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Abstract

With the emerge of quantitative magnetic resonance imaging (qMRI) phan-
toms for quality assurance of quantification methods gain more and more
importance. The purpose of this thesis were the construction and evaluation
of such a phantom that provides verification of quantification methods
with three different contrast types. Tissue-mimicking relaxation times were
created with the doping of distilled water. As second contrast type different
fat fractions ranging from o to 100%,,; were created as emulsions of peanut
oil and agarose gel. The last type adds to physiologically relevant relaxation
times macromolecules that create a magnetization transfer (MT) effect to
the phantoms. The created phantom was evaluated with respect to By field
homogeneity, B; field homogeneity, relaxation times, fat fraction and MT
parameters.



i



Zusammenfassung

Mit dem Aufkommen von ”quantitaive magnetic resonance imaging”(qMRI)
werden Phantome zur Qualitdtssicherung von Quantifizierungsmethoden
immer wichtiger. Das Ziel dieser Arbeit waren die Konstruktion und Aus-
wertung eines solchen Phantoms, das die Verifizierung von Quantifizierungs-
methoden mit drei verschiedenen Kontrastarten ermdglicht. Gewebsdhnliche
Relaxationszeiten wurden durch die Zugabe kleiner Mengen paramagneti-
scher Substanzen zu destilliertem Wasser erreicht. Als zweite Kontrastart
wurden Emulsionen mit Fettkonzentrationen zwischen o und 100%,,; aus
Erdnussol und Agarosegel hergestellt. Bei der letzten Kontrastart wurden zu
physiologisch relevanten Relaxationszeiten Makromolekiile hinzugefiigt um
einen Magnetisierungs Transfer (MT) Effekt hervorzurufen. Das hergestellte
Phantom wurde im Bezug auf By Feld Homogenitit, By Feld Homogenitit,
Relaxationszeiten, Fettkonzentrationen und MT Parameter ausgewertet.
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1 Introduction

1.1 Quantitative MRI

In a classical point of view magnetic resonance imaging (MRI) is a non-
quantitative imaging modality. The contrast is caused by a composition
of multiple MRI relevant properties like longitudinal relaxation time (T7),
transversal relaxation time (T3), proton density as well as the chemical envi-
ronment of a proton and MT effects. The use of MRI for the quantification
of single MRI properties can open up new possibilities for scientific and
clinical applications. This implies a paradigmatic change from taking pic-
tures to a process of measuring physical quantities - or from a qualitative
to a quantitative point of view. There already have been several studies on
how a quantification of T; or T, can be applied. Correlations with relaxation
times and for example multiple sclerosis, epilepsy, dementia, alzheimer’s
disease and parkinson’s disease have been shown and could be utilized
for clinical monitoring or diagnosing. The measured quantities can also
be referred to as quantitative biomarkers and may be for example tumour
volume, functional network connectivities, metabolite concentrations, lung
functions or fat fractions. The quantification of hepatic fat can be utilized
for the diagnosing of nonalcoholic fatty liver disease (NAFLD) which has
an increasing prevalence. Here the quantification of fat fraction can be a
non-invasive alternative to the common biopsies. [1, 2, 3, 4, 5, 6, 7].

In order to provide quantitative imaging the results are expected to be
reproducible over time, between subjects, between scanner sites and between
manufacturers. To meet this requirement there is a need for standardized
imaging protocols and data collections as well as suitable quality control.
This is why phantoms with known MRI properties have been developed
that facilitate the monitoring of reproducibility and also to provide accurate,
always available and stable reference values for quantitative measurements
[2, 8].



1 Introduction
1.2 MRI Phantoms

MRI phantoms in general are objects with known geometry and imaging
properties, like for example T and T, that can be used as reference object
for many quality assurance facets.

Quality assurance can be divided into two groups. Methods dealing with
factors that rely on the imaging performance of the imaging device fall in
the first group. These are factors like By transmit and receive nonuniformity,
By nonuniformity, signal-to-noise ratio (SNR), image uniformity, gradient
amplitude, geometric linearity, slice position and profile and high-contrast
resolution. In order to ensure that the scanner is within specification these
parameters shall be evaluated periodically. Often phantoms for this group
are provided by vendors and quality assurance systems usually are included
in service routines.

The second group deals with the quality assurance, validation and compari-
son of different quantification methods. Since these methods often are not
provided by the magnetic resonance vendor (especially during fundamental
research) a quality assurance system needs to be designed that meets the
requirements of a particular quantitative measurement. These application-
specific phantoms can not only be used for quality assessment but also for
protocol-development or technologist trainings and corrections of already
collected images. In fundamental research application-specific phantoms are
used for the evaluation and validation of novel quantification methods [2, 8].

1.2.1 Commercially available phantoms

Phantoms that fall into the first group and hence allow the monitoring
of general parameters regarding the physical performance are also called
system-phantoms and are provided by several different organizations and
companies as well as by MRI scanner manufacturers.

“The Phantom Laboratory” sells different imaging phantoms, including a
couple of MRI phantoms under the name "MAGPHAN". They provide
phantoms for the evaluation of gemoetric distortion, uniformity, slice thick-
ness, resolution, SNR and T; and T, measurements [9].

"Leeds Test Objects” offers similar phantoms and further a reference phan-
tom for diffusion weighted imaging [10].



1.3 About this thesis

The “National Institute of Standards and Technology” (NIST) has already
done a lot of work in the field of gMRI, what includes the system-phantom
“Phannie”, that can be used for the analysis of geometric distortion, res-
olution, SNR, slice profiles and T, T, and proton density measurements.
Additionally NIST provides more application-specific MRI phantoms like
one for the evaluation of diffusion measurements, a susceptibility phantom
and a breast phantom that includes sections for diffusion measurements
as well as for T; and T, measurements [11, 12]. A phantom for quality
assessment was designed by the ”American College of Radiology” (ACR)
and provides the evaluation of geometric accuracy, high-contrast spatial
resolution, slice thickness, uniformity, signal ghosting and low-contrast
object detectability [13, 14].

The available phantoms are often very expensive. The prices for the ACR
phantom and Phannie are for example both of the order of 2000%$ [15, 16]).
Further for some applications (like fat fracion estimation) it is hard to find
suitable commercially available phantoms.

1.3 About this thesis

The purpose of this thesis was the creation of a phantom to simulate several
different MR properties in physiologically relevant value ranges. Three main
types of phantoms were created. In order to have a reference for relaxation
time mapping procedures the first type of phantoms are pure relaxation
phantoms with as less disturbing effects as possible. These phantoms should
imitate T; and T of tissues. The second type are relaxation phantoms with
MT effects and therefore, also include a variation of relaxation times but
additionally should have a measurable MT-effect in a physiological range.
This should reveal possible effects of MT on relaxation time measurements
different from the gold standard methods inversion recovery and a sequence
of spin echoes [17, 18]. The third type - fat-water phantoms - is a reference
for fat fraction quantification. Different known mixtures of fat and water
shall simulate fat concentrations in the human body in order to verify fat
quantification algorithms.
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After the creation of all mentioned phantom types they had to be evaluated
with respect to their properties and also the housing of the phantom had to
be evaluated with respect to it’s influence on the measurements. Overall this
means an evaluation of field homogeneities, relaxation times, magnetization
transfer ratio, fat-water fraction with an IDEAL based algorithm [19] as

well as with a spectroscopy method and the temperature dependence of
relaxation times.



2 Methods

2.1 Phantom Manufacturing

2.1.1 General Phantom Design

The phantom in general was designed in a modular approach. It consists
of contrast chambers which mimic different contrast properties that can be
combined arbitrarily. According to this approach it is easy to extend the
phantom hereafter with further contrast chambers with different properties.
For each of the three mentioned phantom types there exist several contrast
chambers in which the property that belongs to the phantom type is altered.
In order to hold all contrast chambers in place and seal the phantom
substances from the environment an appropriate housing had to be found.

Contrast Chambers

The first step for the design of the contrast chambers was to decide which
material to choose in direct contact to the phantom substances. For that
purpose different materials were considered.

Due to their susceptibility and conductivity non ferromagnetic metals were
no option. Polymers were considered but also excluded since they have
a permeability for gases and therefore, after some time air bubbles could
arise no matter how properly the housings are sealed. Glass was then the
material of choice since there is no permeability for gases and has relatively
low impact on the magnetic field inside the MR scanner [20].

After the material was chosen two different designs of chambers were
considered. The initial idea was to use ampoules. However, they only were
commercially available in diameters up to 2omm and with very thin wall
thickness and were therefore mechanically not very robust. As an alternative
to the commercially available ampoules individual designs purchased at a
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glassblower were considered but turned out to be a very expensive approach.
The second design approach was the use of glass bottles with a standard
taper grounded glass joint as closing system. Those grounded glass joints
are also used in chemistry for airtight connections and to seal volatile
substances from the environment. When grounded glass joints are greased
they provide a hermetic seal [21]. Narrow neck glass bottles with conical
shoulder were purchased at “Hecht-Assistent”. The narrow neck was chosen
to minimize the area at which the substances are potentially exposed to
the environment. To prevent a large enough imaging area for each contrast
chamber a volume of 5oml was sufficient (outer diameter: 42mm).

To reinforce the quality of the grounded glass joint seal the small gap
between inner and outer joint was additionally sealed with an epoxy glue
(Loctite 3430).

Further attention had to be taken when closing the bottles, since any trapped
air needed to be avoided. Since the grease of choice (according to it’s
price) was vaseline, special care had to be taken on the temperature of the
bottleneck when the joint was closed. Above a temperature of 37°C the
vaseline starts to melt which leads to two problems. First, the phantom
material is polluted and second the vaseline runs away from it’s desired
destination leading to a bad seal.

When closing the bottles with liquid content it appeared to be the best
practice to let the inner joint slowly slide into the outer joint and then suck
the remaining water in the gap with an absorbent towel. If the inner joint
was pushed and twisted until the inner joint stuck firmly in the outer joint
there was the risk that vaseline is pushed away from its designated place
and therefore there cannot be provided a hermetic seal anymore.

Housing

Additionally to the contrast chambers a housing that holds the glass bot-
tles in a defined position during a measurement was required. In order
to improve the magnetic field homogeneity inside the phantom it was de-
sired to design the housing in a way that it can be filled with water. This
reduces susceptibility discontinuities between contrast chambers and the
background. The influence of embedding media on the By homogeneity is
investigated in Section 3.1.1

The housing of the phantom can be seen in Figure 2.1 and the technical
drawings are appended to this document (Appendix A). An acrylic glass
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tube defines the overall shape of the housing, has a diameter of 18omm and
hence, fits into a headcoil. Also the other parts of the phantom housing are
made from acrylic glass. For the closure of the housing a bottom is glued
into the tube. To hold the bottles in place there are eight drillings with a
diameter that fits to the outer diameter of the bottles inside the bottom
plate. The top plate can be clicked into the acrylic glass tube and is fixated
with one plastic screw. For the purpose of making the housing water-proof
an O-ring seals the gap between the acrylic glass tube and the top plate.
For additional fixation of the bottles a layer of foam rubber is placed at the
top of the bottles and holds them in place when the top plate is inserted
and therefore pushes down the foam rubber. Since the top plate fits very
tight inside the housing reopening could be very tough. For this purpose
two rods were glued inside the acrylic glass tube, each below a drilling.
When the housing has to be opened two screws can be screwed inside these
drillings in order to press on the rods. This forces the top to lift up from
its place inside the housing and it can be opened. To tighten the housing
two short plastic screws with an O-ring also have to be screwed into these
drillings. The drillings also have a further benefit. They can be utilized for
the venting of the water filled housing to prevent susceptibility artefacts
caused by trapped air.

Figure 2.1: Phantom housing with used glass bottles inside
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2.1.2 Degassification

In order to remove dissolved air from all phantom substances a degassifi-
cation process had to be found. Two different degassing approaches were
examined.

Ultra Sound

For liquid substances ultra sound degassification is very convenient. Two
effects are responsible for the degassification which utilizes ultra sound for
that purpose. The first is called ”“gaseous acoustic caviation” and describes
the diffusion of gas into near-vacuum bubbles that arise during the low
pressure phase of an acoustic wave. These gas filled bubbles grow larger
and larger in low pressure phase and extract the air from the surrounding
liquid. The ”secondary bjerknes force” is the second effect and describes the
attraction force that is experienced by two bodies that are pulsating with
the same phase (like two bubbles pulsating in the same acoustic field). This
means that two bubbles are accelerated against each other and can form
even larger bubbles.

As soon as these two effects create bubbles that have a large enough buoy-
ancy to rise to the surface of a liquid the gas can be released to the environ-
ment [22].

Vacuum

For the degassification of substances with high viscosity a different method
than ultra sound has to be used since the rise of bubbles is more difficult
in those substances, due to the high viscosity. The second approach was to
evacuate a substance with dissolved gas in order to extract bubbles with the
application of low environmental pressure.

2.1.3 Relaxation Phantoms

In literature one can find many different approaches on phantoms that
simulate tissue-like relaxation time contrast [23, 24, 25, 26, 27, 28, 29]. Ba-
sically there exist two main types of relaxation time phantoms - gel-based
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and water-based phantoms. The advantage of gel-based phantoms is the
possibility to almost individually adjust T, by adding agarose to water. In
order to avoid MT-effects, which are known to occure in agarose gels [30], it
was decided to build water based relaxation phantoms. The MT-effect can
distort the measurements of relaxtion times for some sequences. Further-
more water-based phantoms may have a longer durability [8]. To be able to
adjust relaxation times nearly as flexible as with agarose one of the used
substances needed to have a high impact on T, and a relatively low impact
on T at the same time. The substances used for modification of the water
relaxation times were Gd — DO3A — butrol and MnCl,. Both of them were
readily available for the project. Gd — DO3A — butrol is a commonly used
contrast agent (Gadovist) to reduce T;. MnCl, fulfils the former mentioned
criterion of a much higher impact on T, than on T; and therefore is suitable
as a second component in order to be able to simulate a wide range of
relaxation times [25, 31].

Doping of water

The relaxation times for undoped water are noticeably higher than typical
relaxation times that can be measured for biological tissue (which can be
seen in Table 2.1).

Table 2.1: Relaxation Times of Tissue at 3T [26, 32]

Tissue T2inms | T1 in ms
Liver 42 £ 3 812 £ 64
Skeletal muscle | 50 £ 4 1412 £ 13
Heart 47 £ 11 | 1471 £ 31
Kidney 56 = 4 1194 +27

Cartilage 0° 27 £3 1168 £ 18
Cartilage 55° 43 £ 2 1156 £ 10
White matter 69 £ 3 1084 * 45
Gray matter 99 + 7 1820 *+ 114
Optic nerve 78 £ 5 1083 £ 39

Spinal cord 78 + 2 993 + 47
Blood 275 + 50 | 1932 £ 85
Fat 41 fto 385+ 34
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Hence, the relaxation times of water need to be shortened in order to use it
as an appropriate phantom material. With the addition of substances like
gadolinium, manganese, copper, nickel [33] or agarose [24] the relaxation
times can be influenced according to Equations 2.1 and 2.2. Where r; and r,
are the relaxivities of the added substance and C is the concentration of the
influencing substance in water [25].

1

— = +r-C (2.1)
Tl Tl,water

1

— +1r-C (2.2)

TZ T2,water

Since there are substances like manganese and agarose that mainly affect
T, and substances that have a similar effect to both relaxation times (e.g.
gadolinium, copper, nickel) it can be very useful to combine these two types
of substances to be able to create T; /T, combinations over a wide range. For
the design of phantoms with (almost) arbitrary T;/T, combinations made
of two components a and b, where 4 is the substance that mainly affects T,
Equations 2.3 and 2.4 are valid [24].

—1 -1 -1 -1
o TZ,desired B TZ,water - (7’2,;,/7’1’1,) (Tl, esired Tl,watgr)
Co = (2.3)
12,0 — (Top/11,p) 14

-1 1 1 1
. Tl,desired o Tl,water - (7’1,a/7’2,a) (TZ,desired B T2,water)
16— ("1,0/12,4) 72

Physical effects

Physical effects that make a shortening of T; and T, possible are mainly
dipole-dipole interaction, electron paramagnetism and scalar interactions.

Due to their high susceptibility every contrast agent molecule acts as a
magnetic dipole and can therefore be included in a mechanism called dipole-
dipole interaction. Since every dipole has an dipole field they slightly affect
the local By field. If the dipole fields of two dipols are located close enough

10
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to each other they have mutual influence. This field variation is called back-
ground field and varies randomly due to the presence of brownian motion.
The amount of dipole-dipole interaction is coupled to parameters like the
distance between spins or the gyromagnetic ratio 7.

Electron paramagnetism leads to strong relaxation centers close to param-
agnetic atoms due to the high magnetic moment of their electrons. These
relaxation centers also can increase the relaxation rates (and therefore de-
crease the relaxation times) of surrounding materials.

The third phenomenon is called scalar interaction. Here the relaxation is
influenced by an indirect coupling between nuclei. Scalar interaction is also
known as j-coupling and describes the splitting of resonance frequencies of
nuclei into multiplets. The resulting phase shifts can lead to a shortening of

Ty. [6, 34, 35].

Phantom Preparation

Eight phantoms with varying T; and fixed T, and eight phantoms with
varying T, and fixed T; were created as relaxation phantoms. The chosen
relaxation times that lie in a physiological range for 3 Tesla measurements
can be seen in Table 2.2.

Table 2.2: Adjusted Relaxation Times for the T; and T, phantoms
Phantom Nr. | 1 2 3 4 5 6 7 8
T1
in ms
T2 (fixed)
in ms
T2
in ms
T1 (fixed)
in ms

200 | 400 | 600 | 800 | 1000 | 1200 | 1400 | 1600

165

30 |65 |90 | 115|140 | 165 | 190 | 215

440 800

To calculate the necessary concentrations of Gd — DO3A — butrol and MnCl;
Equations 2.3 and 2.4 were applied. To increase the accuracy in dimension-
ing the amount of needed doping substances, the relaxivities of the used

11
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doping substances had to be examined. The according measurement pro-
cedure can be found in Section 2.2.3. T7 as well as T, of the distilled water
(T1,water and T, yater) that was going to be used for the preparation of all
phantoms were measured. The result of this measurement also was used for
the calculation of the needed doping agent concentrations (see Equations 2.3
and 2.4). With the given substances not all T; /T, combinations are possible
to achieve, since each doping agent has influence on both relaxation times.
Mathematically some combinations would lead to negative concentrations,
which cannot be realized in real world applications. Hence, limitations in
the distance between T7 and T, are present. Thus, it was not possible to
create a phantom with T, = 3oms and T; = 8ooms and consequently the
chosen longitudinal relaxation time for that phantom was shortened in
order to be able to simulate small physiologically relevant T5.

Since very low concentrations of each doping agent have a high impact on
the relaxation times, diluted stock solutions (31.26 mM for MnCl, and 2o0mM
for Gd — DO3A — butrol) were prepared in order to minimize measurement
errors when pipetting the doping agents. The stock solutions’ relaxivities
were evaluated before the phantom creation as it can be seen in Section 2.2.3.

For each phantom the calculated amount of each doping agent stock was
pipetted into 75ml distilled water. The mixture was then filled into a glass
bottle (see Section 2.1.1) and placed in an ultrasound bath at a temperature
of 70 °C for go minutes. Occationally (approximately every 30 minutes)
the ultrasound bath was switched off and on in order to let the created
air bubbles escape more easily. The temperature of 70°C was chosen since
liquids can dissolve less gas at higher temperatures [36] and therefore the
degassification process is supported. The bottles then were cooled to a
temperature of 25°C in a water bath before they were carefully closed with
their plugs and vaseline. Subsequently the gap between plug and bottle
was dryed with an absorbant towel and the bottles were sealed with Loctite
3430 and immediately stored at the MRI-Scanner room. This location has
an ambient temperature of 23°C that can be considered as constant. Here
the water shrinks slightly due to a temperature decrease with respect to the
25°C when closing the bottles and the plug is sucked into the bottles more
tightly before the sealing glue fully cures. A storage at constant temperature
is very important after the glue cured since then the density variations of the
liquids cannot be compensated by the plug’s elasticity any more. The effect
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of a small temperature change between 20°C and 25°C are investigated
below.

Some of the bottles showed leaky spots due to inefficient closing or air-
bubbles due to inefficient degassification after a few days. In that case a
smaller amount of phantom dilution was prepared (e.g. 5ml) and used for
topping up the phantom after reopening. To be able to create a tight seal
after reopening the plug has to be cleaned properly before closing. This was
done by ultrasonication for 5 minutes at 70°C.

Water Volume Calculation with varying Temperature

Following values for the density of distilled water were gathered from [37].
The volume at 25°C is estimated for a completely filled bottle.

p20c = 0.998203 £,

p2s5c = 0.997044 £

V25C = 60ml

m = V25C *P25C = 59823g (25)

The mass stays constant with a temperature fluctuation so the volume with
an other density can be calculated.

Vaoe = —— = 59.931ml (2.6)
©P20C
AV = V25C — VZOC = 695}11 (27)

If the bottle neck is observed the shape of the calculated volume can be
considered as a cylinder with a radius r of ymm. Therefore the change of
water level Ah can be calculated as follows.

AV

Ah = 2= 0.455mm (2.8)

This means that a reduction of temperature from 25°C to 20°C to a shrinkage
of water by 69.5ul which is a macroscopically visible volume or an equivalent
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decrease of water level in the bottle neck of 0.455mm.

2.1.4 Fat-Water-Phantoms

In different tissues different ratios of fat and water can be found. The
quantification of fat ratio can be a powerful indicator for pathologies like
NAFLD. Non invasive magnetic resonance quantification methods are a
promising alternative to nowadays mainly used biopsies [7]. In order to
have a reference object for fat quantification methods in magnetic resonance
imaging a set of fat-water phantoms was created.

Emulsions

An emulsion consists of two immiscible liquids. One of the liquids is called
continuous phase and one disperse phase. The disperse phase forms droplets
that are surrounded by the continuous phase. To be able to form an emul-
sion an additional substance has to be added to the two immiscible liquids
which is called emulsifier. As emulsifiers often surfactants are used. These
molecules have a hydrophilic and a lipophilic part. With this property they
are able to bind to the oil phase as well as to the water phase and enable
the mixing of two immiscible liquids. An appropriate emulsifier alone is
usually not enough to prevent an emulsion from a breakdown in the long
term. There are different types of breakdown processes shown in Figure 2.2

[38, 39].

14



2.1 Phantom Manufacturing

WS A

Figure 2.2: Differnt types of emulsion breakdown processes [38]

To prevent an emulsion from these breakdowns various precautions can
be taken. The most relevant precautions for the created phantoms are the
following:

* Reduce the droplet size
* Use thickeners to increase the viscosity of both phases

e Use mixed surfactant films

Homogenization

To take the first precaution - reduce the droplet size - devices called ho-
mogenizers can be utilised. Homogenizers are devices that produce high
shear stresses in immiscible liquids in order to decrease the droplet sizes
as well as to make sure that the two liquids are equally distributed in the
volume. In Figure 2.3 a rotor-stator mixer is sketched, where a high speed
rotor is surrounded by a stator and the gap between the two components is
as small as possible. When the emulsion is forced to go through the thigh
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gaps between rotor and stator very high shear stresses are applied to the
liquids which break up large droplets [40].

FIGURE 20

Figure 2.3: Sketch of a high shear mixing device in order to reduce droplet sizes in emul-
sions [40]

For the creation of an homogeneous emulsion that also provides homoge-
neous MR-images high shear stresses had to be applied to the emulsion as
mentioned previously. First attempts with manually mixing the emulsion
with available tools like spoons failed. The disperse and continuous phase
could be seen in the images. For a good emulsification a homogenizing
device was required and therefore a homogenizer similar to the rotor-stator
mixer was constructed. Additionally the application of a rotor stator mixer
increased the stability of the emulsion since small droplet sizes are one
criterion for stable emulsions.

High shear mixing attachment

The approach of a high shear mixer was suitable since a stepper motor
was readily available for this project. Inspired by the sketch that can be
observed in Figure 2.3 a high shear mixing attachment for the available
steppermotor was constructed with Solid works and afterwards 3D-printed
with the xyz-Printer DaVinci Pro Jr.. The construction can be seen in Figure
2.4. Technical drawings can be gathered from the Appendix B.
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Figure 2.4: 3D printed high shear mixing attachment with stepper motor

Motor Control Unit

To run the stepper motor a suitable control unit had to be found. An output
stage for stepper motors also was readily available. To run this output stage
a square-wave signal had to be generated and fed to the output stage. For
the generation of this signal a small circuit was designed and cased in an
3D-printed housing. The schematics, layout and also the technical drawings
can be found in the Appendix B

Phantom Preparation

The contrast chambers of the fat-water-phantom consist of emulsions with
different fat-water concentrations between o and 100%,,;. For the water
phase distilled water’s relaxation times were adjusted with Gd-DO3A-
butrol and agarose to a biologically relevant range. Agarose also acts as
an soldifying agent in the emulsion since it increases the viscosity of the
water phase when cooled down. As an emulsifying agent sodium dodecyl
sulfate (SDS) was used which can also be found in literature in fat-water
phantom recepies [7, 41, 42]. SDS is an anionic surfactant and is often used
in cosmetics like shampoo and dental creams [39].
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For the fat-phase peanut oil was used which has similar MRI properties than
human adipose tissue [43]. The ingredients described so far in principle can
form a stable emulsion already. According to fact that the whole range of
fat-water concentrations had to be covered not all emulsions were properly
soldified since high fat concentrations cannot be gelled with agarose. To deal
with this issue 10% stearic acid was added to the peanut oil which soldifies
the fat phase at room temperature. An additional advantage of the addition
of stearic acid to the fat phase is the fact that stearic acid is a nonionic
surfactant and therefore improves the emulsion since the mixture of ionic
and nonionic surfactants can often increase the stability of emulsions [39,
38].

As a preservative sodium benzoate (3mM) was added [44].

Mixing procedure

For the emulsion creation first water- and fat-phase were prepared for all 11
phantoms. In total water and fat phase were created at a volume of 550ml
each. Therefore an agarose gel with 2.57 %ss agarose powder was created
for the water phase. The agarose powder was slowly added to distilled
water at room temperature while slowly stirring with a magnetic stirrer.
The agarose mixture was allowed to swell for 30 minutes. Then the agarose
mixture was slowly heated up on a heating plate with occasionally stirring
until the agarose was completely diluted. Then 43 mM SDS, 103.5 mM
Gd-DO3A-butrol and 3 mM sodium benzoate were added. The finished
water phase was stored in an ultrasound bath at 70°C for degassing.

The fat phase consisted of peanut oil (which was weighted with knowledge
of it’s density) with 10%,,; of stearic acid. Stearic acid was added to the oil
and the mixture was heated with occasionally stirring until the stearic acid
was completely dissolved. The fat-phase was stored in the ultrasound bath
as well.

The two phases were then mixed with the homogenizer (see Figure 2.4)
in different concentrations between o and 100%,,,; with intervals of 10%,,;.
The rotational speed of homogenization was decreased with increasing
fat concentration in order to prevent the emulsions from foaming. The
volumes of water- as well as fat-phase were weighted with knowledge of
the densities of each component in the phases. This was found to be a
more accurate method than measuring the volume directly. During the
preparation process the actually weighted mass was noted to calculate the
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real fractions. The emulsions were stored in an ultrasound bath at 70°C for
one hour with occasional stirring. Subsequently they were filled into the
glass bottles and stored in the ultrasound bath for another hour without
further heating. Afterwards they were kept in the fridge until they solidified
(approximately one more hour). Since the emulsions shrank when cooling
down they needed to be topped up before closure. For the topping up
remaining emulsions were stored in 1oml vials in the ultrasound bath at
70°C until the according phantoms solidified.

2.1.5 Magnetization Transfer Phantoms

The protons that can be imaged in tissue are bound in different chemical
environments. The more mobile protons are the longer is their T,. Hence,
protons of macromolecules have very short T, and therefore cannot be
detected directly with a magnetic resonance scanner. Nevertheless they can
be made visible with an offresonance radio frequency(RF)-impulse. As it
can be seen in Figure 2.5 macromolecules are much more sensitive to offres-
onance RF-impulses than mobile protons. If this offresonance RF-impulse
is applied as a saturation pulse the immobile protons are saturated. The
mobile protons are influenced indirectly by the saturation pulse since there
is an exchange between both types - magnetization is transferred from
the immobile protons in large molecules to the mobile protons in small
molecules and vice versa. The visible effect in resulting images is a signal
decrease depending on the amount of macromolecules in a voxel and their
exchange rates. This imaging modality is known as magnetization transfer
contrast (MTC) [45].

The magnetization transfer phantoms were created in order to have an
additional phantom for relaxometry with biologically relevant MT.
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Figure 2.5: Absorption linshapes of the macromolecular pool (immobile protons) and the
liquid pool (mobile protons). An offresonance rf saturation pulse as marked is
only noticeable for the macromolecular pool.[45]

Macromolecules for the Simulation of Magnetization Transfer

To simulate MT properties of tissue macromolecules are needed in the
phantom substance. In previous works cross-linked bovine serum albumin
already has been described as a model for tissue [46]. Also large sugar
molecules like agarose can be a substance to increase the magnetization
transfer effect in substances. Though in comparison with cross-linked pro-
teins like bovine serum albumin it can be seen that bovine serum albumin
behaves more similar to human tissue than agarose and therefore should be
preferred for the created phantoms [30]. Cross-linking is a reaction where
proteins are linked to each other and therefore form even larger molecules -
the magnetization transfer effect is increased. This reaction can be initiated
chemically (addition of glutaraldehyde [46]) or thermically (apply heat to
the substance [47]).

Due to the high cost of bovine serum albumin an alternative with similar
properties was searched. The idea was to use an other subtype of albumin.
Ovalbumin is albumin extracted from egg-white and can be purchased in a
raw form (approximately 80% purity) for a distinctly lower prize.
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Phantom Preparation

For the MTC chambers eight phantoms were created which were adjusted
to different relaxation times (see Table 2.3) and an MT-effect as similar to
tissue as possible. For the MT-effect some initial experiments were executed
and 33%;uass Ovalbumin was found to create a magnetization transfer effect
similar to tissue. The related measurement are described in Section 2.2.5.

Table 2.3: Adjusted Relaxation Times for the Magnetization Transfer Phantoms

Phantom Nr. | 1 2 3 4 5 6 7 8
Tl 350 | 500 | 650 | 800 | 920 | 200 | 200 | 200
in ms

TZ (fixed) 40 |40 |40 |40 |40 |20 |30 |35
in ms

In order to create the phantoms 6ooml protein dilution with 30%y.ss Ovalbu-
min had to be created. Ovalbumin has to be added very slowly to water to
prevent it from forming lumps. The best practice for this dissolving process
was found to be a combination of slow mixing with a magnetic stirrer and
dispensing the ovalbumin in small portions over the water surface with a
spatula. The subsequent portion was added as soon as the previous was
diluted completely. As a preservative also in MT phantoms sodium benzoate
(3mM) was added.

For the adjustment of relaxation times the mixed stocks of Gd-DO3A-butrol
and MnCl, were used again and their needed concentrations were calcu-
lated using Equations 2.3 and 2.4. To apply the formulas correctly for the
magnetization transfer phantom T; and T, of the raw ovalbumin dilution
was measured and used as T7 yater and T2 yater Tespectively.

Since foaming could not be prevented completely a degassing method for
the ovalbumin dilutions had to be found. It was found that the best practice
is to evacuate the phantom substances for multiple cycles of 15 minutes with
intermediate stirring to prevent the substance’s surfaces from becoming too
dry. After this procedure the phantoms were filled into a glass bottle and
stored in the fridge overnight to let the last remaining air bubbles escape.
Then the proteins were cross-linked. Therefore, the glass bottles were heated
in a water-bath at 85°C for 10 minutes. The bottles with the gelled dilutions
were then closed and sealed.
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2.2 Measurements

2.2.1 By Homogeneity Measurements

The homogeneity of the main magnetic field is an important factor for
the imaging quality that can be reached in an MRI scanner. There are two
artifacts that can occur due to magnetic field inhomogeneities. The first
is image distortion. This is due to a misregistration to a spatial position
since the spatial encoding is done by gradients. The other one is called echo
shifting. This means that a gradient echo (GRE) occures on a shifted echo
time T} and hence a signal loss may be observed when the echo is recorded
at echo time T [48, Chapter 20.0].

For MRI sequences that are based on GRE methods it is additionally relevant
that additional inhomogeneities have an influence on T; measurements since
they lead to a shortening of T

How Inhomogeneities influence T}

In general T, is shortened by additional spin dephasing due to By inho-
mogeneities. If the precession frequency of two spins in the same voxel
only differs by 5 Hz after 100 ms the slower spin will be half a turn (180°)
behind the faster spin and therefore their signals will cancel out each other.
The consequence will be a decay in signal. According to Equation 2.9 the
precession frequency w is proportional to the magnetic field B and the
gyromagnetic ratio v of hydrogen nuclei and will adapt to a change in the
magnetic field.

w=7-B (2.9)

If Lorentzian spectral density functions are assumed the reduced transversal
relaxation time can be stated as it can be seen in Equation 2.10 where = is

T
YAB [49].

1 1 1

Tz* Tz Tz, (2.10)
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Field Map Collection

In GRE imaging By inhomogeneities have impact on the resulting images in
two ways. The first is - as already mentioned - the faster signal decay with
the time constant T; due to local field inhomogeneities inside one voxel.
The second impact is caused by global inhomogeneities of By that result in
phase shifts across the whole image, due to the different resonance.

By averaging the fundamental relation between main field and frequency
(see Equation 2.9) Equation (2.11) for the By inhomogeneity can be derived
out of two GRE acquisitions. [50]. The phase difference A¢ can be gathered
by the subtraction of the phase images of two echo gradient images with
different echo times TE; and TE,.

_ A¢
ABy = Y (TEs — TEy) (2.11)

Image Acquisition

A Skyra 3T system (Siemens, Erlangen, Germany) was used to acquire
four 2D GRE images (Echo Time (TE) = [2.25ms, 5.57ms, 8.89ms, 1220ms]).
Repetition Time (TR) was 6oms for all images and flip angle « was 30°. 256
x 256 voxels were recorded in a field of view (FoV) of 180 x 18omm with
3mm slice thickness.

Glass Bottle Evaluation

To investigate the influence of the selected glass bottles on the By homo-
geneity Equation 2.11 was applied on the two GRE images with TE 2.25ms
and 8.8gms.

A single bottle has been recorded in coronal and sagittal direction. To see if
neighbouring bottles influence each other in terms of By field homogeneity,
we also acquired two bottles simultaneously in different arrangements. First
they were arranged horizontally next to and then vertically above each other.
The bottles were oriented along the main magnetic field(see Figure 2.6).
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ﬂ_i J:
J: -

a: one single bottle

b: two stacked

Figure 2.6: Configurations of bottles in the MRI-Scanner for glass bottle evaluations with
respect to By homogeneity

Phantom Housing Evaluation

To evaluate the homogeneity of the whole created phantom eight water
based phantoms were put into the water filled housing and the whole
housing was placed inside the head coil of the scanner so that the phantoms
were oriented as sketched in Figure 2.6(a). To evaluate the homogeneity of
the whole housing the four GRE acquisitions were recorded for a 3D-volume
with 32 slices of 2mm thickness. In each slice 128 x 128 voxels in a FoV of
185 x 185mm were recorded.

Data Processing
Glass Bottle Evaluation

Before A¢ can be computed it has to be considered that there will be
wrapped phases in the phase map. This is due to the fact that the phase
represents a rotation which is 27t periodic. As a consequence the phase is
represented in an interval between —7t and +7. If the interval is exceeded
the value jumps to the opposite site of the interval similar to a modulo
operation. The resulting jumps in the phase maps need to be compensated
before the two recorded phase maps can be subtracted. Methods that im-
plement such compensations are called phase unwrapping methods [51].
Therefore an online available matlab script was used which implements the
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phase quality guided phase unwrapping method [52].

AB was then calculated as stated in Equation 2.11. For better comparability
AB was rescaled to ppm as it is stated in Equation 2.12 with By set to 2.895T
since this is the magnetic field strength of the used magnet. AB was also
rescaled to frequency in order to see how precession frequency is influenced
by By inhomogeneities as stated in Equation 2.13

AB - 10°
ABppm = B0 (2.12)
A .
af=220 (2.13)

To compare the homogeneity variations a region that seemed to be homo-
geneous was selected and AB\ was evaluated for each bottle configuration.
In Figure 2.7 the selected region is displayed. In order to ensure that the
same region is selected for each bottle configuration - which implies that
the different bottle configurations can be properly compared to each other -
the By maps of all configurations were registered on each other.

Figure 2.7: Region selected for evaluation of the influence of neighbouring bottles

This analysis is influenced by eddy currents which are induced in the begin-
ning of each measurement and diminish with time. Due to this influence
there can be observed differences in the fieldmap amplitude when different
echo times are utilized for evaluation.

25



2 Methods

To overcome this issue an alternative evaluation technique was used. For
the utilized modified IDEAL [19] evaluations (see Section 2.2.4) a field map
is estimated from all input images and can also be used for that purpose. In
this estimation more than two images are taken into account and the eddy
currents’” influence is minimized due to an averaging of four measurements.
An additional advantage of this evaluation is a smoothness constraint in the
estimation algorithm that reduces noise that might influence the quality of
the fieldmaps.

To have a further insight on how the measurement quality can be affected by
magnetic field inhomogeneities the change of T; caused by inhomogeneities
was investigated. The maximum AB in each voxel of 1mm x 1mm X 4mm
was used to find the maximum T; where the additional influence of By
inhomogeneities shortens T, by less than 10% according to Equation 2.10.

Phantom Housing Evaluation

To result in a fieldmap from the acquired data also for the whole housing the
By estimation implemented in the IDEAL algorithm was utilized. Further
the influence on T; measurements was evaluated according to Equation
2.10

2.2.2 B; Homogeneity Measurements

Also homogeneity of the magnetic field related to the RF field, the B;
tield, is an important factor for imaging quality. If a non uniform field is
produced by the RF coils the image intensity varies across the image since
larger amplitudes of By also cause larger flip angles [48, Chapter 7.4.3].
Inhomogeneities in By not only cause image distortions but also have an
impact on many quantification methods like for example the rapid T;
quantification method used for relaxation phantom evaluation (see Section
2.2.3) [53]. Therefore, also this factor was evaluated for the created phantom
with a method based on an effect called Bloch-Siegert shift [54].
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Bloch-Siegert BT—Mapping

When an off-resonance RF field is applied the resonance frequency of
protons shifts according to the already mentioned effect - the Bloch-Siegert
shift. This shift can be applied for the mapping of B; field variations when
an off-resonance pulse is applied after an excitation pulse. This offresonance
pulse’s frequency has to be located far enough away from the excitation
frequency to avoid further excitation of the spins. According to the Bloch-
Siegert shift the frequency of the spins changes during the off-resonant
pulse and as a consequence a phase shift proportional to the squared B;
magnitude can be observed [54].

Image Acquisition

Two 3D GRE records with TR = 102ms, TE = 13.6ms and a = 60° were
acquired for the whole phantom volume in 32 slices of 2mm with 128 x
128 voxels each in a FoV of 227 x 227mm. The offresonance RF-pulse was
applied between exitation and readout with a duration of 1oms to create
the Bloch-Siegert shift. The pulse had an onresonant equivalent flip angle of
1000° for both images with a frequency shift with respect to water of 4 kHz
for the first and -4kHz for the second image.

Data Processing

The acquired data was feed into an algorithm for ultrafast 3D Bloch-Siegert
B -Mapping that uses variational modeling [55].

A resulting B; map was then used for further evaluation regarding the
spatial distribution of B; inhomogeneities in the phantom volume.
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2.2.3 Measurements regarding Relaxation Times
Phantoms

Transversal Relaxation Time Measurements
Spin Echoes

To measure the time constant T, a sequence of spin echo (SE) images can be
used. The signal that can be recorded with a SE decreases with rising TE
according to an exponential function with the time constant T, (see Equation
2.14). The reason for the independence of SE from By field inhomogeneities
is a 7t pulse (refocusing pulse) that rephases the spins that where dephased
due to By inhomogeneities earlier [48, Chapter 8.2].

M(TE) = Mge TE/T2 (2.14)

A very important factor to prevent measurement errors is the chosen TR. If
TR is chosen too small the longitudinal magnetization M(t) will not fully
relax to the equilibrium magnetization M, before the next excitation pulse
and therefore the measured signal is less than theoretically described in
Equation 2.14. Considering the impact of TR on M(t) a modified Equation
2.15 can be stated. If the effect of TR shall be minimized it should be chosen
to be five times larger than the longest T} in the area in which T, should be
evaluated [56, Page 150][48, Chapter 8.3].

M(TE, TR) = My(1 — e~ TR/T1)=TE/T (2.15)

An other method that may be considered is a multi spin echo where one
excitation pulse is followed by a series of refocusing 7r-pulses, which de-
creases measuring time noticeably [48, Chapter 8.2]. The drawback of this
method is a strong influence of stimulated echoes on the measured signal
and therefore it is not of sufficient accuracy for the application at the created
phantoms [57].
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Longitudinal Relaxation Time Measurements
Inversion Recovery

The gold standard for the measurement of T; is a sequence called inversion
recovery (IR). In IR at first a 77 pulse IR the longitudinal magnetization to
the negative direction. After a inversion time T} the remaining longitudinal
magnetization is flipped to the transversal plane with a 7 pulse and then
the signal is measured. When several of these IR images with different
inversion times are recorded the time constant T} can be evaluated. With
the assumption of ideal 77 and 7 pulses in Equation 2.16 the signal progress
after a 7 pulse can be seen. Since TE is kept constant across the acquisition
series e~ TE/T2 can be considered as a constant factor. This implies that the
only unknown parameter in M(TI, TE) is T; [48, Chapter 8]. Since imperfect
inversion is a big issue in T; quantification as inversion pulse an adiabatic
pulse was used, which has a low sensitivity to By inhomogeneities [58].

M(TI, TE) = My(1 — 2~ TH/T1)e=TE/T2 (2.16)

Rapid T; quantification

Since IR is very time consuming also faster methods have been developed.
The method utilized for this thesis was a variable flip angle method that
utilizes a model based reconstruction approach for 3D radially recorded
data. The pulse sequence used for that method was RAVE with a golden-
angle ordering scheme [53].

Relaxation Times Data Processing

The data processing of the recorded IR and SE images was done for all
relaxation times evaluations in the same way. For each pixel a series of inten-
sities can be extracted from the acquired series of images. These intensities
can be fitted to their corresponding exponential function (an exponential
increase for IR and an exponential decrease for the sequence of SE images).
As fitting procedure the “fminsearch” function provided by matlab was
utilized. For the SE images the fitted constants can be interpreted as My and
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the relaxation time Tp. In IR it is known that a fit of the two parameters M
and Tj is very sensitive to systematic errors as for example non-ideal flip
angles due to By inhomogeneity. Therefore, the application of a more robust
three parameter fit is suggested [59]. This was achieved by a fit to Equation
2.17 where a describes the coefficient of inversion.

M(TI, TE) = My(1 —a - e TH/T)e=TE/T2 (2.17)

Evaluation of Relaxivities

To determine the relaxivities of the used doping agents (Gd — DO3A —
butrol and MnCly) in the created stock solutions (31.26 mM for MnCl,
and 20mM for Gd — DO3A — butrol) 4 different concentrations of MnCl,
(varying between 0.02 and 0.6mM) and 5 different concentrations of Gd —
DO3A — butrol (varying between 0.07 and 1mM) were filled into vials with
5oml each. The concentrations where chosen in a way that the theoretically
resulting relaxation times are in a physiological and therefore frequently
measured range. For the g vials T; and T, times were measured with the
previously explained methods.

To determine T; the IR SE sequence with TE = 11ms, TR = 8oooms and 13
different TI = [4oms, 8oms, 120ms, 160ms, 200ms, 300mMs, 400Ms, 500Ms,
750ms, 1000mMs, 1500mMs, 2000ms, 3000ms] was used.

For T, determination a sequence 13 of SE images with TR = 500oms and TE
= [5ms, 10ms, 15ms, 20ms, 30ms, 40ms, 50ms, 75ms, 100mMs, 150mMs, 200Ms,
300ms, 40oms] were recorded.

For both relaxation time measurements a 2D measurement of a smm slice
with 128 x 64 voxels in a FoV of 180 x gomm. The resulting relaxation times
and their corresponding concentrations were then fitted to equations 2.1
and 2.2 in order to result in the relaxivities for Gd — DO3A — butrol and
MTZClz.

Evaluation of T; and T, of the Relaxation Phantoms

For T; measurements IR and the rapid T quantification method explained
in [53] were used, for T, the single SE sequence with different TE was
used. Both methods were recorded in 2D in a 5mm slice with two different
resolutions in two measurement sets. The first set was measured with a
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pixel spacing of 1.145mm and the second with 1.445mm in phase encoding
as well as in frequency encoding direction. The measurement sets were
composed as Set1 = [T1-2, T1-3, T1-4, T1-5, T1-6, T1-7, T1-8, T2-2] and Set2
= [T1-1, T2-1, T2-3, T2-4, T2-5, T2-7, T2-8] (see Phantom Labels in Tables 3.2
and 3.3).

For IR a TE of 11ms was chosen, TR was 1000oms and the acquired images
had inversion times TI = [goms, 8oms, 120ms, 160ms, 200ms, 300ms, 400ms,
500ms, 750ms, 1000mMs, 1500mMs, 3000mMs].

Spin echoes were acquired with a repetition time TR = 10000oms and the
echo times for the images were adjusted as follows - TE = [11ms, 15ms,
20ms, 30ms, 40mMs, 50ms, 75ms, 100ms, 150ms, 200ms, 300ms, 500ms].

For the rapid T; quantification 10 flip angles between 1° and 19° in 2° steps
with 89 spokes were acquired in 3D with the RAVE sequence. Here 256 x 256
x 40 voxels in a FoV of 227 x 227 x 2mm were imaged with TR = 5.38ms and
TE = 2.46ms. In addition to the RAVE images a 3D Bj-map was necessary
and therefore the Bloch-Siegert method mentioned in Section 2.2.2 where
all parameters stayed the same.

Evaluation of Temperature Dependence of Relaxation Times
Phantoms

Since T; of gadolinium and manganese [60] are known to be highly tem-
perature dependent the relaxation time variation due to a variation of
temperature was evaluated. In order to avoid a damage of the final T; /T5-
phantoms (due to expansion and contraction of water with temperature
variation) a different set of ten phantoms was used for this experiment. The
adjusted relaxation times were T = [200ms, 8ooms, 1000ms, 440ms, 8ooms,
8ooms, 8ooms, 8ooms, 8ooms] and T, = [165ms, 165ms, 165ms, 30ms, goms,
115ms, 140ms, 190ms, 215ms]

To be able to evaluate the temperature dependence of the phantoms relax-
ation times were measured for three temperatures T = [20°C, 37°C, 50°C]. In
order to keep the phantoms at the designated temperatures they were put
into a water bath that was supplied with tempered water by tubes connected
to a water pump with heating function. To monitor the temperature inside
the water pump as well as in the water bath optical temperature sensors
(FOT Lab Kit Fluoroptic Thermometer, Luxtron Corporation) were used.
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The preparation for the experiment started with the connection of all re-
quired tubes and care had to be taken that the pump is located lower than
the jar for the water bath since the water backflow was passive and therefore
only effective if no potential has to be overcome. Afterwards the tubes had
to be vented and the inflow had to be regulated by squeezing the tube to
get a balance between in- and outflow so that the water in the jar neither
totally flows off nor an overflow occurs.

As soon as the water bath was located inside the scanner some time was
needed until the water temperature inside the water bath equalized. Sub-
sequently the phantoms were allowed to equalize their temperature with
the water bath for 45 minutes before the measurements started. During the
measuring process one person was inside the scanner room to observe the
liquid level in the water bath and thereby prevent a total flow off as well as
an overflow.

To acquire knowledge about the relaxation times of the phantoms for each
temperature IR T} measurements (see Section 2.2.3) with TE = 11ms and TR
= 5000ms and TI = [8oms, 120ms, 200ms, 400ms, 500ms, 1000ms, 1500ms]
were executed. Additionally a spin echo T, measurement (see Section 2.2.3)
was carried out with TR = soooms and TE = [11ms, 20ms, 4oms, 75ms,
100ms, 150ms, 200ms]. TR for these measurements was chosen to be smaller
than for the other measurements to shorten the scan-time though this can
lead a systematic measurement error as described in Section 2.2.3.

Evaluation of Long Term Stability

For an insight on the long term stability of the relaxation phantoms the
measurements of their relaxation times were repeated exactly three month
after the initial evaluation. T7 and T, were measured with IR and a sequence
of single SE respectively and the the same parameters as in Section 2.2.3
were used. The pixel spacing was 1.523mm X 1.523mm. Phantom T2-6 was
not evaluated for long term stability since it was excluded immediately
after the initial relaxation times evaluation due to an imperfect seal. It was
decided not to prepare a new phantom since T1-4 basically has the same
relaxivity properties anyway.
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2.2 Measurements
2.2.4 Measurements regarding Fat-Water Phantoms

Spectroscopy

Magnetic resonance spectroscopy is the gold-standard method in order
to quantify the amount of fat and water in substances. Depending on
their chemical environment protons are shielded from the surrounding
magnetic field. This causes different Larmor frequencies for protons in
different locations inside one molecule. This effet is called chemical shift.
The spectrum is gained by calculating the Fourier transform of the free
induction decay (FID). Different peaks can be seen and they can be referred
to chemical surroundings of hydrogen nuclei. Provided that the spectra of
fat and water are known they can be separated in a mixed spectrum. The
ratio of the areas under the separated peaks correspond to the ratios of fat
and water [41, 61].

Data Acquisition

As measurement technique a single voxel spectroscopy sequence called
STEAM was used. This sequence consists of three subsequent 9go° pulses
each encoding one orthogonal direction so only one voxel is stimulated by
all pulses and hence the resulting stimulated echo can be considered to
originate from one voxel [61]. With STEAM short echo times compared to
other spectroscopy sequences can be achieved. This can minimize effects
due to varying T in different peaks of the spectra. Measurements regarding
the fat-water phantoms were performed with TE = 5.4ms. Preparatory to the
measurements the magnetic field inside the chosen voxel had to be manually
shimmed to improve the homogeneity and thereby the measurement quality.
For each phantom 10 measurements were averaged to increase the signal to
noise ratio. A bandwidth of 2000 Hz was chosen for a voxel with size 18mm
x 18mm x 2omm. The voxel was placed in the centre of the phantom with a
gap to the bottle walls.

For high water concentrations the water peak rises significantly in the
spectrum so that the fat peaks become almost invisible. To overcome this
issue for water concentrations between 30%;,; and 90%;,; two spectra were
acquired. One as described previously and one with an additional water
suppression pulse.
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Data Processing

The measured spectra were viewed with jMRUI v5.2 [62, 63]. Also the
processing of the spectra were performed with this software. For phase
correction the zeroth-order phase error (due to a mismatch between receive
and excitation channels [56]) and a timeshift (which causes a phase error of
tirst order) were compensated. Subsequently the peaks of each spectrum
were seperated and quantified using the AMARES algorithm [64]. For this
analysis the peaks and their full-width-half-maximum had to be selected
manually and then Lorentzian lines were fitted to the shape of each peak.
The manual selection was done with the knowledge of the ideal shape of
a fat spectrum as it can be seen in Figure 2.8. With the fitted Lorentzian
lines areas and therefore the signals of fat and water can be calculated. For
water concentrations larger than 30%,,; only the water peak was fitted in the
complete spectrum. All fat peaks were gained from the water suppression
spectrum since only there the smaller fat peaks are visible due to a higher
signal resolution. In order to get the fat fractions the gathered signal fractions
have to be corrected with the proton density correction stated in hereafter.

@ 420Hz

472H%

0 200 400 600
Frequency at 3T (Hz)

Figure 2.8: Spectrum of peanut oil with all it’s relevant peaks which is similar to the
spectrum of adipose tissue [43].
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IDEAL

IDEAL is the abbreviation for iterative decomposition of water and fat with
echo asymmetry and least squares estimation and a high resolution imaging
method for fat-fraction quantification. This algorithm is based on a fat water
separation method called two-point Dixon method [65]. Two-point Dixon
method utilizes the phase-shift between water and fat due to the chemical
shift between fat and water. The precession frequency of fat and water pro-
tons is different and this leads to an oscillation in the FID. If now two images
are recorded at a maximum and at a minimum of the FID they are labeled
as in-phase and out-of-phase image. The oscillations are originated from
the phase shift between fat and water and therefore with the combination
of the two images information about fat and water fractions can be gained.
An influencing factor that can decrease the quantification quality substan-
tially is By field inhomogeneity. A variation of the local magnetic field leads
to phase shifts that distort the evaluated chemical shift severely. For a re-
moval of By dependencies one additional image acquisition has been added
and used for the quantification of By inhomogeneities [66]. With the use of
an iterative least squares approach [67], gradient echo imaging [68] and the
integration of a multipeak model of fat spectra [43] for quantification of the
fat and water fractions an accurate analysis of fat fractions can be assumed
as previously investigated [41].

In the presently used modified IDEAL algorithm a multipeak fat model
and a sophisticated algorithm - total generalized variation (TGV) - was
applied in order to integrate a piecewise smooth constraint on the By field
estimation. Hence, the quality of the By estimation as well as of the fat
fraction quantification was improved.[19]

Image Acquisition

For the evaluation of the prepared phantoms four 2D GRE images with
different TE = [2.25ms, 5.57ms, 8.89gms, 12.20ms], TR = 6oms and « = 30°
were acquired. In order to be able to do sufficient analysis the magnitude
as well as the phase of the images had to be recorded. The images were
aquired in a 3mm slice with 256 x 256 voxels that represent a FoV of 210 x
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210Mmm.

Additionally to the GRE the spectrum of the fat phase was acquired in
order to be able to estimate the fat fractions with a multipeak model that
represents the chemical structure of the created fat phase. The spectrum was
recorded with a PRESS sequence. In contrast to STEAM the PRESS sequence
uses 180° pulses which increase the signal amplitude [61]. Since TE cannot
be chosen arbitrarily short the T, decay until the spectrum was recorded
had to be considered. To be able to correct the spectrum with respect to
relaxation effects five spectra with different TE = [3oms, 4oms, 50ms, 6oms,
8oms] were recorded.

Data Processing

The four GRE images were used as input for the modified IDEAL analysis.
As additional input the spectrum of the fat phase was necessary. To be
able to provide a correct distribution of signal on the different peaks in the
spectrum each of the five spectra was analysed as described before. With
knowledge of the areas of each peak T, for each peak in the spectrum was
calculated and used for a correction (the peak height at t=0 was calculated).
The results of the modified IDEAL analysis were estimations of T;, By, a
fat image and a water image. In order to result in a fat fraction in %,,; the
proton density correction as described below was applied.

Proton Density Correction

Often Equation 2.18 is used as estimation of fat fractions which is probably
the most intuitive way of fat signal fraction 5 calculation with known fat
signal S and water signal Sq.

_ 5

i (2.18)

However, this represents the fat signal fraction which differs from the more
relevant fat volume and fat mass fractions. The mismatch between those fat
fraction measures is due to an influence of mass density and protons per
molecule of each phase on the signal fraction. In Equation 2.19 the corrected
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Table 2.4: Fat Water Phantom Ingredients and their molecular weights, mass densities and
number of protons per molecule [69, 70]

Ingredient MW in -£  pin 35 A unitless
Water 18.015 0.933 2
Agarose 631 0.9 38
Sodium Dodecyl Sulfate | 288 1.01 25
Stearic Acid 284 0.94 36
Peanut Oil 879.52 0.893 105.6

fat volume fraction is stated [69]. Here MW is the molecular weight, p the
mass density and A the number of protons per molecule each for the fat
and water phase. In case of the present phantom things get even more
complicated. Since fat and water phase consist of more than one ingredient
a mean was used where the weighting factor w is the mass fraction of
each ingredient. The values for each ingredient can be seen in Table 2.4
and how the parameters for peanut oil are estimated is stated below. All
further added ingredients were omitted in these calculations since they were
present in a very small amount compared to the stated components.

MW¢;
MWy,
Sf§wf’lpf,i/\f,i ( )
n= NNV 2.19
. fi . MWw,i
Sf ; wf'l Pf,i/\f,i - Sw ;ww’l Pw,iMw,i

Peanut oil parameters

For the calculations regarding the fat fraction correction the main compo-
nents of the fatty acid composition of peanut oil have to be known [71].
The fatty acids and their quantities can be seen in Table 2.5. The method
for the calculations of the molecular weights was adopted from an online
calculator [72] where the molecular weight of single fatty acids calculated
with knowledge of the number of carbon atoms and double bonds in the
molecules. The total molecular weight is gained as stated in Equation 2.20
where f; is the weight fraction of a fatty acid and MW; it’s molecular weight.
The average molecular weight is multiplied by three since fat is organized
in a triglyceride and the added constant is the molecular weight of glycerol.
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Table 2.5: Main fatty acids of peanut oil [71]

Fatty acid Quantity in %
C16:0 (palmitic acid) 7.5

C18:0 (stearic acid) 2.1

C22:0 (behenic acid) 1.01
C18:1cis(n-9) (oleic acid) 71.1
C18:2cis(n-6) (linoleic acid) | 18.2

The density was simply calculated as the density’s average of the single fatty
acids which were gathered from pubchem [70]. In order to know the protons
per molecule of peanut oil Equation 2.21 was applied which is similar to
the MW calculation. Here the A; of each fatty acid was estimated as twice
the number of carbons minus the number of double bonds which both can
be seen in the notation for the fatty acid. The multiplication with three can
be justified as for the MW calculation and the addition with a constant is
the amount of protons in glycerol.

. Lfi- MW,
MW =3 507 + 38.049 (2.20)
. Lfithi
A=3 > (f) +5 (2.21)

Ty and T, evaluation of Fat- and Water-Phase

To see that the relaxation times of the fat and water phase are in a phys-
iological range T7 and T, were evaluated with IR and a sequence of SE
as it is described in Section 2.2.3. For T measurement TE was 11ms, TR
15000m and the 12 recorded echoes had the following inversion times TI =
[40ms, 8oms, 120ms, 160ms, 200ms, 300ms, 400ms, 500ms, 740mMs, 1000MS,
1500ms, 3000ms]. Regarding the T, measurement TR was 10000ms and the
12 images were recorded with TE = [11ms, 15ms, 20ms, 30ms, 40ms, 50ms,
75ms, 100ms, 150ms, 200ms, 30oms, 5ooms]. The data was recorded in 2D
with a slice thickness of 5mm and the pixel spacing was 1.047 x 1.047mm.
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Evaluation of Long Term Stability

The fat fractions measured with the modified IDEAL method was repeated
approximately four month after the final evaluation in order to get an
insight on the long term stability of the created phantoms. The measurement
procedure was the same as described above.

2.2.5 Measurements regarding Magnetization Transfer
Phantoms

Quantification of MT Effects

The phenomenon of MT can be modelled as a two-pool model. It is assumed
that there is a bound pool where protons are bound in macromolecules and
a free- or liquid pool in which protons are in bound small molecules. The
magnetizations of both pools (M is the magnetization of the liquid pool
and M, the magnetization of the bound pool) are coupled with each other
by the transfer rates k, from the free to the bound pool and k¢ vice versa.
Equations 2.22 and 2.23 show the basic two pool model. If the constants in
the model are fitted the ratio of bound pool to free pool (f) can be calculated
as stated in Equation 2.24. This ratio is related to the bound pool fraction
(BPF) which can be calculated as f/(f+1) [45, 47].

AM«(t
T MRy k) + M0y (222
d
Molt) — My (Rup k) + My (0 -
k
f=% (2.24)

A more straight forward way to get an insight on the amount of MT effect in
an object is the calculation of the magnetization transfer ratio (MTR). MTR
describes the amount of MT that can be observed in a tissue and it can be
calculated as stated in Equation 2.25. Here Mg is the reduced signal that
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can be recorded if an saturating RF-pulse is sent before image acquisition
and M) is the unperturbed signal [45].

Mo — Mgat

TR =
M Mo

(2.25)
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Figure 2.9: Illustration of an example for magnetization differences between liquid and
macromolecular pools in dependence of the offset frequency of a saturation

pulse [45].

Initial MTR Experiments

Before the MT phantoms were prepared the needed amount of ovalbumin
to create a physiologically relevant MT effect had to be figured out. For this
tirst evaluation the MTR was chosen for comparisons with tissue. Therefore,
three dilutions with different concentrations (10%yass, 20%mass and 33%pmass)
of ovalbumin were produced. Higher ovalbumin concentrations were not
investigated since it was not possible to dissolve more ovalbumin in water.
The protein was slowly diluted in water and after a night of storage (to pre-
vent dissoved air bubbles inside the measurement areas) crosslinking was
performed with heating the probes in a water bath at 85°C for 10 minutes.

For determination of the MTR two 2D GRE images were recorded. Both with
TE = 2.25ms, TR = 6oms and « = 30°. One of the images was recorded with
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an additional magnetization transfer saturation pulse make the MT effect
visible (resulting in an image that visualizes Mg47). The slice thickness was
3mm and the pixel spacing 0.781 x 0.781mm.

The MTR was calculated by averaging the signals in a homogeneous region
inside the test vials and applying Equation 2.25 on the average intensities.

T7 and T, Measurements of raw Ovalbumin Dilution

To calculate the necessary amounts of doping agents the relaxation times
of the chosen ovalbumin concentration (33%yu4ss) was determined with the
spin echo method and inversion recovery.

For inversion recovery TE = 11ms and TR = 15000ms were chosen. Six
images with inversion times TI = [120ms, 300ms, 500ms, 750ms, 1500ms,
3000ms] were recorded. The smaller inversion times were skipped for this
measurement since a Tj significantly smaller than 1000oms was not expected.
To determine T, six spin echoes with TR = 10000 and TE = [20ms, 75ms,
150ms, 200ms, 300ms, 500ms] were acquired. Also here some of the shorter
echo times were skipped since no short T, was expected.

For all measurements 2D images were acquired with a slice thickness of
smm and 0.703 X 0.703mm pixel spacing.

Quantitative Magnetization Transfer Measurements

For evaluation of the final MT phantoms, MT parameters were evaluated
quantitatively by using a large set of different magnetization transfer off-
resonance saturation pulses. The further the frequency of the saturation
pulse is shifted from resonance the less the signal amplitude is influenced
by the saturation. This dependence between signal and frequency shift is
called z-spectrum and can be determined for all created magnetization
transfer phantoms by fitting the acquired data to a magnetization trans-
fer model. As prior knowledge T1, T, a B map and a By map were acquired.
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Magnetization Transfer Image Acquisition

The data for modelling the MT effects in the created phantoms consists
of 40 records. These GRE images were recorded with offresonance RF-
pulses which vary in their amplitude as well as in their frequency shift.
The different amplitudes are given as onresonant equivalent flip angle a =
[600°,800°,1000°]. Recorded off-resonance frequencies were [300Hz, 500Hz,
8ooHz, 1kHz, 2kHz, 3kHz, 4kHz, 5skHz, 6kHz, 7kHz, 8kHz, 9gkHz, 10kHz].
As a reference additionally one GRE image without any saturation pulse
was acquired. TR for these images was 121.1ms. The saturation pulse had
a duration of 19ms, the excitation pulse of 2ms. Between the offresonance
pulse and the excitation pulse a delay of 2.1ms was used, between the
excitation pulse and the next magnetization transfer saturation pulse 98ms
passed.

Prior Knowledge Procurement

To gain prior knowledge regarding T; and T, the same techniques as de-
scribed in Section 2.2.3 were used. For all measurements TR was 10000ms.
A TE of 11ms was used for T{ measurements. Inversion times were set to TI
= [40oms, 8oms, 120ms, 160ms, 200ms, 300ms, 400mMs, 500Ms, 750Ms, 1000Ms,
1500ms, 30ooms]. T, was acquired with a variation of TE = [11ms, 15ms,
20ms, 30ms, 40ms, 50ms, 75mMs, 100mMs, 150ms, 200ms, 300ms, 500ms]

In order to get a Byp-map the the IDEAL By-estimation mentioned in Section
2.2.1 was applied with all MT phantoms placed in the phantom housing
and embedded in water. TE for the four acquired gradient echo images was
[2.25ms, 5.57ms, 8.8gms, 12.20ms].

A Bi-map was acquired as described in Section 2.2.2.

Data Processing

As data processing tool qMRLab [73], with the method “gmt_spgr” was
used. This method evaluates quantitative Magnetization Transfer (qQMT)
using Spoiled Gradient Echo (or FLASH). It can simply be fed with maps
of all prior knowledge as well as with a 3D-matrix containing all images
saturated with different offresonance pulses. Solely T, has to be set for each
MT phantom separately and therefore each phantom had to be fitted on it’s
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own. As model for the fitting routine a two-pool model based on the work
of Yarnykh was used [74].

Long Term Stability

Since the MT phantom was created in order to verify relaxation measure-
ments the relaxation time evaluations of the created phantoms were repeated
after exactly three month. This measurement was performed together with
the long term stability evaluation of the relaxation phantoms. Therefore the
measurement parameters can be seen in Section 2.2.3.

43



2 Methods

44



3 Results

3.1 By Homogeneity

3.1.1 Glass Bottle Evaluation

For each direction and combination of bottles a By-map was acquired to
investigate the homogeneity (see Figure 3.1). In each bottle there are brighter
regions at the bottom and also near the bottleneck which implies more
inhomogeneities. Even though the area between these brighter regions
seems to be homogeneous.

A better insight to the differences in the configurations is given in the
following boxplot (see Figure 3.2). It can be seen that the interquartile
range for all configurations is of comparable size (less than 25Hz for all
configurations) as well as the median. The only configuration that differs
noticeably is the sagittally imaged bottle which has a lower median and
more outliers than the other configurations.

Four different By field profiles for a single bottle embedded in air were
extracted and can be seen in Figure 3.3. The blue line in this figure is in the
same region as the region selected for the boxplot (see Figure 3.2) and it can
be seen that the other field profiles have a much higher variation of By.

Regarding the T; evaluation the largest possible T in the region that can
be seen in Figure 3.4 with a By influence less than 10% was 2oms. This was
as all previous measurements evaluated for a bottle surrounded with air. To
see if the influence can be decreased with an other surrounding medium
the bottle was embedded in water and the measurements were repeated.
With water as embedding medium a T5 up to 47ms can be evaluated with a
T; distortion of less than 10% due to By inhomogeneities.
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Figure 3.1: Overview of homogeneity variation in different bottle configurations

3.1.2 Housing Evaluation

To visualize the By field inhomogeneities inside the housing a By field map
in a coronal and transversal cut is shown in Figure 3.5. It can be seen that
the border bottles are slightly influenced from the susceptibility jump from
air outside the housing to the water inside the housing whereas the centered
bottle is located in a relatively homogeneous field. Field profiles were
evaluated for the centered bottle and as example for one of the surrounding
bottles. The field profiles were located again as shown in Figure 3.3. The
resulting field profiles can be seen in Figure 3.6 and there a difference
in homogeneity between the middle bottle and the border bottle can be
observed. Furthermore, the field profiles are more homogeneous than for the
evaluation in air (compare Figures 3.3 and 3.6) whereas the field variation
in By direction is larger.

For the T evaluation in the housing the most homogeneous slice was used
as region of interest in the centre of the middle bottle as well as in the centre
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Figure 3.2: Boxplot of the By variation within the region selected as in Figure 2.7 for four
different bottle configurations. The median can be seen as horizonal line in each
of the boxes which represent the interquartile range. Outliers are represented as
small circles.
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Figure 3.3: Four different field profiles as sketched in b) for the single bottle imaged
coronally outside the phantom housing
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Figure 3.4: T; influence evaluation in bottles embedded in air and water. Field inhomo-
geneities were applied on a T; of 100 ms according to Equation 2.10
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Figure 3.5: By field maps inside the phantom housing

of one bottle at the border of the housing. Here a maximum T3 of 38.9ms
for the middle bottle and values around 2oms for the border bottles are
calculated.

3.2 B; Homogeneity

To get an overview of the B; variation across the phantom housing, B; field
maps are shown in Figure 3.7 in a coronal and a transversal cut. It can be

48



3.2 By Homogeneity

8
E;

3 8
3 3

N N
T T Y T
£ <
2 40 2 40
H g — T
g 20 S 20 -
g g
£ £
2 0 //_\ 2 0
£ £
T 20 3 20
ic ic

40 __,—-’——\—\_\_\ -40

60 /—\ 60

-80 -80

[ 5 10 15 20 25 30 0 5 10 15 20 25 30
Distance along profile Distance along profile
a: Border Bottle b: Middle Bottle

Figure 3.6: By field variation in bottles inside housing, the slices were selected as in Figure
33b)

seen that inside the bottles at least in the transversal cut the B; field can
be considered as homogeneous. Outside the bottles fluctuations of the B;
field can be seen. The flip angles depending on the B; variation inside the
housing were evaluated for the centred bottle and one surrounding bottle.
Field profiles resulting from that evaluation can be observed in Figure 3.8.
It can be seen that the resulting field profiles for the border bottle are closer
to each other than for the middle bottle and the 100% of nominal flip angle
(which implies homogeneous B;) can be observed for different slices (green
and blue) than for the middle bottle (red).

in%

Field Distortion

Field distortion in %

a 20 40 80 80 100 120 140 160 180 200

b: Coronal cut through the phantom housing

a: Transversal cut through the phantom
housing

Figure 3.7: B; field maps inside the phantom housing
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Figure 3.8: B; field variation in bottles inside housing, the slices were selected as in Figure
33b)

3.3 Relaxivity Evaluation of Doping Agents

The relaxation times of the doping agents utilized for the created phantoms
are plotted in Figure 3.9 with the corresponding fitted linear dependence
between doping agent concentration and relaxation times. The resulting
relaxivities can be seen in Table 3.1. Here it can be seen that MnCl, has a
distinctly higher influence on T, than on Tj.

Table 3.1: Relaxivities of doping agents

Gd — DO3A — butrol | 4.8592 4.9603
MnCl, 5.4016 91.6095

3.4 Relaxation Phantoms

Two sets of relaxation phantoms were created without any trapped air inside
the glass bottles. Their values vary in T7 while T, is fixed and vice versa.
Their relaxation times overall only vary slightly from the adjusted values
except from some outliers.
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Figure 3.9: Relaxivity evaluation of created doping agent stocks.

3.4.1 T; and T, measurement with gold-standard methods

As reference values T; and T, were measured with their gold-standard
methods which are IR and a sequence of SE with varying TE.

The time constants and their standard deviations ¢ inside the evaluated
regions of interes for all created relaxation phantoms compared to their
designated T; and T, can be observed in Tables 3.2 and 3.3. Phantoms T1-3,
T2-7 and T2-8 have slightly larger distinction from their desired values than
the other phantoms.

Table 3.2: Relaxation Times for T; Phantoms in ms

IR-Ty 163 | 361 | 322 | 737 | 979 | 1238 | 1386 | 1581
IR-0 0.97 | 5.17 | 6.91 | 5.06 | 8.53 | 6.73 | 855 | 11.81
IR-T; aft. 3m. | 156 | 349 | 338 | 735 | 919 | 1269 | 1398 | 1682
IR - ¢ aft. 3 m. . . 8.14

SE-Tp 134 | 169 | 109 | 177 | 178 | 182 | 164 | 192
SE-o 3.32 | 3.25 | 3.08 | 3.26 | 3.51 | 4.91 | 3.36 | 4.83

SE-Tpaft. 3m. | 133 | 185 | 111 | 169 | 167 | 192 | 161 | 214
SE-caft. 3m. | 224 | 142 |3.72 | 1.01 | 249 | 2.45 | 0.96 | 3.80
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Table 3.3: Relaxation Times for T, Phantoms in ms

IR-T 405 | 766 | 7o9 | 7o5 | 713 | 768 | 670 | 687
IR-0o 2.16 | 556 | 4.42 | 1.69 | 4.58 | 5.67 | 2.47 | 3.51
IR-T; aft. 3m. | 467 | 747 | 703 | 689 | 724 |- 679 | 692

IR - o aft. 3 m. 3.28 | 3. -

SE-Tp 28 63 82 106 | 134 | 177 | 175 | 209
SE-o 0.25 | 1.79 | 1.02 | 1.74 | 4.99 | 4.53 | 4.84 | 7.11
SE - T; aft. 3m. | 32 60 82 115 | 135 | - 173 | 199
SE-caft. 3m. | 058 [ 046 | 046 | 261 | 259 |- 1.11 | 1.56

3.4.2 Rapid T; quantification

With the rapid T; quantification method a mixed set of seven T; and one
T, phantom was scanned. The resulting T7 values compared to the ones
measured with IR can be seen in Figure 3.10. Here a general overestimation
of the Tj values with the rapid measurement method can be observed. Addi-
tionally the two phantoms (T2-6 and T2-2) that have the same T} measured
with the gold standard method result in different T; when measured with
the rapid T; quantification method.

3.4.3 T; and T, Dependence on Temperature

The rise of relaxation times with increasing temperature can be observed in
Figure 3.11. It can be observed that the dependence between temperature
and relaxation time has a positive coefficient in general, but does not behave
equally for all phantoms.

For the temperature dependence Equations 3.1 and 3.2 can be stated to
correct T; for a given temperature @ where Tj 53¢ and T3¢ are reference re-
laxation times at 23°C, 6 and 60, are a temperature coefficient that describes
the temperature dependence for T; and T, respectively.

T1(®) = T1230¢(1 + 61(® — 23°C)) (3.1)
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Figure 3.10: Rapid T; measurement compared to the inversion recovery method
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Figure 3.11: Relaxation times for different temperatures

T2(©) = To30c(1+ 62(© —23°C))

(3-2)

For each evaluated phantom 6; and 6, were computed and plotted in
dependence of T; and T as it can be seen in Figure 3.12.

According to the quasi linear increase of temperature coefficients with rising
relaxation times (R, = 0.804, R7, = 0.986, for a linear regression with the
matlab function “fitlm”) 6; and 6, can be computed with Equations 3.3 and

3.4.
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Figure 3.12: Variation of temperature coefficient 6 with relaxation time constants

61 = —0.0024 + 0.0367 - Ty 3¢ (3.3)
0, = 2.1419 - 104 4 0.0284 - T3 230 (3.4)

3.4.4 Long Term Stability

If the differences between the inital measurements and the measurements
after three month are compared (see Tables 3.2 and 3.3) there can be seen
that for some phantoms relaxation times varied by less than 1oms (T1-
4,T2-2,T2-5,T2-7). Other phantoms had T; variations in the range of 10oms
(T1-8).

3.5 Fat-Water Phantoms

The created fat-water phantoms’ fat fractions differ slightly from the desired
values because of inaccuracies while weighting the different phases. How-
ever real weights were noted and the resulting fat fractions can be observed
in Table 3.4. A noticeable difference can be observed for a desired fat fraction
of 80%, where all measurement techniques result in a fat fraction more
than 3%,,; higher than the weighted fraction. Further for the weighted fat
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fraction of 10.02%,,; the spectroscopy method results in a fat fraction of
6.39 %001 -

For fat fractions larger or equal to 30%,, IDEAL estimates a smaller fat
fraction than the spectroscopy method except for 70%,,;. For smaller fat
fractions IDEAL results in higher fat fractions than the spectroscopy method.
Further noticeably is that 80%,,; is the only fat fraction where the weighted
fraction is smaller than both of the measurements.

Table 3.4: Fat Fractions in %,

Desired | Weighted | IDEAL | o IDEAL aft. 4 m. | o aft. 4 m. | Spectro
0 0 0.78 0.93 | 0.55 0.58 0

10 10.02 9.01 2.01 | 9.41 1.81 6.39
20 21.05 19.15 1.68 | 20.51 1.22 18.61
30 29.77 27.55 1.14 | 27.87 2.63 28.6
40 39.72 37.4 1.27 | 39.44 1.52 42.68
50 49.63 47.02 1.71 | 48.85 1.51 51.02
60 60.24 61.17 | 0.73 | 63.95 0.96 62.2
70 70.20 71.20 | 4.07 | 74.52 4.22 67.81
80 80.06 83.38 2.91 | 85.54 2.91 84.43
90 95-89 94.68 | 1.14 | 94.74 1.81 95.54
100 100 96.51 0.67 | 98.75 1.04 100

3.5.1 Emulsion Stability and Homogeneity

The first experiments regarding the emulsion creation were done nine month
before the finalization of the phantoms. During that time no changes in the
emulsions could be observed. Therefore they are considered as stable. The
homogeneous distribution of fat and water can be observed in Figure 3.13
where the computed fat fractions are visualized in a coronal cut through
the created phantoms.

3.5.2 T; and T, Measurement of pure Water- and
Fat-Phase

The evaluated relaxation times for the water phase are T} = 9g96ms and T, =
6oms. For the fat phase a T of 277ms and a T, of 50ms were measured.
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Figure 3.13: Fat-Water Phantoms’ estimated fat fractions in coronal cut to see homogeneity

3.5.3 Long Term Stability

The estimated fat fractions of the initial IDEAL measurement and the IDEAL

measurement after 4 month (see Table 3.4) correspond very well to each
other for small fat fractions. With rising fat fraction the difference between

the two measurements increases.
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3.5 Fat-Water Phantoms

3.5.4 Magnetization Transfer Phantoms

Initial Experiments for determination of appropriate amount of
Ovalbumin

The MTR resulting from different ovalbumin concentrations can be observed
in Table 3.5. As expected a higher ovalbumin concentration leads to a higher
MTR. 33%uqss ovalbumin were chosen for the phantom preparation since
th corresponding MTR of 0.288 is the closest to a physiological range [26,

751

Table 3.5: Ovalbumin concentrations for initial experiments in % of mass compared to MTR
Ovalbumin ratio | 10% | 20% | 33%
MTR 0.130 | 0.173 | 0.288

Ty and T, of raw Ovalbumin Dilution

For the raw ovalbumin dilution a T; of 1054 ms and a T, of 44 ms were
measured with inversion recovery and multiple spin echoes.

T; and T, Measurements of Magnetization Transfer Phantoms

The relaxation time measurements for the created MT phantoms resulted
in Table 3.6. In general all relaxation times are noticeably smaller than the
desired values and the rapid T; measurements overestimate the measured
Ty values.

Quantitative Magnetization Transfer Measurements

The quantification of MT parameters in the created phantoms can be ob-
served in Table 3.7. f is the ratio of restricted to free pool, kr the exchange
rate from free to restricted pool and kf the exchange rate from restricted
to free pool. There can be seen a large variation in all parameters if the
phantoms are compared to each other. When Figure 3.14 is considered it
can be observed that a higher f leads to a larger measurement error with the
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Table 3.6: Relaxation Times for MT-Phantoms

IR-Ty 264 408 684 122

IR-0 3.89 | 472 |22.39 | 13.19 | 11.99 | 5.78 | 2.31 | 4.21

IR - T7 aft. 3 m. | 236 270 392 564 718 106 116 111

IR-gaft.3m. | 323 |307 | 1531|288 |[525 |084 | 148 |1.83

Rapid - Ty 305 358 421 648 735 184 155 152
Rapid - ¢ 3.15 | 3.26 | 9.56 | 207 |2397|359 |495 |289
SE - T, 29 30 35 31 38 21 22 19

SE -0 058 | 105 |[6.28 |062 |096 |1.05 |0.77 |0.99

SE - T, aft. 3m. | 24 32 32 35 53 19 21 17

SE-caft.3m. | 129 | 148 |473 |808 |17.76 |0.85 |0.99 | 0.61

used rapid T; quantification method. A linear regression (with the matlab
function “fitlm”) to this figure leads to an R? value of 0.747.

Table 3.7: qMT in created Phantoms
|Phantom [ £ [kr [k |
MT-1 0.0927 | 14.429 | 1.0938
MT-2 0.0569 | 20.816 | 1.0432
MT-3 0.0388 | 21.415 | 0.9043
MT-4 0.0514 | 39.397 | 1.9142
MT-5 0.0337 | 35.800 | 1.2330
MT-6 0.1330 | 7.209 | 0.9435
MT-7 0.0956 | 4.376 | 0.4569
MT-8 0.0791 | 6.687 | 0.4707
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Figure 3.14: Relation of f and the T; underestimation with the rapid T; quantification

Long Term Stability

A relaxation time measurement after 3 month showed that only slight
variations in T; as well as T, occured. Especially T, only differed by less
than sms for most of the phantoms. Only at phantom MT-5 a distinct

increase of both relaxation times can be seen.
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4 Discussion

4.1 B, Homogeneity

With the investigated results regarding the influence of the different bottle
configurations to each other (see Figure 3.2) the placement of the bottles
inside the constructed phantom housing can be considered not to influence
measurements. Further the homogeneity is improved by the addition of
water as embedding media in the phantom as it can be seen in Figure 3.4.

Even though as it can be seen in Figure 3.5 in the presently created phantom
housing only the middle bottle can be considered to be in a homogeneous
By field. A further improvement on the housing with respect to By field
homogeneity might be to increase the length of the acrylic tube [8, Page 77]
and place the bottles in the center of this cylinder. This could minimize the
variation of magnetic field strength in the By field direction

To be able to image the created phantoms in the present housing with the
best possible By characteristics it is recommended to chose a slice that is at
the location of the blue line in Figure 3.3.

For measurements that require low inhomogeneity it is further recom-
mended to use the centre bottle space exclusively. To point out the im-
portance of this recommendation it can be referred to the evaluation of
influence on T; measurements (see Section 3.1.2). It is shown that in the
centered bottles T; that are almost twice as high as for the border bottles
can be evaluated with less than 10% distortion.
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4.2 B; Homogeneity

Figure 3.8 shows the variation of the B; distortion. Since the location closest
to 100% differs for the center and border bottle a general recommendation
on the slice location is difficult. Further the most homogeneous B; field
for the center bottle is on a different location than the most homogeneous
By field (red line for B; and blue line for By - compare with Figure 3.3).
Since for the border bottles the blue line is close to 100% a possible trade-off
between both homogeneity considerations would be to only use the border
bottles and image a slice close to the blue line. For measurements where
the By homogeneity is of higher importance the center bottle could be used
with a slice location between the blue and the red line. To minimize B
influence when measuring in the most homogeneous region with respect
to By a further possibility is to apply a spatially variant correction factor.
A Bj correction method was applied in the used rapid T; quantification
method [53] as well. Further it is known that B; is dependent on electric
conductivity [35] and therefore an improvement of B; homogeneity with
the addition of NaCl to the water that is filled into the phantom housing
may be possible.

4.3 Relaxation Time Phantoms

In general the adjusted and measured (with gold standard methods) re-
laxation times correspond well to each other. The measured differences to
their adjusted values in some phantoms (T1-3, T2-7 and T2-8) may be due to
mistakes when pipetting doping agents to the water. Especially when only
small amounts of phantom substances were created (for topping up) there
can arise mistakes easily.

When the gold standard method is compared to the rapid T; measurement
besides from a general overestimation of T; a hint on a coherence between
T; estimation accuracy and T, could be seen if data points T1-4 and T2-2 are
compared in Figure 3.10. These data points have the same T; but different
T, values (165ms and 65ms). For certainty about this coherence further
investigations have to be made.
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4.4 Fat-Water Phantoms

The clear increase of T as well as T, with a temperature rise as it can be
seen in Figure3.11 has been earlier observed [60, 76]. Also the temperature
coefficients that result from Equations 3.3 and 3.4 are in a range that is
comparable to the values found in literature [8, Page 56]

Unfortunately after 3 month again air bubbles appeared in the created T;
and T, phantoms. Since no leaky spots could be seen in the bottle necks
(as they often did in early experiments) it is assumed that they are rather
due to an incomplete degassification than due to bad seals. Even though a
repetition of the creation of relaxation phantoms can be suggested if the air
bubbles are disturbing any future measurements.

Besides from the arising air bubbles the relaxation times of the phantoms
can be considered as stable. For doped agarose gels long term stability
observations on relaxation times over one year can be found in literature
and the relaxation times stayed constant [77]. Even though some variations
in relaxation times regarding their long term stability can be seen in in Tables
3.2 and 3.3. These variations may be due to a sedimentation of doping agents
after a long period without any movement. If then the phantom liquid is
not mixed sufficiently before a new measurement the relaxation times may
be raised. Also the influence of the arised air bubbles could be a conceivable
reason for changes in relaxation times. To be sure about this concern on the
repeatability of relaxation time measurements with the created phantoms
further relaxation time evaluations are necessary. Three month are a very
short time period for long term evaluations and future evaluations can be
suggested for more informative results. As part of this work no further long
term stability measurements could be taken for temporal reasons.

4.4 Fat-Water Phantoms

For the fat-water phantoms stable emulsions were created over the full
range of fat fractions that have relaxation times for the water phase that are
in a physiologically relevant range. If compared with the relaxation times of
tissue in Table 2.1 T is comparable with a T; of white matter, or the spinal
cord and slightly higher than the T; of liver tissue and T lies in the range
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of liver tissue as well as heart muscle and cartilage tissue.

For the measurement of the desired 10%;,; of fat probably the spectroscopy
method underestimates the real fat fraction since the water peak in this
spectrum is so large that a bad water suppression could lead to fat peaks
that cannot be quantified correctly (especially the fat peaks close to the
water peak). The general high measured value of fat fraction if compared to
the weighted value for 80%,,; can be explained by an observation during
the preparation of this phantom. Here a small amount of the water phase
settled at the bottom of the bottle and therefore in the rest of the phantom
the fat fraction rose. For high fat fractions the fat content is underestimated
by the IDEAL measurement. This could be caused by prior assumptions of
the used IDEAL algorithm which expects the presence of water in the signal.

There were no macroscopically visible changes in the emulsions after 4
month. The IDEAL measurements after 4 month resulted in slightly different
fat fraction values than the initial measurements but mostly the changes
are within the ¢ inside the evaluated region. Probably the emulsions were
not perfectly homogeneous from the beginning and a different slice was
measured at the second measurement or the emulsions with high fat content
changed (macroscopically not visible) over time and therefore the fat fraction
rose. Due to the fact that the 100%,,,; result differed by more than two o,
the used fat model also can be a reason for the variations. The fat model
from [19] is only an approximation. If there is only a slight deviation a small
amount of the fat signal is falsely indicated as water signal. To distinguish
whether there is a real change in fat fractions over time or the reason for the
changes can be found in repeatability issues, a larger set of measurements
would be needed for the initial fat fraction evaluation as well as for the
measurements after four month.
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4.5 Magnetization Transfer Phantoms

The created MT phantoms still have some air bubbles enclosed and there-
fore for future phantoms it can be recommended to prepare less of the
ovalbumin solution at once since foaming was less prevalent for smaller
amounts.

In earlier works [78] a relation between Gd-DTPA relaxivity and protein
concentration is described. Since this relationship was not taken into consid-
eration when the phantoms were created the difference between adjusted
and real values could be described with that relation. The resulting relax-
ation times are low when compared to tissue relevant relaxation times (see
Table 2.1).

The bound pool fraction measured for the created phantoms (see Table 3.7)
is in a range that is comparable to the results found in the literature for
bovine serum albumin [47] and also to bound pool fractions that can be
measured in tissue [47]. The variation of f in the mentioned table can be
explained by the slightly varying treatment of the different phantoms in
order to get rid of the foam that formed during creation process. The first
defoaming method that was tried was freezing and thawing the ovalbumin
dilutions. This process was not examined on all the phantoms for equally
many cycles. Especially MT-3 and MT-5 experienced more freeze thawing
cycles than the other phantoms and MT-6, MT-7 and MT-8 experienced less
than half of the freeze thaw cycles the other phantoms were exposed to.
It is known that freeze thaw cycles on proteins can denaturate proteins in
multiple ways [79]. Therefore the resulting bound pool fraction variations
are plausible.

The rapid T; quantification overestimates the T; values for the MT phantoms.
In Figure 3.14 it can be seen that there may be a relation between bound
pool fraction and the rapid T; quantification which is probably due to the
relation of steady state imaging methods and MT effects that is described
in literature [80]. Anyway further investigations are necessary for more
precise statements on the impact of MT effects on the presently used T;
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quantification method.

In terms of stability the created phantoms seem to stay constant with respect
to their relaxation times. The discrepancy in the MT-5 phantom may be due
to a general inhomogeneity of this phantom, which can also be seen in it’s
large o. Probably the selected slice was not at the same location for the two
measurements.

4.6 Conclusion

It can be concluded that an extensible phantom system was created that has
three different phantom types that in general meet their requirements with
respect to the desired parameters of each phantom type. With the addition
of stearic acid to a fat water phantom recipe that has been described in
literature in similar ways multiple times [41, 7, 44] the creation of stable
phantoms even for the high fat concentrations was enabled. Further for
the creation of MT effects with the utilization of ovalbumin a substantially
cheaper alternative to the commonly used bovine serum albumin was found.
Even though further improvements can be made regarding the trapped air
in relaxation phantoms and the homogeneity in the MT phantoms.
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Figure B.2: Board layout




B.2 Motor Control Unit
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Figure B.3
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