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ABSTRACT

INDUCED CURRENT MAGNETIC RESONANCE
ELECTRICAL IMPEDANCE TOMOGRAPHY (ICMREIT) WITH LOW
FREQUENCY SWITCHING OF GRADIENT FIELDS

Eroglu, Hasan Hiiseyin
Ph.D., Department of Electrical and Electronics Engineering

Supervisor: Prof. Dr. B. Murat Eyiiboglu

July 2017, 150 pages

In this thesis, it is aimed to investigate induced current magnetic resonance
electrical impedance tomography (ICMREIT) starting from modeling and
analysis to experimental validation. Forward and inverse problems of ICMREIT
are formulated. A magnetic resonance imaging (MRI) pulse sequence is
proposed for the realization of ICMREIT using the slice selection (z) gradient
coil of MRI scanners. Considering the proposed MRI pulse sequence,
relationship between the low frequency (LF) MR phase and the secondary
magnetic field is expressed. Forward problem is solved using finite element
method (FEM) for z and y gradient coils of MRI scanners. For the solution of
the inverse problem, J-derivative and E-calculation image reconstruction
algorithms are proposed and the performance of the algorithms is evaluated by

using simulated measurements. Sensitivity and distinguishability analyses are



performed in order to investigate imaging characteristics of ICMREIT.
Phantom experiments are performed for physical realization of ICMREIT.
Simulated and physical LF phase measurements have similar characteristics.
Low sensitivity of LF phase measurements is thought to be the main reason for
the quantitative difference between the simulated and experimental
measurements and the major limitation of the method towards clinical
applications. Using the LF phase measurements, current density and true
conductivity images are reconstructed. Reconstructed current density and
conductivity images show that ICMREIT is a safe and a potentially applicable
medical imaging method. Reconstructed conductivity images are rough
estimates of the simple phantoms and they exhibit qualitative reconstructions
rather than quantitative images. Sensitivity of LF phase measurements and
image reconstruction performance should be increased in order to use the

method in clinical practice.
Keywords: Induced current magnetic resonance electrical impedance

tomography (ICMREIT), finite element method (FEM), magnetic resonance

(MR) phase imaging, low frequency (LF) phase, image reconstruction.
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GRADYAN ALANLARIN DUSUK FREKANSTA
ANAHTARLANMASIYLA AKIM INDUKLEMELI MANYETIK
REZONANS ELEKTRIKSEL EMPEDANS TOMOGRAFISI (AIMREET)

Eroglu, Hasan Hiiseyin
Doktora, Elektrik ve Elektronik Miihendisligi Boliimii
Tez Yoneticisi: Prof. Dr. B. Murat Eyiiboglu

Temmuz 2017, 150 sayfa

Bu tezde, akim indiiklemeli manyetik rezonans elektriksel empedans
tomografisi (AIMREET) ydnteminin modelleme ve ¢dziimlemeden baslayarak
deneysel gergeklestirmeye kadar devam eden bir siiregcte incelenmesi
amagclanmistir. AIMREET ileri ve ters problemleri formiilize edilmistir.
AIMREET nin manyetik rezonans gériintiileme (MRG) tarayicilarinda bulunan
kesit segici (z) gradyan sargisi araciligtyla gerceklestirilebilmesi icin bir MRG
darbe dizini dnerilmistir. Onerilen MRG darbe dizini dikkate alinarak diisiik
frekansli (DF) MR faz bileseni ile ikincil manyetik alan arasindaki iliski
aciklanmistir. Ileri problem, MRG tarayicilarinin z ve y gradyan sargilari igin
sonlu elemanlar yontemi (SEY) kullanilarak ¢ozlilmiistiir. Ters problemin
¢ozliimi i¢in J-tiirevi ve E-hesaplama goriintii gerigatim yordamlart 6nerilmis ve

yordamlarin basarimlart benzetim Olglimleri araciligiyla degerlendirilmistir.

Vil



AIMREET nin gériintiileme niteliklerinin incelenmesi igin duyarlilik ve ayirt
edilebilirlik  ¢oziimlemeleri  gerceklestirilmistir. AIMREET nin fiziksel
gergeklemesi icin fantom deneyleri yapilmistir. Benzetimler ve deneyler
sonucunda elde edilen DF faz oOl¢iimlerinin nitelikleri benzerdir. DF faz
Ol¢iimlerinin diisiikk duyarliliginin benzetim ve deney Ol¢limleri arasindaki nicel
farkin ana nedeni oldugu ve yontemin klinik uygulamalara yonelik en biiytlik
sinirlamasi oldugu diisiiniilmektedir. DF faz Olgiimleri kullanilarak akim
yogunlugu ve gercek iletkenlik goriintiileri gerigatilmistir. Gerigatilan akim
yogunlugu ve iletkenlik goriintiileri AIMREET’nin giivenli ve uygulama
potansiyeli olan bir tibbi goriintileme yontemi oldugunu gostermektedir.
Gerigatilan iletkenlik goriintiileri, basit fantomlarin kaba tahminleri olup nicel
goriintiilerden daha c¢ok nitel gerigatimlar1 sergilemektedir. Yontemin klinik
uygulamalarda kullanilmasi i¢in DF faz o6l¢iimlerinin duyarliliklarinin ve

goriintli gerigatim bagariminin artirilmasi gerekmektedir.
Anahtar Kelimeler: Akim indiiklemeli manyetik rezonans elektriksel empedans

tomografisi (AIMREET), sonlu elemanlar ydntemi (SEY), manyetik rezonans

(MR) faz goriintiileme, diistik frekans (DF) faz, goriintli gerigatimi.
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CHAPTER 1

INTRODUCTION

Low frequency (LF) electrical conductivity imaging of biological tissues
has attracted the interest of many researchers in the past decades since the
electrical conductivity distributes between the tissues and changes with respect
to the physiological responses [1-4]. The starting point of LF electrical
conductivity imaging is electrical impedance tomography (EIT) which is based
on locating electrodes on the surface of a volume conductor object and injecting
electrical current through these electrodes [5-15]. Distribution of the injected
current inside the object with respect to the object conductivity creates an
electrical potential field, which is measured through the surface electrodes, and
these potential measurements are used to reconstruct conductivity images
[5-15]. Today, EIT is utilized in intensive care units for monitoring ventilation
and perfusion of patients [10-15]. As an alternative to injected current EIT,
induced current EIT (ICEIT) is proposed, in which eddy current is induced in a
volume conductor object by exciting a nearby coil with time varying electrical
current [16-18]. Similar to the injected current EIT, induced eddy current
generates an electrical potential field, which is measured by means of surface
electrodes, and these potential measurements are used to reconstruct
conductivity images [16-18]. It is reported that sensitivity of surface potential

measurements to internal conductivity perturbations is very low and



reconstructed conductivity images of EIT suffer from low spatial resolution,

which can be considered as the major drawbacks of the method [10].

In the beginning of 1990s, it is proposed to synchronize electrical current
injection with magnetic resonance imaging (MRI) techniques in order to
reconstruct current density distribution through the object to be imaged [19-20].
This method is known as magnetic resonance current density imaging (MRCDI)
in which electrical current is injected to an object including magnetic resonance
(MR) active nuclei in synchrony with an MRI pulse sequence [19-21].
Distribution of the injected current inside the object with respect to the object
conductivity creates a magnetic flux density distribution, the z component of
which (B,) induces phase in MR images. By using MR phase imaging methods
and Ampere’s Law, B, and current density images are reconstructed,
respectively [19-23]. The reconstructed current density images take the
advantage of equal sensitivity and high resolution of B, measurements
throughout the field of view (FOV) [19-23]. After the introduction of MRCDI,
it is proposed to reconstruct conductivity images by using B, and surface
potential measurements. This method is known as magnetic resonance electrical
impedance tomography (MREIT) [24]. MREIT, which combines EIT and
magnetic resonance imaging (MRI) modalities in the same platform [24-42],
has reached the stage of animal experiments [30, 34-39]. Kim et al. also report
conductivity images of a human leg as the results of an in-vivo MREIT

experiment [36].

The necessity of injecting electrical current to body via surface electrodes
constrains the clinical application of MREIT. Arpmar et al. [40] state that the
amount of electrical current injected to a body in MREIT studies is higher than

the patient auxiliary current limit of 100 pA mentioned in IEC 60601-2-33



standard [43]. To solve the application problems of MREIT related with
injection current, Ozparlak and Ider propose induced current magnetic
resonance electrical impedance tomography (ICMREIT) in a simulation study

[44]. In ICMREIT, a coil located near a volume conductor object is excited with

LF electrical current (J coip) 10 synchrony with an MRI pulse sequence. Due to
the coil excitation, a primary magnetic flux density distribution (Ep) is
generated through the object. Ep, which depends on J coiy @nd coil geometry is a
known distribution. Ep induces LF eddy current (J ,r) in the object to be imaged
and 7LF generates a secondary magnetic flux density (B;) distribution through

the object. Z component of B, (B,,) accumulates phase in MR signal (®;r) and
can be reconstructed by post-processing the MR phase (®) images.

Conductivity images are reconstructed by using Bg, measurements and the z

component of Ep (Bpz) [44-45].

As the pioneer of ICMREIT, Ozparlak and ider propose an MRI pulse
sequence for By, measurements [44]. This pulse sequence is based on spin-echo

and adapted from the AC current density imaging (AC-CDI) pulse sequence

proposed by Mikac et al. [23]. In this pulse sequence, J . with a sinusoidal

coil

form is applied to a discrete coil after a time interval (T, ) following the 90°
excitation radio frequency (RF) pulse. jc oi; Induces jLF in the object, which is

90° phase lagged compared to ] 180° refocusing RF pulses are applied at

coil®
zero crossings of ], . which results in phase accumulation in MR signal due to

B,,. Time instants of 180° refocusing RF pulses correspond to the peaks of J coil

waveform. Therefore, phase contribution of By, is zero. After a time interval of

T,, following J .. waveform, MR signal is read-out [44]. It is proposed to apply

coil



J oy twice with opposing polarities and take the difference of the resultant @

distributions in order to obtain ®; which can be expressed as
cI)LF =2 (_1)Ncydey ( 2 Bsz_peak/n) Tc: (1-1)

where Ncyce rtepresents the number of cycles of Ji waveform, y is

coil
gyromagnetic ratio of hydrogen, B, peqx is the peak value of B, waveform,
2B, peai /T 1s the average value of the full wave rectified B, waveform, and
T, is the time interval of coil excitation. Although the accumulation of ®; due
to the MRI pulse sequence in [44] is promising, the implementation of this

pulse sequence is not straightforward since it requires the application of 180°

refocusing RF pulses with a sinusoidally varying J coiy Waveform.

Experimental realization of ICMREIT with a discrete coil [44] is difficult
since it requires an MR compatible coil and a state of the art AC current supply
for the excitation. Ozsiit proposes the utilization of the read-out gradient coil of
a 0.15T MRI scanner for inducing jLF in a volume conductor [46]. Ozsiit uses
an MRI pulse sequence similar to the one presented in [44]. He applies a
triangular gradient (G,) after the 90° excitation RF pulse. At time instants on
which G, reach its peaks, 180° refocusing RF pulses are applied which results in
accumulation of ®; in MR signal. In [46], amplitude of G, is adjusted and the
resultant k-space magnitude images are investigated. It is stated that k-space
magnitude image is concentrated in LF region and shifts out of the FOV, for

low and high amplitudes of G, respectively [46].

Van Lier et al. propose applying conventional spin-echo MRI pulse

sequence for inducing 7L » 1n a volume conductor and called this method as low



frequency-electric properties tomography (LF-EPT) [47]. They apply
conventional spin-echo MRI pulse sequence twice with opposing read-out
gradient polarities. They state that RF and LF components of the ® images
obtained in two acquisitions have the same and opposite polarities, respectively
[47]. By adding and subtracting the resultant ® images, phase contribution of
RF pulses (Prr) and @, are obtained. The results of phantom experiments
performed on a 3T MRI scanner show that ®gzr and @, profiles passing
through the phantoms have parabolic curvature and linear slope, respectively. It
is stated that curvature of @ and slope of @, profiles change according to

RF and LF conductivity distributions of the phantoms, respectively [47].

Oran et al. propose applying conventional gradient-echo MRI pulse
sequence for inducing jL » in a volume conductor and called this method as low
frequency-magnetic resonance electric properties tomography (LF-MREPT)
[48]. They apply conventional gradient-echo MRI pulse sequence twice with
opposing read-out gradient polarities and subtract the resultant & images in
order to obtain @;p distribution. They derive a convection reaction based
conductivity image reconstruction algorithm in order to reconstruct
conductivity images with Bg, and B,, distributions. They build a simulation
model composed of an x-gradient coil and a block with a cylindrical
inhomogeneity. Using the simulated measurements, they reconstruct
conductivity images with high accuracy. They build an experimental phantom
similar to the one used in the simulation. They perform physical experiments on

a 3T clinical MRI scanner. They express that By, measurements are feasible and

V2B, has decreasing characteristics through x direction [48].

In a simulation study, de Geeter et al. propose applying a trapezoidal



gradient pulse before the conventional gradient-echo MRI pulse sequence for

inducing jLF in a volume conductor [49]. They state that ®; can be recovered

by applying the MRI pulse sequence twice with and without the jLF inducing
gradient pulse and taking the difference of the resultant @ images [49]. Due to
the Faraday’s Law of electromagnetic induction, jLF distributions induced
during the rise and the fall time of the gradient pulse are opposite of each other.
As a result, MR phase contribution of jLF is zero since the MR phases

accumulated during the rise and the fall time of the gradient pulse cancel out

each other.

Eroglu and Eyiiboglu are the first to propose the utilization of slice
selection (z) gradient coil for the realization of ICMREIT [50]. They formulate
the forward problem of ICMREIT and perform computer simulations for a
numerical model composed of a z-gradient coil around a cylindrical conductor.
They calculate @, distributions based on the MRI pulse sequence proposed by
Ozparlak and Ider [44]. They conclude that ICMREIT can be realized with z-
gradient coils of MRI scanners without the need for an additional hardware
[50]. Eroglu and Eytiboglu also compare MREIT and ICMREIT in a simulation
study [51] by using sensitivity and distinguishability [52] analyses. They state
that sensitivity of ICMREIT measurements is related with radial distance to the
center of the conductor, and imaging concentric inhomogeneities with
ICMREIT 1is very difficult. Position dependent sensitivity of ICMREIT
measurement is stated as the major drawback of the method compared with
MREIT. They state that utilization of z-gradient coil may be a good choice for
the experimental realization of ICMREIT [51].

Mandija et al. investigate the use of conventional spin-echo MRI pulse



sequence for the experimental realization of ICMREIT [53]. They locate an
additional read-out gradient pulse around the 180° RF pulse of the spin-echo
MRI pulse sequence and propose applying the pulse sequence twice with
opposing read-out gradient polarities. They recover ®zr and @ distributions
by adding and subtracting the acquired ® images. They state that measured @
images are prone to geometrical distortions (Ax) which are resulted from
imaging imperfections such as inhomogeneity of main magnetic field (B,) and
system eddy current induced in conductors of MRI scanner. They state that ®;
measurements are affected by RF leakage, ®rp joqr = Ax(0Pgp/ 0%), which is

related with conductivity. They apply artificial Ax shifts to the measured @

images and calculate the shifted @, (b, "%

) distributions. They observe
that @, "/t distributions scale with Ax. However, the effect of Ax shifts is
not observed in true @, distributions exhibited by the authors. They conclude
that measured @, distributions may also be affected by measurement noise

and their ICMREIT implementation is not feasible [53].

Gibbs and Liu propose using a gradient-echo MRI pulse sequence for the
experimental realization of ICMREIT [54]. They apply a spoiler gradient with a

trapezoidal form before RF excitation. By taking the duration of the spoiler
pulse long, in the order of 5 ms, jLFinduced in the object during the rise time
decays to zero and jLF induced during the fall time contributes to &,

distribution. They conclude that applying a spoiler gradient before RF

excitation is not a feasible method for the experimental realization of ICMREIT
[54] since induced jLF decays to zero immediately due to the negligible

inductance of the object to be imaged.

Oran and Ider propose using a spin-echo MRI pulse sequence and



z-gradient coil to investigate feasibility of ICMREIT [55]. They formulate the
forward and the inverse problems of ICMREIT and try to model &®;p
distribution by utilizing the ®rp ;4% concept proposed by Mandija et al [53].
They apply a spin-echo MRI pulse sequence with opposing slice selection
gradient polarities [55]. It is observed that slice selection gradients of 90° and
180° RF pulses of the proposed pulse sequence [55] have opposite polarities
which may select different slices of the object to be imaged unless center
frequencies of these RF pulses are adjusted accordingly. They conclude that
measured @ distributions are affected by ®rp jeqx and their ICMREIT

implementation is not feasible [55].

Literature survey shows that MR based LF conductivity imaging is an
interesting field of research which deserves to be explored. Because of technical
limitations and safety constraints, MR based LF conductivity imaging has not
been applied to clinical imaging yet [40, 43]. ICMREIT can be considered as a
promising alternative for LF conductivity imaging. However, no convincing
experimental proof has been demonstrated up to now although the method [44]
was introduced almost a decade ago. We also observe that the experimental
studies about ICMREIT [46, 47-48, 53-55] do not use MRI pulse sequences
including multi-cycle gradient waveforms as expressed in the original

description of the method [44].

In this thesis, it is aimed to investigate ICMREIT starting from modeling

and analysis through physical experiments.

In Chapter 2, forward and inverse problems of ICMREIT are formulated.
An MRI pulse sequence is proposed for the experimental realization of

ICMREIT.



In Chapter 3, numerical simulations are described in order to solve the
forward and inverse problems of ICMREIT. Distinguishability and sensitivity
analyses are introduced in order to investigate the imaging characteristics of
ICMREIT. Experimental methods are described in order to validate the

proposed method.

In Chapter 4, simulation and experimental results are presented.

In Chapter 5, simulation and experimental results are discussed by
considering the existent literature about the subject. In addition, important

aspects of the study are summarized.

In Chapter 6, thesis is concluded and future studies are suggested.
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CHAPTER 2

THEORY

2.1 Forward Problem of ICMREIT
2.1.1 Definition and Numerical Solution of the Forward Problem

Forward problem of ICMREIT can be described as calculation of By,
distribution through the object to be imaged due to the excitation of a nearby
coil with time varying electrical current. Forward problem is described for a
three dimensional (3D) geometry as shown in Figure 2.1. In Figure 2.1, ). and
() are a volume conductor object and an air filled spherical solution domain, o
and ¢ are the electrical conductivity and the dielectric permittivity of the object
which are assumed to be isotropic, €, and p, are the dielectric permittivity and
the magnetic permeability of free space, and n is the normal vector on the
boundary of Q (8Q). Time harmonic (¢”) electromagnetic fields with an
angular frequency of w are considered in the derivation of the forward problem.

The forward problem is described starting from the Ampere’s Law [50-51] as

VxB =p[(o+jwe)E +],,,]. 2.1)

11



o 'Jéolution domain (Q): air

(=0, &, Ho)

Figure 2.1 Geometrical structure used for the description of the forward

problem. Half of the solution domain is not shown for visualization.

where B is the magnetic flux density, E is the electric field intensity, and 7C oil 18

the coil current. J ., can be expressed as

]coil = Scoil ’ (2.2)

Neoilcoil A .
- {M A pi] +or oer -on - OTL the COIl
0........otherwise

where Nioit, Icoits Scoit» and Q.o;; are number of turns, magnitude of the

excitation current, cross sectional area, and unit vector of the coil, respectively.

E and B can be expressed as

12



E=—jwA—VV (2.3)

and

=V X4, (2.4)

S|

where 4 and V are the vector magnetic and the scalar electric potentials,

respectively. 4 and V can be transformed into new vector magnetic (/T) and

scalar electric (V) potentials by introducing a scalar field (¢) as

A=A+Vgp (2.5)
and

V=V-—jwe. (2.6)
Choosing ¢ = — é V and using (2.1-2.6) result in

(jwo — w?e)A + p (v x v x j) =] 2.7)

coil

In ICMREIT, w is a low frequency in the order of 2mx1000 rad/s.
Therefore, quasi-static condition is assumed for the solution of the differential
equation shown in (2.7). By this way, electromagnetic fields decay
exponentially with distance [51, 56-57]. Considering the quasi-static condition,

a magnetic insulation type boundary condition

AixA=0..0n0Q, (2.8)

is used for the solution of (2.7) [50-51, 56-57]. Boundary value problem (BVP)
shown in (2.7-2.8) is defined in a FEM solver COMSOL Multiphysics 5.1

13



(COMSOL AB, Sweden). In order to prevent reflections from 9, Q is
stretched to a large extent which is called as infinite element domain (Q,) [51,

58-59]. After the description of {1, the boundary condition shown in (2.8) is
applied on the boundary of Q, (0Q). BVP shown in (2.7-2.8) is solved for A.
Then, E and B are calculated by using (2.3-2.6). 7LF is calculated by using the

Ohm’s Law as
], = 0E = —jwaA. (2.9)

B obtained as a result of the solution of BVP in (2.7-2.8) and equations

(2.5-2.6) can be expressed as
B =B, +B,. (2.10)
Two simulations are performed in order to extract By, from B. At first, true

conductivity distribution of the object is used. In the second simulation,

conductivity value of the object is equal to zero. By subtracting the z

components of the resultant B distributions, B, distribution is obtained [50-51].

2.1.2 Semi-Analytical Solution of the Forward Problem
For a cylindrical conductor, jLF can be expressed analytically which can

be utilized as a baseline solution [51, 60]. The starting point is Faraday’s Law

which can be expressed as

gﬁLf(r, ®,z)-dl = — JojwBp, (1, 9, 2)d, - dS, (2.11)

14



where (7, ¢, z) are the coordinates in cylindrical coordinate system, L and S are
the circumference and the area of the circular cross section of the conductor,
respectively. It is assumed that circular cross section of the conductor is
perpendicular to the z-axis. Considering the integration path, azimuthal (¢)

components of E are considered. By using the Ohm’s Law and evaluating

(2.11) for the cylindrical geometry, 7L  can be expressed as
- 1, A
]LF(rl (p) Z) = - E ](l) r O-(rl (p: Z) BpZ(rﬁ (p: Z) a(p' (212)

By using the Biot-Savart Law and (2.12), B, can be calculated as

—jwlo f

r'—rcos(p-¢'
8w Jobject

R3 i

(2.13)

Bs,(r,¢,2) = a(rr'By,(r', ¢, 2")

where (r',¢’,z'") and (r,¢,z) represent the source and the field points,
respectively and R is the distance between the source and the field points. B, is
obtained as a result of the numerical solution of the BVP shown in (2.7-2.8) and
(2.5-2.6) when the conductivity of the object is equal to zero. jLF is calculated
by using (2.12) and the By, distribution obtained from the numerical solution of
the forward problem. Therefore, the method shown in (2.12) is referred to as

semi-analytical solution of the forward problem. Reliability of the numerical
solution is evaluated by inspecting L, norm of jLF distributions (lepl) obtained

from the semi-analytical and the numerical solutions.

15



2.2 Inverse Problem of ICMREIT

2.2.1 Definition of the Inverse Problem

Inverse problem of ICMREIT can be defined as the reconstruction of
conductivity distribution of the object to be imaged by using B, measurements
and readily known By, distribution [44-45]. Inverse problem can be derived

starting from Ampere’s and Faraday’s laws which can be expressed as

VXE=—jwB (2.14)
and

VxB = u(o + jwe)E, (2.15)

Substituting conservation of magnetic flux

V-B=0 (2.16)
and (2.15) in a vector identity
VXVxB=V{V-B)—V?B (2.17)
results in
V2B = -V x [ u(o + jwe)E |. (2.18)

Substituting (2.14) in (2.18) results in

uvVioc+jwe)

27 _
V'B = p(o+jwe)

X (V X B) + jou (o + joe)B. (2.19)

16



In ICMREIT, it is aimed to image o distribution of biological tissues varying
between 0 and 2 S/m [1]. Consider a volume conductor with a ¢ value of 1 S/m
and a relative permittivity (&,) value of 78.4, which is equal to the &, value of
water [61]. For w =2nx1000 rad/s and &, =78.4, we = we, €, = 4.36x10° S/m
is much smaller than 1 S/m. Therefore, o0 > we is assumed and (2.19) can be

expressed as
V2B = == x (V x B) + jwuoB. (2.20)
Considering the z component of B and substituting (2.10) in (2.20) result in

~ v A , ~
Vz[(sz + Bsz)az] = - ?G X [V X (sz + Bsz)az] +]w.uo'(sz + Bsz)az:
2.21)

where By, is a readily known distribution depending on coil geometry and
excitation current, B, is the measured distribution, and o is the unknown

distribution to be reconstructed. Equation (2.21), which expresses the

relationship between ¢ and B, is the inverse problem of ICMREIT. For the
solution of the inverse problem of ICMREIT, image reconstruction algorithms
are presented in the following sections.

2.2.2 E-calculation Algorithm

The relationship between x and y components of jLF (Jx and J,) and B

can be expressed by using Ampere’s Law as

17



V X B = po(Jx@x + J,8y). (2.22)

In MRI, magnetic field components in direction of B, (z direction) contribute to
the phase of MR signal. Therefore, ], and J, can be calculated by substituting
B, in (2.22) as

1 0By,

Je = =22 (2.23)
and
_ _ 108y
Jy = ok (2.24)

|7 L F| can be calculated as

U.r| = / J2 + 1,2 (2.25)

The angle (a) between ], and J,, can be calculated as
_ -1 (ly
a = tan (]x) (2.26)

Since By, > Bs,, z component of (2.14) can be expressed as

L

2~ 5= —jwB,, (2.27)

where E, and E,, are x and y components of E, respectively. E and E,, can be

expressed in terms of L, norm of E

18



|E| = /Exz +E)* (2.28)

and « as

E, = |E|cosa (2.29)
and

E, = |E|sina. (2.30)
Substituting (2.29-2.30) in (2.27) results in

a|E| . —| dsina  9|E| =|dcosa .
" sma+|E| o 3y C0S@ |E| . jwBy,,.  (2.31)

In (2.31), a and By, are known distributions, whereas |E| is an unknown
distribution. Equation (2.31) is discretized by using finite difference method
(FDM) [62]. Field of view (FOV) is divided into N X N pixels. Central
difference is used for the pixels that are not located at the boundary of the slice
to be imaged. For the pixels located at the left and the upper boundary of the
slice, forward difference is used. For the pixels located at the right and the
lower boundary of the slice, backwards difference is used. As a result, a matrix

equation is obtained as

[1El] [ Bo1]
= B
[A]NZXN2[| 2| =—a)[ ?2‘ , (2.32)
|EN2| N2Zx1 BpN2 NZx1

where the sub-indices 1,2, ... N? represent a pixel inside FOV. |§| is calculated

19



by solving (2.32). o value in a specific pixel is reconstructed by using the

Ohm’s Law as

7 (i)
o(i,j) = 'lgzll];” (2.33)

where (i, ) are the pixel indices. o(i,j) values reconstructed with (2.33) may
approach to infinity if |E(i, j)| values approach to zero. In order to avoid this

situation, |E (i, j)| is limited by using

|EG )| = €um if |EWH] < €1m, (2.34)

where €;;,, is the lower limit of |E(i, j)| values. The reconstruction method
expressed in (2.22-2.34) is called as E-calculation algorithm since the proposed

method is based on the calculation of |E|

2.2.3 J-derivative Algorithm

The relationship between Ey, E,, and By, is shown in (2.27). By using the

Ohm’s Law, (2.27) can be expressed in terms of resistivity (p), Jx, and J,, as

(pJY) - _(p]x = —jwB),. (2.35)

Assuming homogenous p distributions, (2.35) can be expressed as

ALy ) _ .
p(Z2- W) = —jwB,,. (2.36)

20



p can be reconstructed by using J, and J, distributions calculated with

(2.23-2.24) and readily known B, distribution. o is reconstructed by using
o=pt (2.37)

at each pixel inside the FOV. Since o is reconstructed by using the spatial
derivatives of ], and J,, the name of the proposed image reconstruction method

is chosen as J-derivative algorithm.

J-derivative algorithm can be expanded to anisotropic conductivity

distributions (g). Let us consider a g distribution as a tensor of four elements as

_ Oxx Oxy
0= an) (2.38)
By choosing ay,, = gy, the resistivity tensor (p) can be expressed as
_ [Pxx Pxy]l _ 1 _ [Oxx Oxy -1
p= Pxy pyy] -2 = [O'xy O'yy] ’ (2.39)

By using the Ohm’s Law, the relationship between E and ]L - can be expressed

as

=)=l 2211 (2.40)

Substituting (2.40) in (2.35) results in

21



a i}
a(pxy]x + pyy]y) _a(pxx]x + pxy]y) = _prz~ (2-41)

Neglecting the spatial derivatives of p, (2.41) can be expressed as

_9 ]x 0Jx 0] 9 ]
pxx (E - 6_;) Pxy +—= pyy sz > (2-42)

where pyy, pxy, and p,,,, are three unknown distributions. In order to reconstruct
the unknown distributions, two equations are necessary in addition to (2.42).
These additional equations should be linearly independent. For this
requirement, three coils that have linearly independent B,, distributions are
necessary. For an ICMREIT system including three linearly independent coil
structures and the (i, j)"* pixel inside FOV, an equation system can be obtained

as

3]x1 (l i)

0fa1 (i) _ ys i) A
AL i) + (P - e ) Py (i) + =2

9] 2(11) 2 (i) 0Jy2 (L)) ]yz( i,j)
- xay pxx( ]) +( ax - ay ) xy( )+

_a]x3(i:j) PR 0Jx3 (i,j)_a]y3(i.j) ]ys( iLj)
Bt pe i) + (2 2 ) Py (i) +

Pyy(i,j) = —jwBp,1 (i, )

pyy(l ]) ijpzZ(i:j)a

pyy(l ]) ijpz3(iJj)
(2.43)

where the sub-indices k =1,2,3 represent the distributions of three linearly

independent coil structures. In matrix form, (2.43) can be expressed as
[Aij]3x3[p_ij]3xl = _]w[bl] ]3><1' (244)

Ajj, pij> and b;; can be expressed as
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]xl (l ]) a]xl (l']) _ a]yl (l']) a]yl (l,])

|[ dy ( ox dy ) ox ]

6Jx (i i) Jx2(,j)  0Jy2 (L,)) 0]y (i,))
[4;] = |- 2= (PalD _2he LR BRIl as)

l alxs (l}) (a]x3 (i,j)_alyz(i,j)) dJy3 (L])J

x ay dx
[ ] = [Pex (@) Pay () Py LD, (2.46)
and

[b5;] = [Boz1 () Bpz2(if) By ()] (2.47)

p and ¢ are calculated by using (2.39) after the calculation of pij as a result of

the solution of (2.44) at each pixel inside the FOV.

2.3 An MRI Pulse Sequence for the Experimental Realization of ICMREIT

In recent experimental studies, feasibility of ICMREIT is investigated by
using conventional spin-echo [53, 55] and gradient-echo [54] MRI pulse
sequences. These pulse sequences include a single gradient pulse for inducing
7LF in a volume conductor, which results in a small period of time (T,) for the
accumulation of ®;r in MR signal. Since ®; is directly related with T, as
expressed in (1.1), the MRI pulse sequences given in [53-55] are not capable of
accumulating measurable ®; in MR signal as the authors express. In this
study, it is aimed to design and implement an MRI pulse sequence for
ICMREIT which includes multiple gradient and suitable 180° refocusing RF
pulses in order to accumulate measurable ®; in MR signal [63-65] as shown

in Figure 2.2.
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Figure 2.2 An MRI pulse sequence for the experimental realization of

ICMREIT. SS, PE, and RO refer to slice selection, phase encoding and read-

out, respectively [64-65].
The MRI pulse sequence shown in Figure 2.2 aims to form a spin echo.

At first, spins are selectively excited with a 90° RF pulse which is followed by a

periodic and monopolar gradient waveform (G;) applied to the slice selection
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(z) gradient coil of the MRI scanner after an interval of t, [63-65]. In general,
the periodic gradient waveform in Figure 2.2 can be applied to x, y, or
z-gradient coils separately or the waveform can be applied to x-y, y-z, x-z, and
x-y-z, pairs together [63]. The magnitude of G, waveform is determined by
considering the slice thickness (ST). In order to prevent phase cancellation
effects of the 7LF pulses induced in the object during the ramps (t,) of G,
waveform, soft 180° RF pulses are applied in the middle of the plateau (T,;) of
each gradient pulse and hard 180° RF pulses are applied after the gradient
pulses. Since the interval between the soft and the hard 180° RF pulses (t;) is
much smaller than the interval between the 90° and the first 180° RF pulse (tp),
spin echoes are not formed during the interval of repetitive 180° RF pulses (tp)
[64-65]. Odd number of 180° RF pulses is used in order to form a measurable
spin echo after an interval of tgz following the last 180° RF pulse [44, 63-65].

Echo signal is read-out at echo-time (T) which can be expressed as
@,  accumulated during the G, waveform can be expressed as

O = (Ncycle + Dy Bsz_peakTSa (2.49)

where N¢ycje 18 the number of cycles of the gradient waveform, (Neyce + 1) is
the number of soft 180° RF pulses including the refocusing RF pulse of the
conventional spin-echo pulse sequence, B, peqk 1 the peak value of Bg,, and
T, = 2 X t, 1s the duration of jLF pulses in a single cycle of G, waveform
[64-65]. As shown in (2.49), sensitivity of @;r measurements increases as a

function of Ny Which results in increased tp, interval. Due to the refocusing
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of spins by repetitive 180° RF pulses, transverse relaxation during tp, is limited.
However, increased tj interval reduces the magnitude of MR signal and signal
to noise ratio (SNR) due to the longitudinal relaxation effects, which may be a
severe problem for in-vivo applications [65]. It could be concluded that there is

a tradeoff between signal quality and sensitivity of @, measurements.

Total phase (®) obtained as a result of the proposed pulse sequence is
composed of the phase related with RF pulses (®rr) and @;r. In order to
measure @, the proposed pulse sequence is applied twice with G." and G.”
waveforms which results in ®* and &~ distributions, respectively. In both
applications, the same number of RF and gradient pulses is applied. Therefore,
the contribution of ®gp to ®@* and @~ is the same. Similarly, ®; components
of ®* and ®~ have the same magnitude. However, the polarity of ®,p
components of ®* and ®~ is opposite of each other. Considering these

facts, ®* and ®~ can be expressed as
CD+ == CDRF + CDLF (250)
and

(b_ = (DRF - (DLF' (251)

Using (2.50-2.51), @, and ®gf can be calculated as

(2.52)
and

(DRF = . (253)
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2.4 Summary

In this chapter, forward and inverse problems of ICMREIT are described
by using Maxwell’s equations. Forward problem of ICMREIT is described as
the calculation of B, distribution throughout a volume conductor object due to
the excitation of a nearby coil with time varying electrical current. A 3D
geometry is considered for the description of the forward problem and the
mathematical derivation is performed by using Ampere’s Law, A-V

formulation, and temporal gauge, as shown in (2.1-2.6). In the end, a

differential equation that relates A with the known distributions of the forward
problem is obtained as shown in (2.7). In order to solve the differential equation
shown in (2.7), it is proposed to use the magnetic insulation type boundary
condition as shown in (2.8). By this way, a BVP is obtained as shown in

(2.7-2.8) and this BVP is defined and solved in a FEM solver, COMSOL
Multiphysics 5.1 (COMSOL AB, Sweden). After the solution of the BVP for /T,
E, B and 7L - are calculated by using (2.3-2.6) and (2.9).

B obtained as a result of the solution of the BVP shown in (2.7-2.8)

represents the full magnetic flux density distribution which can be expressed as
the summation of §p and B, as shown in (2.10). In order to extract B,, two
simulations are performed in which o distributions of the object is made equal

to the true o value and zero. By subtracting z components of the resultant B
distributions obtained from the two simulations, B, is extracted. In order to
inspect the reliability of the numerical solution, a semi-analytical solution is

derived for a simple cylindrical geometry as shown in (2.11-2.13).

Inverse problem of ICMREIT is described as the reconstruction of o
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distributions of the object by using B, measurements and readily known B,

distribution. The inverse problem is derived by using Ampere’s and Faraday’s
laws with the conservation of magnetic flux, and a vector identity as shown in
(2.14-2.19). In order to solve the inverse problem, E-calculation and

J-derivative image reconstruction algorithms are proposed.

E-calculation algorithm is based on the calculation of the angle between x
and y components of 7LF and E, as shown in (2.26). By using the angle and |E|
definitions with the z component of Faraday’s Law, a differential equation that
relates |E| with the measured and readily known distributions is obtained as
shown in (2.31). The differential equation shown in (2.31) is discretized by
using FDM and solved for |E| In the final step, o is reconstructed by using the
Ohm’s Law as shown in (2.33). E-calculation algorithm does not use
homogenous o distribution assumption (Vo = 0). Therefore, it will not suffer
from boundary artifacts related with Vo =0 assumption. E-calculation
algorithm is based on the calculation of |E| by utilizing the inverse of an
[A]y2x y2 matrix which depends on the By, measurements. The condition
number of [A]yz, y2 may increase for small and noisy B, measurements. For
taking the inverse of [A]yz, yz matrices with high condition numbers,

regularization methods should be utilized instead of direct inversion.

J-derivative algorithm expresses the relationship between the x and y
components of jL - and E by using the Ohm’s Law and uses the z component of
Faraday’s Law in order to obtain the relationship between p with the measured
and readily known distributions as shown in (2.35). By using Vo =0

assumption, J-derivative algorithm proposes to reconstruct p with a simple
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scalar equation shown in (2.36). In the final step, o is reconstructed by using
the reciprocal of p at each pixel inside the FOV, as shown in (2.37). As shown
in (2.38-2.47), J-derivative algorithm can be expanded to anisotropic o
reconstructions by using coil configurations with linearly independent B,
distributions. Vo = 0 assumption of the J-derivative algorithm results in
boundary artifacts around the inhomogeneities. However, the simple structure
of the algorithm may provide robust response for small and noisy B,

measurements.

After the forward and inverse problems, an MRI pulse sequence is
proposed for the experimental realization of ICMREIT, as shown in Figure 2.2.
The proposed MRI pulse sequence is based on spin-echo and includes multiple
SS gradient and 180° RF pulses. By locating the gradient and 180° RF pulses
strategically, ®;r is accumulated in MR images. ®; accumulation interval of
the proposed MRI pulse sequence for ICMREIT is much greater than the
recently proposed spin-echo based MRI pulse sequences for ICMREIT [53, 55],
since it includes multiple SS gradient and 180° RF pulses. Large &,
accumulation interval can be considered as a distinctive property of the

proposed MRI pulse sequence for ICMREIT.
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CHAPTER 3

METHODS

3.1 Numerical Simulations

Simulation models for z-gradient and y-gradient coils are created by using
a FEM solver, COMSOL Multiphysics 5.1 (COMSOL AB, Sweden) and shown
in Figure 3.1. The z-gradient coil shown in Figure 3.1 (a) is adapted from the
model proposed by Tas [66] and composed of 24 infinitely thin circular coils
with a diameter of 70 cm. Locations and excitation current polarities of the
circular coils are listed in Table 3.1. The z-gradient coil shown in Figure 3.1 (a)
is excited with sinusoidally varying electrical current which has a magnitude of
87.6 A and a frequency (f) of 1 kHz. Gradient strength (GS) of the z-gradient
coil is 4.8 mT/m along the z-axis. f is determined by considering the gradient
waveforms shown in Figure 3.2 and the slew rate (SR) of the utilized MRI
scanner (MAGNETOM Trio, Siemens AG, Erlangen Germany). SR can be

expressed as

sR=% (3.1)

where t, is the ramp time of a gradient pulse as shown in Figure 3.2 (a).
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Figure 3.1 Simulation models for z-gradient (a) and y-gradient (b) coils around

cylindrical conductors.

At 1 kHz, the period (T) of a sinusoidal gradient is 1 ms. If T is approximated
with 4 X t,. as shown in Figure 3.2 (b), t,, = 250 s is obtained. Considering the
calculated GS of 4.8 mT/m and t, = 250 ps, SR is calculated as 19.2 T/m/s
which is smaller than the maximum SR of 170 T/m/s for the utilized MRI

scanner.

The y-gradient coil shown in Figure 3.1 (b) is composed of four infinitely
thin saddle coils, the centers of which are located at z = 20 cm z = -20 cm
planes. Height and length of each saddle coil are 30 cm and 20m cm,
respectively. Direction of the excitation current of the y-gradient coil is CW and

CCW for the saddle coils located in y > 0 and y < 0 regions.
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Table 3.1 Locations and excitation current polarities of the components of the

z-gradient coil shown in Figure 3.1.

Coil Location Polarity of _ _ Location Polarity of ; Location Polarity of

No on z axis  excitation on z axis excitation No on z axis excitation
(cm) current (cm) current (cm) current
1 -52.8 CW 9  -20.0 CWwW 17 225 CCW
2 -41.7 CW 10 -16.7 CwW 18 24.9 CCW
3 -36.5 CW 11 -84 ccw 19 273 CCW
4 -32.9 CwW 12 4.1 ccw 200 299 CCW
5 -29.9 W 13 4.1 CW 21 329 CCW
6 273 CW 14 8.4 CwW 22 36.5 CCwW
7 -24.9 CW 15 16.7 CCW 23 41.7 CCW
8 -22.5 CwW 16 20.0 CCwW 24 52.8 CCW

Note: CW and CCW are referred to as clockwise and counter clockwise

directions, respectively. Locations and excitation current polarities of the

components of the z-gradient coil are adapted from the model proposed by Tas

[66].
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Figure 3.2 Trapezoidal (a) and sinusoidal (b) gradient waveforms.
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The y-gradient coil shown in Figure 3.1 (b) is excited with sinusoidally varying
electrical current which has a magnitude of 716.6 A and a frequency of 1 kHz.
GS of the y-gradient coil along the y-axis is 4.8 mT/m.

Phantom models used in simulations are shown in Figure 3.3.

—
e

(a) (b) ©)
Figure 3.3 Cylindrical phantoms with uniform (a) and inhomogenous (b-c) o

distributions.

As shown in Figure 3.3, cylindrical phantom models are used in the
simulations. Height and diameter of the cylinders are 10 cm and 19 cm,
respectively. All of the phantoms have isotropic o and ¢ distributions. As
shown in Figure 3.3 (a), the first phantom, which is referred to as Phantom 1, is
a uniform cylinder with a o value of 1 S/m. As shown in Figure 3.3 (b-c),
cylindrical inhomogeneities with two different diameters are located inside the
second and the third phantoms, respectively. Diameters of the large and the
small inhomogeneities shown in Figure 3.3 (b-c) are 4.8 cm and 2 cm,
respectively. Height of both inhomogeneities is 10 cm. The large and the small
inhomogeneities are located at four different positions inside the second and the
third phantoms, respectively. The second and the third phantoms including the

large and the small inhomogeneities are referred to as Phantom 2a-d and
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Phantom 3a-d, respectively. &, value of the phantoms is 78.4. Properties of the

phantoms are listed in Table 3.2.

Table 3.2 Properties of the simulation phantoms.

Phantom din Axpn-in Op Oin

(mm) (mm) (S/m) | (S/m)
1 - - 1 -

2a 48 2.75 0.75 0.45
2b 48 60.7 0.75 0.45
2c 48 19.2 0.75 1.2
2d 48 48.2 0.75 1.2
3a 20 2.75 0.75 0.45
3b 20 60.7 0.75 0.45
3c 20 19.2 0.75 1.2
3d 20 48.2 0.75 1.2

Note: d;p, Axpp—in, 0p, and oy, refer to diameter of the inhomogeneity, distance
between the center of the phantom and the inhomogeneity, o value of the

background and the inhomogeneity, respectively.

Simulation models are created by using the gradient coils shown in Figure
3.1 and the phantoms listed in Table 3.2. Phantoms are located between z = 0
and z = 10 cm planes, as shown in Figure 3.1. Simulation data is obtained for
the transverse slice located at z = 9 cm. FOV is 25x25 ¢cm® and divided into
128x128 pixels. By, values of the z-gradient coil change between
0 <B,, < 048 mT for 0 <z < 10 cm which results in a GS value of 4.8

mT/m. On the selected slice, By, values of the z-gradient coil are close to 0.43

mT and B,, values of the y-gradient coil change between

35



-0.456 < B,, < 0.456 mT, for -9.5 < y < 9.5 cm which results in a GS value of

4.8 mT/m.

Z-gradient coil is used with all of the phantoms listed in Table 3.2.
Y-gradient coil is used with Phantom 1. Coil and phantoms are located in an air
filled spherical domain with a diameter of 1.6 m and extended to infinite
element domain with a pole distance of 2.77 m in order to prevent boundary
reflections [58-59, 65]. During the simulations, ¢ value of air filled domain
cannot be made zero since the zero conductivity distributions result in singular
computation matrices and non-convergent solutions. In this study, o value of air
is taken as 0.001 S/m in order have convergent solutions [51]. The selected air
conductivity value of 0.001 S/m does not affect the calculations, since it is 1000
and 750 times smaller than the o}, values of the uniform and the inhomogeneous
phantoms, respectively. Simulation models are meshed adaptively by using
edge, triangular, and tetrahedral elements. Solution is obtained iteratively by
using “Magnetic Fields” interface of the AC-DC module of COMSOL 5.1
(COMSOL AB Sweden). Flexible generalized mean residual algorithm with a
residual of 107 is utilized for the iterative solutions. Maximum and minimum
element size values of the models are 30.4 cm and 2.4 mm, respectively.
Number of elements (N,), number of iterations (N;) for the solutions to
converge, and degrees of freedoms (DOF) solved for the simulation models are

listed in Table 3.3.

B, and jLF distributions are obtained by solving the BVP shown in
(2.7-2.8) and using (2.9) for simulation model 1 as shown in Table 3.3.
Reliability of the numerical solution is investigated by comparing jLF

distributions obtained from the numerical simulations and the semi-analytical

solution of the forward problem shown in (2.12).
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Table 3.3 Parameters of the numerical simulation models.

Model Coil Ph. Ne N, DOF
Neage Niri Neeen
] z 1 1161 1200 24202 43 285230
2a z  2a 1238 1896 30921 49 363670
2b z 2b 1248 2020 30566 43 359570
2 z  2c 1254 2026 31979 42 376170
2d z 2d 1250 1988 31584 43 371430
3a z  3a 1254 2000 32400 49 381020
3b z 3b 1263 2020 32918 43 387070
3¢ z 3¢ 1263 2048 33071 49 388820
3d z 3d 1256 1986 32501 44 382230
4 y 1 325 1462 12940 20 100439

Note: Negges Neris Neern tefer to the number of edge, triangular, and tetrahedral

elements, respectively.

@,  distributions are reconstructed by using the calculated B, distributions and
(2.49). In @ calculations, Ny = 20 and Ty = 600 us are considered for the
MRI pulse sequence proposed for [CMREIT shown in Figure 2.2.

Scott et al. report SNR levels varying between 50-60 dB for injected
current related MR phase measurements in MRCDI [20]. We consider these
SNR values in our study and add Gaussian noise to the simulated ®;p

distributions at SNR= 50 dB and 60 dB. J, and J, distributions can be
reconstructed by using the @, distributions, (2.23-2.24) and (2.49) as

1 0Bs; _ 1 0P
]x - 9 - 9
Uo 0y Ho [(Ncycle"'l)y Ts] dy

(3.2)

and
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1 0Bs; _ 1 D, p
Ko 0x /"0[(Ncycle+1)yTs] ox °

]y:

(3.3)

White noise is amplified by the derivatives in (3.2-3.3). Therefore, ®;p

distributions are filtered by using the method shown in Figure 3.4, the first step

of which is to obtain the geometric information by using the reference o

distributions (0yf) of the phantoms and an edge detection algorithm with

Prewitt’s method [65, 67]. B, is calculated by using ®; and (2.49). A row and

a column of @, is chosen and second order curve fitting is applied between the

edge points of the chosen @, profiles. The choice of the curve fitting method

can be explained by considering the semi-analytical solution of the forward

problem, which is shown in (2.12) and that presents the linear relationship

between jLF and r. Considering the azimuthal angle (¢) and (2.12), J,, J,, x

and y can be expressed as
Jx = |jLF|sin(p = % Wwro |sz|sin<p,
Jy = |jLF|COS(p =% wro |sz|C05<Pa

X = 1cose,
and

y = rsing.
Using (3.3, 3.5)

Bs; = —tho [ Jydx = —%,uoa)a|BpZ| [ rcose dx

1s obtained.
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Figure 3.4 Denoising filter and image reconstruction process for [CMREIT

[65]. 0, represents the reconstructed conductivity image.
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Substituting (3.6) in (3.8) results in
1
By, = = How0 |Byz| x* +C. (3.9)

As shown in (3.9), horizontal B, profiles have second order characteristics.
The analysis shown in (3.4-3.9) can be applied for the vertical B, profiles. Due
to the quadratic relationship between B, profiles and spatial coordinates as
shown in (3.9), Bg, profiles are fitted to a second order polynomial. The
analysis shown in (3.4-3.9) is applicable for the z-gradient coil which has a
relatively uniform B,,, distribution in the selected xy slice to be imaged. On the
other hand, B,, distribution of the y-gradient coil along y axis depends on y
coordinates. Using this fact, (3.2), and (3.4), vertical B, profiles of the

y-gradient coil can be obtained as
By, = —Ho J Jxdy = 5 ow0GS [ yrsing dy. (3.10)
Substituting (3.7) in (3.10) results in
B, = —=ow0 GSy® +C. (3.11)

Considering (3.9, 3.11), horizontal (x) and vertical (y) B, profiles of the
y-gradient coil are fitted to second order and third order polynomials,
respectively. By filtering all of the rows and the columns of the B, distribution,
filtered By, images in X (Bg,_) and y directions (Bs,_, ) are obtained. J, and ],
distributions are calculated by using (3.2-3.3) with B,_, and B,,_,, images. By

using the calculated J, and J,, distributions with J-derivative and E-Calculation
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algorithms, presented in the previous chapter, |jLF| and 0,., images are

reconstructed. Conductivity reconstruction error (€,) is calculated by using

— [ LyNp (000 arecl? 9
€ = [ Zat s x 100 %, (3.12)

where k is the pixel index, N, is the number of pixels inside FOV, ¢ and 0.
are the true and the reconstructed conductivity distributions, respectively [68].

By substituting true and reconstructed |jL F| distributions instead of ¢ and g,

in (3.12), error of the reconstructed |jLF| distributions (g;) is calculated.

3.2 Distinguishability and Sensitivity Analyses

Distinguishability and sensitivity analyses are performed in order to
investigate imaging characteristics of ICMREIT [51]. For the analyses,
simulation data is obtained from the z-gradient coil model presented in Figure
3.1 (a). Using the results obtained from the sensitivity and the distinguishability
analyses, feasibility of ICMREIT is evaluated [51].

Predicting the outputs of electrical impedance imaging (EII) systems
quantitatively is a useful tool for evaluating the feasibility of the methods.
Isaacson proposes distinguishability analysis in order to demonstrate the ability
of injected current EIT systems to expose the conductivity difference of an
inhomogeneity from the background and utilizes the analysis to optimize the
current injection pattern [52, 69]. Seagar et al. demonstrate the limitations of
EII systems by using the concepts of spatial resolution, conductivity resolution,

and conductivity contrast [70]. Eyiiboglu et al. [71] and Kd&ksal et al. [72] use
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distinguishability analysis in order to optimize coil excitation patterns for
discrete coil ICEIT systems. In [52, 71-72], it is expressed that two conductivity
distributions, oy and o, are distinguishable with a measurement precision of € if

and only if

\V(8,a,) —V(0,0)|=¢€ (3.13)

is satisfied. In (3.13), V is the surface electrical potential measured on the
boundary of the conductors and 6 is the angular position of the measurement

electrode. Using (3.13), distinguishability function (D) [52, 70-71] is defined as

D=|V(8,0,)—V(O,0,)l. (3.14)

In MREIT and ICMREIT, the measured quantity is the MR phase due to
B, created by the injected or the induced current distributions. Considering B,

measurements, Altunel et al. describe D for MREIT [73] as

D = ||B,(r,6,01) — B,(r,6,0,)ll, (3.15)

where (7, 0) are the coordinates in cylindrical coordinate system. Definition of
(3.14) can be used for ICMREIT since the measured quantities of both MREIT
and ICMREIT are the same [51]. The cross sectional geometries of the
cylindrical conductors used in this study are shown in Figure 3.5. In Figure 3.5,
P and p;, are the radius of the conductors and the conductivity
inhomogeneities, Ao is the difference between o3, and g;;,. Using the definition
in (3.14), it can be expressed that a pixel of g, and o3 are distinguishable from

the same pixel of o; with a measurement precision of € if and only if
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(a) (b)
Figure 3.5 Cross sectional geometries of the cylindrical conductors. 4, 65, and
o3 represent uniform (a) and inhomogeneous conductivity distributions with

concentric (b) and eccentric (c) inhomogeneities [51].
|AB,(x,y)| = |B,(x,y,0;) — B,(x,y,01)| >¢€,...i =1,2,0r3 (3.16)

is satisfied [51]. In (3.15), || is the absolute value function. Considering the

inhomogeneities (ih) in Figure 3.5 (b-c) as

th ={(x1, y1), (x2, y2), . (xn, Ya)3, (3.17)

where (x;, y;),i = 1,2,...N represent the Cartesian coordinates of the pixels
inside the inhomogeneity, it can be expressed that %X 100 % of the

inhomogeneity is said to be distinguishable from the background if M pixels of
the inhomogeneity satisfy (3.16). By this way, D can be described [51] as

D == x 100 %. (3.18)

For an inhomogeneity with a cross sectional area of S;;, and located at (x,y),

the surface average of (3.16) can be expressed as
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1AB, (%, Mlavg = 5, 108, (x, v dS. (3.19)

If S;, approaches to the area of a single pixel, (3.19) can be used as sensitivity

measure of ICMREIT to a conductivity perturbation located at (x,y) [51].

In this study, the z-gradient coil presented in Figure 3.1 (a) is utilized.
Coil current is adjusted such that By, value of the selected slice is 2 mT. The
simulation objects have cylindrical shape with a diameter of 20 cm and a height
of 10 cm [51]. In order to investigate sensitivity of ICMREIT, the center of a
cylindrical conductivity inhomogeneity (C;,) with a diameter of 1 cm and a

height of 10 cm is located between 0 < x < 9 cm as shown in Figure 3.6.

Figure 3.6 Cross sectional geometry of a z-gradient coil around a cylindrical
conductor including a cylindrical inhomogeneity. A single component of the

z-gradient coil is shown [51].
In sensitivity and distinguishability analyses, g3, is 1 S/m. Ao is adjusted

between -0.999 < Ag < 1 S/m. Sensitivity of ICMREIT is investigated by
using (3.19). Distinguishability analysis is performed by using (3.18) and the
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same g3, and Ac values used in sensitivity analyses. Height of ;, 05, g3 and the
inhomogeneities is 10 cm. For a3, C;;, is located at x = 4 cm. p;, is adjusted
between 1 < p; <9 cm and 1< p; <5 cm for o, and o3, respectively.
Sadleir et al. state that noise level (€) of B, measurements in MREIT
experiments at 3T can be decreased to 0.25 nT, for a voxel size of 3 x 3 x 3
mm® [74]. In this study, € is chosen as 1 nT considering the measurement noise

information given in [74].

3.3 Physical Experiments

In physical experiments, a Plexiglas cylindrical phantom with a diameter

of 19 cm and a height of 10 cm is used as shown in Figure 3.7.

Figure 3.7 Top view of the experimental phantom used in ICMREIT

experiments.

The phantom in Figure 3.7 is filled with liquid solutions composed of copper-
sulfate (CuSO4) and sodium-chloride (NaCl) dissolved in distilled water.
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Cylindrical inhomogeneities in gel form and composed of Agarose, TX-151,
CuSO4, NaCl, and distilled water are located inside the phantom filled with
liquid solutions. Diameter and height of the inhomogeneities are 4.8 cm and 10
cm, respectively. Properties of the solutions and the inhomogeneities are listed

in Table 3.4.

Table 3.4 Properties of the solutions and the inhomogeneities.

Distilled  Agarose' TX-151° CuSO; NaCl o

Material
water (ml) (8) (2) (2) (g  (S/m)
Sltn. 1 100 - - 0.05 0.67 0.83
Sltn. 2 100 - - 0.05 1.2 1.48
Sltn. 3 100 - - 0.05 0.55 0.75
Inh. 1 100 1 1 0.05 0.125 045
Inh. 2 100 1 1 0.05 0.8 1.2

Note: Sltn. and Inh. refer to the solution and the inhomogeneity.
! Agar bacteriological (Agar No. 1) LP0011B, Oxoid Limited, Hampshire,
RG248PW, UK.
2TX 151 Solidifying powder, Balmar LLC, Lafayette, LA, 70507, USA.

As shown in Table 3.4, phantoms filled with Sltn.1 and Sltn. 2 are referred to as
Phantom 1la and Phantom 1b, respectively. Phantom la-b do not include the
inhomogeneities. Inh. 1 and Inh. 2 are located at four different positions inside
the phantom filled with Sltn 3. These phantoms are referred to as Phantom

2a-2d. Properties of the experimental phantoms are listed in Table 3.5.
The experimental phantoms are located inside the MRI scanner as shown

in Figure 3.8. As shown in Figure 3.8, the gradient iso-center is located at

z =0.5 cm and the selected slice is at z =9 cm.
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Table 3.5 Properties of the experimental phantoms.

Axph—in Op Oin

Phantom Components
(mm) (S/m) | (S/m)

la Sltn. 1 - 0.83 -
1b Sltn. 2 - 1.48
2a Sltn. 3 + Inh.1 2.75 0.75 0.45
2b Sltn. 3 + Inh.1 60.7 0.75 0.45
2c Sltn. 3 + Inh.2 19.2 0.75 1.2
2d Sltn. 3 + Inh.2 48.2 0.75 1.2
y PR
— —
z
X
Gradie s
Isocenter | —+F—

Figure 3.8 Location of the experimental phantoms inside the MRI scanner

[65].

The MRI pulse sequence shown in Figure 2.2 is used for the experimental
realization of ICMREIT. Properties of the MRI pulse sequence are summarized
in Table 3.6. MR magnitude, ®*, and ®~ images are acquired by using the
proposed pulse sequence twice with G.” and G.” waveforms. @ is obtained by
using (2.52) and the acquired ®* and &~ images. |7LF| and 0, images are

reconstructed by using the procedure shown in Figure 3.4.
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Table 3.6 Properties of the MRI pulse sequence proposed for ICMREIT [65].

Tg t, GS'  Ima Spatial
ge ST FOV .

(s) Neyete (us) (MT/m) Slice  (mm) (cmxcm) - orPHng

(pixxpix)

0.5 20 300 48 Xy 5 25%x25  128x128

Note: Ty, ST, and xy represent the pulse repetition rate, slice thickness, and

transverse slice, respectively.

In the image reconstruction process, edge detection is performed by using the

acquired MR magnitude images. €, is calculated by using (3.12).

3.4 Summary

In this chapter, it is aimed to describe the simulation and experimental
methods used in this thesis. At first, simulation models for z-gradient and
y-gradient coils around homogeneous and inhomogeneous phantoms with a
cylindrical shape are described. It is stated that the spatial derivatives of the
measured B, distributions during the image reconstruction process will result
in erroneous o reconstructions due to the amplification of the noise. In order to
reduce the effect of noise in measured B, distributions and reconstruct o
images with acceptable accuracy, a denoising filter based on edge detection and
curve fitting is proposed as shown in Figure 3.4. Distinguishability and
sensitivity analysis are described in order to evaluate the basic imaging
characteristics of ICMREIT. Physical experiments are described by
demonstrating the properties of the experimental set-up. At first, physical
properties of the experimental phantoms are described. The location of the

experimental phantoms, the gradient iso-center, and the image slice are shown
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in Figure 3.8 and the properties of the proposed MRI pulse sequence for

ICMREIT are listed in Table 3.6 in order to visualize the experimental set-up.
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CHAPTER 4

RESULTS

4.1 Simulation Results
4.1.1 Simulation 1

In this simulation, model 1, which includes the z-gradient coil with
Phantom 1, is used. By utilizing this model, it is aimed to exhibit the imaging
characteristics of ICMREIT for the z-gradient coil around a uniform conductor.
@,  distribution and profile passing through the center of the selected slice are
shown in Figure 4.1. As shown in Figure 4.1, characteristics of the horizontal
@, profile are similar to a quadratic function. Slope of the ®;p profile
increases towards the boundary of the phantom. Difference between the

maximum and the minimum of ®; (AP, ) values is 12 mrad.

|7LF| distributions obtained from the numerical and the semi-analytical

solutions are shown in Figure 4.2. As shown in Figure 4.2, |7LF| distributions
obtained from the numerical and the semi-analytical solutions are almost the

same. Error between the two solutions is close to zero.
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Figure 4.1 @, ; distribution (a) and profile (b) of model 1.

Due to the small error between the numerical and the semi-analytical solutions,
|7L F| distributions obtained from the numerical solution of the forward problem
are taken as true distributions in the rest of this chapter. It is observed that there

is a linear relationship between |7L F| and r.

Reconstructed |jLF| images and profiles of model 1 are shown in Figure
4.3. As shown in Figure 4.3, reconstructed |jLF| values at SNR= 60 dB and

SNR= 50 dB are close to the true |7LF| values.

0rec images reconstructed with J-derivative and E-calculation algorithms
are shown in Figure 4.4. As shown in Figure 4.4 (a, c, e), 0, Vvalues
reconstructed with J-derivative algorithm are close to true o values. Deviations
from the true ¢ values are observed around the boundary of the selected slice.
As shown in Figure 4.4 (b, d, f), 0,.. values reconstructed with E-calculation
algorithm oscillate around the true o values. Magnitude of the oscillations

increases towards the boundary and the center of the selected slice.
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Figure 4.2 |jL Fl distributions obtained from the numerical (a) and the semi-
analytical (b) solutions of the forward problem for model 1, error between the
numerical and the semi analytical solutions (c), and horizontal |jL F| profiles

passing through the selected slice (d).

A®;r, maximum (max), and average (avg) values of the true |]LF|

(|jLF|max and |jLF|avg) distribution, €, and €, values of model 1 are listed in

Table 4.1.
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Figure 4.3 Reconstructed |jLF| images (a-b) and profiles (c) of model 1.

Table 4.1 AD, ., |jLF| , €, and €, values of model 1.

max’ |jLF|avg

_ _ € (%) €51 (%) €52 (%)
AD;p |]LF|max |]LF|avg
SNR (dB)
(mrad)
(mA/m?) 50 60 50 60 50 60

12 130.4 39.3 173 169 132 11.5 303 21.0

*€y_1 and €,_, refer to the €, values of J-derivative and E-calculation image

reconstruction algorithms.
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Figure 4.4 0, images of model 1 reconstructed with J-derivative (a, c, ) and

E-calculation (b, d, f) algorithms.
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4.1.2 Simulation 2

In this simulation, model 4, which includes the y-gradient coil with
Phantom 1, is used. By utilizing this model, it is aimed to exhibit the imaging
characteristics of ICMREIT for the y-gradient coil around a uniform conductor.
@, distribution and profile passing through the center of the selected slice are

shown in Figure 4.5.

mrad 4 /\
2
Eo
L )
v \/
-2 4
-10 0 10
y (cm)
(a) (b)

Figure 4.5 @, ;- distribution (a) and profile (b) of model 4.

As shown in Figure 4.5, characteristics of the vertical @, profile are
similar to a cubic function. Slope of the ®;p profile increases towards the

boundary and the center of the selected slice. A®, - is 7.04 mrad.

Reconstructed |7LF| images and profiles of model 4 are shown in
Figure 4.6. As shown in Figure 4.6, reconstructed |jLF| distributions do not
represent the exact characteristics of the true |jLF| distributions. The effect of

noise is visible for the |jLF| distribution reconstructed at SNR= 50 dB.

Reconstruction error increases towards the boundaries.
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Figure 4.6 Reconstructed |7LF| images (a-b) and profiles (c) of model 4.

Orec 1mages reconstructed with J-derivative algorithm are shown in
Figure 4.7. As shown in Figure 4.7, o,.. values oscillate around the true o
values. Very high o,.. values are observed at y=0 line. Magnitude of

oscillations increases towards the boundary and the center of the selected slice.
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Figure 4.7 0, images of model 4 reconstructed with J-derivative algorithm.

ACDLFa

jLFlmax’ |7LF|avg’ €/, and €, values of model 4 are listed in Table

4.2.

Table 4.2 AD, ., |7LF|max’ |7LF|avg’ €/, and €, values of model 4.

€7 (%) €5 (%)
SNR (dB)
(mA/m?) 50 60 50 60
7.04 89.3 20.3 4109 3792 367 304

AD;p |jLF|max |jLF|avg
(mrad)
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4.1.3 Simulation 3

In this simulation, model 2a-d, which include the z-gradient coil with
Phantom 2a-d, are used. By utilizing these models, it is aimed to exhibit the
imaging characteristics of ICMREIT for the z-gradient coil around
inhomogeneous phantoms. @, distributions and profiles passing through the

center of the inhomogeneities are shown in Figure 4.8.

As shown in Figure 4.8, @, profiles have second order characteristics in
the background and the inhomogeneities of the phantom, similar to the
characteristics obtained for the uniform phantom. A®, . values are close to 9
mrad, which is 75 % of the A®; value obtained for the uniform phantom. As
shown in Figure 4.8 (b, d, f, h), inhomogeneities are visible in the horizontal
@, profiles. Slope of ®@;r profiles decreases inside the resistive
inhomogeneities and increases inside the conductive inhomogeneities as shown

in Figure 4.8 (b, d) and Figure 4.8 (f, h), respectively.

Reconstructed |jLF| images and profiles of model 2a-d are shown in
Figure 4.9-4.10. As shown in Figure 4.9, the inhomogeneities are visible in
reconstructed |7LF| distributions. As shown in Figure 4.10, reconstructed |]LF|
values are close to the true |jLF| values. Sharp changes are observed at the

boundary of the inhomogeneities. Reconstruction error increases inside the

eccentric inhomogeneities and the small regions located between the boundary
of the eccentric inhomogeneities and the selected slice. Slope of |jLF| profiles

decreases inside the resistive inhomogeneities and increases inside the
conductive inhomogeneities as shown in Figure 4.10 (a-b) and Figure 4.10

(c-d), respectively.
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Figure 4.8 @, - distributions and profiles of models 2a (a-b), 2b (c-d), and
2c (e-f).
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Figure 4.8 (Continued) @, distributions and profiles of models 2d (g-h).
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Figure 4.9 Reconstructed |jL F| images for model 2a (a-b).
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Figure 4.9 (Contlnued) Reconstructed | J LF| images for model 2b (c-d), 2¢ (e-f),
and 2d (g-h).
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Figure 4.10 Reconstructed |7LF| profiles for model 2a (a), 2b (b), 2¢ (c), and 2d

100 : : :
by —60dB ii‘
80 ) ---50 dB 7 —
==True /
60 —+—Edge y
40 N r
\
20
i NyLd
\ { Ji|
5 10 15 20
x (cm)
(a)
100 = —60dB
EXY K
n ---50 dB o
go- [N\ / —_
==True / ~
—+—Edge } £
60
VAR
40 ! —
7 5
n/ o
ﬁ: %1:6 J"?ﬁ? 3
r r r r W‘T
0 5 10 15 20 25
X (cm)
()

(d).

-

-
-

x (cm)
(b)
120 —60dB
100 ---50 dB
kY |==True
80 \‘\'\\.\ ——Edge
\\
60 \)
\
\
40 \
N
20 ;
i T 1
O O SRR oL o
0 5 10 15 20 25
X (cm)
(d)

0rec 1mages and profiles reconstructed with J-derivative algorithm are

shown in Figure 4.11-4.12. As shown in Figure 4.11, inhomogeneities are

visible in o0, images. As shown in Figure 4.12, g, values are close to the

true o values. Boundary artifacts are observed around the inhomogeneities.

These artifacts are carried over the horizontal and vertical profiles passing

through the boundary of the inhomogeneities.
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Figure 4.11 7,., images reconstructed for model 2a (a-b), 2b (c-d), and 2c¢ (e-f).

0

64



O e (SNR=60 dB) S/m C e (SNR=50 dB) S/m

I r

1.5 1.5
_r L1
0.5 0.5
0 0
(2) (h)

Figure 4.11 (Continued) g, images reconstructed for model 2d (g-h).
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Figure 4.12 g, profiles reconstructed for model 2a (a), 2b (b), 2¢ (c), and 2d

(d).
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AD,; L, |‘7LF|max’ |jLF|avg’ €;, and €, of model 2a-d are listed in Table 4.3.

Table 4.3 Ad,p, ], |

o | ] LF|avg’ €/, and €, values of model 2a-d.

€ (%) €o-g (%) €o-1 (%)
SNR (dB)
(mA/m?) 50 60 50 60 50 60

AD,p |7LF|max |jLF|avg
(mrad)

Model

2a 8.6 97.8 293 309 14.7 248 193 703 535
2b 8.7 110.2 28.6 150 12.0 281 149 86.5 48.0
2c 9.4 97.9 298 213 183 327 223 247 221
2d 9.3 100.1 302 20.7 126 232 17.1 338 275

*€5-4 and €,_; refer to the global €, values of the whole slice and the local €,

values of the inhomogeneities, respectively.

4.1.4 Simulation 4

In this simulation, model 3a-d, which include the z-gradient coil with
Phantom 3a-d, are used. By utilizing these models, it is aimed to exhibit the
imaging characteristics of ICMREIT for the z-gradient coil around a conductor
with small conductivity inhomogeneities. @, distributions and profiles passing
through the center of the inhomogeneities are shown in Figure 4.13. As shown
in Figure 4.8 and Figure 4.13, characteristics of @y distributions obtained for
the phantoms including a small inhomogeneity are similar to the corresponding
characteristics of the phantoms including a large inhomogeneity.
Inhomogeneities are visible in the &;p profiles passing through the

inhomogeneities.
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Figure 4.13 &, distributions and profiles of model 3a (a-b), 3b (c-d), and 3¢
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Figure 4.13 (Continued) @, distributions and profiles of model 3d (g-h).

Reconstructed |jLF| images and profiles of model 3a-d are shown in
Figure 4.14-4.15. As shown in Figure 4.14, visibility of eccentric
inhomogeneities is greater than visibility of concentric inhomogeneities. As
shown in Figure 4.15, background of the reconstructed and the true |jLF|
distributions are close to each other. However, reconstruction error increases
inside the eccentric inhomogeneities and the regions between the eccentric
inhomogeneities and the boundary of the phantom. Slope of |7LF| profiles
decreases inside the resistive inhomogeneities and increases inside the
conductive inhomogeneities as shown in Figure 4.15 (a-b) and Figure 4.15

(c-d), respectively.

0rec 1mages and profiles reconstructed with J-derivative algorithm are

shown in Figure 4.16-4.17.
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Figure 4.14 Reconstructed | J LF| images for model 3a (a-b), 3b (c-d), and 3c
(e-1).
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Figure 4.14 (Continued) Reconstructed |7L F| images for model 3d (g-h).
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Figure 4.15 Reconstructed | ]/ LF| profiles for model 3a (a), 3b (b), 3¢ (c), and
3d (d).
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Figure 4.16 7,.., images reconstructed for model 3a (a-b), 3b (c-d), and 3c (e-f).
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Figure 4.16 (Continued) o, images reconstructed for model 3d (g-h).
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As shown in Figure 4.16, visibility of the inhomogeneities is low especially for
0rec 1mages reconstructed at SNR=50 dB. As shown in Figure 4.17, 0,4
profiles are close to the true o profiles in the background of the phantom. As
shown in Figure 4.17, 0,.. values exhibit the resistive and the conductive
properties of the inhomogeneities, although deviations from the true o values
are observed. Boundary artifacts are observed around the inhomogeneities
which are carried over the horizontal and the vertical profiles passing through

the boundary of the inhomogeneities.

AD, ., €/, and €, values of model 3a-d are

|7LF|max’ |jLF|avg°
summarized in Table 4.4.

Table 4.4 AD, ., |7LF| , €, and €, values of model 3a-d.

max’ |]U‘"lavg

€7 (%) €o—g () €51 (%)
SNR (dB)

(mA/m?) 50 60 50 60 50 60

32 8.8 97.8 294 1168 288 185 145 89.0 73.7

3b 89 99.3 293 221 185 182 17.5 1024 982

3¢ 9.0 97.8 295 165 9.1 183 15.1 31.1 237

3d 8.9 97.9 2095 102 89 126 79 243 193

ADp |jLF|max |jLF|avg

(mrad)

Mod.

4.2 Results of the Distinguishability and the Sensitivity Analyses

As mentioned in Chapter 3, sensitivity analysis is performed by locating a
small cylindrical inhomogeneity at different locations on x axis and adjusting
the conductivity of the inhomogeneity. |AB,(x,y) |44 as a function of C;, and

Ao is shown in Figure 4.18.
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Figure 4.18 |AB,(x, )| qvg as a function of Ag and location of Cyp,.

As shown in Figure 4.18, |AB,(x,y)|ayg increases as a function of the
distance between the center of the conductor and Cj. |AB,(x,y)|qyg changes
between 0.03 < |AB,(x,¥)|qvg < 0.71 nT and 0.03< |AB,(x,¥)|qvg <0.39
nT for Ao =-0.6 S/m and Ao =0.6 S/m, respectively. It is observed that
sensitivity of ICMREIT to central conductivity perturbations are smaller than
sensitivity of ICMREIT to eccentric conductivity perturbations. The maximum
and the minimum |AB,(x,y)|qyg values are obtained for Cjy = 9 cm and
Cin = 0 cm, respectively. The ratio between the minimum and the maximum
|AB,(x, ¥)|avg values (Rmin/max) are below 10 % for all Ao levels. Ryin/max

values are obtained as 2.99 %, 3.91 %, 7.87 %, and 8.90 % for Ao =-1, -0.6,
0.6, and 1 S/m, respectively.
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As shown in Figure 4.18, sensitivity of ICMREIT to resistive (4g < 0)
perturbations is greater than the sensitivity of ICMREIT to conductive (4a > 0)
perturbations. |AB,(x,y)|qyg changes between 0.04 < |AB,(x,¥)|qpg < 1 nT
and 0.03< |AB,(x,¥)|avg <0.49 nT for Ao = —0.8 S/m and Ao =0.8 S/m,

respectively.

After the sensitivity analysis, distinguishability analysis is performed.
Distinguishability of ICMREIT measurements as a function of 4o ve p;), are
shown in Figure 4.19-4.20. As shown in Figure 4.19 (a), D values obtained for
the resistive and the conductive inhomogeneities are at the same level. D values
change as a function of 4o and p;;,. For | Ag| =0.4 S/m and p;;, =5 cm, D is
greater than 60 %. For |Ao| =0.6 S/m and p;;, =6 cm, D is greater than 80 %.
For |Ag| < 0.2 S/m and p;, <4 cm, D is smaller than 20 %. As shown in
Figure 4.19 (b), variation of D is symmetric around Ag =0 S/m. It is observed
that the concentric inhomogeneity is invisible between -0.5< Ao <0.5 S/m and
-0.2< Ao <0.2 S/m for p;, =2 cm and p;, =3 cm, respectively. The variation
of D in Figure 4.19 shows that distinguishability of a concentric inhomogeneity

increases as 4o and p;;, increase.

As shown in Figure 4.20 (a), D values obtained for the resistive eccentric
inhomogeneities are greater than the D values obtained for the conductive
eccentric inhomogeneities. D values are between 7.64< D <87.95 % and
32.48< D <90.33 % for 46=0.4 S/m and A0=-0.4 S/m, respectively. It is also
observed that D values obtained for the eccentric inhomogeneities are greater
than the D values obtained for the concentric inhomogeneities. As shown in
Figure 4.20 (b), the eccentric inhomogeneity is invisible between
-0.2< Ao <0.3 S/m and -0.1< 4o <0.1 S/m for p;, =1 cm and p;, =2 cm,

respectively.
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Figure 4.19 Variation of D as a function of p;;, and Ao for a conductor

including a concentric inhomogeneity (a,).
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Figure 4.20 Variation of D as a function of p and Ao for a conductor including

an eccentric inhomogeneity (a3).

As shown in Figure 4.20 (b), D values increase as a function of p;,. D is
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non-zero for p; >2 cm. D is between 39.75< D <93.15 % and

57.8< D <94.76 % for p;,=4 cm and p;,=5 cm, respectively.

4.3 Experimental Results

4.3.1 Experiment 1

In this experiment, Phantoms la-b, which include saline solutions of 0.75
S/m and 1.48 S/m, are used. It is aimed to exhibit the experimental performance
of ICMREIT for uniform phantoms. MR magnitude images and profiles passing
through the center of the selected slice and the center profile of the k-space

magnitude images are shown in Figure 4.21.

As shown in Figure 4.21 (a-c), MR magnitude values of Phantom la and
Phantom 1b are close to 0.17 and 0.02 arbitrary units (a.u.), respectively. Ring
patterns are observed for the MR magnitude image of Phantom 1b. As shown in
Figure 4.21 (d), k-space magnitude images are concentrated in low frequency
region and have maximum values of 0.048 and 0.0056 a.u. for Phantoms 1a and
b, respectively. It is observed that MR and k-space magnitude values of
Phantom 1b are a single order of magnitude smaller than the corresponding

values of Phantom 1a.

@, distributions and profiles acquired for Phantom la-b are shown in
Figure 4.22. As shown in Figure 4.22 (a-c), characteristics of the ®@;p
distribution obtained for Phantom la are similar to the corresponding
characteristics obtained for simulation model 1, which is composed of a z-

gradient coil around a uniform conductor.
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Figure 4.21 MR magnitude images (a-b) and profiles (c) passing through the
center of the selected slice and the center profile of the k-space magnitude

images (d).

As shown in Figure 4.22 (a, c), slope of &, profile increases towards the
boundary of the phantom. A®;  of Phantom 1a is observed as 65 and 137 mrad
on the left and right parts of the @, profile. As shown in Figure 4.22 (b, c),
characteristics of the @, distribution obtained for Phantom 1b are noisy. Ring
patterns are observed in @, distribution, similar to the MR magnitude image

shown in Figure 4.21 (b).
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Figure 4.22 &, distributions (a-b) and profiles (c) acquired for Phantom la-b.

By using the measured @, distribution for Phantom la and J-derivative
image reconstruction algorithm, |jLF| and o0,,. 1mages are reconstructed as
shown in Figure 4.23. As shown in Figure 4.2 and Figure 4.23 (a, c),

characteristics of the reconstructed |7LF| image for Phantom la are similar to

the corresponding characteristics obtained for simulation model 1. As shown in

Figure 4.23 (c), |jLF| changes between 50 and 300 mA/m? as a function of .
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Figure 4.23 |jLF| (a, ¢) and g, (b, d) images and profiles reconstructed for

Phantom 1a.

As shown in Figure 4.23 (b, d), g, values are close to the true o value of 0.83
S/m. Deviations from the true o values are observed around the boundary of the

selected slice.

AD; ., |7LF|max’ |jLF|avg’ and €, values of Phantom la are summarized

in Table 4.5.
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Table 4.5 A®,; , |j Lpl , and €, values of Phantom 1a.

max’ |‘7LF|avg

AP |7LF |max |jLF|avg

o (%
(mrad) & (0)

(mA/m?)
65 422.9 73.8 32.3

4.3.2 Experiment 2

In this experiment, Phantom 2a-d, which include saline solutions of 0.75
S/m and cylindrical inhomogeneities in gel form and composed of Agarose,
TX-151, CuSOy4, NaCl, and distilled water are used. It is aimed to exhibit the
experimental performance of ICMREIT for inhomogeneous phantoms [65]. MR

magnitude images acquired for Phantom 2a-d are shown in Figure 4.24.

As shown in Figure 4.24, geometrical structure of the phantoms and the
inhomogeneities are visible in MR magnitude images. MR magnitude values of

the background and the inhomogeneities are 0.06 and 0.12 a.u., respectively.

@, distributions and profiles acquired for Phantom 2a-d are shown in
Figure 4.25. As shown in Figure 4.25, the inhomogeneities are visible in
measured @, distributions. As shown in Figure 4.25 (b, d), slope of ®;p
profiles decreases inside the resistive inhomogeneities. On the other hand, slope
of @, profiles increases inside the conductive inhomogeneities, as shown in
Figure 4.25 (f, h). It is also observed that @, measurements are noisy at the

boundary of inhomogeneities.
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Figure 4.24 MR magnitude images acquired for Phantom 2a-d.

(DLF’ Ph2a rad 20 —Ph 2a

WAL
005 n
ST

-40
-0.1 0 10 20 30

(a) (b)

Figure 4.25 &, ¢ distributions and profiles acquired for Phantom 2a.
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Figure 4.25 (Continued) @, distributions and profiles acquired for Phantom
2b-d.
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|]LF| images and profiles reconstructed for Phantom 2a-d are shown in

Figure 4.26.
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Figure 4.26 |7L Fl distributions and profiles reconstructed for Phantom 2a-b.
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Figure 4.26 (Continued) |jL F| distributions and profiles reconstructed for

Phantom 2c-d.

As shown in Figure 4.26, the inhomogeneities are visible in reconstructed
|7LF| distributions. Sharp changes are observed at the boundary of the
inhomogeneities and in the small regions located between the eccentric
inhomogeneities and the phantoms. Slope of |jLF| profiles decreases inside the

resistive inhomogeneities and increases inside the conductive inhomogeneities
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as shown in Figure 4.26 (a-b) and Figure 4.26 (c-d), respectively.

0rec images and profiles reconstructed for Phantom 2a-d are shown in

Figure 4.27.
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Figure 4.27 0, distributions and profiles reconstructed for Phantom 2a-b.
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Figure 4.27 (Continued) g, distributions and profiles reconstructed for

Phantom 2c-d.

As shown in Figure 4.27, g, images and profiles exhibit the resistive and the
conductive properties of the inhomogeneities. Artifacts are observed at the
boundary of the inhomogeneities and in the small regions located between the

eccentric inhomogeneities and the phantoms.
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AD,; L, |]LF|max’ |]LF|aug’ average of 0y, distributions (0rec—qpg) in the

background and inhomogeneities, conductivity contrast ratio between the
inhomogeneities and the background (R;/pg) and €, values of Phantoms 2a-d

are listed in Table 4.6

Table 4.6 AD, ., |7LF| » Orec—avg> Rin/bg> and €, values of Phantom

max’ |jLF|avg

2a-d.
00 Dby Dby 77 €%
0o
Ph LF LF lymax LFlavg (S/m) Rih/bg i
(mrad)
(mA/m?) bg  ih bg 1h

2a 57 909.3 62.8 0.7 0.5 0.7 255 413
2b 40 600.0 95.8 0.8 0.6 0.7 27.6  66.1
2c 70 624.8 293 0.5 0.9 2.0 64.4 433
2d 80 455.2 533 0.5 1.2 2.5 399 425
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CHAPTER 5

DISCUSSION

5.1 Simulation and Experimental Results
5.1.1 Simulation 1

Simulation results in Figure 4.2-4.3 show that there is a linear relationship
between r and |jLF| which is consistent with (2.12). The linear relationship

between r and |7LF| results in quadratic characteristics between r and &, as
shown in Figure 4.1 and expressed in (3.4-3.11). Simulation results in Figure
4.1 show that fitting quadratic polynomials to the measured B, profiles during
the image reconstruction process is a reasonable approach. Due to the quadratic
characteristics of ®@;r, slope of ®; profiles increase as a function of r which
results in increased sensitivity of ICMREIT measurements to conductivity
perturbations located at the periphery of the phantom compared to the central
perturbations. It is also observed that A®; value of 12 mrad for model 1 is
very small and may be close to the phase measurement noise level of clinical

MRI scanners.

As shown in Figure 4.2, error between the |jLF| distributions obtained
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from the numerical and the semi-analytical solutions is negligible which shows

the reliability of the numerical solution method for ICMREIT. It is reasonable

to take the |7LF| distribution obtained from the numerical solution as the true
distribution. As shown in Figure 4.3, reconstructed |jLF| images at SNR=60 dB
and SNR=50 dB are close to the true |jLF| distribution and ¢; is close to 17 % at

both noise levels as shown in Table 4.1. |jLF| reconstructions are not affected

from the noise. It is observed that the reconstruction of /, and J,, by using only
B,, and neglecting x and y components of B, (Bs, and B, ) results in accurate

|7LF| distributions for simulation model 1, which is composed of a z-gradient
coil around a uniform conductor. Due to the circularly symmetric structure of
simulation model 1, spatial derivatives of Bg, and By, (0Bsy/0z and 0By, /02)
are negligible which results in accurate ], and J,, reconstructions by means of

(3.2-3.3).

As shown in Figure 4.4, 0,,. images of simulation model 1 exhibit the
electrical conductivity properties of Phantom 1. As shown in Figure 4.4 (a, c),
0rec 1mages reconstructed with J-derivative algorithm are close to the true o
values and €, values are at low levels. It is observed that the effect of noise is
suppressed by the filter shown in Figure 3.4. The reconstructions are not
affected from the neglected do/dx and da/dy terms during the derivation of J-
derivative algorithm, since Phantom 1 is uniform. In addition, accurate J, and
Jy reconstructions improve the performance of J-derivative algorithm. As
shown in Figure 4.4 (b, d), 0., 1mages reconstructed with E-calculation
algorithm oscillate around the true o values. Magnitude of oscillations increases
towards the center of the selected slice due to small J, and ], values in this

region. 0,,. images are affected from noise and €, values of E-calculation
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algorithm are almost two times greater than the €, values of J-derivative
algorithm, as shown in Table 4.1. It is clear that the performance of J-derivative
algorithm is superior to the performance of E-calculation algorithm. This
observation is resulted from the condition number of 588 for matrix [A]yzyy2
of E-calculation algorithm. The performance of E-calculation algorithm can be

increased by applying regularization methods for calculating the inverse of

[A]NZXNZ .

5.1.2 Simulation 2

As shown in Figure 4.5-4.6, vertical |jLF| and @, profiles of simulation
model 4, which includes the y-gradient coil around a uniform phantom, have
quadratic and cubic characteristics since the B,, distribution of y-gradient coil
is linearly related with y coordinates. These observations are consistent with
(3.11) and show that fitting cubic polynomials to the vertical B, profiles during
the image reconstruction process is a reasonable approach. Due to the cubic
characteristics of vertical @, profiles, |7LF| values increase towards the center

of the selected slice. A®, - value of simulation model 4 is 1.7 times smaller than
the corresponding value of simulation model 1. This observation is resulted

from the By, distribution of the y-gradient coil with non-uniform polarity. Due
to the Faraday’s Law of electromagnetic induction, jLF is related with —dB,,,/

dt. Therefore, a By, distribution with non-uniform polarity induces 7L » vectors
rotating in opposite polarities which result in reduced B;, and &, distributions.
It can be concluded that the use of a coil with uniform By, polarity throughout

the object to be imaged is advantageous for ICMREIT. From this perspective, it
is clear that the use of the z-gradient coil for ICMREIT is more proper than the

use of the y-gradient coil.
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As shown in Figure 4.6, reconstructed |jLF| images of model 4 exhibit the
characteristics of the true |jL F| distribution, in general. However, error between
the reconstructed and the true |7LF| distributions is large. €; is close to 400 %.

The main source of the error between the reconstructed and the true |7LF|
distributions is the neglected B, and Bs, distributions of the y-gradient coil

during the reconstruction of J, and J, distributions. Since the simulation

geometry is not circularly symmetric, the contribution of By, and Bs,, to jLF is
not negligible. The effect of noise is visible at y =0 line, on which By, values
are close to zero. As shown in Figure 4.7, quality of o,... images of model 4 is
very low. An artifact is observed at y =0. 0., values oscillate around the true
o values. As shown in Table 4.1-4.2, €, values of model 4 calculated at
SNR=60 dB and SNR=50 dB are 2.64 and 2.77 times greater than the
corresponding values of model 1. Erroneous reconstruction of ], and J,

distributions is the main reason of the low quality of g,.,. images.

J-derivative image reconstruction algorithm is capable of reconstructing
anisotropic conductivity distributions as shown in (2.38-2.47). In order to
reconstruct a g distribution of two elements (i.e. gy, and gy, ), two coils with
linearly independent B,, distributions are necessary. The use of z and y
gradient coils, which are readily available in MRI scanners, is an alternative for
the realization of anisotropic conductivity reconstruction in ICMREIT.
Simulation results shown in Figure 4.4 and Figure 4.7 show that o,,. images
reconstructed for the z-gradient coil are promising, whereas o,,. images
reconstructed for the y-gradient coil are insufficient. In order to realize
anisotropic conductivity reconstruction with z and y-gradient coils of MRI
scanners, jLF distributions of y-gradient coils should be reconstructed with

better accuracy.
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5.1.3 Simulation 3

As shown in Figure 4.8 and Figure 4.10, horizontal |jLF| and @, profiles
of simulation model 2a-d, which include the z-gradient coil with
inhomogeneous phantoms, have linear and quadratic characteristics in the
background and the inhomogeneities of the phantoms. Therefore, it can be
concluded that fitting quadratic polynomials to the @;r profiles of
inhomogeneous phantoms between the edge points of the background and the
inhomogeneities is a reasonable approach. |jLF| changes as a function of Ao
inside the inhomogeneities which affects the slope of @, profiles. The slope of
@, profiles increases in the conductive inhomogeneities, whereas @ slope
decreases in the resistive inhomogeneities. A®; values are close to 9 mrad,
which is 75 % of the corresponding value of model 1. The ratio between the
A®D; . values of model 2a-d and model 1 is equal to the ratio between the

background o values which shows that @, is linearly related with o.

As shown in Figure 4.9-4.10, reconstructed |7LF| images of model 2a-d
are close to the true |7LF| distribution which exhibits the success of 7LF
reconstruction for the z-gradient coil with inhomogeneous phantoms. Error
between the reconstructed and the true |jL F| values increases at the boundary of

the inhomogeneities and in the small region located between the boundary of

the eccentric inhomogeneities and the phantoms. Error of the reconstructed
|7LF| images at the boundary of the inhomogeneities is resulted from the sharp
changes in |7LF| values due to Ao between the inhomogeneities and the

background. The source of the error in the small region located between the

boundary of the eccentric inhomogeneities and the phantoms is insufficient
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modeling of @, profiles in these regions. The fitted polynomials in these small
regions do not represent the exact characteristics of true @ profiles. As shown
in Table 4.1 and Table 4.3, €; values of model 2 increase as SNR of @,
measurements decrease, different from relatively constant characteristics of the
corresponding values calculated for model 1. Noise dependent characteristics of
the reconstructed |7LF| images of model 2a-d are due to the decreased
sensitivity of &®;r measurements of model 2a-d, compared to the ®,r

measurements of model 1. Simulation results show that |jLF| images exhibit the

electrical conductivity properties of the phantoms. Therefore, |jLF| images can
be utilized as the output of an imaging method entitled as induced current

magnetic resonance current density imaging (ICMRCDI) [75].

As shown in Figure 4.11-4.12, o,.. images of simulation model 2a-d
exhibit the electrical conductivity properties of Phantom 2a-d. Resistive and
conductive inhomogeneities can be distinguished from the background of ;..
images and g, values are close to the true o values in the background and the
inhomogeneities of the phantoms. In g,,. images, artifacts are observed around
the inhomogeneities and in the small regions located between the boundary of

the eccentric inhomogeneities and the phantoms. These artifacts due to the error
in jLF reconstructions and neglected do/dx and do/dy terms during the

derivation of the J-derivative algorithm are carried over the horizontal and the
vertical profiles passing through the inhomogeneities due to the curve fitting

operation. Similar to the €; values, €,_4 and €,_; values of model 2 increase as
SNR of ®;r measurements decreases as shown in Table 4.3. €,_, values of

model 2 are greater than €, of model 1, due to the decreased sensitivity of @,

measurements for model 2. It is also observed that €,_; values are greater than

96



€5—g values due to the smaller range of @, measurements inside the

inhomogeneities compared to the background.

5.1.4. Simulation 4

As shown in Figure 4.13-4.17, characteristics of ®;, |jLF|, and 0y
distributions of model 3a-d, which are composed of the z-gradient coil with
phantoms including small inhomogeneities, are similar to the corresponding
characteristics of model 2a-d. As shown in Figure 4.15, the error between the
reconstructed and the true |7L F| values increases inside the inhomogeneities and
the small regions located between the boundary of the inhomogeneities and the
phantoms. In these regions, |jLF| reconstruction error is due to the insufficiency
of curve fitting operation and increased noise effects due to the reduced
sensitivity of @;r measurements in small cylindrical inhomogeneities with a
diameter of 2 cm. It is also observed that |jL F| reconstruction error in concentric
inhomogeneities is greater than the corresponding error in eccentric
inhomogeneities due to the position dependent sensitivity of @;p

measurements.

As shown in Figure 4.16-4.17, visibility of the inhomogeneities is low in
0rec 1IMages of model 3a-d, compared to the g,,.. images of model 2a-d, due to
the small size of the inhomogeneities. The noise affects the visibility of the
inhomogeneities. As shown in Table 4.4, €,_, and €,_; increase as SNR of
@, measurements decreases. It is very difficult to distinguish the
inhomogeneities from the background for the o,,.. images reconstructed at
SNR=50 dB. It is also observed that the visibility of eccentric inhomogeneities

is greater than the visibility of concentric inhomogeneities due to the position
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dependent sensitivity of ®; measurements. Smaller €,_; values of eccentric
inhomogeneities compared to the €,_; values of the concentric inhomogeneities
verify this observation. g,.,. images of model 3a-d also show that imaging small
inhomogeneities with ICMREIT is very difficult since spatial resolution is
decreased due to the presence of the smoothing filter in the image

reconstruction process.

5.1.5 Results of the sensitivity and the distinguishability analyses

The results of the analysis in Figure 4.18 show that sensitivity of
ICMREIT to central conductivity perturbations is smaller than sensitivity of

ICMREIT to eccentric conductivity perturbations. This observation is resulted
from the linear relationship between jLF and r as expressed in (2.12). For

central inhomogeneities, |7LF| is small due to small r values of the locations

inside the inhomogeneities. Low sensitivity of ICMREIT to central conductivity

perturbations is a major disadvantage of ICMREIT. Simulation results show
that resistive inhomogeneities focus jLF in regions between the boundary of the
inhomogeneity and the conductor. Large |7LF| values near the boundary of the
resistive inhomogeneities increase the sensitivity of ICMREIT measurements.
As a result, sensitivity of ICMREIT measurements to resistive (4o < 0)

perturbations is greater than the sensitivity of ICMREIT measurements to

conductive (4o > 0) perturbations.

The results of the analysis in Figure 4.19 show that distinguishability of a

concentric inhomogeneity increases as p;; and Ac of the inhomogeneity

increase. This observation is resulted from the increasing characteristics of | /. Fl
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with r. As the size of a concentric inhomogeneity increases, the average value
of |]LF| and the resultant [AB,(x,y)|qyg value of the inhomogeneity increase.

Due to the linear relationship between |jLF| and 7, it is very difficult to image
small concentric inhomogeneities. It is also observed that distinguishability of a
concentric inhomogeneity is the same for resistive and conductive cases due to
the circularly symmetric structure of the conductor and the inhomogeneities

with respect to the z-gradient coil.

The results of the analysis in Figure 4.20 show that distinguishability of
the resistive eccentric inhomogeneities is greater than the distinguishability of
conductive eccentric inhomogeneities. This observation is resulted from the 7L F
focusing properties of resistive eccentric inhomogeneities in small regions
located between the boundary of the conductor and the inhomogeneities. Large
|7LF| values near the inhomogeneity generate large |AB,(x,y)| 4,4 values inside

the inhomogeneity which increase the distinguishability. It is also observed that
distinguishability of eccentric inhomogeneities is greater than distinguishability

of concentric inhomogeneities, which is resulted from the linear relationship

between |7LF| and 7.

5.1.6 Experiment 1

The first experiment is performed by using Phantom la and Phantom 1b,
which have uniform o distributions of 0.83 S/m and 1.48 S/m. As shown in
Figure 4.23, MR and k-space magnitude values of Phantom la are a single
order of magnitude greater than the corresponding values of Phantom 1b. It is

also observed that MR magnitude image of Phantom 1b has ring patterns.
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Reduced signal strength of Phantom 1b may be resulted from the excessive ®gp

created due to the high o value of the phantom. In MRI, B; field, which is
focused on x and y directions, induces RF eddy current (J zp) 0 yz and xz slices

of the object to be imaged. jR 7> Which is the source of ®gp, can be evaluated by

considering the cylindrical geometry shown in Figure 5.1.

W

Figure 5.1 A cylindrical object and a B distribution focused on x direction. Half

of the cylinder is not shown for visualization. dl and dS are differential line and

surface elements. Blue line shows the line integration path.

The relationship between E and B in Figure 5.1 can be expressed by using the

Faraday’s Law as
$ E(x,y,2) dl = — [ joB(x,y,2), -ds. (5.1)

Using (5.1), L, norm of E (|E|) can be expressed as
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nrh
(2r+hn)’

|E| = w[B| (5.2)
where 7 and h are the radius and the height of the cylinder, and |§| is L, norm

of B, respectively. Using the Ohm’s Law, L, norm of jRF (URFl) can be

expressed as

Tnel = Vo7 + 07[E| = 0BV ¥ 07 . (53)
where Vo2 + w?e? is the complex conductivity of the cylinder. As shown in
Figure (5.3), |7RF| increases as a function of g, r and h. Therefore, imaging a
phantom with large o, r and h values by using the proposed MRI pulse
sequence for ICMREIT may create excessive ®pr which reduce the signal
strength and SNR since excessively phased spins get out of the k-space
sampling window. It can be concluded that the realization of ICMREIT with the
proposed MRI pulse sequence is not possible for phantoms with large o, r and

h values.

@,  distribution of Phantom 1b is not taken into consideration since the
signal strength of this phantom is at a low level. On the other hand,
characteristics of the ®;p distribution of Phantom la are similar to the
characteristics of @ distribution of simulation model 1 as shown in Figure
4.1 and Figure 4.22. Measured A®; value is 5.42 times greater than the
corresponding value of simulation model 1. |jLF| and 0,,, images reconstructed
with the measured @, distribution exhibit the electrical conductivity properties
of Phantom 1la as shown in Figure 4.23. Reconstructed |7LF| image is linearly

related with r and o,... image is close to the true ¢ distribution.
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5.1.7 Experiment 2

In physical experiments, inhomogeneous phantoms are also investigated
as shown in Figure 4.24-4.27. As shown in Figure 4.24, cross sectional
geometries of Phantom 2a-d are observed in MR magnitude images. MR
magnitude images do not include ring artifacts which show the reliability of the
proposed MRI pulse sequence for imaging the electrical conductivity properties
of Phantom 2a-d. As shown in Figure 4.25, the inhomogeneities are visible in
measured @, distributions. Slope of @, profiles changes in accordance with
the o values of the background and the inhomogeneities. ®; profiles have
noisy behaviour especially in the regions close to the boundary of the
inhomogeneities. Due to the noisy characteristics of the measured @, profiles,
application of the curve fitting method can be considered as a reasonable

approach.

Reconstructed |7LF| and o,,. images shown in Figure 4.26-4.27 exhibit
the electrical conductivity properties of Phantom 2a-d. Linear dependence of

|7LF| with 7 is observed in the background of the reconstructed |jLF| images as

shown in Figure 4.26. The slope of |jLF| profiles changes in accordance with
the o values of the background and the inhomogeneities. It can be concluded

that the characteristics of the measured and the simulated |jLF| images are

similar. Sharp changes in |jLF| values are observed at the boundary of the
inhomogeneities and reconstruction quality is low in the region located between
the eccentric inhomogeneities and phantoms. Low reconstruction quality is
resulted from the neglected B, and B, distributions during the reconstruction
process and insufficiency of the fitted polynomials in small regions. As shown

in Figure 4.27, o0,,. images are rough estimates of the true o distributions of
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Phantom 2a-d. Oyec—aqvg and Ryp/pg values listed in Table 4.6 exhibit the
resistive and the conductive properties of the inhomogeneities with respect to
the background. Artifacts are observed at the boundary of the inhomogeneities
due to the neglected do/dx and dog/dy terms during the derivation of the J-
derivative algorithm. Error of J, and J, distributions due to the neglected B,
and B, distributions also reduces the reconstruction quality in the regions
located between the boundary of the eccentric inhomogeneities and the
phantoms. €, values listed in Table 4.6 are close to the simulated €, values
which show that the proposed method provides reasonable results in general.
Simulation and experimental results show that implementation of J-derivative

algorithm has drawbacks related with the calculation of jLF by using only z

component of Bj, neglecting spatial derivatives of ¢, and application of the
smoothing filter. In order to overcome the drawbacks of the proposed current
density (J) based image reconstruction method, B based algorithms may be
used. The well-known MREIT sensitivity algorithm [25] can be utilized for this
purpose [76].

Simulation and experimental results show that the concept of ICMREIT is
realized for simple phantoms including a single inhomogeneity by using the
readily available z-gradient coil of a clinical MRI scanner without the
utilization of an external hardware. It is observed that sensitivity of the method
is low and the measurements are prone to noise. Therefore, it will be difficult to
realize ICMREIT with complex phantoms. In experiments, we use the z-
gradient coil, since it provides a symmetric geometry and a uniform B,
distribution throughout the phantoms. In addition to the z-gradient coil, x and y

gradient coils can be used separately or in pairs, to realize ICMREIT.
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5.2 Comparison of Conventional MREIT and ICMREIT with Respect to
Safety

The major problem of conventional MREIT is the necessity of injecting
electrical current to body. Arpimnar et al. [40] state that injection current is
limited by the patient auxiliary current limit of 100 pA in IEC 60601-2-33
standard [43]. In order to use MREIT in clinical applications, injection current
should be decreased to this limit. In research and development studies, the
amplitude of injection current for MREIT is far beyond the patient auxiliary
current limit and ranges between several mA [35-36, 39-40], to tens [37], and
hundreds [39] of mA. By utilizing relatively high injection current amplitudes
in MREIT experiments, successful conductivity images are reconstructed [32-
42]. Reconstruction quality of MREIT decreases as the injection current
amplitude decreases to the level of patient auxiliary current limit [40]. High
injection current results in high J values throughout the object to be imaged.
Lee et al. apply bipolar current of 28 mA and 300 ms duration to a saline
phantom with a sausage inhomogeneity and reconstruct / values between 10
A/m* and 25 A/m® in the background and 5 A/m? inside the inhomogeneity

[77]. These values are at least a single order of magnitude greater than the

reconstructed |7LF| values in ICMREIT experiments. By using |7LF|max

measurements listed in Table 4.6, maximum |E| value (|E|max) is calculated as

1.2 V/m. The calculated |E|max value 1s below the electric field limit of 3.75

V/m at 1 kHz [43, 78]. Therefore, ICMREIT can be considered as a safe
method [65].
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5.3 Problems and Limitations of ICMREIT

Simulation and experimental results show that measured @, and |7LF|

distributions are greater than the simulated ®;r and |jLF| distributions. We
think that the major source of the difference between the simulated and the
experimental measurements is the low sensitivity of ICMREIT, which can be
considered as a major concern for clinical applications. In addition, the
mathematical model we use in numerical simulations may not represent the
exact characteristics of the utilized MRI scanner in experiments. For example,
oscillating gradient fields during the application of the proposed pulse sequence
for ICMREIT may result in vibrations in the gradient coils of the MRI scanner
as a result of the presence of Lorentz forces [65, 79]. The frequency of these

vibrations may be comparable to the frequency of the oscillating gradients and
these vibrations may create an additional dB/dt source which may induce 7L F

in the object to be imaged. jLF induced by the vibrations has potential to

contribute to the @ distribution by means of the MRI pulse sequence used in

ICMREIT experiments [65].

The main reason of the low sensitivity of ICMREIT measurements is the
low frequency of the oscillating gradient fields used in ICMREIT experiments
[65]. On the other hand, MR-based high frequency electric properties imaging
method have been utilized since the beginning of 1990s [80]. These methods,
which use the B, field distribution of RF coils of MRI scanners, are commonly
referred to as B; mapping [80-83]. In MRI, jRF is induced in the object to be
imaged due to o and ¢ distributions of the object as shown in (5.3). Due to the
induced jRF distribution, B; distribution throughout the object is changed. By

measuring this altered B, distribution, ¢ and € properties of the objects are
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extracted. The change in B; distribution throughout the object is high due to the
induced ]R » distributions at the Larmor frequency. As a result, the

reconstruction performance of B; mapping methods is very high [80-83].

The frequency of MR gradient coil based ICMREIT is limited by SR of
MRI scanners. By utilizing higher SR values, t,- can be reduced which increases
Bs; peak and decreases Ty = 2 X t,.. The increase in B, peqx and decrease in T
compensate each other. If N, ¢, of the proposed MRI pulse sequence is kept
constant, the accumulated ®; does not change as shown in (2.49). In theory,
by using smaller t, values, more gradient pulses can be included in the
proposed MRI pulse sequence and @, can be increased as a result of the
increase in Ngye value. However, in practice, Ty of the gradient pulses is
much greater than t,., since the duration of soft 180° RF pulses applied with the
gradient waveform is in the order of 2.5 ms. Therefore, greater N;y, values
increase Tr which result in decreased signal strength and SNR. The proposed
MRI pulse sequence with higher N, values includes higher number of 180°

RF pulses which increase the specific absorption rate (SAR) [65].

During t, of the proposed MRI pulse sequence for ICMREIT, jLF is

induced in the conductive parts of the MRI scanner [53, 55, 65]. The induced

J,r distribution in the conductive parts of the MRI scanner is referred to as LF
system eddy current distribution (J, _ Sys) [55]. ], r_ sys May contribute to the

measured @, distributions by means of the proposed MRI pulse sequence for
ICMREIT. Today, many MRI pulse sequences include time varying gradients.
For example, in echo-planar imaging (EPI) applications, read-out gradient is

rapidly switched in order to sample the k-space in a short time period and
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reduce the total imaging time [84-85]. In order to reduce the MR phase
contribution of 7LF_ sys during the application of the MRI pulse sequences that
include time varying gradients, active shielding [86-87] and eddy current
compensation methods [88-91] are used. Temporal characteristics of 7LF_SyS
can be modeled by using resistive-inductive (RL) series circuit. By using the

series RL circuit model, time variation of ], . _ sys can be expressed as

- - Ss - - Ss ~t/T
]LF—sys(t) = ]LF—sys + ULF—sys(O) _]LF—sys ] € ’ (5'4)

- SS - . ..
where J, ._ sys and J, ._ sys (07) are the steady state and the initial values of
7L Fesys® respectively and t is the time constant of the model. T can be expressed

as

7= L (5.5)

Rsys’

where Lgys and Rq,¢ are the effective inductance and the resistance of the

system, respectively.

Zhou and King state that although jL Fsys distributions of MRI scanners

have various 7 constants due to different coupling effects, many MRI scanners

have t constants between 1 and 20 ms, which contribute to the MR phase
SS

contrast [91]. For the MRI pulse sequence proposed for ICMREIT, jLF_ sys

increases as a function of the SR of the gradient waveform since J, ._ sys is

related with —dB/dt, due to the Faraday’s Law of electromagnetic induction.
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—_ - SS
]LF_SyS can reach ]LF_SyS after a time period of 57, which is in the order of 5

and 100 ms, by considering the eddy current time window presented by Zhou

and King [91]. Since T > ¢, cannot reach jLF_ sy SSS during the gradient

]LF—sys

pulses of the MRI pulse sequence for [CMREIT.

Let us consider the application of the MRI pulse sequence for ICMREIT

twice, with t, values of 300 and 30 ps. Considering these t, values, jLF_ sysss
values of the first and the second gradient waveforms can be considered as 1
and 10 per units (pu), respectively. By using (5.4), assuming jLF_ syS(O) = 0 pu,

and T = 10 ms, 7LF—sys(t7') values can be calculated as 0.03 pu for both

gradient waveforms. This observation shows that temporal variation of jLF_ sys

during ¢, can be modeled with a simple ramp function [92] as

S

T 7 —S ss
Jipogys () = =22t (5.6)

As shown in (5.6), adjusting the SR does not change jLF—sys(tT') since jLF_SySSS

and t, are directly and inversely proportional with SR, respectively. However,
using higher SR values in an MRI pulse sequence increases the risk of neuro-
muscular stimulation [92-93] in clinical applications and it may push the
gradient amplifier of the MRI scanner towards its maximum limits. Therefore,

it is proper to use low SR values for the MRI pulse sequence for ICMREIT.
Another alternative for increasing ®;r measurements is to use a bipolar

gradient waveform with hard 180° RF pulses [63] as shown in Figure 5.2. The

MRI pulse sequence shown in Figure 5.2 and the utilized MRI pulse sequence
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shown in Figure 2.2 have the same principles for inducing jLF in the object to
be imaged and accumulating ®; in MR signal. The use of a bipolar gradient
waveform and suitable 180° RF pulses with hard envelopes are the distinctive
features of the MRI pulse sequence shown in Figure 5.2. Since the MRI pulse
sequence shown in Figure 5.2 has a bipolar gradient waveform, T is increased
to 4 X t,, which results in two times increase in ®;r measurements with the

same N¢y,cje value.

The major difficulty of the MRI pulse sequence with a bipolar gradient
waveform is the necessity of applying hard 180° RF pulses with positive and
negative gradient pulses. In practice, duration of hard 180° RF pulses cannot be
very small due to the limited RF power. For example, the shortest duration of
hard 180° RF pulses of the utilized MRI scanner is 700 us. Due to the limited
RF power, hard 180° RF may not function ideally. It is observed that hard
pulses applied with positive and negative gradients excite symmetric slices with
respect to the gradient iso-center. In order to select the same slice during the
application of the pulse sequence shown in Figure 5.2, the selected slice must
be on the gradient iso-center which reduces the sensitivity of @;p
measurements. In addition, it is observed that hard 180° RF pulses applied with
positive and negative gradient pulses result in ring type artifacts in MR

magnitude images as shown in Figure 5.3.

Actually, the use of non-ideal hard 180° RF pulses with the MRI pulse
sequences shown in Figure 2.2 and Figure 5.2 results in MR phase artifacts due
to the cross-talk of the of the neighbor slices. It is observed that cross talk
effects increase towards the slice located at z =5 cm and decrease towards the
upper and the lower ends of the phantom, located at z =10 cm and z =0 cm,

respectively.
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Figure 5.2 An MRI pulse sequence including a bipolar gradient waveform for

the practical realization of ICMREIT [63].
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Figure 5.3 MR magnitude image (a) and profile (b) acquired for a uniform
phantom of 0.49 S/m and the MRI pulse sequence with bipolar gradients.
Geometric properties of the phantom are similar to Phantom 1a-b and the
phantom is composed of 0.05 g CuSOy4 and 0.45g NaCl in 100 ml distilled
water. Parameters of the MRI pulse sequence are similar to the parameters

listed in Table 3.6. Image slice is close to the gradient iso-center.

In this study, the selected slice is located at z =9 cm in order to minimize the
cross-talk effects of the hard 180° RF pulses. In practical applications, different
slices should be selected with the proposed MRI pulse sequence for ICMREIT.
Therefore, the cross talk effects of the proposed MRI pulse sequence should be
minimized by tailoring the RF pulses and using appropriate crusher gradients

[92].

Increasing GS values of the proposed MRI pulse sequence is the
remaining alternative for increasing the sensitivity of ®;r measurements. For
the MRI pulse sequence used in physical experiments, GS is equal to the

magnitude of the SS gradient and inversely related with ST. Therefore, an
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increase in GS results in selection of thin slices which reduces the signal
strength and SNR [65]. Further, the gradient waveform with increased GS

values has more potential for neuro-muscular stimulation [92-93].

5.4 The Concept of RF Leakage

Mandija et al. [53] and Oran and Ider [55] utilize conventional spin-echo
MRI pulse sequence for the experimental realization of ICMREIT. In order to
induce 7LF in a volume conductor, Oran and Ider [55] use the SS gradient and
Mandija et al. [53] locate an extra gradient on read-out axis, symmetrically
around the 180° RF pulse of the conventional spin-echo MRI pulse sequence.
Similar to our application, the MRI pulse sequences in [53, 55] are applied
twice with positive and negative jLF inducing gradient polarities and result in
®* and @~ distributions as expressed in (2.50-2.51). It is proposed to obtain
@, by taking the difference of ®* and ®~ as shown in (2.52). Mandija et al.
describe the concept of geometrical shifts (Ax) in read-out direction for a spin-
echo MRI pulse sequence and state that Ax is resulted from the imaging
imperfections due to jLF_ sys and B, inhomogeneities during read-out [53].
Since ®* and ®~ are obtained with gradient waveforms with opposite
polarities, the geometrical shifts in ®* and ®~ are in opposite directions.

Mandija et al. [53] express the shifted ®* and &~ distributions as

(p+(x - Ax’ylz) = (DRF(X - Ax:y;z) + (pLF(x - Ax:y;z)
= Opp(r) — Ax(mg—i(r) + &, p(r) — Ax(m;—;(r) + 0(x?)

(5.7)

and
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O (x —Ax,y,z) = Ppp(x + Ax,y,2) — @ p(x + Ax,y,2)
= Opp(r) — Ax aq)RF(r) + @, p(r) — Ax

a‘1>LF(7‘)

+0(x?)

(5.8)

Using (5.7-5.8), it is proposed to calculate the shifted ®gp (Prp""7%%) and

&, (D, distributions as

D" = [0F (x — Ax,y, 2) + D™ (x + Ax, Y, 2)]/2
= Ppe(r) + 0(x?)
and
@, M = [0 (x — Ax, y,2) — &7 (x + Ax, Y, 2)]/2

aCDLF(r)

=@,:(r) — Ax Ax ———=

dDgr(r) 2
X— + 0(x%).

Mandija et al. [53] define RF leakage (Prr jeqx) as

0PRp (1)
cDRF_leak = Ax 9x

and model @y as
®pr(x) = ax? + bx + c.
Substituting (5.12) in (5.11) results in

cDRF_leak = AX(Zax + b)

(5.9)

(5.10)

(5.11)

(5.12)

(5.13)

Mandija et al. apply artificial shifts (Ax) to the measured ®* and @~
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distributions and calculate ®g"" " and @,5"**? distributions by using
(5.9-5.10) [53]. As shown in Figure 1 of [53], @rz>"/t®% and @y distributions
are almost the same, which is consistent with (5.9). It is concluded that ®yp
distributions are not affected from Ax. As shown in Figure 2,4-5 of [53],
(DLFShif ted distributions have linear pattern in horizontal direction and scales
linearly with Ax and conductivity, which is consistent with (5.10) and (5.13). In
[53], it is concluded that ®pp 104k 1s much greater than ®;r and dominant in
@, St distributions. As shown in Figure 4-5 of [53], it is observed that &,
distributions without artificial shifts do not scale with conductivity and do not
have linear pattern in horizontal direction. The effect of ®pp joqr is not
observed in true @, distributions without artificial shifts. In fact, &, profiles
without artificial shifts show noisy characteristics. We think that the application
of artificial shifts may generate ®pp joqr in Pp""/*? distributions and

®rr eak 1S NOt observable in true @ distributions.

The concept of ®pr 104k 1s investigated by using the experimental results

obtained for the proposed MRI pulse sequence for ICMREIT and Phantom 2a.

As shown in (5.11), ®gp joqk 1s related with _aq>§§(r)

. Using the measured @gp
and @,y distributions, we compare the measured @;r and the calculated
D e . : e :

%(r) distributions. Acquired MR magnitude, ®; and @ distributions with

the corresponding horizontal profiles passing through the center of the
inhomogeneities are shown in Figure 5.4. As shown in Figure 5.4, decreasing
characteristics of ®;r and @y slopes inside the resistive inhomogeneity with

respect to the background exhibit o properties of the phantom.

114



®, o Ph2a rad 20 | —Ph 2a|
----- Ed
0.1 6 10 l\ 9ge
S 0
005 £ | [ |
SN |
-0.05 -30 \\) '
-0.1 4% 10 20 30
x (cm)
(@) (b)
Dop rad
o 1.8
T 16
157“4.4 \\ J
© 1.2
1 NS

1 5 10 15 20
x (cm)
(c) (d)
MR Magnitude, Ph2a 5,
0.15
0.45 S/m
0.1
0.75 S/m 0.05
0

(e)
Figure 5.4 @, (a-b), ®rr (c-d), and MR magnitude distributions (e) of

Phantom 2a.
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In order to evaluate the dominance of ®gp joqr In measured @, p
distributions, the characteristics of d®gr/0x are investigated. If ®pp joqr is
dominant in measured @, images, measured @, and dPgp/0dx distributions
should be similar. Spatial derivative operation amplifies the noise. Considering
the model shown in (5.12), second order curve fitting is applied to the measured

®pp distributions. 0®gp(r)/dx distributions are calculated for true and

smoothed @ distributions as shown in Figure 5.5.
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Figure 5.5 0®gr/dx distributions with the corresponding horizontal profiles
calculated by using true (without curve fitting) and smoothed (with second

order curve fitting) @5 distributions.

As shown in Figure 5.5, the slope of d®gy(1)/0dx profiles is positive over

the selected slice. d®gp(r)/dx profiles can be modelled with a first order
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polynomial similar to the model given in (5.12-5.13). The slope of d®gp/0x
profiles is constant in the background of the phantom. Inside the
inhomogeneity, the slope of d®gr/0x profiles decreases due to the decreased
conductivity of the inhomogeneity. Visibility of the inhomogeneity is increased
in 0®gr(r)/0x distribution calculated with smoothed @ distribution due to

the decrease of noise in @y distribution by means of curve fitting operation.

As shown in Figure 5.4-5.5, &, and 0®gp/0x distributions have
different characteristics. As shown in Figure 5.5, @, profile has quadratic
characteristics in the background and the inhomogeneity of Phantom 2a.
Experimental results show that ®gr .4, may not be the source of measured
@, distributions since the characteristics of @, and d®gr/dx distributions

are different.

In MR based electrical conductivity imaging, reconstructed o images are
related with the second order derivatives of measured phase distributions [44,
77, 80-83]. If ®Ppp jeqr 1S dominant in @, images and contributes to the
reconstructed o images, then 0?®gp 1001 /0x? = Ax 03Pgp/0x> should give
information about o distributions. By using true @y distribution shown in
Figure 5.4, 03®g;/0x3 distribution and the corresponding horizontal profiles

are calculated as shown in Figure 5.6.
As shown in Figure 5.6, 93®g/0x3 oscillates around zero which shows

that V2®gp j0qr does not represent the electrical conductivity properties of the

phantom.
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Figure 5.6 03®g;/0x3 distribution (a) and profile (b) for Phantom 2 (a).

5.5 Diffusion, Drift, and Magnetohydrodynamic Flow Effects

In this study, the characteristics of the MR phase distributions obtained as
a result of the proposed MRI pulse sequence for ICMREIT are evaluated by
using the electromagnetic phenomena in LF and RF regimes. As shown in
Figure 2.2, the proposed MRI pulse sequence includes multiple SS gradient
pulses with trapezoidal shape and symmetric with respect to the soft 180° RF
pulses. If a phantom to be imaged includes moving molecules or ions, acquired
MR signal can be attenuated and additional phase can be accumulated in MR
images due to the non-zero gradient pulses on each side of the soft 180° RF
pulses [94-95]. Phase contributions due to moving molecules or ions and jLF
induced by the time varying gradient waveform may be at the same order of

magnitude.

Molecules and ions move due to diffusion, drift [96], or an external
mechanical force [97]. Movement of molecules and ions due to a concentration

gradient can be described as diffusion.
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Diffusion can be expressed by using Fick’s Law [96] as

j‘diff =-D,,VC, (5.14)
where j diff is the diffusion flux, D,, and C are the diffusion coefficient and the

concentration, respectively. For a uniform phantom filled with a saline solution,
diffusion takes place in all directions which will result in negligible phase
contribution of j diff (Pgifr). However, for the inhomogeneous phantoms
filled with a saline solution in the background and including gel
inhomogeneities, VC of water molecules are non-zero in regions close to the
boundary of the inhomogeneities. Therefore, @4 may contribute the
measured @, images of inhomogeneous phantoms used in this study. The
effect of @y;rf on measured @ images may be evaluated with a more realistic

approach by using biological tissue phantoms, such as chicken breast in which

diffusion is restricted through the fibers [98].

Movement of ions due to an electrical potential gradient can be described

as drift [96]. Tonic flux (j dri ft) due to drift forces [96] can be expressed as
jo = 2 C, Vv 5.15
Jaripe = THp T e VY (5.15)
where the subscript p represents the pth ion, wy, is the ionic mobility, z, is the
valance of the ion, C,, is the concentration of the ion, and V' is the electrical

potential field. In physical experiments, jLF is due to j drift inside the saline

solutions. It is tried to measure the phase effects of By, distribution created by
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jLF. Besides the B, effects of j drife> MOvement of ions due to j drife MAY also

contribute to measured ®;r images. However, the use of the proposed MRI
pulse sequence for ICMREIT to evaluate the MR phase effects of drift of ions is
very difficult. By injecting rectangular electrical current pulses to a uniform
phantom filled with an ionic solution and using synchronized drift encoding
gradient fields in x, y, or z directions with the injected current, MR phase
effects of movement of ions due to drift forces can be evaluated. An MRI pulse

sequence for imaging drift effects is proposed as shown in Figure 5.7.

RF 4 180°

\j

G,
(SS)

\J
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G
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T2 T2
Figure 5.7 A spin-echo MRI pulse sequence with rectangular current (I) pulses

and drift encoding gradients. Drift encoding gradients are in synchrony with /

pulses, applied to SS gradient coil, and shown with a thicker line width.
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The MRI pulse sequence shown in Figure 5.7 is similar to the spin-echo
based MRI pulse sequences used in MRCDI and MREIT experiments [19-22,
26-27]. This pulse sequence should be applied to a uniform phantom filled with
an ionic solution. Due to the homogenous nature of the uniform phantom, MR
phase effects of diffusion will be negligibly small. Electrical current (I) is
injected in synchrony with the MRI pulse sequence. The polarity and the
magnitude of the current pulses applied before and after the 180° RF pulse are
equal which results in cancellation of the MR phase effects of the magnetic flux
density distributions, created by the injected current. The ions inside the
phantom move due to the drift forces created by the injection current and the
movement is encoded by the synchronized drift encoding gradient pulses,
which are applied before and after the 180° RF pulse. By using these drift
encoding gradients, drift related phase is accumulated in MR images. Drift
encoding gradients can be applied in SS, PE or RO directions. The MRI pulse
sequence shown in Figure 5.7 should be applied twice with and without
electrical current pulses. By taking the difference of the resultant MR phase

images obtained in two acquisitions, drift related phase can be obtained.

External mechanical forces applied or generated during an MRI pulse
sequence results in movement of water molecules. Balasubramanian et al. inject
electric current with 60 pA amplitude and 150 s duration to a phantom filled
with an ionic solution during an EPI experiment [97]. They state that interaction
of the ionic current (J) with the magnetic flux density (B) generates a Lorentz

force distribution inside the ionic solution [97] as

=
Il

—
X
ws]

(5.16)

em
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where F,,, represents the electromagnetic or Lorentz force. They express the

movement of fluid molecules due to F,,, by using the Navier-Stokes equation

[97] as

= du

Fem =pr—; > (5.17)

where py; and u are the fluid density and velocity, respectively.

Balasubramanian et al. describe the flow of fluid molecules due to (5.17) as
magnetohydrodynamic (MHD) flow. It is stated that MHD flow results in phase
shifts in MR images without the utilization of specially designed velocity
encoding gradients [95]. The usual imaging gradients of the MRI pulse

sequences serve as the velocity encoding gradients [95].

During ICMREIT experiments, jL & is induced in the phantoms filled with
ionic solutions. Considering that B, of the MRI scanner is the greatest
component of B during an MRI experiment and substituting the semi-analytical
solution for jL - 10 (5.16) result in

1, — — 1, —
Fom = (—E joroBy, a(p) X (Bya,) = —5jor 0 By,B,a,, (5.18)

where a, is the unit vector in radial direction. Considering (5.17-5.18), a single
cycle of the proposed MRI pulse sequence for ICMREIT can be expressed as

shown in Figure 5.8. As shown in Figure 5.8, u decrease to a minimum value
with the negative F.p,, pulse, remains constant during T, and increases

through zero with the positive F,,, pulse. It is observed that the average of u

during a single gradient pulse is non-zero.
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Figure 5.8 A single cycle of the proposed MRI pulse sequence for ICMREIT

including F,, and u waveforms.

The non-zero SS gradients around the soft 180° RF pulse as shown in Figure
5.8 have potential to encode the MHD flow with a velocity of u and contribute
to the measured ®;p distributions. This contribution can be represented as
MHD phase (®ppyp). For the inhomogeneous phantoms used in physical
experiments, o and ps; values of the background solutions and gel
inhomogeneities are different. Therefore, ®pyp has potential to generate
contrast in measured @ distributions which is related with o and pg

distributions.

123



124



CHAPTER 6

CONCLUSION AND FUTURE STUDY

In this thesis, ICMREIT is investigated starting from modeling and
analysis to physical experiments. ICMREIT concept is realized by using the
z-gradient coil of a clinical MRI scanner and simple experimental phantoms
without utilizing external hardware. The proposed ICMREIT imaging technique
provides a novel contrast based on LF electrical conductivity of the imaged
media (tissues in medical imaging) in addition to conventional MR contrast
such as spin, T;, and T, weighted contrast. The major problem of the ICMREIT
implementation presented in this study is the low sensitivity of @;p
measurements. Investigation of the concepts related with diffusion, drift and
MHD forces shows that flow effects may contribute to the measured ®;p
distributions since the sensitivity of the method is very small. Sensitivity of
ICMREIT can be increased by using a gradient waveform with, greater GS and
N¢ycie values or bipolar gradient pulses. However, the application of such
sensitivity increasing methods is not straightforward due to the concerns related
with neuro-muscular stimulation, SAR values, and imaging artifacts. The
reconstructed |7LF| and 0,,. 1mages with simulated and experimental

measurements exhibit the electrical conductivity properties of the phantoms.
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Neglected B,y and B, distributions during the reconstruction of J, and J,
distributions and insufficiency of the curve fitting method in small regions
located between the boundary of the eccentric inhomogeneities and the
phantoms increase reconstruction errors. Curve fitting based smoothing filter
reduce the spatial resolution. Neglected do/dx and do/dy terms during the
derivation of the J-derivative algorithm result in boundary artifacts in 0.
images and these artifacts are carried over the horizontal and the vertical
profiles passing through the inhomogeneities. Due to the error sources related
with physical measurements and image reconstruction, 0,,. images are rough
estimates of the simple phantoms and they exhibit qualitative reconstructions
rather than quantitative images [65]. ICMREIT can be considered as a safe

imaging method since |E|max values calculated from simulation and

experimental results are smaller than the electric field limit at 1 kHz

[43, 65, 78].

Future studies should focus on providing o,... images with better quality
and resolution. To achieve this, the quality of physical measurements and
success of the image reconstruction process should be increased. To increase
the quality of the physical measurements, the proposed MRI pulse sequence
should be optimized. To increase the sensitivity of the physical measurements,
the use of bipolar gradient waveforms with hard 180° RF pulses should be
investigated. In order to increase the reconstruction performance of the method,
Jx and J, distributions should be reconstructed with better accuracy. The

smoothing filter in image reconstruction process should be eliminated in order

to increase the spatial resolution of g,,, images. B based image reconstruction
algorithms, such as MREIT sensitivity algorithm [25], can be utilized for

reconstructing g, images. The effects of diffusion, drift, and MHD forces on
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measured @, distributions can be investigated by using numerical simulations

and physical experiments.
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