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ABSTRACT

IMPROVEMENT AND COMPARISON OF COMPLEX
B; MAPPING TECHNIQUES FOR USE IN MREPT

Safa Ozdemir
M.S. in Electrical and Electronics Engineering
Advisor: Yusuf Ziya Ider
September 2018

Impedance imaging, (i.e., conductivity, o, and permittivity, €) provides helpful
information about contrast between healthy and malignant tissues. As one of the
impedance imaging techniques, Magnetic Resonance Electrical Properties To-
mography (MREPT) uses the perturbation on By caused by electrical properties,
and via solving the inverse problem with the help of measured B, field, electri-
cal properties are obtained. Therefore, to obtain conductivity using MREPT, the
knowledge of By phase and magnitude is required. This thesis focuses on improve-
ment and comparison of complex B; mapping techniques for use in MREPT. In
this manner, balanced steady-state free precession (bSSFP) imaging, which is one
of the best candidates to obtain B; phase, is investigated. bSSFP imaging has
high speed, high signal-to-noise ratio (SNR), motion insensitivity and automatic
eddy current compensation. On the other hand, it suffers greatly from By inho-
mogeneity and the concomitant ”banding artifact”. In regions of banding artifact,
MR signal reduces significantly in magnitude, and also phase errors occur. The
correction of phase errors is conducted by using three different techniques: In-
serting By and Ty information, linearization for off-resonance estimation (LORE)
algorithm, and PLANET method. In the next step, 2D version of phase-based
convection-reaction equation based MREPT (phase-based cr-MREPT) technique
is utilized to obtain conductivity maps from corrected phase images that are ac-
quired from three aforementioned techniques. In order to verify the effects of
correction techniques, an experimental agar-saline phantom with conductivity
contrasts is constructed. It is shown that, for all phase correcting techniques,
banding artifact is removed from phase images and accurate conductivity maps
are obtained. Yet, inserting By and T information results in lengthy scanning
time if both By and Ty information is acquired via traditional, reliable meth-
ods which are widely considered as golden truth. On the other hand, PLANET
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method suffers from By drift and propagation of error. Therefore, LORE al-
gorithm is considered as the best candidate to obtain B; phase images which
is required to find conductivity maps. Besides phase-based MREPT methods,
there also exists MREPT methods that requires both B; phase and magnitude
information. In the purpose of acquiring B; magnitude images, three different
methods are investigated, namely double angle (DA) method, actual flip-angle
imaging (AFI) method, and Bloch-Siegert shift (BSS) based method. To analyze
B; magnitude mapping qualities of these methods, theoretical SNR calculations
and phantom experiments are conducted. Both theoretical and experimental
studies reveal that, based on SNR results, BSS based method is advantageous
over AFI method and DA method. For each of B; magnitude mapping methods,
conductivity maps are obtained. It is found that, although standard MREPT
method is indifferent to the choice of B; magnitude mapping methods, high-SNR
B; magnitude maps provide better conductivity results for standard cr--MREPT
method.

Keywords: Magnetic Resonance Electrical Properties Tomography (MREPT),
convection-reaction equation based MREPT (cr-MREPT), conductivity, bSSFP,
banding artifact, phase-based, complex B; mapping.



OZET

MREOT'TE KULLANIM AMACIYLA KARMASIK By

HARITALAMA TEKNIKLERININ IYILESTIRILMESI
VE KARSILASTIRILMASI

Safa Ozdemir
Elektrik Elektronik Miihendisligi, Yiiksek Lisans
Tez Danigmani: Yusuf Ziya Ider
Eylil 2018

Empedans goriintilleme (iletkenlik, o ve elektriksel gecirgenlik, €) saglikli ve
habis dokular arasindaki kontrast hakkinda yararhi bilgiler saglar. Empedans
goriintiileme tekniklerinden biri olan Manyetik Rezonans Elektriksel Ozellik To-
mografisi (MREOT), elektriksel ozelliklerin B; tizerinde yarattigi bozulmay: kul-
lanir, ve elde edilen By alaninin yardimiyla ters problem coziilerek elektriksel
ozelikler elde edilir. Bu nedenle, MREOT kullanarak iletkenlik elde etmek i¢in By
faz ve genlik bilgisi gereklidir. Bu tez, MREOT te kullanim amaciyla karmasik B,
haritalama tekniklerinin iyilestirilmesi ve karsilastirilmasi iizerine egilmektedir.
Bu baglamda, B; fazim1 elde etmek icin en iyi adaylardan birisi olan, dengeli
kararli durum serbest devinim (dKDSD) goriintiilemesi aragtirilmigtir. dKDSD
goriintiilemesi yiiksek hiza, yiiksek sinyal-giiriiltii oranina (SGO), harekete du-
yarsizhga ve otomatik girdap akimlan telafisine sahiptir. Ote yandan, By ho-
mojensizliginden ve buna eglik eden "gerit artefakti”’ndan onemli Olc¢lide etk-
ilenmektedir. Serit artefaktinin olustugu bolgelerde MR sinyali genlik olarak
azalmakta ve ayni zamanda faz hatalar1 ortaya c¢ikmaktadir. Faz hatalarinin
diizeltilmesi ii¢ farkli teknikle gerceklestirilmektedir: By ve Ty bilgisini kullanma,
rezonans digi kestirim i¢in dogrusallagtirma (RDKD) algoritmasi ve PLANET
yontemi. Sonraki adimda, bahsedilen ii¢ teknikten elde edilen diizeltilmis faz
goriintiilerinden iletkenlik haritalarini elde etmek i¢in faz temelli konveksiyon-
reaksiyon denklemi temelli MREOT (faz temelli kr-MREOT) teknigin 2B versiy-
onu kullanilmakadir. Diizeltme tekniklerinin etkilerini dogrulamak icin, iletken-
lik kontrastli, deneysel agar-tuzlu su fantomu hazirlanmigtir. Ttim faz diizeltme
teknikleri i¢in gerit artefaktinin faz goriintiilerinden temizlendigi ve dogru iletken-
lik haritalarimin elde edildigi gosterilmistir. Ancak, By ve Ty bilgisi, dogrulugu
kabul edilen geleneksel ve giivenilir teknikler araciligiyla elde edildiginde, By
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ve Ty bilgisini kullanma uzun tarama siiresiyle sonuclanmaktadir. Diger yan-
dan, PLANET yontemi By stiriiklenmesi ve hatanin yayilmasindan etkilenmek-
tedir. Bu nedenle, RDKD algoritmasi iletkenlik haritalarini bulmak igin gerekli
olan B; faz goriintiilerini elde etmek igin en iyi aday olarak diigintilmektedir.
Faz temelli MREOT yontemlerinin yaninda, B; faz1 ve genligi bilgisine ihtiyag
duyan MREOT yé6ntemleri de bulunmaktadir. By genlik goriintiilerini elde etmek
amaciyla, ti¢ farkl yontem aragtirilmigtir: ¢ift agn (CA) yontemi, asil dondiirme-
ag1 goriintiilleme (ADG) yontemi ve Bloch-Siegert kaymasi (BSK) temelli yontem.
Bu yontemlerin By genlik haritalandirma yontemlerinin kalitelerini analiz et-
mek i¢in kuramsal SGO hesaplamalar1 ve fantom deneyleri gergeklestirilmigtir.
Kuramsal ve deneysel calismalarin gosterdigi tizere, BSK temelli yontem SGO
acgisindan ADG yontemi ve CA yontemine gore avantajlidir. Her bir By gen-
lik haritalandirma yontemi icin iletkenlik haritalari elde edilmistir. Standart
MREOT yonteminin B; genlik haritalandirma yonteminin seciminden etkilen-
memesine ragmen, yiiksek SGO degerli By genlik haritalar standart ke-MREOT
yontemi i¢in daha iyi iletkenlik sonuclar: saglamaktadir.

Anahtar sozcikler:  Manyetik Rezonans Elektriksel Ozellik Tomografisi
(MREOT), konveksion-reaksiyon denklemi temelli MREOT (kr-MREOT),
iletkenlik, dKDSD, serit artefakti, faz-temelli, karmagik B; haritalamasa.
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Chapter 1

Introduction

Magnetic Resonance Imaging (MRI) is a well established diagnostic tool in
medicine since 1980s. Main reasons of this are MRI operates in a non-invasive
fashion and it does not use damaging ionizing radiation. In addition to these
advantages, MRI provides plenty of contrast mechanisms by simply adjusting
imaging parameters. The widely used contrast mechanisms are spin density (p)
and relaxation times (T; and Tj). There are also clinically established contrast
mechanisms such as flow, diffusion, magnetic susceptibility, and stiffness. This
thesis focuses on one of the contrast mechanisms, which is electrical properties.
Previously, it has been proven that electrical property imaging is a useful diag-

nostic tool, as it provides distinction between healthy and malignant tissues.

In the following section, uses of the electrical properties and different electri-
cal property imaging techniques will be discussed. This will be followed by the
objective and scope of the thesis. In the end, organization of the thesis will be

given.



1.1 Electrical Property Imaging

Electrical property imaging aims at reconstructing conductivity, o and permit-
tivity, €, of the tissues. Clinically, this information can be used to differentiate
healthy and malignant tissues [1,2]. Electrical property imaging is also used for
transcranial magnetic stimulation [3], hyperthermia treatment [4], radiofrequency
(RF) ablation [5], and calculating specific absorption rate (SAR) [6].

Earlier methods of impedance imaging are electrical impedance tomography
(EIT) [7,8] and magnetic induction tomography (MIT) [9] which are used to in-
duce currents in the object by using either surface electrodes (EIT) or external
coils (MIT). However, these methods yield images that have low spatial resolution
in interior regions because the measurements, namely surface potentials, are not
very sensitive to electrical property perturbations relatively far from the surface.
To overcome this weakness, magnetic resonance electrical impedance tomography
(MREIT) has been introduced [10-15]. In MREIT, current is induced by using
surface electrodes in the frequency range of 10 Hz - 10 kHz and the resulting
magnetic field is measured by MRI to reconstruct the image of electrical prop-
erties. Still, reducing the external applied current to below safety limits while
having sufficient resolution is a problem in MREIT. A more recent method, mag-
netic resonance electrical properties tomography (MREPT), attempts to image
electrical properties by measuring the magnetic field of currents induced at the
Larmor frequency of the MRI system. MREPT is first suggested, in concept, by
Haacke in 1991 [16], successfully applied for the first time by Wen in 2003 [17]
and systematic research on MREPT is started by Katscher in 2009 [6].

In literature, widely-used formulation to describe relationship between clock-
wise rotating component of the transmit RF magnetic flux density, B;” and ad-
mittivity (7 = o + iwe) of the object is as follows [18]:

_ VBf
iwpo B

(1.1)

where w is the Larmor frequency, po is permeability constant. Although Equa-

tion 1.1 is widely used for obtaining electrical property images, this method is
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prone to noise and assumes locally constant electrical properties. Latter is also
known as "local homogeneity assumption” (LHA), and causes boundary artifacts
in conductivity maps. To solve this issue, as also reviewed in [18,19], several
approaches are followed [20-22]. As being one of them, Hafalir’s approach intro-
duced the convection-reaction partial differential equation (PDE) based method
(cr-MREPT) [20].

For aforementioned methods, both the phase and the magnitude of B{ are to be
measured. Lately, phase-based methods, which do not depend on B magnitude,
are emerged. Standard phase based approach uses the equation:

V24(x,y)

1.2
27100 (1.2)

o(z,y) =

to find conductivity where ¢ is the transceive phase (if transmit phase is used, the
factor 2 in the denominator is omitted) [23]. Yet, this method still suffers from
boundary artifact because of LHA. Recently, a phase-based EPT method which
does not require LHA is introduced by Gurler [24]. Gurler’s method is similar in

concept to Hafalir’s method, but uses only the phase of By .

1.2 Objective and Scope of the Thesis

Equation 1.1 shows that to acquire admittivity, one needs both B; phase and

magnitude.

To obtain phase, any MRI sequence that provides Bf phase can be used.
Among them, balanced steady state free precession (bSSFP) is favourable to ob-
tain phase images since it has high speed, high SNR, motion insensitivity and
automatic eddy current compensation due to balanced gradients [19,25]. On
the other hand, it suffers greatly from By inhomogeneity and the concomitant
"banding artifact”. In regions of banding artifact, MR signal reduces signifi-
cantly and also phase errors occur. Three different methods are used to obtain
B; phase via bSSFP sequence. First method, which makes use of By and Ty

maps, and two bSSFP runs with an excitation frequency difference is developed

3



to correct the phase distribution. By inserting By and Ty information into the
steady state bSSFP complex signal equation, bSSFP phase images are corrected.
Second method, linearization for off-resonance estimation - Gauss-Newton nonlin-
ear search (LORE-GN) algorithm, involves general and fast two-step algorithm
to estimate the unknowns in the steady state bSSFP signal equation by mak-
ing use of multiple phase-cycled acquisitions [28]. First step involves converting
the non-linear problem into a linear one by changing parameters in the steady
state bSSFP signal equation. Then, to minimize non-linear least squares crite-
rion, Gauss-Newton algorithm is applied. Third method, PLANET method, uses
elliptical signal model to fit multiple phase-cycled bSSFP acquisition to ellipse
[29]. By using center and semi-axes information of the ellipse, By, Ty, Ts and
RF phase information can be obtained. In this thesis, those three methods are

implemented and their eligibility for MREPT is discussed.

To obtain magnitude, there are several well-established methods that can be
used and need to be compared. First method is double-angle method which makes
use of two different gradient-echo sequence with different flip angles, usually one of
which is twice as much as the other [30]. From the pixel-wise ratio of two images,
flip angle can be obtained. Second method, called actual flip-angle imaging (AFT)
method utilizes gradient-echo sequence with two different repetition time (TR)
[31]. Two TRs and the pixel-wise ratio of the two images are used to obtain flip
angle. Lastly, Bloch-Siegert shift (BSS) based method uses additional RF pulse
that has off-frequency with the spin resonance [32]. Precession angle gives B,
magnitude information. In this thesis, those three methods are compared with

respect to SNR values of B; maps and their availability for MREPT is discussed.

1.3 Organization of the Thesis

This thesis consists of five chapters.

Chapter 2 presents the theoretical background of conventional MREPT first.
Formulation and limitations of standard MREPT method is discussed. After that,



formulation of the c--MREPT method is given. Later, theory of conventional
phase-based MREPT method is given with derivations and limitations. Lastly,
formulation of phase-based cr-MREPT method is given.

Chapter 3 presents the methods for obtaining B; phase via bSSFP images.
First, theory of steady state formulation of bSSFP is given. Then, each bSSFP
phase correction method is introduced. Experimental results of those methods,
namely transceive phases and conductivity maps from those transceive phases are

given.

Chapter 4 presents the different B; magnitude mapping methods. For each
method; theory, SNR calculation, experimental methods and results are given.

Those methods are also compared with respect to their SNR values.

Chapter 5 presents the summary of both B; phase and magnitude methods.

Also possible future directions are discussed.



Chapter 2

Theoretical Background for
Magnetic Resonance Electrical

Properties Tomography
(MREPT)

2.1 Formulation and Limitation of Standard

MREPT Method

From Maxwell’s equations, the relationship between the clockwise (left-
handed) rotating component of the transmit RF magnetic flux density, B, and

admittivity of the object, 7 can be derived as follows [18]:
\%
—V2B} = L % (V x BY) — iwpey Bf (2.1)
Y

With the assumption of locally constant electrical properties, known as ”local ho-
mogeneity assumption” (LHA), the gradient term (% x (V x By )) is eliminated
and admittivity becomes: -

7= zZuféf (22)
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Although Equation 2.2 is widely used for obtaining electrical property images,
this method suffers greatly from boundary artifacts, because of the elimination
of the gradient term in Equation 2.1. To avoid this artifacts, several approaches
were made. Hafalir [20] introduces convection-reaction partial differential equa-
tion based method. This method is in fact the solution of Equation 2.1 using
numerical techniques. Liu’s approach uses similar formulation in their method
called ”gradient based electrical properties tomography” [21]. In this method,
with the knowledge of B}, that is obtained by using a multi-channel transceiver
coil, gradient of the electrical properties is obtained. Through spatial integra-
tion starting from a seed-point, both conductivity and permittivity are obtained.
Contrast Source Inversion based EPT (CSI-EPT) views the object as a scat-
terer placed in the field generated by the RF coil [4]. EPs are updated until the
measured field matches closely the field calculated by the solution of the integral-
equation-based forward problem expressing the magnetic field as a function of
the EPs.

For the aforementioned methods, both the phase and magnitude of B are to
be measured. Although there are well-established techniques to obtain the magni-
tude of Bf [30-32], phase of B cannot be measured directly in MRI. For birdcage-
like quadrature volume coil configurations, transmit phase is roughly taken as half
of the transceive phase. This widely used approach is called ”transceive phase
approximation”, abbreviated as TPA [18,23].

2.2 Formulation of Convection-Reaction Equa-

tion based MREPT (cr-MREPT) Method

Using pH™ instead of B, x and y components of Equation 2.1 becomes:

oty l[@((‘)Hy B 8Hx> 87<8Hm B aﬂzﬂ

v |0y \ Ox oy 9z \ 0z ox (2.3)
v 110y (0H. O0H,\ 0Oy (0H, O0H, '
Yy l02\ Oy 0z Oxr \ Ox Jy



Then, calculating —V?H, — iV?H,, which is equal to —2V*H™", we obtain:

—2V2H+:—1@i 0H, 0H, _1@ _8Hy+8H$
vOx \ Ox dy v dy ox dy (2.4)
Loy [,0H" OH. OH.] . ., '
- — —1 — 2
vyOz| 0z ox oy Hov
Using the definition of HY and V- H = 0, <8£y — %iy“”) becomes:
0oH, O0H, 0H, O0H, (0OH, O0H, O0H,
— = - —i + 2+
ox oy ox dy ox oy 0z (2.5)
(OHt OHt 10H, '
= -2 -1 + =
ox dy 2 0z
Using Equation 2.5, Equation 2.4 becomes:
10 OH"  OHT" 10H,
V2Ht = -2 — +=
v Ox ox Jy 2 0z
1 + + ;
__@ . 0H _Z.@H +£8Hz (2.6)
~v Oy ox oy 2 0z
10y[0HY 10H, i0H, , o
e - = - - —iw
v 0z | 0z 2 0r 2 0y Hoy
Multiplying Equation 2.6 with u which is 1/7:
B-Vu+ V2 H u —iwpugHT =0 (2.7)
where
[ ou 10y
Ox ~v2 Oz
— | ou]| — 0
Vu=151= 7o
u 1oy
'Zjﬁ -alﬁ z 19H (28)
oz oy +3 H:
_ |;oH+ _ 0H+ | ioH.
B=|i% — % T 1%
OH* _ 19H. _ i0H.
| 0z 2 Ox 2 Oy

Assuming H, is zero (valid for central regions for a birdcage RF coil) and g—z is

negligible, 2-D version of Equation 2.7 can be written as:

F-YVu-+V Hbu— iwpgHY =0 (2.9)
where
du OH* _ ;OH*
X/, — | Oz _ ox 6]
Vu D F = omt ﬁ (2.10)
oy or oy




2.3 Formulation and Limitations Standard Phase-

Based MREPT Method

Recently, phase-based methods, which are solely based on B phase rather
than complex B, have emerged [26,33]. Because of the difficulties in obtaining
high SNR for the B magnitude maps in a reasonable time, phase based methods
offer an advantage especially for practical clinical applications. These methods
are inherently free from TPA and do not require Bf magnitude mapping [23].
By using LHA, from the Maxwell equations, the relationship between rotating
component of the transmit magnetic flux density, Bf, and local complex wave

number, k, can be written as:

V2B + k*Bf =0 (2.11)
or in other form: .
V<B
—k* = ! (2.12)
By

where k? = pgew? — ipgow, po is the permeability constant, ¢ is the permittivity,
o is the conductivity and w is the angular frequency. Since only the imaginary

part of k? is related to the conductivity:

2B+
Im(—k?) = poow = Im(VBfrl ) (2.13)
Then,
1
oc=—(V*¢" +VIn(VBy)) (2.14)

How
Similar to standard MREPT formulation, by using LHA one can remove the term

(In(VBy)) conductivity can be found as:

v2 +
o= ¢ (2.15)
Fow
If transceive phase is used, Equation 2.15 becomes:
V2 +
o= ¢ (2.16)
2“00)

Although this ”standard” phase based formulation is free from TPA and does

not require Bf mapping, it assumes low B] magnitude gradients, in addition
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to using LHA. While LHA causes well-known tissue-boundary artifacts in the
conductivity images as mentioned before, assuming low B magnitude gradient
causes errors in the reconstructed conductivity values (up to 10% for 3T systems
[23]) especially towards the boundary of the imaged object [27]. Recently, a
phase-based EPT method which does not require LHA, but still assumes low B
gradients, is introduced by Gurler [24]. With Gurler’s approach, called ”phase-
based cr-MREPT technique”, boundary artifacts in the conductivity images are

significantly reduced.

2.4 Formulation of Phase-Based cr-MREPT
Method

cr-MREPT formulation can be written as:

BF - Vin(y) — V2B +iwuyBf =0 (2.17)
where
¥ =0 + iwe,
[9In(y)
oz
— | 9In(y)
Vin(y) = oy
2niy) (2.18)
i OBF __ .9BF
B o jz ayli+%%
+ + .0B 0B .1 0B,
18 - 621 = |+ 8:151 + Byl :tlia_zi
+ 198, -1 9B, 0B
5. —2% Tisey T a2

First, magnitude and phase parts of each of these terms in Equation 2.18 is
written seperately. Then, assuming V|B;| = 0 and V|B;| = 0, removal of

common term (| Bf|¢*”) Equation 2.18 becomes:
doEN\? [0\ 9¢T\? , ,
vy v — V2T _
& () <(< Ox ) ( dy ) ( Dz ) ) Ve ) wpoy =0 (2.19)
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where

Y Y P 198
e 3%,
+_|ro 0 x| b 108,
OF = | Fge0™ +ig¢ +Bf +13%. (2.20)
9 _10B. - :10B.
ZE(b 2 Oz :':22 oy

However, there are some problems related to Equation 2.19. First, B, cannot
be measured via MRI. To get rid of this, one can say that derivatives of B,
is negligible, therefore second term of QF will vanish. Second, the transmit or
receive phases cannot be measured using MRI directly. To solve this issue, both

transmit and receive versions of Equation 2.19 is summed. Then, equation 2.19

becomes:
. 7 _ Oln
i+ g0t —07) | |75
D¢t +¢7) +i2e" | - | ZBD | + (krea — IVT) +i2wp0y =0 (2.21)
. - Oln
Z%(bt 139)
where

0 2 ) 2 ) 2
kreal = ( ¢tr> + ( qbtr) + < qbtr)
ox oy 0z (2.22)

IR D S
2<8x¢ 8x¢ +8y¢ 6y¢ +8z¢ 8z¢ )

Similar to standard phase based approach, one should focus on the imaginary

part of this equation to find conductivity. Imaginary part of 2.19 is:

aggbtr 8Regn(7)) aﬁ(gﬁ —¢) 8Im((91n(7))
x i y x
aﬁ tr] . 3Re(81n(v)) + _8Q(¢+ —¢7)| - 8Imgn(v))
Y Yy T
O itr ORe(In(v)) OIm(In(~)) (223)
Egbt 0z . 0 0z * +

— V2" + 2wpigo = 0

It is shown in simulations that derivatives of ¢* — ¢~ is much smaller than
derivatives of ¢t + ¢~ [24]. Therefore, second term can be neglected. In addition
to this, for o2 > (we)?, Re(In(y)) = In(y/0? + (we)?) can be approximated as
In(o). By using VIn(o) = —%Vp, Equation 2.23 becomes:

(Vo' - Vp) + V¢ p — 2wpg = 0 (2.24)

where p = 1/0.
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Chapter 3

bSSFP Phase Correction and its
use in MREPT

To reconstruct conductivity maps, any MRI sequence that provides Bf phase
can be utilized. Commonly used sequences are spin-echo [33], gradient-echo [34],
ultra-short echo (UTE) / zero echo time (ZTE) [35,36] and bSSFP [25]. Spin-
echo based sequences suffer from eddy current effects and lengthy acquisition
time. Gradient-echo based sequences suffer from off-resonance effect, which needs
to be corrected by additional By mapping. In addition to this, eddy current
effects and acquisition time are still problematic. Despite being fast sequences,
UTE/ZTE suffer from streaking artifacts which deteriorate the phase images
and such artifacts can be amplified through Laplacian operation and distort the
final conductivity image. bSSFP is widely used in MREPT field, because of
its speed, SNR, motion insensitivity and automatic eddy current compensation
[19,25]. However, in certain off-resonance frequencies, ”banding artifact” occurs.
Banding artifact manifests itself as magnitude drop and phase jump with an

amount of .
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Figure 3.1: Pulse sequence diagram balanced steady state free precession (bSSEFP)
sequence.

3.1 Theory of bSSFP - Complex Image Values
at Steady State

bSSFEP pulse sequence diagram is shown in Figure 3.1. To investigate the effect
of the banding artifact thoroughly, one should focus on the complex image values
at the steady state. The steady state magnetization vector (M) right after the

—a flip angle along the x-axis can be written as:

1 0 0
M(nTR") = [0 cosa sina| M(nTR")

0 —sina cosw

(3.1)

=R, (—a)M(nTR")
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In each TR, magnetization vector is affected by off-resonance, RF phase increment
(in phase-cycling bSSFP sequences), precession along xy-plane and relaxation

along z-axis. Therefore, we get:

M((n+1)TR™) =R.((2 + AQ)TR)D(TR)

(3.2)
X M(nTR+) + (1 — E1>MO
where
e~/ 0
Dt)y=| 0 et¥T2 0
0 0 e/

By = ¢ TR/Tx
MO = [07 07 MO]T
QO =27 Af,

Afy is off-resonance frequency and AQTR is user-controlled RF phase increment
in each TR.

Since at steady state, M(nTR™) = M((n+ 1)TR™) and M(nTR") = M((n +
1)TR™), using Equations 3.1 and 3.2 together:

M(TR") = (I - Ry(a)R.((2 + AQ)TR)D(TR)) "

(3.3)
X (1 — E1)Ry(—a)My
Using Equation 3.3, magnetization vector at TE can be found as follows:
M(TE) =R, (QTE)D(TE)M(TR™) (3.4)

+ (1 — E1)M,

Defining M = M,(TE) 4 iM,(TE) and including coil sensitivity, /&, whose phase
is the transceive phase of the RF system, complex image value at an arbitrary

pixel in the slice of interest, S,,, can be expressed as:

1 — ge—i(Q+AQ,)TR

— KM = KM, e TE/T2,iQTE
S 1 “ 1 beos((Q + AQ,)TR)

(3.5)
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where
(1 — E})sina
1 — Eicosa — (B — cosa) E3

M, = 1M,

a = Eg
Es(1 — Ep)(1 + cosa)
1 — Ejcosa — (Ey — cosa) B3

E, = ¢ TR/T:

b:

Figure 3.2 demonstrates magnitude and phase of M with respect to off-
resonance frequency as obtained from Equation 3.5. Figures 3.2a and 3.2b are
for a large Ty (1000 ms). Concentrating on the magnitude graph (Fig. 3.2a),

we observe that for £51= the magnitude of M is maximum. However, as the

2TR’
off-resonance frequency changes, magnitude begins to decrease and in fact the
decrease becomes substantial as this off-resonance frequency change approaches

to (banding artifact). This off-resonance behaviour is periodic with a period

2TR
of ﬁ. As also found in the literature, the off-resonance frequency range is di-
vided into two parts, called the "pass-band” and the ”stop-band” regions [37].
The pass-band region corresponds to a region in which magnitude is high, and
the stop-band region corresponds to the region where magnitude is low. These
two regions are non-intersecting and their union covers the whole range. The
exact definition of these regions depend on the application and the purpose of
the study [37] In our case, we have decided to determine them as follows: In base
period [—515 < f < 73g], stop-band region is defined as [— g7 < f < 775), and
the pass-band region is the rest of the period. The boundaries of these regions

are shown in Figure 3.2 for the base period and also for the adjacent periods.

When we look at the phase graphs, we observe that in the pass-band regions,
phases are almost constant; however in the middle of stop-band regions a jump
of m radians is observed. This jump in fact corresponds to the phase jump in
the banding artifact of bSSFP images. Please note that these observations are
made for the case of large Ty (namely Ty = 1000 ms). Figures 3.2c and 3.2d
present the graphs for a small Ty (40 ms). One can observe that the magnitude
plot does not display a constant plateau behaviour even in the pass-band region.

Similarly, the phase graph also does not display almost constant behaviour in the
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Figure 3.2: (a) Magnitude and (b) phase of the steady state magnetization as
a function of off-resonance for Ty = 1000 ms, and (c,d) Ty = 40 ms are shown.
Simulation parameters are: T; = 6000 ms, TE = 5 ms, TR = 10 ms, flip angle =

40°.



pass-band regions, but displays a variation dependent on both ABjy and Ts. For

example, in the pass-band region, dependence on ABy is almost linear and the

. 1 B
slope is equal to 5 — 7 o

regions as "non-constant plateau effect”.

We called this variation of phase in the pass-band

3.2 Methods

3.2.1 Correction Methods of bSSFP Phase

3.2.1.1 Imserting By, and T, Information

In bSSFP imaging, the complex image value at an arbitrary pixel in the slice
of interest using alternating RF pulses can be expressed as:
1+ ae—i?ﬂ(fOR-‘rAfs)TR

S=KM=KM —TE/T2 i(for+Af)TE
1 ‘ 1+ beos(27(for + AL)TR)

(3.6)

where
(1 — Ey)sina
1 — Ejcosa — (Ey — cosa)E3

B Es(1 — E1)(1 + cosa)
1 — Ejcosa — (Ey — cosa)E3
E2 — e—TR/TQ

T, and T represent longitudinal and transversal relaxation times, TE and TR are
echo time and repetition time, « is flip angle, M is equilibrium magnetization, for
is off-resonance frequency due to ABg, Af; is the frequency shift in the excitation
frequency as controlled by the user, and lastly K is the complex valued factor the
phase of which is the transceive phase of the RF system (sum of transmit phase
and receive phase). Although magnitude of S is dependent on many parameters,
phase of it, which is the measured bSSFP phase, is relatively simple and can be

expressed as:
L(S) = 4L(K)+ £(M) (3.7)
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where
Z(M) = 27 (for + Af)TE + £(1 4 Ege~2rfortALITR) (3.8)

In Equation 3.7, Z(K) is what we are interested in and Z(M) can be viewed as
a phase error term. In the expression for the phase error term, the independent
variables are Ty (through E,), the off-resonance frequency for, TE, TR, and
the excitation frequency shift Af;. Among these, TE, TR and the excitation
frequency shift are determined by the user. Therefore, by making use of methods
for determining the off-resonance frequency and Ty values for each pixel, we can
obtain the correct value of transceive phase for each pixel using Equations 3.7
and 3.8. Figure 3.3 demonstrates magnitude and phase of M with respect to
off-resonance frequency as obtained from Equation 3.6. Figures 3.3a and 3.3b are
for a large Ty (1000 ms). Also in these parts, the graphs are given for two cases:
(1) Frequency shift Afy equals zero (blue lines), (2) Frequency shift Afy equals
1/2TR (red lines). In this case, pass-band and stop-band regions are defined

1 1

as follows: In the base period [~5r5 < f < 7
as [—r < f < g}, and the stop-band region is the rest of the period. For

the graph for which excitation frequency shift is equal to (2TR)™! (red lines in

|, pass-band region is defined

Figures 3.3a and 3.3b), we observe that the magnitude and phase graphs shift
exactly by an amount of (2TR)™! with respect to the blue lines. Therefore, using
the same definition of pass-band and stop-band regions for these red graphs reveal
regions such that the pass-band region of the blue graphs corresponds exactly to

the stop-band regions for these red graphs and vice versa.

The method comprises the acquisition of two bSSFP images, one By map, and
one Ty map. Using the information contained in the By map, a bSSFP image is
segmented into two segments (set of pixels). One segment corresponds to pixels
for which ABy lies in the pass-band region of the magnetization vs off-resonance
curves shown in Figure 3.3, and the other segment contains pixels at which ABy
corresponds to the stop-band region. The two bSSFP images are obtained with
different excitation frequencies. Difference between the two excitation frequencies
is selected as (2TR) ™, since the periodicity of the regions (pass-band and stop-
band) is (TR) ™" (How these excitation frequencies are determined is explained in

Sequence Parameters section). In this way, we have complementary images such
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that, if one pixel lies in the pass-band segment in one bSSFP image, it lies in
the stop-band segments in the other bSSFP image. The boundaries between the
pass-band and stop-band segments are called "the band transition boundaries”.
A third image is generated by combining the pass-band segments extracted from
each of the bSSFP images. In other words, this ”collaged” image is formed by
making use of the banding artifact free segments of each of the two bSSFP images.
However, the phase of the collaged image still has contributions from the phase
error term explained in Equations 3.7 and 3.8. Phase error is calculated for any
pixel by Z(M) as given in Equation 3.8, using the Ty and AB, values of that
pixel. Calculated phase error is subtracted from the collaged image to obtain
Ty and ABy corrected phase images. If Ty map is not available, one can take
E; = 1 and make the phase correction accordingly, in which case the corrected
phase image is called ” Type-I corrected phase image”. If both Ty and ABg maps
are available, E, is assigned to its correct value for each pixel and the corrected

phase image is called " Type-II corrected phase image”.

3.2.1.2 Linearization for Off-Resonance Estimation - Gauss-Newton
Nonlinear Search (LORE-GN) Algorithm

Linearization for off-resonance estimation - Gauss-Newton nonlinear search
(LORE-GN) algorithm is first suggested by Bjork [28]. With the introduction of

independent and complex Gaussian distributed noise, v,,, Equation 3.5 becomes:

B B e ae—(Q+AQ)TR
S, =KM = KMe e = beos((2 £ A0, TR) + v, (3.9)
By introducing following variables:
So = KMye /T2,
0 = QTR,
(3.10)
Af, = AQ, TR,
0, =0+ A6,
pixel-wise signal model becomes:
S, = Sy TE/TR 1—ae™ + v, = gn(u) + v, (3.11)

1 — beos(6,,)
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where g,,(u) is pure data model of nth phase-cycle image. Unknowns from Equa-
tion 3.11 form u vector, which equals to u = [0, Re(Sy), Im(Sy), a, b]?. With the

introduction of following parameters:

1 = SoefTEITR.
8 = Spae®TE/TR=1)
¢ = be®.
Equation 3.11 becomes: ’
g, = A= fe (3.12)

1 — Re(Cei0n)
From now on, for the sake of simplicity, subscripts 7 and 7 stand for real and

imaginary parts respectively. If we do cross multiplication:
Sull = ¢rcos(A0,) + sin(AG,)] = n — Be A0 (3.13)

With the definition of y,, = [S,.,,S:.]", Equation 3.13 becomes:

M
i
R —cos(Af,) —sin(Ab,) Sy, cos(Ab,) —S,.,sin(Ab0,)| |Br
o1 sin(Af,)  —cos(Af,) Sincos(Ab,) —S;,sin(Ab,)]| |5

J/

Yn

A, CT

_C—i_
——~

X

(3.14)

Concatenating the measurements, y and A matrices are constructed as follows:

y:[Y1"'YN]T

(3.15)
A= (AT AL

After that, to obtain unknown vector, x, from y = Ax, least squares estimation

is used as follows:
x=(ATA) ATy (3.16)
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Then, using x vector, parameters from Equations 3.9 and 3.10 can be estimated

as:
0 =—2(8/n),
a=|6/4l,
b=|(|

Sy = ﬁe—z’éTE/TR

Although this formulation alone gives accurate estimation of the unknowns, it
is not the optimal solution in NLS sense. Therefore, after having initial estima-
tion, Gauss-Newton iterative method is used to obtain global optimum with high

probability. The NLS criterion is

L(w) =) |Sh = ga(w)? (3.17)

Defining r as:

Re(S R
_ [Re(®)] _ e<g<u>>] (318)
Im(S)]  |Im(g(u))
the update formula with the direction of change, p,, is:
Wyt = Uy, +cpyp = uy +c(J5J) 1T 1y (3.19)

where J; = J(u)|u—u, is Jacobian matrix at the point u; and initial u is taken as
ug = [0, Re(K My), Im(K M), Ty, T5] The step length, ¢, is chosen as 27, where

m is smallest non-negative integer that satisfies:
L(ugyr) < L(ug) — perf I (5 Te) 13 s (3.20)

In this equation, y is selected as 0.5 and stopping criterion is ||J}ry|| < 1075
After founding optimal u, estimated RF transceive phase can easily be obtained
via:

(3.21)

/(K) = tan™! (Im(KMo)>

RG(KM())
3.2.1.3 PLANET Method

There is no known full form for PLANET. Yet we can speculate that the name
"PLANET” is chosen due to the elliptical nature of this method which will be
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explained later. PLANET method is first suggested by Shcherbakova [29]. Similar

to Equation 3.5, complex signal .S,, can be expressed as:
1 —ae ¥ .
Sy, =Mg- —— - €% 3.22
1= bcosb,, ¢ ( )

where

Orot = 2m(0cs + Afo)TE + ©rp + Qeddy
M.s; = K'Me™T8/T2 (3.23)
0, = 6y + Ab,

K’ is the magnitude of the combined field (receive and transmit), ¢gp is the RF

transceive phase and ¢4, is phase error due to eddy current effects.

By concatenating the same pixel for each phase-cycled bSSFP image (S,,), a
set of pixels is obtained. Then, this set is fitted to an ellipse in a linear least

squares sense. Fitted ellipse can be described as:
F(z) = C2° + Comy + Cay® + Cuz + Csy + Cy (3.24)

where x and y are real and imaginary parts of the set of pixels, respectively. By
using the known values of z and y, C = [C}, Cy, Cs3,Cy, C5, Cg] can be found.
After that, ¢, can be obtained as (see Figure 3.4):
1 Cy
ot = — - tan | —=—— 3.25
By finding ¢,., rotation is removed and the center of the ellipse becomes located

on the x-axis. Then, conic equation can be written as:

(x —x.)? y?
T T

where (z., 0) is the center of the ellipse, A and B are the semi-axes of the ellipse.

=1 (3.26)

Parameters of Equation 3.26 (z., A, B) and parameters of Equation 3.22 (a, b,
M_.ss) are connedted by the following set of equations:

1—ab
la — 0]
A= ) (3.27)

a
b=Me =
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Figure 3.4: Ellipse formations before ¢, is removed (solid blue line) and after
(dotted red line) are shown.

By choosing a > b, or in other words o > cos™!(F}), we can obtain a, b and

M.y as follows:

b —z. A+ +/(x.A)? — (22 + B?)(A? — B?)

x2 + B?
o= B (3.28)
V1 — b2+ bB
z.(1 —0?)
Mest ===

To obtain RF transceive phase, first we need to find Afy. In Equation 3.22, 6,

can be expressed as:
0, = 60y + Ab, = 2rTRAfy + Ab, (3.29)
From ellipse formulation:

x = 1.+ Acost
(3.30)

y = Bsint

A
t =tan~* <§ tan 5)

Using Equations 3.22 and 3.30 together for each data point with n=0,1,...,N-1:

where

cost, — b
0, = ——— 31
€03 bcost, — 1 (3:31)
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By using cos 8,, = cos(8y + Ab,,) = cos by cos Af,, — sin Oy sin Af,, = K cos Ab,, +
K5 sin A, 6y can be found in a least squares sense:

K
0, = tan ™! ﬁ (3.32)

Combining Equation 3.23 and 3.29, one can find ¢gp, which is RF transceive

phase.

3.2.2 Experimental Methods
3.2.2.1 Sequence Parameters

Experiments were conducted on 3T Siemens Tim Trio MR scanner using a

quadrature body coil for both transmit and receive purposes.

For LORE-GN algorithm and PLANET method, 16 phase-cycled bSSFP im-

ages are obtained with the RF phase increment of m — ”i—%” where n = 0,1, ..., 15.
The scan parameters were: TE/TR = 2.29/4.58 ms, matrix size = 128x128x60,
flip angle (FA) = 40°, field of view (FoV) = 225 mm, slice thickness = 2 mm,

number of averages (NEX) = 1, duration for each scan = 35 seconds.

For first method (inserting By and Ty directly), two bSSFP images are ob-
tained. For first phantom experiment, scan parameters were: TE/TR = 4.98/9.96
ms, matrix size = 128x128x20, FA = 40°, FoV = 225 mm, slice thickness = 1.5
mm, NEX = 32, duration for each scan = 5 minutes 29 seconds. For second
phantom experiment, scan parameters were: TE/TR = 4.98/9.96 ms, matrix size
= 128x128x60, FA = 40°, FoV = 225 mm, slice thickness = 2 mm, NEX = 1,
duration for each scan = 76 seconds. For human experiment, scan parameters
were: TE/TR = 5/10 ms, matrix size = 128x128x60, FA = 40°, FoV = 225 mm,
slice thickness = 1.5 mm, NEX = 8, duration for each scan = 10 minutes and 18
seconds. For the first bSSFP sequence, the excitation frequency, f; is determined
by the MRI system itself. For the second bSSFP sequence, we have used an RF
frequency, fo, which is equal to f; + 50 Hz. Since TR is equal to 10 ms, the
frequency shift is chosen as (2TR) ™" = 50 Hz.
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By is obtained by using the double echo method which involves two gradient
echo images with different TEs [38]. The sequence parameters in the first phantom
experiment were: TE = 10 or 15 ms, TR = 3500 ms, matrix size = 128x128x20,
FA = 60°, FoV = 225 mm, slice thickness = 1.5 mm, NEX = 1, duration for each
scan = 7 minutes 33 seconds. The sequence parameters in the second phantom
experiment were: TE = 10 or 15 ms, TR = 3500 ms, matrix size = 128x128x60,
FA = 60°, FoV = 225 mm, slice thickness = 2 mm, NEX = 1, duration for each
scan = 7 minutes 33 seconds. For human experiment, scan parameters were: TE
= 10 or 15 ms, TR = 3500 ms, matrix size = 128x128x60, FA = 60°, FoV = 225
mm, slice thinkness = 1.5 mm, NEX = 8, duration for each scan is 7 minutes 33
seconds. Ty map is obtained via series of single echo spin-echo sequences with
different TEs by using the exponential T fitting method whose result is accepted
as the ground truth for many investigators [39,40]. For first phantom experiment,
scan parameters were: TE = 13, 30, 50, 75, 100, or 150 ms, TR = 6500 ms, matrix
size = 128x128x20, FoV = 225 mm, slice thickness = 1.5 mm, NEX = 1 mm,
duration for each scan = 14 minutes. For second phantom experiment, scan
parameters were: TE = 13, 30, 50, 75, or 100 ms, TR = 6500 ms, matrix size =
128x128x60, FoV = 225 mm, slice thickness = 2 mm, NEX = 1 mm, duration for
each scan = 14 minutes. For human experiment, scan parameters were: TE = 13,
40, 75 or 100 ms, TR = 6500 ms, matrix size = 128x128x60, FoV = 225 mm, slice
thickness = 1.5 mm, NEX = 1, duration for each scan = 14 minutes. Note that,
the gradient echo and the spin echo sequences that we have mentioned above are
all multi-slice sequences in which data are collected from all slices within one TR,
and therefore the total duration of such multi-slice scans is dependent on TR and
not dependent on the number of slices. Both of the By and Ty maps are obtained

by using the RF excitation frequency equal to f;.

3.2.2.2 Phantom Parameters

For first method, a cylindrical, z-independent experimental phantom with di-
ameter of 20 cm and height of 25 cm was constructed. For background region,
agar-salive gel (20 g/L agar, 2 g/L NaCl, 0.2 g/L. CuSO, was used), and for
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anomalies, longitudinal holes were drilled and filled with saline solution (6 g/L
NaCL, 0.2 g/L CuSQOy). The conductivity values for background and the anomaly
regions are expected to be 0.5 and 1 S/m respectively [20]. Anomaly regions have
diameters of 0.5, 1.5 and 2.5 cm.

For all methods, another cylindrical, z-independent experimental phantom
with diameter of 20 cm and height of 25 ¢m was constructed. For background
region, agar-salive gel (20 g/L agar, 2 g/L NaCl, 1.5 g/L. CuSO,4 was used), and
for anomalies, longitudinal holes were drilled and willed with saline solution (6
g/L NaCL, 1.5 g/L CuSOy,).

3.2.2.3 In Vivo Human Experiment

MRI scans were performed on a healthy male volunteer of age 25 after obtaining
written informed consent in line with the approval of the Institutional Review

Board of Bilkent University.

3.3 Results

3.3.1 Imserting By and T Information

For first phantom experiment, magnitude and phase of the phantom images
obtained by the two bSSFP sequences are shown in Figure 3.5. Figures 3.5a
and 3.5¢ correspond to the RF alternating bSSFP sequence applied by using the
RF frequency which is determined by the MRI system, f;. Figures 3.5b and
3.5d correspond to the RF alternating bSSFP sequence applied using the shifted
RF excitation frequency, fo = fi + 50 Hz. Banding artifacts in the magnitude
images, characterized by loss of signal, are shown by white arrows (Figures 3.5a
and 3.5b). It is observed that, as expected, banding artifacts lie in the iso-By lines
in both images (refer to the By map in Figure 3.6b). In the phase maps, as shown

in Figures 3.5¢ and 3.5d, a phase shift of 7 radians is observed in the banding
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Figure 3.5: For the phantom experiment, (a-b) magnitude and (c-d) phase
images obtained by the two bSSFP sequences. In all images banding artifacts are
shown by white arrows.

artifact region. This shift is not phase-wrapping, because it occurs along several
pixels as opposed to phase-wrapping which occurs in a single pixel transition by

an amount of 2.

Ty and By maps for the first phantom are shown in Figure 3.6. It is found that
Ty values are 70 ms and 850 ms, on the average, for the background and anomaly
regions respectively. By map demonstrates that there are deviations from central
frequency, from -70 Hz to 30 Hz, indicating the extent of By inhomogeneity. The
pass-band segments, which are determined by using the By map, are shown in
Figure 3.6c. Cyan region corresponds to pixels which are away from banding
regions in the first image and the yellow region corresponds to pixels which are
away from banding regions in the second image. Putting it differently, cyan

region corresponds to pixels which fall in the pass-band segment of the first bSSFP
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Figure 3.6: For the phantom experiment, (a) Ty map, (b) By map, and (c) the
pass-band segments which are determined based on the By map of the phantom.

experiment and yellow region corresponds to the pass-band segments of the second
bSSFP experiment.

The phase of the collaged image, Type-I corrected phase, and Type-II cor-
rected phase image for the first phantom experiment are shown in Figure 3.7a-c.
Note that, the phase jumps (for an amount of m) which are observed in the
collaged image are corrected in the Type-I corrected phase images as expected.
Moreover, phase errors due to finite Ty values (Fy < 1, non-constant plateau
effect) are also corrected for in the Type-II corrected phase image. In order to
appreciate the extent of the correction based on Ty values, Figure 3.7d shows
the difference of Type-II corrected phase image and Type-I corrected phase im-
age. The range of the difference image is about £ 0.06 radians (+ 3.5 degrees).
Phase differences between Type-I and Type-II corrections are largest near the
band transition boundaries and also discontinuous across them. In the error map
(Figure 3.7d), in the anomalies it is found that phase error is small and this is due
to the fact that they have large Ty values (Figure 3.6a). Although the phase er-
rors between Type-I and Type-II corrected images may be considered to be small
for many applications, it will be shown below that use of Type-II correction is

essential especially when conductivity reconstruction are considered.

Figure 3.7e displays the expected (theoretical) phase differences between Type-
I and Type-II corrections as a function of Ty and By, as calculated by using
Equations 3.6 and 3.8. A phase difference does not occur if ABy is 0 or a multiple
of 1/2TR (as also shown in Figure 3.3). It is also observed that phase difference

between Type-1 and Type-II corrections are largest near the boundaries between
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Figure 3.7: For the phantom experiment, (a) phase of the collaged image, (b)
phase of the Type-I corrected image, (c) phase of the Type-II corrected image,
(d) difference between Type-I and Type-II images, and (e) theoretical difference
between Type-I and Type-II corrected phases as a function of By and Ty. The
dotted line in (b) indicates the position of the profile plots shown in Figure 3.9.
The unit of phase in all images is radians.

pass-band and stop-band regions and also discontinuous across them. The reason
why the error is largest near the boundaries between pass-band and stop-band
regions is at these boundaries ABy corresponds to ﬁ + 375 where n is an
integer, and these are the off-resonance frequencies at which Ty has maximal
effect. Discontinuity of the error occurs because of the fact that Ty contribution
to phase error, ZM, changes sign across the boundary. With similar reasoning
discontinuity of the error in Figure 3.7d is due to the fact that pixels on either
sides of the phase transition boundary are taken from different bSSFP images and
therefore Ty contributions to phase error, Z(M), has opposite polarities across

the boundary.

For the first phantom experiment, conductivity maps that are obtained from
uncorrected (original) bSSFP phase images using the phase-based cr-MREPT
technique are shown in Figures 3.8a and 3.8b. Severe conductivity artifacts oc-
cur in the banding artifact regions in both figures even in regions where banding

artifact is not fully onset. When the Type-I corrected phase image is used for
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Figure 3.8: For the phantom experiment, (a) conductivity map obtained from the
phase image of the first bSSFP, (b) conductivity map obtained from the phase
image of the second bSSFP, (c) conductivity map obtained from Type-I corrected
image and (d) conductivity map obtained from Type-II corrected image. The
ring artifact shown in (¢) by an arrow is due to the phase ripple observed along
the band transition boundary as shown in Figure 3.9.

conductivity reconstruction, significant improvement in the conductivity image is
obtained as shown in Figure 3.8c. However, in this case, there is still distortion
in the conductivity reconstruction along the band transition boundaries (the ring
artifact shown in Figure 3.8c). Although phase errors in Type-I are small, they
still distort the conductivity image, since their effects are amplified by Laplacian
operation. Nonetheless, when the Type-II corrected phase image is used to re-
construct the conductivity, all artifacts are eliminated and a clean conductivity

map is obtained (Figure 3.8d).

Figure 3.9a and 3.9b represent the Type-I and Type-II corrected phase images

drawn as 3D surface plot in first phantom experiment. Small phase deviations
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Figure 3.10: For the human experiment, (a) magnitude and (b) phase images
of the first bSSFP sequence, (c) magnitude and (d) phase images of the second
bSSFEFP sequence. Banding artifacts are shown by white arrows.
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Figure 3.11: For the human experiment, (a) Ty map, (b) By map, (c) the images
of the pass-band segments which are determined based on By map, (d) collaged
magnitude, (e) phase of the Type-I corrected image, and (f) phase of the Type-II
corrected image. Small phase ripples at the band transition boundary are shown
by white arrows.

near the band transition boundaries, in Type-I corrected phase images, are visible
in Figure 3.9a and are shown by white arrows. Along the line which is depicted in
Figure 3.7b, profiles for phase (Figures 3.9¢ and 3.9d) and conductivity (Figures
3.9¢ and 3.9f) for both Type-I and Type-II corrections are shown. Both the
small phase deviations and the conductivity ripples corresponding to the band
transition boundaries are shown by black arrows (Figures 3.9¢ and 3.9¢). Clearly,
when Type-II corrected phase images are used, ripples in the conductivity errors

are significantly reduced.

Human experiment results are shown in Figures 3.10, 3.11, 3.12. Figure 3.10
demonstrates the magnitude and phase of both bSSFP runs for a middle axial
slice. Banding artifacts are shown by white arrows. Ty map, By map, pass-band
segments, for the same slice, are shown in Figures 3.11a-c. Collaged magnitude
is shown in Figure 3.11d. Type-I and Type-II corrected phase images are shown
in Figures 3.11e and 3.11f. While Type-I corrected phase image suffers from the
small deviations and jumps due to non-constant plateau effect (shown by white

arrows), those errors are eliminated in the Type-II corrected phase image. 3D
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Figure 3.12: For the human experiment, reconstructed conductivities for two dif-
ferent slices of the brain are shown. For the first slice, (a) Conductivity map
obtained from the first bSSFP phase image, (b) conductivity map obtained from
the second bSSFP phase image, (c) conductivity map obtained from Type-I cor-
rected phase image, (d) conductivity map obtained from Type-II corrected phase
image, and (e) collaged magnitude image. (f,g,h,i,j) are the corresponding im-
ages for the second slice. Although (a,b,f,g) suffer from banding artifact, (c,h)
suffer from non-constant plateau effect, (d,i) are free from such disturbances.

(
m)

version of phase-based cr-MREPT is used to obtain conductivity maps for 10
slices, and two different slices are shown in Figure 3.12. Due to banding artifact,
there are severe distortions on conductivity maps ontained from both bSSFP runs
(Figures 3.12a, 3.12b, 3.12f, and 3.12g), and the effect of the non-constant plateau
is seen in Figures 3.12c¢ and 3.12h, but conductivity images that are obtained from
Type-1I corrected phase (Figures 3.12d and 3.12i) do not include such distortions.
Collaged bSSFP magnitudes for the two slices are also shown (Figures 3.12e and

3.12j) for comparison with the reconstructed conductivity images.

3.3.2 Linearization for Off-Resonance Estimation - Gauss-
Newton Nonlinear Search (LORE-GN) Algorithm

For the second phantom, magnitude and phase of the phantom images obtained
by 16 phase-cycled bSSFP images are shown in Figures 3.13 and 3.14, respectively.
RF phase increments are selected as 180° — n - 22.5° where n = 0,1, ...,15. As
expected, towards the middle of the series of phase-cycled images (especially 9t

image), banding artifact becomes prominent as banding artifact manifests itself
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Figure 3.13: Magnitudes of the 16 phase-cycled bSSFP images

via magnitude dips and phase jumps with an amount of .

Figure 3.15 depicts reconstructed banding-free magnitude image, By map, RF
phase, Ty map which are obtained via LORE-GN algorithm using 16 phase-cycled
images. By distribution throughout the object is between [-25, 10] Hz while Ty
values are 180 and 43 ms for anomaly and background regions, respectively. It
can be seen that, banding areas in Figures 3.13 and 3.14 are located at iso-By
(Figure 3.15b) areas.

Since Equation 3.14 has 6 unknowns and each measurement brings two equa-
tions (one for real part, one for imaginary part of the steady state bSSFP complex
signal equation), LORE-GN algorithm needs at least 3 different phase-cycled im-
ages to reconstruct By, Ty, M.ss and RF phase. However, increasing the number
of phase-cycled images yields high SNR images. It is because of introducing new
equations to Equation 3.14 and this has a similar effect with averaging. The
effect of using different numbers of phase-cycled images to obtain conductivity
maps can be seen in Figure 3.16. Using only one phase-cycled image (without us-
ing LORE-GN algorithm) leads to noisy conductivity maps, while increasing the
number of used phase-cycled images and implementation of LORE-GN algorithm

produce conductivity maps with high SNR.
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Figure 3.14: Phases of the 16 phase-cycled bSSFP
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Figure 3.15: (a) Reconstructed magnitude image, (b) By map, (c) RF phase,
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Figure 3.16: Conductiviy maps obtained by using (a) first bSSFP phase-cycled
image (without using LORE-GN algorithm), (b) using 3 phase-cycled images
(corresponds to 4" 9" and 14" phase-cycled images in Figure 3.14), (c) using
8 phase-cycled images (corresponds to 1%, 374, 5th 7th gth 11th 13t and 15
phase-cycled images in Figure 3.14), (d) using 16 phase-cycled images
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Figure 3.17: With 16 data points, ellipse fitting is shown. (a) Before tilting and
(b) after tilting

3.3.3 PLANET Method

Similar with LORE-GN algorithm, PLANET method uses 16 different phase-
cycled bSSFP images with RF phase increments of 180° — n - 22.5° where n =
0,1,...,15. After that, for each pixel, 16 points (one point for each phase-cycle)
are fitted into an ellipse. This fitting is shown in Figure 3.17a. After fitting, @,
is eliminated and tilted ellipse is obtained (Figure 3.17b). Note that, right side
of the ellipse has more points than the left side. This is because pixels on the
right side lies within the pass-band region where phase changes almost linearly
and slowly, while pixels on the left side lies within the stop-band region where

phase changes drastically with RF phase increments.

Figure 3.18 depicts reconstructed banding-free magnitude image, By map, RF
phase, and Ty map which are obtained by PLANET method using 16 phase-
cycled images for the second phantom. By distribution through image is between
[-25, 10] Hz while Ty values are 190 and 50 ms for anomaly and background
regions, respectively. It can be seen that, banding areas in Figures 3.13 and 3.14

are located at iso-By (Figure 3.18b) areas.

Figure 3.19 shows two sets of 16 phase-cycled images which are acquired suc-

cessively (blue points are obtained first, red ones are obtained afterwards). As
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Figure 3.18: (a) Reconstructed magnitude image, (b) By map, (c) RF phase,
(d) Ty map obtained by using PLANET method
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Figure 3.19: (a) First set of 16 phase-cycled bSSFP image (b) First and second
sets of 16 phase-cycled bSSFP image are shown

seen, although points that are located on the right side of the ellipse are matched,
there are huge variations on the points on left side of the ellipse. The reason of
this is that points which are located on the left side of the ellipse are close to the
banding artifact and when banding artifact occurs, complex image values become
very sensitive to the By changes (see Figure 3.2). Therefore, in case of any By
disturbances throughout the scanning, like By drift, points on the left side of the
ellipse are distorted drastically, while points on the right side of the ellipse remain
almost same. On the other hand, if By change is low, fitted ellipses of two different

acquisitions would be same with the exception of relatively small e ~*27AfTE

phase
term. Therefore, the structure of the ellipse will not be distorted, yet points will
be shifted on the ellipse. With the effect of this, Ty, Ty, and M,s; images do not
deteriorate significantly, since they only depend on the properties of the ellipse
(semi-axes and center). However, Afy and RF phase acquisitions are distorted,

since they also depend on the each of 16 points seperately.

To obtain 8y by using Equation 3.32, normally one should use entire 16 points
of phase-cycled bSSFP image set and solve Equation 3.32 in a least squares sense.
Yet, since points on left side of the ellipse are not accurate, we can simply ignore
them and use only the points that are located on the right side of the ellipse.
Figure 3.20 consists of conductivity maps that are obtained by using all of the 16
phase-cycled bSSFP images (Figure 3.20b) and by using only 8 points that are
located on the right side of the ellipse (Figure 3.20a). Although Figure 3.20b is

41



Conductivity Map (8 Points) Conductivity Map (16 Points)

0.1 0.1

0.0

@

0.05

y(m)
y(m)

-0.0!

o

-0.05

-0.1

-0.1

.
-0.1 -0.05 0 0.05 0.1 -0.1

-0.05 0 0.05 0.1
x(m)

x(m)

Figure 3.20: Conductivity images are shown which is obtained (a) by using 8
points on the right side of the ellipse and (b) by using all of the 16 points
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Figure 3.21: Conductivity maps obtained by (a) inserting By and Ty information,
(b) using LORE-GN algorithm, and (c) using PLANET method.

distorted by points on the left side of the ellipse, Figure 3.20a does not have such

distortions and it depicts conductivity map clearly.

Conductivity maps obtained from all aforementioned bSSFP phase correction
methods for the second phantom is shown in Figure 3.21. By visual inspection,

LORE-GN algorithm can be regarded as the best correction method for bSSFP
phase images.

3.4 Discussion and Conclusions

It has been argued that bSSFP is the most favourable phase measuring method

for MREPT because of its speed, motion insensitivity, automatic eddy current
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compensation and high SNR [19,25]. However, bSSFP phase is susceptible to off-
resonance and T effects; and it is vulnerable especially in certain regions where
banding artifact occurs. In this chapter, this issue is addressed and three different
correction methods for obtaining correct RF phase throughout the object are
analyzed. It has also been shown that, those correction methods provide phase

distributions which have sufficient quality for obtanining conductivity images.

For the first method (inserting By and Ty information), acquisition time is
high, due to the selection of reliable but lenghty By and Ty mapping methods.
Though methods that use phase-cycled bSSFP imaging decrease acquisiton time
significantly, one needs to investigate the usage of them thoroughly. For example,
PLANET method suffers from By drift and also propagation of error. The reason
of the latter is to obtain RF transceive phase, one needs to estimate T4, Ty and
M.y; first, then estimate By and RF phase. In each step, error causes more
disturbed RF transceive phase images, and that leads to erroneous conductivity
maps. Therefore, it is found that using LORE-GN algorithm is favourable, since it
requires only 3 phase-cycled bSSFP images (in comparison to PLANET method,
that requires 6 phase-cycled bSSFP images), and it finds RF phase in a single
step.
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Chapter 4

B, Magnitude Imaging Methods
and their use in MREPT

4.1 Theory of By Magnitude Mapping Methods

4.1.1 Double Angle (DA) Method

Double angle method is first suggested by Stollberger [30]. The signal intensity,

I, of a spin-echo sequence at an arbitrary pixel can be described as:
I =kpS sin(a) sin” (g) Ri(a, B, TR, TE, T,)e T&/T2 (4.1)

where TE and TR represent echo time and repetition time, « is excitation angle,
B is refocussing angle, p is spin density, k is system constant, S is coil sensitivity
and Ri(a, B, TR, TE, T)e ™™ corresponds to longitudinal relaxation. If we
use two different flip-angles, a; and s, ratio of corresponding signal intensities,
I, /15 can be written as:
L sin(ar) Ri(an, B, TR, TE, Ty)e T8/
I, sin(ag) Ry(ag, 8, TR, TE, Ty)e TE/T

By using repetition time as TR > 5T 4z, the longitudinal relaxation terms will

(4.2)

be equal to each other and the ratio depends only on the flip-angles, a; and as
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respectively. If as is selected as as = 2a1, a; can be found as:

I
oy = cos ! (2—]21> (4.3)

4.1.2 Actual Flip-Angle Imaging (AFI) Method

Actual flip-angle imaging method is first suggested by Yarnykh [31]. In this
method, two identical RF pulses are used with different TRs (Figure 4.1). After
each RF pulse, signal is acquired by using gradient-echo scheme. With assump-
tions of both TRs are less than T; and spoiling is ideally done, in steady state,
longitudinal magnetization before each excitation can be written as:
1 — Ey+ (1 — Ey)Es cos(a)

1 — E1Es cos?(a)
1 —Ey + (1 — E3)E; cos(a)
1 — EyE5 cos(a)

le - MO
(4.4)
M22 - MO

where E;, = e T812/Tt and M, is the equilibrium magnetization. With the

addition of Ty and excitation effects, observed signals become:
Sio = ]\/fz1,2€_TE/T2 sin(«) (4.5)

and their ratio is:

1 —FE) + (1 — Ey)E; cos(a)

r="%/%= 1—Ey+ (1 — Ey)E; cos(a)

(4.6)

By using first order Taylor series expansion (e”* = 1 — x) and short TR; and

TR, values, this ratio can be approximated as:

_ L+ncos(a)

~ 4.7
n + cos(a) (47)
where n = TRy /TR;. Then, a can be found as:
—1
o~ cos 2 (4.8)
n—r
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Figure 4.1: Pulse sequence diagram of the AFI

4.1.3 Bloch-Siegert Shift based Method

Bloch-Siegert shift based method is first suggested by Sacolick [32]. In this
method, unlike previous methods, By information is encoded into signal phase,
rather than its magnitude. In order to obtain B; information, after the excitation
pulse, an RF pulse with off-frequency is applied in order to cause Bloch-Siegert
shift (Figure 4.2). The frequency difference between resonance frequency and

second RF pulse is wrp. Effective RF pulse becomes:

B = w4 B (4.9)

By using such an RF pulse, Bloch-Siegert shift, wpgs emerges. When wgpr >>
~vBj, this shift is along approximately with the main magnetic field. Under the

assumption of wrr >> vB;, pythagorean equation becomes (Figure 4.3):

(’YBl)Q (4.10)

QWRF

WRSs ~

Including off-resonance effect to Equation 4.10, wgg becomes:

wps = & (4.11)

2(wrr + wpo)

By using second order Taylor expansion with the assupmtion of wgy << wgp:

(vB1)? (7B1)*  (9Ba(t))*wno 5
= ~ — + Ow 4.12
WBS 2(WRF +wBo) Yonp QW%%F ( BO) ( )

After that, phase shift caused by Bloch-Siegert shift can be found as:
T T B t 2 T B t 2
bps = / wesdt = / (;Jdt - / wdt FOWy,)  (4.13)
0 o 2wrr(t) 0 WrEF
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Figure 4.3: RF pulse of Bloch-Siegert shift based method in the rotating frame

There is a By dependency of the second term. This term can be eliminated by
using two scans with symmetric off-resonance pulses as +wgpr. Taking the phase

difference will cancel the second term and thus ¢pg will be independent of By:

¢Bs = /OT —(WBl(t))th = B?

2wRF<t) 1,peak 0

T 2
('}/Bl normalized) 2
: =B - K 4.14
/ 2WRF (t) 1,peak BS ( )

Bl,peak =/ ZL; (415)

Kpg is constant and related to the RF pulse shape, By peqr is the peak magnitude
of the Bl-

Therefore,
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4.2 SNR Calculations of B; Magnitude Map-
ping Methods

These SNR calculations are made by Omer Faruk Oran. These calculations
can also be found in progress reports of the TUBITAK project (114E522).

4.2.1 Double Angle Method

In this method, we obtain two different image, S; and S5 by using different
flip angles, oy and 2a.. PDF of their ratios (r = S;/S2) can be written as [41]:

_SitS) (=SS rSi+ S,
fR(T)_U 27T(r2_|_1)3/2 p< 202(r2+1)/5’§) f<0 /2(7’2—1—1))

N 1 . S?+ 53
— X _———
7(r2 4+ 1) P 202

With the assumption of both SNR; = S;/0 and SNRy = S5 /0 is greater than 3,
Equation 4.16 can be simplified as:

(rSy +S2) (r — S1/55)>2
oV 2m(r? + 1)3/26Xp( - 202(r2 + 1)/522) (4.17)

(4.16)

fr(r) =

By using a = g(r) = cos™(1/2r), PDF of the flip angle can be found as:
_ frlg7 (@)  sina
fA(a) - |dg(g*1(a))| - 2 cos2 afR(l/Q CO8 O[)

@ (4.18)
sina 4 cos? a(S) + 2 cos aSs) ( (Sy — 2(3080581)2)

T 2cos? o o2 (1 + 4 cos? a)3/2 B 202(1 + 4 cos? a)

The term that causes rapid changes in PDF is the nominator in the exponential
term, (So — 2cosaS;)?/20% When we have high SNR; and SNRjy, we can use
second order Taylor expansion around expected flip angle, oy, as cos a & cos ag —
sin ag(a — ). After this, PDF of the flip angle becomes:

falo) = ! eXp<—M> (4.19)

o\ 2T 20*

where

. 0y/1+4cos?(ag) 1 1 + 4 cos?(ap) (4.20)

S12sin(ayp) T SNR, 2sin(ay)
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Since SNR; = SNRggsin(«yp), where SNRgq is the SNR value when flip angle is

picked as 90°, standard deviation becomes:

.  V1+4cos?ag

7= SNRQO QSiIl2 (7))

(4.21)

Since SNR = mean(a).

g
ap2sin?

V1 +4cos? ag

This formulation holds only if TR is at least 5T;. This limitation led to longer ac-

SNR = SNRgo (4.22)

quisition time in comparison to the faster techniques like actual flip-angle imaging
method or Bloch-Siegert shift based method.

4.2.2 Actual Flip-Angle Imaging Method

Flip angle of the AFT is described as:

a = g(r) = cos™! (m - 1) (4.23)

n—r

Similar to Equation 4.18, PDF of the flip angle can be written as:

fa(@) frR(g7H@)) (n?*=1)sina , [(1+ncosa
o) = =
A |W| (n + cos a)? n+ cosa (4.24)
(n? —1)sina 1 (% — 51/8,)° '
= exp| —
(n+ cosa)? o//2r P 20"
Again, when similar procedure with Equation 4.19 is followed:
1 (o — ay)?
R - 4.25
A (4.25)
where
o (n+cosag)yro+1lo 1 (n+cosag)yro+1 (4.26)
~ (n—rg)sinag  S;  SNRy (n—rg)sinag '
Since SNRy = SNRy sin al_Eit%l_é 1C)£ZC°SO‘, Equation 4.26 becomes:
. 1 (1 — E1Fycos® ap)(n + cosap)y/r3 + 1 (4.27)
of = .
SNRQO (1 — EQ + (1 — El)EQ COS Oéo)(n - 7’0) SinZ(Oéo)
Therefore,
1—-Ey+(1—-E)E — 1p) sin’
SNR = SNRy, o 2+ ( 1)Es cos a)(n — ) sin® ag (4.28)

(1 — E1Fycos? ap)(n + cosap)y/r2 + 1
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4.2.3 Bloch-Siegert Shift based Method

With the definitions of Bge“’“ and @pg as expected Byeqr and ppg, 0 grear can
0

be found by using propagation of uncertainty as follows:

Of(vBs) 1

O ppeak = ————0 = —— 0 4.29
BY a‘PBS ¥BS 9 m ¥BS ( )
Since Bloch-Siegert shift based method uses gradient echo-based imaging, which

utilizes low TR, complex image amplitude at an arbitrary pixel becomes:

Mo(l — El) sin « _TE
S — /T2 4.30
1—F; —cosa c ( )

Therefore,
B (1—Ey)sina
SNR,,s = SNRyg 1 E,cosa (4.31)
Therefore, SNR becomes:
QKBSBgeakQ(l — FEy)sina

1— Ejcosa

4.3 Experimental Methods

4.3.1 Phantom Preparation

For SNR calculation of By maps, cylindrical uniform phantom is used. For
standard MREPT and cr-MREPT methods, a cylindrical z-independent experi-
mental phantom with diameter of 20 cm and height of 17 ¢cm was constructed.
For background region, agar-saline gel (20 g/L agar, 2 g/L NaCL, 1.5 g/L CuSQOy,)
was used, and for anomalies, longitudinal holes were drilled and filled with saline
solution (6 g/L NaCL, 1.5 g/L. CuSO,). The conductivity values for background
and the anomaly regions are expected to be 0.5 and 1 S/m respectively [20].

Anomaly regions have diameters of 0.5, 1.5, and 2.5 cm.
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4.3.2 Selection of Parameters

To compare different B; mapping techniques, we need to decide different pa-

rameters like ag, TR, Kpg... etc.

e Since double angle method does not work around 90° flip angle (2ac becomes
180°, therefore second signal vanishes) and actual flip-angle imaging method
only works when flip angle is lower than 90° [31], « is chosen as 60° to be

on the safe side.

e 1 parameter in AFT is selected as 5 and TR, /TR, is selected as 30/150 ms
as in Yarnkh 2006 [31].

e In line with the previous work [32], TR is picked as 100 ms, By is selected
as 9 uT, Kpg is selected as 5920 rad/(mT)? (this corresponds to Fermi pulse

with length of 6 ms and off-resonance frequency of 1 kHz).

4.3.3 SNR Calculation of By Magnitude Maps

Assume that, two MR images are obtained identically. Then, for each pixel

Il =5 + ny
(4.33)
IQ == S —+ o
where I; and [, are obtained image pixels, S is noiseless image pixels and n; and

ny are independent Gaussian white noises with zero mean and same standard

deviation, 0. When subtraction is used:

[1 - [2 = N1 — N2 (434)

Since noises are independent and zero mean: o2 _, = o2 40 = 20°. Therefore,
or,—

oy =L (4.35)

V2
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4.3.4 Sequence Parameters

For calculating SNR of B; via double angle method, two gradient echo images
with different flip angles are obtained. The sequence parameters in the phantom
experiment were: TE/TR = 10/3500 ms, FoV (field of view) = 200 mm, FA (flip
angle) = 60° or 120°, slice thickness = 2 mm, number of slices = 1, duration
for each average = 14 minutes 57 seconds, number of averages (NEX) = 4. For
actual-flip angle imaging method, scan parameters were selected as: TR; /TRy =
30/150 ms, n = 5, FoV = 200 mm, FA = 60°, slice thickness = 2 mm, number of
slices = 1, duration for each average = 23 seconds, NEX = 156. For Bloch-Siegert
shift based method, scan parameters were selected as: TR = 100 ms, TE = 10
ms, FoV = 200 mm, FA = 60°, slice thickness = 2 mm, number of slices = 1,

duration for each average = 26 seconds, NEX = 140.

For calculating SNR of B; via double angle method, two gradient echo images
with different flip angles are obtained. The sequence parameters in the phantom
experiment were: TE/TR = 10/3500 ms, FoV (field of view) = 225 mm, FA (flip
angle) = 60° or 120°, slice thickness = 2 mm, number of slices = 1, duration for
each average = 14 minutes 57 seconds, NEX = 4. For actual-flip angle imaging
method, scan parameters were selected as: TR;/TR; = 30/150 ms, n = 5, FoV
= 225 mm, FA = 60°, slice thickness = 2 mm, number of slices = 1, duration for
each average = 23 seconds, NEX = 156. For Bloch-Siegert shift based method,
scan parameters were selected as: TR = 100 ms, TE = 10 ms, FoV = 225 mm,
FA = 60°, slice thickness = 2 mm, number of slices = 1, duration for each average
= 26 seconds, NEX = 140. For phase of By, 2D bSSFP sequence is used. Scans
parameters were: TE/TR = 2.28/4.56 ms, FoV = 225 mm, FA = 40°, slice
thickness = 2 mm, number of slices = 1, NEX = 20.
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4.4 Results

For the uniform phantom experiment, B; maps, which are obtained by using
double angle (DA) method, actual flip-angle imaging (AFI) method and Bloch-
Siegert shift (BSS) based method, are shown in Figures 4.4, 4.5, and 4.6. Number
of averages are picked as 4, 140, and 156 for double angle method, Bloch-Siegert
shift based method and actual flip-angle imaging method, respectively, to obtain
similar scanning time (approximately 1 hour). For each figure, 2D and 3D surface
plots of B; maps taken with one average (single acquisition) and one hour scan
are shown. Although one average yields noisy B; maps in actual flip-angle imag-
ing and Bloch-Siegert shift based methods (Figures 4.5a,c and 4.6a,c) compared
to double angle method (Figures 4.4a,c), by using averaging, actual flip-angle
imaging and Bloch-Siegert shift based methods (Figures 4.5b,d and 4.6b,d) be-
comes preferable over double angle method (Figures 4.4b,d), due to their high
SNR values.

Theoretical and experimental SNR values for selected parameters with respect
to time are shown in Figure 4.7. It is clear that, experimental SNR results are
consistent with the theoretical ones. According to Figure 4.7, Bloch-Siegert shift
based method seems to be the best candidate to obtain B; maps, while actual
flip-angle imaging method yields better B; maps than double angle method. To
achieve the same SNR values with widely-used double angle method, averaging
must be done for actual flip-angle imaging method and Bloch-Siegert shift based
method. When acquisition times are selected equal for all, both Bloch-Siegert
shift based method and actual flip-angle imaging method exceed double angle
method by having SNR at least twice. From a different point of view, to achieve
the same SNR, Bloch-Siegert shift based method requires less acquisition time in
comparison to other mentioned methods (theoretically, one-tenth with compari-
son to double angle method and half with comparison to actual flip-angle imaging
method).

For standard MREPT and cr-MREPT methods, the second phantom with

anomalies is used. bSSFP magnitude and phase images are shown in Figure 4.8.
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Figure 4.4: Experimental By maps are taken by using double angle method. (a)
B; map without any averaging, (b) B; map with 4 averages, (c,d) are the same
as (a,b) and they are drawn as 3D surface plot.
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Figure 4.5: Experimental B; maps are taken by using actual flip-angle imaging
method. (a) B; map without any averaging, (b) B; map with 156 averages,
(c,d) are the same as (a,b) and they are drawn as 3D surface plot.
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Figure 4.6: Experimental B; maps are taken by using Bloch-Siegert shift based
method. (a) B; map without any averaging, (b) B; map with 140 averages,
(c,d) are the same as (a,b) and they are drawn as 3D surface plot.
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Figure 4.7: (a) Theoretical and (b) experimental comparison of SNR for double
angle method (black line), actual flip-angle imaging method (red line) and Bloch-
Siegert shift based method (blue line)

o6



Magnitude of bSSFP x10° Phase of bSSFP

]
0.1 3 0.1
25 05
-0.05 -0.05
| 2 0
E ol E o
- | 15 > .05
‘\ 1
L
0.05 . 0.05 e
0.5
01 d. 0.1 b 15
01  -0.05 0 005 0.1 01  -0.05 0 005 0.1
x(m) x(m)

Figure 4.8: For the second phantom experiment, (a) magnitude and (b) phase
of the bSSFP image are shown

Location of the anomalies can be seen in magnitude of the bSSFP image (Figure
4.8a) clearly. B; magnitude maps of this phantom is shown in Figure 4.9 for each
method. Similar to the previous experiment, increasing the number of averages
results less noisy B; magnitude maps as expected. Conductivity maps, which are
obtained via standard MREPT method by using B; phase and magnitude, are
shown in Figure 4.10 for each method. It can be noted that, although averaging
increases SNR of the B; magnitude maps, it has a minimal effect on conductivity
maps. Conductivity maps, which are obtained via cr-MREPT method by using
B; phase and magnitude, are shown in Figure 4.11 for each method. It is clearly
seen that averaging has beneficial effects on conductivity maps that are taken via
cr-MREPT method. Also, visually, it can be seen that Bloch-Siegert shift based
method is advantageous over actual flip-angle imaging method and double angle
method.

4.5 Discussion and Conclusions

For SNR-wise, it is shown that, Bloch-Siegert shift based method yields high-
SNR B; magnitude maps in comparison to actual flip-angle imaging method and

double angle method. However, in this thesis, experiments are done for only
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Figure 4.9: For phantom with anomalies experiment, B; maps which are obtained
by using (a,b) double angle method, (c,d) actual flip-angle imaging method,
(e,f) Bloch-Siegert shift based method with different number of averages are

shown.
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Figure 4.11: For phantom with anomalies experiment, conductivity maps which
are obtained via cr-MREPT method by using (a,b) double angle method, (c,d)
actual flip-angle imaging method, (e,f) Bloch-Siegert shift based method with
different number of averages are shown.
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one slice. With additional slice acquisitions, while scanning times for actual flip-
angle imaging and Bloch-Siegert shift based methods increase linearly, scanning
time for double angle method does not change. This is because gradient echo
sequence, that is utilized in double angle method, uses multi-slice acquisition,
and that allows the user to obtain more than one slice in one TR. Therefore, the

choice of By magnitude mapping method must be performed carefully.

Although taking averages and using better B; magnitude mapping techniques
increase SNR, they do not affect conductivity maps, which are taken by using
standard MREPT method, substantially. This is because, as known in literature,
while permittivity is heavily based on B; magnitude, conductivity highly depends
on B phase [42]. However, for c-MREPT method, it is clear that averaging is

an important factor for obtaining accurate conductivity images.
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Chapter 5

Conclusions

MREPT is considered as a potential diagnostic tool, because it provides the
contrast between healthy and malignant tissues. It is also easy to implement,
since MREPT does not require any additional hardware other than standard
MRI system. To obtain electrical properties using MREPT, one needs both B,
phase and magnitude. In this thesis, different approaches for acquisition of By

phase and magnitude is discussed.

bSSFP sequence is widely used to obtain B; phase, thanks to its numerous
advantages, namely high SNR, high speed, motion insensitivity and automatic
eddy current compensation. On the other hand, bSSFP suffers greatly from By
inhomogeneity and concomitant banding artifact. This problem prevents us to
acquire accurate conductivity maps. In order to solve this issue, three different
methods are implemented, namely inserting By and Ty information, lineariza-
tion for off-resonance estimation - Gauss-Newton nonlinear search (LORE-GN)
algorithm and PLANET method.

Inserting By and Ty information to the steady state bSSFP signal equation
requires one By map, one Ty map and two bSSFP images with an excitation
frequency difference. By using By and Ty values of each pixel, bSSFP phase is

corrected and undistorted B; phase images are obtained. However, this method
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requires By and Ty maps of the imaged object. When reliable and widely ac-
cepted By and Ty mapping methods are used, acquisiton time becomes high. For
example, for phantom experiments, By and Ty mapping takes 15 minutes and
45 minutes, respectively. Since especially Ty mapping requires long acquisition
time, fast Ty acquisition methods can be implemented to shorten the scanning
time. For instance, multi-spin-echo sequence with the compensation technique
for interfering stimulated echoes can be used [39]. Another fast Ty mapping
method, utilizing one single scan based on triple echo steady-state (TESS) se-
quence makes use of modelling the relation between the echoes and an iterative
numerical solution for obtaining the Ty map [40]. Motion insensitive rapid con-
figuration relaxometry (MIRACLE) is similar to TESS and merges TESS with a
balanced acquisition scheme [43]. All these methods can be used to decrease Ty
mapping to 5-10 minutes. However, they need to be carefully optimized for SNR
and artifacts so that they are acceptable for MREPT. In addition to this, it can
be argued that, correcting phase information is possible even with one bSSFP
image with the help of Ty and By map using Equations 3.6 and 3.7. However,
there is a fundamental drawback of Equations 3.6 and 3.7 for for values close to
the banding regions. In those regions, for dependence of phase is very steep and
therefore even a small error in the measured fpr value would result in an overly
erroneous phase value. To avoid these ill-conditioned regions of the magnetiza-
tion versus off-resonance graphs, we have chosen to utilize two bSSFP runs and

use the pass-band regions of either of them.

Although methods that are based on phase-cycled imaging offers huge advan-
tages in acquisition time, one needs to use these methods carefully. For example,
PLANET method uses elliptical signal model by using different phase-cycled im-
ages. By fitting pixel-wise complex valued points that are obtained from different
phase-cycled images to an ellipse, B; phase can be obtained. However, PLANET
method is susceptible to By changes, like By drift. During scanning, changes in
By, for the points especially near the banding artifacts, distort the points that will
be fitted on ellipse. Although, the shape of the ellipse will not change drastically,
location of the points will be shifted on the ellipse. This phenomenon causes

inaccurate B; phase images. Another problem related to PLANET method is
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propagation of error. In PLANET method, B; phase is obtained in two steps.
In the first step, Ty map, Ty map and banding-free magnitude images are found.
Afterwards, By map is acquired and it is used to obtain B; phase images. Note
that B; phase can be obtained only through By map. However, due to the error
accumulation through each step, By phases can be incorrect. Therefore, LORE-
GN algorithm is considered advantageous over PLANET method, since it does
not have such causes of distortion and takes less acquisition time (needs 3 phase-
cycled bSSFP images, while PLANET method needs 6).

In order to obtain B; magnitude maps, double angle method, actual flip-angle
imaging method, and Bloch-Siegert shift based method is used. According to
theoretical SNR calculations and experimental SNR results, Bloch-Siegert shift
based method is preferable over actual-flip angle imaging method and double
angle method for single slice By magnitude mapping. However, with acquisition
of more than one slice, while total acquisition time of double angle method does
not change, acquisition times of actual flip-angle imaging method and Bloch-
Siegert shift based method change linearly with the number of slices. This is
because double angle method utilizes gradient echo sequence which uses multi-
slice acquisition (obtaining more than one slice in a single TR). Therefore, the
most suitable B; magnitude mapping method should be determined based on

theoretical SNR calculations and the number of slices.

It is shown that, for standard MREPT method, the choice of B; magnitude
mapping method is not that important. This situation is consistent with the
literature, since it is known that conductivity is mostly dependent on B; phase,
while permittivity heavily depends on B; magnitude [42]. However, obtained
results indicate that, for cc-MREPT method, B; magnitude maps with high SNR

are required.
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