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ABSTRACT

Preclinical magnetic resonance (MR) imaging in small animals is a very popular
procedure that requires a higher sensitivity, given the small size of the subjects. A higher
sensitivity can be reached when an MR imaging system with a high magnetic field is used
(e.g., 4.7 T or higher). The benefits of such sensitivity include, for example, a higher
resolution, an improved signal-to-noise ratio (SNR), an increased chemical shift, and a longer
T, longitudinal relaxation time. On the other hand, a high field causes stronger static magnetic
field deformation along the borders between tissues with different susceptibilities, and it also
results in the shortening of the T, transversal relaxation.

Adipose tissue is significantly contained in the human (or mammal) body and is
primarily used to store energy in the form of fat. This tissue can be classified into white and
brown subsets. Brown adipose tissue is found mainly in new-born children, and a certain (yet
very small) amount of such tissue can be traced also in adults. White adipose tissue then
ensures the storage of fat as a source of energy. Furthermore, white adipose tissue produces
adipokines, hormones, and many other substances important for metabolism. Generally, fat
can be regarded as a biomarker in the case of specific diseases (obesity, steatosis — fatty liver
disease, and others). Thus, the quantification of fat is a precondition for correct diagnosis. MR
imaging comprises a special group of methods for water-fat separation; these methods are
referred to as Dixon methods and utilize the principle of chemical shift.

In this thesis, a new T, —weighted sequence for Dixon acquisition is introduced
(Chapter 5.3). The proposed sequence is a very time-effective three-point (3PD) method. The
newly proposed sequence of fast triple spin echo Dixon (FTSED) is derived from the original
fast spin echo sequence (FSE). Such modification of the original FSE sequence leads to a
novel FTSED sequence, where three images are acquired simultaneously without any increase
of the total acquisition time. The discussed sequence was successfully implemented ona 9.4 T
MR imaging system at the Institute of Scientific Instruments, ASCR Brno. The acquired data
were calculated through the use of the IDEAL (iterative decomposition of water and fat with
echo asymmetry and least-squares estimation) algorithm. The results of the computation are
water and fat images, and the fat fraction (FF) can be calculated from these. The sequence
was successfully tested in a rat. The successful FTSED implementation on a 9.4 T MR
imaging system enables this method to be used in low-field MR imaging systems.

KEYWORDS

Magnetic resonance imaging; the Dixon method; fast triple spin echo Dixon; FTSED; high
field; preclinical research; iterative decomposition.



ABSTRAKT

Preklinické magneticko-rezonan¢ni (MR) zobrazovani na malych zvitatech je velmi
aktualni a vyzaduje, vzhledem K rozmérim téchto zvitat, vyssi citlivost. Vyssi citlivosti 1ze
dosdhnout pouzitim MR systému s vysokym zakladnim magnetickym polem (napt. 4,7 T a
Sum, vétsi chemicky posuv, prodlouzeni longitudinalni relaxace (T1), atd. Na druhou stranu
vys$$i magnetické pole znamena vétsi deformace zakladniho magnetického pole na rozhranich
tkani s rozdilnou susceptibilitou a zkraceni transverzalni relaxace (T2).

Tukova tkan je vyznamné zastoupena v lidském téle a primarné slouzici pro
uchovavani energie ve form¢ tukt. Tukovou tkan Ize rozdélit na hnédou a bilou tukovou tkan.
Hnéda tukova tkan se vyskytuje hlavné u novorozencl, ale mize byt ve velmi malém
mnozstvi také u dospélych jedinci. Bila tukova tkan je urena pro ukladani tukd, které slouzi
jako zdroj energie. Kromé toho bild tukova tkan produkuje adipokiny, hormony a mnoho
dalsich latek dilezitych pro na§ metabolizmus. Tuk Ize obecné povazovat jako biomarker pti
urcitych nemocech (obezita, steatdza jater, a dalsi). Z tohoto divodu je kvantifikace tuku
velmi duleZitd pro spravnou diagnézu. V MR zobrazovani je specialni skupina metod pro
separaci vody a tuku. Tyto metody se nazyvaji Dixonovy metody a jejich princip je zalozen
na chemickém posuvu.

V této praci je popsana novd T,-vahovana sekvence pro Dixonovu akvizici
(Kapitola 5.3). Navrzena sekvence je z hlediska akvizi¢ni doby velmi efektivni a fadi se mezi
tfibodové Dixonovy (3PD) techniky. Nové navrzend sekvence fast triple spin echo Dixon
(FTSED) vychazi z ptivodni sekvence rychlého spinového echa (FSE). Modifikaci ptivodni
sekvence FSE vedla ke vzniku nové sekvence FTSED, ktera umoznuje ziskat tii obrazy
béhem jediné akvizice, bez toho aniz bychom prodlouzili celkovou dobu méfeni. Sekvence
byla Gsp&$né implementovana na 9,4 T MRI systém na Ustavu piistrojové techniky v Brné.
Ziskana data byla pak zpracovana iterativné pomoci algoritmu IDEAL (iterative
decomposition of water and fat with echo asymmetry and least-squares estimation).
Vysledkem jsou separatni obrazy vody a tukt, z kterych lze vypocitat mapy frakce tuku (FF-
mapy). Sekvence byla ovéfena na fantomech a poté byla odzkousena potkanovi. Uspésna
implementace této metody na 9,4 T MRI systému znamena, Ze miiZze byt pouzita také na MR
zobrazovacich systémech s niz§imi magnetickymi poli.

KLICOVA SLOVA

Zobrazovani magnetickou rezonanci; Dixonova metoda; fast triple spin echo Dixon; FTSED;
vysoké pole; preklinicky vyzkum; iterativni dekompozice.
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Introduction

Magnetic resonance imaging (MRI) or nuclear magnetic resonance (NMR) constitutes
one of the most significant tomographic technologies applicable in medicine and biology. By
extension, nuclear magnetic resonance spectroscopy (MRS) is a very important instrument for
chemistry and research of materials. In 1946, Felix Bloch defined Bloch equations, which
describe the time evolution of the magnetization vectors of spins. The first one-dimensional
(1D) MRI image was presented by Herman Yaggi Carr in his Ph.D thesis in 1953 [1]. Seven
years later, in the USSR, Vladislav lvanov introduced a document (about an MR imaging
device) which was forwarded for review to scientific institutes in St. Petersburg (Leningrad),
[2]. In 1971, Raymond Damadian presented his findings related to in vivo detection of a
tumour via NMR [3], and in 1972 he created and patented the first MRI scanner in the world
(U.S. patent #3,789,832). Paul Lauterbur later showed how gradients can be applied to
generate MRI images in 2D and 3D. The first 1.5 T MRI scanner was released in 1980. At
present, the standard magnetic field in human body imaging is 1.5 T, 3T and 7 T; the last of
these variants is becoming increasingly popular thanks to the higher sensitivity. Moreover,
advanced 9.4 T MR imaging systems are currently used for human imaging. In the case of
studies centered on animals, measurements of up to 21.1 T [4], [5] have been performed.
Otherwise, a high field comprises certain advantages/disadvantages [6], including higher
sensitivity to susceptibility artefacts (disadvantage), extension of the relaxation times T; and
T, (advantage — narrower spectral lines; disadvantage — longer measurement time [7]), and
higher chemical shift (advantage — the spectral lines are far from each other).

All isotopes which contain an odd number of protons exhibit an intrinsic magnetic
moment and an angular moment, which means that these isotopes have a nonzero spin (e. g.,
H, Bc, BN, Y0, °F Psj, 3p, ©Ca, *"Fe, *Xe). Importantly, one of these is *H. The human
body contains mainly *H protons (90 % of nuclei in the body); hence, the protons are
measured using MRI. Another frequently measured nucleus is sodium *Na (lower sensitivity
than 'H). A major procedure for increasing MRI sensitivity is hyperpolarization (e. g.,
hyperpolarized **C, '*Xe). A significant feature of NMR lies in the resonance frequency
(Larmor frequency) w; this feature depends on the strength of the applied magnetic field, on
the gyromagnetic ratio v (e. g. y/2n(*H) ~ 42.576 MHz/T, y/2n(**Na) ~ 11.262 MHz/T), and it
is sensitive to the chemical environment of the nucleus [8], [9].

During the *H measurement of human tissues, the measured signal comprises the
signal of fat and other substances (e.g., metabolites); metabolites can be measured with MRS
(magnetic resonance spectroscopy). In many cases, fat plays an important role as a significant
biomarker of the patient’s health. The quantification of water and fat is possible because the
chemical shift effect [10], [11] causes differences in Larmor frequencies between fat and
water. “Although the chemical shift information can be either frequency encoded [12], [13],
[14] or phase encoded [15] to obtain chemical shift images using Fourier transform, this
approach is limited by the very long data acquisition time, due to the additional chemical shift
dimension. To achieve water-fat imaging with resolution, signal-to-noise ratio (SNR), and
data acquisition time that are comparable to conventional MRI, more efficient methods must
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be found” [16]. The chemical shift in a two-peak water-fat model is = 3.5 ppm between fat
and water; in fact, however, the spectrum of fat is more complex (Fig. 2), and it is also
important to consider the fact that the body of a human being or an animal accommodates
many types of fat. Yet another factor for water-fat differentiation is longitudinal relaxation T;
[17].

1.1. Adipose Tissue

Adipose tissue is a specialized connective tissue consisting mostly of fat cells
(adipocytes) and found in mammals. “In adults, the major bulk of adipose tissue is a loose
association of lipid-filled cells called adipocytes, which are held in a framework of collagen
fibers. In addition to adipocytes, adipose tissue contains stromal-vascular cells including
fibroblastic connective tissue cells, leukocytes, macrophages, and pre-adipocytes (not yet
filled with lipid), which contribute to structural integrity” [18].

Adipose tissue in mammals can be classified into two main forms: white adipose
tissue (WAT) and brown adipose tissue (BAT), Fig. 1. In the case of animals, the presence,
amount, and distribution of each of these classes varies between the species [18]. The main
purposes of WAT are heat insulation, mechanical cushioning, and provision of energy.
Adipose tissue produces a number of biologically active substances, such as prostaglandins,
insulin-like growth factor 1, binding proteins, adipsin, cytokines (e.g., the tumor necrosis
factor a), estrogens (primarily estrone), and leptin [19]. The colour of the BAT is derived
from the colour of vascularization and the densely packed mitochondria, and it can be found
at various locations within the body. The primary function of BAT consists in thermogenesis
(heat production). Adipose tissue is further divided according to its location in the body:
subcutaneous fat can be found directly below the skin; epicardial fat is stored around the heart
and supports cardiac functions [20], [21]; and abdominal fat is located in the abdominal
cavity.
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Fig.1 (A), (B) Schematic images of WAT and BAT cells [22]; (C) Morphology of the WAT and the

BAT [23].

The WAT s a very variable component of the body, and its content indicator ranges
between only a few percent of bodily weight to 50 % or more in the case of obese mammals.
In mammals, this adipose tissue can be found under the skin, in the abdominal cavity, in
musculature (between the muscles: intermuscular occurrence), and in muscles (intramuscular
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occurrence, such as in the marbling of meat); furthermore, the tissue is located at several
highly specialized points, including the eye socket [19]. As already mentioned above, the
WAT secures the storage of energy in the form of triacylglycerol (fat, lipids). The size of a
WAT cell oscillates from 25 to 200 um. A WAT cell contains between 60 to 85 % (with 90 -
99 % triacylglycerol) of lipids, with the remaining portion occupied by free fatty acids,
diglyceride, cholesterol, phospholipid, minute quantities of cholesterol ester, and
monoglyceride. “In this lipid mixture, six fatty acids make up approximately 90 % of the total,
and these are myristic, palmitic, palmitoleic, stearic, oleic, and linoleic. Varying the
composition of your diet can vary the fatty acid profile in adipose tissue. The remaining
weight of white adipose tissue is composed of water (5 to 30 %) and protein (2 to 3 %) [18].
One gram of adipose tissue contains 800 mg of triacylglycerol and approximately 100 mg of
water [19].

The amount of brown fat in an organism (primarily in children) is small; although the
main function of brown fat consists in thermogenesis, it also exerts influence on metabolism
[24]. The size of adipocytes in the BAT is about 60 pm, and the lipids inside the cell exhibit
about 25 um in diameter [18]. This fat plays a significant role in the thermoregulation of new-
born children [25]. Brown fat is frequently discussed in specialized articles from a variety of
perspectives. For example, it was claimed in the past that the BAT is present only in infants,
not in adult humans. Many studies centered on animals [26], [27], [28] indicated that brown
fat in rodents has a profound effect on the body weight, energy balance, and glucose
metabolism. The presence of brown fat was also observed in articles [29], [30] analysing
processes in a human organism exposed to cold. In humans, Cypess et al. [31] showed that a
relationship exists between the BAT and outdoor temperature and that the prevalence of BAT
differs between men and women. Lee at al., however, contended in their review that the BAT
is present in most adult humans and is likely to play a regulatory role in energy metabolism
[24]. The presence of BAT can be successfully observed using positron emission tomography
(PET) [30], [31] and MRI [32], [33].
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Fig. 2 The MR spectra (mice) of white adipose tissue and brown adipose tissue measured with a 3T scanner
(Tr =5000 ms, Tg = 13 ms) [17].

In NMR, Hamilton et al. [17] demonstrated several key physical properties that are
different for the BAT and the WAT, namely fat fraction, T, relaxation rate of the water
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component, and the degree of lipid saturation. Thus, the BAT and the WAT can be
differentiated in magnetic resonance; the spectra (Fig. 2) of both indicate that the water
component of the WAT is much smaller than the main component of fat and comparable with
the remaining fat components. In the case of the BAT, the water component is comparable
with the main fat component. The adipose tissue structure (Fig. 1(C)) significantly influences
the T relaxation of bounded water (Tab. 1). The water bounded in the WAT exhibits a much
longer T; compared to the water bounded in the BAT.

Peak In vivo ppm Assignment T1 (ms) T2 (ms) Measured signal Calculated signal
1 5.3 ppm CHCg:CCOH 421 (406-436) 441 (42.6-45.6)  0.127 (0.109-0.145)  0.122 [7.6 %]
Water 4.7 ppm H,0 1053 (1005-1101)  21.7 (17.3-26) 0.124 (0.119-0.148) -
2 4.2 ppm -CH,-0-CO- 154 (145-163) - - 0.064 [4.0 %]
3 275 ppm  -CH=CH-CHp-CH=CH- 284 (274-294) 46.2 (44.5-47.9)  0.027 (0.023-0.033)  0.033 [2.0 %]
-CO-CH,-CH,- 202 (194-210) o
4 2.1 ppm -CHy-CH—CH-CHa- 249 (238-259) 51.9 (51.8-52.1)  0.238 (0.237-0.238)  0.241 [15.0 %]
-CO-CHz-CHy- 240 (214-264) o
5 1.3 ppm -(CHy),- 280 (268-292) 54.7 (42.8-61.4) 1.000 1.000 [62.4 %)]
6 0.9 ppm -(CHz)n-CHg 543 (434-616) 80.1 (50.7-110.2) 0.147 (0.140-0.158)  0.144 [9.0 %]
Peak Invivo ppm Assignment T1 (ms) T2 (ms) Measured signal Calculated signal
-CH=CH- o
1 5.3 ppm CHOCO- - - - 0.098 [6.4 %]
Water 4.7 ppm H-0 618 (588-669) 21.1 (18.1-22.9)  1.605 (0.901-1.865) -
2 4.2 ppm -CH,-0-CO- - - - 0.060 [3.9 %]
3 275 ppm  -CH=CH-CH,-CH=CH- 219 (154-294) 41.4 (32.3-48.7) 0.016 (0.012-0.020)  0.019 [1.2 %]
-CO-CH»-CH,- 189 (156-216) g N
4 2.1 ppm ~CH,-CH—CH-CH,- 247 (235-265) 55.3 (47.8-59.6) 0.216 (0.213-0.219) 0.218 [14.2 %]
-CO-CH,-CHa- 239 (227-265) > o
5 1.3 ppm ~(CH)- 278 (271-292) 51.8 (46.7-55.1) 1.000 1.000 [65.3 %]
6 0.9 ppm -(CH2)-CH3 567 (544-591) 61.5 (50.9-71.3) 0.149 (0.138-0.164)  0.136 [8.9 %]

Tab. 1 The first table shows the mean (and range) of T;, T, and T,-corrected peak areas for white adipose
tissue. The final column gives the predicted areas for ndb = 3.3 and nmidb = 1.0 [% total fat]. The
second table summarizes the mean (and range) of Ty, T, and T,-corrected peak areas for brown adipose
tissue. The final column presents the predicted areas for ndb = 2.7 and nmidb = 0.6 [% total fat]. [17]

Fat is a significant element in magnetic resonance, and in many clinical studies it is
necessary to differentiate between water and fat signals. For this purpose, methods facilitating
fat/water suppression are being developed within MR.
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2. State of the Art in Water-Fat MR Imaging

One of the most interesting domains in MRI consists in water and fat
separation/suppression. The first articles describing various approaches for the
separation/suppression of water and fat appeared almost 30 years ago. Methods for water and
fat separation are based on two physical principles: longitudinal relaxation T; and chemical
shift (CS). Each of the techniques exploits one of the above-mentioned principles, and all
procedures developed for water and fat separation/suppression are utilized in clinical MR
imaging (depending on the application and capabilities of the MRI system). The
suppression/separation of water and fat is very useful in the treatment of fatty liver disease,
and it also finds application in cardiology, magnetic resonance angiography (MRA), contrast-
enhanced imaging, and other clinical processes or branches of medicine.

The discussed methods can be classified into four main categories: (1) Inversion
recovery (IR); (2) Fat-Sat; (3) spectral-spatial excitation; and (4) Dixon methods. Although
this is not the only classification approach usable, it appears to be more than sufficient in our
case. Excepting application in humans, these techniques can be employed for preclinical
purposes on small mammals, including mice, rats, rabbits, and others. As mentioned earlier,
the amount of fat in the tissue can be applied as a biomarker in specific cases; on the other
hand, however, the fat can contaminate the MR signal and sometimes can impede proper
diagnostics.

More concretely, we can point to IR methods (Chapter 4.4) in the first place. In this
context, the original method consists in the Short-Time Inversion Recovery (STIR); other
related techniques, such as the SPIR (characterized by the use of spectral selective pulses) and
SPAIR (with spectral selective adiabatic pulses), are directly derived from this primary
procedure. Inversion recovery methods exploit the fact that the T, relaxation of fat is much
shorter compared to that of tissues (brain, muscles, organs, etc.). If a suitable inversion time is
adjusted, the fat can be suppressed. The methods can be used in conjunction with other MR
techniques, for instance the gradient echo (GRE), the fast spin echo (FSE), and the single-shot
FSE (SSFSE) approaches. The research of IR methods is focused on the optimalization of
parameters to facilitate particular clinical applications and the achievement of best fat or water
suppression possible; as already indicated above, the target fields include, among others,
abdominal MR imaging [34], magnetic resonance angiography [35], cardiology [36], [37],
and the research of liver diseases [38]. At this point, it is necessary to accentuate the fact that
the approach with adiabatic pulses is very popular because an adiabatic RF pulse ensures
homogeneous excitation of the B; field over the sample. This field is very important for
successful fat suppression. The principle of IR-based methods excludes the use of specific
contrast agents; however, this problem can be solved via chemical shift selective (CHESS)
imaging or, in other words, the Fat-Sat (fat saturation, Chapter 4.5). Fat saturation methods
exploit a chemical shift between fat and water. In the case of the Fat-Sat method, the fat (or
water) component is flipped into the transversal plane and crushed by the gradient, whereas
the water (or fat) remains unaffected. Thanks to this principle, the Fat-Sat method can be used
along with contrast-enhanced imaging and is much faster compared to IR techniques. The Fat-
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Sat method is suitable for combination with fast imaging methods, e.g., the FLASH method.
At present, the Fat-Sat and IR techniques are built into many clinical protocols in the form of
“modules”. Another interesting approach lies in the use of spectral-spatial (SPSP) selective
RF pulses for water or fat suppression in which the water/fat can be excited while other
spectral components are unaffected (Chapter 4.6). SPSP pulses are frequently combined with
fast imaging methods, for example echo planar imaging (EPI) or spoiled gradient echo
(SPGR). Importantly, a large number of publications were focused on binominal pulses [39]
(a special group of composite pulses). Currently, SPSP pulses are very frequently employed
in conjunction with steady state free precession (SSFP) methods, which provide short
measurement times and a high signal-to-noise ratio (SNR). The most interesting group of
water/fat separation techniques can be identified in Dixon methods; their principle is
described in detail within Chapter 4.7. Dixon methods are very flexible and can be built into
many imaging sequences; the range of clinical applications is practically unlimited. The
magnetic field inhomogeneity owing to instability of the MR system or susceptibility
influences is a major challenge for Dixon methods. Since the inception of these methods,
research has been continually focused on finding the field inhomogeneity and reducing the
measurement time.
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3.Aim of the Thesis

In preclinical research, small animals are frequently used for the testing of drugs or
animal models of diseases. Therefore, the use of a high field (4.7 T or more) is one of the
techniques to increase the sensitivity. A high field nevertheless brings about specific
problems, such as a stronger magnetic field inhomogeneity due to the differing susceptibility
at the boundary between environments with diverse magnetic susceptibilities; on the other
hand, it is also true that a high magnetic field leads to the high sensitivity, and the water-fat
chemical shift is increased. The magnetic field inhomogeneity (Bo) in Dixon-based methods
causes problems during the reconstruction process, and the measurement must be as short as
possible because the animal is anesthetized.

The aim of the thesis is to extend and implement modern MRI methods for water/fat
separation and, consequently, to verify these techniques on phantoms and animal subjects at
high fields (9.4 T) at the Institute of Scientific Instruments (ISI), Brno. The thesis assumes the
modification or creation of a new fast Dixon sequence for water and fat separation; the
implementation of the method on a 9.4 T MRI system; the verification on a phantom; and,
finally, the eventual application in animals.
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4.Survey of Current Water-Fat Imaging Methods

MRI is a significant diagnostic method for clinical medicine, and it chiefly provides
excellent contrast between soft tissues in dependence on the molecular bonding between
water/fat and the examined tissue. As mentioned in the introduction, fat often forms a
substantial part of the human body and can be a significant biomarker [40] of the patient’s
health. Hence, fat suppression is widely used in MR imaging for the elimination or
detection/imaging of adipose tissue. In practice, three principal fat suppression techniques are
available: fat saturation, inversion recovery, and opposed-phase imaging [41]. According to
Bley et al. [42], fat suppression and water-fat imaging methods can be categorized as follows:
chemically selective fat suppression pulses “Fat-Sat”; spatial-spectral pulses (water
excitation); short time inversion recovery (STIR) imaging; chemical shift-based water-fat
separation methods; and fat suppression and balanced steady-state free precession (SSFP)
sequences. The selection of a method for fat suppression or water-fat imaging depends on the
clinical application, and each such approach has its advantages and disadvantages resulting
from its physical background. A brief overview of the advantages/disadvantages and
applications of each method is presented in Tab. 2 (adopted from Bley et al.). Generally, fat is
bright in clinical images, and it may hamper the discernment of major pathologies such as
tumour, edema, or inflammation; this problem is caused by a relatively short T; relaxation
(240 to 280 ms [17]). Fat suppression methods, embedded into many clinical protocols,
constitute an effective solution to the above-discussed issue, and the visualization of
abnormalities in a normal tissue can thus be significantly improved [42]. One of the benefits
of fat suppression consists in the elimination of chemical shift artefacts in clinical images.
Together with direct visualization of fat, this can improve the detection of pathologies (such
as fatty tumours and other fat-containing tumours), and it is possible to quantify and evaluate
the amount of various kinds of adipose tissue [43], [44], [45], infiltrated fat in the
tissue/organs in the case of fatty infiltrated liver diseases [46], [47], [48], [49], [50], or the
amount of myocardial fat [51], [52], [53]. Many other clinical applications are also available
(breast, knee, bone marrow [40], or optical nerves [54], [55]). If we understand the physical
background of water-fat imaging methods, we can correctly estimate which method best suits
our clinical application.
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Method

Advantages

Disadvantages

Suggested applications

Chemically selective fat
suppression

Spatial-spectral pulses,
water excitation

STIR

Chemical shift based
water-fat separation

SSFP methods

® Versatile

© Relatively fast

® Applicable to most pulse
sequences

® Insensitive to B,
inhomogeneities

e Versatile

® Relatively fast

® Practical to most pulse
sequences except FSE

® Robust to B, and B,
inhomogeneities
® Reliable fat suppression

® Robust fat saturation

® Provides fat/water images
® Allows recombined images
® Corrects for chemical shift
® Universal compatibility

© Quantitative applications

® High SNR efficiency

® Rapid
® High SNR
® Bright fluid

® Sensitive to By and B,
inhomogeneities
® Low sequence efficiency

® Sensitive to By
inhomogeneities

® Low sequence efficiency

® Longer excitation pulses

® Mixed contrast

® Inherent T,weighting

® Only works with PD and
T.W

® Low SNR efficiency

® Suppresses short T,
species and enhancing
tissue after contrast

® Long scan times
® More complex
reconstruction

® T,/T, mixed contrast

® Banding and flow artifacts
from B, inhomogeneities

® “India Ink” artifact

® Currently under
development

® Limited clinical experience

© Most applications except:
® Head and neck
© Mediastinum

® Extremities with metal implants

© 3D imaging of cartilage in knee

© Most applications except:
© Head and neck

® Mediastinum

® Extremities

o Head and neck

® Chest

© Abdomen

© Extremities

© Large field of view
© Inhomogeneous By
© T2/PD applications

® Anywhere fat saturation and
water excitation fail

® Anywhere fat information/
quantification is needed

® Hepatic steatosis

© Adnexal masses

® NCE vascular imaging

© Bowel imaging

© New applications being
explored

Tab. 2 The most commonly used methods for fat and water imaging [36].

4.3. Brief Physical Background

The chemical shift between water and fat is the key physical feature facilitating the
separation of water and fat signals. The resonant frequency of nuclear spins is defined by the
Larmor equation:

wo =YBo=>fo = yz_l:)- )

For example, a nucleus with the spin of I = % has two energy states in the presence of
a homogeneous external static magnetic field. These energy states are degenerated if the
condition of an external homogeneous static magnetic field is not satisfied. In the molecules,
the nuclei are not isolated from the other electrons, which are in motion and charged. Hence,
the field of a nucleus is slightly different from the applied external static magnetic field By;
this slight difference is referred to as electron shielding, and such shielding then causes
chemical shift. The electrons reduce the magnetic field of the nucleus, and this effect can be
expressed by the equation of an effective magnetic field Bes at the nucleus:

Befr = Bo(1 —0), (2)

where o represents the electron shielding constant (the shielding or screening constant). The
size of o (size in units of ppm) depends on the chemical environment of the nucleus [56],
which means that equation (1) can be modified to
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fo =LBo(1-0). (3)

2T

The different electron shielding of protons in water molecules and triacylglycerol
molecules of fat is caused by a different microscopic magnetic field, which means diverse
resonance frequencies of protons in water and fat. Unlike water, fat exhibits a complex
spectrum with several peaks (Fig. 2), where one of these elements is dominant. The fat signal
is shifted to a lower frequency onto the water peak. A significant preponderance of signal
energy is contained in the main peak, but for precise quantification we also need to consider
the other peaks of fat. In the frequency domain, the chemical shift between fat and water is
their difference:

Afcs = fw — fr = YBo - AS[ppm] - 107°, (4)

where Ao is the chemical shift between water and fat. The chemical shift between the main fat
and water peaks is approximately 3.5 ppm, as mentioned in the introductory chapter. For
example, the chemical shift between water and fat is ~ 1400 Hz at 9.4 T. However, let us also
stress the fact that chemical shift is sensitive to the local temperature. This fact was first
observed by Hindman in 1966 [57] during the study of intermolecular forces and hydrogen
bond formation between water molecules [58]; furthermore, for example, Baxter and
Williamson [59] measured and discussed in their study the temperature dependence of *H
chemical shifts in proteins. Generally, temperature dependence must be considered within fat
suppression and water-fat imaging in a phantom or tissue because the phantom temperature
can be different from that of the tissue. In a 1.5 T system, “the chemical shift between water
and the main fat peak is -210 Hz at body temperature (= 37°C), and -224 Hz at 22°C” [42].

Each method for fat suppression or water-fat separation is sensitive in a certain
manner to the static magnetic field By or B; (the RF excitation field) inhomogeneity. Hence,
we have to ensure good homogeneity of By and Bi. In general terms, there are several factors
which can cause inhomogeneity in the image of the static magnetic field Bo.

The homogeneity By depends on the homogeneity of the self-magnet in the MR
scanner. An imperfect magnetic field in the magnet can be shimmed, and in modern scanners
the inhomogeneity of By is smaller than 1 ppm through the field of view (FOV). Another (and
a very significant) source of the By inhomogeneity is the different susceptibility at the
boundaries between the tissue/air/bone/fat; this effect can be observed in lungs, ears, oral and
nasal cavities, entrails, knees, and many other points in the human or animal body. The
contrast agent injected into the bloodstream and blood (with or without oxygen) exhibits a
slightly different susceptibility too. Additionally, metal implants cause distortion in the static
magnetic field; such distortion leads to a change of the resonance frequency. Also, several
methods assume the same resonant frequencies for fat and water, which can cause errors in
reconstructed water and fat images. The magnetic susceptibility ym is a physical quantity
characterized by the following relationship between the magnetic moment (magnetization) of
the material and the applied magnetic field:
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M
where M (sometimes denoted as J) is the magnetization, and H is the magnetic field intensity.
The magnetic flux density B can be derived from equation (5):

M M

ﬁ /'LO(l + Xm)

where uo is the magnetic permeability in vacuum, and (1 + y,,) is the permeability u, of the
material. It is obvious from the equation of magnetic susceptibility that susceptibility depends
on the magnetic field strength. In high fields, this fact leads to stronger sensitivity to
inhomogeneities, and the condition is caused by susceptibility. The inhomogeneity of the
static magnetic field leads to: image distortion in the frequency encoding (readout) direction
(the spins can be spatially encoded at the wrong position [60] during frequency encoding);
faster T,  decay for imaging methods based on the gradient echo, resulting in a lower
intensity; and finally imperfect fat or water suppression owing to the frequency shift. As all
these effects can cause significant problems in fat suppression and water-fat imaging, they
must be seriously considered. The effect of the By inhomogeneity is shown in Fig. 3.

(A) W (B) RARE (C) EPI

Fig. 3 (A) The simplified water-fat spectrum (full line) for B, without an inhomogeneity. The inhomogeneity
of By can shift the water-fat spectrum to left or right (dashed and dotted lines). (B), (C) Images of a
mouse brain at the 9.4 T field. The Rapid Acquisition with Relaxation Enhancement (RARE) sequence
is insensitive to the By, inhomogeneity compared to the Echo Planar Imaging — Diffusion Weighted
(EPI-DW) sequence, which is sensitive to this inhomogeneity. The By inhomogeneity is caused by
different susceptibilities on the boundary between air and the brain tissue. The B, inhomogeneity
appears in the image as a deformation (red arrow). The tissue (e.g., muscle) and the adipose tissue
exhibit slightly different susceptibilities, which means a small deformation of the By field.

The B; field inhomogeneity perpendicular to the By field is important for
homogeneous excitation over the sample. The B; inhomogeneity resulted in different flip
angles at various locations of the excited sample and led to different intensities over the
image, creating problems for some fat suppression methods. In the case of surface coils, the
B, field inhomogeneity of a coil in the receive mode does not constitute an obstacle and can
be compensated through the use of sensitivity correction algorithms, which can be built into
MR scanners. Ensuring homogeneous excitation is a problematic task in surface coils;
therefore, the combination of a volume coil (as the transceiver, low sensitivity) with a surface
coil (as the receiver, high sensitivity) is frequently used. The volume-surface coil combination
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provides homogeneous excitation over the sample together with a high sensitivity. Hence, this
coil combination is common in clinical MR imaging. A coil transmit B; inhomogeneity can
be reduced through a better RF coil design [5], [61], [62]; compensation of the RF pulse
designs (e.g., adiabatic, small-tip-angle tailored RF (TRF)) [63], [64], [65], [66], [67], [68];
and via post-processing image correction [69], [70]. A transmit B; inhomogeneity is more
important than a receive B; inhomogeneity (Fig. 4).
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Fig. 4 If a surface coil is used, the profile of the image (yellow line) shows the effect of a receive B;
inhomogeneity on the image of a mouse head.

4.4. Short Inversion -Time Inversion Recovery

It is a well-known fact that the Inversion Recovery (IR) method provides heavily T;-
weighted images. In 1985, Bydder and Young published an important modification of the
inversion recovery (IR) method and showed very practical clinical applications [71], [72],
[73]. This technique was denoted as STIR. The Short inversion-Time Inversion Recovery
(STIR) method enables us to suppress fat signal because the longitudinal relaxation times T,
of fat and water in a tissue are different. The STIR sequence (and related modifications) is
based on the difference in T; relaxation times between water and lipids (fat). The T; relaxation
of fat is much shorter in comparison with the T, relaxation time of water [17]. In the STIR
sequence, the inversion time (T) is timed such that the fat signal is nulled (Mzg = 0) and the
water signal in the tissue (Mzuw) # 0) is flipped (180°) into the transversal plane (Fig. 5; left
diagram). The STIR sequence is frequently used with T,-weighted (T2W) and proton density-
weighted (PDW) sequences, for example the spin echo (SE) or fast-spin echo (FSE) ones. The
STIR sequence produces a high soft-tissue contrast owing to the nulling of the adipose tissue
signal and improves the contrast between the metastases and the normal surrounding tissue,
e.g., in liver [73]. The use of contrast agents with similar T; relaxation times is a problematic
step because these agents will be suppressed together with the fatty tissue. Hence, the method
is unsuitable for application in contrast-enhanced MR imaging. Certain problems can occur
with contrast agents exhibiting the same or a similar T, for example in a fatty tissue. In this
case, the signal of the contrast agents will be suppressed together with the fatty tissue signal.
The T, relaxation time increases, and the T, relaxation time decreases with the main magnetic
field strength. In the STIR sequence, the inversion time T, must be chosen precisely for the
maximum possible fat suppression. Kaldoudi et al. [74] presented a hybrid fat suppression
method (CSS-IR (chemical shift selective-inversion recovery)) which combines the principles
of the STIR and chemical shift selective imaging (CHEES, Fat-Sat). The conclusions
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proposed within the above-mentioned study [74] were further developed by Tanabe et al.,
who extended Kaldoudi’s sequence to introduce Dual-FS-STIR-CHESS [75]. Hybrid methods
secure robustness in clinical MR imaging, especially when compared to conventional fat
suppression methods. The principle of STIR is also used in the fluid-attenuated inversion
recovery (FLAIR) sequence (Fig. 5, middle diagram), except that the fluid has a long T;. In
this case, the fluid is suppressed, as can be seen in Fig. 5 (C), (D).

Longitudinal magnetization Ng

<
N
z

180°

1 1
;7-I(null)I

Tr

Fig. 5 The left diagram shows the progress of longitudinal magnetization in time for an adipose tissue during
the STIR sequence, and the middle diagram presents the longitudinal magnetization behaviour of fluid

(free water) during the FLAIR sequence. The clinical images (A) and (B) show oblique-coronal images

of head obtained with the STIR-FSE (T, = 50, 170 ms) sequence (the fat around the eye is suppressed

for T, = 170 ms) [75]. The clinical images (C) and (D) represent a transversal image of a head measured
by the FSE, where (C) is the FSE without FLAIR preparation, and (D) shows the FLAIR preparation

part [76].

The main advantage of the STIR method lies in its insensitivity to By inhomogeneity
and uniform fat suppression over the sample. The STIR method can be used in low-field-
strength magnets. The differences in the relaxation times T; and T, contribute to the contrast
in the STIR image; thus, the contrast is very good, and a tissue with long relaxations appears

very bright [41], [71].

The STIR technique is based on the relaxation principle. The fat in the body is more
complex, and several fats (peaks in the spectrum) have different relaxation times Ty; this
means that such instances of “other fat” cannot be suppressed for a specific Tiqun). Therefore,
it is necessary to employ optimized inversion time for specific clinical applications or to
combine it with other fat suppression principles (hybrid sequence [74], [75].). The measured
signal is appropriate for longitudinal magnetization, and the water signal is partially saturated;
thus, a lower signal-to-noise ratio (SNR) is achieved. The SPIR method requires homogenous
excitation over the selected FOV. The non-fulfillment of this condition leads to non-uniform
fat suppression over the image. The sensitivity of the sequence to B, inhomogeneity can be
solved using an inversion adiabatic pulse, which provides homogeneous excitation over the
sample. Another source of B; inhomogeneity is the dielectric effect [77]. Despite these
drawbacks, the STIR is a practical method facilitating a wide range of clinical applications.

To improve the effectivity of the STIR approach, modifications (hybrid methods) of
this method were introduced. In the STIR technique, the water signal is partially saturated
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(Fig. 6(A) — dashed line), and the adipose tissue, whose relaxation is identical with that of the
fat, will be suppressed (Fig. 6(A) — dotted line). The SPECtral Inversion At Lipid (SPECIAL)
method provides an unsaturated water signal because, in this technique (Fig. 6(B)), a
spectrally-selective RF inversion pulse is used that inverts fat magnetization only. Another
benefit consists in an unsuppressed signal from a non-adipose tissue with the same T;
relaxation as the adipose tissue.
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Fig. 6 Each diagram shows three time periods: (A) The STIR method comprises only a non-selective inversion
180° RF pulse. The water and fat components are inversed. In the time Tyu,, the longitudinal
magnetization of fat is nulled, and a standard imaging sequence can be applied. The water component is
partially saturated. (B) If we applied a spectrally-selective 180° inversion RF pulse, only the fat
component would be inversed (SPECIAL). The water component is unaffected. This method is still
time-consuming. (C) The SPIR method uses an inversion pulse close to 90°, which leads to a shorter
Tinuny- The By inhomogeneity causes different flip angles in different locations of the selected slice, and
this practically means a shift of Ty — green lines in (B) and (C). The SPAIR method uses an adiabatic
pulse, which results in insensitivity to B; inhomogeneity.
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The STIR and SPECIAL methods are time-consuming; this problem is suitably solved
by means of the Spectral Pre-saturation with Inversion Recovery (SPIR) sequence (Fig. 6(B)).
The inversion spectrally-selective RF pulse is close to 90°, which means that the inversion
time Tymuny can be shorter compared to the Ty in the STIR method. Hence, the acquisition
time of the preparation part will be shorter. The principle of the SPIR is clearly shown in Fig.
6(C). The shift of the Tnuny point due to By inhomogeneity leads to incorrect fat suppression
in the image.

The actual extension of the SPIR (or SPECIAL) technique is called the SPectral
Attenuated Inversion Recovery (SPAIR) or the SPectral Adiabatic Inversion Recovery
method (Fig. 6(C) — the adiabatic inversion RF pulse). The B; inhomogeneity causes
significant problems; therefore, the use of an adiabatic inversion pulse solves the issue of B;
sensitivity. The adiabatic pulses exhibit special properties and, as such, they are
fundamentally different from other RF pulses. In the case of adiabatic pulses, when RF power
exceeds a certain value, the flip angle will be constant. Adiabatic pulses are amplitude- and
frequency-modulated pulses insensitive to the B; inhomogeneity and frequency offset [78],
[79]. The design of adiabatic pulses is complicated, and for more than a decade, considerable
effort has been focused on the design of modulation functions which maximize the inequality
of the adiabatic condition [80]. For our purpose, it is sufficient suffices to know that an
adiabatic pulse is insensitive to B; inhomogeneity. The homogeneous B; field excitation leads
to better fat suppression based on adiabatic pulse. The adiabatic pulse in the SPAIR technique
is frequency-selective, and the use of a frequency-selective RF pulse yields another positive
effect. The IR based methods including a frequency-selective pulse can be used in contrast-
enhanced MR imaging; the frequency-selective pulse is placed on the centre of the main fat
peak, and therefore a small fraction of fat will be contained in the image.

4.5. Fat Saturation (Fat-Sat)

The fat saturation method (Fat-Sat) is a frequency-selective excitation method for fat
suppression. This procedure selectively saturates fat protons, and water protons will be
unaffected if we ensure certain specific conditions (good By and B; homogeneity). The Fat-
Sat, or CHEmically Shift Selective (CHESS) imaging to be used for selective suppression fat,
was presented by Haase et al. [81] in 1985. Generally, CHESS can be utilized for the
suppression of a specific spectral component.

The principle of CHESS is shown in Fig. 7(A). In this technique, a selective 90° RF
pulse (e.g., fat) is applied, and longitudinal magnetization is flipped into the transversal plane;
subsequently, the crusher (dephasing) gradient is applied. The RF selective pulse is centered
at the main fat peak, and the shape of the RF pulse is often sinc or a related function (in the
time domain). Therefore, the shape of the pulse in the frequency domain (the Fourier
transform (FT) of the time domain) will be a rectangle, which means that the main part of the
RF energy is located at the main fat peak and the water protons will be unaffected. The
dephasing of the spins flipped into the transversal plane due to the crusher gradient leads to
fat saturation. After the chemically selective RF pulse and the crusher gradient (CHESS
period), the imaging sequence follows. The time of the crusher gradient is very short, but

21



small longitudinal magnetization occurs during this period. The fat saturation method works
perfectly in regions where the B; and B, homogeneity is relatively good. Similarly to the
STIR method, the use of an adiabatic RF saturation pulse eliminates the sensitivity to B;
inhomogeneity.
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Fig. 7 (A) The original time diagram of CHESS imaging; (B) the normal spectrum of a human hand (without
the CHESS period); (C) the fat spectrum after application of CHESS (selective elimination of water
resonance); (D) the water spectrum after CHESS had been applied to fat resonance. [74].

Fat saturation is a chemical shift selective method; therefore, the combination with
contrast-enhancement (Ti-weighted) MR imaging is possible, and addition is suitable for
areas with a large amount of fat. The use of fat saturation can eliminate the problem of
chemical shift artefacts. The signal of the non-adipose tissue is unaffected if good
homogeneity of the By and By fields is assumed. The SNR of the adipose tissue will be
logically lower. Only a single imaging experiment is necessary to obtain water or fat image.
The Fat-Sat can be used for other nuclei and is easily combinable with various imaging
sequences. The high field leads to the widening of the spectrum, and the frequency shift
between water and fat is increased (f for 3.5 ppm (calculated from equation (4)) at 9.4 T:
Afcs = 1400 Hz; 3 T: Afes = 447 Hz).

Field inhomogeneity is a significant problem of Fat-Sat imaging. The static field
inhomogeneity By leads to a shift of the spectrum, which produces errors in Fat-Sat imaging.
Examples of incorrect fat suppression owing to the B inhomogeneity are shown in Fig. 8(B),
(C). An inhomogeneous excitation field B; of the spins leads to different flip angles in
different parts of the image. In this case, the flip angle will be lower than 90°, and this results
in incomplete (partial) fat saturation (Fig. 8(D)). Referring to Mao et al. [82], Delfaut et al.
[41] affirmed in their review that about 5 % of fats have the same frequency as water, but this
affirmation is not correct. In the case of a low magnetic field, the fats close around the water
peak can merge with this peak; therefore, the suppression of these fats can be a problematic
task, and a higher magnetic field is preferred. A homogeneous B; over a large FOV still
remains a challenge and is necessary for correct fat suppression. The high field yields an
increased chemical shift between fat and water, but the sensitivity to the B, inhomogeneity is
higher.
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Fig. 8 The images show influences of the B, and B; inhomogeneities on the fat saturation. In the case of good
B, and B; homogeneity, the fat suppression will be correct, (A). A strong B, inhomogeneity can lead to
a shift of the spectrum and incorrect fat suppression, (B) and (C). The inhomogeneity of the B; field
results in incomplete fat saturation, (D). The worst case is a combination of the By, and B;
inhomogeneities, (E). In clinical MRI, the combination of both inhomogeneities is common.

4.6. Spectral-Spatial Excitation

Another fat suppression approach consists in directly excited water [83], [84], [85]. In
1988, Pauly et al. [86] introduced a k-Space analysis of the small-tip angle and presented two
new pulse types. The first was a slice-selective excitation pulse that is inherently refocused at
the end of the excitation (gradient refocusing lobes are not needed), and the second one
consisted in a pulse spatially selective in two dimensions. Immediately after this article
(1990), Mayer and Pauly et al. [83] introduced spectral-spatial (SPSP) RF pulses for water/fat
excitation. They showed the ability of SPSP RF pulses to be simultaneously selective in both
the space and the resonant frequency in the context of water/fat excitation. Examples of these
SPSP RF pulses are shown in Fig. 9. Generally, the SPSP pulses are used for replacing the
combination of a spectral-selective presaturation pulse and an excitation pulse [82], but Zur
[87] introduced another application, namely saturation.
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Fig. 9 The examples of spectral-spatial RF excitation pulses [85]. The maximum excitation occurs at water
frequency, and the fat is unaffected (A). The reverse case consists in excited fat and unaffected
water (B).

There are many variants of SPSP pulses, but all consist in multiple RF subpulses that
are played under a broad RF envelope. The subpulses, together with a concurrent oscillating
bipolar slice-selection gradient waveform, determine the spatial selectivity, whereas the RF
envelope governs the spectral content. The spatial RF subpulses can be played under some, or
all, of the gradient lobes. Time-varying gradients are required because a constant slice-
selection gradient produces identical (but spatially offset) replicas of the slice profiles for
chemical species such as lipids and water. The oscillating gradient can be sinusoidal in
shape, but more commonly it is implemented with trapezoidal lobes (Fig. 10(C)) of
alternating polarity. The trapezoid maximizes the area under the gradient lobes which allows
for thinner slices. [88]

The methods proposed by Mayer et al. [83] and Spielman et al. [84] use sine-shaped
gradients combined with suitable RF pulses (Fig. 10(A)). The calculation of an RF pulse
shape is relatively complicated for the off-centre slice position. In these cases, the moderate
gradient slew rates are sufficient even for thin slices. The research group of Schick [89]
introduced a different approach to spectral-spatial excitation of water or fat where off-center
slice positions can be achieved by using the conventional RF pulse processing of the image
since all RF pulses are applied at the same slice-selection gradient amplitude. Only constant
and linearly ramped gradients (Fig. 10(B)) (with relatively fast slew gradient) are required
[85]. In 1998, Schick et al. [85] proposed the first method allowing simultaneous water- and
fat-selective imaging with spatial-spectral excitation in multi-slice acquisition.
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Fig. 10 The examples of RF and gradients waveforms for SPSP pulses with Gaussian profiles, (A) and (B). The
first case is for a sine-shaped gradient, (A), and the second one exhibits ramped gradients, (B).
(C) shows the trapezoid profile of SPSP pulses.

The principle of a typical sequence with SPSP pulses for water/fat excitation can be
explained easily, as follows. Consider the train of only spatially-selective RF pulses, each
with a small flip angle a. The time interval between the RF pulses corresponds to the fat
precession over = rad relative to water, which practically means 354 us at 9.4 T field because
the period can be calculated as T,_, = 1/2mAf, . The behaviour of water and fat
magnetization is shown in Fig. 11. After the first RF pulse, the water and fat magnetization
are commonly flipped (e.g., 5°) from the z-axis. The fat is an off-resonance component, and
during the T,_, period the fat precesses relative to water in the transverse plane. Therefore,
only the water component is successively flipped to the transversal plane, and the fat is
practically unaffected.

The use of the SPSP RF pulses yields a number of advantages. One of the most
significant ones is better tolerance to B; inhomogeneity in comparison with Fat-Saturation
pulses, which require a good B; inhomogeneity over the selected FOV. A sequence with
SPSP RF pulses enables us to eliminate chemical shift artefacts in the image because only one
spectral component is excited. The train of RF pulses is played under the time varying
gradients (positive and negative lobes); therefore, the system is more prone to Bp
inhomogeneity due to eddy currents. Eddy currents inauspiciously affect the B, homogeneity
and the gradient fields. An uncompensated eddy current leads to the k-space trajectory
deviation of the theoretical k-space trajectory. When symmetric gradient switching is ensured,
the eddy currents can be reduced. [90]. In addition to the perfect eddy current correction, the
RF pulses and gradients waveforms must be exactly synchronized because the RF train
playing during the gradient waveform causes the sensitivity of the offset SPSP pulses to small
time mismatches (units of micro seconds) between the RF and gradients waveform. Zur [87]
and Block et al. showed compensation and calibration methods applicable in errors due to
mismatches between RF and gradient waveforms. The short duration RF sub-pulses
(individual pulses in the RF train) are not very spatially-selective.; therefore, the minimum-
slice thickness is limited. [88]
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Fig. 11 A schematic illustration of the spatial-selective pulses train shows the behaviour of water and fat
magnetization. The time period between the RF pulses is T = 1/(2Afcs). The time corresponds to the
180° phase shift between water and fat. At the 9.4 T field, the time period between the RF pulses is
354 ps. The water and fat are flipped together (2), but after the time period T, when the phase shift
between water and fat is 180° (3), the following RF pulse with same flip angle is applied. The fat is
returned to the longitudinal plane, and the water component is flipped to the transversal plane (4). This
process is repeated until the water is not fully flipped into the transversal plane.

The SPSP pulses are frequently combined with spiral and echo planar imaging [91],
[92] or with other sequences such as the SPGR (spoiled gradient echo) [93] and the FSE (fast
spin-echo) [94]. The conjunction of the SPSP pulses and the bSSFP (balanced steady state
precession) sequence [95] is very attractive (appropriate) because the bSSFP is a fast imaging
sequence with a high signal-to-noise ratio efficiency. The special group of composite pulses
are binomial pulses [39] that are denoted according to binomial coefficients: (121), (1331)
and many others. The mathematical description can be found in [88]. Binomial pulses appears
suitable for many clinical applications such as cartilage imaging [96], [97], and
musculoskeletal imaging [98], [99], [42]

The SPSP pulses at high fields yield some advantages. In the case of a high field, the
frequency shift between water and fat is determined by equation (4); therefore, the RF pulses

26



can be shorter (the spectral bandwidth BW of the RF pulse is increased). Another advantage is
the lower sensitivity of the pulses to the B inhomogeneity. It is also important to note that the
time intervals between the subpulses will be shorter at a high field.

4.7. Dixon-Based Water-Fat Separation Methods

Dixon water-fat separation methods are chemical shift-based water-fat separation
methods. Water protons precess faster between 3 and 4 ppm (the main fat peak) than fat
protons, which results in different resonance water-fat frequencies equation (4). This
difference is = 1400 Hz at 9.4 T. The water-fat chemical shift, owing to different resonance
frequencies between water and fat, leads to the water-fat phase shift. The discussed Dixon-
based methods encode the water-fat chemical shift difference into the phase of the image, but
water-fat separated images are obtained after the post-processing procedure.

In 1984, Thomas Dixon [100] introduced a new method for water-fat separation. This
method already exploited differences in water and fat precession (Fig. 12(A)). If a 90° RF
pulse is applied, the water and fat protons are flipped into the transversal plane. The total
magnetization vector is the sum of water and fat magnetizations (Fig. 12(B)). The time
behaviour of the transversal magnetization is shown in Fig. 12(C).

(A) (B) (C) ; water+fat

water

Fig. 12 (A) The laboratory frame. (B) The magnetization vectors of fat in a rotating frame, left |[My,| > [Mg|,
right My, |<|Mg|. (C) The free induction decay (FID) signal. [100]

The total magnetization M+ is the sum of water and fat magnetizations. The rotating frame has
the resonance frequency of water. The small differences in the resonance frequencies of water
(fw) and fat (fr) lead to the rotation of fat in the rotating frame. At the beginning, M+(0), the
water and fat are in phase. The magnetization goes through the first local minimum when fat
and water are in opposite directions. The first local minimum occurs at [100]:

I S
C2-(fw—fr) 2-(Ofes) T ¥

Another local maximum occurs at 2t,: water and fat then exhibit the same direction (in-
phase). This time variation is periodical and depends on the different frequencies between
water and fat. Simple summation or subtraction of the opposite-phase and the in-phase images
is used to calculate a water-only or a fat-only image. Generally, this is a simple spectroscopic
imaging concept.

t

(7)
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The main problem of Dixon-based methods is the presence of a By inhomogeneity
leading to phase errors in the acquired images. The phase errors in the in-phase and opposite-
phase images result in incorrect water and fat separation; thus, phase correction is necessary
for successful water-fat separation. Furthermore, Dixon methods require precise timing of the
pulse sequence because the water/fat phase changes are relatively fast. At high fields (e.g.,
9.4T), the time between the in-phase (IF) and the opposite-phase (OP) images is much
shorter compared to low fields (e.g., 1.5T, 3T). This fact follows from the above
equation (7). The motion and incorrect pulse sequence timing cause the degradation of the
obtained images [101].

In the past two decades, many Dixon-based water-fat decomposition methods have
been proposed [102], [103], [104], [105], [106], [107], [108], [109], [110], [111], [112],
[113], [114] to increase the robustness with respect to field inhomogeneity (Bo and B;). The
problems affecting Dixon-based methods constitute a major topic, and multiple studies are
focused on the correction of these drawbacks. Several procedures have been proposed to
facilitate phase correction (post-processing algorithms, data acquisition, or a combination of
both). Thus, the knowledge of the By inhomogeneity is crucial for correct water-fat
separation. The phase correction and the data acquisition strategy are very significant for
successful application of Dixon methods [101]. Significant development of Dixon-based
methods has allowed their successful application in clinical MRI.

Dixon methods can be classified as single-point [115], two-point [106], [116], [117],
[107], [110], [108], [118] and multipoint or triple ones [119], [103], [105], [111]; however,
even higher variations are available [104], [120], [121], [122], [113]. The three or multipoint
versions are preferred over the two-point variant when a short acquisition time is not required;
in addition, they are more robust and enable more effective reconstruction of errors.

The signal model common for Dixon methods is represented by single delta function
spectral peaks for water and fat. The signal model in the original 2PD method [100] was very
simple and considered only two peaks (water and fat) without the presence of field
inhomogeneity, system errors, and influences such as diffusion losses, intravoxel
susceptibility losses, or losses due to spectral broadening. Thus, other improvements were
proposed for field inhomogeneity estimation [102], [103], [104], [109], [123], [124].
Generally, the signal model often assumes only the two-peak form (water and fat); however,
multi-peak models were developed to provide for higher accuracy. A more accurate signal
model results in significant improvement of the fat fraction estimation, and therefore the
quantification of fat [48], [125], [124], [123] in a tissue or phantom is more accurate.

4.7.1. General Analysis

We assume the spectrum L(w) with two spectral components, namely L;(w) (water)
and Lo(w) (fat), (Fig. 13(A)). The integrated real-value intensities of these lines can be
denoted as p; and pp. The chemical shift between the water and fat components is
wes = 21 - Afes.
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Fig. 13 (A) The simplified spectrum of water and fat protons. (B) The spin-echo sequence and (C) the gradient
echo sequence for N-point Dixon methods. The images show only two-phase encoding positions - 2PD.

The multipoint Dixon method can be performed using the gradient-echo sequence (GRE) or
the spin-echo sequence (SE) (Fig. 13(B) and (C)). In the GRE, we consider the following
aspects: when the T, is very short and comparable with the echo time (Tg), then the losses
owing to the T, decay must be taken into account. For our purpose, it is important to assume
the condition T, > Tg. In this case or in the spin echo, the signal (S) acquired from one voxel
in the time 7 is a mixture of the water and fat components [104], namely

M =S,(7) = (P1 A (T) +p2 'AZ(T)eie") - gl(@t90),
p1 - A1 (1) = My, (8)

P2 - Ay(T) = Mg,

where A; and A; are the loss factors for water and fat, which depend on the 7; 6 is the phase
difference between fat and water; ¢ represents the By field inhomogeneity (e.g., an imperfect
shim and the influence of susceptibility); and ¢, is the phase error due to system
imperfections such as the different signal time delay in the receive channels, spatial
dependence of the RF penetration [101], and other systematic phase shifts. The amplitudes of
the loss factors A; and A, are affected by diffusion, susceptibility dephasing, and spectral
broadening [104]. The total losses for water or fat can be calculated as follows:

Am = Amd - Ams - Amws (9)

where m = 1, 2; Ay — the diffusion losses; As — the intravoxel susceptibility losses; and Ay —
the losses due to spectral broadening. It follows from the above equation (7) that IP images
are acquired in zero time or even multiples of t,, and OP images are acquired in odd multiples
of t,. Generally, the phase difference 8 is proportional to z, that is

flrad] = 2w -y - By - AS[ppm] - 1076 - 7 = 21 - Afis - 7. (10)
The phase error is too proportional to z, and we have
@ =2m-AB; - T, (11)
where AB,, is the magnitude of the field inhomogeneity.

4.7.2. Original Two-Point Dixon Method (2PD)

As mentioned in the introduction to Dixon water-fat separation methods, Dixon had
introduced and explained the method based on the acquisition of two source images [100],

29



each with slightly different echo times (Tg). The 2PD method assumes A; = A; = 1. In the
case of the two-point Dixon method, the images are obtained when the water and phase
differences 6 are 0 (z = 0) and = (t = t,). Thus, the acquired signals from one voxel can be
expressed as

So = 5(0) = (py + p) - €%, (12)
S1 = S(tg) = (py — pa) - €'@FP0), (13)

The phase error ¢, is independent of the chemical shift, and it can be determined from
equation (12) as the argument of So and consequently removed from equations (12), (13); we
then have

So =S - e70 = (py + py), (14)
Si =8, -e %0 = (p; —p,) - €. (15)

The amount of fat and water in each pixel is important for calculating the “water” (W) and
“fat” image (F). When the water-dominant voxel is assumed without the phase error, the
water and fat images can be calculated such that

2
o Sl = 18:1 (17)

2

In the fat-dominant voxel without the phase error:
w = Sl 1511 (18)

2
_ [Sol ‘; |51|. (19)

A disturbance of the phase error condition (¢ = 0) results in misleading water and fat
images calculated through the use of equations (16), (17) or (18), (19). Generally, the images
calculated from S;p and Spp are images where each pixel contains a dominant signal of water
or fat. In clinical MR images, the amounts of fat and water can be different for each pixel.
Therefore, the practical problem of the two-point Dixon method lies in the decision of
whether the calculated pixel of the image corresponds to a water or a fat signal. The success
of the two-point Dixon method relates to the magnitude of the field inhomogeneity ABq,
which is proportional to the phase error (11). In the case of a strong magnetic field
inhomogeneity, the calculated images are a mixture of fat and water signals. Another factor
that can confound the water-fat decomposition is the T, decay of the signal at increasing echo
times [126]. In the case of the gradient-echo method, the T, decay will be a major concern.
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4.7.3. Multi-Point Dixon Methods

The presence of magnetic field inhomogeneity is a crucial problem of Dixon methods;
therefore, Young and Kormos [102], Glover and Schneider [103], and Glover [104] showed
the possibility of determining the field inhomogeneity (off-resonance, phase error) by
acquiring an additional image. The original three-point Dixon (3PD) method [103] used the
phase-encoding strategy (-=, 0, @). In the same year, Glover introduced the extended three-
point Dixon (E3PD) method [104], where a new phase-encoding strategy was presented: (0, m,
2m). In the same article, the four-point Dixon (4PD) method was described.

4.7.3.1. Three-point Dixon (3PD) method

The method is based on the acquisition of three images under specific conditions, and
it mainly constitutes an extension of the original two-point Dixon method. The 3PD method
assumes A; = A, =1, similarly as the 2PD. In the three-point Dixon method, three images
(S1, So, S1) are acquired at an exactly defined time position, namely when the relative phase
between water and fat is: (-z, 0, w). The S.p image (-z phase) is acquired from the spin-echo
sequence by shifting the refocusing RF pulse with respect to the conventional spin-echo that

is centered between the RF excitation and acquisition. The pulse sequence is shown in Fig.
14.
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Fig. 14 The pulse diagram of the spin-echo sequence used for the three-point Dixon method. The three different
positions of the m pulse are used for the acquisition of three images (S.;, So, and S;). The echoes are
symmetrically distributed about the spin-echo. [103]

The acquired signal from the third additional image (-r) can be written as follows:

S_, = S(_ta) = (P1 - pz) . el(=9+9o) (20)

The phase error can be removed as before, thus

S =S_1-e7 %0 =(p;—py) e, (21)
So = So - e = (py + p2), (22)
Si =8, -e %0 = (p; —py) - €. (23)

The additional equation (20) facilitates the determination of the phase error ¢, and we have
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arg(Sy) —arg(S’,)

5 (24)

Si- S =lp1—psl>-€* = ¢ =05 arg(S] -5, =

The procedure for finding the above equation (24) is shown in Glover‘s and Schneider’s [103]
original paper. The phase error can be calculated directly from equation (24) only if the phase
condition |@| < m/2 is fulfilled. The argument of S, - S*; is unambiguous in the range of
(—m, r); therefore, the field inhomogeneity must be smaller than (+Af:s)/2. When the phase
of the argument of S, - S*, is out of range (—m, 7), the total phase overflows 2z so that the
phase is summed or subtracted by multiples of 2z. The phase overflow effect leads to the
return of the phase into the range of (—m, ). The problem of phase overflow can be solved
via unwrapping. To correct phase unwrapping, is necessary to know where the phase starts to
be wrapped. Successful phase unwrapping and the By field inhomogeneity correction have a
significant influence on the success of the Dixon water/fat decomposition. For example,
Glover and Schneider showed how to perform the phase unwrapping algorithm using trend
analysis [103].

An important attribute of a sequence is SNR efficiency (NSA* — number of signal
average). In the case of the three-point Dixon method, the maximum NSA* = 3. Thus, SNR
efficiency can be calculated for the 3PD as follows [104]:

2(1 — cos0)?
W R A 25
NSA 1+ 2cos26 - (23)
The progress of the NSA™ depending on 6 is shown in Fig. 15. The maximum SNR efficiency

occurs when 8 = 2xt/3. The 3PD SNR efficiency with =z is equal to 2.667.

0 50 100 150 200 250 300 350

Fig. 15 The progress of the NSA* depending on the theta angle.

The additional measurement in the 3PD method provides for the calculation of the
field inhomogeneity encoded into the phase ¢o. However, two aspects in the three-point
Dixon method can be improved. The first aspect lies in the possibility of determining the Bg
inhomogeneity in voxels containing a mixture of water and fat because the signal is partially
cancelled in the two out-of-phase (+m) images used to measure By. However, the water/fat
decomposition is not jeopardized by the ambiguity. An aspect more important than the
previous one is the intra-voxel amplitude losses in the +m images. The effect of these
amplitude losses is normally negligible, but in some applications it may be important [104],
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[127]; therefore, the subsequent alternatives to the 3PD were developed directly by Glover
again.

4.7.3.2. Extended Three-Point Dixon (E3PD)

In comparison with the conventional 3PD, the extension of the three-point Dixon
method uses a different phase-encoding strategy. The contribution of the diffusion and
spectral widening losses is negligible, and thus it can be neglected. Susceptibility dephasing
losses are common for water and fat (A;; = A, = A(7)), but they depend on 7. In the case
of the conventional 3PD method, it is not possible to estimate A from the S; and S.; images,
and the asymmetric phase-encoding scheme must be used. Hence, Glover [104] proposed a
new asymmetric (0, 6, 26) phase encoding strategy. If amplitude losses owing to susceptibility
dephasing are considered, the general signal acquired from one voxel can be expressed as

Sn = (p1 + Py ein9> . A? . ei(‘PO'H’l(P), (26)

where n =0, 1, 2. If we choose # = =, then the signals from each measurement can be written
as follows:

So =5(0) = (p; +p2) - el¥o, (27)
S1=S(ty) = (p1 — p2) - As - el(9+vo), (28)
S, = S(2t,) = (py + py) - AZ - el 2PH%0), (29)

In the case of a general 6, the solution of the previous equation system is not straightforward.
The water and fat components p; and p, are real values because we chose # = =; thus, the loss
factor As can be calculated from the ratio of the magnitudes S, and Sy. ¢o is calculated from
S, similarly to the previous Dixon methods. After the correction of ¢o, we have

So = (p1 +p2), (30)
S{ = (P1 - pz) “Ag - ei(p' (31)
S5 = (py +py) - AZ - 122, (32)

The phase error ¢ and the loss factor A are calculated as

arg(S;) —arg(Sy) sy — b
2 B 2
S,

A2 = Tarr 34

(33)

@ =05-arg(Sy - S;") =

When A and ¢ are known, p; and p, can be calculated from equations (30), (31), (32).

The extended 3PD method provides information about the resonance offset in the
same manner as the 3PD, and it also provides additional information about the intra-voxel
amplitude loss. The SNR performance and imaging time are equivalent to the 3PD method. If
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the Lorentzian distribution of spectral distribution in a voxel is assumed, the losses due to
susceptibility dephasing can be expressed as

_Irl

Ag=ce Tz’, (39)

where T, is the half-width of the spectral line. The new phase-encoding strategy (0, 6, 26)
used in the EP3D enables us to establish the water (p;) and fat (p2) components, the By field,
the losses As due to susceptibility dephasing, and the T,

4.7.3.3. Four-Point Dixon (4PD) Method

As was mentioned earlier, spectral broadening is one of the three factors which can
contribute to the total loss factor A (9). The water spectral line is sharp; thus, we have the loss
factor A;ww = 1. The fat line has several components close around, and the spectrum is
broadened. The fat broadening has a direct effect on the correct water/fat decomposition. The
Gaussian shape of the fat spectral line is assumed; therefore, the loss factor A,y for fat can be
calculated as follows:

Aw-T)?
AZW = e_( ajl-T) , (36)

where Aw is the half-width of the fat spectral line [104]. The acquired signal including the fat
broadening effect can be expressed generally, using the equation (8) as follows:

Sp = (Pl +py - Agw eme) - A§ - el(@otne), 37)

From the previous equation (37) there follows an additional degree of freedom; therefore,
another additional measurement must be performed. Glover has introduced a phase-encoding
strategy with (0, 4, 260, and 36). The general solution of the previous equation (37) is
complicated, but the solution process is simplified for & = . When A; =A; and
Aow - As = Ay, then

STL = (pl . A1 + pz . A2 . eine) . ei(¢o+n<ﬂ). (38)

In the case of (0, n, 2 w, and 3 =) phase-encoding, the following system of equations is
obtained:

So =S(0) = (p1 +p2) - €', (39)

S; = 5(ta) = (p1 - Ay — py - A) - e/(P490), (40)
Sy = 5(2tg) = (py - AT +py - A3) - /2090, (41)
S3 = 5(3tg) = (p1 - A} — pp - A3) - /GO0, (42)

The ¢o and ¢ are calculated similarly to the previous multipoint Dixon methods, and the
equations (39), (40), (41), (42) will be simplified to yield

So = Sp = (p1 + p2), (43)
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Sy =51-e7% =(p;-A;—py-Ay), (44)

Sy =85 -e72¢ = (p; - A2 + p, - A2), (45)
Sy =83-e7832 = (py - A} — p, - AY), (46)

where
S} =S! . e ine+eo) (47)

The 4PD method provides more accurate water/fat decomposition compared to the
E3PD method because additional information related to the losses due to fat broadening is
obtained. Otherwise, the 4PD is logically more time-consuming than the E3PD or 3PD
methods. Identically to the 3PD method, the SNR efficiency depends on the choice of the 6
angle.

The success of the water and fat separation directly relates to correct phase
unwrapping, which can be performed through the use of polynomial fitting [117], region
growing [106], or graph cut [113], [128].

Unwrapping

Generally, phase unwrapping is a well-studied and very difficult problem in
mathematics and engineering. Phase unwrapping failure leads to incorrect estimation of water
and fat components. Although many different methods have been proposed [129], no general
solution has been found to date. The purpose of unwrapping is to establish the true phase ¢
from the wrapped phase ¢, that is

¢ = ¢+ 2km, (48)

where k is the integer, and the true phase ¢ is within the range (—m, ). Thus, the true phase
can be calculated as

@ = Wrapp[@]. (49)

Phase unwrapping is a reasonable operation if we have more than one pixel. In this case,
phase wrapping occurs when the phase difference exceeds 2n between two neighbouring
pixels or spatial locations. Phase wrapping then results in phase discontinuities or, in other
words, phase jumps. These discontinuities are called “fringe lines” [129], [101]. The basic
purpose of phase unwrapping is to identify a phase jump and to restore the true phase from
the wrapped one by subtracting or adding the multiple of 2z. A very important condition
necessary for recovering the true phase from the wrapped one is as follows:

- < Ap(x) <, (50)

where A@(x) = @(x+ 1) —@(x) represents the true phase difference between two
neighbouring pixels. If the above condition (50) has not been satisfied, the unwrapping will be
incorrect. In magnetic resonance imaging, there are several sources disrupting the previous
condition, for example noise, spatial undersampling of the phase, and artefacts owing to
aspects including movement or blood flow. An extreme case exists in background regions

35



where the signal drops to zero and the phase distribution is random. For these regions,
effective information about the true underlying phase (e.g., field homogeneity) cannot be
acquired. Although, from the mathematical perspective, any correction procedure can be
appropriate, the actual unwrapping in the given regions (pixels) is pointless. It is important to
note that phase unwrapping errors in the discussed regions can potentially disturb phase
unwrapping in areas where the true phase is incorrect. The success of the phase unwrapping
algorithm in these regions depends on the design of the algorithm. The unwrapping methods
can be divided into the following three main groups: minimum-norm methods [130], [131];
path-following methods [132], [133]; and pixel-based analytical methods [16], [120], [134],
[135], [136]. A short description of these methods can be found within several sources [101];
detailed description of the discussed techniques is beyond the scope of this work.

4.7.4.Extended Two-Point Dixon Method (E2PD)

The multipoint Dixon technique provides more information on true water/fat
separation. Unfortunately, the discussed methods require longer acquisition time. Yang et al.
[117], Akkerman and Mass [116], Skinner and Glower [107], and Coombs et al. [106] showed
that phase error due to field inhomogeneity can be obtained only by the 2PD method.

Now let us assume the original 2PD method. The already discussed equations (12)
reveal that ¢o can be obtained immediately, similarly as in the above-mentioned Dixon
methods; thus, the subsequent equations (14), (15) are yielded. If the phase range does not
exceed 2m, the argument of S; can be calculated directly. The phase error ¢ can be calculated
as follows:

@ =05- arg{(S{ -S(',*)Z}. (51)

When the argument of (S{ -S(’,*)Z exceeds 2, it must be unwrapped. The square operation in
the argument of the previous equation (51) practically means that the water and fat are in-
phase (2rm). The success of the E2PD method lies in the field inhomogeneity estimation
related to the phase error, as shown in, for example, equation (51). A multitude of phase-
correction algorithms for the 3PD have been proposed and applied in the 2PD method; these
include region growing [106], solving Poisson’s equation [107], or polynomial fitting [117];
all the discussed algorithms can be used for phase unwrapping. However, phase unwrapping
for 2PD is more error-prone compared to the 3PD method. In the case of the E2PD, the SNR
of the By map is low in the water/fat boundary regions since the signal of an OP image
decreases towards zero, and the phase difference is half-size in comparison with the E3PD
method. The E3PD method uses two IP images to calculate By; therefore, the signal is not
decreased in the pixel with the mixture of water and fat. The fat is broadened owing to other
fat components, which in turn causes T, decay in the shifted-echo acquisition [104].
Therefore, fat suppression in the E2PD is worse than in the E3PD. [107]

The reliability of processing is frequently related to signal cancellation in voxels
containing a mixture of water and fat. It often occurs at the boundaries of water- and fat-
dominated regions. Problems can occur in the case of phase unwrapping algorithms that
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require an empirical angular threshold as a criterion for phase unwrapping, mainly because of
the phase uncertainty and increased phase variation in voxels where water and fat are partially
disrupted. Thus, the determination of an optimal angular threshold can be problematic or even
impossible. This can be avoided by segmentation of the image or compromising the reliability
of phase unwrapping.

In the case of 2PD, the phase vector (phasor) can be obtained from the equations (12)
and (13) for pixels containing more water than fat, such that

. S$1+Sy"
N (52)
|S1| " So
or for pixels where fat is a dominant component; we then have
. Sl - SO*
el =— : 53
|S1| " So ( )

Thus, the phasor will be assigned the plus or minus sign. The phasor represents a unit vector
in the complex plane, and the direction is determined by ¢ but unaffected by a possible phase
wrap in ¢. It should be emphasized that the change of the phasor direction is not associated
with phase wrapping. Over time, many improvements have been proposed for the elimination
of field inhomogeneity in water-fat separation by 2PD methods. Ackerman and Mass [116]
showed that the water and fat separation can be successfully secured via the 2PD without
direct phase unwrapping. These authors used a region-growing algorithm (R-GA) similar to
that applied by Szumowski [133]. A different robust R-GA was proposed by Ma [137], with
several improvements made compared to the previously reported algorithms. Another
modification of the original 2PD method was reported by Xiang [110]; here, the principle
consisted in the measurement of one in-phase image and a different image with a partially
opposed phase (POP), where water and fat are not utterly in the opposed phase. In this case,
two phasor candidates are sought as in the previous algorithms, analogically to the two
phasors with the plus and minus signs for the symmetrical 2PD. Xiang used the regional
iterative extraction (RIPE) algorithm to determine the phasor candidates (resolve the error
phasor ambiguity). The method demonstrated that the opposed-phase constraint could be
relaxed, and Eggers et al. [138] suggested that also the remaining constraint could be
removed, allowing both echo times to be set as short as possible [108]. In theory, the echo
times are flexible, but in practical applications the echo times are limited by the noise
performance (NSA) and capacity of resolving the error phasor ambiguity. Berglund et al.
[108] showed that 2PD methods without usual constraints on the echo times provide several
advantages, such as flexible shortening of the acquisition time or a spatial resolution increase.

4.7.5. Single Point Dixon Methods

Several clinical applications require a maximally short total acquisition time. The
2PD technique improves the data acquisition efficiency compared to the 3PD or MPD
methods. Generally, MRI data are complex and contain a real and an imaginary part. These
parts can be interpreted as real and imaginary channels. If the field inhomogeneity is perfect
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and the relative phase difference between water and fat is 90° (water and fat are acquired in
quadrature) [139], [140], [141], [142], then the water contributes to the real part (after the FT)
and the fat contributes to the imaginary part. In fact, the inhomogeneity and the related phase
error always occur; therefore, a real and an imaginary part of MR images always contain a
water and fat signal mixture. In general, the obtained signal from one scan corresponds to
equation (8) with three unknowns (water, fat, and ¢, + ¢ ), and the error terms ¢, + ¢
cannot be obtained. Initially, two approaches to phase correction were reported. The first
technique is to use the data from the reference scan [139], [140], [119], and the second
approach consists in using empirical phase modelling [141], [142]. The previous approaches
eliminated the influence of inhomogeneity with varying degrees of success.

Xiang [143], [144] introduced a relatively simple and fast phase correction algorithm
for the single-point Dixon (SPD) method without the necessity of a reference scan or explicit
modelling of the phase errors. The method is based on normalization up to the unity of the
magnitude of the original complex image obtained from the SPD quadrature acquisition;
consequently, heavy smoothing (low-pass filtering) is applied on the real and imaginary
channels. The smoothed (filtered) image has a significant signal reduction in the pixels at the
water/fat border regions. Following this fact, the regions along the borders are segmented and
classified as water- or fat-dominated areas by examining the phase of the boundary pixels.
Therefore, a CBM (coloured-border map) map can be created, where the water border, fat
border, and other pixels are represented by three values: 1, — 1, and 0. In the first approach,
Xiang [143] implemented a phase angle rotation (78°) to the signal in fat-dominant pixels. A
follow-up approach consists in “virtual shimming”, in which the local phase rotation mimics a
magnetic field adjustment to achieve the best chemical shift spectrum in every region of the
image [144]. Under the assumption that all pixels in the image which contain a significant
amount signal are water- or fat-dominant, the phase correction of the SPD method (without
the reference scan) can be performed using the R-GA [145], [115], [146]. An advantage of the
method presented by Ma [115] is that the fully-automated R-GA was used and the data were
acquired with a flexible echo time.

Data Acquisition Strategy and a Summary of Dixon Methods

Dixon methods in several variants are widely used with many pulse sequences, such as
the fast spin echo [120], [147], [148], [149], [150], the gradient echo-based sequences (SPGR
methods, SSFP and bSSFP methods) [120], [151], [152], [153], or sequences with non-
rectilinear k-space sampling, for example spiral [154], [155] or concentric rings trajectory
[156]. In the first approach, the success of most Dixon methods lies in the phase correction
procedure. Any failure of the phase correction procedure leads to incorrect water/fat
separation (water and fat can be swapped in the pixel). Another significant factor affecting the
water/fat separation is the data acquisition strategy. The data acquisition strategy relates to a
specific phase correction algorithm and to how the data acquisition strategy is implemented
into the pulse sequence. In the case of an acquisition strategy with a long scan time, the
sequence can be sensitive to motion artefacts. It is important to note that motion artefacts are
a challenge for the phase correction procedure. Yet another important factor is a relative phase
between water and fat related to echo spacing. A relative water-to-fat phase plays a significant
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role in sequences where the maximum time efficiency and optimal image quality are required.
The changes of timing in the pulse sequence (e.g., the echo time in the GRE or echo spacing
in the FSE) and the related phase change between water and fat can lead to a decrease of the
image quality and reduction of the scan time efficiency. It follows therefrom that data
acquisition with a small relative phase between water and fat would be ideal, but in reality the
success of the phase correction procedure strongly depends on the ability to detect and correct
phase changes in the presence of noise and other phase errors. A small water-to-fat phase
difference leads to a lower SNR in the calculated water and fat images. The selection of a
suitable Dixon method requires us to consider all the factors mentioned above.

From the perspective of the scan time duration, the SPD method obviously provides
the shortest scan time but, unfortunately, does not secure sufficient information on water-fat
separation; additionally, the assumption of water- or fat-dominated pixels is necessary.
Therefore, the SPD method cannot be strictly quantitative for all applications. In the case of
the SPD with a reference scan, there is the possibility of image degradation following a
patient motion or instability of the MR system. In comparison with the SPD, the 2PD method
requires a double scan time in the very least; unlike the SPD, however, the 2PD approach
provides a more than sufficient amount of information necessary for water/ fat separation. In
addition, the information obtained from 2PD methods is essentially the same as in the case of
3PD methods, excepting pixels where the amount of water and fat is identical. Generally, the
3PD or MPD methods are more time-consuming and more prone to degradation due to a
patient motion (human or animals); these techniques nevertheless provide full information
[104] related to water/fat separation and the MPD methods can be used to separate two or
more spectral components [120].

Many clinical applications require a very short scan time, and there are several ways to
reduce its overall length. The presented Dixon methods are very flexible and can be
implemented together with other techniques for reducing the total scan time. In the case of
multiple receive coils, one of the options is partially parallel imaging (PPI). The scan time
reduction is determined by the acceleration factor corresponding to the number of coils
through the k-space undersampling [157], [158], [159]. Several combinations of Dixon
methods with PPl acceleration have been proposed [160], [161], [162]. Another effective
method to reduce the Dixon acquisition time consists in acquiring multiple input images with
dual-echo [137], [163], [164], [165] or multi-echo [149], [166], [167] readouts.

A number of scans in Dixon methods increases the SNR in the calculated images
(water, fat, or other spectral components) compared to an individually acquired image. The
efficiency of Dixon methods is represented by the NSA (number of signal averages). The
value of the NSA depends on the method, the acquisition strategy, and data processing.
Furthermore, the SNR performance can depend on the relative amount of water and fat in
individual pixels [112].
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5.Efficient T2-Weighted (T2W) Fast Imaging
Methods

Together with other contrasts (such as T1W, DWI, or SWI), T,-weighted (T2W)
images provide valuable information on many diseases. The conventional fast spin echo
(FSE) method is a standard MRI sequence for acquiring T2W images in preclinical or clinical
research. The previously presented FSE-based Dixon implementations [147], [120], [148],
[168] facilitate effective shortening of the Dixon acquisition time, but the measurement time
is still n-times longer (for nPD) than in one FSE scan. Therefore, Ma et al. introduced a new
method called the fast spin echo triple-echo Dixon (fTED) method. This modification of the
FSE sequence significantly reduces the Dixon acquisition time in such a manner that the
duration of Dixon acquisition is equal to that of one FSE scan. In this thesis, we propose a
novel modification of the FSE method to be used for the Dixon acquisition. The method is
called fast triple spin echo Dixon (FTSED), and it significantly reduces the Dixon acquisition
time. The technique is described in Chapter 5.3.

The application of the FTSED sequence at a high field is major challenge. As
mentioned earlier, the chemical shift increases commonly with the By field, and field
inhomogeneity induced by magnetic susceptibility is stronger at high fields. A chemical shift
increase leads to a larger shift of position between the water and fat components in an MR
image for the same bandwidth (BW) and field-of-view (FOV). In the case of a high field,
spin-spin relaxation decreases faster; thus, some parameters, e.g., the echo train length (ETL)
in FSE-based methods, are limited. Furthermore, along with the chemical shift increase, the
speed of rotation of fat components is also increased; therefore, to achieve n water-fat phase
difference, a shorter time shift is necessary.

5.3. Fast Triple-Spin Echo Dixon Method (FTSED)

The Fast Triple-Spin Echo Dixon Sequence (FTSED) is derived from the conventional
fast spin echo (FSE) method proposed by Hennig et al. [169] and can be classified as a 3PD
method. The main goal of the proposed method (FTSED) lies in the acquisition of three
independent k-spaces, each for a specific echo shift (Fig. 17), during one instance of FTSED
acquisition; thus, the Dixon acquisition time will be equal to the FSE method duration. Fig. 17
shows a FTSED sequence for particular phase encoding steps (0, -m, -2m). Generally,
however, the echo shifts can be chosen arbitrarily (within the limits of the sequence), and the
Iterative Least-Squares Estimation Method [120] can be used for water and fat calculation
(Appendix A). Reeder et al. [111] indicate that symmetrically acquired echoes cause artefacts
which degrade image quality; therefore, symmetrical phase encoding strategies were excluded
a priori. In addition, the authors found an optimal echo combination where noise performance
reaches the achievable maximum and will be independent from the proportion of water and
fat. The combination of asymmetrically acquired echoes with the Iterative Least-Squares
Estimation is referred to as “iterative decomposition of water and fat with echo asymmetry”,
IDEAL [111]. In our case, the specific asymmetric phase encoding strategy was chosen:
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(0, -x, -27) or (0, w, 2x). The chosen strategy will ensure the achievement of PD —, T, —, T, —
weighted images (e.g., Fig. 25 (A), (B), (C)).

The principle of the FTSED lies in the insertion of three (or two) time intervals into
the echo train (ET); thus, the three images, each with a specific phase shift between water and
fat, are obtained during one FTSED acquisition. This manner of acquisition nevertheless
comprises one disadvantage, namely the ETL limitation compared to other FSE-based
sequences, e.g. the fTED or asymmetric FSE (AFSE). In fact, the ETL is limited only by the
T, relaxation of the measured sample/tissue (Fig. 16).

It is necessary to mention that the ETL in the FTSED method carries the same
meaning as in the FSE echo method, yet there is a little difference: the ETL in the FSE
sequence means the number of echoes in the echo train and the acceleration factor. In the case
of the FTSED sequence, the ETL defines only the number of refocused echoes in the echo
train, and the acceleration FTSED-factor is equal to the ETL/3. The method enables us to
choose an arbitrary phase-encoding strategy and generally depends only on our choice. To
achieve a stronger contrast between a voxel with dominant water and voxels where fat is
dominant, the modified IDEAL algorithm can be used (Appendix B).

180
160 p- s
= 140 @ g < water
£ 120 |
2 4 echoes
2 100 ‘ " 7
-;—: 80
_go 60
@ 40
20 o sy
0 —AAAAAAAAAAANVREEEEREH bbbk K
O‘ 50 100 , 150 200
T
echo train TE[ms]

Fig. 16 The course of water and fat T, relaxation in the phantom (water and fat/lard) during the FTSED
sequence.
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Fig. 17 The time diagram of the Fast Triple Spin Echo pulse sequence for a particular phase encoding scheme,
or 0, &, 27, and the principle of data acquisition; ETL = 9, FTSED-factor = 3. Three images are obtained
during a single acquisition: an in-phase image (IF0), an opposite-Phase image (OP), and an in-phase
image (IF2) again, but with the phase difference between water and fat of 2z. n = FTSED-factor = 3.
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6.Results

The proposed method was successfully implemented in an 9.4 T MRI system (Bruker,
BioSpec 94/30). Two phantoms were created for the evaluation of the FTSED method, the
first being a set of plastic tubes (twelve) containing a water-fat emulsion (mayonnaise mixed
with water), each with various water/fat ratios. The second phantom consisted in a compound
of lard and water placed into a glass tube. Consequently, the method was applied in rats. All
animal measurements were performed with real-time breath-hold triggering (SAll, Model
1030), and each measurement followed in the pause (or interval) after exhalation. All
calculations were performed in the Matlab program.

The first phantom (Fig. 19) with various concentrations of fat in water was created
upon the necessity to verify correct determination of the fat fraction (FF).The fat signal
fraction can be calculated as follows [170]:

|F|

FF = ———7,
IF|+ W]

(54)

While an “arbitrary” intensity scale is provided only by water and fat images, FF images
secure quantitative mapping of the fat signal in each voxel [171].
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Tab. 3 The composition of samples in a phantom with various concentrations of oil.
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Fig. 18 The calculated transversal relaxations T, of samples in the phantom, (A). The numerical designation of
samples in the phantom, (B).

The spiral displacement of the tubes in the phantom can be seen in Fig. 18B. Each
sample exhibits its own T, relaxation (Fig. 18A). The phantom composition is shown in Tab.
3, and the spectrum of the whole phantom is presented in Fig. 22(A). To improve the stability
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of the emulsion, the water was mixed with gelatine before being blended with mayonnaise.
The mayonnaise was created only from chicken egg and sunflower oil. The mixing of water
and oil is a problematic task if performed without an emulsifier. An emulsifier is a substance
which reduces the surface tension at the interface between two immiscible liquids, thus
enabling homogeneous mixing of the emulsion of the two liquids. In our case, the lecithin in a
chicken egg was utilized as a natural emulsifier.

Original-S0 Water (IDEAL) Water (IDEAL-T5)

20
40
60
80

|
100

Fig. 19 The phantom with various ratios of water and fat. (A), (D, (G) are the original images used for the
calculation of water and fat images through the use of the IDEAL (B), (E) and the modified IDEAL (C),
F) algorithms. The fat fraction calculated for the IDEAL, (H) and the modified IDEAL, (). The
sequence parameters: ETL = 12, (FTSED - factor = 4), BW = 150 kHz, Tr = 3000 ms, Tg = 4.774 ms,
ETE(Sy) =9.548 ms, ETE(S,) = 28.955 ms, ETE(S,) = 48.362 ms, matrix = 128 x 128, FOV =60 x 60
mm,; total scan time =1 m 36 s.

The graph in Fig. 20 shows the values of FF calculated through the use of the IDEAL
and the modified IDEAL algorithms for various concentrations of fat. The ROIs were selected
over each sample. The red line indicates the theoretical concentration of fat in the emulsion.
However, not all samples in the phantom were homogeneous, and therefore the calculated FF
maps vary from the theoretical concentration, especially for samples 5—7 and 9 - 10. In
addition, the emerging small air bubbles exert an undesirable effect on the calculated FF from
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the ROIs. The dashed lines with filled circles show the FF calculated via the IDEAL
algorithm. The contrast between the voxels with dominant water or fat can be improved
(Appendix B), but the resulted FF image is not correct. The solid black lines (Fig. 20) with
triangles show that the signal is suppressed in voxels with dominant water and boosted in the
fat-dominated voxels. The result is a higher contrast between water and fat. The same findings
can be mentioned for water images. The difference between the calculated FF achieved via
the FTSED-IDEAL and the theoretical FF (the red solid line) is shown in Fig. 21. In the
samples 9 —12, we evaluated the FF (the blue solid line) acquired from chemical shift
imaging (CSI). The FF values were calculated for the same ROls as in the case of FTSED.
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Fig. 20 The theoretical concentration of fat in the emulsion (solid red line) compared to the measured data. The
fat fraction was calculated via the IDEAL (filled circles with dashed lines) and the modified IDEAL
(filled triangles with solid lines) algorithms.
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Fig. 21 The graph showing the level of agreement between the theoretical and the calculated FF (IDEAL).
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Fig. 23 — Fig. 26 show the original images (A), (B) and (C) of the second phantom and
a rat acquired by the FTSED method; (D), (E) and (F) are the corresponding phase images.
The images were used for the calculation of water and fat images through the use of the
IDEAL (H and I) and the modified IDEAL (Appendix B) ((K) and (L)) algorithms. From the
calculated water and fat images, images were recombined for the IDEAL (G) and the
modified IDEAL (J). The images (A), (B) and (C), for the selected phase encoding strategy
(0, m, 2n), represent PD —, T, — and T2 — weighted images.

(A) (B) (©) !

0 1605 — 0 1400 —
f[Hz] f[Hz] f[Hz]

Fig. 22 The spectra of the measured phantoms (A — water-oil emulsion; B — lard and water) and a rat (C)
acquired at 9.4 T. BW = 8kHz, 2048 points.

Fig. 23 and Fig. 24 show axial slices of the measured phantom compound from the
water (T; =56.5 ms, T, =29.1 ms) and fat-lard (T, = 508.3 ms, T, = 33.4 ms) placed into the
applied glass tube. The chemical shift between water and fat is 1543Hz (Fig. 22(B)). The
effects of a relatively long ETL and a “short” T, lead to errors in the reconstructed water and
fat images (Fig. 24 (J), (K), (L). The errors in reconstruction occur due to a lower SNR in the
images used for the reconstruction. A lower frequency bandwidth (BW) leads to a higher
SNR, but, on the other hand, a low BW yields a bigger shift between water and fat in the
image. The effect of a low BW at a high field can be seen in Fig. 24; the water-fat shift is
1.2344 mm in the reading direction. This regrettable effect can be partially eliminated by the
exchange of the BW for the same FOV. The position shift between water and fat in the image
for a higher BW is shown in Fig. 23. In this case, the shift is only 0.3086 mm. Generally, the
shift between water and fat Ax in the image can be expressed as

Fov

Ax =
= Bw

* Afcs (55)
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Fig. 23 A comparison of the IDEAL and the modified IDEAL algorithms for water and fat separation. Axial
images of the phantom (water and fat/lard in a glass tube) were acquired using the FTSED sequence (0,
n, 2n). The images (A) — (C) show the magnitudes (intensities), and (D) — (F) are the corresponding
phase images. The calculated water and fat images (H), (I) utilizing the IDEAL algorithm, and the
recombined image (G). The images (K) and (L) represent the calculated water and fat images using the
modified IDEAL, and the following image (J) is an image recombined from the previously mentioned
ones. Sequence parameters: ETL =9, (FTSED - factor = 3), BW = 200 kHz, Tg=2000 ms,
Te = 6.206 ms, ETE(Sy) = 12.412 ms, ETE(S;) = 31.387 ms, ETE(S;) = 50.362 ms, matrix = 128 x 128,
FOV =40 x 40 mm; total scan time =1 m 24 s.
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Fig. 24 A comparison of the IDEAL and the modified IDEAL algorithms for water and fat separation. Axial
images of the phantom (water and fat/lard in a glass tube) were acquired using the FTSED sequence (0,
n, 2n). The images (A) — (C) show the magnitudes (intensities), and (D) — (F) are the corresponding
phase images. The calculated water and fat images (H), (I) utilizing the IDEAL algorithm, and the
recombined image (G). The images (K), (L) represent the calculated water and fat images using the
modified IDEAL, and the following image (J) is an image recombined from the previously mentioned
ones. The sequence parameters: ETL =18, (FTSED - factor = 6), BW =50 kHz, Tg =2000 ms,
Te = 6.206 ms, ETE(Sy) = 18.618 ms, ETE(S;) = 56.211 ms, ETE(S;) = 93.804 ms, matrix = 128 x 128,
FOV =40 x 40 mm; total scan time = 42 s.
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Fig. 25 A comparison of the IDEAL and the modified IDEAL algorithms for water and fat separation in rats.
The coronal images of a rat (abdomen and pelvic region) were acquired using the FTSED sequence (0,
n, 2m). The images (A) — (C) show the magnitudes (intensities), and (D) — (F) are the corresponding
phase images. The calculated water and fat images (H), (I) utilizing the IDEAL, and the image
recombined from the previously mentioned ones (G). The images (K) and (L) represent the calculated
water and fat images using the modified IDEAL, and the following image (J) is a recombined image.
Sequence parameters: ETL = 12, (FTSED - factor = 4), BW = 150 kHz, Tr =3000 ms, Tg = 4.774 ms

ETE(Sy) =9.548 ms, ETE(S;) =29.001 ms, ETE(S;) = 48.454 ms, matrix = 192 x 192, FOV =70 x 70
mm; total scan time =2 m 24 s.

49



Water + Fat (modified IDEAL)
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A comparison of IDEAL and the modified IDEAL algorithms for water and fat separation in rats. The
transversal images of a rat abdomen were acquired using the FTSED sequence (0, w, 27). The images
(A) - (C) show the magnitudes (intensities,) and (D) — (F) are the corresponding phase images. The
calculated water and fat images (H), (I) utilizing the IDEAL, and the image recombined from the
previously mentioned ones (G). The images (K) and (L) represent the calculated water and fat images
using the modified IDEAL, and the following image (J) is a recombined image. The sequence
parameters: ETL =12, (FTSED —factor=4), BW=150kHz, Tgr=3000ms, Tg=4.774ms,
ETE(Sy) = 9.548 ms, ETE(S;) = 29.001 ms, ETE(S;) = 48.454 ms, matrix = 192 x 192, FOV =70 x 70
mm; total scan time =2 m 24 s.
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Fig. 27 The calculated water/fat fraction images for the phantom and the rat abdomen/pelvic region. The
water/fat images calculated from the images achieved from the IDEAL, (A), (D), (G), (J), and the

modified IDEAL (B), (E), (H), (K) algorithm.

After the verification of the FTSED method in both phantoms, the method was applied
in a rat. Fig. 25 shows the coronal slice of a rat abdomen with the pelvic region. Although the
measurement was triggered, the images are slightly affected by motion artefacts because the
respiration rate was not absolutely stable during the entire measurement. Fig. 26 shows
transversal slices through the rat abdomen, where the motion artefacts are stronger. The
artefacts are mainly visible in the phase images (D) - (F). The artefacts arise owing to the
peristaltic movement of the gastrointestinal tract (intestines and stomach); thus, the abdominal
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fat around the gastrointestinal tract is affected by motion too. It can be clearly seen in the
water and fat images (H), (1), (K), (L) that the artefacts are primarily due to the fat or water.

Fig. 27 shows the calculated FF and WF for the phantom and the rat abdomen/pelvic
region. The spurious effect of the motion artefacts can be seen mainly in the axial slice of rat
abdomen (J), (K), and a minor effect of motion artefacts can be observed in the coronal slice
of the rat abdomen/pelvic region (H), (I). A strong motion artefact leads to errors in the
determination of the correct fat/water fraction. The calculated water/fat fraction (B), (E),
(H), (K) images, from the water and fat images achieved by the modified IDEAL algorithm,
show different results compared to the original IDEAL algorithm (A), (D), (G), (J) — true
value of the FF.

Phantom — lard and water (ETL =9, FTSED-factor = 3, BW = 200 kHz)

| So S1 Sz
' water | fat-lard water | fat-lard water |  fat-lard
ETE 12.412 31.387 50.362
[ms]
SNR
[-] 44,102 31.628 22.609 10.740 12.011 5.755
Phantom — lard and water (ETL = 18, FTSED-factor = 6, BW = 50 kHz)
" So Sy S,
' water | fat-lard water | fat-lard water | fat-lard
ETE 18.618 56.211 93.804
[ms]
SNR
-] 69.095 48.229 19.526 8.801 5.814 3.673

Rat (coronal slice abdomen/pelvis region) — lard and water (ETL=12, FTSED-factor = 4,

BW = 150 kHz)
SO S]_ SZ
water i water fat water | water fat water | water fat

Hi. Kidney { muscle { abdominal | kidney | muscle i abdominal | kidney | muscle { abdominal

Roil* | Roi2* { Roi3* | Roil* { Roi2* | Roi3* | Roil* | Roi2* | Roi3*
9.548 29.001 48.454

ETE
[ms]
SNR
[-]
Rat (axial slice of abdomen) — lard and water (ETL = 12, FTSED-factor = 4, BW = 150 kHz)

75.548 1 51.556{ 109.005 |{44.993 |21.647; 56.323 |40.626 |10.574 48.547

v water fat water fat water fat
' muscle abdominal muscle abdominal muscle abdominal
(Roil**) (Roi2**) (Roi1**) (Roi2**) (Roil**) (Roi2**)
[Er;lrs? 9.548 29.001 48.454
SNR
[_] 24.022 46.746 10.404 32.866 7.774 36.390

Tab. 4 Table of the SNR for the original images used for the calculation of water and fat images.
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Tab. 4 shows the SNR in the defined ROIs (Fig. 28) for the original MR images
achieved with the FTSED method in the phantom (C) and the rat (A), (B). In the phantom, the
intensity of water is higher compared to the fat due to a very short T; relaxation. The
undesirable effect of motion artefacts occurred in the SNR evaluation of the axial rat abdomen
(Tab. 4, 1V., S; - Roi2**). The acquired images were used for the calculation of water/fat
images through the use of the IDEAL and the modified IDEAL algorithm (Tab. 5).

Fig. 28 The selected regions of interest (ROISs) in the coronal slice of a rat abdomen and pelvic region (A), axial
slice of the rat abdomen (B), phantom (C).

The same ROIs (Fig. 28) were applied to the calculated water and fat images of the
phantom and the rat, and the SNR in these ROIs were evaluated.
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Phantom — lard and water (ETL=9, FTSED-factor = 3, BW=200kHz)

IDEAL modified IDEAL
I W - image F - image W - image F - image
water fat-lard water fat-lard water fat-lard water fat-lard
SNR [-] 41.988 7.176 5.224 23.915 65.485 4.485 2.558 45.439
Phantom — lard and water (ETL=18, FTSED-factor = 6, BW=50kHz)
IDEAL modified IDEAL
1. W - image F - image W - image F - image
water fat-lard water fat-lard water fat-lard water fat-lard
SNR [-] 46.357 14.072 14.705 27.877 98.920 10.090 6.239 65.097

Rat (coronal slice) — lard and water (ETL=12, FTSED-factor = 4, BW=150kHz)

IDEAL modified IDEAL

1. W - image F - image W - image F - image
Roil* | Roi2* | Roi3* | Roil* | Roi2* | Roi3* | Roil* | Roi2* | Roi3* | Roil* | Roi2* | Roi3*
SNR[-]| 82.92 | 43.72 | 22.98 | 16.06 | 11.48 | 113.26 | 101.11 | 9,53 | 5.95 9.09 9.31 | 160.08
Phantom — lard and water (ETL=18, FTSED-factor = 6, BW=50kHz)

IDEAL modified IDEAL
V. W - image F - image W - image F - image
Roil** Roi2** Rol1** Roi2** Rol1** Roi2** Rol1** Roi2**
SNR [-] 32.796 16.694 6.542 44.078 50.878 2.308 6.606 50.214

Tab.5 The SNRs of the calculated water and fat images from the original images acquired by the FTSED method.* Roil — kidney, Roi2 — muscles, Roi3 — abdominal fat; **
Roil — muscles, Roi2 — abdominal fat; the selected ROIs can be seen in Fig. 28.



7.Discussion

The novel 3PD fast triple spin echo Dixon method (FTSED) is introduced. The
proposed technique, derived from the original fast spin echo (FSE) with echo asymmetry, was
successfully implemented in an 9.4T MRI system. The measurement at a high field is
accompanied by specific problems, which include the consequences of the magnetic
susceptibility inhomogeneity: considerable local static field inhomogeneity may lead (in some
voxels) to significant resonance line broadening, which then may complicate the separation of
the water and fat components. The T, transversal relaxation shortening at a high field
constrains the proposed method. The 3PD method assumes a relatively simple signal model
where water and fat have a single resonance frequency, in spite of the fact that fat exhibits
several spectral peaks.

The main goal of the FTSED method lies in the acquisition of 3 raw data sets (each
with a specific water-fat phase shift) during one scan and in the provision of images with a
high SNR. In comparison with the 3PD realized via the FSE with echo asymmetry, sometimes
denoted as the AFSE, the total scan time of the FTSED is 3 times shorter. The FTSED
method is directly a 3PD method. In addition, the selected phase-encoding scheme (0, © and
2m) provides three different image contrasts (PD, T,*, and T,-weighted images), as shown in
Figs. 25(A), (B), (C). The time efficiency is directly comparable to that found in another
modification of the FSE method: the fast spin-echo triple-echo Dixon (fTED) technique
[149]. From the perspective of image processing, the fTED is a 2PD method.

At high fields, the chemical shift between water and fat is increased, and to minimize
chemical shift artefacts, strong gradients and a large acquisition bandwidth must be used, in
which the set of possible consequences includes non-negligible eddy currents or a reduced
SNR. The choice of a low acquisition BW leads to non-negligible chemical shift artefacts in
the image. The effect of a low BW is shown in a phantom (Fig. 24). In this case, the gradients
of ~29mT/m were insufficient because the chemical shift displacement is 1.23 mm, with the
pixel size of 0.31 mm, and it represents a 4-pixel displacement. As can be seen in Fig. 23, the
higher acquisition BW reduced the chemical shift displacement. In this case, the gradients of
~117mT/m were sufficient to limit the chemical shift displacement to ~0.31 mm, and this
shift represents only a 1-pixel displacement. On the other hand, the SNR reduction in the
image is apparent. A high field causes shortening of the T, relaxation time; thus, the
combination of a very long echo train and a short T, relaxation (Fig. 16 and Fig. 24) leads to
errors in the calculated water and fat images, and the computed FF maps will be wrong (Fig.
27(D)).

A phantom with various fat concentrations was created for the verification of the
FTSED method. Unfortunately, the concentrations determined from the FTSED — IDEAL
differ from the expected values (Fig. 20, red solid line) for several reasons, including the
inhomogeneity of the water-fat emulsion, the simplified signal model, and the field
inhomogeneity (T,*). Over all these effects, the FTSED method with IDEAL exhibits the
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ability to determine the FF fraction relatively accurately. The FF determined upon the FTSED
— IDEAL for samples 10 — 12 significantly differs from the expected (theoretical) values, but
the FFs obtained from the chemical shift imaging (CSI) method are closer to the FF achieved
with the FTSED — IDEAL. It follows from this assertion that vegetable oil comprises an
inconsiderable amount of water, and this is inconsistent with our original assumption of pure
oil. The second phantom (Fig. 23 and Fig. 24) was created from lard and water. Lard is an
animal fat whose properties are similar to those of fat in a live animal. The water-fat
calculation was successful, but in the case of a relatively long ETL compared to short T,
relaxations (Fig. 24) the reconstruction can produce misleading water/fat images and FF
maps.

The contrast between water- and fat-dominant voxels can be increased via the
modified IDEAL (Appendix B). This is indicated in Fig. 20, where the full triangles with
solid black lines represent data calculated through the use of the modified IDEAL algorithm.
In the image of fat, signals from the fat-dominated pixels are boosted, while signals from the
water-dominated pixels are suppressed. In the case of an equal amount of fat and water in the
voxel, the signal in the voxel remains unchanged. The acquired images can be useful,
similarly to other contrasts for multiparametric segmentation. The calculated FF maps
acquired from the modified IDEAL algorithm do not provide true values.

Compared to the measurement of human patients, the monitoring of small animals
brings about specific problems; most importantly, the animal must be anesthetized before
each measuring step (+ life functions scanning), and all measurement of the abdomen or heart
must be triggered (synchronized). It is vital to note that the metabolism of small animals (e.g.,
rabbits, rats, mice) is much faster than that of humans or big animals; generally, however, the
respiration and heart rate is lower under anesthesia. The heart and respiration rate [172]
differs between individual animals. If correct synchronization is not ensured, the motion
artefacts can be very strong or the measurement may fail. The coronal (Fig. 25 (A) — (C)) and
axial images (Fig. 26 (A) — (C)) acquired by the FTSED sequence were processed by the
IDEAL and modified IDEAL algorithms. The rat coronal slice is not motion artefacts-free,
but in this case such artefacts are still acceptable. The rat axial slices are strongly affected by
motion artefacts because the movement is stronger in the given direction. The undesirable
effect of motion artefacts can be observed in the original and calculated water/fat images and,
mainly, in the FF map (Fig. 27(J)). Although the motion artefacts cannot be removed
completely, they can be reduced through the use of non-Cartesian k-space sampling (e.g.,
PROPELLER [173] [174]) in the method.

The fast triple-spin echo Dixon (FTSED) sequence applied in this thesis represents a
novel, efficient, To-weighted Dixon imaging method, and it ensures good water/fat separation
when combined with iterative decomposition of water and fat, echo asymmetry, and the least-
squares estimation (IDEAL) algorithm. The method enables us to acquire 3 raw-data images
during one acquisition, and the acquisition time is equal to the original FSE sequence. The
method is extremely time-efficient. The time efficiency is comparable to another T,-weighted
method, namely the fast spin-echo triple-echo Dixon (fTED) method presented by Ma et al.
[149]. In the FTSED method, the time shifts are changed directly, but in the fTED method the
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positions of the echoes (the phase encoding strategy) are changed through the BW. A high
field means a greater echo shift; thus, the echo shift is much shorter than at a low field. This
can be problem for the fTED method, where the echo shifts are controlled through the change
of the BW, and the time echo shift is practically limited by the gradient ramp time (to achieve
a 180° water-fat phase difference is very problematic). In the case of the FTSED method, the
minimal echo shift is practically unlimited. Unlike the fTED method, the FTSED technique
using the asymmetric phase encoding strategy (0, m, 2m) appears to be more advantageous
than that exploiting the symmetrical encoding strategy (-=, 0, «).
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8.Conclusion

A new modification of a specific Dixon method was proposed and verified on
phantoms and animal subjects. The method was successfully implemented using a 9.4T MRI
(Bruker) system at the Institute of Scientific Instruments, ASCR Brno. The fast triple spin
echo Dixon (FTSED) sequence is a 3PD time-efficient, T,-weighted method, where 3 images
are acquired simultaneously and used for the calculation of water and fat images. Therefore,
the method is three time faster in comparison with the asymmetric fast spin echo (AFSE)
three-point Dixon (3PD) method. The duration of the FTSED sequence is comparable to the
original FSE sequence, and the FTSED method is a single-scan, T,-weighted method
providing three images simultaneously. Furthermore, the specific phase-encoding strategy
(0, m, 2m) provides three different contrasts (PD, To*, T,). The method constitutes a viable
perspective for preclinical and clinical MR imaging. Successful implementation of the method
at a high-field MRI system points to the possibility of the technique being used on a low-field
MRI system.
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Appendix A

Iterative Least-Squares Estimation Method:

The measured signal containing C spectral components can be expressed as

Cc
s ={ ) (p;- ™M) |9, (56)
j=1

where Af; (j, ..., C) is the chemical shift of the j-th component; p; is magnitude of a specific
component; ¢ represents the magnetic resonance offset in Hz; and the term 2w - Af; - T is the
phase ¢; of the j-th component. In the case of measurement at defined echo times 7,(n =
1,..., N), the signal can be expressed as follows:

C

s, = Z('Dj : ei(Zﬂ'Afj-fn)) L eld, (57)

j=1

The previous equation contains C complex unknowns (p i = pj-"’ + p]I) and one scalar quantity
¢; thus, the number of unknowns is 2C + 1. Each obtained image, for the specified echo time
T,, contains a real (pf) and an imaginary part (p}). Therefore, (C + 1)image must be

acquired for the determination of the system and calculation of the spectral components. For
simplification: if we know ¢ = ¢, then the signal for the n-th echo time can be expressed as

C

§n =S, e—i(d)) = Z(p} . el'(ZTL'-Afj-‘rn)) (58)

j=1
The previous equation represent a linear system of complex equations [120], therefore the
equation can be expressed as

5, =55 + 5,
c
= Z[(ﬁ]r -cos(2m - Af; - T,) — P sin(2m - Af; - T,)) + (59)
j=1

+ i(/ﬁ]r -sin(2m - Af; - 1,) + pi - cos(2m - Af; - 1,))].

C denotes the spectral component sets included in the measured signal, and j represents the
number of components. Generally, the real and imaginary part of each component can be
calculated as follows:
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where a = cos(2m - Af - 7,), b = sin(2m - Af - t,,). The coefficients a and b are known; Af is
obtained from the spectra; S,denotes the measured signals, each for the defined echo spacing
T,,; and p is the vector of known values. In the case of an unknown field inhomogeneity value,
the inhomogeneity must be included in the calculation. Thus, the field map error estimation is
necessary, which means that the calculation is affected by error owing to an inhomogeneity. If
the least-square (LS) fitting is used for the system of linear equations, then

p=(A"-A)ATS, (61)
where p is the initial estimate of each component.

If p; = p; — Apj and ¢ = ¢, + A¢, then equation (57) can be rewritten as follows:
C
5, = Z[(ﬁj +4p;) - ei(Zn:-Afj-rn)] . pi($o+Ad) (62)
j=1

The real and imaginary parts of p; can be defined as p] = p} + Ap], pi = pi + Ap} and
b0 = (21 Afy, " Tn), Ap = (21 - Afag - T,); thus, the signal can be written as

Cc
Sn = ]Z [((ﬁf +ApT) +i(pE + Ap]i-)) : ei(Zn-Afj-rn)] . oi(2T D gy ) | -

. ei(Zﬂ'Afmp'Tn)_

Each side of the above equation can be divided by e!(2™27¢o™n) and using the Taylor
approximation e‘(274/26™) ~ 1 + (21 - Afyg - T,,) We obtain

(o
it sh=| ) [((57 +807) + (5} + 89))) - (any + - ba)] |

j=1

x (1+i(2m - Afyg - T))-

(64)

For the calculation of the field error, it is necessary to calculate the inhomogeneity Afj:

60



c
5T+ 5 = Z(ﬁ;an,j + P} by + Apfay; + ibpiby; + P} ay; — Piby; +
j=1

1P} @nj — Bpibn) | x (1+1(2m - Afag - 72))
c
- Z(ﬁ;an,j F0pT by + ApTay + iApT by ; + i @y — Piby; + AP @y —
=

— Ap;bn’]) + (27'[ ' Aquﬁ ' Tn) '

c

' Z(iﬁ;an,j - .57 bn,j + iAp;an,j - Ap}'ﬂbn,j - ﬁ]l An,j — iﬁ]i'bn,j -

j=1

— APt ay,; — iAp;ibn,j) .

The real part of equation (65):

C
= Z(ﬁf Gn,j + Dp]anj = Pibyj — Apiby ;) | + (27 - Afag - Tn) -
=

—pla. -
c =P} bn,j Pjnj

> =57 by = 80 by 7 @y — A an,

j=1

The imaginary part of equation (65):

C
= Z(ﬁ; boj+ApThyj+ plan; +Aptay;) |+ (21 Afagy - T0) -
j=1
Cc p]T"an,j _le"an'
z ﬁ;an,j + Ap}“an,j _ﬁ]i'bn,j - Apji'bn,j
j=1

(65)

(66)

(67)

In the case of a rearrangement of the above equation, we split the formula into a real and an

imaginary component. For the real part, we have
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j=1
Cc Cc
- (Zﬂ-AfA¢-Tn)-Z(—pf-bn,j—pf'an,j) +2Ap§-an.j— (68)
j=1 =1

_ z Ap]i- . bn,j'

—1

-

and the imaginary component is expressed as
Cc
§i=5k- ) (5 -b+pj-a)=
j=1
Cc
= (2n-AfA¢-Tn)-Z(p]r-an,j—p]i--an) + (69)
j=1

c
+ Z(Ap; . bn,j + Ap]"- . an,j).
j=1

This arrangement enables us to calculate the field inhomogeneity, and we can write the
coefficients for the calculation of g such that

c
Afag" = gh = Q2m-1,) 'Z(—P; “bpj— pi an;) (70)
=
and
c
Aag' = gh = @m 1) - Z(p; A — p} . bn,j). (71)
=

To calculate the field error, the above equations (68) and (69) can be rearranged to the matrix
form
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Equation (72) is a linear system, and thus the calculation (LSQ method) of vector ¢ can be
performed as follows:

¢ = (BT-B)"B"S. (73)

Iterative least-squares estimation method in conjunction with asymmetric phase encoding
strategy is referred as IDEAL [111].
Appendix B

The contrast between the water- and fat-dominated voxels can be easily reached. The
intensity of the second and last images will be attained at the same level as the intensity of the
first image; we then have

|50l 15|

L — cellotee) . L —¢ . 74

1w (pl pZ) € |51| 1 |51| ( )

Sow = (p1 +p2) - el(2¢+¢0) . | Ol =95, '_|SO|- (75)
Al |51

The right side of equation (60) will be extended to yield

A

aw _bl,w 53 _bllf p / \

biw aw by iy ,03;,\ Sol 1
I zw —bow Qof _be ‘31’ | = I Si" 1So1/1841 I (76)
| bZ,W az,w bZ,f Azf 'Df | 1L 1Sol/1541
\aS,w —bsy, a3y —bs f/ \ \ “1Sol/1S1 /
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and the initial estimate g can be calculated according to equatlon (61) as follows:
p=(AT-A)TIATSy. (77)

Another calculation process is the same as in Appendix A, only with the right side changed.
The modification of right side of equation (60) in IDEAL method leads to the “new method”
that can be referred as modified IDEAL.

63



List of tables

Tab. 1

Tab. 2
Tab. 3
Tab. 4
Tab. 5

The first table shows the mean (and range) of T,, T, and T,-corrected peak areas for white
adipose tissue. The final column gives the predicted areas for ndb = 3.3 and nmidb = 1.0 [%
total fat]. The second table summarizes the mean (and range) of Ty, T, and T,-corrected peak
areas for brown adipose tissue. The final column presents the predicted areas for ndb = 2.7 and

NMidD = 0.6 [% total Tat]. [17] ...ooooveeieiiei e 10
The most commonly used methods for fat and water imaging [36]. ........cccccovvevienienieeiienn 15
The composition of samples in a phantom with various concentrations of oil. ...................... 43
Table of the SNR for the original images used for the calculation of water and fat images. ....52

The SNRs of the calculated water and fat images from the original images acquired by the
FTSED method.* Roil — kidney, Roi2 — muscles, Roi3 — abdominal fat; ** Roil — muscles,
Roi2 — abdominal fat; the selected ROIs can be seen in Fig. 28. .........cccccovviiiiiiiiiiiciccs 54

64



List of figures

Fig. 1

Fig. 2

Fig. 3

Fig. 4

Fig. 5

Fig. 6

Fig. 7

Fig. 8

(A), (B) Schematic images of WAT and BAT cells [22]; (C) Morphology of the WAT and the

B A T [ 23] ettt b bbbt b et bt et b e ae e 8
The MR spectra (mice) of white adipose tissue and brown adipose tissue measured with a 3T
scanner (Tr = 5000 MS, Te = 13 MS) [L7]...eeieiiiuieiieiieiie e 9

(A) The simplified water-fat spectrum (full line) for B, without an inhomogeneity. The
inhomogeneity of By can shift the water-fat spectrum to left or right (dashed and dotted lines).
(B), (C) Images of a mouse brain at the 9.4 T field. The Rapid Acquisition with Relaxation
Enhancement (RARE) sequence is insensitive to the B, inhomogeneity compared to the Echo
Planar Imaging — Diffusion Weighted (EPI-DW) sequence, which is sensitive to this
inhomogeneity. The B, inhomogeneity is caused by different susceptibilities on the boundary
between air and the brain tissue. The B, inhomogeneity appears in the image as a deformation
(red arrow). The tissue (e.g., muscle) and the adipose tissue exhibit slightly different
susceptibilities, which means a small deformation of the By field. ..........ccoovevviiiiiiiiieenn, 17

If a surface coil is used, the profile of the image (yellow line) shows the effect of a receive B;
inhomogeneity on the image of @ MOUSE AT, ..........cooviiiiiiiii e 18

The left diagram shows the progress of longitudinal magnetization in time for an adipose
tissue during the STIR sequence, and the middle diagram presents the longitudinal
magnetization behaviour of fluid (free water) during the FLAIR sequence. The clinical images
(A) and (B) show oblique-coronal images of head obtained with the STIR-FSE
(T, =50, 170 ms) sequence (the fat around the eye is suppressed for T, =170 ms) [75]. The
clinical images (C) and (D) represent a transversal image of a head measured by the FSE,
where (C) is the FSE without FLAIR preparation, and (D) shows the FLAIR preparation part
A5 PSPPSR PR RUPPUPRPRN 19

Each diagram shows three time periods: (A) The STIR method comprises only a hon-selective
inversion 180° RF pulse. The water and fat components are inversed. In the time Tjuu), the
longitudinal magnetization of fat is nulled, and a standard imaging sequence can be applied.
The water component is partially saturated. (B) If we applied a spectrally-selective 180°
inversion RF pulse, only the fat component would be inversed (SPECIAL). The water
component is unaffected. This method is still time-consuming. (C) The SPIR method uses an
inversion pulse close to 90°, which leads to a shorter T . The By inhomogeneity causes
different flip angles in different locations of the selected slice, and this practically means a
shift of Tyuny — green lines in (B) and (C). The SPAIR method uses an adiabatic pulse, which
results in insensitivity to B; iNhOMOQENEILY........ccviiiiiiiiiiec e 20

(A) The original time diagram of CHESS imaging; (B) the normal spectrum of a human hand
(without the CHESS period); (C) the fat spectrum after application of CHESS (selective
elimination of water resonance); (D) the water spectrum after CHESS had been applied to fat
FESONANCE. [T4]. ooeiirie ittt et e st e et e e e br e e s rbe e e stbe e s streeebeeesnbeeenns 22

The images show influences of the By and B; inhomogeneities on the fat saturation. In the case
of good B, and B; homogeneity, the fat suppression will be correct, (A). A strong By
inhomogeneity can lead to a shift of the spectrum and incorrect fat suppression, (B) and (C).
The inhomogeneity of the B, field results in incomplete fat saturation, (D). The worst case is a

65



Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.
Fig.

Fig.

Fig.

Fig.

Fig.

combination of the B, and B; inhomogeneities, (E). In clinical MRI, the combination of both
INNOMOJENEITIES 1S COMMION. ...ttt 23

9 The examples of spectral-spatial RF excitation pulses [85]. The maximum excitation occurs at
water frequency, and the fat is unaffected (A). The reverse case consists in excited fat and
UNATTECTEA WALET (B). .. veiiiiiiieii ettt 24

10 The examples of RF and gradients waveforms for SPSP pulses with Gaussian profiles, (A) and
(B). The first case is for a sine-shaped gradient, (A), and the second one exhibits ramped
gradients, (B). (C) shows the trapezoid profile of SPSP pulSeS. .........cccceviveiiieeiiieeiieeiieens 25

11 A schematic illustration of the spatial-selective pulses train shows the behaviour of water and
fat magnetization. The time period between the RF pulses is T = 1/(2Afcs). The time
corresponds to the 180° phase shift between water and fat. At the 9.4 T field, the time period
between the RF pulses is 354 us. The water and fat are flipped together (2), but after the time
period T, when the phase shift between water and fat is 180° (3), the following RF pulse with
same flip angle is applied. The fat is returned to the longitudinal plane, and the water
component is flipped to the transversal plane (4). This process is repeated until the water is not
fully flipped into the transversal PIane. ...t 26

12 (A) The laboratory frame. (B) The magnetization vectors of fat in a rotating frame, left
MW > MF, right MW<MEF. (C) The free induction decay (FID) signal. [100] ............cccuernuen. 27

13 (A) The simplified spectrum of water and fat protons. (B) The spin-echo sequence and (C) the
gradient echo sequence for N-point Dixon methods. The images show only two-phase
encoding POSILIONS = 2PD. ......coiiiiiiie e arae e 29

14 The pulse diagram of the spin-echo sequence used for the three-point Dixon method. The three
different positions of the = pulse are used for the acquisition of three images (S, So, and S).
The echoes are symmetrically distributed about the spin-echo. [103]........cccccoovviiiieiiieecnen. 31

15 The progress of the NSA* depending on the theta angle. ..., 32

16 The course of water and fat T, relaxation in the phantom (water and fat/lard) during the
FTSED SEOUEICE. ..eeiiviiie e ittt e sttt s sttt st e e s st e e st e e e s sst e e e e snab e e e s st e e e e e snte e e e e anreaeeennnnes 41

17 The time diagram of the Fast Triple Spin Echo pulse sequence for a particular phase encoding
scheme, or 0, m, 2z, and the principle of data acquisition; ETL = 9, FTSED-factor = 3. Three
images are obtained during a single acquisition: an in-phase image (IF0), an opposite-Phase
image (OP), and an in-phase image (IF2) again, but with the phase difference between water
and fat of 2. N = FTSED-TACIOr = 3. ..o 42

18 The calculated transversal relaxations T, of samples in the phantom, (A). The numerical
designation of samples in the phantom, (B). .........ccceiiieeiiii i 43

19 The phantom with various ratios of water and fat. (A), (D, (G) are the original images used for
the calculation of water and fat images through the use of the IDEAL (B), (E) and the
modified IDEAL (C), F) algorithms. The fat fraction calculated for the IDEAL, (H) and the
modified IDEAL, (I). The sequence parameters: ETL = 12, (FTSED - factor = 4), BW = 150
kHz, Tgr=3000ms, Te=4.774ms, ETE(S,) =9.548ms, ETE(S;)=28.955ms,
ETE(S;) = 48.362 ms, matrix = 128 x 128, FOV = 60 x 60 mm; total scantime=1m 36 s. ..44

20 The theoretical concentration of fat in the emulsion (solid red line) compared to the measured
data. The fat fraction was calculated via the IDEAL (filled circles with dashed lines) and the
modified IDEAL (filled triangles with solid lines) algorithms. ............cccccoveeiiiiiee e, 45

66



Fig. 21 The graph showing the level of agreement between the theoretical and the calculated FF
(IDEALL). ..ttt bbbt bbbttt b et b e e e 45

Fig. 22 The spectra of the measured phantoms (A — water-oil emulsion; B — lard and water) and a rat
(C) acquired at 9.4 T. BW = 8kHz, 2048 POINTS.........ceeviieeiieieiiieeiee e eee e 46

Fig. 23 A comparison of the IDEAL and the modified IDEAL algorithms for water and fat separation.
Axial images of the phantom (water and fat/lard in a glass tube) were acquired using the
FTSED sequence (0, 7, 21). The images (A) — (C) show the magnitudes (intensities), and (D) —

(F) are the corresponding phase images. The calculated water and fat images (H), (1) utilizing
the IDEAL algorithm, and the recombined image (G). The images (K) and (L) represent the
calculated water and fat images using the modified IDEAL, and the following image (J) is an
image recombined from the previously mentioned ones. Sequence parameters: ETL =9,
(FTSED - factor = 3), BW = 200 kHz, Tg = 2000 ms, Te = 6.206 ms, ETE(Sy) = 12.412 ms,
ETE(S,) =31.387 ms, ETE(S;) = 50.362 ms, matrix =128 x 128, FOV =40 x 40 mm; total
SCAN TIME = L M 24 S oeiiiiie ettt ettt sttt e et e e este e e ssbe e e tbeeasteeesnbaeeanaaeenneees 47

Fig. 24 A comparison of the IDEAL and the modified IDEAL algorithms for water and fat separation.
Axial images of the phantom (water and fat/lard in a glass tube) were acquired using the
FTSED sequence (0, m, 21). The images (A) — (C) show the magnitudes (intensities), and (D) —
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calculated water and fat images using the modified IDEAL, and the following image (J) is an
image recombined from the previously mentioned ones. The sequence parameters: ETL = 18,
(FTSED - factor = 6), BW =50 kHz, Tg=2000 ms, Tg =6.206 ms, ETE(So) = 18.618 ms,
ETE(S,) =56.211 ms, ETE(S,) = 93.804 ms, matrix =128 x 128, FOV =40 x 40 mm; total
SCAN TIME T 42 S. ittt ettt b et b e bt e ab e bt et e e nb et e a e nes 48

Fig. 25 A comparison of the IDEAL and the modified IDEAL algorithms for water and fat separation
in rats. The coronal images of a rat (abdomen and pelvic region) were acquired using the
FTSED sequence (0, m, 21). The images (A) — (C) show the magnitudes (intensities), and (D) —
(F) are the corresponding phase images. The calculated water and fat images (H), (1) utilizing
the IDEAL, and the image recombined from the previously mentioned ones (G). The images
(K) and (L) represent the calculated water and fat images using the modified IDEAL, and the
following image (J) is a recombined image. Sequence parameters: ETL = 12, (FTSED - factor
= 4), BW = 150 kHz, Tr = 3000 ms, Te=4.774 ms, ETE(Sy) =9.548 ms,
ETE(S,) = 29.001 ms, ETE(S,) = 48.454 ms, matrix =192 x 192, FOV =70 x 70 mm; total
SCAN TIME = 2 M 24 S. ittt b ettt e et e bt e b e e st e e bt e sbeeebe e neeenes 49

Fig. 26 A comparison of IDEAL and the modified IDEAL algorithms for water and fat separation in
rats. The transversal images of a rat abdomen were acquired using the FTSED sequence (0, =,
2m). The images (A)-(C) show the magnitudes (intensities,) and (D) - (F) are the
corresponding phase images. The calculated water and fat images (H), (1) utilizing the IDEAL,
and the image recombined from the previously mentioned ones (G). The images (K) and (L)
represent the calculated water and fat images using the modified IDEAL, and the following
image (J) is a recombined image. The sequence parameters: ETL = 12, (FTSED - factor = 4),
BW =150 kHz, Tg=3000ms, Te=4.774ms, ETE(S) =9.548 ms, ETE(S;) =29.001 ms,
ETE(S,) = 48.454 ms, matrix = 192 x 192, FOV = 70 x 70 mm; total scan time =2 m 24 s. ..50
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Fig. 27 The calculated water/fat fraction images for the phantom and the rat abdomen/pelvic region.
The water/fat images calculated from the images achieved from the IDEAL, (A), (D), (G), (J),
and the modified IDEAL (B), (E), (H), (K) algorithm. ............cccoeoiiiiiiiiieeeeeen 51

Fig. 28 The selected regions of interest (ROISs) in the coronal slice of a rat abdomen and pelvic region
(A), axial slice of the rat abdomen (B), phantom (C). ......cccveiiiiiiiiiiiieieeeec e 53
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List of abbreviations

2PD —  two-point Dixon

3PD —  three-point Dixon

BAT — brown adipose tissue

BW — bandwidth

bSSFP — balanced steady state precession

CBM —  colored-border map

CHESS -  chemical shift selective imaging

CS —  chemical shift

DWiI —  diffusion weighted imaging

EPI —  echo planar imaging

ETE —  effective echo time

ETL —  echo train length

Fat-Sat —  fat saturation

FF —  fat fraction

FLAIR —  fluid attenuated inversion recovery

FLASH —  fast low angle shot magnetic

FOV —  field of view

FSE —  fast spin echo

FTSED -  fast triple spin echo Dixon

fTED —  fast spin echo triple-echo Dixon

GRE —  gradient echo

IDEAL - iterative decomposition of water and fat with echo asymmetry and least-
squares estimation

IF - in-phase

IR - inversion recovery

ISI — institute of scientific instruments

MPD - multi-point Dixon

MR — magnetic resonance

MRA - magnetic resonance angiography

MRI - magnetic resonance imaging

ndb — number of double bonds

nmidb - number of methylene-interrupted double bonds

NMR - nuclear magnetic resonance

NSA - number of signal averages

OP — oppose-phase
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PDW —  proton density weighted

PET — positron emission tomography

PPI — partially parallel imaging

R-GA — region growing algorithm

ROI — region of interest

RF — radio frequency

SE —  spinecho

SNR —  signal-to-noise ratio

SPAIR —  spectral attenuated inversion recovery or spectral adiabatic inversion
recovery

SPD —  single-point Dixon

SPECIAL —  spectral Inversion at lipid

SPGR —  spoiled gradient echo

SPIR —  spectral presaturation with inversion recovery

SPSP —  spectral-spatial

SSFP —  steady state free precession

SSFSE -  single shot fast spin echo

STIR — short time inversion recovery

SWi —  susceptibility weighted imaging

T1W —  Ti-weighted

T2W —  Tp-weighted

WAT —  white adipose tissue
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List of symbols

Ad
AX

Afcs
Afwf
AB,

Mo
P1
P2

Ao

®o
Xm
A, A
Aq
As
Aw

Bo
B
Bt
fo
fr
fw

L(w)

gyromagnetic ratio

chemical shift

chemical shift in the image
chemical shift

water and fat difference

magnetic field inhomogeneity
water-fat phase difference
magnetic permeability

magnetic permeability in vacuum
water component

fat component

shielding constant

phase

wrapped phase

phase error due to system imperfections
magnetic susceptibility

loss factors

diffusion losses

intravoxel susceptibility losses
losses due to spectral broadening
magnetic induction

basic magnetic field

radio frequency field

effective magnetic field at nucleus
Larmor frequency

fat frequency

water frequency

intensity of magnetic field
spectrum with Lorentzian distribution

magnetization vector
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[rad/s/T]
[Ppm]
[m]
[HZ]
[HZ]
[T]
[rad]
[H/m]
[H/m]
[-]

[-]

[-]
[rad]
[rad]
[rad]



water magnetization [-]

fat magnetization [-]
longitudinal magnetization of fat [-]
longitudinal magnetization of water [-]
signal [-]
longitudinal relaxation [s]
transversal relaxation [s]

combination of spin-spin relaxation and magnetic field inhomogeneity [s]

half-width of spectral line [Hz]
inversion time [s]
echo time [s]
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