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Abstract

The major advantage of magnetic resonance imaging (MRI) over other imaging modal-
ities like computed tomography (CT) is that it does not utilize ionizing radiation. A
drawback of MRI in comparison to CT is that in general it requires longer scan times
and for this reason fast scanning techniques have been proposed. Fast MR imaging can
refer to fast scan times or fast signal acquisition. The first is important in various cases
such as in abdominal scans to decrease motion sensitivity, while short echo times and
short acquisition times allow visualization of tissues with fast signal relaxation. One
category of MR sequences that allows fast scanning is gradient echo sequences. These
sequences do not use radiofrequency pulses to yield a signal echo and this allows fast
imaging, shorter echo times and scan times, while the signal decays according to the
apparent transverse relaxation T ∗

2 . Gradient echo sequences can be used both for qual-
itative and quantitative imaging and during this thesis an application in each direction
was explored.

The first part of this thesis is related to fast gradient echo imaging for qualitative
imaging of fast decaying signals. It is focused on the development of a short echo
time sequence that can be easily translated to clinical settings. In the first chapter
of this part a novel short echo time sequence is being introduced. Subsequently, two
different applications are being discussed. Firstly, the application of the sequence to
musculoskeletal imaging at high and ultra-high field is being described. In the second
chapter, the effect of fat suppression on short T2 tissues imaging is being considered. At
the last chapter of this part the sequence is adapted to be used for molecular imaging
of iron oxide labeled cells.

The second part of this thesis refers to quantitative gradient echo imaging. The
aim is tissue characterization based on the analysis of the signal decay. A multi-echo
sequence is adapted in order to be used with a novel powerful fitting tool for three-
dimensional (3D) liver fat-water imaging. Preliminary results are presented from a
comparison with a standard two-point Dixon technique.
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CHAPTER 1. INTRODUCTION

In 1980’s the first MRI clinical scanners were introduced [1]. MRI was introduced as
an imaging modality outperforming other existing imaging modalities in imaging of soft
tissue. Since its introduction, its range of applications has been broadened a lot and
innovations in qualitative and quantitative MR imaging have been achieved. Today,
MRI has been introduced in the clinical routine for musculoskeletal imaging [2–6]. In
addition, it is also used for tissue characterization, since it has been shown that tissue
changes such as fat infiltration are reflected in tissue properties visible with MRI and
MR spectroscopy (MRS) [7, 8].

MRI is based on the creation of a signal echo either with radiofrequency (RF)
pulses or with switching gradient pulses. The second category, which allows for shorter
repetition times was already introduced in 1986 by Jens Frahm and Axel Haase as rapid
NMR imaging [9]. This evolved in one broad category of MR sequences, that allows
fast imaging, shorter echo times and scan times. In this case, since no 180 degrees
RF pulse is employed, field inhomogeneities are not compensated for and the signal
decays according to the apparent transverse relaxation T ∗

2 [10–12]. Fast imaging can
be beneficial in many cases such as in abdominal scans to decrease motion sensitivity,
while short echo times allow visualization of tissues with fast signal relaxation.

1.1 3D Short-TR SPGR MRI

In gradient echo sequences (GRE), gradient reversal on the frequency encoding axis is
used to form a signal echo (see Fig. 1.1). Since in GRE sequences the flip angle α is
typically less than 90°, no long period is needed for T1 recovery and shorter repetition
times can be used [12,13].

In GRE sequences steady states of both the longitudinal and the transverse mag-
netization can be considered [12]. If the transverse magnetization is considered to be
zero before the next excitation than the sequence is defined as spoiled. Spoiled GRE
sequences (SPGR) are a class of gradient echo sequences where the transverse magneti-
zation is disrupted (spoiled) before the next excitation pulse, and are most commonly
used to generate T1-weighted contrast. Spoiling can be achieved by choosing a very
long repetition time (TR) in comparison to T2 so that the transverse magnetization
completely decays before the next excitation [11,12].

An alternative method that allows for much faster repetition times is to apply gra-
dient spoilers at the end of the sequence, but they are not so effective at disrupting the
magnetization and spoiling can be spatially non-uniform [12]. A more efficient way is to
use RF spoiling in addition (i.e., to phase cycle the RF excitation in a nonlinear way).
The phase of the RF pulses can be random, but a more popular way is to select the
phase Φj of the B1 field of the jth RF pulse according to a predetermined equation:

Φj = Φj−1 + jΦ0 (1.1)

The value of Φ0 is predetermined and a value of 117° is recommended by Zur et
al. [14]. Due to the fact that the phase increment Φj − Φj−1 is linearly proportional
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CHAPTER 1. INTRODUCTION

to j, the phase Φj varies quadratically with j. With RF spoiling, image contrast can
become independent of T2 and approximate T1 weighting can be achieved.

Figure 1.1: Pulse sequence diagram for a standard spoiled gradient echo sequence
(source: [12]).

The acquisition of SPGR sequences can be carried either with single- or multi-slice
two-dimensional (2D) encoding or with a volumetric encoding. In 2D acquisition, each
slice is excited by a spatially-selective radiofrequency pulse, and multiple slices can
also be interleaved in the same TR. In contrast, in three-dimensional (3D) volume MR
acquisition a set of contiguous slices is simultaneously excited. In rectilinear sampling
[15] resolution of the different slices is achieved by using an additional phase encoding
direction perpendicular to the one used for image encoding [12]. 3D sequences might
require increased scan time over 2D sequences for the same number of slices, but their
advantage is that they offer thin contiguous slices and higher SNR [11].

1.2 Short Echo Time Imaging

MRI is outperforming other modalities in soft tissue imaging, because among other
factors, it highly depends on the proton density of tissues. That is successful in tissues
which have a high percentage of water or low susceptibility issues. Since the early times
of MR there has been interest in imaging of tissues that have local field inhomogeneities
(i.e., high susceptibility) or little water content, for example in musculoskeletal (MSK)
imaging (i.e., tendons, menisci, bone, dentine) or lung imaging. A common character-
istic of all these tissue species is that the spin-spin relaxation happens very fast even
during excitation, so it is important to have short radiofrequency pulses and to start the

15



CHAPTER 1. INTRODUCTION

signal acquisition as soon as possible after excitation. One of the first focuses of these
techniques was the lung parenchyma, in order to partly substitute computer tomogra-
phy, which uses ionizing radiation and highlight regional differences [16]. The aim of
lung MRI is to produce diagnostic information about the lung parenchyma such as per-
fusion assessment and measurement of ventilation and respiratory mechanics without
the use of ionizing radiation [17,18]. MRI can also be used to detect cancer nodules or
airway diseases [19].

Lung has air-tissue interfaces that create large variations in magnetic susceptibility.
Conventional gradient echo sequences use an echo time in the order of 2-3 ms, which
is too long to acquire a detectable signal. Although this is already a considerable
improvement in respect to spin echo methods it is not sufficient when the focus of
interest is in highly ordered tissues.

Already in the early 90’ s it was proven that to get MR signal out of the lungs, the
acquisition has to be performed as close as possible to the excitation so tissues with
very short T2 decay could be measured. In 1991, Bergin et al. [20, 21] introduced a
method, which is nowadays broadly known as Ultra Short Echo (UTE), that allowed a
first introduction of lung imaging by achieving ultra short echo times.

After lung the focus of short echo techniques moved to MSK because of the possi-
bility of measuring highly ordered tissues (menisci, tendons) that have short T2 values
and are usually black in conventional imaging [22,23].

1.2.1 Short T2 species

Short T2 tissue components are present in various tissues in the human body and are
of high clinical significance. The increase or decrease in the relative amount of short
T2 species can indicate various pathologies [2, 24, 25]. Some clinical applications of the
quantification of short T2 components are chronic fibrosis, iron deposition, hemorrhage,
calcification and deposition diseases (amyloidosis, etc). In certain cases the signal of
the short T2 components is increased (e.g. chronic fibrosis, hemorrhage calcification),
while loss of tissue or change of the order of tissue, demyelination or edema can cause
signal decrease [24].

Conventionally, short T2 species are considered the species with time constant T2
(transverse relaxation) less than 10 ms. T2 is caused by the dephasing of different spins
due to variations in local precession frequencies, while T ∗

2 is the apparent transverse
relaxation time constant, which is also affected by external field inhomogeneities. At a
molecular level, protons in water associated with macromolecules have T2 values of less
than 1 ms, while protons that are very closely associated with macromolecules have T2
in the order of tens of microseconds [28]. In other words, a more mobile environment
reduces dipolar coupling between the spins and increases T2, while in a more ordered
environment such as in the case of tendons, menisci or bone, the coupling is stronger
and the T2 values are reduced [29].

Short T2 species require special sequences for their visualization. Since their signal
decays very fast, short echo times need to be employed. In addition, their relaxation
time is comparable to the duration of the RF pulse so the relaxation and excitation
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CHAPTER 1. INTRODUCTION

Figure 1.2: Short T2 clinical applications: a) Difference fat-suppressed UTE (d FUTE)
liver image of a patient with hemochromatosis [26], b) d FUTE images of a patient with
chronic arthritis (source: [24], [27]).

processes occur simultaneously [30]. Finally, short T2 species have broad line-width (see
Fig. 1.3) and can be saturated by off-resonance pulses [29].

Figure 1.3: Spectral line-width proportional to T2 (source: [29])

1.2.1.1 MRI of SPIO labeled cells

Short T2 species have an inherent characteristic of short transverse relaxation times,
however T2 -T ∗

2 effects can be artificially induced in order to make cells visible with
MRI. This concept is used in molecular MRI where cells are labeled with contrast agents
in order to induce susceptibility effects and visualize them in a noninvasive way with
MRI [31]. Labeling allows longitudinal studies to follow-up the fate and functionality
of various cells over time.

Superparamagnetic iron oxide nanoparticles (SPIO) are the most common contrast
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CHAPTER 1. INTRODUCTION

agent used for cell tracking [32]. They have a size of some tens of nm (50-100 nm)
and they are generally constituted by a core of ferric and ferrous oxides coated by a
layer of dextran or other polysaccharide for biocompatibility [33]. Labeling induces a
pronounced shortening of T2 and T ∗

2 and in this way single cells become visible to MRI.
Despite the diameter of 50-100 nm, the labeling effect extends in space much more than
the volume of the particle (see Fig. 1.4) and for this reason they have been successfully
used as labeling agent for cells.

Figure 1.4: SPIO magnetic field: a. Representation of the magnetic lines induced
outside a magnetically labeled cell (source: [34]), b. Sample positive contrast images
produced with the PARTS method (source: [35]). The region of positive contrast extends
further for increased susceptibility difference.

SPIO nanoparticles have been used for cell labeling of stem cells [36] and pancreatic
islets [37–40] (a more extensive treatise of pancreatic islets imaging can be found in
chapter 4). Labeling of pancreatic islets enables follow up of the success of their trans-
plantation into the liver of diabetic patients (see Fig. 1.5) and it has been proved that
the labeling gives information about the functionality of the islets after their transplan-
tation into the liver [41].

Sequences sensitive to T ∗
2 effects such as GRE are typically used for the follow-up

of targeted islets, where the labeled cell forms a relatively large hypointense region due
to signal dephasing, but there are many sources (i.e., other sources of susceptibility
such as air and air-tissue interfaces) that can cause hypointensities so these sequences
are sensitive to false positives. Since the resulting transverse relaxation times are very
short, short echo time imaging techniques are especially useful for their visualization
because they can allow positive contrast visualization where the labeled cells appear
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CHAPTER 1. INTRODUCTION

hyperintense. Finally, the development of new more efficient contrast agents for MR is
a very active research direction [42,43].

Figure 1.5: Labeled cells appear on T2 sensitive images as hypointensities: a) Rat
with labeled pancreatic islets 1 and 18 weeks after their transplantation to the liver
(source: [37]), b) liver images from a patient before and 6 weeks after pancreatic islets
transplantation to the liver (source: [44]).

1.2.2 Ultrashort echo time (UTE) imaging

The technical possibilities for the visualization of short T2 species have been explored
for more than two decades. The first UTE sequences were two-dimensional (2D) with
half excitation and radial sampling (see Fig. 1.6). The first basic sequence scheme,
as it was introduced in 1991 [20], consisted of two half-sinc radiofrequency (RF) ex-
citation pulses and projection reconstruction acquisition gradients (see Fig. 1.6). In
this sequence, a conventional slice-selective pulse is truncated in the time domain at
the point of peak output power. This way, acquisition can start immediately after the
pulse without the need of a slice refocusing gradient. In order to avoid introducing
phase encoding gradients, a center-out radial acquisition is performed, so the center of
k-space is sampled at the shortest possible time after excitation. In order to maintain
the same slice selectivity characteristics, the acquisition needs to be repeated twice with
reverse polarity of the slice selection gradient and the acquired signals are summed in
the complex domain [45–48]. In order to further reduce the echo time, the acquisition
is started during the ramping up of the readout gradient.
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The 2D UTE sequence relies on the complex sum of the signals acquired at different
times: this makes it very susceptible to eddy currents, which cause a broadened slice
profile since the transverse magnetization is not properly refocused after summing of
the signals [49]. An important aspect in imaging of short T2 species with UTE is that
the transverse decay that happens during excitation is considerable. The excitation and
decay procedures happen simultaneously and for this reason it is important to have fast
excitation pulses [30].

Figure 1.6: a. Pulse sequence diagram of a first implementation of a 2D UTE, b.
projection reconstruction (UTE) image from excised human lung. The arrows indicate
vessels (source: [20]).

Shortly after this 2D version, a 3D sequence variant was introduced [25, 50–53].
Instead of using two half excitations, this method uses a single hard, non-selective pulse
and a 3D radial center-out (“kooshball”) acquisition of free-induction decay, producing
an image with isotropic resolution. This method needs a longer acquisition time but
the RF excitation is shorter and more robust than in the 2D variant, which is sensitive
to timing errors, eddy currents and large excitation tails that complicate multi-slice
scanning [49, 52]. Typically, data acquisition already starts during ramp up of the
readout gradient in order to minimize the effective echo time.

Since the signal is acquired shortly after excitation, the inherent contrast of the
image is very low. Therefore, preparation pulses are typically used or additional echoes
are acquired in order to suppress the long T2 species (more in 1.2.5.1) [29, 48]. Fi-
nally, another key characteristic of these sequences is the radial sampling as opposed
to traditional Fourier sampling. For this reason, the image reconstruction also requires
regridding (i.e. of the radially sampled data to a rectangular k-space) [29].

1.2.2.1 More recent UTE methods

In the recent years, UTE has been extended in order to overcome some of its limitations.
The directions of development have been mainly two: optimizing the excitation and
optimizing k-space encoding.
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1) More complex ways of excitation

An important technical aspect for imaging short T2 tissues is that the excitation has to
be as short as possible. Following this principle, in the early 90’s [54] another method
(called BLAST and later evolved to the zero TE) was proposed where the data acquisi-
tion “starts” before excitation. UTE scheme allows the collection of samples just after
we excite the tissue, while in zero TE (zTE) technique (see Fig. 1.6) data sampling
starts even before excitation. The drawback is that like more recent advanced excitation
methods such as SWIFT [55], which aim to minimize the time between excitation and
signal acquisition, this usually requires external technical equipment in order to achieve
instantaneous switching between excitation and reception of the signal and therefore it
cannot be used in a standard clinical facility.

Figure 1.7: a. Pulse sequence diagram for a zTE sequence (source: [56]), b. surface
image of a grape acquired with the BLAST sequence (source: [54]), c. recent zTE images
from a molar with caries lesions (source: [57])

2) more efficient k-space trajectories

Non-cartesian trajectories is one main characteristic of UTE methods. Spiral [58–60],
cone [61, 62] and other complex trajectories have been employed to traverse k-space or
even hybrid methods such as PETRA [63] where k-space is sampled in a hybrid way in
order to minimize artifacts due to incorrect sampling of k-space center.

1.2.3 Cartesian representation vs radial representation

Radial sampling is usually employed with UTE sequences in order to achieve shorter
echo times. Radial sampling though is not as efficient as Cartesian and it takes as a
general estimate six times longer [64, 65]. Higher number of acquisitions are required
for the same field-of-view (FOV) to satisfy the Nyquist criterion, because the periphery
of k-space is sparsely sampled; on the other hand, the center is oversampled yielding
higher SNR and lower flow and motion sensitivity [64]. For this reason non-cartesian
trajectories are usually undersampled, but special weighting strategies are needed to
compensate for this fact [66].

Finally, a drawback of UTE techniques is the presence of artifacts introduced by
system delays and eddy currents that have not decayed at the moment of acquisition
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and cause the actual trajectory to vary from the expected [67]. Since radial acquisition
requires regridding, these effects cause artifacts during image reconstruction. More
specifically, gradient timing delays and eddy currents result in variations of the effective
echo times with the projection angle, since the center of k-space is “missed” in an
angularly dependent manner [68]. While Cartesian acquisitions are inherently robust to
system delays and eddy currents, these effects can degrade the image quality of UTE-
like sequences that employ high slew rates and in some cases time-varying gradient
waveforms [67].

1.2.4 Variable echo time (vTE) imaging

The most important concept behind UTE is to acquire the center of k-space as fast as
possible after excitation, since it contains the contrast information of the image [11]. In
this way susceptibility dephasing effects can be reduced and the signal of fast decaying
species can be captured. For this reason, a UTE-like method was proposed in the early
90’s where prephasing time is not constant across k-space [69]. Instead, in the center
of k-space, where there are no phase encoding gradients, the encoding is performed
as fast as the system allows, and the echo time is gradually increased towards the
periphery of k-space while keeping the gradient performance at maximum possible.
The initial sequence was using asymmetric RF pulses for excitation in order to optimize
its performance, and asymmetric echo sampling was also used to minimize echo time
even further. One of the first applications was high resolution imaging of the inner
ear [70], while in later years it was also used for bone imaging [71]. The initial concept
was to use fixed receiver bandwidth [70,72], while later [73] variable bandwidth was also
introduced.

The advantage of vTE methods with respect to UTE is higher robustness because
they can exploit Cartesian sampling (see section 1.2.3) while maintaining a low effective
echo time, making them additionally more efficient in sampling and reconstruction time.

1.2.4.1 Partial Fourier reconstruction

One way to speed up the acquisition procedure in order to achieve shorter echo and
scan times is to collect only part of k-space. In partial Fourier acquisition, data are not
collected symmetrically around k-space [12]. Partial Fourier k-space has many benefits
since it can allow reduced echo time and scan time. In case that the direction of
asymmetric sampling is the frequency encoding direction the partial Fourier acquisition
is called partial or asymmetric echo.

Partial Fourier transform is possible because in principle only one half of k-space is
needed in order to reconstruct a real object, since its Fourier Transform is Hermitian
(i.e., the real part is symmetric and the imaginary antisymmetric). In principle, various
phase shift effects such as motion and eddy currents violate the assumption that the
reconstructed object is real introducing phase errors, which would not be an issue in
the case of a fully sampled k-space.
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In order to counteract this effect many techniques for reconstruction of asymmetri-
cally sampled k-space have been developed [74]. In the simplest case zero-filling is used
to replace the unmeasured data. Other methods of reconstructing an incomplete data
set are homodyne, Margosian, Cuppen, Projection onto Convex Sets formalism (POCS),
FIR and MoFir [74,75]. These algorithms exploit the redundancy of k-space to calculate
the missing data, through reflection of the conjugate data across the k-space origin (see
Fig. 1.8) and and they differ mainly on the methods they use for phase correction.

Figure 1.8: Description of asymmetric data reconstruction algorithm: a. Pulse diagram
of an asymmetrically sampled echo, b. k-space description of asymmetric sampling and
reconstruction with correction algorithms (source: [12,74]).

1.2.5 Complementary techniques used with short echo time imaging

In the very short echo time regime there is no contrast between the short T2 species and
the background, as the contrast is mostly spin-density weighted. Therefore, preparation
pulses are typically introduced in order to suppress the background of short T2 species
or alternatively a second echo is also acquired and short T2 contrast is achieved through
post-processing. Principally long T2 tissues need to be suppressed (i.e., water) and in
addition fat suppression has been proven especially beneficial.
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1.2.5.1 Long T2 suppression

Suppression of species with long T2 can be achieved with preparation pulses or with
image subtraction. Long T2 species suppression yields images where short T2 species
appear bright and are typically referred to as positive contrast images.

Preparation pulses for the suppression of long T2 species are usually saturation
pulses: radiofrequency pulses are used that have a duration greater than the T2 of the
short species and flip angle 90° or larger. In this way only the long T2 species are
excited, since the decay rate of the short T2 is faster than the excitation rate. At the
end of the pulse, a spoiling gradient is applied to dephase the magnetization of the
long T2 species [45,51,52,76]. Instead of saturation pulses, inversion pulses can also be
used [48,77,78].

Image subtraction works on the principle that there is no significant decay in signal
intensity for the long T2 species in the ultrashort echo and in a later echo time. For this
reason, a second echo needs to be acquired and its intensity is subtracted from the first
(see Fig. 1.9).

Figure 1.9: MSK exemplary images of 3D UTE: a. Achilles tendon image (source: [51]),
b. knee image (source: [79]). The UTE image exhibits high signal for all tissues, while
the difference image shows high signal from short T2 tissues.
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1.2.5.2 Fat suppression

Fat suppression techniques are applied to suppress signal from adipose tissue that can
hide underlying abnormalities such as inflammation or edema. In case of MSK imaging,
fat suppression can considerably highlight structures such as the menisci and the liga-
ments. In SPGR sequences fat appears bright due to its short T1 relaxation time (T1 =
296 ms at 1.5 T, T1 = 366 ms at 3T [80]). Successful elimination of the fat signal allows
the use of lower bandwidths since chemical shift artifacts are no longer present. For
this reason, fat suppression not only increases the conspicuity of highly ordered tissues,
but in addition it allows high signal-to-noise ratios since lower receiver bandwidths can
be used.

Frequency based fat suppression techniques are more effective at high field, since the
distance of water and fat peaks is larger, while phase based (e.g. Dixon based [81, 82])
methods are more effective at low field [83–85].

The most commonly used techniques include chemically-selective fat-suppression
pulses, inversion recovery methods, water excitation and phase-based reconstructions.

1) Chemically selective fat suppression (FATSAT)

Off-resonant pulses have been broadly used in the clinics in order to suppress fat signal
for MSK imaging [86,87]. The so called FATSAT pulses are preparation pulses, centered
at the main peak of the fat spectrum, that excite the fat signal and subsequently destroy
it with spoiler gradients [88,89].

However, short T2 species have broad line-width (see Fig. 1.3) and therefore off-
resonant pulses (as mentioned above) may partly saturate them. Fat suppression can
therefore also reduce the conspicuity of short T2 components [29]. Finally, another
disadvantage of this method is that it is sensitive to both B0 and B1 inhomogeneities.

2) Short TI inversion recovery (STIR) and spectrally-selective adiabatic in-
version recovery (SPAIR)

The STIR method uses an inversion pulse in order to suppress the signal from short T1
tissues such as fat [90]. This method provides uniform fat suppression and is robust to
B0 inhomogeneities. The disadvantage is that these images are heavily T1-weighted [85],
because also the water signal experiences an inversion. To avoid this effect, a frequency-
selective inversion pulse can be used, usually following an adiabatic shape in order to
reduce B1 sensitivity. However, this method introduces again a dependence on B0

because of the spectral selectivity of the pulse.

3) Water-excitation

Another method to suppress fat is to selectively excite the water or fat components.
Composite binomial pulses have been used for this purpose (more about binomial pulses
at chapter 3). In general, water-excitation pulses describe a train of RF pulses that are
separated by a time delay. During this delay, the fat component precesses in such
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a way that after the final excitation the water component is excited, while the off-
resonant component is flipped back to the longitudinal axis (see Fig. 1.10). Some
implementations of binomial pulses also include spatial-spectral pulses [14,91,92], which
can be selective both in spatial location and frequency.

Figure 1.10: Representation of the magnetization vector for an on-resonant and off-
resonant spin precession for a simple 1-1 90 degrees binomial excitation. The on-
resonant spin is initially aligned with the z axis. The first sub-pulse flips it by 45° and
the second sub-pulse flips it to the y axis. The off-resonant spin precesses 180 degrees
in the interpulse interval so the second pulse flips it back to the z axis (source: [12]).

4) Chemical shift based

Another technique for fat suppression is based on Dixon methods (see paragraph 1.3.2).
In this spectroscopic imaging technique [81] the chemical shift between water and fat
is encoded in the signal phase. In the initial simple approach two images are acquired
with the water and fat signals in- and out-of-phase and water-only and fat-only images
are acquired in post-processing.

1.2.6 From high to ultra-high field

Short T2 species are usually found in low concentration in the body, therefore this kind
of imaging can highly benefit from the increased polarization (and consequently higher
SNR) at higher field strength. Moreover, ultra-high field strength (7T and above) in
conjunction with short TE methods can be used for the imaging of non-proton species
(for example sodium MRI) whose abundance is too low to be detectable at lower fields
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and whose transversal decay rate is too short for conventional imaging [5, 6, 50, 61, 62,
93–95]. Besides, with the advance of ultra-high field, UTE methods were proven to be
especially useful for imaging of tissues with ultra-short T2 such as bone [96].

Due to RF power absorption (i.e., specific absorption rate (SAR)) limitations, GRE-
based sequences can be preferable at ultra-high field strengths. Scanning at high and
ultra-high field also allows for increasing resolutions, which is very important in MSK
imaging [6,97]. Finally, in higher field the chemical shift between fat and water is bigger
(∼1040 Hz at 7T compared to 440 Hz at 3T), which creates a larger water-fat shift but
it is advantageous for some fat suppression methods (such as fat saturation).

1.3 Fat-water quantification

Fat-water quantification is the assessment of the percentage of fat and water in a certain
tissue, these two being the two main measurable components of human soft tissue.
Increased presence of fat is often a marker of disease, and the amount of fat infiltration
marks the stage of the disease. Two tissues mostly affected by pathologic fat infiltrations
are the skeletal muscle and the liver. The skeletal muscle can exhibit a pathologic
infiltration of fat in case of metabolic abnormalities [98], myopathies (e.g. muscular
dystrophy [99,100]) and muscle degeneration after injury [101,102].

In the liver, accumulation of fat can happen in alcoholic diseases, non-alcoholic
diseases and various hepatitis. Non-alcoholic liver diseases have a high prevalence in
the western world, and they can range from simple steatosis to chronic liver disease
[103,104], therefore accurate fat quantification is of great importance for early diagnosis
and better treatment.

The clinical standard for quantification of liver fat is non-targeted biopsy: an invasive
procedure that is moreover subjected to sampling variability, and is thus not performed
unless there is a clear pathological evidence. Alternatively, 1H-NMR spectroscopy is
the current gold standard for non-invasive fat quantification [105,106], but it requires a
complicated setup and does not offer whole organ coverage. Consequently, both biopsy
and spectroscopy are prone to sampling errors – a drawback that can be overcome by
whole organ fat quantification. As a result, over the years several MRI techniques have
been developed for water-fat quantification.

1.3.1 1H MRS of liver fat

MR spectroscopy shows the frequency spectrum of the chemical species inside a specified
voxel [107, 108]. Fat protons resonate at a different frequency with respect to water
due to the methylene bonds and therefore they will appear as a different peak on the
spectrum (see Fig. 1.11). The main resonant peak of the fat is 3.35 ppm (220 Hz at
1.5T) lower in frequency than the water peak. Integration of the relative area under
the fat peak with respect to the area under the water peak gives an assessment of the
fat content within the voxel [105]. Usually the quantification is performed taking into
account the main fat peak.
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Figure 1.11: Fat spectrum from vegetable oil at 3T (source: [109]).

Nowadays liver 1H-spectroscopy is an established non-invasive method for quan-
tification of fat liver [8, 105, 110–112]. In the liver single-voxel spectroscopy is usually
performed in different points of the organ because the fat concentration may vary de-
pending on the location. A good shimming of the main magnetic field is important in
order to avoid broadening of the line-width of the spectrum, and usually the acquisition
spans multiple breath-holds in order to increase the signal-to-noise ratio. Specialized
software is typically used for the analysis of the spectrum [106]. For accurate results, T2
correction is usually needed to correct for susceptibility effects, especially in presence
of iron [113,114].

Although MR spectroscopy is considered the gold standard for liver fat quantifica-
tion, its disadvantage is that it can be biased by sampling errors. Therefore, various
MRI methods have been developed that aim to produce fat fraction maps instead of
local fat percentage estimation.

1.3.2 Dixon methods

This concept was introduced in 1984 by Dixon [81], using a modified spin echo sequence.
Dixon methods are a family of MR imaging techniques that typically rely on the ac-
quisition of multiple images with different echo times, which are selected based on the
phase difference between water and fat. With post-processing algorithms, these images
can be used to separate water and fat components. Since water and fat signals resonate
at different frequencies, they are periodically in-phase and out-of-phase with respect to
each other, leading to a constructive or destructive interference in the acquired signal.
This phenomenon can be used to separate fat and water components or quantify the
relative percentage of the two species.
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1.3.2.1 Two-point Dixon

Two-point Dixon refers to the acquisition of only two images, one of which has the fat
and water components in each voxel in-phase, and the other out-of-phase (see Fig. 1.12).
This is achieved by using echo times of 2.3 ms (out-of-phase) and 4.6 ms (in-phase) at
1.5T. These two images, called “in-phase” (I) and “out-of-phase” (O) can be described
by the following equations [82]:

I = (W + F ) · exp (iφ0) (1.2)

O = (W − F ) · exp (iφ0) · exp (iφ) (1.3)

where φ is the error phase due to the magnetic field inhomogeneity and φ0 the error
phase due to system imperfections,W is the signal contribution of the water component,
and F is the signal contribution of fat. W and F can be extracted using the following
equations:

W = 0.5 · |I +O| (1.4)

F = 0.5 · |I −O| (1.5)

To acquire quantitative results, the images should be corrected for T1 (saturation)
effects and T ∗

2 (decay) effects [115]. Recently, novel two-point Dixon techniques have
been introduced where the echo times can be chosen in a flexible way with a trade-off
between a signal-to-noise ratio (SNR) gain from the acquisition (thanks to the possibility
of using shorter echo times) and an SNR loss from the separation because the signal
difference between the “in-phase” and “out-of-phase” components is not as large as in
the original method [116].

One major drawback of the two-point Dixon method is its sensitivity to B0 inhomo-
geneities, because phase differences due to B0 effects can interfere with chemical-based
phase differences [117]. For this reason, acquiring more echoes is sometimes advisable,
but it has the disadvantage of requiring longer acquisition times.

1.3.2.2 Three-point Dixon / Multi-point Dixon

These methods rely on the same principles as the two-point methods, but additional
images at different echo times are acquired. The additional information can be used
to estimate the true phase φ (see Eq. 1.3). This is important in order to account for
B0 inhomogeneities [117–119], noise bias, T ∗

2 decay or the multiple peaks of the fat
spectrum [82].

Correcting for T ∗
2 decay is important since most of the chemical-shift based methods

include acquisition of at least two echoes. During the two acquisitions there is signal
decay, which should be corrected for and this effect becomes especially important in the
presence of iron (i.e, iron and fat can co-exist in diffuse liver disease [120–123]).
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Figure 1.12: Two-point Dixon technique: post-processing of the in- phase (a) and out-
of-phase (b) images allows under ideal conditions calculation of a water-only and a
fat-only image.

Another issue that needs to be accounted for is that the Dixon methods usually
assume that the fat is characterized by one main peak. However, it is well known
today that actually the fat spectrum has multiple peaks (see Fig. 1.11). It has at
least six distinct peaks [114] and their relative amplitudes and frequencies at 3T are
approximately: 4.7 % (77 Hz), 3.9 % (-64 Hz), 0.6 % (-249 Hz), 12.0 % (-332 Hz), 70.0
% (-434 Hz), 8.8 % (-485 Hz). Due to the fact that at least two of them (i.e. the olefinic
fat peak is 0.5 ppm away from the water peak [124]) are close to the water peak, they
can be incorrectly mapped as water and thus introduce an error in the quantification.

Nowadays, Dixon techniques are broadly used at a clinical level, since their relation
with spectroscopy has been well established [7, 125, 126]. The research interest though
is moving to more robust and different multi-point water-fat quantification methods.

1.3.3 Fat-water imaging and simultaneous T ∗
2 quantification

Multiple-point techniques can be an extension of the Dixon techniques where the echo
times are chosen in- and out-of-phase and then least squares fitting is used to extract
the amplitudes of the water and fat components (more in chapter 5) [127].

Another approach, the so called IDEAL (Iterative Decomposition of water and fat
with Echo Asymmetry and Least-squares estimation) introduced by Reeder et al. [121]
is to acquire multiple echo times (i.e., at least six echo times for simultaneous T ∗

2 esti-
mation) at optimal echo times for the separation [128,129] and then use iterative fitting
of a predefined model to separate the spectral components and estimate the transverse
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relaxation times. Different models and fitting algorithms have been introduced in the
recent years [128,130]. In general, the signal in a voxel at different echo times is modeled
as follows [131]:

s(t) =

W · exp
(
−R∗

2,W t
)

+ F ·
P∑

p=1

rp exp (i · 2π∆fpt) exp
(
−R∗

2,fpt
) exp (i · 2πψt)

whereW and F are the amplitudes of the water and fat signals, R∗
2,W = 1

T ∗
2,W

and T ∗
2

is the decay rate of water, R∗
2,fp

= 1
T ∗
2,fp

the decay rate of the respective fat component,

∆fp the frequencies and rp the relative amplitudes of the fat peaks, ψ the shift caused
by the static field inhomogeneities.

Usually a common relaxation time is assumed for water and fat and one spectral
component for the fat. The initial method was used for water-fat separation [121],
but more recent IDEAL variations account for T ∗

2 and B0 variations [128], while the
inclusion of the multi-peak fat spectrum and direct spectrum estimation offers improved
water-fat separation [130].

1.4 Aim of the thesis

MRI as diagnostic tool was introduced for soft tissue imaging and today even imaging
of highly ordered molecular structures with fast signal decay (i.e., short T2 values) is
feasible. However, even if they achieve to yield high MR signal out of highly ordered
structures most novel imaging techniques for short T2 imaging require a rather compli-
cated setup, challenging to be translated into clinical routine. Another area where MRI
can be a useful diagnostic tool is tissue characterization, since it can offer information
about the spectral components of tissue. However, in most of the applications, the
quantitative measurements with MR are still not recognized as the gold standard that
remains histology examination.

In this thesis, the focus of interest is on the transverse decay of the signal. The
base for new sequence developments were standard spoiled gradient echo sequences ex-
ploiting the robustness of Fourier encoding. High field and ultra-high field was used
in order to achieve fast high resolution imaging. The first part of the thesis is related
to imaging of tissues with very short transverse signal decay. The aim was to develop
a sequence that can capture the signal from short T2 tissues, being at the same time
adequate for use and integration at a clinical environment. The main focus of interest
was musculoskeletal tissues such as menisci and ligaments, which have a high percent-
age of short T2 components and therefore they are characterized by short T2 values.
Furthermore, the extension of the method for fat suppressed short TE imaging was
also studied since fat suppression can increase the conspicuity in imaging of this kind
of components. Fat suppression is extensively used in the clinics, but the effects on
the visualization of short T2 components remain unclear. Therefore, the effect of fat
suppression on imaging and on the conspicuity of short T2 species was investigated.
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Finally, short echo time imaging was extended to a different and highly challenging
imaging area; molecular imaging. The goal was to investigate the feasibility of using
the same approach for imaging labeled cells in vivo.

The second part of the thesis is related to the analysis of the signal decay for quan-
tification of fat percentage in the liver. Fat is an important biomarker for abnormalities
that are increasing in western population such as non alcoholic liver disease. The moti-
vation behind measuring fat percentage with MRI is that it offers diagnostic information
in a non-invasive way. However, quantification with MRI still does not provide standard
diagnostic values. The principal MR modality that has established a gold standard re-
lation with histology is spectroscopy. The aim was to develop a fast sequence that offers
volume coverage of the liver for fast and efficient clinical scanning and at the same time
offers results close the gold standard spectroscopy values. A spoiled gradient echo was
adapted for quantitative imaging of fat. A multi-echo gradient echo sequence was ex-
tended in order to be used with a powerful computational algorithm for the calculation
of fat maps as well as relaxation maps. The clinical focus of interest in this case is liver
imaging due to the high importance of detecting early stages of steatosis.

1.5 Outline of the thesis

This thesis is divided into two different parts, the first of which is focused on a qualitative
and the second one on a quantitative development based on a spoiled gradient echo
sequence.

The first part of the thesis has as main focus short echo time imaging. This part
is extending over three different chapters. The first chapter, chapter 2 named “High-
resolution Fourier-encoded sub-millisecond echo time musculoskeletal imaging at 3 Tesla
and 7 Tesla”, is focused on the introduction of a short echo time sequence. A novel imple-
mentation of a variable echo time sequence is being presented. The optimization of the
sequence for musculoskeletal imaging of short T2 tissues of the knee such as menisci and
ligaments is also described and experiments performed at high and ultra-high field are
presented. The results show positive contrast imaging of short T2 structures, achieved
through long T2 components suppression by the use of subtraction of a later echo. Long
T2 suppression is shown to improve conspicuity of short T2 tissues such as the menisci
and the ligaments. In addition, preliminary results from an application of the proposed
sequence for imaging of the Achilles tendon at 7T is being described. In chapter 3, the
addition of fat suppression in the form of water excitation is investigated. The short
echo time sequence is modified with the addition of binomial sub-pulses. The effect of
the fat suppression block on the signal of short T2 species is analyzed and a comparison
of the binomial pulses preparation with the commonly used FATSAT pre-pulses on the
conspicuity of short T2 tissues is performed. Finally, in chapter 4 the clinical focus is
moved to a different application of the short echo time sequence: molecular imaging.
The sequence is used for detection of pancreatic islets labeled with superparamagnetic
iron oxide and transplanted into the liver. A double contrast protocol is used in order
to yield positive contrast images and advanced ways of producing positive contrast are
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being explored.
The second part of the thesis is focused on water-fat liver imaging. In chapter 5, the

development of a novel method for simultaneous water-fat imaging and T ∗
2 quantification

is being described. The adaptation of a multi-echo gradient echo sequence for using a
powerful post-processing algorithm originating from the spectroscopy domain is being
described. Preliminary results from healthy volunteers at 3T are being presented from
the comparison of the proposed method with the two-point Dixon method.
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2.1 Introduction

Highly oriented tissue components, such as the menisci, tendons or ligaments, exhibit
very short transverse relaxation times (T2) and typically appear black in contemporary
musculoskeletal (MSK) imaging, which might lead to misinterpretations [1–3]. As a
result, ultra short echo time (UTE) imaging techniques typically offering a time to
echo (TE) close to zero [4, 5] were proposed and a broad number of qualitative and
quantitative UTE MSK applications (including X-nuclei imaging [6]) can be traced
in literature [3]. One drawback of UTE sequences, however, is the radial acquisition
scheme which not only requires an extended sampling time [7–9] but is also more prone
to artifacts due to the gradient system imperfections [10], as compared to Fourier-
encoded, i.e. Cartesian sampling techniques. Moreover, the subject frequently needs to
be positioned in the isocenter to circumvent issues from B0 field shimming [11]. Thus,
even 20 years after their introduction [4], UTE methods are still hardly used in clinical
routine.
Clearly, from a simple research perspective, the development of any zero TE technique is
a challenge of its own. For the visualization of most short-lived T2 tissues, however, this
seems not of foremost importance, since the typical T2 values reported in the literature
for fibrous tissues range from several hundreds of microseconds (tendons: T2 = 0.4 – 7.0
ms) to several milliseconds (menisci: T2 = 5 – 8 ms) [5,12,13]. Moreover, for a reliable
early diagnosis of lesions in the ultrastructural morphological composition of fibrous
tissues, it is absolutely essential to provide high-resolution images. Consequently, at
least from a clinical perspective, there is a high demand for a robust and easily applicable
method to image connective MSK structures with high-resolution and signal-to-noise.
A straightforward approach is thus to adapt a 3D Cartesian spoiled gradient echo
(SPGR) for sub-millisecond (sub-ms) TE, since these sequences generally are broadly
used for MSK imaging in the clinical routine [14, 15]. Several methods can be used
to shorten the TE with Cartesian sampling techniques, such as asymmetric RF pulses,
asymmetric readout (also referred to as partial echoes), optimal gradient switching pat-
terns (maximum gradient amplitudes and slew rates), ramp sampling, or to dynamically
adapt and reduce the TE towards the center of k-space [16, 17], commonly referred to
as variable echo time (vTE). This concept can already be found in the early times of
MRI for Fourier zeugmatography [18], where phase encoding was performed by varying
the duration of the phase encoding gradient [19], rather than its amplitude as with
contemporary MRI sequences. Exactly this principle, in combination with the fact that
the lower spatial frequencies of k-space define the signal contrast [20], is exploited by
vTE techniques: the TE is minimized for every line in k-space. As a result, in com-
plete analogy to UTE imaging, the TE in the center of k-space (requiring small or even
zero gradient moments for phase and slice encoding), can be considerably shortened
as compared to the outer parts. Variable echo times have been used for time of flight
angiography [19], signal-to-noise ratio (SNR) enhancement in combination with con-
trast agents [21], or for imaging of bone [22]. In contrast to UTE imaging, however,
Cartesian vTE methods are fast and flexible, and provide a simple setup for integra-
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tion of additional preparation schemes, such as long T2 suppression or fat suppression
schemes [1, 23, 24]. Generally, vTE techniques allow a further TE reduction by using
an asymmetric readout; typically achieving a minimal TE around 2.8 ms for 0.5 mm
in-plane resolution for a 3D Cartesian scan [16,17,19,20]. No dedicated reconstruction
methods, however, have been used so far to optimize image reconstruction from vTE
methods using partial sampling of the echo.

In this chapter, we will demonstrate that standard Fourier-encoded SPGR sequences
can be adapted to yield sub-ms TE using an asymmetric readout in combination with a
vTE technique along the phase and slice encoding directions (sub-ms SPGR). In addi-
tion, a projection onto convex sets (POCS) technique was used to yield improved image
reconstruction from partial echo data [25]. Overall, this setup allows the acquisition of
high-resolution images of short-lived T2 species, such as tendons, ligaments or menisci,
with high SNR and within clinically acceptable scan times. The proposed sub-ms SPGR
imaging technique was explored for the visualization of connective tissue in the knee
at 3T and at 7T, and for the Achilles tendon at 7T. Although research seems to move
towards more and more complex trajectories to achieve zero TE, our results demon-
strate that especially MSK imaging of fibrous tissues can profit significantly from the
robustness of a standard Cartesian method.

2.2 Methods

2.2.1 Experiments

All measurements were performed either at 3T (Magnetom Verio, Siemens Medical
Solutions, Erlangen, Germany) or 7T (Magnetom 7T, Siemens Medical Solutions, Er-
langen, Germany). The experiments were approved by the local ethics committee and
written consent was obtained from the volunteers prior to scanning in case they were
not belonging to the project. A custom 3D multi-echo Cartesian SPGR technique was
adapted to use a variable echo time in combination with an asymmetric readout only for
the first echo (TE1). Moreover, non-selective excitation pulses were used and gradient
slew rate and switching patterns were optimized in order to maximize speed within the
peripheral nerve stimulation limits. As a result, TE1 has its maximum near the edges of
k-space but becomes shorter towards the center of k-space (see Fig. 2.1). The minimum
value of TE1 depends (for constant readout bandwidths) mainly on the properties of
the readout gradient and thus on the performance of the gradient system (i.e. slew
rate and maximum amplitude) and raises with increasing resolution. For instance, for a
reduction in echo time of about 37 % the TE was equal to TEmin for 44 % of the phase
encoding steps at 3T. Nevertheless, even for in-plane resolutions down to about 0.4 x
0.4 mm2 a sub-millisecond TE1 could be achieved. Optionally to the sub-millisecond
(TE1) image, a fully sampled second echo (TE2) image could be acquired, for which the
time to echo (TE2) was kept constant across the k-space. This allows calculation of a
difference image, as commonly used with UTE sequences to suppress signal from long
T2 species.
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Figure 2.1: For pulse sequences using vTE, the TE is a function of the variable prephas-
ing gradient moments along the direction of the phase (ky) and slice (kz) encoding. The
minimum TE (TEmin) is reached at the center of k-space and is limited by constant
factors: the time required for excitation, such as the radiofrequency pulse duration, and
the properties of frequency encoding along the direction of the RO, such as the echo
asymmetry. As long as the variable ky,z prephasing gradient moments require less time
than the constant events, TEmin can be maintained (as indicated in the plot by kmin)
but starts to increase continuously with increasing ky,z moments (ky,z > kmin).

Asymmetric readout data was reconstructed using a POCS algorithm [25]. The
minimum asymmetry allowed by the algorithm was 8 % (a value of 100 % indicates
full sampling before the k-space center). Online calculation of the image difference was
performed (i.e. subtraction of the TE2 image from the TE1 image) in case of dual
contrast acquisitions using a scripting framework [26].

At 3T, whole knee scans of 8 healthy subjects were performed using a dedicated
transmit/ receive 15-channel knee coil with 15 integrated preamplifiers and elements
arranged in 3 rings by 5 elements. At 7T, imaging of the knee of one healthy volunteer
and of the Achilles tendon of two healthy volunteers was performed with a dedicated
28-channel knee coil (QED, USA). For all protocol details, see Table 2.1. Flip angles
were derived from the Ernst equation based on a T1 estimate for cartilage and fibrous
tissue in the range of about 1000 ms [27].

50



CHAPTER 2. HIGH RESOLUTION VTE SPGR

Knee joint Achilles tendon
3T 7T

In-plane resolution (mm) 0.55 0.36 0.52 0.42
FOV (mm) 140 140 199 159

Slices / Slice thickness (mm) 52 / 2.5 120 / 1.0 72 / 1.0 128 / 0.5
BW (Hz / Pixel) 528 345 590 352

TE1 (ms) / RO asymmetry (%)a 0.8 / 14.8 0.92 / 13.3 0.8 / 15.6 1.02 / 15.6
Reduction in TE1-max(ms)b 37.5 43.6 22.3 32.9

TE2 (ms) / RO asymmetry (%)a 8.22 / 100 8.08 / 100 - / - - / -
TR (ms) / Flip angle 12 / 9º 13 / 8º 7 / 8º 7 / 8º

Hard pulse duration (ms) 0.15 0.15 0.15 0.15
Acquisition time (min) 2.40 7.51 5.47 6.22
Number of averages 1 1 2 1

a RO (Readout asymmetry: a percentage of 100% indicates full sampling before the
k-space center. Readout was always performed along the longest (i.e. head-foot) axis.
bReduction in TE1-max: reduction in the first echo time achieved using the vTE scheme

Table 2.1: MR Scan Parameters

2.3 Results

2.3.1 Imaging of connective tissue at 3T

Imaging of the lateral knee menisci is demonstrated in Fig. 2.2. The first echo image (see
Fig. 2.2a), acquired with TE1 = 0.8 ms, shows no or low contrast between the frontal
and the posterior part of the lateral meniscus and its surrounding tissue as expected
from a purely proton density weighted image. This is in contrast to the second echo
image, acquired with a TE2 = 8.22 ms (see Fig. 2.2a), where the signal from the
lateral meniscus is considerably reduced due to the short T2 of connective tissues. As a
result, parts of the connective tissue appear with a pronounced positive contrast in the
difference image (see Fig. 2.2a) and the lateral meniscus can be clearly delineated from
its surrounding tissue with high signal- and contrast-to-noise. This signal behavior was
consistent among all 8 volunteers. The visibility of the lateral meniscus on both tibial
and femoral cartilage images corroborates that the apparent positive contrast in the
difference image is not simply due to a water-fat shift. Interestingly, positive contrast
variation is also observed within cartilage layers, indicating zonal regions of short T2
near the cortical bone, as can be expected.
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Figure 2.2: Sagittal sample images of the lateral menisci in the knee joint. (a) Opti-
mized 3D SPGR scan at 3T with 0.50 x 0.50 mm2 in-plane resolution and 2.5 mm slice
thickness, (b) Optimized 3D SPGR scan at 7T with 0.36 x 0.36 mm2 in-plane resolution
and 1 mm slice thickness.

Similar results are observed for patellar and cruciate ligaments. The patellar liga-
ment and its bundle structure is clearly visible on the short echo image (see Fig. 2.2a)
but has completely disappeared on the second echo image (see Fig. 2.2a). It thus reveals
with positive contrast on the difference image (see Fig. 2.2a). The posterior cruciate
ligament was also clearly visible on both, 3T (see Figs. 2.3a-b) and 7T (see Fig. 2.3c)
images. Even thin structures of the ligament reveal without any blurring artifact on
the sub-millisecond echo images and on the difference image (see Figs. 2.3a-c).

52



CHAPTER 2. HIGH RESOLUTION VTE SPGR

Figure 2.3: Coronal and sagittal sample images of knee joint ligaments. (a, b) Optimized
3D SPGR scan at 3T with in-plane resolution 0.5 x 0.5 mm2, slice thickness 2.5 mm,
(c) Optimized 3D SPGR scan at 7T with in-plane resolution 0.36 x 0.36 mm2, slice
thickness 1 mm.

2.3.2 Imaging of the knee joint and the Achilles tendon at 7T

High in-plane resolution images (0.36 x 0.36 mm2) of the knee joint show high contrast
between the meniscus and the cartilage for scans with a sub-millisecond echo time of
TE1 = 0.92 ms (see Fig. 2.2b). In addition, connective tissues, such as the posterior
cruciate ligament, can be very clearly visualized (Fig. 2.3c).

The images of the Achilles tendon indicate that minimizing the echo time to 0.8 ms,
with a resolution of 0.52 mm and a slice thickness of 1 mm yields high signal from the
tendon (see Fig. 2.4a). In Fig. 2.4a the tendon appears with high signal and with very
homogenous signal distribution. However, lowering the demands for the echo time and
increasing the resolution to 0.42 mm in-plane (see Fig. 2.4b) enables the observation of
structures such as thin bundles of the Achilles tendon.
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Figure 2.4: Sagittal sample images of the Achilles tendon at 7T. (a) TE1 = 0.8 ms,
resolution of 0.52 x 0.52 x 1.0 mm3, 2 averages, (b) Optimized 3D SPGR scan with TE1
= 1.02 ms for a resolution of 0.42 x 0.42 x 0.5 mm3, 1 average.

2.4 Discussion

High-resolution and high contrast-to-noise 3D imaging of short-lived T2 MSK tissue
components was demonstrated to be feasible using an optimized Fourier-encoded SPGR
technique. Typically, for the commonly required in-plane resolution of about 0.3 x 0.3
– 0.5 x 0.5 mm2 for high-resolution MSK imaging, a minimum TE of about 1.0 - 0.8
ms could be achieved which has shown to be sufficient for imaging the fibrous tissues of
interest (i.e., menisci, tendons and ligaments). Imaging of very short-lived T2 species,
such as cortical bone with a T2 <‌< 1 ms [23], however, will not be feasible.

Compared with contemporary radial 3D UTE sequences and other non-Cartesian
sampling techniques, Fourier-encoded methods benefit from their intrinsic robustness
and allow high-resolution imaging within clinically feasible scan times down to about
2 to 3 min. Moreover, scans are not restricted to the isocenter or do not require an
isotropic voxel size, and generally allow the use of common acceleration methods such
as partial Fourier or parallel imaging techniques without any restriction. As a result,
sub-ms SPGR can be easily implemented in protocols for clinical MSK imaging for
positive contrast visualization of fibrous tissue components.

Generally, imaging methods able to provide sub-ms TE, such as UTE, have shown
great potential for MSK imaging, and have recently become a major research focus in
this field not only at 1.5 and 3 T [5,24,28] but also at ultra-high field strength [29,30].
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Besides advanced morphological evaluations, biochemical MSK imaging concepts such
as sodium imaging or T ∗

2 imaging, have gained increased interest for ultrastructural and
functional assessment of cartilage, tendons and ligaments, especially at 7T [12,13,31–34].
Both sodium and T ∗

2 imaging, however, would benefit from acquisition strategies pro-
viding short TEs. About 60 % of the total sodium in cartilage decays with a short-lived
T2 component of about 1 ms, leading to a significant loss of signal using conventional
MR imaging techniques [35]. Contemporary sodium imaging protocols are thus com-
monly based on non-Cartesian acquisition schemes [6, 31, 36]. Signal-to-noise, however,
is still the major limiting factor requiring long scan times even for low resolution images.
As a result, the use of highly efficient 3D sampling schemes, such as Fourier encoding
rather than radial sampling, could contribute to a substantial increase in signal-to-noise
ratio, if sub-ms TEs can be achieved. Similarly, quantitative T ∗

2 imaging with a mul-
tiecho UTE approach has only recently shown good promise as a marker for Achilles
tendinopathy [33]. Quantitative imaging techniques in particular, however, require a
highly robust imaging technique for the derivation of reliable results; but UTE and non-
Cartesian sampling methods are highly prone to artifacts from their technical challenge,
and thus less stable than their Cartesian counterparts. In summary, Fourier-encoded
SPGR with sub-ms TE not only is an easy applicable alternative to morphological MSK
UTE imaging in the clinical routine but is also of good potential interest for biochem-
ical quantification techniques such as sodium imaging and T ∗

2 mapping, especially at
ultra-high field strengths.

In conclusion, high-resolution positive contrast imaging of fibrous tissue components
in the knee and ankle joint was demonstrated to be feasible within clinically adequate
scan times using a conventional, but optimized, Cartesian sampling strategy. Sub-ms
TEs for common Fourier-encoded SPGR sequences can be optioned on clinical whole
body system using vTEs in combination with high asymmetric echo RO and a dedicated
algorithm for reconstruction of undersampled data. This results in a highly robust,
flexible and efficient method for imaging of short-lived T2 components in the range of
several hundred microseconds from clinical to ultra-high field strength.
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Chapter 3

Water-selective excitation of short
T2 species with binomial pulses

An adapted version of this chapter is submitted as: X. Deligianni, P. Bär, K. Scheffler, S.Trattnig and
O. Bieri, Water-selective excitation of short T2 species with binomial pulses, as a possible publication
to MRM.
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3.1 Introduction
Highly ordered musculoskeletal (MSK) structures, such as menisci, tendons, ligaments or bone,
exhibit short transverse relaxation (T2) times (in the range of only few milliseconds and below),
typically requiring dedicated imaging sequences for their visualization [1–3]. An important
general issue with MSK imaging, however, is the possible interference of fat with the tissue of
interest. Several studies have demonstrated that fat suppression, or alternatively, spectrally
selective excitation of water, can significantly improve the quality of MSK images to provide
diagnostic information equivalent to that acquired with invasive arthroscopy [2,4,5]. In complete
analogy, visualization of short-lived T2 components can be considerably improved by either
long T2 suppression or fat suppression techniques [2, 6, 7]. Moreover, fat suppression allows for
MSK imaging with high signal-to-noise, since there is no need for high receiver bandwidths to
account for possible chemical shift artifacts [5,8] and increases the sensitivity to contrast uptake
in contrast-enhanced MSK studies.

The most common approach for fat suppression in clinical practice is the use of spectrally
selective radiofrequency (RF) and gradient prepulses for fat saturation (usually referred to as
FATSAT) [9–11]. A general disadvantage of this approach is not only the additional time re-
quired for magnetization preparation, but also its susceptibility to heterogeneities in the main
magnetic field (B0), as well as in the transmit field (B1) [12]. Moreover, some authors pointed
out that fat saturation pulses might reduce the conspicuity of short T2 structures [2]. In con-
trast, the use of water-selective excitation with composite pulses is known to offer improved
contrast through fat suppression between the cartilage and the synovial fluid without consid-
erably increasing the scan time [4, 13, 14]. A comparison of the two methods based on spin
echo sequences showed that the water excitation performed statistically better than FATSAT
for all investigated criteria, including fat suppression homogeneity, presence of artifacts, con-
spicuousness of lesions, and overall image quality [15]. As a result, water-selective excitation
pulses are extensively used for cartilage imaging in the clinical routine [16–19]. Water-selective
excitation consists of composite RF pulses whose relative flip angles are most commonly mod-
ulated according to the coefficients of a binomial series [13, 20, 21]. The phase accumulation of
the off-resonant spins between the sub-pulses can be used to excite either only water (water
excitation) or only fat components (off-resonant excitation). Binomial water excitation has
recently attracted considerable interest [22–26] especially phase modulated schemes [25,27–29].

In this chapter, we investigate the possible benefit of short 1-1 binomial schemes for spec-
trally selective excitation of short-lived T2 components. Nonselective sub-pulses, rather than
spatial-spectral pulses [20], were used to allow sub-millisecond echo times in combination with
a recently reported three-dimensional (3D) variable echo time (vTE) spoiled gradient echo
(SPGR) sequence [30]. Simulations indicate a maximum signal loss from binomial excitation of
about 30% in the limit of very short T2 (0.1 ms), as compared to nonselective imaging; leveling
off faster with increasing field strength to about 19% at 3T and 10% at 7T for a T2 of 1 ms.
In agreement with simulations, phase of about 90° yielded minimum signal loss: for menisci
the signal loss was about 5% and 0-1% at 3T and 7T, whereas for the ligaments 9% and 13%.
Finally, measurements at 3T revealed considerable lower signal loss at 3T in comparison to
FATSAT.

3.2 Methods
Only minimal binomial preparation schemes, i.e., 1-1 excitation, with different fat phase evolu-
tion φ between the two hard sub-pulses were considered; for simplicity denoted by 1φ1 (see Fig.
3.1). The spacing of the sub-pulses, i.e. the time τφ (in ms) required for spectral excitation,
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thus becomes a function of the desired fat phase evolution φ (in degrees) and the field strength
B0 (in Tesla), according to

τφ =
2π · φ · 103

360 · σ · γ ·B0
(3.1)

where σ is the fat-water chemical shift (in ppm), and γ is the gyromagnetic ratio (in rad /
s / T).

Figure 3.1: Pulse sequence diagram of the different excitation schemes. The sub-pulse
flip angles α1, α2 for 145°1 and 190°1 are higher than α/2 so that the equivalent flip angle
of the two sub-pulses equals a pulse with flip angle α. The axis of rotation is indicated
on the right side of each pulse.

3.2.1 Simulations

All simulations were performed with Matlab 7.0 (The Mathworks, Inc., MA, USA, R2008b). The
steady state magnetization was simulated based on the piece-wise constant integrated Bloch
equation [31]. As usual, perfect spoiling conditions were assumed, and motion or diffusion
effects were neglected. Within the context of short T2 species excitation, however, finite radio-
frequency (RF) pulse effects were accounted for. To this end, excitation pulses were simulated
as an equidistant series of 50 pulses of 10 μs duration, interleaved by longitudinal and transverse
relaxation processes. An indicative longitudinal relaxation (T1) of 500 ms for fibrous tissues,
and a repetition time (TR) of 6 ms was assumed. The relative loss of signal from binomial
excitation (∆s) was estimated over a range of nominal flip angles α= 0 – 90°, as a function of
the field strength B0 (3T and 7T), the spacing between the sub-pulses τφ (for φ = 15°-180°), as
well as T2 = 0.1 – 10 ms, according to

∆s(T2, B0) = 1− argmaxα {Sφ=15°-180° (α, T2, B0)}
argmaxα {S0 (α, T2, B0)}

(3.2)
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where Sφ corresponds to the steady state signal acquired immediately after the binomial
excitation scheme, S0 relates to a single nonselective hard pulse excitation (corresponding to the
limit of τφ → 0), and argmaxα indicates that the flip angle was optimized for each parameter
combination.

3.2.2 Imaging experiments

All measurements were performed either at 3T (Magnetom Verio, Siemens Medical Solutions,
Erlangen, Germany) or at 7T (Magnetom 7T, Siemens Medical Solutions, Erlangen, Germany).
In vivo knee scans of healthy volunteers were acquired with main focus on the menisci and the
connective tissues. The experiments were approved by the local ethics committee and informed
consent was obtained from all the volunteers prior to scanning. A dedicated 15-channel transmit
/ receive coil (Quality Electrodynamics (QED), Mayfield Village, OH, United States) was used
at 3T and a dedicated 28-channel knee coil (QED) at 7T.

At 3T, in complete analogy to the simulations, nonselective RF pulse excitation (150 μs
duration) was compared to water-selective excitation using 1-1 binomial excitation schemes
(150 μs sub-pulse duration) with 45°, 90° and 180° phase evolution for the fat component for
flip angles ranging between 4° and 8°. The field-of-view (FOV) was 140 mm and a volume of
44 slices with 2.5 mm slice thickness was scanned yielding an in-plane resolution of 0.55 mm
for a bandwidth of 528 Hz / pixel. An echo time of 0.8 ms was achieved with 14.8% readout
asymmetry (i.e., instead of 100% before the center of k-space) with a repetition time of 6 ms
and the total acquisition time was 1.07 min. In order to minimize the signal modulations re-
lated to B0 inhomogeneities, field maps were acquired prior to scanning [32, 33]. Furthermore,
the frequency of the scanner was manually adjusted prior to every image acquisition in order
to minimize possible frequency drift effects. Finally, the same protocol as for the water exci-
tation scans was applied for a flip angle = 7° with a standard fat saturation prepulse of total
preparation time 12.2 ms. In this case the repetition time was 18 ms and the total acquisition
time 3.23 min. The protocol setup was as similar as possible to the protocol with the binomial
pulses and no parallel imaging techniques were used.

At 7T 3D datasets of 120 slices with 1 mm slice thickness were acquired with and without
water excitation and with varying phase advance (i.e., 45°, 90° and 180° phase evolution for the
fat component). In this case, high resolution images (i.e., 0.18 mm in-plane for a FOV of 140
mm) were acquired at the optimal flip angle (i.e., 6° for a repetition time of 5.3 ms) according
to Ernst Angle (assuming T1 is equal to 1000 ms). An echo time of 0.83 ms was achieved with
10% readout asymmetry. The excitation pulse was 100 μs and the total acquisition time 3.25
ms.

3.3 Results

Simulation of binomial excitation of short T2 components

The expected relative signal loss (∆s) from binomial excitation in comparison to a non-spectrally
selective excitation is analyzed in Fig. 3.2, as a function of T2 for a magnetic field of 3T and 7T.
It is common to both curves that a maximum loss occurs at the limit of short T2 (0.1 ms) and
decreases for increasing values of T2. As might be expected, a reduced signal loss is observed
with increasing main magnetic field strength from the reduced interpulse spacing τφ (cf. Eq.
3.2), and is typically marginal for T2 � τ : at 7T, it is below 5% for all three binomial schemes
for T2 larger than 3 ms, whereas at 3T, only for relaxation times larger than approximately
8 ms a reduction of the signal loss below 5% is observed. For fibrous tissue components with
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an expected T2 v 1 ms, the predicted signal loss from binomial excitation is about 27% for
145°1 and about 19% for 190°1 and 1180°1 at 3T and 16%, 10% and 12% respectively at 7T. For
components with an expected T2 v 5 ms, the predicted signal loss from binomial excitation is
about 9% for 145°1 and about 5% and 6% for 190°1 and 1180°1 at 3T, while at 7T it is 4%, 2%
and 3% for 145°1, 190°1 and 1180°1 respectively. Interestingly, the 145°1 binomial scheme per-
forms markedly worse than the 190°1 and 1180°1 preparations, although its interpulse spacing is
shortest. This might be attributed to saturation effects, due to the fact that the phase of the
second RF pulse for the 145°1 is not parallel to the x axis or y axis and needs a higher flip angle
for each sub-pulse.

Figure 3.2: a. Graph that shows the signal loss ∆s (T2=0.1−10ms) (%) in comparison
to non-spectrally selective excitation calculated according to Eq. 3.2 for field strengths
of 3T (left top) and 7T (right top) and binomial schemes 145°1, 190°1 and 1180°1, b.
Graph that shows the signal loss 1−∆s (T2 = 1ms) (%) at 3T and 7T versus different
phase advance between the binomial sub-pulses and for different off-resonance. The
off-resonance is modified from 0 to the resonance frequency of fat (i.e., from 0 to 428
Hz at 3T and from 0 to 1014 Hz at 7T.

Additionally, the signal loss was depicted versus the phase advance of the off-resonant
component between the sub-pulses (see Fig. 3.2b) for different values of the off-resonance
(i.e., 0-428 Hz for 3T and 0-1014 Hz for 7T). It is observed that off-resonance effects influence
more schemes employing smaller phase advance between the binomial sub-pulses such as 45°.
Interestingly, the signal loss reaches a minimum (i.e., highest values of 1−∆s) around 90° and
increases again for increasing phase values towards 180° (see Fig. 3.2b).
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In vivo validation at 3T and 7T
For in vivo validation, the signal from highly ordered tissue components, such as the meniscus
and the patellar ligament, was analyzed at 3T over the range of practically relevant flip angles for
the three binomial excitation schemes with corresponding phase evolution φ = 45°, 90°, 180°.
Sample images of sagittal orientation acquired with the optimal flip angle for the meniscus
according to the experiments (i.e., a nominal flip angle of 7°) are presented on Fig. 3.3.

Figure 3.3: a) Sample images of sagittal orientation acquired with a nominal flip angle
of 7° are presented for different water excitation schemes: I) conventional, II) 145°1,
III) 190°1 and IV) 1180°1, b) Average signal with the different excitation schemes, which
corresponds to the images on Fig. 3.3a, normalized to the signal of the non-spectrally
selective excitation for each ROI for the respective regions shown in Fig. 3.3a.

As can be expected, due to heterogeneities in the main magnetic field, spectral excitation
is partly incomplete in the subcutaneous tissue and performs best for the 190°1 preparation.
Close to the image center, however, where B0 inhomogeneities are minimal due to better shim,
fat suppression is robust for all schemes investigated.

In agreement with the simulations, the meniscus signal loss due to the 190°1 and 1180°1, is
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similar and lower than with the 145°1 (see Fig. 3.3). The relative signal intensity (S) at the
optimal flip angle, which was 7° for the meniscus, according to the experiments is presented
in Fig. 3.3b. The experimental results show ∼ 1.5 % lower signal loss than expected for
the simulations for 1180°1 and about ∼ 1 % and 3% higher than expected for 190°1 and 145°1
respectively if we assume a T2 = 5 ms for the meniscus. For tissues with lower T2 on the order
of 1 ms, such as the patellar ligament, the maximum signal loss in comparison to a simple
nonselective excitation is about 3% higher than for the meniscus (see Fig. 3.3b, ROI2 for the
patellar ligament). The results are comparable to what we would expect from the simulations
for T2 values between 1 and 3.5 ms.

Figure 3.4: a) The simulated steady state signal just after excitation is depicted versus
the effective flip angle for different flip angles at 3T (i.e., 4-10° assuming TR = 6 ms) and
two different T2 values (1 ms and 5 ms) for different binomial schemes 145°1 , 190°1 and
1180°1 and for non-spectrally selective excitation, b) The signal of a ROI (see Fig. 3.3a)
of the posterior lateral meniscus (ROI1) and of a ROI of the patellar ligament (ROI2)
closer to the patella is depicted versus the flip angle from sagittal images acquired
with different flip angles at 3T and for different excitation schemes (with conventional
nonselective excitation and with water excitation preparation 145°1 , 190°1 and 1180°1).

On Fig. 3.4a the relative signal amplitude (as a result of the simulations) for the different
excitation schemes is depicted for T2 = 1 and 5 ms versus the flip angle (i.e., the nominal flip
angle for nonselective excitation and the effective flip angle for the binomial schemes). It can
be observed that the difference between the various excitation schemes reduces for increasing
T2 values. In agreement with the simulations, the meniscus signal loss (as a result of the
experiments) due to the 190°1 and 1180°1 is similar and lower than with the 145°1 (see Fig. 3.4b).
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145°1 according to the experiments performs worse than expected, which could be attributed
to off-resonance effects. Finally, as expected from the simulations the optimal flip angle for the
meniscus is higher than for patellar ligament.

In general, in agreement with the simulations, the signal loss due to the 190°1 and 1180°1 is
similar and lower than with the 145°1 (see Fig. 3.3 and 3.4). However, for the patellar ligament a
second ROI (ROI3, see Fig. 3.3a) was analyzed in a region of the ligament with lower intensity.
Here, in contrast to the simulations the 145°1 performs better than the 1180°1 and with 190°1
there is the lowest signal loss. For 190°1 the absolute values are slightly lower than what we
would expect but nevertheless the two curves (i.e., 1180°1 and 190°1) are rather comparable,
which can also be seen in the simulation, and this deviation might be attributed to the much
lower T2 of the part of the patellar ligament.

As compared to the standard FATSAT preparation for flip angles of 7° (see Fig. 3.5), the
signal from short T2 tissues, such as the menisci or the patellar ligaments, exhibits a much
higher signal with the binomial excitation scheme. More specifically for the ROIs indicated
on Fig. 3.5a and b) the signal is much higher on the menisci and the patellar ligament and
slightly lower on ROIs containing fat (see Fig. 3.5c). Overall, the quality of fat suppression was
comparable on the center of the FOV and more effective with the binomial excitation scheme
off-center (see Fig. 3.5c).

Figure 3.5: Sample sagittal images of the knee joint acquired with a flip angle 7° at
3T with two different fat suppression schemes: a) fast water excitation with 90 degrees
phase advance, b) standard fat saturation preparation, c) average signal on selected
ROIs (see Fig. 3.5a).
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Finally, according to the experiments at 7T (see Fig. 3.6, ROI1 and Fig. 3.7) the relative
signal of the lateral meniscus has a signal loss (see Fig. 3.7) of ∼ 0.4% due to 190°1 and ∼ 8.2%
due to 145°1. There is practically no signal difference between the 1180°1 and the nonselective
excitation. The suppression of the lipid signal from the trabecular bone marrow signal (see Fig.
3.6, ROI4) is ∼ 62.5%, ∼ 65% and ∼ 75.6% with 1180°1 , 190°1 and 145°1 respectively. The 190°1
is the optimal scheme for simultaneous fat suppression and visualization of the meniscus (see
Fig. 3.7). For the patellar ligament, however, there is a greater signal loss with the binomial
excitation with respect to the nonselective excitation. The signal loss of the patellar ligament
(see Fig. 3.6, ROI2 and Fig. 3.7) with the 1180°1 , 190°1 and 145°1 was respectively 12%, 13%
and 21% for 1180°1, 190°1 and 145°1 (see Fig. 3.7). The experimental results are comparable
to the expected signal loss from the simulations for a T2 of 0.9 ms, which is ∼ 12% for 1180°1
and 190°1 and ∼ 18% for 145°1. Also in this case a second region of the ligament which is
characterized by signal of lower signal-to-noise ratio was analyzed (see Fig. 3.6 ROI3 and Fig.
3.7) and similarly, as in the experiments at 3T, the 145°1 leads to less signal loss than the 1180°1
.

Figure 3.6: Sample images of a healthy volunteer at ultra high field (7T) a conventional
short nonselective excitation (I) and with a fast water excitation scheme (II) 145°1, (III)
190°1 and (IV) 1180°1.

67



CHAPTER 3. WATER SELECTIVE EXCITATION OF SHORT T2 SPECIES

Figure 3.7: Average signal as calculated from the experiments 7T, normalized to the
signal of the non-spectrally selective excitation for each ROI (see Fig. 3.6). The signal
with 190°1 and 1180°1 excitation is comparable and lower than with nonselective excita-
tion, while 145°1 yields less signal. A relative reduction in the signal of 8.2% and 0.4%
is observed for the meniscus (ROI1) respectively for 145°1 and 190°1 and no signal loss
for 1180°1. The signal of the patellar ligament (ROI2) is reduced 21%, 13% and 12% for
145°1, 190°1 and 1180°1 in respect to a simple nonselective excitation.

3.4 Discussion

The possible benefit of spectrally selective water excitation over conventional FATSAT prepara-
tion method for visualization of short T2 MSK components was analyzed. The T2 of such highly
ordered tissue components typically lies in the several hundreds microseconds for tendons to
the millisecond range for menisci and ligaments. Our results indicate that a maximum signal
loss from binomial excitation of about 30% in the limit of very short T2 (0.1 ms), as compared
to non-selective imaging; leveling off faster with increasing field strength to about 19% at 3T
and 10% at 7T for a T2 of 1 ms. In agreement with simulations, phase of about 90° yielded
minimum signal loss: For menisci the signal loss was about 5% and 0-1% at 3T and 7T, whereas
for the ligaments 9% and 13%. Finally, measurements at 3T revealed considerable lower signal
loss at 3T in comparison to FATSAT.

In 2007 Hauger et al. [15] presented a comparison of fat saturation and water excitation
based on a spin echo sequence. In our comparison using gradient echo sequences, we analyzed
a short echo time sequence based on vTE SPGR approach to show that MSK imaging of short-
lived T2 components can benefit from the combination of a technique providing simultaneous fat
suppression and short TE. Overall, spectral water excitation based on short binomial excitation
showed similar fat suppression quality, but offered improved signal-to-noise: binomial excitation
not only provided higher signal levels for short T2 components than FATSAT methods, but it
was evident that the sequence efficiency could be considerably increased, since there is no
additional time required for magnetization preparation.

Frequently, a phase evolution of 180° is used in combination with binomial excitation
schemes. In practice, however, our results indicate that a phase advance of 90° can offer compa-
rable fat suppression quality and is more advantageous in several cases. From the simulations
and experimental results, the 190°1 excitation scheme is less sensitive to main magnetic field
inhomogeneities as compared to the 1180°1, while the quality of fat suppression is comparable
in both cases. Also, both the simulations and the experiments underline the fact that although
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for long T2 tissues it is not important, for short T2 tissues, as well as for lower field strengths,
the choice of the water–fat phase evolution for the binomial pulses is important since especially
with 45° phase evolution there is a non-negligible signal loss.

In this chapter, binomial excitation was combined with a Cartesian short TE SPGR se-
quence to validate the theoretical predictions. However the results presented herein can be
generalized to any short or ultra-short TE imaging sequence. Overall, binomial excitation
schemes for imaging of short-lived T2 species outperform conventional FATSAT preparation
techniques and prove to be especially beneficial at ultra-high field strength, where the signal
loss due to reduced interpulse spacing becomes marginal.

In conclusion, the use of binomial excitation in combination with a short echo time sequence
as opposed to using FATSAT preparation was demonstrated to be beneficial for imaging of short
T2 MSK tissues. In addition, a 90° phase advance was shown to be comparable and even more
advantageous in comparison to the commonly used 180° phase advance when the focus of interest
is highly ordered components in MSK.
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Chapter 4

In vivo visualization of cells labeled
with superparamagnetic iron oxides
by a sub-millisecond gradient echo
sequence

An adapted version of this chapter is submitted as: Deligianni X, Jirák D, Scheffler K, Berková
Z, Hájek M and Bieri O, In vivo visualization of cells labeled with superparamagnetic
iron oxides by a sub-millisecond gradient echo sequence, Magn Reson Mater Phy
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4.1 Introduction

Superparamagnetic iron oxide nanoparticles (SPIO) induce strong susceptibility effects
that lead to a pronounced shortening of both T2 and T ∗

2 relaxation times. Single cells are
not visible with MRI, but can be traced upon labeling with SPIO [1–3]. One of the most
successful applications of cell imaging is the monitoring of transplanted pancreatic islets
(PIs). Transplantation of PIs into the liver represents a promising alternative treatment
to the well-established pancreas organ transplantation for restoring normoglycemia in
type 1 diabetes mellitus patients [4, 5]. In 2004, Jirak et al. demonstrated that SPIO-
labeled pancreatic islets can be detected as hypointense spots on T ∗

2 images following
transplantation into the rat liver [6]. Since then many other studies have been performed
to monitor the fate of labeled PIs with MRI on animal models [7–9]. Recently Jiao et
al. confirmed that ex vivo cell labeling for islet graft imaging and monitoring with a 3T
clinical scanner is feasible and advantageous over 1.5T since the susceptibility effect of
iron nanoparticles is amplified [8].

Non-invasive islet graft MR-imaging is successfully applied in human livers up to
6 months after transplantation despite signal loss due to the clearance of the labeling
from the islets [7, 10–12]. Although the signal loss is clearly visible and can be moni-
tored, quantitative or serial studies are not easily performed [10, 13, 14]. Typically the
iron-labeled islets appear as hypointense spots on MRI, but susceptibility artifacts such
as the presence of air, air and tissue interfaces and other effects like calcification and
flow-related signal losses also provide negative contrast, and reliable detection of false
positives can become an issue. In addition, using the signal void as a means of detection
can be hindered by severe partial volume effects [14]. As a result, positive contrast MR
techniques [15–18] such as double echo ultra short echo time (UTE) methods were pro-
posed to prevent such false positive results [19]. Recently, the feasibility of quantitative
imaging and automatic thresholding of islets labeled with iron oxides with a positive
contrast UTE-based MRI method was shown [19–21]. UTE allows successful islet de-
tection in rats, but image acquisition requires respiratory triggering, which in this case
was achieved with a specialized respiratory pad system [19]. In humans, however, UTE
with respiratory triggering for abdominal imaging has not yet been applied.

In UTE techniques, it is common to use a subtraction image (i.e., subtracting a
later echo from the UTE image) in order to yield positive contrast and increase the
conspicuity in the detection of labeled islets [14, 21]. This kind of positive contrast
serves in reducing false positives, but in principle the two images could also be used for
weighted subtraction in order to yield a weighted positive contrast. In 2013 Martirosian
et al. proposed a relative subtraction method to enhance the positive contrast in a
modified DESS sequence [22].

Contemporary imaging protocols used in standard clinical practice for the follow-
up of the islet grafts in patients include balanced steady-state free precession (bSSFP)
and spoiled gradient echo (SPGR) sequences [11]. Gradient echo methods provide good
anatomic liver images, but usually only a few 2D slices can be acquired in a breath-hold.
The goal of this chapter was to develop an MRI technique for 3T scanners that could
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monitor the fate of transplanted labeled islets in patients. As a result, we modified
a contemporary sequence that was already being used in the clinic for the screening
of diabetic patients after transplantation. Instead of the typically implemented 2D
protocol, we used a 3D protocol to achieve larger volume coverage with improved signal-
to-noise ratio. A Cartesian sub-millisecond echo time SPGR 3D sequence was used and
optimized for the in vivo visualization of SPIO-labeled PIs in the liver in order to
yield positive contrast images from patient single-breath-hold imaging. Visualization
of pancreatic islets was explored with conventional and weighted subtraction images.
The variable echo time scheme in combination with a highly asymmetric readout, as
demonstrated in a previous study [23], allowed an important reduction of the echo time
down to 0.65 ms while simultaneously achieving a sufficiently high resolution (i.e., 1.3
x 1.3 mm2 in-plane) for in vivo scanning of humans.

4.2 Methods

Animal experiments

All protocols were approved by the Ethics Committee of the Institute for Clinical and
Experimental Medicine and the Committee for Animal Care of the 2nd Faculty of
Medicine of Charles University. The experiments were carried out in accordance with
the European Communities Council Directive of 24 November 1986 (86/609/EEC).

Islet isolation, labeling and transplantation for animal experiments

Male Lewis rats (Anlab, Czech Republic) were used as islet donors, as well as recipients
for in vivo experiments. The pancreases of donor rats were distended by collagenase
(1 mg/ ml; Sevapharma, Czech Republic) and incubated at 37°C in a water bath for
20 minutes. The islets were separated from exocrine tissue by centrifugation in a dis-
continuous Ficoll gradient (Sigma, USA). Purified islets were cultivated in CMRL-1066
medium (PANBiotech GmbH, Germany) supplemented with 10% fetal calf serum, 1%
penicillin/streptomycin/L-glutamine and 1% HEPES (all reagents from Sigma, USA)
in a humidified CO2 incubator at 37°C and 5% CO2 atmosphere. For islet labeling, the
MR contrast agent ferucarbotran (RESOVIST®; Schering AG, Germany) was used (5
µl/ ml) and pancreatic islets were cultured for 24 hours. Before transplantation, labeled
islets were washed three times in Hanks Balanced Saline Solution (Sigma, USA). 1500
hand-picked labeled islets were transplanted under general anesthesia into the portal
vein of recipients.

Human islet isolation, labeling and transplantation

After purification and washing, the islets were transferred into the culture medium
CMRL-1066 (PAN Biotech GmbH, Germany), which was modified and supplemented
according to the Miami Center. Before culture MRI contrast agent ferucarbotran 5
µL/mL ferucarbotran (RESOVIST®; Schering AG, Germany) was added. The islets

75



CHAPTER 4. VISUALIZATION OF SPIO-LABELED CELLS WITH VTE

were in culture for 24 hours and before transplantation, the labeled islets were washed
again in the culture medium to remove the free ferucarbotran. Then 320000 islet equiv-
alents were infused in local anesthesia percutaneously under radiologic control into the
portal vein within approximately 60 min.

MRI Imaging

Sub-millisecond SPGR sequence

A double contrast selective 3D SPGR sequence with a variable first echo time (TE) in
combination with a highly asymmetric readout was used [23]. Here, the TE of the first
echo varies dynamically across k-space enabling a minimum effective echo time, while
highly asymmetric sampling allows reducing the echo time even further. Both echoes
were acquired after each single excitation. This provided sub-millisecond TE for the
first echo, as a key for positive contrast imaging and monitoring of islets labeled with
SPIO. A 3D sequence enables the acquisition of multiple contiguous slices to facilitate
the islet detection. A special projection onto convex sets algorithm [24] provided by the
manufacturer was used to compensate for the asymmetric data sampling.

Positive contrast and relative subtraction images

In order to yield positive contrast, a later echo was subtracted from the sub-millisecond
first echo and the image difference was reconstructed online [25]. Apart from the sub-
traction images, weighted subtraction images were also produced in post-processing.
As it has been demonstrated by Martirosian et al. [22], by adding a weighting fac-
tor the positive contrast can appear significantly higher. Relative subtraction images
were reconstructed offline with Matlab 7.0 (The Mathworks, Inc., MA, USA, R2008b)
according to the following formula:

STE1 − STE2

STE1 + STE2

(4.1)

where STE1 is the signal from the first short echo and STE2 the signal from the later
echo.

Contrast analysis

In order to yield a quantitative estimation of the quality of the contrast, relative
contrast-to-noise ratios (CNR) were calculated according to the following equation:

CNR =
SROI − SBG

SROI
(4.2)

where SROI is the signal intensity at the region-of-interest (ROI) of the labeled islets
are detected and SBG is the signal intensity of the ROI in the islets surroundings (i.e.,
the liver tissue in the animal and human scans).
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Phantom imaging

Pancreatic rat and human islets were labeled with Resovist (Schering AG, Germany) for
1 day and were then inserted into a cylindrical gel phantom in order to test the sequence
performance with respect to islet separation and detection. Human and rat islets were
separated in two different small tubes and then placed in a larger cylindrical phantom
filled with gel. Labeled islets were placed in the surrounding gel as well. Phantom
scans were performed in a whole body 3T clinical system (Verio, Siemens Erlangen).
For protocol details, see Table 4.1.

Phantom Rat scan Patient scan
In-plane resolution (mm) 1.25 0.74 1.33

FOV (mm) 400 x 275 380 x 261 340 x 244
Slices / slice thickness (mm) 10 / 2.5 16 / 1.25 8 / 2.5

Bandwidth (Hz / pixel) 401 515 455
TE1(ms) / RO asymmetry (%)a 0.61 / 9 0.8 / 15.6 0.65 / 19.5
TE2(ms) / RO asymmetry (%)a 6 / 100 6 / 100 6 / 100

TR (ms) / Flip angle (º) 15 / 8 15 / 8 10 / 8
Acquisition time 23.11 sec 8.28 min 19 sec

Number of signal averages 1 4 2
Slice oversampling 60 50 50

aRO asymmetry (Readout asymmetry): percentage of readout sampling before the
center of k-space

Table 4.1: Protocol parameters used at 3T.

Animal MR imaging

The Lewis rat was scanned in a whole body clinical system (3T Tim Trio Siemens Er-
langen) with a dedicated 8-channel transmit / receive animal coil (Rapid Biomedical).
For protocol details, see Table 4.1. For reference, high resolution (0.23 mm in-plane)
standard SPGR images (TE = 3.7 ms) were acquired using a 4.7T Bruker Biospec
Spectrometer equipped with a resonator coil (Bruker, Germany). During the examina-
tion, anesthesia was induced and continued by spontaneous breathing of 3 % and 1-2
% isoflurane in the surrounding air, at 3T and 4.7T respectively.

Human MR imaging

The protocol was tested and evaluated on three healthy volunteers and subsequently a
patient, who was a member of the cohort of patients studied under ENCITE project
[www.encite.org], was scanned six months after transplantation [11] on a 3T whole body
clinical scanner (Tim Trio, Siemens Erlangen). The study was approved by the Ethics
Committee of the Institute for Clinical and Experimental Medicine. All participants
of the project were informed about the nature and potential risks of the study and
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signed their informed consent. The subjects were examined in supine position with a
6-channel body phased-array coil placed on the upper abdomen. The scan protocol
apart from positive contrast images included conventional MR imaging (i.e., HASTE,
balanced SSFP, 2D conventional SPGR) and the whole examination did not exceed one
hour. The additional positive contrast scans increased the total scan protocol by three
breath-hold scans of 19 s each (i.e., the acquisition was repeated to scan different parts
of the liver); a 3D transverse dataset with 50% slice oversampling was acquired in a
single breath-hold at end-expiration mode. GRAPPA acceleration of a factor 2 and
Partial Fourier 6/8 in slice direction was used to reduce the scan time. The flip angle
was adjusted in order to yield optimum signal from the liver so that the long T2 species
suppression would be optimal. For protocol details, see Table 4.1.

4.3 Results

4.3.1 Phantom scan

The sub-millisecond short echo time image (see Fig. 4.1A) exhibited homogenous signal
and almost no hypointensities were present. In the second echo (see Fig. 4.1B), islets
appeared as dark areas of smaller or bigger extent, as a result of the different amount
of the contrast agent. In the image difference (see Fig. 4.1C) and in the relative image
difference (see Fig. 4.1D), islets appeared as hyperintense areas which could be easily
distinguished from the background.

The contrast of the islets looks similar in the image difference and in the relative
image difference. Both images yielded better CNR in comparison to the late echo, while
the CNRs with both positive contrast methods are almost identical (see Table 4.2). Only
in one of the two ROIs the relative subtraction image performs slightly better (0.87 over
0.85). The smallest visible hyperintensities could be attributed to single islets, which
was verified by visual observation.

TE1 TE2 Pos. Contrast Rel. Subtraction
Phantom ROI1 0.01 0.09 0.85 0.87

ROI2 0.03 0.08 1.03 1.03
Rat ROI1 0.05 0.24 0.18 0.28

ROI2 0.02 0.43 0.43 0.53
Patient ROI1 0.02 0.15 0.41 0.42

ROI2 0.03 0.45 0.64 0.72

Table 4.2: Evaluation of contrast-to-noise ratios for selected regions-of-interest. The
ROIs are indicated on the figures of the relevant experiments. Positive contrast images
have higher contrast than the second echo images and the relative subtraction images
have comparable or higher ratios in comparison to positive contrast images.
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Figure 4.1: Cylindrical gel phantom with rat and human islets. The circular forms
visible in the short (A) and long (B) echo image are smaller gel containers to separate
the rat from the human islets. The images were acquired at 3T field strength: A)
sub-millisecond first echo image acquired at 0.61 ms, B) second echo image acquired at
6 ms, C) positive contrast image (subtraction of the second echo from the first echo),
where the islets appear as hyperintensities, D) relative subtraction image. The ROIs
for which the CNRs were calculated are indicated on sub-figure (B).

4.3.2 Animal scan

In the animal subject, the liver exhibited completely homogenous signal in the sub-
millisecond first echo image acquired with the proposed method (see Fig. 4.2Ai), while
the labeled islets appear as dark spots in the second echo (see Fig. 4.2Aii). The CNR
was sufficiently high to allow the reconstruction of a positive contrast image (see Fig.
4.2Aiii), on which the islets could be seen as hyperintense spots and were easily identi-
fied. On the relative subtraction images (see Fig. 4.2Aiv), equal amount of hyperintense
spots are detected, while the contrast-to-noise is improved (see Table 4.2). As it can
also be observed in the zoomed images (see Fig. 4.2B) the relative-subtraction images
yield better contrast for the islets.

The location and presence of islets was confirmed by comparison to the high-
resolution images from the experimental 4.7T scanner. The same position was confirmed
by looking at bigger anatomical structures. On Fig. 4.2C a high resolution image from
the experimental scanner is presented, which corresponds to the same position as the
variable echo time (vTE) SPGR images (see Fig. 4.2A). By comparison of the respective
images, it was possible to confirm that the contrast observed on the positive contrast
images was indeed due to the presence of labeled islets.
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Figure 4.2: MR images from a rat that has undergone transplantation of PIs: A) axial
sample images from a 3D variable TE SPGR images from a clinical 3T MR scanner: (i)
sub-millisecond first echo image (TE = 0.8 ms), (ii) second echo image (TE = 6.75 ms),
(iii) image difference, (iv) relative subtraction image, B) Details from all four images
of subfigure 4.2A, where the labeled islets are more clearly visible (on subfigure 4.2Biv
the ROIs that were used for CNR calculations are indicated) C) high resolution (i.e.,
0.23 mm) axial SPGR sample image (from a 2D multi-slice dataset) acquired on an
experimental 4.7T animal scanner.

4.3.3 Patient scan

Transplanted pancreatic islets could be positively identified on two different slices (see
Fig. 4.3 left and right) in patient scans. They could be identified as regions without
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any hypointensities present in the sub-millisecond first echo acquired at 0.65 ms (see
Fig. 4.3A) and hypointense regions on the second echo (see Fig. 4.3B). On the positive
contrast image (i.e., the image difference) distributed hyperintensities (see Fig. 4.3C)
were visible in the close vicinity of the islets. On the relative subtraction images islets
were also identified in both positions (see Fig. 4.3D). The relative subtraction images
offer better background suppression and therefore better contrast-to-noise (see Table
4.2). In one of the slices (see Fig. 4.3C right) an islet was revealed by the positive
contrast imaging, which was not visible in the late echo. The fact that islets were
identified only in two locations could be attributed to the fact that the patient was
scanned six months after transplantation where the majority of the iron was cleared out
from islets or islets were already lost [6, 11].
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Figure 4.3: MR Images (1.3 x 1.3 x 2.5 mm3 , acquisition time 19 s) acquired at
two different slice positions (left & right) 3T with a variable TE 3D SPGR sequence
from a patient, who had undergone transplantation of labeled pancreatic islets: A)
sub-millisecond first echo acquired at 0.65 ms, B) second echo at 6 ms, C) difference
image, D) relative subtraction image. The ROIs of the islets that were used for CNR
calculations are indicated on Fig. 4.3B.
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4.4 Discussion

In this study, the development of a sequence that provides sub-millisecond echo times
similar to UTE techniques allowed positive contrast imaging of species with very short
T ∗
2 . As a basis for the development of the sequence, a 3D SPGR template was used

since in addition to high contrast anatomical images it offers larger volume coverage,
and is suitable for application in a breath-hold (i.e., we suppose there will be a benefit
for patients who have trouble holding their breath, especially in end-expiration mode).
The sequence demonstrated high sensitivity as even single islets could be visualized in
vitro with positive contrast images. Labeled PIs were also identified positively in the
rat, as well as in the patient scans.

In addition, the fact that the sequence is fast and flexible could also offer the possi-
bility of adding special preparation schemes for fat suppression or other utilities. This
could be especially useful in the case of obese patients or patients with fibrotic liver.

The technique has shown low sensitivity to shimming issues. During the experiment
only the standard product pre-scan 3D shimming procedure was used. As we can see
from Fig. 4.1 at the edges of phantom this can be an issue, but nevertheless, we see on
Fig. 4.3 that the image quality on the liver does not suffer from any shimming issues

The background level has lower intensity in the positive contrast images, but is
more suppressed in the relative subtraction ones. In this case, the patient was scanned
6 months after transplantation and the labeling effect is not so strong any more. As a
result, thresholding would be challenging, but in the case of patients scanned in shorter
time after the transplantation it would be probably feasible.

Currently, due to a pause in production of Resovist for human use, further research
related to SPIO labeled islets on humans must be delayed. There is active research
towards new agents that investigate the use of different particles such as magnetolipo-
somes [26]. Methods using particles with iron concentration comparable to the currently
used or more could profit from the proposed method.

The significant finding of this study was also the confirmation of the clearance
of the area representing transplanted islets in human liver over time by a different
imaging approach. It is another part of mosaic where we try to image transplanted
pancreatic islets because it confirms the results obtained from previously used animal
models and human studies [11]. In addition, the fact that islets could be detected with
a double contrast approach in breath-hold scans even 6 months after transplantation is
a promising result for future applications. The two different positive contrast methods
exhibited better contrast than the late echo images. The relative subtraction images
yielded comparable or in some cases better contrast than the simple subtraction images.

We showed that the use of the proposed 3D vTE SPGR sequence is transferable to
the situation in patients with transplanted pancreatic islets and we believe this approach
might be extended to any kind of iron labeled cells. Finally, the most important result
from the current study is that achieving sub-millisecond echo time with the proposed
3D short echo time sequence, provides during a breath-hold of a patient high CNR,
good anatomy information and sensitivity to SPIO labeled cells.
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In conclusion, the proposed 3D vTE SPGR sequence is sensitive to iron labeled
single islets in vitro and can be used to identify SPIO labeled islets in the liver. The
achievement of sub-millisecond echo time while preserving high image contrast allowed
successful reconstruction of positive contrast images and relative subtraction images.
Islets were identified positively in positive contrast images in an animal in vivo as
well as in a patient. To our knowledge these are the first patient results of positive
contrast liver MRI for detecting pancreatic islets. So this sequence could improve the
segmentation accuracy in unclear cases of islet detection and relative subtraction could
offer important information for threshold identification with increased contrast-to-noise.
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CHAPTER 5. FAST QUANTITATIVE WATER-FAT LIVER IMAGING

5.1 Introduction

Accurate non-invasive quantification of the liver fat fraction (FF) is important for the
diagnosis as well as for the follow-up of patients suffering from various disorders such
as non-alcoholic fatty liver disease (NAFLD), alcoholic liver disease or viral hepatitis B
and C [1–4]. NAFLD has a high prevalence in the western world and is characterized
by excessive triglyceride accumulation in the liver [1]. It ranges from simple steatosis
to type-2 diabetes and steatohepatitis and can also lead to end-stage liver disease [1,
5, 6]. The clinical standard for quantification of liver FF is non-targeted biopsy; an
invasive procedure that is moreover subjected to sampling variability [7], and is thus
not performed unless there is a clear pathological evidence. Alternatively, 1H-NMR
spectroscopy is the current gold standard for non-invasive quantification of the liver
FF but requires a complicated setup and does not offer whole organ coverage [8–10].
Consequently, both biopsy and spectroscopy are prone to sampling errors – a drawback
that can be overcome by whole organ quantification of the liver FF. As a result, over
the years several MRI techniques have been developed for water-fat quantification.

Dixon techniques, originally introduced in 1984 [11], exploit the chemical shift be-
tween water and fat to derive the relative amount of water and fat from images where
the water and the main peak of fat are either in- or out-of-phase, respectively. Overall,
Dixon techniques rely on the restrictions on echo times and the number of sampled
echoes, which has led to the development of extended two-point approaches [12–14],
allowing more flexible sequence design, or multiple-point techniques [4, 15–21], which
account for field inhomogeneities. A different approach that allows more flexible echo
times and the acquisition of multiple echo points is the iterative decomposition of water
and fat with echo asymmetry and least-squares estimation (IDEAL) based on an itera-
tive least squares method [22,23], however, it requires a priori knowledge about the fat
spectra and it assumes a common T ∗

2 for the water and fat components [24]. Although
the primary objective of all multiple-point water-fat imaging techniques is the quantifi-
cation of liver fat, the simultaneous correction or quantification of field inhomogeneities
and iron induced T ∗

2 effects were introduced as secondary objectives [16], since it was
important to consider the effects from both fat and T ∗

2 as they may interfere with the
estimation of each other [13]. Multi-echo approaches, in particular, have been shown to
be more robust to the presence of iron [25]. O’ Regan et al. [26] proposed a multi-echo
approach using bi-exponential fitting of the data to calculate both water-fat maps and
individual water-fat T ∗

2 maps (i.e., separate T ∗
2 for the water and the fat component of

the liver) [26]. This approach did not require a priori knowledge, but the echoes were
restricted to in- and out-of- phase echo times, the sequence was two-dimensional and
iterative curve fitting was used. Both healthy and obese participants were scanned with
encouraging results and an extension of this approach to 3D and improved resolution is
clinically desirable.

In this chapter, a novel technique for water-fat mapping will be introduced based
on a singular value decomposition matrix pencil (SVD-MP) method; a computation-
ally fast algorithm that originates from the spectroscopic analysis presented by Lin et
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al. in 1997 [27]. It will be shown that its application in combination with an adapted
three-dimensional (3D) multi-echo spoiled gradient echo (SPGR) acquisition using se-
quentially shifted echo times, accurate liver water-fat fractions can be derived within a
single breath hold.

5.2 Methods

All measurements were performed on a 3T clinical whole body MRI system (Verio,
Siemens Medical Solutions, Erlangen, Germany) with a 6–channel phased-array body
coil.

5.2.1 Singular Value Decomposition Matrix Pencil Method

For the analysis of the signal time course in each voxel, a spectroscopic approach pro-
posed by Lin et al. is used [27]. To this end, it is assumed that the observed signal sn
= (s0, s1, . . . , sN-1) (sampled at N discrete time points tn) can be decomposed into a
set of M damped exponentials (modulo a global phase drift related to macroscopic field
inhomogeneities):

sn =
M∑
j=1

|aj | exp (iθj)× exp [(−αj + i2πfj) tn] + wn =:
M∑
j=1

ajz
n
j + wn (5.1)

where |aj | and θj refers to the amplitude and phase of the individual modes, αj

and fj reflect the inverse time constants (damping factors) and frequencies of the ex-
ponentials and wn the Gaussian random variables representing the noise components.
In Eq. 5.1, z ≡ exp (−αj + i2πfj) are the individual signal poles, which are calculated
directly by solving the associated Eigenvalue problem with a singular value decomposi-
tion after simplifying the data matrix through calculation of the Toeplitz matrix of the
free induction decay [27–29]. For simplicity, a single peak analysis of the fat component
was adopted (i.e., M = 2 in Eq. 5.1), taking into consideration only the main fat reso-
nance peak, which is shifted 3.35 ppm from the water peak (i.e., at -420 Hz at 3T), as
commonly applied with Dixon techniques. As a result, Eq. 5.1 reduces to

sn = AW × exp
[
−tn/T ∗

2,w

]
+AF × exp[−tn/T ∗

2,f − i∆ωtn] (5.2)

where tn is the time after the excitation (i.e., the echo time TEn), ∆ω is the fre-
quency difference between water and fat, AW (AF ) and T ∗

2,w

(
T ∗
2,f

)
are the water (fat)

signal amplitude and transverse relaxation time respectively.

5.2.2 Sequence Adaptation and Setup

A conventional multi-echo 3D spoiled gradient echo (SPGR) sequence was adapted to
allow a signal time course analysis according to the SVD-MP method. To this end,
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the echo spacing was shortened using sequentially shifted echo times in an interleaved
mode, similar to the approach presented by Liu et al. for optimization of the echo time
spacing [30]. Overall, twelve equally spaced echoes were acquired (constant spacing is
required from the post-processing SVD-MP algorithm): for every phase encoding step,
a first excitation pulse preceded six echoes (i.e., TE1, TE3, TE5-TE11), followed by
another excitation and subsequent acquisition of another six echoes (i.e., TE2, TE4,
TE6-TE12) but shifted in time (see Fig. 5.1).

Figure 5.1: Multi-echo SPGR sequence diagram with sequentially shifted echo times.
For every phase encoding step, there are two different TR sets (see Fig. 5.1a). The
first set of echoes (b) is almost identical to the second set of echoes (c). The difference
is that the second set of echoes (c), which follows the second excitation, is shifted in
respect to the first one (b) by a delay time equal to the echo spacing (ΔTE).

The SVD-MP adapted multi-echo SPGR sequence was first tested on dairy cream
phantoms with a nominal fat percentage of 25 % and 35 %, respectively. The dairy
creams were heated as described by Fieremans et al [31], cooled down overnight, and
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scanned the next day. Subsequently, four healthy volunteers (mean age 28.5 ± 1 years)
were examined and informed written consent was obtained from all the volunteers prior
to scanning. All images were acquired in a single breath-hold in end-expiration mode.

Multi-echo SPGR scans were performed in 3D (FOV = 380 × 285 mm, in-plane
resolution = 2.4 mm, 16 slices, slice thickness = 4.4 mm, BW = 1360 Hz / pixel, flip
angle = 6°) with a TR of 16 ms, a TE1of 1.12 ms, and ∆TE of 0.92 ms. The same
protocol was used for both, phantom and in vivo, scans. The total acquisition time was
reduced to 22 sec using parallel imaging: GRAPPA of a factor 2, elliptical scanning and
partial Fourier acquisition in slice (6/8) and phase (5/8) orientation. Slice oversampling
(50 %) was used to compensate for the slab profile and a standard Sinc pulse with
duration 0.24 ms and time-bandwidth product 7.8 was employed for selective volume
excitation. Advanced shimming was used and the shimming volume was restricted to
the liver area for the in vivo scans.

For comparison, standard 3D two-point Dixon (2P-Dixon) scans were performed,
with parameters matched as close as possible to the multi-echo SPGR acquisition. (FOV
= 380 × 285 mm, in-plane resolution = 2.4 mm, 16 slices, slice thickness = 4 mm, BW
= 470 Hz / pixel, flip angle = 15°) with a TR of 20 ms, a TE1 of 2.45 ms, and TE2
of 3.68 ms. The total acquisition time was reduced to 23 sec using parallel imaging as
described above for the multi-echo acquisition.

5.2.3 Data Analysis

For the online reconstruction of water and fat maps in the scanner only magnitude data
were used [27, 32], but both magnitude and phase data were elaborated with Matlab
7.0 (The Mathworks, Inc., MA, USA, R2008b), based on the initial Matlab script as
provided by Lin et al [27]. The phase data served to correct for the erroneous mapping
of the subcutaneous fat. The input magnitude images in both cases were filtered with a
Gaussian 3x3 kernel. Additionally, the FF maps in Matlab were filtered with a median
filter. The signal decomposition was performed pixelwise and subsequently segmented
manually for the in vivo liver data along all 16 slices to avoid any visible vasculature
and the edges of the liver. The normalized fat fraction (FF) was calculated for each
slice and given in percent units according to:

FF (%) = 100 · AF

AF +AW
(5.3)

An analogous procedure was adopted for the 2P-Dixon method: water and fat images
were reconstructed online and the FF was calculated offline based on Eq. 5.3. The
regions-of-interest (ROI) were selected as similar as possible to the ones identified for
the SVD-MP method and the average fat content for every phantom and volunteer was
calculated in the same way (i.e., initially the mean of a ROI on the liver was calculated
for every slice and then the mean value of all 16 slices).

93



CHAPTER 5. FAST QUANTITATIVE WATER-FAT LIVER IMAGING

5.3 Results

All echoes required to have equal spacing for signal analysis with the MP method. In
addition, the first echo was chosen as short as possible while using only symmetric
echoes and monopolar gradients, because this setup resulted in lower FFs. Trying to
set the echoes as close as possible to in- and out-of-phase echo times did not yield lower
fat fractions.

5.3.1 Liver Fat Quantification in Dairy Cream Phantoms

Exemplary water-fat imaging in cream phantoms with the SVD-MP method is demon-
strated in Fig. 5.2. A sample signal curve from the middle slice of the volume (i.e.,
8thslice see Fig. 5.2a) was analyzed. The phantom with the highest fat percentage (i.e.
35 %) exhibited bigger oscillations (see Fig. 5.2b). At the middle slice of the volume
the fat percentage calculated with the SVD-MP method was 25.1 ± 1.0 % and 33.1 ±
1.2 % (see Fig. 5.2c, d) for the two phantoms with a nominal fat percentage of 25 %
and 35 %, respectively. Overall, the fat and water maps were smooth and with a small
standard deviation (i.e., the mean standard deviation for all slices was approximately
1.7 % for both phantoms). The average fat percentage observed the SVD-MP method
was 25.1 % and 33.0 % across all slices (see Table 5.1), while the 2P-Dixon method
yielded 39.5 % and 46.3 %, respectively.

Figure 5.2: Sample phantom images: (a) reference echo image (at 2.08 ms), on which
the ROIs for the analysis are indicated, (b) exemplary magnitude signal decay versus
time, (c) fat and (d) water fraction maps from two dairy phantoms with nominal milk
fat percentage 25 % and 35 % from the middle slice of the scanned volume.
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5.3.2 Liver Fat Quantification In Vivo

For the online water and fat image reconstruction on the scanner, only magnitude images
were used. As a result, subcutaneous fat was wrongly assigned to water, however, no
water-fat shifts were observed inside the liver volume. For the offline reconstruction,
both magnitude and phase image data were used, resulting in a correct assignment
over the whole image. Quantification was done on the magnitude images only, but
identification was done based on the complex data. Empirically, it was found that in
liver tissue water components were characterized by fi values (see Eq. 5.1) less than
0.2 Hz as calculated with the complex fitting. This threshold was used to correct the
erroneous mapping of the subcutaneous fat region mentioned above.

The mean liver FF values calculated with the proposed method averaged over all
16 slices are presented on Table 5.1. The maximum liver FF for the four subjects (see
Table 5.1) as calculated with the SVD-MP method was 2.9 % and did not exceed 5 -
6 % among all subjects tested, as theoretically expected from healthy volunteers [33].
The mean liver FF ranged from 1.6 % - 2.9 %, which is in agreement with the results
presented by O’ Regan et al. [26] where for healthy volunteers the multi-echo method
yielded 1.3 % - 4.8 % and the spectroscopy 1.1 % - 3.7 %.

Fat fraction(%)
SVD-MP 2P-Dixon

Phantom 1 25.1 ± 1.6 39.5 ± 1.9
Phantom 2 33.0 ± 1.8 46.3 ± 1.9
Subject 1 1.6 ± 1.1 4.2 ± 1.7
Subject 2 1.9 ± 1.1 4.8 ± 1.4
Subject 3 2.6 ± 1.4 4.9 ± 1.5
Subject 4 2.9 ± 1.7 8.0 ± 2.4

Table 5.1: Mean fat fractions over all 16 measured slices for the dairy cream phantoms
and liver fat fractions for the four healthy volunteers.

As an example, calculated fat maps along all 16 slices are presented in Fig. 5.3
for subject 4 and the mean liver fat percentage along all measured slices and for all
volunteers is presented in Fig. 5.4. Overall, the liver FF appeared homogeneous in the
liver area (see Fig. 5.3) and relatively constant across slices (see Fig. 5.4).
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Figure 5.3: Exemplary Liver FF maps from subject 4 measured along all 16 slices.

In the middle slice (i.e., the 8th th slice) of the volume the standard deviation of
the liver FF across the liver region was 1.1 %, 0.7 %, 1.3 %, 1.9 % for subjects 1 - 4
respectively and the average variation over all slices for all subjects ranged from 1.1%
to 1.7%. The liver FF appeared to be slightly lower than the average in the upper slices
towards the direction of the head and higher than the average in the lower ones.
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Figure 5.4: Mean liver FFs from all subjects for each measured slice. The average
standard deviation of the mean liver FF across all the slices was 1.1 %, 1.1 %, 1.4 %
and 1.7 % for subject 1, 2, 3 and 4 respectively.

The liver FFs from the 2P-Dixon method were on average increased by 3.2 % (see
Table 5.1) as compared to the fat percentage observed with the SVD-MP. The mean
liver FF with the 2P-Dixon method was 5.5 %, which was a bit higher than the 4.5 - 5
% reported as threshold in literature [34–36]. As an example, a comparison between the
liver FF maps from SVD-MP and 2P-Dixon are presented in Fig. 5.5 for the subjects
with the lowest and highest fat percentage (i.e., subject 1 and 4), respectively.

Figure 5.5: Liver FF maps (top: 2P-Dixon, bottom: SVD-MP) of the middle slice are
presented for the subjects with the highest (subject 4, left) and the lowest (subject 1,
right) fat percentage, respectively.
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5.4 Discussion

Fat quantification was shown to be accurate within 2 % of the theoretically expected
fat percentage in dairy cream phantoms. Fat quantification at 3T with the SVD-MP
method on healthy volunteers was demonstrated to be within the limits of fat fractions
expected from the results presented by O’ Regan et al [26] and below 5 % as we would
expect from 1H-NMR spectroscopy [8, 37, 38]. Overall, the fat content of normally
appearing liver tissue observed by the SVD-MP method was about 3 % lower than
the one derived with the 2P-Dixon method (see Fig. 5.5, Table 5.1). It has been
reported that liver FF appears higher than normal, since due to its longer T1, water
gets partially suppressed [39]. In the SVD-MP, to exclude a possible T1 related bias in
the fat estimation with fast SPGR-based imaging, fat scans were repeated with different
flip angles (ranging from 6° up to 10º), but no dependence on the flip angle was observed
for the mean FF.

In contrast to common Dixon methods that typically suffer from water-fat swap
[17, 26, 40, 41], the SVD-MP method does not rely on phase unwrapping algorithms.
Subcutaneous fatty tissue, however, was wrongly attributed as water, since data analysis
was based on magnitude data. Generally, it is a common occurrence that areas with
very high fat content are wrongly attributed as belonging to water, and these areas
can be identified within the SVD-MP method by using complex rather than magnitude
data.

Complex data, however, were used only for recognition of these specific regions but
not for calculation of water and fat fractions, since the algorithm turned out to be more
robust when using the magnitude data as input.

Since twelve echoes could be acquired within a single breath hold, various approaches
to resolve the iron content can in principle be used, such as information theory [42],
but in this work, our main interest was focused on the detection of fat content only. In
addition, the signal from the twelve echoes could be used for multi-spectral fat analysis,
which has been shown to be beneficial for dealing with inaccuracies (i.e. incorrect
fat fraction or T ∗

2 estimation) occurring due to the assumption that fat has a single
resonance frequency [10, 18]. The inclusion in the post-processing of more than one
peak for the fat component could also allow individual estimation of T ∗

2 for fat and
water [18].

In conclusion, the SVD-MP analysis method in combination with the adapted multi-
echo SPGR acquisition provides an efficient new method to accurately assess whole liver
water-fat fractions at 3T. In combination with the SVD-MP method, sequential shifting
of echo times offers optimal echo spacing and allows for the acquisition of twelve echoes
and 16 slices of 4.4 mm slice thickness of the liver in a single breath-hold.
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The main goal of this thesis was to develop a method of capturing fast decaying
signals that has potentials for clinical use and secondly to use the signal decay for quan-
tifying tissue properties. Therefore, this thesis was developed in two different directions.
Both methods were developed out of modified spoiled gradient echo sequences.

The first goal was to develop a fast and robust short echo time sequence for visual-
ization of short T2 components. The initial focus of the sequence was musculoskeletal
imaging. For this reason its application on high and ultra-high field was investigated,
as well as its application in combination with fat suppression methods.

The second part of the thesis was focused on the analysis of the signal decay, as
measured with a multi-echo sequence, in order to produce an accurate method for
quantifying liver fat. The goal was to develop a fast method that produces accurate
results, well related to spectroscopy methods and offers improved acquisition parameters
in comparison to existing methods.

6.1 Variable Echo Time Imaging

UTE sequences and high to ultra-high field are beneficial for scanning short T2 species
due to their very short relaxation times [1,2]. However, the translation of UTE sequences
to the clinics remains challenging. Variable echo time sequences can benefit from the
robustness of Cartesian sampling, while offering the possibility to reduce sufficiently the
echo time for acquisition of short T2 signal.

A novel implementation of a variable echo time sequence was presented in chapter
2. vTE sequences can provide sub-millisecond echo times, which are sufficient for the
visualization of fibrous MSK tissues since they are characterized by short but not ul-
trashort T2 relaxation times. In this chapter, the feasibility of imaging musculoskeletal
fibrous tissue components, such as menisci, ligaments, and tendons, with a conventional
spoiled gradient echo technique was explored in vivo at 3 Tesla and 7 Tesla. It was
demonstrated that after optimization, the presented Fourier-encoded spoiled gradient
echo sequence provides a highly robust and flexible imaging technique for high-resolution
positive contrast imaging of fibrous tissue that can readily be used in the clinical routine.

For imaging of fibrous musculoskeletal components, short or ultra-short echo time
methods are often combined with a conventional presaturation of the fat signal using
dedicated magnetization preparation schemes (FATSAT pulses). Alternatively, due to
the increased chemical shift, spectral excitation of water might become especially favor-
able at ultra-high fields. Thus, in chapter 3 different short binomial excitation schemes
for spectrally selective imaging of fibrous tissue components with short transverse relax-
ation time (T2) were analyzed. Water selective 1-1 binomial excitation was compared
to common FATSAT and nonselective imaging using a sub-millisecond spoiled gradient
echo technique for in vivo imaging of fibrous tissue at 3 Tesla and 7 Tesla. It was
demonstrated that for imaging of short-lived T2 components, short 1-1 binomial ex-
citation schemes proved to perform favorably over conventional FATSAT techniques,
offering marginal signal loss especially at ultra-high fields with overall improved scan-
ning efficiency.
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Short T2 relaxation times can be an inherent tissue characteristic such as in the
case of tendons or an induced one such as in the case of labeled cells. In chapter
4 the vTE method was adapted for in vivo imaging of iron-labeled islets. The vTE
scheme was used to develop and evaluate a double contrast method for the detection
of pancreatic islets labeled with superparamagnetic iron oxide (SPIO) nanoparticles.
A three-dimensional (3D) spoiled gradient echo sequence was adapted to yield a sub-
millisecond first echo time using variable echo times and highly asymmetric Cartesian
readout. The presented method allows 3D data acquisition within a single breath-hold
and provides positive contrast of transplanted SPIO labeled pancreatic islets enhanced
relative to standard negative contrast and thus improved identification.

6.2 Water-Fat Imaging

The increased research interest to identify and quantify water and fat signals was mo-
tivated by the raising prevalence of obesity and diabetes in the western world [3]. In-
creased presence of fat can indicate various pathologies. In this thesis I focused on
measuring fat in the liver. Detection of increased presence of fat in the liver is more
commonly detected in the last 20 years and is of increased importance since it usually
appears in asymptomatic patients [4]. Fat in the liver is an important marker for vari-
ous disorders, such as non-alcoholic and alcoholic fatty liver diseases, or viral hepatitis.
The gold standard for follow-up of fat diseases is biopsy, which is an invasive procedure.
In contrast to biopsy, MR spectroscopy-based fat quantification is non-invasive but can
be flawed by spatial heterogeneities. Imaging offers a more global image but it can also
be affected by T ∗

2 and other effects. Therefore there is a need for optimization and
standardization of fat measurement with MRI.

In chapter 5, a novel three-dimensional (3D) multi-echo approach was introduced
for liver water-fat imaging. A conventional spoiled gradient echo (SPGR) sequence was
modified to provide twelve multi-echo images for water-fat analysis based on a singular
value decomposition matrix pencil (SVD-MP) method; a powerful algorithm to analyze
the signal from multiple damped exponentials. Water-fat measurements were performed
in phantoms and in vivo in the liver in a single breath hold and compared to common
two-point Dixon imaging. The results were very accurate on phantoms and on the
expected range in volunteers. The proposed SVD-MP analysis in combination with the
adapted SPGR acquisition provides an efficient new method to accurately assess liver
water-fat fractions within a single breath hold.

6.3 Outlook

Future work will be focused both on translating the results to a clinical level, as well as
on further methodological developments.

Regarding the vTE method, further developments at ultra-high field will be focused
on sodium imaging for MSK applications at ultra-high field. Initial work [5,6] has shown
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that sodium imaging with the vTE method is feasible and promising, but the method
can still be further optimized.

Regarding the second part of the thesis and the water-fat quantification future work
will be performed on the translation of the method to a clinical level. Many promising
water-fat quantification techniques have been developed, but one of the most important
challenges is to move these methods to a clinical level and establish diagnostic standards.
Therefore, the next important step is to establish a relation with the gold standard, that
is spectroscopy, in order to make it possible to use the sequence for diagnostic purposes.
This step is already planned in collaboration with our colleagues in the Institute of
Experimental Medicine in Prague.

From a development point of view, the method will be developed further in order to
include a multi-peak spectrum. Another possible direction for development would be T ∗

2

quantification, since the method in principle can provide also dual T ∗
2 estimation (i.e.,

independent T ∗
2 estimation for the water and fat components). However, an accurate

estimation of water and fat relaxation values would require an assumption of a multi-
peak fat spectrum for the fat, or at least a second fat peak [7].

In conclusion, this thesis aimed to offer a set of new tools to be applied to MSK
and liver imaging, with the potential to be directly useful both in clinics and in basic
research. My hope is that my work will in the future be able to exploit the characteristics
of the gradient echo-based MR acquisitions in order to expand the knowledge and the
possibility for MSK imaging from one hand and increase the diagnostic value of MRI
for diagnosis of fatty liver on the other.
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