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MODELLIERUNG UND MESSUNG DER MAGNETSTIMULATION DES HERZENS

Die Magnetresonanztomographie (MRT) verwendet magnetische Gradientenwech-
selfelder, welche im Patienten elektrische Felder (E-Felder) induzieren, die das Herz
stimulieren konnten. Die theoretische Leistungsfahigkeit der neuesten Generation
von Gradientensystemen wird in der Praxis zunehmend durch regulatorische Sicher-
heitsgrenzwerte zur Vermeidung der Herzstimulation (HS) eingeschréankt. Vor die-
sem Hintergrund untersucht die vorliegende Arbeit HS-Schwellenwerte sowie die
der HS zugrunde liegenden physikalischen und physiologischen Mechanismen mit
einem integrativen Ansatz aus Modellierung und Messungen. Zunéchst wurde ein
Modell zur Vorhersage von Stimulationsschwellen und dem entsprechenden Ort der
Stimulation im Herzen entwickelt. Dieses Modell basiert auf einer Kombination von
E-Feld-Simulationen in numerischen Korpermodellen und elektrophysiologischen
Herzfasermodellen. Die HS-Schwellenwerte wurden fiir zwei kommerzielle Gradi-
entensysteme modelliert und lagen >10-fach iiber den regulatorischen Sicherheits-
grenzwerten. Im nédchsten Schritt wurden Schwellenwerte fiir die Magnetstimula-
tion des Herzens in vivo in zehn gesunden Schweinen gemessen. Hierfiir wurden
Magnetfeldpulse durch Entladungen einer Kondensatorbank in eine Spule erzeugt.
Die durchschnittliche E-Feld-Stimulationsschwelle im Schweineherzen lag bei 92.9 +
13.5 V/m. Die Abweichung zwischen experimentellen und in tierspezifischen MR-
basierten Schweinemodellen vorhergesagten Stimulationsschwellenwerten lag bei
<18%. Dies validiert die Giiltigkeit des Modells fiir die in den Experimenten verwen-
dete Magnetpulsform. Die experimentellen und modellbasierten Ergebnisse dieser
Arbeit tragen dazu bei, die Sicherheit des Patienten in der MRT zu gewdhrleis-
ten, ohne das rdumliche und zeitliche Auflosungsvermoégen der Bildgebung unnétig
einzuschranken.

MODELING AND MEASURING CARDIAC MAGNETOSTIMULATION

Magnetic resonance imaging (MRI) employs time-varying magnetic gradient fields,
which induce electric fields (E-fields) in the patient that can potentially stimulate
the heart. The performance of novel gradient systems is increasingly restricted by
regulatory safety limits, thus motivating a deeper understanding of cardiac stim-
ulation (CS) in MRI. This thesis investigates the thresholds and mechanisms un-
derlying CS using an integrative approach of modeling and measurements. First, a
numerical modeling framework was developed that combines E-field simulations in
computational body models with electrophysiological cardiac fiber models to pre-
dict stimulation thresholds and sites in the heart. The CS thresholds predicted for
two commercial gradient systems were >10-fold higher than the regulatory limits.
Second, cardiac magnetostimulation thresholds were measured in ten healthy pigs
using magnetic field pulses created by capacitor discharges into a coil. The average
threshold E-field in the porcine heart was 92.9 +13.5 V/m. CS thresholds predicted
in individualized porcine models derived from MR images reproduced the mea-
surements with deviations of <18%, thus demonstrating the validity of the model
for the experimental magnetic field waveform. The numerical and experimental re-
sults presented in this thesis inform the derivation of safe operational limits for MRI
without unnecessarily restricting gradient performance and thus imaging speed and
resolution.
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INTRODUCTION

The ability of magnetic resonance imaging (MRI) to acquire both functional and
morphological images with high soft tissue contrast has made it an important imag-
ing tool for diagnosing pathological conditions as well as planning and following
their treatment. MRI has also enabled ground-breaking advancements in research,
for example in mapping and understanding structural connections of the human
brain (McNab et al., 2013; Wang et al., 2021). The MR imaging process employs a
high-amplitude static magnetic field to align the hydrogen atom’s nuclear spins in
the patient. Perturbation from this equilibrium alignment (“excitation”) causes the
spins to precess around the magnetic field axis with a nucleus-specific precession
frequency that is proportional to the magnitude of the local magnetic field. Excita-
tion of the spin system is achieved by applying a radiofrequency (RF) magnetic field
at resonance frequency, which is followed by the reception of the signal induced by
the spins in a receive coil during their decaying precession. The spatial origin of
this signal is encoded using magnetic “gradient fields”: superimposing these to a
uniform static magnetic field creates a spatial dependence of the spins’ resonance
frequency. This establishes a link between a signal’s frequency and its origin in space,
thus enabling the formation of images from the measured signals.

Both the imaging speed and the spatial image resolution depend on the perfor-
mance of the gradient system. Some imaging techniques, such as diffusion MRI
(Huang et al., 2021; Tian et al., 2022), require particularly high gradient field ampli-
tudes. At the same time, the gradient fields need to be switched rapidly, i.e., in the
kilohertz frequency range, to efficiently acquire the quickly decaying signal. The gra-
dient switching speed is usually quantified in terms of slew rate, which is defined as
the ratio of the peak gradient field amplitude and the rise time. High slew rates are
especially relevant for fast readout techniques such as fast spin echo (Listerud et al.,
1992), echo-planar imaging (Mansfield and Maudsley, 1977), and balanced steady-
state free precession (Bieri and Scheffler, 2013). These techniques are, e.g., used to
capture dynamic processes in the human body, such as breathing (Baumann et al.,
2009), functional brain activation (Logothetis, 2008), or the beating heart (Nguyen
et al., 2014).

As per Faraday’s law, time-varying magnetic fields such as MRI gradient fields
induce electric fields (E-fields) in conductive media like biological tissue. Gradient-
induced E-fields in the patient can become strong enough to stimulate excitable
tissues, a phenomenon referred to as “magnetostimulation”. In MRI, magnetostimu-
lation is most commonly observed in the form of peripheral nerve stimulation (PNS)
(Cohen et al., 1990; Mansfield and Harvey, 1993; Molendowska et al., 2021; Nyenhuis
and Gross, 2019; Schenck, 2013). At onset, PNS can be experienced as light tingling
or touch perceptions (Budinger et al., 1991; Schaefer et al., 2000). When the gradi-
ent field switching rate (dB/dt) is increased to 50% or more above the threshold,
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PNS can become more severe, resulting in involuntary muscle contractions and pain
(Bourland et al., 1999; Budinger et al., 1991).

Another, much more dangerous form of gradient-induced magnetostimulation is
that of the heart muscle (Irnich, 1994; Irnich and Schmitt, 1995; Nyenhuis et al., 1994;
Reilly, 1991, 1992b; Schaefer et al., 2000). Like peripheral nerves, the myocardium
can be electrically excited by externally applied or magnetically induced E-fields.
Cardiac stimulation (CS) can cause the induction of single ectopic heartbeats and
can even result in arrhythmias like ventricular fibrillation (VF) (Antoni, 1998; Reilly,
1992b). As such, CS can lead to life-threatening situations, as opposed to PNS that
can become uncomfortable or painful at most. While the risk of CS by MRI gradients
has been estimated to be low (Reilly, 1998; Schaefer et al., 2000), there was a single
account of a premature ventricular contraction (PVC) observed in a patient with
heart disease during a routine MRI scan (Lohr et al., 1999). It was postulated that
metallic clips implanted in the patient’s heart muscle may have locally amplified the
E-field, which may have led to stimulation at lower gradient field switching rates
than expected under normal circumstances (Lohr et al., 1999).

The most recent progress in MRI gradient technology makes CS an increasingly
important safety issue. Modern MRI systems can reach gradient field amplitudes
of 300-500 mT/m with slew rates of up to 600 T/m/s (Huang et al., 2021; McNab
et al., 2013; Setsompop et al., 2013; Tan et al., 2020). A recently developed special-
purpose gradient coil designed for diffusion imaging of the female breast can even
reach gradient strengths of up to 1 T/m (Jia et al., 2021; Littin et al., 2021). Albeit
impressive, these advances in gradient performance cannot be fully utilized due to
PNS or CS restrictions.

The occurrence of PNS is minimized by restricting dB/dt below the average PNS
threshold measured in studies on healthy human volunteers (Feldman et al., 2009;
Lee et al., 2016; Setsompop et al., 2013). Unlike PNS, magnetically induced CS thresh-
olds cannot be measured in humans because of the potentially dangerous outcome
for the subject. As a consequence, the CS limit described in regulatory guidelines
on MRI safety issued by the International Electrotechnical Commission (IEC 60601-
2-33 (IEC, 2010)) are based on a combination of electrode stimulation (“electrostim-
ulation”) experiments and simple electromagnetic (EM) field simulations. The IEC
guidelines limit the maximum gradient dB/dt and the induced E-field based on the
exponential strength-duration curve (Blair, 1932), which is often used to quantify
tissue stimulation thresholds as a function of pulse duration. In this frame, the pulse
duration is defined as the duration of the applied dB/dt or E-field stimulus, i.e., the
slew period of the applied magnetic field. The strength-duration curve is defined
by two parameters: a minimum asymptotic threshold for infinite pulse duration,
the “rheobase”, and a time constant describing how fast the stimulation threshold
decreases with increasing pulse duration.

The IEC standard, as it is still used today, was based on the important work by
Reilly, who derived strength-duration parameter values from a large body of elec-
trode CS experiments conducted mainly in animals (Reilly, 1991, 1992b). The lowest
CS threshold reported by one of these experiments (Roy, 1980) is similar to the theo-
retical stimulation threshold of a large 20-um diameter myelinated nerve predicted
using a neurodynamic model (Reilly, 1992b). From this single experimental value,
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Reilly estimated that for the most sensitive percentile of the population, the E-field
rheobase for cardiac tissue would be similar to the theoretical rheobase for a 20-pum
nerve, namely 6.2 V/m (Reilly, 1991, 1992b). The cardiac E-field rheobase for the
population average was estimated to be twice that value (12 V/m (Reilly, 1992a,b)),
which is in contrast to another review of electrostimulation studies that estimated
an average rheobase of 60 V/m (Irnich, 1994).

The IEC chose Reilly’s more conservative estimate of 6.2 V/m and included an
additional safety factor in their guidelines, resulting in a rheobase of 2 V/m (IEC,
2010). The time constant of cardiac tissue used in the IEC standard was set at 3 ms
(IEC, 2010). This value is an estimated average of experimental values reported in
the literature, which showed a wide variability of 0.2 to 7.7 ms (Reilly, 1991, 1992b).
Finally, attempts were made to translate the resulting E-field limit to a dB/dt limit,
yielding a quantity that is more accessible to monitoring in MRI (unlike the E-field, a
coil’s magnetic field can be measured directly). For this conversion, Reilly calculated
the E-field induced in a homogeneous ellipsoidal model of the torso of “a large man”
exposed to a uniform time-varying B-field (Reilly, 1992b). This calculation relied
on several simplifications, such as neglecting the formation of E-field hotspots by
the body’s inhomogeneous distribution of conductive tissues. Using this simplified
E-field-to-dB/dt conversion, the IEC estimated the dB/dt rheobase for the human
heart to be 20 T/s (IEC, 2010). For some high-performance gradient systems, such
as in the Connectome MRI scanner (McNab et al., 2013; Setsompop et al., 2013), the
IEC cardiac safety limit is lower than the PNS limit at long rise times. In this case, CS
becomes the limiting factor to the application of the gradient technology, replacing
the commonly more limiting PNS concern. The lack of CS events compared to the
almost daily observation of PNS in MRI, however, suggests that this limitation is an
artifact of the conservative nature imposed by lack of cardiac magnetostimulation
data in the regulatory process. Additionally, despite the potential adverse impact of
cardiac magnetostimulation in MRI, there is a fundamental lack of insights into its
underlying mechanisms.

In light of the increasing relevance of CS as a limiting factor of MR imaging
performance, this thesis aims to establish a deeper understanding of the physical
and physiological fundamentals of cardiac magnetostimulation. To achieve this goal,
magnetically induced CS is investigated both through numerical modeling and ani-
mal stimulation experiments. The thesis consists of three main parts that entail the
following:

i. The development of a modeling framework for the prediction of cardiac mag-
netostimulation in computational anatomical models (Klein et al., 2021)

ii. An experimental study that measures the cardiac magnetostimulation thresh-
old of the porcine heart (Klein et al., 2022)

iii. Predictions of cardiac magnetostimulation thresholds in individualized porcine
body models using the framework developed in (i) to provide an in-depth
model validation

The first part of this thesis develops a computational framework to model CS by time-
varying magnetic fields created by arbitrary coil wire geometries and current wave-
forms. The modeling framework combines EM field simulations in detailed, high-
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resolution human and animal anatomical models with electrophysiological models
of electrically excitable cardiac fibers. The need for a computational CS model is
especially acute regarding the ethical difficulties to obtain experimental data in hu-
mans. In recent years, the number of in silico studies of cardiac electrophysiology
has risen drastically (Plank et al., 2021), and modeling is playing an increasingly
important role in clinical cardiology (Niederer et al., 2018). However, most of these
studies model average electrophysiological properties on a macroscopic organ level
and do not include individual cardiac cells due to the high computational costs
(Jaeger et al., 2021). This inhibits the investigation of small-scale interactions on a
cellular level, such as electrical stimulation of single cardiomyocytes by extracellu-
lar E-fields. Some previous work has modeled isolated cardiac fibers consisting of
several cells connected end-to-end by gap junctions (Rudy and Quan, 1987, 1991).
However, to the best of the author’s knowledge, this thesis is the first to integrate
such fiber models into a detailed macroscopic model of the human anatomy and to
apply this modeling approach to the investigation of cardiac magnetostimulation.

A few previous studies have simulated the E-field distribution induced by MRI
gradient coils in the heart of heterogeneous human body models (Liu et al., 2003;
Pastore et al., 2011; Wang et al., 1995; Xia et al., 2002). Two of these studies (Liu et al.,
2003; Xia et al., 2002) combined the simulated E-field with a mesh representation
of the heart equipped with phenomenological parameters such as action potential
(AP) waveform and conduction velocity (Lu and Xia, 1996; Xia et al., 1996). The
authors used this heart model to simulate the conduction of depolarization waves,
i.e., electrical activation in the form of APs, through the myocardium. The electrical
potential changes simulated in the heart were in turn used to predict electrocardio-
graphy (ECG) signals on the skin surface of the body model. The heart model was
stimulated by the initiation of APs at the mesh nodes corresponding to the locations
with the highest induced E-field (Liu et al., 2003). Under these artificial conditions,
the simulated ECG signals showed severe arrhythmias when the heart model was
stimulated continuously over one cardiac cycle (Liu et al., 2003). However, the au-
thors did not determine the threshold E-field required for cardiac excitation, i. e., the
generation of APs.

In contrast to these previous simulations, the model developed in this thesis in-
cludes realistic descriptions of the geometry and electrophysiology of excitable fibers
in the heart, which were embedded within anatomical models equipped with EM tis-
sue properties for the E-field simulations. Explicitly modeling the paths of excitable
fibers in the heart is important as it has been shown that it is not the magnitude of
the induced E-field but rather the relative orientation of the E-field and the cardiac
tissue that is critical for stimulation (Knisley et al., 1999). For the CS predictions in
this thesis, the E-field in the heart is projected onto the fiber paths, integrated along
their length to obtain electrical potential changes, and modulated in time with the
coil current waveform. The resulting spatiotemporal potential changes are fed into
electrical-circuit representations of the electrical activity of cardiac fibers. These fiber
models predict the response of the cardiac fibers to an imposed E-field, including
the initiation of APs, and thus CS. Previous work has applied a similar approach of
coupling simulated E-fields with neurodynamic models of peripheral nerve fibers
to successfully predict PNS by MRI gradient fields (Davids et al., 2019a, 2020, 2017,
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2019b; Klein et al., 2019). This thesis investigates stimulation thresholds of two types
of cardiac fibers, i. e., Purkinje and ventricular myocardial fibers, both of which play
essential roles in cardiac excitation and signal conduction. Purkinje fibers form a
dense network on the sub-endocardium and are responsible for spreading the de-
polarization wave uniformly and rapidly throughout the ventricles. The ventricular
myocardium itself is organized in fiber-like structures that enable the ventricles to
contract upon electrical stimulation. The ion channel dynamics of individual cardiac
cells are modeled using dedicated membrane models of the human cardiac Purkinje
cell (Stewart et al., 2009) and the ventricular myocyte (O'Hara et al., 2011). The cells
are electrically connected end-to-end with resistive gap junctions to form fiber-like
structures (Rudy and Quan, 1987, 1991).

For a preliminary model validation, CS thresholds were predicted in canine body
models and compared with two experimental studies from the early 1990s that mea-
sured cardiac magnetostimulation thresholds in dogs (Mouchawar et al., 1992; Nyen-
huis et al., 1992). Simulations were then performed in an adult male and female
human body model to predict CS thresholds for two commercial whole-body MRI
gradient systems and for different gradient waveforms. The predicted human CS
thresholds were compared with the IEC cardiac safety limit (IEC, 2010) of these gra-
dient systems as well as the gradients” PNS thresholds.

The second part of this thesis describes the measurement of cardiac magnetostim-
ulation thresholds in ten healthy, anesthetized pigs to further validate the model’s
predictions. Due to their similarity to humans in terms of heart size and AP shape
and duration (Gaur et al., 2021), this large animal model is integral to most current
cardiovascular research (Azarov et al., 2018; Clauss et al., 2019; Dixon and Spinale,
2009; Valdeomillos et al., 2019). Despite the potential value of using pigs to shed
light on cardiac magnetostimulation, a thorough search of the relevant literature did
not yield any previous experiments. The bulk of previously measured CS thresh-
olds comes from electrode experiments, and only a few studies measured cardiac
magnetostimulation thresholds in vivo. In the early 1990s, magnetically induced CS
was measured in anesthetized canines (Andoh et al., 1994, Mouchawar et al., 1992;
Nyenhuis et al., 1991, 1992; Yamaguchi et al., 1991, 1992, 1994). These studies in-
duced CS by discharging large capacitors into inductive solenoid or flat spiral coils
positioned close to the canines’ chest or in direct contact with the myocardium, re-
spectively, which created a time-varying magnetic field. Successful CS was identified
on ECG and arterial blood pressure signals, and thresholds were reported in terms
of minimum coil current or dB/dt resulting in an altered cardiac rhythm. Simula-
tions in simple computational models of the canine torso indicated that a peak in-
duced E-field of approximately 100 V/m was required to stimulate the canine heart
(Mouchawar et al., 1993; Ragan et al., 1995). Unfortunately, essential details in this
series of pioneering experiments, such as the exact anatomy and posture of the ca-
nines, were either not reported or are unknown, making it challenging to extrapolate
these experimental results to humans retrospectively.

For the porcine experiments performed in this thesis, a magnetic cardiac stimu-
lator was constructed consisting of a large capacitor that was discharged into a flat
spiral coil placed near the porcine torso and centered below the heart. The discharge
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created a damped sinusoidal magnetic field pulse whose amplitude depended on
the capacitor voltage. The voltage was increased in small increments until cardiac
capture, i.e., depolarization of the myocardium resulting in contraction, was ob-
served on continuously acquired ECG, non-invasive blood pressure, and peripheral
oximetry traces. Inmediately after the stimulation experiment, fat-water-separated
Dixon MR images of the pigs were acquired along with CINE images of the beating
heart to create individualized whole-body computational models of each animal’s
anatomy. These models allowed to account for body size, posture, and heart position
variations across the animals when calculating dB/dt and E-field values induced in
the porcine heart at the threshold capacitor voltage. This approach thus presents an
improvement over previous estimates of the E-field required to stimulate the heart,
which were done in comparatively coarse generic torso models (Mouchawar et al.,
1993; Ragan et al., 1995). Finally, the stimulation thresholds measured in the porcine
heart were compared to maximum dB/dt and E-field values created by three com-
mercial MRI gradient systems in the heart of a male human body model.

The third part of this thesis applies the coupled electromagnetic-electrodynamic car-
diac fiber models of Part 1 to the individual porcine models to validate the overall
modeling pipeline using the porcine experimental data obtained in Part 2. To this
end, Purkinje and ventricular muscle fibers were added to the porcine body models
derived from the MR images to simulate CS thresholds for the exact magnetic field
distribution, waveform, and animal’s anatomy used in the stimulation experiments.
The predicted CS threshold was then compared to the measured threshold for each
animal. Moreover, a sensitivity analysis of the predicted thresholds was conducted
to assess their dependence on important simulation parameters such as electrical tis-
sue conductivity and geometry of the cardiac fiber paths. These simulations present
an important step towards understanding the origins of cardiac magnetostimula-
tion and the extrapolation of thresholds measured in an animal model to the CS
threshold of the human heart. Such an integrative approach of measurements and
modeling is crucial in any future revision of safety limits for state-of-the-art MR
imaging in humans.
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This chapter describes the theoretical principles relevant for the understanding of
this work. The first two sections cover the basics of nuclear magnetic resonance
(NMR) and magnetic resonance imaging (MRI), with a special focus on MRI gra-
dient technology. A more detailed description of the concepts described in these
sections can, e.g., be found in (Haacke et al., 1999). The third section introduces
the theory behind magnetostimulation of peripheral nerves and the heart. Finally,
the last section briefly describes the basic concepts of numerical modeling of tissue
magnetostimulation.

2.1 NUCLEAR MAGNETIC RESONANCE

In 1922, Otto Stern and Walther Gerlach conducted an experiment in which they
observed a quantization of the angular momentum of neutral silver atoms passing
through a magnetic field gradient owing to the intrinsic spin of the unpaired 5s
electron (Gerlach and Stern, 1922). Stern was awarded the Nobel Prize in Physics
in 1943 “for his contribution to the development of the molecular ray method and
his discovery of the magnetic moment of the proton”. In the 1930s, Isidor Isaac Rabi
and collaborators built upon this work and investigated the nuclear spin and its
interaction with external magnetic fields (Rabi et al., 1938). Rabi conducted the first
resonance experiment, and was awarded the Nobel Prize in Physics in 1944 “for his
resonance method for recording the magnetic properties of atomic nuclei”. In 1946,
the research groups of Felix Bloch (Bloch, 1946) and Edward Mills Purcell (Purcell
et al., 1946) measured precession signals from paraffin and water samples. With their
work, they laid the foundation for NMR, and were jointly awarded the Nobel Prize
in Physics in 1952 “for their development of new methods for nuclear magnetic
precision measurements and discoveries in connection therewith”.

2.1.1  Nuclear spin and Zeeman effect

Atomic nuclei consist of protons and neutrons, so-called nucleons. Both particles are
fermions with spin quantum number s = % and an orbital angular momentum with
quantum numbers 1 > 0. The total angular momentum of a nucleon is thus given by
the quantum number j = [l+s| = [l £ %I. The total angular momentum ?of a nucleus
is obtained by the sum over its nucleons and is commonly referred to as nuclear spin.

As an angular momentum operator, %: (TX, Ty, TZ) fulfils the following commuta-
tor relations:

[ii, TJ] = iheijkik

] <o

(2.1)

—>
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quantum-
mechanical
operator.
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where h = % ~ 1.055 - 1073# Js denotes the reduced Planck constant. Choosing the

z-axis as the axis of quantification, the eigenvalues of the nuclear spin magnitude I?
and its projection onto the z-axis I, are given by

(2.2)

with the nuclear spin quantum number I = 0, %, 1, %, ... and the magnetic quantum

number m € {—I,—1+1,..,I1—1,I}. The eigenvalues of 2 and I, can therefore only
assume discrete values. Without an external magnetic field, the energy of a certain
quantum state is independent of m and therefore 2 (I + 1)-fold degenerate. In the
case of protons [ =j =5 = % holds, and 1, has two eigenvalues with

m==+-. (2.3)

Nuclei with nonzero nuclear spin I also possess a nonzero magnetic moment,
which can be expressed in terms of multiples of the nuclear magneton

eh

= om, (2.4)

HN
with the proton charge e = 1.602-10~'? C and the mass mp = 1.673-10~2” kg. The
magnetic moment is then given as

ENE 2
IENT_ T, (2.5)

H=

where g is the experimentally determined g-factor, and vy is the nucleus-specific
gyromagnetic ratio. In the case of protons, g ~ 5.586 and y =~ 2.675- 108 %, or,

equivalently,

MH
% = 4258 — z, (2.6)

The magnetic moment interacts with surrounding magnetic fields. In the presence
of a magnetic field, the (214 1) degeneracy of spin states is lifted, a phenomenon
referred to as the Zeeman effect. Figure 2.1 shows the Zeeman effect for a system with
I = I and positive v, such as a proton. Let us assume, without loss of generality,
that a static external magnetic field with IB] = By points along the z-axis:

B = Byz. (2.7)

The interaction between this magnetic field and the magnetic moment of a resting
proton can be described by the Hamiltonian operator

A

F=—{i-B=—yBol,. (2.8)

The Hamiltonian is time-independent, and therefore solving the the stationary Schro-
dinger equation
HIIL, m) = En|l, m) (2.9)
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AE = hwo
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Figure 2.1: Zeeman splitting of energy levels for a system with nuclear spin I = % andy >0,
such as a proton. There are two energy eigenstates E;, = i%hwo. In the lower
energy level, the spin is aligned “parallel” to B (“spin-up” state). In the higher
energy level, it is aligned “anti-parallel” to B (“spin-down” state). Quantum me-
chanics dictates that in general, the spin is a superposition of both states.

yields the following equidistant energy eigenvalues E,:
Em = —hmyBy (2.10)
with an energy difference of
AE = Eny1 — Em = hyBo = hwp (2.11)

between neighboring eigenstates. Transition between these states is possible by ab-
sorption or emission of a photon with a nucleus-specific frequency, the so-called
Larmor frequency:

wo = vBo. (2.12)

In NMR, transitions between the two spin eigenstates of the proton (Figure 2.1) are
induced by the application of a magnetic field By (t) that oscillates at the Larmor
frequency wy (see Section 2.1.3).

2.1.2  Macroscopic magnetization

In NMR, the sample size is usually on the order of 1 mm?. In the case of water,
such a sample contains approximately 6.68-10'? hydrogen atoms (assuming a molar
hydrogen density of 111 M, and Avogadro’s number N ~ 6.022 - 1023 mol ). For
such macroscopic samples, it is feasible to consider the average behavior of a large
number of spins rather than the spin dynamics of single protons. The macroscopic
magnetization M of a sample of volume V is given by the sum of the expectation
values of the magnetic moments (i; of N individual spins:

S
M = Z v > (2.13)
i=1

At thermal equilibrium with temperature T, the occupation probability of the energy
eigenstates E, is described by the Boltzmann distribution

1 _Em
Pm = e k8T, (2.14)
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where kg ~ 1.381 - 10*23% is the Boltzmann constant, and Z denotes the state sum:

= e kBT (2.15)
m——
Assuming B = By2, Equation 2.13 can be expressed by
L N ¢
M = Vyh Z Pmm2Z. (2.16)

m=—I

In the case of protons (I = %), the ratio of the number of spins N, 1 populating the

two energy eigenstates with m = j:% is given by

N,

AE hyBp
— ekl = e kBT ,

Nj—=

2

o (2.17)

z

Nj—
Nj—=

Assuming a magnetic field strength of Bo = 3 T and a human body temperature of
T ~ 310 K, the number of spins in the lower-energy m = +7J state (spin-up state)
exceed the number of spins in the higher-energy m = —7 state (spin-down state)
by approximately 20 parts per million (ppm). Thus, the number of spins contribut-
ing to the macroscopic magnetization My is very small. For protons, Equation 2.16

becomes N B
- N YBo\ .
M = 2Vyhtanh (ZkBT> 2.

For the temperature T of the human body hyBo < kgT holds. Consequently, the
macroscopic magnetization can be approximated as

(2.18)

-~ N hZYZ Bo
Mr ————2 .
Viakg T (2.19)
using the Taylor expansion of tanh (x) to the first order. This shows that the net
magnetization is approximately proportional to the magnetic field strength By, the

spin density %, and the square of the gyromagnetic ratio vy.

2.1.3 Signal excitation

While the spin dynamics of single nuclei are governed by quantum-mechanical laws,
the dynamics of a macroscopic spin sample can be described using classical physics.
According to classical mechanics, a magnetic moment [{ inside an external magnetic
field B = ByZ experiences a torque. The resulting motion of the magnetic moment
can be described by

dif o
— = A xvyB.
ac Y
If {i is not perfectly aligned with B, i.e., if there is a component of fi transverse
to B, [ will start to precess around the magnetic field axis (here: the z-axis). This

precession occurs at the Larmor frequency wo = yBo. For the magnetization vector

(2.20)
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of a macroscopic sample (see Equation 2.13) in which the spins do not interact,

Equation 2.20 becomes
(11—]14 =M x vB. (2.21)

In thermal equilibrium, all individual spins that contribute to the macroscopic
magnetization M = M2 precess at the same frequency wo around the z-axis. How-
ever, they have no phase coherence, and thus their transverse components sum up
to zero. This means that the net magnetization vector M is aligned with the z-axis
(longitudinal magnetization M, = M), and has no component perpendicular to B in
the x-y-plane (transverse magnetization My = My = 0). The magnetization M thus
has to be tipped out of its alignment with B to make it precess around the z-axis,
and to allow measurement of a non-zero transverse magnetization M,y via Faraday
induction (Equation 2.39).

This can be achieved by the application of a second, time-dependent magnetic
field B;(t) in the plane perpendicular to B (here: the x-y-plane). This magnetic field
is commonly referred to as the radiofrequency (RF) field. To investigate the motion
of the magnetization in presence of Bj(t), it is advantageous to switch from the
laboratory frame to a reference frame rotating at the angular velocity a:

R RN
% = (ji) +QxF (2.22)

Here, the prime denotes the rotating reference frame and F is a generic vector func-
tion. Applying Equation 2.22 to Equation 2.21 yields

=\ / N
dM . e L
<di) = M XY (B =+ Y) = M X 'YBeff. (2.23)

In the rotating frame, M thus precesses around an effective magnetic field Bt =
B+2.
Consider a left-circularly polarized RF field that takes the form

cos (w1t)
B1(t) =By | —sin (wqt) (2.24)
0

with the frequency wi. The motion of the magnetization in the laboratory frame is
given by

dM S
S =Mxy (B+EB). .
it Xy (B+B; (2.25)
In a reference frame that rotates around the z-axis with frequency Q = —w;2,

— /
<dM> =M xy <B172’ + (Bo — w1> 2’) (2.26)
dt Y

& =%cos (wit) —Ysin (wit) (2.27)

with

11
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and 2’ = 2. According to Equation 2.26, the precession of M around the z-axis van-
ishes if w1 = wy, in which case M only rotates around &’. This means that the energy
transfer between the RF field and the magnetization is most efficient if By oscillates
at the Larmor frequency wg (resonance condition). The rotation angle « of the mag-
netization around &’ depends on the duration T and the time-dependent amplitude
B1(t) of the RF field:

o= JT vB1(t')dt’. (2.28)
0

An RF field applied for a short duration to tip the magnetization out of its alignment
with the z-axis is commonly referred to as an RF pulse.

2.1.4 Bloch equations and relaxation

The RF field transfers energy into the spin system. After the RF pulse, the longitu-
dinal magnetization M, regrows to its initial value with a constant rate 1/T, while
the transverse magnetization M,y decays with a constant rate 1/T,. These decay
processes are referred to as longitudinal and transverse relaxation.

BLOCH EQUATIONS In 1946, Felix Bloch (Bloch, 1946) derived the equation of
motion for the macroscopic magnetization M in the presence of an external magnetic
field B taking into account relaxation effects:

LY O 1.

— =MxyB+—Mo—M,)2——M 2.2

dt XY +T1( 0 Z)Z‘ T € ( 9)
with M| = M, &+ My 1. This equation can be split up into the three magnetization
components:

dM, - o My
g = v (MxB) — 3 (2:30)
M S M
ddty =v (M X B> — T—y (2.31)
y 2
dMm, - Mo — M,
at —y(MxB>Z+? (2.32)

The solutions to the Bloch equations in the rotating frame of reference are given by
Equation 2.34 and Equation 2.36.

LONGITUDINAL RELAXATION Ty relaxation or longitudinal relaxation results from
the interaction of each spin with surrounding nuclei, atoms, and molecules, the so-
called “lattice” (this term is derived from early NMR experiments in solids, i.e.,
crystalline lattices). The process is also referred to as spin-lattice relaxation. The spins
transfer energy to their environment via collisions, rotations, and electromagnetic
(EM) interactions in the form of heat. The relaxation process of the longitudinal
magnetization component M, is characterized by a decay constant Ty:

dM, ~ Mo —M,
dt Tq '

(2.33)
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The solution to this equation is given by an exponential regrowth of M, to the
equilibrium value My:

M, (1) = M, (0)e T + Mo (T—e¢ ™) (2.34)

with M;(0) the longitudinal magnetization component immediately after applica-
tion of the RF pulse. Typical Ty relaxation times for protons in biological tissues
range between tens and thousands of milliseconds for magnetic field strengths of
interest in MRI (Haacke et al., 1999).

TRANSVERSE RELAXATION T, relaxation or fransverse relaxation results from in-
teractions of neighboring spins with each other, and is therefore also referred to as
spin-spin relaxation time. The magnetic field experienced by a spin is a superposition
of the static external field B and the local field gloc(t) generated by neighboring spins.
Brownian motion causes fluctuations in the local magnetic field, which lead to local
variations in the precession frequency. The frequency variations in turn cause the
spins to lose their relative phase coherence, or to “dephase” over time. As a result,
the transverse magnetization M | decays with a decay constant T in the rotating
frame of reference:

dm’ 1

The solution to this equation is given by an exponential decay:
M (1) = M, (0)e (236)

with M| (0) being the transverse magnetization component immediately after appli-
cation of the RF pulse. The decay constant T, assumes values on the order of tens of
milliseconds in most biological tissues (e. g., 60 ms in fat at Bo = 1.5 T (Haacke et al.,
1999)) and significantly higher values in liquids (e. g., 2200 ms in cerebrospinal fluid
at Bo = 1.5 T (Haacke et al., 1999)). Naturally, any process that causes Ty relaxation
also results in a loss of phase coherence in the transverse plane, thus causing T,
relaxation. In addition, T, relaxation processes can also occur independently of T;

relaxation. It thus generally holds that

Tz < T] . (2.37)

The decay constant T, describes dephasing due to spin and molecular interactions.
In reality, M| decays much faster due to local inhomogeneities in the magnetic
field caused by magnet imperfections and object-specific, susceptibility-induced field
distortions. The decay due to these inhomogeneities is characterized by a decay
constant T,. The total observed decay is described with a decay constant T; defined

as
1 1 1

= . 38
TOn T (2.38)
The impact of T} is reversible and can be removed by the application of a 180° RF
pulse (see Section 2.1.6).

13
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2.1.5 Signal reception

Transverse components of the magnetization precessing in the x-y-plane can be mea-
sured via Faraday induction in a receive or RF coil placed perpendicularly to the
static magnetic field axis, i. e., the z-axis. After application of an RF pulse, the perpen-
dicular magnetization M| = 1\7le rotates around the z-axis, creating a time-varying
magnetic flux density dd;it) , which induces an oscillating voltage Uj,q in the receive
coil according to Faraday’s law of induction:

o 2 J ML (7, 0) By () dr.

t \%

uind(t) = (239)
Here, V is the volume of the sample and ]§1* is the receive field of the RF coil. In
contrast, the RF transmit field used for spin excitation is often denoted as the ”ET
tield”. The oscillating voltage or signal decays exponentially over time due to spin
dephasing (see Section 2.1.4):

Uing(t) oc S (t) = SOe_wBOtethJ
%

p (7) d7. (2.40)
This is the fundamental signal measured in an NMR experiment. It is commonly
referred to as free induction decay (FID).

2.1.6  Spin echo pulse sequence and Dixon method

As explained in the previous sections, the NMR signal decays quickly with a decay
constant T; owing to magnetic field inhomogeneities. This effect can be removed by
the application of an o = 180° RF pulse between signal excitation and reception,
e.g., along the x’-axis. This pulse rotates the dephasing spins around x’ such that
the spins with higher precession frequency are behind the spins with lower preces-
sion frequency. This causes the spins to rephase, which leads to an increase in signal
amplitude, the so-called “echo”. If the 180° pulse is applied at t = TE/2, the echo
occurs at TE, the echo time. The amplitude of the echo decays with the “true” trans-
verse decay constant T, and is independent of T; effects. The combination of a 90°
pulse for spin excitation with a 180° pulse for spin rephasing is referred to as spin
echo (SE) pulse sequence.

The Dixon method is a technique that allows to separate fat and water signals
(Dixon, 1984), and is mainly used for abdominal imaging. The method is based on
the fact that fat and water protons have a slightly different resonance frequency Aw
owing to the differences in their molecular environments. This means that fat and
water spins go in- and out-of-phase with each other as a function of time with a
phase cycling period of 1/Aw. The Dixon method exploits this phase cycling through
the acquisition of two spin echo images with slightly different TE values. In one
image, the fat and water signals are in-phase at the center of the echo, in the other
image they are out-of-phase. The in-phase image I;p and the out-of-phase image Iop
are thus a combination of the fat and water signals I, and Iyater:

(2.41)
(2.42)

IIP = Iwater + Ifat

IOP = Iwater - Ifat/
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and the fat- and water-weighted images can be calculated as

Lwater = 0.5- (IIP + IOI’) (243)
Itat = 0.5 (Ip — Iop) - (2.44)

The last paragraph already alluded to the concept of NMR images. The following
section will explain how these images can be obtained from measured NMR signals.

2.2 MAGNETIC RESONANCE IMAGING

Raymond V. Damadian was the first to discover that human cancer cells have differ-
ent T; and T, relaxation times than healthy tissue (Damadian, 1971). He was also the
first to acquire whole-body MR images in 1977 using a saddle-shaped magnetic field
that was resonant at only a single point (Damadian et al., 1977), although this imag-
ing method was inherently very slow. Paul C. Lauterbur and Sir Peter Mansfield
showed that the addition of a spatially varying magnetic field causes a position-
dependence of the spin resonance frequency, and thus allows localization of the
spin signal in clinically acceptable times (Lauterbur, 1973; Mansfield and Grannell,
1973). They were jointly awarded the Nobel Prize in Physiology or Medicine in 2003
“for their discoveries concerning magnetic resonance imaging”. Lauterbur, Mans-
field, and Damadian laid the groundwork for modern MRI, which uses the princi-
ples of NMR discussed in the previous section to acquire tomographic images of
an object or patient. MRI achieves excellent soft tissue contrasts based on the vastly
different relaxation times (see Section 2.1.4) as well as spin densities p of different
biological tissues and has thus gained great importance as a diagnostic medical
imaging modality. The following discussions of spatial signal encoding will neglect
the influence of relaxation processes for simplicity.

2.2.1 Spatial encoding and k-space

The NMR signal needs to be localized in space to form images. This is achieved
by the use of so-called gradient fields, whose z-component varies linearly inside the
imaging volume. Superposition of a linear magnetic gradient field

& _ (4B d, b,
dx ' dy’ dz

= > = (Gx, Gy, G) (2.45)
to the static magnetic field B = Bo2 causes a spatial variation of the spins’ precession
frequency according to

W (F) = VBiot (F) = wo + we (F) =y (Bo + GF). (2.46)

In general, the gradient field amplitude is time-dependent: G = G (t). The precession
frequency of the spin system can be determined after the measurement via Fourier
analysis, which allows to reconstruct the spatial location of the acquired signal. In
two-dimensional MRI, three spatial encoding steps are required to reconstruct to-
mographic images from the measured signals. These steps are referred to as slice
selection, frequency encoding, and phase encoding, each of which is applied along
one spatial direction.

15
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SLICE SELECTION The application of a gradient field along one spatial direction
(here, without loss of generality, the z-direction) creates a z-dependent precession
frequency:

w (z) =v(Bo+G,z). (2.47)

If an RF pulse with frequency wgr is applied simultaneously with the gradient field
G, only spins in an xy-plane at z = wgrg/ (YG,) precess at the resonance frequency
and can thus be excited. For practical reasons, the RF pulse has a finite length and
thus contains not a single frequency but a certain bandwidth Aw of frequencies. There-
fore, spins are excited in a slice with thickness

 Aw

Az .
YG;

(2.48)

The greater the gradient field amplitude G, the smaller the thickness of the excited
slice becomes for a given RF bandwidth Aw. The slice profile depends on the fre-
quency content of the RF pulse. Usually, a truncated sinc pulse is used to achieve a
rectangular slice profile.

Since the gradient field G, is applied for a finite time, it is often referred to as a
gradient pulse, similarly to the RF pulse. Assuming that the RF pulse is applied after
the first half of the gradient pulse duration T and flips the magnetization instanta-
neously into the transverse plane, the spins dephase due to the second half of G,
which can lead to signal loss. The dephasing can be reversed by the application of
a second gradient pulse that has the opposite polarity, i. e., opposite sign of the gra-
dient field amplitude, and is applied for half of the duration 3 of the first gradient
pulse.

FREQUENCY ENCODING After slice selection, only the two in-plane directions
(here: x and y) have to be spatially encoded. Application of a frequency-encoding
gradient Gy along the x-direction during the signal acquisition leads to a spatial
dependence of the precession frequency along x:

w (x) =y (Bo + Gxx) . (2.49)

The measured signal is now a superposition of signals with different frequencies,
which can be analyzed and assigned to a certain location along x using a one-
dimensional Fourier transform. The received NMR signal is given by

S(t, Gy) = S(t) J e Jo Gx(¥)xdt gy (2.50)
with S (t) given by Equation 2.40 neglecting relaxation effects.

PHASE ENCODING Spatial encoding along the second in-plane direction can be
achieved by the application of a phase-encoding gradient between signal excitation
and reception. The application of a gradient Gy with duration Ty results in an accu-
mulated phase

Ty

Ty
g, (y) = —JO wg, (y,t') dt’ = —yy L Gy (t') dt’. (2.51)
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After application of the phase-encoding gradient, all spins precess at the same fre-
quency again, but have a different phase that linearly depends on y. The phase
encoding step is repeated Ny times with gradient amplitudes Gy varying between
—Gymax and +Gy,max- This results in a set of Ny linear equations that can be solved
for the phase and thus the location of the signal along y. The received NMR signal
is given by

S (t, 1y, Gy) = S(t) J e TV Jo Gy(¥)udt' gy (2.52)
In three-dimensional (3D) MRI the slice selection step is omitted and phase encoding
is applied along the two spatial directions perpendicular to the frequency encoding
direction.
K-SPACE The total received signal in two-dimensional MRI is given by

5(1,6) =50 J J o (x,y) e 1Y (Jo Gu(t)xdt+[s Gy (V)ydt) gy qyy. (2.53)

Defining the wave vector k according to

- E G (¥) dt’ = (K Ky k) (250
simplifies Equation 2.53 to
5 (k) =So | [ oty e 2ol aay (2.55)
— S, J o (F) e 27K g7 (2.56)
=So - (Fp) (7). (2:57)

Here, & is the two-dimensional Fourier transform. S (E) is the received signal sam-
pled in the spatial frequency domain, which in MRI is commonly referred to as
k-space. The spin density p can be obtained from the measured signal in k-space via
an inverse Fourier transform:

p(¥) = Sg] JS (E) e2™KT 4R (2-58)

In practice, S (E) is not measured continuously but at discrete points in k-space. To

this effect, the wave vector k assumes discrete values through variations of the gradi-
ent moment, i. e., the integrated gradient pulse, and the RF pulse. The most common
trajectory chosen to traverse or sample k-space is Cartesian with k-space increments
Aky in frequency encoding direction and Aky in phase encoding direction:

Aky = %GXAtX (2.59)
Y
Aky = ﬂAGyTy. (2.60)

In the case of frequency encoding, a constant gradient Gy is applied for a duration

T« and the signal is sampled at Ny discrete time points with increments Aty = ;IX .

17
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For phase encoding, a gradient Gy is applied for a duration Ty before signal recep-
tion. This step is repeated Ny times with phase encoding gradient strengths varying
between —Gymax and +Gy,max With increments of AGy = % The extent of the
imaging volume, the so-called field-of-view (FOV), in the frequency and phase encod-
ing directions is determined by the k-space increments:

1

FOVX == TkX (2.61)
1
FOVy = m (2.62)

Consequently, the image pixel size is given by

FOV,  2n
Ny  vGAtyNy
Ay _ FOVy 27
y = = .
Ny  YAGyTyNy

Ax = (2.63)

(2.64)

These equations demonstrate how the pixel size, and thus the spatial image resolu-
tion, depend on the gradient field strength G.

2.2.2  Gradient coils

Each spatial component of the total magnetic gradient field G is created by a sepa-
rate coil. Gradient systems therefore consist of three coils, which are referred to as
X-axis, Y-axis, and Z-axis coils. As described above, the z-component of a gradient
field varies linearly along one spatial dimension within the FOV. However, to sat-
isfy Gauss’s law for magnetism (Equation 2.74), gradient fields must have non-zero
components in the xy-plane, so-called concomitant field terms. They are in general
negligible for most imaging techniques, but do contribute to physiological effects
discussed in the following section (Section 2.3). Figure 2.2 shows the total magnetic
tield magnitude |]§| and the z-component B, of the commercially available, actively
shielded Siemens Sonata gradient coil (Y-axis). The B, component varies linearly
along y within the FOV. The largest magnetic field values are reached outside of the
FOV, as can be seen on the |B|-field map.

The performance of MRI gradient systems is usually characterized by the gradient
field amplitude or gradient strength G, measured in mT/m, and the slew rate SR,
measured in T/m/s. The maximum slew rate is defined as

SRmax = Gmax, (265)

trise

where Gpax is the maximum gradient field amplitude and tyise is the minimum rise
time it takes to achieve Gmax, starting from 0 mT/m (Figure 2.3). It is determined
by the inductance L of the gradient coil and the voltage U of the gradient power
amplifier (GPA), which is typically on the order of 2000 V:

SR = %G u, (2.66)
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Figure 2.2: Total magnetic field magnitude |B| and z-component B, of the Siemens Sonata
gradient (Y-axis coil, Siemens Healthineers, Erlangen, Germany) in the central
coronal slice (y-z-plane). The dashed line indicates the imaging FOV, within
which the B, component varies linearly among the gradient direction (here: y).

with eg being the gradient efficiency, i. e., the gradient strength per unit current. The
slew rate indicates how fast the gradient field can be switched, and thus how fast
k-space can be sampled. High slew rate values are especially important for fast imag-
ing sequences like echo-planar imaging (EPI), which cover the whole k-space in one or
only few RF excitations (Mansfield and Maudsley, 1977). High gradient field ampli-
tudes, on the other hand, are required for high-resolution imaging (Equation 2.63)
and, e. g., for diffusion encoding (Le Bihan and Breton, 1985). Typical slew rates for
whole-body gradient systems range around 200 T/m/s with gradient strengths be-
tween 40 mT/m and 80 mT/m. Special-purpose gradient systems such as head gra-
dients can reach slew rates of up to 500 T/m/s and gradient strengths of up to 200
mT/m (Tan et al., 2020). Another important parameter is the gradient non-linearity,
which describes the deviation of the gradient field from the ideal linear B, variation
in the imaging FOV. Gradient non-linearities can result in image distortions caused
by a loss of the linear relationship between precession frequency and spatial loca-
tion (Equation 2.46). Such distortions need to be corrected for in the reconstructed
images.

2.3 MAGNETOSTIMULATION OF PERIPHERAL NERVES AND THE HEART

According to Faraday’s law of induction (Equation 2.75), time-varying magnetic
fields dB/dt induce electric fields E (E-fields). These E-fields cause a current flow
in conductive tissues in the body that can stimulate excitable tissues such as periph-
eral nerves (Cohen et al., 1990; Mansfield and Harvey, 1993; Nyenhuis and Gross,
2019; Schenck, 2013), the brain (Hallett, 2000), the retina (Lovsund et al., 1980; Mag-
nusson and Stevens, 1911), or the heart (Bourland et al., 1991; Mouchawar et al., 1992;
Nyenhuis et al., 1992; Yamaguchi et al., 1991, 1992, 1994).

Tissue stimulation through magnetically induced E-fields is referred to as mag-
netostimulation. In contrast, electrostimulation denotes tissue stimulation by electric
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Figure 2.3: Definition of gradient field amplitude G and rise time t, during which the
gradient field is slewed from zero to maximum gradient strength Gmax. The slew
rate (SR) is defined as the ratio of Gpax and tyse, and thus indicates how fast the
gradient field can be switched.

currents generated by electrodes attached to the skin or placed in direct contact with
the respective tissue. Electrostimulation is routinely used for diagnostic and thera-
peutic purposes, e. g., in nerve conduction studies (Daube, 2012), chronic pain treat-
ment (Parker et al., 2018), and in cardiac pacemaker systems (Coates and Thwaites,
2000). Magnetostimulation, on the other hand, is, e. g., employed in transcranial mag-
netic stimulation (TMS), which uses switching magnetic fields to stimulate the brain.
TMS is utilized to monitor and treat depression or obsessive-compulsive disorder
(Fitzsimmons et al., 2022), Parkinson’s (Elahi et al., 2009) and Alzheimer’s disease
(Freitas et al., 2011), to name but a few examples. Magnetostimulation is less inva-
sive than electrostimulation, as it does not require passing high currents through the
patient’s skin, which can be painful (Hallett, 2000). However, significantly higher en-
ergies are required for magnetostimulation (Mouchawar et al., 1992), and it is thus
less widely used in clinical applications.

In MRI, E-fields are induced in the patient by the time-varying magnetic gradient
fields employed for spatial encoding described in the previous section, leading to
unwanted stimulation of peripheral nerves and potentially the heart. This section
explains the basic anatomy and physiology of electrically excitable structures in
peripheral nerve fibers and the heart. Particular emphasis is placed on nerve and
cardiac magnetostimulation, i.e., stimulation by time-varying magnetic fields. The
following part describes the strength-duration curve, which is often used to quantify
tissue stimulation thresholds. Finally, a brief overview is provided on how MRI is
affected by unwanted tissue stimulation and which safety regulations are applied to
prevent or minimize its occurrence.

2.3.1 The peripheral nervous system

The mammalian peripheral nervous system encompasses all nerves in the body out-
side the brain or the spinal cord, which form the central nervous system (CNS).
Peripheral nerves pass on electrical signals from the CNS to organs and extremities
and back. Peripheral nerves consist of several bundles of peripheral nerve fibers.
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Figure 2.4: Typical action potentials of a nerve cell (A) and a cardiomyocyte (B). Note the
different time scales.

The core of each nerve fiber is the axon, an elongated cell that can conduct electri-
cal signals from the cell body to the peripheral end of the fiber. Large mammalian
nerve fibers are usually myelinated, meaning that parts of the axon are wrapped in
a fatty myelin sheath, which consists of several layers of Schwann cells. The myelin
sheath provides electrical insulation from the extracellular space and thus makes
signal conduction along the fiber faster. Between Schwann cells are regularly spaced
unmyelinated regions, these parts of the nerve fiber are termed “nodes of Ranvier”.
At the nodes of Ranvier the axon is populated by voltage-dependent sodium and
potassium ion channels and pumps. Ion channels are large transmembrane proteins
with aqueous pores through which ions can flow (Izhikevich, 2007). The channels
have gating particles that can activate (“open”) or inactivate (“close”) the channel.
The gating mechanisms are described mathematically in Section 2.4.2.

In the resting state, the nerve membrane maintains a constant ionic concentration
gradient between the intra- and extracellular space. The intracellular space is mainly
occupied by potassium ions, while the extracellular space is mainly occupied by
sodium ions. This results in a transmembrane voltage (TMV). In the equilibrium
state, the TMV is at Viest = —70 mV. During excitation, some sodium channels open,
leading to a sodium influx into the cell and an increase in TMV (depolarization).
Once the voltage passes a value of ca. =50 mV, all sodium channels open and the
TMV increases rapidly to ca. +30 mV. The potassium channels are also activated
by the increasing TMV but open more slowly than the sodium channels. After the
depolarization phase, the outward potassium current is strong enough to cause a
decrease in TMV (repolarization) until the nerve’s resting potential is re-established.
Potassium ions continue to flow out of the cell even after repolarization, which can
result in a transitory period in which the TMV falls below its resting value (hy-
perpolarization). The characteristic rise and fall of TMV is the action potential (AP)
(Figure 2.4). Following the AP, sodium-potassium pumps re-establish the intra- and
extracellular ion concentrations at equilibrium. Neighboring parts of the nerve fiber
membrane are still at rest during the AP, which causes a current to flow along the
axon. This current in turn depolarizes the next patch of membrane, thus conducting
the AP along the nerve fiber.
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2.3.2 Excitable cardiac tissue

Just like peripheral nerves, the heart muscle (myocardium) is an electrically excitable
organ that propagates stimuli in the form of APs. The duration of a typical cardiac
AP is between 200 ms and 400 ms (Antoni, 1998), which is significantly longer than
the AP of peripheral nerves or skeletal muscle (Figure 2.4). As in nerve fibers, car-
diac APs are created by an interplay of TMV changes and ionic currents (most im-
portantly Na™, K*, and Ca?"). After the initial depolarization spike, during which
the TMV quickly rises from the resting state (between —90 mV and —75 mV (O’Hara
et al., 2011; Stewart et al., 2009)) to its initial peak (around +30 mV), the cardiac
AP has a long plateau phase (around 0 mV) before the membrane repolarizes and
returns to its resting state. During the plateau phase, the heart is refractory, i. e., it is
difficult to initiate a new AP. This refractory state allows enough time for the heart
chambers to contract and relax before the next stimulus can be propagated through
the myocardium (Antoni, 1998).

Electrical excitation of the heart is normally initiated spontaneously by the sinoa-
trial (SA) node located in the inner wall of the right atrium, from where it spreads
out over the atrial myocardium, initiating atrial contraction. The impulse then prop-
agates through the atrioventricular (AV) node to the ventricles with a short delay
which allows atrial contraction to be completed before the ventricles are excited.
From the AV node, the signal is conducted through the bundle of His fibers into the
Purkinje fibers.

In humans and canines, cardiac Purkinje fibers form a dense network in the ven-
tricular muscle wall underneath the endocardium, and their task is to distribute the
electrical signal rapidly throughout the ventricles to allow for uniform excitation
and contraction (Boyden et al., 2010). In addition to this subendocardial network,
some species such as pigs or sheep have free-running Purkinje fibers running ra-
dially through the heart muscle wall (De Almeida et al., 2015; Garcia-Bustos et al.,
2017; Sedmera and Gourdie, 2014). Purkinje fibers consist of electrically excitable
cylindrical cells, which are specialized in fast signal conduction. The diameter of hu-
man Purkinje cells is up to 70-80 um (Legato, 1973). Individual cells are connected
end-to-end by intercalated discs, forming fiber-like structures. The intercalated discs
contain gap junctions that allow efficient conduction of APs by passage of ions be-
tween the cells. Purkinje fibers are part of the heart’s natural pacemaking system.
They can generate and conduct APs even in the absence of external electrical stimuli
(Antoni, 1998). This autorhythmicity of the Purkinje fibers can keep the heart beat-
ing even if any of the upstream components of the pacemaking system (e. g., the SA
or AV nodes) fail to function. The electrical signal generated in the Purkinje fibers
is normally overridden by the signal generated in the SA and AV nodes since the
Purkinje fibers have a lower AP firing frequency than the nodes.

The Purkinje fibers pass the excitation signal on to cells in the ventricular my-
ocardium (cardiomyocytes), which are capable of both electrical excitation and con-
traction. Human ventricular cardiomyocytes reach lengths of up to 100 um, and
diameters of 10-15 pm (Legato, 1973). Similarly to Purkinje cells, they form fiber-like
structures. Ventricular muscle fibers are organized in sheets and wrap around the
ventricles along helical trajectories. While electrical signals are mainly propagated
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Figure 2.5: Action potentials of different cardiomyocytes contributing to the overall electrog-
ardiography (ECG) signal. The figure is adapted from (Harvey and Grant, 2018).

along the cardiac fibers (Legato, 1973), neighboring fibers can also communicate and
pass on electrical signals, e. g., by exchanging ions through the cell membranes and
extracellular space (ephaptic coupling (Lin and Keener, 2010)). This coupling mech-
anism can result in complex depolarization waveforms that are propagated through
the myocardium.

The electrical activity of the heart can be recorded with an electrocardiogram
(ECG). The ECG plots the temporal evolution of the electrical voltage that is created
by the de- and repolarization of the myocardium and measured with electrodes
attached to the skin. Figure 2.5 shows how APs initiated in different parts of the
cardiac conduction system and myocardium contribute to the ECG signal. Most im-
portantly, the P-wave on the ECG signal indicates depolarization of the atria, while
the QRS complex is caused by depolarization of the ventricles. Finally, the T-wave
corresponds to repolarization of the ventricles. The phase between the end of the
P-wave and the end of the T-wave is the ventricular systole, during which an elec-
trical impulse is propagated through the myocardium, causing it to contract. The
phase between the T-wave and the P-wave is the ventricular diastole, during which
the myocardium is relaxed.

2.3.3 The strength-duration curve

The threshold for tissue stimulation is often quantified in terms of the strength-
duration curve (Geddes and Bourland, 1985a,b; Mouchawar et al., 1989; Tacker and
Geddes, 1996). This curve describes the dependence of the strength or amplitude of
the investigated threshold quantity, e.g., the electrode current or the magnetically
induced E-field amplitude, on the duration during which it is applied. Weiss found
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that the lowest (threshold) charge Q of an electrode had a positive linear correlation
with the pulse duration T (Weiss, 1901):

Q(t)=b(t+c), (2.67)

with tissue- and experiment-specific parameters b and c. For a rectangular pulse, the
threshold electrode current amplitude I is given by the ratio of the charge and the
pulse duration. For such pulses, the threshold current can thus be expressed as:

(1) = Lineo (1 + td‘;"“) : (2.68)

This equation is the empirically derived hyperbolic, so-called Lapicque expression of
the strength-duration curve (Lapicque, 1909). This formulation is equivalent to Equa-
tion 2.67, with b = Ij,¢, being the so-called rheobase, i.e., the threshold asymptote
for long pulse durations. The parameter ¢ = teyon is termed the chronaxie, which
corresponds to the time at which the threshold current is twice the rheobase. The
chronaxie of the mammalian myocardium was estimated to be around 2 ms (Geddes
and Bourland, 1985a; Irnich, 1994).

Irnich expressed the hyperbolic strength-duration curve (Equation 2.67) in terms
of the E-field magnitude E induced in the tissue:

1

T t
TJ Edt > Epeo (1 + th> . (2.60)

Here, Ejeo is the rheobase of the electric field, and 7 is the E-field pulse duration.
Irnich referred to this formulation as the “Fundamental Law for Electrostimulation”
(Irnich, 1994). The integral in Equation 2.69 implies that stimulation is determined by
the time-average of the E-field amplitude, and that the pulse shape, i. e., the temporal
evolution of the E-field, does not play a role.

Another approach to quantify tissue stimulation models the cell membrane as
an RC-equivalent circuit and describes stimulation as the charging process of this
circuit. This approach gives rise to the exponential Blair strength-duration curve

(Blair, 1932):
—1
[(7) = Iiheo - (1 —exp <_:>> (2.70)

In this equation, Iipe, is again the rheobase of the threshold electrode current, and
tc = RC is the time constant of a cell membrane represented by a resistance R and
capacitance C connected in parallel. For the canine myocardium, the average time
constant was measured to be 2.4 ms (Pearce et al., 1982).

2.3.4 Safety requlations for MRI gradient fields

In MRI, E-fields induced by time-varying gradient fields can lead to unwanted mag-
netostimulation effects. MRI gradient fields need to be switched rapidly, i.e., be-
tween 100 Hz and 10 kHz (Bowtell and Bowley, 2000), to allow for fast image acqui-
sition. The induced E-fields in the patient can become strong enough to interact with
the peripheral nervous system and cause peripheral nerve stimulation (PNS). At onset,
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Figure 2.6: Hardware and stimulation limits of the Siemens Connectome scanner (Siemens
Healthineers, Erlangen, Germany). The blue curve shows the gradient coil’s PNS
thresholds, which were measured in healthy volunteers for rise times between
0.1 ms and 0.8 ms for simultaneous slewing of the X-, Y-, and Z-axis coils, and
extrapolated linearly for longer rise times (Setsompop et al., 2013). The red curve
shows the cardiac safety limit for the Connectome gradient as defined by the IEC
60601-2-33 regulatory standard (IEC, 2010). The black curve shows the hardware
limits, which are dictated by the maximum gradient field strength and the slew
rate. The figure is adapted from (Setsompop et al., 2013).

PNS is usually experienced as a benign tingling or tapping sensation (Budinger et
al., 1991; Schaefer et al., 2000), but can get intolerable and even painful if the PNS
threshold is exceeded by more than 50% (Bourland et al., 1999; Budinger et al., 1991).

Safety regulations issued by the International Electrotechnical Commission (IEC)
60601-2-33 standard demand that “the occurrence of intolerable PNS in the patient
and in the MR worker at any operating mode is minimized” (IEC, 2010). The PNS
limit of new gradient coil prototypes is usually determined in an experimental study
on healthy human volunteers (Feldman et al., 2009; Lee et al., 2016; Setsompop et
al., 2013). The PNS limit of state-of-the-art gradient systems is often lower than
the hardware limit, especially at short rise times that are relevant for fast imaging
sequences such as EPI (Mansfield and Harvey, 1993; Mansfield and Maudsley, 1977).
As a consequence, the technically achievable maximum gradient amplitude and slew
rate can often not be used in human MRI because of PNS.

With the increasing hardware performance of recently developed gradient sys-
tems, stimulation of the heart by gradient-induced E-fields is becoming a grow-
ing safety concern (Irnich, 1994; Irnich and Schmitt, 1995; Nyenhuis et al., 1994;
Reilly, 1991, 1992b; Schaefer et al., 2000). Cardiac stimulation (CS) can result in life-
threatening arrhythmias such as ventricular fibrillation (VF) (Antoni, 1998; Reilly,
1992b), and thus poses a substantially more severe safety hazard than PNS. The IEC
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60601-2-33 standard defines limits for the amplitude of the induced E-field and the
magnetic field rate (dB/dt) to prevent CS by MRI gradient fields:

E< & (2.71)

ts,eff

T—exp(—t5
dB 20T/s
<

R el A (2.72)
5T el ) 7

Here, t; o denotes the effective stimulus duration in ms, which is defined as the ratio
of the peak-to-peak field variation and the maximum time derivative of the gradient
field during that period (IEC, 2010). The IEC cardiac safety limit is based on the
exponential strength-duration curve (Equation 2.70), with a rheobase of dB/dt
20 T/s and Epeo = 2 V/m, respectively.

For some high-amplitude gradient systems, this limit can become lower and thus
more restricting than the PNS limit at long gradient rise times. For the Siemens
Connectome MRI scanner, for example, the cardiac limit is lower than the PNS limit
for rise times tge > 1.5 ms and gradient field amplitudes >100 mT/m (Setsompop
et al., 2013), as shown in Figure 2.6. This example shows that CS can become a
relevant limitation for gradient performance, and thus for MR imaging speed and
resolution.

theo

2.4 NUMERICAL MODELING OF MAGNETOSTIMULATION

This section provides an overview of how tissue magnetostimulation can be char-
acterized and investigated through numerical models. The first part describes the
approximation of EM fields in the magneto-quasistatic regime, which is valid at low
frequencies such as those used in MRI gradient field applications. The contents of
this part are explained in more detail in, e. g., (Rodriguez and Valli, 2010) and (Ro-
driguez, 2015). The second part introduces the Hodgkin-Huxley formalism, which
forms the basis for most mathematical models that describe the excitability of bio-
logical tissues such as nerve and cardiac cells. A good overview of such models is
provided by references (Keener and Sneyd, 2009) and (Izhikevich, 2007).

2.4.1  Electromagnetic field approximation at low frequencies

The generation and interplay of EM fields is described by Maxwell’s equations (given
here in the differential formulation):

Gauss’s law: V-E = €£ (2.73)
0
Gauss’s law for magnetism: V-B =0 (2.74)
- - 0B
Faraday’s law of induction: VXE= ~ 3t (2.75)

L .
Ampere’s circuital law: V xB=ug (] + eo> , (2.76)
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where E denotes the electric field density, p the electric charge density, B the mag-
netic flux density, and J the electric current density. eg and p are the electric permit-
tivity and the magnetic permeability of vacuum, respectively. Taking the divergence
of Equation 2.76 in combination with Equation 2.73 yields the charge continuity equa-
tion

dp

at
which states that the local charge density can only change if there is a change of
current flow. The derivation of Equation 2.77 made use of the fact that the divergence
of the curl of a vector field is zero: V-V x B = 0.

The above equations describe the interdependence of magnetic and electric fields
in free space or at a microscopic scale. In a dielectric medium, an electric field E
causes a separation of the bound charges, i. e., nucleons and electrons, which form a
local electric dipole moment. This effect is described by the displacement field

D =eE+P, (2.78)

where P is the polarization field that describes the density of magnetic dipole mo-
ments in the medium. Similarly, a magnetic flux density B magnetizes the bound
microscopic constituents of a medium, causing a macroscopic magnetic magnetiza-
tion M. The total magnetic field H can thus be defined as

P
H=—-—-M. (2.79)
Ho
In matter, Ampeére’s law becomes
_ o - 0D
VXH:]—i——t (2.80)
with the divergence
oL L D N
V‘VXH:O:V-H—&V-D. (2.81)
Inserting Equation 2.77 yields
0p 0 = =
Lo V.D :
m atV , (2.82)

which is the temporal derivative of Gauss’s law in matter. Similarly, taking the diver-
gence of Faraday’s law yields the temporal derivative of Gauss’s law for magnetism:

V-VxE=0=——V_-B. (2.83)

Thus, as long as the initial conditions V-D = p and V -B = 0 are fulfilled, the
temporal evolution of the electric and the magnetic field is completely specified by

%:ﬁxﬁ—f (2.84)
B - -
=—-V xE. (2.85)

ot
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In linear media, the relationships

eE = ege,E (2.86)
uH = popH (2.87)

o O
Il

hold, with the relative permittivity e, and relative permeability p,. In the case of
homogeneous isotropic media, € and p are scalars. Using these relationships, Equa-
tion 2.84 and Equation 2.85 can be combined to yield a single second-order differen-
tial equation in time:
. 1o - 2% 9
V x EVXE‘FeW :—a (288)
In the harmonic or time-periodic regime [f(' (¥, t) =R (ethf (f'))} , it is assumed

that the applied source current J, and thus also the electric field E, vary periodically
in time: J o sin (wt), with w denoting the angular frequency of the system. X ()
is the complex-valued amplitude (“phasor” (Rodriguez and Valli, 2010; Rodriguez,
2015)) of the magnetic or electric field. In the harmonic regime, the temporal deriva-
tive 0/0t simply becomes iw, and Equation 2.88 can be expressed as

1
"

rmy

Vx -V xE—ew?E = —in. (2.89)
MRI gradient fields operate in the low-frequency (LF) regime, in which the EM
tield wavelength is much larger than the diameter of the physical domain. In this
regime, ohmic currents dominate displacement currents (Bowtell and Bowley, 2000),
which can be included in Maxwell’s equations by setting € to zero. This results in
ﬁxlﬁxﬁz—iw Js+ o). (2.90)
n
Here, the electric current density is divided into an imposed (or “source”) part and
an ohmic part:
J =TJs+ Johm = Js + OF, (2.91)

where o is the electric conductivity of the medium (Rodriguez and Valli, 2010; Ro-
driguez, 2015). The source current density Js can, e.g., be described by a current-
carrying coil wire path.
Equation 2.90 can be solved by introducing a magnetic vector potential A (F,t)
that satisfies
B=VxA, (2.92)

and that is divergence free (V- A = 0). The electric field is given in terms of the
vector potential A and the scalar electric potential ® as
oA

E:_ﬁ.q)_ﬁz—ﬁ-CD—in (2.93)

Substituting this expression for the electric fields in Equation 2.90 yields
= ] = - = . — -
VXEVXA—I-G(V-(D-FILUA):]S. (2.94)
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Figure 2.7: Electrical-circuit model representing the electrical properties of a nerve mem-
brane. The figure is adapted from (Hodgkin and Huxley, 1952).

From Maxwell’s equations, it follows that the current density (i.e., both the source
and the ohmic current density) is divergence free if € = 0:

- -

V-Js=0, (2.95)

and thus
V.o (ﬁ O+ iw/i) —0. (2.96)

This approximation of Maxwell’s equations in the low-frequency regime is referred
to as the eddy current or magneto-quasistatic approximation (Rodriguez and Valli, 2010;
Rodriguez, 2015).

2.4.2 The Hodgkin-Huxley formalism

The (passive) conduction of electrical current along nerve fibers can be described
using the classical cable theory, which was originally developed by William Thom-
son (also known as Lord Kelvin) in the the 1850s to describe signal conduction
along transatlantic telegraphy cables. This theory models cables as patches consist-
ing of a capacitance and resistance connected in parallel. Sir Alan L. Hodgkin and
Sir Andrew F. Huxley were among the first to apply cable theory to nerve cell behav-
ior. In 1952, they published experiments conducted on the giant squid nerve fiber,
and developed a numerical model of the excitability of the nerve fiber membrane
(Hodgkin and Huxley, 1952). Together with Sir John F. Eccles they were awarded the
Nobel Prize in Physiology or Medicine in 1963 “for their discoveries concerning the
ionic mechanisms involved in excitation and inhibition in the peripheral and central
portions of the nerve cell membrane”.

Figure 2.7 shows the basic electrical circuit model representing the nerve mem-
brane. The capacitance Cp, represents the lipid bilayer of the nerve membrane. The
resistance of ion i

Ri = — (2.97)
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represents the voltage-gated sodium Na™* and potassium K* channel, as well as a
voltage-independent ion channel for the leakage current. g; is the conductance of the
respective ion channel. It is a measure of the permeability of the nerve membrane for
each ion. A TMV V builds up either through charging of the membrane capacitance
or through movement of ions through the ion channels. The ionic currents are given
by the difference between the TMV V and the equilibrium ionic voltage V;:

INa = gNa(v - VNa) (298)
Ix = gx(V —Vk) (2.99)
L =agi(V-—W). (2.100)

The equilibrium voltage Vi of ion i is given by the Nernst equation (Izhikevich,

2007):

_RT [Ton]
V; = = In ([Ion]in ) , (2.101)

with the universal gas constant R = 8.315 mJ/K - Mol, the temperature T in Kelvin,
Faraday’s constant F = 96.480 C/Mol, and the valence z of the electron. [Ion], and
[Ion];, are the extra- and intracellular ion concentrations. At the equilibrium voltage,
the ionic concentration gradient and the electric potential gradient across the nerve
membrane cancel each other out, thus there is no net ionic current flow.

In the Hodgkin-Huxley formalism (Hodgkin and Huxley, 1952), the temporal
change of V is given by:

) (2102

with the applied current I (e.g., a current injected via an electrode), and the total
ionic current

Lion = INa + Ik + Lieak (2.103)
= gnam’h (V — Vi) (2.104)
+gxn® (V— V) (2.105)
+ Gleak (V — Vieak) , (2.106)

where g; denotes the maximum conductance of ion i. The temporal dynamics of
the ionic currents are governed by the voltage-dependent gating variables m and n
(activation variables for Na™ and K*), and h (inactivation variable for Na™). The
gating variables, in the following summarized under the generalized designation y,
can in turn be determined from the following first-order differential equations:

Y~ (oo (V) —y) 7y (V) (2.107)

with
Yoo = 0y / (0t + By) (2.108)

and
Ty =1/ (o + By), (2.109)

where oy, and (3 are exponential functions of the TMV V, whose parameters have
to be determined from experiments. Figure 2.8 shows the kinetics of the TMV and
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Figure 2.8: Transmembrane voltage (TMV, middle row) and two of the gating variables (bot-
tom row) of the membrane model of a human ventricular cardiomyocyte (O’'Hara
etal., 2011). The model was excited by a 0.25-ms rectangular current stimulus (top
row).

the gating variables of a cardiac cell membrane model using the Hodgkin-Huxley
formalism. In this example, the cell membrane is stimulated with a rectangular cur-
rent stimulus applied with supra-threshold amplitude. This stimulus causes an AP
that is characterized by a transient spike in the TMV (see Section 2.3.2).

The Hodgkin-Huxley equations of the form of Equation 2.102 only describe the
temporal dynamics of the TMV at a single point of the cell membrane and do not
include spatial effects such as currents flowing along the nerve axon or cardiac fiber.
Cable theory can be used to express the transmembrane current I in terms of voltage:

2%V

[=Gao s
Gaaxz'

(2.110)
where x is the position along the axon, and G, is the axial conductance of the axo-
plasm. Substituting Equation 2.110 into Equation 2.102 yields

2
ovV(t,x) 1 (Gaa V(t,x) _Iion>

Cm ox?

m c (2.111)

This formulation is commonly referred to as the Hodgkin-Huxley cable equation (Izhike-
vich, 2007) and allows modeling of both the initiation and conductance of action po-
tentials along excitable nerve and cardiac fibers (Rudy and Quan, 1987, 1991; Sharp
and Joyner, 1980). The effect of an extracellular voltage V. applied along the fiber
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can be modelled by simply adding the second spatial derivative of Vey to Equa-
tion 2.111:

m c (2.112)

V(t,x) 1 ZV(t,x)  9%Veu(t,x)
- <Ga< T te)xz = lion |-

The Hodgkin-Huxley equations form the basis for most neurodynamic models that
were developed in the past decades. These models describe the dynamics of myeli-
nated (McIntyre et al., 2002) and unmyelinated (Pelot et al., 2021) peripheral nerve
fibers with increasing complexity. Early nerve models assumed the axon to be per-
fectly electrically isolated from the extracellular space except at the nodes of Ran-
vier (McNeal, 1976; Reilly, 1985). This assumption ignores the finite impedance of
the myelin sheath. More sophisticated models, such as the double-cable McIntyre-
Richardson-Grill (MRG) model (McIntyre et al., 2002), represent the mammalian nerve
membrane with a higher level of detail. The MRG model explicitly represents the
nodes of Ranvier, a variety of para- and internodal compartments, and the finite-
impedance myelin sheath for axons with discrete radii. As discussed in Section 2.3.2,
cardiomyocytes have a larger variety of ion channels that play a role in the initiation
of APs in comparison to peripheral nerve fibers. However, the basic mechanisms un-
derlying the generation of APs is similar for both cell types, thus most electrophysiol-
ogy models of different cardiomyocyte types are also based on the Hodgkin-Huxley
formalism. A comprehensive overview of these models is provided in (Amuzescu
et al., 2021).
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MATERIALS AND METHODS

This chapter is divided into three sections. The first section describes the model-
ing framework developed in this work to predict cardiac stimulation (CS) by time-
varying magnetic fields in computational anatomical models and explains the pre-
liminary validation of the modeling pipeline through a comparison with previous
canine experiments. The second section covers the materials and methods employed
for the experimental study that measured cardiac magnetostimulation thresholds
in in vivo in healthy pigs. Finally, the third section describes the prediction of CS
thresholds in porcine models of the specific animals used in the experiments. Parts
of this chapter have been published in (Klein et al., 2021) by John Wiley & Sons® and
submitted as (Klein et al., 2022). The description of the corresponding materials and
methods is partly replicated here.

3.1 MODELING FRAMEWORK FOR THE PREDICTION OF CARDIAC STIMULATION

In this work, a modeling framework was developed that allows prediction of the
threshold at which the heart is stimulated by E-fields induced by time-varying mag-
netic fields. The basic steps of this modeling pipeline were based on the recently
developed simulation framework for peripheral nerve stimulation (PNS), which was
validated against experimental data for several whole-body and head gradient sys-
tems (Davids et al., 2019a,b) as well as an MPI drive coil (Davids et al., 2017). In short,
the modeling workflow is as follows (Figure 3.1): First, the EM fields generated by a
given coil wire geometry are simulated in computational models of a human male
and female adult. Second, the electric field (E-field) is projected onto paths of electri-
cally excitable fibers in the heart, in particular the cardiac Purkinje and ventricular
muscle fibers. The projected E-field is integrated along the fiber paths, yielding elec-
tric potential differences, and modulated in time with the coil current waveform. In
the final step, the resulting spatio-temporal electric potential is fed into electrical-
circuit models of Purkinje and ventricular muscle fibers. The following paragraphs
will explain each of these steps in more detail.

3.1.1  Computational human body models

Figure 3.2 shows the male and female human body models used for the EM field
simulations. The models were derived from the commercially available anatomical
surface data of a male (weight 82 kg, height 176 cm) and female adult (weight 53
kg, height 163 cm) provided by Zygote (American Fork, UT, USA). As described in
references (Davids et al., 2017) and (Davids et al., 2018), the Zygote surfaces were
processed to make them suitable for finite-element EM simulations. To this end, a re-

© 2020 The Authors. Magnetic Resonance in Medicine published by Wiley Periodicals LLC on behalf
of the International Society for Magnetic Resonance in Medicine.
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Figure 3.1: Overview of the modeling pipeline for the prediction of cardiac stimulation. (A)
Detailed body model (shown here: bones, skin, and heart of the female human
model) with added realistic networks of cardiac Purkinje and ventricular muscle
fibers. (B) Coronal slices of the simulated electric field (E-field) induced by a time-
varying current in a coil. (C) The E-field is projected onto the cardiac fiber paths.
(D) The cardiac response to the extracellular electric potential is predicted using
electrical-circuit models of Purkinje and ventricular muscle fibers. The figure is
adopted from (Klein et al., 2021).

meshing strategy was used to ensure that the surface mesh description of the organs
is topologically correct, i. e., two-manifold, watertight, and without intersections. The
resulting models contain hundreds of surfaces that were classified into 25 tissue
types as well as a detailed atlas of the largest peripheral nerves in the body. The
nerve atlas contains approximately 1900 nerve tracks and is geometrically registered
with the other tissues and organs. Each nerve segment was manually labeled by
nerve type (motor, sensory, or autonomic) and fiber diameter based on physiological
data of the human peripheral nervous system (Davids et al., 2017). The nerve fiber
diameter determines the properties of the neurodynamic MRG model (McIntyre
et al., 2002) that was used for the PNS predictions in this work. A more detailed
description of the PNS prediction model can be found in references (Davids et al.,
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Figure 3.2: Male and female adult body models (Zygote, American Fork, UT, USA). For
clarity, only the heart, peripheral nerve, bone, and skin surfaces are shown.

2019a, 2017; Klein et al., 2019). In the last step, the body models were voxelized with
a resolution of T mm3 to be compatible with the hexahedral solver used for the EM
field simulations, as described in Section 3.1.3.

3.1.2  Rule-based modeling of cardiac fiber paths

The Zygote body models contain a detailed geometrical description of the gross
heart anatomy, including in particular the atria and ventricles, large papillary mus-
cles, the heart valves, and the large blood vessels that supply the heart. However,
the body models do not contain a microscopic description of the cardiac conduction
system and the myocardial fibers involved in cardiac excitation. Paths of cardiac
Purkinje and ventricular muscle fibers were thus added to the body models using
rule-based fiber generation algorithms.

Model of the subendocardial Purkinje fiber network

In humans and canines, the cardiac Purkinje fibers form a dense network beneath
the endocardium (Ono et al., 2009). In this work, the subendocardial network was
modeled with the rule-based algorithm developed by Ijiri et al., which is based on
histological data of cardiac Purkinje fibers in sheep (Ijiri et al., 2008). The algorithm
starts with a single fiber segment, which is iteratively grown in a tree-like fashion
into “children” segments, the length of which is random and drawn from a Gaussian
distribution. In this work, a mean fiber length of 3.0 mm was used, with a 0.2-mm
standard deviation. Each parent segment divides into two children segments. The
angle between these children segments is random following a Gaussian distribution.
In this work, a mean angle between segments of 60° and a standard deviation of 6°
was chosen. Realistic Purkinje fibers are not straight, which is modeled by dividing
each fiber segment into sub-segments, whose relative orientation controls the cur-
vature of the overall segment. The order in which the parent segments are grown
into children is randomized in order to avoid systematic bias in the network topol-
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Figure 3.3: Purkinje and ventricular muscle fibers generated on the three-dimensional heart
mesh of the female adult body model using rule-based modeling algorithms
(Bayer et al., 2012; Ijiri et al., 2008). The figure is taken from (Klein et al., 2021).

ogy. The iterative fiber growth stops when segments collide or when the distance
between a segment and the endocardial surface becomes larger than ca. 1.5 mm.
The left-hand side of Figure 3.3 shows a Purkinje fiber network generated using this
algorithm in the ventricles of the female human body model.

Model of ventricular muscle fibers

Paths of cardiac muscle fibers are commonly modeled using the Laplace-Dirichlet
Rule-Based (LDRB) method (Piersanti et al., 2021). This method solves the Laplace
equation on a three-dimensional mesh representation of the myocardium to parame-
terize and assign basic directions in the heart, such as the apico-basal and transmural
directions. Fiber directions are then assigned with a set of mathematical rules deter-
mined from histological or MR Diffusion Tensor Imaging data (Piersanti et al., 2021).

In this work, the LDRB algorithm proposed by Bayer et al. was used to model
ventricular muscle fiber paths (Bayer et al., 2012). This algorithm uses a tetrahedral
mesh of the myocardium on which vector fields are defined for the apico-basal and
transmural directions based on solutions of the Laplace equation with Dirichlet-
Neumann boundary conditions. The “potential energy” function O (X) (Bayer et al.,

2012) in each mesh node is found by solving
V2O (X) =0in Q, (3.1)

where Q is the computational domain, i.e., the tetrahedral myocardial mesh. The
boundary conditions used in the Bayer LDRB algorithm are as follows:

©=1onl; (3.2)
®@=0onh, (3:3)
VO -A=00n0Q—Ty —T. (3.4)

In case of the transmural potential energy function, I'y is the epicardium and I’
the endocardium (Bayer et al., 2012). The apico-basal and transmural directions are
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found by taking the gradient of the Laplace solution VO of the respective potential
energy function © (X). A coordinate system is then constructed with the unit vector
€5, which is oriented circumferentially around the ventricles, and the apico-basal
and transmural vectors ej and ¢;. Using this coordinate system, longitudinal and
transverse fiber directions are assigned to each mesh node at specific angles with
respect to €j. In the ventricular walls, for example, the angle « between the fiber
direction and ¢ is given by

o(d) = oendo (1 —d) + Kepi * d. (3-5)

Here, d denotes the normalized transmural depth, i.e., the distance between endo-
and epicardium. engo = 40° is the fiber angle on the endocardium, and oep; = —50°
is the fiber angle on the epicardium (Bayer et al., 2012). Finally, streamlines are
computed from the fiber orientation data, representing the fiber paths. The right-
hand side of Figure 3.3 shows the resulting fiber paths that were generated in the
ventricles of the female body model.

3.1.3 Electromagnetic field simulations

The EM fields induced in the body models by a given wire path of an external coil
were calculated using the hexahedral finite-element method (FEM) magneto quasi-
static solver of SimgLife (Zurich MedTech, Zurich, Switzerland) at 1 mm? spatial
resolution for a Io = 1 A, fo = 1 kHz sinusoidal coil current. The E-field amplitude
induced by an arbitrary coil current waveform and target gradient field amplitude
Giarget in the region-of-interest was calculated from the simulated E-field amplitude
Esim (1 A, 1 kHz) using the following formula:

Esim (1 A, 1 kHz) Gtarget dw (t)

E= ,
2nifolo €G dt

(3-6)

where e is the gradient field efficiency of the coil in mT/m/A, and W(t) is the
unit-less waveform profile scaled between —1 and +1. Alternatively, the E-field can
be scaled based on the target magnetic field amplitude Biarget, in which case eg
is replaced by the coil’s B-field efficiency ep. This simple linear scaling of the E-
field is valid in the quasi-static (low-frequency) regime and is thus applicable to
standard gradient waveforms, which normally operate at frequencies below ca. 10
kHz (Bowtell and Bowley, 2000) (see Section 2.4.1).

The simulation of E-fields requires knowledge of the spatial distribution of elec-
trical conductivity values o (X). These values were assigned to the different tissue
classes in the body models based on the IT’IS (Zurich, Switzerland) low-frequency
material database (Hasgall et al., 2018). This database provides conductivity values
as a combination of the dispersion relations detailed by Gabriel et. al. (Gabriel et al.,
1996a,b) and experimental conductivity values averaged across different studies con-
ducted at frequencies below 1 MHz (Hasgall et al., 2018). The permittivity values in
the database are the same as in (Gabriel et al., 1996a,b).
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Figure 3.4: Electrical-circuit model of a cardiac fiber. Adjacent cells are connected by gap
junctions, which are represented by a resistive T-network. The ion dynamics of
the Purkinje cell membrane are represented by the Stewart model (Stewart et al.,
2009), and by the O’'Hara model for ventricular myocytes (O’Hara et al., 2011),
respectively. The figure is taken from (Klein et al., 2021).

3.1.4 Electrophysiological models of cardiac fibers

In the next step, the E-field was projected onto the Purkinje and ventricular muscle
fiber trajectories and integrated along those paths, to determine the electric potential
along the fiber paths. The E-field, and hence also the potential, was modulated in
time by the coil current waveform W(t) (Equation 3.6). The electric potential, which
thus depends both on space and time, was fed into electrophysiological models of
the cardiac fibers that are described in more detail in the following.

The modeled Purkinje and ventricular muscle fiber paths were divided into ap-
proximately 3000 and 7000 fiber “segments”, respectively. A segment describes a
part of a fiber that contains no bifurcations and can be processed independently
from the rest of the fiber network. Each segment contained between five and ca. 1000
Purkinje cells or ventricular myocytes. Each cell was modeled as a cylinder with a
length of 100 um, and the electrophysiological properties of the cardiac fiber seg-
ments were modeled using the one-dimensional discrete cable model proposed by
Rudy and Quan (Rudy and Quan, 1987, 1991). In this model, the cardiac cells are
connected longitudinally by gap junctions that are 80 A in length and are modeled
as a resistive T-network (Rudy and Quan, 1991) (Figure 3.4). The T-network consists
of an effective axial resistance Ry and a leakage resistance Rje,x to extracellular space.
The respective parameter values used in the simulations are given in Table 3.1. The
choice of a purely resistive representation of the gap junction is based on the as-
sumption that the interaction between cells is passive (Rudy and Quan, 1987, 1991).
In contrast, the charge flow across the cell membrane between the intra- and extra-
cellular space is considered to be an active process, as the membrane contains active
elements such as ion pumps.
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Table 3.1: Definitions and values of parameters used in the electrophysiological simulations.
Unless specified otherwise, the same parameter values were used for the Purkinje
fiber (PF) and the ventricular fiber (VF) models. The remaining model parameters
of the Purkinje cell and the ventricular myocyte membrane models can be found
in the respective publications (O’Hara et al., 2011; Stewart et al., 2009).

Parameter Value and reference
Cell length 1 100 pm (Rudy and Quan, 1987, 1991)
Fiber diameter d (PF) 80 um (Legato, 1973)
Fiber diameter d (VF) 15 um (Legato, 1973)

Spec. mem. capacitance ¢y, (PF) 2 pF/ cm? (Stewart et al., 2009; Tusscher et al., 2004)
Spec. mem. capacitance ¢y, (VF) 1 pE/ cm? (O’'Hara et al., 2011; Rudy and Quan, 1991)
Axial gap junction resistance Rq 1 Qcm? (Rudy and Quan, 1991)

Leakage resistance Rjeax 10° kQ (Rudy and Quan, 1991)

Intracellular resistivity pint 162 QQcm (Stewart et al., 2009; Tusscher et al., 2004)
Spatial resolution Ax < 50 pm

Temporal resolution At <1us

The membrane of individual cells in the fiber models was modeled using the
experimentally validated electrical-circuit Stewart model for Purkinje cells (Stewart
et al., 2009), and the O’Hara model for ventricular cardiomyocytes (O’Hara et al.,
2011). Both models are implemented in the CellML model repository (Lloyd et al.,
2008). The models are based on the Hodgkin-Huxley formalism (see Section 2.4.2),
and include a large number of ionic currents that play a role in the cardiac AP
generation, such as different sodium, potassium, and calcium currents Figure 3.4.
The O’Hara model, e.g., has 41 state variables (O'Hara et al., 2011). For comparison,
the original Hodgkin-Huxley model of the squid axon has only four state variables
(Hodgkin and Huxley, 1952).

Mathematically, the Purkinje and ventricular fiber models are represented by a
set of coupled differential equations that describe the ionic current flow dynamics
(calcium, sodium, and potassium) across the cell membrane, as well as axial signal
propagation through the cells and gap junctions. Most importantly, the fiber models
can predict the creation of APs, i.e., the rapid upstroke of the membrane potential
V (x, t) that indicates electrical excitation of the fiber. Each cell was divided into two
or more sections for which the TMV was computed by solving the Hodgkin-Huxley
cable equation (Equation 2.111) with a spatial resolution of Ax < 50 um. The axial
conductance of the fibers was calculated according to

Ga = (ma®)/(pintAX), (3.7)

with the intracellular resistivity pin and the respective fiber radius a = d/2 (Ta-
ble 3.1). The largest physiological diameters of human cardiac fibers were assigned
to the models, i. e., 80 um for Purkinje fibers, and 15 um for ventricular muscle fibers
(Legato, 1973). This represents a conservative assessment of the stimulation thresh-
old, as larger fibers are generally more excitable (Davids et al., 2017; Enoka, 2002).
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The membrane capacitance C, was calculated from the specific membrane capaci-
tance cm, which is the capacitance per cell membrane area, and the area A, of one
section of cell membrane according to:

Cm=Am- -Cm =2maAx-cy. (3.8)

Physiological values for the specific membrane capacitance were chosen based on
the published cell membrane models for Purkinje cells (Stewart et al., 2009; Tusscher
et al., 2004) and ventricular myocytes (O’Hara et al., 2011; Rudy and Quan, 1991),
as listed in Table 3.1. Note that simulations in a previous publication (Klein et al.,
2021) used larger membrane capacitance values. The temporal resolution with which
the models were solved was chosen such that at least 100 time points per E-field
(or, equivalently, dB/dt) pulse duration were used. This number of time points has
previously been found to produce accurate results in PNS simulations (Klein et al.,
2019). The maximum time step used in this work was At = 1 us to accurately capture
the fast upstroke of the cardiac AP. The coupled differential equations were solved
using the Rush-Larsen algorithm (Rush and Larsen, 1978) to increase computational
speed.

The Stewart model reproduces the pacemaking activity (Stewart et al., 2009), which
is the ability of Purkinje fibers to generate APs at a default rate (ca. 50 beats per
minute), even in the absence of an external stimulus like an extracellular E-field (Fig-
ure 3.5a). This phenomenon is referred to as autorhythmicity (Antoni, 1998), and is
not present in the ventricular myocardium. So-called “pacemaking currents” cause
a linear increase of the TMV of the Purkinje fiber model until a pacemaking AP is
initiated spontaneously (Stewart et al., 2009). The fiber is most sensitive to stimula-
tion right before the start of a pacemaking AP, when the highest resting potential
is reached. In this work, external stimuli were applied ca. 200 us before the next
pacemaking AP in the Purkinje fiber model to target the most sensitive phase of the
fiber model and thus find the lowest stimulation threshold that leads to an ectopic
AP (Figure 3.5b).

Successful stimulation by an external stimulus was defined as an AP created in ei-
ther the ventricular muscle or Purkinje fiber model. An AP in a single fiber can lead
to excitation of the entire myocardium (Tacker and Geddes, 1996), and can there-
fore be taken as a conservative indicator for cardiac stimulation. For the Purkinje
fibers, such an ectopic AP had to occur within ca. 180 us after the application of the
stimulus to make sure that the AP did not result from the Purkinje autorhythmic-
ity. Since the ventricular fiber model does not initiate spontaneous APs, ectopic APs
were detected more easily in these fibers (Figure 3.5¢).

3.1.5 Prediction of cardiac stimulation thresholds of gradient coils

Cardiac stimulation thresholds were simulated for the X-, Y-, and Z-axis coils of the
actively shielded whole-body Siemens Sonata gradient (Gmax = 40 mT/m, Spmax =
200 T/m/s, Siemens Healthineers, Erlangen, Germany). The coil was loaded with
the male and female human body models head-first supine with the head at isocen-
ter. The body models were cropped above the neck and below the hips to simplify
the simulations with no significant effect on the cardiac threshold prediction. Fig-
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(a) No external stimulus is applied. The ventricular fiber model remains at its equilibrium potential of
ca. —87 mV (O’Hara et al., 2011), while the Purkinje fiber model initiates spontaneous pacemaking
action potentials every 1230 ms.
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(b) An external stimulus is applied as a block pulse at ty = 1475 ms with a duration of 0.25 ms. The
Purkinje fiber model produces an ectopic action potential right after application of the stimulus
at to, after which it returns to its normal pacemaking rhythm. The ventricular fiber model only
shows a transient increase in transmembrane potential in response to the stimulus before return-
ing to its equilibrium potential.
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(c) The amplitude of the external stimulus is increased by a factor of four. In this case, both fiber
models generate ectopic action potentials right after application of the stimulus at t = to.

Figure 3.5: Generation of action potentials (APs) in the Purkinje model (Stewart et al., 2009)
and the ventricular muscle fiber model (O’Hara et al., 2011) by extracellular elec-
tric field stimuli. The left column shows the amplitude of the electric field stimu-
lus as a function of time. The central column shows the transmembrane voltage
(TMV) at the central point of the Purkinje fiber, and the right column shows the
TMYV at the central point of the ventricular muscle fiber over time. Both simulated
fibers were 50 mm long, and stimulated by the electric field created by a point
source located 10 mm above the fiber center.
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Figure 3.6: Gradient waveforms with linear (A) and sine-shaped (B) ramps used for the simu-
lation of cardiac stimulation thresholds of two commercial MRI gradient systems.
Only one of ten bipolar lobes is shown.

ure 3.6 shows the simulated gradient waveforms with sinusoidal and linear ramps
and a plateau duration of 500 ps between the ramps. The modeled waveforms con-
sisted of ten bipolar pulses, and CS thresholds were simulated for ten discrete rise
times between 0.1 ms and 5.0 ms. In addition to the Sonata gradient, the Y-axis coil
of the Siemens Connectome gradient (Gmax = 300 mT/m, Smax = 200 T/m/s) was
loaded with the female body model with the head at isocenter and CS thresholds
were simulated for a gradient waveform with sinusoidal ramps.

Stimulation thresholds Gyyesh, i. €., the smallest gradient field amplitude that trig-
gered an AP, were determined with a titration process: The fibers were stimulated
with a given gradient amplitude Ggtim. If no AP was created in response to the stimu-
lus, the current gradient amplitude was set as the lower limit Gy, and the stimulus
amplitude was doubled (2 - Ggim) for the next excitation. If an AP was created, the
current gradient amplitude was set as the upper limit Gpign and the stimulus ampli-
tude was halved (0.5 - Ggtim) for the next excitation. This process was repeated until
the difference between the maximum gradient amplitude Gy, that did not create an
AP and the minimum gradient amplitude Gpg, that did create an AP was less than
a certain titration tolerance Gi;:

Gupper — Glower < Gtol- (3'9)

Gt Was chosen to be <1% of the stimulation threshold. The threshold titration
was repeated for both Purkinje and ventricular muscle fibers and for all gradient
waveforms with different rise times and ramp shapes.

In addition to these threshold simulations, the influence of the plateau duration
and the number of bipolar lobes (Figure 3.6) on the CS threshold was investigated.
To this end, thresholds were simulated in the female body model placed in the Z-
axis coil of the Sonata gradient with the head at isocenter. A total of 39 waveforms
with a constant rise time of 0.5 ms were simulated. For each waveform, either the
plateau duration was varied between 0.0 ms and 10.0 ms, or the number of bipolar
pulses was varied between one and 20.



3.1 MODELING FRAMEWORK FOR THE PREDICTION OF CARDIAC STIMULATION

3.1.6  Prediction of electric field strength-duration curves

As explained in Section 2.3.3, the response of excitable nerve and muscle tissue to
an externally applied E-field is commonly evaluated using strength-duration curves
(Geddes and Bourland, 1985a; Irnich, 2008; Mogyoros et al., 1996; Mouchawar et al.,
1989). These curves quantify the threshold for AP generation in terms of the smallest
amplitude of a unipolar rectangular E-field pulse as a function of the pulse duration.
In most magnetostimulation studies, such an E-field pulse is created experimentally
by playing a trapezoidal coil current (or, equivalently, B-field) pulse with a linear
ramp. In this case, the duration of the E-field pulse is equal to the duration of the
magnetic field ramp dB/dt. Typically, a long flat-top period of the B-field pulse
is chosen, i.e., long in comparison to the chronaxie or time constant of the tissue
(Equation 3.10 and Equation 3.11). This allows the membrane potential of the excited
tissue to go back to equilibrium before the B-field is ramped back down to zero,
which induces a second rectangular E-field pulse with negative amplitude that may
affect the stimulation threshold if applied shortly after the first E-field pulse.

The male and female body models were placed in the Siemens Sonata gradient coil
head-first supine with the head at isocenter, and ten discrete dB/dt or E-field pulse
durations between 0.2 ms and 10.0 ms were simulated. The slope of the magnetic
field ramp dB/dt was increased until an ectopic AP was elicited in the Purkinje or
ventricular muscle fiber networks. The stimulation threshold was determined with
a titration process, as described above. The amplitude of the induced E-field was
then sampled along the path of the most sensitive cardiac fiber, and scaled with the
threshold coil current derivative (Equation 3.6). The maximum E-field value along
the fiber was evaluated as a function of the pulse duration to determine the strength-
duration curve. The simulated curves were fitted with a non-linear least-squares
solver (function lsqcurvefit in Matlab) with two expressions that are widely used
in the tissue stimulation literature:

- The hyperbolic Lapicque expression (Lapicque, 1909):
E(T) = Etheo * (T4 tehron/T), (3.10)

where T is the E-field pulse duration, and tcyon is the chronaxie time, de-
fined as the time at which the stimulation threshold is twice the long-duration
asymptote Epeo, the so-called “E-field rheobase”.

- The exponential Blair expression (Blair, 1932):

E(T) = Erheo/(] - eXP(—T/tc))- (3-11)

Here, 7 is the pulse duration, Eye, denotes the E-field rheobase, and t. the
membrane time constant.

3.1.7 Preliminary model validation in canine models

A preliminary validation of the CS modeling framework was based on a comparison
with canine experiments conducted by Mouchawar and Nyenhuis and colleagues in
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the early 1990s (Mouchawar et al., 1992; Nyenhuis et al., 1992). These experimental
studies measured the cardiac magnetostimulation threshold in anesthetized canines
by discharging capacitors into coils placed close to the canine chest. The resulting
electromagnetic pulses (EMPs) evoked ectopic heartbeats that were detected on ECG
and arterial blood pressure signals (Mouchawar et al., 1992; Nyenhuis et al., 1992).
The canine experiments were replicated as closely as possible with the simulation
workflow described above.

Generation of canine body models

For the canine simulations, the Human Monitoring Laboratory (HML) body model
of an adolescent dog (Kramer et al., 2012) (14 kg, height to withers 44 cm, 20 tissue
classes) was used. This model has originally been developed for radiation dosimetry
simulations and was created from computed tomography (CT) images of a sedated
Doberman (Kramer et al., 2012). The HML model only possesses a description of the
outer myocardial surface, but does not include a description of the blood-filled heart
chambers, i.e., the atria and ventricles. It is important to distinguish the heart cham-
bers from the myocardium to 1) correctly model the effect of myocardium/blood
conductivity interfaces in the E-field simulations, and 2) allow modeling of the car-
diac fiber networks. The insufficient detail of the HML canine model was thus reme-
died by inserting the atrial and ventricular surfaces of the female Zygote body model
using scaling, translation, and rotation operations.

In the next step, five larger canine models were generated from the HML model
by applying geometrical scaling to all tissues and organs, including the heart. The
scaling factor was chosen so the resulting models matched the minimum, mean, or
maximum weight of the canines used in the Mouchawar study (Mouchawar et al.,
1992) (minimum 17 kg, mean 21.5 kg, maximum 26 kg) and the Nyenhuis study
(Nyenhuis et al., 1992) (minimum 17 kg, mean 24.5 kg, maximum 32 kg).

For the electrophysiological simulations, the same cardiac fiber diameters were
used as for the simulations in the human body models, i.e., 80 um for the Purkinje
and 15 pum for the ventricular muscle fibers. This should be a reasonable choice,
since for canines, Purkinje fiber diameters are in the 20-200 um range (Argentieri
et al., 1990; Rosen et al., 1981), while ventricular fibers are around 12 um in diameter
(Carew and Covell, 1979).

Simulation of the experimental setup

Figure 3.7 shows the simulation setup that was used for the prediction of CS thresh-
olds in the canine body models. The same coils were modeled as used in the exper-
imental studies (Mouchawar et al., 1992; Nyenhuis et al., 1992), namely: 1) a pair
of coplanar flat spiral coils placed on the left side of the canine’s torso (30 wire
turns each, inner coil diameter 7 cm, outer diameter 17 cm, referred to as “COP”)
(Mouchawar et al., 1992), and 2) a solenoid coil enclosing the canine’s torso (24 wire
turns, coil diameter 26 cm, length 13 c¢m, referred to as “SOL”) (Nyenhuis et al.,
1992). Both coil configurations were centered on the canine heart. The study using
the solenoid coil measured CS thresholds for different orientations of the coil’s B-
field relative to an external static B-field of By = 1.5 T that was oriented from the
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Figure 3.7: Simulation setup for comparison of the cardiac stimulation modeling framework
with previous canine experiments (Mouchawar et al., 1992; Nyenhuis et al., 1992).
(A) Canine body model (only the skin and myocardial surfaces are shown) with
a pair of coplanar coils (COP) and a solenoid coil (SOL). (B) Damped sinusoidal
dB/dt waveform as generated in the experimental studies by discharging a ca-
pacitor into the coils. The figure is taken from (Klein et al., 2021).

canine’s tail to head or head to tail (Nyenhuis et al., 1992). Comparing their results
to another study in canines conducted with Bo = 0 T (Bourland et al., 1991), the au-
thors concluded that the static B-field had no significant effect on the CS threshold
(Nyenhuis et al., 1992). In this work, all simulations were done without an external
static B-field, i.e., Bo = O T. The solenoid coil study also reported CS thresholds
for different positions of the canines in the coil (dorsal, left and right lateral). Since
the HML canine model was based on CT images of a sedated canine lying supine
(Kramer et al., 2012), the simulated results were compared to the measurements with
canines placed in the dorsal position to mimic a similar positioning of the internal
organs in the computational body model compared to the experiments.

In the experiments, capacitors with capacitances of 682 pF (Mouchawar et al., 1992)
and 820 uF (Nyenhuis et al., 1992), respectively, were discharged into the coils. The
capacitor discharges resulted in damped sinusoidal coil current waveforms (Equa-
tion 3.12). The durations from onset to the first zero-crossing of the induced current
(or, equivalently, the dB/dt waveform) was equal to 571 us for COP and 540 ps for
SOL (Mouchawar et al., 1992; Nyenhuis et al., 1992). These waveforms were repro-
duced in the simulations (Figure 3.7).

3.2 EXPERIMENTAL STUDY OF CARDIAC MAGNETOSTIMULATION IN PIGS

In the second part of this work, an experimental study was performed to measure the
magnetostimulation threshold of the porcine heart. The following section describes
the materials and methodology used to perform these measurements.
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MATERIALS AND METHODS

3.2.1  Comparison of different coil and amplifier configurations

First, a magnetic stimulator had to be constructed to generate EMPs strong enough
to stimulate the porcine heart. To this end, different coil and current amplifier con-
figurations were tested prior to construction with the help of EM field simulations.
The IT’IS model of a male pig shown in Figure 3.8 was used to simulate E-fields us-
ing Sim4Life’s low-frequency magnetoquasistatic solver for a 1 A, 1 kHz sinusoidal
coil current. The IT’IS porcine model has a weight of 35 kg and includes 65 tissue
classes, to which electrical conductivity values were assigned using the dispersion
relations by Gabriel et al. (Gabriel et al., 1996a,b). E-fields were simulated at 2x2x2
mm? isotropic resolution for different coil geometries. Figure 3.8 shows a subset of
the candidate coil geometries that were simulated:

- A commercial transcranial magnetic stimulation (TMS) coil (MagVenture MRi-
Bo1, Alpharetta, GA, USA) that consisted of two coplanar coils with four wire
loops each, wound in two parallel layers. The coil inductance and resistance
were 11 uH and 17 mQ), respectively, according to the manufacturer. The coil
was placed in different orientations with respect to the porcine body model to
find the configuration that led to the highest E-field in the heart.

- The coplanar coil pair with 30 wire turns per coil, inner coil diameter D, =7
cm, and outer diameter Doy = 17 cm. A similar coil was used in one of the
previous canine experiments (Mouchawar et al., 1992), which reported the coil
inductance as 220 uH.

- Solenoid coils enclosing the pig’s torso with varying parameters: 40 to 50 cm
diameter, 10 to 20 cm length, and between 10 and 40 wire turns (shown in
Figure 3.8: 40 cm diameter, 10 cm length, 20 turns). The coil inductance was
simulated using the tool FastHenry2 to be ca. 230 pH.

- A curved spiral coil fitting the porcine torso (Doyt = 30 cm, Dij, = 10 cm, 30
turns). The left front leg of the pig model was placed inside the inner opening
of the coil. The coil inductance was ca. 180 uH (simulated with FastHenry2).

- Flat spiral coils with varying parameters: Doyt = 20-40 cm, Di, = 1-30 cm,
between 20 and 50 turns (shown in Figure 3.8: Doyt = 40 cm, Djy, = 2.5 ¢cm, and
38 turns). The coil inductance was ca. 230 uH (simulated with FastHenry?2).

Three types of coil current amplifiers were compared in the simulations:

- A commercial TMS amplifier by MagVenture. The TMS amplifier in combina-
tion with an inductive coil forms an RLC circuit with a maximum charging
voltage Umax = 1.8 kV and a capacitance C = 180 uF. It is compatible with coil
inductances of up to 18 pH and resistances of up to 20 mQ.

- A commercial GPA by Siemens Healthineers with a peak voltage of Umax = 2.0
kV.

- A 680-puF capacitor with a maximum charging voltage of Umax ~ 10 kV, sim-
ilar to the setup used in one of the previous experimental canine studies
(Mouchawar et al., 1992).
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IT'IS porcine model with TMS coil

65 tissue classes
weight: 35 kg
length: 98 cm

N
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Figure 3.8: (A) IT'IS male porcine body model (IT'IS Foundation, Zurich, Switzerland) with
a transcranial magnetic stimulation (TMS) coil placed on the left side of the
torso and centered below the heart. (B) Coil geometries for which electromag-
netic fields were simulated in the porcine model. The electric field amplitudes
created in the porcine heart were compared for different combinations of coils
and current amplifiers.
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For each coil and amplifier combination, E-fields were simulated in the heart of
the IT’IS porcine body model and scaled with the maximum achievable coil current
derivative (Equation 3.6). For the resonant circuits, i. e., for coils in combination with
the TMS amplifier or the capacitor, the coil current waveform is a damped sinusoid
given by

u
I(t) = ﬁe*“t sin (wt), (3.12)
with o = R (3.13)

and w = 4/(1/LC) — a2, (3.14)

where L and R are the total inductance and AC resistance of the circuit, C is the
capacitance, and U is the voltage across the capacitor, in the following referred to as
“charging voltage”. The maximum current derivative is thus reached at t = 0 s and

g _umax (1)
dt) . L 315

The same equation can be used to calculate the maximum current derivative gener-
ated by the GPA (compare to Equation 2.66). Based on these simulations, a magnetic
stimulator consisting of a capacitor bank and a flat spiral coil was constructed, as
described in Section 4.2.2.

is given by

3.2.2  Animal preparation

The study was conducted under a protocol approved by the Massachusetts Gen-
eral Hospital (MGH, Boston, MA, USA) Institutional Animal Care and Use Com-
mittee. Ten healthy three-month-old Yorkshire pigs (seven male, three female) with
body weights of 20-35 kg were used in the experiments. The animals were pre-
anesthetized with Telazol and Atropine, intubated, ventilated with O, (mixed with
1-3% isoflurane), and maintained under anesthesia with isoflurane (1-3%). Injections
of vecuronium bromide were applied every 20 minutes to suppress motion caused
by unwanted skeletal muscle stimulation. The dosage of the first vecuronium injec-
tion was 0.25 mg/kg to accustom the animal to the muscle relaxant, subsequent
injections were given with a dosage of 0.50 mg/kg.

3.2.3 Measurement of cardiac magnetostimulation thresholds

Figure 3.9 shows the setup of the experiments that were conducted in the con-
trol room of a 3T MRI scanner outside of the magnetic Bo-field environment. The
pigs were placed in left lateral recumbency on a fiberglass table mounted on a
movable cart. Hemodynamic traces were measured during the experiments using
a piezo-electric pressure transducer attached to the front right leg of the animal
(non-invasive blood pressure) and an infrared photoelectric sensor attached to the
right ear (peripheral oximetry, both devices from ADInstruments, Sydney, Australia).
These sensor waveforms were acquired with a PowerLab data acquisition device and
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Figure 3.9: Setup of the cardiac magnetostimulation experiments. The pigs were intubated,
anesthetized, and placed in left lateral recumbency on a fiberglass table mounted
on a movable cart that was constructed mainly from fiberglass beams. The spiral
coil was mounted below the fiberglass table.

recorded with the software LabChart (ADInstruments, Sydney, Australia). In seven
of the ten pigs, single-lead ECG signals were also acquired during stimulation with
electrodes and an ECG amplifier (SparkFun Electronics, Boulder, CO, USA). The
ECG signal was recorded with a laptop, and Matlab was used to generate trigger
signals at specific delays after the R-wave. These digital signals were converted into
optical signals and sent to the magnetic stimulator using a data acquisition device
(USB-1208FS by Measurement Computing Corporation, Norton, MA, USA). The de-
lay was chosen manually based on examination of the ECG trace. In the other three
pigs, the blood pressure signal was used to trigger the pulses. For those animals, a
single-lead BioAmp ECG amplifier (ADInstruments, Sydney, Australia) was used to
determine the delay between the peak pressure signal and the R-wave. The BioAmp
ECG amplifier was then disconnected prior to stimulation to avoid damages to the
device caused by the strong EMPs.

Stimulation experiments were performed at two cardiac phases: on or right after
the T-wave (early ventricular diastole) and before the P-wave (late diastole). For each
cardiac phase, the stimulation threshold of the heart was established by charging the
capacitors at a low voltage (the lowest applied voltage was Upnin = 2.0 kV), and in-
creasing it in increments of 0.25-0.50 kV until stimulation occurred. Stimulation in
the form of cardiac capture was assessed by visual inspection of the ECG, blood pres-
sure and oximetry traces. For each pig and trigger time, several charging voltages
were applied above and below the threshold for cardiac capture. All measured phys-
iological signals, i.e., ECG, blood pressure and peripheral oximetry, were analyzed
and evaluated by an experienced cardiologist.
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Cardiac stimulation thresholds in terms of charging voltage U,esn Were deter-
mined after the measurement by plotting the binary cardiac response, i. e., successful
or unsuccessful cardiac capture, as a function of the charging voltage U and fitting
sigmoid functions to the resulting voltage-threshold distribution:

F(U) =1/ (14 e Ut/ W), (3.16)

where W is the width of the sigmoid function F.
3.2.4 MR image acquisition

For eight of the ten pigs, MR image volumes were acquired immediately after the car-
diac stimulation experiment. The spiral coil was removed from the fiberglass table,
and the animals were moved into a 3T Siemens Connectome MRI scanner. During
this procedure, the animal’s posture and position on the table was changed as little
as possible. For two of the pigs, it was not possible to acquire images because of
technical difficulties concerning the MRI scanner and experimental time constraints.
Fat-water separated Dixon volumes (500x325x344 mm? FOV, 2x2x2 mm? isotropic
resolution, TR/TE; /TE»=5.00/1.23/2.46 ms) as well as CINE measurements of the
beating heart (1.9x1.9x3.0 mm? resolution, 45 slices, 23 timeframes, TE/TR=4.9/35.4
ms, double oblique along the heart short axis) were acquired. The Dixon volumes
were acquired in four bed positions separated by 200 mm along the z-axis, which
were concatenated in postprocessing to obtain whole-body fat-water-separated im-
ages.

The position of the heart relative to the fiberglass table was inferred using four
fiducial markers (vitamin E capsules), which were attached to the table and visible
in the Dixon images. The longitudinal and lateral position of the coil relative to
the table was measured during the stimulation experiments. These measurements
enabled retrospective calculation of the coil position with respect to the animal’s
heart. The vertical distance of the wire from the table surface was 19 mm. This is the
sum of the table thickness, the depth of the wire in the coil former, and the thickness
of the combination of fiberglass cloth and epoxy resin that was added on top of the
coil, as described in Section 4.2.2.

3.2.5 Generation of porcine body models from MR images

Porcine body models were generated from the MR Dixon and CINE images acquired
in eight of the ten pigs (Section 3.2.4) using a semi-automatic segmentation pipeline.
Electric conductivity values were assigned to the different tissue classes based on
the IT'IS low-frequency material database (Hasgall et al., 2018) for subsequent E-
field simulations.

First, the local relative fat/water content Sy = Sg/ (Sg+ Sw) was determined
based on the fat- and water-weighted Dixon images Sr and Sw. Electric conductivity
values were assigned to each voxel according to

0 = Spw - 0F + (1 — Spw) - oM, (3.17)
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with the fat conductivity or = 0.057 S/m (Hasgall et al., 2018) and the muscle con-
ductivity op = 0.355 S/m (Hasgall et al., 2018). The voxels were then grouped into
six different tissue classes according to their conductivity, ranging from pure fat to
pure muscle, as well as mixed tissue classes with 30%, 50%, 70%, and 90% water/-
muscle content. In the next step, the lung was segmented semi-manually using the
flood-filling algorithm of Matlab’s Image Segmentation application and assigned
with a conductivity of 0.11 S/m (Hasgall et al., 2018). The outermost voxel layer was
assigned as skin (0.17 S/m (Hasgall et al., 2018)). Voxels with low signal intensity
of less than 20% on both the fat- and water-weighted Dixon images were set as low-
conductive tissue and assigned with the conductivity of cortical bone (3.5 mS/m
(Hasgall et al., 2018)). Finally, the resulting segmentation was interpolated at 1x1x1
mm? isotropic spatial resolution.

The myocardium (0.381 S/m (Hasgall et al., 2018)), the ventricles, atria, and major
blood vessels connecting to the heart (all set to blood with 0.660 S/m (Hasgall et
al., 2018)) were segmented manually on a diastolic timeframe of the CINE data. A
tetrahedral mesh was created of the segmented heart, which was then smoothed and
re-voxelized at an isotropic resolution of 1x1x1 mm? using the iso2mesh toolbox in
Matlab. This was done to reduce unrealistically sharp edges at the tissue boundaries
in the E-field simulation. Finally, the heart segmentation was transferred into the
whole-body voxel model using translation and rotation operations based on the
relative orientations of the CINE and Dixon image volumes. In the last step, the
final voxel model was smoothed with a 3x3x3-voxel median filter.

3.2.6 Biot-Savart and E-field simulations

For each animal, the spiral coil’s B-field map registered to the MRI-based porcine
body model was calculated using Biot-Savart’s law at T A coil current. The B-field
was then scaled with the experimental threshold current amplitude Iyyesh leading
to cardiac capture, i. e., stimulation of the heart. This calculation allowed to estimate
the B-field and dB/dt values at threshold (Bnresh and dB/dty,.q,) in the body model
created for each animal. In particular, dB/dt,, ., was evaluated at the center of the
heart, as average, minimum, and maximum values in the heart volume, and as a
maximum in the whole porcine body. For the two pigs for which no MR images
were acquired, dB/dt was instead evaluated 11 cm above the coil center, which
corresponded to the average distance between the coil and heart center in the other
pigs.

Electric fields were simulated in the eight porcine body models using the low-
frequency magnetoquasistatic solver by SimyLife for a 1 A, 1 kHz sinusoidal coil
current. The E-field was then scaled with the derivative of the measured threshold
current (dI/dt)y, een:

(3-18)

£ _ Eam(1A TkHz) (dit)
thresh = 2nt-1 kHz dt thresh.

This scaling is equivalent to the one used previously to calculate E-fields induced by
gradient coils in human body models (Equation 3.6). The E-field in the porcine heart
was evaluated as the 95 percentile of all voxels in the myocardium to reduce bias
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by unphysically high E-field amplitudes simulated at tissue boundaries (staircasing
artifacts).

In the next step, simulations were performed to compare the experimental porcine
threshold dB/dt and E-field values with maximum values induced by MRI gradient
coils in the human heart. To this end, dB/dt and E-field values created by the X-,
Y-, and Z-axis coils of three commercial MRI gradient systems were simulated in
the heart of the male adult Zygote body model, which was described in detail in
Section 3.1.1. The body model was placed in the Siemens Sonata (Gmax = 40 mT/m,
Smax = 200 T/m/s), Quantum (Gpax = 40 mT/m, Spax = 140 T/m/s), and Con-
nectome gradient coils (Gmax = 300 mT/m, Spmax = 200 T/m/s). The simulated
dB/dt and E-field values were scaled to the maximum output of each gradient sys-
tem within its respective hardware limits for a gradient waveform with linear ramps
and an effective stimulus duration of te¢ = 0.45 ms, which is equal to twice the
rise time. According to the IEC definition (IEC, 2010), this stimulus duration corre-
sponds to the damped sinusoidal B-field waveform used in the porcine experiments.
The workflow for these calculations was as follows:

- First, the gradient coil’s B-field was simulated for a 1 A coil current (B14).

- The maximum gradient field amplitude Gg,je achievable with the gradient’s
maximum slew rate Spax was calculated for tgeff = 2 - trise = 0.45 ms as follows:

Smax - tseff
Gscale = %~ (3-19)

If Gscale > Gmax, then Ggeae Was derated to the maximum gradient field ampli-
tude (Gscale = GmaX)'

- B1a was scaled with the maximum achievable coil current, which is given by
the gradient strength Gg.e and the gradient field efficiency eg (in mT/m/A):

Gscale . B]A

- (3.20)

Bmax =

- Finally, the gradient coil’s maximum B-field rate dB/dtmax achievable for tg o =
0.45 ms was calculated as

Bmax
dB/dtmax = . .
/dtma ) (3.21)

The B-field rate dB/dtmax was evaluated at two locations in the coil: 1) within a
0.2-m radius cylinder placed along the z-axis, which corresponds to the IEC defini-
tion of the “compliance volume” within which the dB/dt safety limits are defined
(IEC, 2010), and 2) within the heart of the body model. The heart location in each
gradient system was estimated for two scan positions, namely for placing the body
model with the head or the heart at the gradient isocenter, respectively, as shown in
Figure 3.10.

As for the previous E-field simulations (Section 3.1.3), the 25 tissue classes of the
body model were assigned with electrical conductivity values based on the IT’IS low-
frequency material database (Hasgall et al., 2018). The E-field was again simulated
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Figure 3.10: Male human Zygote body model (skin and heart outline shown as projections
onto the coronal plane) placed in the magnetic field created by the Y-axis coil of
the Siemens Sonata gradient system at maximum gradient strength (Gmax = 40
mT/m). The left plot shows the body model with its head placed at isocenter,
the right plot shows the body model with its heart placed at isocenter. The figure
is taken from (Klein et al., 2022).

for a 1 A, 1 kHz sinusoidal coil current and then scaled according to Equation 3.18
to match a gradient waveform with a rise time of t /2. In this case, the maximum
current derivative of the gradient coil is given by

dI _ Gscale . 1

a B €G ts,eff/zl (3.22)

with the maximum gradient field amplitude Ggje achievable for tgef = 0.45 ms
calculated according to Equation 3.19.

3.3 PREDICTION OF CARDIAC MAGNETOSTIMULATION IN PORCINE MODELS

The third part of this thesis combined the cardiac magnetostimulation threshold
measurements in pigs with the modeling pipeline developed for the prediction of
CS by time-varying magnetic fields.

3.3.1 Prediction of porcine cardiac stimulation thresholds

Cardiac stimulation thresholds were simulated in the eight MRI-based porcine body
models using the same modeling pipeline as described in Section 3.1 for the hu-
man and canine body models. First, subendocardial Purkinje fiber networks and
ventricular myocardial fibers were added to the 3D segmentation of the porcine my-
ocardium using rule-based algorithms (Bayer et al., 2012; Jjiri et al., 2008). Next, the
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E-field simulated in the porcine body models was interpolated along the cardiac
fiber paths, projected, and integrated to obtain electric potential changes along the
fibers. The electric potential was modulated in time with the magnetic field wave-
form used in the porcine cardiac magnetostimulation experiments (a damped sine
wave with tg o = 0.45 ms). The resulting spatio-temporal potential changes were fed
into the same electrophysiological models for Purkinje and ventricular muscle fibers
used in the previous simulations (O'Hara et al., 2011; Stewart et al., 2009). A titration
process was used to determine the threshold at which an AP was created in either
fiber type. The output of the simulations in each porcine model was the predicted
CS threshold in terms of capacitor charging voltage.

3.3.2 Sensitivity analysis of simulated cardiac stimulation thresholds

For each porcine model, five subendocardial Purkinje networks were generated us-
ing the semi-random rule-based fiber modeling algorithm proposed by Ijiri et. al
(Ijiri et al., 2008). CS thresholds were simulated for each of these networks to quan-
tify the effect of small changes in the Purkinje fiber paths. In one of the porcine body
models (pig #7), a preliminary sensitivity analysis was performed to assess the effect
of variations of important model parameters on the predicted CS threshold. For this
analysis, CS thresholds were simulated in the most sensitive of the five Purkinje fiber
networks modeled in pig #7.

The first investigated effect on the CS thresholds was the variation of important
electrophysiological parameters of the Purkinje fiber model (Table 3.1). Specifically,
the cell diameter, the specific membrane capacitance, the specific axial resistivity,
and the gap junction conductance were each varied separately by +50 %, while all
other parameters were held constant at their initial values. Note that the investi-
gated parameters are not all independent: The cell diameter is proportional to the
membrane capacitance (Equation 3.8) and the square root of the axial conductance
(Equation 3.7). In addition to these model parameters, the impact of +50% variations
of the fast sodium conductance Gy, and the inward rectifier potassium conductance
Gky was assessed. These conductances control the sodium and potassium ionic cur-
rents of the Stewart model (Stewart et al., 2009) of Purkinje cells (Figure 3.4).

The second investigated effect on the E-field in the heart and the predicted CS
threshold was that of varying electrical conductivity values of the myocardium, mus-
cle, blood, and lung tissues. The conductivity of each of these tissues was varied
individually by +50% relative to their default values (IT’IS LF database (Hasgall
et al., 2018)). Additionally, one simulation was conducted in which the lung tissue
was assigned the conductivity of “deflated lung” (0.529 S/m (Hasgall et al., 2018)),
which is five-fold higher than the IT’IS database value for average lung tissue used
in all other simulations (0.105 S/m (Hasgall et al., 2018)).

Finally, the effect of small changes in the coil position relative to the porcine body
was investigated. To this end, the coil was shifted from its default position by +1
cm in the x-, y-, and z-direction, and E-fields and CS thresholds were simulated for
each position.



RESULTS

This chapter is divided into three sections. The first section describes the prediction
of cardiac magnetostimulation in human body models and the preliminary model
validation study in canine body models. The second section reports the magnetostim-
ulation measurements in the porcine heart. Finally, the third section presents the pre-
diction of cardiac stimulation thresholds for the experimental setup of the porcine
measurements. Parts of this chapter have been published in (Klein et al., 2021) by
John Wiley & Sons' and submitted as (Klein et al., 2022). The description of the
corresponding results is partly replicated here.

4.1 PREDICTION OF CARDIAC STIMULATION IN HUMAN MODELS
4.1.1  Predicted cardiac stimulation thresholds of MRI gradients

The simulated efficiency of the Siemens Sonata gradient was eg ~ 0.092 mT/m/A
for all axes in the FOV, which is in agreement with the manufacturer’s specifications.
Figure 4.1 shows the E-fields induced in the male and female human body models
by the Sonata Z-axis gradient coil (head at isocenter). The E-fields in these plots were
simulated for a T A, 1 kHz sinusoidal current waveform and then scaled to match a
maximum slew rate of SRmax = 100 T/m/s. This was achieved by setting the term
Giarget - dd—‘f[\/ in Equation 3.6, i.e., the temporal change of the gradient field strength,
to the target slew rate.

As can be seen in the coronal E-field slice (central column), the E-field in the heart
was significantly lower than in the surrounding tissues, especially in the adjacent
lung tissue. In particular, the 95 percentile E-field amplitude in the myocardium
was Eg5 = 1.2 V/m for the male model, and 0.9 V/m for the female model at a slew
rate of 100 T/m/s. For comparison, the peak E-field amplitude in the whole torso
was 9.5 V/m for the male model, and 14.2 V/m for the female model.

Figure 4.2 shows maximum intensity projections (MIPs) of the E-field induced in
the heart of the body models by each axis of the Sonata gradient at SRpax = 100
T/m/s. The E-field distributions are highly heterogeneous, and the overall E-field
amplitudes are higher in the male than in the female model. For both body models,
the Z-axis coil induced the highest E-field values in the myocardium, followed by
the X-axis coil, which induced particularly high E-field values around the apex, i.e.,
the tip of the heart. The Y-axis coil induced high E-field values in the vena cava,
aorta and pulmonary artery, but comparatively low values in the myocardium itself.

Figure 4.3 shows CS thresholds simulated in the male and female body models
for the three axes of the Sonata gradient driven with a gradient waveform with si-
nusoidal ramps, 500 ps plateau duration, and ten bipolar pulses. In addition to the

© 2020 The Authors. Magnetic Resonance in Medicine published by Wiley Periodicals LLC on behalf
of the International Society for Magnetic Resonance in Medicine.
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Figure 4.1: Coronal slices of the voxel models generated from the male and female Zygote
body models (left column). The center column shows an enlarged section (indi-
cated by the dashed box in the left column) of the electric field (E-field) induced
in this slice by the Z-axis coil of the Siemens Sonata gradient at a slew rate of
100 T/m/s. The right column shows E-field maps in the whole torso as maxi-
mum intensity projections (MIPs) of E-field values along the y-direction onto the
xz-plane. The E-field in the bones is set to zero for better visibility. The figure is
taken from (Klein et al., 2021).

simulated stimulation thresholds of the Purkinje and ventricular fibers (red triangles
and diamonds, respectively), the cardiac safety limit defined by the IEC 60601-2-33
regulatory guidelines (IEC, 2010) is shown in black, and the simulated PNS thresh-
olds are shown in blue. For all gradient axes and both body models, the Purkinje
fibers were between three and 20 times more sensitive to stimulation, i. e., had lower
stimulation thresholds, than the ventricular fibers. For both body models and all
axes of the Sonata gradient, the predicted Purkinje fiber thresholds were at least 6-
fold (for rise times tyse > 2.5 ms) to 25-fold (tyise < 0.5 ms) higher than the predicted
PNS thresholds, and also substantially higher than the IEC cardiac safety limit, e. g,
> 11 times greater at tyse = 0.5 ms.

The simulated stimulation thresholds for the gradient waveform with linear ramps
(Figure 4.4) showed a qualitatively similar behavior, but were slightly higher than the
thresholds for the sine-shaped waveform. In particular, the Purkinje fiber thresholds
predicted in the female body model were 1%-33%, the ventricular fiber thresholds
6%-33%, and the simulated PNS thresholds 7%-51% higher for the trapezoidal wave-
form. For both gradient waveforms, the male body model had similar Purkinje fiber
thresholds as the female model for the X- and Z-axis coils, but higher thresholds
for the Y-axis coil. Overall, the predicted CS thresholds were lowest for the Z-axis,
and highest for the Y-axis coil. This is in alignment with the observation that the Z-
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Figure 4.2: Electric field (maximum intensity projection) induced in the myocardium, the
vena cava, aorta, and pulmonary arteries of the male and female body models
(rows) by each axis of the Sonata gradient (columns) at a slew rate of 100 T/m/s.
The electric field was simulated in the full torso model and set to zero outside
the heart for better visibility. The figure is taken from (Klein et al., 2021).

axis induced the highest, and the Y-axis coil the lowest E-fields in the myocardium
(Figure 4.2).

Figure 4.5 shows Purkinje and ventricular muscle fiber thresholds simulated in
the female body model along with experimental PNS thresholds for the Y-axis coil
of the Siemens Connectome gradient (Setsompop et al., 2013). For this coil, the mar-
gin between the predicted CS thresholds and the IEC cardiac safety limit was even
greater than for all axes of the Sonata gradient (e. g., 40 times higher Purkinje fiber
threshold at tse = 0.5 ms). The predicted CS thresholds were > 30 times higher than
the hardware limit of the Connectome gradient, which is dictated by its maximum
gradient strength (Gmax = 300 mT/m) and slew rate (Smax = 200 T/m/s). Note that
Figure 4.5 shows stimulation thresholds predicted for the Y-axis coil, which is in
contrast to Figure 2.6, which shows PNS and IEC limits of the Connectome gradient
for simultaneous slewing of the X-, Y-, and Z-axis coils.

4.1.2  Threshold dependence on spatio-temporal electric field changes

Figure 4.6 shows the E-field magnitude induced by the three axes of the Sonata gradi-
ent in the female body model, and sampled along the Purkinje fibers (top row). The
bottom row shows the locations where the fibers were first stimulated for a gradi-
ent waveform with sine-shaped ramps. The stimulation loci of the 50 most sensitive
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Figure 4.3: Stimulation thresholds of the Sonata gradient in terms of gradient amplitude G as
a function of the rise time t,is. for a gradient waveform with sine-shaped ramps.
Thresholds are plotted for all gradient axes (rows) and both human body models
(columns). The CS thresholds are plotted in red (Purkinje fibers as solid lines,
ventricular muscle fibers as dashed lines), simulated PNS thresholds are plotted
in blue, IEC 60601-2-33 cardiac safety limits in black. The red arrows show the
ratio between the IEC safety limit and the predicted Purkinje fiber stimulation
thresholds at t.je = 0.5 ms.

Purkinje fibers are shown by spheres, with larger diameters and brighter colors cor-
responding to lower thresholds. Stimulation approximately occurred in areas with
high E-field magnitude along the fibers, whereas no stimulation occurred in areas
with low E-field magnitudes. However, the stimulation location did not necessarily
coincide with the highest E-field hotspot, as shown by the arrows. Figure 4.7 shows
that instead, the simulated stimulation thresholds correlated significantly (p < 0.05)
with the inverse of the maximum absolute value of the second spatial derivative of
the electric potential d*V/dr? along the Purkinje fiber paths (correlation coefficient
~ 0.856). The inverse second spatial derivative of the electric potential along an ex-
citable fiber is often referred to as the “activation function”, and has previously been
shown to correlate with stimulation thresholds of peripheral nerves (Rattay, 1986).
The impact of the Purkinje fiber paths on their stimulation threshold was assessed
by generating four additional semi-random Purkinje networks for the female model
using the rule-based modeling algorithm proposed by (Jjiri et al., 2008). The geom-
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Figure 4.4: Stimulation thresholds of the Sonata gradient in terms of gradient amplitude G
as a function of the rise time t, for a gradient waveform with linear ramps
(trapezoidal waveform). The thresholds are plotted as in Figure 4.3. The trape-
zoidal gradient waveform led to overall higher stimulation thresholds than the
sinusoidal waveform.

etry of the different networks, and hence the E-field projection onto the fiber paths,
varied because the order in which the Purkinje fiber segments were iteratively grown
as well as the distribution of angles between fiber segments was randomized, as
described in Section 3.1.2. The largest threshold variation relative to the average
CS threshold of all five Purkinje networks ranged between 15% at short rise times
(trise < 2.5 ms) and 30% at tygse = 5.0 ms (Figure 4.8). For all other simulations
in the female model reported in this chapter, the Purkinje fiber network with the
lowest thresholds (for tse < 4.0 ms) was chosen to obtain a conservative threshold
estimate.

In addition to the stimulation threshold dependence on spatial E-field changes,
the dependence on temporal characteristics of the stimulus waveform, and thus the
induced E-field, was investigated. Figure 4.9 shows the relationship between the
stimulation thresholds simulated in a Purkinje fiber and the plateau duration tpj,,
or the number of bipolar pulses, respectively, of gradient waveforms with constant
rise time t;s = 0.5 ms. The total length of each simulated waveform varied depend-
ing on the plateau duration and on the number of pulses. Each waveform was thus
applied at different times during the Purkinje pacemaking cycle (see Figure 3.5) to
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Figure 4.5: Stimulation thresholds of the Siemens Connectome Y-axis gradient coil in terms
of gradient amplitude G as a function of the rise time t;s. The CS thresholds
(red) were simulated in the female body model with the head at isocenter for the
same gradient waveform as in Figure 4.3. The PNS thresholds (blue) were pre-
viously measured in an experimental study in healthy volunteers for rise times
between 0.1 ms and 0.8 ms (Setsompop et al., 2013), and were extrapolated lin-
early for higher rise times. The gray-shaded area indicates the hardware limit of
the gradient system.
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Figure 4.6: Top row: Electric field (E-field) magnitude sampled along the Purkinje fibers of
the female body model for the three axes of the Sonata gradient. The E-field was
scaled to an equivalent slew rate of 100 T/m/s. Bottom row: Stimulation loci of
the Purkinje fibers. For better visibility, only the 50 most sensitive fibers in the
Purkinje network are shown.

ensure the duration between the end of each waveform and the next pacemaking
AP was constant for all waveforms. This was done to reduce the impact of the wave-
form length on the simulated CS threshold, since the Purkinje fiber model gets more
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Figure 4.7: Stimulation thresholds of the Purkinje fibers as a function of the inverse second
spatial derivative of the electric potential along the respective fiber path. The
thresholds were simulated in the female body model placed in the Sonata Z-axis
gradient coil for a gradient waveform with sine-shaped ramps and 0.5 ms rise
time.
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Figure 4.8: Relative CS gradient amplitude thresholds (female body model, Sonata gradient
Z-axis coil) predicted for five different Purkinje fiber networks generated with the
semi-random Purkinje modeling algorithm (Jjiri et al., 2008). Stimulation thresh-
olds were predicted for a gradient waveform with sine-shaped ramps, two bipolar
lobes, 500 ps plateau duration, and rise times between 0.1 ms and 5.0 ms.

sensitive to stimulation the closer the stimulus is applied before a pacemaking AP,
as explained in Section 3.1.4. For t,),t < 3.0 ms, the simulated threshold decreased
with increasing plateau duration, reaching a minimum of approximately 77% of
the threshold simulated for a triangular gradient waveform with tpj,; = 0 ms. For
tplat > 3.0 ms, the threshold increased slightly and reached an asymptotic value of
approximately 80% relative to the threshold for a triangular waveform. At constant
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Figure 4.9: Impact of the plateau duration (left) and the number of bipolar pulses (right) of
a gradient waveform with linear ramps and a 0.5-ms rise time on the stimulation
threshold predicted for the Purkinje fiber network.

plateau duration, the simulated CS threshold decreased monotonically with increas-
ing number of bipolar lobes in the gradient waveform. For around 20 bipolar lobes,
the threshold reached an asymptotic value of around 50% relative to the threshold
simulated for a single bipolar gradient field lobe.

4.1.3 Predicted electric field strength-duration curves

As explained in Section 2.3.3, stimulation properties of excitable tissues are often ex-
pressed in the form of E-field strength-duration curves. Figure 4.10a shows strength-
duration fit curves for the maximum E-field amplitude simulated along the most
sensitive cardiac fibers in the male and female body models. The E-fields were eval-
uated for the Sonata gradient’s X-, Y-, and Z-axis coils for varying durations of
a rectangular E-field pulse and scaled to the respective stimulation thresholds, as
described in Section 3.1.6. The hyperbolic strength-duration expression (Lapicque,
1909) described the simulated threshold E-field amplitudes better (RMSE = 0.9 + 1.1
V/m) than the exponential expression (Blair, 1932) (RMSE =2.9£1.2 V/m).

Figure 4.10b shows the exponential and hyperbolic strength-duration fit parame-
ters as mean =+ standard deviation for all axes of the Sonata gradient and the male
and female body models. The average rheobase was Epeo,exp = 24.3 4 1.6 V/m for
the exponential fit and Espeonyp = 18.7+ 1.4 V/m for the hyperbolic fit. The average
exponential time constant was t. = 1.1+ 0.2 ms, and the hyperbolic time constant,
i.e., the chronaxie, was tuyon = 1.4 £ 0.3 ms.

4.1.4 Preliminary validation in canine models

The simulated B-field efficiency of the solenoid coil (SOL) used in one of the pre-
vious canine studies (Nyenhuis et al.,, 1992) was eg ~ 100 uT/A at the center of
the coil, which is in agreement with previous simulations of this experimental setup
(Mouchawar et al., 1993). In this study, a capacitor was discharged into the coil
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Figure 4.10: Simulated electric field strength duration curves and mean rheobase and time
constant fit parameters. The simulations were done for the male and female
body models placed with the head at isocenter in the three axes of the Sonata
gradient.
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(C =820 uF, R = 199 mQ), L = 187 uH (Nyenhuis et al., 1992)) to create EMPs to
measure cardiac magnetostimulation in the canines. The maximum B-field ampli-
tude at coil center for this RLC circuit was ca. 1.5 T, and the maximum dB/dt was
ca. 5.2 kT/s (Bourland et al., 1991). The simulated efficiency of the pair of coplanar
spiral coils (COP) used in another experimental study in canines (Mouchawar et al.,
1992) was €g ~ 345 uT/A at the center of each coil, which is also in agreement with
previous simulations (Mouchawar et al., 1993). This study also used an RLC circuit
for cardiac excitation (C = 680 uF, R = 120 mQ, L = 220 uH (Mouchawar et al.,
1992)), resulting in a maximum B-field amplitude of 5.9 T, and a maximum dB/dt of
ca. 17.5 kT/s.

Figure 4.11a shows the E-field simulated in the computational model of a 17-kg
canine for the two coil configurations COP and SOL from the previous experiments
(Mouchawar et al., 1992; Nyenhuis et al., 1992). At dB/dt = 1.0 kT/s at coil center,
the average 95" percentile E-field amplitude in the canine myocardium was 6.5 0.6
V/m for COP, and 20.3 £+ 1.5 V/m for SOL (mean =+ standard deviation for the re-
spective canine models with different sizes and weights). Figure 4.11b shows the
simulated and experimental canine CS thresholds in terms of dB/dt for the damped
sinusoidal B-field waveform used in the respective experiment. The Purkinje fibers
of the canine models were ca. six-fold more sensitive to stimulation than the ven-
tricular fibers, and hence set the effective threshold. For COP, the average simulated
threshold matched the experimental threshold within 2%. For SOL, the average sim-
ulated threshold was ca. 28% higher than the experimental threshold. Furthermore,
the simulated thresholds for SOL had a larger variation than for COP, with higher
thresholds for smaller canine body model weights.

4.2 MEASUREMENT OF PORCINE CARDIAC MAGNETOSTIMULATION
4.2.1  Selection of a coil-amplifier combination

Figure 4.12 shows E-fields induced by the TMS coil, the pair of coplanar coils, the
solenoid coil, and the curved and flat spiral coils in the IT’IS porcine body model.
The simulations shown here were done for the candidate coil designs shown in Fig-
ure 3.8. All E-fields were scaled to match a discharge of a 680-uF capacitor at a
charging voltage of U = 10.0 kV. The capacitance and charging voltage were pre-
scribed to match the values of a canine experimental study (Mouchawar et al., 1992).

Table 4.1 compares the 95% percentile E-field (E9s) induced in the heart of the
IT’IS porcine model by the subset of investigated coil designs shown in Figure 4.12.
The E-field was scaled according to Equation 3.15 to match the maximum charging
voltage of a TMS amplifier, a gradient power amplifier (GPA), and a 680-uF capacitor.
Details of these amplifier systems can be found in Section 3.2.1. The TMS amplifier
is only compatible with coil inductances < 18 uH, and was thus only simulated
in combination with the TMS coil. The GPA had a five-fold lower U, than the
capacitor, and correspondingly induced five-fold lower E-field amplitudes in the
porcine heart.
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(a) Axial slices of the voxel model of a 17-kg canine and the simulated electric field (E-field) induced
by the coplanar coils (COP) and the solenoid coil (SOL) at a peak magnetic field switching rate of
dB/dt = 1000 T/s at the coil center. The E-field in the bones was set to zero for better visibility.
Note the different scaling of the color bar for the E-field maps. The figure is taken from (Klein
et al., 2021).

(b) Simulated and experimental (Mouchawar et al., 1992; Nyenhuis et al., 1992) CS thresholds of the
canines for the pair of coplanar coils (COP) and the solenoid coil (SOL) in terms of peak dB/dt
amplitude at the coil center. All thresholds are given for a damped sinusoidal B-field waveform.
The simulated thresholds correspond to the Purkinje fiber thresholds, which were ca. six-fold
lower than the ventricular muscle fiber thresholds.

Figure 4.11: Electric fields and cardiac stimulation (CS) thresholds simulated in canine body
models of varying sizes and weights for two coils used in previous experimental
studies (Mouchawar et al., 1992; Nyenhuis et al., 1992).

The combination of the TMS coil and the 680-puF capacitor led to the highest car-
diac E-field. However, the resonance frequency fres of the capacitor-coil system is

inductance-dependent:
1

fres = ———, .1
res 27_[ \/ﬁ (4 )
where C is the capacitance and L is the inductance. For the low-inductance TMS

coil, the resonance frequency is fres &~ 1840 Hz, and thus substantially higher than
for the other coil designs (fres < 450 Hz). According to the strengh-duration curve
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IT'IS porcine model with coil E-field induced by 680-pF capacitor
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Figure 4.12: Sagittal slices of the simulated electric fields induced in the IT'IS porcine body
model by five candidate coil designs for discharges of a 680-uF capacitor at
a charging voltage of U = 10.0 kV. The resonance frequency frs of the RLC
circuits formed by the capacitor-coil systems varied depending on the respective
coil inductance.
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Table 4.1: Simulated electric fields induced in the heart of the IT’IS porcine body model by
the candidate coil designs shown in Figure 4.12. The electric field of each coil was
scaled to the maximum charging voltage Umax of three amplifiers described in
Section 3.2.1.

95th percentile E-field in the heart [V/m]

Coil design TMS amplifier GPA 680-uF capacitor

and inductance (Umax = 1.8 kV)  (Upax =2.0kV)  (Umax = 10.0 kV)
T™MS (11 uH) 37 42 208
Coplanar coil pair (220 pH) - 23 115
Solenoid (230 uH) - 15 74
Curved spiral (180 uH) - 40 200
Flat spiral (230 uH) - 40 200

formalism (Equation 3.10 and Equation 3.11), the E-field required for cardiac stim-
ulation is greater at higher frequencies than at lower frequencies (the frequency is
inversely proportional to the pulse duration). The E-fields induced by the spiral coils
thus have a higher possibility of reaching the CS threshold than the TMS coil system,
considering their lower resonance frequency.

Simple EM modeling of the canine study conducted using the coplanar coil pair
estimated that an E-field amplitude of ca. 90-100 V/m was needed to cause an ec-
topic beat in the canine heart (Mouchawar et al., 1992; Ragan et al., 1995). This study
was conducted at fres =~ 450 Hz. The E-fields simulated for the spiral coils in the
IT’IS model’s heart were thus well above the CS threshold measured in canines. The
flat spiral coil design (Doyt = 40 cm, D, = 2.5 cm, 38 turns) is easier to build and
handle than the curved coil design, which requires fitting the animal’s leg into the
inner coil opening. The flat spiral coil design in combination with a large capacitor
was thus chosen for the experimental study of magnetostimulation in the porcine
heart.

4.2.2  Design and construction of a magnetic stimulator

Based on the preliminary E-field calculations in the IT’IS porcine model described
in the previous section, a magnetic stimulator was constructed that consisted of a
capacitor bank and a flat spiral coil. Figure 4.13 shows photographs of the device.
At a basic level, the stimulator can be described by an RLC circuit similar to the
ones that have previously been used in the canine experimental studies (Mouchawar
et al., 1992; Yamaguchi et al., 1991). Four 55-uF capacitors (High Voltage Products,
Martinsried, Munich, Germany) were connected in parallel to reach a theoretical
total capacitance of C=220 pF. The measured total capacitance was 210 pF. The ca-
pacitors were rated for a maximum charging voltage of Upmax = 18.0 kV and charged
through a diode by a high-voltage DC power supply (TDK-Lambda, Tokyo, Japan).
The duration of the charging process depended on the charging voltage, and took
up to two minutes at Unax. A high-voltage relay (Ross Engineering, Campbell, CA
USA) was used to close the circuit, upon which the charge dispersed into the coil.
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Figure 4.13: (A) Magnetic stimulator: Four capacitors were connected in parallel and charged

by a DC power supply up to a maximum charging voltage of Umpax = 18 kV via
a diode. Upon the closing of a relay, the capacitors were discharged into a coil.
Current and voltage were measured and recorded with an oscilloscope for each
discharge. Additional safety circuits and a remote control panel assured safe
handling of the stimulator. (B) The stimulator can be represented as a simple
RLC circuit containing the capacitors, the relay as a switch, and the coil. The
coil is a flat spiral design with 38 turns of copper wire, an outer diameter of 40
c¢m and an inner diameter of 2.5 cm. The figure is taken from (Klein et al., 2022).
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Closing of the relay was triggered by the simultaneous occurrence of two events:
1) a manual button press that armed the system, and 2) an optical signal triggered
off the R-wave on the ECG trace with a programmable delay. The current waveform
in the coil was a damped sinusoid, as described by Equation 3.12. At the maximum
charging voltage Upnayx, the system reached a maximum current amplitude of Inax =
15.9 kA with a resonance frequency of f.es ~ 715 Hz. The effective stimulus duration
of this waveform according to the IEC 60601-2-33 definition (IEC, 2010) is tgef ~
0.45 ms. For each discharge, the serial current and voltage across the capacitors
was captured with an oscilloscope (Tektronix, Beaverton, OR, USA) connected to a
voltage probe and a current transformer. Because of the large energy stored in the
capacitors, safety circuits consisting of additional relays and high-energy resistors
were included in the stimulator. The safety circuits allowed disconnecting the power
supply, safely discharging the capacitors in case of an aborted stimulation attempt,
and shorting the capacitors to prevent self-charging through dielectric absorption.
As an additional precaution, the capacitor and discharge system were housed in a
grounded conductive cabinet, and the distance between this system and the control
computer and operator station was kept around 10 m.

The capacitors were discharged into a flat spiral coil with an outer diameter of
40 cm, and an inner diameter of 2.5 cm (Figure 4.13). The coil consisted of 38 turns
of 2.3-mm (11 AWG) copper magnet wire, i.e., a wire coated with a thin insulation.
The wire was wound in two layers connected in parallel to decrease resistance and
thus mitigate heating by the high-amplitude current pulses. The wire was hammered
into grooves machined into a 0.5-inch ABS sheet reinforced with a 0.5-inch fiberglass
sheet on the back for added strength. The coil was covered with fiberglass cloth and
epoxy resin. It was connected to the pulse generator system with two 40 kV-rated
8-AWG cables, and a set of SB135/HB135 connectors (GES High Voltage GmbH,
Hallbergmoos, Germany). During the stimulation experiments, the coil was attached
below the fiberglass table on which the animals were placed, and visually centered
below the heart.

4.2.3 Magnetic field measurements of the experimental setup

Figure 4.14a shows B-field profiles of the spiral coil. The B-field was measured with
a THM-1176 Hall sensor (Metrolab Technology SA, Geneva, Switzerland) at a DC
coil current of 10 A, shown in red. Superimposed in blue are the B-field profiles of
the coil calculated using Bio-Savart’s law. These calculations were done for a total
inductance and AC resistance of L = 235 pH and R = 95 m(), i.e., combined series
resistance and inductance of the coil, connecting cables, and pulse generator. These
values were chosen to achieve the best fit between the calculated and measured B-
fields. The B-field efficiency at the coil center was By = 350 nT/A, equivalent to a
maximum B-field of B = 5.6 T for a maximum current Ih. = 15.9 kKA.

Figure 4.14b shows dB/dt waveforms resulting from capacitor discharges, which
were measured with a pick-up coil consisting of 3 turns of copper wire with 15 mm
diameter. The pick-up coil was placed 17 cm above the center of the spiral coil and
connected to an oscilloscope. The experimental setup, i.e., the capacitor and spiral
coil, generated a maximum B-field switching rate dB/dtmax = 26.7 kT /s at the coil
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(a) Magnetic field amplitudes created by the spiral coil at a DC current of I = 10 A. The magnetic
field was measured and simulated as a function of position across the coil surface (at 20 mm
distance from the coil, left), and as a function of the vertical distance from the coil center (right).
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(b) Magnetic field rate (dB/dt) waveforms resulting from capacitor discharges at charging voltages
of U=5.0kV and U = 9.0 kV. Measurements and simulations were done at 17 cm above the coil
center.

Figure 4.14: Magnetic field (a) and dB/dt (b) measurements (red curves) and simulations
(blue curves) for the flat spiral coil constructed for the porcine experimental
study. Both figures are taken from (Klein et al., 2022).

center. The maximum B-field rate was ca. 4.6 kT /s at a vertical distance of 11 cm
above the coil center, which was the approximate depth of the heart in the pigs.

4.2.4 Effects of electromagnetic pulses on the porcine heart

A total of 219 measurements were obtained with different charging voltages and
at different cardiac phases. One of the pigs (#8) moved excessively during four
of the measurements due to insufficient muscle paralysis, which caused artifacts
on the ECG and hemodynamic traces. These measurements were flagged as “non-
evaluable” and excluded from further analysis, i.e., data points obtained in these
measurements were not included in the sigmoid fits that were done to determine
the porcine CS threshold. In 72 of the remaining measurements, only blood pres-
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sure and oximetry traces, i.e., no ECG, were recorded, either because no ECG leads
were connected during the capacitor discharges in the first three pigs, or because
the ECG measurement was corrupted by the high voltages induced in the leads dur-
ing discharge. These 72 measurements without ECG traces were divided into three
groups: 1) Clear CS visible on both the blood pressure and oximetry trace, 2) clear
lack of CS on both traces, and 3) indeterminate result due to conflicting or artifact-
dominated data in the traces. The last category comprised 35 measurements that
were excluded from further analysis. This resulted in a total of 180 measurements
that were analyzed for effects that the EMP had on the porcine heart, with a median
of 17 measurements per pig (minimum: 6, maximum: 31).

The effects observed in these 180 measurements can be categorized into four
groups:

i. No stimulation
ii. Cardiac capture followed by a compensatory pause

iii. Cardiac capture without a compensatory pause

iv. Cardiac capture followed by a premature ventricular contraction (PVC)

Cardiac capture means that the EMP depolarized the myocardium producing a wave-
form on the ECG and/or hemodynamic effects consistent with contraction, compa-
rable to a heartbeat induced by an extrinsic cardiac pacemaker. In a PVC, the ven-
tricles are stimulated prematurely at an ectopic intrinsic pacing site, depolarizing
them before the atria. Examples for each stimulation effect are shown in Figure 4.15,
Figure 4.16, and Figure 4.17.

Figure 4.15 shows ECG, blood pressure and oximetry recordings in pig #6 (male,
30 kg) for capacitor charging voltages of 5.0 kV (A) and 5.25 kV (B). The EMP was
applied right after the T-wave (t = 0 s, early diastole). All traces show some artifacts
during and after application of the pulse, indicated by gray-shaded boxes. These ar-
tifacts were likely caused by EM interference of the strong time-varying B-field with
the physiological recording equipment, and by residual muscle contractions due
to incomplete vecuronium-induced skeletal muscle paralysis. The effects of skeletal
muscle contractions were especially visible in the blood pressure signal due to the
sensitivity of the piezo-electric transducer to motion. The severity of the artifacts
depended on the charging voltage and on the time passed since the last vecuronium
injection. In Figure 4.15 (A), the first heartbeat after the EMP looked normal on all
traces. The RR interval before and after the pulse remained constant at 546 £+ 5 ms
(averaged over five intervals), indicating that, in this case, the 5.0-kV pulse was sub-
threshold. Figure 4.15 (B) shows recordings in the same pig at a charging voltage of
5.25 kV. In this case, the ECG showed a premature T-wave after the EMP, followed
by the absence of an anterograde QRS complex at the native RR interval. The RR
interval between the QRS complexes before and after stimulation was 1157 ms, com-
pared to an average interval of 569 + 5 ms before stimulation. This long cycle length
caused an increased blood pressure peak after the EMP. In this case, the 5.25-kV
pulse caused cardiac capture followed by a compensatory pause.

Figure 4.16 shows measurements in pig #5 (male, 21 kg) for charging voltages
of 5.0 kV (A, sub-threshold) and 6.0 kV (B, supra-threshold). In this measurement,

71



RESULTS

Figure 4.15: Single-lead ECG, blood pressure, and blood oximetry traces for pig #6 measured
before, during and after capacitor discharges at charging voltages of (A) 5.0 kV
(sub-threshold) and (B) 5.25 kV (supra-threshold), respectively. The electromag-
netic pulse (EMP) was applied on the downslope of the T-wave during early
diastole (dashed blue line, t = 0 s). The gray-shaded area after the pulse shows
the duration during which the signals suffered from artifacts caused by elec-
tromagnetic interference with the measurement device and by skeletal muscle
contractions. (A) The heartbeats after the EMP had a normal morphology and
timing, indicating that cardiac stimulation was not achieved. (B) Anomalies in
the physiological traces following the EMP are shown in red. The 5.25-kV pulse
caused cardiac capture, as indicated by the premature T-wave on the ECG, the
absence of an anterograde QRS complex at the native RR interval, and a long
cycle length (compensatory pause) following the pulse. Normal anterograde
conduction resumed in the beat following capture. The longer cycle length of
the captured beat resulted in an increase in blood pressure in the subsequent
beat. The figure is taken from (Klein et al., 2022).
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Figure 4.16: Single-lead ECG, non-invasive blood pressure, and blood oximetry traces mea-
sured in pig #5 before, during and after capacitor discharges at charging volt-
ages of (A) 5.0 kV (sub-threshold) and (B) 6.0 kV (supra-threshold), respectively.
The electromagnetic pulse (EMP) was applied right before the P-wave (late dias-
tole). The native QRS complex in panel (A) is hidden by the artifact generated
by the EMP (gray box) but occurs close to the native RR interval. The T-wave
morphology and TT interval are unchanged, consistent with a lack of capture.
The ECG signal in (B) shows a premature T-wave with altered morphology after
the EMP, after which normal anterograde conduction was resumed. In this case,
the EMP caused cardiac capture without a significant compensatory pause. The
figure is taken from (Klein et al., 2022).

the EMP was applied during late ventricular diastole, right before the P-wave. The
supra-threshold pulse caused a premature high-amplitude T-wave (B), indicating
cardiac capture. In this case, there was no significant compensatory pause before
normal anterograde conduction resumed. The inverted (negative) T- and P-waves in
the ECG measurements in Figure 4.16 were caused by an inverted attachment of the
ECG leads to the porcine torso, and are not indicative of an underlying pathology.
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Figure 4.17: Single-lead ECG, non-invasive blood pressure, and blood oximetry traces for
pig #4 measured before, during and after capacitor discharges at charging volt-
ages of 6.0 kV (sub-threshold) (A) and 8.5 kV (supra-threshold) (B), respectively.
The electromagnetic pulse (EMP) was applied on the T-wave (early diastole).
The ECG trace in (B) shows a premature T-wave with altered morphology af-
ter the EMP, followed by a compensatory pause before the next QRS complex,
which exhibited an abnormal morphology. This QRS complex was followed by
a second, slightly shorter compensatory pause before normal anterograde con-
duction was resumed. In this case, the EMP caused cardiac capture followed by
a single premature ventricular contraction. The figure is taken from (Klein et al.,
2022).

Figure 4.17 shows measurements in pig #4 (male, 35 kg) for charging voltages of
6.0 kV (A, sub-threshold) and 8.5 kV (B, supra-threshold). The ECG signal was noisy
in this measurement, most likely due to poor contact between the electrode and the
pig’s skin. The signal was thus filtered with a 750-Hz low-pass filter to make the
T-wave visible. The EMP in Figure 4.17 (B) caused cardiac capture, as indicated by
the premature T-wave after the pulse. This T-wave was followed by a compensatory
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Figure 4.18: Non-invasive blood pressure traces measured in pig #2 before, during and after
capacitor discharge at a charging voltage of (A) 6.0 kV (sub-threshold) and (B)
7.0 kV (supra-threshold), respectively. The electromagnetic pulse (EMP) was ap-
plied ca. 200 ms after the blood pressure peak, which in this case corresponded
to the early ventricular diastolic phase. The signal in (B) shows a blocked an-
terograde heartbeat after the EMP and an elevated pressure peak in the first
heartbeat following stimulation. This is suggestive of capture with a compen-
satory pause. The figure is taken from (Klein et al., 2022).

pause of 1024 ms before the next QRS complex, which was characterized by elevated
R-wave and T-wave amplitudes compared to the previous heartbeats. This abnormal
QRS complex was followed by a second compensatory pause (874 ms) before nor-
mal anterograde conduction resumed with an average 659 =4 ms RR interval. This
recording is consistent with cardiac capture followed by a PVC.

For the measurements during which no ECG recordings were obtained, it was not
possible to clearly distinguish between the stimulation effects ii, iii, and iv. How-
ever, hemodynamic traces that were not corrupted by artifacts still allowed to detect
these measurements in pig #2. At a charging voltage of 7.0 kV (B), cardiac capture
was clearly visible on the blood pressure trace as a blocked anterograde beat, and
an increase in pressure in the first beat after stimulation.

4.2.5 Measured cardiac magnetostimulation thresholds

Cardiac magnetostimulation thresholds were determined by fitting sigmoid func-
tions (Equation 3.16) to the binary cardiac response, i. e., capture or no capture, to
the EM pulses. Figure 4.19a shows single and average sigmoid fits for stimulation
during early ventricular diastole (right after the T-wave), while Figure 4.19b shows
the same results for stimulation during late diastole (right before the P-wave). Ta-
ble 4.2 reports the experimental thresholds for cardiac magnetostimulation in all
pigs in terms of charging voltage for stimulation during early and late ventricu-
lar diastole. The average stimulation threshold measured during early diastole was
6.27 £1.33 kV, and 6.35 + 1.82 kV during late diastole. The difference between the
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(a) Measured stimulation response versus charging voltage distribution with fitted sigmoid function
for stimulation during early ventricular diastole (pig #4, left). The fitted threshold voltage was
7.63 kV in this case. The right plot shows sigmoid fits for all ten pigs. The average threshold
voltage for all pigs was 6.27 £1.33 kV.
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(b) Measured stimulation response versus charging voltage distribution with fitted sigmoid function
for stimulation during late ventricular diastole (pig #8, left). The fitted threshold voltage was 6.0
kV in this case. The right plot shows sigmoid fits for the eight pigs for which measurements
during late diastole could be evaluated. The average threshold voltage for these pigs was 6.35 +
1.82 kV.

Figure 4.19: Sigmoid fits of the binary stimulation response of the porcine heart, i. e., cardiac
capture (1) or no capture (0), to electromagnetic pulses generated by capacitor
discharges at different charging voltages during early (a) and late (b) diastole.
Both figures are taken from (Klein et al., 2022).

thresholds measured during early and late diastole was not statistically significant
(p > 0.88, two-sided Wilcoxon rank sum test).

In one of the pigs (#5, male, 21 kg), CS thresholds were measured at five different
time points during the cardiac cycle. Figure 4.20 shows those threshold values as
a function of the time delay between the R-wave and the EMP. The stimulation
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Table 4.2: Cardiac magnetostimulation thresholds in terms of charging voltage measured
during ventricular diastole in ten healthy, anesthetized pigs. For pigs #1 and #2, the
traces measured during late diastole were inconclusive, and were thus excluded
from the threshold analysis. The table is taken from (Klein et al., 2022).

Threshold charging Threshold charging

Pig Sex  Weight [kg] voltage [V] voltage [V]
(early diastole) (late diastole)
1 male 32 5000 -
2 male 31 7000 -
3 male 30 92000 10000
4 male 35 7630 7250
5 male 21 6500 5130
6 male 20 5130 7500
7 female 29 6310 5000
8 female 25 6000 6000
9 female 20 4750 4500
10 male 26 5380 5380
Mean + SD 2745 6270 41330 6350 4+ 1820
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Figure 4.20: Cardiac threshold measurements (pig #5) in terms of charging voltage as a
function of the delay after the R-wave at which the electromagnetic pulse was
applied. White dots show supra-threshold events (successful cardiac capture),
black dots show sub-threshold events (no cardiac capture). The figure is taken
from (Klein et al., 2022).
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threshold was lowest at the peak of the T-wave (5.0 kV), and stimulation during
ventricular systole could not be achieved with charging voltages of up to 13.0 kV.

4.2.6 EM field simulations in the porcine and in the human heart

CINE image
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(a) Sagittal slices of the fat- and water-weighted Dixon image volumes and short-axis view of the
CINE image volume. The CINE images were obtained at 23 different time points during the
cardiac cycle. Shown here is the time frame corresponding to ventricular diastole, during which
the ventricles are most relaxed (maximum volumes of the left (LV) and right ventricles (RV)).
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(b) Porcine body model obtained from semi-automatic segmentations of the Dixon and CINE images.
The voxel model consists of twelve different tissue classes with a spatial resolution of 1x1x1 mm3.

Figure 4.21: MR Dixon and CINE images of pig #7 (a) and the corresponding voxel model
(b) obtained from semi-automatic segmentations of these images. Both figures
are taken from (Klein et al., 2022).
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Figure 4.21a shows sagittal slices of the whole-body water- and fat-weighted
Dixon volumes as well as a short-axis view of the CINE volume (diastolic time-
frame) acquired in pig #7 immediately after the cardiac stimulation experiment. Fig-
ure 4.21b shows the corresponding voxel model obtained by segmenting the Dixon
and CINE volumes, as described in Section 3.2.5.
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Figure 4.22: Coronal, sagittal, and axial slices of the simulated electric field induced in the
porcine body model of pig #7 by the spiral coil, whose position is indicated in
the axial slice. The electric field was scaled to match the experimental damped
sinusoidal coil current waveform at the measured cardiac stimulation threshold
(Uthresh = 5.0 kV). The figure is taken from (Klein et al., 2022).

Figure 4.22 shows the E-field induced in the body model of pig #7 at the exper-
imental CS threshold measured during late diastole (Ugresh = 5.0 kV). The E-field
distribution is very heterogeneous and has relatively high amplitudes in large parts
of the torso, even outside of the myocardium.

Table 4.3 summarizes the B-field, B-field rate (dB/dt), and the 95th percentile E-
field (Egs) simulated in the heart of the porcine body models. All values reported
here were scaled to match the measured threshold voltage for stimulation during
early diastole, the corresponding values for stimulation during late diastole can be
found in Table A.1.

Table 4.4 reports dB/dt and E-field values generated by three commercial MRI
gradient systems in the heart of a human male body model (head at isocenter) and
within a 0.2-m radius cylinder. All values were evaluated at the maximum hardware
limits of the respective gradient systems at an effective stimulus duration tges =
0.45 ms, as explained in Section 3.2.6. In this regime, the Sonata gradient is slew-
rate-limited, i. e., it can only achieve a slew rate of 177 T/m/s, which is below its
maximum slew rate Smax = 200 T/m/s. The Quantum and Connectome gradients,
on the other hand, are amplitude-limited for tg e = 0.45 ms. At Spax = 140 T/m/s,
the Quantum gradient only reaches a gradient field amplitude of 31.5 mT/m instead
of Gmax = 40 mT/m, and the Connectome can only achieve an amplitude of 45
mT/m instead of Gmax = 300 mT/m with Smax = 200 T/m/s. Corresponding values
simulated for the heart-at-isocenter scan position can be found in Table A.2.
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Table 4.3: Magnetic field amplitude and rate (B-field and dB/dt) and 95" percentile electric field values (Eg5) simulated in the heart of the porcine body
models. All values were scaled to match the experimental voltage threshold measured during early diastole (Table 4.2). The corresponding
values for stimulation during late diastole can be found in Table A.1. For pigs #5 and #6, no MR images were acquired and thus no body
models could be created. For these animals, the magnetic field was instead evaluated at a single point 11 cm above the coil center, which
was the average coil-heart distance in the other pigs.

IBl-field [T] dB/dt[T/s] dB/dt[T/s] dB/dt [T/s] dB/dt [T/s] dB/dt[T/s] Eos[V/m]

Pig at heart center  at heart center  mean in the heart min. in the heart max. in the heart max. in the body  in the heart
1 0.29 1380 1410 830 2440 5160 72.4
2 0.30 1450 1460 840 2550 6890 77.3
3 0.42 2010 2020 1240 3180 6530 96.0
4 0.39 1860 1940 1090 3380 6660 107.8
5 0.34 1630 No MRI No MRI No MRI No MRI No MRI
6 0.27 1290 No MRI No MRI No MRI No MRI No MRI
7 0.34 1660 1700 980 4000 5510 110.4
8 0.34 1620 1620 920 3040 5320 96.3
9 0.35 1680 1700 980 3090 5140 96.9
10 0.30 1460 1460 850 2680 4880 86.0
Mean £ SD  0.33 £0.05 1600 220 1660 £ 230 970 £ 140 3050 £ 510 5760 £ 800 92.9+13.5
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For all gradient axes, the dB/dt values evaluated within the 0.2-m cylinder were
higher than the dB/dt evaluated in the heart of the body model. This could be
expected, as the B-field created by the coils generally increases with increasing radial
distance from the central z-axis, reaching the highest values close to the coil wire.
This can for example be seen in the B-field created by the Sonata Y-axis coil shown
in Figure 3.10. Both the lowest and the highest dB/dt and E-field values in the heart
were generated by the Connectome gradient system. For all investigated gradient
systems, the Y-axis coil induced the lowest, and the Z-axis coil induced the highest
E-field in the heart. This trend was previously demonstrated for the Sonata gradient
(Figure 4.2), and was also reflected in higher simulated CS thresholds for the Y-axis
compared to the other axes (Figure 4.3 and Figure 4.4).

In most cases, both dB/dt and the induced E-field in the body model’s heart de-
creased when the body model was placed with the heart at the isocenter of the
gradient coils (Table A.2). This is because the B-field magnitude created by the in-
vestigated coils, and consequently also dB/dt and the induced E-field, was lowest
at the isocenter, as can be seen in Figure 3.10. Conversely, placing the body with the
head at the isocenter exposed the heart to the maximum B-field created by the coils
in the volume that is accessible to the patient.

The 95% percentile cardiac E-field created by the worst-case axis of the three MRI
gradient systems and the two body positions was 37 times lower than the average
threshold E-field in the pigs” heart. The average dB/dt created by the worst-case
gradient coil axis in the human heart was 31 times lower than the cardiac dB/dt at
threshold averaged across the pigs.

4.3 PREDICTION OF CARDIAC STIMULATION IN PORCINE MODELS
4.3.1  Threshold simulation in porcine body models

Figure 4.23 shows a vector plot of the E-field simulated in the myocardium of the
MR-image-based body model of pig #7 and the E-field sampled along the subendo-
cardial Purkinje fiber network modeled in this porcine model. The highest E-field
amplitudes were induced in the apex.

Table 4.5 lists measured and simulated cardiac magnetostimulation thresholds in
all pigs. All simulated thresholds are reported as an average (4 SD) of simulations
in five different semi-random subendocardial Purkinje fiber networks. The predicted
variability for thresholds simulated in different Purkinje fiber networks was between
2% and 10% (ratio of SD over mean). Similarly as in the previous simulations, the
Purkinje fibers set the effective CS threshold, and the thresholds predicted for the
ventricular muscle fibers were approximately five-fold higher. The average simu-
lated CS thresholds in pigs #3 - #10 were in good agreement with the experimental
thresholds. Specifically, the average simulated thresholds deviated between 3% and
10% from the experimental threshold measured during early diastole, and between
4% and 18% for measurements during late diastole. The CS thresholds simulated for
pigs #1 and #2 were substantially higher (by 50%) than the experimental threshold.
Nonetheless, the absolute maximum simulation error averaged across all porcine
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Figure 4.23: Vector plot of the electric field amplitude simulated in the myocardium of pig
#7 (left) and electric field sampled along the subendocardial Purkinje fiber paths
(right), which were added to the myocardial mesh using a rule-based modeling
algorithm (Jjiri et al., 2008). The electric field is highest in the left ventricle, close
to the apex.

models was 18% for measurements during early diastole, and 10% for measurements
during late diastole.

4.3.2  Sensitivity analysis of simulated cardiac stimulation thresholds

A preliminary sensitivity analysis of the simulated CS thresholds was performed
in the porcine body model of pig #7. Table 4.6 shows CS thresholds simulated in
the most sensitive Purkinje fiber network modeled for pig #7 for varying electrical
conductivity values assigned to the myocardium, muscle, blood, and lung tissues.
The largest threshold changes were induced by variations of the heart muscle con-
ductivity. In particular, reducing the myocardial conductivity by 50% decreased the
simulated threshold by 22%.

Figure 4.24 shows E-fields and CS thresholds simulated in the porcine model of
pig #7 for shifts of the spiral coil from its default position by 10 mm in the x-,
Y-, and z-direction (Figure 4.21 shows the definition of the spatial axes). The largest
changes in Eg5 in the heart and the predicted CS threshold occurred for coil shifts in
the x-direction, which changed the vertical distance between the coil and the pig’s
torso. This emphasizes the importance of carefully recording this parameter in the
experiments to accurately reproduce the coil setup in the model. On the other hand,
coil shifts along the y- and z-directions had negligible effects on the threshold of less
than £2%.

Figure 4.25 shows CS thresholds simulated in the porcine model of pig #7 for
+50% variations of important electrophysiological parameters of the Purkinje fiber
model. The largest increase of the predicted CS threshold (+35%) was observed for
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Table 4.5: Comparison of measured and simulated cardiac magnetostimulation thresholds

in ten pigs. The cardiac stimulation thresholds predicted for each porcine model
are given as mean and standard deviation (SD) of thresholds simulated in five
subendocardial Purkinje fiber networks. For pigs #5 and #6, no MR images were
acquired, thus it was not possible to create porcine body models and simulate
thresholds for these pigs.

Experiments

Simulations

Threshold  Threshold
Pig  voltage [V] voltage [V]
(early diastole)  (late diastole)

Simulation Simulation

Threshold
voltage [V]

error [%]
(early diastole)  (late diastole)

error [%]

1 5000 -

2 7000 -

3 2000 10000
4 7630 7250
5 6500 5130
6 5130 7500
7 6310 5000
8 6000 6000
9 4750 4500
10 5380 5380

7500 £ 580 +50
10410 + 200 +49
9300 + 500 +3
6860 £ 230 —10

No MRI No MRI
No MRI No MRI

5890 4+ 270 —7
5770 £ 370 —4
5110 £440 +8
4830 +480 —10

Table 4.6: Impact of electrical conductivity variations of single tissues on the electric field

(Egs) in the heart and on the CS threshold simulated in the porcine body model
of pig #7. Percent changes are given relative to the baseline simulation (first row),
in which all tissue conductivity values were set based on the IT’IS low-frequency
(LF) material database (Hasgall et al., 2018).

Tissue Electrical Cardiac Eg5 [mV/m] Sim. threshold [V]
conductivity [S/m] (at 1A, 1kHz) (charging voltage)
Baseline IT’IS LF database 26.2 5460
Heart —50% 0.191 37.0 (+41%) 4260 (—22%)
Heart +50% 0.572 22.7 (—13%) 5810 (+6%)
Muscle —50% 0.178 22.1 (—16%) 6200 (+14%)
Muscle +50% 0.533 29.2 (+11%) 5100 (—7%)
Blood —50% 0.330 26.2 (+0%) 5040 (—8%)
Blood +50% 0.990 27.5 (+5%) 5810 (+8%)
Lung —50% 0.053 26.2 (+0%) 5520 (+1%)
Lung +50% 0.158 26.3 (+0.4%) 5420 (—1%)
Lung deflated 0.529 26.8 (+2%) 5360 (—2%)
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Figure 4.24: Effect of coil shifts of £10 mm in the x-, y-, and z-direction on the 95th percentile
electric field E¢5 in the heart (left) and on the cardiac stimulation threshold
(right) simulated in the porcine body model of pig #7. The electric field was
scaled to match the experimental voltage threshold of Ugesh = 5.0 kV. Percent
changes are given with respect to the Egs and CS threshold values simulated
for the default coil position (Eg5 = 87.5 V/m (Table A.1) and Uyyresh sim = 546

kV, respectively).
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Figure 4.25: Cardiac stimulation thresholds simulated in the porcine body model of pig #7
for +50% variations of electrophysiological parameter values of the Purkinje
fiber model. All thresholds were simulated in the Purkinje fiber network that
yielded the lowest threshold (Ugyreshsim = 546 kV) for the default parameter
values.

a 50% reduced cell diameter, while the largest decrease of the threshold (—20%) was
caused by a 50% decreased specific membrane capacitance.
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DISCUSSION

This chapter discusses the findings of the three main parts of this thesis: first, the
development of a modeling framework for the prediction of cardiac magnetostimula-
tion in human and animal body models; second, the measurement of magnetostimu-
lation thresholds in the porcine heart; and third, the prediction of cardiac stimulation
thresholds in anatomical models of the specific animals under study in the experi-
ments. The first part has been partially published in (Klein et al., 2021)*, and the
second part has been submitted as (Klein et al., 2022). Parts of the corresponding
descriptions are replicated from the named publications.

5.1 MODELING FRAMEWORK FOR CARDIAC MAGNETOSTIMULATION

In the first part of this thesis, a numerical modeling framework was developed for
the prediction of cardiac stimulation (CS) by time-varying magnetic fields (magne-
tostimulation). The framework combines EM field simulations in anatomical mod-
els of humans and animals with realistic geometrical and electrophysiological de-
scriptions of electrically excitable cardiac tissue, more specifically the Purkinje and
ventricular muscle fibers. The model can predict the threshold at which an E-field
distribution and amplitude induced by a given coil geometry and magnetic field
waveform stimulates the cardiac fibers. In this work, the CS threshold is defined as
the smallest coil current amplitude, or, equivalently, the smallest gradient field am-
plitude, that initiates an AP in any of the fibers. This is a reasonable assumption in
that an AP created in a single cardiac cell or a small group of cells can propagate
and lead to excitation of the entire myocardium (Tacker and Geddes, 1996).

Preliminary validation in canine models

Unlike PNS thresholds, which are routinely measured in healthy human volunteers
(Budinger et al., 1991; Feldman et al., 2009; Schaefer et al., 2000), it is not feasible
to measure magnetostimulation thresholds of the heart in human subjects. While
onset PNS is mild and harmless for the subject (Bourland et al., 1999; Schaefer et
al., 2000), CS can result in life-threatening arrhythmias, possibly even in the event
of a single stimulated heartbeat that occurs during the vulnerable phase of the car-
diac cycle (Antoni, 1998; Reilly, 1992b). To date, CS thresholds in humans have only
been measured with electrodes (electrostimulation), mainly in patients with pace-
makers (Bowman and Hughes, 1984; Brandt et al., 1990; Coates and Thwaites, 2000;
Dhar et al., 2009; Kleinert et al., 1983; Scally et al., 2007). Electrodes induce E-fields
through electrostatics, yielding field distributions that differ from those induced
by time-varying magnetic fields. E-fields created by electrodes are more focal, thus

© 2020 The Authors. Magnetic Resonance in Medicine published by Wiley Periodicals LLC on behalf
of the International Society for Magnetic Resonance in Medicine.
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only stimulating a small patch of tissue around the electrode tip, while magnetically
induced E-fields are usually more distributed. It is therefore not straightforward
to extrapolate electrostimulation measurements in humans to magnetostimulation
thresholds.

Given the lack of experimental data on human cardiac magnetostimulation, it is
challenging to validate the modeling framework developed in this work. A prelim-
inary validation was based on a comparison with two experimental studies per-
formed in canines in 1992 (Mouchawar et al., 1992; Nyenhuis et al., 1992). Similarly
to the present work, the authors were interested in the cardiac safety of MRI gradient
tields. The study conducted by Mouchawar et al. measured cardiac magnetostimu-
lation thresholds in eleven anesthetized canines using a pair of coplanar spiral coils
(COP) (Mouchawar et al., 1992), while Nyenhuis et al. used a solenoid coil (SOL) to
measure CS in a cohort of twelve canines (Nyenhuis et al., 1992). Another experimen-
tal study by the same authors used a small-scale MRI gradient coil (26 cm diameter,
55 cm length) driven by a capacitor (Nyenhuis et al., 1992). However, CS could not
be achieved in the canines using this small gradient coil (Nyenhuis et al., 1992).

The experimental setup of the canine studies were replicated as closely as possible
in the simulations based on the reported experimental details. The publications re-
ported the weight range of the canines but not the relationship between the weight
and the stimulation threshold measured in each individual canine. No details were
given on the exact anatomy of the animals, other than the species that was used
(Mongrel dogs (Mouchawar et al., 1992; Nyenhuis et al., 1992)). The simulations con-
ducted in this work used the HML canine model of a Doberman (Kramer et al.,
2012), which was scaled in size to match the weight range of the canines from the
experiments.

Despite these simplifications, the average simulated and measured thresholds
showed a good agreement with only 2% error for the COP coil. The standard de-
viation of the thresholds predicted for different canine weights was 3%, which is
smaller than the 8% standard deviation observed in the experiments (Mouchawar
et al., 1992). For SOL, the average simulated CS threshold was 28% higher than the
average experimental threshold. The largest deviation between predicted and mea-
sured thresholds was observed for the 17-kg canine body model, while the thresh-
old simulated in the 32-kg model exactly matched the measured threshold. In the
experiments, the observed standard deviation was only 5% (Nyenhuis et al., 1992),
compared to 24% in the simulations. One possible reason for this discrepancy in
predicted and experimental standard deviations might be that in the SOL study, CS
was only achieved in five out of twelve canines (Nyenhuis et al., 1992). Unfortu-
nately, the individual sizes and weights of the successfully stimulated canines were
not reported.

The lack of detailed information on the anatomy of individual canines under study
required the use of a generic body model in the simulations. This simplification in-
evitably leads to a reduced CS threshold prediction accuracy, as the anatomy greatly
impacts the induced E-field and thus the CS threshold. Furthermore, the HML ca-
nine model only possesses a crude representation of the heart that lacks a descrip-
tion of the atrial and ventricular volumes. The internal heart geometry of the female
human Zygote model was thus inserted into the HML model. While the initial sim-
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ulations in the generic canine model yielded important insights, the aforementioned
uncertainties stress the importance of using individualized models of the animal’s
anatomy in any further validation of the CS modeling framework, as done in the
third part of this thesis. Another important parameter that affects the predicted E-
fields and CS thresholds is the electrical tissue conductivity of the myocardium and
surrounding tissues. This parameter was not directly measured in the canine ex-
periments and was instead taken from the IT’IS database of average low-frequency
tissue conductivity values (Hasgall et al., 2018). Finally, the simulations used electro-
physiological models of Purkinje cells and ventricular myocytes of the human heart
(O'Hara et al., 2011; Stewart et al., 2009). The ion dynamics in canine cardiac cell
membranes may differ from those in humans. This uncertainty could be tackled in
future work by simulating and comparing stimulation thresholds using a dedicated
membrane model for the canine ventricular cardiomyocyte (Hund and Rudy, 2004).

Comparison of simulated CS thresholds and the IEC 60601-2-33 requlatory limit

The IEC 60601-2-33 regulatory standard limits MRI gradient system’s dB/dt and
induced E-field to prevent CS (IEC, 2010). The IEC limit is based on the exponen-
tial strength-duration curve that quantifies the threshold for tissue stimulation as
a function of the E-field or dB/dt pulse duration (Equation 2.71). The parameter
values underlying the IEC strength-duration curve were chosen 30 years ago, and
based mainly on electrostimulation experiments and simple analytical E-field calcu-
lations in a homogeneous model of the male human torso (Reilly, 1991, 1992b). The
uncertainties associated with these simplifications and the lack of human cardiac
magnetostimulation thresholds have likely required a conservative approach in the
definition of the IEC limit, which is now starting to impact gradient performance.

Simulations of the Siemens Sonata gradient system indicated that for the investi-
gated gradient waveforms and rise times (tse < 5.0 ms), the predicted CS thresholds
were at least 10-fold higher than the IEC cardiac limit (Figure 4.3). In addition, the
predicted CS thresholds were between 6-fold (tyse > 2.5 ms) and 25-fold (tsse < 0.5
ms) higher than the PNS thresholds for all axes of the Sonata gradient system. This
prediction is in alignment with previous work that estimated that the heart should
have an up to 200-fold higher magnetostimulation threshold than peripheral nerves
at short rise times (Irnich, 1994). There are several possible reasons for the large
difference between PNS and CS thresholds. First, the heart is located deeper in the
body than peripheral nerves, and thus mostly experiences lower E-fields. Second,
the myocardium is known to have a longer strength-duration time constant of ap-
proximately 2-3 ms (Irnich, 1994; Reilly, 1992b) than peripheral nerves, which have
time constants on the order of hundreds of microseconds (Irnich and Schmitt, 1995;
Reilly, 1992a). This means that the CS threshold decreases more slowly for increasing
durations of the applied dB/dt or E-field pulse.

The IEC cardiac limit refers to the maximum dB/dt value achieved during the
slew period of a linear or sine-shaped gradient ramp (IEC, 2010), and is indepen-
dent of other waveform parameters such as the plateau duration or the number of
gradient lobes. This assumption ignores the fact that gradient waveforms with dif-
ferent numbers of bipolar lobes or with varying plateau durations can have different
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stimulation thresholds. For example, previous measurements found an inverse cor-
relation between the cardiac fibrillation threshold and the number of stimulating
pulses (Roy et al., 1977; Sugimoto et al., 1967), which is in alignment with the CS
simulations performed in this work (Figure 4.9). Another experimental study that
measured PNS in healthy volunteers found minimal PNS thresholds for plateau du-
rations around 1 ms, and higher thresholds for shorter and longer plateau durations
(Abart et al., 1997). Such a non-linear threshold dependence on the plateau duration
was also predicted by the CS model. However, the PNS threshold changes that the
authors found in their experiments were less pronounced (less than a few percent
(Abart et al., 1997)) than the predicted CS threshold changes.

For most MRI gradient systems and waveforms, the PNS thresholds are more lim-
iting than the IEC cardiac limit. For some high-amplitude gradient systems, however,
the IEC limit is met first for gradient pulses with long rise times. This is, e. g., the
case for simultaneous slewing of all three axes of the Siemens Connectome gradient
with rise times t;s. > 1.5 ms, for which the IEC limit becomes lower than the ex-
perimental PNS threshold (Figure 2.6). Such long rise times are especially important
for diffusion imaging, which requires long and high-amplitude gradient pulses to
encode the diffusion of spins in the MR signal. In contrast to the IEC limit, the pre-
dicted CS thresholds for the Y-axis coil of the Connectome gradient were between 32
and 56 times higher than the IEC limit, and >45-fold higher than the experimental
PNS thresholds for the investigated rise times (0.1 ms to 5.0 ms).

A comparison of the predicted CS thresholds for the Y-axis coils of the Sonata
(Figure 4.3) and the Connectome gradient (Figure 4.5) indicates that whole-body
gradient coils with similar winding topologies can have widely different CS thresh-
olds. Both gradient coils are actively shielded, symmetric, and use cylindrical coil
former shapes, i.e., they do not have funnels, flanges, or folds. The coils differ in
diameter (70 cm for the Sonata, and 63 cm for the Connectome), in the size of the
linear volume (FOV) and the gradient linearity within these volumes (40 cm and
10.5% for the Sonata, respectively, and 20 cm and 6% for the Connectome). These
differences seem sufficient to generate fundamentally higher CS thresholds in the
Connectome compared to the Sonata Y-axis coil. In particular, the predicted Purk-
inje fiber threshold for the Connectome is between 60% and 70% higher than that
of the Sonata. This difference in CS thresholds may reflect the fact that the Sonata
gradient coil places the peak B-fields, and thus the peak E-fields, in the cardiac re-
gion of the body models when their head is at isocenter. The Connectome gradient
coil, on the other hand, places the peak B-fields slightly higher in the chest and thus
induces lower E-fields in the heart.

Simulated electric field strength-duration curves

E-field strength-duration curves are widely used to describe the excitability of nerves,
muscle, and the myocardium as a function of the stimulation pulse duration (Ged-
des and Bourland, 1985a,b; Mouchawar et al., 1989; Tacker and Geddes, 1996). While
the strength-duration curve formulation may describe single measurements well,
there are indications that the curve parameters, i.e., rheobase and chronaxie or
time constant, are not universal. For example, a literature review of 17 electros-
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timulation experiments in animals and humans conducted by Irnich found that
the E-field rheobase for the hyperbolic formulation of the strength-duration curve
(Equation 3.10) varied between 20 V/m and 147 V/m (Irnich, 1994). Another review
conducted by Reilly compiled a set of 21 experiments in different animal species
(canines, sheep, rabbits, guinea pigs, etc.) using varying electrode configurations,
stimulation loci, etc. The author analyzed the data using the exponential strength-
duration formulation (Equation 3.11), and reported time constant values between 0.2
and 7.7 ms (Reilly, 1992b).

In other words, neither the E-field rheobase nor the time constant seem to be
constant across species, experimental setups and stimulation locations. There are
at least two reasons for this: First, the determination of the E-field created in the
experiments is complicated. Most often, the E-field cannot be measured directly
and is instead calculated based on a simplified representation of the experimental
setup. For example, the tissues are modeled with simple geometrical shapes and
assigned with homogeneous conductivity values (Mouchawar et al., 1992). Second,
the time constants are known to depend strongly on body temperature (Geddes
and Bourland, 1985b), fitting method (Mouchawar et al., 1989), and electrode size
(Reilly, 1992b). A large time constant variability has also been observed in the case of
magnetostimulation of peripheral nerves, as the chronaxie of different MRI gradient
systems varies widely between 365 and 1030 us for body gradients, and 294 and
1100 ps for head gradients (Chronik and Rutt, 2001).

In this work, E-field strength-duration curves were simulated for the male and
female human body models placed in the three axes of the Sonata gradient system
to compare the CS modeling framework with previous CS threshold estimations.
The average E-field rheobase predicted using the hyperbolic fit function (Eiheonyp =
18.7 £1.4 V/m) is on the lower end of the range of rheobase values estimated for
electrostimulation experiments (20 V/m to 147 V/m (Irnich, 1994)), and the simu-
lated (hyperbolic) chronaxie (1.4 £ 0.3 ms) is smaller than the average experimental
value (2.0 ms (Irnich, 1994)). The average E-field rheobase predicted with the ex-
ponential fit function (Eppeoexp = 24.3 £1.6 V/m) is twice as high as the 12 V/m
rheobase proposed by Reilly for the population average (Reilly, 1991, 1992b). The av-
erage simulated (exponential) time constant of 1.1+ 0.2 ms falls within the relatively
large experimental range (0.2 ms to 7.7 ms (Reilly, 1992b)), but is smaller than the
average time constant of 3 ms used in the IEC standard (IEC, 2010). The simulated
strength-duration parameters thus broadly agree with previously published values,
even though the agreement is not perfect. It should again be stressed that the litera-
ture values show a wide variability, and that it is not straightforward to compare E-
field magnitudes between different experiments due to simplifications in the E-field
estimations. The hyperbolic Lapicque expression of the strength-duration curve fit-
ted the simulated data better than the exponential Blair expression. This finding is
in accordance with previous work that fitted experimental electrostimulation thresh-
olds of the canine heart (Mouchawar et al., 1989) and is in contrast to the safety limit
in the IEC standard, which is based on the exponential strength-duration curve.
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Different excitability of Purkinje and ventricular muscle fibers

In all simulations, the human Purkinje fiber model (Stewart et al., 2009) was more
sensitive to stimulation than the ventricular muscle fiber model (O’Hara et al., 2011).
Previous experiments in cardiac tissue of canines demonstrated that high-voltage
shocks with a 5-ms pulse duration had fundamentally different effects on isolated
Purkinje and ventricular muscle fibers (Li et al., 1993). The authors recorded TMV
in both tissue types and found that the same shock intensity evoked a stronger
depolarization in the Purkinje fibers. Moreover, they found that the Purkinje fibers
fired APs at a rapid rate in response to the stimulus, while the ventricular muscle
tissue exhibited a transient refractory state (Li et al., 1993).

The different excitability may be caused by the larger diameter of Purkinje fibers
(80 pm (Legato, 1973)) compared to ventricular muscle fibers (16 pm (Legato, 1973)).
For peripheral nerve fibers, larger fiber diameters correlate with lower stimulation
thresholds (Davids et al., 2017; Enoka, 2002), which likely applies to cardiac fibers
as well. Aside from their different diameters, Purkinje cells and ventricular my-
ocytes have distinct electrophysiological properties (Han et al., 2002a, 2000, 2002b;
Li et al.,, 1993). The different ionic currents of both cell types result in distinct AP
shapes. Moreover, Purkinje fibers exhibit an automatic pacemaking activity that is
not present in ventricular muscle.

Previous modeling studies investigating the effect of Purkinje fibers on the cardiac
response to defibrillation shocks found that the one-dimensional cable structure of
Purkinje fibers makes them more excitable than the bulk of myocardial tissue (Boyle
et al.,, 2010; Vigmond and Clements, 2007). The geometry of Purkinje fibers thus
appears to contribute to their higher sensitivity to stimulation compared to ventric-
ular muscle. The subendocardial network of Purkinje fibers exhibits sharp bends in
some locations, while the ventricular fiber paths are comparatively smooth. Bends
or kinks in an excitable fiber subjected to an extracellular E-field can cause large
changes in the tangential E-field along the fiber, and thus high values of the activa-
tion function (Davids et al., 2019b; Rattay, 1986). The simulations conducted in this
work demonstrated that the activation function is an indicator for the excitability of
a cardiac fiber (Figure 4.7), which is in agreement with previous experiments and
simulations in cardiac tissue (Knisley et al., 1999). This finding stresses the impor-
tance of modeling both the E-field and the embedded excitable fiber paths to make
reliable predictions of CS thresholds rather than only investigating the E-field mag-
nitude in the heart, as done by previous work on cardiac safety (Pastore et al., 2011;
Wang et al., 1995).

Limitations of the modeling framework and future work

The simulations performed in this work only included fibers in the ventricles (Purk-
inje and ventricular muscle). Electrostimulation studies in humans using pacemaker
leads showed that the ventricles have a similar or lower stimulation threshold than
the atria (Brandt et al., 1990; Kleinert et al., 1983), and the same has been found for
canines and pigs (Bowman and Hughes, 1984). Assuming that excitable fibers in the
ventricles are more sensitive to magnetostimulation as well, it might thus be suffi-
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cient to model only these fibers to accurately predict cardiac magnetostimulation
thresholds. Nonetheless, this hypothesis should be tested in future work. Similarly
as for the ventricular fibers, atrial fibers could be added to the body models using
specific rule-based algorithms developed for modeling atrial fiber paths (Dossel et
al., 2012; Piersanti et al., 2021). These fiber paths could be combined with published
electrophysiological models of human atrial muscle cells (Grandi et al., 2011) to ver-
ify that their thresholds are higher than those for the excitable fibers in the ventricles.
Other types of cardiac tissue that are not yet included in the model are the SA and
AV nodal cells. Less data is available for the stimulation sensitivity of nodal cells, but
experiments indicate that they also have greater thresholds than those of ventricular
tissue (Merideth et al., 1968). This finding could be verified in the simulations by
adding ion-dynamic models of nodal cells (Fabbri et al., 2017; Inada et al., 2009) at
their respective locations in the heart.

The current modeling pipeline does not include the natural cardiac pacemaking ac-
tivity, i. e., the model does not capture propagation of electrical depolarization waves
initiated by the SA and AV nodes through the Purkinje and ventricular muscle fibers.
Instead, all CS thresholds were simulated with the Purkinje and ventricular fibers
at rest, i. e., during diastole. One of the previous canine magnetostimulation studies
found no difference in CS thresholds of the beating and arrested heart (Nyenhuis
et al., 1992). From a safety perspective, it is likely sufficient to perform simulations
for diastole, since this is the most sensitive heart phase for excitation (Reilly, 1992b),
as was also observed in the porcine experiments performed in the second part of this
thesis. However, it might be informative to compare systolic and diastolic thresholds
in the simulations to verify this point. To this end, the pacemaking activity of the SA
and AV nodes could be included in the threshold simulations. Analogously to the
Purkinje cell model (Stewart et al., 2009), the nodal cell models initiate spontaneous
pacemaking APs (Fabbri et al., 2017; Inada et al., 2009), which could be propagated
into the Purkinje fiber model.

Future simulations should include a larger variety of body models including obese
adults, pregnant women, and children of various ages to better reflect a diverse
population. Similarly to a sensitivity analysis conducted previously for PNS simula-
tions (Klein et al., 2019), the impact of physiological parameters such as body size,
weight, shape, and electrical tissue conductivity values on the predicted CS thresh-
olds should be assessed. This seems important, as the simulations performed in this
work showed that even mild changes of the Purkinje fiber paths can have an impact
on the CS threshold, depending on the duration of the applied stimulus (Figure 4.8).
A comparison of 13 in vitro and in vivo electrostimulation studies conducted in hu-
mans and different animal species found that if differences in the experimental setup
are carefully accounted for, the CS threshold varied by <25% across the reviewed
studies for a 2-ms undamped capacitor discharge waveform (Lepeschkin et al., 1978).
A systematic sensitivity analysis of the CS modeling framework could help studying
the sources of variability of CS thresholds across the population for a larger variety
of stimulus durations and waveforms.

This analysis should also study effects of cardiac pathologies on the CS threshold,
such as ischemia and infarction, as well as the effect of drugs, changes in electrolyte
concentration or body temperature, which are all known to affect cardiac excitabil-
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ity (Antoni, 1998; Liu et al., 2003). Previous work suggested that a safety factor of
three should be used to account for thus arising uncertainties in the CS threshold
(Irnich and Schmitt, 1995; Reilly, 1992a), which has been adopted by the IEC reg-
ulatory standard (IEC, 2010). Cardiac activity can also be affected by sympathetic
and parasympathetic nerves of the autonomous nervous system. Deliberate electri-
cal stimulation of the vagus nerve can, e.g., lead to cardiac arrest (Antoni, 1998;
Matheny and Shaar, 1997). Future simulations should thus also investigate stimula-
tion thresholds of autonomous nerve fibers located close to the heart.

5.2 MEASUREMENT OF MAGNETOSTIMULATION IN THE PORCINE HEART

In the second part of this thesis, cardiac magnetostimulation thresholds were mea-
sured in ten healthy, anesthetized pigs. A thorough search of the relevant literature
yielded no experimental studies of cardiac magnetostimulation in vivo since the ca-
nine studies performed in the early 1990s (Bourland et al., 1991; Mouchawar et al.,
1992; Nyenhuis et al., 1992; Yamaguchi et al., 1991, 1992), and no study to do so in
the pig, which has become an important large animal model for the human cardio-
vascular system. The porcine and human heart have a similar size and AP duration
(Gaur et al., 2021), which is why the pig is commonly used in experimental studies
of cardiac diseases or mechanisms for arrhythmias (Azarov et al., 2018; Valdeomillos
et al., 2019) as well as to investigate potential therapies thereof (Dixon and Spinale,
2009).

In this thesis, a magnetic stimulator was constructed consisting of a 220-uF ca-
pacitor discharged into a flat spiral coil (L = 235 uH, R = 95 mQ) placed close
to the porcine chest, creating damped sinusoidal magnetic field pulses with an ef-
fective stimulus duration of tge = 0.45 ms. The average CS threshold measured
with this setup was dB/dt = 1.66 £ 0.23 kT/s (average+SD, By = 92.9 £13.5
V/m) in the porcine heart for stimulation during early ventricular diastole, and
dB/dt =1.69 £0.32 kT /s (Eg5 = 95.1 £ 8.3 V/m) during late diastole. The threshold
difference for measurements during early and late diastole was not statistically sig-
nificant at p < 0.05. The inter-individual variability of the measured CS thresholds
was on the order of 15% (SD relative to mean threshold). This variability is compara-
ble to previous canine studies that used a solenoid coil for cardiac excitation (Bour-
land et al., 1991). There was a weak positive correlation between the measured CS
threshold and the porcine weight, with Pearson correlation coefficients of p = 0.54
for stimulation during early diastole and p = 0.43 during late diastole. A correla-
tion between the measured thresholds and the animal’s sex could not be established
because only three female pigs were measured. Future experiments should include
animals with a wider weight range (animal weights in the current study ranged
from 20 kg to 35 kg) and an equal number of male and female animals to reliably
test weight- and sex-dependent CS threshold variations.

The CS thresholds in this work were obtained by fitting the binary cardiac re-
sponse, i.e., no stimulation or cardiac capture indicating stimulation, at different
capacitor charging voltages with sigmoid functions (Figure 4.19). In some cases, the
cardiac response was inconsistent around the stimulation threshold, i. e., sometimes
a sub-threshold voltage led to cardiac capture, or a supra-threshold voltage failed
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to stimulate the heart. Similar intra-individual inconsistencies have been observed
in previous PNS experiments on human volunteers (Saritas et al., 2013). There are a
number of reasons why the CS threshold might vary slightly during measurements
in one pig. First, the EMPs were not synchronized with the breathing phase. Both
the impedance of the lungs and the torso shape change during the breathing cy-
cle, which may affect the induced E-field strength and distribution, and thus the
CS threshold. Second, the charging of the capacitors took up to two minutes. Over
the course of several charging periods, the animal’s heart rate may have decreased
(longer RR interval) under the influence of anesthesia. This may have led to slight
variations in the timing of the pulse relative to the cardiac cycle as the EMPs were
applied at fixed delays after the R-wave.

Comparison of porcine and canine cardiac magnetostimulation thresholds

One of the previous experimental studies used a solenoid coil for excitation of the
canine heart (Nyenhuis et al., 1992). The authors reported an average threshold of
~4.5 kT /s at the coil center (Nyenhuis et al., 1992), which roughly coincided with
the location of the canine heart. This threshold value is substantially higher than
the average dB/dt threshold measured at the center of the porcine heart (1.66 kT/s).
Another canine study used a coplanar pair of spiral coils for excitation (Mouchawar
et al., 1992), and found an average experimental threshold of ~17.0 kT/s at the center
of each coil. This value is almost twice as high as the dB/dt threshold of ~9.3 kT/s
computed at the center of the spiral coil for the porcine study.

Previous simulations of the canine experimental setups (Klein et al., 2021; Ragan
et al., 1995) found E-field amplitudes between 90 and 110 V/m in the heart of ca-
nine body models at the experimental threshold. These value are very similar to the
average E-field threshold determined in the porcine heart (E95 ~ 93 V/m), which
may suggest that canines and pigs do have a similar CS threshold in terms of E-field
magnitude. Furthermore, this finding hints to the point that the E-field is likely a
better surrogate for stimulation than dB/dt. However, comparing these thresholds is
difficult, because they are associated with slightly different EM field waveforms and
stimulus durations. In the canine studies, the EMP had a lower frequency (ca. 450
Hz) than in the porcine study (715 Hz), and a higher damping factor (D = 0.11
(Mouchawar et al., 1992) compared to D = 0.04 in the porcine study).

Comparison with MRI gradient-induced dB/dt and E-field values

For comparison, EM fields were simulated in the heart of a human male body model
for the three axes of the Siemens Sonata, Quantum, and Connectome whole-body
MRI gradient systems. All gradient-induced dB/dt and E-field values simulated
in the human heart were substantially lower than the measured threshold values
in the porcine heart. Even the highest dB/dt value simulated in the human heart
(dB/dt,,,, = 53.8 T/s for the Connectome Z-axis coil) was 14 times lower than the
smallest dB/dt value in the porcine heart at the experimental threshold (dB/dt;, =
780 T/s for pig #7, measured during late diastole). The Connectome Z-axis also
induced the highest E-field in the human heart (Eg5 = 2.5 V/m). This value was 29
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times lower than the lowest threshold E-field simulated in the heart of the porcine
models (Eg5 = 72.4 V/m for pig #1, early diastole).

The IEC 60601-2-33 regulatory standard defines whole-body gradient safety limits
as the maximum dB/dt value in a cylindrical volume with 0.2-m radius oriented
along the z-axis of the scanner (IEC, 2010). For all gradient coils investigated in
this work, the dB/dt value evaluated in such a cylinder was between 12% and 140%
greater than the dB/dt in the heart when the body model was placed with its head at
the isocenter. The evaluation of maximum dB/dt in a 0.2-m cylinder thus likely adds
an additional safety factor to the regulatory dB/dt limit. At an effective stimulus
duration of tsef = 0.45 ms, the IEC limit is dB/dt;z = 144 T/s. This value is 11-
fold lower than the average experimental porcine threshold evaluated as dB/dt at
the center of the porcine heart (1.66 kT/s), and 40-fold lower than the maximum
dB/dt in the whole porcine body at the average experimental threshold (5.76 kT/s).
The IEC limit in terms of induced E-field is Egc = 144 V/m at tgegr = 0.45 ms.
This value is 6-fold lower than the average E-field evaluated in the porcine heart
at threshold (Eg95 = 92.9 V/m). A more detailed comparison of measured cardiac
magnetostimulation thresholds with the IEC limit, which could potentially inform a
correction thereof, requires threshold measurements at multiple stimulus durations.
The CS measurements in the porcine experiments were limited to a single stimulus
duration (ts ¢ = 0.45 ms) that was dictated by the capacitance and inductance of the
magnetic stimulator and spiral coil.

Types of observed cardiac magnetostimulation effects

Four types of physiological outcomes were observed in the measurements for which
an ECG trace was recorded in the pigs: lack of stimulation (i), cardiac capture fol-
lowed by a compensatory pause (ii), capture without a compensatory pause (iii), and
capture followed by a premature ventricular contraction (PVC) (iv). In all cases with
successful capture, i.e., effects (ii)-(iv), stimulation occurred in the ventricles, as indi-
cated by changes in R-wave morphology and premature T-waves with altered mor-
phology on the ECG trace (the T-wave is caused by repolarization of the ventricles).
Premature T-waves have also previously been observed in another magnetostimu-
lation experiment on an open-chest canine (Andoh et al., 1994). Unfortunately, the
single-lead ECG traces acquired in the porcine experiments do not allow a more
detailed analysis of the stimulation site, e. g., whether the Purkinje fibers or the ven-
tricular myocardium was stimulated first. It would be advantageous to have a more
sophisticated electrode configuration in future experiments, such as a 12-lead ECG,
which measures the heart’s electrical potential on the body surface from twelve dif-
ferent angles. Such a measurement could help determine the origin and propagation
direction of the depolarization wave following stimulation.

In stimulation mechanism (ii), the captured heartbeat often caused no or only
small peaks in the blood pressure and oximetry signals (Figure 4.15). The lack of
peaks in the hemodynamic signals was likely caused by the fact that the ventricles
were captured, i.e., stimulated and contracted, before they were completely filled
with blood. The next anterograde atrial conduction wave then reached the ventri-
cles when they were still refractory from the stimulated beat, and was thus blocked,
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which caused the absence of a heartbeat at the native RR interval, i.e., a compen-
satory pause. This pause extends the diastolic filling time of the ventricles and, con-
sequently, when anterograde conduction of the next atrial conduction wave causes
the ventricles to contract, it typically produces a large stroke volume and an increase
in blood pressure.

Stimulation mechanism (iii) is similar to mechanism (ii), except that in these mea-
surements, the EMP was applied later in the diastolic phase. The captured heartbeat
was thus virtually superimposed to the next normal QRS complex. In this case, the
stimulated capture was followed by no, or a very short, compensatory pause (Fig-
ure 4.16). It is also possible that in these cases, retrograde conduction occurred across
the AV node, which could have reset the intrinsic pacemaker of the heart in the SA
node. The stimulated pulses most likely did not result in isolated atrial capture since
the abnormal morphology of the QRS complexes is not typical for atrial capture fol-
lowed by aberrant AV-nodal conduction.

Finally, mechanism (iv) was only observed in pig #4 for EMPs applied on the T-
wave with voltages >7.75 kV. In this case, cardiac capture was followed by a single
intrinsic PVC on the ECG trace (Figure 4.17). This was the only case in which the
EMP affected the heart for an additional heartbeat, causing a minor and temporary
arrhythmia.

Magnetostimulation did not induce lasting cardiac arrhythmias

Beyond single PVCs, no cardiac arrhythmias were detected in any of the pigs with
measured ECG traces. For the measurements that had no clean ECG traces, either
due to EM interference with the measuring equipment or due to motion caused by
skeletal muscle contractions, it was not possible to conclusively exclude the pres-
ence of arrhythmias. However, all animals remained hemodynamically stable after
the pulse, i.e., the recorded blood pressure and oximetry traces showed no altered
morphology or sustained altered rhythm. Importantly, no evidence of non-sustained
ventricular tachycardia, ventricular couplets, or ventricular fibrillation was seen in
any of the pigs. All of these conditions would likely have been visible on the hemo-
dynamic traces alone. Aside from the visual inspection of cardiac activity on the
ECG or hemodynamic traces, another method to detect lasting magnetostimulation-
induced effects on the heart would be to measure troponin levels in the blood.
Cardiac-specific troponin is a biomarker for myocardial damage such as infarction
(Antman et al., 1996). Its measurement should thus be included in future experimen-
tal protocols.

Ventricular fibrillation (VF) is a particularly dangerous and life-threatening ar-
rhythmia that can lead to cardiac arrest and sudden cardiac death (Baldzizhar et al.,
2016). The ventricle is most sensitive to VF during repolarization (Reilly, 1992b), cor-
responding to the T-wave of the ECG signal. In the experiments, EMPs produced by
charging voltages of up to 14.0 kV applied on the T-waves of pig #4 and #5 did not
induce VE. Previous experiments determined the VF threshold of single electrode
stimulation pulses to be approximately 50 times greater than for cardiac excitation
(Antoni, 1998; Reilly, 2002). However, the margin between cardiac excitation and VF
thresholds has not yet been investigated for magnetostimulation. The heart can get
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more susceptible to VF when it is excited repeatedly during the vulnerable period
of the cardiac cycle (Liu et al., 2003; Reilly, 1992b, 2002; Sugimoto et al., 1967). This
is of particular concern for MRI gradient readout waveforms, which typically con-
sist of trapezoidal pulse trains, i.e., repeated dB/dt pulses. The effect of repeated
stimulations could not be investigated in the porcine experiments performed in this
thesis due to the capacitors’ long charging time compared to the cardiac cycle, and
should be addressed in future work.

Dependence of the stimulation threshold on the cardiac cycle

In one of the pigs (#5), CS thresholds were measured at five different time points
during the cardiac cycle (Figure 4.20). Stimulation in the form of cardiac capture
could only be achieved during ventricular diastole. During systole, no stimulation
could be achieved with capacitor charging voltages up to 13.0 kV, which corresponds
to twice the diastolic stimulation threshold of pig #5. The finding that the CS thresh-
old was higher during systole than during diastole is in alignment with a previous
study that could only achieve magnetostimulation of the canine heart during dias-
tole within the hardware limits of their experimental stimulation device (Yamaguchi
et al., 1994). This phenomenon can be explained by the fact that the ventricular
myocardium is refractory during ventricular systole. During this phase, it is either
impossible (absolute refractory period) or at least more difficult (relative refractory
period) to excite the myocardium (Antoni, 1998; Reilly, 1992b). For all other stimula-
tion measurements performed in this work, the EMP was applied during the more
vulnerable diastolic phase to obtain a conservative estimate of the CS threshold.

Stimulation of skeletal muscle by electromagnetic field pulses

Muscle contractions were observed in every measurement, even at the lowest charg-
ing voltage of Upin = 2.0 kV, which was substantially lower than the average porcine
CS threshold of 6.3 kV. Previous canine experiments found that the threshold for the
induction of skeletal muscle contractions by time-varying magnetic fields was ca. 9
times lower than the stimulation threshold of the heart (Bourland et al., 1991, 1999;
Nyenhuis et al., 1991). Skeletal muscle contractions are most likely caused by stimu-
lation of large peripheral motor nerves (Bourland et al., 1999), and can thus be seen
as an indicator for PNS. This large margin between PNS and CS thresholds is in
alignment with the simulations of MRI gradient-induced PNS and CS conducted in
this thesis, and with previous theoretical work (Irnich, 1994). These findings support
the conjecture that PNS thresholds are well below the CS thresholds, and preventing
PNS is likely sufficient to prevent CS. This hypothesis will need to be verified for
more stimulus waveforms and durations than the ones used in this work (tg off = 0.45
ms) and in the previous canine experiments (Mouchawar et al., 1992; Nyenhuis et al.,
1992). Most importantly, the hypothesis should be tested for long pulse durations of
up to several milliseconds. The margin between CS and PNS thresholds has been
suggested to decrease for such long pulse durations (IEC, 2010; Reilly, 1992b), an
assumption that was confirmed by the CS model developed in this thesis.
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Determination of the relationship between PNS and CS thresholds would thus
be of great interest in future experiments. At the same time, it would be desirable
to further reduce motion-induced artifacts on the physiological traces during mea-
surements of the CS threshold. In the porcine experiments, vecuronium bromide, a
potent muscle relaxant, was administered to the pigs to induce skeletal muscle paral-
ysis. The agent was injected as a bolus in regular intervals of 20 min, and it thus had
a limited half-life. In future experiments, vecuronium should be administered con-
tinuously as an infusion to increase its effectiveness. Another possibility to reduce
muscle contractions would be to use a coil geometry that creates a more focused
E-field in the heart region. The spiral coil used in the porcine experiments induced
high E-field amplitudes in a large area of the torso, thus facilitating stimulation of
adjacent muscle or nerve tissues.

Limitations of the experiments and future work

One of the primary goals of this work was to investigate the cardiac safety of MRI
gradient systems. To this end, the dB/dt and E-field CS thresholds measured in pigs
were compared to the peak values induced by MRI gradient systems in the human
body. However, a significant limitation of this comparison is the assumption that
porcine and human hearts have the same dB/dt or E-field thresholds. It has been
established experimentally that pigs have a lower threshold for VF than humans
or other mammals with comparable weights (Panescu et al., 2014). In particular, the
porcine VF threshold was measured to be only 30% of the human VF threshold (Wal-
cott et al., 2015). Pigs are, therefore, a conservative animal model for VE. Pacemaker,
i.e., electrostimulation, thresholds measured in pigs were found to be on the lower
end of pacemaker thresholds measured in human patients (Bowman and Hughes,
1984). As explained above, cardiac electrostimulation thresholds are influenced by
many experimental parameters related to the electrodes (e. g., size, shape, and mate-
rial), stimulus waveform (shape and pulse duration), and physiology (Bowman and
Hughes, 1984). This variability makes it difficult to compare CS thresholds measured
in different electrostimulation studies and thus to make definitive statements about
the cardiac excitability of pigs compared to humans. Moreover, such a direct com-
parison is even more challenging for magnetostimulation experiments, which are
difficult to perform in humans. A different, non-experimental, avenue to shed light
on the relative cardiac magnetostimulation thresholds of pigs and humans would be
to simulate the induced E-fields in models of the porcine and human anatomy cou-
pled with models of the respective cardiac electrophysiology. A first step towards
such a modeling-based extrapolation of the measured porcine thresholds to humans
was done in the third part of this thesis.

Another difficulty in extrapolating the experiments to MRI gradient safety is that
instead of a gradient coil, a flat spiral coil was used to excite the porcine heart.
Whole-body gradient coils have a relatively large inductance (on the order of several
hundred uH (Davids et al., 2020)), making it difficult to reach sufficiently high dB/dt
values to induce CS within the current limits of state-of-the-art GPAs. This implicitly
suggests that MRI gradient coils may be safe in terms of CS, but unfortunately also
prohibits their use for cardiac magnetostimulation experiments. The flat spiral coil
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used in the porcine experiments created a very different B-field, and thus induced
E-field, pattern compared to a typical gradient coil.

A further difference between MRI experiments and the porcine study is the tem-
poral waveform of the EMP used for stimulation, i.e., a damped sinusoid, which
resulted from the capacitor discharges. The frequency of the damped sinusoid is in
the range of typical MR gradient waveforms used in, e.g., EPI. However, the pulse
shape is very different, which can affect the CS threshold. The stimulus frequency in
the experiments was fixed by the capacitance and coil inductance. Future work could
remedy this limitation by using several capacitance values to allow measurements
over a wider range of frequencies, as has previously been done for CS measurements
in canines (Yamaguchi et al., 1992). The shape of the capacitor-discharge pulse, on
the other hand, is not easy to change. It would thus be advantageous to use a device
capable of creating more general B-field waveforms, such as a GPA. However, simu-
lations of several coil-amplifier combinations performed in this work showed that a
standard GPA in combination with the spiral coil would likely not reach the cardiac
dB/dt threshold.

This work investigated the B-field amplitude and dB/dt in the porcine heart at
threshold as well as the expected (simulated) E-field. The former are useful thresh-
old quantities because they can be easily estimated from the coil geometry and cur-
rent waveform alone using Biot-Savart’s law. The E-field, on the other hand, is more
closely linked to the physical cause of tissue stimulation than dB/dt, but must be
simulated in porcine and human models to allow a cross-species comparison. How-
ever, CS is not driven by the magnitude of the E-field alone, but rather by the tan-
gential E-field component along the excitable tissue fibers, and in particular by the
spatial derivative of this component (Knisley et al., 1999).

5.3 PREDICTING PORCINE CARDIAC MAGNETOSTIMULATION THRESHOLDS

In the third part of this thesis, cardiac magnetostimulation thresholds were sim-
ulated in individualized porcine body models corresponding to the animals used
in the experimental study (Section 5.2). The main experimental parameters, such
as anatomy and posture of the pig, the magnetic field waveform, and the relative
position of the coil, were recorded in the experiments, allowing for an accurate repli-
cation of the experimental setup in the simulations.

Comparison of modeled and measured porcine CS thresholds

The eight MRI-based porcine models were equipped with geometrical descriptions
of cardiac Purkinje and ventricular muscle fibers, both of which were coupled to
the corresponding electrophysiological models. The modeling workflow described
in the first part of this thesis was then used to predict CS thresholds in the porcine
models for the E-fields matching the experimental setup, i.e., as induced by the
damped sinusoidal magnetic field waveform created by the capacitor discharges into
the spiral coil. The predicted thresholds show an overall very good agreement with
the measured thresholds: The absolute prediction error averaged over all porcine
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models is 18% when compared to measurements during early diastole, and 10%
compared to measurements during late diastole.

The largest deviation between prediction and experiments was found for the first
two pigs. In these cases, the predicted thresholds were around 50% higher than the
measured thresholds, i.e., a substantially greater deviation compared to the maxi-
mum error in the other six porcine models (18%). This discrepancy is also apparent
in the lower threshold E-fields found in the heart of these two pigs (=~ 75 V/m com-
pared to an average 98.9 £ 8.9 V/m in the remaining pigs). The comparatively low
threshold E-field may be caused by corruptions in the porcine models of pigs #1
and #2. For pig #1, the heating blanket covering the animal during the stimulation
experiment was not removed before the MRI scan. The water volume in this blanket
generates a high signal intensity in the water-weighted Dixon images. Consequently,
the segmentation process interpreted these regions as muscle tissue, which may have
affected the overall predicted E-fields. For pig #2, the head was not completely cap-
tured in the MRI scan, thus reducing the body model’s cross-sectional area and the
overall induced E-field amplitude. Excluding pigs #1 and #2 from the analysis, the
average absolute prediction error reduces to 7% when compared to measurements
during early diastole, which is similar to the prediction error for late diastole.

The remaining mismatches between CS predictions and measurements may partly
stem from an intra-individual variability of CS thresholds measured over the course
of the experiments. Even though the average thresholds measured during early
and late diastole are not significantly different, some intra-individual measurements
showed a substantial variability in thresholds measured during both cardiac phases.
Most notably, in pig #6 the threshold difference between early and late diastole was
2.37 kV, corresponding to a threshold variability of ca. 38%. This intra-individual
variability may, e. g., have been caused by variations in the breathing cycle, as chang-
ing torso shape may affect the induced E-field. In the experiments, the capacitor
discharge was not synchronized with the breathing cycle, and it is thus not known
in which breathing phase the EMP was applied.

Sensitivity analysis of the cardiac threshold simulations

Some physiological details underlying the simulations may not perfectly match the
individual pigs under study. For example, electrical tissue conductivity values or the
ionic concentrations of, e. g., sodium or potassium in the porcine myocardium were
not measured in the experiments. These parameters are known to fluctuate across
individuals, and can affect CS threshold (Antoni, 1998; Liu et al., 2003). A prelimi-
nary sensitivity analysis was therefore conducted to assess the impact of variations
in electrical tissue conductivity and the major electrophysiological parameters of the
Purkinje fiber model on the predicted CS thresholds.

The sensitivity analysis also showed a strong impact of the myocardial tissue con-
ductivity: A 50% reduction in myocardial conductivity led to a 41% increase in E-
field and a 22% reduction in the CS threshold. Previous measurements of the elec-
trical conductivity of the porcine heart found a minimum value of 0.31 S/m and a
maximum of 0.44 S/m (Tsai et al., 2002). Varying the myocardial conductivity (based
on the default value of 0.38 S/m (Hasgall et al., 2018)) by £50% is therefore likely
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extreme and may provide a worst-case estimate of the CS threshold variability. The
E-field in the heart also depended on the general muscle conductivity in the body
(—=16%/411% variations for —50%/+450% changes of muscle conductivity). This is
likely because the muscle compartment constitutes the largest tissue group in the
porcine model by volume, therefore heavily influencing the overall induced E-field
amplitude in the whole body. Surprisingly, the E-field in the heart and the predicted
CS thresholds did not change significantly with variations of the lung conductivity,
even though the lungs enclose a large portion of the heart. The sensitivity analysis
also showed that the peak E-field in the heart does not necessarily correlate with the
predicted CS threshold. For example, a 50% reduction in blood conductivity did not
affect the 95 percentile E-field in the heart, but led to a decrease in predicted CS
thresholds of 8%. This result again demonstrates that while the E-field is the driver
behind activation of excitable tissue, the E-field magnitude itself is a poor surrogate
for the quantitative CS threshold. Additionally, not every portion of the myocardium
is populated with sensitive excitable tissue, meaning that an E-field hotspot in a re-
gion without excitable fibers may not lead to CS. For example, the subendocardial
Purkinje fiber network is confined to a single layer beneath the endocardium, which
makes the fibers insensitive to E-field changes in other areas of the heart.

For variations of the electrophysiological model parameters, the cell diameter had
the largest impact on the CS thresholds: A 50% decrease in cell diameter caused a
35% increase in predicted threshold. Such an inverse correlation between the stimu-
lation threshold and fiber diameter has also been found in previous PNS simulations
(Davids et al., 2017) and experiments (Enoka, 2002). The largest threshold decrease
(20%) was caused by a 50% increase in specific membrane capacitance. This depen-
dence is also apparent in the basic Hodgkin-Huxley cable equation (Equation 2.111),
where a change in membrane capacitance inversely correlates with the temporal rate
of change of the TMV. Larger temporal changes of the TMV in turn result in a lower
stimulation threshold for the same extracellular voltage applied along the fiber.

Future work should expand this analysis to investigate the effect of other bio-
physical and electrophysiological parameters, such as body temperature, electrolyte
and ionic concentrations, as well as pathological fluctuations of these parameters.
Such an in-depth analysis could help shed light on the inter- and intra-individual
variability of CS thresholds.

Improvements of the porcine CS predictions and future work

While the good agreement between the measured and predicted porcine CS thresh-
olds is encouraging, the work carried out in this thesis identified various aspects by
which the CS modeling can be improved or extended.

One such example is the Purkinje fiber topology in the porcine heart models. Pigs
have intramural Purkinje fibers that connect the endo- and epicardium (Lelovas et
al., 2014). The algorithm employed in this thesis to add Purkinje fibers to body mod-
els only describes the subendocardial Purkinje fiber network (Jjiri et al., 2008). While
this representation is accurate for humans and canines (Ono et al., 2009), intramural
Purkinje fibers should be added to the porcine models in future work to assess their
influence on the predicted CS threshold. Previous work demonstrated the subject-
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specific generation of Purkinje fiber networks based on electro-anatomical maps
(Barber et al., 2021). Although the fiber networks created with this method may be
too sparse to accurately predict CS thresholds, they may be used to complement the
network generation algorithm to obtain a more accurate depiction of the individual
animals’ Purkinje fiber anatomy.

In addition to the geometric differences in the Purkinje fiber networks, human
and porcine hearts exhibit electrophysiological differences on a cellular level, e.g.,
in their potassium and calcium dynamics (Gaur et al., 2021). All simulations in this
work utilized membrane models of human Purkinje cells (Stewart et al., 2009) and
ventricular myocytes (O'Hara et al., 2011) to predict the cardiac response to induced
E-fields. Recently, a dedicated model of the porcine ventricular cardiomyocyte was
developed (Gaur et al., 2021), which could be included in the CS modeling frame-
work for the porcine threshold predictions. Although a similar model for the porcine
Purkinje cell membrane has not yet been developed (Gaur et al., 2021), the field of
electrophysiological models is quickly evolving, and the CS modeling framework
will be updated continuously as new models become available.

The modeling framework developed and validated in this thesis will play a cen-
tral role in translating the CS thresholds measured in pigs to humans. This could
be achieved by modeling CS in the human body for a similar experimental setup,
i.e., the same magnetic field pattern and temporal waveform, as used in the porcine
measurements. Such simulations would help shed light on differences in induced E-
field distributions caused by differences in anatomy as well as electrophysiological
responses to the induced E-fields. Furthermore, the induced E-fields and CS thresh-
olds of the spiral coil should be compared to a variety of MRI gradient coils, includ-
ing whole-body, head-only, and special purpose coils, as well as different gradient
waveforms, using the electromagnetic-electrophysiological modeling tool developed
and validated in this work.
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State-of-the-art MRI gradient hardware is increasingly constrained by safety hazards
arising from potential cardiac stimulation (CS) by induced E-fields (magnetostimula-
tion). Cardiac magnetostimulation thresholds cannot be safely measured in humans,
making their quantitative and qualitative assessment extremely difficult. The IEC
60601-2-33 safety regulations to prevent CS in MRI were instead based on simple
E-field calculations and electrode-based stimulation experiments in animals. These
experiments showed a large variability in CS thresholds due to the inclusion of dif-
ferent species and multiple electrode positions and geometries. The lack of human
cardiac magnetostimulation data and the difficulty of translating knowledge from
other species to humans have required a conservative approach in defining safety
limits by regulatory bodies. These limits can restrict gradient performance and there-
fore imaging speed and resolution, a situation that is expected to be more and more
common as the performance of gradient systems continues to improve. Given the
increasing relevance of cardiac safety in MRI, this thesis investigates the thresholds
and mechanisms underlying CS by time-varying magnetic fields. This aim is ap-
proached in two ways: First, a coupled electromagnetic-electrophysiological model
of cardiac magnetostimulation was used to investigate safe operational limits for
MRI gradients, and second, the magnetostimulation threshold of the porcine heart
was measured — for the first time — in an experimental in vivo study.

In the first part of this thesis, a modeling framework was developed to predict
cardiac magnetostimulation thresholds using computational body models assigned
with EM tissue properties in combination with models of electrically excitable fibers
in the heart. Specifically, the body models were equipped with realistic depictions
of the cardiac Purkinje and ventricular muscle fiber paths. The electrophysiological
ion channel properties of individual cardiac cells and gap junction connections that
make up the fibers were represented using equivalent electrical-circuit models. A
preliminary model validation was performed by comparison with previously pub-
lished measurements in canines. Despite unavoidable mismatches between the sim-
ulations and experiments, CS thresholds predicted in a generic canine body model
matched the experimental thresholds with a maximum error of 28%. Building on
these promising first results, CS thresholds were then simulated in male and female
adult human body models placed in two commercial MRI gradient systems. The CS
thresholds predicted for these systems were at least one order of magnitude higher
than the IEC cardiac safety limit, indicating that this limit may be overly conserva-
tive. Furthermore, the predicted thresholds were >26 times higher than the hardware
limits of the gradient systems. The simulations confirmed the expectation that the
heart is much more difficult to stimulate by gradient-induced E-fields than periph-
eral nerves. The ratio between CS and peripheral nerve stimulation (PNS) thresholds
ranged from 6 for gradient waveforms with long rise times (>2.5 ms) to 25 for short
rise times (<0.5 ms). PNS may be uncomfortable but is harmless for the patient. The
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large predicted margin between CS and PNS thus suggests that PNS may be used
as a safe indicator of gradient-induced stimulation effects.

The modeling framework developed in this thesis can predict the thresholds as
well as the sites of stimulation in the heart. For example, the Purkinje fibers in the
model were always stimulated before the ventricular muscle fibers. Furthermore, it
was shown that the stimulation of cardiac fibers depends on the relative orientation
between the induced E-field and the fiber path. In particular, the excitability of the
fibers correlated inversely with the spatial derivative of the E-field projection onto
the fibers. The results presented in this thesis thus provide knowledge about both
the threshold magnitude and the mechanisms of action of cardiac magnetostimula-
tion, which may help inform appropriate safe operational limits for MRI gradients
while fully exploiting the imaging system’s performance. Moreover, the modeling
tool could be used to understand the impact of different design parameters of novel
gradient coils, such as non-cylindrical coil formers or asymmetrical wire geometries,
on the CS threshold. Ultimately, the model could help design gradient coils with
an inherently low CS propensity, e. g., by optimizing the magnitude and orientation
of the E-field induced in the heart. Finally, the CS modeling framework could be-
come valuable for studying the MRI compatibility of cardiac pacemakers and other
implants such as stents, which are known to increase the amplitude of gradient-
induced E-fields in the heart region, thus increasing the risk for CS.

The second part of this thesis measured CS thresholds in ten healthy, anesthetized
pigs using EMPs created by capacitor discharges into an inductive coil. Despite pigs
having become the primary animal model of the human cardiovascular system, this
study is the first to measure cardiac magnetostimulation thresholds in the porcine
heart. In the experiments, a capacitor bank was discharged into a flat spiral coil
placed close to the porcine chest, resulting in a damped sinusoidal magnetic field
pulse. The amplitude of the magnetic field pulse, and correspondingly the peak
E-field magnitude induced in the porcine heart, was proportional to the capacitor
charging voltage. The voltage was varied to determine the threshold at which the
heart showed an abnormal response to the EM pulse (such as an ectopic heartbeat).
Successful CS was identified on ECG, blood pressure, and blood oximetry signals
measured before, during, and after application of the EMP. The stimulation exper-
iments were followed by whole-body MR Dixon and CINE image acquisitions for
eight of the pigs to create computational body models of each animal’s anatomy and
posture. These body models were used to simulate the dB/dt and E-field induced
in the heart for the capacitor discharge waveform that caused CS in the experiments.
The average dB/dt threshold in the porcine heart resulting in CS was 1.66 4 0.23
kT/s. The average E-field threshold in the porcine heart was 92.9 £13.5 V/m, a
value that is similar to the E-field threshold determined previously in canines. This
E-field is ~15-fold higher than the established stimulation threshold for peripheral
nerves (6 V/m).

The average dB/dt threshold of the porcine heart was 11-fold higher than the IEC
cardiac safety limit. Assuming similar CS thresholds for humans and pigs, this result
again indicates that the IEC limit may be overly conservative for the EM field wave-
form and duration used in the experiments. Moreover, the average porcine dB/dt
threshold was 31-fold higher, and the average E-field threshold was 37-fold higher
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than the peak dB/dt and E-field values induced in the heart of a human body model
by three commercial MRI gradient systems. These results suggest that these gradient
systems operate well below the CS threshold for the investigated EMP waveform.

The measurements performed in this thesis add critical new data to the other-
wise sparse body of data for cardiac magnetostimulation. Future experimental work
should investigate the CS threshold dependence on the duration of the EMP, which
could, e. g., be achieved by using coils with different inductance in combination with
varying capacitances. Knowledge of the stimulus-duration dependence of CS thresh-
olds would be valuable for the definition of safety limit for MRI gradient waveforms
with different rise times.

The third part of this thesis combined the cardiac magnetostimulation thresholds
measured in pigs in the second part with the modeling framework developed in
the first part. To this end, the porcine body models derived from the acquired MR
images were augmented with geometrical and electrophysiological descriptions of
cardiac Purkinje and ventricular muscle fibers. The predicted CS thresholds showed
a good agreement with the experimental thresholds. Specifically, the absolute simu-
lation error averaged across all porcine models was 18% for threshold measurements
during early diastole and 10% for measurements during late diastole. These results
constitute the first in-depth comparison of numerically predicted and measured CS
thresholds for individual animals. Their overall good agreement demonstrates the
validity of the CS prediction model developed in this work for the experimental EMP
waveform and duration. A well-validated CS modeling tool will allow translation of
measurements obtained in an animal model like the pig to humans exposed to MRI
gradient fields. Such a translation requires a careful comparison of the porcine and
human anatomy and electrophysiology, which will be the subject of future work.

A preliminary sensitivity analysis showed that +50% changes of the most impor-
tant model parameters such as cardiac fiber diameter and electrical tissue conductiv-
ity caused a predicted threshold variation of less than 35%. This moderate threshold
variability indicates some level of robustness of the CS predictions. The sensitivity
analysis will be expanded in future work to include more EM and electrophysi-
ological parameters to shed light on the physiological inter- and intra-individual
variability of CS thresholds.

In summary, the numerical and experimental results presented in this thesis indi-
cate that current MRI gradient systems are extremely unlikely to induce CS and that
PNS may be an adequately conservative and safe indicator of gradient-induced stim-
ulation effects. The experimental data in combination with the modeling framework
developed and validated in this thesis lay the basis for a re-evaluation of regulatory
safety limits to enable safe state-of-the-art MRI in humans.
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The following Table A.1 reports dB/dt and E-field values simulated in the porcine
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of a human body model by three gradient systems (heart at isocenter).
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Table A.1: Magnetic field amplitude and rate (B-field and dB/dt) and 95th percentile electric field values (E¢s5) simulated in the heart of the porcine

body models. All values were scaled to match the experimental threshold for stimulation during late diastole. For pigs #1 and #2, the traces
measured during late diastole were inconclusive, and were thus excluded from the threshold analysis. For pigs #5 and #6, no MR images
were acquired and thus no body models could be created. For these animals, the magnetic field was instead evaluated at a single point 11

cm above the coil center, which was the average coil-heart distance in the other pigs.

Pig IBI-field [T] dB/dt[T/s] Qw\.n: [T/s] Q._w\.& [T/s] Qw\.& [T/s] Qw\.& [T/s] m.@m [V/m]
at heart center  at heart center  mean in the heart min. in the heart max. in the heart max. in the body  in the heart
1 - - - - - - -
2 - - - - - - -
3 0.47 2240 2240 1380 3530 7260 106.7
4 0.37 1770 1840 1040 3220 6330 102.5
5 0.27 1290 No MRI No MRI No MRI No MRI No MRI
6 0.40 1880 No MRI No MRI No MRI No MRI No MRI
7 0.27 1310 1350 780 2450 4360 87.5
8 0.34 1620 1620 920 3040 5320 96.3
9 0.33 1590 1600 930 2930 4870 21.8
10 0.30 1460 1460 850 2680 4880 86.0
Mean +£ SD  0.34 £0.07 1650 + 320 1690 £ 320 980 £ 210 2980 + 380 5500 £+ 1090 95.1+8.3
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