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SUMMARY

Magnetic particle imaging (MPI) is a novel imaging technique presented in 2005
with great promise for various applications, such as vascular imaging, oncology
imaging, lung imaging, neuro imaging, drug targeting, cell-based therapy, and thermal
therapy. Real-time imaging of the MPI technique with a high spatio-temporal
resolution of superparamagnetic iron oxide nanoparticles (SPIONs) opened a window
to innovative biomedical applications. Under the scope of this thesis firstly, a magnetic
particle relaxometer (MPR) was designed and implemented at 4.6 kHz and 9.9 kHz for
the characterization of the magnetic nanoparticles (MNPs). In-house MPR was used
to help the synthesis process of the novel tracer agents for MP1 applications. Secondly,
an MPI scanner was designed and implemented with a gradient field of 4.3 T/m for
phantom imaging with a bore size of 28 mm. A solenoid drive and receive coils were
constructed at 9.3 kHz with an excitation field of 15 mT (peak amplitude). The spatial
resolution of 5.04 mm was achieved for Perimag tracer at 15 mT drive field at 9.3 kHz.
The dependence of spatial resolution on instrumentation and tracer agents was
thoroughly studied. Thirdly, a medium bore size MPI scanner was also developed with
a 6.2 T/m gradient field using field-free point (FFP) spatial encoding. Solenoid drive
and receive coils at 9.2 kHz along the bore axis (scanning axis) with an excitation field
of 15 mT were used. Saddle drive and receive coils at 9 kHz perpendicular to the bore

axis with an excitation field of 15 mT were utilized.

Key Words: Field Free Point (FFP), Magnetic Nanoparticles (MNPs), Magnetic
Particle Imaging (MPI), Magnetic Particle Relaxometer (MPR),

Superparamagnetic Iron Oxide Nanoparticles (SPIONSs).



OZET

2005 yilinda sunulan manyetik pargacik goriintileme (MPG=MPI), vaskiler
damar goriintiileme, onkoloji goriintiileme, akciger goriintiileme, beyin goruntileme,
ila¢ hedefleme, hiicre temelli terapi ve termal terapi gibi ¢esitli uygulamalar icin blyik
umut vaat eden yeni bir goriintiileme teknigidir. Stperparamanyetik demir oksit
nanopargaciklarmin ~ (SDON=SPION'lar)  uzaysal-zamansal olarak  yuksek
¢Oziintrliigliyle birlikte, MPI tekniginin ger¢ek zamanli goriintiilenmesi, yenilik¢i
biyomedikal uygulamalara yeni bir pencere agmistir. Bu tez kapsaminda ilk olarak,
manyetik nanoparcaciklarin (MNP'ler) karakterizasyonu i¢in 4.6 kHz ve 9.9 kHz'de
calisan bir manyetik pargacik relaksometre (MPR) tasarlanmis ve uygulanmustir. Ozel
tasarim MPR, MPI uygulamalar1 igin yeni izleyici ajanlarin tasarlanma surecine
yardime1 olmak icin kullanildi. ikinci olarak, fantom goriintiileme igin 28 mm oyuk
biiytikliigiine sahip 4.3 T/m gradyan alanina sahip bir MPI tarayici tasarlanmis ve
uygulanmistir. 15 mT'lik bir eksitasyon alaniyla (tepe genligi) 9.3 kHz'de bir solenoid
slriict ve alic1 bobinler tasarlandi. Perimag referans izleyici icin 9.3 kHz'de 15 mT
stiricii alaninda 5.04 mm'lik uzaysal ¢oziiniirliik elde edildi. Uzaysal ¢6ziiniirliigiin
donanimsal kisimlara ve izleyici ajanlara bagliligi kapsamli bir sekilde incelendi.
Uciincii olarak, uzaysal kodlama icin manyetik alansiz nokta (MAN=FFP) kullanilarak
6.2 T/m gradyan alaniyla orta gapta oyuk biiyiikliigiine sahip bir MPI tarayicisi da
gelistirildi. 15 mT eksitasyon alani ile oyuk ekseni (tarama ekseni) boyunca 9.2 kHz
icin solenoid stirlict ve alic1 bobinler kullanildi. 15 mT'lik bir eksitasyon alani ile oyuk

eksenine dik 9 kHz'de eyer tipi (saddle) siiriicii ve alict bobinler kullanildi.

Anahtar Kelimeler: Manyetik Alansiz Nokta (MAN=FFP), Manyetik
Nanoparc¢aciklar (MNP), Manyetik Parcacik Goriintilleme (MPG=MPI),
Manyetik Parcacik Relaksometre (MPR), Siiperparamanyetik Demir OXksit
Nanoparcaciklar (SDON=SPION).
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scanner: (a), Solenoid drive and receive coil system, (b) Saddle drive
and receive coil system.

Impedance matching circuit for the solenoid drive coil of the MPI
scanner with 2D FOV.

Frequency response of the solenoid drive chain: (a) Impedance of the
drive chain (drive coil and resonance filter) was measured with LCR
8105G meter, (b) Frequency response of the drive coil circuit, drive
coil has the highest current capability at the resonance frequency
(simulated with LTSpice).

Impedance matching circuit for the solenoid receive coil of the MPI
scanner with 2D FOV.

Frequency response of the receive chain: (a) Impedance of the
receive chain (receive coil and resonance filter) was measured with
LCR 8105G meter, (b) Frequency response of receive coil circuit,
receive coil shows the maximum current reduction at the resonance
frequency (simulated with LTSpice).

Self-resonance of the solenoid coils: (a) Drive coil, (b) Receive coil.
Impedance matching circuit for saddle drive chain of the MPI
scanner.

Frequency response of the drive chain: (a) Impedance of the drive
chain (drive coil and resonance filter) was measured with LCR
8105G meter, (b) Frequency response of drive coil circuit, drive coil
has the highest current capability at the resonance frequency
(simulated with LTSpice).

Impedance matching circuit for the saddle receive coil of the MPI

scanner.
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7.26:

71.27:

7.28:

7.29:
7.30:

7.31:

Frequency response of the saddle receive chain: (a) Impedance of the
receive chain (receive coil and resonance filter) was measured with
LCR 8105G meter, (b) Frequency response of receive coil circuit,
receive coil shows the maximum current reduction at the resonance
frequency (simulated with LTSpice).

Self-resonance of the saddle coils: (a) Drive coil, (b) Receive coil.
Excitation fields for cartesian scanning; (a) Sinusoidal excitation
field at 10 kHz along the x-axis, (b) Sinusoidal excitation field at 1
kHz along the z-axis.

2D partial FOV of cartesian trajectory.

Excitation fields for Lissajous scanning; (a) Sinusoidal excitation
field at 10 kHz along the x-axis, (b) Sinusoidal excitation field at 9
kHz along the z-axis.

2D partial FOV of the Lissajous trajectory.
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1. INTRODUCTION

Magnetic Particle Imaging (MPI) was invented in 2005 as a tomographic
technique [1]. The development of medical imaging and diagnostic tools, and
therapeutic treatments are interrelated. Magnetization of the positive contrast agent
utilized in MPI outperforms the proton magnetization in Magnetic Resonance Imaging

(MRI) which becomes the source of this invention [2].

1.1. Brief Literature Review of MPI

Biological tissues do not generate background signals for the MPI technique.
Hence, MPI is a zero-depth attenuation technique. It is fundamentally distinct from
other imaging tools such as MRI, Computed Tomography (CT), but resembles
Positron Emission Tomography (PET) [3]. A comparison of some medical imaging

modalities adapted from the reference [5-16] is presented in Table 1.1.

Table 1.1: Comparison among magnetic particle imaging (MPI) and other imaging

techniques.

1 mm <1 mm 1 mm 3-10 mm 4 mm <1 mm

<ls 1s 10s-30min 1 min 1 min <0.1s

low mM/10000 mM/10000  pM/10000 pM/10000 0.1pM/10-
200

No Yes No Yes Yes Yes

Heating and lonizing Heating and lonizing lonizing Heating

cavitation radiation PNS radiation radiation and PNS

Microbubbles lodine Gadolinium, Radionuclide Radionuclide SPIO

(contrast (contrast SPIO (radioactive (radioactive (Magnetic

agent) agent) (contrast tracer) tracer) tracer)

agent)
Structural Structural Structural Tracer Tracer Tracer
imaging imaging imaging imaging imaging imaging

The high spatio-temporal resolution, nano molar sensitivity, super contrast agent

capability of MPI makes it a potential candidate for the advancement of pre-clinical



and clinical applications [4]. MPI has advanced at tremendous speed since its invention
[16-18], with versatile biomedical applications such as stem cell labeling and tracking
[19], vascular and perfusion imaging [14], lung imaging [20], and magnetic
hyperthermia [21, 22].

A large fraction of the inspection object can be “switch off” with a static field to
investigate a specific region by using the non-linear nature of the magnetic
nanoparticles (MNPs) as tracer agents [2]. Field-free point (FFP) and field-free line
(FFL) are prominent spatial encoding schemes that are static and spatially
inhomogeneous. Both selection fields are implemented with NdFeB permanent
magnets and/or electromagnets to achieve high gradient field strength (T/m). FFP is
scanned through the target object using an alternating excitation field (i.e., drive field).
Extreme limits of the FFP (as forward and backward motion) define a field of view
(FOV). Forward and backward motions of the FFP over SPIONs inside the FOV
induce a signal in a receive coil due to a change in magnetization of SPIONs. FOV has
a direct relation with drive field strength (mT) and an inverse relation with gradient
field strength. Specific absorption rate (SAR) and peripheral nerve stimulation (PNS)
restrict the amplitude of the excitation field [23-25]. However, enlarge FOV for human
size can be achieved with the integration of a focus field at low frequency [14, 26].

Image reconstruction time and image quality are trademarks of the post-
processing techniques. A linear relationship between particle concentration and
measured signal is the main assumption in all reconstruction techniques. Mainly two
reconstruction approaches such as frequency domain-based system matrix, and time-
domain based X-space are widely used for image reconstruction [27]. The system
function can be measured from calibration-based, model-based, and hybrid
approaches. The Time-domain X-space technique offers fast image reconstruction of

the particle concentrations [28].

1.2. Motivation

In this thesis, the MPI technique was thoroughly studied to develop a new
prototype medical imaging device. Mainly, it has three major parts such as synthesis
of optimized MNPs as a tracer agent, hardware implementation for specific



applications, and post-processing and reconstruction of the recorded data. Three MPI
scanners of distinctive specifications were built in this thesis work.

Firstly, a magnetic particle relaxometer (MPR) was implemented commonly
known as a zero-dimension (0D) MPI scanner for the characterization of potential
tracer material for MP1 applications. Point spread function (PSF), effective relaxation
time, frequency signature, and relative signal of the magnetic nanoparticle samples
were aimed to be studied at 4.6 kHz and 9.9 kHz, respectively.

Secondly, an MPI scanner with moderate gradient field strength and bore size
was targeted for phantom imaging using commercial and locally synthesized MNPs.
The spatial resolution of the MPI scanner was the key aspect to explore with high
sensitivity.

Lastly, another MPI scanner with 2D FOV with a medium bore size suitable
for small animals like rats and mice was also planned to construct. To improve
temporal resolution drive and receive coils for two perpendicular axes were operated
simultaneously. In addition to this, gradient field strength was targeted to increase the
spatial resolution of the MPI scanner with 2D FOV. Lissajous scanning sequence

ensures high temporal resolution as compared to cartesian scanning sequence.

1.3. Outline of the Thesis

In this thesis, three distinctive devices based on the physics of magnetic particle
imaging (MPI) are implemented. MPI is a novel medical imaging tool that promises
higher spatio-temporal resolution as compared to other imaging modalities briefly
discussed in the first chapter. Novel magnetic nanoparticles have the potential to be
used in the diagnosis and treatment of cancer detection and other human diseases as
mentioned in the second chapter. MPR was implemented for the characterization of
the MNPs, and it figures out optimized nanoparticles for MP1 applications thoroughly
discussed in the third chapter.

MPR does not differentiate signals from different parts of the region of interest
(ROI). Therefore, spatial encoding was inevitable for more accurate diagnostics. The
design and implementation of the spatial encoding scheme are thoroughly explained
in the fourth chapter. NdFeB permanent magnets and/or electromagnets can be used



for the realization of the selection field. An MPI scanner was designed and
implemented for phantom imaging as discussed in the fifth chapter.

Image reconstruction techniques are elaborated in the sixth chapter. Mainly,
system function and X-space techniques are dominant techniques so far in MPI. X-
space reconstruction is applied for the post-processing of the MPI scanner data.

Finally, a large-bore size MPI scanner with 2D FOV was designed and
developed for small animals and thoroughly discussed in the seventh chapter followed

by the results and discussion section of the thesis.



2. MAGNETIC NANOPARTICLES FOR MPI

Magnetic nanoparticles have a long history in medical imaging. MNPs with
different magnetic core and hydrodynamic coating are used for various medical
applications. SPIONs have been used in MRI [29] as a negative contrast agent to
suppress the background signal. However, MPI does not have a background signal.
So, SPIONSs also called tracer agents are used as signal sources [1] to carry out a scan
of objects (phantoms, in-vitro, and in-vivo applications). SPIONs have been widely
used in other biomedical applications such as hyperthermia therapy [30, 31], tissue
repair [32, 33], drug delivery [34, 35], and stem cell tracking [36, 37]. Single domain
nanoparticle with possible functionalities adapted from reference [38] is pictorially
represented in Figure 2.1. The thickness of the coating layers ensures the minimum

particle-to-particle interaction that prevents agglomeration phenomena.

Therapeutic coating

Biocompatible coating

Core

—— > Targeting ligand

Figure 2.1: Magnetic core, coatings, and targeting ligand representations of
SPIONS.

Ideally, SPIONs do not have any hysteresis that makes them perfect tracer

material for imaging tasks. Remanence and coercivity do not exist in SPIONs and



they are non-toxic as well [39]. MPI community uses versatile iron oxides among them

well-known tracer agents adapted from [40-46] are presented in Table 2.1.

Table 2.1: Commonly used magnetic nanoparticles as tracer agents in MPI.

Iron Oxide/Developer  Core Core Coating Hydrodynam Normalized
material ~ diameter material ic diameter to Resovist
Resovist/BayerPharm  Fe;Os, 5.5nm Carboxydextra 62 nm 1
aAG Fe,03 (24nm, n
30%)
Vivotrax/magnetic Fe0y4, 4.2 nm Carboxydextra 62 nm 1
Insight Fe>03 n
UW/University of Fes04 17 nm PMAO-PEG 86 nm 2X
Washington
Perimag/Micromod Fe204 19 nm Dextran 130 nm 2X
Nanomag/Micromod Fe204 5-15nm Dextran 100 nm 2X
(29nm,
80%)
FluidMAG- Fe,03 n/a Dextran 50 nm n/s
D/Chemicell GmbH
MCP3/ Charité- Fez0a, 31.72nm Carboxymethyl  24.4-122.4 5x
Universitatsmedizin Fe,03 dextran nm

2.1. Magnetization Response

Superparamagnetic behavior is observed in FesOs (magnetite) and y-Fe2O4
(maghemite) that are fundamental SPIONs with magnetization similar to their bulk
materials [47]. The magnetization and applied field of SPIONs have non-linear
relations instead of linear relationships for paramagnetic materials. The magnetization
behavior changes abruptly at low applied magnetic fields and stays at fixed
magnetization levels at higher magnetic fields as shown in Figure 2.2. As the magnetic
field increases magnetization becomes saturated after a certain point, so applying a
higher magnetic field does not enhance particle magnetization. In MPI, non-linear

response in the dynamic range is utilized.
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Figure 2.2: Langevin function for magnetization of the SPIONSs. It is abruptly
changing from -5 to 5 (dynamic range). As the applied magnetic field increases,
the Langevin function becomes saturated after a certain point.

The relationship between the applied magnetic field and magnetization
response of the SPIONs can be mathematically expressed using Langevin function
[15];

(2.1)

All the nanoparticles are assumed at thermal equilibrium.

SPIONs are composed of nanoscale magnetic nanoparticles. The magnetic
moment of an individual particle is represented by m. Due to Brownian motion, the
magnetic moments of the samples are randomly oriented. Hence, the net magnetic
movement of the sample is zero. Overall, the magnetization (M) of the sample is

expressed as [15];



1 NP-1 (2.2)
M = v z m;
=0

MNPs follow the direction of the applied magnetic field. In the saturation
range, nanoparticles are fully aligned to the applied field direction. If the relaxation
time phenomenon is ignored, then magnetization at the applied magnetic field is easily

expressed as [15];
M(H) = M(H)ey (2.3)

The magnetization response of the MNPs based on Langevin function can be
calculated as [15];

M(H) = cml(aH) (2.4)
. Hom (2.5)
T kT

Here, T represents the temperature of the nanoparticles, while kg is the Boltzmann
constant. In the meantime, ¢ in equation (2.4) represents the particle concentration.
Similarly, m in equation (2.4) denotes the magnetic moment which can be calculated
as [15];

m = V.M (2.6)

Here, V. is the volume of the particle core, while Ms is the saturation level of the
magnetization. If the particles have diameter D¢ then the volume of the spherical

particle can be calculated as [15];

1
—— (2.7)

Practically, the iron concentration of the sample is more important as compared

to particle concentration. If the iron concentration is kept constant, then particle



concentration has an inverse relation with its particle volume. Saturation

magnetization can be expressed as [15];
Mg =cm (2.8)
Magnetization is independent of particle size as presented in Figure 2.3.

Magnetization response of SPIONs with core diameter from 5 nm to 45 nm have the

same saturation level.
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Figure 2.3: SPIONs magnetization for a core diameter of 5 nm to 45 nm. In the
meantime, iron concentration was kept constant.

2.2. Width of Dynamic Range

The dynamic range of the magnetization response has a crucial role in the
physics of MPI. It is different for different particle sizes. The width of the dynamic
range can easily obtain from the derivative of the magnetization curves. The full width
at half maximum (FWHM) is a more classic approach to measure the width of the
dynamic range.



M'(H) = cml'(BH) (2.9)

Similar to the magnetization response, the derivative of the magnetization response

depends upon the derivative of the Langevin function [15];
( 1 1

Z e 70
o) (521 ) ¢ .10
- £=0

FWHM of the Langevin function derivative is 4.16 (fixed) as shown in Figure 2.4.
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Derivative of Langevin function(C")

0.00 |-

Figure 2.4: The width of the Langevin function is obtained from its derivative
function.

The width of the particle magnetization with core diameter from 15 nm to 45 nm
is drawn from their derivative respectively. As the particle size increases, FWHM of
the MINPs is decreases as shown in Figure 2.5. It is obvious that FWHM of the MNP
sample directly affects the spatial resolution. Similarly, signal-to-noise ratio (SNR) of

the received signal directly increases with the steepness of the derivative curves. The
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width of the dynamic range can be calculated with the help of Langevin derivative
width as expressed as [15];

_ 416 XsT (2.11)
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Figure 2.5: Point spread functions of the SPIONs at different core diameters. The
width of the curves is elaborated from FWHM.

2.3. Relaxation Concept of Magnetic Nanoparticles

The instantaneous response of the magnetic nanoparticles is strictly valid at the
static field. However, magnetization response to the oscillating magnetic fields brings
a certain delay. The behavior of magnetic nanoparticles to the oscillating magnetic
field is modeled by the Langevin function [48].

Migea(H(t)) = mc (coth(ocH(t)) - > (2.12)

aH(t)

Here, all nanoparticles are assumed of similar size (monodisperse) which is not

quite easy to achieve. Practically, MNPs of different diameters (polydisperse) are
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synthesized comfortably, such as Vivotrax (Magnetic Insights, USA) tracer has 4.2 nm
diameter (70%) and nanoparticles of 19 nm diameter (30%) play a crucial role in MPI
[42]. To achieve overall magnetization, polydisperse nanoparticles’ magnetization

should be averaged [29].

- Dmax 2.13
M(H(t)) = f p(D)Migeq(H(t))dD 19

Dmin

where p(D) is the probability of the polydisperse MNPs.

The magnetization response of the small-diameter (D¢ < 30 nm) nanoparticles
can track the applied field without any significant delay. However, large-diameter
nanoparticles (30 nm < D¢ < 100 nm) respond after a certain time delay to the applied
magnetic field. Debye model [49] considers the relaxation effect in addition to the

Langevin function for accurate modeling.

ereal(H (t)) _ Mreal(H (t)) - Mideal(H(t)) (2-14)
dH(t) B Teff

where Migea(H(t)) is the ideal magnetization calculated with the Langevin model,
Mreal(H(t)) is the real magnetization that covers the relaxation effect. zer is an effective
relaxation time constant results of Neel and Brownian relaxation effects.

The relation between ideal and real magnetizations can be deducted by solving
Debye differential equation (2.14);

Mreal(H(t)) = Mideal(H(t)) *

1 t (2.15)
exp| — u(t)
Teff Teff

where the symbol, =, is the temporal convolution, and u(t) is the Heaviside step (unit
step) function.

The rotation of the magnetic moment concerning a crystalline lattice in a fixed
particle happens when thermal energy becomes higher than the anisotropy energy
barrier. This is known as Neel relaxation and zero-field relaxation time is expressed

as;

12



K Vc) (2.16)
kT

Tno = ToeXp(
where V¢ is the volume of the magnetic core, K is the crystalline anisotropy constant,
70 is the time constant (10%).

Thermal and viscous drag forces of the magnetic nanoparticles oppose the
magnetic torque (because of the applied field) which pushes the net magnetic moment
to align with an applied field direction. SPIONs’ crystal shape (e.g., spherical, cubical),
environmental properties, and measurement parameters define the thermal and viscous
forces. The physical rotation of SPIONs is known as Brownian relaxation [55] as

shown in Figure 2.6 and zero-field Brownian relaxation time [50] can be described as;

_ 3V (2.17)

where Vi is the hydrodynamic volume of the iron nanoparticle, and 7 is the dynamic
viscosity of the environment.

The zero-field Brownian and Neel relaxation time constants in equations (2.16)
and (2.17) are oversimplified. Neel and Brownian relaxation times vary as a function
of the applied excitation field. Neel relaxation time decreases at a faster rate instead of
Brownian relaxation time. Higher magnetic field effects on Neel and Brownian
relaxation times were discussed in detail by the references [51, 52]. A numerical
approach was followed to investigate Neel and Brownian relaxation times dependence
with applied magnetic field strength [52] while in another research work analytical
approach was utilized [51]. Brown modeled Neel relaxation [55] time as shown in

Figure 2.6 using high-barrier approximation as given by [53];

ROy

TNH = oz tmo[(1+ e 4 (g — h)e(aK/z)(l—h)z]‘1
| e (2.18)
12
where h = MSB/(ZK) = a/aK’ TNHO = —ﬂ(lzfa,)Ms , ax = 2KpB = 2::c ,and v is the

electron gyromagnetic ratio.
Similarly, Yoshida and Enpuku presented an empirical model by using the
Fokker-Planck equation for magnetic nanoparticles with thermally blocked

13



assumption presented by the reference [54]. Brownian relaxation time at a higher

alternating magnetic field is described as;

TBo
V1401268172 (2.19)

TpH =

Where ¢ sz/kBT’ 180 IS the zero-field Brownian relaxation time previously

mentioned in equation (2.17).

Brownian and Neel relaxation times at higher excitation fields are evaluated
individually so far. The combined effect of both relaxation times is very challenging
to model. However, a simplified form of both relaxation times is widely used by MPI

community.
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Figure 2.6: (a) Single domain superparamagnetic iron oxide particle structure (Dc:
Diameter of the iron core, Dn: Diameter of hydrodynamic coating, and ms:
magnetic moment). (b) Neel and Brownian relaxation of the magnetic
nanoparticles at different directions (right direction for positive and left direction
for negative magnetic applied fields) of an applied field.

The effective relaxation time constant (ze) is a combined effect of Brownian
relaxation constant (zgo) and Neel relaxation constant (zno), and can be expressed as
[15];
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TBoTNO (2.20)

T = —m--——-—-—-
eIt Tgo T Tno

Brownian and Neel relaxation time constants vary as a function of applied

magnetic field and frequency. Relaxation kernel [56] can be defined as;

1 t (2.21)
exp| — u(t)
Tefr Tefr

Hence, the real magnetization behavior of SPIONSs can be easily modeled as;

r(t) =

Myeq (H (t)) = Migear (H(t)) *1(t) (2.22)
where * is the temporal convolution parameter.

2.4. Magnetic Properties of SPIONs

SPIONSs as a tracer agent plays an important role in the performance of MPI.
Electron spin resonance (ESR), physical properties measurement system (PPMS), and
magnetic particle spectrometer (MPS) are used as evaluation tools for the magnetic
properties. Nickel ferrites (NiFe204) uncoated and coated with citric acid (CA) and
polyacrylic acid (PAA) were synthesized as potential tracer agents for MPI

applications by hydrothermal process under the scope of this thesis.

2.4.1. Physical Properties Measurement System (PPMS)

NiFe>O4 samples’ magnetization response to the static magnetic field was
analyzed by using physical properties measurement system (PPMS). Similar to the
Langevin function, the PPMS tool applies a static magnetic field to measure saturation
magnetization (Ms), remanent magnetization (M), and coercivity (Hc) of the samples.
Relation between M and H has been investigated at 300 K and 400 K temperatures for

all MNPs, and the results [57] are shown in Figure 2.7.
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The fitting of experimental M(H) curves as shown in Figure 2.7 with equations
(2.4) and (2.12) estimates the magnetic core diameters of the nanoparticles (D¢). The
extracted values of D¢ are given in Table 2.2 along with Ms, My, and Hc properties [57]

of the samples.

Table 2.2: The magnetic properties were deduced from M-H data at 300 K and 400
K temperatures for nickel ferrite-based MNPs.

Tem. Sample Ms M Hc SQR K us Dc

(K) (emu/g) (emu/g) (Oe) (MdMs) (I/m?3) (nm)
NiFe;04 46 0.74 9.3 0.0161 668.5 1.947 14.760
300 NiFe,0s@PAA 24 0.23 12 0.0096  450.0 1.016 20.151
NiFe.0s@CA 59 0.12 20 0.0203 184.4  0.249 37.593
NiFe;O4 43 0.25 13 0.0058 8734 1.820 17.027
400 NiFe,0,@PAA 22 0.67 12 0.0305 4125 0931 21.995
NiFe,0s@CA 4.61 0.04 18 0.0087 129.7 0.195 44.047

The coating materials significantly affect the magnetic properties of NiFe;O4
spinel ferrites. Stoner—Wohlfarth (S—W) approach was used [58, 59] to measure Ms
values which are in the 5.9 - 46 emu/g range, M, and Hc values are in the range 0.12 -
0.74 emu/g, and 9.3 - 20 Oe, respectively at room temperature of 300 K. All M-H
curves of the nickel ferrite samples have S-like (shape of M-H curve)
superparamagnetic behavior.

Magnetic properties observed with PPMS slightly change with the operating
temperature. The fluctuations are minimum at low temperature (300 K), however,
these fluctuations increased at 400 K. The minimum values of Ms and M, are observed
for coated samples as compared to uncoated samples. The coercivity of the MNPs
depends on various parameters such as the magneto-crystallite anisotropy,
morphology, shape and grains size, size distributions, collinear spins in the core [60].

Anisotropy constant (K) value provides the difference in magnetization between

easy and hard directions. K can be expressed using Brown’s equation;
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K = p M. He/2 (2.23)

where 1 is Bohr magneton at zero applied magnetic field.

The calculated value of the anisotropy constant (K) at 300 K and 400 K
temperatures is presented in Table 2.2. The coating materials might cause strains in
the MNPs, therefore, a change in g may have occurred. g is also directly proportional

to Ms, and molecular weight (Myw). The relation between wgand Ms is given by [61]:

_ My, x M (2.24)
Mg = 5585

Bohr magneton (ug) provides the cation distribution of the nickel ferrites. The
net magnetic moment per unit cell for Ni is 2u8. A maximum value of 1.947 for the
uncoated NiFe,QOq4 is achieved at 300 K. However, wgis mainly decreasing with coating
as the Ms values of the coated (PAA, CA) samples are drastically decreased. This

change in s is associated with incomplete cation distribution of nickel ferrites.

50 | —— NiFe,O, at 300 K (a) 40 F NiFe,O, at 400 K (b)
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Figure 2.7: M-H curves of the nickel-based MPNs; (a) at 300 K, inset curves show
magnified response at low fields (b) at 400 K, inset curves show magnified
response at low fields.

Theoretically, SPIONs directly follow applied external field (DC) without any
delay as they do not have remanent magnetization and low coercivity magnetic fields.
Nickel ferrites prepared in this research have minimum M, and Hc as presented in Table
2.2. PA and CA coated samples at 300 K show no hysteresis loop at low excitation

fields which enable them to be potential tracer agents for MPI applications.
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2.4.2. Magnetic Particle Relaxometer (MPR)

The magnetization response of the nickel ferrites (uncoated, PAA, and CA
coated) at sinusoidal excitation fields up to 15 mT (peak amplitude) at 9.9 kHz was
recorded with an in-house magnetic particle relaxometer (MPR). The slow decay of
the odd harmonics of the coated sample is visible in Figure 2.8(a). The minimum
FWHM of the NiFe204@PAA sample as shown in Figure 2.8(b) ensures high spatial
resolution for MPI applications [57]. The results show that these nanoparticles might

be potential tracer agents for MPI in the future.
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Figure 2.8: MPR characteristics of nickel-ferrites nanoparticles at 9.9 kHz with 15
mT (peak amplitude) excitation field; (a) Odd harmonics frequency spectrum of the
nickel samples, (b) Resolution (FWHM, mT) of the nickel-based nanoparticles.

MPR is an especial tool to investigate key parameters for MPI applications. It is
also known as a OD MPI scanner. It works on alternating magnetic fields at
approximately MPI scanner frequencies instead of the direct magnetic field in PPMS.
MPR is designed and implemented for the characterization of magnetic nanoparticles.
MPR is utilized to determine frequency spectrum, point spread function (PSF),
relaxation time, relative signal, and magnetization curves at alternating magnetic fields
under the scope of this thesis. A thorough discussion will be carried out on MPR in the
next chapter.
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3. MAGNETIC PARTICLE RELAXOMETER
(MPR)

Magnetization response of the SPIONSs at constant magnetic fields are measured
with various devices such as AC magnetometry for low applied magnetic fields
[62,63]. Saturation magnetization, coercitivity, and remanent magnetic fields are
investigated with Vibrating Sample Magnetometry (VSM). Unfortunately, this device
cannot characterize MNPs at alternating magnetic fields at specific frequencies for
MPI. Since the invention of MPI in 2005, versatile tracer characterization tools such
as MPS and/or Magnetic Particle Relaxometer (MPR) have been designed and
implemented [41, 64-66]. Moreover, MPS (based on frequency domain) and MPR
(based on time-domain) methods use the same hardware but different post-processing
data analysis techniques.

MPR and MPS are commonly known as zero-dimensional MPI special tools.
These tools are utilized to figure out potential tracer agents for MPI applications.
Effective relaxation time and magnetic core diameter of the MNPs were evaluated with
an MPI relaxometer [66]. In another study, sensitive characterization of the MNPs was
performed with an eddy current shielded relaxometer [41]. In the meantime, tabletop
nature (compact) empowered them to easily integrate with synthesis tools.

An in-house MPR tool was designed and implemented under the scope of this
thesis. It is used for the identification of induced odd harmonics up to 20th harmonics,
relaxation time (zefr), FWHM of PSFs as resolution, and relative signal strength of the
MNPs. Vivotrax (Magnetic Insight, USA), Perimag (micromod, Germany), and
Synomag (micromod, Germany) commercially available SPIONs were evaluated in
this thesis.

3.1. MPR Hardware Setup

Sinusoidal excitation field at a specific frequency is applied to MNPs in MPR.
The magnetization response of the MNPs is recorded for the post-processing. A
cylindrical drive coil was used to generate a homogenous excitation field (drive field).
A cylindrical receive coil (i.e., pick-up coil) was an ideal solution to record MNPs'
response to the excitation field. Receive coil was placed symmetrically inside the drive
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coil. The sample was placed at the middle of the setup as shown in Figure 3.1. The
measurement system was enclosed cylindrically with a copper shield of 10 mm
(thickness) to reduce the environmental effects on the measurements. Relaxation of
the tracer agents is the major cause of image blurring which reduces spatial resolution.
Blurring can be minimized with a proper investigation of relaxation time and
performing deconvolution in the post-processing of signals. MPR hardware setup
adapted from [55] is shown in Figure 3.1.

SPIONs
Resonant Sample Holder
Circuit l
Y

Current
Probe
LNA
SR560

A
] [ \‘ o Copper Shielding

AC Power Amplifier
(AE-Techron 7224)

DAQ Card
(Ni-USB 6363)

Receive Coil

Drive Coil

Figure 3.1: Hardware setup of the Magnetic Particle Relaxometer. The excitation
field at a specific frequency is generated with a data acquisition (DAQ) card using
a MATLAB environment. A power amplifier (AE-Techron 7224) is used to
amplify the source signal to a higher power level to achieve desired excitation
field. A resonant filter (impedance matching) is employed in the drive chain to
achieve low power consumption. A current probe is utilized to measure the
magnitude and phase of the applied alternating current. MNPs at the middle of the
setup induce voltage signal on the receive coil that is filtered with a low noise
amplifier (LNA 560) and then recorded with the same DAQ device for post-
processing.

The drive and receive coils were wound with litz wire to mitigate the skin effects
at high frequencies (4.6 kHz and 9.9 kHz). Both coils are inductively coupled so the

fundamental component of the excitation frequency also induces on the receive coil
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without the presence of the SPIONs, known as the direct feedthrough effect.
Geometric-based cancelation techniques are quite easy to implement, however, it is
very challenging to remove the direct feedthrough completely. Three interconnected
sections receive coil was built to minimize the feedthrough effect [55] as shown in
Figure 3.2. Quter sections have half the number of turns with opposite winding

directions.

(b)

Figure 3.2: (a) Relaxometer components (shielding, drive and receive coil), (b)
Single unit device.

The number of layers, physical dimensions (length and diameter), and

electrical parameters (resistance and inductance) [55] are given in Table 3.1.

Table 3.1: Key parameters of the Magnetic Particle Relaxometer.

5

244 25:50:25
165 80

50 20

2.15 2.7
411.15 855.7
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3.2. Drive and Receive Coil Sensitivity

Drive coil was developed to generate an excitation field of 20 mT (peak
amplitude). Litz wire was preferred instead of single-core wire to mitigate skin effects
at higher frequencies of 4.6 kHz and 9.9 kHz. The appropriate diameter of the wire
was chosen based on the maximum current capability. Receive coil was also built with
the litz wire. Both coils were modeled and simulated in COMSOL® Multiphysics
(COMSOL AB, Stockholm, Sweden).

Low electrical resistance and inductance are significant parameters in the
design of a drive coil. The efficiency of the drive and receive coils can be investigated
by applying 1A direct current (DC). The relation between magnetic flux density (mT)
and applied current is known as sensitivity (i.e., transfer function). The drive coil has
1.75 mT/A sensitivity with 95.5% homogeneity in an 80 mm around the midpoint. The
receive coil has 95% homogeneity in 12 mm range around the midpoint as shown in
Figure 3.3. Magnetic flux density was measured with an axial probe (Lakeshore 475
DSP Gaussmeter). Numerical results obtained from COMSOL and experimental data
are in good agreement [55] as shown in Figure 3.3. Magnetic field homogeneity of the
drive coil helps receive coil design. Similarly, homogeneity of the receive coil reduces

the fluctuation in the receive coil data.
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Figure 3.3: Normalized transfer functions of the drive and receive coils. (a) Drive
coil sensitivity at 1A DC (b) Receive coil sensitivity at 1A DC.

A copper shielding of 10 mm thickness, a diameter of 70 mm, and a length of

200 mm was used to reject the environmental electromagnetic interferences. The
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copper shielding close to the drive coil increases the magnetic field homogeneity as it
flattens the magnetic field lines. However, it reduces the sensitivity of the drive coil
which demands more power to achieve the required excitation field. An Optimum air
gap between drive coil and copper shielding was achieved with iterative numerical
simulations with COMSOL® Multiphysics.

3.3. Data Acquisition and Effective Relaxation Time

Resonant impedance matched filters were integrated into the drive chain at 4.6
kHz and 9.9 kHz frequencies. Higher voltage rating capacitors (Cornell Dubilier) with
high current capabilities were preferred. A data acquisition card (DAQ) (National
Instruments, NI USB-6363, Austin, TX) was used for signal generation and data
recording at 4.6 kHz, and 9.9 kHz frequencies, respectively. The receive coil voltage
was passed through a low-noise amplifier (LNA) with a 100 Hz-300 kHz bandpass
filter. All of these processes were controlled with a custom design MPR interface using
MATLAB (Mathworks, Natick, MA). MPR data were recorded for 100 cycles with a
repetition of 30 in a single run. A background signal was obtained before each
experiment. At the post-processing stage, the background signal was subtracted from
the MNPs' average data.

The excitation field generated by the drive coil is in phase with the current
passing through the drive signal chain. Phases of the drive coil voltage, current and
magnetic field at the excitation frequency are shown in Figure 3.4(a). The voltage
across the drive coil was measured with LNA to keep a similar signal chain. The phase
relation between the magnetization signal of the MNPs and the excitation field [55] is

shown in Figure 3.4(b).
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Figure 3.4: Phasor representation of current, excitation field, and the voltage
across the drive coil (a) without sample, (b) with a sample at midpoint.

The system phase consists of transmit phase and delay of the drive chain,
effective relaxation time (t) can be evaluated with the phase sweep algorithm. The
phase at which maximum values of the positive and negative PSF become symmetric
at 0 mT of the applied field was searched with the algorithm.

Systemppase = transmitppqge + transmitgeqy, (3.1)
The phase difference of the specific MNPs sample can be represented as;

O = Sweepppase — SYSteMppqse (3.2)

The relaxation time can be represented as;
T=0/(180 % f) (3.3)

Here, f is the excitation frequency, @ is in degrees and t is the relaxation time of the
sample in ps. Effective relaxation time and excitation frequency have an inverse

relation.
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3.4. Results and Discussions

Perimag® (micromod GmbH, Germany) coated with dextran (surface plain),
Synomag (micromod GmbH, Germany) coated with dextran (surface, PEG 25000
OMe), and VivoTrax (Magnetic Insight, USA) coated with carboxydextran (surface
plain) were evaluated at 4.6 kHz and 9.9 kHz under the scope of this thesis. Perimag®
sample at 9.9 kHz with an excitation field of 15 mT was characterized [55] as shown
in Figure 3.5. The odd frequency spectrum of the SPIONs at 9.9 kHz is displayed in
Figure 3.5(a). The positive and negative time cycles of the received signal are shown
in Figure 3.5(b). Due to the relaxation effect peaks of the positive and negative cycles
are shifted from the midpoint of the time cycles. Velocity compensation was applied
to positive and negative time signals to achieve positive and negative PSFs,
respectively, as displaced in Figure 3.5(c).

Significant characteristics of the Perimag® sample at 9.9 kHz with a 15 mT
excitation field are presented in Figure 3.5. Fast Fourier Transform (FFT) behavior of
the induced voltage signal of SPIONSs at odd multiples (below 20" harmonic) of the
9.9 kHz is displayed in Figure 3.5(a). The absolute voltage of the positive and negative
cycles after partitioning with the phase sweep algorithm is shown in Figure 3.5(b). PSF
of the sample can be determined from either a positive or negative cycle as presented
in Figure 3.5(c). Magnetization response of the sample can be achieved with the
integration of the PSF signals. The normalized magnetization output is shown in
Figure 3.5(d) resembles the hysteresis loop of the magnetic materials. This hysteresis

loop appears due to the relaxation effect of the sample nanoparticles.
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Figure 3.5: Evaluation of Perimag SPIONSs at 9.9 kHz with 15 mT (peak
amplitude) sinusoidal excitation field; (a) Frequency spectrum of odd harmonics,
(b) Induced voltage (time-domain signals) for positive and negative cycles, (c)
Normalized point spread functions (PSFs) and (d) Normalized magnetization of
the sample.

Post-processing after data recording of the MPS technique uses frequency-
domain (FFT response). However, the relaxometer uses the PSF to measure the
resolution of the magnetic particles. Relaxation time, FWHM, and relative signal of
the samples at 9.9 kHz with excitation field of 15 mT(peak amplitude) are presented
in Table 3.2.
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Table 3.2: The characteristics of SPIONSs at 9.9 kHz with an excitation field of 15
mT.

Perimag® has the highest 5""/3™ harmonic ratio as compared to the other SPIONs
samples. The width of the dynamic range is measured in PSF (FWHM, mT). Excitation
frequency was kept constant and magnetic field was reduced to 10 mT and all samples
were re-assessed, as presented in Table 3.3. Synomag has the highest relative signal as

compared to Vivotrax and Perimag samples.

Table 3.3: The characteristics of SPIONSs at 9.9 kHz with an excitation field of 10
mT.

As the excitation field is reduced, the width of the dynamic range is also reduced.

However, relaxation time is not changed significantly with changing applied magnetic
field. All samples were evaluated with an applied magnetic field of 5 mT as presented
in Table 3.4.
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Table 3.4: The characteristics of SPIONs at 9.9 kHz with an excitation field of 5
mT.

The frequency spectrum, FWHM, and relative signals of all samples increase
with increasing of the excitation field strength and vice versa. To observe the excitation
frequency effects on the evaluation parameter, the operating frequency was adjusted
at 4.6 kHz. Characterization parameters with 15 mT (peak amplitude) are given in
Table 3.5.

Table 3.5: The characteristics of SPIONSs at 4.6 kHz with an excitation field of 15
mT.

Relaxation time has become almost double with the decreasing operating

frequency by a factor of 2. In addition to this, the relative signal was also reduced by
factors of 2 as compared to the relative signals at 9.9 kHz with 15 mT (peak amplitude)
applied field strength. All samples were re-assessed at 10 mT excitation field as given
in Table 3.6.
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Table 3.6: The characteristics of SPIONs at 4.6 kHz with an excitation field of 10
mT.

As the excitation field is reduced, the width of the dynamic range is also reduced
as compared to FWHM at 4.6 kHz with a 15 mT measurement. However, relaxation
time is not changed significantly with changing the applied magnetic field. Lastly, all
samples were evaluated with an applied magnetic field of 5 mT, as presented in Table
3.7.

Table 3.7: The characteristics of SPIONs at 4.6 kHz with an excitation field of 5
mT.

Relative signal, resolution (FWHM, mT), and relaxation time of the commercial

SPIONs were investigated [55] in this thesis. The resolution in terms of mT range is
reduced with increasing the applied magnetic field (5 mT to 15 mT) as presented in
Figure 3.6(b). Relaxation times of the samples at 4.6 kHz slightly decreased with
increasing the applied magnetic field as shown in Figure 3.6(a). Neel relaxation time
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reduces drastically with increasing the applied magnetic field. So, overall relaxation
time is reduced. The findings of this research are in good agreement with the
observation of the references [52, 67]. Perimag® has 3.29 mT FWHM at the lowest
applied magnetic field that promises the highest spatial resolution for MPI. The
increasing trend of the FWHM (mT) with the applied magnetic field is in good
agreement with the observation of other studies [67, 68].
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Figure 3.6: The comparison of the Vivotrax, Perimag, and Synomag SPIONSs; (a)
Effective relaxation time at 4.6 kHz, (b) Resolution (FWHM, mT) at 4.6 kHz.

The resolution of the SPIONSs also depends on the bandwidth of the receive coil
signal which can be improved by considering higher harmonics. In this study, the first
20 harmonics were used to measure resolution and relaxation time at 4.6 kHz and 9.9
kHz, respectively. The relaxation times at 9.9 kHz are reduced by a factor of 2 as
compared to 4.6 kHz, as shown in Figure 3.7(a). Similar to the relaxation times at 4.6
kHz, the decreasing trend is observed at 9.9 kHz with an applied magnetic field (5 mT
to 15 mT) as shown in Figure 3.7(b). The FWHM of the samples at 9.9 kHz also
showed a similar trend to 4.6 kHz as provided in Figure 3.7(b). The resolution of the
SPIONs does not significantly change with the frequency of the applied magnetic field.
The resolution of the samples at 4.6 kHz is slightly better than at 9.9 kHz that matches
well with the finding of another study for lower excitation fields [68]. Luckily, low
excitation fields yield high spatial resolution in MPI because high excitation fields are

not permissible due to PNS and SAR limitations.
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The frequency response of all samples was compared at 9.9 kHz with a 15 mT

excitation field as shown in Figure 3.8(a). Perimag® has the highest (0.59) 51/3™

harmonics ratio among the other samples. In addition to this, Perimag® shows slow

decay of the higher harmonics. The FWHM is minimum for Perimag® among the other

samples which help to achieve high spatial resolution as shown in Figure 3.8(b). The

results of the FFT response and PSFs of the SPIONs are in good agreement with an

arbitrary waveform relaxometer [69].
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Moreover, the relative signal strength of the Vivotrax, Perimag®, and Synomag
samples were normalized with the iron concentration of each sample at 4.6 kHz and
9.9 kHz excitation frequencies as given in Table 3.8. Synomag has the highest signal
strength as compared to the other two samples. The relative signal of the tracer agents
improves the SNR of the MPI. It is linearly increased with the operating frequency
such that the relative signal at 9.9 kHz is twofold of the relative signal at 4.6 kHz.

Table 3.8: Relative signals of standard SPIONSs at 9.9 kHz, and 4.6 kHz.

15 10 15 10

10.10 5.39 1.52 4.89 2.53 0.70
33.82 18.63 5.49 16.86 9.61 2.79
51.39 27.78 8.19 25.42 1410 4.03

An in-house MPR was developed for the characterization of the MNPs as a
potential tracer agent for MPI usage. The finding of this device helps to optimize the
synthesis process of the SPIONs. MPS and MPR are utilized for many applications
such as viscosity and temperature mapping of the MNPs [56]. However, it cannot
characterize the samples from the specific location of the test object. As it records data
from everywhere inside the coaxial drive and receive coil, so it needs an additional
mechanism for spatial characterization. In MPI, spatial encoding is utilized to switch
off uninterested areas magnetically which will be thoroughly discussed in the 4%

chapter.
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4. SPATIAL ENCODING TECHNIQUES FOR
MPI

Transmit and pick-up coils of MPI do not differentiate inductive signals from
different positions as presented in MPR. Therefore, spatially inhomogeneous static
magnetic field (also known as selection field) is applied in superposition to the
alternating (sinusoidal) excitation field (also known as drive field) for the localization
of the SPIONSs as tracer agents. The selection field is used to switch off all regions
except the region of interest (ROI). Pioneers of the MPI technology have utilized FFP
based selection field of 3.4 T/m and 3 T/m gradients with electromagnetic coils [1,70],
so the nanoparticles in the vicinity of the FFP (Figure 4.1(a,c)) generate full MPI signal
while the nanoparticles at other regions/positions become saturated in the presence of

the strong static magnetic field.

(a) (b)

Electromagnetic coils Permanent magnets Electromagnetic coils Permanent magnets

(©) (d)

i

Figure 4.1: Selection fields for MPI scanners; (a) Disc-shaped permanent magnets and ring-
shaped electromagnets are commonly used to generate FFP, (b) Rectangular shaped
permanent magnets and electromagnets are usually used to achieve FFL, (c) Magnetic field
strength pattern of FFP spatial encoding, (d) Magnetic field strength pattern of FFL spatial
encoding.

Furthermore, field-free line (FFL) as shown in Figure 4.1(b,d) is another spatial
encoding scheme that increases sensitivity, SNR, and temporal resolution of MPI
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scanners [71,72]. Likewise, a gradient field of 0.7 T/m was generated with permanent
magnets to exercise a multi-frequency MPI scanner [73]. A maximum of 7 T/m
gradient field has been implemented with permanent magnets so far to produce FFP
based MPI scanner [74]. An adjustable gradient field of 3-5.5 T/m implemented with
3 T/m (permanent magnets) and dynamic 2.5 T/m controlled with direct current, was
utilized to get a 3D image of the beating mouse heart [1]. Similarly, gradient fields of
4-7 T/m in the literature were used for the imaging of small animals like mice [75].
Moreover, projection-based scanning was carried out with a gradient field of 2.35 T/m

(for FFL MPI) to enhance imaging speed [76].

4.1. FFP Spatial Encoding

A large-bore diameter (patient bed), scanning of a large field of view (FOV) in
minimum time, and high spatial resolution are the key objectives of MPI scanners. In
this thesis, the spatial homogeneity of three different selection fields (implemented
with permanent magnets, electromagnets, and a combination of both) was evaluated at
the fixed internal working space (distance between two magnet pairs) of 71 mm. The
selection fields were modeled with an 11.25% enhanced ratio to the Maxwell
configuration length using electromagnetic coils, permanent magnets, and a hybrid
system. Spatial homogeneity of the selection fields was evaluated at a higher length
than Maxwell configuration to achieve maximum bore size. The gradient field of 4.3
T/m strength was targeted for the MPI scanner that was implemented for phantom
imaging. Each topology was analytically and numerically simulated for magnetic flux
density and gradient field using MATLAB, and COMSOL Multiphysics, respectively.
The relative gradient field strength error of each topology was also calculated. A home-
built MPI scanner of permanent-based selection field was implemented, and results

were compared with simulation models.

4.2. Selection Field Methods

Permanent magnets and/or electromagnets are used to generate a selection field
for MPI scanner. In medical imaging, gradient field homogeneity has special

importance for high resolution. Gradient field strength plays a major role to define the
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field of view (FOV) of a scanning object. A higher gradient field increases spatial
resolution of medical imaging; however, it reduces the volume covered by FOV.
Theoretically, gradient field (G) strength along the x and y-axes is half of the z-axis
value with a negative sign, respectively. Gauss’s law of electromagnetism describes the

divergence of the magnetic field (B) as mentioned in equation (4.1).

G=G+G+G=v-B="2, 0B_, (4.1)
where G, := %,Gy = %and G, = %

The relationship among three gradient strengths is stated as:
G, = —2G, = —2G, (4.2)

The equations (4.1) and (4.2) clearly show the asymmetry of the selection field
which has a considerable impact on the spatial resolution of MPI scanners. Asymmetry
of the gradient field values produces an ellipsoid shape FOV to scan an object. The
highest gradient field along the z-axis produces high spatial resolution. The spatial
resolution of MPI scanners [77] along with the system dynamics also depends on a
tracer material resolution (FWHM, mT) [78] is expressed in equations (4.3) and (4.4),
respectively.

kgT (4.3)
Axpwum = HomG Aepwnm

ASFWHM = 4163_1 (44)

where kg is Boltzmann constant, T is temperature, [o is the magnetic permeability of
the vacuum, m is the magnetic moment, Aerwhm is the full width at half maximum
(FWHM) of the point spread function of the magnetic nanoparticles (tracer material),
and S depends on the third power of the core diameter of the magnetic nanoparticles.

Aerwnm IS measured from the derivative of the magnetization characteristics.
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Practically, zero-dimensional MPI devices known as magnetic particle
spectrometer (MPS) or relaxometer [55] are used to calculate Aerwnm. The spatial
resolution can also be calculated from the overall point spread function of MPI
scanners with a point source scanning. Likewise, AXpwhm is the FWHM resolution of
MPI imaging devices. The resolution of the device mainly depends on the gradient
field strength (a higher value of the gradient field increases the resolution of MPI
scanners). It also depends on the SNR of the imaging device (MPI scanner) and the
deconvolution effect. However, in the scope of this research, only the FWHM
approach is utilized. The resolution along the x and y-axis is at least two times lower
than the z-axis, as presented in equation (4.2).

Permanent magnets (PM), electromagnets (EM), and hybrid (PM&EM) system-
based selection fields were compared at an internal working space of 71 mm. Each
selection field setup consists of two spatially separated parts and their magnetic fields
are opposite to each other to form FFP spatial encoding. The size (radius R) and
distance between two centers V3R of the selection field pair were calculated based on
Maxwell configuration [15]. Ring-shaped electromagnets were used with a different
internal and outer radius, so average radius (Ravg) Was utilized to calculate Maxwell
length for the comparison among other setups. To achieve a wider working space, the
distance between the selection field pair was enhanced based on the additional distance
to the thickness (da/2L) ratio. The average radius of the ring-shaped electromagnets

can be expressed as;

_ Rin + Rout (4.5)
Ravg ==

where Rin and Rout are internal and external diameters of the ring-shaped
electromagnets.

An internal working space (surface-to-surface distance) can be enhanced by placing
permanent magnets and/or electromagnets at a larger distance than Maxwell length.

So, additional distance (da) can be evaluated as:
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d, = 2d — V3R (4.6)

where d is the distance between the center of the selection field setup and the midpoint
of each-sided permanent magnet or electromagnet. R is the radius of the permanent
magnets and the average radius of the electromagnets.

Physical dimensions of permanent magnets and/or electromagnets used in the
selection field setups are presented in Table 4.1. In this study, an internal working
space of 71 mm and an enhanced ratio (d2/2L) of 11.25% were kept constant among
the selection field topologies. Magnetic flux density and gradient field strength of each
setup was evaluated over a 40 mm ROI with MATLAB and numerically simulated in
COMSOL, respectively. Moreover, the selection field with disc-shaped permanent

magnets was experimentally implemented.

Table 4.1: Physical dimensions of the selection field topologies.

R=50, L =20 86.5 91 11.25%
Rin= 52, Row= 101.76 133 151 11.25%
Ravg = 76.88, L = 80
PM— R=50,L=10 86.5 88.75
EM— Rip = 52, Rout = 75.76 110.525 122 11.25%
Ravg = 63.88, L=51

4.2.1. Selection Field Design with Permanent Magnets

Two pairs of NdFeB permanent magnets were used to obtain a gradient field
of 4.3 T/m for the phantom imaging MPI scanner. The permanent magnets of each
having 0.88 T remanent flux density were utilized and mounted with opposite poles as
shown in Figure 4.2. Each permanent magnet has a 100 mm diameter, and 10 mm
thickness. Magnetic flux density was strengthened by combining these two magnets.
One of the magnet pairs is placed at the +d (distance), and another at the -d
symmetrically along the z-axis.
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Figure 4.2: Arrangement of the permanent magnets design for the selection field. L
is the length, and R is the radius of the permanent magnets.

The distance from the origin of the system to the midpoint of the permanent
magnets is represented with d, and z donates the measurement variable from -30 mm
to 30 mm. N and S represent the north and south poles of the permanent magnets,
respectively. The permanent magnet pairs were placed along the z-axis at +45.5 mm
and -45.5 mm from the center of the selection field setup, the distance between two
magnet pairs (surface-to-surface) is 71 mm which is used to place copper shielding,
transmit and receive coils, and experimental object in closed bore size of 40 mm
diameter. The magnetic fields of the right and left magnet pairs cancel each other at
the z = 0 (midpoint) due to the opposite pole placement. Consequently, a zero magnetic
field point is produced at the middle of the setup that is the main source of FFP spatial
encoding. MPI scanning is performed through the translation of FFP over ROI. The
magnetic flux density of the disc shape permanent magnets (PM) is analytically
simulated in MATLAB.
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The magnetic flux density produced by the right-side magnets at +d distance
from the midpoint is calculated [79] by using equation (4.7).

gk gt 47
Sl S o S for (—~d+3) <z<(d-3) (47)

R2+(z—d+3)?2 \/R2+(Z—d—§)2

Bpy-r(2) = %[\/

where B is the remanent flux density, R is the radius, L is the thickness, and d is the
distance from the center of the disc type permanent magnets from the midpoint.

The magnetic flux density produced by the left-side magnets at -d distance from
the midpoint is expressed as:

(4.8)

_ +d+2 +d-%
BPM—L(Z) = ﬂ[ z 2 — - 2 ] fOI’ (—d + £) <z<
2 \/R2+(z+d+§)2 \/R2+(z+d—%)2 z

(¢-3)

The magnetic flux density of the magnets linearly decays on either side (towards

the middle point) along the z-axis with peak values at |d|. Anti-symmetric responses
from each side cancel the magnetic field in the middle of the system. Overall, the
magnetic flux density of the system due to the permanent magnets (PM) is the sum of

the Bpm-r (at the right side) and Bpwm-L (at the left side) as given:

Bpy(2) = Bpu-r + Bpy-1 (4.9)

The gradient field strength due to the permanent magnets in the z-direction is

given by;

G;M _ ABPM = aBpM (410)
Az 0z

The selection field setup with the permanent magnets was numerically simulated
in COMSOL Multiphysics. The magnets were enclosed in the air sphere of 200 mm
with its edge thickness of 50 mm in COMSOL. The main aim of the air sphere is to
ensure no magnetic fields in the surroundings of the permanent magnets. The air sphere

less than 200 mm radius does affect the magnetic flux density produced by the magnet
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pairs. A free triangular mesh was used in the entire geometry with a maximum and
minimum element size of 1 mm, and 0.011 mm, respectively. The magnetic flux
density of the permanent magnets in the 2D axisymmetric space dimension with the
revolved angle from -90° to 225° is shown in Figure 4.3(a). To elaborate on the FFP,
the same setup was simulated in 3D space and the y-z plane image of magnetic flux
density is presented in Figure 4.3(b).
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Figure 4.3: Magnetic flux density (T) of NdFeB permanent magnets. (a) 2D
axisymmetric simulation of the setup and transparent view from -90° to 225°. (b) 3D
simulation of the setup with arrow representation in the y-z plane. Field free point
(FFP) is highlighted with a red oval shape in the y-z plane.

Magnetic flux density is linearly increasing on either side of the FFP as presented
in Figure 4.5(a). The homogeneous excitation field of the drive coil is used to change
the FFP location over a scanning object for diagnosis within defined FOV.
Alternatively, an object can also be translated at the fixed FFP location of the gradient
setup. The measured values of magnetic flux density are the same as the simulation
results at the ROI, except the region near the outer surface of the magnet pairs (Figure
4.5(a)).

The gradient field strength is highly uniform (95%) in [-20, 20] mm interval
along the x-axis which defines the homogeneity of the magnetic particle imaging

system, as shown in Figure 4.5(b). MPI scanner of 4.3 T/m gradient field was
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implemented under the scope of this thesis as shown in Figure 4.4 and magnetic flux

densities were evaluated.

Drive Coll Receive Colil

Figure 4.4: Magnetic particle imager hardware. Experimental hardware structure
for the selection field (permanent magnets are hidden inside the holders).

The axial probe of DSP (Lakeshore) was used to measure the selection field
values in the xz plane along the bore axis (x-axis) at y=0 as shown in Figure 4.6(a).
Similarly, the transverse probe was used to measure the magnetic field in the x-z plane

perpendicular to the bore axis (along the z-axis) as presented in Figure 4.6(b).
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Figure 4.5: (a) Line graph of magnetic flux density along the x-axis. Zero magnetic

field at x = 0 demonstrates the Field Free Point (FFP), (b) the gradient field
strength of NdFeB magnets along the x-axis.

The magnetic field at the FFP position is theoretically zero, however, the
experimental result shows a magnetic flux density of 4 uT which can be considered as
zero. The magnetic gradient field of 2.144 T/m was obtained from COMSOL whereas
2.131 T/m was achieved experimentally for the same parameters. Hence, the relative
gradient field strength error of 0.58% was observed in the simulation and experimental

results at the FFP.




52.20

46.98

41.76

36.54

31.32

26.10

20.88

15.66

10.44

Distance along the x-axis (mm)

5.220

0.000
20 -15 -10 -5 0 5 10 15 20

Distance along the z-axis (mm)
(b)

106.0

95.40

84.80

74.20

63.60

53.00

42.40

31.80

21.20

Distance along the x-axis (mm)

10.60

0.000

20 -15 -10 -5 0 5 10 15 20

Distance along the z-axis (mm)

Figure 4.6: Experimental results of the permanent magnets-based selection field.
(a) Bx magnetic field in xz plane at y=0, (b) B, magnetic field in xz plane at y=0.

Overall, the magnetic flux density in the x-z plane is shown in Figure 4.7 and
the oval shape of the color patterns shows the asymmetry of the selection field. To
achieve a large uniform gradient field interval, the radius (or length) of the permanent
magnet should be increased accordingly. The values of the magnetic and gradient
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fields along x and y are half of the z-axis values as mentioned in equations (4.1) and
4.2).
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Figure 4.7: Magnetic flux density in xz plane at y=0, Field Free Point (FFP) is
demonstrated at the middle-point with zero field.

4.2.2. Selection Field Design with Electromagnetic Coils

Ring-shaped electromagnetic coils were designed and simulated to generate a
selection field for a new MPI scanner. The average radius of the electromagnetic coils
was utilized, as mentioned in equation (4.5), to calculate Maxwell length. The coils
were placed at £ 75.5 mm of practical length, as shown in Figure 4.8. The
electromagnetic coil of the outer diameter of 203.52 mm, the inner diameter of 104
mm, and the thickness of 80 mm was designed based on the internal working space of
71 mm between these two electromagnetic coils. Each electromagnetic coil was made
of 29 layers with 1363 turns of magnet wire (diameter of the magnet wire is 1.7 mm).
The space between the coils was effectively used to place drive and receive coils, and
also a cylindrical bore size of 40 mm. The coils were assembled on the z-axis
symmetric around the center of the setup. A direct current (DC) of 26.75 A was applied
in the opposite direction to each coil to produce FFP spatial encoding. The arrow signs
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in Figure 4.8 show the current directions in the electromagnetic coils. The FFP is
generated when magnetic fields of the same magnitude with opposite directions cancel
each other in the middle region. Similar to the permanent magnet design, the FFP lies

atz=0.

Figure 4.8: 3D view of the electromagnetic coils for the selection field. L is the
thickness; Rin is the inner and Rout is the outer radius of the electromagnets. The
current (I) direction in both electromagnets is represented with the arrow signs.

The magnetic flux density produced by the right-side multi-layer
electromagnetic coil [80] at +d distance from the origin is theoretically calculated by

using equation (4.11).

:uONI [A In Rout + AY, Rgut + A2 +Bln Rout + V Rgut + Bz] (411)
2L(Rout — Rin) Rin + Rl-zn + A2 R + Rizn + B?

Ben r(2) =

where A =Z—(z—d), B=>+(z—d),and (~d+3) <z<(d—3)

Rout is the outer radius, Rin is the inner radius, L is the thickness, I is the current
passing through the coil, N is the number of turns, and o is the permittivity of the air.
The magnetic flux density produced by the left-side electromagnetic coil at -d distance

from the origin is expressed as:
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#ON(_I) [A ln Rout + Vv Rgut + A2 + B lTl Rout + Vv Rgut + Bz] (412)
2L(Rout — Rin) Ry +/R%, + A2 Ry ++/R%, + B2

Bem 1(2) =
where A=>—(z—d), B=Z+(z—d),and (-d+3) <z<(d—3).

The magnetic flux density of the electromagnets linearly increases on either side
(going away from the middle of the design) along the z-axis with peak values at |d|.
Anti-symmetric responses from each side cancel the magnetic field at the central point
of the geometry. Thus, the magnetic flux density of the electromagnet (EM) coils

system is the sum of Bem-r and Bewm-L like equation (4.9).
Bem(2) = Bgm g + Bem 1 (4.13)

The gradient field strength due to the electromagnets in the z-direction is given

by;

ABpy  0Bpy (4.14)

EM _
Gz" = Az 0z

The gradient field strength of the electromagnets was computed by applying
equation (4.13) to equation (4.14). The magnetic flux density of the proposed setup is
shown in Figure 4.9.

Similar to the previous topology, the electromagnetic coils were also spherically
enclosed in the air with a radius of 400 mm, and a thickness of 30 mm. The radius of
the sphere is very significant for an accurate evaluation of the selection field generated
by the electromagnets. A free triangular mesh was placed in the entire geometry with
a maximum and minimum element size of 1 mm, and 0.011 mm, respectively. The
magnetic flux density of the electromagnets in the 2D axisymmetric space dimension
with the revolved angle from -90° to 225° is shown in Figure 4.9(a). To elaborate on
the FFP, the same setup was simulated in 3D space (spatial domain) and the y-z plane
image of the magnetic flux density is presented in Figure 4.9(b). The magnetic flux
density of the electromagnetic coils as mentioned in equation (4.13) along the z-axis
and its gradient strength by applying equation (4.14) were also computed in MATLAB.
The magnetic gradient field of 4.305 T/m was calculated in MATLAB whereas 4.299
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T/m was achieved in COMSOL for the same parameters. Hence, the relative gradient
field error of 0.13% was observed in the analytical and numerical simulation results at
the FFP.

Figure 4.9: Magnetic flux density (T) of the electromagnets-based selection field
setup. (a) 2D axisymmetric simulation of the setup and transparent view from -90°
to 225°. (b) 3D simulation of the setup with arrow representation in the y-z plane.

Field Free Point (FFP) is highlighted with the red oval shape in the y-z plane.

The magnetic flux density is linearly increasing on either side (going away from
the central point) of the FFP along the z-axis as shown in Figure 4.10(a). Analytical
simulation (MATLAB) and numerical simulation (COMSOL) results are well matched
at each point along the scanning axis. The gradient field strength is highly
homogeneous (97.5%) in [-20, 20] mm interval as presented in Figure 4.10(b).

The uniform gradient field is very important inside FOV in which helps to
detect an accurate response of the tracer material and minimize the wrapping artifacts.
The transverse gradient field is uniform with just 2.5% fluctuation within the 40 mm
of centrally positioned at the FFP.
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Figure 4.10: (a) Magnetic flux density of the electromagnets along the z-axis. The
magnetic field at z = 0 demonstrates the Field Free Point (FFP), (b) the gradient
field strength of the electromagnets along the z-axis.

4.2.3. Selection Field Design with Hybrid System

The proposed topology consists of NdFeB permanent magnets and
electromagnetic coils pairs to establish a 4.3 T/m gradient field for the magnetic
particle imaging device. The selection field setup based on solely electromagnetic coils
can produce huge power dissipation and requires a large cooling system. A gradient
field generation from electromagnets also requires large power amplifiers. To reduce
power requirement, a combination of the previous topologies (PM and EM) was used
together to achieve the same gradient field as shown in Figure 4.11. The permanent
magnets (PM) and electromagnetic (EM) coils were mounted on the z-axis
symmetrically at z = 0. A hybrid selection field setup was designed at the enhanced
ratio of 11.25% to obtain a similar internal working space of 71 mm along the z-axis.
The permanent magnet pair of 100 mm diameter and a thickness of 10 mm was used.
Their outer diameter of 151.52 mm, the inner diameter of 104 mm, and a thickness of
51 mm the electromagnetic coils were designed. South poles of the permanent magnets
were placed face-to-face, so the magnetic field of the permanent magnets cancels each
other in the middle point. Similarly, direct current passes through the electromagnets

in the opposite direction as represented with the arrow signs in Figure 4.11.
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Figure 4.11: 3D transparent view of the combined topology of the disc type
permanent magnet and ring-shaped electromagnetic coils. The current (1) direction
of the electromagnets is represented with arrow directions. The permanent magnets

(PM) are kept inside the electromagnets (EM) for effective usage.

Gradient field strength generated by the electromagnets directly depends on the
electric current magnitude, so it can be changed and controlled within a certain range.
Controllability of electric current brings useful applications of the gradient field for
MPI scanners. The combined topology is a cost-effective technique in comparison to
the electromagnet topology for the implementation of adjustable gradient field
strength. Moreover, the all-time existence of the selection field from the permanent
magnets does not have side effects on patients. The selection field achieved with the
permanent magnets or a hybrid system does not produce heating or induce stimulation
with static field [81, 82]. Maximum magnetic fields are produced at the center of
permanent magnets and electromagnets. However, the magnetic fields inside the FOV
are very limited. So, it does not affect the test object if it is slowly translated to avoid
dB/dt effects [32].

The permanent magnets having a remanent flux density of 0.88 T were used
similar to the prior design, and a gradient field of 2.2 T/m was obtained as presented
in Figure 4.12(a). The electromagnetic coil consists of 14 layers with an overall 420

number of turns of the magnet wire of 1.7 mm (diameter). A direct current (DC) of

49



28.4 A was applied to the electromagnetic coils, and a gradient field of 2.2 T/m was
achieved as shown in Figure 4.12(b). Opposite poles placement of the permanent
magnets, and reverse current direction in the electromagnetic coils generate zero field

point which is visible clearly at z = 0 in Figure 4.13(a).
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Figure 4.12: Gradient field strength along the z-axis. (a) The gradient of the
selection field produced with the permanent magnets, (b) Gradient of the selection
field produced with the electromagnets.

The magnetic flux density and gradient field of the permanent magnets and the
electromagnetic coils-based selection field setup were also analyzed by using
equations (4.7-4.14) for the combined topology in MATLAB. The magnetic field from
the COMSOL simulation at the field-free point was 5.7 uT which can be ignored and
considered as zero. A gradient field of 4.297 T/m was calculated in MATLAB whereas
4.310 T/m was achieved in COMSOL for using the same parameters. Hence, the
relative gradient field error of 0.3% was observed in our analytical and numerical
simulation results at the FFP. The overall gradient field strength of 4.3 T/m was
obtained from the combination of both permanent magnets and electromagnetic coils
as shown in Figure 4.13(b). The transverse gradient field is homogeneous (96.8%) with
a maximum of 3.2% relative fluctuation within 40 mm of centrally positioned FFP for

both simulation and calculation.
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Figure 4.13: (a) Line graph of magnetic flux density along the z-axis. Zero
magnetic fields at z = 0 demonstrate the Field Free Point (FFP), (b) the gradient
field strength of the combined topology along the z-axis.

4.3. Results and Discussions

In this study, the three different topologies were modeled and simulated to
generate a gradient field of 4.3 T/m for a new MPI scanner. The gradient field of the
hybrid topology is achieved from constant 2.2 T/m (permanent magnets) and
adjustable 2.1 T/m (electromagnets coils). The gradient field contribution of individual
components was considered equally to observe the optimum effect on spatial
homogeneity. These topologies were modeled to achieve a homogeneous gradient field
around the FFP that covers at least scanning objects for artifacts free imaging.
Magnetic flux density at the FFP was also simulated and analyzed for these specific
topologies. Numerical results of gradient field strength and magnetic flux density for
the proposed selection field geometries at the FFP location were highly compatible
with the analytical results. The gradient fields of the three topologies were normalized
with the targeted value of 4.3T/m and comparisons are shown in Figure 4.14. The
gradient field near the FFP is homogeneous from the -20 to 20 mm range along the z-
axis. The electromagnetic coil-based selection field has the highest uniform gradient
field (97.5%) within 40 mm centrally positioned at the FFP. Hybrid (combined system)
selection field topology has 96.8% homogeneity for the same spatial distance.
However, the permanent magnet-based system has the least homogenous gradient field
(95%) within 40 mm in the ROI. Three different ways of the selection field
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implementations are thoroughly studied in terms of relative gradient field strength and

spatial homogeneity as presented in Table 4.2.
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Figure 4.14: Comparison of gradients of the three topologies. PM-Analytical and

PM-Numerical lines represent the NdFeB permanent magnets, EM-Analytical and

EM-Numerical lines show the electromagnetic coils, and PM&EM Analytical and
PM&EM Numerical lines indicate hybrid (combined system) topology.

Analytical, and numerical results of the given geometries were compared.
Analytical solutions are the special cases along the z-axis (x =0, y = 0) in the selection
field topologies. However, numerical computations provide us information at any
spatial point in 3D (X, y, z). Moreover, analytical results are also used to cross-check
the accuracy of the numerical results before utilizing them for further usage in
COMSOL. For example, the MPI system has a copper shielding effect that cannot be
simulated analytically. Exact virtual implementation of MPI scanner is possible in
COMSOL Multiphysics if the performance of the individual component is verified
with analytical solutions. Analysis of the selection field topologies was accomplished
on a single value of 4.3 T/m. However, the finding of this research could be used to

design a selection field of the customized MPI scanner for specific applications.
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All geometries were designed with an approximate enhanced ratio of 11.25% to
the Maxwell configuration length (the highest spatial homogeneity). Most MPI
scanners presented in the literature so far were used for small animal imaging with a
bore size of approximately 50 mm. Limited research is found on human brain size MPI
devices with a very small gradient field even less than 1 T/m. The bore size of MPI
scanners and gradient field strength and their homogeneity are very correlated.
Consequently, an enhanced ratio can be increased for a large bore size at the tradeoff

of gradient field homogeneity.

Table 4.2: Comparison of all topologies over 40 mm distance symmetric around
field-free point (FFP).

The resistance of the copper wire (1.7 mm diameter) used in two Series-
connected electromagnets of the hybrid topology is 2.4756 Q. The maximum power
dissipation of 1997 W was evaluated in COMSOL at 28.4 A. However, the resistance
of the electromagnetic topology is 9.669 Q which is quite high in comparison to the
hybrid topology. So, the maximum power dissipation of 6919 W needs a large water-
cooling system to keep the selection field setup at room temperature. Power
requirements of the electromagnetic coils (EM) and hybrid topologies were calculated
for different values of the gradient field strength as presented in Table 4.3.
Electromagnetic and hybrid systems are operated at the maximum current capacity of
the copper wires.

The permanent existence of high magnetic flux density at the FFP in PM
topology undermines the easiness of this setup. The rapid motion of the patient inside
the MPI scanner in the presence of a high magnetic field may generate high dB/dt.
However, there is no theoretical or experimental work is done. Similarly, a high current
requirement in the electromagnetic coils generates very high-power dissipation which
needs a proper cooling setup that is beyond the scope of this thesis. However, the

combined topology does not have a permanent existence of very high magnetic flux
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density at the FFP and does not require high power in comparison to their separate

setup.

Table 4.3: Electrical power requirements of the electromagnetic (EM) and hybrid

(PM&EM) topologies.

2.2
2.2
2.2
2.2

0.7
14
21

2.2
2.9
3.6
4.3

1809
3146
4851
6919

221
886
1997

The equivalent gradient field is achieved from the combined topology using

moderate specifications. The selection field of the hybrid system provides an

adjustable FOV size with less power requirement compared to EM topology. So, the

combined topology (i.e., PM &EM) is the most suitable to design an MPI scanner.

54



5. MAGNETIC PARTICLE IMAGING (MPI)
SCANNER

MPI is a new tomographic imaging technique that uses SPIONSs as a tracer agent.
It does not produce any signal from human tissues and bones, which distinguishes it
from other imaging modalities such as MRI and CT [1]. It uses the non-linear
magnetization response of the tracer agents (defined by the Langevin function). MPI
has a linear dependence on the concentration of the biocompatible SPIONs which are
used for diagnosis and therapeutic applications. Gleich et al. extended the MPI scanner
in 2008 to scan a 2D area of 1 x 1 cm? with a Lissajous scanning sequence at 25 frames
per second [70]. The hardware of the MP1 scanner was modified to a 3D level in 2009
for real-time acquisition (in-vivo). The movement of the bolus through the
cardiovascular system of the healthy mouse was recorded with a high temporal
resolution of 21 ms for 4D imaging [14].

MPI technique is at the pre-clinical stage currently and many research groups
are working on the different aspects of it to explore its limits. Fundamentally MPI
technique is based on the field-free point (FFP) selection field in closed bore geometry.
However, Goodwill et. al. introduced the field-free line (FFL) selection field in 2012
for MPI [76]. FFL is a significant achievement that promises high sensitivity and less
acquisition time as compared to FFP. Furthermore, MPI scanners of versatile
methodologies such as single-sided, open bore (combination of two single-sided
setups), and traveling wave MPI have been constructed in the last ten years [83,84].

In this thesis, a custom MPI scanner was designed for phantom imaging at 9.3
kHz. FFP based selection field of 4.3 T/m was implemented. Single drive and receive
pair of solenoid coils were built to generate excitation field and pick-up the response
of MNPs at FFP, respectively. A resonant filter was integrated into the drive chain at
9.3 kHz to achieve lower power dissipation. Standard nanoparticles of Vivotrax and
Perimag® were used for phantom scanning. X-space reconstruction algorithm was

applied for the reconstruction of the image.

5.1. Magnetic Gradient Fields

Spatially inhomogeneous (static) magnetic fields are implemented with NdFeB

permanent magnets and/or electromagnets. Selection field based on FFP generates “no
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field region” at a single point (usually midpoint of the geometry) and linearly increases
on other sides of ROI. The thorough detail of FFP spatial encoding is presented in the
previous chapter. In the scope of this thesis, a gradient field of 4.3 T/m is implemented
with two pairs of disc-shaped permanent magnets as shown in Figure 5.1. Permanent
magnets of 100 mm diameter and thickness of 10 mm were mounted at a distance of

71 mm (internal working space of the setup) with epoxy glass sheets.
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Figure 5.1. Selection field of the MPI scanner, (a) Pictorial representation of the
permanent magnets for a selection field. N represents the north pole while S
represents the south pole of NdFeB permanent magnets, (b) Gradient field along
the bore axis (scanning axis) which is half of the fast axis gradient field strength
(4.3 T/m).

The magnetic field inside the internal working space of the scanner was
measured with axial (Figure 4.6(a)) and transverse (Figure 4.6(a)) probes, respectively.
Overall, the magnetic field profile in the xz plan was calculated from axial and
transverse probe data as shown in Figure 4.7. The gradient field along the bore axis is
90% homogenous from -29 mm to +29 mm along the x-axis. Gradient fields are three-
dimensional by default, so the in-house MPI scanner has (-2.15, -2.15, 4.3) T/m along

(X, Y, 2), respectively.

5.2. Solenoid Drive and Receive Colils

Dynamic magnetic fields are used to excite superparamagnetic iron oxides
(SPIONSs) at specific frequencies (e.g., 1-100 kHz) for magnetic particle imaging
(MPI) applications [94]. These magnetic fields are implemented with different shaped
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electromagnetic coils. Similarly, the non-linear response of the magnetic nanoparticles
is detected with electromagnetic coils. However, alternating current at frequencies to
single copper wire causes high resistance as compared to direct current. This
phenomenon is known as the skin effect and becomes the source of high-power losses
in drive coils and low SNR ratio. To mitigate these issues litz wires are used for both
drive and receive coils. The number of drive and receive coil pairs define the scanning
dimensions of the MPI scanners. Usually, solenoid or Helmholtz coils are preferred to
generate axial magnetic fields (for the x-axis). Rectangular, saddle, and fingerprint-
shaped coils are utilized to generate transverse magnetic fields (for y, z axes).

Drive and receive coils of the MPI scanner along the bore axis were designed in
solenoid shape. While homogeneity of the magnetic fields has significant importance
in MR, itis less crucial in MP1. Optimum homogeneity of the solenoid coil is achieved
when its length is equal to 1.73 times its radius. The magnetic field of the coil is
calculated with the following equation;

HoNI Roye ++ Rgut + A2 Rout + Rgut + BZ (5.1)

2L(R,ut — R;
( out m) Rm"’Jm Rm"’W

whereA=£—z, B=£+z,and—£ <z<£
2 2 2 2

B(z) =

L is the length of the solenoid coil. Rin and Royt are the inner and outer radii of the coil,
respectively. N is the number of turns on a multi-layer solenoid coil. The deviation of
the magnetic fields from the peak value (midpoint value) is known as the homogeneity

of the magnetic fields represented with H.

BO - Bz (52)

where Bo is the midpoint magnetic field of the solenoid coil.
Numerical simulations were carried out in COMSOL to achieve optimum
homogeneity. The drive and receive coils are designed in a cylindrical shape as shown

in Figure 5.2.
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Figure 5.2: (a) Magnetic flux density of the drive coil in COMSOL, (b)
Construction of drive and receive coils based on numerical simulation results.

The nonlinear response of the SPIONSs is measured through the inductive method
using a solenoid receive coil. However, the tracer response is a million times smaller
than the fundamental harmonics of the excitation frequency. The induction of the first
harmonic on the receive coil is known as the direct feedthrough phenomenon. There
are two methods to eliminate the direct feedthrough effect. One is based on the
geometric design of the receive coil which consists of three sections; the outer sections
winding is opposite the middle section. Another method is to integrate a band stop
filter (BSF) to suppress the fundamental harmonics of the receive coil. To show the

advantages of the gradiometric winding of the receive coil, COMSOL results are

shown in Figure 5.3.
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Figure 5.3: Voltage induced on the different sections of receive coil: (a) left
section (upper), (b) middle section, (c) right section (lower), (d) overall voltage
induction on the receive coil without SPIONS.

The voltage induced by the left and right sections of the receive coil is almost
the same as the middle section voltage with opposite polarity. So, the overall voltage
represented in Figure 5.3(d) is in the range of mV. When experiments will be taken on
the nanoparticles at the FFP, induced voltage on receive coil will reflect particle signal
efficiently. Practically, only overall receive coil voltage is recorded for post-
processing.

Litz wire of 1.37 mm diameter was utilized for multilayers construction of the
drive coil. Three layers drive coil was designed to achieve 20 mT (peak amplitude)

magnetic flux density at a minimum current. The internal diameter of the drive coil is
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44 mm. Drive coil inductance of 533.35 pH was measured with LCR 8105 G meter.
Similarly, a single layer receive coil has an inductance of 66.95 puH. Physical and
electrical key parameters of the drive and receive coils at 9.3 kHz are given in Table
5.1.

Table 5.1: Key parameters of the Magnetic Particle Imaging Scanner.

Drive Colil Receive Coil
Number of layers 3 1
Number of Turns 276 26:51:26
Length (mm) 130 82.5
Width (mm) 4.11 0.77
Internal diameter (mm) 44 32
Resistance () 1.956 0.929
Inductance (uH) 533.35 66.95

5.2.1. Sensitivity of the Drive Coil

The supporting holder of the drive coil was made from PLA (polyacrylic acid)
material with a 3D printer. Magnetic flux density generated by the drive coil is directly
controlled with electric current passing through it. To prevent the drive and receive
coils from the nonlinearities of the permanent magnets and environment
electromagnetic interferences, a cylindrical copper shielding of 3 mm thickness was
used. Moreover, the shielding also restrains high-frequency magnetic fields in a closed
area. The drive coil was placed in the cylindric copper shield which also reduced the
efficiency of the coil depending on the air gap between the drive coil and copper
shielding. To measure the sensitivity of the electromagnetic coil, 1A (DC) current was
applied and magnetic flux density was measured across the length of the coil.
Minimum current is applied to avoid thermal heating at the coil. Numerical simulation
was performed in COMSOL Multiphysics using its AC&DC model, and experimental
data were recorded with a gauss meter and moving robot. The comparison of the
numerical and experimental data for the drive coil sensitivity is shown in Figure 5.4.
The magnetic flux density of 2.55 mT was measured at the center of the drive coil at

1A direct current. The numerical and experimental data are in good agreement in terms
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of field homogeneity and efficiency (mT/A). Magnetic field homogeneity of 95% was
achieved from -32 mm to +32 mm across the midpoint of the drive coil.
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Figure 5.4: Normalized transfer function of the drive coil. The magnetic flux
density of the drive coil was measured at a direct current of 1A.

5.2.2. Receive Coil Sensitivity

The supporting holder of the receive coil was built from PLA material with a 3D
printer. The length of receive coil is 82.5 mm which is made from 3 sections based
gradiometric type. The middle section is almost equal to the outer sections (left and
right) of the receive coil. Litz wire diameter of 0.77 mm was used for the receive coil.
To measure the sensitivity of the coil, 1A (DC) was applied and measurements were
taken with 1 mm resolution along the x-axis. Numerical simulation and experimental
data were compared, and their results are presented in Figure 5.5. The magnetic flux
density of 1.10 mT was measured at the center of the drive coil at 1A direct current.
The numerical and experimental data are in good agreement in terms of field

homogeneity and efficiency (mT/A). Magnetic field homogeneity of 90% was
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achieved from -7 mm to +7 mm across the midpoint of the receive coil (middle
section).
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Figure 5.5: Normalized transfer function of the receive coil. The magnetic flux
density of the receive coil is measured at a direct current of 1A.

Gradient field homogeneity (selection field), and homogeneous magnetic field
(drive coil) are very crucial to correlate the theoretical and experimental boundaries of
the FOV. As, both magnetic fields are highly homogenous inside the FOV region, so
minimum artifacts would appear in the reconstructed image. In addition to this, receive
coil homogeneity is also significant for scanning objects inside the FOV. 90%

homogeneity of the middle section (receive coil) is the same as the 15 mm FOV.

5.2.3. Comparison of AC and DC Sensitivity

To prevent the drive and receive coils from the nonlinearities of the permanent
magnets and environment electromagnetic interferences, a cylindrical copper shielding
of 3 mm thickness was used around the co-axial coils. DC sensitivity does not affect
an air gap. However, AC sensitivity is obtained by applying 1A (RMS-root mean

square) alternating current, which changes with an air gap. As the air gap increase, AC
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sensitivity approaches DC sensitivity. Unfortunately, it is not possible to reserve empty
space between the drive coil and copper shielding. To figure out optimized shielding
distance, a parametric sweep study was performed in COMSOL Multiphysics.
Moreover, shielding also restrains high-frequency magnetic fields in a closed area. The

comparison of AC and DC sensitivity [85] is presented in Figure 5.6.
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Figure 5.6: Sensitivity of the drive coil with direct current (1 A) and alternating
current (LA RMS) at 9.3 kHz is evaluated.

In the light of the parametric sweep study of the COMSOL software, copper
shielding was placed between selection field permanent magnets and the drive coil
with an air gap of 8.5 mm. Again, DC is constant and does not affect magnetic flux
density. Thus, the magnetic flux density of 2.55 mT was measured with 1A direct
current. 1A (RMS) sinusoidal current at 9.3 kHz was applied to determine AC
sensitivity which is 1.18 mT/A. The drawback of reduced sensitivity of the drive coil
is eliminated with the implementation of the selection field with electromagnets
instead of permanent magnets. So, there will be no need for copper shielding that

causes a reduction in sensitivity values.
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5.3. Impedance Matching Circuit

There are two purposes of impedance matching circuits: the first one is
maximum power transfer, and the second purpose is maximum signal transfer. Power
amplifier and impedance circuit are used to accomplish signal transfer with maximum
efficiency. The operating frequency of the system drives the electronic circuit
calculations. The inductive reactance of the electromagnetic coil, and the capacitance
reactance of the required capacitor are defined with equations (5.3) and (5.4),
respectively.

X, =wlL =2nfL (5.3)

X; = % = 1/2nfC 64

Here X, is the inductive reactance, X is the capacitance reactance, f is the
operating frequency, C is the capacitance, and L is the inductor. As shown in Figure
5.7, impedance Z is defined as the total resistance of the circuit to the alternating

current passing through at a specific frequency.

V4
X
R
Xc
\ 4

Figure 5.7: Impedance component of an electronic circuit.
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The impedance vector as presented in equation (5.6) has a real part (R,
resistance) and an imaginary part (X, reactance).

7= JRET X (56)

At X, = Xc, circuit shows minimum impedance at the resonance frequency. The
imaginary part of the impedance vector becomes zero at this condition. So, the

resonance frequency can be defined as:

1
 2nVIC (5.7)

fo

The power amplifier has 5.3 mQ resistance and the solenoid coil with the
resonant capacitor has 2.42 Q. The high impedance of the load (receive coil) ensures
maximum power transfer of the drive chain. Therefore, there is no need for impedance
matching between a source (drive coil) and load (receive coil). The only maximum
signal (current) transfer was implemented with a series capacitor. Impedance matching

circuit (act as a low pass filter) was designed in LTSpice for the drive coil, as shown

in Figure 5.8.
Amp._Indcutance @ Amp._Resistance
5.3mOhm Drive_Coil
533.35pH
Amp._Voltage
Resonant_Cap.
AC 30 =—
554.45nF
.ac lin 1000 5000 15000

Figure 5.8: Impedance matching and low pass filter circuit for the drive chain of
the MPI scanner.
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Internal reactance and internal resistance of the power amplifier were also
included to simulate realistic behavior. Required capacitance reactance to the drive
chain was added with the high current capacitor of 554.45 nF. The resonance and
excitation frequency of the drive chain was designed to be 9.3 kHz. The impedance of
the load (electromagnetic coil and resonant capacitor) was evaluated at 9.3 kHz, as
shown in Figure 5.9(a). The drive signal chain has an impedance of 2.42 Q at the
required excitation frequency. The response of the solenoid drive coil and the resonant
capacitor was simulated in LTSpice. The frequency response of the current as shown
in Figure 5.9(b) demonstrates the maximum current passing the drive coil that is

occurred at 9.3 kHz.
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Figure 5.9: Frequency response of the drive chain: (a) Impedance of the drive
chain (drive coil and resonance filter) was measured with LCR 8105G meter, (b)
Frequency response of drive coil circuit, and the drive coil has the highest current

capability at the resonance frequency (simulated with LTSpice).

To suppress higher harmonics of the operating frequency, a low pass or bandpass
filter is necessary for magnetic particle imaging (MPI) application. Attenuation rate of
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-20dB/decade helps to eliminate unwanted multiple harmonics of the excitation
frequency produced from the power amplifier.

5.3.1. Self-Resonance of Drive and Receive Coils

Optimum excitation frequencies of the drive coils for MPI applications are close
to 25kHz. As MPI is at the pre-clinical stage, a wide range of excitation frequencies
are utilized below 45 kHz. In the design of electromagnetic coils for MPI, the issue of
self-resonance should be addressed carefully. Practically, each inductor has a stray
capacitance parallel to the inductor. Therefore, the self-resonance of the drive coils for
MPI applications is at least 10 times higher than the operating frequency (9.3 kHz)
[86]. The frequency response of the drive coil is presented in Figure 5.10. The self-
resonance of 278 kHz of the drive coil is measured with an 8105G LCR meter. So, this

drive coil can easily operate up to 27 kHz for MPI.

Figure 5.10: Self-resonance of the drive coil.

Self-resonance of the receive coil is highly critical because the receive coil is

used to record multiple harmonics of the excitation frequency. Therefore, a wide

68



bandwidth spectrum is essential for the receive coil. The frequency response of the
receive coil is shown in Figure 5.11. It is clearly shown that the first resonance peak
occurred at 1.22 MHz which ensures multiple harmonics that can be recorded up to 1
MHz.

Figure 5.11: Self-resonance of the receive coil.

5.4. Field Free Point Movement

The selection field produces only a single point where magnetic fields are not
present. The superposition of spatially homogeneous drive field and inhomogeneous
selection field move the FFP non-mechanically. The FFP moves to the position where
the magnitude of the drive and selection fields cancel each other.

The drive field also acts as an excitation field for the tracer agents. The sinusoidal
shape of the drive field excites magnetic nanoparticles at the excitation frequency.
Higher harmonics induced from tracer material provide spatial information inside the
field of view (FOV). Sinusoidal excitation field along the bore axis (x-axis) can be

represented as;
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BP(t) = —A2cos (2nfEt)e, (5.8)

The superposition of the drive field and selection field can be represented at any

spatiotemporal location;

B,(x,t) = —AP cos(2nfEt) + G,x (5.9)

_aD D
FFP translates along the x-axis within [%,2—"] interval. The speed of the FFP

Is maximum at the center of the defined interval and becomes zero at the edges of the
interval. This also affects the image quality which is higher at the center of the FOV.
The movement of the FFP inside FOV is shown in Figure 5.12. It is observed that FFP
moves fast in the middle and slowdown at the outer edges. As the drive field is
sinusoidal the response on either side of the FFP is symmetric.
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Figure 5.12: Superposition of the drive field half cycle (negative peak to positive
peak) and selection field. R.M. represents right moving while L.M. stands for left
moving.
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An excitation field of 15 mT (peak amplitude) was applied along the bore axis
(x-axis), so the FOV region along the x-axis varies from -7 mm to 7 mm. Theoretically,
tracer presence near the outer edges does not produce any signal. Maximum signals
are induced over receive coil when magnetic materials are placed at the middle of FOV
(x = 0). In this study, the selection field of [2.15, 2.15, -4.3] T/m along (X, Y, z) axis,
respectively with permanent magnets. Similarly, if an excitation field of 15 mT (peak
amplitude) is applied along the y and z-axes, then the FOV region would be -7 mm to
+7 mm for the y-axis and +3.5 mm to -3.5 mm for the z-axis. The implementation of
the drive and receive coils for each axis ensures non-mechanical movement and
scanning of the test object within certain limits defines by excitation field and gradient

field strengths.

5.5. Signal Chain of MPI Scanner

In this thesis, a single drive coil and receive coil MPI scanner was designed and
implemented at 9.3 kHz for phantom imaging. The main components are selection
field, copper shielding, drive coil, receive coil, impedance matching circuit for the
drive coil, and phantom setup. All components were constructed and integrated
mechanically as shown in Figure 5.13(a).

An impedance matching circuit was designed for the drive chain at 9.3 kHz for
maximum current at low power dissipation. A customized user-friendly interface
based on MATLAB was developed to operate MPI scanners. A calibration process
was performed to achieve the required magnetic fields at the source voltage signal of
the DAQ card. The excitation frequency, magnetic field strength, number of cycles,
number of the repetition rate of the scanning, scanning trajectories, and an applied
voltage of the source device (DAQ card).

An applied voltage signal at 9.3 kHz was generated using a DAQ card and power
amplifier 7224-AETechron with 100% gain was utilized to amplify the voltage. The
voltage was applied to the solenoid drive coil and resonant capacitor to generate an
excitation field of 15 mT. Perimag and Vivoplus standard SPIONs were utilized for
phantom imaging and their magnetization responses were recorded with gradiometric
receive coil. The voltage signal from the receive coil was first amplified with LNA
and then process through a 100Hz-300kHz bandpass filter to reject the noise of the

unwanted regions.

71



Impedance
Matching
Circuit

Current
Probc

Figure 5.13: Signal chain of the MPI; (a) In-house MPI scanner, (b) MPI device is
controlled from MATLAB based control console (graphical user interface, GUI)
for imaging. The sinusoidal signal is generated from the data acquisition card
(DAQ) and amplified with a power amplifier (PA). Superparamagnetic iron oxide
nanoparticles (SPIONSs) are placed inside the field of view region of the MPI
scanner. Tracer-induced signal is passed through low noise amplification (LNA) of
the receive signal before data recording by DAQ device for post-processing.
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5.6. Phantom Imaging

Initially, an MPI scanner was targeted to scan standard nanoparticles such as
Perimag and Vivoplus. This system has 15 mm FOV along the bore axis (x-axis), so
SPIONSs placed inside FOV can be spatially localized. 40 puL samples were placed in
glass tubes of 3 mm diameter and those glass tubes were fixed in a PLA holder. Our
home-designed MATLAB user interface was used to operate MPI scanner at 9.3 kHz,
15 mT (peak amplitude) excitation field, and 100 cycles with 30 repetitions.
Background signals (without sample) were recorded at each position with a step
distance of 1 mm. Overall, 105 background signals were recorded (21 on each line). A
closed view of the sample points on 5 different lines inside FOV is shown in Figure
5.14.
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Figure 5.14: Cartesian trajectory scanning with 3D actuator movement of 1mm
along the bore axis (x-axis). 5 different lines were scanned along the z-axis with a
distance of Imm.

The same trajectory was followed again to record sample scanning (phantom
scanning) after inserting the samples inside the allocated spaces as shown in Figure

5.15. The phantom holder has a length of 60 mm, a width of 10 mm, and a height of
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10 mm. However, the holes are 8 mm in depth. These circular holes have a diameter
of 4 mm for glass tubes that contains the samples. A single position phantom was
translated (scanned) from -10 mm to 10 mm across the FFP position. The overlap of

two consecutive data points was 92.85%.
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Figure 5.15: Sample holder for phantom imaging.

5.7. Post Processing of Recorded Data

Direct induction of the fundament harmonics to the receive coil dominates over
SPIONs’ signal. Therefore, digital filtering was inevitable in the time and frequency
domain. The finest form of the recorded signal does not provide any information about
the spatial distribution of the samples. Imaging reconstruction for MPI is mainly
performed with system function (frequency domain) [27] and X-space (time-domain)
[28] reconstruction techniques. Under the scope of this thesis, the X-space
reconstruction technique was followed to figure out the spatial distribution of the
scanned objects. A thorough discussion will be carried out in the next chapter about

post-processing and the X-space technique.
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6. IMAGE RECONSTRUCTION

Direct visualization of MPI signal is not feasible without transforming the
voltage signal to particles concentration. Image reconstruction time and image quality
are trademarks of the post-processing techniques. A linear relationship between
particle concentration and measured signal is the main assumption in the
reconstruction techniques used for MPI systems. Theoretically, MPI scanners do not
have background signals inherently. Human tissues, bones, and other structures do not
cause any signal generation. Practically signals are recorded without placing scanning
objects (phantom, in-vitro sample, in-vivo) are known as background signals due to
inductive coupling between drive and receive coils.

Two different techniques are used for MPI image reconstruction purposes. The
system function (frequency-based) approach relies on the frequency spectrum of the
receiver channels. The system function aims to establish the link between induced
signals from SPIONs as a function of space (location dependent) [77]. The system
function is calculated basically in two different ways: measurement-based, and model-
based.

Measured-based system function takes too much time even days to establish a
system matrix. On the other hand, the model-based function relies on the ideal
Langevin model. However, the real behavior of the nanoparticles does not fully follow
the Langevin model due to the relaxation phenomena of the nanoparticles.

The second technique for image reconstruction of MPI is known as X-space
(time-based). Instead of using frequency response, receive channels data is directly
processed in the time domain. X-space technique relies on the linear and shift-invariant
(LSI) property of the recorded data [87]. This approach works fine for rectangular
trajectories, however, the Lissajous trajectory for three drive-receive channels is very
challenging as fast scanning intervals violate the LSI property due to the relaxation
behavior of the nanoparticles. A brief comparison of harmonic-space and X-space MPI
imaging workflow is shown in Figure 6.1. MPI scanner with one drive-receive coil
pair is considered enclosed in copper shielding. The selection field for FFP spatial
encoding is represented with two pairs of NdFeB permanent magnets (N (north pole),
S (south pole)). Although scanning procedures are different for both techniques, its

scanner geometry is still identical.
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Figure 6.1: System function and X-space are two prominent image reconstruction
techniques in MPI. A simplified MPI scanner with one drive coil and one receive
coil are displayed in the middle. N, S represents the north and south poles of the
permanent magnets, respectively. Maximum particles’ signal is obtained at zero
field region (midpoint). System matrix utilizes the Fast Fourier Transform (FFT)

of the particles’ signal at each point in the field of view (FOV). However, X-space

used the same particle’s signal for further processing. The tracer response becomes
saturated at the outer edges of the FOV region which results in no MPI images.

Under the scope of the thesis, an MPI scanner at 9.3 kHz for phantom imaging
was constructed. Post-processing and X-space image reconstruction technique
algorithms were designed as a last stage of the MPI system. In addition to analog
filtering through LNA, digital filters were applied to the recorded data. X-space
reconstruction has two key steps, initially, velocity compensation of the FFP was

applied followed by gridding the particles’ signal to the specific location.

6.1. System Function Reconstruction

The system function can be measured from calibration-based, model-based, and
hybrid approaches, separately. The delta sample of the tracer agent is used and
translated with a 3D actuator in a calibration-based system matrix approach [1]. It does
not require any mathematical representation of the MPI hardware components or
response of the tracer agent. MPI signal (u) relation with system matric (S) is defined

as,;
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Sc=u (6.1)

where c is particle concentration in the FOV.

All system imperfections are considered in this approach, but it is very time-
consuming. Overall MPI system is also simulated in a model-based approach with
nearly accurate sensitivity and transfer function of the receive channels [88, 89]. The
exact modeling of the nanoparticle response to excitation fields is a key factor in the
model-based approach as well. Meanwhile, the hybrid approach integrates both
simulation and calibration aspects of the MPI scanner. 3D actuator movement is
removed and the focus field for emulation of the selection field is included for robust
and accurate system matrix [90-92]. Overall, the acquisition of the system matrix is

tedious as compared to X-space reconstruction.

6.2. Post-processing of the Recorded Data

Drive and receive coils of the MPI system are inductively coupled. The
fundamental component of an excitation frequency is also induced on the receive coil
without the presence of the SPIONs. The particles were excited with an oscillating
magnetic field at 9.3 kHz. Tracer particles induce multiple harmonics of the excitation
frequency fE on receive coil. Geometric-based cancelation techniques are quite easy
to implement, however, it is very challenging to remove the direct feedthrough
completely. Particles’ signal uP(t) and coupling component u&(t) are simultaneously
induced on the receive coil as mentioned in equation (6.2);

u(t) = uP () + uf(® (6.2)
Particle signal and excitation signal are graphically elaborated in the time and
frequency domain [100] as shown in Figure 6.2. A background signal without a sample

is represented as;
ut™P (1) = uf (t) (6.3)
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Figure 6.2: The coupling of the excitation frequency to the particle signal; (a)

Direct feedthrough induction in the receive coil with sinusoidal excitation field
(i.e., the background signal and its frequency spectrum), (b) The induced signal is
due to tracer material, (c) the superposition of the excitation frequency component
(1%t harmonic) and particle signal.

In the time domain, coupled excitation has dominated the overall induced signal

on the receive coil. In the frequency domain, the particle signal is distinguishable with
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multiple decaying harmonics. The background signal (without sample) and its
frequency spectrum [100] are shown in the first row of Figure 6.2(a). Furthermore, in
the presence of the magnetic nanoparticles receive coil signal still resembles the
background signal due to the higher strength of the main frequency direct feedthrough
interference [100] as displayed in the 3" row of Figure 6.2(c).

The particle signal can be extracted from the overall signal by simply removing

the empty signal (i.e., background signal) as presented in equation (6.4);

uf (t) = u(t) — ue™PY(t) (6.4)

Experimentally, post-processing of the recorded data was initiated with the
implementation of equation (6.4) which results in particle signal as shown in Figure
6.3.

R THTERTEERTARY
R C et

Figure 6.3: Particle signal of the 40 pl Perimag® at the midpoint of the 4.3 T/m
MPI scanner. An excition field of 15 mT was applied to acquire the background
signal before the sample scanning.

The shape of the particle signal is sinusoidal which shows the dominance of 1%
harmonics of the excitation frequency. The subtraction of the background signal did

not fully remove the coupled component. In addition, a digital low pass of 16" order
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was applied in the time domain with cutoff frequency up to 20" harmonics of the
excitation frequency. Later on, the particle signal was transformed to the frequency
domain and 1% harmonic was eliminated. In the final step of the post-processing, the

particle signal was regenerated as shown in Figure 6.4.
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Figure 6.4: Particle signal of the Perimag sample of 40 pl at the midpoint (x=0,
y=0, z=0) after digital filtering of the recorded data.

Digital filtering was applied to the particle signals after removing background at
each point inside the ROI for further processing through the X-space image
reconstruction technique discussed below. The particle signal shows maximum
strength at the midpoint of the setup; however, it disappears at the outer edges of the
FOV.

6.3. X-space Reconstruction

The time-domain X-space technique offers fast image reconstruction of the
particle concentrations [20]. It is important to emphasize that applied field
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homogeneity and infinite fast relaxation of the tracers are driving assumptions of the
X-space technique. Receive coil voltage is normalized with FFP movement followed
by the gridding of the MPI signal on the FFP scanning pattern. The first one is velocity
compensation of the FFP and the last one is gridding adapted from the reference [87]

as shown in Figure 6.5.

(a) MPI particle signal (b) Signal normalized by velocity
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Figure 6.5: X-space reconstruction technique for the post-processing of the MPI
signals.

Gradiometric design of receive coils and analog filters on the receive channels
remove the feedthrough effect and tracer response at the excitation frequency.
Fortunately, the missing information only brings DC offset in the reconstructed signal
that can be recovered with continuity boundary conditions [87, 93]. Frequency-
dependent relaxation behavior of the magnetic nanoparticle delayed the receive coil
voltage in comparison to the excitation field. Relaxation-based delay leads to shifting
of the MPI signal in spatial mapping at the gridding stage [56]. Furthermore, the
relaxation behavior of the nanoparticles can be modeled as an exponentially decaying
function convolved with the magnetic nanoparticles’ magnetization response [56]. A

blurring in the reconstructed image can be cleaned with deconvolution techniques such
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as using Wiener filtering. The movement of the FFP can be mathematically expressed
as based on equation (5.9);

D
xFFP(t) = é—xCOS(ZTTfEt) ©9)

X

FFP translates along the x-axis over the line within [

_AD D
A ,A—"] interval. Gy is
Gy ’ Gy
gradient field strength along the x-axis, and Ax is the peak amplitude in the x-axis. The
maximum limits of the FFP represent the FOV region along the x-axis. Particle signals

across the FFP are shown in Figure 6.6.
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Figure 6.6: Particle signals of the Perimag sample at z=0 line. The midpoint of the
setup lies at x=0 mm. The particle signals are symmetric across the midpoint.
The velocity compensation of the received signal can be modeled as in equation

(6.6);

Ut . BP(®) (6.6)
ul (t) -—W—(c*m)( G, )

whereas h := PRm’G,

82



FFP has the maximum speed at the center of the FOV internal (midpoint of the
scanning line), whereas the FFP has zero speed at the boundaries. Hence, there is no
particle signal at the boundaries. However, if there is an imperfection in the selection
field then one can expect a signal even out of the FOV region. Experimentally, velocity
compensation was applied to the particle signals at a defined location of the scanning
trajectory as shown in Figure 6.7. The partial PSFs at various locations across the x-

axis are presented across x=0 mm.
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Figure 6.7: Velocity compensated partial PSFs at z = 0 scanning line.
The partial PSFs at positive locations (x= 1, 2, 3, 4) mm were shifted towards

the right direction. Whereas the PSFs at negative locations (x = -1, -2, -3, -4) mm were
shifted towards the left direction as the FFP moves to the left direction, respectively.
The FWHM of the central particle signal was measured to be 7.35 mT which is in good
agreement with the results of MPS at 9.9 kHz of the Perimag sample.

The spatial gridding of the particle signals can be performed with the coordinate
transformation of the velocity compensated signals. The particle concentration across

the FFP trajectory (instantaneous positions) can be expressed as;
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1
2nfE

Gy
cos™?! (—DxFFP) = (c * h)xfFP
A%

(6.7)

w* (xFFPY = uN(

Initially, partial MPI signals were acquired from the velocity compensated
signals at scanned positions. Only, the excitation field was transformed to spatial
distance (mm) based on the 2.15 T/m gradient along the x-axis as shown in Figure 6.8.
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Figure 6.8: Normalized partial PSFs at spatial locations across the x-axis.
The partial PSFs at spatial locations have shown a similar response to the

velocity compensated signals. The FWHM of the centered partial PSF was measured
as 3.5 mm. This represents the minimum possible resolution for Perimag with an
excitation field of 15 mT (peak amplitude) at a 4.3 T/m gradient of the selection field.
The FOV region of this MPI scanner is between -7 mm to +7mm along the x-axis. So,
the particle signals were acquired from -10 mm to +10 mm with a step distance of 1
mm. To achieve the overall PSF, partial PSFs should be combined in a single frame as
shown in Figure 6.9. The FOV is 14 mm and particle signals were recorded with a
Imm gap among them. Therefore, consecutive particle signals have 92.85%

overlapping which is visible in Figure 6.9.
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Figure 6.9: Overlapped view of the partial PSFs at z = 0 line.

In addition to overlapping issues, the partial PSFs have variable DC offset among
them. The DC offset is based on the elimination of the 1% harmonic at the post-
processing stage. This DC offset issue pushes the overall reconstruction of the non-
linear and time-invariant (LSI) phase which takes as a challenge for MPI. All other
medical imaging techniques such as MRI, CT, ultrasound, and PET/SPECT [87] are
quantitative. LSI properties ensure the quantitive capabilities of any medical device.
So, it is inevitable for MPI as well. The recovery of the lost component (1% harmonic)
helps to restore LSI property for MPI. Under the scope of this thesis, the continuity
algorithm was designed for the consecutive partial PSFs so to get rid of the DC offset
issue. Overall, MPI signal for each line was possible after the implementation of the

continuity algorithm as presented in Figure 6.10.
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Figure 6.10: MPI signal of the Perimag sample at centered (z = 0) line.

The spatial resolution of the MPI signal for the z=0 line was measured as 5.06
mm (FWHM). Phantom imaging of 40 pl in a diameter of 3.5 mm glass tube. Five
lines were scanned along the z-axis (perpendicular to the bore axis). MPI signals for
the z-axis were acquired by following the same procedure. The spatial resolution of
the overall MPI signal is larger than the centered PSF (3.5 mm). This may be affected
by the thick phantom of 4 mm in diameter. Theoretically, a single point source can be
considered for imaging. However, an experimentally certain amount of the sample
keeps significant area/volume which may affect spatial resolution. Therefore,
phantoms made of Perimag SPIONs can be distinguished with a gap of 5 mm. The
considered sample was canned for 5 lines with a step distance of 1 mm along the z-
axis. MPI signals established for the z-axis lines are presented in Figure 6.11. The
spatial resolution of the individual MPI signals is similar to each other. Effective
relaxation of the SPIONs plays a crucial role in MPI imaging. All signals were shifted
to the right side as positive point spread functions were considered. Similarly, the
relaxation effects can shift the negative PSFs to the left direction. The relaxation time
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of the MPI signals causes blurring in the final image which is another challenge that
affects the spatial resolution and reduces the quality of the image.
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Figure 6.11: MPI signals along the z-axis (-2 mm to 2 mm).

6.4. Reconstructed Image

A single phantom of the Perimag sample was scanned as presented in the
previous section inside FOV (-7 mm to 7 mm). A sinusoidal excitation field of 15 mT
(peak amplitude) was applied to the drive coil. The phantom was attached to the 3D
actuator and particle signals were recorded with a step of 1 mm distance. Five lines
were recorded for the Perimag® sample and their MPI signals were presented in Figure
6.11. The recorded data of the 5 lines and 21 points on each line were mapped along

the xz plane as shown in Figure 6.12.
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Figure 6.12: MPI image of the Perimag sample of 40 ul in a cylindrical phantom.

The maximum image intensity was evaluated as 33.70 (au) for the Perimag
sample of 40 pl in 3 mm diameter of a glass tube. Other standard SPIONs of Vivotrax
Plus in the cylindrical phantom were also scanned with the same specifications in the
MPI scanner. The amount of the new sample was kept the same as of the previous one.
The Perimag® has a concentration of 17 mg/ml, whereas the Vivotrax Plus has a
concentration of 5.5 mg/ml. The new sample was scanned for 8 lines along the z-axis.
The MPI signal for the centered line (z = 0 line) is presented in Figure 6.13. The
FWHM of the Vivotrax Plus sample was measured as 7.16 mm. It is significantly
larger than the Perimag sample which downplays the spatial resolution of the MPI
device. As the hardware and other technical specifications were the same for both
samples which support the dependency of the MPI resolution on the tracer agent

(Perimag®, Vivotrax Plus, etc).
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Figure 6.13: MPI signal of the Vivotrax Plus sample at centered (z = 0) line.

MPI signals with Vivotrax Plus samples were recorded for 8 lines along the z-
axis. Overall, 21 data points were captured across the FFP with full coverage of the
FOV. An MPI image was extracted from the acquired data for the spatial distribution
of the new sample as shown in Figure 6.14. The maximum image intensity was
measured as 7.30 (au) which is quite low as compared to the Perimag® sample. The
iron concentration of the Vivotrax Plus is 3.9 times less than the Perimag sample that

supports the low image intensity arguments.
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Figure 6.14: MPI image of the Vivotax Plus sample of 40 ul in a cylindrical
phantom.

Finally, the spatial resolution of the MPI scanner can be improved with a higher
selection field up to a certain limit. It can also be improved with better SPIONSs (having
fast relaxation and high magnetization) for MPI applications. In addition to this, the
higher magnetization response of the tracer agents leads to a higher relative signal to
achieve high SNR. Therefore, along with the hardware specifications of the MPI

scanner, tracer agents also have significant importance in MPI imaging.
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7. MPI SCANNER WITH 2D FIELD OF VIEW

MPI scanner presented in the 5™ chapter has a small bore diameter (28mm) that
is used for phantom imaging. In this chapter, a medium bore size of 50 mm was
proposed with higher gradient field strength. Two pairs of drive and receive coils were
used to speed up the scanning time of ROI. Solenoid drive and receive coils were used
along the bore axis (x-axis) while saddle-shaped drive and receive coils were utilized
along the fast gradient axis. Moreover, impedance matching circuits for drive coils,
and bandstop filters (used for receive coils) were designed in LTSpice.

COMSOL Multiphysics was used as a simulation tool to visualize the MPI
subsections and to calculate critical parameters before practical implementation. A
custom design MPI scanner with 2D FOV with solenoid drive and receive coils was
implemented as shown in Figure 7.1(a). Drive and receive coils can easily be replaced
in this MPI scanner with 2D FOV. The Saddle-shaped drive and receive coils were
placed instead of a solenoid system as shown in Figure 7.1(b). The signal flow of the
MPI scanner is represented in Figure 7.1(c). The selection field setup is mentioned
with N-S (North and South pole of the permanent magnet) sections above and below
the drive and receive coils. The excitation signal generated by the data acquisition card
(DAQ) is applied to the drive coil with the help of a power amplifier (PA) and other
electronic circuits. The magnetic field generated by the drive coil is counter check with
the current measurement using the current probe. The voltage signal induced by the
superparamagnetic iron oxide nanoparticles (SPIONSs) is connected to the low noise

amplifier (LNA) for analog filtering and amplification and then recorded with DAQ.
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Figure 7.1: MPI scanner with 2D FOV; (a) MPI scanner with 2D FOV with
solenoid drive and receive coils, (b) MPI scanner with 2D FOV with saddle-
shaped drive and receive coils, (c) Generalized signal chain for two pairs of drive
and receive coils (solenoid and saddle).

7.1. Selection Field Implementation

MPI scanner hardware part consists of permanent magnets, copper shielding,
transmit coil, and receive coils. Resolution and imaging space (volume or area) are
critical parameters of MPI device. All research groups (worldwide) work on moderate
bore size for phantom and animal (i.e., rat, mouse) imaging. As far as phantom imaging
is concerned, approximate bore diameter of 28 mm should be an appropriate selection.

However, to perform imaging for small animals bore size should be enhanced. So, bore
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size 52 mm diameter was proposed for in-vitro and in-vivo experiments and hardware
components were upgraded accordingly.

After imaging space selection, spatial resolution is a highly significant
parameter. A selection field of 4.3 T/m perpendicular to the bore axis and 2.15 T/m
along the bore axis was used in the 1D MPI scanner presented in the 5™ chapter. As
the drive coil was implemented along the bore axis so the spatial resolution of the
image was restricted to 5 mm. To improve the spatial resolution of the MPI scanner
with 2D FOV, a selection field of approximately 6 T/m was designed and implemented
along the bore and perpendicular to the bore axis (in-between magnets). The selection
field magnets are fixed with epoxy sheets in the MPI scanner with 2D FOV are shown

in Figure 7.2.

¥ Aluminum holder
z

Figure 7.2: MPI scanner with 2D FOV; The selection field components are
supported with fiberglass (G10). A large bore size is mentioned in the middle of
the hardware system. Copper shielding is sandwiched between selection and drive
field components to protect from each other effects. MPI holder was made of
99.99% of Aluminum.

Two different magnet arrangements were planned to be achieved high gradient
fields along the bore and perpendicular to the bore axis. One is a single magnet pair

used as discussed in chapters 4 and 5 for the 1D MPI scanner. The second plan is based
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on double magnet pairs (4 permanent magnets) to obtain high gradient field strength
along the bore axis as shown in Figure 7.6.

7.1.1. Selection Field with Two Magnets System

FFP topology basically can be implemented with a single pair of permanent
magnets, as discussed in chapter 5. However, it only produced a high gradient field
between the magnets. It was planned to use saddle-shaped drive coils to exploit the
high gradient field strength perpendicular to the bore axis. A selection field with single
pair permanent magnets was implemented, and magnetic field measurements were
measured with a transverse probe of the gaussmeter (Lakeshore Corporation).

Experimental data and numerical simulation results were compared as shown in Figure
7.3.
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Figure 7.3: Gradient field strength (T/m) normal to the bore axis.

6.25 T/m was obtained as the absolute gradient field strength at z = 0 mm. It

directly improves the resolution of the MPI scanner with 2D FOV. The axial probe of
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DSP (Lakeshore Corporation) was used to measure the magnetic field values in the xy

plane along the bore axis (called as x-axis here) at z = 0 as shown in Figure 7.4(a).

Similarly, the transverse probe was also used to measure the magnetic field in the xy

plane as presented in Figure 7.4(b).
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Figure 7.4: Magnetic profiles at z = 0 plane, a) measurement with the axial probe,

b) measurement with the transverse probe.
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Magnetic field patterns are not symmetric in each plane, e.g., circular in xy-plane
and elliptical in yz and xz planes. The data measured for the z = 0 plane with the
individual probes were combined to see the overall magnetic field patterns as shown
in Figure 7.5.
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Figure 7.5: Field free point (FFP) is produced at the center of the xy-plane
magnetic field.

7.1.2. Selection Field with Four Magnets System

3D space dimension was utilized in COMSOL Multiphysics to simulate the
magnetic flux density of the two magnet pairs designed based on Maxwell
configuration. The diameter of the magnets is 100 mm with different thicknesses. The
magnetic flux density inside 80 mm around the midpoint (FFP) of the setup is shown
in Figure 7.6.
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Figure 7.6: Magnetic flux density of the two pairs system in YZ plane; pole
magnets of PM-1 and PM-3 are oppositely placed. Similarly, pole magnets of PM-
2 and PM-4 are also oppositely placed. No magnetic field exists at the center of the

system.

High magnetic fields at the corner of the magnets show high stress that can be
prevented with a strong holder. The gradient field strength for each axis was obtained
from the spatial gradient of the magnetic fields along the corresponding axis. The
gradient field along the x-axis (along the bore axis) is shown in Figure 7.7. The highest
gradian field appeared at the x = 0 mm location. The magnets were arranged to achieve
the highest gradient field along the x-axis.
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Figure 7.7: Gradient field along the x-axis with two pairs of permanent magnets.

7.2. Solenoid Drive-Receive System

Imaging along the bore axis can be performed with Maxwell-based cylindrical
coils (two coils) or with a single solenoid coil. Solenoid coil can produce better
homogeneity for the excitation field as compared to the two coils setup for the drive
coil. Technical parameters of the solenoid (internal diameter, outer diameter, and
length) were optimized with COMSOL Multiphysics simulations. The gradiometric
receive coil was designed in three sections to minimize coupling between the drive
and receive coils which cause feedthrough interference. Outer sections of the receive
coils were wounded oppositely to the middle section with a specific air gap between
consecutive sections. Axisymmetric 2D space dimension simulation technique was
utilized for modeling solenoid drive and receive coils in COMSOL. The drive and
receive coil parameters were optimized in the presence of copper shielding which is a
very essential part of the MPI scanner once the selection field is implemented with
permanent magnets. Moreover, the shielding effect improves the homogeneity of the
excitation field. However, it reduces the sensitivity of the drive and receives coils
depending on the air gap between the shielding and electromagnetic coils. The

solenoid drive and receive coil were constructed based on numerical results from
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COMSOL as shown in Figure 7.8(a). The magnetic flux density of the solenoid drive
coil is presented in Figure 7.8(b).

(@)

Figure 7.8: Solenoid drive-receive coil system; a) Hardware implementation, b)
Magnetic flux density of the solenoid drive coil and influence of copper shielding.
The homogeneous magnetic flux density in the middle of the setup is visible.

The main purpose of the shielding is to prevent dynamic magnetic fields from
reaching permanent magnets. Moreover, the thickness of the shielding is also critical
to get rid of the skin depth issue of the eddy currents. The response of the tracers inside
the field of view (FOV) is measured in electrical voltage form. So, coupling effect
analysis in voltage signal is important for receive coil parameters. Outer sections of
the receive coil generate similar but opposite polarity voltage for cancellation of the

fundamental harmonics of the excitation field as shown in Figure 7.9.
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Figure 7.9: Induced voltages at individual sections of the receive coil; middle
section voltage with blue color, outer sections voltage with green color, and the
overall voltage across receive coil is mentioned with the purple color curve.

Theoretically or numerically, it is possible to get a 0 V overall signal without a
sample. However, practically it is very difficult. So far, we have 250 mV which is quite
a significant improvement in hardware optimization. All simulations were conducted
at 20 mT excitation field strength for the solenoid drive coil as shown in Figure 7.8.
Color homogeneity in the revolve view of the solenoid drive coil simulation represents
the uniform nature of the excitation field inside FOV.

Litz wire of 1.20 mm diameter was utilized for double layer construction of the
drive coil. Two layers drive coil was designed to achieve 20 mT (peak amplitude)
magnetic flux density. The internal diameter of the drive coil is 76 mm. The drive coil
inductance of 338.65 pH was measured with LCR 8105 G meter. Similarly, a single
layer receive coil has an inductance of 58.30 pH. Physical and electrical key
parameters of the drive and receive coils at 9.2 kHz are given in Table 7.1.
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Table 7.1: Key parameters of the solenoid drive and receive coils at 9.2 kHz.

1
120 16:29:16
72 48.8
2.40 0.70

76 59

1.47 0.967
338.65 58.30

7.2.1. Sensitivity of Solenoid Drive Coil

The mechanical holder of the drive coil was made from a PLA material printed
with a 3D printer. Magnetic flux density generated by the drive coil was directly
controlled with current passing through it. The drive coil was placed in the cylindric
copper shield which also reduced the efficiency of the coil depending on the air gap
between the drive coil and copper shielding. The magnetic flux density profile of the
drive coil was measured at 1A (DC). The profile of the drive coil sensitivity in the xz
plane is presented in Figure 7.10(a). The comparison of numerical and experimental
results for the drive coil sensitivity along the x-axis (y=0, z=0) is shown in Figure
7.10(b). The magnetic flux density of 1.49 mT was measured at the center of the drive
coil at 1A direct current. Numerical and experimental results are in good agreement in
terms of field homogeneity and efficiency (mT/A). Magnetic field homogeneity of

95% was achieved from -14 mm to +14 mm across the midpoint of the drive coil.
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Figure 7.10. Sensitivity of the solenoid drive coil: (a) sensitivity profile of the
drive coil in the xz plane at y = 0 line, (b) Normalized line sensitivity along the x-
axis (y=0, z=0).

7.2.2. Sensitivity of Solenoid Receive Coil

The supporting holder of the receive coil was also built from a PLA material
with a 3D printer. The length of receive coil is 48.8 mm which is made from 3 sections
based gradiometric type. The middle section is almost equal to the outer sections
(upper and lower) of the receive coil. Litz wire of 0.70 mm (as diameter) was used for
the receive coil. The sensitivity profile of the receive coil was measured at 1A (DC) as
shown in Figure 7.11(a). Receive coil has two winding gaps at the upper and lower
sections. Zero magnetic field lines at z= +13 mm and z=-13 mm represented the sign
changes of the magnetic fields. Magnetic field measurements were taken with a step
distance of 1 mm. Numerical and experimental results were compared, and their results
are presented in Figure 7.11(b). The magnetic flux density of 0.16 mT was measured
at the center of the drive coil at 1A direct current. Numerical and experimental results
are in good agreement in terms of field homogeneity and efficiency (mT/A). Magnetic
field homogeneity of 90% was achieved from -5 mm to +5 mm across the midpoint of
the drive coil (at the middle section). Gradient field homogeneity of the selection field
and homogeneous magnetic field of the drive coil are very crucial to correlate the
theoretical and experimental boundaries of the FOV. As both magnetic fields are
highly homogenous inside the FOV region, so minimum artifacts would appear in the

reconstructed image.
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Figure 7.11. Sensitivity of the solenoid receive coil: (a) Sensitivity profile of the
receive coil in the xz plane aty = 0 line, (b) Normalized line sensitivity along the
x-axis (y=0, z=0).

7.3. Saddle Drive-Receive System

To compete with an existing medical devices acquisition time of MP1 should be
minimum. In addition to the solenoid drive and receive system, saddle drive and
receive coil system was also designed to scan the plan area instead of the line as

presented in Figure 7.12.
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Figure 7.12: Saddle-shaped drive-receive system; a) Hardware implementation, b)
Magnetic flux density of the drive coil.
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The drive and receive coils consist of two spatially separated parts but are
serially connected for electronic signals. Technical parameters (internal diameter,
internal free space, and length) of the drive coil are optimized to achieve 15 mT using
COMSOL Multiphysics. Voltage signals across the drive and receive coils are critical
to reducing the coupling of the fundamental part of the operating frequency at 9 kHz.
The excitation field generated by the drive coil is in phase with current passing through
the coil. The voltage across the series-connected parts of the saddle drive coil is shown

in Figure 7.13.
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Figure 7.13: Voltage across the saddle drive coil of the MP1 scanner with 2D FOV.

The drive and receive coils were simulated using the 3D space dimension in
COMSOL Multiphysics. Saddle coils are not in linear or circular shapes. So, it is hard
to compute simulations. The parametric sweep tool was used to perform simulation at
limited points instead of continuous-time intervals. Similar to the gradiometric
solenoid receive coil, the saddle receive coil was also planned to implement it in the
same way. The middle section of the receive coil was simulated as shown in Figure
7.14.
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Figure 7.14: Induced voltage across the middle section of saddle-shaped receive
coil.
Overall gradiometric saddle-shaped receive coil will have 6 spatially separated

parts. It is difficult to keep them intact, however, a single holder can reduce human
efforts. Litz wire of 1.20 mm diameter was utilized for the multilayer’s construction
of the drive coil. Two layers drive coil was designed to achieve 15 mT (peak
amplitude) magnetic flux density at minimum current. The internal diameter of the
drive coil is 66 mm. Drive coil inductance of 189.12 uH was measured with LCR 8105
G meter. Similarly, a single layer receive coil has an inductance of 28 uH. Physical
and electrical key parameters of the drive and receive coils at 9 kHz are given in Table
7.2.

Table 7.2: Key parameters of the saddle-shaped drive and receive coils at 9 kHz.
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7.3.1. Sensitivity of Saddle Drive Caoill

The mechanical holder of the drive coil was made from a PLA material printed
with a 3D printer. Magnetic flux density generated by the drive coil was directly
controlled with current passing through it. The drive coil was placed in the cylindric
copper shield which also reduced the efficiency of the coil depending on the air gap
between the drive coil and copper shielding. The magnetic flux density profile of the
drive coil was measured at 1A (DC). The profile of the drive coil sensitivity in the xz
plane is presented in Figure 7.15(a). The comparison of numerical and experimental
results for this drive coil sensitivity along the x-axis (y=0, z=0) is shown in Figure
7.15(b). The magnetic flux density of 0.83 mT was measured at the center of the drive
coil at 1A direct current. Numerical and experimental results are in good agreement in
terms of field homogeneity and efficiency (mT/A). Magnetic field homogeneity of
105% was achieved from -8 mm to +8 mm across the midpoint of the drive coil.
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Figure 7.15. Sensitivity of the saddle drive coil: (a) Sensitivity profile of the drive
coil in the xz plane at y = 0 line, (b) Normalized line sensitivity along the x-axis
(y=0, z=0).

7.3.2. Sensitivity of Saddle Receive Coil

The supporting holder of the receive coil was built from a PLA material with a
3D printer. The length of receive coil is 62 mm which is made from 3 sections based
gradiometric type. The middle section is almost equal to the outer sections (upper and
lower) of the receive coil. Litz wire of 0.70 mm (as diameter) was used for the saddle

receive coil. The sensitivity profile of the saddle receive coil was measured at 1A (DC)
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as shown in Figure 7.16(a). Receive coil has two winding gaps at the upper and lower
sections. A zero magnetic field lines at z= +13 mm and z=-13 mm represents the sign
changes of the magnetic fields. Magnetic field measurements were taken with a step
distance of 1 mm. The line sensitivity along the x-axis is presented in Figure 7.16(b).
The magnetic flux density of 0.14 mT was measured at the center of the drive coil at
1A direct current. Numerical and experimental outcomes are in good agreement in
terms of field homogeneity and efficiency (mT/A). Magnetic field homogeneity of

90% was achieved from -4 mm to +4 mm across the midpoint of the drive coil (middle

section).
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Figure 7.16. Sensitivity of the saddle receive coil: (a) Sensitivity profile of the
receive coil in the xz plane aty = 0 line, (b) Normalized line sensitivity along the
x-axis (y=0, z=0).

7.4. Analog Filters for Drive and Receive Coils

Resonance filters were designed for the drive coils to minimize power
consumption and reduce heat loss. Resonance filters also act as low pass filters which
helps the drive chain of MPI scanner to attenuate the higher frequency component of
the operating frequency. Similarly, resonance filters made of LC network were
integrated into the receive coils to eliminate the direct feedthrough component in
addition to the geometric-based reduction of the fundamental harmonic of the
operating frequency. The resonance filter in the solenoid drive coil and bandstop filter
in the solenoid receive coil were designed at 9.2 kHz as shown in Figure 7.17(a).
Similarly, the resonance filter in the saddle drive coil and bandstop filter in the saddle

receive coil were also designed at 9 kHz as shown in Figure 7.17(b).
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Figure 7.17. Resonance and bandstop filters for drive and receive chain of MPI
scanner: (a) Solenoid drive and receive coil system, (b) Saddle drive and receive
coil system.
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7.4.1. Impedance Matching of Solenoid Drive Caoil

There are two purposes of impedance matching circuits; the first one is
maximum power transfer, and the second purpose is maximum signal transfer. Power
amplifier and impedance circuit are used to accomplish signal transfer with maximum
efficiency. The power amplifier has 5.3 mQ resistance and the solenoid coil with a
resonant capacitor has 1.47 Q. High impedance of the load (electromagnetic coil and
resonant capacitor) ensures maximum power transfer of the drive chain. Therefore,
there is no need for impedance matching between source and load. Only maximum
signal (current) transfer was implemented with a series capacitor. Impedance matching
circuit (acting as a low pass filter) was designed in LTSpice for the solenoid drive coil

as shown in Figure 7.18.

Amp._Indcutance Amp._Resistance

Solonoid_drive_coil
338.65uH

Amp._Voltage
Resonant_Cap.

900nF

AC 23

.ac lin 1000 1000 20000

Figure 7.18: Impedance matching circuit for the solenoid drive coil of the MPI
scanner with 2D FOV.

Internal reactance and internal resistance of the power amplifier were also
included to simulate realistic behavior. Required capacitance reactance to the drive
chain was added with the high current capacitor of 926 nF. The resonance and
excitation frequency of the drive chain was designed to be 9.2 kHz. The impedance of
the load (electromagnetic coil and resonant capacitor) was evaluated at 9.2 kHz as
shown in Figure 7.19(a). The maximum current capability of the drive chain at the

excitation frequency was evaluated in LTSpice, as shown in Figure 7.19(b).
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Figure 7.19: Frequency response of the solenoid drive chain: (a) Impedance of the
drive chain (drive coil and resonance filter) was measured with LCR 8105G meter,
(b) Frequency response of the drive coil circuit. The drive coil has the highest
current capability at the resonance frequency (simulated with LTSpice).

To suppress higher harmonics of the operating frequency, a low pass or bandpass
filter is necessary for MPI applications. Attenuation rate of -20dB/decade helps to
reduce the intensity of unwanted multiple harmonics of the excitation frequency
produced from the power amplifier.
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7.4.2. Resonance Band Stop of Solenoid Receive Coil

In addition to gradiometric design of the receive coil, the drive side of the MPI
system was kept simple as the focus was on receive side of the system. Both drive and
receive coil were designed like a transformer in the LTspice environment. The
coupling between the drive and receive coil was taken as 10% for simulation purposes.
To observe the effectiveness of the band-stop filters only two sources of 9.2 kHz (main
frequency) and its 3" harmonic was as generated as a signal source in LTSpice. The
most simplified resonant band-stop filter was considered under the scope of this thesis

as shown in Figure 7.20.

KLpLs 0.1
Vc

Lp Ls
o )338.654 o )58.3p Load_Resistance

10

;tran 0.0005
.ac dec 0.005 0.91K 20K

Rser=0.001 Rser=0.001
SINE(0127.3k)  SINE(05 9.1k)
AC 5@ @AC T

Vi

%vz

Figure 7.20: Impedance matching circuit for the solenoid receive coil of the MPI
scanner with 2D FOV.

Impedance response of the solenoid receive coil was measured with LCR 8105G
meter from 1-20 kHz. It shows the maximum impedance at 9.2 kHz as presented in
Figure 7.21(a). An air core inductor of 306 pH and a low equivalent series resistance
(ESR) capacitor of 1 uF were utilized to design a bandstop filter at 9.2 kHz. The current
through simple resistive load was evaluated in LTSpice as shown in Figure 7.21(b).
The coupling frequency component was reduced by -30 dB with a simple resonant

filter in the receive chain.
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Figure 7.21: Frequency response of the receive chain: (a) Impedance of the receive
chain (receive coil and resonance filter) was measured with LCR 8105G meter, (b)
Frequency response of receive coil circuit, receive coil shows the maximum
current reduction at the resonance frequency (simulated with LTSpice).

7.4.3. Self-Resonance of Solenoid Drive and Receive Coil

Optimum excitation frequencies of the drive coils for MPI applications are close
to 25 kHz. Since MPI is at the pre-clinical stage, a wide range of excitation frequencies
are utilized below 100 kHz. In the design of electromagnetic coils for MPI, the issue
of self-resonance should be addressed carefully. Practically, each inductor has a stray
capacitance parallel to the inductor. Therefore, the self-resonance of the drive coils for
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MPI applications is at least 10 times higher than the operating frequency (9.2 kHz)
[86]. The frequency response of the drive coil is presented in Figure 7.22(a). The self-
resonance of 282 kHz of the drive coil was measured with an 8105G LCR meter. So,
this drive coil can easily operate up to 282 kHz for MPI applications. Self-resonance
of the receive coil is highly critical because a receive coil is used to record multiple
harmonics of the excitation frequency. Therefore, a wide bandwidth spectrum is
essential for the receive coil. The frequency response of the receive coil is shown in
Figure 7.22(b). It is clearly shown that the resonance peak occurred at 2.54 MHz which

ensures multiple harmonics that can be recorded up to 2.54 MHz.

(@) (b)

Figure 7.22: Self-resonance of the solenoid coils: (a) Drive coil, (b) Receive coil.

7.4.4. Impedance Matching of Saddle Drive Coil

There are two purposes of impedance matching circuits, the first one is
maximum power transfer, and the second purpose is maximum signal transfer. Power
amplifier and impedance circuit are used to accomplish signal transfer with maximum
efficiency. The power amplifier has 5.3 mQ resistance and the saddle coil with
resonant capacitor has 0.790 Q. High impedance of the load ensures maximum power
transfer of the drive chain. Therefore, there is no need for impedance matching
between source and load. Only maximum signal (current) transfer was implemented
with a series capacitor. Impedance matching circuit (acting as low a pass filter) was
designed in LTSpice for the saddle drive coil as shown in Figure 7.23.
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Amp._Indcutance Amp._Resistance

5.3mOhm

Drive_Coil
218puH

Amp._Voltage
Resonant_Cap.

AC 12

1400nF

.ac lin 1000 1000 20000

Figure 7.23: Impedance matching circuit for saddle drive chain of the MPI
scanner.

Internal reactance and internal resistance of the power amplifier were also
included to simulate realistic behavior. Required capacitance reactance to the drive
chain was added with the high current capacitor of 1.43 uF. The resonance and
excitation frequency of the drive chain were designed to be 9 kHz. The impedance of
the load (electromagnetic coil and resonant capacitor) was evaluated at 9 kHz, as
shown in Figure 7.24(a). The maximum current capability of the drive chain at the
excitation frequency was evaluated in LTSpice, as shown in Figure 7.24(b). To
suppress higher harmonics of the operating frequency, a low pass or bandpass filter
was necessary for MPI applications. Attenuation rate of -20dB/decade helps to reduce
the intensity of unwanted multiple harmonics of the excitation frequency produced

from the power amplifier.
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Figure 7.24: Frequency response of the drive chain: (a) Impedance of the drive
chain (drive coil and resonance filter) was measured with LCR 8105G meter, (b)
Frequency response of drive coil circuit, drive coil has the highest current
capability at the resonance frequency (simulated with LTSpice).

7.4.5. Resonance Band Stop of Saddle Receive Coil

In addition to gradiometric design of the receive coil, the drive side of the MPI
system was kept simple as the focus was on receive side of the system. Both drive and
receive coils were designed like a transformer in the LTspice environment. The

coupling between the drive and receive coil was taken as 10% for simulation purposes.
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To observe the effectiveness of the band-stop filters only two sources of 9 kHz (main
frequency) and its 3rd harmonic was as generated as a signal source in LTSpice. The
most simplified resonant band-stop filter was considered under the scope of this thesis

as shown in Figure 7.25.
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Figure 7.25: Impedance matching circuit for the saddle receive coil of the MPI
scanner.

Impedance response of the solenoid receive coil was measured with LCR 8105G
meter from 1-20 kHz. It shows the maximum impedance at 9 kHz as presented in
Figure 7.26(a). Air core inductor of 310 uH and low equivalent series resistance (ESR)
capacitor of 1 puF were utilized to design bandstop filter at 9 kHz. The current through
simple resistive load was evaluated in LTSpice as shown in Figure 7.26(b). The
coupling frequency component was reduced by -27 dB with a simple resonant filter in

the receive chain.
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Figure 7.26: Frequency response of the saddle receive chain: (a) Impedance of the
receive chain (receive coil and resonance filter) was measured with LCR 8105G
meter, (b) Frequency response of receive coil circuit, receive coil shows the
maximum current reduction at the resonance frequency (simulated with LTSpice).

7.4.6. Self-Resonance of Saddle Drive and Receive Coil
Optimum excitation frequencies of the drive coils for MPI applications are close
to 25kHz. Since MPI is at the pre-clinical stage, a wide range of excitation frequencies

are utilized below 100 kHz. In the design of electromagnetic coils for MPI, the issue
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of self-resonance should be addressed carefully. Practically, each inductor has a stray
capacitance parallel to the inductor. Therefore, the self-resonance of the drive coils for
MPI applications is at least 10 times higher than the operating frequency (9.0 kHz)
[86]. The frequency response of the drive coil is presented in Figure 7.27(a). The self-
resonance of 1.01 MHz of the drive coil was measured with an 8105G LCR meter. So,
the saddle drive coil does not have any issue of self-resonance. Self-resonance of the
receive coil is highly critical because receive coil is used to record multiple harmonics
of the excitation frequency. Therefore, a wide bandwidth spectrum is essential for the
receive coil. The frequency response of the receive coil is shown in Figure 7.27(b). It
is clearly shown that the resonance peak occurred at 3.5 MHz which ensures multiple

harmonics that can be recorded up to 3.5 MHz.

(@) (b)

Figure 7.27: Self-resonance of the saddle coils: (a) Drive coil, (b) Receive coil.

7.5. Scanning Trajectories and Field of View

Acquisition time depends upon the operating sequences and frequencies of the
drive coils. The limits of the dynamic FFP movement along a specific axis are defined
by the strength of the excitation field (mT) and gradient field (T/m). The selection field
presented in section 7.1.1 implemented with a pair of permanent magnets was
considered to generate [-3.1, -3.1, 6.2] T/m along X, y, and z-axis respectively. To
demonstrate cartesian scanning, 10 mT excitation along the bore axis (x-axis) at 10
kHz was considered as shown in Figure 7.28(a). 2D scanning of the objects is possible
if two excitation fields are operated simultaneously. Therefore, a 10 mT excitation
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field along the higher gradient axis (z-axis) at 1 kHz was considered as shown in Figure
7.28(b).

(a) (b)

Excitation field along the bore axis (mT)
o
Excitation field along the higher gradient axis (mT)
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Figure 7.28. Excitation fields for cartesian scanning; (a) Sinusoidal excitation field
at 10 kHz along the x-axis, (b) Sinusoidal excitation field at 1 kHz along the z-
axis.

The dynamic movement of the FFP is defined by the boundaries of the partial
2D FOV. Partial 2D FOV along the bore axis is [-3.22, +3.22] mm as shown in Figure
7.29. Similarly, partial 2D FOV along the higher gradient field axis is [-1.61, +1.61]
mm as shown in Figure 7.29. The frequency of the x-axis drive is ten times higher than
the y-axis drive coil. Consequently, the FOV area covered by the combination of both
frequencies results in high scanning time due to the slow movement of the y-axis drive
coil.
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Figure 7.29. 2D partial FOV of cartesian trajectory.

To improve the acquisition time of the covered FOV both drive coils should be
operated at high frequencies. Lissajous trajectory provides an opportunity to get
scanning in the least possible time. Here, 10 kHz for the x-axis and 9 kHz for the y-
axis were chosen for the visualization of the Lissajous trajectory as shown in Figure
7.30.
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Figure 7.30. Excitation fields for Lissajous scanning; (a) Sinusoidal excitation
field at 10 kHz along the x-axis, (b) Sinusoidal excitation field at 9 kHz along the
z-axis.
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The scanning sequence does not change the extreme limits of the 2D partial FOV

as shown in Figure 7.31. The acquisition time of the Lissajous pattern is lower than
the cartesian pattern.

2

y-axis (mm)
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Figure 7.31. 2D partial FOV of the Lissajous trajectory.
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8. RESULTS AND RECOMMENDATIONS

Under the scope of this thesis, three prototypes of the MPI scanner were
implemented. Initially, numerical simulations of all three devices were carried out with
COMSOL Multiphysics. Based on the technical parameters achieved from numerical
simulations, their hardware components were constructed. Electronic filters were
simulated in LTspice before their integration to the drive and receive coils of all
devices. User interfaces were designed in LabView and MATLAB programs to
measure sensitivities of the electromagnetic coils and to acquire data. A post-
processing algorithm based on X-space was developed in MATLAB for both MPR
and MPI scanners.

MPI scanners rely on the magnetic properties of the tracer agents. The response
of the MPNs resembles the Langevin function especially the dynamic range is utilized
in MPI. In-house MPR was utilized to predict tracer agent behavior in MPI scanner
environments. Frequency response provided the 5"/3" harmonics ratio that should be
high to achieve maximum harmonics signals. PSF illustrated the resolution (FWHM,
mT) of the SPIONSs in response to the sinusoidal excitation field at 4.6 kHz and 9.9
kHz, respectively. This device (i.e., MPR) can easily be adapted at any desired
frequency for MPI applications [94]. The relaxation time of the tracer agents was
evaluated with MPR. The relaxation time has an inverse relation with excitation
frequency. Relative signal of the particle in response to excitation field elaborate the
magnetization property. It is a highly significant parameter that was utilized to
optimize the synthesis process of new nanoparticles for MPI [95].

In-house MPR is capable to generate a maximum of 20 mT (peak amplitude).
So, it cannot fully simulate the expected response of the tracer agents. However, the
bias field of higher capacity can be integrated with existing hardware [56]. The
evaluation of the selection field effect at any point in the MPI scanners would be
feasible with bias field MPR. It has the potential to work as a background signals
simulator for MPI scanners.

Next, an in-house MPI scanner with a gradient field of 4.3 T/m was implemented
at 9.3 kHz. FFP based spatial encoding was implemented with permanent magnets at
an enhanced ratio of 11.25%. Sinusoidal excitation field of 15 mT established the
partial FOV from -7 mm to +7 mm along the bore axis (scanning axis). The operating
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frequency of the MPI scanner was chosen near to the MPR operating frequency to
utilize the finding of the MPR device. Two-dimensional phantom images were
obtained by integrating a 3D actuator to mechanically translate the scanning objects.

The spatial resolution of the commercially available tracer agents (Perimag and
Vivotrax plus) was evaluated at 9.3 kHz. The spatial resolution of the MPI scanners is
not only hardware oriented but also affected by tracer agent characteristics. The spatial
resolution of the overall PSF for each line was higher than the MPR resolution
(FWHM, mT) measurement due to the relaxation time and selection field effects. The
relaxation time of the tracer agents causes blurring in MPI images. The MPI image
intensity was directly related to iron concentration of the particles similar to the
relative signal approach in MPR. The finding of the MPR was in good agreement with
the MPI scanner results.

Due to limited FOV, a 3D actuator is inevitable to scan large objects which
results in low temporal resolution. Technically FOV can be extended with large
excitation fields. However, PNS of the human tissues and SAR of the human body
restricts the excitation field [24, 25]. The safe range of the excitation field decreases
with an increase in operating frequency. Therefore, FOV can be enhanced with the
implementation of focus fields at extremely low frequencies [96]. Overall FOV would
be consisting of an array of multiple partial FOVs [97]. The use of a focus field would
also speed up the scanning time. It also eliminates the need for mechanical movement
along the focus field axis. In addition to this, implementation of the focus field would
allow more freedom to apply versatile sequences such as sinusoidal, linear, triangle,
and rectangular pulse shaped at low frequencies.

The moderate bore size of the MPI scanner helps to implement a high-sensitive
drive and receive coils at low power dissipations. A small-bore size helps to implement
receive coil in the proximity of the phantom locations [98]. Similar to the relative
signal investigation in MPR, MPI image intensity is dependent on the iron
concentration of the sample materials. So, the high sensitivity of the drive and receive
coil can pick up signals from low concentrated samples.

Finally, a custom design MPI scanner with 2D FOV was designed and
constructed under the scope of this thesis. As compared to the MPI scanner with 1D
FOV, bore size, spatial resolution, temporal resolution, and potential applications
domain were planned to enhance in an in-house MPI scanner with 2D FOV. Bore size

is the highly significant parameter of the MPI scanner that was increased by almost
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two times. A higher gradient field of 6.2 T/m was implemented with permanent
magnets to improve the spatial resolution of the MPI scanner with 2D FOV. Instead
of a line scanning with a former MPI scanner, two drive and receive coil systems were
integrated to partially scan the 2D area directly. Fundamentally, cartesian and
Lissajous scanning trajectories would speed up the scanning time as compared to
mechanical movements with 3D actuators.

As the bore size was increased, the sensitivities of the drive and receive coils
were reduced that affect the sensitivity of the MPI scanner with 2D FOV. Fortunately,
the sensitivities can be compensated with higher operating frequencies such as 25 kHz
which is considered as an optimum frequency for MPI applications. FOVs along the
bore axis (solenoid drive coil) and along the higher gradient axis (saddle drive coil)
were reduced significantly due to the higher gradient field. The integration of a 3D
actuator is inevitable to scan large objects or phantoms at the cost of temporal
resolution. The objects can be dragged from the fixed FOV with mechanical
movement. However, the implementation of focus fields along the excitation fields
axes could eliminate the mechanical movement setup. Overall, 2D FOV would be
generated from multiple partial FOVs like grid and each box will represent the partial
2D FOV.

The temporal resolution would be increased with 2D FOV as compared to 1D
FOV for limited scanning regions. As the scanning region can be extended with the
implementation of the focus fields. It also helps to improve the temporal resolution of
the MPI scanner with 2D FOV. In addition to this, scanning sequences such as
Lissajous trajectory produce high temporal resolution as compared to cartesian
trajectory.

FFP based spatial encoding implemented with permanent magnets was followed
throughout this thesis. As the size of the MPI scanners increases it is quite difficult to
design a selection field with permanent magnets. So, electromagnetic coils are a more
appropriate substitute for the implementation of even adjustable selection fields.
Lastly, a medium bore size of the MPI scanner with 2D FOV would open a
window for new applications in addition to phantom imaging [99]. In-vitro scanning
and in-vivo scanning for small-scale animals such as rats and mice are the potential

applications for the MPI scanner with 2D FOV.
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Appendix B: Magnetic Particle Relaxometer (MPR) axiliary data

Table B1. 1: Odd Harmonics of MPR at 9.9 kHz.
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Table B1. 2: Odd Harmonics of MPR at 4.6 kHz.

1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

0.316 0.346 0431 0.387 0.536 0.621 0.299 0.446 0.564

0.136 0.179 0.201 0170 0.316 0.405 0.114 0.232 0.331

0.064 0.119 0.121 0.079 0.201 0.280 0.045 0.134 0.210

0.032 0.081 0.091 0.036 0.132 0.201 0.019 0.081 0.141

0.016 0.054 0.073 0.016 0.090 0.149 0.008 0.049 0.098

0.008 0.035 0.057 0.008 0.061 0.112 0.004 0.030 0.069

0.004 0.023 0.044 0.006 0.042 0.085 0.002 0.019 0.049

0.001 0.012 0.027 0.005  0.025 0.055 0.001 0.010 0.030
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