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Abstract

The musculoskeletal system comprises muscles, bones, cartilage, tendons, ligaments, joints
and connective tissue. Many mechanisms in musculoskeletal diseases including osteoporosis or
muscle fat infiltration are still not entirely understood and therefore the diagnostic sensitivity
may be insufficient. A better understanding of the role of triglycerides in musculoskeletal
diseases may be beneficial in order to allow their early diagnosis. The development of
triglyceride centered biomarkers which can be non-invasively probed using magnetic resonance
(MR) may allow to overcome current challenges of an early diagnosis or characterization in
musculoskeletal diseases and may also allow to get a deeper understanding of the underlying
mechanisms.

Magnetic resonance imaging (MRI) is a valuable diagnostic tool and known for its high soft
tissue contrast. MR allows to differentiate signals based on their chemical shift arising from
protons in water molecules and from protons in triglycerides. Two main families of techniques
exist to encode chemical shift information in clinical MR: On one hand MR, spectroscopy
(MRS) focuses on the extraction of chemical shift information and has only very limited spatial
information. On the other hand, chemical shift encoding-based imaging aims at retrieving
spatial information with very limited information in the chemical shift dimension.

The present cumulative thesis bundles three journal publications in the field of musculoskele-
tal MR aiming for a) addressing confounding factors in the quantitative measurement of the
degree of (un)saturation in triglycerides using MRS, b) the quantitative assessment of proton
density fat fraction (PDFF) using chemical shift encoding-based MRI and ¢) the application
of quantitative chemical shift encoding-based water—fat imaging to measure vertebral bone
marrow PDFF in pediatrics.

In the first journal publication, a method is described to measure the degree of triglyceride
(un)saturation in muscle tissue using MRS. A diffusion-weighted stimulated echo acquisition
mode (DW-STEAM) MRS sequence was employed in order to suppress the strong confounding
water signal based on differences in the diffusivity between water and triglycerides. The
optimized DW-STEAM sequence showed a superior signal-to-noise performance compared
to previously applied long echo time point-resolved spectroscopy techniques and can also be
used in other tissues with low PDFF to characterize triglyceride (un)saturation.

The second publication describes a phase correction scheme to eliminate confounding
factors in time interleaved multi-echo gradient-echo-based quantitative water—fat imaging.
The proposed phase correction scheme was found to give accurate and robust complex-based
PDFF measurements independent of the chosen resolution and field-of-view size.

Finally, the third journal publication presents how the technique reported in the second
journal publication was applied to measure and explore cross-sectional changes with age and
intra-individual variations in the vertebral bone marrow PDFF in pediatrics. The measured
PDFF showed a sex-independent cross-sectional increase correlating with the natural logarithm
of age and an intra-individual decrease from the lumbar to the cervical region.

All developed techniques were and are being used in ongoing clinical studies and research
investigations including the fields of osteoporosis, orthopedics and metabolic studies.
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1 Introduction

Tomographic imaging modalities allow to take a glance on the internal structure of the human
body and are therefore an integral part of modern medicine. Among many existing techniques,
magnetic resonance imaging (MRI) may be the most fascinating one allowing the non-invasive
measurement of manifold contrasts. Particularly, the absence of ionizing radiation makes MR
a valuable tool in both clinical and research settings.

In contrast with most other modalities, the signal detected in MRI emerges from the tissue
itself and is not emitted externally. For example, computed tomography (CT) measures the
attenuation of generated by X-ray beams during tissue penetration. However, not all nuclei
can be examined using magnetic resonance (MR). In fact most signal in clinical scanning arises
from 'H nuclei bound in water and fat molecules. The signal characteristics of the imaged 'H
nuclei differ depending of their molecular environment which leads to e.g. a specific contrast
between water and fat. The water signal has been traditionally in the focus of clinical interest.
That is why a lot of effort was put into the suppression of the fat signal or the separation of
the water from the fat signal in routine clinical imaging.

The signal of 'H nuclei bound in water can be differentiated from 'H nuclei bound in fat
based on their intrinsic resonance frequencies, also known as chemical shift. The corresponding
MR imaging technique is referred to as chemical shift encoding-based imaging, water—fat
imaging or Dixon imaging. The technique was named after Thomas Dixon who for the first
time described in 1984 the idea of encoding the chemical shift information in an imaging
experiment [1]. Furthermore, quantitative water—fat imaging allows not only the separation
of water and fat signals but also enables the measurement of the proton density fat fraction
(PDFF) which has evolved to a promising imaging biomarker. Therefore, quantitative water—fat
imaging has been used in the assessment of tissue fat content in numerous clinical applications
such as the characterization of metabolic disorders [2—4], hepatic steatosis [5] and cancer
[6, 7]. However, achieving robust and accurate quantitative measurements using quantitative
water—fat imaging is challenging as several confounding factors have to be addressed.

While MRI is focusing on the encoding of spatial information, magnetic resonance spec-
troscopy (MRS) is aiming for encoding information in the chemical shift dimension. Therefore,
MRS allows not only to extract the PDFF but also to extract addtional characteristic triglyc-
eride parameters which e.g. refer to the degree of (un)saturation of the fatty acids within
triglycerides [8]. However, quantitative MRS aiming for the measurement of the degree
of (un)saturation of triglycerides relies on the extraction of chemical shift components of
triglycerides close to the chemical shift of water and is therefore non trivial in the presence of
a strong water signal, e.g. in muscle tissue.

1.1 Clinical Relevance

Natural lipids in the form of triglycerides are essential to the human organism as they fulfill
central functions. Triglycerides serve for example as energy subtrates and precursor signaling
molecules or other essential lipids [9, 10]. The accumulation of triglycerides plays an important
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role in many diseases.

While the role of adipose tissue may be obvious in diseases like the metabolic syndrome
[11-13] its role becomes less clear for example in osteoporosis where the gardual conversion
of hematopoetic bone marrow into adipocyte rich bone marrow is not entirely understood
[14-19].

Metabolic syndrome is a cluster of medical conditions [20] and associated with an increased
risk for developing cardiovascular disease [21] and type 2 diabetes [22]. Although metabolic
syndrome can be diagnosed based on the body mass index and blood glucose levels, the
optimal prevention strategies against cardiovascular disease and diabetes remain challenging
[23—26]. Proposed imaging biomarkers investigating the triglyceride content of for example
visceral adipose tissue [27, 28] or intrahepatic fat [29, 30] were shown to correlate with insulin
resistance, respectively.

Osteoporosis is defined as a metabolic bone disease characterized by reduced load capacity
due to structural deterioration leading to an increased fracture risk [31]. Osteoporosis induced
fractures may reduce not only the quality of life [32] but also correlate with an increased
mortality [33]. Furthermore, the additional socioeconomic burden of osteoporosis is estimated
to be enormous based on the expected demographical changes [34]. Osteoporosis can be
treated with medications, but it’s early diagnosis remains insufficient and suffers from limited
precision of prediction [35-37] based on bone mineral density [38]. The cavities of trabecular
bone contain bone marrow which consists of a hematopoetic component and adipocytes.
Recent work has shown a negative correlation of bone marrow fat fraction [39-43] and bone
marrow fat unsaturation [39, 44] with bone mineral density, respectively. Furthermore bone
marrow fat fraction was also reported to correlate with the prevalence of a vertebral fracture
after adjustment for bone mineral density [19].

Metabolic syndrome and osteoporosis are two exemplary complex and challenging diseases
where quantitative MR-based biomarkers measuring triglyceride content or fatty acid com-
position of triglycerides may help to better understand underlying metabolic mechanisms of
triglycerides and may contribute to improve diagnostic performance.

1.2 Thesis Purpose

The overall purpose of the present dissertation is the development of an MRS-based method
to quantify triglyceride (un)saturation in musculoskeletal tissues with low fat content and
of an MRI-based method for quantitative PDFF measurements plus its application in the
assessment of vertebral bone marrow PDFF in children. Therefore, the thesis can be divided
into two major parts. First, the utilization of an optimized diffusion-weighted stimulated
echo acquisition mode (DW-STEAM) MR spectroscopy sequence is proposed to assess the
triglyceride (un)saturation in tissues with low PDFF. Second, the development of a phase
error correction scheme for accurate and robust quantitative chemical shift encoding-based
monopolar water—fat imaging is introduced. Its application to measure the vertebral bone
marrow PDFF in pediatrics to examine cross-sectional changes with age and intra-individual
variations from the lumbar to the cervical region in the first two decades of life is then
described.
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1.3 Thesis Structure

The present cumulative thesis aims to describe the methodological foundation and to provide
an overall discussion of the three embedded journal publications in the context of existing
literature.

The methodological foundation in the context of the embedded journal publications is
given in Chapter 2. A short overview of the physical background and employed techniques
in magnetic resonance spectroscopy and imaging are given in Chapter 2 followed by a
brief description of the employed techniques in Chapters 3 to 5. Summaries of the three
embedded journal publications can be found in Chapter 7. Finally, an overall discussion on
the implications of the present work and its literature context is given in Chapter 8.






2 Magnetic Resonance in Medicine

This chapter briefly summarizes the physical background and technical basics of the present
work.

2.1 Physical Principles

Nuclear magnetic resonance (NMR) allows the non-invasive excitation of nuclei in a magnetic
field and the measurement of the re-emitted electromagnetic radiation, which is specific to
the quantum mechanical properties of the nuclei. All isotopes consisting of an odd number of
protons and / or neutrons have an intrinsic magnetic and angular moment which is required for
NMR. The transitions between the nuclear spin levels can be observed in an NMR experiment.
In contrast to disciplines within the field of natural science the word "nuclear” is dropped in
the medical context and MR is used to refer to this concept. In the following the medical
nomenclature will be used. Although a lot of isotopes theoretically qualify to be measured
using MR, only the 'H nuclei is usually considered in the medical context due to its high
abundance in biological tissues.

2.1.1 Magnetic Resonance

The phenomenon of NMR is usually explained using either quantum mechanics, classical
mechanics or a combination of both. However, since a large number of nulcei — also referred
to as spin ensemble — is typically involved in an MR experiment the classical mechanical
description is in general sufficient [45] and briefly recapitulated in the following:

The intrinsic angular moment A of a spin ensemble induces a magnetic moment M according
to

M =~A (2.1)

where v is the isotope’s specific gyromagnetic ratio. In the case of the "H nuclei the gyromag-
netic ratio has the value of v/2m = v = 42.58 MHz T~

In the presence of a magnetic field B, the magnetic moment M will then experience a
torque T:

dA
=M x B =— 2.2
T X g (2.2)

As a result from (2.1) and (2.2) the change of the magnetic moment over time yields

e —yM x B (2.3)
dt
As it can be seen from (2.3), the magnetic moment has a constant amplitude and only
experiences changes perpendicular to its vector.
The relationship between the precession frequency w as a result of the magnetic moment

M experiencing a static magnetic field By is also known as Larmor equation and given by
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wo = *’yBo (24)

The characteristic frequency wy is called Larmor frequency.

2.1.2 Excitation

Using the Cartesian representation, the magnetic field vector B consists of the static magnetic
field By along the longitudinal axis and the B field oscillating at the Larmor frequency wg in
the transverse plane yields

— By sin (—yByt)
B = | Bjcos(—vyBot) (2.5)
By

In (2.5), the static main magnetic field By was defined parallel to the z-axis of the Cartesian
coordinate system in accordance with the usual MR conventions. Due to this convention the
z-axis is also referred to as longitudinal axis, while the xy-plane is called transverse plane. This
nomenclature is also used to differentiate two different relaxation phenomena in Section 2.1.3.

The solution to (2.3) with inserted magnetic field vector (2.5) can be derived from the
solution to general decoupled first-order differential equations. After setting the initial
conditions to the equilibrium state (M (t = 0) || By, see also Section 2.1.3) the time dependent
magnetization vector M (¢) can then be retrieved as

cos (—yBot) sin (—yBjt)
M (t) = My | sin (—yBot) sin (—yBit) (2.6)
cos (—yBit)

My, the amplitude of the magnetization vector can be estimated by the first order approxi-
mation of the Boltzmann distribution:

,YZ h2

Mo —
0= PukpT

By (2.7)

where p is the spin density, A is the reduced Planck constant, kp is the Boltzmann constant
and T is the temperature.

2.1.3 Relaxation

Two different types of relaxation are used to phenomenologically describe how a spin ensemble
approaches its equilibrium magnetization:

e The Spin-lattice interaction describes a mechanism by which the longitudinal component
of the magnetization exponentially decays with a characteristic relaxation time 77 towards
its thermodynamic equilibrium with its surrounding atoms and molecules.

e The Spin—spin interaction describes a mechanism by which the transverse component of
the magnetization exponentially decays with a characteristic relaxation time 75 towards
its equilibrium.
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Inserting the effect of relaxation into (2.3) yields the famous Bloch equation named after
Felix Bloch:

My
dM L
M mxpy| - (2.8)
_M27M0
Ty

where M, M, and M, are the three spatial components of the magnetization vector. To be
able to observe the effect of relaxation the magnetization has to transit from a non-equilibrium
state to its equilibrium state. Assuming the absence of any B field and the magnetization
vector being parallel to the x-axis at ¢t = 0 the solution to (2.8) can be derived similar to (2.3)
and results in

_t
cos (—yBpt)e ™
.t
M (t) = Mo | sin (—yBgt) e T2 (2.9)
1-— eiTLl
The effective transverse relaxation time 7% is another quantity that can be measured with
MR. Ty describes the combination of the transverse relaxation time 75 and the presence of

local magnetic field inhomogeneities AB; which lead to a second time component denoted as
Ty:

11 11
= — 4 YABi = — + —
TAB = T

— 2.10
Ty Ty ( )

By its definition given in (2.10), 75 is always shorter than or equal to T5. The main
characteristic that distinguishes T3 from T is that the T3 signal is reversible (recoverable)
while T is irreversible (nonrecoverable).

When relaxation rates are used instead of the relaxation times ( R = T~! ) Equation (2.10)
can be rewritten as

Ry = Ry + R, (2.11)

where the effective transverse relaxation rate R3 is the sum of the intrinsic relaxation rate Ry
and the decay rate due to magnetic field inhomogeneities R}.

2.1.4 Chemical Shift

The term chemical shift refers to the effect that the same nucleus in different chemical
environments resonates at different precession frequencies. The actual experienced static
magnetic field Beyy of the nucleus is slightly lower owing to the shielding effect of surrounding
electron clouds and can be given by

Bess = Bo(1—0) (2.12)

where ¢ is the shielding constant describing the effect shielding effect.
The actual precession frequency w is then

w=—YBesy = —1Bo (1 -0) (2.13)
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Hence the precession frequency of a nucleus is reflecting its local environment and the
chemical structure the nucleus is embedded in. The chemical shift d,,,, is given in the unit of
parts per million (ppm) and is defined as

Sopm = f;j;”floﬁ (2.14)

where f and f,.; are the resonance frequency and the reference frequency, respectively.
By definition, the chemical shift of 'H is measured relative to the reference frequency of

tetramethylsilane (TMS). For example, the chemical shift of protons bound in water molecules
at 37°C is approximately 4.67 ppm.

2.1.5 Concomitant Gradient Field

Spatially varying magnetic gradient fields are used in MRI to achieve for example spatial
encoding (Section 2.2.6) or to create gradient echoes (Section 2.2.3). Whenever a linear
magnetic field gradient is applied it is accompanied by a nonlinear spatially dependent
magnetic field called concomitant gradient field. The concomitant gradient field can be derived
from Maxwell’s equations for divergence and curl of magnetic fields in free space stating

V-B=0 (2.15)

and
VxB=0 (2.16)

, respectively.
As previsouly shown by Bernstein et al. [46], the concomitant gradient field to the lowest
order B, can be described by

1
By () = 3 { G (0224 G (022 4 6. 0

5 22 + 12
4

(2.17)

-G ()G (t) 2z — Gy (t) G, (t) yz}
where G, G, and G, denote the applied magnetic gradient filed in x, y and z direction as a
function of time, respectively.

The concomitant field phase @, caused by the concomitant gradient field to the lowest
order B, yields then

Deg (z,y,2) = V/Bcg(x,y,z,t)dt (2.18)

The additional phase due to the concomitant field phase vanishes towards the iso-center
(x,y,2 = 0) and gets stronger towards off-iso-center. The concomitant field phase ®., also
scales inversely with the static magnetic field By.

2.2 Generation of a Magnetic Resonance Signal

In order to generate a detectable MR signal, a sample has to be probed that contains isotopes
with the mentioned quantum mechanical properties, e.g. a sample with "H nuclei. This sample
is then placed in a strong static magnetic field By. By is usually in the order of several Tesla, e.g.

10
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at 3T the "H nuclei precess at a Larmor frequency of vBy = 42.58 MHz T~! x3 T = 127.7 MHz.
Whenever spins are in a non-equilibrium state they will relax to equilibrium after some time
in the static By field. The equilibrium state is the initial state an MR experiment starts from.
The spins can then be excited by applying the transverse B; field at the Larmor frequency of
the spins. The Bj field is also referred to as radio frequency pulse (RF pulse) and the angle
of the rotation of the magnetization vector is called flip angle 6, while its causing RF pulse
is then also named as 6°-pulse. In the simple case of a 90°-pulse the magnetization vector
will precess to the transverse plane and thus induce an electric current in nearby conducting
materials according to Faraday’s law of induction. The induced current can then be picked
up by nearby receiver coils. The receiver coils are orthogonally paired coils and enable the
reception of a complex signal corresponding to the transverse magnetic moment as a function
of time (quadrature detection). The created signal will then decay with it’s characteristic
Ty -decay and is termed free induction decay (FID). The timing diagram describing how an
FID signal is formed is shown in Figure 2.1.

90° SE: 180° 90°
STE: 90°

TE/2 ™ TE/2

Figure 2.1: Generation of an MR signal: a) A free induction decay (FID)
signal with T3-decay is generated after applying a 90°-pulse. b)
A (primary) spin echo (SE) is generated by applying a 180°-
pulse after a 90°-pulse. ¢) A stimulated echo (STE) is generated
e.g. by applying three consecutive 90°-pulses. Two primary
SEs and one secondary SE that are generated after the third
RF pulse, as well as the FIDs generated after the second and
third RF pulse, respectively, are not shown. The gray and black
signal curves represent the real and imaginary component of the
complex signal, respectively. Tx, transmission; Rx, reception;
TE, echo time; TM, mixing time; RF pulse, radio frequency
pulse.

2.2.1 Spin Echoes

A spin echo can be created if the transverse magnetization, which was flipped by e.g. using
a 90°-pulse, gets refocused on the transverse plane by applying a second RF pulse with a
flip angle of 180°. The 180°-pulse inverts the relative phase of the spins in the transverse
plan. This causes a refocusing of of the magnetization vector and leads to a spin echo as it
is depicted in Figure 2.1. The time interval between the 90°-pulse until the occurrence of
the echo is called echo time (TE). It is defined by the interval between the 90°-pulse and the
refocusing 180°-pulse which equals half of the TE.

11
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2.2.2 Stimulated Echoes

A stimulated echo can be created by applying multiple non-180° refocusing pulses. In the most
basic case three consecutive 90°-pulses are used to tip the magnetization into the transverse
plane after the first, to the negative longitudinal axis using the second pulse and back to
the transverse plane using the third pulse, respectively. The first pulse creates an FID with
its characteristic T5-decay, followed by the second pulse inverting the magentization and
the magnetization being now subject to 7 relaxation. Finally, the third echo produces the
stimulated echo by rephasing the magnetization. The duration between the second and third
pulse is called mixing time (TM) and controls the T;-weighting of the signal. The durations
between the first and second pulse and between the third pulse and the occurrence of the
stimulated echo are responsible for T5-weighting and correspond the TE. The corresponding
sequence is denoted as stimulated echo acquisition mode (STEAM) [47].

2.2.3 Gradient Echoes

Gradient echoes are formed using magnetic field gradients as opposed to RF pulses which
are used to generate FIDs, spin echoes and stimulated echoes. However, an RF pulse is used
for the initial excitation. The excitation is followed by a dephasing gradient and finally by
the readout gradient. The characteristic echo time is defined as the duration between the RF
excitation until the formation of the gradient echo. The generated echo signal is subject to
T5-decay. Additional consecutive gradient echoes can be formed by adding readout gradients
with alternating polarity to the end of the readout.

2.2.4 Magnetic Resonance Pulse Sequences

MR pulse sequences consist of a sequential arrangement of RF pulses and gradient waveforms.
Pulse sequences can be designed to achieve different contrasts, motion insensitivity, scan
time, high signal-to-noise ratio (SNR), quantitative imaging and many more goals. In general,
experimental design in MRI relies on a trade-off between resolution, SNR and total scan
time. Therefore the purpose of the measurement has to be well defined before an experiment
can be performed. Furthermore, all pulse sequences need a tailored reconstruction method
(Section 2.2.7) that is able to transform the measured raw data into valuable information.
Traditionally, a pulse sequence consists of a repetitive pattern with a constant duration
including the excitation of spins followed by a part for signal reception. This constant duration
of the repetition interval is called repetition time (TR). The TR can either be chosen large
enough that the magnetization has time to recover back to equilibrium or the sequence has
to be designed to operate in a steady state or pseudo steady state mode [48]. In gradient
echo-based imaging, TR is often much shorter than 77 and often also smaller than 7T5.

In chemical shift encoding-based gradient-echo-based water—fat imaging, a technique called
spoiled gradient echo (SPGR) is mostly employed where the residual transverse magnetization
gets dephased at the end of each TR. In SPGR, steady state needs only to be achieved
for the longitudinal magnetization. Other techniques without spoiling rely on matched or
nulled gradient moments in each TR and are called steady state free precession (SSFP) and
balanced SSFP (bSSFP), respectively. Non-spoiled sequences have the advantage of higher
SNR. The drawbacks of non-spoiled sequences are their sensitivity to off-resonance effects and
a signal evolution depending on both 77 and 75. Recently, a new approach named magentic
resonance fingerprinting (MRF) [49] has been proposed using pseudorandomized parameters

12
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including flip angle and TR to differentiate tissue properties including 77 and 7> based on
their characteristic signal evolution.

2.2.5 The concept of k-space

The complex signal acquired during an MRI experiment is obtained in the frequency domain
also known as k-space domain, or k-space. The relationship between the observed k-space
signal S (k) and the image function representation in the spatial domain p (r) can be expressed
in form of a Fourier transform via

S (k) = / = p(r) e k) g3y (2.19)

—00

with k = [ky, ky, k.]" and 7 = [z, y, z]" being the k-space vector and spatial vector, respectively.

2.2.6 Spatial Encoding

Spatial encoding has to be applied in order to extract images or maps from the acquired
signal. A spatially varying magnetic field is used to distinct between nuclei that have the
same intrinsic chemical shift but a different location. The spatially varying magnetic field
is created by the gradient coils. Three pairs of orthogonal gradient coils - one pair for each
physical axis of the scanner - allow to dynamically add additional magnetic fields which vary
approximately linearly along their axis. The gradient coil-induced magnetic fields are much
smaller compared to the static magnetic field and have usually a strength of the order of up
to 40mTm~! at 3T on a whole-body scanner. Linear combinations of the three gradient axis
allow to vary the magnetic field along arbitrary directions. The resulting spatially varying
magnetic field yields a spatially varying resonance frequency of the nuclei under investigation
and thus allows spatial encoding of the received signal.

A simple example of retrieving a (partially or 1D) spatially resolved signal is the use of a
technique called slice-selection which is used in 2D or multi-slice imaging. Slice-selection can
by achieved be applying an RF pulse with a limited bandwidth in the presence of a magnetic
gradient field. The RF pulse then only excites spins which have a resonance frequency within
the excitation bandwidth of the pulse. The Larmor frequency at a spatial position z in
presence of a magnetic gradient field G, is then given by:

w(z) =wo+vG.2 (2.20)

Moreover, most 3D imaging techniques and single-voxel spectroscopy make use of the same
principle to excite one or multiple slabs, and are therefore referring to this approach as slab
selection.

Finally, further spatial encoding of additional dimensions can be achieved by adjoining
perpendicular phase encoding dimensions, e.g. 2D imaging usually includes one phase encoding
direction and 3D imaging usually includes two phase encoding directions. Phase encoding
is realized by turning on a magnetic gradient field G, for a short time interval T,. after
performing an RF excitation-pulse. Consequently the signal acquired afterwards has an
accumulated initial phase angle ¢ (z):

¢ () = —7GoxTpe (2.21)
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The signal is called phase-encoded since ¢ (x) has a linear relationship to the signal location
x, as it can be seen from Equation (2.21).

2.2.7 Image Reconstruction

The process of converting the measured raw data to images and maps is called image
reconstruction and may also include additional post-processing steps. The raw data is
acquired in the k-space domain and therefore has to be transformed into the image space
domain.

A simple example would be a regular rectangular sampled grid in k-space that is discrete
Fourier transformed (DFT) into image space. The corresponding DFT can then be defined by

N-1
Xi= 3 e 2mik(a/N) (2.22)
n=0
which describes the transformation of the array r, with n = (nq,...,n4) being a d-dimensional
vector of indices by a set of d nested summations (over nj = 0...N; — 1 for each j) with
element-wise operation of n/N = (n1/Ny,...,ng/Ng).

Moreover, since the gradient coils allow arbitrary sampling patterns, also referred to as
k-space trajectories, not only Cartesian sampled grids can be employed for signal encoding
but also non-Cartesian patterns like spirals can be used. Non-Cartesian k-space data can then
not be reconstructed using the DF'T anymore. Nevertheless, Cartesian k-space trajectories
were used throughout the entire work of this thesis.

2.2.8 Acquisition Acceleration, Parallel Imaging and Compressed Sensing

Compared to other modalities like CT, MRI is an intrinsic slow imaging technique. Clinical
routine examinations including several image sets and different types of contrasts usually
take 20min to 60 min. A lot of effort has been put into accelerating MR acquisition times.
Early approaches tried to improve the sampling efficiency based on the pulse sequence design
as for example in echo planar imaging (EPI) where the entire k-space trajectory is sampled
within a single TR, or using a Carr-Purcell-Meiboom-Gill (CPMG) [50, 51] sequence using
phase encoding for each generated spin echo known as turbo spin echo (originially called rapid
acquisition with refocused echoes (RARE)[52]) or the combination of both aforementioned
techniques which is then called gradient and spin echo (GRASE)[53]. Another idea uses a
small flip angle - also known as Ernst angle - to maximizing a pseudo steady state signal for
a given TR much shorter than the tissue’s 77 relaxation, which is widely known as fast low
angle shot (FLASH) [54]. Furthermore, more efficient k-space trajectories compared to the
traditional Cartesian trajectory such as spirals have been proposed to improve the readout
efficiency [55]. All the above mentioned techniques require the sampling of the entire k-space,
which means that all phase encoding steps have to be performed. Especially in the last decades,
when improved scanner hardware became available the physiological limits of conventionally
increasing the sampling speed have been reached with peripheral nerve stimulation (PNS)
and sometimes also the specific absorption rate (SAR) becoming a safety concern.

With the increasing number of available receive coil channels on clinical systems, several
approaches in the area of parallel imaging were developed recently. Parallel imaging refers
to the simultaneous signal reception using multiple coils allowing a coil channel sensitivity
driven reconstruction of an under-sampled k-space. Most commonly used methods include
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SMASH[56], SENSE[57], GRAPPA[58] and ESPRiT[59]. These methods can be differentiated
based on the reconstruction domain they are performed in. SMASH and GRAPPA are
performed in the k-space domain, SENSE is performed in the image domain and ESPRIT is
a combination of the latter two. The present work makes partly use of the SENSE method
especially for in vivo imaging to keep scan times reasonable. Recently, also the application of
compressed sensing [60] was proposed for the reconstruction of under-sampled k-space data
by introducing sparsity constrains - e.g. maximizing the sparsity - during reconstruction [61].
Many of the aforementioned acceleration methods can be combined to achieve even higher
acceleration rates.

2.3 Hardware in Clinical MR Systems

Clinical MR scanners are predominantly whole-body scanners that are designed to allow the
imaging of all body regions from head to foot. These scanners usually consist of a few main
components, of which the magnet, the radio frequency coils and gradient coils along with
computer systems for hardware controlling and image reconstruction are the most important
ones. A clinical MR scanner usually requires a special installation ensuring a constant room
temperature and additional electromagnetic-shielding (Faraday cage) to avoid electromagnetic
inference with the environment. Due to the strong magnetic field of the main magnet of
nowadays usually 1.5T, 3T or even up to 7T, only MR compatible items can enter the
scanner room.

2.3.1 Magnet

The main magnet creates a strong and static magnetic field, usually referred to as By-field.
Clinical field strengths usually range from under 1T to 1.5 T and 3T up to 7 T. For comparison:
the magnetic field on the surface of the earth ranges approximately from 0.25 u'T to 0.65 uT.
Super-conducting electromagnets are used in order to achieve such strong magnetic fields by
exploiting the material’s (e.g. niobium-titanium (NbT1i)) superconducting property at very low
temperatures below 10 K. Therefore a cryogenic cooling fluid such as liquid helium is required.
Homogeneity of the magnetic field is a major quality criterion as it plays an important role for
the achievable image quality. The process of optimizing the magnet’s homogeneity is referred
to as shimming where small metal plates and electrical shim coils are incorporated into the
magnet. While the metal plates serve as constant shimming and are fixed during installation
and cannot be altered easily, the shim coils serve as a dynamic shim component and can be
adjusted for each patient individually to improve the uniformity of the magnetic field.

2.3.2 Radio Frequency Coils

The radio frequency coils are used for excitation by generating the B; field and also for signal
detection. Usually a body coil, which is built inside the gantry is employed for excitation and
smaller body-part-specific surface coil arrays that are put as close as possible to the region of
interest are used for reception.

2.3.3 Gradient Coils

Three pairs of gradient coils are used to create three orthogonal gradient fields. Their main
purpose is spatial encoding and the generation of gradient echoes, but they can also be used
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for other purposes, such as diffusion encoding. The performance of the gradient system is
usually characterized by its maximum gradient strength and gradient slew rate.

2.3.4 Experimental Setup

All experiments of the present thesis were performed on clinical whole-body 3 T MRI scanners
(Ingenia, Philips Healthcare, The Netherlands) at the University Hospital Klinikum rechts
der Isar of the Technical University of Munich in Munich (Germany) and at the Phoenix
Children’s Hospital in Phoenix, Arizona (USA).
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3 Quantification and Characterization of
Triglycerides with Magnetic Resonance

Triglycerides (or triacylglycerides) are the predominate constituent of human body fat. A
triglyceride consists of three fatty acids esterified with glycerol. Fatty acids can be further
divided into different types according to their chemical structure. In MRI often three main
fatty acid groups are differentiated based on the number of double bonds in the carbon chain:
Saturated, mono-unsaturated and poly-unsaturated fatty acids. The characteristics of the 'H
spectrum of triglycerides are well known and allow the mapping of resonance frequencies —
also known as chemical shifts — on the proton position within the triglyceride. The chemical
structure of an exemplary triglyceride is given in Figure 3.1. Figure 3.2 shows a spectrum
of vegetable corn oil acquired at 3T on a clinical system. The capital letters A—J map the
corresponding protons in the chemical structure (Figure 3.1) to their arising chemical shift
(Figure 3.2). The glycerol backbone has five protons giving rise to three distinct frequencies
(2x G, 2x Hand 1xI). All fatty acids show at least four distinct frequencies (A: methyl,
B: methylene, C: -carboxyl and E: a-carboxyl), mono-unsaturated fatty acids show two
additional frequencies (D: a-olefinic and J: olefinic) and poly-unsaturated fatty acids have one
further frequency (F: diallylic). The above model is already a simplification, as it assumes the
presence of singlets only and neglects spin couplings leading to distinct splitting patterns. One
example of these splitting patters is the triplet of the methyl peak (A) as it can be depicted
from Figure 3.2. However, achievable linewidths at 3T and in vivo usually do not allow the
detection of multiplets.
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Figure 3.1: Example of a triglyceride: The glycerol on the left side is
esterified with palmitic acid(16:0), oleic acid(18:1, 9¢) and
linoleic acid(18:2, 9¢, 12¢) on the right side (from top to bottom).
The circled letters (A-J) label and group the protons according
to their specific resonance frequency.

As described by Hamilton et al.[62], a mixture of saturated, mono-unsaturated and poly-
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unsaturated triglycerides can be characterized by three parameters: the number of double
bonds per triglyceride (ndb), the number of methylene-interrupted double bonds per triglyc-
eride (nmidb) and the mean fatty acid carbon chain length (CL). The relationship between
the parameters ndb, nmidb and CL and the ten peaks A-J is summarized in Table 3.1.

corn oil spectrum acquired at 3 T

® ® % o

ppm

Figure 3.2: Example of a triglyceride spectrum (corn oil) acquired on clinical
3 T scanner. The spectral features labeled with circled letters
(A-J) match the protons given in Figure 3.1.

Fat quantification in water—fat imaging uses a fixed triglyceride structure with usually a
reduced number of frequency components modeled together with water (see also Section 5.2).
For example, the six peak fat spectrum calibration for vertebral bone marrow [63] that was
used in JP-III is given in Table 3.1. The corresponding relative amplitudes and relative
frequency shifts to water at 3T and at 37 °C were 0.0904, 0.6245, 0.1579, 0.0141, 0.0402 and
0.0729; and —485Hz, —434Hz, —332Hz, —249Hz, —51 Hz and 77 Hz, respectively. Please
note, that the Larmor frequency of water shows a non-neglectable tempature dependence as
compared to fat [64]. Therefore, the chemical shift difference between water and fat is also
temperature dependent and has to be considered when e.g. phantom experiments at room
temperature are conducted. Although it is rarely explicitly stated, most literature is assuming
body temperature of 37 °C in the water—fat separation process. In cases where fat is simplified
and treated as a single frequency in MRI literature, only the dominant methylene peak (B) at
1.30 ppm is modeled.
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peak chemical shift type relative relative amplitudes of
(ppm) amplitudes used vertebral bone
marrow model [63]
A 0.90 methyl 9 9
B 1.30 methylene  [(CL —4) x 6] — 56.16
(ndb x 8) +
(nmidb x 2
C 1.60 [B-carboxyl 6 6
D 2.02 a-olefinic  (ndb — nmidb) x 4 9.72
E 2.24 a-carboxyl 6 6
F 2.75 diallylic nmidb x 2 14
G 4.10 glycerol 2 2
H 4.30 glycerol 2 2
I 5.19 glycerol 1 1
J 5.29 olefinic ndb x 2 6.26

Table 3.1: Triglyceride peak assignment and modeling in MR-based spec-
troscopy and imaging. Peaks A — J match the protons given in
Figure 3.1. Relative amplitudes are also given for the vertebral
bone marrow model with ndb = 3.13, nmidb = 0.7 and CL =
17.3 according to [63]. Summary based on [62, 63, 65-67].
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4 Single-voxel Magnetic Resonance
Spectroscopy

MRS is the direct translation of NMR spectroscopy into the clinical setting. Similar as in
NMR, the main aspect of MRS is the differentiation of nuclei of a particular isotope based on
their chemical shift.
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Figure 4.1: Single-voxel magnetic resonance spectroscopy sequence diagram:
Point-resolved spectroscopy (PRESS). Total echo time TE is
the sum of TE_1 and TE_2. The gray and black signal curves
represent the real and imaginary component of the complex
signal, respectively. Tx, transmission; Rx, reception; Gx, gradi-
ent in x-direction; Gy, gradient in y-direction; Gz, gradient in
z-direction.

MRS usually employs a technique for localization as this is needed to probe a volume of
interest (VOI) within an object. Single-voxel MRS refers to localization techniques to measure
only signal within a VOI which is usually selected by the intersection of three perpendicular
slice-selective excitations. The most frequently used single-voxel MRS techniques are point-
resolved spectroscopy (PRESS) [68] and stimulated echo acquisition mode (STEAM) [69] as
depicted in Figure 4.1 and Figure 4.2, respectively. A PRESS sequence consists of a 90° pulse
followed by two refocusing 180° pulses forming a spin echo. The magnetization is kept in
the transverse plane after the first 90° until its detection and is therefore only affected by
T, relaxation. In contrast, a STEAM sequence uses three 90°pulses, produces a stimulated
echo and is sensitive to both 77 and 7, relaxation as the magnetization is also stored in
the longitudinal axis between the second and third RF pulse. PRESS has the advantage of
a higher SNR compared to STEAM, but the 180° pulses also need more time to perform
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4 Single-voxel Magnetic Resonance Spectroscopy

and consequently the achievable TEs are longer compared to STEAM. Therefore STEAM is
usually first choice when short T, species are of interest and good VOI selection needs to be
achieved.

90° STEAM ECHO
Tx ‘."._-": "' A ' 1 ,
e\ |
Gy R
Gz R
TE /2 “
Rx - T X
VA

Figure 4.2: Single-voxel magnetic resonance spectroscopy sequence dia-
gram: Stimulated echo acquisition mode (STEAM). The gray
and black signal curves represent the real and imaginary com-
ponent of the complex signal, respectively. TE, echo time;
TM, mixing time; Tx, transmission; Rx, reception; Gx, gradi-
ent in x-direction; Gy, gradient in y-direction; Gz, gradient in
z-direction.

4.1 Diffusion-weighted Stimulated Echo Acquisition Mode
Spectroscopy (DW-STEAM)

Diffusion arising from e.g. Brownian motion of the molecules causes an attenuation of the
measured signal, when a diffusion-weighting gradient is played out in a pulse sequence. The
attenuation of the signal depends on the product of the diffusion coefficient D (usually given
in mms~2) and a factor called b-value (in smm~1!). The resulting signal S is exponentially
weighted by the variance of the Gaussian phase distribution equal to the product bD:

S = Spe P (4.1)

where Sy is the signal intensity of the non-weighted signal. Instead of the diffusion coefficient
the apparent diffusion coefficient (ADC) is usually reported in MR to also acknowledge
restriction effects [70].

In order to achieve diffusion weighting in a single-voxel STEAM MRS sequence [71], diffusion
encoding gradients can be added after the first and third RF pulse when the magnetization
is on the transverse plan. Figure 4.3 shows the diffusion-weighted STEAM (DW-STEAM)
sequence scheme employed in JP-I, including non-motion-compensated diffusion encoding
gradients (m; # 0 ) in each axis.
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4.1 Diffusion-weighted Stimulated Echo Acquisition Mode Spectroscopy (DW-STEAM)
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Figure 4.3: Single-voxel magnetic resonance spectroscopy sequence dia-
gram: diffusion-weighted stimulated echo acquisition mode
spectroscopy (DW-STEAM). Diffusion encoding gradients are
filled out with a white to gray gradient. The gradient strength
G, effective gradient duration ¢, diffusion time A and gradient
ramp duration ¢ can be used to estimate the b-value according
to Equation (4.2). The gray and black signal curves represent
the real and imaginary component of the complex signal, re-
spectively. TE, echo time; TM, mixing time; Tx, transmission;
Rx, reception; Gx, gradient in x-direction; Gy, gradient in
y-direction; Gz, gradient in z-direction.

For the employed DW-STEAM sequence (Figure 4.3) with trapezoidal gradient waveforms
[72], the b-value can be approximated by

b=>G? [6* (A —6/3) + (*/30 — 6¢ /6] (4.2)

where G is the gradient strength, J is the effective gradient duration (assuming rectangular
gradients), A is the diffusion time which equals the duration between the center lobes of the
two diffusion-weighting gradients and ( is the duration of the gradient ramp.
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5 Quantitative Chemical Shift
Encoding-based Water—fat Imaging

In imaging, the focus switches from retrieving chemical shift information as compared with
spectroscopy to spatial information. As described in Section 2.2.6, spatial encoding has
to be applied in order to retain spatial information from the acquired signal during the
reconstruction process, which has been very briefly described in Section 2.2.7. In quantitative
chemical shift-based water—fat imaging often 3D SPGR sequences are employed due to their
high SNR efficiency and relatively simple signal evolution. In the following the most important
aspects of the employed 3D SPGR, including RF spoiling, steady state and the water—fat
signal separation, are summarized.

5.1 3D Spoiled Gradient-echo Acquisition

SPGR sequences spoil the transverse magnetic coherences and thereby allow the acquisition
of proton density or Tj-weighted images. The SPGR sequence used in the present studies
uses time-interleaving of the acquired gradient echoes by splitting them in two TRs as shown
in Figure 5.1. This allows to decouple the achievable imaging resolution from the echo time
spacing.

5.1.1 Spoiling

Both gradient spoiling and RF spoiling were applied in the present work. For gradient
spoiling, spoiler gradients with a certain strength are played out in the slice / slab selection
and readout direction at the end of each TR before the next RF pulse to dephase the
remaining magnetization. Using RF spoiling, by definition the phase of the applied RF pulse is
incrementally changed by a phase increment in order to achieve optimal spoiling of transverse
magnetization after each TR. This phase increment is typically set to 117° [73], since computer
simulations have shown that for this particular phase increment the transverse magnetization
prior to each RF pulse is neglectable over a wide range of flip angles, 77 and T5. RF spoiling
mainly affects the way steady state is approached and its signal level [74]. Therefore RF
spoiling only affects the magnitude signal and has no influence on the measured phase, as the
receiver phase is by definition synchronized with the RF phase.

5.1.2 Approach to Steady State

In many applications, the SPGR sequence should have reached the steady state condition
before the sampling of the k-space starts. Otherwise the function describing how steady state
is approached will serve as a k-space filter.

In the following the number of required startup pulses or TRs using an arbitrary constant
flip angle to achieve the steady state condition is derived similar to [75, p. 460]. According
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Figure 5.1: 3D spoiled gradient-echo sequence: A 3D time-interleaved multi-
echo gradient-echo (TIMGRE) sequence with six echoes ac-
quired in two interleaved TRs using monopolar readout gradi-
ents was used for quantitative chemical shift encoding-based
water—fat imaging. The gray and black signal curves repre-
sent the real and imaginary component of the complex signal,
respectively.

to [75, p. 460] the longitudinal magnetization M (n,0) after the nth repetition applying a
constant flip angle 6 is given by

TR) (1— (cosae‘TT) )

_ ~IR —ThrNT (5.1)
M; (n,0) = My (1—6 71 o + My <C0896 Tl) n>1
1 —cosfe T
The steady state condition of (5.1) yields then
_TR
=)
lim M, (n,0) = M,ss = My————F7 (5.2)

n—oo —_ait
1 —cosfe T

The relative error estimating M (n) by M. (co) at the (n 4 1)* pulse for an arbitrary
angle 6 can be defined as
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5.2 Water—fat Signal Model

Mss (
(eos(0) = 1) (¢ cos () (53)
l—eTr

Hence, the number of required pulses n,, which are needed to reach steady state with an
arbitrary constant flip angle 8 and maximum relative error « is then

ne = ceil ¢ In m In (6_% cos (9))71 (5.4)

where the ceil function denotes the next largest integer of the argument.

Equation (5.4) is plotted in Figure 5.2 for o = 0.01, # = 3°, TR ranging from 5ms to 20 ms
and T ranging from 250 ms to 1500 ms.

Equation (5.4) can also be simplified when the Ernst angle 6 is used instead of an arbitrary
constant flip angle 6 [75, p. 461]:

. Ty 1
Nay = ceil ~3TR In(a) — 5 (5.5)

5.2 Water—fat Signal Model

The acquired multi-echo data can then be used to estimate water, fat, 75 and the underlying
fieldmap. The complex formulation-based water—fat signal model, which is commonly used
incorporates the complex spectral appearance of water and fat linked with a common relaxation
rate R5 for all spectral components, can be written as

M
S (ty) = (W + F Z ameﬂ’rﬁfmt") 2 IBtn g=Fitn (5.6)
m=1

where W and F denote the complex water and fat signals, respectively; Rox denotes the
real-valued apparent transverse relaxation rate; fp is the real-valued fieldmap; ¢, is the echo
time of the nth echo; and «;, and Af, refer to the pth (1,...,P) relative peak amplitude and
frequency shift relative to water of the individual peaks of the employed fat model, respectively.
The signal model (Equation (5.6)) itself assumes the absence of hardware imperfections and
doesn’t include e.g. physical spatial effects such as the concomitant gradient field. An example
of how phase errors due to hardware imperfections and the concomitant gradient field can
effect the resulting water—fat separation process is shown in the PDFF maps in Figure 5.3. The
left and right image show PDFF maps without and with prior phase correction of confounding
factors, respectively.
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Figure 5.2: Contour plot showing the number of required startup pulses
nq (dashed contour) and total startup time 7T;, (solid contour)
needed to reach steady state according to Equation (5.4) for
a given « of 0.01, flip angle 6 of 3°, TR ranging from 5ms to
20 ms and 73 ranging from 250 ms to 1500 ms.
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5.2 Water—fat Signal Model
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Figure 5.3: Representative full spine PDFF maps obtained in a 9-year-old male from JP-IIT without
and with phase correction as described in JP-II, respectively. Note the increasing PDFF
bias which is dominant in feet / head direction and the presence of water—fat-swaps
towards the edges of the FOV without phase correction. PDFF, proton density fat
fraction; FOV, field of view; w/, with; w/o, without.
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6 Compliance with Ethical Standards

All investigations performed in studies involving human participants were in accordance with
the ethical standards of the institutional and/or national research committee and with the
1964 Helsinki declaration and its later amendments or comparable ethical standards. Informed
consent was obtained from all individual participants included in the studies. The study
performed at Phoenix Children’s Hospital was HIPA A-compliant (Health Insurance Portability
and Accountability Act).
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7 Comprising Journal Publications

7.1 Journal Publication I:
Diffusion-Weighted Stimulated Echo Acquisition Mode
(DW-STEAM) MR Spectroscopy to Measure Fat Unsaturation
in Regions with Low Proton-Density Fat Fraction

The publication entitled Diffusion- Weighted Stimulated Echo Acquisition Mode (DW-STEAM)
MR Spectroscopy to Measure Fat Unsaturation in Regions with Low Proton-Density Fat
Fraction was published in Magnetic Resonance in Medicine (ISSN: 1522-2594). The manuscript
was authored by Stefan Ruschke, Hermine Kienberger, Thomas Baum, Hendrik Kooijman,
Marcus Settles, Axel Haase, Miachel Rychlik, Ernst J. Rummeny and Dimitrios C. Karampinos.

7.1.1 Abstract

Purpose

To propose and optimize diffusion-weighted stimulated echo acquisition mode (DW-STEAM)
for measuring fat unsaturation in the presence of a strong water signal by suppressing the
water signal based on a shorter T» and higher diffusivity of water relative to fat.

Methods

A parameter study for point-resolved spectroscopy (PRESS) and STEAM using oil phantoms
was performed and correlated with gas chromatography (GC). Simulations of muscle tissue
signal behavior using DW-STEAM and long—echo time (TE) PRESS and a parameter opti-
mization for DW-STEAM were conducted. DW-STEAM and long-TE PRESS were applied
in the gastrocnemius muscles of nine healthy subjects.

Results

STEAM with TE and mixing time (TM) up to 45ms exhibited R? correlations above 0.98
with GC and little Th-weighting and J-modulation for the quantified olefinic/methylene
peak ratio. The optimal parameters for muscle tissue using DW-STEAM were b-value =
1800smm ™2, TE = 33ms, TM = 30ms, and TR = 2300 ms. In vivo measured mean olefinic
signal-to-noise ratios were 72 and 40, mean apparent olefinic water fractions were 0.19 and
0.11 for DW-STEAM and long-TE PRESS, respectively.

Conclusion

Optimized DW-STEAM MR spectroscopy is superior to long-TE PRESS for measuring fat
unsaturation, if a strong water peak prevents the olefinic fat signal’s quantification at shorter
TEs and water’s tissue specific ADC is substantially higher than fat.
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7 Comprising Journal Publications

7.1.2 Author contributions

The first author performed the experiments (MR measurements); programmed the magnetic
resonance pulse sequence (propriety hardware specific libraries and software from Philips
Medical Systems (Best, The Netherlands)); implemented the reconstruction, post-processing
and the quantification process using Matlab (Mathworks, Natick, MA). With the help and
consultation form the coauthors; the first author designed the experiment; analyzed and
interpreted the data; and wrote the paper.

7.2 Journal Publication II:
Correction of phase errors in quantitative water—fat imaging
using a monopolar time-interleaved multi-echo gradient echo
sequence

The publication entitled Correction of phase errors in quantitative water—fat imaging using
a momnopolar time-interleaved multi-echo gradient echo sequence was published in Magnetic
Resonance in Medicine (ISSN: 1522-2594). The manuscript was authored by Stefan Ruschke,
Holger Eggers, Hendrik Kooijman, Maximilian N. Diefenbach, Thomas Baum, Axel Haase,
Ernst J. Rummeny, Houchun H. Hu, and Dimitrios C. Karampinos.

7.2.1 Abstract

Purpose

To propose a phase error correction scheme for monopolar time-interleaved multi-echo gradient
echo water—fat imaging that allows accurate and robust complex-based quantification of the
proton density fat fraction (PDFF).

Methods

A three-step phase correction scheme is proposed to address a) a phase term induced by echo
misalignments that can be measured with a reference scan using reversed readout polarity,
b) a phase term induced by the concomitant gradient field that can be predicted from the
gradient waveforms, and c¢) a phase offset between time-interleaved echo trains. Simulations
were carried out to characterize the concomitant gradient field-induced PDFF bias and the
performance estimating the phase offset between time-interleaved echo trains. Phantom
experiments and in vivo liver and thigh imaging were performed to study the relevance of
each of the three phase correction steps on PDFF accuracy and robustness.

Results

The simulation, phantom, and in vivo results showed in agreement with the theory an echo
time-dependent PDFF bias introduced by the three phase error sources. The proposed
phase correction scheme was found to provide accurate PDFF estimation independent of the
employed echo time combination.
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7.3 Journal Publication IIT

Conclusion

Complex-based time-interleaved water—fat imaging was found to give accurate and robust
PDFF measurements after applying the proposed phase error correction scheme.

7.2.2 Author contributions

The first author performed the experiments (fabrication of MR phantoms, MR measurements);
programmed the magnetic resonance pulse sequence (propriety hardware specific libraries
and software from Philips Medical Systems (Best, The Netherlands)); implemented the
reconstruction (Matlab (Mathworks, Natick, MA) using functionality provided by the propriety
ReconFrame software (GyroTools, Zurich, Switzerland), post-processing and the quantification
process. With the help and consultation form the coauthors; the first author designed the
experiment; analyzed and interpreted the data; and wrote the manuscript.

7.3 Journal Publication IlI:
Measurement of vertebral bone marrow proton density fat
fraction in children using quantitative water—fat MRI

The publication entitled Measurement of vertebral bone marrow proton density fat fraction in
children using quantitative water—fat MRI was published in Magnetic Resonance Materials in
Physics, Biology and Medicine (ISSN: 1352-8661). The manuscript was authored by Stefan
Ruschke, Amber Pokorney, Thomas Baum, Holger Eggers, Jeffrey H. Miller, Houchun H. Hu
and Dimitrios C. Karampinos.

7.3.1 Abstract

Purpose

To investigate the feasibility of employing a 3D time-interleaved multi-echo gradient-echo
(TIMGRE) sequence to measure the proton density fat fraction (PDFF) in the vertebral bone
marrow (VBM) of children and to examine cross-sectional changes with age and intra-individual
variations from the lumbar to the cervical region in the first two decades of life.

Methods

Quantitative water-fat imaging of the spine was performed in 93 patients (49 females; 44
males; age median 4.5 years; range: 0.1-17.6 years). For data acquisition, a six-echo 3D
TIMGRE sequence was used with phase correction and complex-based water-fat separation.
Additionally, single-voxel MR spectroscopy (MRS) was performed in the L4 vertebrae of 37
patients. VBM was manually segmented in the midsagittal slice of each vertebra. Univariable
and multivariable linear regression models were calculated between averaged lumbar, thoracic
and cervical bone marrow PDFF and age with an adjustment for sex, height, weight and body
mass index percentile.

Results

Measured VBM PDFF correlated strongly between imaging and MRS (R? = 0.92, slope =
0.94, intercept = —0.72%). Lumbar, thoracic and cervical VBM PDFF correlated significantly
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(all p < 0.001) with the natural logarithm of age. Differences between female and male
patients were not significant (p > 0.05).

Conclusion

VBM development in children showed a sex-independent cross-sectional increase of PDFF
correlating with the natural logarithm of age and an intra-individual decrease of PDFF from
the lumbar to the cervical region in all age groups. The present results demonstrate the
feasibility of using a 3D TIMGRE sequence for PDFF assessment in VBM of children.

7.3.2 Author contributions

The first author coordinated the study; programmed the magnetic resonance pulse sequence
(using propriety hardware specific libraries and software from Philips Medical Systems (Best,
The Netherlands)); implemented the reconstruction (Matlab (Mathworks, Natick, MA) using
functionality provided by the propriety ReconFrame software (GyroTools, Zurich, Switzerland),
post-processing and the quantification process; and performed the manual segmentation of
the vertebral bone marrow compartment. With the help and consultation form the coauthors;
the first author designed the experiment; analyzed and interpreted the data; and wrote the
manuscript.
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8 Discussion

The tremendous need for quantitative biomarkers to tackle clinical challenging diseases has
been provoking the development of quantitative MR techniques and in particular quantitative
water—fat MR over the last years. However, the application of quantitative MR methods in
clinical practice remains limited and is still challenging.

8.1 Review of Existing Literature

The present work is based upon several preceding technical publications and studies in
musculoskeletal tissues. The existing literature is separately reviewed for musculoskeletal single-
voxel MRS with a focus on triglyceride characterization (Section 8.1.1), quantitative water—fat
imaging (Section 8.1.2) and the assessment of vertebral bone marrow PDFF (Section 8.1.3) in
the following:

8.1.1 Musculoskeletal Single-voxel Proton MRS

Single-voxel proton MRS is a pretty mature MR technique given that the first publication
describing localized PRESS spectroscopy [68] and STEAM spectroscopy [69] both date back to
1987. The effect of diffusion is a well studied process using MR spectroscopy [76, 77]. The use
of field gradients to encode diffusivity was first described in 1965 for spin echoes by Stejskal
and Tanner [78] and in 1970 for stimulated echoes by Tanner [79], respectively. Subsequently,
the combination of diffusion encoding gradients together with the acquisition of stimulated
echoes was then first investigated in the context of imaging by Merboldt et al. [71] in 1985.
In musculoskeletal tissues, the water—fat ratio is dependent on the tissue type, anthro-
pomorphic characeristics and can be also altered due to disease. Ideally, the MRS-based
characterization of trigylcerides — espacially the degree of (un)saturation — is measured in the
absence of any water signal at typical clinical field strengths of up to 3T. Due to the minimal
achievable linewidths in a clinical setting the water signal is overlapping with the olefinic
signal arising from protons next to the double bounds in the fatty acid chains of triglycerides
and therefore prevents the quantification of the olefinic signal. Methods that have routinely
been used to suppress the water signal in 1D proton MRS include chemical shift-based water
suppression (CHESS) [80], water suppression enhanced through T1 effects (WET) [81] and
variable power RF pulses with optimized relaxation delays (VAPOR) [82]. However, the
drawback of these techniques is that they potentially affect frequencies nearby the water
peak and may therefore lead to a distortion of the olefinic lipid peak. Therefore, indirect
methods for the characterization of the olefinic signal have also been proposed based on the
quantification of the a-olefinic and methyl signals [83] which are not confounded by the water
signal. However, in some applications the achievable linewidth may be too broad and the
measurement of these peaks may thus be challenging. Other approaches have been proposed
that exploit differences in the MR detectable properties of water and fat. As for example, 15
relaxation of water is usually much shorter compared to fat in most tissues. Long-TE MRS
measurements have hence be proposed to reduce the water signal relative to the fat signal
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[84, 85] albeit the reduced SNR. The effect of J-couplings becomes important in single-voxel
MRS as a consequence of the prolonged TEs [86-89] . Based on the analysis of empirical
data and comparison with gas chromatography PRESS with a TE of 200 ms [84, 90-92] and
STEAM with a TE of 100 ms [92] were considered to be suitable for measuring the degree of
triglyceride (un)saturation in the presence of the J-modulations. Again, the derived long TEs
minimize the signal based on the J-modulation, but also significantly decrease the SNR.

Large differences in diffusivity between water and larger molecules [93, 94] were recently
exploited in musculoskeletal MRS using diffusion-weighted spectroscopy, namely in the context
of lipid characterization to differentiate between intramyocellular (IMCL) and extramyocellular
lipids (EMCL) [95, 96], and to measure carbohydrate signal in the intervertebral discs [97].
Other studies on triglyceride (un)saturation in the muscle have been previously performed
using also multi-dimensional single-voxel spectroscopy [98, 99] with the drawback of extensively
prolonged scan times.

Due to the recent interest in triglyceride characterization in the musculoskeletal context
[67], simplified parameters that can be measured in vivo using localized MRS have been
proposed [8, 62]. Specifically, three popular parameters are used [62] that describe the number
of double bonds per triglyceride (ndb), the number of methylene-interrupted double bonds
per triglyceride (nmidb) and the mean fatty acid carbon chain length (CL). Especially the
degree of (un)saturation of the fatty acid chains has been proposed as a useful biomarker in
the context of osteoprosis [39, 44|, obesity [100] and diabetes [42, 101, 102].

Recently there have been also efforts to map triglyceride characertistics using a model-based
approach similar to chemical shift encoding-based water—fat imaging [66, 103, 104].

8.1.2 Quantitative Chemical Shift Encoding-based Water—fat Imaging

The idea of chemical shift encoding-based water—fat imaging goes back to 1984 when Thomas
Dixon proposed a modified spin echo sequence [1] acquiring two echoes with shifted echo times
resulting in images with the water and fat signal being in-phase and out-of-phase, respectively.
These two images allowed to obtain water-only and fat-only images. Thus the fat fraction
can then be defined as the ratio of the fat signal over the sum of the water and the fat signal.
However, several confounding factors challenge the assessment of a quantitative fat fraction
map using the chemical shift encoding-based approach and were addressed since then.

In pursuance of accurate quantitative PDFF measurements both physical confounding
effects and hardware imperfections or measurement biases were addressed. On one side,
several physical effects were identified such as By homogeneities [105, 106], 75 decay [107, 108],
different 7' relaxation between the water and triglyceride component [109, 110], the complexity
of the triglyceride signal model [108, 111], susceptibility-induced resonance shifts [112] and
temperature-induced resonance shifts of water [64]. On the other side, noise bias [109, 110] and
hardware imperfection-related effects were addressed, namely the correction of phase errors
[113-117]. Recently, at 3T monopolar sequences have been primarily used in combination
with a hybrid water—fat separation method combining complex- and magnitude-based fitting
[115, 116, 118] to mitigate the phase error induced fat fraction bias of the complex-based
method.

The concomitant gradient field has been first described as a confounding factor at low field
strenghts [119] and then at higher field strenghs in the context of phase contrast angiography
[46], echo planar imaging [120, 121] and spiral imaging [122]. The correction of concomitant
gradient field induced phase accumulation has been recently also picked up in the context of
chemical shift encoding-based imaging to also evaluate the influence on T35 [123, 124] and By
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mapping [123]. The dependence of the performance of the water—fat separation process on
the chosen TE step has been first investigated for three-point Dixon using Cramér-Rao lower
bounds [125] and then extended to multi-echo-based quantitative water—fat imaging [117].

8.1.3 MR-based Measurement of Vertebral Bone Marrow Fat-fraction

The interest in the non-invasive assessment of the vertebral bone marrow fat fraction arises
from the traditional differentiation of two major bone marrow compartments based on their
histogenesis: red and yellow bone marrow describe the predominance of hematopoietic and
lipid rich tissue [126], respectively. Normal physiology of bone marrow is characterized by the
successive conversion from hematopoietic to lipid rich bone marrow depending on age, sex and
skeletal site [127-130]. Scheller et al. [131] recently proposed a differentiation of bone marrow
types based on their intrinsically response to hematopoietic demands [132]: Regulated marrow
adipose tissue (MAT) contains single interspersed adipocytes with active haematopoiesis as
compared to constitutive MAT consisting of larger adipocytes with reduced haematopoiesis
[133].

Both MR spectroscopy [63, 134-139] and imaging [137, 140-142] have been previously
proposed to asses the presence of hematopoietic and lipid rich bone marrow by measuring
vertebral bone marrow PDFF. Recent studies have also shown correlations between PDFF
and bone marrow cellularity [143-145].

Existing studies assessing vertebral bone marrow PDFF have primarily focused on the adult
population and hence only limited data is available in children. Particularly, the finding of
bone marrow fat fraction being negatively associated with trabecular bone density [39, 41] has
raised interest in the pathophysiological relationship between hemocytoblasts, osteoblasts, and
adipocytes, as well as its implications for structural skeletal integrity [146]. Furthermore, a
better understanding of bone development during childhood [18] may also help to gain insight
into potential effects on adverse skeletal health throughout later life. Quantitative data on
the bone marrow conversion process measuring PDFF has only been published employing
MRS by Kugel et al. [147] and Griffith et al. [148] for age groups in the range from 11-95
years and 62-90 years, respectively. Significant higher bone marrow PDFF in males compared
to females was reported in the age group of 31-40 years by Kugel et al. [147]. Griffith et al.
[148] then found in accordance with an earlier non-quantitative study [149] a sharp increase
of vertebral bone marrow PDFF in postemenopausal women which lead to a reversal of the
significant difference in vertbral bone marrow PDFF. The PDFF increase in postmenopausal
women was explained by changes in the body fat distribution [150-152] due to a declining
estrogen level. It has been known that bone marrow consists of hematopoietic marrow only at
birth [127] followed by the exponential accumulation of adipocytes at distal skelatal sites and
relative slow conversion rate in the vertebral bone marrow [128, 129]. Previous studies using
T1-weighted MRI however already hinted at a more rapid increase of vertebral bone marrow
fat fraction in the first years of life [153-156].

Vertebral bone marrow PDFF dependence on vertebral location has been previously investi-
gated in spine segments in preliminary studies on the lumbar vertebrae [135] and the S2-T'10
vertebrae [137]; and in an osteoporisis study for the L1-14 vertebrae [157]. Only one previous
study included an image-based full spine PDFF characterization in the adult population [141].
All the aforementioned studies on vertebral bone marrow PDFF dependence on vertebral
location reported decreasing PDFF values from the lumbar vertebrae towards the cervical
vertebrae.
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8.2 Present Work

The present work includes several contributions to the field of musculoskeletal MR. JP-
I describes a technique to characterize triglyceride (un)saturation in muscle tissue using
diffusion-weighted magnetic resonance spectroscopy. JP-II emphasizes on robust water—fat
quantification using spoiled gradient-echo-based magnetic resonance imaging. Finally, JP-III
applies the technique presented in JP-II in bone marrow PDFF quantification in the pediatric
spine to investigate bone marrow development in the first two decades of life.

8.2.1 Novelty

The three journal publications contribute to the field of musculoskeletal MR. Particularly,
JP-I improves triglyceride characterization in muscle tissue and other tissues accompanying
low PDFF content using MRS. The proposed diffusion-weighted MRS method has been shown
to outperform a previously used spectroscopic method for triglyceride (un)saturation charac-
terization in muscle tissue and is a promising candidate for the investigation of triglyceride
(un)saturation patterns. Previously, triglyceride (un)saturation has been mainly characterized
in subcutaneous and visceral adipose tissue.

JP-II pushes forward quantitative chemical-shift encoding-based water—fat imaging using a
complex-based water—fat formulation. The proposed method builds the basis for robust and
accurate PDFF quantification in clinical studies. The advantage of being able to decouple the
achievable resolution from the performance of the water—fat decomposition will have a positive
impact on future clinical studies allowing the combination of both — robust water—fat imaging
at high resolution. The introduced correction of the concomitant gradient field induced phase
variations enables also the imaging of large field of views which is helpful in clinical studies
investigating e.g. body composition. Future developments in the field of water—fat MRI will
also benefit from the gained deeper understanding of confounding factors in chemical-shift
and gradient-echo-based water—fat imaging.

Finally, JP-IIT demonstrates the utility and feasibility of quantitative water—fat imaging
in the pediatric spine measuring vertebral bone marrow PDFF. The sex-independent cross-
sectional increase of PDFF strongly correlated with the natural logarithm of age and may
serve as an initial guess for the normal vertebral bone marrow development throughout the
first years of life. Additionally, an intra-individual decrease of PDFF from the lumbar to the
cervical region with increasing slope and intercept from younger towards older subjects was
observed for the first time.

8.2.2 Impact

The present work advances the field of quantitative water—fat magnetic resonance. The
proposed technique described in JP-I allows the robust and noninvasive probing of triglyceride
(un)saturation in tissues with low PDFF which is of high clinical interest. The accurate
measurement of changes in triglyceride (un)saturation in tissues with low PDFF could be
of high clinical relevance including applications in the liver [62, 158], heart [159], kidney
[160, 161] and bone marrow [39, 44].

JP-II contributes to improved accuracy in measuring PDFF using quantitative chemical-
shift encoding-based water—fat imaging, which is critical in the clinical context. For example,
the PDFF cutoff level for hepatic triglyceride content suggesting the prevalence of hepatic
steatosis was estimated to be of the order of 5% [162]. The improvement in accuracy and
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robustness will be beneficial in multiple clinical applications including assessment of bone
health [41, 43, 140, 163], metabolic disorders [2, 3, 164] and cancer [6, 7]. Additional potential
applications include the post-therapeutic monitoring of bone marrow patterns after radiation
and chemotherapy-based cancer treatments [165-168], the radiation therapy planning based
on the quantitative distribution of active bone marrow [169] and as a complement to biopsy
providing additional information to support the grading of hematologic malignancies [170].

The application of the technique described in JP-II was translated to a clinical setting given
in JP-III. The technique was applied to measure PDFF in the pediatric spine and the results
showed a sex-independent natural logarithmic increase of spinal bone marrow PDFF with age.

All developed methods can be used in the clinical setting and have been tested using
standard clinical MRI hardware. The proposed methods are applied in currently running
clinical studies. Already published subsequent and related work can be found in the listing of
related publications.

8.2.3 Limitations

The application of DW-STEAM in musculoskeletal tissue to extract triglyceride (un)saturation
revealed better SNR performance compared to long-TE PRESS as shown in JP-I. DW-STEAM
is especially beneficial in tissues where the ADC of water is substantially higher compared to
fat. The technique was optimized based on assumed tissue-specific ADC, T} and Ty values
for fat and water, where water was estimated to have a lower ADC and 75 but higher Tj
compared to fat. Although these conditions should be satisfied in most musculoskeletal tissues,
the approach may not be suitable to measure directly fat (un)saturation in e.g. vertebral
bone marrow where the difference in ADC between water and fat is not sufficient and overall
SNR is lower. The presence of both EMCL and IMCL in muscle tissue may inhibit the
accurate extraction of a triglyceride (un)saturation level as these two compartments may not
be separable using the proposed technique but the difference in 75 and the disperse chemical
shift may confound the quantification process. Another limitation is the potential presence of
a broad water peak in the DW-STEAM measurement as it uses shorter TEs compared to the
long-TE PRESS where signal from bound water should be completely decayed. This effect
may cause a potential overestimation of the olefinic peak area and lead to an overestimation
of the (un)saturation level. All simulations and the optimization included some simplifications
that may affect the results in extreme cases. As for example a common 7} and 75 relaxation
was assumed for all triglyceride frequencies. Although this a common assumption in clinical
MR, the different relaxation properties between the methylene and the olefinic peak may
lead to some systematic error. However, this effect is neglectable as long as TE and TM are
kept as short as possible. Furthermore, J-coupling effects were not considered and only a
mono-exponential signal decay was assumed. Nonetheless, this effect should be minimized in
the employed TR and TM regime of up to 45 ms and therefore only cause minor errors.
The phase error correction scheme proposed in JP-II has also some limitations. The
correction of the concomitant gradient field corrects only for lower order effects that are
mainly arising from the slab selection and readout gradients. The concomitant gradient
field caused by the phase encoding gradients has been neglected. Nevertheless, the approach
achieved satisfying accuracy measuring PDFF in the analyzed scenarios. The phase offset
between time-interleaved echo trains can be quite small and the performance of its estimation
can be poor. Furthermore, to perform robust estimation of the phase offset between time-
interleaved echo trains requires a minimum number of voxels with minimum requirements
on SNR, low PDFF and moderate-to-low R5. Therefore, the measured object requires to
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have also qualifying regions and the scan has to be performed at a suitable resolution. These
requirements may inhibit this technique from being applicable to e.g. 2D sequences as the
number of suitable voxels that can be used for the estimation of the phase offset between
time-interleaved echo trains may be insufficient. Furthermore, the phase offset between
time-interleaved echo trains was only tested with two interleaved echo trains with three echoes
each due to its frequent usage in various previous investigations. It may not be possible to
directly apply the correction scheme in acquisition schemes with more then two interleaved
echo trains. However, the echo misalignment and concomitant gradient field correction should
be in general applicable to any TIMGRE-based acquisitions.

The study design for the measurement of vertebral bone marrow PDFF in children published
in JP-IIT has some limitations. First, although the included cohort of 93 subjects had no
pathological indications suggesting to have an impact on vertebral bone marrow PDFF,
the examination of a healthy asymptomatic cohort of children would have been optimal to
investigate normal vertebral bone marrow PDFF development. Second, the number of subjects
with an age older than 9 years was limited and therefore, only a single group was formed with
an age range from 9 to 18 years. Third, the performed manual segmentation of the vertebral
bone marrow compartment in the medial slice assumes a homogeneous PDFF distribution
throughout the bone marrow compartment which may not be an ideal assumption.

8.3 Perspectives

The perspectives of this work may include the application of the developed techniques in
future clinical studies, as well as further technical developments and improvements building
upon the proposed methods.

The diffusion-weighted single-voxel MRS sequence developed in JP-I is a versatile technique
and can be used to explore many aspects of different tissues, such as probing unrestricted and
restricted diffusion of water and fat. The developed acquisition, processing and quantification
methods have built the foundation for an already ongoing research project on the in vivo
measurement of restricted diffusion effects in fat aiming for the characterization of the mean
adipocyte droplet size. Preliminary results on probing bone marrow adipocyte cell size using
high b-value DW-STEAM at long diffusion times were recently presented by Weidlich et al.
[171].

The work on monopolar TIMGRE sequences may serve as basis for future technical
developments, e.g. replacement the monopolar readout with a more efficient bipolar readout.
This may allow both high resolution and high SNR efficiency together with robust and accurate
water—fat separation. The gained understanding of confounding factors in gradient-echo-based
sequences will also help in translating the method to sequences using non-Cartesian k-space
trajectories. The rigorous characterization and correction of phase altering effects will be
essential for quantitative post-processing methods relying on accurate phase measurements,
e.g. quantitative susceptibility mapping (QSM) in the presence of water and fat.

Finally, the reported correlations between vertebral bone marrow PDFF and age, as well
as between spinal location and PDFF from JP-III may serve as basis for future studies
relating bone marrow adiposity to bone health. For example, future prospective logitudinal
studies could potentially investigate whether deviations form the strong correlations between
vertebral bone marrow PDFF and age at young ages occur in subjects that have an increased
osteoporotic fracture risk later in life. The potential gain in the understanding of the underlying
mechanisms of osteoporosis may also have an impact on the current BMD-based clinical
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routing which is used in the assessment of the individual osteoporotic fracture risk [35].
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List of Symbols and Abbreviations

Symbols
! relative error [—|
ap relative amplitude of the to the pth fat peak [—]
A diffusion time [s]
J effective gradient duration [s]
AB; local magnetic field inhomogeneity [Hz]
Afp relative frequency shift of the to the pth fat peak relative to water [Hz]
dppm chemical shift [ppm]
v gyromagnetic ratio [Hz T_l}
h reduced Planck constant [J s radfl]
w precession frequency [rad s_l] / [Hz]
wo Larmor frequency [rad s_l]
phase angle [rad]
Deg concomitant field phase [rad|]
0 spin density [m_ﬂ
o shielding constant [—]
T magnetic torque [N m)]
0 flip angle [°] / [rad]
D) Ernst angle [rad]
k k-space vector [cycles/m]
r image space vector [m]
¢ gradient ramp duration [s]
A intrinsic angular moment [kg m? s’l}
B magnetic field [T]
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List of Symbols and Abbreviations

b b-value [s m_g]

By static main magnetic field [T]

B radio frequency field [Hz]

Beg concomitant gradient field to the lowest order [T]
Besy effective static magnetic field considering shielding effects [T]
D diffusion coefficient [mz s_l}

F complex fat signal [—]

f resonance frequency [Hz]

B real valued field map [Hz]

Tref reference frequency [Hz|

G gradient strength [T mfl]

G magnetic gradient field along x dimension [T mfl]
Gy magnetic gradient field along y dimension [T m_l]
G, magnetic gradient field along z dimension [T m_l}
kg Boltzmann constant [J K_l]

M magnetic moment [N m T’l]

M amplitude of the magnetization vector [—]

m first-order gradient moment [T s m_l}

M, spatial x component of the magnetization vector [—]
M, spatial y component of the magnetization vector [—]
M, spatial z component of the magnetization vector [—]
Na number of required startup pulses [—]

Ry transverse relaxation rate [s_l]

R, reversible relaxation rate [S_l]

R3 effective relaxation rate [sfl]

So non-weighted signal intensity [—]

T temperature [K]

t time [s]

T spin-lattice (longitudinal) relaxation time [s]
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List of Symbols and Abbreviations

Abbreviations

1D

2D

3D
ADC
b-value
bSSFP
CL
CPMG
cT
DFT
DW-STEAM
EMCL
EPI
ESPRIiT
FID
FLASH
GRAPPA
GRASE
IMCL
MR
MRF
MRI

spin-spin (transverse) relaxation time [s]
reversible relaxation time [s]

effective relaxation time [s]

total startup time [s]

phase encoding time [s]

complex water signal [—]

one-dimensional

two-dimensional

three-dimensional

apparent diffusion coefficient

factor reflecting the strength and timing of diffusion weighting gradients
balanced steady state free precession

mean fatty acid carbon chain length
Carr-Purcell-Meiboom-Gill

computed tomography

discrete Fourier transform

diffusion-weighted stimulated echo acquisition mode
extramyocellular lipids

echo planar imaging

efficient L1 iterative self-consistent parallel imaging
free induction decay

fast low angle shot

generalized autocalibrating partially parallel acquisitions
gradient and spin echo

intramyocellular lipids

magnetic resonance

magnetic resonance fingerprinting

magnetic resonance imaging
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List of Symbols and Abbreviations

MRS
ndb
nmidb
NMR
PDFF
PNS
PRESS
RARE
RF pulse
Rx

SAR

SE
SENSE
SMASH
SNR
SPGR
SSFP
STE
STEAM
TE
TIMGRE
™
TMS
TR

VOI

magnetic resonance spectroscopy
number of double bonds per triglyceride
number of methylene-interrupted double bonds per triglyceride
nuclear magnetic resonance

proton density fat fraction

peripheral nerve stimulation
point-resolved spectroscopy

rapid acquisition with refocused echoes
radio frequency pulse

radio frequency reception

specific absorption rate

spin echo

sensitivity encoding

simultaneous acquisition of spatial harmonics
signal-to-noise ratio

spoiled gradient-echo

steady state free precession

stimulated echo

stimulated echo acquisition mode

echo time

time-interleaved multi-echo gradient-echo
mixing time

tetramethylsilane

repetition time

radio frequency transmission

volume of interest
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3.1

3.2

4.1

4.2

4.3

Generation of an MR signal: a) A free induction decay (FID) signal with
T3 -decay is generated after applying a 90°-pulse. b) A (primary) spin echo (SE)
is generated by applying a 180°-pulse after a 90°-pulse. ¢) A stimulated echo
(STE) is generated e.g. by applying three consecutive 90°-pulses. Two primary
SEs and one secondary SE that are generated after the third RF pulse, as well
as the FIDs generated after the second and third RF pulse, respectively, are
not shown. The gray and black signal curves represent the real and imaginary
component of the complex signal, respectively. Tx, transmission; Rx, reception;
TE, echo time; TM, mixing time; RF pulse, radio frequency pulse. . . . . . .

Example of a triglyceride: The glycerol on the left side is esterified with palmitic
acid(16:0), oleic acid(18:1, 9¢) and linoleic acid(18:2, 9¢, 12¢) on the right side
(from top to bottom). The circled letters (A-J) label and group the protons
according to their specific resonance frequency. . . . ... .. ... ... ...

Example of a triglyceride spectrum (corn oil) acquired on clinical 3 T scanner.
The spectral features labeled with circled letters (A-J) match the protons given
in Figure 3.1. . . . . . . L

Single-voxel magnetic resonance spectroscopy sequence diagram: Point-resolved
spectroscopy (PRESS). Total echo time TE is the sum of TE_1 and TE_2. The
gray and black signal curves represent the real and imaginary component of
the complex signal, respectively. Tx, transmission; Rx, reception; Gx, gradient
in x-direction; Gy, gradient in y-direction; Gz, gradient in z-direction.

Single-voxel magnetic resonance spectroscopy sequence diagram: Stimulated
echo acquisition mode (STEAM). The gray and black signal curves represent
the real and imaginary component of the complex signal, respectively. TE,
echo time; TM, mixing time; Tx, transmission; Rx, reception; Gx, gradient in
x-direction; Gy, gradient in y-direction; Gz, gradient in z-direction. . . . . .
Single-voxel magnetic resonance spectroscopy sequence diagram: diffusion-
weighted stimulated echo acquisition mode spectroscopy (DW-STEAM). Diffu-
sion encoding gradients are filled out with a white to gray gradient. The gradient
strength G, effective gradient duration 4, diffusion time A and gradient ramp
duration ¢ can be used to estimate the b-value according to Equation (4.2).
The gray and black signal curves represent the real and imaginary component
of the complex signal, respectively. TE, echo time; TM, mixing time; Tx, trans-
mission; Rx, reception; Gx, gradient in x-direction; Gy, gradient in y-direction;
Gz, gradient in z-direction. . . . . . .. ... Lo
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3D spoiled gradient-echo sequence: A 3D time-interleaved multi-echo gradient-
echo (TIMGRE) sequence with six echoes acquired in two interleaved TRs
using monopolar readout gradients was used for quantitative chemical shift
encoding-based water—fat imaging. The gray and black signal curves represent
the real and imaginary component of the complex signal, respectively.

Contour plot showing the number of required startup pulses n,, (dashed contour)
and total startup time 7, (solid contour) needed to reach steady state according
to Equation (5.4) for a given « of 0.01, flip angle 6 of 3°, TR ranging from 5 ms
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Representative full spine PDFF maps obtained in a 9-year-old male from JP-III
without and with phase correction as described in JP-II, respectively. Note
the increasing PDFF bias which is dominant in feet / head direction and
the presence of water—fat-swaps towards the edges of the FOV without phase
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