overview
of Figure 4.1, is a constant driver despite the fact that clinical integration has not yet
commenced [95, 201]. One possible step towards this goal is the combination of existing
devices, such as low-field MRI systems [124, 181], which are already in clinical practice with
our proposed head-sized scanner [O3]. As a combined tool for cerebral applications directly
at the bedside, the benefit would be great for staff and patients, minimizing the transport
and increasing monitoring time with a low-cost transportable system. MRI reference scans
provide the anatomical information, while MPI perfusion imaging yields dynamic data with
high temporal and spatial resolution, which are both feasible at the bedside [20]. Such
devices can be designed efficiently to share most pieces of system hardware [63, 290] and
thus bridge the gap for a clinical transition of MPI. In a similar manner, the introduction
of devices capable of targeted hyperthermia have a high potential to successfully bridge the
gap into clinical practice [37].

The implementation of neural networks is on a trajectory where these will quickly gain a larger
role in MPI by reducing calibration times [139], denoising [88], improving regularization [O16,
279], reconstructing images with deep image priors [50], augmenting data and reducing
artifacts [21, 298].

Concerning future instrumentation, active cancellation is a research field with a lot of po-
tential to increase signal quality and reduce interference, before signal conversion at the
ADC stage [106, 264, 330]. Recent developments show that a combination of active and
passive feedthrough compensation [202, 321] is a promising approach, which could pose a
new strategy to implement the missing z-receive channel in our system presented in [O3].
Immediate steps of the roadmap towards human MPI trials include the full documentation,
risk assessment, PNS tests, a study design and ethics approval.
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