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ABSTRACT

A PRECLINICAL ARBITRARY WAVEFORM
MAGNETIC PARTICLE IMAGING SCANNER FOR
MULTI-FREQUENCY IMAGING

Beril Alyiiz Yilmaz
M.S. in Electrical and Electronics Engineering
Advisor: Emine Ulkii Saritag Cukur
August 2023

Magnetic Particle Imaging (MPI) is a tracer based tomographic imaging modal-
ity that images the spatial distribution of the magnetic nanoparticles (MNPs)
using their nonlinear magnetization response. MPI is a rapidly growing and safe
imaging modality with high temporal and spatial resolution, together with high
sensitivity. In MPI, different types of MNPs and the properties of their local
environment such as viscosity and temperature can be identified via the relax-
ation behavior of the MNPs. The optimal drive field (DF) frequency depends on
the application of interest. In addition, the sensitivity of quantitative mapping
can benefit from imaging at multiple DF frequencies. However conventional MPI
systems utilize an impedance matching circuitry tuned to a specific DF frequency
to mitigate the reactive power, which in turn restricts the operation of the MPI
systems to that frequency. In this thesis, a preclinical arbitrary waveform (AW)
MPI scanner is proposed to enable flexible functionality in a wide range of oper-
ating frequencies. The AW MPI scanner features three specialized components:
(1) an AW drive coil with a reduced inductance achieved by utilizing Rutherford
cable windings to enable wideband imaging in a preclinical-size MPI scanner, (2)
a gradiometric receive coil designed to have zero mutual inductance with the AW
drive coil to alleviate the effect of the direct feedthrough signal while sensitively
receiving the MNP signal, and (3) additional capacitor banks to block DC cur-
rent while avoiding distortions in the DF waveform. This thesis also proposes a
technique for multi-frequency imaging in a single scan using the developed AW
MPI scanner. Experimental imaging results demonstrate that MPI images and
relaxation maps can be successfully achieved at multiple DF frequencies using the

developed AW MPI scanner and the proposed multi-frequency imaging technique.
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OZET

COK FREKANSLI GORUNTULEME ICIN PREKLINIK
RASTGELE DALGA FORMU MANYETIK PARCACIK
GORUNTULEME TARAYICISI

Beril Alyiiz Yilmaz
Elektrik ve Elektronik Miihendisligi, Yiiksek Lisans
Tez Damsmant: Emine Ulkii Saritag Cukur
Agustos 2023

Manyetik Parcacik Gortintilleme (MPG) manyetik nanopargaciklarin (MNP) uza-
ysal dagilimini, onlarin dogrusal olmayan manyetizasyon tepkisini kullanarak
goriintiileyen iz siirtici tabanli bir tomografik goriintiileme yontemidir. MPG
yiksek zamansal ve uzaysal ¢oziiniirliige ve yiliksek duyarliliga sahip, hizla geligsen
ve giivenli bir gortintiileme yontemidir. MPG’de farkhi tip MNP’ler ve on-
larin viskozite ve sicaklik gibi lokal ortam ozellikleri, MNP’lerin relaksasyasy-
onu aracihgiyla belirlenebilir. Optimum eksitasyon alani (EA) frekansi hede-
flenen uygulamaya baghdir. Ayrica, niceliksel haritalamanin duyarliligi bir-
den fazla EA frekansinda gortintiilemeden faydalanabilir. Ancak, konvensiyonel
MPG sistemleri reaktif giicii azaltmak icin belirli bir EA frekansina ayarlanmig
empedans esglegtirme devresi kullandigr icin tek frekansa kisithdir. Bu tezde,
genig bir calisma frekansi araliginda esnek islevsellik saglamak icin bir prek-
linik rastgele dalga formu (RDF) MPG tarayicisi onerilmektedir. RDF MPG
tarayicisi i¢ 6zel bilegene sahiptir: (1) Preklinik boyutlu bir MPG tarayicida genis
bant goriintillemeyi mimkiin kilmak i¢cin Rutherford kablo sarimlar: kullanilarak
azaltilmig endiiktansa sahip bir RDF siiriicii bobini, (2) hassas bir gekilde MNP
sinyalini alirken dogrudan besleme sinyalinin etkilerini hafifletmek i¢in RDF
siirticii bobini ile sifir karsilikli endiiktansa sahip olacak sekilde tasarlanmig bir
gradyometrik sinyal alic1 bobin, (3) DC akimini bloke ederken EA dalga formunda
bozukmalardan kaginmak icin ek kapasitans bankalari. Ayrica, bu tez geligtirilen
RDF MPG tarayicisimi kullanarak tek taramada cok frekansh gortintiileme icin
bir teknik onermektedir. Deneysel goriintiilleme sonuclari, geligtirilen RDF MPG
tarayicist ve onerilen ¢ok frekansh goriintiileme teknigi ile MPG gortintiilerinin
ve relaksasyasyon haritalarinin ¢oklu EA frekanslarinda basarili bir gsekilde elde
edilebilecegini gostermektedir.
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Chapter 1

Introduction

The ability to visually represent the inner human body has significantly facilitated
the diagnosis and treatment processes for several diseases. Magnetic resonance
imaging (MRI), x-ray imaging, computed tomography (CT), ultrasound, single
photon emission computed tomography (SPECT), and positron emission tomog-
raphy (PET) are examples of prevalent medical imaging modalities. MRI, CT,
SPECT, and PET are classified as tomographic imaging modalities, producing
slice-by-slice images of a selected part of the human body. MRI and CT directly
image the proton density and X-ray attenuation, respectively, while contrast ma-
terials can also be used to enhance image contrast [1]. In contrast, nuclear imaging
methods such as PET and SPECT image the spatial distribution of a radioactive
tracer administered into the human body prior to imaging. These tracer based
imaging modalities are broadly used for cancer detection and functional imaging,
since tracers interact with the metabolism to reveal disease indications. How-
ever, they cannot identify details about the background human anatomy since

the detected signals only come from the applied tracers.

Magnetic Particle Imaging (MPI) is a novel tracer based tomographic imaging
modality that images the spatial distribution of magnetic nanoparticles (MNPs)
by exploiting their nonlinear magnetization response [2]. The most commonly

used MNPs for MPI are superparamagnetic iron oxide (SPIO) nanoparticles since



they are safe to administer to human subjects (even for patients with chronic
kidney disease) and have already been used as clinically approved contrast agents
in MRI [3].

MPI directly receives signal from the MNPs with zero signal from the back-
ground tissue. Therefore, it offers superior sensitivity for detecting MNPs when
compared to MRI. In MRI, MNPs have negative contrast due to 7}, dephasing,
which makes their precise localization difficult [3]. MPI can provide high tem-
poral and spatial resolution, potentially allowing applications with fast, dynamic
imaging requirements [4]. Unlike x-ray and CT, MPI does not utilize ionizing ra-
diation, making it a safer alternative. Additionally, unlike PET and SPECT, MPI
does not use radioactive tracers that cause ionizing radiation [1]. First introduced
in 2005 and rapidly developing since then, MPI has already been demonstrated
for several applications such as angiography [5, 6], stem-cell tracking [7, 8, 9],
cardiovascular interventions [10], cancer imaging [11], drug delivery [12, 13], and

localized hyperthermia [14].

In MPI, three different magnetic fields are employed to image the spatial distri-
bution of MNPs. A static selection field (SF) with strong spatial gradients enables
the localization of the MNP signal. SF creates a zero-field area at the center of
the scanner setup, referred to as the field-free region (FFR). The FFR is rapidly
moved across the field-of-view (FOV) by using a sinusoidal drive field (DF) to
generate time-varying magnetization. A receive coil records the signal induced
by the change in MNP magnetization. Because of human safety and hardware
limitations, DF alone is not adequate to cover the entire FOV [15, 16]. Hence,
FOV is separated into smaller regions called partial field-of-views (pFOVs). To
achive this, a high-amplitude and low-frequency focus field (FF) shifts the FFP
to areas that cannot be reached by the DF alone [17, 18, 19].

System Function Reconstruction (SFR) and X-space reconstruction are the
two widely used image reconstruction methods in MPI. For SFR, the FOV is
divided into voxels, and a system matrix (SM) is obtained by recording the in-

duced particle signal from a point source MNP at each voxel location [20]. SM



explains the linear relationship between the MNP distribution and the measure-
ment signal. The MPI image is obtained by solving a linear system of equations
[21]. However, achieveing a high resolution reconstruction demands a long cali-
bration scan of a point source MNP. Moreover, the SM is not generalizable and
needs to be measured separately for different MNPs and/or different scanning
trajectories. In contrast, X-space reconstruction achieves the reconstruction of
the spatial distribution of the MNPs in real-time by gridding the induced signal
to the instantaneous position of the FFR. X-space reconstruction does not require
calibration scans, but the point spread function of the system causes a blurring
in the reconstructed MPI images [22, 23].

In MPI, the relaxation behavior of MNPs causes a delay in the alignment
between their magnetic moments and the applied DF, which causes a loss in
signal-to-noise (SNR) and blurring in the MPI image due to a peak shift and
an amplitude loss in the MPI signal [24]. MNPs have distinct MPI signals con-
trolled by their physical properties such as their magnetic material and core size
[3].  Furthermore, MNPs can exhibit different relaxation behaviors depending
on their local environmental conditions such as temperature and viscosity [24].
Color MPI is a quantitative mapping application that aims to differentiate dif-
ferent MNP types and their environment by exploiting these variations in the
MNP signal. Color MPI expands the application spectrum of MPI, including
MNP-labeled catheter tracking for vascular interventions [25, 26|, catheter steer-
ing during endoscopic procedures [27], and viscosity [28, 29, 30, 31, 32, 33] and
temperature mapping [34, 35, 36, 33].

Reducing the reactive power on the power amplifier is crucial for achieving
DF amplitudes large enough to excite the MNPs. Conventional MPI scanners
require impedance matching to manage the reactive power, which restricts their
operation to a single frequency [37]. Limiting the scanner operation to a partic-
ular frequency is inconvenient for quantitative mapping applications where the
optimal DF parameters depend on the application of interest [31, 33]. Addition-
ally, since MNP signal changes with DF parameters, having a flexible system can

facilitate and accelerate the optimization process of DF parameters. Reducing



the inductance of the DF coil decreases the reactive power while providing perfor-
mance in a wide bandwidth, enabling arbitrary waveform (AW) characteristics.
Previously, other studies miniaturized the DF coil to reduce its inductance and
allow AW characteristics for magnetic particle spectrometer and relaxometer se-
tups [38, 39, 40]. Furthermore, magnets were added to an AW relaxometer in
order to achieve small-scale field free line MPI scanner for enabling pulsed ex-
citation in MPI [41]. In this thesis, the design of a DF coil that achieves AW
characteristics in a typical-sized preclinical MPI scanner is proposed. The design
utilizes Rutherford cable windings and achieves a 144-fold reduction in induc-
tance compared to a standard DF coil [37]. Additionally, a gradiometric receive
coil is designed to effectively mitigate the direct feedthrough signal, achieving
approximately 65 dB decoupling between drive and receive coils [42]. In Chapter
3, the designs of the DF coil and the receive coil are presented with simulation
results and demonstrated via imaging experiments on an FFL MPI scanner at

two distinct sinusoidal DF waveforms at 2.5 kHz and 5 kHz.

As previously mentioned, MNP signal depends on their physical properties and
environmental conditions, as well as the DF parameters. Therefore, the optimal
DF parameters differ depending on the quantitative mapping application [33, 43].
In addition, measurements at different DF settings may be required to accurately
distinguish distinct MNP types or their local environments [33]. In Chapter 4,
this thesis proposes a technique for single-pass imaging and relaxation mapping at
multiple frequencies using the developed AW MPI scanner. This technique forms
a DF waveform by continuously stacking a fixed number of periods of selected DF
settings at multiple frequencies one after another. The low inductive reactance
of the designed AW DF coil permits flexible functionality in a wide bandwidth.
The results of 1D and 2D imaging experiments demonstrate the proposed AW
MPI scanner and the multi-frequency imaging technique can successfully produce
images and relaxation maps at multiple frequencies. The techniques proposed in
this thesis have the porential to increase the accuracy and reduce the scan time

for quantative mapping application of MPI.



Chapter 2

Background on Magnetic Particle
Imaging (MPI)

2.1 Imaging Principles

Magnetic Particle Imaging (MPI) spatially resolves the local concentration of
magnetic nanoparticles (MNPs) by utilizing their nonlinear magnetization be-
havior. As depicted in Figure 2.1(a), the particle magnetization increases rapidly
for a range of applied field strengths, then stabilizes even when the external mag-
netic field continues to grow. The Langevin function can be used to model overall

particle magnetization behavior as follows [1, 2, 22]:

M(H)=cm L(kH)=cm (coth(kH) — %) (2.1)
where
Hom
k= T (2.2)

Here, M is the particle magnetization, c is the particle concentration in units of
particles/m3, m is a single MNP’s magnetic moment, H is the applied magnetic
field, pg is the vacuum permeability, kg is the Boltzmann constant, and 7" is the
temperature in Kelvin. In addition, m = M,,7wd?/6 for a single domain spherical
MNP with core diameter d, and Mg, = 0.6 T/ 1o for magnetite MNPs [22].
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Figure 2.1: (a) MNP magnetization M vs. the applied magnetic field H. Hp
denonotes a sinusoidal drive field (DF) that is applied to induce magnetization
response. Red curve denotes the case of MNPs that are in a field free region
(FFR) and blue curve denotes the case of MNPs with saturated magnetization.
(b) MNP magnetization vs. time ¢. Only the MNPs in the FFR generate a
magnetization response (red curve). Saturated MNPs do not respond to the
applied DF (blue curve). (¢) MNP signal acquired via induction vs. time ¢. The
MNPs in FFR generate a received signal (red curve). There is no induced signal
from the saturated MNPs (blue curve). (d) Frequency spectrum of the received
signal. The signal is at the harmonics of the applied fundamental frequency fy.

Figure 2.1 summarizes the imaging procedure. A sinusoidal DF (referenced as
Hp in Figure 2.1(a)) is applied to MNPs. Due to the magnetization response of
the MNPs, only the MNPs in a field free region (FFR) are excited by the DF as
shown in red curves in Figure 2.1. In contrast, the MNPs that have saturated
magnetization cannot respond to the applied DF, as depicted in blue curves in
Figure 2.1. Therefore, only the response of the MNPs in FFR is recorded and
the MNPs in saturated regions have zero response, as illustrated in Figure 2.1(c).
Figure 2.1(d) depicts the Fourier transform of the recorded MNP response, which
is at the harmonics of the fundamental frequency (i.e., the frequency of the applied
sinusoidal DF).



2.2 Imaging Scanner

A conventional MPI scanner uses three main magnetic fields to image the spatial
distribution of the MNPs: (1) a static selection field (SF) to select a region
in space as the FFR and measure the amount of magnetic material present at
that region, (2) a sinusoidal drive field (DF) with sufficient amplitude to reveal
whether a magnetic material is present or not, and (3) a slowly varying focus field
(FF) to extend the field-of-view and move the FFR to locations that DF cannot
be reached with the DF alone [1]. These fields can be generated by dedicated
or shared coils [44]. The MNP response to time-varying magnetic field is then

received via induction by a receive coil.

2.2.1 Selection Field

Figure 2.1 summarizes the nonlinear magnetization of MNPs and its utility for
spatial encoding in MPI. SF features a static magnetic field gradient with a
FFR, usually achieved by situating two permanent magnets with the same poles
facing each other [45, 17] or two electromagnets in Maxwell configuration [46]
Depending on the configuration of the magnets, FFR can be a field-free point
(FFP) as depicted in Figure 2.2, or a field-free line (FFL) as depicted in Figure 2.3.
The field strength in the SF rapidly increases in regions away from the FFR,
forcing the MNPs outside FFR into saturation. Therefore, only the MNPs in the
close vicinity of FFR have magnetizations in the dynamic range and can react to
the sinusoidal DF as shown in Figure 2.1(b), enabling a direct link between the
received MNP signal and FFR location [1].

The SF has different magnetic field gradients along different directions. These
gradients satisfy G, + G, + G, = 0, where G; is the gradient along the direction
1. While choosing the gradient of the SF, it is important to make sure that the
magnetic field from the DF is sufficiently larger than the DF amplitude within

the imaging volume.



2.2.2 Drive Field

The sinusoidal DF superimposed on top of the SF is responsible for moving the
FFR back and forth along its field vector direction during the measurement.
The DF enables acquiring signals from MNPs at several voxels along the FFP
trajectory rather than at a single voxel [1, 2]. For a sinusoidal DF along = with
amplitude Hpeqr and frequency fy, i.e., Hy(t) = Hpearcos(27 fqt), the range of the
field-of-view (FOV) covered by the DF is —Hg—jk, Hg—:’“] The highest and the
lowest FFP velocities are at the center and the edges of this FOV, respectively [1].
The safety limits, namely specific absorption rate (SAR) and magnetostimulation
determine the optimal DF amplitude and frequency, hence its spatial coverage
and the imaging speed [15, 16]. DF is created using an electromagnet, which is
typically wound using a Litz wire. The reactive power of the DF coil is handled
with impedance matching or tuning circuitry at a particular operating frequency
[37]. Initially, the frequency and amplitude of the DF were around 25kHz and
10-20 mT, respectively. Currently, the MPI systems generally apply a DF with a
frequency range of 10 kHz to 100 kHz and an amplitude range of 10 mT to 100 mT
[47]. Alternative to sinusoidal excitation, a pulsed MPI approach with an ideal

square wave excitation has also been proposed [41].

2.2.3 Focus Field

FF is a low-frequency and high-amplitude magnetic field that shifts the FFR to
positions that cannot be reached by DF alone [17, 18, 19]. The FFs are used
to image a large fied-of-view (FOV) since the DF amplitude and frequency are
constrained by hardware limitations and human safety concerns. SAR might
exceed its regulatory limits and peripheral nerve stimulation (PNS) can happen
when applying DFs in kHz range frequencies [15]. The frequency of the FF is
in the range of a few Hz, i.e., much smaller than the DF frequency. The FFP is
moved by the combination of the FF and DF. Similar to the DF, the FF can be

generated using electromagnets.



2.2.4 Receive Coil

In MPI, a direct feedthrough signal is induced on the receive coil due to the
time-varying DF'. This direct feedthrough signal is a significant challenge in MPI,
since its amplitude is several orders larger than the MNP signal amplitude, which
makes discerning the MNP signal difficult during concurrent excitation and sig-
nal reception. Sinusoidal DF's are customarily chosen to contain the frequencies
contaminated by the direct feedthrough. The receive coil typically has a gradio-
metric configuration to cancel out the direct feedthrough signal and reduce the
interfering signals even if the background signals are dynamic during the mea-
surement [48]. Alternative ways to negate the direct feedthrough signal include
active/passive compensation and analog/digital filtering [49]. Typically, even if
a gradiometric receive coil is utilized, the fundamental harmonic is considered to

be contaminated and is filtered out.

2.2.5 Copper Shield

Formation of eddy currents on the surface of the permanent magnets that create
the SF has to potential to induce interference signal on the receive coil. To
avoid this issue, a hallow copper cylinder is placed in the bore of the scanner,
outside the DF coil. The eddy currents are formed on the copper shield instead
of the magnets, being in the opposite direction to the time-varying DF. The AC
field amplitude that the permanent magnets experience is decreased, and the

permanent magnets are effectively shielded [45].

2.3 Signal Equation

The position- and time-dependent total magnetic field applied to the MNPs con-

sists of a constant gradient SF and a time-varying DF, which can be expressed
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Figure 2.2: (a) A schematic of a conventional FFP MPI scanner configuration.
Here, the red curves represent the SF generated by the permanent magnets, which
are placed with North poles facing each other. The green circle represents the
vicinity of the FFP. The MNPs at FFP are excited by the time-varying DF,
generated by the drive coil. The receive coil records the response of the MNPs to
the sinusoidal DF via induction. The spatial encoding is ensured as the induced
signal originates from the MNPs within the vicinity of FFP. (b) Our in-house
FFP Scanner.

as follows for the 1D case:
H(z,t) = Hy(t) + Hs(x) (2.3)

where Hy(t) is the DF and H(z) is the SF. The DF is typically purely sinusoidal

and can be expressed as:
Hd<t> = HpeakCOS(zﬂ'fdt) (24)

where Hpeq, (T) is the peak field amplitude and f; (Hz) is the DF frequency.
Additionally, H(x) can be expressed for 1D case as:

Hy(z) = —Gx (2.5)

where —G (T/m) is the SF gradient strength and x is the spatial position. The
SF' changes linearly as a function of position and the SF is specifically 0 at the
vicinity of the FFP. The instantaneous location of the FFP, x4(t) (m) can be
found by setting Equation (2.3) to 0 and solving for x, i.e.,

H(x,t) = Hy(t) — Gas(t) =0 (2.6)
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Figure 2.3: (a) A schematic of a conventional FFL MPI scanner configuration.
Here, the red curves represent the SF generated by the permanent magnets. The
green ellipsoid represents the vicinity of the FFL. The MNPs at FFL are excited
by the time-varying DF, generated by the DF coils. The receive coil records the
response of the MNPs to the sinusoidal DF via induction. The spatial encoding
is ensured as the induced signal originates from the MNPs within the vicinity of
FFL. (b) Our in-house FFL Scanner.

() = 0 (27)

Then, Equation (2.3) can be reformulated as:

H(z,t) = G(xs(t) — x). (2.8)

The total magnetic field H(z,t) changes the magnetization of the MNPs, which
is modeled using the Langevin function as stated in Equation (2.1). The mag-
netization of a continuous 1D MNP distribution p(x) can be explicitly obtained
by replacing H in Equation (2.1) by the total magnetic field H(z,t) in Equation
(2.8):

M(x,t) = mp(z)L(kG(xs(t) — x)). (2.9)

The electrical voltage signal induced on the receive coil can be expressed as the
volume integral of the time derivative of M (z,t). For the 1D case, the signal can

be expressed as follows [22, 23]:

Sadiab(t) _/'-Br%d‘r

9 (2.10)
:BTE/M(x,t)da;
11



where B, is the sensitivity of the inductive receiver coil. By plugging Equation
(2.9), we obtain:

Sudian(t) = BT% / mp(x) LG (2, (t) — 2))da
9

= By (mp(a) % LG | (211)

= Bymp(x) % L(KGT)| e, (kG 5(t)

where Z4(t) is the instantaneous FFP velocity.

2.4 Image Reconstruction Methods

System function reconstruction (SFR) and X-space reconstruction are the two
main image reconstruction methods commonly employed in MPI. SFR involves a
system matrix (SM), which explains the linear relation between the received signal
and the spatial concentration of MNPs at a given location. In X-space image
reconstruction obtains the MPI image by performing a velocity compensation
and gridding of the received signal at the instantaneous position of the FFP.

These two methods are described in more details below.

2.4.1 System Function Reconstruction

SFR represents the overall MPI signal as a linear combination of signals from the
voxels in the FOV. The SM describes the relationship between the induced MNP
signal and the spatial distribution of MNP concentration. Measurement-based
methods, sparse recovery methods, and model-based methods are commonly uti-
lized approaches to obtain the abovementioned linear mapping [50]. Establishing
a factual physical model is a struggle due to the complexity of the environmental
factors and and magnetization response of the MNPs. Previously, a model-based
method was previously presented that produces SMs by utilization of a signal
chain model [51]. Afterwards, the model-based approach for obtaining the SM is

validated using 2D data [52]. Currently, the most accurate method is considered
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to be the measurement-based SM, which involves a calibration scan where the
response of a point source MNP is collected at every voxel locations within the
FOV using any type of FFP trajectory, which is depicted in Figure 2.4. The SM
is constructed by placing the Fourier transform of the recorded signal at each

voxel position in to the corresponding columns of the matrix [20].
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Figure 2.4: The calibration scan to obtain the SM. (a) The MPI signal of a point
source MNP placed at the 7" voxel position is obtained. The curve indicated the
FFP trajectory. (b) The Fourier Transform is applied to the received signal, (c)
which is inserted into the i** column of the SM.

A high-resolution image necessitates a lengthy calibration scan, as measuring
the SM for a medium-sized image of 34x28x20 may take up to six hours [5, 53].
Sparse recovery methods that construct a fully-sampled SM from undersampled
calibration scans have been proposed to alleviate the calibration time burden.
In 2013, the number of calibration scans were reduced by a compressed sensing
reconstruction method that exploits the fact that SMs have sparsity when basis
transformations are applied to them. Some of these transformations include the
discrete Fourier transform, discrete cosine transform, and discrete Chebyshev
transform [53]. Later, a method was presented for compressing the SM further
by taking advantage of the SM symmetry [54]. In addition, acquiring the SM
using a coded calibration scene instead of a point source MNP was proposed to

improve the both the SM and quality of the reconstructed image with the same
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experimental parameters, i.e., noise and sampling rate [55].

After obtaining the SM, the response of the spatial concentration of MNPs
is recorded as a voltage signal applying the same FFP trajectory used during
calibration. The linear relationship between the desired MNP concentration and

the recorded voltage response signal can be described with the following:
u=Sc (2.12)

where S is the SM, u is the Fourier transform of the received voltage vector during

imaging, and c is the MNP concentration vector at all voxel positions within the

FOV.

The desired MPI image vector ¢ can be obtained by solving the equation
(2.12). Typically, the inverse problem has an ill-posed nature, the reconstruction
is improved by employing a type of regularization, most commonly Tikhonov,
[52]. Singular value decomposition (SVD) and Cholesky decomposition are the
most generally used direct methods to solve the linear equation. Although having
advantages, such as SVD being able to tune the regularization parameter easily,
the direct methods are impractical, especially for 3D MPI, because of their large
memory requirement since the SM must be stored entirely to solve regularized
linear equation [50]. Necessitating smaller memory and producing less computa-
tional effort, the regularized linear equation is widely solved by iterative methods
such as Kaczmarz and the conjugate gradient method [50]. Alternatively, opti-
mization methods such as Alternating Direction Method of Multipliers (ADMM)

are also utilized for solving the problem via constrained convex optimization [56].

2.4.2 X-space Reconstruction

X-space reconstruction can accomplish reconstruction directly and faster, requir-
ing no calibration scans. The received voltage signal is a sampled version of
the desired MPI image at the instantaneous position of the FFP [50]. The re-
construction is done by appointing the speed-compensated received signal to the

instantaneous FFP position. For the 1D case, the MPI image can be expressed
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in terms of the MNP concentration p(z) from Equation (2.11):

plo) = B;(;C/léacb:g(t) (2.13)
= () % B lementy (2.14)
= p(x) * LIKGT) =, 1)- (2.15)

Equation (2.15) formulates the MPI image as a convolution of the MNP concen-
tration p(z) and the point spread function (PSF) of the imaging system. The 1D
PSF, h(x) = L(kGz), is dependent on the MNP characteristics (due to parameter
k) and the MPI system (due to parameter G)) and causes a blurring in the MPI

image.

X-space reconstruction technique was extended from 1D to 3D by proving that
multidimensional MPI can be approximated as a linear shift-invariant system
and deriving the PSF for multidimensional MPT [23]. While the equations for
multidimensional x-space image equation are significantly more complicated, the

derivation steps are similar to those for the 1D case.

The conventional x-space reconstruction forms the image by performing a
speed compensation to the received signal and mapping it to the instantaneous
position of the FFP [22, 23]. In MPI, human safety and hardware concerns limit
the size of the region that the DF alone can cover. Therefore, multiple smaller
partial FOVs (pFOVs) must be employed to cover the entire FOV. The separately

processed pFOV images are combined to form the complete MPI image.

A drawback of x-space reconstruction is that the PSF of the imaging system
blurs the reconstructed image. If the PSF is known or measured, deconvolution
can be applied to improve image resolution. Another drawback of x-space re-
construction is that it assumes the MNP signals are adiabatic and models the
MNP magnetization using the Langevin model. Ignoring the relaxation behavior
of MNPs can lead to additional blurring and artifacts in the reconstructed images
[50].
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2.4.2.1 Partial FOV Center Imaging

Partial FOV Center Imaging (PCI) is a robust x-space reconstruction technique
proposed to alleviate the susceptibility to harmonic interferences. The pFOV
processing steps of standard x-space reconstruction can be easily affected by con-
ditions where the receive signal is non-ideal, such as the cases where harmonic
interference, noise, and relaxation effects are present [49]. The fundamental har-
monic filtered to eliminate direct feedthrough signal is recovered during x-space
reconstruction by enforcing smoothness and non-negativity [6, 49]. If there is a
signal at higher harmonics induced by the non-idealities and/or interferences in
the imaging system, the filtering out the fundamental harmonic is no longer suf-
ficient. In practice, higher harmonic interferences are solved by taking a separate
background measurement before and/or after the experiment and subtracting it
from the received signal. However, for cases where the interferences have com-
parable levels to the MNP signal or there is a drift in the imaging system, the
background cancellation cannot remove the interferences entirely and correctly
[49].

PCI handles processing each pFOV in a considerably simplified manner by
constructing the raw image of the total FOV by assigning the MNP signal di-
rectly to the center locations of the pFOVs. Then, the MPI image is obtained
by deconvolving the raw image with a known, compact kernel. The shape of
the deconvolution kernel depends on nothing but the size of the pFOVs, being
independent of the other imaging parameters [49]. We can define the center of
all pFOVs within the total FOV as:

2y(t)|1=ty; = Toj, for j=1,...,N (2.16)

where z; is the center position of the j* pFOV, ¢y, is the time instant when the
FFP is at xp;, and N is the total number of pFOVs. In PCI, the raw image is
obtained by sampling the MNP signal s(¢) at the center of each pFOV:

po(wo;) = s(t)]e=to, (2.17)
= ais(to;)(o; ) (2.18)
= Bop(zg;) for j =1, ..., N. (2.19)
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Here, a = B,mkG is a constant. The FFP velocity can be regarded to be identical
at all pFOV centers since it is determined by the DF, which makes 8y = a2s(to;)
a constant for all N pFOVs [49]. It is important to note that go(z) does not
contain the fundamental frequency due to direct feedthrough filtering. The lost
first harmonic for a pFOV, which was shown to be a DC term [6, 20], can be
formulated via a convolution for stepped focus fields [57]. This formulation is

also valid for slowly varying focus fields. Accordingly, for the j** pFOV:

4 22\ 2
ﬁdc(%j) o e f?(x) *q/1— (W)

where W is the extent of each pFOV. The raw image at z(; can be rewritten by

(2.20)

T=x0;

taking the lost DC term into account, using Equations (2.19) and (2.20):

po(wo;) = Bo(p(xo;) — Pac(Tos)) (2.21)
=0 | plz) x| 6(z) — % 1-— (2%) - (2.22)
(2.23)

This relation is valid at the centers of all N pFOVs. A total raw image can be
written as a convolution of the ideal image with a fully known compact kernel
with full width W:

olir) = () * ho(x) (2.24)
where
hole) = o [ 8(a) — iy 1~ (QW) (2.25)

Finally, the desired MPI image p(x) can be obtained by performing a deconvolu-
tion to po(x) with ho(x), i.e.,

p(x) = po(a) ¥~ ho(x). (2.26)
For all harmonics, the MPI harmonic image basis, which consists of Chebyshev
polynomials of the second kind [6, 20], varies relatively slowly near the centers
of the pFOV compared to the edges, making the pFOV centers robust against
harmonic interference effects, conversely making the edges more susceptible to the
mentioned interferences [49]. Therefore using the signals solely at pFOV centers

makes PCI reconstruction robust against harmonic interference effects.
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Figure 2.5: (a) The PSFs in collinear and transverse directions, aligned with
the instantaneous velocity vector of the FFP by being revolved at an angle 6.
Here, a portion of a Lissajous trajectory is shown in x-y plane. (b) The spatial
concentration of MNPs. (c¢) The collinear image obtained by convolving the
collinear PSF with the MNP distribution in space and (d) the transverse image
obtained by convolving the transverse PSF with the MNP distribution in space.
Figure adapted from [58].

2.4.2.2 Gridding Reconstruction for Non-Cartesian X-space

This technique expands x-space reconstruction to more complex multi-
dimensional trajectories while still employing speed compensation and the sig-
nal assignment onto instantaneous FF'P position, the operations essential in the

x-space reconstruction [58].

In 3D x-space MPI theory, two vectors, one collinear and the other transverse
to the FFP velocity vector, constitute a reference frame on which the images are
produced [23]. The collinear image, depicted in Figure 2.5(c), created by con-
volving the collinear PSF, depicted in Figure 2.5(a), with the MNP distribution
in Figure 2.5(b) [58], has higher resolution and higher image quality than the
transverse image, depicted in Figure 2.5(d), created by convolving the transverse
PSF, depicted in Figure 2.5(a), with the MNP distribution in Figure 2.5(b). For
1D DF, the axis of the receive coil is aligned with the speed vector of the FFP to

exclusively obtain the collinear component of the MPI image. For the cases of 2D
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or 3D DFs, the collinear MPI image can be obtained by utilizing multiple receive
coils to record the MNP signal and forming a virtual receive coil that is aligned
with the instantaneous FFP speed vector by combining their signals accordingly

[58]. The following paragraphs describe this procedure for the case of 2D DFs.

The proposed gridding reconstruction extracts the collinear component of the
image from the received signals in x- and y-directions. The received MNP signals
induced on two receive coils placed along physical x- and y-directions for a 2D

FFP trajectory in x-y plane can be expressed as [58]:

So(t) = Bramk||xs(¢) [{IM G (xs(t), 0(t))cos(0(t)) — IMG L(x4(t),0(t))sin(6(t)) }
(2.27)

and

sy(t) = Brymk||%s(0)[[{T MG (x(2), 0(2))sin(0(t)) + IMG L (x4(t), 0(t))cos(0(t)) }

(2.28)
where B,, and B,, are the receive coil sensitivities, x,(t) and X,(t) are the
instantaneous position and velocity vectors, (t) is the angle of the FFP speed
vector with respect to the x-axis. The collinear and transverse images can be
denoted as a convolution operation between the corresponding PSFs and the

MNP distribution in space, i.e.,

IMG)(x.(1), 0(1)) = p(x) * hy (5, 0) besert (2.29)
IMGL(%.(1). 0()) = p(x) % b (x,0(0)) oo (2.30)

Here, hj(x,0(t)) and h,(x,6(t)) are the collinear and transverse PSFs, respec-
tively, and x is the position vector. As shown in Figure 2.5(a), these PSFs are
rotated by an angle € to be in the same direction as the FFP velocity vector at
time instant ¢. Figure 2.5(c) and (d) show the collinear and transverse images
formed by convolving the MNP distribution with the corresponding PSF's, re-
spectively. The resolution and quality of the collinear image is better than the

transverse image [58].

The gridding reconstruction aims to reformulate the collinear image in terms

of the received signals s,(t) and s, (). The signal for a virtual receive coil in line
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with the FFP velocity vector can be expressed as [59]:

su(t) = Sé—fi)cos(e(t)) + %gsin(e(t)) (2.31)
— mk||%, ()] IMGy(x4(), 0(2)). (2.32)

The resulting image for a virtual coil after speed compensation can be expressed

as:

IMG,(x.(0) = T3 = aTMG (1), (0) (233)

where o = mk is a constant. The proposed technique only grids the collinear

component of the signal to improve image quality.

The inspiration for this technique is the gridding algorithms in MRI, which
convolves the data points on a non-Cartesian k-space trajectory with a kernel,
applies sampling operation to the convolved data samples and grids the samples
onto a Cartesian k-space grid. The MRI image is reconstructed after density
compensation of the scanning trajectory [58]. The gridding reconstruction for
non-Cartesian x-space MPI proposes a gridding algorithm in image domain since

the signal equation is directly expressed in image domain:

 TMGulx) _ (IMGE)S00) * () - ()

G =0 = ) (L)

(2.34)

where

s(x) = ZS d(x — x;) (2.35)
IMG(x;) = IMG,(xs(t;)), i=1,..., Ns. (2.36)

Here, IMG(x) refers to the ideal image to be reconstructed, sampled at FFP
locations on the trajectory, s(x) is a non-Cartesian sampling function with im-
pulses placed at sampled FFP positions, x; = x,(t;) is the FFP position at time
instant ¢;, ITI( %) is a 2D Comb function for re-sampling onto the Cartesian Grid,
¢(x) is the gridding kernel in image domain which is a Kaiser-Bessel window, a
common choice for MRI gridding algorithms [58]. Also, Az is the resolution of

the Cartesian grid, i.e., the distance between two adjacent points on the grid.
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To achieve a high-quality reconstruction, the acquired data must be spread
to all pixels in the Cartesian grid and the parameters of the kernel, namely the

kernel width and image size must be tuned deliberately [58].

2.5 Relaxation Mapping via Color MPI

2.5.1 Relaxation Behavior of MNPs

The signal equation for MPI in Equation (2.11) is formulated under the assump-
tion that the magnetization of the MNPs aligns instantaneously with the time-
varying magnetic field. In practice, there is a delay in the alignment due to the
relaxation of the MNPs. Two distinct mechanisms, as depicted in Figure 2.6(a),
contribute to the relaxation process under an oscillating DF [60]: Néel relaxation

and Brownian relaxation.

1. In Néel relaxation, the orientation of the magnetic moments of the MNPs

changes internally. The time constant for the Néel relaxation process is

given as:
TN = Ty \2/_3/%0 (2.37)
where
o= Z‘;ﬁ (2.38)

In Equation (2.37), 7y is the attempt time [61], K is the anisotropy constant
of the MNPs, and o refers to the ratio of anisotropic and thermal energies
of the MNP.

2. In Brownian relaxation, the MNPs physically rotate to align their magnetic
moment with the time-varying external magnetic field. The time constant
associated with the Brownian relaxation is given as:

. SVV}L
kT

(2.39)

B
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Figure 2.6: (a) The Brownian and Néel relaxation mechanisms. The magnetic
moment of the MNP is illustrated with a red arrow, its magnetic core with a green
ellipse and the coating around the core with a black circle. (b) The effects of the
relaxation on the MPI signal. Compared to the ideal adiabatic signal, Suaias(t), a
delay and a decrease in the signal amplitude can be observed in the signal with
relaxation, s(t).

where v is the viscosity of the environment, and V}, is the hydrodynamic
volume of the MNPs.

These two mechanisms work in parallel, and result in a net effective time

constant that is typically expressed as [61]:

Teff = (i + i) h (2.40)

N B

It is important to note that the relaxation mechanisms in MPI work differently
than the relation in Equation (2.40) since the Brownian and Néel relaxation
mechanisms explain the behavior of MNPs under zero-field, i.e., when an applied
DC field is suddenly removed [62]. In the case of MPI, however, a time-varying
DF is applied to generate the MNP response. The relaxation of MNPs shows
different properties due to these overlapping magnetic fields, and can be modeled

as a Debye process:

s(t) = Sagiap(t) * 7, (1) (2.41)
where .
r(t) = ;e*%u(t). (2.42)
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In Equation (2.41), s(t) is the signal with relaxation, sugap(t) is the ideal signal
as described in Equation (2.11), % denotes convolution over ¢, and r,(t) is the
relaxation kernel. In addition, 7 is the effective relaxation time constant of the
MNP in seconds and u(t) is the Heaviside unit step function [24]. As shown in
Figure 2.6(b), relaxation process induces blurring and lowers the SNR of the ideal

adiabatic signal given in Equation (2.11).

2.5.2 Time Constant Estimation via TAURUS

The adiabatic signal, Sugia(t), features a mirror symmetry that is valid for every
type of MNP and distribution in space, for the cases where the signal is acquired
with a back-and-forth FFP trajectory [28, 63]. To express the mirror symmetry in
mathematical form, the negative and positive signals can be defined as the half-
cycle signals acquired during the back and forth FFP movement, respectively.

The mirror symmetry in the adiabatic signal can be expressed as:

Spos,adiab<t) = _Sneg,adiab(_t) = Shalf (243)

The relaxation mechanisms distort this mirror symmetry. Using Equations (2.41)

and (2.43), we can express the negative and positive signals with relaxation as:

Spos(t) = Shaif(t) * (1) (2.44)
Sneg(t) = —Snarf(—t) * 1-(%) (2.45)

Taking the Fourier transform of sp,s and s, yield:

Spos(f) = F{SPOS(t)} = ShalfRT(f) (246)
Sneg(f) = F{sneg(t)} = _S;;alfRT(f) (2.47)
1

R.(f)=F{r-(t)} = T ionfr

where F is the Fourier transformation operation and superscript * denotes com-
plex conjugation. Using the Fourier transform of s,,s and s,.4, 7 can be computed
in the frequency domain as follows [28, 63]:
) Sl Sl
127 f (Spos (f) — Sneg(f))
23
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The computed relaxation time constant 7(f) should be independent of frequency
in the ideal case. Nevertheless, the deviations from the relaxation model in Equa-
tion (2.41) or noise in the system may induce frequency dependency [64]. A
weighted average of 7(f) is computed with the magnitude spectrum [S,.s(f)| as
weights [63]. The adiabatic signal, Sugiap(t) can be obtained by deconvolving s(t)
with 7. (t) [64].

2.5.3 Rapid TAURUS

The mirror symmetry in the adiabatic signal, Sqaia(t), is distorted for trajecto-
ries with time-varying FFs. The center of the pFOV shifts, which causes non-
symmetrical FFP motion around the pFOV center. Additionally, the mirror sym-
metry is further altered by different trajectory speeds of the positive and negative
signals. The slew rate of the FF causes a delay between the positive and negative
signals and a magnitude disparity. The Rapid TAURUS technique proposes a

slew rate correction to restore the mirror symmetry in s,qi.s(t) as follows [64]:

Spos,c(f) Spos,d(f) (250)
Snege(f) = Snega(f)e*™ o (2.51)

Here, Sposc and Sp.s . are the corrected positive and negative signals, respectively,
and Spesq and Sye, 4 are the positive and negative signals distorted due to time-
varying FFs. Additionally, « is the amplitude scaling, which is the ratio of the
FFP velocities at ty and to + T/2 + At, and given as:
o | Bp27 facos (27 fyAt) + R |
| — Bp2nfa + Rs .|

Here, T' = 1/ f; is the period of the drive field and ¢, is the time point at which

. (2.52)

the FFP speed is maximum in the first negative half-cycle. Lastly, At is the
FF-induced time shift, given approximately as:

_ —R; .

- 2fa(Bp2nfa+ Rz)

For Equations (2.52) and (2.53), R, , is the slew rate of the FF along z-direction,

At (2.53)

B, and f; are the peak amplitude and the frequency of the DF, respectively.
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Equation (2.49) can be used with the corrected signals, Sps. and Spesc, to

obtain SR-corrected estimation in frequency domain [64]:

_ S;os,c(f) + Sneg,c(f)
Z.27Tf(550570<f) - Sneg,c(f)) ‘

Note that when At = 0, which corresponds to the case of zero slew rate, this

7(f) (2.54)

equation converges to Equation (2.49).
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Chapter 3

Preclinical Arbitrary Waveform
FFL MPI Scanner

Parts of this chapter are based on the following publications:

B. Alyuz, M.T. Arslan, M. Utkur and E.U. Saritas, “An Arbitrary Waveform
MPI Scanner”, International Journal on Magnetic Particle Imaging, 8(1 Suppl
1):203077, 2022.

B. Alyuz, M.T. Arslan, M. Utkur and E.U. Saritas, “Single-Pass Relaxation
Mapping at Multiple Frequencies using an Arbitrary Waveform MPI Scanner”,
International Journal on Magnetic Particle Imaging, 9(1 Suppl 1):2303075, 2023.

3.1 Introduction

Magnetic particle imaging (MPI) scanners utilize drive fields (DF) to excite mag-
netic nanoparticles (MNP) and image their spatial distribution. Typical MPI
scanners handle the reactive power on the drive coil via impedance matching cir-

cuitry tuned to a single resonant frequency. The necessity for such circuitry limits
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the flexibility of the imaging system, restricting it to a particular operating fre-
quency. However, the optimal frequency may be different for functional imaging

applications of MPI such as viscosity mapping or temperature mapping [31, 33].

Reducing the reactive power on the power amplifier is necessary to achieve
DF amplitudes large enough to excite the MNPs. One method to reduce the
reactive power for a wide bandwidth is miniaturizing the drive coil to reduce its
inductance [38]. Reduced inductance eliminates the need for impedance match-
ing, enabling arbitrary waveform (AW) characteristics. Previous studies achieved
AW characteristics for magnetic particle spectrometer (MPS) and relaxometer se-
tups [38, 39, 40]. Additionally, a small-scale field free line (FFL) MPI scanner
was constructed by adding magnets to an AW relaxometer to enable pulsed exci-
tation in MPI [41]. While employing small-scale coils is feasible for such setups,

typical MPI scanners have considerably larger dimensions.

This chapter proposes an AW drive coil design to achieve AW characteris-
tics in an MPI scanner. The proposed design utilizes Rutherford cable windings
to achieve a 144-fold reduction in inductance compared to a standard drive coil.
Low inductive reactance enables functionality in a wide range of frequencies with-
out a need for impedance matching or tuning circuitry. Proof-of-concept results
are demonstrated via imaging experiments on an FFL scanner with two distinct

sinusoidal DF waveforms at 2.5 kHz and 5 kHz.

3.2 Arbitrary Waveform Drive Coil

To obviate the need for impedance matching at a specific DF frequency, we pro-
pose an AW drive coil that utilizes Rutherford cable windings. This design can
considerably reduce the inductance of the drive coil and hence the reactive power
that the power amplifier needs to supply. To form Rutherford cable windings,
Npg Litz wires are twisted together to form a single cable with a rectangular
cross-section, as illustrated in Figure 3.1(a). With this topology the number of

windings is reduced to N; = N /Ng, where Ny, is the number of regular windings
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with the wire of the same length [65].

(b)

(c)

(d)

Figure 3.1: Rutherford cable windings and AW drive coil. (a) Rutherford cable
winding technique for a Rutherford cable with 12 Litz wires, twisted together to
form a 6x2 rectangular cross-section. (b) Rutherford cable windings prepared
for our AW drive coil. Here, the number of windings in the Rutherford cable is
chosen as 12. (c¢) The coil former for the constructed AW drive coil that includes
4 extensions that hold on to the copper shield to ensure accurate positioning. (d)
The constructed AW drive coil.

Inductance of a coil for the case of regular windings can be expressed as:
L = A, N? (3.1)

where Ay is the inductance constant. In the case of using a Rutherford cable,
there is a N3-fold reduction in the coil inductance assuming Ay, remains approx-

imately the same, i.e.,
N2
L'~ ANP=A; | —) == 3.2
B r (NR> N2 (3:2)
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To generate the same magnetic field, the total current on the Rutherford cable
should be equal to I’ = I Ng, where I is the current on the wire in the case of

regular windings. Therefore, the voltage on the coil can be expressed as:

V' = I'jwl ~ INpjw-2 =

= —. 3.3
N~ N (33)

Here, V = [jwlL is the voltage on the coil with regular windings. As seen in these
relations, since the number of windings is reduced Ng-fold using a Rutherford
cable, the inductance is reduced N3-fold, and the voltage on the coil is reduced
Ng-fold [65].

Table 3.1 lists the specifications of the AW drive coil, comparing it with a
standard drive coil of identical diameter and length but with regular Litz wire
windings. In our design, we chose Ny as 12. The Rutherford cable was prepared
using 125/40 AWG Litz wires, twisted together to form a 6x2 rectangular cross-
section, as shown in Figure 3.1(b). The inner diameter of the drive coil was
4.4 cm, with a length of 12cm. The AW drive coil, shown in Figure 3.1(d), had 3
layers with 13 Rutherford cable windings per layer. The separation between the
drive coil and the copper shield played a critical role in determining the number of
layers, since the copper shield reduces the drive coil sensitivity as the separation
gets smaller. For our in-house MPI scanner, 3 layers provided a favorable trade-off
between high coil sensitivity and reduced coil inductance, achieving functionality

in a wide range of frequencies within the hardware limits.

3.2.1 Simulations

The designed AW drive coil was simulated in COMSOL Multiphysics ®)Version
5.5. There is no publicly available method to simulate Rutherford cable windings
in COMSOL. Here, we utilized a 2D axisymmetric model, and simulated each 6x2
cross-section of the Rutherford cable as a single solid wire. The copper shield of
our in-house MPI scanner was also incorporated into these simulations to account
for the shielding effects. The goal of these simulations was to predict the coil

performance in terms of coil sensitivity, inductance, and resistive heating. To
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Table 3.1: Comparison of coil specifications for a standard drive coil and an AW
drive coil

Simulated Simulated Measured
Standard Drive Coil | AW Drive Coil | AW Drive Coil
Inner Diameter 44 mm 44 mm 44 mm
Coil Length 120 mm 120 mm 120 mm
# of Layers 6 3 3
Inductance 3.56 mH 24.75uH 23.87uH
DC Resistance 1.14Q 7.7m) 32.03 m{2
Coil Sensitivity 3.28mT/A 0.274mT/A 0.268mT/A
at 8kHz
Voltage 386.8 V 323V 44.8V
at 8kHz, 10 mT
Voltage 363.62V 30.3V 420V
at 5kHz, 15mT

this end, a Frequency-Transient study was utilized to compute the temperature
changes over time and the electromagnetic field distribution as a function of
operating frequency. Electromagnetic field distribution and temperature changes
were simulated using Magnetic Fields and Heat Transfer in Solids interfaces,
respectively. For the heating simulations, the room temperature was taken as
25°C.

The coil sensitivity was simulated at 5kHz and 8 kHz. The resistive heating
was simulated at two different DF settings amplitude of 10mT at 8kHz and
amplitude of 15mT at 5kHz. The duration of DF was chosen as 90s, as it
corresponded to the maximum scan time duration expected to be utilized during

the experiments.

The results of coil sensitivity and resistive heating simulations are given in
Fig. 3.2. The simulated temperature increase due to resistive heating remained
negligible after continuously applying the DF at 8 kHz and 10 mT for 90s. Simi-
larly, the temperature increase remained low for DF at 5 kHz and 15mT, as well.

These results indicate that no external cooling is required.

As given in Table 3.1, the simulated AW drive coil achieves approximately 12-

fold reduction in the required voltage when compared to the standard drive coil,
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Magnetic Field Resistive Heating Resistive Heating

Sensitivity at 8 kHz, 10 mT at 5 kHz, 15 mT
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Figure 3.2: COMSOL simulation results for the AW drive coil. (a) The coil
sensitivity at 8 kHz, and (b) the temperature change (AT') due to resistive heating
after continuously applying the DF for 90 s at 8 kHz and 10 mT (c) and 5 kHz and
15mT. In heating simulations, the room temperature was taken as 25°C.

reducing it from 386.8V to 32.3V at 8kHz and 10 mT. In addition, it achieves
144-fold reduction in the coil inductance when compared to the standard drive
coil, reducing it from 3.56 mH to 24.75 pH. The Rutherford cable winding reduces
both the DC resistance and the inductance, scaling down the required voltages.
As a trade-off, the reduced coil sensitivity of the AW drive coil indicates higher

current requirements, which creates a hardware limitation on the DF amplitude.

3.2.2 Measurements

Inductance and DC resistance measurements for the constructed AW drive coil
was performed using an LCR meter (GW Instek LCR-8105G). The coil sensitivity
was measured using a gaussmeter (Lakeshore 475 DSP) along the central line of
the AW drive coil, while applying a DF at 8 kHz. The current through the
drive coil was measured using a current probe (LFR 06/6/300, PEM). During
these measurement, the drive coil was inside the copper shield, as the presence of
the copper shield significantly affects the inductance and sensitivity of the drive
coil. Then, the voltage for both DF settings were calculated using the measured

inductance, DC resistance, and coil sensitivity.

As given in Table 3.1, the specifications for the simulated and measured AW
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Figure 3.3: The surface plot of the simulated direct feedthrough voltage induced
on the receive coil as a function of the number of turns in the moving and fixed
part of the gradiometric receive coil.

drive coils match closely. The slight deviations may stem from the simulation
approach for Rutherford cable winding, as well as the non-idealities in the cable

and coil implementation.

3.3 Gradiometric Receive Colil

A receive coil was designed together with the AW DF coil. It had a three-section
gradiometer geometry with 27, 50, and 31 turns for the fixed compensation,
center receive, and tuning parts, respectively, achieving around 65 dB decoupling
between drive and receive coils. The simulations were done using COMSOL
Multiphysics ®Version 5.5. A 2D axisymmetric model was used to model the
subcomponents of the AW MPI scanner utilizing the Magnetic Fields interface to
simulate the direct feedthrough signal. The optimal number of turns for the fixed
compensation and the tuning segment were found with grid search by employing

Parametric Sweep study.
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(a)
Stabilizers SCrew Tool Moving Part  Central Part  Fixed Part

(b)

Figure 3.4: Implementation details of the gradiometric receive coil. (a) 3D design
of the coil former. It featured a stable part that includes the fixed compensation
and the central parts. The stable part had 4 extensions to hold on to copper shield
to ensure accurate positioning. Additionally, the coil former for the moving part
was separate. Lastly, the former design included a screw tool to enable fine tuning,
stabilizers to make sure that the receive coil does not move laterally. All parts are
marked with red arrows. (b) Constructed gradiometric receive coil. The fixed,
central, and the moving parts are marked with red arrows. (¢) The gradiometric
receive coil inside the AW drive coil. Both feature extensions to hold on to the
copper shield for stabilization and accurate positioning inside the MPI scanner.

The number of turns in the center part of the receive coil was chosen as 50
to maintain a homogeneous receive sensitivity profile ( > 90% homogeneity) in a
targeted 12.5mm region at the scanner isocenter. Then, the induced voltage on
the receive coil (2010g10(|Vinducea|)) was simulated for varying number of turns in
the fixed and the moving parts of the receive coil when the separation between the
center and the moving part is 0. The range for the number of turns in the fixed
and the moving parts was chosen as 25 to 50 turns. Figure 3.3 shows the results
of the simulation, where configurations that significantly minimizes the induced
voltage on receive coil are clearly visible. Accordingly, the ideal number of turns

for the fixed compensation part was chosen as 27. The number of turns for the
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Figure 3.5: The simulated sensitivity profile of the gradiometric receive coil along
the central z-axis.

moving compensation was increased to 31 to allow for an appropriate separation
between the center and the moving parts for ideal tuning and minimization of

the induced voltage on receive coil.

The designed coil had 27, 50 and 31 number of turns for the fixed, the central
and the moving part, respectively. Figure 3.4(a) shows the 3D design of the
coil former on which the receive coil was wound. The fixed and the central
compensation parts were wound onto one part of the coil former design, while
the moving part was wound onto a separate part to enable tuning. To ensure
that the movement is only on one axis, a small rectangular part of the former for
the fixed and central parts was left empty, while the corresponding part of the
former for the moving part had a rectangular shaped extension. Figure 3.4(b)-(c)
shows the constructed gradiometric receive coil and how it is attached to copper

shield to ensure stabilization and accurate positioning inside the MPI scanner .

Figure 3.5 shows the sensitivity profile of the designed receive coil with 27, 50,
and 31 turns in the fixed, center and moving compensation parts, respectively.
Here, 75% homogenous region length is 23 mm, 90% homogenous region length

is 14 mm and 95% homogenous region length is 10 mm.
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(a) (b)

Figure 3.6: The constructed capacitor banks. (a) 2x12 capacitor bank with
capacitance value of 30 pF. (b) 1x25 capacitor bank with capacitance value of
1000 pF.

3.4 Capacitor Banks

Capacitor arrays were designed to prevent a possible shift in the FFL position
due to the presence of DC voltages at the output of the power amplifier. In total
two capacitor arrays were designed: one array with a total capacitance of 30 puF
and one array with a total capacitance of 1000 pF, as shown in Figure 3.6. Two
different capacitance values were used since the capacitance values of the capacitor
banks distort the applied DF waveform, and therefore affect the received signal.
This especially becomes important for our application where DF waveforms at
different frequencies are applied consecutively in a single scan. To simulate this
effect, an LT'Spice simulation was performed by drawing the circuit schematic of

the imaging setup and observing the transmitted DF waveform.

In Figure 3.7, V; denotes the voltage source, supplying the circuit with the
voltage signal that is required to generate the constructed DF waveform with
two different DF settings, namely (8kHz,10mT) and (5kHz,15mT). Lryx and
Lpx are the inductances of the drive coil and receive coil, respectively. Finally,
CpeBiock 18 the capacitance of the capacitor bank to block out interference signals

near DC. The simulation was performed for 4 periods of the DF waveform, with
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(a)

(b)

(c)

Figure 3.7: LTSpice circuit schematic of the imaging setup (a) without a capacitor
bank, (b) with a 30 uF capacitor bank, and (c) with a 1000 pF capacitor bank.

each period consisting of 40 periods of a sinusoid at (8 kHz,10 mT) followed by 40
periods of a sinusoid at (5kHz,15mT). For the cases without and with capacitor
banks, the voltage waveforms V; were created using MATLAB to ensure that the
desired currents can be formed to generate the desired DF amplitudes. These

waveforms were then used as voltage supply by utilizing piecewise linear function
in LTSpice.

With LTSpice, the current on the drive coil was simulated, as shown in Fig-
ure 3.8. The effect of the capacitance of the bank on the transmitted DF waveform
is evident in Figure 3.8. When there is no capacitor bank in the imaging setup,
the current waveform on the AW drive coil is shown in Figure 3.8(a). When the
capacitance value is small, i.e., 30 pF, the shape of the current waveform is signif-
icantly distorted, as depicted in Figure 3.8(b). The capacitor bank with 1000 pF
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Figure 3.8: The voltage sent to the AW drive coil (a) without a capacitor bank
in the imaging setup, (b) with a 30 uF capacitor bank, and (c¢) with a 1000 pF
capacitor bank. The current on the AW drive coil (d) without a capacitor bank
in the imaging setup, (e) with a 30 pF capacitor bank, and (f) with a 1000 pF
capacitor bank. The voltages and currents are displayed for 4 periods of the DF
waveform for visualization purposes.

capacitance achieves a current waveform with reduced distortion, shown in Fig-
ure 3.8(b). To ensure that the DC current is blocked while keeping distortions at

a reasonable level, 1000 pF capacitance is chosen for the capacitor bank.

3.5 Proof-of-Concept Imaging Experiments

Proof-of-concept imaging experiments were performed to demonstrate that imag-
ing at two different frequencies can be performed using the AW drive coils. These
imaging experiments were performed on our in-house FFL. MPI scanner, shown
in Fig. 3.9a. This scanner performed projection format imaging and had selection
field gradients of (-4.4,0,4.4) T/m, and a free imaging bore size of 3.6 cm [45]. The
implemented AW drive coil is shown in Fig. 3.9b, with the measured specification
given in Table 3.1. The receive coil was a tunable gradiometer coil. The imag-

ing procedure is explained in Fig. 3.9c. The DF waveform was sent to a power
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Figure 3.9: (a) In-house FFL MPI scanner and (b) AW drive coil. (c¢) Imaging
procedure. Arrows 1-6: Adjustment of the input voltage according to a baseline
acquisition and desired DF amplitude. The PC sends a signal using DAQ to
power amplifier, which amplifies the signal and feeds it to AW drive coil. The
current through the AW drive coil is measured with a current probe. Arrows 7-9:
MPT signal acquisition during imaging.

amplifier (AE Techron 7224) through a data acquisition card (DAQ) (NI USB-
6383). The power amplifier was directly connected to the AW drive coil without
the need for impedance matching. The current through the AW drive coil was
calibrated using a current probe (LFR 06/6/300, PEM) before each experiment.
The received signal was amplified with a low-noise voltage pre-amplifier (LNA)
(SRS SR560) and sent to a PC via the DAQ. The entire setup was controlled
using MATLAB.

The imaging phantom contained two samples: 30 pL. 10-fold diluted Perimag
MNPs with 1.7 mg Fe/mL concentration and 30 pL undiluted Vivotrax MNPs
with 5.5 mg Fe/mL concentration. A 2D line-by-line trajectory was utilized to
cover a FOV of size 1.7x5.4 cm? in the x-z plane, with a total scan time of 76s.
This FOV was covered in 18 lines along the z-direction, distanced 1 mm apart
from each other. Imaging was performed at two different sinusoidal DF waveforms
at 2.5kHz and 5kHz, with a fixed amplitude of 7 mT. The MPI images were
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2.5 kHz

(b)

Figure 3.10: Imaging experiment results for AW MPI scanner. (a) The imaging
phantom containing two samples placed at 2.3 cm separation. (b) Projection
format MPI images at 5 kHz and 2.5 kHz. FOV was 1.7x5.4 cm? in the x-z plane.

reconstructed using Partial FOV Center Imaging (PCI), a robust x-space based

reconstruction algorithm [49].

The imaging experiment results are shown in Fig. 3.10, along with the imaging
phantom. The signal level at 2.5 kHz was approximately half of that at 5kHz,
which caused slightly increased background artifacts at 2.5 kHz. These results
demonstrate that the proposed AW MPI scanner can image successfully at dif-

ferent frequencies without any impedance matching.
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Chapter 4

Imaging and Relaxation Mapping
at Multiple Frequencies

Parts of this chapter are based on the following publication:

B. Alyuz, M.T. Arslan, M. Utkur and E.U. Saritas, “Single-Pass Relaxation
Mapping at Multiple Frequencies using an Arbitrary Waveform MPI Scanner”,
International Journal on Magnetic Particle Imaging, 9(1 Suppl 1):2303075, 2023.

4.1 Introduction

Magnetic nanoparticles (MNPs) have distinct MPT signals governed by their phys-
ical properties in conjunction with the environmental conditions such as tem-
perature and viscosity, enabling identification of MNP type and environmental
properties [66, 67]. We have previously proposed a technique called TAURUS
(TAU estimation via Recovery of Underlying mirror Symmetry), a relaxation
time constant (7) estimation method that does not require calibration or prior
information about MNPs for distinguishing MNP type or environment [63]. Re-
cently, we have developed Rapid TAURUS, a novel extension of TAURUS that
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enables 7 map estimation for rapid and multi-dimensional trajectories [64]. The
details of TAURUS and rapid TAURUS were briefly described in Chapter 2.5.

The MNP signal varies depending on different drive field (DF) parameters,
causing the optimal DF parameters to vary depending on the quantitative map-
ping application [43, 33]. In addition, distinguishing different MNP types or their
local environments may require measurements at multiple DF settings [33]. Pre-
vious studies employed magnetic particle spectrometer (MPS) setups to achieve
arbitrary waveform (AW) characteristics that enable operation at any DF fre-
quency [39, 38, 40, 43]. In addition, a small-scale field free line (FFL) MPI
scanner was constructed by adding magnets to an AWR to enable pulsed excita-
tion in MPI [41]. In Chapter 4, We presented a low-inductance DF coil design
that eliminates conventional methods for reactive power control and capacitates

AW characteristics in a typical-size MPI scanner [37].

This chapter proposes a technique for single-pass imaging relaxation mapping
at multiple frequencies using an AW MPI scanner. The experimental results are
shown through imaging experiments and 7 map estimations with Rapid TAURUS
on our in-house FFL. AW MPI scanner at two different DF frequencies, 5 kHz and
8 kHz, imaged in a single pass by switching the operating DF back and forth.

4.2 Methods

4.2.1 Imaging Setup

The experiments were performed on our in-house AW MPI scanner. This FFL
scanner has selection field gradients of (-4.4,0,4.4) T/m and a free bore diameter
of 3.6 cm, capable of performing projection format imaging. Our in-house AW
MPI scanner, shown in Fig. 4.1, features a low-inductance DF coil, wound using
Rutherford cable windings [37]. The AW DF coil parameters were optimized to
provide a favorable trade-off between coil sensitivity and coil inductance, enabling

operation in a wide band of frequencies within the limits of our power amplifier.
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Accordingly, the AW DF coil has 3 layers with 13 Rutherford cable windings per
layer, with each cable having a 6x2 wire structure. The AW DF coil has an
inner diameter of 4.4cm and a length of 12c¢m. The inductance of the coil was
measured to be around 23.8 uH, with a coil sensitivity of 0.27mT/A. In contrast,
a standard DF coil with the same diameter and length but wound using regular
Litz wire windings would have 3.56 mH inductance and 3.28 mT' /A coil sensitivity.
Hence, the AW DF coil provides lower inductance to enable AW characteristics,
at the expense of reduced coil sensitivity. Additionally, a capacitor bank was
constructed for blocking DC currents on the AW DF coil, as shown in Fig. 3.6(b).

The imaging procedure is explained in Fig. 4.1c. The constructed DF waveform
was sent to a power amplifier (AE Techron 7224) through a data acquisition card
(DAQ) (NI USB-6383). The power amplifier was directly connected to capacitor
bank and the AW DF coil, without any impedance matching circuitry. Before
each experiment, the current through the AW DF coil was calibrated using a
current probe (LFR 06/6/300, PEM). The received signal was amplified with a
low-noise voltage pre-amplifier (LNA) (SRS SR560) and sent to a PC via the
DAQ. The entire setup was controlled using MATLAB.

4.2.2 1D Imaging Experiments

First, 1D imaging experiments were performed simultaneously at two different
DF settings: (5kHz,15mT) and (8kHz,10mT). The DF waveform was formed
by continuously applying 40 periods of a sinusoidal DF at (5 kHz,15 mT) followed
by 40 periods of a sinusoidal DF at (8kHz,10mT) repetitively throughout the

total scan time.

The imaging phantom contained two samples: 20 pLb and 30 pL undiluted Per-
imag MNPs with 1.7mgFe/mL concentration, placed at 4.8 cm separation. For
1D imaging experiments, a linear actuator continuously moved the sample in a
line, while the multi-frequency DF waveform was applied simultaneously. A 15cm
field-of-view (FOV) was covered in a total scan time of 7.6s. All measurements

were performed at room temperature.
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Figure 4.1: Our in-house AW MPI scanner with an FFL topology. (a) Front
and (b) back views of the scanner. The AW DF coil features a low inductance of
23.8 uH. The capacitor bank is used for blocking DC currents on the AW DF coil.
(c) Signal flowchart showing the imaging procedure. Arrows 1-7: Adjustment of
the input voltage according to a baseline acquisition and desired DF amplitude.
The PC sends a signal using DAQ to power amplifier, which amplifies the signal
and feeds it to AW drive coil. The current through the AW drive coil is measured
with a current probe.

4.2.3 2D Imaging Experiments

Next, 2D imaging experiments were performed at the same two DF settingsas in
the 1D imaging experiments: (5kHz,15mT) and (8kHz,10mT). The DF wave-
form was formed the same way as in 1D experiments by consecutively applying
a DF waveform consisting of 40 periods of a sinusoidal DF at (5kHz,15mT) and
a sinusoidal DF at (8kHz,10 mT) throughout the total scan time.

The imaging phantom was designed to include samples at varying viscosities.

To this end, the phantom contained 3 samples, each having a total volume of
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Figure 4.2: The 2D triangle trajectory used in the experiments. (a) The data is
acquired continuously throughout the experiment. (b) The movement along the
x-axis and (c) the movement along the z-axis with respect to time. (d) The 2D
triangle trajectory in z-x plane used in 2D imaging experiments.

60 pL., consisting of 30 nL. undiluted Perimag MNPs and varying glycerol and
deionized (DI) water volumes. Table 4.1 includes the viscosities and the corre-
sponding glycerol percentages by volume for each sample in the phantom. The

prepared samples at different viscosity levels were placed at 2.4 cm separations.

For 2D imaging experiments, an 80.2x13.5 mm? FOV in z-x plane was covered
in a total scan time of 21.4s. The imaging sample was moved through the imaging
FOV via a linear actuator in a 2D triangle trajectory, shown in Figure 4.2. This
trajectory covered the entire FOV in 11 triangles while the multi-frequency DF

waveform was applied continuously.
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Table 4.1: Samples in the phantom for 2D imaging experiments. Each sample

had 60 pL total volume and contained 30 pL of undiluted Perimag MNPs.

Sample #1 | Sample #2 | Sample #3
Viscosity 0.89 mPa-s 2.10 mPa-s 6.89 mPa-s

Glycerol % by Volume 0 25 50

4.2.4 Image and Relaxation Map Reconstruction

For both 1D and 2D imaging experiments, the overall received signal was sep-
arated into two parts, extracting the corresponding signal for each DF setting.
Next, MPI images were reconstructed separately at each DF setting. For 1D
imaging experiments, partial FOV center imaging (PCI), a robust x-space based
reconstruction algorithm, was utilized for MPI image reconstruction [49]. The re-
laxation maps were also reconstructed separately at each DF setting, using Rapid
TAURUS [64].

For 2D imaging experiments, the MPI images were reconstructed individually
using gridding reconstruction algorithm for non-Cartesian x-space [58]. Addition-
ally, relaxation maps for each DF setting were estimated with Rapid TAURUS
algorithm [64]. The estimated 7 values were gridded onto a 2D Cartesian grid to

obtain the 2D 7 maps with the gridding reconstruction algorithm [58].

Relaxation maps were normalized to show percentage 7 values with respect to
the DF period (i.e., 7 = 7/T} - 100), to enable comparison of 7 from different DF

frequencies.
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Figure 4.3: Experiment results at (5kHz,15mT) and (8kHz,10mT), imaged in
a single pass using an AW MPI scanner. (a) Imaging phantom containing two
Perimag MNP samples. (b) 1D MPI image and 1D 7 map at (5kHz,15mT).
The estimated 7 was approximately 2.8%. (c) 1D MPI image and 1D 7 map at
(8kHz,10mT). The estimated 7 was approximately 3.2%. Both the MPI images
and 7 maps were replicated in the vertical direction for display purposes.

4.3 Results

4.3.1 1D Imaging Experiments

The experiment results for the selected DF settings of (5kHz,15mT) and
(8kHz,10mT) are shown in Fig. 4.3. Imaged in a single pass, both DF set-
tings provided successful MPI image reconstruction and relaxation map estima-
tion. These figures show the percentage 7 value with respect to the DF pe-
riod.Accordingly, while the MPI images look almost identical, 7 maps can be
easily distinguished between the two DF settings: 7 was approximately 2.8% at
(5kHz,15mT) and approximately 3.2% at (8 kHz,10mT). This relative change in
7 between the two DF settings is consistent with the literature, as 7 was shown

to increase with increasing DF frequency and decreasing DF amplitude [33].

These results demonstrate that the proposed AW MPI scanner can simulta-
neously image and estimate 7 maps at different frequencies in a single imaging

pass, thanks to the operating flexibility that it provides. Note that different
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Table 4.2: The estimated 7 values for each sample in the phantom at each DF
setting

Sample #1 | Sample #2 | Sample #3

Viscosity 0.89 mPa-s 2.10 mPa-s 6.89 mPa-s
7 at (5kHz,15mT) 1.80 % 1.62% 1.41 %
7 at (8 kHz,10mT) 3.45% 3.02 % 2.73 %

MNPs and/or environments may yield identical 7 values depending on the DF
settings. In addition, environmental factors such as temperature and viscosity
may have confounding effects on 7 values. Therefore, measurements at two or
more DF settings are needed for applications that aim to distinguish different
MNP types and their local environments [33]. The proposed approach will be
particularly useful for such applications by enabling rapid relaxation mapping at

multiple DF' settings.

4.3.2 2D Imaging Experiments

The 2D experiment results for the selected DF settings of (5kHz,15mT) and
(8kHz,10mT) are shown in Figure 4.4. The reconstructions and relaxation map
estimations were successful for both DF settings. The MPI images look quite
similar to one another, however 7 maps can be easily distinguished between the

two DF settings for three different viscosities.

Table 4.2 shows the estimated 7 values at each DF setting. At both DF
settings, the 7 values decreased with increasing viscosity levels. It was shown
in the literature that 7 increases with increasing DF frequency and decreasing
DF amplitude [33], which also can be observed in the relative change in 7 values

between the two DF settings in 2D experiments.
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7 map at (5kHz,15mT) (b) MPI image and the 7 map at (8 kHz,10mT).



Chapter 5

Conclusion and Future Work

In this thesis, a novel design for a preclinical MPI scanner that can operate in
a wide bandwidth without the need of impedance matching or tuning circuitry
was presented. The design achieves the AW characteristics in an MPI scanner
of preclinical size by reducing the inductance of the drive coil using Rutherford
cable windings. With this cable winding, the inductance of the AW drive coil was
reduced approximately 144-fold and the voltage required to generate a DF was
reduced 12-fold. The results show that the preclinical AW MPI scanner is able
to perform imaging at various frequencies without any alterations in the imaging
setup. The ability to operate in a range of frequencies provides a beneficial

practicality and adaptability for functional imaging applications in MPI.

In addition, in this thesis, a multi-frequency imaging technique for obtaining
MPI images and relaxation maps at multiple DF settings in a single scan was
proposed. The results for 1D and 2D imaging experiments show that the pro-
posed imaging procedure can obtain the MPI image and estimate the relaxation
maps successfully at multiple DF settings in a single experiment using the AW
MPI scanner. Measurements at two or more DF' settings are needed for applica-
tions that aim to distinguish different MNP types and their local environments
since different MNPs and/or environments may produce identical 7 estimations if

tested at a single DF setting. The proposed imaging procedure can enable rapid
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relaxation mapping at multiple DF settings, which can facilitate the characteri-

zation of MNP type and environment.

As a future work, the number of DF settings obtained in a single experiment
can be increased by employing denser and/or more complex scanning trajectories.
The heating of the components of the AW MPI scanner and the MNP heating
due to increased scan time along with the sampling rate for each DF setting must
be considered when designing an experiment to incorporate more DF settings in

a single-pass for imaging and relaxation mapping.

As an extension of this approach, magnetic particle fingerprinting (MPF) ex-
periments can be performed for MPI in a single experiment using AW MPI scan-
ner. The MPF teachnique swiftly covers a wide range of DF parameters while
mapping the unique 7-fingerprint of the sample, and allows for rapid relaxation
mapping of the MNPs [43]. The relaxation behavior of the MNPs can be ob-
served for a wider range of DF parameters with the AW MPI scannner with less

modifications to the imaging setup.
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