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Summary

This thesis research focuses on MRI technology and more specifically the evaluation of the gen-
eralized signal model (full-wave signal). The research aims to investigate how dielectric properties
influence the magnetic fields in MRI scans, by using a more complex signal model that takes into ac-
count scattered fields caused by dielectric properties of human tissue. Optimizing the Signal-to-Noise
ratio (SNR) has been a main research focus since the invention of MRl machines. Higher-quality im-
ages, result in better diagnosis and therefore help the investigations of patient conditions. One way to
improve the SNR is to operate MRIs in higher frequencies. Operating an MRI in higher frequencies,
affects the measured signal at the receiving coil, as dielectric properties of biological tissue, induce
currents due to magnetization. By having a full wave signal model, one can model the effect of the
dielectric properties and thus take them into account when reconstructing an MRI image. The first step
was to investigate whether a magnetic dipole can be simulated as a single emitting loop. The results
from the simulation and the analytical solution have been compared. There’s a high correlation be-
tween the two and thus it is concluded that it can be used. Using a single emitting loop, the effect of
varying conductivity was simulated for a dielectric sphere placed in free space, with the single emitting
loop submerged into the solution. The simulations showed that by increasing the conductivity, the mea-
sured voltage at the receiver coil reduces. Note that this simulation was performed twice, for relative
permittivity values ¢, = 1 and ¢, = 80. The reason for choosing these two values was to first eliminate
the effect of relative permittivity ¢, = 1 and to simulate a water-based solution ¢, = 80. Simulations ver-
ified that for e¢,. = 1, the measured voltage at the receiver location is lower than e, = 80. After verifying
the full-wave model and observing the effect of varying the electrical conductivity, two more simulations
were performed to prepare for the experiment. In the first simulation, instead of a single loop, a series
of loops was used to simulate the beam excitation of an MRI. As it is shown in the results, there is not
a linear correlation between increasing the conductivity and the induced voltage at the receiver coil.
Secondly, the experimental setup was simulated. In addition to the previous simulation, a plastic layer
was added to the outside of the ball, to model the plastic sphere used during the experiment. In chapter
4, the results of the experiment are introduced. The results from the experiment could not justify the
simulations due to reasons that are explained in the conclusions.
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Introduction

Since the invention of Magnetic Resonance Imaging (MRI), researchers have aimed to improve the
resulting image’s resolution and quality. Moreover, MRI has helped medical doctors and researchers
use this non-invasive imaging method to discover, diagnose, and guide treatment by using better-quality
images and new image modalities. These improvements help to better investigate a patient’s condition
and allow us to have a more solid diagnosis. Hill and Richards [1] first explored ways to optimize the
Signal-To-Noise Ratio (SNR) and provided ways to optimize it. For a Low and Medium-frequency MRI,
SNR can be optimized with several techniques discussed later in this report. However, the need for
higher SNR and better quality images pushed the MR fields to higher frequencies and field strengths
[2]. The advantage of using High-Field (HF)MRI is the resulting high SNR, higher sensitivity to Blood-
oxygenation-level-dependent (BOLD) signals, and higher spatial resolution in the resulting anatomical
images. The influence of the biological tissue on the measured signal at the receiver coil has always
been at the center of research as it affects the sensitivity of the antenna [3]. Due to pushing the
field to higher frequencies, RF coil design is becoming more challenging as the received signal is more
sensitive to the dielectric properties of the tissue [3]. This is caused by the induced currents on biological
tissue caused by magnetization, and nevertheless, in most of the current research, this phenomenon is
neglected, as stated in [3]. This thesis report aims to investigate MRI signal models. It aims to validate
our current understanding of how dielectric properties affect the signal measured by an MRI machine
and introduce results that can potentially revolutionize MRI imaging.

This chapter provides a brief historical overview of MRI technology and highlights the importance of
this research. Moreover, it introduces the challenges that we face with modern HF-MRIs and explains
the importance of a new more complex generalized signal model.

Chapter two introduces the tomography roots, and categorizes the different imaging techniques
while emphasizing the MRI’s unique position. It provides a solid overview of MRI’s fundamental and
system-level principles, starting from nuclear resonance all the way to image reconstruction techniques.

Chapter three deep dives into the core of the thesis research. In this chapter the examination of
the influence of dielectric properties on magnetic fields is conducted. By performing analytical studies
and simulations, it aims to explore the complexities introduced by varying conductivity on a dielectric
medium and the influence of relative permittivity.

In the fourth chapter, the aim is to validate this research with empirical evidence. The details of
the conducted experiment are provided. This experiment aimed to validate the proposed generalized
signal model. The employed methodology is explained, and the encountered challenges, the insights,
and the results are presented.

To summarize, the research questions of this thesis research are,

* Do the dielectric properties of tissues affect the received MRI signal?

» How do the dielectric properties alter the received signal?

» How does the excitation sequence affect the result for different dielectric properties?
* How does the generalized signal model compare to the standard model?

» Does the generalized signal model capture the effect of the dielectric properties for a sample
undergoing an MRI scanning?



Background

Tomography has always been a medical imaging field that has grown constantly since its invention.
Creating images of the internal body with non-invasive methods is still the major benefit of biomedical
imaging methods that are being used in clinical applications. Tomography can be divided into three
categories, emission tomography, transmission tomography, and dif fraction tomography. CT and
X-Ray imaging, belongs to transmission tomography, as the attenuation of high-energy particle beams
transmitted through the body is measured and an image is formed. Both modalities involve ionizing
radiation which in large quantities is known to be harmful to the human body. Diffraction tomography
uses wavelengths on the same order of magnitude as the imaging body. The reconstruction of the body
is based on measurements of the diffraction of the signal due to the body. MRI, similar to Positron Emis-
sion Tomography (PET) and Single-Photon Emission Computerized Tomography (SPECT) belongs to
emission tomography. In contrast to PET and SPECT, MRI does not require the injection of any ra-
dioactive isotope into the object/body for a signal to be measured. MRI is the pinnacle when it comes
to non-invasive, ionizing radiation-free, imaging techniques. In short, MRI, as a tomographic imaging
modality, constructs an image of the internal physical characteristics of a body or an object, based
on the received/measured signals of the nuclei of the body, at resonance frequencies. The resulting
pixels of an MRI image are constructed based on the nuclear spin density p, the spin-lattice relaxation
time T, and the spin-spin relaxation time Ty and based on molecular diffusion (thermal motion) and
perfusion. To enhance or suppress any of the aforementioned phenomena one can tune an MRI during
the scanning or development stage by tuning several parameters. Those are echo time Ty, repetition
time Ty, and flip angle o, among others. Based on the parameters, the resulting image taken from an
MRI machine of an object/body may differ. For example in Figure 2.1, we can see that for the same
head, different parameters and/or reconstruct methods result in a different, in terms of contrast, image.

Figure 2.1: Cross-Section head image obtained using (a) Spin-density contrast (Tg = 17ms, Tr = 2000ms), (b)
Tiweightedcontrast(Tg = 18ms, Tr = 400ms) and (c) is Toweightedcontrast(Tg = 80ms, Tr = 2500ms), image source:

[4]



2.1. Brief Introduction to MRI 3

2.1. Brief Introduction to MRI

Before diving into the mathematical models of MRI, there will be a brief introduction to MRI at a system
level. In general, an MRI consists of 3 main components, the Main magnet, a Gradient system, and
an RF system. The following three subsections explain the primary use and technology for each of the
three systems.

2.1.1. Main magnet

The main magnet is used in an MR to create a strong and uniform magnetic field B, that polarizes the
spin of the nuclei within the body [4]. Depending on the strength, the main magnet can be a permanent
magnet, resistive magnet, or superconducting magnet [4]. The decision on the By field depends on the
application. For example, recent advances in low-field MRI require a low By field due to cost and clinical
factors. Suppose a medical doctor wants, for example, to use an MRI during surgery. In that case, the
doctor has to look into low-field solutions, as strong magnetic fields may affect the operation of other
machines or tools used during the surgery. On the other hand, by having a high By field, one can get
high spectral-resolution images, as the higher the By, the higher the resulting Signal-To-Noise Ratio
(SNR), as will be discussed later in this chapter. This, of course, comes with the cost of Rf-penetration
problems and an expensive overall system. The field’s homogeneity is the primary design problem
regarding By magnets. Homogeneity can be calculated by

BO,m,am - BO,m,in (2 1)

Homogeneity = B
0,average

which is the maximum deviation of the field over the entire scanning body/object. For an acceptable
image quality of a human body, it is required to have 10-50 parts-per-million (ppm) over a 30-50 cm
spherical volume diameter according to [4]. In reality, no magnet can produce such a homogeneous
magnetic field, thus, a secondary coil must compensate for the inhomogeneity [4]. These secondary
coils are called shim coils, bringing the By field to the desired homogeneity.

2.1.2. Gradient coil

As explained in chapter 1.2.2 in [4], gradient coils produce non-uniform, time-varying magnetic fields
and are very important in MRI, as they are required for signal localization. The essential characteristics
of a gradient system are the maximum gradient strength and the maximum gradient strength rate. A
commonly used maximum gradient strength is about 10 mT/m [4]. Rise time is the time required to
achieve this maximum strength. Generally speaking, the smaller this time, the better the system is.
This is because the higher the rise time the bigger the resulting anatomical slice will be and thus lower
resolution. According to [4], in clinical MRI, such a time is around 1 ms from 0 to 10 mT/m.

2.1.3. The RF System

The RF system is made up first of a coil responsible for producing a time-varying (rotating) magnetic
field (B, field) that excites the atoms and, secondly, by a receiver coil that converts the relaxation
of atoms, during their return to equilibrium, into electrical signals. Note that these two coils are not
necessatrily two different coils. Some MRIs use transceivers, where the same coil is used for both
transmitting and receiving the signals. The name RF system is used because these coils resonate at
radio frequencies that excite and measure nuclear spin. RF coils create a uniform B; field as uniform
as possible and exhibit high sensitivity for signal detection. Different RF coils are used to achieve both,
especially the latter, based on which part of a body is being imaged. According to [4], a birdcage coil is
used when scanning the head, as it provides the highest homogeneity. One can use a cylindrical coil
for other body parts, such as legs.

2.2. Standard MRI Signal Model

The standard MRI signal model is currently being used in practice. All the MRI machines from Low to
High fields reconstruct images from measured signals based on this model. The following section is
divided into four subsections. The first subsection infroduces MRI image reconstruction at an abstract
level. The latter three subsections explain how starting from the magnetization of a single nucleus, we
end up receiving a signal on an MRI coil and, lastly, how the image is reconstructed.
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2.2.1. MRI Image Reconstruction Principles

The following subsections explain how the MRI image reconstruction works. Starting from the micro-
scopic magnetic moment to the resulting image. At first, the data has to be collected, and then an
image has to be constructed based on this data. The first part of collecting the data is called imaging
equation, and the construction of the image is called image reconstruction equation, as explained in
[4]. The first term is referred to what mathematically is called forward problem, and the latter is called
inverse problem. In [4], to give an initial idea of how one can get from MRI signal to 3D or 4D images,
the following sequence is introduced

fi = M — My, — S(t) = S(k) = I(Z) (2.2)

where, [i is microscopic magnetic moments in a body/object, M is a bulk magnetization, M;y is the
transverse magnetization, S(t) is the electrical signal, S(k) is a k-space signal and lastly I(Z) the re-
sulting image. Each of these transformations is related to the main MRI system components discussed
before (the MRI model currently used in practice). As explained in [4], the transformation i — M is
related to the main magnetic field By and is achieved by exposing the Hydrogen nuclei to B,. Moreover,
M — M;y is achieved by the RF excitation, and M;y — S(t) is measuring a signal at the receiving
coils after being excited by the RF system. Faraday’s Law of Induction governs it. The last part of
these transformations is the main topic of this research, that is, the S (E) — I(Z). Based on the image
reconstruction model, one can get an image from k-space domain measurements. In the following
parts of this chapter, the current ways of reconstructing an image will be introduced, and at the end,
the new generalized signal model. However, before discussing reconstruction, it’'s important to review
the earlier steps, especially the transition from ji — S (E), as it will be more clear mathematically how
S(k) is being generated.

2.2.2. Underlying Physics for ;i — M

In chapter 3.1.1in [4], itis explained how the nuclear magnetic moments ;. come from the atom’s nuclear
spin and that a nucleus (filled with protons) has electrons spinning around it, and the whole atom spins
around its axis. Furthermore, any spinning electrically charged body field produces a magnetic field
around itself with a magnetic moment vector J related to the angular magnetic moment i by

fi=n~J (2.3)

where ~ is the gyromagnetic ratio and varies based on the atom’s nucleus. As stated in [4], atoms within
a body have random magnetic moments and, summed up, give zero. To enable the magnetization of
several atoms, one has to expose these atoms to a magnetic field

B, = Bok (2.4)

as discussed earlier. Something crucial in signal detection and the basis of MR methods is that the
magnetic moment aligns only partially with k [4]. That is because an atom has discrete orientations
based on quantum theory. Using Figure 3.3, page 62 in [4], it can be seen that if the direction of the
applied By field is oriented towards the z-axis, then the resulting moment i can be depicted in Figure
2.2.

The relation between B, and i1 can be derived by classical mechanics and is governed by

dy -

o = A X Bk, (2.5)
and by using equation 2.3

di - -

CTIZ = ~vJ x Bok, (2.6)
The solution to equation 2.6, as stated in [4], can be expressed by

— —iyBot
p=(t) = p=(0)

The angular frequency
wo = 7B, (2.8)



2.2. Standard MRI Signal Model 5

Figure 2.2: Magnetic moment orientation of an atom excited in a BO field towards z-direction, image source:

[4]

is called the Larmor frequency. By relating the B, field strength with the angular frequency, one can
choose the natural resonance frequency of the spin system. Simply put, one can select which atoms
within the body will be “scanned.” Based on the initial position of the atom, they could end up being par-
allel or antiparallel. Parallel are the atoms whose z component is parallel to that of By, and antiparallel
are those that are antiparallel to it.

When it comes to the bulk magnetization of a certain area within the object/body, one has to sum
up the magnetic moments of all nuclei within that object, expressed by

N
n=1

As mentioned in [4],to be able to detect M by the RF receiving coils, three concerns have to be ad-
dressed:

* The portion of magnetization on the x,y plane (.,) has to be manipulated to measure the mag-
netic field in the closed contour at the x,y plane, as it is random.

« Signal has to be strong enough to be detected by the receiving coil
* Parallel and antiparallel nuclei can not be equal

The first two requirements can be met by properly designing the RF-excitation coil. Quantum me-
chanics meets the third requirement, which is beyond this research’s scope. The number of antiparallel
nuclei is slightly more than the rest because it is more likely for an atom to take the lower-energy state,
for higher stability, than the higher-energy state while being excited by By. Now the remaining question
is how B is used to achieve the desired goal of measuring the total Magnetization M.

2.2.3. The Bloch Equation - M — M,, — S(t)

Up to now, the analysis was based solely on the presence of a By field and just introduced the basics
of an atom’s behavior in the presence of static magnetic fields. With the introduction of B (t), a time-
varying magnetic field, the Bloch equation that governs MRI’s Magnetization M is expressed by

dM o o Myi+M,j (M, — M)k

FT YMxB — T — T, (2.10)
as explained in [4]. The RF pulse produced by the RF excitation coil introduced before manages to
perturb the spin system from its thermal equilibrium state. According to the laws of thermodynamics,
the system will return to its initial state when the external force is removed. This procedure can be
divided into three constitutional events. The first is the so-called free precision and is marked by
the precession of M and B, field. The next is the so-called longitudinal relaxation characterized
by the destruction of the M, field component. Lastly, the transverse relaxation is characterized by
the destruction of the M,,. To measure the received signal we can use Faraday’s Law. The induced
voltage V(t) across the receiver coil is expressed by
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_o9(t) 0 - -
V(t) = _7 = 8t/(;bject BT(T).M(T, t) d’f' (211)
In [4], it is mentioned that by decomposing B and M into Cartesian components and by dropping the
M, component due to its slow varying nature we get,

V(t) = — / . [BTJ(T)‘?M#Y’” + Br,y(r)aMgifi”)] dr (2.12)
object

In equation 2.12, it is clear why the coil’s signal depends only on the transverse magnetization (M,
and M,). By applying multiple techniques and calculations in [4] they end up with the expression

S(t) = / Moy (r,0)e= 4B gy (2.13)
object

Observe that the signal S(t) is the Fourier transform of the signal at a location r. This is powerful as
one can sample in the Fourier space domain and then apply the Inverse Fourier transform to get the
final image, by measuring a signal in the time domain.

2.2.4. The MRI Signal Model - S(t) — S(k) — I(z)
We can formulate the problem of reconstructing a function I(r) from its Fourier series samples as

S(kyp) = / I(r)e=2mFnrdy (2.14)

where k,, is within the object k-space domain. Although this seems straightforward, the reality is far
from that. Usually, there are multiple solutions to this inverse problem due to noise and undersampling
of the data received. Moreover, S~! is unstable and non-invertible. There are two ways to reconstruct
the image based on the way data was sampled. The two sampling methods can be observed in Figure
2.3 from chapter 6.2.2 in [4].

ky

ke

() (b)

Figure 2.3: Two basic k-space coverage used in MRI, image source:

[4]

If the data is sampled as in 2.3(a), then Direct FFT Reconstruction is used. If the data is sampled as
in 2.3(b), then Inverse Radon Transform is used (Backprojection Reconstruction) as explained in [4].

As it is clearer now, the standard Signal Model explained in this section is solely based on the
excitation of the nuclei. During the image reconstruction, from the measured signals, the dielectric
properties of the excited body/object are not taken into account. For this reason, a new generalized
model was introduced in [3], where dielectric properties are considered.

2.3. Generalized MRI Signal Model

In [3], a new MRI full-wave signal model was created, based on scattering fields where the object
present in the MRI experiment is taken into account by modeling it as an electric scattering source.
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2.3.1. Scattering and Background Magnetic fields

In [3], at first the formulation of the background field is calculated using Maxwell’s equations

—V x H 4 0,E® 1 s¢,E® =0 (2.15)

and

—V X B 4 g HP 45 = —K (2.16)

where H is the magnetic field and superscript b denotes the background magnetic field. Similarly, E
is the electric field, and finally, K is the Laplace transform, of 1106: M, where M(x,t) is the time-varying
magnetization within the domain of excitation D.,.

More explicitly, the magnetic field in the background can be expressed by

Al (x, s) = / G7E(x,x',5).K(X , s)dV (2.17)
x €D,

ex

and similarly, the electric field by
B'(x,s) = / GEE(x,x, s).R(X ,s)dV (2.18)
X' EDes

where G’s are the corresponding Green’s tensors for the magnetic current to the magnetic field and
magnetic current to the electric field.
The scattered field satisfies Maxwell’s equations too. Thus it can be expressed by

— V x H¥ 4 g, B8 4 5, ED = —J8¢ (2.19)
and
—VxEP 4 sHP +5=—K (2.20)
where
J8e(x,5) = 6(x) — ap(X) + s[é(x) — e (X)]E(X, 5) (2.21)

and where x € Dg;, in the domain of the object, 5(x) is the conductivity of the object and é(X) its
permittivity as introduced in [3]. Similarly 5, (X) and é,(x) are background’s conductivity and permittivity.
The integral expression for the scattered field of the Magnetic and Electric fields are given by

Asc(x, s) = / - G (x,x, 5).9%(x', s)dV (2.22)

ex

and

B (x,s) = /x - 677 (x,x,5).9°¢(x, 5)dV (2.23)

ex

2.3.2. Full-wave Signal Model
By having the background and scattered fields introduced, the generalized signal model (full-wave
signal model) developed in [3] can be expressed by

’ ’

dn(s) = / My (X, s)- / C GTE(x X, 8)-K(X', 5)aVdV+ / my, (X, s)- / , G/ (x,x,5)-d°(x , s)dVdV
XEDant X €Dey J XEDant JX EDop;
(2.24)

’ ’

d.(s) = / i, (X, 5): / GZ (x,x , 5)-K(X , 5)dVdV + / i, (X, )- / 627 (x, X, 5)-3°(X , $)dVdV
XEDant X' EDes XEDant x' €Dy
(2.25)
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where my(x, s) and m.(x, s) are vectorial functions, used to express the action of the receiver to the
electromagnetic field inside the ball for the magnetic and electric field respectively. By rearranging the
order of integration and using properties of Green’s tensors such as reciprocity [3], the equation can
be rewritten.

’ ’

dn(s) = / K(x',s) - W (x',s)dV — / Joe(x', s) - W9 (X', s)dV (2.26)
x €Dex x’ EDohj
and
de(s) = — / K(x',s) - Wl (X, s)dV + / Joe(x', s) - We(x', s)dV (2.27)
x €Dex x’ E]D)obj

where W} (x',s), W"9(x', s) are the received fields for magnetic field measurement and we! x',s),
Wel(x', s) are the received fields for electric field measurement.

Equations 2.27 and 2.26 are the full-wave signal models for measuring the electric and magnetic
fields. The magnetic and scattering electric sources contribute to the measured signal. This model al-
lows us to optimize the signal reception quality by using Green’s tensors to tune the receiving antennas
and coils.

2.4. Consequences of using the Standard Model

In the resulting images of high-field MRIs, signal loss (i.e. signal voids or artifacts) is often observed [5].
These artifacts are the result of waves interfering within the body due to scattering[5]. The MRI model
can optimize the SNR resulting in the ultimate SNR, as will be further discussed. Still, it now enables us
to solve the problem of the signal void, which is something, among others, that the generalized signal
model aims to solve.

2.4.1. SNR optimization
Since the invention of Magnetic Resonance Imaging (MRI), researchers have aimed to improve the
resulting image’s Signal-to-Noise Ratio (SNR). As explained in [1], the theoretical limiting Signal-To-
Noise Ratio (SNR) (the maximum achievable SNR) for a sample placed in a coil with a quality factor )
that resonates at the Larmor frequency wy, constant magnetic field (z-axis) By and a rotating magnetic
field B is given by

V. nQ1/2wé/2Vj/2

V,  (4kTAfF)/2

where x is the susceptibility, n) is the filling factor of the receiver coil, wy is the Larmor frequency, and
V. the coil volume.

In 1968 Hill and Richards [1] analyzed the numerous factors that affect the Signal-To-Noise Ratio
(SNR) of a body placed in a magnetic resonance imaging machine. The first factor to be considered
is field inhomogeneity. It is suggested that T'2 time should be about 2/vAB where AB is the magnetic
field inhomogeneity [1]. To observe the resonance line shape, the magnetic field inhomogeneity has
to be smaller than the actual line width. In practice, to achieve field homogeneity to a certain level, the
magnet’s geometry and material must be selected carefully, and field-correcting coils must be used [1].

From equation 2.28, it is clear that quality factor Q can also affect the SNR [1]. In general, Q can
be expressed as

2xB1, (2.28)

wk
Q=7 (2.29)

where w is the angular frequency, E is the energy stored in the circuit, and P is the power dissipated in
the circuit as explained in [1]. For a coil, as skin depth decreases (w'/2 increases), power dissipation
increases, and thus quality factor decreases. Moreover, it has to be noted that with higher frequencies,
interwinding capacitance comes into play, resulting in dielectric losses on the coil [1]. By designing
the coil’s geometry so that its maximum Q is in the range of frequencies of operation, a high Q can be
achieved [1].
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Instead of increasing signal power, one can find ways to minimize noise power. Noise appears in
many parts of the circuit, such as the microwave source, oscillators, receiver’s noise, couplers, drift
in D.C amplifiers, etc [1]. In particular, the resonant circuit is being affected by low-frequency varia-
tions because of mechanical and thermal effects [1]. Thus, these effects can be minimized by making
a sturdy design and keeping the temperature as stable as possible. Another way to solve the low-
frequency noise is to modulate the signals with a high-frequency signal [1]. In practice, the most widely
used technique to modulate the signal is by applying sinusoidal field modulation [1]. In an ideal case
scenatrio, the resulting signal would contain modulated signals at the chosen modulation frequency and
its harmonics. However, in real-life scenarios, various mechanical or electronic components “respond”
to the modulation frequency, producing additional signals [1].

In [6], there is a first attempt to quantify the power dissipation and phase shift of the magnetic field
that penetrated biological tissue samples during NMR imaging experiments. Two models have been
used, a planar and a cylindrical model. At first, it is shown that for a skin depth of 20 cm, there is a 37%
attenuation in the amplitude of the signal compared to that on the skin surface at frequencies around
20M Hz. Furthermore, a phase shift of 80 was observed. It is concluded that the signal amplitude
attenuation will produce shades in the NMR image and that the phase shifts will produce distortions.
They conclude that the frequency of the magnetic field should be chosen wisely based on the material
used in the NMR imaging machines.

Much research was conducted on calculating the ultimate-Signal-to-Noise Ratio on MRIs by optimiz-
ing the magnetic field. For example, in [7], the first proposal uses multiple antennas (antenna arrays) to
receive a signal instead of one coil. By measuring the antenna’s output voltage, one can calculate the
optimal complex weights (amplitude and phase) for each antenna and then perform a weighted sum to
get the resulting "optimal” field. With a quasi-static approximation, an infinite number of small loops, and
zero distance between the antenna and the tissue, an 8% increase in SNR was achieved theoretically
[7]. Furthermore, by assuming that the noise is non-white, one can use a matched filter for non-white
noise to optimize the antenna weights. Another interesting finding is that for homogeneous muscle
tissue and a frequency-independent magnetization, frequencies above 20M H z and small tissue-coil
distance, the optimum SNR for the receiving antenna can be calculated [7].

Apart from coil design and magnetic field power dissipation, the tissue itself plays a significant role,
according to [8]. SNR strongly depends on the geometry of the tissue but also on the physical properties
such as electrical properties, dimensions, conductivity, etc. Moreover, parallel-image reconstruction
affects the resulting SNR [8]. This paper finds the optimal amplitude and phase for RF shimming when
a ball is placed in the MRI.

In [9], they have managed to model and calculate the uSNR for realistic body models by using the
SNR equation from [8] and deriving it per unit of volume. In the end, they compared the results for
different frequencies and conductivity values of a homogeneous sphere. In general, the uSNR of the
realistic models was lower than a then homogeneous sphere. It has to be noted that the real head
model was assumed to have isotropic electrical properties.

Multiple ways to optimize the SNR were introduced up to this point. However, even in the case of
[8], the so-called realistic model of the head has isotropic electrical properties, which affect the resulting
SNR. In [10], they tried to get the dielectric properties by evaluating the relaxation time T'1 and, based on
that, estimate the water content of the voxel to calculate the dielectric properties of a voxel. Each slice
is made of several voxels, representing the intensity of the measured signal. This received intensity is
linked to the relaxation times, which in sequence are linked to the water concentration in that specific
area. By having the water concentration, one can use dielectric tissue models, for example, the one in

[11].

2.4.2. Dielectric properties extraction

Extraction of electrical properties has been a topic of research since the early years of MRI [12]. This
paper uses the received signal from the B1 field to estimate the properties. However, the results
in [12], have considerable discrepancies when noise is added, and it concluded that this method is
insensitive to dielectric properties when the thickness is less than 0.5 cm. The conductivity is less than
0.1 Sm~!. Electrical properties tomography is based on [11]. It again utilizes the RF coil-induced B1
field to reconstruct the electrical properties and develop the electrical properties map. The benefit of
this technique is that it is non-invasive and does not require the insertion of electrodes inside the body.
However, this method requires manual tissue segmentation and can not be used with complicated
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anatomical structures. A similar approach was followed in [13]; however, only the phase of B1 was
used, resulting in not estimating permittivity as a cost for speeding up the computation process.

All the methods above rely heavily on the MRI reconstructed images to calculate dielectric properties.
When the resulting images contain artifacts, which is something usual for HF and UltraHF MRIs, then
the results are poor. The main question of this research is to evaluate and extend the research on
the generalized signal model to investigate whether changes in the dielectric properties of the sample
being scanned affect the received signal.

2.5. Generalized signal model formulated for FID Signals for a ball

in space

In this section, the model is expressed for the case of a ball being excited by FID-based signals as
derived in [3]. As will soon be apparent, the dielectric properties affect the resulting signal, which might
indicate why the standard signal model gives artifacts in the resulting image. In the full-wave signal
model, i.e., equations 2.27 and 2.26, both scattering and magnetization contribute to the measured
signal. On the contrary, for the standard signal model, only magnetization contributes. Background
medium, receiving coils, and antennas are all included in Green’s tensors, and all can be used to
optimize the receiving signal for certain applications [3]. These coils further optimize the resulting MRI
image to exclude the “signal voids” in high-field MRI images. Moreover, the generalized signal model
seems to be able to retrieve the body’s dielectric properties [3]. Free Induction Decay signals are
induced in an MRI coil after the excitation of the RF system. At first, the ball is assumed to lie in the
free space. By making such an assumption, Green’s tensors can be easily calculated [3]. Furthermore,
it is assumed that the ball has homogeneous dielectric properties. Lastly, by having a sufficiently small
radius of the ball, the total electric field due to a magnetization within the ball’'s domain can be derived
explicitly as introduced in [3], and is given by

E(x,s)=Eb(x,s) — x(r2 — VV") / G(x—x,s)E(X,s)dV (2.30)
XEDopj

where 4 = s/cy is the propagation coefficient of free space, Y = €, — 1 + 6/(seg) is the ball’s contrast.

Several conditions must be met to arrive at the desired models for a ball in free space. Moreover, in

[3], by assuming quasi-static conditions that Born approximation holds, band limiting the magnetization

around Larmor frequency and applying inverse Laplace transform to equations 2.27 and 2.26, then the

model in time-domain turns into

dn () = 1o M(t) */ S™9(x ,t — r)dV (2.31)
XEDobj
and
do(t) = —1odM(t) * / sel(x',t — 7)dV (2.32)
XGDobj

where convolution is performed in the time domain and the sensitivity functions are given by

, A 3
mg — k§(k) (4)pm9
SMI(x ) 47T|X'—XR|3kzon M )y (2.33)
and
A 3
se(x,t) = > R (1) (2.34)

dr|x" — xg|? —

The expansion vectors and a more analytical derivation of this model can be found in [3].

2.5.1. Sensitivity of the generalized signal model

To evaluate the generalized signal model, it is wise to investigate what affects the measured signal. To
have a successful evaluation, the generalized signal model has to be further simplified. Firstly, the travel
time of the waves and the propagation effects are considered in equations 2.34 and 2.33. However, the
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receiver (measuring coil) is located very close to the ball’s surface, and thus the model can be further
simplified [3]. The simplified models are given by

A% (1) =
oA oM. 1
47T X/EDobj |x —XR‘
L 70 5o / (- v)n — <x’2- M . (2.35)
3 X/E]D)obj ‘x 7XR|
—11 " —(x -
+ €r 7283M . / [(x V),n (x2 n)U] dV]
3 C(] XIGDObj |x 7XR‘
and .
25 (t) ~
A ’
Hol [fatM-/ X EP Ly
4 3 X/GDobj |X - XR|
1 ’ (2.36)
R —— afm./ 2EP Ly
3 X/GDobj ‘X _XR|

X n
+ €002M - / v
XIGDobj |x _XRl

where xg is the barycenter of the receiver coil, z is the integration point within the object, o is object’s
conductivity, ¢, is the relative permittivity, p1 = 3n((n-v) —v), v is the receiver coil orientation unit
vector, and n is the unit vector pointing from the receiver location to the point of integration (inside the

’

ball), n = X=28- as derived in [3]. The magnetization M, inside the ball, is given by (FID Signal)

X" —xg|
M, (t) = M®1e™ "2 cos(wt) (2.37)
M, (t) = —M®e™ 2 sin(wot) (2.38)
M, (t) = M®1(1 — e~ /™) (2.39)

where wy = By is the Larmor frequency, T, and Ty are the transverse and longitudinal relaxation times
and M.q is the magnetization at equilibrium. With this derivation from [3], it is clear that both permittivity
and conductivity are presented in both equations and, thus, theoretically affect the resulting signal.

Observe that in both equations 2.35 and 2.36, the signal components are inversely proportional to
either |x' —xgr|? or |x —xgr|* and thus the received signal’s SNR is expected to decrease as the distance
increases. Furthermore, the magnitude of the Magnetization M., plays a significant role, as the higher
it is, the higher the SNR of the received signal. Investigating whether the antenna’s orientation affects
the resulting measured signal is also interesting. Based on the formulation of the FID signal, equations
2.37,2.38,2.39 the orientation to be tested in for z- direction and x, y-direction.

To achieve the retrieval of dielectric properties in [3], they formulated and solved a least squares
problem. Figure 2.4 shows the relative error for retrieving the dielectric properties by placing the re-
ceiver across the z-axis and varying its distance from 0 to 2 meters from the ball.
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Figure 2.4: Relative error between retrieved and real dielectric properties, evaluated by varying the receiver location in
simulation along the z-axis

This is because the main magnetization component contributing to the signal is the z-component
which has a much lower amplitude than x and y; thus, the induced voltage has a low SNR. The simulated
voltage can be seen in Figure 2.5 for 7 = 7 and in Figure 2.6 for vV = @
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Figure 2.5: Induced voltage across receiver’s coil when receiver orientation vector V=7

0.6

0.4

0.2

-0.2

-0.4

Receiver with x-or
T T

ientation
T

Time [s]

9
x107°

Figure 2.6: Induced voltage across receiver’s coil when receiver orientation vector v=7
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Up to this point, it is clear that under many assumptions introduced in [3], and by meeting several
conditions, dielectric properties using the generalized signal model can be retrieved in theory. Moreover,
using the generalized signal model, the dielectric properties were never retrieved from an object in vitro.
Therefore, the primary goal of this research is to evaluate whether and how dielectric properties affect
the received signal and whether a relation between the dielectric properties and the received signal
can be derived to later retrieve dielectric properties in vitro using this model. Therefore, one of the
research questions to be investigated is how sensitive the generalized model is to several factors, such
as magnetic field strength, the distance of the receiver coil, orientation, and the excitation sequence.



The effect of Dielectric on a single
emitting loop’s magnetic field

In this chapter, the simulations conducted before the experiment are presented. The goal is to cover
the following:

* Initially, the aim is to verify whether the analytical expression for a small emitting loop (magnetic
dipole) aligns with the simulated emitting loop. This verification is highly important as the single
emitting loop is the fundamental element for designing excitation sequences later in this chapter.
The emitting loop is evaluated by comparing the electromagnetic fields at identical locations and
orientations to the ball’s position.

* Following the emitting loop validation, the effects on the resulting magnetic fields of placing the
emitting loop inside a dielectric solution and varying the conductivity and permittivity of the solution
inside the ball are explored.

» Furthermore, to simulate the excitation sequence used during the experiment, the effect on the
magnetic field by a series of loops is assessed similarly, and the resulting fields are investigated.

* Lastly, to simulate the experimental setup, a spherical plastic layer is added to the exterior of the
dielectric solution, simulating the plastic ball used in the experiment, containing the water-based
dielectric solution

For the rest of this report, the standard axis convention will be used as shown in Figure 3.1

MRI bore

Figure 3.1: MRI axis convention

15
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3.1. Analytical and Simulated magnetic field of a single emitting

loop

The primary objective of this section is to conduct a computational simulation of a single emitting loop
and compare its behavior with the analytical models and simulations presented in [3]. More specifically,
this part of the research aims to do the following:

» Validate the Electromagnetic Field equations. The first task is to validate that both analytical
expressions and computational simulations would yield comparable electromagnetic fields when
the loops are not submerged into a dielectric solution. This is essential since the real-world
application of these loops involves certain variations in parameters such as geometric dimensions,
and material properties, that may cause large deviations between simulation results and analytical
results.

* Mutual Inductance Analysis. Following the validation process, the mutual inductance between
the simulated loop and the receiver coil was quantified. This metric, mutual inductance, serves
as a metric of comparison for analyzing whether the loop under study aligns with potential receiver
setups that were used later in the experiment.

* Influence of dielectric material. After validating the electromagnetic field characteristics of the
loop, an initial simulation was performed to check whether submerging the loop into a dielectric
solution would indeed show alterations in the electromagnetic field. More specifically, the mag-
netic field components (H,, H,, H.) were compared between the two scenarios at a distance
away from the loop.

The analytical expression, derived in [14], of the magnetic field for a current-carrying thin loop wire
at a point x can be divided into three components: near field, intermediate field, and far field. The total
field of the j-th component is given by

Hj:HJJ'VF+H]‘IF+HfF7fOTj:xay7Z (31)
where
H'" = (3 n:zz:y e mj(s))W (3.2)
. exp(—v|X])
HjIF = 7(3 Z SiSg — m](s))W (33)
n=x,y,z
- = exp(—y|X
H]FF = ~%( Z E,5, — mj(s))4(77|X||) (3.4)
n=x,y,z
where
X=x-b (3.5)

With x being the point of observation and b being the barycenter of the loop and,

Ej=X/IX|, (3.6)

being the j-th component of the unit vector pointing from the center of the loop to the point of observation
and

mj(s) = I(s) /-es dA; (3.7)

is the magnetic moment of the loop. Note that the above equations 3.2, 3.3, 3.4 make use of the
Einstein notation [14].

To simulate a single emitting loop, Sim4Life (S4L),a software developed by Zurich MedTech AG,
was used. It primarily simulates and analyzes electromagnetic fields interacting with biological tissues
using human phantoms in electromagnetic fields.
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3.1.1. Discretization of Maxwell’s Equations

S4L is using the Finite-Difference Time-Domain method (FDTD). The FDTD method was originally
introduced by Yee. It is a direct solution, in the time domain, of Maxwell’s curl equations. The spatial
allocation of electric field (E-field) and magnetic field (H-field) components occurs on a staggered mesh
within a Cartesian coordinate system and can be seen in Figure 3.2.

Primary Grid

Secondary Grid

Figure 3.2: E and H x,y,z components in a 3D Yee cell, shown on a staggered grid, image source: S4L documentation

3.1.2. Analytical vs S4L - Results

The loop configured in S4L, is depicted in Figure 3.3. The loop follows an octagonal geometric shape,
with each of its sides having a 4mm length. The internal angles between each of the sides are 45
degrees. Lastly, the thickness of each of the sides of the loop is 0.1 mm. The settings are summarized
in Table 3.1.

/
Figure 3.3: Thin Loop in S4L
Settings Value Unit of measure
Shape Octagonal | -
Side length | 4 mm
Side angle | 45 degrees ( °)
Thickness | 0.1 mm

Table 3.1: Single loop settings used in S4L simulation

Before initiating the simulation in S4L, it is crucial to calibrate the resonance frequency of the emitting
loop. The resonant frequency was set to 298 MHz to match the operating frequency of a 7T MRI. The
loop’s resonance frequency is at the absolute impedance peak frequency. So, a broadband simulation
is performed to get the impedance against the frequencies graph as depicted in Figure 3.4.

The capacitors’ value can be calculated using
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Figure 3.4: Impedance graph of a single loop for a broadband simulation
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By solving for C, .41 the capacitors’ value was calculated at 10 pF, and they have been tuned such that
the coil resonates at 298 MHz, as depicted in Figure 3.5.

(3.8)

27Tf'resomznce =

P-Loop Broadband 298MHz - Port 1

Refiection Coefficient( [4B(L)]

T TTTT 77T TTo T T TTTT TTTT

=30
3 T T T ; T T '
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Frequency [Hz]

Figure 3.5: Impedance graph of a single loop for a broadband simulation

After simulating the single emitting loop, Matlab was utilized to process the obtained results. Using
S4L, we were able to extract the grid, B-field, H-field, and E-field components for every point on the
grid in relation to their respective x, y, and z coordinates. Thus, the calculation of the H-field using the
analytical expression was performed on the same coordinates using the grid location extracted from
S4L. Figure 3.6 shows that at the location = = 0, the z component H, of the resulting field is zero
throughout the XY plane, as expected. Magnetic field lines are parallel to the XY-Plane at = = 0; thus,
the z component is zero in the entire plane.
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Figure 3.6: On the right (b), the magnetic field as calculated by the analytical expression, and on the left (a), the magnetic field
in Sim4Life

In Figures 3.7,3.8,3.9, the magnetic field’s x,y, and z-components are shown respectively. The
simulated field is shown on the left, and the field calculated by the analytical expression on the right.
Observe that the field’s voxels are non-uniform; thus, the closer we get to the center where the loop is
located, the smaller the voxels’ size. That is the reason black lines appear at the center of the graphs.
The same grid has been used when calculating the field using the analytical expression to compare
both fields. Voxelization is performed automatically by S4L.

S4L Slice at z=0.15 m, x-component x10° Analytical Slice at z=0.15 m, x-component %10
0.2 16 0.2 14
0.15 0.15 13
1.4 12
01 01
1
0.05 1.2 0.05
10
2 0 2 0 9
? ! ?
>.0.05 >.0.05 8
-0.1 08 0.1 7
-0.15 -0.15 6
06
5
0.2 0.2
04 ¢
-0.25 ’ -0.25
025 -02 -015 -0.1 -005 0 005 01 015 02 025 -02 -015 -01 -005 0 005 01 015 0.2
x-axis x-axis
((a)) x component of the magnetic field, S4L simulation ((b)) x component of the magnetic field, analytical expression

Figure 3.7: On the right (b), the magnetic field as calculated by the analytical expression, and on the left (a), the magnetic field
in Sim4Life
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Figure 3.8: On the right (b), the magnetic field as calculated by the analytical expression, and on the left (a), the magnetic field

in Sim4Life
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Figure 3.9: On the right (b), the magnetic field as calculated by the analytical expression, and on the left (a), the magnetic field
in Sim4Life

3.1.3. Simulation results - magnetic field strength

The small differences in the magnetic field strength between the analytical model and the simulation in
S4L can be explained by various factors. The first factor is the thin-wire assumption of the analytical
model. In the calculations of this model the diameter of the wire is not taken info account in the calcula-
tions. This is, of course, a simplification and an assumption made to create a simpler equation for this
non-real-life model. However, this assumption disregards a wire’s electric properties compared to the
S4L simulation. Furthermore, the loop has a perfect circular geometry in the analytical model, whereas,
in S4L, it has an octagonal shape. These geometrical differences result in nuances in the distribution
of the electromagnetic field. Last but not least, unlike the analytical model, which does not take into
account any material properties, S4L uses FDTD solvers, which require a material to be assigned for
all objects in the simulation. In these simulations of the coil, a perfect electric conductor was assigned.
The surrounding medium was modeled as air, and the direction of By is towards positive z-direction
as depicted in Figure 3.1. When performing comparative studies between analytical and S4L simula-
tions, one has to take into account these differences in both models and be careful when performing
a straightforward comparison of field strength. By observing the fields of both analytical and simulated
spatial components, one can safely say that magnetic field lines follow the same pattern, with minor
differences in strength values due to all the aforementioned reasons.
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3.1.4. Receiver’s location - mutual Inductance
In the previous section, we investigated whether a single emitting loop can simulate a magnetic dipole.
Before the experiment, an important question had to be answered. What would be the optimal position-
ing of the receiver coil in relation to the emitting coil? On the one hand, by placing the receiver too far
from the emitting coil, we are at risk of having low sensitivity due to the attenuation of the magnetic field
strength in the far field. Thus, differences due to varying conductivity of the dielectric solution might not
be able to be observed. On the other hand, it is expected that the differences in magnetic field lines
are larger if we get very close to the receiver.

To answer these questions, the following are performed:

* The differences in the amplitude of the resulting H,, H, and H, components is compared

» The mutual inductance between the emitting coil and the receiving coil was calculated at various
distances in the near, medium, and far fields.

Figures 3.7(b), 3.8(b), 3.9(b), show the H-field calculated on these grid location extracted from S4L.
To measure the similarity of the B-fields at the receiver location Faraday’s Law was used. By summing
the B-field strength (in frequency domain) inside the area covered by the notional receiver, according

to Faradays law
]{E.dl = —jw//BdA (3.9)

In the configuration under examination, the orientation of the receiver coil is carefully chosen to be
facing the z-axis. This is in contrast to the orientation of the emitting loop, which is fixed along the
x-axis, with its magnetic moment specifically directed towards the positive x-direction. The setup is
depicted in Figure 3.10, with the green circle being the emitting loop and the blue lines the receiver in
different locations along the z-axis.

Emitting loop in green & receiver in various locations along z-axis

©
|

X-axis
Figure 3.10: Orientations of emitting and receiver loops

z-axis

These configurations and their associated mutual inductance components are visually represented
in Figures 3.11, 3.12, and 3.13.

By observing from these Figures,3.11, 3.12, and 3.13, we see the varying degree of mutual induc-
tance based on the relative position of the receiver coil to the emitting coil’s origin. It’s critical to note
that the deviations between the computed mutual inductance values are larger when the receiver is
located close to the single emitting loop. This is due to the more complex electromagnetic phenomena
taking place in the near-field region compared to the far-field region. Specifically, the near-field region
is characterized by non-propagating fields that contribute to the difference between the analytical and
simulated models.

As mentioned, these differences may be the result of several factors. The analytical models often
simplify the physical constraints to develop manageable mathematical expressions, while numerical
FDTD simulations utilize more real-world properties. These nuances become very noticeable in the
near-field where the mutual inductance between the two coils is more sensitive to these parameters.

Therefore, when interpreting these results, it is crucial not only to consider the coils’ orientation/
magnetic moment direction but also the near-field or far-field—in which these interactions are occurring.
These factors clearly influence the mutual inductance values and should be taken into account when
deciding the receiver location.
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To quantify the similarity between the analytical and simulated of the emitting single loop, the corre-
lation coefficient along the z-axis of a point (x = 55mm,y = 55mm) inside the area of the receiver is
calculated, for the H-field and E-field. The results are shown in Figures 3.14 and 3.15, respectively.
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Figure 3.11: X-component of Mutual inductance against receiver’s location
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Figure 3.12: Y-component of Mutual inductance against receiver’s location
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Figure 3.13: Z-component of Mutual inductance against receiver’s location
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Figure 3.14: Correlation across z axis, between analytical and simulated Hz-component at the point x = 55mm,y=55mm, point

within the receiver loop
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Figure 3.15: Correlation across z axis, between analytical and simulated Ez-component at the point x = 55mm,y=55mm, point
within the receiver loop

As can be seen, the correlation of the mutual inductance for H is 0.99643, and for E.,, it is 0.91467.

3.2. The effect on the H-field produced by a small emitting loop

inside a dielectric

3.2.1. Dielectric solution with relative permittivity ¢, = 1

In the previous sections, it is seen that the simulated and analytical expressions of a loop are similar.
With this foundational understanding, we are now able to extend our research into more specialized
conditions. In short, investigate the effect of varying conductivity. Observe that in equation 2.35, we
have three main contributing terms. The last two are dependent on o and ¢,., respectively. The first term
is a constant. By setting e, = 1, we eliminated the last term. By replacing the second partial derivative
with —w?, the equation now has an initial amplitude, and then by increasing o, the amplitude gets
smaller, which is exactly the behavior expected to be observed. Note that the equation 2.35 requires
the whole ball to be magnetized, whereas in our case, there’s only an emitting loop inside the ball. So,
If the terms inside the integral are not zero, this is the intended behavior. Figure 3.16 shows a visual
representation of the simulation setup.
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Figure 3.16: Simulation setup, to investigate the effect of dielectric on the field produced by single emitting loop
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The receiver coil was placed right next to the ball facing the positive z-axis, and the emitting loop
had a magnetic moment on the positive x-axis. The setup is depicted in Figure 3.17; the receiver was
located at coordinates x = 11.5¢m,y = Ocm, z = Ocm. The diameter of the receiver coil is 11cm, and
the dielectric sphere is 12cm.

e Z

(S

Figure 3.17: Simulation setup, receiver loop is shown as the blue circle.

Note that a dual-source arrangement was used to generate a symmetrical magnetic field. In this
arrangement, the two sources are placed diametrically opposite to each other. A phase shift of 180
degrees was introduced to one of these sources. This phase-shifted source decision is introduced to
counterbalance asymmetries that arose due to a resulting non-uniform magnetic field at the receiver
location, thereby ensuring a magnetic field that exhibits spatial uniformity and symmetry to the extent
that is possible.

For details of the configuration settings used in this simulation, refer to Table 3.2 as it shows the
properties of the source.

Source settings Value Unit of measure
Excitation signal Harmonic | -

Frequency 298 MHz

Type Voltage -

Amplitude 1 \%

Delayed periods 0 -

Resistance 50 Ohm

Distribute along line | True -

Table 3.2: Source settings for single loop used in S4L

The properties of the dielectric solution can be seen in Table 3.3.

Property in S4L simulation | Value Unit of measure
Type Dielectric | -

Mass density 1000 kg/m"3

Electric conductivity range 0.0-0.8 | S/m

Relative permittivity 1 -

Relative permeability 1 -

Magnetic conductivity 0 Ohm/m

Table 3.3: Dielectric medium settings, for single loop simulation in S4L

Table 3.4 shows the parameters of the emitting loop used in the simulations.
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Stripline width | 1 mm
Loop width 10 mm
Loop Height 10 mm
Loop thickness | 0.2 mm
Corner angle 45 degrees
Corner length | 4mm

Table 3.4: Properties of the loop used in S4L

After running the simulation, the B field and grid were extracted and processed using Matlab (see
code in Appendix). By applying Faraday’s law of induction, one can derive the Electromotive force.
This is expressed as

V= —jw/B.dA (3.10)

The B-field traversed through the receiving coil is summed up. Because the grid is non-uniform,
each contribution of the magnetic flux passing through the receiving coil is multiplied by the area of
the cell A. This area-weighing is crucial, as it ensures that cells with different sizing do not equally
contribute to the calculation of the induced voltage. This calculation was performed for all simulated
conductivity values. The results are presented in Figure 3.18.
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Figure 3.18: Induced voltage at receiver location z=0m
The expected behavior is observed, as conductivity increases the amplitude decreases.

3.2.2. Dielectric solution with relative permittivity ¢, = 80
Using a similar approach as before, we changed the relative permittivity to 80 so we can simulate the
change of behavior when e,. is not equal to 1. The reason for choosing e, = 80 is that this is the relative
permittivity of water. The simulation was performed with the parameters in Table 3.5,

Figure 3.19 shows the results for the same simulation as in 3.18 but for ¢, = 80.
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Stripline width 1 mm
Loop width 10 mm
Loop Height 10 mm
Loop thickness 0.2 mm
Corner angle 45 degrees
Corner length 4mm
Conductivity range | 0.0-0.8 S/m
Relative Permitivity | 80

Table 3.5: Loop properties used in S4L for relative permittivity=80
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Figure 3.19: Induced voltage at receiver location z=0m

As it can be observed, Figure 3.19 follows almost the same trend as before. However, a non-linear
relation is now observed. The main difference is that the value at o = 0 is larger. This can be explained
by the fact that now the last term of 2.35 is not zero anymore.

3.3. The effect on the H-field produced by emitting loops in series

forming a cylinder inside a dielectric
To bring S4L simulations closer to the real MRI experiment, beam excitation needed to be introduced.
To accomplish this an arrangement consisting of single loops in series was introduced. This arrange-
ment provides a more uniform excitation and mimics better the MRI excitation. The S4L configuration
can be inspected in Figure 3.20.

It is essential to highlight that beam excitation differs fundamentally from the one described in [3].
However, our primary objective is not to fully replicate the exact setup from the literature. By using this
excitation setup, we’re effectively extending the scope of this research. We’re not only assessing the
impact of conductivity on magnetic field strength but also testing how a beam excitation will alter the
outcome.

The results of the simulation can be seen in Figure 3.21.

Compared to the previous setup, which used a single emitting loop, here the graph follows a non-
linear behavior. The induced voltage seems to follow a parabolic behavior as o increases.
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Figure 3.20: Simulation setup, to investigate the effect of dielectric on the field produced by a series of loops, simulating MRI
beam excitation
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Figure 3.21: Induced voltage, from a field produced by a series of loops, by varying conductivity for e, = 1

3.4. The effect on the H-field produced by emitting loops in series

forming a cylinder inside a dielectric, covered by plastic
In the simulation, a small plastic ball is used to enclose the dielectric solution. Thus, an extra layer of
plastic has to cover the dielectric. This has been simulated, and the setup can be seen in Figure 3.22.
The outer layer consists of a Tmm plastic with ¢, = 2.4 and o = 0.
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"
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Figure 3.22: Simulation setup, to investigate the effect of dielectric inside a small ball on the field produced by a series of loops,
simulating MRI beam excitation
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Figure 3.23: Induced voltage at receiver location z=0cm

3.5. Summary of key findings

As presented in this chapter, the simulations have yielded clear results, building a strong case for our
main hypothesis. It is observed that the conductivity of a dielectric solution, when varied, influences
the resulting magnetic field strength after excitation. These changes in the solution’s charge density
affect the solution’s ability to interact with and change the scattered electromagnetic field, thus leading
to differences in the resulting magnetic field strength. More specifically, at = = Om, the highest mutual
inductance between the emitting loop and the receiver coil is observed. Thus, placing the receiver coil
at z = 0 will be beneficial to measure the effect of increasing o due to scattered fields. Moreover, it is
expected that when o = 0 and ¢, = 80, we will observe a stronger signal at the receiver. When we apply
a beam excitation, it is anticipated to get a non-linear relationship between increasing conductivity and
the measured signal strength.



Experiment

4.1. Introduction

This chapter aims to validate the findings of the simulations through an experiment and whether what is
observed in simulations can be measured through the experiment. The correlation between increasing
conductivity and getting a lower magnetic field strength provides a strong case for this research’s main
hypothesis: that there exists a clear, direct, distinguishable, and measurable relationship between the
conductivity of a dielectric solution and the strength of the induced magnetic field after exciting the
dielectric solution.

4.2. Experiment setup and scan properties
Using the facilities of the University Medical Center Utrecht, a 3T MRI system was used for the experi-
ment, as shown in Figure 4.1, facilitated by the Department of Radiology.

The experimental setup is depicted in Figure 4.2. Note that in the setup image, two coils are shown.
However, the coil with the red X has not been used. A plastic sphere with a 120mm diameter is placed
in the center. The thickness of the plastic is Tmm. The sphere was filled with distilled water to achieve
the lowest possible conductivity, as distilled water is deionized. To study the impact of increasing
conductivity, we enhanced the solution conductivity by sequentially adding 1 gr of sodium chloride by
extracting some water from the sphere, dissolving salt in it, and injecting it back into the sphere.

The first obstacle that we faced was during the initial survey scan. In short, a survey scan is a
low-resolution scan that is quickly taken with the purpose of orienting the object properly. The images
resulting from the survey scan had a very low contrast. This phenomenon was due to the fact that
the sphere in the MRI couldn’t be "sensed” by the MRI’s receiver coils. To overcome this problem,
gadolinium was added to the dielectric solution. Gadolinium is an earth metal, and it is used as an MRI
contrast agent to enhance the resulting scan image contrast by reducing the T1 relaxation time of water
protons.

The experiment was executed by using a T1-weighted Fast Field Echo (T1FFE) sequence. This
sequence was chosen for its ability to differentiate tissues based on their T1 relaxation times. The
specific parameters used in the scanning are given in the Table 4.1.

4.3. Experiment results

The data acquired directly from the MRI scanner is not in a form that one can immediately conduct a
direct comparison or analysis. Therefore, the raw data needed to be transformed. The output file of
the MRI scan is in the form of magnitude images. These plots are exported as .REC files are matrices
of pixel values representing the measured signal intensity at each voxel. Although the pixel data can
be useful for medical doctors, using it directly to perform comparisons between the various scans can
be misleading due to variations in the resulting magnitude image, equipment calibrations, etc.

Next to the .REC file, there’s an associated .PAR file that holds data about the scan. This data
includes details that can help in rescaling the raw pixel values to a standard form, thus making it possible
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Figure 4.1: Image of the MRI machine used for the experiment

to compare individual scans. More specifically, three parameters helped to achieve this: the rescale
slope (RS), the rescale intercept (Rl), and the scaling slope (SS) by using the following formula,

PV « RS+ RI
RV = —R9<SS (4.1)

The rescaled magnitude plot, for o = 0, can be seen in Figure 4.3. Observe that the sphere does
not have the same magnitude everywhere. This is because the receiving coil is placed right next to the
ball, and the closer the ball is to the receiving coil, the higher the signal. In order to compare all the
measurements for all the conductivity values, a mask was introduced in the middle of the sphere. This
allows us to compensate for small errors occurring when placing the sphere back in its place after the
salt addition between scans.

By calculating the masks, two metrics were chosen. The first one is the max magnitude value of
the mask and the standard deviation. Both can be observed in Figures 4.4 and 4.5 respectively. The
maximum value does show some minor trends. By increasing the conductivity, the max value is also
increasing. However, the standard deviation increases too. Thus, a solid relation can not be derived
from this experiment. This can be because differences due to dielectric properties are too small and
can not be sensed by the receiver coil. However, we can see a big difference between ¢ = 0 and
o = 0.2, which is the only indication that increasing conductivity affects the resulting magnetic field
strength. Although this can be seen in the figures, the simulation trends can not be verified yet. In
order to achieve that, a higher-frequency MRI can be used as it might help to sense those differences.
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Figure 4.2: Image of the experimental setup

Scan Duration 12.6 seconds
Patient Position Head First Supine
Preparation Direction | Right-Left

Scan Resolution 80 x 80

Repetition Time (TR) | 150 milliseconds

Field of View (FOV) 240.000mm (ap), 5.000mm (fh), 240.000mm (rl)
Water Fat Shift 0.870 pixels

Off Centre midslice 31.062mm (ap), -3.006mm (fh), 11.022mm (rl)

Table 4.1: Experiment MRI parameters
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Conclusion

The advancements in MRI technology have always been crucial to the evolution of medical imaging in
general. As MRI advances, so does the need for more accurate, realistic, in-depth, and comprehensive
models to visualize and analyze medical imaging data. This thesis explored the generalized signal
model, a mathematical signal model that promises to go beyond the standard MRI model by considering
scattered fields introduced by the dielectric properties of human tissue.

The research hypothesis is that the dielectric properties of a body undergoing MRI scanning, when
varied, significantly affect the resulting magnetic field strength after excitation. Through S4L simulations,
has been shown that altering the dielectric properties of a dielectric solution, affects the solution’s ability
to interact with the magnetic field and results in variations in the measured magnetic field.

The first research question is whether the dielectric properties of tissues affect the received MRI
signal. As shown in the simulations, there’s a high correlation between increasing the conductivity and
the received signal. The exact correlation could not be derived in this research. The first reason is
that a rearrangement of the generalized signal model has to be formulated to "match” the excitation
sequence of the MRI. Secondly, it has been shown that not only the dielectric properties affect the
measured signal but the excitation sequence too. Although this was shown in the simulation, during
the experiment only one excitation sequence was used. Furthermore, research has to be made to
verify empirically the latter. Although in simulations both conductivity and relative permittivity were
examined, during the experiment it was hard to test the relative permittivity values as it requires an
expensive chemical to be added to the dielectric solution. In regards to the experiment, the maximum
values of the masked magnitude plots show that increasing the conductivity increases the receiving
signal too. However, to get more confidence in those results, better simulations have to be carried out,
and more than one receiving coil can be added to the setup. Furthermore due to limitations a 7T MRI
machine was not available, using a higher frequency MRI machine could show the same results as in
the simulations.

The second research question is how the dielectric properties alter the received signal. Simulations
suggest that by increasing the conductivity, the receiving signal decreases too, which is what the gen-
eralized signal model suggests. However, the experiment didn’t show the same trend. By only plotting
the masked magnitude plots, there is not any significant difference in the resulting received signal. This
can be explained due to various reasons. For example, the sensitivity of the coil. If the difference in the
magnetic field is relatively small, this difference can not be captured by the receiving coil. Another so-
lution is to experiment with an even higher-field MRI machine. As can be seen in the model, the higher
the frequency, the higher the contributions of the dielectric properties. Furthermore, by exciting the
whole ball, instead of using a beam of a single emitting loop, one can use the generalized signal model
for a direct comparison. Note that, simulating the excitation of the whole sphere would be complicated.

The third question is how the beam excitation sequence affects the received signal. Due to time
limitations, the experimental verification for these questions was not possible. However, it is clear in
the simulations that the beam excitation sequence does affect the relation between the magnetic field
strength and the conductivity. Another experiment has to be carried out to verify this hypothesis.

Furthermore, it is aimed to answer how the generalized signal model compares to the standard
model. It seems that the ability of the generalized model to take into account the dielectric properties
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of the tissue is crucial. Although the exact correlation between dielectric properties and the received
signal was not validated, it is clear that altering conductivity alters the received signal.

The attempt to verify these results, using a 3T MRI machine, validated only to a certain extent the
theoretical and simulated findings up to a point. There is a clear correlation between increasing con-
ductivity and obtaining an altered magnetic field. This relationship between conductivity and magnetic
field strength has to be further researched as it seems to have implications on MRI imaging and can
potentially lead to better and more accurate imaging. As has been seen in simulations, relative permit-
tivity also affects the resulting magnetic field strength, however, this has been outside the scope of this
research. However, it is strongly recommended that this be investigated in the future. Although the
simplification of the generalized signal model requires the whole ball to be excited (which was not the
case for our experiment), we can still use it to explain the results of our S4L simulations and experiment
results.

In conclusion, this thesis only shows the impact of conductivity and potentially relative permittivity
on MRI signal models through simulations. The generalized signal model offers a promising future
in MRI research and medical applications, because of its ability to account for scattered fields. As
MRI technology evolves, it is important to have mathematical models that reflect real-life magnetic field
interactions to explore the full potential of MRI technology and have more groundbreaking medical
imaging research and technology.
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Matlab Code

nwnn

clear;
close all;
@beg

4% Data

load ('C:\Users\Georgios\iCloudDrive\Thesis\effect-of-dielectric\00\Grid_raw.mat
load('C:\Users\Georgios\iCloudDrive\Thesis\effect-of-dielectric\OO\H_raw.mat ')
load('C:\Users\Georgios\iCloudDrive\Thesis\effect-of-dielectric\00\B_raw.mat')
Bz00= reshape(B(:,1),Grid_size);

By00= reshape(B(:,2),Grid_size);

Bz00= reshape(B(:,3),Grid_size);

load ('C:\Users\Georgios\iCloudDrive\Thesis\effect-of-dielectric\01\Grid_raw.mat
load ('C:\Users\Georgios\iCloudDrive\Thesis\effect-of-dielectric\0I\H_raw.mat ')
load('C:\Users\Georgios\iCloudDrive\Thesis\effect-of-dielectric\01\B_raw.mat ')
Bz01= reshape(B(:,1),Grid_size);

By01= reshape(B(:,2),Grid_size);

Bz01= reshape(B(:,3),Grid_size);
load('C:\Users\Georgios\iCloudDrive\Thesis\effect-of-dielectric\02\Grid_raw.mat
load ('C:\Users\Georgios\iCloudDrive\Thesis\effect-of-dielectric\02\H_raw.mat')
load('C:\Users\Georgios\iCloudDrive\Thesis\effect-of-dielectric\02\B_raw.mat ')
Bz02= reshape(B(:,1),Grid_size);

By02= reshape(B(:,2),Grid_size);

Bz02= reshape(B(:,3),Grid_size);
load('C:\Users\Georgios\iCloudDrive\Thesis\effect-of-dielectric\03\Grid_raw.mat
load('C:\Users\Georgios\iCloudDrive\Thesis\effect-of-dielectric\O3\H_raw.mat ')
load('C:\Users\Georgios\iCloudDrive\Thesis\effect-of-dielectric\03\B_raw.mat ')
Bz03= reshape(B(:,1),Grid_size);

By03= reshape(B(:,2),Grid_size);

Bz03= reshape(B(:,3),Grid_size);
load('C:\Users\Georgios\iCloudDrive\Thesis\effect-of-dielectric\04\Grid_raw.mat
load('C:\Users\Georgios\iCloudDrive\Thesis\effect-of-dielectric\0O4\H_raw.mat')
load('C:\Users\Georgios\iCloudDrive\Thesis\effect-of-dielectric\04\B_raw.mat ')
Bz04= reshape(B(:,1),Grid_size);

By04= reshape(B(:,2),Grid_size);

Bz04= reshape(B(:,3),Grid_size);

load ('C:\Users\Georgios\iCloudDrive\Thesis\effect-of-dielectric\05\Grid_raw.mat
load('C:\Users\Georgios\iCloudDrive\Thesis\effect-of-dielectric\0O5\H_raw.mat ')
load('C:\Users\Georgios\iCloudDrive\Thesis\effect-of-dielectric\05\B_raw.mat ')
Bz05= reshape(B(:,1),Grid_size);

By05= reshape(B(:,2),Grid_size);

Bz05= reshape(B(:,3),Grid_size);

load ('C:\Users\Georgios\iCloudDrive\Thesis\effect-of-dielectric\06\Grid_raw.mat
load('C:\Users\Georgios\iCloudDrive\Thesis\effect-of-dielectric\06\H_raw.mat ')
load('C:\Users\Georgios\iCloudDrive\Thesis\effect-of-dielectric\06\B_raw.mat')
Bz06= reshape(B(:,1),Grid_size);

By06= reshape(B(:,2),Grid_size);

Bz06= reshape(B(:,3),Grid_size);
load('C:\Users\Georgios\iCloudDrive\Thesis\effect-of-dielectric\07\Grid_raw.mat
load('C:\Users\Georgios\iCloudDrive\Thesis\effect-of-dielectric\O7\H_raw.mat ')
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51 load('C:\Users\Georgios\iCloudDrive\Thesis\effect-of-dielectric\07\B_raw.mat')
52 Bz07= reshape(B(:,1),Grid_size);

53 By07= reshape(B(:,2),Grid_size);

54 Bz07= reshape(B(:,3),Grid_size);

55 Load('C:\Users\Georgios\iCloudDrive\Thesis\effect-of-dielectric\08\Grid_raw.mat')
s6 lLoad('C:\Users\Georgios\iCloudDrive\Thesis\effect-of-dielectric\08\H_raw.mat')
57 load('C:\Users\Georgios\iCloudDrive\Thesis\effect-of-dielectric\08\B_raw.mat')
58 Bx08= reshape(B(:,1),Grid_size);

59 By08= reshape(B(:,2),Grid_stize);

60 Bz08= reshape(B(:,3),Grid_size);

61

62

63 4%

64

65 for i=1:length(ZAzis) -1

66 len_z(i)= (ZAzis (i)-ZAzis(i+1));

67 z_points (i) = (ZAzis(i)+ZAzis(i+1))/2;

68 end

69

70 for i=1:length(YAzis) -1

71 len_y(i)= (YAzis (i)-YAzis(i+1));
72 y_points (i) = (YAzis(i)+YAzis(i+1))/2;
73 end

74
75 for 4=1:length (XAzis) -1

76 len_z(i)= (XAzis (i)-XAzis(i+1));

7 z_points (i) = (XAzis(i)+XAzis(i+1))/2;
78 end

79

80 A%

81 omega =2+%pi*298%10°(6);

82 muO= 1.2566%10"(-6) ;

83 e0= 8.8541878128%10°(-12) ;
84 c= 1/sqrt(e0*mu0);

85 gamma = (l1i*omega)/c;

86

87 V_temp_z = zeros(9,1);

88

89 for z_recetiver=36 Jz= ~Omm

20 for i=1:1length(XAzis) -1

91 z_ind = z_points(i);

92 for j=1:length(YAzis)-1

93 y_ind = y_points(j);

94 if ( (1>48 &6 i<52) &8 (5j>211 &8 j<215)) JSQUARE
95 area_of_cell = abs(len_z(i)*len_y(j));

% Zarea_of_cell = 1;

97 V_temp_z(:,1) = [area_of_cell*Bz00(%,j,2_receiver)+V_temp_z(1,1);area_of_cell

#B2z01(%,7,2z_recetver)+V_temp_z(2,1);area_of_cell*Bz02(%,7j,z_receiver)+
V_temp_z(3,1);area_of_cell*Bz03(i,j,z_receiver)+V_temp_z(4,1);
area_of_cell*Bz04(i,7,z_receiver)+V_temp_z(5,1);area_of_cell*Bz05(%,7,
z_recetver)+V_temp_z(6,1) ;area_of_cell*Bz06(%,j, z_receiver)+V_temp_z(7,1)
;area_of_cell*Bz07(%,7,z_receiver)+V_temp_z(8,1);area_of_cell*Bz08(%,j,
z_receiver)+V_temp_z(9,1)];

98 end

99 end

100 end

101 end

102 /4 V_temp_y = zeros(9,1);

103 /4 for y_receiver=62 Jy=56mm

104 for i=1:1length (XAzis)-1

105 z_ind = z_points(i);

106 for j=1:length(ZAzis) -1

107 z_ind = z_points(j);

108 if ( (abs(z_ind)< 0.2) &8 (abs(z_ind)< 0.2) ) JSQUARE

109 V_temp_y(:,1) = [By00(i,y_receiver,j)+V_temp_y(1,1);By01(1i,y_receiver,j)+

V_temp_y(2,1);By02(%i,y_receiver,j)+V_temp_y(3,1) ;By03(i,y_receiver,j)+V_temp_y (4,1) ;By04(

i,y_receiver, j)+V_temp_y (5,1) ;By05(i,y_receiver,j)+V_temp_y(6,1);By06(i,y_receiver,j)+

V_temp_y (7,1);By07(%i,y_receiver, j)+V_temp_y (8,1) ;By08(i,y_receiver,j)+V_temp_y(9,1)];

end
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7 end

V_z = (1i*omega)*V_temp_z;
% V_y = (li*xomega)*V_temp_vy;
sigma=[0;0.1;0.2;0.3;0.4;0.5;0.6;0.7;0.8];

figure()

plot(sigma,abs(V_z),"*")
title("Induced Voltage, at z=55m")
ylabel ("Induced Voltage")

zlabel (" [S/m]")

% figure()

% plot(sigma,abs(V_y),"*")

% title("Induced Voltage, at y=55m")
% ylabel ("Induced Voltage")

% zlabel (" [S/m]")

maz_lim=2E-15;
min_lim = 0;

figure ()

imagesc (z_points,y_points,squeeze (abs (Bz03(48:end,:,116))) '-squeeze (abs (Bz00 (4{8:end,:,116)))
', [min_1lim maz_lim])

colorbar

zlabel ("z-azis")

ylabel ("y-azis")

title ("=0.3 z=0 m, z-component")

figure ()

imagesc(x_points,y_points,squeeze (abs (Bz01(48:end,:,116))) '-squeeze (abs (Bz00(48:end,:,116)))
'y [min_lim maz_lim])

colorbar ()

zlabel ("z-azis")

ylabel ("y-azis")

title ("=0.1 2=0.0 m, z-component")

figure ()

imagesc (z_points,y_points, squeeze (abs (Bz00 (48:end,:,116))) "', [min_lim maz_lim])
colorbar

zlabel ("z-azis")

ylabel ("y-azis")

title ("=0.0 2=0.0 m, z-component")

figure ()

imagesc(x_points,y_points,squeeze (abs (Bz02(48:end,:,116))) '-squeeze (abs (Bz00(48:end,:,116)))
'y [min_lim maz_lim])

colorbar

zlabel ("z-azis")

ylabel ("y-azis")

title ("=0.2 2=0.0 m, z-component")

figure ()

imagesc (z_points, z_points, squeeze (abs (By05(47:end,61,:))) ', [min_lim max_lim])
colorbar

zlabel ("z-azis")

ylabel ("y-azis")

title(" y=0.056 m, y-component")

NN NN
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