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Abstract

The characterization of tissue microstructure can reveal important information about disease
status, progression and response to treatment. In the context of metabolic dysfunction, the
assessment of adipose tissue cell size has been receiving increasing excitement. In obesity, the
fat cell (adipocyte) size can increase severely when more lipids need to be stored in the human
body. Patients with hypertrophic fat cells show a high prevalence of inflammatory processes
in the adipose tissue and ectopic accumulation of fat. In type 2 diabetes, there is growing
evidence that adipocyte size correlates with insulin sensitivity. Up to now the measurement
of adipocyte size requires highly invasive biopsy procedures which are not compatible with
screening protocols. An in vivo assessment of adipocyte size could serve as a potential early
biomarker and target for therapy monitoring in patients with metabolic dysfunction.

Diffusion-weighted (DW) magnetic resonance (MR) is a powerful tool for the non-invasive
assessment of tissue microstructure. Probing diffusion restriction effects allows the extraction
of quantitative information like the estimation of mean restriction barrier sizes. The technique
has been successfully applied in water-containing tissues and in small lipid droplets like
in intramyocellular lipids and brown adipocytes. Measuring diffusion restriction effects in
fat-containing tissues is challenging because fat has a diffusion coefficient approximately two
orders of magnitude lower than water. The DW information can be obtained by DW-MR
spectroscopy (MRS), which offers spectrally resolved information with only very limited spatial
information. In contrast to that, DW MR imaging (MRI) aims at retrieving spatially resolved
data but with limited information in the chemical shift dimension. Both techniques can be
applied to acquire DW-MR data which can be used to retrieve microstructural information in
a subsequent modeling step. Up to now, measuring adipocyte size with MR is limited to small
adipocytes and has been performed using pre-clinical MR scanners with a strong gradient
system.

The present cumulative thesis bundles three journal publications in the field of lipid DW
MR aiming a) to show for the first time that it is feasible to measure lipid droplet size in large
droplets using the gradient hardware of a clinical MR scanner based on DW-MRS sequence, b)
to propose a method to reduce the effect of vibrational artifacts induced by the high b-values
employed in lipid DW and c) to measure spatially resolved lipid droplet size maps based on a
DW-MRI sequence.

In the first journal publication, it was shown for the first time that adipocyte size measure-
ments are feasible using a clinical MR scanner in also adipocytes larger than a few micrometer
in size. A DW-MRS sequence was employed in order to acquire spectroscopically resolved
data with strong DW and long diffusion times. The obtained signal was subsequently fitted
by an equation describing the signal evolution when the diffusion of particles is restricted.
The presented methodology was validated in water-fat emulsion phantoms and applied in vivo
to obtain the mean adipocyte size in the tibia bone marrow.

The second journal publication proposes a novel gradient pre-pulse applied before the DW
module, called vibration matching gradient (VMG) in high b-value lipid DW measurements.
The additional gradient aims to harmonize the vibration patterns during both DW time periods
resulting in reduced artifacts. The proposed methodology was investigated by simulations



of a simplified mechanical model and validated by laser interferometer measurements of the
actual displacements during a DW-MRS acquisition. The proposed method was found to give
more accurate and robust diffusion constant quantifications in water-fat emulsion phantoms
and in vivo in the bone marrow of the tibia.

Finally, the third journal publication presents a novel pulse sequence and modeling paradigm
to extract spatially resolved adipocyte size maps. The presented method was again validated
in water-fat emulsions and then applied in ex vivo human adipose tissue samples. The obtained
values from the specimen study where compared to histology and a good agreement between
the measurements was found.

All developed techniques were and are being used in ongoing research investigations in the
field of metabolic dysfunction.
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1 Introduction

Tomographic imaging techniques are an integral part of modern medicine because they allow
to investigate the anatomy of the human body. Magnetic resonance (MR) imaging with its
high soft-tissue contrast and the absence of ionizing radiation is a particularly valuable tool
in both clinical and research settings. The possibility to acquire images with multiple tissue
contrasts allows the extraction of a variety of different information. With the help of diffusion
weighted (DW) MR measurements and appropriate signal modeling, information about the
tissue microstructure can be revealed.

1.1 Clinical Relevance

Globally and in the past decades, the prevalence of obesity is rapidly increasing. The associated
negative effects on the individual health as well as comorbidities like diabetes type 2 constitute
a big social economical burden on society. [1-3] The microstructure of adipose tissue (AT)
could potentially reveal information about the underlying pathophysiological processes in
obesity and diabetes [4]. In white AT, the adipocyte size has long been known to relate to
the obese phenotype. An increase in adipocyte size in subcutaneous and visceral white AT
can be observed in adults with the onset of obesity predominately due to enlargement of
the fat cell volume [5]. This increase in the adipocyte size is also related to inflammatory
processes being present in the tissue [6]. The adipocyte size in white AT is associated with
prevalence of type 2 diabetes, dyslipidemia and the cardiometabolic risk [4, 7, 8]. Therefore,
the assessment of adipocyte size is highly desirable to improve the metabolic phenotyping of
patients, especially as they undergo interventions. However, the measurement of lipid droplet
size in tissue normally requires a highly invasive biopsy procedure.

1.2 Thesis Purpose

DW-MR is a powerful tool for the non-invasive assessment of tissue microstructure. The
reduction of the apparent diffusion coefficient with increasing diffusion times due to diffusion
restriction effects has been previously applied to extract cell size in vivo in water-containing
tissues such as axon diameters in the brain [9-11] or cell size of tumors in breast cancer [12].
Measuring the diffusion properties of lipids has been proven to be more challenging because
fat has a diffusion coefficient approximately two orders of magnitude lower than water due
to the large molecular size of fatty acids [13]. A low lipid diffusion coefficient increases the
required diffusion encoding strength and diffusion time. This creates additional technical
challenges related to eddy currents and increased sensitivity to any type of physiological
tissue motion (respiratory motion and cardiac-induced blood pulsation) as well as involuntary
movement. Extracting microstructural information from AT was shown to be possible in
the size estimation of intramyocellular lipids [14] and brown adipocytes [15]. However, these
measurements were mostly performed ex vivo on a pre-clinical scanner with a strong gradient
system in relatively small adipocytes (diameter smaller than 10 pm). The lipid droplet
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diameter in white AT is between 50 pum to 150 um and the associated diffusion restriction
effects are much smaller and more challenging to measure [16]. This thesis aims to develop
techniques to probe the size of large adipocytes on a clinical scanner. Moreover, a technique
is presented to reduce the effect of hardware vibrations on the measurements.

1.3 Thesis Structure

In chapter 2, the importance of adipose tissue microstructure in the context of the metabolic
syndrome is given. The methodological foundation in the context of the embedded journal
publications is given in chapter 3. A short overview of the physical background and employed
techniques in DW-MR measurement techniques and the modeling of restricted diffusion is
given in chapter 4. A description of the employed MR spectroscopy and imaging sequences is
given at the end of chapter 4. Summaries of the three embedded journal publications can be
found in chapter 6 followed by the original manuscripts. Finally, an overall discussion on the
implications of the present work and its literature context is given in chapter 7.



2 Importance of Adipose Tissue
Microstructure in the Context of the
Metabolic Syndrome

2.1 The Metabolic Syndrome

According to International Diabetes Federation (IDF) the metabolic syndrome is a cluster
of the most dangerous heart attack risk factors: diabetes and raised fasting plasma glucose,
abdominal obesity, high cholesterol and high blood pressure [17]. Although the presence of
the metabolic syndrome is described as early as in the 1920s [18], a uniform definition is still
lacking [19]. Besides the definition from the IDF, there are official definitions from the World
Health Organization (WHO) [20], the European Group for the Study of Insulin Resistance [21]
and the National Cholesterol Education Program-Third Adult Treatment Panel [22]. Despite,
the controversy about the exact definition of the syndrome and the guidelines that should be
used in the clinical routine, its importance is indisputable.

The prevalence ranges depending on the investigated population and employed syndrome
definition from single digit percentage to a quarter or third of the whole population [23]. The
effects of this cluster of conditions are striking: People with metabolic syndrome are twice
as likely to die from and three times as likely to have a heart attack or stroke compared to
people without the syndrome [24].

While the exact interaction and causal relation of the different components of the metabolic
syndrome are poorly understood, insulin resistance and obesity are considered to have
significant impact [25-27].

2.2 Obesity

Obesity is defined a positive energy balance with energy intake overriding energy expenditure
resulting in negative effects on the individual’s health condition [28]. According to the
WHO overweight is defined as a Body Mass Index (BMI) greater than or equal to 25 kg/m?,
whereas obesity is a BMI greater than or equal to 30 kg/m? [29]. Globally, the prevalence
of obesity has nearly doubled between 1980 and 2008 [1]. Based on the latest estimates in
the European Union, overweight affects 30-70% and obesity affects up to 30% of adults [2, 3].
Overweight and obesity are responsible for about 80% of cases of type 2 diabetes, 35% of
cases of ischemic heart disease and 55% of cases of high blood pressure among adults in most
European Union countries [1]. Obesity causes dysfunction of the adipose tissue and is tightly
linked to severe metabolic disorders [30]. Despite the great clinical relevance of obesity, the
patient management remains a major challenge: Although, clinical procedures for diagnosis
based on anthropometric biomarkers are available, the identification of phenotypes at risk
for developing obesity-related complications is challenging [31-33]. There is evidence that
also individuals that are considered as highly obese with traditional measures (like BMI), can
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be metabolically healthy [31]. The term "metabolically healthy obese” (MHO) is frequently
used for this phenomenon. However, it is worth mentioning that MHO often suffer from other
diseases besides their reduced cardiometabolic risk and MHO is also believed to be a transient
state and the longer those formerly “healthy” individuals stay obese, the more co-morbidities
they are developing. [34, 35]

These observations lead to a rethinking of the traditional phenotyping in obesity. Concepts
like the ” Adipose Tissue Expandability Hypothesis” according to which the AT has a certain
capacity of storing lipids become more popular. Above the storage limit any additional
nutrition must be stored as ectopic fat in muscle tissue, liver tissue and visceral tissue with
negative metabolic consequences [36].

In the clinical routine most physicians aim to archive weight loss of obese patients with life
style interventions such as dietary change and increased physical activity. Medication and
bariatric surgery is recommended in severe cases [37]. However, a clear definition of different
risk phenotypes in obesity is lacking and without a more compartmentalized classification
of obesity the options for personalized treatment approaches are limited [38]. The current
approach does not capture differences in the large group of obese patients that could potentially
lead to an identification of patients at higher risk and consequently a more effective treatment.

2.3 Diabetes

Worldwide, an estimate of 415 million people are diagnosed with diabetes and an approximate
of 193 million people are living with undiagnosed diabetes. Approximately 90% of the patients
have type 2 diabetes, which is characterized by a reduced sensitivity and eventually resistance
of the cells in the body to insulin [39]. The hormone insulin plays a key role in the body’s
energy balance by facilitating glucose uptake in the cell and regulating metabolic processes
[40]. Recent data suggests that the number of people with diabetes will increase from 415
million in 2015 to 642 million in 2040 [41]. Type 2 diabetes is a leading cause of cardiovascular
disorders, blindness, amputations, and hospitalizations and is associated with an increased
risk of cancer, mental illness, chronic liver disease or arthritis [42, 43]. In 2003, the total direct
healthcare costs of all diabetes patients in the age group 20-79 years in 25 European Union
countries was around 64.9 billion international dollars (7.2% of the total health expenditure)
[44].

The main characteristic of diabetes is hyperglycemia, which refers to high levels of glucose in
the blood, which is strongly related to a risk of microvascular and macrovascular complications
[45]. Chronic hyperglycemia is associated with long-term damage and dysfunction of various
organs, especially the eyes, kidneys, nerves, heart, and blood vessels [46].

Diabetes can eventually be diagnosed by this increased glucose levels in the blood [46].
Due to the negative effects of hyperglycemia, reducing the glucose levels in the blood is the
main target in therapy. Current therapeutic options include a wide range of pharmacological
agents up to insulin substitution as well as life style interventions such as weight loss, dietary
intervention or physical activity. [47].

However, an increased risk for cardio-vascular diseases can be observed in patients even
before levels of blood glucose are high enough to indicate diabetes [48]. There is evidence
that a more detailed phenotyping of diabetic patients could improve patient management [49].
An earlier detection of signs indicating the development of diabetes would therefore greatly
enhance the novel phenotyping approach and could improve patient treatment.
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2.4 Role of Adipose Tissue Microstructure in Obesity and
Diabetes

In both obesity and diabetes type 2, AT plays a major role during the development and the
progression of the diseases. AT is a unique organ with high plasticity that can reduce and
increase in size depending on the relation between calorie intake and energy consumption [50].
This dynamic change of the tissue size can be archived in two ways: Either by changing the
number or the size of the fat cells (adipocytes). Therefore, plasticity of AT can particularly
be observed in the tissue microstructure.

In the context of obesity, an increased number of adipocytes (hyperplasia) only seems to
play a minor role compared to the increase of adipocyte size (hypertrophy) [51]. It is well
known that the adipocyte size is related to the obese phenotype [5]. It also makes sense,
according to the ” Adipose Tissue Expandability Hypothesis”, that the adipocytes’ volume
need to increase in case of a positive energy balance because more and more lipids need to be
stored in the body. Eventually after reaching the maximum capacity, ectopic accumulation of
fat will occur with associated negative impacts [52]. Patients with hypertrophic fat cells also
show a larger prevalence of inflammatory processes in the adipose tissue [6]. This internal
processes can not be evaluated from the outside or by anthropometric markers although they
could potentially carry important information for risk phenotyping. Adipocyte size could help
identify the MHOs, who are more likely to develop diabetes [53]. In type 2 diabetes, there
is growing evidence that adipocyte size correlates with insulin sensitivity: Multiple studies
investigating biopsy samples report a positive correlation between the mean adipocyte size
and markers for diabetes [4, 7, 8]. However, also an enhanced proportion of small adipocytes
were found in insulin resistant individuals indicating a disturbance of hyperplasia processes in
the tissue [54]. Changes in AT microstructure could be seen as an indirect measurement of the
pathophysiological processes accompanying the development of diabetes. This is particular
interesting because the adipocyte size could therefore serve as a potential novel early-onset
biomarker for the development of diabetes [55]. Identifying individuals at an early stage could
improve patient management and eventually reduce the burden on the health care system.

Consequently, an in vivo assessment of adipocyte size could serve as a potential early
biomarker for therapy monitoring in obese as well as diabetic patient groups. Up to now the
measurement of adipocyte size requires highly invasive biopsies. Subsequently, the obtained
adipose tissue samples are investigated in a laboratory setting with collogenese digestion,
osmium tetroxide fixation or histological analysis. All three methods show differences in their
absolute obtained quantitative values but correlate well with each other [16]. However, the
need for an invasive procedure disqualifies the proposed method for screening protocols or
longitudinal studies assessing disease progression or monitoring therapeutic intervention.

The non-invasive probing of white AT microstructure could provide ground-breaking so-
lutions for overcoming the existing challenges in the assessment of the risk for developing
associated metabolic complications. It could not only help to understand the pathophysi-
ological processes in obesity and diabetes in more detail, but could also be used in other
diseases which are associated with microstructural changes of AT such as oncological settings,
non-alcoholic fatty liver disease or the investigation of lipid metabolism [4]. However, up to
now no technology for an in vivo and non-invasive assessment of the cell size in AT exists.
This dissertation presents two different methods for a non-invasive measurement of adipocyte
size and an additional method to reduce artifacts from which both presented adipocyte size
measurements could potentially benefit.
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The physical background provided here, lays the foundation for the technical developments
in the present dissertation. Part of the theory part was also used in the unpublished master
thesis ”Development of a Bi- and By-insensitive T mapping method based on a modified
BIR-4 T3 prepared 3D TSE” by Dominik Weidlich.

3.1 Nuclear Magnetic Resonance

Nuclear magnetic resonance (NMR) was independently discovered by Bloch [56] and by
Purcell [57] in 1946. The two scientists observed a detectable signal after placing a sample in
a magnetic field and irradiating it with radio frequency (RF) energy at a certain frequency.
Hence, they observed a signal that was created by the interaction of the sample and the
magnetic field which is the basis of NMR. Magnetic Resonance Imaging (MRI) and Magnetic
Resonance Spectroscopy (MRS) both employ the mechanism of NMR and measure the signal
of hydrogen atoms (! H) or other nuclei with non-zero spin in the human body.

3.1.1 Nuclear Spin and Magnetic Moment

The nuclear spin is a quantum mechanical property that is the basis of the NMR effect. The
nuclear spin is an intrinsic property of particles and is associated with an inherent angular
momentum (J ). In a clinical MR scanner, predominantly the signal of hydrogen atoms is
measured. However, NMR measurements are possible with all atoms possessing a non-zero
spin [58]. In 1922, O. Stern and W. Gerlach discovered in their famous experiment the
presence of a quantized angular moment in silver atoms [59]. This was the first experimental
proof for existence of the nuclear spin. A fundamental relationship connects the spin angular
momentum (7) with the nuclear magnetic moment (77) :

=A7 (3.1)

where v is the gyromagnetic ratio and is characteristic for every nucleus (equal to 2.675
108% for the hydrogen atom). Since the magnetic moment is a vector, it has two distinct
properties: a magnitude and a direction. Although the magnitude of the magnetic moment is
known, the direction of the vector is random due to thermal motion. However, in the presence
of a static magnetic field (By), the component in the direction of the field gets determined and
is characterized by a discrete set of possible eigenstates. The magnetic moment perpendicular
to the magnetic field (in the transverse plane) stays undetermined.

3.1.2 Spin System in the Presence of a Static External Magnetic Field

Because of the very small magnetic moment of a single spin, it makes sense to consider an
ensemble of magnetic spins and utilize statistical measures to obtain a net magnetization.
The bulk magnetization M is defined as:
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N
M=% (3.2)
n=1

With a sufficient large number of spins and without an external magnetic field, the net
magnetization is zero, due to the random orientation of the spins. In a static external magnetic
field, the total population of spins splits in subsets with different energy because the nuclear
magnetic moment within the direction of the field is quantized. In a spin-1/2 system (like the
hydrogen atom) this so-called Zeemann splitting leads to two energy levels. [60] The energy
difference (AF) is given by the following equation:

h
AE:EJ,—ET:’}/%BO (33)

Hereby FE| is the energy of the spin-down energy level, E; is the energy of the spin-up energy
level, h is the Planck constant and By is the strength of the main magnetic field. According to
the fundamental law of thermodynamics of statistical mechanics [61] and some approximations
the magnitude of the magnetization can be described with the following equation:

(va:)2ByN
4kgT

In this equation N is the number of spins, kj, is Boltzmann’s constant and 7' is the
temperature in Kelvin.

Equation 3.4 indicate that a net magnetization will be formed in the direction of the
magnetic field when a substance with non-zero spin is placed in a static magnetic field. The
magnitude of the magnetization is proportional to the amplitude of the magnetic field and
the number of spins present in the sample and inversely proportional to the temperature of
the system.

M| ~ (3.4)

However, the induced magnetization is static and in the direction of an usually strong
magnetic field. Therefore, it is not possible to induce a current in a receiver coil to produce a
measurable signal. Consequently, it was proposed to utilize additional time-varying magnetic
fields to rotate the magnetization away from the main magnetic field axis. [58]

3.1.3 Interaction between Magnetization and Time-varying Magnetic Field

According to the classical theory of electromagnetism a magnetization within a magnetic field
will experience a torque [62]:

_)
dM —
L _ (M x B) (3.5)
dt
%
That implies that the magnetization will rotate around the main magnetic field (Bp) with
the characteristic Lamor frequency (wp):

To=~B (3.6)

Without loss of generality it is assumed that the static main magnetic field is in the z-direction
whereas the time-varying magnetic field (ﬁl(t)) is in the transverse plane perpendicular to
the main magnetic field:
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_>
dM — . .
8 = (M x (Boz + Bu(t)ay) (37
Usually the time-varying field gl(t) is realized by a sinusoidal modulation function with a
certain frequency w and a constant amplitude. By using a coordination transform, the time
dependency 51(t) can be eliminated. Also an effective field (5¢¢f) can be introduced to
increase readability. With these adjustments, the previous equation reads as follows:

%
G =100 < (Ba— )2 4 Buay) =1 x By (3.8)

If the frequency of ﬁl(t) is equal to the Lamor frequency, the spins can be excited on
resonance. According to this equation, the magnetization can be manipulated by a time-varying
magnetic field in the transverse plane with the appropriate frequency. [63]

3.1.4 Relaxation Times

As described in the previous section, the magnetization can be disturbed from its equilibrium
state due to time-varying magnetic fields. After the excitation, the spin ensemble tends to
relax back to the state of lowest possible energy. Such a relaxation process was first described
by Bloch in 1946 [56]. In his publication, Bloch distinguished between two possible relaxation
mechanism. In the first process, the spins are interacting with their environment, the lattice.
By the so-called spin-lattice relaxation (or 77 relaxation), the total energy of the spin ensemble
changes. This is the essential process for the spins to return to their equilibrium magnetization
and is therefore affecting the longitudinal magnetization component. The relaxation process
of the spins can be described with the following equation:

M (t) = My(1 — e™¥/T) (3.9)

with My as the equilibrium magnetization and 77 as the longitudinal or spin-lattice relaxation
time.

The second process is the loss of coherence between single spins refered to as dephasing.
During this relaxation phenomenon, energy is exchanged between spins whereas the total
energy of the spin system does not change. The so-called spin-spin relaxation (or 7 relaxation)
will lead to a decay of the magnetization vector in the transverse plane and can be described
with the following equation:

My (t) = Mope=t/T2 (3.10)

here M., is the magnetization that is present in the transverse plane right after the excitation
and 75 is the transverse or spin-spin relaxation time.

In a real life scenario local field inhomogeneities within the sample exist, that lead to slightly
different rotation frequencies of the spins within a volume of interest. The different rotation
frequencies represent an additional source of dephasing and lead to a faster decay of the signal.
The effective observed decay can be described with the parameter To* and is the combination
of the spin-spin relaxation and the additional reversible dephasing effect due to local field
inhomogeneities. T and T5* can be connected with the additional parameter T} (representing
the local field inhomogenity term) according to the following equation:
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L _1 + ! (3.11)
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In this equation AB;,pom is the field inhomogenity across the acquisition voxel. In contrast
to the statistical energy exchange process of the spin-spin relaxation, the signal decay due to
T} is reversible.

The discovery of different relaxation constants in different types of tissues is key to the
success story of MR in modern medicine [64]. Due to these phenomena, different tissue types
can be discriminated leading to the high soft-tissue contrast provided by MR measurements.

3.1.5 Bloch Equations

Combining the electromagnetic description of the interaction of the magnetization with the
effect of relaxation, Bloch introduced his famous description of temporal evolution of the
magnetization vector in 1946 [56]:

= (M x Berp)e — 7 (3.13)
dM, — M,
o = (M x Begply - ?j (3.14)
aM, = My — M,
o = V(M x §eff)z T (3.15)

The three equations allow a simple classical description of the net magnetization vector. It
is a useful framework that does not rely on complex quantum mechanical calculations. In a
standard MR experiment the magnetization in the transverse plane is measured. Thereby,
first of all, the magnetization vector needs to be excited by a time varying magnetic field,
the so-called radiofrequency (RF) pulse. Afterwards, the magnetization is manipulated to
achieve a distinct weighting of the signal. The weighting of the signal eventually leads to
a perceptible contrast in the obtained imaging data between structures of interest. In the
clinical routine e.g. Tj-weighted or Th-weighted acquisitions are often employed. As a last
step the signal is obtained by measuring the electric current induced in a nearby coil due to
Faraday’s law. In the following section basic elements for the signal generation as well as the
reconstruction of the data will be presented.

3.2 Generation of a Magnetic Resonance Signal

The MR signal is generated by a combination of RF pulses and gradients. The assembly,
properties and timings are defined in a so-called pulse sequence. A variety of different pulse
sequences tailored to research and clinical questions exist. Although the exact appearance of
the different pulse sequences may differ, they all share basic elements to generate a measurable
signal. In the subsequent section these basic pulse sequence building modules will be described.
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3.2.1 Free Induction Decay

The simplest way to measure the signal from an MR experiment is the utilization of a 90° RF
pulse with a subsequent acquisition period (shown in Figure 3.1). With the 90° RF pulse, the
magnetization that was previous aligned on the longitudinal axis is flipped to the transverse
plane. This will lead to a magnetization vector that is precessing in the transverse plane
and will induce a measurable electric current in the receiver coil elements that are arranged
perpendicular to the main magnetic field.

90°

GR -

e

Figure 3.1: Free Induction Decay (FID): After the excitation RF pulse, the
spins are dephasing and the magnetization is rotating in the
transverse plane. The FID shows the rotation in the transverse
plane with a simultaneous reduction of amplitude. The real and
imaginary part are shown as a solid black and dotted gray line,
respectively. RF: Radiofrequency pulse; GR: Gradient axis; Rx:
Receiver channel

The amplitude of the magnetization vector will decay without the influence of other elements
in the pulse sequence (with the relaxation time 7%) and therefore the experiment is called
free induction decay (FID). The FID constitutes the most basic principle to acquire an MR
signal. [65]

3.2.2 Gradient Echo

Another possibility to acquire an MR signal is the so-called gradient echo. In the simplest
form it consists of an RF pulse and two gradients (shown in Figure 3.2).

Directly after the excitation, the magnetization is dephased by the first applied gradient.
The second gradient has an area twice as large as the first gradient, an opposite polarity and
will be applied afterwards. At the time point when the area of the first gradient is equal to
the area of the second gradient, the magnetization is rephased. This time point is denoted
as the echo time (TE) and the gradient echo is formed. After the formation of the echo, the
magnetization is dephased again. The maximum amplitude of the formed echo acquired at
different TEs decays with 73'. The presence of the gradient during echo formation has the
advantage that it can be used for spatial encoding (please refer to chapter 3.4.2 for more
details). [58]

10
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Figure 3.2: Gradient Echo: The first gradient with negative polarity after
the excitation RF pulse causes a dephasing of the spins. The
additional dephasing is recovered with the second gradient with
opposite polarity, when the time integral of both gradient match.
At this time point (TE) the echo is generated. The dephasing
free induction decay after the excitation pulse is not shown.
The real and imaginary part are shown as a solid black and
dotted gray line, respectively. RF: Radiofrequency pulse; GR:
Gradient axis; Rx: Receiver channel

3.2.3 Spin Echo

Another way to generate an echo, is via an additional RF pulse added after the 90° RF pulse.
In this experiment a 90° excitation and a subsequent 180° refocusing RF pulse are applied.
After being flipped in the transverse plane the spins will dephase due to energy exchange with
each other and due to static local field inhomogeneities. After a certain time period (denoted
with %) the refocusing RF pulse is applied leading to an inversion of the acquired phase.
Due to the static nature of the local field inhomogeneities, the acquired phase due to field
inhomogeneities will reduce after the phase inversion. At TE, the net phase accumulated due
to field inhomogeneities is zero and a spin echo forms. The phase difference due to energy
exchange between the spins cannot be resolved and therefore the amplitude of the echo is
reduced by T» relaxation. [56]

A schematic representation of the spin echo is shown in Figure 3.3. The advantage of a spin
echo in comparison to gradient echoes is the insensitivity towards local field inhomogenieties
and the reduced signal attenuation due to relaxation effects. However, the necessity for more
RF pulses can increase the RF energy and also the minimum TE of the sequence.

3.2.4 Stimulated Echo

With three 90° RF pulses a so-called stimulated echo can be formed. The echo formation
process is similar to the one described for spin echoes but one more additional RF pulse is
employed. After the first excitation 90° RF pulse the magnetization dephases in the transverse
plane. After % the second 90° RF pulse is utilized to flip the magnetization back on the
longitudinal axis. After a certain period of time, also referred as mixing time (TM), the last
90° RF pulse is employed and the magnetization is flipped back in the transverse plane. The

11
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Figure 3.3: Spin Echo: The magnetization is flipped to the transverse plane.
Afterwards, local field inhomogeneities induce a reversible de-
phasing of the spins. The dephasing can be recovered by an
additional 180° RF pulse. The echo is formed at the time point
TE after the spins are rephased. The free induction decay after
the excitation pulse is not shown. The real and imaginary part
are shown as a solid black and dotted gray line, respectively.
RF: Radio-frequency pulse; GR: Gradient axis; Rx: Receiver
channel

stimulated echo is formed after % (schematic overview of a stimulated echo is shown in

Figure 3.4).

An unique characteristics of the stimulated echo formation process is that the amplitude of
echo is weighted by T7 as well as Ty decay. Due to the special formation process half of the
magnetization is lost. [66]

3.3 Chemical Shift in MR

Protons will experience differences in their electronic shielding depending on their chemical
environment and consequently different local magnetic fields. Differences in the magnetic
field can be directly mapped to different Lamor frequencies (compare equation 3.6). With
this chemical shift property different moleculs can be distinguished with MR, when the Lamor
frequency in investigated.

3.4 MR Pulse Sequences

The basic elements described in the previous sections can be combined with one another and
with additional RF pulses, gradients and acquisition periods to acquire the MR data. The
acquired signals are then reconstructed and when applicable post-processed to give valuable
clinical or research information. In general, two different types of MR pulse sequences are
presently considered: the frequency resolved single-voxel MR spectroscopy which can be used
to encode chemical shift information and the spatially resolved MR imaging sequence which
can be used to encode spatial information in 2D or 3D.

12
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Figure 3.4: Stimulated Echo: After the application of three 90° RF pulses
a stimulated echo is formed. The timing between the first and
second, as well as the third RF pulse and the echo formation
is denoted with % The timing between the second and the
third RF pulse is called mixing time (T'M). The free induction
decay after the excitation pulses and possible occurring spin
echoes due to imperfect RF pulses are not shown. The real and
imaginary part are shown as a solid black and dotted gray line,
respectively. RF: Radiofrequency pulse; GR: Gradient axis; Rx:
Receiver channel

3.4.1 MR Spectroscopy

NMR offers the unique possibility to distinguish chemical species based on their chemical shift
property. The acquired time-domain MR signal contains the contribution of all spins within
the excited volume and can be directly translated via the Fourier transform to a spectrum in
the frequency domain. In the spectral domain, different metabolites can be separated and
their relative amplitude can be extracted. In simple molecules (like water), the resulting
spectrum only consists of an unimodal distribution of resonances frequencies (one peak in the
spectral representation). In larger molecules (like fatty acids), the spectrum is more complex,
consisting of multiple spectral peaks. In such complex molecules, the protons can be located in
different parts of the molecules resulting in different chemical environments. Pools of protons
can be coupled (so-called J-couplings) which make a theoretical description rather difficult.
However, the appearance of the acquired spectrum can be directly related to the chemical
structure and offers therefore a high degree of information.

On a clinical MR system, spectroscopy is mostly acquired from a single volume of interest,
the so-called voxel. The most frequently used single-voxel MRS techniques are point-resolved
spectroscopy (PRESS) [67] and stimulated echo acquisition mode (STEAM) [68].

A PRESS sequence consist of a slice selective 90° excitation pulse and two additional slice
selective 180° refocusing RF pulses. By employing three slice selective RF pulses a three
dimensional localization of the voxel can be achieved. With this setup a twice refocused spin
echo is generated and spoiler gradients can be employed to prevent undesirable alternative
magnetization pathways due to imperfections of the employed RF pulses. In between the RF
pulses the magnetization will decay with the relaxation constant 75.

13
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A STEAM sequence on the other hand consists of three slice selective 90° RF pulses
generating eventually a stimulated echo. Spoiler gradients can be employed to prevent
undesirable magnetization pathways like FIDs or spin echoes. The principle for generating
the echo is shown in Figure 3.4 (omitting slice selective gradients). Between the first and the
second RF pulse as well as between the third RF pulse and the echo, the magnetization decays
with T5. Whereas, during TM (between the second and the third RF pulse) the magnetization
decays with T7. Due to the generation process of the stimulated echo, 50% of signal amplitude
is lost. However, this design allows shorter echo times and longer extend of the mixing time
(because T1 > T5 in most cases).

Before converting it to an interpretable spectrum, the acquired data from the MRS sequence
need to be pre-processed in order to reduce artifacts and increase the signal to noise ratio
(SNR). These pre-processing steps can include coil combination, phase correction, apodization,
frequency correction and additional possible correction steps. After this usually a time- or
frequency-domain fitting is employed to extract the relative peak amplitudes for further
interpretation or processing. [69]

The limited spatial information, complex reconstruction and post-processing as well as the
non-trivial interpretation of the results, limits the use of single voxel spectroscopy in the
clinical routine. However, in research settings MRS offers the unique possibility to spectrally
resolve the information at different chemical shift locations and measure MR properties of
individual chemical species. Thereby, MRS can be utilized in many cases as a gold standard
measurement technique.

3.4.2 MR Imaging

For the clinical routine, spatially resolved images are essential. In 1973, Lauterbur [70]
introduced the idea to use magnetic gradient fields in order to encode spatial information. In
the presence of a magnetic field gradient, the Lamor frequency of the spins becomes spatial
dependent and can be used to localize the origin of the acquired signal. When a magnetic
field gradient is present that alters the amplitude but not direction of the main magnetic field,
the local magnetic field is defined as follows:

— —
Be(x,y,2) = By + Go(2) T + Gy(y)T + Co(x) T =By + G - 7 (3.16)
With local dependency of the magnetic field, also the frequency of the rotating spins
becomes spatially dependent:
%
W) =(|Bol + C - 7) (3.17)

Without loss of generality and for simplicity it can be assumed that only a gradient in the
x direction is present. Without relaxation effects, the incremental signal (dS) generated by
spins within the interval z and = + Ax is:

dS(zt) o p(a) do e”"V (BTGt (3.18)

where p(x) is the spin density (the target quantity that should be extracted from the MR
experiment) and t is the time. The total signal can be retrieved by integrating over the
x-dimension:

s = [ astaado o [ pla) B (319)
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As a next step, the Lamor frequency can be demodulated from the signal and a new constant
k can be introduced:

ky = — L(t)dt 2
L [ G (3.20)
The total signal now writes as follows:

S(t) oc/ pxz) e 2kt gy (3.21)

The structure of this equation is identical to a Fourier Transform and therefore the well-
known calculation rules can be applied to retrieve the spin density p(z):

p(x) /_OO S(k(t),t) e” 2 k=, (3.22)

Based on this relation the spin density can be obtained by a Fourier Transform of the
acquired signal. The newly introduced variable k is the Fourier conjugate variable of the
image space variable x. Therefore, in order to spatially encode an MR image, data for different
values of k is acquired and afterwards the acquired data is Fourier transformed.

Three dimensional image data can be either extracted by extending the spatial encoding
process to more than one dimension or by utilizing slice selective RF pulses.

There is a large variety of possible pulse sequences for MRI differing in their mechanism for
signal generation, additional elements to manipulate the magnetization and exact sequence
parameters. The respective pulse sequence depends on the clinical or research questions and is
resulting in MR images with different contrast weightings. Frequently used imaging sequences
in the clinical routine are for example Echo Planar Imaging (EPI) [71] and Turbo Spin Echo
(TSE) [72].

3.5 Hardware in Clinical MR Systems

A modern MR scanner is a technical complex and marvelous machine. It consists of a variety
of hardware and software components and must be embedded in a modern infrastructure
in order to ensure the acquisition of clinically useful data. Describing the setup of a MR
scanner in detail would be beyond the scope of this dissertation. Therefore, only the three
most important components will be described in the following.

3.5.1 Magnet

The main magnetic field (ES) needed to polarize the spins within the investigated object can be
either obtained by a electromagnet or a permanent magnetic material. Modern clinically used
whole body MR systems mostly rely on electromagnets with helium-cooled superconducting
coils in order to generate a stable and high static magnetic field. Scanner with a main
magnetic field strength of 1.5T and 3T are routinely used in the clinical environment. High
field MR systems like 7T scanners are less common and mostly used in research settings. For
high quality MR data, a homogeneous magnetic field is essential. This can be achieved by
additional correcting magnetic fields called shimming gradients. Because the strong main
magnetic field is permanently active, it causes a major danger in an MR facility. Restricted
access, screening for metal and shielding can limit the occurrence of accidents. [73]
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3.5.2 Radio Frequency Transmit and Receive Coils

As described earlier a time-varying magnetic field is necessary to manipulate the magnetization
within the sample. The §1> RF field is generated by transmit RF coils with a frequency similar
to the Lamor frequency of the investigated spins. Thereby, the field strength is orders of
magnitude lower than the main magnetic field (on a clinical system in the order of 10th of pT).
The measurable signal is generated within the subject itself and will be detected by receiver
coils. Because of the relatively small amplitude of the E{ RF field and the irritated signal, the
MR scanner is placed in a Faraday cage to prevent interaction of the system with surrounding
electromagnetic fields. Specific transmit or receive coils can be constructed but it is also
possible to produce combined receive and transmit coils. In most clinical MR, scanners, a large
body coil is built-in that is capable to receive and transmit RF signals. More dedicated RF
receive coils are additionally used to increase the SNR and enable parallel imaging techniques.
[58]

3.5.3 Gradient Coils

Gradients are an essential component in the MR system to manipulate the magnetization
and enable spatial encoding. This is possible by applying additional magnetic fields that
enforce a spatial variation of the amplitude (not the direction) of the main magnetic field.
The magnetic gradient fields are produced by mostly built-in gradient coils and controlled by
varying the strength of the electric current inside them. [70] Many pulse sequence designs
require very fast and rapid changes of the gradient field amplitudes. Rapidly changing a
current in strong magnetic field induces Lorentz forces on the gradient coil. Therefore, during
an MR examination usually a loud tapping, clicking or high pitched beeping sound can be
heard. [74] Increasing the strength of a gradient in general permits scanning with higher
resolution, faster acquisition or stronger diffusion weighting. However, the acoustic noise
increases with the increasing gradient strength and artifacts induced by hardware vibrations
can mitigate the measurement quality.

3.5.4 Experimental Setup

All experiments of the present thesis were performed on clinical whole-body 3 T MRI scanners
(Ingenia, Philips Healthcare, The Netherlands) at the University Hospital Klinikum rechts der
Isar of the Technical University of Munich in Munich (Germany).

16



4 Assessment of Tissue Microstructure with
Magnetic Resonance

DW-MR is a powerful tool for the non-invasive assessment of tissue microstructure. By
investigating the movement of spins within a certain tissue, information about the particle
mobility and the structural properties of biological systems can be extracted. Therefore, MR is
a unique technique that is capable to extract next to the macroscopic anatomical information
also information at the microstructural level. DW-MR is not only widely used in the clinical
settings (most predominantly in oncology settings or to identify brain ischemia) [75, 76], but
also in research settings as for example in assessing brain network connectivity [77].

4.1 Principles of Diffusion

According to Adolph Fick, diffusion can be defined as the microscopic flux of particles in a
medium resulting from a gradient in the particle concentration [78]. In 1905, Albert Einstein
proposed that also self-diffusion (without the necessity of a macroscopic concentration gradient)
can lead to particle flux [79]. In his explanation, the movement of particles results from
local concentration fluctuations caused by Brownian motion. This microscopical effect can
be described with statistical measures. For 3D self diffusion Einstein’s famous equation of
diffusion reads as follows:

<X >?=6DA (4.1)

where < X >? is the average squared distance traveled by an particle due to diffusion in a
given period of time A, referred to as the diffusion time. D is the diffusion coefficient and
represents the mobility of the particles.

4.2 Measuring Diffusion Effects with MR

DW-MR has the unique capability to non-invasively characterize the effect of the microscopic
particle motion on the measured signal while employing large voxels at the macroscopic scale.
The effect of diffusing spins can be made visible by applying magnetic field gradients in a
special fashion.

In general an applied gradient will lead to a spatial dependency of the Larmor frequency
(refer to equation 3.17). For a moving spin in a magnetic gradient field, the Larmor frequency
becomes time dependent because the local magnetic field will change according to the position
of the spin. Therefore, the overall accumulated phase (@) excluding the contributions of the
main magnetic field at time t can be described as follows:

o(t) = /0 w(t')dt' = ~ /O Gy -7 ()t (4.2)
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The signal S of a macroscopic ensemble of spins is equal to the integral over the volume of
interest with consideration of the phase of each single spin:

S(t) o / (T D7 (4.3)

Only if all spins have acquired exactly the same phase during the MR experiment, the
magnitude of the signal will not be attenuated. When a magnetic field gradient with a
sufficient strength is applied over the volume of interest, this is only possible when the spins
are not moving or all moving with equal velocity and the time integral over the magnetic field
gradient is zero. When the spins are diffusing, the statistical random motion induces a phase
dispersion of the spin ensemble that is not recoverable and leads eventually to signal loss.
Already in 1950, Hahn discovered in his initial works on echo formation that diffusion is an
effect that leads to signal attenuation that cannot be resolved by rephasing of spins with an
refocusing RF pulse [66]. In summary: Diffusion is a process that due to its random motion
leads to signal attenuation. The applied pulse sequence needs to be sensitive towards the
particle motion by applying magnetic field gradients. Eventually, regions with static spins
will be brighter compared to regions with fast diffusing spins on a DW MR image.

There are various approaches to design a pulse sequence with appropriate DW gradient
schemes. Most commonly used is the original proposal by Stejskal and Tanner, employing a spin
echo with one diffusion sensitizing gradient after each RF pulses, the so-called Pulsed-Gradient
Spin-Echo (PGSE) gradient waveform [80].
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Figure 4.1: Pulsed-Gradient Spin-Echo: Diffusion sensitizing experiment
proposed by Stejskal and Tanner [80]. The echo is generated by
a spin echo and the applied gradients (DG and DGs) which
sensitize the sequence towards diffusion. The time interval A is
equal to the diffusion Time and ¢ is the length of the diffusion
gradient. The free induction decay after the excitation pulse is
not shown. The real and imaginary part are shown as a solid
black and dotted gray line, respectively. RF: Radiofrequency
pulse; GR: Gradient axis; Rx: Receiver channel; TE: echo time

Figure 4.1 shows a schematic view of the traditional PGSE sequence. After the excitation
pulse the spins get dephased by the first diffusion gradient. Due to the refocusing RF pulse
the acquired phase of the spins gets inverted and therefore the second diffusion gradient
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serves as a rephasing element. For static spins, no additional signal decay except relaxation
effects will attenuate the echo at time point TE. For diffusing spins, the arrangement of the
gradient will lead to phase dispersion and eventually signal loss. The amount of attenuation
depends on the diffusion gradient area (depending on the diffusion gradient length ¢ and
strength), the diffusion time (A) and the mobility of the particles. More complex gradient
waveforms and DW sequences have been proposed and tailored to specific problems. For
example, motion compensated waveforms have been proposed to null the influence of specific
movements of the spins [81]. Additionally, diffusion experiments based on a stimulated echo
sequence were proposed allowing the acquisition of very long diffusion times [82]. On the
other hand oscillating gradient schemes allow the realization of very short diffusion times [83].

The amount of DW can be summarized in a parameter called b-value [84, 85]. Utilizing the
b-value formulation equation 4.3 can be written as follows:

S(b) = Spe P (4.4)

S is the measured signal, Sy is the signal without diffusion attenuation, D is the diffusion
constant and b is the b-value. The b-value is a mathematical construction to represent the
degree of DW of a certain sequence and is defined as follows:

b= 2 /O " /0 "G (4.5)

In this equation the gradient strength G is integrated twice over time. Here, only the
one dimensional case is shown, although the applied gradient also has a certain direction.
The diffusion sensitivity of the sequence is always in the direction of the applied gradient.
By applying the DW in different directions, directional differences in the diffusivity of the
particles can be investigated.

In a simple PGSE sequence equation 4.5 can be written in a simpler form [86]:

) e b€

b=vG*(6*(A - §) + == —) (4.6)

Hereby, € represents the ramping time of the trapezoidal gradients. The b-value formulation
simplifies the description and comparison of different DW MR pulse sequences. For that
reason, this formulation is often used in clinical practice and research settings.

The unit of the b-value is commonly denoted in 2 and usually b-values up to 1000
are applied in the clinical setting to investigate the diffusion of water.

In DW-MR, the measured diffusion constant is influenced by many different parameters.
Therefore, often the term apparent diffusion constant (ADC) is used when diffusion properties
are measured with MR.

s
mm?

4.3 Pulse Sequences for DW-MR Measurements

To encode the DW signal based on the principles described in the previous chapter, different
specialized MR-pulse sequences are used. The upcoming chapter gives a brief overview of the
most often applied sequences. Artifacts that arise from the diffusion enocding process are
described in more detail in section 4.4.
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4.3.1 EPIl-based DW-MR Pulse Sequences

The most commonly applied DW-MR pulse sequence in the clinical setting is the single-shot
DW-EPI sequence. Single-shot DW-EPI offers the possibility of a SNR efficient readout by
acquiring the whole k-space after one acquisition. Thereby, the sequence does not suffer from
phase errors that differ between each excitation and the measurement can be considered
as rather insensitive to motion. However, due to the low bandwidth in the phase-encoding
dimension, the spatial resolution and coverage is limited. Furthermore, the acquired images
can suffer from distortions induced by off-resonance effects.[87] Besides the inherent problems
and image artifacts, the sequence can be considered as the working horse sequence for clinical
brain DW imaging.[88]

However, when higher resolutions/coverage is required or stronger Bj inhomogeneities
are present (common in multiple body applications), single-shot DW-EPI might not be
suitable. Higher resolutions can be achieved by only acquiring part of the k-space with each
excitation (called multi-shot acquisition) and combining the segmented k-space parts in the
reconstruction. However, in the DW acquisition, shot-to-shot phase errors can occur which
corrupt the overall image quality.[89] Therefore, the phase errors in each shot need to be
detected and the data should be corrected before combination of the k-space. The bandwidth
in the phase-encoding dimension can be also increased with multi-shot EPI acquisions (thereby
reducing the geometrical distortions) but the acquisition is also slower compared to the single
shot variant of DW-EPI.[88]

4.3.2 TSE-based DW-MR Pulse Sequences

An alternative to the EPI-based readout is a spin-echo based acquisition like TSE. It has the
advantage of not suffering from geometrical distortions induced by susceptibility and chemical
shift because the magnetization gets refocused at echo acquisition. However, this big advantage
comes with the necessity to apply multiple refocusing pulses which decreases the SNR efficiency
of the sequence compared to EPI. Therefore, longer acquisition times are necessary and also
more RF energy (heat) is deposited in the patient. [88] Additional to that, TSE sequences
need to fulfil the Carr-Purcell-Meiboom-Gill (CPMG) condition which states the phase of
the refocusing pulses matches the phase of the rotating spins creating magnetization [90].
This can in general not be archieved easily in the context of DW, because the accumulated
phase of the magnetization is unknown. This violation of the CPMG condition can be avoided
when magnitude stabilizing gradients are introduced. With this technqiue a uniform phase
distribution is generated over each voxel (independent of the signal phase) but also half of the
signal is lost [91].

The TSE acquisition can also acquire the k-space of one slice in a complete or segmented
fashion. With the single-shot acquisition (to reduce T, blurring effects), the sequence is again
limited to lower resolution scans but does not suffer from shot-to-shot phase errors. Similar
to DW-EPI, also DW-TSE sequences can be extended to a multi-shot acqisition, but then
phase navigation of each shot is necessary [92].

4.3.3 Spectroscopy-based DW-MR Pulse Sequences

Acquiring DW-MRS data is nowadays mostly applied in research settings. Due to the
capability of spectroscopy to spectrally resolve the acquired data, it is possible to investigate
the diffusion properties of distinct chemical species. This offers great potential in the detailed
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investigation of neurotransmitters in brain research [93] but can also be applied to investigate
the properties of fat [94]. As already shown in section 3.4.1, the most dominant single voxel
MRS sequences are PRESS and STEAM. In both sequences DW gradients can be introduced
to allow DW of the spectrum. A DW-PRESS sequence has the advantage of allowing high
SNR but also suffers from a large chemical shift displacement artifact. Also, the diffusion time
of the signal can only be increased by increasing TE which will lead to a strong attenuation
due to T relaxation. With a DW-STEAM sequence half of the signal is lost due to echo
generation process. However, this sequence allows shorter echo times and reduced chemical
shift displacement artifacts. In this setup the diffusion time can be increased by changing the
mixing time which will lead to a signal attenuation by 77 relaxation. [69]

With a DW-MRS sequence very rich information can be obtained from one location and
the diffusion properties can be investigated in great detail. However, the application of
DW-MRS stays a niche application due to its limited availability on clinical MR, scanners, the
partly complex processing and interpretation in combination with inherent artifacts that are
characteristic to the diffusion encoding process.

4.4 Artifacts Due to the Diffusion Encoding Process

Due to the specific mechanism to generate contrast in DW-MR measurements, there are
several characteristic artifacts that can occur in these type of measurements. The upcoming
chapter describes the most prominent sources for measurement errors in DW-MR. Avoiding
these artifacts or mitigating the effect can improve data quality and lead to a more accurate
and robust estimation of quantitative parameters extracted from DW measurements.

4.4.1 Eddy Currents

Artifacts due to eddy currents are common in DW measurements because of the necessity to
have diffusion gradients with short duration and large gradient strength. The fast switching
of the magnetic field gradients introduce additional undesired electric currents within nearby
conducting structures that in turn produce their own magnetic fields. The additional magnetic
fields distort the theoretical ideal gradient form and can lead to unwanted effect in the
measurement. [95]

The effect of eddy currents on DW measurements is particularly visible in geometrical
distortions of clinically often employed DW single-shot EPI sequences. Hereby, the remaining
gradients due to eddy currents are still present during spatial encoding and lead to image
distortions [96].

The geometrical distortions can be mitigated when instead a TSE readout is employed
[91]. The eddy current induced deviation from the ideal gradient wave form can also lead
to undesirable phase accumulation after diffusion encoding. When a diffusion preparation
module (with a tip-up RF pulse after diffusion encoding) is used this can lead to spatial
varying errors of the magnitude and phase of the DW signal. An elegant way of eliminating
the effect of eddy current induced phase errors is the employment of magnitude stabilizers in
the DW preparation and readout [97].

In DW-MRS sequences eddy currents from the DW gradients can lead to an additional
eddy current phase distorting the spectral peaks. By acquiring a DW STEAM sequence with
two polarities of the DW gradients, the eddy current phase can be estimated and removed in
a post-processing step. [94]
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4.4.2 Gradient Non-linearity

Deviations from the ideal gradient field can cause artifacts: The equations shown in chapter 4.2
assume a spatially constant slope of the magnetic field gradient. However, it was observed by
studying the diffusion properties of ice water that this assumption is only true close to the
gradient coil center [98]. Due to hardware limitations, the magnetic field gradient will deviate
from the theoretical linear behavior in outer parts of the gradient coil center, resulting in
lower or higher gradient strength compared to the nominal gradient strength. This can lead
to a weaker or stronger DW and eventually to measurement errors when diffusion properties
are quantified [99]. The effect of gradient non-linearities can be either mitigated by focusing
the analysis on regions close to the iso-center, adjustments on the gradient hardware or by
incorporating knowledge about the spatial variation of the DW due to gradient non-linearity
effects in the processing of the acquired data [100].

4.4.3 Motion-induced Phase Errors

Especially when DW measurements are performed in vivo, tissue motion is mostly inevitable.
The motion can be on the one hand physiological due to breathing or cardiac pulsation or on
the other hand induced by voluntary or involuntary bulk motion of the subject. Any type
of macroscopic motion during the diffusion encoding process can lead to signal cancellation
also known as intravoxel dephasing. The additional motion during DW leads to accumulated
phase of the spins. If a non-zero phase remains at signal acquisition and there is a spatial
variation in the accumulated phase, this will eventually lead to signal loss. This strength of
the signal cancellation scales with the DW strength and the acquisition voxel size. Intravoxel
dephasing induced by macroscopic motion does not reflect the microscopic self-diffusion of
the spins and therefore does not contain microstructural information. [101] There are several
strategies proposed to mitigate the effect of the unwanted motion-induced phase: First the
right selection of the pulse sequence and pulse sequence parameters can reduce the sensitivity
towards motion [102]. Second, specific gradient waveforms can be designed to be insensitive
towards specific types of motion (e.g. movement of spins with a constant velocity) [103, 104].
Third, as a last option, physiological triggering (e.g. respiratory or cardiac triggering) can
help to identify phases in recurring motion patterns that are not characterized by large tissue
movements. The acquisition of data can then be limited to these ”quiet” time intervals. [105]

4.4.4 Vibration-induced Artifacts

Artifacts induced by vibrations can be considered as a specific case of motion-induced phase
errors. As described in section 3.5.3, fast switching gradients can introduce acoustic noise and
scanner hardware vibrations. Especially, DW gradients that usually have a high amplitude,
were shown to yield large displacements of the MR scanner table [106]. The hereby observed
vibrations are so strong, that they were even proposed as a driving force for MR elastography
experiments [107]. In the context of DW measurements, it can be observed that these
vibrations have an influence of the measured signal due to intra-voxel dephasing effects
described in the previous chapter. In a standard DW sequence the following scenario can
easily become reality: Vibrations induced by the first diffusion gradient have little influence
during the first diffusion gradient but will change the displacements of the scanned object
during the second diffusion gradient. Therefore, the accumulated phase in both DW periods
is different which leads to the before mentioned phase dispersion. Larger voxel sizes and
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also stronger diffusion gradients will increase the severity of the observed signal loss. [101]
Vibrational artifacts on DW data, have already been reported in clinical data. In high b-value
Diffusion Tensor Imaging (DTI) the artifact becomes visible in posterior brain regions that
are close to the scanner table and lead to signal loss in the diffusion weighted raw data and
quantification errors in the parameter maps extracted from the DTI processing [108, 109]. The
severity of the artifacts could be reduced by hardware adjustments to reduce the amplitude of
the vibrations or by finding a way to make the vibration pattern more similar during both
diffusion weighting periods. In JP-II a method to mitigate signal loss induced by vibrations is
described. Artifacts like this are especially severe if high order effects like diffusion restriction
are measured because small changes on the signal can have large effects on the quantification
process.

4.5 Diffusion Restriction Effects

Without any restricting barriers the observed particles can diffuse freely. This is reflected by
a mono-exponential diffusion decay signal acquired at different b-values and a constant ADC
value for different diffusion times. Within biological tissue, the free movement of the particles
can be influenced by diffusion restriction barriers and consequently the DW signal behavior
deviates from the free diffusing case.

4.5.1 Diffusion Regimes

Already in 1973, J. E. Tanner observed a dependency of the diffusion constant on the diffusion
time. In his work, he investigated water diffusion in frog muscles acquired with different pulse
sequences to achieve different diffusion times. An oscillating gradient scheme combined with a
spin echo leads to a short diffusion time, a simple PGSE sequence to an intermediate diffusion
time and a pulsed gradient scheme with stimulated echo to a long diffusion time. [110]

Essential for the observed diffusion behavior is the relation between the mean free path
length during the diffusion experiment and the restriction barrier size. If the mean free path
length is much smaller than the restriction barrier size, the spins will diffuse in the short
diffusion time limit. Hereby, only the spins close to the barrier will experience restrictions
in their movement, whereas the majority of the spins will diffusive freely. In this regime
there is barely a deviation in the mono-exponential signal decay visible, but the free diffusion
constant will decrease with increasing diffusion time [111]. In the long diffusion time limit,
the mean free path length is much larger then the restriction barrier size. In this scenario
most of the spins come into contact with the restriction barrier (also multiple interactions are
possible) during the diffusion experiment and therefore the mobility of most of the spins is
hindered. In this regime deviations from the mono-exponential signal decay can be observed
and the diffusion constant approaches to a fixed value with increasing diffusion time [112]. In
between these two extreme cases an intermediate regime can be observed. Consequently, the
observed signal decay and diffusion constant behavior will be different in different diffusion
time regimes.

4.5.2 Modeling Diffusion Restriction Effects

Observing deviations from the free diffusion behavior of particles offers interesting implications
and is therefore a very fascinating effect to study. It allows to draw conclusions about tissue
properties on a cellular scale that are way beyond the usual resolution of a MR experiment.
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Only a brief overview of the most important concepts to describe restricted diffusion will be
given as a review of all the different modeling approaches would be beyond the scope of the
present dissertation.

Deviations from the unrestricted free diffusion behavior were first observed by Woessner
in the year 1963 in a qualitative fashion [113]. One of the first researchers to investigate
restriction effects in a more detail have been Murday and Cotts [114]. They investigated
the diffusion of liquid lithium and proposed an equation to describe the theoretical signal
evolution for diffusion within spherical boundaries building up on ideas from Neumann [115]:
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where d is the diameter of the spherical restriction barrier, Dy,q. is the free diffusion
constant, and «,, are the roots obtained by the following differential equation of Bessel

functions (J):
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Equation 4.7 offers a description of the evolution of the signal for restricted diffusion within
spherical boundaries. In general, diffusion restriction effects will lead to a decrease of the
diffusion constant for increasing diffusion time and to deviations from the exponential signal
decay. Despite the generality, the formalism proposed by Murday and Cotts is complex and
the extraction of parameters is challenging.

Under certain assumptions the description of restricted diffusion can be simplified. As
described in the previous section, the diffusion time is a key element to distinguish different
regimes and allows the usage of certain simplifications. In the short diffusion time limit, most
of the particles will diffusive freely, whereas only a small fraction of the particles (in close
proximity to the restriction barriers) will experience a limitation in their mobility. The amount
of particles experiencing restriction will increase with increasing diffusion time. Therefore,
Mitra proposed to treat the problem as having two different pools: One particle pool that
can diffusive freely and another particle pool that will experience restricted diffusion. Mitra
proposed to investigate the diffusion constant which is a mean quantity originating from the
behavior of both particle pools at different diffusion times. The idea is that with increasing
diffusion time, the movement of more particles will be restricted and the measured mean
diffusion constant is consequently decreased. The proposed experiment is sensitive towards
the surface-to-volume ratio (A/V) and can be described with the following equation [111]:

D(A) = Dpyee(1 ~ 5/ Dpecc ) (19)

where A is the surface of the restriction barrier and V is the volume of the restriction
barrier. This equation indicates that measuring the diffusion constant for different diffusions
times offers information about the tissue microstructure. When also a special geometry is
assumed (e.g. spherical restriction barriers) microstructural parameters like the diameter
of the restricting barrier can be extracted. This idea was first verified experimentally using
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DW-MRS on sedimentary rocks [116, 117] and on large size beads [118]. The hereby described
simplifications of the diffusion behavior are only valid when the diffusion length is much smaller
then the restriction barrier size. In most clinical applications (focusing on fast diffusing water
in small biological cells), the diffusion length is much larger or comparable to the restriction
barrier size.

Therefore, oscillating gradients with high frequency are sometimes applied to reduce the
effective diffusion time and to probe diffusion in the short diffusion time limit [119-121].

Because in most clinical examples for restricted diffusion, diffusion tends to be in the long
diffusion time limit, there is a large variety of different methods to describe the long diffusion
time regime. In 2002, Garasanin et al. proposed an approximation for equation 4.7 that is
valid in the long and intermediate diffusion time regime. The approximation was archived by
only considering the first term of the Bessel equation and reads as follows [122]:
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When the diffusion length is much larger then the restriction barrier size, the particles are
diffusing in the so-called tortuosity limit. The measurable diffusion constant approaches a
constant value and the diffusion time dependency of the diffusion constant is lost. There
are various methods to describe diffusion in or close to the tortuosity limit as this regime is
characteristic for water diffusion within nerve cells [112, 123].

By performing measurements in this regime, parameters like the axon diameter [9-11] or
other microstructural parameters of the brain can be extracted [124]. It is beyond the scope of
this work to present a review of the different models and algorithms used for microstructural
assessment.

In general the assessment of diffusion restriction effects has been successfully applied in
many different scenarios like the measurement of cell size in cancer [12] or the extraction of
structural information from the brain [124]. Despite the great potential of this technique,
there are still challenges and pitfalls. Due to the fact that restriction is a high order effect, the
fitting for microstructural parameters is challenging and most measurements suffer from low
accuracy and precision. Additionally, model mismatches and missing validation measurements
can be constituted as major difficulties of the presented methods. [12]

In scenarios with very small effects of restriction (large restriction barrier sizes combined with
slow diffusion), the probing of microstructural information can become extremly challenging.
This is exactly the case when restriction effects of lipids in AT are investigated. Applying
the general model proposed by Murday and Cotts [114] in this scenario would be beneficial
because it is valid for a wide range of diffusion times and not limited to a specific regime.

4.5.3 Measuring Restriction Effects in Adipose Tissue

Measuring diffusion properties of lipids with a clinical MR system is challenging, because the
diffusivity of lipids is around two orders of magnitude smaller compared to water [13]. This can
be explained by the large molecular size of fatty acids in comparison to water molecules. A low
lipid diffusion coefficient increases the required diffusion encoding strength and diffusion time.
This creates technical challenges related to eddy currents and the increased sensitivity to any
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type of physiological tissue motion including involuntary movement. To extract information
about the microstructure, DW experiments at different diffusion times or with a wide range
of b-values need to be acquired which increases the experimental complexity. In addition, the
fat spectrum is much more complex than the water spectrum, consisting of multiple different
peaks with different relaxation times [125] and potentially different diffusion constants [126].

Extracting microstructural information from AT was shown to be possible in the size estima-
tion of intramyocellular lipids [14] and brown adipocytes [15]. However, these measurements
were mostly performed ex-vivo on a preclinical scanner with a strong gradient system. This
thesis aims to develop techniques to probe the size of large adipocytes on a clinical scanner.

Histology analysis of subcutaneous AT show that the shape of the adipocytes within a 2D
slice can be approximated by a circle and that no internal restriction barriers within the cells
are visible [16]. Therefore, the assumption of a spherical shape of the adipocytes with free
diffusion within the restriction barrier is reasonable and the restricted diffusion behavior can
be described by the model proposed by Murday and Cotts (please refer to section 4.5 for
more details) [114]. To probe the diffusion of lipids and eventually the microstructure of fatty
tissue with large lipid droplets, sequences that allow very strong DW and long diffusion times
are necessary.

Therefore, a single-voxel DW STEAM MRS sequence according to Ruschke et al [94] was
employed in JP-I and JP-II. The sequence diagram is shown in Figure 4.2.

DW STEAM
TE/2 ™ TE/2
90° 90° 90° Echo
G, — ‘
e A LY
G, A ‘ amn.
3

A

Figure 4.2: Sequence diagram of the DW-STEAM MRS sequence: The DW-
STEAM magnetization preparation consists of 3 slice-selective
90° RF pulses and monopolar diffusion sensitizing gradients
(in gray). Spoiler gradients (blue) and slice selective gradients
(green) are also shown. To compensate for eddy currents, the
sequence was repeated employing the diffusion gradient with
different polarity. A, diffusion time; J, time duration of the
diffusion gradient; TE, echo time; TM, mixing time

The sequence is based on a standard single-voxel STEAM MRS sequence with diffusion
gradients added after the first and third RF pulse to induce DW. The diffusion gradients also
serve as spoiler gradients for unwanted magnetization pathways. Different diffusion times are
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achieved by increasing T'M while keeping T'E constant. For eddy current compensation, the
DW spectra are acquired with different polarity and the eddy current phase is subtracted
in a post processing step. The described DW-MRS sequence enables the acquisition of high
b-value DW measurements and simultaneously allows the acquisition of long diffusion times
with moderate signal loss. The complexity of the fat spectrum can be resolved by separating
the fat peaks in the frequency domain. The mean lipid droplet size can be extracted by
modeling the DW signal acquired at different diffusion times and DW with equation 4.7. In
JP-I, DW spectra in water-fat-emulsion phantoms and in vivo in the tibia bone marrow were
acquired to extract a mean lipid droplet size. [127]

Motion-induced phase errors due to scanner table vibrations are especially severe when
sequences with strong DW are used and limits the translation to a clinical application of
the technique. In JP-II, an additional gradient was added before the DW-MRS sequence to
mitigate signal loss induced by scanner table vibrations. The effect of this additional gradient
was evaluated by laser interferometry and by ADC measurements in water-fat-emulsions
phantoms and in vivo tibia bone marrow. [128].

3D DW STE Preparation 2D single slice TSE
TE/2 ™ TE/2
90° -90°, 90° -90° 90° 180° a a
1 N A N
Echo Echo

Gx A A q_‘ |/‘\||D'

Gy

A A £ A L
o\ A D'l‘,_J_rj::“'iL

Figure 4.3: Sequence diagram of the STE-DW-prepared single shot 2D
TSE. The diffusion weighted STE-DW magnetization prepa-
ration consists of four composite 90° RF pulses, mono-polar
diffusion sensitizing gradients (gray) and spoiler gradient (blue).
To eliminate motion-induced phase errors an additional pair
of de-/rephasing gradients (indicated in red) denoted as mag-
nitude stabilizers are introduced before the last tip-up pulse.
Magnitude stabilizers are performed immediately before and
after every spin echo formation. The slice selective gradients
within the readout are indicated in green. TE, echo time; TM,
mixing time

Single-voxel DW-MRS allows high SNR measurements but is associated with some limita-
tions when clinically translating the lipid droplet size measurement: Due to the large voxel
size, DW-MRS is sensitive to motion- and vibration-induced intra-voxel dephasing effects.
The induced signal loss can lead to quantification errors which limits the in vivo applicability.
Acquiring data with smaller voxel size would mitigate this effect. To allow the acquisition
of data with smaller voxel size, a DW imaging approach is highly desirable. Therefore, a
DW-TSE sequence was developed and it’s performance was investigated in JP-III. Besides
its reduced sensitivity towards intra-voxel dephasing effects, also the voxel’s neighborhood
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information could be incorporated into the droplet size fitting which would lead to a more
robust fitting and spatially resolved droplet size data could be acquired. The corresponding
sequence diagram is shown in Figure 4.3.

The proposed DW preparation is based on a stimulated echo (STE) preparation and consists
of four non-selective 90° Malcolm-Levitt (MLEV) RF pulses. Mono-polar diffusion gradients
are added similar to the DW-STEAM sequence described before. The preparation is combined
with a single-shot 2D TSE readout. Magnitude stabilizing gradients following Alsop’s method
are introduced in the preparation and readout to eliminate eddy current induced phase
errors [91, 97]. Again, different diffusion times can be achieved by changing TM of the STE
preparation. The DW is adjusted by changing the diffusion gradient strength and T'M. Also
in this scenario, the lipid droplet size can be estimated based on equation 4.7 performing a
voxel-wise fitting. To avoid local minima, the fitting can be performed with multiple initial
starting values and a regularized minima selection process can further increase accuracy and
precision.

In summary: Both presented sequences are capable of acquiring DW measurements with
high DW and long diffusion time. Signal with different diffusion weighting and multiple
diffusion times can be acquired and modeled by equation 4.7 which allows the extraction of a
mean diameter under the assumption of a spherical cell. A small modification in the pulse
sequence can be made based on the addition of a gradient to mitigate phase errors induced by
scanner table vibrations.
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5 Compliance with Ethical Standards

All investigations performed in studies involving human participants were in accordance with
the ethical standards of the institutional and/or national research committee and with the
1964 Helsinki declaration and its later amendments or comparable ethical standards. Informed
consent was obtained from all individual participants included in the studies.
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6.1 Journal Publication I:
Measuring large lipid droplet sizes by probing restricted lipid
diffusion effects with diffusion-weighted MRS at 3T

The publication entitled Measuring large lipid droplet sizes by probing restricted lipid diffusion
effects with diffusion-weighted MRS at 3T was published in Magnetic Resonance in Medicine
(ISSN: 0740-3194) [127]. The manuscript was authored by Dominik Weidlich, Julius Honecker,
Oliver Gmach, Mingming Wu, Rainer Burgkart, Stefan Ruschke, Daniela Franz, Bjoern H.
Menze, Thomas Skurk, Hans Hauner, Ulrich Kulozik and Dimitrios C. Karampinos. It is
available online (DOI: 10.1002/mrm.27651) as an open access article under the terms of the
Creative Commons Attribution-NonCommercial-NoDerivs License. Preliminary results were
also presented in the conference contribution C36, which was awarded with an ISMRM Summa
Cum Laude Merit Award and selected as an oral presentation at the ISMRM annual meeting
2017. A summary of the publication is provided in Section 6.1.1, the author contributions are
listed in Section 6.1.2 and the full text is included subsequently on the following pages.

6.1.1 Abstract
Purpose

The in vivo probing of restricted diffusion effects in large lipid droplets on a clinical MR
scanner remains a major challenge due to the need for high b-values and long diffusion times.
This work proposes a methodology to probe mean lipid droplet sizes using diffusion-weighted
MRS (DW-MRS) at 3T.

Methods

An analytical expression for restricted diffusion was used. Simulations were performed to
evaluate the noise performance and the influence of particle size distribution. To validate the
method, oil-in-water emulsions were prepared and ex-amined using DW-MRS, laser deflection
and light microscopy. The tibia bone mar-row was scanned in volunteers to test the method
repeatability and characterize microstructural differences at different locations

Results

The simulations showed accurate and precise droplet size estimation when a sufficient SNR
is reached with minor dependence on the size distribution. In phantoms, a good correlation
between the measured droplet sizes by DW-MRS and by laser deflection (R? = 0.98; p = 0.01)
and microscopy (R? = 0.99; p < 0.01) measurements was obtained. A mean coefficient of
variation of 11.5 % was found for the lipid droplet diameter in vivo. The average diameter
was smaller at a proximal (50.1 &+ 7.3 pm) compared with a distal tibia location (61.1 & 6.8
pm) (p < 0.01).
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Conclusion

The presented methods were able to probe restricted diffusion effects in lipid droplets using
DW-MRS and to estimate lipid droplet size. The methodology was validated using phantoms
and the in vivo feasibility in bone marrow was shown based on a good repeatability and
findings in agreement with literature.

6.1.2 Author contributions

The first author performed the experiments (MR measurements); programmed the magnetic
resonance pulse sequence (propriety hardware specific libraries and software from Philips Medi-
cal Systems (Best, The Netherlands)); implemented the post-processing and the quantification
process using Matlab (Mathworks, Natick, MA). With the help and consultation form the
coauthors, the first author designed the experiment, manufactured the oil-in-water-emulsion
phantoms, analyzed and interpreted the data, and wrote the manuscript.
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Purpose: The in vivo probing of restricted diffusion effects in large lipid droplets on
a clinical MR scanner remains a major challenge due to the need for high b-values
and long diffusion times. This work proposes a methodology to probe mean lipid
droplet sizes using diffusion-weighted MRS (DW-MRS) at 3T.

Methods: An analytical expression for restricted diffusion was used. Simulations
were performed to evaluate the noise performance and the influence of particle size
distribution. To validate the method, oil-in-water emulsions were prepared and ex-
amined using DW-MRS, laser deflection and light microscopy. The tibia bone mar-
row was scanned in volunteers to test the method repeatability and characterize
microstructural differences at different locations.

Results: The simulations showed accurate and precise droplet size estimation when
a sufficient SNR is reached with minor dependence on the size distribution. In phan-
toms, a good correlation between the measured droplet sizes by DW-MRS and by
laser deflection (R2 =0.98; P = 0.01) and microscopy (R2 =0.99; P < 0.01) meas-
urements was obtained. A mean coefficient of variation of 11.5 % was found for the
lipid droplet diameter in vivo. The average diameter was smaller at a proximal (50.1
+ 7.3 um) compared with a distal tibia location (61.1 &+ 6.8 um) (P < 0.01).
Conclusion: The presented methods were able to probe restricted diffusion effects in
lipid droplets using DW-MRS and to estimate lipid droplet size. The methodology
was validated using phantoms and the in vivo feasibility in bone marrow was shown

based on a good repeatability and findings in agreement with literature.
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1 | INTRODUCTION

The measurement of lipid droplet size is important in the
study of adipose tissue and ectopic lipids in both health and
metabolic dysfunction across organs and tissues. In skeletal
muscle, droplets of intramyocellular lipids are significantly
smaller than extramyocelluar lipid droplets.1 In fat depots
containing brown adipose tissue, brown adipocytes consist of
much smaller lipid droplets than white adipocytes.2 In white
adipose tissue, the adipocyte size has long been known to re-
late to the obese phenotype.3 In bone marrow, adipocyte size
has been recently linked to the differentiation of constitutive
marrow adipose tissue from regulated marrow adipose tis-
sue.* Therefore, the assessment of lipid droplet size enables
the measurement of ectopic lipid droplet size (e.g., in in-
tramyocellular lipids), the measurement of adipocyte size in
adipocytes containing unilocular lipid droplets (e.g., in white
adipocytes and bone marrow adipocytes), and the differen-
tiation between adipocytes containing small multilocular
lipid droplets (brown adipocytes) from large unilocular lipid
droplets (white adipocytes). However, such an assessment of
lipid droplet size in tissue currently requires a highly invasive
biopsy procedure.

Diffusion-weighted (DW) MR is a powerful tool for the
noninvasive assessment of tissue microstructure. The reduc-
tion of the ADC with increasing diffusion times due to diffu-
sion restriction effects has been previously applied to extract
cell size in vivo in water-containing tissues.’ Measuring the
diffusion properties of lipids has proven to be more challeng-
ing because fat has a diffusion coefficient approximately 2
orders of magnitude lower than water due to the large molec-
ular size of fatty acids.*” The low lipid diffusion coefficient
increases the required diffusion encoding strength and diffu-
sion time. The requirement for strong diffusion encoding and
long diffusion times induces additional technical challenges
related to eddy currents® and an overall increased sensitivity
to any type of physiological tissue motion including involun-
tary movement.” Furthermore, the spectral complexity of fat
(the fact that fat is composed of multiple fat peaks) consti-
tutes a major challenge in the acquisition of DW-MR imaging
measurements in fatty tissues.'”

DW-MRS is a versatile tool to measure the diffusion
properties of metabolites other than water.'"'> When a high
b-value is applied to fatty tissues, DW-MRS can measure the
diffusion properties of lipids while additionally resolving the
different fat peaks.6 Recently, a high b-value DW-MRS has

been applied to study myocellular lipid diffusion'® and to
quantify the intramyocellular lipid droplet size by analyzing
the ADC dependence on diffusion time."* Diffusion restric-
tion effects on the dependence of the DW signal on b-value
have also been reported in murine brown adipocytes ex vivo
using a preclinical MR system with strong magnetic field
gradients.'> Murine brown adipocytes enclose many lipid
droplets with a diameter below 10 um, whereas white adipo-
cytes enclose a single lipid droplet with diameters between
50 and 150 um. In white adipocytes, the size of a lipid droplet
would be equivalent to the size of an adipocyte. Diffusion
restriction effects are visible in the signal decay curves when
molecules do not freely diffuse but hit a diffusion restricting
barrier during the diffusion sensitizing period of time. The
larger the dimensions of the restricting barriers in compar-
ison to the mean free path diffusion length the smaller the
measurable effect is. Therefore, the sensitization of diffusion
restriction effects in white adipocytes requires long diffusion
times.

Presently, DW-MRS is yet to be applied for the noninva-
sive measurements of lipid droplet size in large cells such as
white adipocytes or bone marrow adipocytes. Probing diffu-
sion restriction effects in large lipid droplets in vivo at a clin-
ical scanner remains a major technical challenge due to the
need for high b-value and long diffusion time DW-MRS and
the sensitivity to macroscopic motion effects. The present
work proposes a methodology to probe diffusion restriction
effects in large lipid droplets using DW-MRS at a clinical 3T
system. The bone marrow region of the lower leg has been
selected as a tissue minimally affected by physiological mo-
tion effects to show the in vivo feasibility of the lipid droplet
size measurements. The proposed method was first evaluated
using simulations, was validated experimentally in water—fat
phantoms, and then was finally applied in vivo to estimate the
bone marrow adipocyte size within the tibia bone of healthy
subjects.

2 | METHODS

21 |

Diffusion restriction barriers in an MR experiment will intro-
duce deviations from the monoexponential signal decay and a
reduction of the ADC values with increasing diffusion time.
Assuming spherical boundaries, Murday and Cotts described the
diffusion signal decay curve when restricted diffusion occurs'®:
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where S is the DW signal, S is the signal weighted by spin
density and relaxation effects, A is the diffusion time, § is
the diffusion gradient length, G is the gradient strength, vy is
the gyromagnetic moment, d is the diameter of the spherical
restriction barrier, D is the free diffusion constant, and o, are
the roots obtained by the following differential equation of
Bessel functions:

) (d)- L) @

The equation for signal attenuation (Equation 1) is not
only a function of the b-value and the diffusion constant but
also a function of the diffusion time and the diameter of the
diffusion restricting spheres. Therefore, the size of the dif-
fusion restricting barriers can be extracted based on the DW
signal at different diffusion times and diffusion weightings as
shown in Equation 1.

2.2 | DW-MRS pulse sequence and spectra
postprocessing

To measure the diffusion properties of lipids, a bipolar DW
STEAM MRS (Figure 1) sequence was used. The sequence
was based on a standard STEAM with additional diffusion
gradients in all 3 axes added after the first and third RF pulse
to induce diffusion weighting.17 The diffusion gradient dura-
tion was maximized for a given TE and the strength of the
diffusion weighting gradients was adjusted to achieve certain
b-values. The readout started right after the second diffusion
sensitizing gradient. The mixing time was increased while
keeping the b-value constant to achieve the same diffusion
weighting at different diffusion times. The DW spectra with

A
TE/2 ™

TEL2

FIGURE 1

DW STEAM MRS sequence: The three 90° slice
selective RF pulses generate a stimulated echo in a single voxel. The

diffusion gradients (in color) are introduced in a standard STEAM
MRS sequence to achieve diffusion weighting. To compensate for
eddy current effects, the diffusion-weighting gradients alternate over
the acquired averages between positive (orange) and negative (blue)
polarity

different polarity of the DW spectra were acquired to com-
pensate for eddy-current effects (half of the averages were ac-
quired with positive and the other half with negative polarity).

The preprocessing of the spectra was based on a custom-
built processing pipeline implemented in-house in MATLAB
(MathWorks, Natick, MA).'” The pipeline included zero order
phase correction of each b-value and polarity and Gaussian
apodization. The single averages were frequency aligned by
taking the cross-correlation with the first average of each b-
value and polarity and shifting the spectrum of the remain-
ing averages in frequency domain until a maximum of the
cross-correlation function was obtained. Averages with a de-
viation of the methylene peak amplitude of more than 2 SDs
from the mean methylene peak amplitude were identified as
outliers and excluded from the subsequent analysis. The ef-
fect of the outlier removal is further discussed in Supporting
Information Figure S6 in the supplementary material, which
is available online. The remaining averages for both polarities
were combined and corrected for eddy currents. Peak area
quantification was performed on the real spectrum fitting 8
fat peaks assuming Lorentzian peak shapes. The fat peaks
included were: methyl at 0.90 ppm; methylene at 1.30 ppm,
[B-carboxyl at 1.60 ppm, a-olefinic at 2.02 ppm, a-carboxyl at
2.24 ppm, diallylic methylene at 2.75 ppm, glycerol at 4.20
ppm, and olefinic at 5.29 ppm. 7 Water signal was not detect-
able due to the strong diffusion-weighting. Only the meth-
ylene peak area (at 1.3 ppm) was used to estimate the lipid
droplet size, because the different fat peaks, in general, differ

in diffusion coefficient™'® and T, relaxation time.'®

2.3 | Estimation of the diffusion
restriction size

Equation 1 was used for fitting the acquired DW data. The
infinite sum was calculated to the ~3000th root because after-
ward only negligible deviations from the signal decay were
observed.

For a given diffusion time, the non-DW signal depends
on the diffusion time due to T, relaxation effects. This gives
the expression:

A - IE
So(A) = p * exp <— 2)=p*exp (—?—M> 3)
1

T,

The TE of the STEAM sequence was kept constant; there-
fore, no additional T, relaxation needed to be considered. The
experimental data across diffusion gradient strengths, diffu-
sion gradient durations, and diffusion times S, were thus
fitted to an analytical signal expression using a 4-parameter
fit with unknowns the free diffusion constant D, the diameter
of diffusion restriction barrier d, the T, relaxation constant,
and the overall signal p:
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2.4 | Numerical simulations

To evaluate the noise characteristics of the fitting, a Monte Carlo
simulation was performed. Rician noise with a SNR between
100 and 1300 was added to an artificial signal decay curve and
the apparent diameter of the restriction barrier was fitted. The
SNR was defined as the signal amplitude divided by the SD of
the signal for the lowest b-value and shortest diffusion time. The
simulation was repeated 500 times for each SNR level and both
the mean and SD values of the diameter were calculated. The
simulation parameters were: TM: between 300 ms and 700 ms
in 100 ms steps, & = 28 ms, b-value = 10,000 — 20,000 — 40,000
— 60,000 s/mm” and restriction barrier diameter: 60 um. The
simulation was performed using diffusion coefficient values
D =0.7 x 10° mm%s and D = 1.5 x 10™> mm?s to account for
the dependence of D on the temperature for the phantom and in
vivo experiments, respectively (see also below).

In a realistic experimental setting, it is likely that there
will be a lipid droplet size distribution found for all lipid
droplets. In bone marrow adipocytes, the droplet size distri-
bution was reported to be a Gaussian distribution." To test
the dependency of the method on particle size distribution,
the apparent diameter was simulated using 3 different lipid
droplet sizes and different particle distributions. Here, lipid
droplet diameters of 20 um, 40 um, and 60 um were assumed
and the theoretical signal assuming a Gaussian diameter dis-
tribution with SDs between 0 um and 10 um was calculated
with the same simulation parameters as in the previous sim-
ulations. The simulated signal decay curves were again fitted
using Equation 4 (which assumes a single diameter).

25 |

To validate the proposed method water—fat phantoms (oil-
in-water emulsions) with high fat concentration closely re-
sembling in vivo adipose tissue lipid content were produced.
Each phantom contained 800 mL sunflower oil (ARO), 200
mL soft water, 4 mL Tween 80 (Sigma-Aldrich, Taufkirchen)
(emulsifier) and 1 g of sodium benzoate (Roth, Karlsruhe).
Emulsification was carried out with a colloid mill (IKA
Labor-Pilot 2000/4, IKA-Werke GmbH & Co. KG, Staufen)
at 5000, 6000, 9000, and 12,000 revolutions per minute (rpm)
to obtain different oil droplet sizes within the water matrix
(standardized emulsification process).20

The phantoms were scanned on a clinical 3T system
(Ingenia Elition, Philips Healthcare, Best) with a maximal
diffusion gradient strength of 40 mT/m and a slew rate of
200 mT/m ms using 8-channel wrist coil with the following

Phantom measurements

scanning parameters: DW STEAM MRS with volume of in-
terest: (15 mm)3, TE: 60 ms, & = 28 ms, TR: 1800 ms, 4096
points, spectral width: 5000 Hz, 8 phase cycles, 16 averages
per b-value (half of the averages with positive and the other
half with negative polarity), 1 start-up cycle, b-values: 10,000
— 20,000 — 40,000 - 60,000 s/mmz, 14:02 min scan time per
voxel location, mixing times of 300, 400, 500, 600, and 700
ms. As the DW sequence applied maximum available gradi-
ent strength and slew rates, strong vibrations of the scanner
table were induced. To minimize any measurement errors in-
duced by the table vibrations, the phantoms were placed on
a wooden support table decoupled from the scanning table.

To estimate the SNR of the phantom scans, the measure-
ments were repeated 10 times in the 6000 rpm phantom for
the shortest mixing time and lowest b-values. The methylene
peak area was estimated individually for each average and the
peak area SNR was defined as the mean signal value divided
by SD of the methylene peak area.

For validation purposes, the lipid particle size distribu-
tion within the water—fat phantoms was measured by 2 dif-
ferent reference methods. First, the lipid droplet size was
measured by dynamic light scattering using a particle sizing
instrument (Mastersizer 2000 with Hydro 2000S dispersing
unit, Malvern Instruments GmbH, Worcestershire). Samples
were diluted with 0.5 % sodium dodecyl sulfate (Serva,
Heidelberg) solution (1:10, v/v) to separate agglomerates and
measure the size of single droplets. Size distributions were
logarithmically depicted between 10 nm to 10 mm.

Last, light microscopy was used to analyze the droplet
sizes. All the slides were divided into 3 different sections with
Leukosilk surgical tape (BSN Medical, Hamburg, Germany)
and prewetted with 100 uL. water. Afterward, small amounts
of emulsion (approximately 10 uL) were added and spread
across each section through gentle swirling. The slides were
cover-slipped, and 3 images were acquired per section using
20 x magnification (Leica DMI 4000 b, Leica Microsystems,
Wetzlar). The droplet area was determined automatically
using CellProfiler image analysis software (Broad Institute,
Cambridge) and converted to diameter by assuming that lipid
droplets were spherical.21 Between 1725 droplets (5000 rpm
emulsion) and 8467 droplets (12,000 rpm emulsion) were au-
tomatically measured to determine the particle distributions.

All the reported particle size distributions were based on
the lipid droplet volume and not the lipid droplet number. This
characterization accounted for the fact that larger lipid drop-
lets contained more lipids. From the particle size distributions,
mean diameters were extracted for all the validation experi-
ments and, then, were used subsequently for the analysis.

26 |

Given the strong diffusion weighting and the long diffusion
times, the proposed DW-MRS sequence was sensitive to any

In vivo measurements
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kind of macroscopic movement. To eliminate these potential
artifact, the proposed method was applied to the nonmoving
fatty tissue of the tibia bone marrow.

The robustness in vivo was measured by first scanning the
tibia of 3 healthy volunteers 3 times in a row at approximately
the same location, with subject repositioning on the scanner
table between the 3 scans. To identify location-dependent mi-
crostructural differences, the tibia bone marrow of 7 healthy
volunteers (27.0 + 1.8 years old) was scanned at 2 different
locations. Water-only images (to aid voxel placement) were
computed using the online vendor’s chemical shift encoding-
based water—fat-separation algorithm on the data from a 3D
multi-echo gradient echo sequence using bipolar (non—fly-
back) gradient readout. The parameters FOV = 140 x 140 X
105 mm3, voxel size =1.35x 1.35x 1.5 mm3, TR/TE1/ATE
= 8.3/1.31/1.1 ms, flip angle = 5°, and 6 echoes were used
for the measurement. The first spectroscopy voxel was placed
approximately 1 cm below the growth plate in the tibia bone
marrow (proximal location), whereas the second voxel was
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placed approximately 4 cm below the growth plate (distal lo-
cation). The repeatability experiment was performed at the
proximal location. Both experiments were performed on the
same clinical scanner as the phantom experiments and with
an 8 channel extremity coil. The sequence parameters were,
except of the voxel size (volume of interest of proximal loca-
tion: 18 X 18 X 18 mm3; distal volume of interest: 14 X 14 X
20 mm?), identical with the phantom experiments.

3 | RESULTS

3.1 | Simulation results

In Figure 2, the noise performance of the droplet size estima-
tion was evaluated for phantom and in vivo conditions and
at different peak area SNR levels. The experimentally deter-
mined methylene peak SNR was also included in Figure 2
for both conditions. The simulation shows that the proposed
method leads to an underestimation of the droplet diameter if

(A) Monte carlo simulation of measurement (phantom condition)
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FIGURE 3 The simulation
dependence of the proposed method on

the lipid droplet size distribution for (A)
phantom and (B) in vivo conditions. The
lipid droplet diameter stays within a relative
error of 11 % (phantom) and 9 % (in vivo),
respectively, up to a particle SD of 10 pm
for the 3 different theoretical diameters
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the peak SNR is low in both the phantom and the in vivo ex-
perimental settings. In the phantom case with a lower diffu-
sion constant the dependency of the mean droplet size on the
peak area SNR is more prominent. However, the difference
between the simulated cell diameter and the real cell diameter
is small when a sufficient peak SNR is reached. Using a sim-
ulated diameter of 60 um, an experimental diameter of 58.0
+ 4.4 um (phantom condition) and 53.3 + 4.9 um (in vivo
condition) was estimated at the experimentally determined
peak area SNR levels.

Figure 3 shows the dependency of the simulated lipid
droplet diameter on the Gaussian particle distribution. The
error in the droplet diameter estimation was found to stay
below 11 % for the phantom condition and 9 % for the in vivo
condition when the SD of the distribution was increased to
10 pm. For larger SDs of the droplet distribution, an under-
estimation of the experimental mean diameter was predomi-
nantly observed for the smaller mean diameters of 20 ym and
40 ym.

This robustness in estimating the real mean diameter also
in the presence of an underlying particle distribution was

observed for all simulated diameters and SDs in both phan-
tom and in vivo conditions.

32 |

Figure 4 shows representative DW MR spectra and DW sig-
nal decay results from the water—fat phantom with a 6000
rpm rotation frequency. The measurement was performed
by placing the phantom on the scanner table (Figure 4, first
row). The phantom was stabilized on a wooden support
table, which helped to decouple the phantom from the MR
scanner and reduce the influence of any vibrational artifacts
(Figure 4, second row). Both the DW spectra and the fitted
signal decay curves for each mixing time were very simi-
lar for the 2 experimental conditions. The fitted model and
the experimentally acquired data points were both in good
agreement. However, when studying the relative signal at
the highest b-value, a systematic decrease in the signal with
increasing mixing times was observed when the wooden sup-
port table was used. When the phantoms were placed on the
scanner table also a decrease of the relative signal decay was

Phantom results
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FIGURE 4 DW MR spectra (A,D), fitted methylene peak area signal (B,E) and relative signal decay (signal at the highest diffusion weighting
divided by the signal at the lowest diffusion weighting at a given TM) at highest b-value for the 6000 rpm phantom (C,F) measured on the scanner

table (first row) and measured on the wooden support table (second row). Minor differences can be observed when comparing the DW spectra

and the DW signal decay curves. A systematic and stable decrease of the relative signal decay with increasing diffusion time (as indicated by the

theoretical description of restricted diffusion) is only visible when the stabilizing table was used (F), compared with when the samples were placed

on the scanner table (C)
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visible. However, the diffusion signal decay dependency on
the acquired mixing times was irregular, indicating addi-
tional confounding factors on the droplet size measurement.
A systematic decrease in ADC with increasing diffusion time
(as in exemplary case from an ADC of 5.7 X 10~ mm%s to

FIGURE 5 The volume particle

size distributions in water—fat phantoms
measured with (A) laser deflection and (B)
microscopy. The distributions measured
with both methods show similar shapes.
The microscopic analysis measured smaller
diameters for all phantoms. The second
row shows an image section of the pictures
used for the microscopy analysis for (C) the
5000 rpm phantom and (D) the 12,000 rpm
phantom

(A) i Fitted signal 5000 rpm phantom

Metyhlene peak amplitude in a.u.

(A) _Results from laser deflection r
0.04 :

0.035 -

0.03 -

e
o
n

probability in a.u.
o <
2
o

0.01 |

0.005

o
f=}
n
o

= 5000 rpm and diameter of 21 pym

=== 6000 rpm and diameter of 17.3 ym
9000 rpm and diameter of 9.5 pm

=== 12000 rpm and diameter of 5.5 ym

0 .
0 10 20 30 40

diameter in ym

(C) Microscopy picture of 5000 rpm phantom

Fitted signal 12000 rpm phantom

®) .

Metyhlene peak amplitude in a.u.

1 2 3 4 5 1
b-values in s/mm? b-values in s/mm? x10*
| X Experimental ====* TM: 300 ms ===== TM: 400 ms TM: 500 ms ===== TM: 800 ms === TM: 700 ms

(Cg 95Relative signal decay 5000 rpm phantom (D)o 95Releﬂive signal decay 12000 rpm phantom

3 09- E 0.9 - ¢
< <
ot = X
s 0 %
E’ 0.85 - .5’0.85
w w
2 2
S p8- 8 08-
a @

%

x

075+ x 0.75 -
bvalue of 60,000 mm/s bvalue of 60,000 mmf/s
¥ TMof300ms % TM of 400 ms TMof500ms ¥ TMof600ms * TMof700ms |

. . o o 3433
Magnetic Resonance in MedlcmeJ—

4.8 x 10 mm?/s when increasing the mixing time from 300
ms to 700 ms) agreed well with the theoretical description
of restricted diffusion. The scanning table vibrations could
induce additional signal decay, and these artifacts might
have been superimposed on the measured signal. Therefore,

(B) o Results from microscopy measurements
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(D) Microscopy picture of 12000 rpm phantom

FIGURE 6 Representative signal
decay curves and fitting results for (A)
the 5000 rpm phantom and (B) the 12000
rpm phantom. C,D, The corresponding
relative signal decay, which is the signal
at the highest diffusion weighting divided
by the signal at the lowest diffusion
weighting at different TMs. A decrease

in the signal decay slope with increasing
diffusion time indicates the presence of
diffusion restriction effects. In the 12,000
rpm phantom, a strong dependency of the
relative signal decay on the diffusion time
is observed and indicates smaller restriction

barriers
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laser deflection and (C) microscopy are also shown. The R? coefficients are in good agreement between DW-MRS and laser deflection (R*=0.98;

P =0.01) and between DW-MRS and microscopy (R2 =0.99; P <0.01)

the subsequent phantom scans were all performed with the
wooden support table. The quality of the MR data for the
other phantoms was similar to the data shown in Figure 4.
Figure 5 shows the particle size distributions obtained
using laser deflection (Figure 5A) and microscopy analysis
(Figure 5B). Based on the mean diameter distributions, val-
ues were extracted for each phantom. The particle size dis-
tributions measured with both methods showed, in general,
a similar shape. The extracted mean diameters for the 5000,
6000, 9000, and 12000 rpm phantoms were 21 pm, 17.3 um,
9.5 um, and 5.5 pm (laser deflection measurement) and 17.8
um, 13.7 um, 6.5 um, and 4.1 pm (microscopy measurement).
In general, both methods showed the same trend. However,
the mean diameters obtained using microscopy were found to
be smaller than the diameters measured by laser deflection.
Figure 6 shows a comparison between the signal decay
curves of the phantom with a stirring frequency of 5000 rpm
and 12,000 rpm, respectively. In both phantoms, the experi-
mental signals and the fitted signals were in good agreement
with each other. Nevertheless, the difference between the
2 phantoms were not easily discernable on the pure signal
decay curves for the different mixing times, except a stronger
signal decay of the 5000 rpm phantom. The relative signal
decay at the highest b-value revealed that it was slower for the
12,000 rpm phantom compared with the 5000 rpm phantom
for all measured mixing times. A dependency on the mixing
time was found more prominent for the 12,000 rpm phantom.

Figure 7A compares the mean diameter obtained by DW-
MRS, laser deflection, and microscopy for the different water—
fat phantoms. All 3 measurements showed the same trend of
reduced lipid droplet size with increasing stirring rotation fre-
quency. In Figure 7B and E, the lipid droplet size estimated
by DW-MRS, laser deflection (Figure 7B), and microscopy
(Figure 7C) are shown. The coefficients of determination for
the linear regression were high when comparing DW-MRS
with laser deflection (R2 = 0.98; P = 0.01) and DW-MRS
with microscopy (R* = 0.99; P < 0.01). The resulting linear
regression showed a slope of 0.89 and an offset of 0.41 um
when comparing DW-MRS measurements with the laser de-
flection. A slope of 1.00 and an offset of 1.72 um was found
when comparing DW-MRS and microscopy measurements.

33 |

Figure 8 shows the spectroscopy voxel placement, the
in vivo tibia bone marrow DW spectra for the shortest
mixing time and the fitted signal decay curves for the
proximal voxel location (first row) and distal voxel lo-
cation (second row) from one volunteer. Here, the DW
signal had a higher attenuation when comparing the in
vivo measurements with the phantom measurements.
The acquired spectra and signal decay curves were of
similar quality for all measurements taken. Based on the
extracted peak area for methylene, the size of the bone

In vivo results
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FIGURE 9 A, A summary of the repeatability measurements in the 3 subjects. The mean adipocyte cell diameter stayed within a relative

error of 15% in all cases. The mean diameters measured for the repeatability study were 47.2 + 7.0 pm, 46.1+ 4.0 um, and 51.6 + 5.2 um. B, A

boxplot from the volunteer study. For every volunteer, the cell diameter was significantly larger in the distal location (61.1 + 6.8 um) compared
with the proximal location (50.1 + 7.3 um) (P = 0.003). The free diffusion constant (C), and T, relaxation constant (D) for the volunteer study did
not show significant differences between the two locations

marrow adipocytes was estimated for both locations and
in all subjects. The fitting and the experimental data were

also in good agreement.

Figure 9A shows the results from the in vivo repeat-
ability scans. The acquired data for the 3 subsequent scans

were all processed with the same postprocessing pipeline
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and the mean diameter for the bone marrow adipocytes size
was extracted. The coefficient of variation (defined by the
SD divided by the mean value) stayed below 15 % for all 3
volunteers studied, with a mean coefficient of variation of
11.5 %.%* The measured diameters for each of the 3 volun-
teers were 47.2 + 7.0 um, 46.1 + 4.0 um, and 51.6 + 5.2 pm.

Figure 9B summarizes the results from the volunteer
study at 2 different locations in the tibia. Larger lipid droplet
sizes were observed more distally in the tibia bone marrow.
The mean diameter at the proximal location was 50.1 + 7.3
um and 61.1 + 6.8 um at the distal location. For each vol-
unteer, the diameter measured distally was smaller than the
diameter measured proximally. A significant difference was
found between the two locations (P < 0.01).

4 | DISCUSSION
The present study proposes a methodology to measure lipid
droplet sizes with DW-MRS. The restricted diffusion effects
in the DW-MR measurements of lipid droplets have been re-
ported previously for lipid droplets a few microns in size using
the strong gradient hardware of preclinical MR scanners.' 13
The diffusion restriction effect induced by the lipid droplet
boundary on the fat DW signal is reduced as the lipid droplet
size increases, requires longer TEs as the gradient strength
of gradient hardware decreases and can be confounded by
scanner table vibrations and physiological motion due to the
need of using high b-values. The present results show that it
is feasible to measure large lipid droplet size using the gradi-
ent hardware of a clinical 3T system based on both phantom
and in vivo measurements.

Previously published work has predominantly extracted
an estimate for the restriction size by exploiting deviations
from the monoexponential diffusion signal decay curve
at a specific diffusion time.'*!> An estimate for the diffu-
sion restriction size can also be obtained when investigating
the dependency of the diffusion constant on the diffusion
time*’ assuming the short diffusion time limit (mean free
path length is much smaller than the restriction barrier size).
Instead, in the present work, signal decay curves obtained
at different mixing times (corresponding to different diffu-
sion times) are fitted all at once using the signal model of
Equation 4. The present approach additionally requires the
fitting for the T relaxation constant because the signal decay
curves acquired at different mixing times yield different T,
weighting. The Supplementary Material characterizes the
superior noise performance of the present single-step fitting
approach compared with a 2-step approach first estimating
ADC per diffusion time and second fitting the ADC depen-
dence on diffusion time to a diffusion model (see Supporting
Information Figure S1-S5).

The simulations performed showed that it is possible to
extract information about the restriction barrier size when the
peak SNR is sufficient. The effect of the diffusion restrict-
ing barriers on the DW signal decay curve is small compared
with the influence of the diffusion properties or relaxation
parameters. Therefore, a rather high peak area SNR is neces-
sary to extract reliable information about the restricting bar-
rier dimensions. However, for both the phantom and in vivo
conditions, the experimental parameters were set so a reliable
estimate of the droplet size could be measured. The simulated
error stayed below 7.6 % for the phantom measurements and
below 9.3 % for the in vivo measurements. If the peak area
SNR is low, real lipid droplet size can be underestimated be-
cause the noise floor at longer mixing times mimics stronger
diffusion restriction effects. Based on the simulations and the
experimentally obtained in vivo peak SNR values, it can be
inferred that the bone marrow adipocytes size will be under-
estimated. Improvements in the experimental setup and lon-
ger scan times may help to overcome such problems.

Another important aspect of the estimated lipid droplet
size is the lipid droplet distribution. Figure 3 indicates that
an underlying Gaussian particle distribution will only result
in small deviations from the real mean value even if the dis-
tribution is broad compared with the cell diameter (e.g., an
SD of 10 um and a mean diameter of 20 um). This finding is
important for 2 reasons. First, the current description of the
restricted diffusion behavior of the signal only assumes a sin-
gle diameter. Multiple radii or a distribution of particle sizes
can be introduced to the model but, given a high peak SNR
is required, introducing more fitting parameters would only
decrease the stability of the fitting process. Second, in bio-
logical tissue, a particle size distribution is more likely than
a single defined diameter. Given the shown robustness of the
proposed method toward the particle distribution broadness,
it can be concluded that the present method delivers mean-
ingful mean droplet sizes even if no particle size distribution
is considered in the modelling, at least under the assumption
of an underlying Gaussian distribution.

The analysis of water—fat phantoms was of particular
interest because a ground-truth particle size was obtained
through 2 independent validation measurements. Moreover,
lipid droplets in a liquid water matrix can be considered as
a good model to examine the restriction effects in fat adi-
pocytes. The phantom lipid droplet size distributions mea-
sured using laser deflection and microscopy (Figure 5) were
found to be quite similar. Due to the manufacturing process,
a decrease in the stirring frequency of the colloid mill leads
to larger lipid droplet size distributions. The observed differ-
ences between the 2 validation measurements could be ex-
plained due to the structural inhomogeneity of the water—fat
phantoms, measurement inaccuracy, and differences in the
phantom material used during the preprocessing stage. The
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trend toward smaller diameters measured using the micros-
copy technique could also partly explain the fact that light
scattering only measured the outer diameter of the lipid drop-
lets, whereas microscopy postprocessing software typically
measures the inner diameter.

When examining the water—fat phantoms with DW-MRS,
vibrations from the scanner table were observed due to the
strong diffusion weighting gradients. Figure 4 highlights
the need to decouple the samples from the scanner table. If
no auxiliary hardware is used and the samples are directly
placed onto the scanning table, excess signal attenuation is
observed at specific mixing times. This could be explained
by certain mechanical resonances that cause the scanner table
to vibrate at specific sequence times and diffusion gradient
strengths.24 Consequently, the signal decay cannot be de-
scribed by a model of restricted diffusion, because the scan-
ner table vibrations induce deviations from such a model. A
wooden support table that is not connected to the scanner
and, therefore, decoupled from the vibrations mitigated the
vibration-induced artifacts. Therefore, all the phantoms were
examined with this additional hardware.

In general, as Figure 4 shows, the peak SNR found in DW
spectra was very high for all phantoms and mixing times.
Phantoms manufactured with increased stirring frequency
showed a stronger dependence on the signal decay when dif-
ferent mixing times were applied to the DW-MRS sequence.
That corresponds to a stronger dependency of the apparent
diffusion constant on the diffusion time for smaller diffusion
restriction barriers. In Figure 6, this stronger dependency of
the relative DW signal decay on the diffusion time can be ob-
served for the phantom with the smallest lipid droplet diam-
eter (12,000 rpm phantom) compared with the phantom with
the largest lipid droplet diameter (5000 rpm phantom). For
all the 4 different water—fat phantoms, a mean lipid droplet
diameter was extracted and compared with the 2 validation
measurements. For lipid droplet sizes obtained by DW-MRS,
both validation measurements resulted in high R’ values.
Therefore, the present water—fat phantom study shows that
DW-MRS can measure the mean lipid droplet diameters with
small absolute deviations found between the different mea-
surement methods. These results prove the applicability of
the proposed method to measure lipid droplet sizes in water—
fat containing phantoms.

In vivo, the presented method showed good reproduc-
ibility. The measured bone marrow diameter stayed within
a relative error of 15 % during the re-positioning experi-
ments for all the 3 healthy volunteers. This shows that the
present approach is capable of measuring lipid droplet size
with good precision. In the volunteer study, the bone mar-
row adipocytes were found to have a diameter between 40
and 70 um, showing a tendency for larger cells more distally
in the tibia bone marrow. Diameters of around 60 um were
reported in previous studies for bone marrow adipocytes,19
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and recent findings indicate that they also increase in size
from proximal to distal locations.* Therefore, the presently
extracted adipocyte sizes are consistent with the literature
and the observed differences along the long axis of the tibia
agree with recent reports.

The noninvasive measurement of lipid droplet size has
a wide range of applications in different tissues. In bone
marrow, MR techniques have been emerging for measur-
ing bone marrow water-fat composition10 but techniques
are lacking for the assessment of bone marrow adipose
tissue (BMAT) microstructure, which is needed to differ-
entiate between regulated BMAT and constitutive BMAT.*
In human adipose tissue depots containing brown adipose
tissue, techniques assessing lipid droplet microstructure
are needed to overcome the partial volume effects on the
fat fraction measurements in regions containing both white
and brown adipose tissue.”>*® The present results show
that lipid droplet size measurements can be validated in
water—fat phantoms and applied with good reproducibility
in the tibial bone marrow. However, any extension to the
present methods for other body regions requires further
investigation.

The methodology shown in this study has several lim-
itations. First, only the mean lipid droplet diameter can be
estimated. The results from the simulations and phantom
study show that deviations of the apparent lipid droplet
diameter from the real lipid droplet diameter can occur.
However, the deviations from the mean droplet diameter
size were relatively small for a range of possible droplet
diameters and different Gaussian droplet size distributions.
Second, the range in droplet size for the water—fat phantoms
scanned did not match the expected adipocytes size within
the bone marrow or other larger adipocytes. However, good
agreement was shown for the range of phantom diameters
useed. It can be assumed that this will also be valid for
larger lipid droplets if the appropriate peak SNR require-
ments are met. Third, no validation measurements for the in
vivo adipocyte cell diameter was performed due to a lack of
noninvasive reference measurements. However, the phan-
tom data obtained did show a good agreement with 2 dif-
ferent reference measurements. The in vivo extracted bone
marrow adipocyte size is consistent with those in literature
and the observed differences along the axis of the tibia also
agree with recent rep01rts.4’19 Fourth, no optimization of
the experimental parameters to reduce the total acquisition
time was performed in the present work. Finally, a trans-
lation of the presented method to anatomical regions with
macroscopic physiological motion (induced by the respira-
tory or the cardiac cycle) is challenging due to the strong
diffusion weightings and long diffusion times. Triggering
and smaller voxel sizes could help to decrease the effects
of intravoxel dephasing due to macroscopic physiological
movement.
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5 | CONCLUSIONS
In summary, the methods used in this study were able to probe
diffusion restriction effects in lipid droplets in phantoms and
in vivo at a 3T clinical scanner using long diffusion time and
high b-value DW-MRS and to estimate lipid droplet size. The
presented method was validated in phantoms showing good
agreement with laser deflection and light microscopy meas-
urements. The application of the method in the in vivo tibial
bone marrow of healthy volunteers showed an estimation of
the lipid droplet size with good repeatability and in agree-
ment with the literature.
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FIGURE S1 Alternative assessment of the 1st repetition of the
reproducibility scans in subject 3. Signal decay curves for each
mixing time with corresponding exponential fitting of the ap-
parent diffusion constant are shown. The dependency of the dif-
fusion constant on the diffusion time is shown in the lower right
corner and yields a restriction barrier diameter of 40.88 pm
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FIGURE S2 Alternative assessment of the 2nd repetition of
the reproducibility scans in subject 3. Signal decay curves for
each mixing time with corresponding exponential fitting of
the apparent diffusion constant are shown. The dependency
of the diffusion constant on the diffusion time is shown in the
lower right corner and yields a restriction barrier diameter of
50.41 pm

FIGURE S3 Alternative assessment of the 3rd repetition of
the reproducibility scans in subject 3. Signal decay curves for
each mixing time with corresponding exponential fitting of
the apparent diffusion constant are shown. The dependency
of the diffusion constant on the diffusion time is shown in the
lower right corner and yields a restriction barrier diameter of
36.66 pm

FIGURE S4 Monte Carlo simulation of the droplet size
estimation for different peak area SNR levels in (A) phan-
tom and (B) in vivo conditions. The calculations were per-
formed with fitting Equation S1 proposed by Zielinski et
al. The experimentally determined peak area SNR is also
shown by the vertical yellow line. A decreased peak SNR
leads a higher SD. The dependency of the mean estimated

diameter on the SNR is different for the in vivo and phan-
tom cases and there seems to be a systematic offset be-
tween the theoretical diameter of 60 pm and the obtained
values by the fitting

FIGURE S5 Comparison of the SD of the fitting by the 2-step
approach using the model of Zielinski and by the single-step
approach using the model of Murday and Cotts. In general, the
SD is lower when using the full model of Murday and Cotts
compared with Zielinski for the phantom and the in vivo case
FIGURE S6 Effect of the outlier removal on the results of
the reproducibility analysis. When no outlier removal is per-
formed, the SD of the apparent measured diameter is greatly
increased
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6.2 Journal Publication II:
Reduction of vibration-induced signal loss by matching

mechanical vibrational states: Application in high b-value
diffusion-weighted MRS

The publication entitled Reduction of vibration-induced signal loss by matching mechanical
vibrational states: Application in high b-value diffusion-weighted MRS was published in
Magnetic Resonance in Medicine (ISSN: 0740-3194) [128]. The manuscript was authored by
Dominik Weidlich, Mark Zamskiy, Marcus Maeder, Stefan Ruschke, Steffen Marburg and
Dimitrios C. Karampinos. It is available online (DOI: 10.1002/mrm.28128) as an open access
article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs
License. Preliminary results were presented in the conference contribution C6, which was
selected as an oral presentation at the ISMRM annual meeting 2020. Additional to that, parts
of the work were presented as a power pitch (C12) at the ISMRM Workshop on MRI of Obesity
and Metabolic Disorders 2019. A summary of the publication is provided in Section 6.2.1, the
author contributions are listed in Section 6.2.2 and the full text is included subsequently on
the following pages.

6.2.1 Abstract
Purpose

Diffusion encoding gradients are known to yield vibrations of the typical clinical MR scanner
hardware with a frequency of 20 to 30 Hz, which may lead to signal loss in diffusion-
weighted MR measurements. This work proposes to mitigate vibration-induced signal loss by
introducing a vibration-matching gradient (VMG) to match vibrational states during the 2
diffusion gradient pulses.

Methods

A theoretical description of displacements induced by gradient switching was introduced and
modeled by a 2-mass-spring-damper system. An additional preceding VMG mimicking timing
and properties of the diffusion encoding gradients was added to a high b -value diffusion-
weighted MR spectroscopy sequence. Laser interferometry was employed to measure 3D
displacements of a phantom surface. Lipid ADC was assessed in water—fat phantoms and in
vivo in the tibial bone marrow of 3 volunteers.

Results

The modeling and the laser interferometer measurements revealed that the displacement
curves are more similar during the 2 diffusion gradients with the VMG compared to the
standard sequence, resulting in less signal loss of the diffusion-weighted signal. Phantom
results showed lipid ADC overestimation up to 119 % with the standard sequence and an
error of 5.5 % with the VMG. An 18 % to 35 % lower coefficient of variation was obtained for
in vivo lipid ADC measurement when employing the VMG.
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Conclusion

The application of the VMG reduces the signal loss introduced by hardware vibrations in a high
b-value diffusion-weighted MRS sequence in phantoms and in vivo. Reference measurements
based on laser interferometry and mechanical modelling confirmed the findings.

6.2.2 Author contributions

The first author performed the experiments (MR measurements), programmed the magnetic
resonance pulse sequence (propriety hardware specific libraries and software from Philips Med-
ical Systems (Best, The Netherlands)), programmed the mechanical simulations, implemented
the post-processing and the quantification process. With the help and consultation form the
coauthors, the first author designed the experiment, manufactured the oil-in-water-emulsion
phantoms, analyzed and interpreted the data, and wrote the manuscript.
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Purpose: Diffusion encoding gradients are known to yield vibrations of the typical
clinical MR scanner hardware with a frequency of 20 to 30 Hz, which may lead to
signal loss in diffusion-weighted MR measurements. This work proposes to mitigate
vibration-induced signal loss by introducing a vibration-matching gradient (VMG) to
match vibrational states during the 2 diffusion gradient pulses.

Theory and Methods: A theoretical description of displacements induced by gra-
dient switching was introduced and modeled by a 2-mass-spring-damper system.
An additional preceding VMG mimicking timing and properties of the diffusion en-
coding gradients was added to a high b-value diffusion-weighted MR spectroscopy
sequence. Laser interferometry was employed to measure 3D displacements of a
phantom surface. Lipid ADC was assessed in water—fat phantoms and in vivo in the
tibial bone marrow of 3 volunteers.

Results: The modeling and the laser interferometer measurements revealed that the
displacement curves are more similar during the 2 diffusion gradients with the VMG
compared to the standard sequence, resulting in less signal loss of the diffusion-
weighted signal. Phantom results showed lipid ADC overestimation up to 119% with
the standard sequence and an error of 5.5% with the VMG. An 18% to 35% lower
coefficient of variation was obtained for in vivo lipid ADC measurement when em-
ploying the VMG.

Conclusion: The application of the VMG reduces the signal loss introduced by hard-
ware vibrations in a high b-value diffusion-weighted MRS sequence in phantoms
and in vivo. Reference measurements based on laser interferometry and mechanical

modelling confirmed the findings.
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1 | INTRODUCTION

Diffusion-weighted (DW) MR is a powerful tool for the non-
invasive assessment of tissue microstructure and is widely
applied in the clinical routine as well as in research applica-
tions." Sensitizing the MR measurement to diffusion requires
strong diffusion-encoding gradients, bringing up technical
challenges related to increased sensitivity to motion effects,”
eddy currents,” and scanner table vibrations.* Specifically,
diffusion-encoding gradients were shown to yield vibrations
of the scanner hardware (e.g., scanner table vibrations during
diffusion tensor imaging with a frequency of 20-30 Hz and
amplitudes up to 100 pm).5 The observed vibrations were
so strong that even elastography experiments utilizing the
table vibrations as the main source of mechanical actuation
have been proposed.6 The observed influences of additional
vibration-induced motion include reports of signal loss in
brain DW images7’8 and reports of increased lipid ADC mea-
sures in subcutaneous fat in regions close to the scanner table.*

Multiple research applications require particularly high
b-values diffusion measurements, including high-resolution
diffusion tensor imaging of the brain’ or the assessment of
fat microstructure with diffusion MRI.'%""? Specifically, mea-
suring the diffusion properties of lipids has been proven to be
challenging because fat has a diffusion coefficient approx-
imately 2 orders of magnitude lower than water due to the
large molecular size.*! The assessment of fat microstructure
is important in the study of adipose tissue and ectopic lipids
in both healthy subjects and subjects affected by metabolic
dysfunction across organs and tissues. The quantification of
lipid droplet size with DW MR is of great interest in skel-
etal muscle research,14 in metabolic research differentiating
brown and white adipocytes,]5 and in bone marrow research
aiming at the quantification of bone marrow adipocyte size.'®

Measuring high-resolution diffusion features or diffusion
restriction effects requires the acquisition of an artifact-free
DW signal while employing high b-values. Given that the
gradient strength of clinical MR scanners is limited, high
b-values are typically associated with long diffusion gradi-
ents at the maximum allowed gradient amplitude. Scanner
table vibration effects induced by the long and strong diffu-
sion gradients can become significant at certain frequencies
of the scanner hardware mechanical system.5

Any motion during the diffusion sensitizing period in-
duces an additional accumulated phase and eventually leads
to signal cancellations due to intravoxel dephasing.17 The
amount of the intravoxel dephasing by motion scales at a
first approximation with the first gradient moment. Tissue
displacements induced by mechanical vibrations introduce
such intravoxel dephasing. The amount of intravoxel dephas-
ing increases in the presence of strong and long diffusion en-
coding gradients. Therefore, tissue displacements induced by
mechanical vibrations at high b-value scanning compromise

the reliability of the measured DW signal for any subsequent
analysis aiming at the extraction of quantitative diffusion
parameters.

The present work proposes the application of an addi-
tional gradient before the actual diffusion sensitizing period
to mitigate signal loss induced by scanner table vibrations.
The benefits of the proposed approach are shown by mod-
eling a simplified mechanical model and the quantification
of the scanner table displacements with and without the ad-
ditional gradient by doppler laser interferometry. Afterward,
the approach is tested measuring lipid ADC with a DW MRS
sequence in water—fat (WF) phantoms and in vivo in the tibial
bone marrow of healthy volunteers.

2 | THEORY

2.1 | Mechanical description

Modulation of magnetic field gradients is an essential element
of most MR pulse sequences. Alterations of the magnetic
gradient strength or polarity are achieved by changing the
current in the respective gradient coil. Time-varying currents
in the strong main magnetic field result in Lorentz forces on
the gradient coil. The mechanical vibrations of the MR hard-
ware components are eventually caused by the impact of the
gradient coils on the mounting during the MR experiment.18
The Lorentz forces on the gradient coils also induce vibra-
tions of the MR scanner table that are subsequently trans-
ferred to the object that is examined. The propagation of the
vibrations within the object and the damping of the displace-
ment amplitude are dependent on the mechanical properties
of the system. Consequently, the forces on the MR gradient
hardware can induce time-varying displacements within the
subject or object being scanned.

However, the exact displacement pattern within the tissue
might be difficult to predict. Although the vibrations do not
originate from the scanner table, the observed vibrations will
be referred to as scanner table vibrations.

2.2 | MR diffusion encoding

Using MR, diffusion properties can be probed using 2 diffu-
sion encoding gradients and a time interval between these 2
diffusion encoding gradients19 (Figure 1). The accumulated
phase during the first diffusion encoding gradient (DG;,) is
recovered by the accumulated phase during the second dif-
fusion gradient (DG,) for stationary spins. For moving spins,
any phase dispersion is not recovered and consequently leads
to signal loss. In the absence of any macroscopic motion or
flow effects, the strength of the signal loss reflects the self-
diffusion of the particles; therefore, information about the
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FIGURE 1 Sequence diagram of the DW-STEAM sequence with the proposed VMG (in black) and corresponding dyy,, induced by the

strong gradient waveforms. The DW-STEAM magnetization preparation consists of 3 slice-selective 90° RF pulses and monopolar diffusion

sensitizing gradients (in gray). Spoiler gradients (vertical stripes) and slice selective gradients (dots) are also shown. Both the VMG and the

diffusion gradients will lead to tissue displacements. If a VMG is introduced with appropriate timing, the tissue displacement pattern is similar

during DG, and DG,. A, diffusion time; DG, first diffusion gradient; DG,, second diffusion gradient; dyy,,, theoretical tissue displacement; DW,

diffusion-weighted; TM, mixing time; Tyy;g. timing of vibration-matching gradient; VMG, vibration-matching gradient

tissue microstructure can be extracted. Mathematically, the
accumulated phase ¢ at time ¢ for a spin located at position 7,
at time ¢ = 0 can be expressed as:

t

-

G ()7 (7. 1') dl, M

8 ()= |

0

where v is the gyromagnetic ratio; G is the magnetic field gra-
dient; and 7 (70, t') is the location at time ¢ for a spin located
at position 7, at time ¢ = 0. The total signal S acquired from a
defined volume of spins can be expressed as:

St)=S, J e 00D g7, 2)

Any additional accumulated phase that is not due to dif-
fusion can lead to additional signal decay and consequently
results in quantification errors.

2.3 | MR diffusion encoding in the
presence of vibrations

The bottom row of Figure 1 depicts a schematic view of the
displacements induced by DG, that will be present during
the presence of DG,. Assuming a simple diffusion encod-
ing scheme with a time separation and a refocusing element
between the 2 diffusion weighting gradients and assuming
rectangular gradients, the phase at the end of the DW can be
expressed as:

A+6

s

¢ (Fp. A+6)=7G “ 7 (7. 7') dt’—[ 7 (7. 7') dt’] :
0 A

3)

Here, 6 is the length of the DW gradient, and A is the

diffusion time. When the spins are affected only by the mo-

tion due to vibrations (assuming no diffusion or flow effects),

only the displacements from the equilibrium position (d) can

be considered. The second integral can be simplified by a

coordinate transformation:

3 3
¢ (Fp, A+6) =G U 2(70,t')dt'—J' 3(70,t’+A)dt’]
0 0

=yG J: [ZI (Fo?') —d (oo ! +A)] dr
“
s=5, J B0 g7 s J R R Ty
4

Equation 5 shows that signal loss due to vibrational dis-
placements can occur when the displacements during the 2
diffusion gradient durations (DG, und DG,) differ. Larger
voxel sizes and stronger first gradient moments amplify this
signal loss.!” To minimize the phase dispersion within a
voxel, the following condition should be fulfilled for all spins:

d (g 1) =d (Fp1+A)  for 0<1<8. 6)

This condition is not fulfilled in a standard DW sequence.
DG, will introduce tissue displacements that in general are



42 . . o e
—I—Magnetlc Resonance in Medicine

WEIDLICH ET AL.

different between DG, and DG,;. To match tissue displace-
ments between DG, and DG, and mitigate signal loss, an
additional gradient can be introduced to induce vibrations
during DG, similar to the vibrations induced by the first
diffusion gradient during DG,. The additional gradient rep-
licating the vibrational patterns is called vibration-matching
gradient (VMG).

If the VMG is placed before DG, with appropriate timing,
the tissue displacement pattern can become similar during
both diffusion encoding gradients. The introduction of the
VMG is shown in Figure 1 (see upper row). The VMG is
applied before the RF excitation pulse of the diffusion sen-
sitizing module and does not interfere with the transverse
magnetization but solely induces a mechanical vibration state.
When the time interval between the VMG and DG; is equal
to the diffusion time, the tissue displacement caused by scan-
ner table vibrations during the 2 diffusion gradients should
be similar. Therefore, the accumulated phase during the dif-
fusion encoding is similar, and the occurring signal loss can
be mitigated. The mechanical vibrational pattern during the 2
diffusion gradients may become similar for other timings of
the additional gradient. However, the exact optimal timing,
which is when the time interval between the VMG and the
DG, is not equal to the diffusion time, will depend on the fre-
quency of the vibration, the coupling of the components, and
the damping of the vibrations; thus, it is not easily predictable.

A

—_
~

2.4 | Mechanical modeling of a
2-mass-spring-damper system

Most biological soft tissues can be modeled as viscoelastic
materials.”’ The viscoelastic material model comprises of an
elastic (spring-like) and viscous or damping (dashpot-like)
response to an external force. Mathematical models have
been developed to predict the dynamics and the response of
viscoelastic materials.”' The field of MR elastography de-
ploys these models and tries to map tissue properties after
intentionally applying a defined actuation to the investigated
tissue during a special MR examination.”’ However, there are
also involuntary actuations due to the MR scanner table, as
described above. To illustrate the behavior of a viscoelastic
material that is excited by an external force, the displacement
of 2 masses that are connected in a spring-damper system
was investigated in 1D. The system is decribed in Figure 2B,
where the 2 masses could represent 2 isochromats within
the viscoelastic material. They should be embedded in the
material; therefore, both are connected to a larger pool rep-
resented as a fixed boundary. The excitation of the system
by scanner table vibrations was represented by instantane-
ous force impulses on mass 1 whenever there was a gradient
switching in the gradient pulse sequence shown in Figure 2A.
A different direction of the impulse was assumed for differ-
ent polarities of the gradient slope. It was assumed that there

Simulated displacements of spring-damper system with VMG
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FIGURE 2 Simulated displacements during diffusion gradients assuming a 2-mass-spring-damper system (schematic B). Plot A shows
the strong gradient waveforms within the pulse sequence and the corresponding simulated displacement of m; and m, when the VMG and the 2
diffusion gradients are simulated. Plot C shows the displacement of the 2 masses during DG, and DG,. The displacements of the 2 masses are
different without the VMG, whereas the displacements of the 2 masses are very similar with the VMG. m;, mass 1; m,, mass 2
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was no additional force on mass 2. In the pulse sequence
shown in Figure 2, the system was consequently excited by
4 Dirac impulses when no VMG was applied and was ex-
cited by 6 Dirac impulses when the VMG was employed. A
mathematical derivation of equation of motion is given in the
Supporting Information following Voeth et al.>* The magni-
tude of the stiffness parameter of an unknown material can be
estimated by the frequency of the induced vibration assum-
ing an undamped oscillation (¢ & 4n2mf2). To the best of the
authors’ knowledge, the mechanical parameters for adipose
tissue assuming a simple 1D spring-damper system are not
available in current literature.

The following parameters were assumed: mass m = 0.5 kg;
stiffness ¢ (25 Hz undamped oscillation) = 12,337 %; damp-
ing d was selected to be 5 k—f to achieve a similar damping as
observed in the interferometer measurements; and the ampli-
tude of the force impulse was selected to give a displacement
amplitude equal to 10 um. The system was solved for the gra-
dient pulse sequence shown in Figure 2A with and without
the VMG by means of numerical integration (Figure 2A).

3 | METHODS
3.1 | DW-MRS pulse sequence and
spectrum analysis

To test the proposed method, the diffusion properties of li-
pids were measured with a bipolar DW STEAM MRS se-
quence (Figure 1). The sequence was based on a standard
single-voxel STEAM MRS, with gradients added after the
first and third RF pulse to induce diffusion-weighting. Half
of the DW spectra were acquired with positive diffusion gra-
dient polarity and half with negative. The DW spectra with
opposite diffusion gradient polarity were used to estimate and
compensate for eddy-current effects.® To mitigate the effect
of vibration-induced tissue displacements on the DW signal,
the VMG with identical gradient duration and amplitude
properties to the diffusion sensitizing gradients was placed
before the actual sequence. The data processing included
zero order phasing and Gaussian apodization. The single av-
erages were frequency-aligned, and averages with a deviation
of the methylene peak amplitude of more than 2 SDs from the
mean methylene peak amplitude were identified as outliers
and excluded from the subsequent analysis. The remaining
averages for both polarities were combined and corrected for
eddy currents. Peak area quantification was performed on the
real spectrum fitting 8 fat peaks assuming Voigt peak shapes.
The fat peaks included were methyl at 0.90 parts per mil-
lion (ppm), methylene at 1.30 ppm, p-carboxyl at 1.60 ppm,
a-olefinic at 2.02 ppm, and a-carboxyl at 2.24 ppm, diallylic
methylene at 2.75 ppm, glycerol at 4.20 ppm, and olefinic at

5.29 ppm.23 Water signal was not detectable due to the strong
diffusion-weighting. Only the methylene peak area (at
1.3 ppm) was used for further analysis because of the large
peak area. ADC was determined by an exponential fitting of
the methylene peak area as a function of b-value.

3.2 | Laser interferometer setup

To quantify the scanner table vibrations during the MR
measurements, the displacements of the scanner table were
measured by utilizing laser doppler interferometry (PSV-
500-3D-Xtra, Polytec GmbH, Waldbronn, Germany). The
interferometer setup was placed within the scanner room
with a sufficient distance from the MR scanner such that the
local magnetic field did not exceed 1 mT. The interferom-
eter used infrared light with a wavelength of 1550 nm and
a specific power of P < 10 mW. This way, it was possible
to measure the table surface as well as the relative structural
vibrations of the phantoms surface. With the setup at hand,
a measurement sensitivity of 0.1 um/s of the surface velocity
could be realized. A schematic setup is shown in Figure 3.

3.3 | Laser interferometer measurements
Three different phantoms were utilized in the phantom meas-
urements. For the lipid diffusion property measurements,
2 WF phantoms with 80% fat fraction were produced (content:
800 mL sunflower oil, 200 mL water, 4 mL Tween80, and
1 g of sodium benzoate). Emulsification was carried out with
a colloid mill at 6000 and 11,000 revolutions per minute
(rpm). The obtained phantoms yield different lipid droplet
sizes and consequently different viscosities. However, the
content of the WF phantoms was fluid. For the interferom-
eter measurement reflective spray had to be attached to the
phantom surface, and the experiment had to be performed
with an open lid to directly measure on the phantom material.
Therefore, the experiments with the laser interferometer were
performed with an agar phantom (4% agar) that consisted of a
solid material. All MR phantom experiments were performed
with a 3 Tesla scanner (Ingenia Elition, Philips, Best) using
an 8-channel wrist coil with the following common sequence
parameters: Volume of Interest = (15 mm)®, TE = 60 ms,
TM = 300 ms, TR = 1800 ms. The experiments were per-
formed on the scanner table and on a decoupling table made
of wood (Figure 3B) that decoupled the sample from the
vibrating scanner table. The following 2 interferometer ex-
periments were performed with the interferometer setup to
quantify the effects under investigation.

First, the agar phantom was placed on the scanner table,
and a high b-value DW MRS experiment with a b-value of
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(A) Scenario 1: sample on scanner table

FIGURE 3 Experimental setup of the
doppler laser interferometer measurement. 2
measurement scenarios can be distinguished:
In the first scenario, the sample was
measured directly on the scanner table
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(plot A). In the second scenario, the sample
was placed on a decoupling table (plot B).
The 3D displacement on the surface of a
phantom was measured simultaneously
from 3 doppler laser interferometers during
the MR experiment to disentangle the
displacements in all 3 spatial components.
Plot C shows the measured agar phantom in
the wrist coil, and plot D shows a zoom-in
picture on the points that were measured
on the top of the phantom surface. When

only 1 spatial point was measured, the

| .
| A a0l ; | X Doppler measurement point was placed in the middle
nner .
. canner fable ' | Decoupling laser of the surface. Plot E shows the decoupling
| \‘ l' table interferometer wooden table
\ 1
v \ ,I
\‘/_________\_\/
c o . _
© Phantom in writst coil (D) Measured points

(E) Decoupling table

50,000 s/mm? was performed while varying the timing of the
VMG from 50 ms to 650 ms in 5 ms steps.

Next, the laser was placed on a point in the middle of the
phantom surface (Figure 3D), and the displacements in all
3 dimensions were acquired with 2 averages per timing. The
2 averages were combined, and the displacements during
both diffusion gradients were extracted for each timing of
the VMG. As a next step, the total accumulated phase was

calculated based on Equation 3. The experiment was repeated
with the 6000 rpm WF phantom without measuring displace-
ments using the laser interferometer, and the methylene peak
amplitude was extracted for different timings of the VMG.
Second, the timing of the VMG relative to DG, was set
to match the diffusion time, and the displacements were
acquired on the whole 2D surface of the agar phantom
(70 measurement points) to investigate the phase dispersion
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on a 2D surface. The experiment was repeated for 3 different
measurement scenarios: without VMG and coil placed on the
scanner table, with VMG and coil placed on scanner table,
and without VMG and coil placed on the decoupling table.
The accumulated phase was then calculated for each point,
and the total signal within the 2D surface was calculated sim-
ilar to Equation 5:

N
5= eitn )
n=1

Here, N is the number of total measurement points (mea-
surement points on the edge were excluded to avoid measure-
ment artifacts due to the coupling to the probe holder). The
signal on the scanner table was compared relative to the sig-
nal acquired on the decoupling table.

3.4 | ADC measurements in phantoms

To evaluate the performance of the proposed scheme, the
lipid ADC value was estimated within the WF phantoms
(6000 and 11,000 rpm). The voxel of interest was placed
in the middle of the WF phantom material. The experiment
was repeated for the same 3 different measurement scenar-
ios as performed in the interferometer measurements and
with the same scanning parameters. The utilized additional
sequence parameters were: 16 averages per b-value (half
of the averages with positive and the other half with nega-
tive polarity), 1 startup cycle, b-values = 10,000 — 20,000 —
40,000 — 60,000 s/mmz, 2:48 min scan time per phantom.
Diffusion gradients were applied simultaneously in all
3 axes to minimize TE.

3.5 | ADC measurements in vivo

The bone marrow in the tibia of 3 healthy volunteers (volun-
teer 1: 24 years/85 kg; volunteer 2: 29 years/57 kg; volunteer
3: 28 years/80 kg) was scanned using an 8-channel extremity
coil without and with the VMG and with different additional
weight placed on the scanner table (0/10/20 kg). By changing
the loading of the scanner table, the mechanical vibrations
were altered, and the influence of the vibrations on the DW
measurement could be investigated. Each scan was repeated
3 times to access the reproducibility of the ADC measure-
ment. The DW MRS voxel was placed approximately 1 cm
below the growth plate in the tibia bone marrow and was
performed with the same parameters as the phantom scans
(including the same diffusion directions and b-values).
Afterwards, the lipid ADC was extracted for each loading
without and with the VMG.

4 | RESULTS
4.1 | Mechanical modeling of a
2-mass-spring-damper system

Figure 2 shows the results of the modeling of the mechani-
cal system when actuated by the gradient pulse sequence de-
picted in the Figure 2A. The amplitude of the displacements
during DG, are smaller compared to the displacements dur-
ing DG, for both masses without the VMG. In addition, the
shape of the displacements is different during both diffusion
gradient durations when no VMG is employed, resulting
in an additional phase accumulation when a magnetic field
gradient is employed in the direction of the displacement.
The amount of accumulated phase is thus different for both
masses because the displacement curves also differ in their
appearance without the VMG. With the VMG, the simulated
displacement curves during both diffusion gradient durations
and for both simulated masses are very similar. Such a phase
accumulation pattern would result in a negligible phase dif-
ference between the 2 masses, inferring a minimal intramass
dephasing when the phase of the 2 masses is combined.

4.2 | Quantification of scanner table
vibrations by laser interferometry

Figure 4 shows the measured displacements on the agar phan-
tom for 3 different measurement scenarios: without VMG on
the scanner table, with VMG on the scanner table, and with-
out VMG on the decoupling table. In general, the displace-
ment in z-direction (feet-head) is small in all 3 measurements
compared to the other components. In x-direction (right-
left), minor deviations in the displacement can be seen in all
3 measurement scenarios. In y-direction (anterior-posterior),
the displacements show an offset during the first and second
diffusion gradient duration when the phantoms are placed on
the scanner without the VMG, whereas the displacement pat-
terns during the 2 diffusion gradients are very similar when
the VMG is additionally employed. On the decoupling table,
the displacements patterns are very similar and small for all
components and show a very low- and very high-frequency
component compared to the 20 to 25 Hz vibration visible on
the results on the scanner table.

In Figure 5, the pulse sequence with the corresponding
displacements during both diffusion gradients (DG, and DG,)
can be seen for 3 different timings of the VMG. Visually,
a great difference in the displacement patterns can be seen
when the timing of the additional gradient is much smaller
or much larger than the diffusion time. Large differences in
the displacements during the diffusion weighting gradients
lead to accumulated phase that is not rephased and can lead
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FIGURE 4 Measured displacements with laser interferometry when the Ty, matched the diffusion time (A) (subplot A). Subplot B shows
the x, y, and z displacements during DG, and DG, for 3 different measurement scenarios (different rows). Without the VMG, large differences
between the displacement patterns can be seen compared to the case with the VMG (especially in y direction). Displacements are also visible with
the decoupling table but follow the same patterns during both diffusion gradients

to signal loss. When the timing of the VMG is similar to the
diffusion time, the displacement curves are similar.

Based on the displacement curves and the employed gra-
dients, the phase difference for each VMG timing can be cal-
culated based on Equation 4. Figure 6 shows the additional
accumulated phase by vibrational displacements and com-
pares it to the methylene peak amplitude acquired in a sepa-
rate scan with the WF phantom. In general, areas with high
and low accumulated phase can be observed with a similar
pattern as the methylene peak area. When the diffusion time
matches the VMG timing, a maximum in signal amplitude
with corresponding minimum in the accumulated phase can
be observed.

Figure 7 shows the accumulated phase that was calculated
for a 2D surface on the agar phantom for different scenarios
of phantom placement.

When the phantom is placed on the scanner table with-
out the VMG, the accumulated phase during the diffusion
weighting gradient has larger variations when compared to

the scenario with the VMG. This results in a relative signal of
95% on the scanner table without the VMG compared to the
signal on the decoupling table without the VMG. A relative
signal of 99% on the scanner table with the VMG compared
to the signal on the decoupling table without the VMG is
observed.

43 | Lipid ADC measurements in phantoms

Figure 8 shows the results from the phantom scans. Assuming
that the phantoms on the decoupling table are not affected by
vibration artifacts, the ADC value on the decoupling table
represents the real lipid ADC value. In the 6000 rpm phan-
tom, the DW MRS experiment on the scanner table yields
to a 119.0% overestimation of the ADC value, whereas
only a relative error of 5.5% is observed on the scanner
table with the VMG. In the 11,000 rpm phantom, the ob-
tained lipid ADC value is very similar between the different
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Displacements during diffusion endcoding for different timing of VMG
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FIGURE 5 Measured x, y, and z displacements with laser interferometry during DG, and DG, for 3 different timings of the VMG. The first
row shows the corresponding gradient pulse sequence. When the Ty is much smaller or larger than A, large variations of the displacements can
be observed. When the Ty, is equal to A, the displacement patterns are very similar
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FIGURE 6 Accumulated phase on single point based on
displacements measured with laser interferometry on the phantom
surface (solid line) and methylene peak area acquired by DW-MRS for
different Ty is shown. A maximum in signal amplitude corresponds
to a minimum of acquired phase when Ty is equal to the A. Multiple
minima of the phase and maxima of the methylene peak area can be
observed

measurement scenarios, and only relative differences below
1% are observed.

4.4 | Lipid ADC measurements in vivo

Figure 9 shows the mean obtained ADC value in the tibia
bone marrow, with corresponding SD of the 3 repeated meas-
urements with different loading of the scanner table. Without

the VMG, a dependency of the measured ADC value on the
additional loading of the scanner table is observed, and a
larger SD of the lipid ADC estimation is observed. The ADC
value combined from the different measurement is compara-
ble with and without VMG. However, the coefficient of vari-
ation is reduced by 34.9% (volunteer 1), 18.9% (volunteer 2),
and 24.0% (volunteer 3) in the 3 volunteers, comparing the
measurement without the VMG to the measurement with the
VMG.

5 | DISCUSSION

The present study investigates the influence of mechanical
vibrations on the signal of DW-MR measurements, focus-
ing on the example of a high b-value DW MRS sequence
and proposing a method to mitigate the signal loss by the
application of an additional gradient. The main underlying
concept does not eliminate mechanical vibrations but aims to
approximately match the vibrational states during both diffu-
sion gradients so that the total intravoxel dephasing is small
and will not lead to significant signal loss.

The simplified mechanical system used to illustrate the
transfer of vibrations within the tissue does by no means fully
represent the complexity of soft tissue viscoelastic mechan-
ics. Due to the adopted simplifications and the absence of
accurate values for the mechanical properties, no quantita-
tive analysis was performed, and only qualitative results were
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FIGURE 7 Accumulated phase on a 2D surface measured with laser interferometry on top of an agar phantom for 3 different scenarios.

(A) phantom placed on the scanner table without VMG, (B) phantom placed on the scanner table with VMG, and (C) phantom placed on the

decoupling table without VMG. When the phantom is solely placed on the scanner table, a 5% decay of the total signal can be observed in the

measured 2D surface. When the phantoms are placed on the scanner table with the VMG, only a 1% decay of the signal is observed. It is expected

that the signal decay will be larger when displacements over a 3D volume instead of over a 2D surface are measured
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FIGURE 8 ADC determination in 6000 rpm (A) and the

11,000 rpm (B) water—fat (WF) phantoms. In the 6000 rpm phantom,
a large difference in the lipid ADC value was observed without

the VMG compared to the other 2 measurement scenarios. In the
11,000 rpm phantom, the differences between the measured lipid ADC
values were minor. WF, water—fat

shown. The model reveals that the application of the VMG
before the actual diffusion-weighting helps to approximately
match the displacement patterns during both diffusion gra-
dient durations. This is true for the investigated first mass

that is directly excited by the impulse and also for the second
mass that is connected to the first mass. When applying the
VMG, both masses show a very similar displacement pat-
tern during the diffusion encoding gradients, which would
result in a very small accumulated phase during diffusion
weighting. When the displacement pattern is different during
the 2 diffusion gradients (as in the simulated case without
the VMG), phase is accumulated. When this accumulated
phase also varies for different positions within the tissue, the
phase dispersion would result in signal losses within a voxel.
Figure 2 clearly shows this variation of displacement patterns
during the 2 diffusion gradient durations for the 2 simulated
masses when no VMG is employed.

In Figure 4A, the measured displacements with VMG and
Tymg equal to the diffusion time in a real experimental set-
ting are shown. The displacement pattern is similar but more
complex than shown in the simplified model (Figure 2A). In
Figure 4B, the displacements during the 2 diffusion gradients
are depicted. The displacements differ when the phantom is
measured on the scanner without applying the VMG and be-
come more similar when the VMG is applied before the DW.
This effect is especially prominent in the y-direction (anterior-
posterior), whereas the x-direction (right-left) seems to be
less affected by the application of the additional gradient. In
z-direction (feet-head) the measured displacements are small
compared to the other directions.

Displacements are also visible during the diffusion gradi-
ent durations when the coil is placed on the decoupling table.
However, the displacements when the coil is placed on the
decoupling table seem to be very similar during the diffusion
gradients and represent much lower frequencies of the system.
The decoupling table was manufactured with wood, which
could result in low eigenfrequencies of the system. However,
high vibrational frequency components can also be observed
in anterior-posterior direction. This could potentially reflect
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FIGURE 9 Invivo lipid ADC measurement in the tibia bone marrow for different loadings (0-10-20 kg additional weighting) on the scanner

table in 3 healthy volunteers. Without the VMG, the measured ADC is dependent on the extra loading of the scanner table, and a larger ADC SD
is observed. When all measurements are combined, the coefficient of variation is reduced by 34.9% (volunteer 1), 18.9% (volunteer 2), and 24.0%

(volunteer 3) comparing the measurement without the VMG to the measurement with the VMG

the first natural resonance of the wooden decoupling table
that is predominately present in anterior-posterior direction.
The energy to excite this natural resonance vibration could
also be transferred from the gradient coil to the decoupling
table via sound waves.

Not only the employment of the VMG is important but
also the timing of this additional gradient. Figure 5 shows
that the displacement patterns differ greatly (even more com-
pared to the absence of the VMG) when the VMG timing
is much shorter or longer than the diffusion time. When the
VMG replicates the shape and strength of the DW gradients
and the timing of the diffusion preparation, the similarity of
the displacement curves is very high.

Based on the measured displacements, the accumulated
phase can be estimated and compared to the signal amplitude
of a DW MRS scan. The results shown in Figure 6 represent
a merging of 2 experiments, which could not be performed
simultaneously. Therefore, although the location of the min-
ima in the accumulated phase and maxima in the methylene
peak area do not fully match, the pattern in the 2 curves of
Figure 6 appears similar. Figure 6 shows that a maximum in
the signal amplitude is obtained when the VMG timing rel-
ative to DG; is equal to the diffusion time. This high signal
value corresponds to a minimum in the accumulated phase.
The above finding is another illustration of the idea that the
signal loss in a DW MR experiment due to vibrational arti-
facts can be reduced when the displacements during the 2 dif-
fusion gradients are similar and eventually the accumulated
phase is small. Figure 6 shows multiple minima in the accu-
mulated phase or maxima in the signal values. However, the
occurrence of these extreme values is not easily predictable
without the knowledge of the exact mechanical properties of
the system. Nevertheless, it can be postulated without any

knowledge of the object properties that a minimum in the ac-
cumulated phase occurs when the VMG timing relative to the
first diffusion gradient is equal to the diffusion time.

Solely accumulated phase is not sufficient to induce sig-
nal loss by intravoxel dephasing. For this effect, a phase dis-
persion over the 3D voxel needs to be present. To quantify
the phase dispersion for more than 1 point, the accumulated
phase was calculated on a 2D surface on top of the phantom.
The surfaces shown in Figure 7 represent the accumulated
phase in each point for different measurement scenarios.
Signal loss will occur in DW MR experiments when a large
spatial variation of phase is present in 1 acquisition voxel.
The phase variation in a 2D surface can already give a hint
to the expected signal loss in a 3D volume. When the phan-
tom was scanned on the scanner table without the proposed
scheme, a signal loss of 5% already could be observed in
the 2D surface, whereas it was only 1% when the VMG was
employed. It would be expected that the signal loss in a 3D
volume on the scanner table will be higher without the VMG
compared to the case with the VMG.

The phantom results in the 2 measured WF phantoms need
to be discussed separately: In the 6000 rpm WF phantom,
the lipid ADC value is greatly overestimated when the phan-
tom is measured on the scanner table without the proposed
method. When the VMG is employed, a great improvement
in the measurement of the lipid ADC value can be observed.
In the 11,000 rpm WF phantom, the ADC measurement
seems to not be affected a lot by vibrations; therefore, the
3 measurement scenarios give very similar lipid ADC val-
ues. The differences in both phantoms can be explained by
different oil droplet sizes within the 2 phantoms,12
ing in different viscoelastic properties of the phantoms: the
11,000 rpm phantom is more viscous than the 6000 rpm

result-
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phantom. Therefore, the effect of the vibrations on the overall
signal loss is highly dependent on the tissue properties and
can vary a lot between different tissue type. However, it
should be noted that the VMG does not cause artifacts in
the ADC quantification when the estimation without the ad-
ditional gradient is already sufficient (as can be seen in the
11,000 rpm WF phantom). Therefore, the application of the
VMG overall improves the accuracy of the measured lipid
ADC value in phantoms.

The coefficient of variation for the estimation of in vivo
lipid ADC decreased significantly when the VMG was em-
ployed in all 3 volunteers. A correct estimation of the diffu-
sion properties of lipids is particularly important when high
order effects such as diffusion restriction effects are investi-
gated.12 The ADC value changes in an 80-um diameter fat
cell in vivo by approximately 1% per 100 ms diffusion time
increase.

Therefore, a high accuracy in the DW signal acquisition is
needed. The presented method could be used to improve the
quality of DW MR measurements and eventually the accu-
racy of lipid droplet size estimations.

The proposed study has the following limitations: First,
the laser interferometer data and the DW-MRS data were ac-
quired subsequently and not in the same phantom. However,
experimental limitations did not allow a simultaneous ac-
quisition in the same phantoms. Consequently, the slight
mismatch between the accumulated phase curve and the
methylene peak amplitude in Figure 6 could most likely be
explained by the different phantom materials with different
viscoelastic effects. This difference in the material properties
leads to differences in the observed displacement with dif-
ferent frequencies and damping. However, the overall trend
is also visible in this merged dataset based on different ex-
periments. Second, the phase dispersion was only measured
on a 2D surface and not in a 3D volume. For an accurate
estimation of the intravoxel dephasing effect with the corre-
sponding signal loss, the accumulated phase should be calcu-
lated for each point in a 3D volume. However, the employed
laser interferometer methodology only allows measurements
on a surface without depth information. Because phase dis-
persion effects are even visible on a 2D surface, phase disper-
sion effects are expected to be present and may be even more
severe if the measurements would have been extended to a
3D analysis. The presented measurements do not allow for an
accurate quantification of the 3D intravoxel phase dispersion;
however, based on the 2D surface information, conclusions
can be drawn that the signal loss should be reduced when the
VMG is applied.

Another way of reducing vibrational artifacts in diffusion-
weighted sequences would be the reduction of acoustic noise
produced by the applied gradients. This could be achieved
by either matching the frequency of the time-varying diffu-
sion gradient to minima of the scanner gradient response

function®* or by reducing the slew rate of the diffusion
gradients. However, the above approaches would lead to less
flexibility in the selection of sequence timing and most proba-
bly to prelonged TEs.

The proposed approach can be theoretically applied
in other DW MR sequences with minor or negligible time
penalty by adding the VMG before the start of the diffusion
preparation.

An even better matching of the vibrational states might be
achieved by extending the VMG and also adding additional
other gradients (e.g., slice selection gradients or spoiler gra-
dients) in the gradient prepulse. The proposed approach could
be also of interest in DW imaging of the brain, where vibra-
tion induced artifacts were reported previously.7 Especially in
pediatric cases, vibration effects could be even more severe
due to the light weight of the patients and the typical opti-
mization of the scanner hardware toward adult weights and
dimensions.® The general trend toward high b-value brain dif-
fusion that allows high-resolution diffusion tensor imaging
with fiber tracking comes with the cost of stronger and longer
diffusion gradients.9 Such more demanding requirements on
the gradient scanner hardware are expected to increase the
occurrence and strength of vibration artifacts. The proposed
VMG is not able to completely recover the lost signal but
can reduce the artifact with minor penalty on the acquisition
time. Further studies should focus on the application of the
proposed technique on other DW measurements to reduce
artifacts.

6 | CONCLUSION

A method was proposed to mitigate signal loss in DW meas-
urements induced by scanner table vibrations. The benefit
for placing an additional gradient before the DW module in
a DW MRS sequence was shown by mechanical modeling
and by measuring the actual displacements on the surface
of a phantom during a DW MRS measurement. When using
the additional gradient, the displacements during the dif-
fusion gradients were more similar, which would result in
less signal loss by intravoxel dephasing. The application of
the proposed method showed an improvement in lipid ADC
quantification in WF phantoms and in the tibia bone marrow
of 3 healthy volunteers.
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6.3 Journal Publication IlI:
Lipid droplet size mapping in human adipose tissue using a
clinical 3T system

The publication entitled Lipid droplet size mapping in human adipose tissue using a clinical
3T system was published in Magnetic Resonance in Medicine (ISSN: 0740-3194) [129]. The
manuscript was authored by Dominik Weidlich, Julius Honecker, Christof Boehm, Stefan
Ruschke, Daniela Junker, Anh T. Van, Marcus R. Makowski, Christina Holzapfel, Melina
Claussnitzer, Hans Hauner and Dimitrios C. Karampinos. It is available online (DOI:
10.1002/mrm.28755) as an open access article under the terms of the Creative Commons
Attribution-NonCommercial-NoDerivs License. Preliminary results were presented in the
conference contribution C1, which was awarded with an ISMRM Magna Cum Laude Merit
Award and selected as an oral presentation at the ISMRM annual meeting 2021. A summary
of the publication is provided in Section 6.3.1, the author contributions are listed in Section
6.3.2 and the full text is included subsequently on the following pages.

6.3.1 Abstract
Purpose

To develop a methodology for probing lipid droplet sizes with a clinical system based on a
diffusion-weighted (DW) stimulated echo-prepared (STE) turbo spin echo (TSE) sequence and
to validate the methodology in water-fat emulsions and ex vivo adipose tissue (AT) samples.

Methods

A DW-STE preparation was combined with a single-shot TSE readout for measurements at
different b-values and diffusion times. An analytical expression was used to estimate the droplet
size and three fitting approaches were compared: magnitude-based spatial averaging with voxel-
wise residual minimization (MbV), complex-based spatial averaging with voxel-wise residual
minimization (CbV) and complex-based spatial averaging with neighborhood-regularized
residual minimization (CbR). Simulations were performed to characterize the fitting residual
landscape and the approaches’ noise performance. The applicability was assessed in oil-in-
water emulsions in comparison with laser deflection and in ten human white AT samples in
comparison with histology.

Results

The fitting residual landscape showed a minimum valley with increasing extent as the droplet
size increased. In phantoms, a very good agreement of the mean droplet size was observed
between the DW-MRI-based and the laser deflection measurements, showing the best perfor-
mance with the CbR processing (R?/p: 0.971/0.014). In the human AT samples, the CbR
processing showed a significant correlation (R?/p: 0.531/0.017) compared to histology.

Conclusion

The proposed methodology was able to probe restricted diffusion effects in lipid droplets and
to estimate lipid droplet size using a clinical 3T system. The methodology was validated using
phantoms and the feasibility to measure lipid droplet size in white AT was shown ex vivo.
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6.3.2 Author contributions

The first author performed the experiments (MR measurements), programmed the magnetic
resonance pulse sequence (propriety hardware specific libraries and software from Philips
Medical Systems (Best, The Netherlands)), implemented the post-processing and the quantifi-
cation process. With the help and consultation form the coauthors, the first author designed
the experiment, manufactured the oil-in-water-emulsion phantoms, established the cooper-
ation with several surgery departments to obtain the adipose tissue samples, analyzed and
interpreted the data and wrote the manuscript.
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Purpose: To develop a methodology for probing lipid droplet sizes with a clini-
cal system based on a diffusion-weighted stimulated echo—prepared turbo spin-echo
sequence and to validate the methodology in water—fat emulsions and show its ap-
plicability in ex vivo adipose-tissue samples.

Methods: A diffusion-weighted stimulated echo—prepared preparation was combined
with a single-shot turbo spin-echo readout for measurements at different b-values
and diffusion times. The droplet size was estimated with an analytical expression,
and three fitting approaches were compared: magnitude-based spatial averaging with
voxel-wise residual minimization, complex-based spatial averaging with voxel-wise
residual minimization, and complex-based spatial averaging with neighborhood-
regularized residual minimization. Simulations were performed to characterize the
fitting residual landscape and the approaches’ noise performance. The applicability
was assessed in oil-in-water emulsions in comparison with laser deflection and in ten
human white adipose tissue samples in comparison with histology.

Results: The fitting residual landscape showed a minimum valley with increasing
extent as the droplet size increased. In phantoms, a very good agreement of the mean
droplet size was observed between the diffusion-weighted MRI-based and the laser
deflection measurements, showing the best performance with complex-based spatial
averaging with neighborhood-regularized residual minimization processing (R*/P:
0.971/0.014). In the human adipose-tissue samples, complex-based spatial averaging
with neighborhood-regularized residual minimization processing showed a signifi-
cant correlation (R%/P: 0.531/0.017) compared with histology.
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1 | INTRODUCTION

The assessment of lipid droplet size is important to study
adipose-tissue (AT) remodeling in both health and metabolic
dysfunction. In white AT (WAT), adipocytes contain unilocular
lipid droplets with a diameter between 50 pm and 150 pm and
a thin surrounding cytoplasm. Thereby, the lipid droplet size is
typically considered synonymous for the adipocyte size. With
the onset of obesity, an increase in adipocyte size in subcutane-
ous and visceral WAT can be observed in adults."* WAT ad-
ipocyte size is known to be associated with comorbidities of
obesity such as type 2 diabetes, dyslipidemia, and cardiometa-
bolic risk.® Therefore, adipocyte size assessment is highly de-
sirable to identify the patient’s risk to develop obesity-related
medical conditions. Currently, however, the measurement of
adipocyte size requires invasive biopsy procedures.4

Diffusion-weighted (DW) MR is a powerful approach
for the noninvasive probing of tissue microstructure. The re-
duction of the ADC with increasing diffusion times due to
diffusion-restriction effects has been applied extensively to
estimate cell size in water-containing tissues.’ Measuring
lipid-diffusion properties remains challenging, as fat has a
diffusion coefficient approximately two orders of magnitude
lower than water.®” The low fat diffusivity imposes the re-
quirement for high b-values and long diffusion times to mea-
sure diffusion-restriction effects, inducing further technical
challenges related to eddy currents® and increased motion
sensitivity.”'® However, even when using high b-values and
long diffusion times, the extraction of lipid droplet size from
DW measurements requires high SNR," especially due to
small diffusion-restriction effects when probing large lipid
droplet sizes in human WAT.

Diffusion-weighted MRS (DW-MRS) is a versatile tool
that allows to measure diffusion properties of metabolites other
than water'>"® and has recently been applied to study lipid
diffusion. Specifically, high b-value single-voxel DW-MRS
techniques have been applied to study myocellular lipid diffu-
sion,' to quantify the intramyocellular lipid droplet size'® and
to study murine brown adipocytes. ' However, most of the ex-
isting lipid DW-MRS work has been performed ex vivo, inves-
tigating small lipid droplets (below 10 pm) using the gradient
hardware of preclinical systems. Only recently, the feasibility

Conclusion: The proposed acquisition and parameter-estimation methodology was
able to probe restricted diffusion effects in lipid droplets. The methodology was vali-
dated using phantoms, and its feasibility in measuring an apparent lipid droplet size

was demonstrated ex vivo in white adipose tissue.

adipocyte diameter, adipose tissue microstructure, DW-TSE, fat diffusion, lipid droplet

of using DW-MRS was reported for the in vivo probing of
lipid droplet size in human bone marrow adipocytes on a clin-
ical system, which represents a milestone toward probing the
lipid droplet size in larger WAT adipocytes..11

Single-voxel DW-MRS allows high SNR but is associated
with important limitations when aiming at clinical transla-
tion of the lipid droplet size measurement: Due to the large
voxel size, DW-MRS is sensitive to motion-induced intra-
voxel dephasing effects, which results in quantification er-
rors. Acquiring data with smaller voxel size would mitigate
this effect and is an important step toward in vivo applica-
bility. Neighborhood information could also lead to a more
robust lipid droplet size fitting, but with single-voxel MRS
no neighborhood information is encoded. Acquiring spatially
resolved data would allow regularized parameter fitting in the
lipid droplet size estimation.

Therefore, a lipid DWI technique is desirable, which al-
lows the acquisition of lipid signals at high b-values and long
diffusion times to at least partly overcome the aforemen-
tioned limitations of lipid single-voxel DW-MRS. Lipid DWI
will not only be less sensitive to motion/vibration effects and
has the possibility to consider the voxel neighborhood in the
fitting process, but potentially also allows the extraction of
spatially resolved lipid droplet size maps. Previous work aim-
ing at lipid DWI have been based on DW spin-echo single-
shot EPL’ However, spin echo—based DW suffers from lower
SNR when using long diffusion times, whereas EPI readouts
are highly sensitive to off-resonance effects (including dif-
ferent chemical shift artifacts for the different fat peaks).17
Instead, a stimulated echo-based (STE) preparation may
allow to probe diffusion restriction effects at long diffusion
times, and a single-shot turbo spin-echo (TSE) readout could
reduce the sensitivity to chemical shift artifacts.'®

Therefore, the purpose of the present work was to (1)
develop a DW-STE-prepared single-shot TSE sequence for
measuring lipid diffusion using a clinical 3T system, (2) de-
velop the processing for lipid droplet size mapping, (3) vali-
date the methodology in water—fat emulsions by comparing
the MR results with laser deflection measurements (method-
ology to measure lipid particle-size distributions'®) and (4) to
investigate the methodology in ex vivo human AT samples by
comparing the MR results with histology.
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2 | METHODS

2.1 | Pulse sequence

A nonselective 3D DW-STE preparation consisting of four 90°
Malcom-Levitt RF pulses20 and monopolar diffusion gradients
combined with a single-shot 2D TSE readout (Figure 1) was
developed. To eliminate eddy current-induced and motion-
induced phase errors, magnitude-stabilizing gradients following
Alsop’s method'® were introduced in preparation and readout.”!
The b-value was adjusted by changing the diffusion gradient
strength. The diffusion time was changed by varying the mixing
time (TM) of the preparation module. The DW-STE prepara-
tion was designed to allow the strong DW necessary to inves-
tigate lipid diffusion, while offering the possibility to increase
the diffusion time with minor signal attenuation. The influence
of residual water signal was reduced by only acquiring DW sig-
nals at b-values above 5000 mm?*/s and by a frequency selectiv-
ity of the preparation module that additionally attenuates the
water signal. The preparation module has a bandwidth of ap-
proximately +400 Hz, and the Malcom-Levitt RF pulses were
used to ensure a decent robustness against B; inhomogeneities
with moderate specific absorption rate penalty (Supporting
Information Figure S1). The center frequency was set manually
to the main fat peak in all subsequent experiments. The maxi-
mum b-value and diffusion time were empirically selected to be
as large as possible, while simultaneously ensuring a sufficient
SNR in the measurement protocols listed subsequently.

2.2 | Reconstruction and preprocessing of
DW images

The obtained k-space data were low-pass-filtered using a
Hanning window filter. Different sizes of the filter were

3D DW STE Preparation
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empirically tested and the results were inspected visually. A
filter size of half of the k-space window was selected and used
for the subsequent processing because it provided a robust es-
timation of the low-resolution phase term. The low-resolution
phase term was extracted and subsequently subtracted from the
corresponding full-resolution DW image.22 Afterward, the ef-
fective SNR (SNR..ive) Was increased by spatially averaging
the DW image under the assumption that the tissue heterogene-
ity is small. Spatial averaging was performed by taking the sig-
nal’s mean within a square with a certain voxels edge length.
The value of SNR..ive Was equal to sqrt(N)*SNR,, where N
is equal to the number of voxels that are averaged and SNR is
the SNR of a single voxel. The 2D spatial averaging was either
performed on the magnitude or the complex DW images sepa-
rately for each diffusion time, b-value, and average.

2.3 | Lipid droplet size estimation

The lipid droplet size can be estimated based on DW signals,
previously measured by DW-MRS'! with the corresponding
cost function C:

C= )

exp

ﬂ)_s
Tl

SO C. SMurday&Coz‘ts d,D) c. exp < -

where S, is the signal without DW; S,,4v8.cons 18 the theoreti-
cal DW signal,23 d is the restricting spherical barrier diameter,
D is the free diffusion constant, TM is the DW-STE prepara-
tion’s mixing time, T, is the longitudinal relaxation constant,
and S, is the measured signal.

The obtained DW images can be used to fit the lipid droplet
size spatially resolved by minimizing the cost function C voxel-
wise. Fitting was performed using a nonnegative least-squares

fitting using the trust-region-reflective algorithm by MATLAB
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Sequence diagram of the proposed diffusion-weighted (DW) stimulated echo—based (STE)-prepared single-shot 2D turbo spin

echo (TSE). The DW-STE magnetization preparation consists of four composite 90° Malcom-Levitt RF pulses and monopolar diffusion-sensitizing

gradients (blue). To eliminate eddy current-induced and motion-induced phase errors, an additional pair of dephasing/rephasing gradients

(indicated in red), denoted as magnitude stabilizers, are introduced before the last tip-up pulse. Additional, magnitude stabilizers are performed

immediately before and after every spin-echo formation (also indicated in red). The spoiler gradients within the magnetization preparation are

indicated in gray. Abbreviations: SE, sping echo; TE, echo time; TM, mixing time
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(MathWorks, Natick, MA). To avoid local minima at each voxel,
the fitting was performed with multiple initial starting value pairs
(i) for d and D. The residual res,(r) and the estimated parameters
d;(r),D;(r),T1;(r),S,; (r) were recorded for each initial start-
ing value pair i and voxel location r. The initial starting values
were selected to be close to the expected parameter values but
also covering a large range. Therefore, the initial starting values
for phantom fitting were d = 4-28 um in 4-um steps, D = 6 X
107 mm?s to 10 x 107 mm?%s in 0.5 x 10~%-mm?s steps, and
T, =300 ms. The value of S, was estimated based on the other
initial starting values and the maximum value of the noisy sig-
nal. For the AT samples case, the initial starting values for the
fitting were d = 20-80 um in 10-pm steps, D = 6 X 107% mm?s
to 10 x 107° mm?s in 0.5 x 107%-mm?s steps, and T, and S,
were the same as in the phantom case.

DW data DW data DW data
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The final parameters were estimated by finding either a
voxel-wise minimum or a neighborhood-regularized global
minimum. Figure 2 shows an overview of the processing
pipeline. Combined with the possibility of performing a
magnitude-based (resulting in the residuals res,;,[r]) or
complex-based (resulting in the residuals resq,[r]) averag-
ing before the parameter estimation, different processing
schemes can be distinguished.

Specifically, three different ways of processing were com-
pared: magnitude-based spatial averaging with voxel-wise
residual minimization (MbV, red color in figures), complex-
based spatial averaging with voxel-wise residual minimiza-
tion (CbV, blue color in figures), and complex-based spatial
averaging with neighborhood-regularized residual minimi-
zation (CbR, green color in figures). In Figure 2, only the

Parameter estimates

Final parameter maps

N
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correction averagin
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N . . .
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FIGURE 2 Overview of fitting process is shown in one adipose-tissue (AT) sample. Data are acquired with different diffusion times (A,

rows) and diffusion weightings (b-value, diagonal dimension). First, the complex data are phase-corrected and then spatially averaged to increase

SNR. All data are pooled, and a voxel-wise fitting is performed with different initial starting values. The fitting process leads to different estimates

for the parameter maps. The final parameter maps can be obtained from the estimates in two different ways. Taking the voxel-wise estimate

with lowest residual leads to the magnitude-based spatial averaging with voxel-wise residual minimization (MbV) processing (not shown) when

using magnitude data or CbV processing (blue) using complex data. Using the complex data and additionally imposing a spatially slowly varying

lipid droplet size (represented by its diameter) leads to the CbR processing (green). Abbreviations: CbR, complex-based spatial averaging with

neighborhood-regularized residual minimization; CbV, complex-based spatial averaging with voxel-wise residual minimization
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CbV and the CbR processing are shown because the MbV
processing is identical to CbV besides the performed spatial
averaging.

2.3.1 | Magnitude-based spatial averaging with
voxel-wise residual minimization

Spatial averaging was first performed on the magnitude DW
images. Fitting was then performed voxel-wise for multiple
initial starting values, and an analysis of the residuals was
performed at each voxel location r as follows:

resy, (1)

@)

d r),D r),T1 r),S, r)| = ar, min
[ by (1) s Dy (1) wpy (1) ompy ( )] gd(r),D(r)’n(r)!SO(r)

2.3.2 | Complex-based spatial averaging with
voxel-wise residual minimization

Spatial averaging was first performed on the complex DW
images. Fitting was then performed voxel-wise for multiple
initial starting values, and an analysis of the residuals was
performed at each spatial location r as follows:

rescy, (r)

3)

d r,D r,T1 r,S | = ar: min
[ cov (1) s Depy (1), Ty (1) So ey ( )] gd(r),D(r),Tl(r),Sl,(r)

2.3.3 | Complex-based spatial averaging with
neighborhood-regularized residual minimization

Spatial averaging was first performed on the complex DW
images, and the fitting was performed voxel-wise with dif-
ferent initial starting values. A global analysis was then
performed, imposing a small spatial lipid droplet—size vari-
ation. Therefore, the fitted parameters in each voxel were
selected not only based on the local voxel residual but also
by penalizing large diameter variations in the Von Neumann
neighborhood (representing the four adjacent voxels) of the
voxel (N[r]). A regularized global cost function similar to
Cui et al** and Boehm et al®® was used, in which rescp(r)
replaced the data-consistency term, and the regularization
term was the estimated diameter’s variation in the voxel’s
neighborhood. The minimization problem was solved with a
graph-cut algorithm using a graph construction with convex
priors that allows for unequally sampled space26 in the diam-
eter dimension:

[dCbR (1) Depr (1), Tl epr (1), So e (")]
= argd(r)’D(rr)I,lTlﬂr),so(r)Zrest +ic. Y ldr)—d )|

SEN(r)

“)

The regularization parameter A was chosen following the
discrepancy principle and was set to 0.1. The discrepancy
principle states that the regularization term should be similar
to the noise floor.>’ The used regularization term was approx-
imately 10% of the data consistency term.

2.4 | Phantom manufacturing

Four high-fat water—fat phantoms (oil-in-water emulsions)
resembling in vivo AT lipid content were produced. Each
phantom contained 800 mL sunflower oil (ARO), 200 mL
water, 20 mL Tween 80 (Sigma-Aldrich, Taufkirchen,
Germany), and 1 g of sodium benzoate (Roth, Karlsruhe,
Germany). Emulsification was carried out with a colloid mill
(IKA Labor-Pilot 2000/4; IKA-Werke, Staufen, Germany)
at 5000/6000/9000/12 000 revolutions per minute to obtain
different oil droplet sizes (standardized emulsification pro-
cess™). The particle size was measured by dynamic light scat-
tering using a particle-sizing instrument (Mastersizer 2000;
Malvern Instruments, Worcestershire, United Kingdom).
Samples were diluted with 0.5% sodium dodecyl sulfate
(Serva; Heidelberg, Germany) solution (1:10, vol/vol) to
separate agglomerates and measure single lipid dlroplets.19
From the particle-size distributions, mean diameters were
extracted.

2.5 | Adipose tissue sampling

Ten abdominal subcutaneous AT samples were obtained from
patients undergoing abdominoplasty after severe weight loss.
The study was approved by the local ethics commission, and
written consent was obtained. Small pieces from the AT sam-
ples were fixed in formalin for histological processing. After
slicing and staining with hematoxylin and eosin, images were
taken in high-definition range at X200 magnification (VHX-
60001 Keyence, Osaka, Japan). Adipocyte area determination
was carried out using the proprietary microscope image anal-
ysis software (VHX-6000; Keyence) by automatically identi-
fying round objects within the histology slice and obtaining
the object’s area. A lower (200 pmz) and upper size limit (16
000 pmz) were used to remove objects typically representing
artifacts, cell debris, or ruptured adipocytes. Each image was
manually inspected after automated identification. Adipocyte
diameter was calculated assuming a spherical shape.4

2.6 | Numerical analysis of fitting
residual landscape

To investigate the residual landscape of the fitting, the differ-
ence of the signal decay curves relative to selected reference
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signals was calculated based on the cost function C (T; =300
ms and S, = 100 were assumed while varying the free dif-
fusion constant and diameter). The following measurement
scenarios were distinguished due to different scan protocols.

In the phantom case, the protocol included 50 pairs of
b-value and TM, with b-values of 5000 to 50 000 s/mm? in
5000-s/mm? steps and TM of 200-400 ms in 50-ms steps. The
reference signals were simulated for droplet diameters of 4
um and 12 pm and for a free diffusion constant of 8 X 107
mm?/s. The difference relative to these two reference signals
was calculated for a range of combinations of droplet diam-
eter (2-30 um) and free diffusion constant ([7.5-8.5] X 107°
mmZ/s).

In the AT sample case, the protocol included 110 pairs
of b-value and TM, with b-values of 5000 to 50 000 s/mm?
in 5000-s/mm> steps and TM of 200-700 ms in 50-ms steps.
The reference signals were simulated for droplet diameters
of 50 um and 60 pm and for a free diffusion constant of 8 X
107° mm?/s. The difference relative to these two reference
signals was calculated for a range of combinations of droplet
diameter (20-120 pm) and free diffusion constant ([7.5-8.5]
x 107 mmz/s).

2.7 | Noise performance analysis

To characterize the three processing approaches, a noise
simulation was performed using as ground truth the signal
from the fitting residual landscape numerical analysis (drop-
let diameter in phantom case [12 um] and droplet diameter
in AT sample [60 um]). Gaussian noise was added to the
real and imaginary part of the complex signal to achieve a
SNR,, (defined for the first b-value and diffusion time). The
value of SNR,, was selected as the approximate lower SNR
limit from the subsequent experimental scans. Spatial aver-
aging was simulated by averaging the magnitude or complex
data within a square window of 1-11 voxels edge length.
Therefore, noise was first added over groups of 12/2%/3%14%
5%/6°17%/8%19°/10*/11% voxels, and the signals were averaged
in a second step that led to variable SNR . iive- At €ach size
of the averaging window, the spatially averaged signal was
then used to perform the fitting with multiple starting values.
The noisy signal generation and averaging was repeated 1089
(corresponding to a 33 X 33 voxel 2D slice) times, resulting
in 1089 noisy samples at each SNR level (depending on the
size of the averaging window), and statistics were extracted
for the MbV and CbV processing.

To evaluate the performance of the regularized fitting,
the 1089 noise samples at each SNR level were rearranged to
form a 2D slice that was processed with the CbR processing.
In the phantom case, SNR, was assumed to be 75, and in the
AT sample case, SNR, was assumed to be 50.

2.8 | Phantom measurements and analysis
Magnetic resonance scanning of the emulsion phantoms
and coconut oil was performed on a 3T system (Ingenia
Elition; Philips, Best, Netherlands) using an eight-channel
wrist coil with the following parameters: FOV = 90 x 90
mmz, acquisition voxel size = 1.4 X 2.5 x 10 mm3, recon-
struction voxel size = 1.4 X 1.4 x 10 mm3, TSE factor =
36, TR/TE/TEp,, = 2000/23/61 ms, five averages, 50 pairs
of b-value and TM with b-values = 5000 to 50 000 s/mm?
in 5000-s/mm?> steps and TM = 200/250/300/350/400 ms,
scan time = 8:30 minutes. To minimize vibration artifacts
induced by the strong diffusion gradients, a wooden sup-
port table was used.®

Neighboring voxels (3 X 3) were averaged to increase
SNR,feciives 1€ading to an effective voxel size of 4.2 X 4.2 X
10 mm®. The lipid droplet—size fitting was performed with
the initial starting values described in the noise simulations.
Each average was treated as a separate b-value/TM measure-
ment pair. The SNR was calculated as the ratio between the
mean and the SD of the magnitude images across acquired
averages for the first diffusion time and b-value.

2.9 | Exvivo AT sample
measurements and analysis

The approximately 10 X 10 X 5 cm® AT samples fixed in
formalin were scanned using an eight-channel extremity coil
with the following parameters: FOV = 120 x 120 mm?, ac-
quisition and reconstruction voxel size = 1.9 X 1.9 X 8 mm3,
TSE factor = 64, TR/TE/TEPrep = 2000/18.5/62 ms, four av-
erages, 110 pairs of TM and b-value with b-values = 5000 to
50,000 s/mm? in 5000-s/mm? steps and TM = 200-700 ms
in 50-ms steps, and scan time = 14:56 minutes. To minimize
vibration artifacts, a wooden support table was used'” and the
ramps of the diffusion gradient were reduced. Additionally, a
proton density fat fraction map was acquired with a 3D multi-
echo gradient-echo sequence using bipolar gradient readout
with FOV = 100 x 100 x 65 mm3, voxel size = 1.3 X 1.3
x 1.3 mm3, TR/TE1/ATE = 15/1.4/1.1 ms, flip angle = 5°,
and six acquired echoes. The vendor’s fat quantification rou-
tine included a phase error correction and a complex-based
water—fat decomposition using a precalibrated fat spectrum
with a single Tz* correction.”’

A neighborhood of 6 X 6 voxels was averaged to increase
SNR, resulting in an effective voxel size of 11.4 X 11.4 X
8 mm’. Each average was treated as a separate b-value/TM
measurement pair. Voxel-wise SNR was calculated as the
ratio between the mean magnitude signal at the first diffusion
time and b-value and the SD of an additional noise scan ac-
quired without RF and gradient power.
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Given that the influence of certain tissue properties (like
particle-size distribution) on the measurement of the MRI-
based mean lipid droplet size is still unknown in the ex vivo
AT samples, the term “apparent lipid droplet size” was used
in the context of the AT study.

3 | RESULTS
3.1 | Numerical analysis of fitting residual
landscape

Figure 3 shows the signal fitting landscape for both measure-
ment scenarios with their respective reference droplet diam-
eters. For the diameter of 4 pm in the phantom case, a distinct
global minimum in the diameter dimension at the reference
droplet diameter was observed with different free diffusion
constants yielding very similar signal decay curves. With in-
creasing diameter, the minimum residual valley got broader
and more curved. Diameters smaller than the reference diam-
eter with a free diffusion constant larger than the reference as
well as diameters larger than the reference diameter with free
diffusion constants smaller than the reference can have simi-
lar DW signal curves. Within the observed minimum residual
valley, the differences between the signal decay curves were
small, indicating a small gradient of the fitting’s cost func-
tion. In the AT case, the minimum residual valley got distinc-
tively broader, and the range of diameter and free diffusion
constant combinations resulting in small residuals increased.

3.2 | Noise performance analysis

Figure 4 shows the results from the noise analysis for the
phantom case. The 2D histograms of the estimated diffu-
sion constant and droplet diameter yielded a similarly shaped

minimum valley, as in Figure 3. The broadness of the diam-
eter and free diffusion constant distribution was reduced at
higher SNR ..ive- A noticeable bias of the mean diameter
was only observed for the initial SNR, (without averaging)
for MbV (22.2% overestimation), CbV (22.2% overestima-
tion), and CbR (17.1% overestimation). With increasing
SNR ffeciives the mean diameter and free diffusion constant
approached the true value, and the associated SDs were de-
creasing. For CbR, the estimated parameters followed the
same trend, but the SD at low SNR ... Was reduced com-
pared with MbV and CbV.

In general, the noise analysis for the AT sample case
(Figure 5) was comparable to the phantom case, but a higher
variability in the estimated parameters and differences be-
tween the proposed methods were visible. The 2D histogram
showed a broad distribution for the droplet diameter and free
diffusion constant estimates for all processing approaches.
When the SNR ¢f.ciive Was low, even two distinct peaks in the
diameter estimation were visible in the MbV and CbV case.
With increasing SNRg..iive> these two peaks tended to merge
into one. The SD in the diameter estimation appeared similar
with voxel-wise estimations (MbV and CbV), whereas it was
reduced with CbR. At high SNR v, quantification biases
were still observed. At an SNR_..ive Of 500, the deviation
from the true value was —10.6 % (MbV), 3.9% (CbV), and
1.7% (CbR).

3.3 | Phantom experimental results

Supporting Information Figure S2 shows the DW signal decay
for each phantom. The mono-exponential diffusion signal
decay curve at each diffusion time was visible for the water—
fat emulsion phantoms as well as coconut oil. The measured
ADC of the coconut oil was not dependent on the diffusion
time indicating free diffusion.

Phantom case Adipose tissue case

8.5 True diameter: 4 ym True diameter: 12 ym True diameter: 50 pm True diameter: 60 um 5=
: 3
£ 33
& 8 , 2
= g
a 12
(=)
7.5 0w

5 10 15 10 15 20 60 100 20 60 100
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FIGURE 3 Simulated parameter landscape of the fitting process. The differences in the signal decay curves relative to their respective

selected signal (reference signal indicated with red cross) were calculated based on Equation 1. The columns show different selected diameters with

the same free diffusion constant. The first two columns represent the phantom case, whereas the third and fourth columns represent the AT sample

case. With increasing diameter, the minimum valleys get visually broader, indicating a decreasing gradient of the optimization function. Please note

the different ranges on the x-axis (diameter dimension)
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FIGURE 4 Noise performance of the lipid droplet—size estimation in the phantom case (true diameter = 12 um). The 2D histogram for

diameter and diffusion constant estimates as well as a diameter histogram are shown. At low SNR, diffusion constant and diameter estimates

closely reassembling the minimum valley shown in Figure 3 can be observed. The MbV and CbV processing yield very similar results. At low

SNR, both measurements tend to overestimate the true diameter with an increasing SD. With increasing effective SNR, the mean diameter

approaches the true value, and the SD in the estimation decreases. The CbR processing follows the trend of the CbV; however, the SD at different
SNR levels is reduced. At an effective SNR (SNRgreciive) Of 750, the bias of all methods is below 1%

Figure 6 shows the obtained phantom diameter maps. The
two voxel-wise residual minimizations (MbV and CbV) re-
sulted in nearly identical droplet diameter maps with certain
regions showing local spatial heterogeneity. A trend toward
larger lipid droplet sizes was observed for decreasing stirring
frequency. When compared with the voxel-wise fitting, the
CbR processing showed reduced spatial heterogeneity in the
droplet diameter map. The free diffusion constant maps were
similar in all phantoms.

Figure 7 plots the correlation of the MR-based results
against the reference measurement laser deflection. The
droplet diameter results from the MbV and CbV were very
similar; therefore, only the CbV results were shown. In all
cases, the DW-MRI results agreed well with the valida-
tion measurement (R2 > 0.95 and P < 5%). When the lipid
droplet-size fitting was performed with CbV, the linear fit
deviated from the identity line (slope/offset = 1.37/-2.52

um). When CbR was used, the linear fit again approached the
identity line (slope/offset = 1.13/—0.71 um), and the SD of
the lipid droplet—size estimation was reduced.

3.4 | Exvivo AT sample
experimental results

Figure 8 depicts the results from two AT samples. AT sam-
ple 1 showed smaller adipocyte sizes in histology, higher
proton density fat fraction map heterogeneity, and a lower
overall SNR (mean SNR of 55 compared with 78 in sam-
ple 2 [not shown]). In AT sample 1, smaller apparent lipid
droplet sizes were observed with MbV compared with the
other methods. The apparent diameter distribution with
CbV showed two distinct peaks. With CbR, outliers were
reduced in the apparent diameter map, and the height of
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FIGURE 5 Noise performance of the lipid droplet—size estimation in the AT sample case (true diameter = 60 um). In the 2D histogram, a

rather broad distribution for the droplet diameter and free diffusion constant estimates can be observed. The broadness and the SD in the mean

diameter estimation decrease with increasing SNR. The distributions of the results obtained by MbV and CbV appear similar, whereas the

broadness is reduced with CbR. At high SNR

effective

(by spatial averaging), quantification biases can be observed. At a SNR,

of 500, the

effective

deviation from the true diameter is —10.6% (MbV), 3.9% (CbV), and 1.7% (CbR)

the peak at larger apparent lipid droplets was decreased.
In AT sample 2, larger apparent lipid droplet sizes and a
better agreement among the three processing methods was
observed. The apparent diameter map obtained by MbV
showed a relatively large fraction of voxels with small ap-
parent diameter. This fraction decreased when the appar-
ent droplet diameter map was obtained by CbV, and even
further when CbR was used. The free diffusion constant
maps obtained by CbR showed similar values in both sam-
ples. The obtained free diffusion constants for all phantoms
and AT samples are listed in the Supporting Information
(including a discussion of their agreement with literature
values).

Figure 9 summarizes the results from the AT sample
study, showing the mean apparent droplet size estimation ob-
tained by the CbR processing in comparison with histology.
The depicted SD for the MR-based measurement reflects the
broadness of the estimated voxel-wise apparent lipid droplet

size within the acquired 2D slice. The MR-based results and
the histology measurements correlated significantly (R?/P:
0.531/0.017). The CbV processing showed a similar trend as
CbR, and the MbV processing resulted in an underestimation
of the mean apparent lipid droplet size and no significant cor-
relation with histology (both processing methods not shown
in Figure 9).

4 | DISCUSSION

The present study proposes a methodology to noninvasively
measure lipid droplet size based on a novel lipid DWI ac-
quisition and lipid droplet—size parameter-estimation ap-
proaches. The work shows that it is feasible to measure large
lipid droplet size in phantoms and to provide an apparent esti-
mate of lipid droplet sizes in ex vivo human specimens using
a clinical 3T system.
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FIGURE 6 Diffusion-weighted imaging data (first row) and corresponding diameter maps for the water—fat emulsion phantoms with the three

examined processing approaches. For the CbR processing, the free diffusion constant map is also shown (last row). All processing approaches show

an increasing lipid droplet size with decreasing rotation frequency of the colloid mill. Local overestimations of the measured lipid droplet size are

visible with the processing approaches with a voxel-vise residual minimization (MbV and CbV), but are reduced with CbR processing. The free

diffusion constant is rather similar in all investigated phantoms. Abbreviation: rpm, revolutions per minute

Regarding lipid DWTI acquisition, a high b-value DW-STE
single-shot TSE acquisition was developed. To measure lipid
diffusion in water—fat mixtures, the interference with water
signals needs to be reduced. The proposed sequence is tai-
lored to this need, because the used STE preparation has a
frequency selectivity with the resonance frequency centered
on the main fat peak. In addition, only images with very high

b-values (> 5,000 s/mmz) are acquired, which attenuates
most of the fast-diffusing water. The proposed preparation
module has the disadvantage of measuring only 25% of the
available signal. First, 50% of the available signal is lost due
to the stimulated echo preparation; and second, an additional
50% of the signal is lost due to the magnitude stabilizing
gradients. Despite the inherently low SNR, the developed
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FIGURE 7 Correlation analysis of the droplet diameter
results obtained with DW MRI compared with the laser-deflection
measurement. The laser-deflection measurements revealed

an increasing lipid droplet size and distribution broadness

with decreasing frequency of the colloid mill. Both presented
processing methods (CbV and CbR) correlate significantly with
the reference-method laser deflection (R2 > 0.95and P < 5%).
With the CbV processing, the linear fit deviates from the identity
line (slope/offset: 1.37/—2.52 pm). With the CbR processing,

the linear fit again approaches the identity line (slope/offset:
1.13/-0.71 pm)

technique enables very strong DW with reduced sensitiv-
ity to motion-induced phase errors (single-shot TSE design
using magnitude stabilizers) and off-resonance effects (TSE
design), and allows the acquisition of DW data at varying
diffusion times (STE preparation). To sensitize the acquired
signal to diffusion restriction effects, longer diffusion times
and higher b-values would increase the sensitivity of the
measurement to lipid diffusion restriction effects. However,
longer diffusion times or higher b-values would increase the
required preparation’s TE and TM, and are therefore not eas-
ily realizable because they would further reduce the measure-
ment SNR.

The present work shows that the lipid droplet—size fitting
is challenging, especially for estimating larger diameters.
When the DW signal decay curves are compared, different
parameter combinations result in very similar decay curves,
even without noise (Figure 3). Specifically, small residual
variations were observed within a large region around the
reference diameter and diffusion coefficient. This might not
be critical for smaller diameters, because the lipid droplet
diameter can be precisely determined. With increasing size,
the curvature and the extent of the region with small residual
variation increases, resulting in underestimated and overesti-
mated diameters with very similar DW signal decays.

With added noise, certain parameter combinations within
the minimum valley can form local minima. The fitting prob-
lem becomes ill-posed and cannot be solved with a standard
approach. Using multiple starting values for the fitting pro-
cess is recommended to find the global, and not only a local,
minimum. However, with low SNR, even the approach with
multiple starting values can fail, as observed in the noise sim-
ulations (Figures 4 and 5). In a 2D histogram of the diameter
and corresponding free diffusion constant estimates, similar-
ities to the minimum valleys in Figure 3 can be observed.
Because of the small gradient within the minimum valley, a
stopping of the fitting within the minimum valley is likely,
especially with noisy signals.

When investigating the simulated mean diameter in the
phantom case, only deviations from the true value are ob-
served for the minimal SNR with smaller SD with the CbR
processing compared with MbV and CbV. With increasing
SNR,ffeciive> all three processing methods approach the true
diameter with a small SD. Due to the rather strong restriction
effects and high SNR;, in this phantom scenario, the results
from MbV and CbV are similar, whereas the CbR process-
ing shows the same trend but smaller bias and SD. In the
simulated AT sample case, much broader droplet diameter
and free diffusion-estimate distributions are observed. This
can be explained by the small diffusion-restriction effects in
the AT samples. The SD in diameter estimation decreases
with increasing SNR .qive- A large underestimation bias is
observed, even at high SNR_ . (ive» With the MbV processing.
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FIGURE 8 Histology slides, proton density fat fraction (PDFF) maps, MbV-based, CbV-based and CbR-based apparent diameter maps,
CbR-based free diffusion constant, and corresponding histograms for two AT samples. Adipose-tissue sample 1 shows larger heterogeneity in the
PDFF compared with AT sample 2, and a smaller mean adipocyte size in the histology. The apparent diameter map obtained by MbV processing
yields very low apparent-diameter estimates in the low-SNR sample compared with the high-SNR sample. When the apparent lipid droplet size is
estimated with the CbV processing, larger droplet diameters are extracted in both samples. The SD is decreased with the CbR compared to the CbV
processing (broadness in the diameter histograms). The free diffusion constant maps give similar values in both samples
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FIGURE 9 Correlation analysis of the mean apparent droplet
diameter obtained with CbR processing compared with microscopy in
AT sample study. A significant correlation was found when comparing
the mean lipid droplet size (R*P: 0.531/0.017) obtained by both
methods, although a large uncertainty was found in the size estimation
of the MR-based method. Mean values +1 SD (error bar) are shown

Magnitude averaging can lead to a noise floor, which de-
creases the measured ADC at longer diffusion times, corre-
sponding to a signal behavior that is characteristic for smaller
droplet sizes. With complex averaging, noise bias effects are
reduced and the true diameter is only slightly overestimated.
The CbR processing not only reduces the SD but also elimi-
nates the bias. The noise simulation reveals that an accurate
estimation of large lipid droplet diameters is feasible when
the SNR_ feciive 15 high enough and the data are complex-
averaged. The proposed CbR processing yields more accu-
rate and precise results compared with the other two studied
fitting approaches.

In the water—fat emulsion phantoms consisting of small
lipid droplets, a decreasing ADC curve with increasing diffu-
sion time is observed, which is a clear indicator of diffusion-
restriction effects. In coconut oil, no such restriction barriers
exist; therefore, the ADC values do not depend on the diffu-
sion time (Supporting Information Figure S2). This analysis
can be interpreted as a proof-of-principle experiment, show-
ing the applicability of the presented method to investigate
restriction effects of diffusing lipids.

Rather homogenous lipid droplet diameter maps are ob-
tained in phantoms with all processing approaches (Figure
6). The MbV and CbV lead to similar results but show re-
gions with unreasonably large diameters. When the CbR pro-
cessing is used, the diameter map homogeneity is increased.
When comparing the lipid droplet—diameter results from

DW-MRI with laser deflection measurement, a high correla-
tion is found. The diameter maps obtained by CbV included
voxel-wise diameter overestimations; therefore, the agree-
ment with laser deflection deviates from the identity line.
With the CbV processing, local quantification errors in the
droplet-diameter estimates can occur, which can be partly re-
covered by the proposed CbR processing, leading to a better
agreement with the reference method. It can be summarized
that the presented methodology provides accurate results in
water—fat emulsions (lipid droplet diameter up to 25 um).

Measuring the apparent droplet size in AT samples ex
vivo is challenging because of the small measurable restric-
tion effects due to large droplets and the low lipid diffusivity
at room temperature. The two AT samples shown in Figure
8 deviate significantly in their microstructure, as highlighted
in the histology images and proton density fat fraction maps.
The MbV processing yields too small apparent lipid droplet—
size estimates, especially in the low SNR sample. When the
CbV processing is used, two distinct apparent diameter peaks
are observed in both samples (in agreement with the simula-
tion). When the CbR processing is used, the obtained appar-
ent droplet-diameter map appears smoother and the SD of the
apparent diameter estimates is reduced. Within both samples
a spatial variation of the apparent diameter map can be ob-
served for all processing approaches. It is unclear whether
the observed spatial variation is caused by measurement un-
certainties (as indicated in Figure 5) or due to real spatial
adipocyte size variations. Given that the used histology pro-
vides only a localized estimate of the adipocyte size from the
biopsy site, the mean MR-derived apparent droplet diameter
(averaged over the acquired 2D slice) was used in the com-
parison with histology (shown in Figure 9). In the group anal-
ysis, a large SD is visible in MRI-based apparent droplet size.
Overall, a significant correlation can be observed between
the MR-based mean apparent lipid droplet size (with CbR
processing) and histology. The results acquired in human AT
samples show that it is feasible to estimate an apparent lipid
droplet size of ex vivo AT and that a similar trend as his-
tology can observed when examining samples with different
mean adipocyte sizes.

An MR-based white adipocyte size estimate could po-
tentially serve as a biomarker for the risk of cardiometabolic
diseases and could replace invasive biopsy measurement.
Therefore, the proposed technique should be thoroughly val-
idated ex vivo with more AT samples, and the in vivo appli-
cation should be subsequently targeted. However, additional
significant challenges related to motion and prolonged scan
times have to be addressed when measuring in vivo.

The described methodology has limitations: First, the
measured DW signal is the sum over several fat peaks that
have different T, relaxation times and potentially different
diffusion constants. This is not incorporated in the model-
ing, which assumes a single component. Because most of the
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signal should be associated with the main fat peak, the con-
tribution of these spins should be dominant. Second, the used
modeling does not incorporate an underlying cell-size dis-
tribution. An asymmetric or multimodal particle-size distri-
bution could induce a bias on the estimated mean adipocyte
size, leading eventually to an overestimation or underestima-
tion. Incorporating the estimation of the size distribution in
the fitting process can be considered as very challenging be-
cause it would require the acquisition of DW data at different
diffusion encodings with higher SNR. In addition, a parame-
trization of the size distribution would need to be known, for
which currently no consensus can be found in the literature.*
However, previous work showed that the broadness of a sym-
metric particle distribution has minor influence on the mean
droplet-size estimation.'' Third, a partially smooth spatial
variation of the lipid droplet size is assumed. Given the fact
that subcutaneous fat biopsies are very homogenous and no
spatial variation is visible on MR images, the assumption of a
slowly varying droplet diameter might be justifiable. Fourth,
the balancing term A is not optimized further, but is instead
chosen based on the SNR of the acquired data. Optimizing A
could further reduce quantification errors and should be dis-
cussed in further research. Fifth, different existing methods
to obtain the adipocyte size from ex vivo AT samples yield
different quantitative results.* However, this work does not
intend to show a quantitative comparison in the AT samples,
but rather to demonstrate the feasibility of the developed
methodology for large lipid droplet sizes. Sixth, this work is
based on a limited sample size in the phantom and the AT
study, and includes no optimization of the experimental pa-
rameters. Studies using larger sample sizes and further opti-
mizing the experimental parameters are required.

5 | CONCLUSIONS
The present work proposes a methodology to probe diffu-
sion restriction effects in lipid droplets in phantoms and ex
vivo AT samples at a 3T clinical scanner using a long dif-
fusion time and high b-value DW-TSE sequence. The chal-
lenges in estimating the lipid droplet size from DWI data
were evaluated with simulations, and strategies to improve
the measurement were proposed. Namely, increasing the
SNR by complex spatial averaging, using multiple initial fit-
ting starting values, and applying the additional graph-cut
postprocessing steps improved both accuracy and precision
in estimating lipid droplet size in phantoms and enabled the
estimation of an apparent lipid droplet size in ex vivo AT
samples. The presented method showed excellent agree-
ment in measuring lipid droplet size against laser deflection
in water—fat phantoms and a correlation when the MR-based
mean apparent lipid droplet size was compared with histol-
ogy in ex vivo human AT samples.
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FIGURE S1 Simulated longitudinal magnetization after
preparation for a stimulated echo preparation with 90° hard
pulses (left) and 90° MLEV scheme pulses. With MLEV
scheme 90° a larger insensitivity towards frequency offsets
can be observed

FIGURE S2 Diffusion signal decay curves at increasing dif-
fusion times (different columns) for the water-fat emulsion
phantoms and the coconut oil (different rows). At each dif-
fusion time and the investigated phantom, the signal decay is
mono-exponential. In the water-fat-emulsions a clear ADC
decay is visible for increasing diffusion time, whereas such a
trend is not visible in the coconut oil
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7 Discussion

The non-invasive measurement of adipocyte size would have tremendous implications in the
field of obesity and diabetes as described in chapter 2. DW-MR is a promising technique to
perform such measurements. However, due to the small measurable effects and additional
technical challenges, it is so far not possible to measure adipocyte size in large white adipocytes
with MR especially when employing a clinical MR scanner. The present dissertation solves
some important technical challenges in the DW-MR of fat-containing tissue and lays the
foundation for the application of DW-MR in order to measure adipocyte size in white AT in
vivo.

7.1 Review of Existing Literature

The present work is based on several preceding publications in the field of DW-MR. The
developed methods shown in this dissertation predominantly build on developments in the
field of restriction effects on DW-MR measurements and the findings regarding artifacts caused
by scanner table vibrations. In the following, the existing literature is reviewed regarding
the utilization of DW-MRS (section 7.1.1), artifacts on DW measurements due to vibrations
(section 7.1.2) and the utilization of DW-MRI to investigate lipid diffusion (section 7.1.3):

7.1.1 Measurement of Lipid Droplet Size with DW-MRS

Numerous different models exist to describe the diffusion behavior in a diffusion restricted
environment. Both, DW-MRS and DW-MRI have been applied to acquire the necessary DW
signal to extract eventually microstructural properties. These techniques were successfully
used and showed astonishing results in the characterization of pore size in sediments [116, 117],
in the context of food science [130] and in the field of medicine. In medical applications the
main use cases are the investigation of tumor microstructure [12] and structural information
of the brain [124].

The purpose of this work was the investigation of the microstructure of white AT because
of its high significance in metabolic research (please refer to chapter 2). Most of the existing
applications of DW-MR have so far focused on the diffusion of water and the interaction of
these water molecules with cellular restriction barriers. Translating the applied methodologies
to study restricted diffusion properties of lipids constitutes a major challenge: The diffusivity
of lipids is around two orders of magnitude smaller compared to water [13]. The slow diffusion
of fatty acids results in a small mean free path length in experimental reasonable diffusion
times. White adipocytes constitute very large cells with a large plasticity. The diameter of
white adipocytes depends on the measurement method and is in the order of 50 - 150 um
[16]. In combination with a very slow lipid diffusion, the measurable effects observable in
diffusion times achievable on a clinical scanner, are very small. This creates high requirements
regarding the quality of the measured signal. The required diffusion encoding strength and
diffusion time for the experiment are orders of magnitude higher then the ones used in the
clinical routine. This creates additional technical challenges related to eddy currents and
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having an increased sensitivity to any type of physiological tissue motion including involuntary
movement [13]. In addition to the above challenges, the fat spectrum is much more complex
than the water spectrum, consisting of multiple different peaks with different relaxation times
[125] and potentially also different diffusion constants [126].

Especially, because of its capability to spectrally resolve different metabolites and also due
to the high SNR, DW-MRS is a natural first candidate to study restricted diffusion of lipids.
However, performed studies in this field remain limited.

In 2001, Lahrech et al. were the first to show restricted diffusion effects of lipids in rat
tumors (approximate droplet diameter < 5 pm) [131]. Also the size of intramyocellular lipids
(approximate droplet diameter: 1-2 um) were investigated in animals [14] and humans [132].
Verma et al. showed intriguing results applying DW-MRS in order to distinguish brown
adipocytes (approximate droplet diameter < 5 pum) from white adipocytes in a mouse model
[15]. The previous work was mostly investigating lipid droplet size in animal models on a
strong pre-clinical system. Also the hereby investigated tissues constitute of lipid droplets
way smaller then the adipocytes of interest in this dissertation (droplet diameter < 10 um).
The present work tries to apply DW-MRS to probe lipid droplet size on a clinical MR system
in substantially larger lipid droplets compared to preceding works.

7.1.2 Reduction of Signal Loss Induced by Scanner Table Vibrations

As described in section 4.4.4, gradients can induce vibrations that can lead to signal loss
in DW measurements. Early analysis of the vibrations of gradient coils mostly focused on
the problems related to acoustic noise [133, 134]. In 2006, Hiltunen et al. were the first to
investigate vibrations induced by a DW sequence (more precise a DTI sequence for brain
applications) with laser interferometry. They measured the encountered displacements on
a phantom and on the scanner hardware but did not report the influence on the DW MR
measurements. In their study they found displacement amplitudes on the phantom surface of
up to 100 um, potentially leading to severe artifacts in their measurement protocol. [106] In
the same year Ogura et al. observed differences in the measured ADC in phantoms when the
phantoms were placed on the scanner table and placed on a decoupled table, indicated an
influence of scanner table vibrations on DW measurements [135]. The first observation in a
clinical in vivo protocol was observed in 2010: In a DTT protocol, a systematic artifact was
found in posterior brain regions that are close to the scanner table leading to signal loss in the
DW raw imaging data and quantification errors in the parameter maps extracted from the
DTTI processing [108]. This was especially severe in pediatric cases, when the patient weight is
lower than the typical adult patient [109]. Gallichan et al. were the first to induce vibrations
intentionally to use the scanner table as the driving force in a MR elastrography experiment.
They applied a ”velocity-inducing” gradient before the actual DW module and changed the
time interval between this additional gradient and the rest of the sequence. By analyzing the
phase images at different time intervals, conclusions were drawn about viscoelastic properties
of the system. [107]

The correction of artifacts induced by vibrations is not trivial. Rescaling regions with lost
signal in the post-processing is challenging because the signal amplitude is already lost by
intravoxel dephasing and the lost information can not be simply retrieved. Also the exact
location and severity of the regions affected by signal loss depend on the local viscoelastic
properties of the tissue and the exact coupling of the hardware with the investigated subject.
This hampers potential signal re-scaling approaches. A prediction of the vibrations and
subsequent correction is challenging because of the complex mechanical coupling between
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scanner hardware and subject as well as the missing knowledge about mechanical tissue
properties. Most promising approaches include the reduction of scanner table vibrations by
modifications of the scanner hardware or the modification of the MR pulse sequence on the
acquisition site to be less susceptible to this vibration artifacts or allow a correction scheme.

Modifications on the pulse sequence have been made by Mohammadi et al. to mitigate
signal loss due to vibrations in DW-MR measurements employing partial Fourier. By acquiring
two DW data sets with reversed phase-encoding direction, shifts of the acquired echo out of
the k-space center can be corrected. [136] However, this technique is not suitable for reducing
signal loss induced by intravoxel dephasing. To the best of the author’s knowledge, no other
technique to reduce the effect of hardware vibrations on the DW signal has been proposed so
far.

7.1.3 Measurement of Lipid Droplet Size with DW-MRI

Applying single-voxel DW-MRS for lipid droplet size measurement has an important disad-
vantage that limits its clinical utility: The large voxel size of MRS result in a high sensitivity
towards intra-voxel dephasing effects, which could results in quantification errors. Acquiring
data with smaller voxel size would mitigate this effect and therefore the development of a
high b-value and long diffusion time DW imaging sequence is an important step towards in
vivo application.

DW-MRI is frequently applied to measure diffusion properties of water-containing tissues.
The most dominant method that utilizes diffusion restriction effects is probably linked to the
investigation of brain tissue, particularly white matter structures measured with DW-MRI
[137]. Thereby, it is utilized that nerve axons will allow free diffusion along the nerve fiber
and restrict diffusion perpendicular to the nerve fiber. DW imaging data is acquired with
different directionality of the diffusion gradients and consequently a local estimation of the
diffusion propagator can be obtained [138, 139].

Although these techniques explore the dominant diffusion directions, no quantitative
information about the cellular structure is obtained. There are methods to extract parameters
like the axon diameter [9-11] or other microstructural parameters of the brain [124]. Despite
the great potential of quantitative measurements of white matter microstructure the approaches
are predominantly used in research settings [140].

All the above mentioned techniques are focus on the diffusion of water. Probing spatially
resolved diffusion properties of lipids suffer from the same drawbacks and challenges as MRS
measurements (described in more detail in section 7.1.1). However, going from single-voxel
DW-MRS to DW-MRI to probe restriction effects would come with distinct advantages: First,
due to the smaller voxel size of MRI compared to single-voxel MRS, the sensitivity towards
bulk motion could be reduced significantly [101]. Second, the spatial resolved DW raw imaging
data could be utilized by incorporating the neighborhood information into a regularized fitting
paradigm to increase the robustness of the parameter estimation. Third, acquiring spatially
resolved lipid droplet size maps, would be very valuable because it allows the investigation of
heterogeneous adipose tissue. Therefore, going from a spectroscopy to an imaging framework
to probe adipose tissue microstructure could lay the foundation for in vivo measurements of
adipocyte size.

In general, the literature applying DW imaging techniques to spatially resolved measure
lipid droplet size is very limited. Work by Steidle et al. introduces a DW EPI sequence to
measure the diffusion constant of lipids in subcutaneous fat and bone marrow [13]. However,
the measurements suffered from vibrational artifacts and were only performed at one diffusion
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time. Ohno et al. proposed a sequence to simultaneously measure water and lipid diffusion
based on a DW-EPI sequence [141]. In their sequence design they only used b-values up to
3000 " which resulted in a very small attenuation of the lipid signal. Because both of
the mentioned approaches are based on a spin-echo diffusion weighting, the acquisition of
multiple diffusion times is challenging. Increasing the diffusion time would only be possible
by increasing TE which would result in a strong signal attenuation due to 75 relaxation.

To allow the acquisition of longer diffusion times, the application of a stimulated echo
preparation for DW is a natural choice [110]. The previously used EPI readout is very fast
and offers great SNR efficiency but it suffers from off-resonance effects and especially from
chemical shift artifacts in lipid DW measurements. One way to overcome this is the usage of
a single shot TSE sequence that additionally does not additionally suffer from phase errors
present in multi-shot acquisitions. To eliminate motion-induced and eddy current-induced
phase errors, magnitude stabilizing gradients following Alsop’s method can be introduced in
the preparation and readout [91, 97]. In summary, a DW preparation based on a stimulated
echo based DW preparation in combination with a single shot TSE sequence would be a
promising candidate for probing lipid diffusion at high b-values and long diffusion times.

The same modeling of the signal decay utilized for the lipid droplet size estimation obtained
by DW-MRS could be applied in the DW imaging framework by applying this equation on a
voxel-by-voxel basis. However, the SNR in imaging sequences is inherently smaller compared to
single-voxel MRS sequences because of the smaller voxel sizes. Therefore, more sophisticated
fitting approaches exploiting an assumed low spatial variation of the lipid droplet diameter in a
homogeneous tissue should be applied. The selection of the local estimate for the diameter can
be regularized similar to work by Cui et al. [142] and Boehm et al [143]. This minimization
problem can be solved via a graph cut algorithm employing a graph construction with convex
priors that allows for unequally sampled space [144] in the dimension of the adipocyte cell
size.

7.2 Present Work

The present work includes several contributions to the field of metabolic MR. JP-I shows
for the first time that it is feasible to measure the droplet size in larger lipid droplets in
vivo and on a clinical scanner using DW-MRS. JP-II proposes a methodology to mitigate
vibration artifacts otherwise corrupting the acquired DW signal. The technique was tested
with a single-voxel DW-MRS sequence but can in principle be also applied to other sequences.
Finally, JP-III extended the initial work of JP-I and introduces a method for lipid droplet
size mapping using DW-MRI that is capable of measuring the lipid droplet size in ex vivo
white AT samples.

7.2.1 Novelty

Up to now, the assessment of AT microstructure was limited to small lipid droplets (diameter
< 10 pwm). The measurements were mostly performed in animal models with a preclinical
MR system employing strong gradients. In JP-I it was shown for the first time, that lipid
droplet size measurements are feasible in vivo on a clinical MR, scanner in larger lipid droplets
(diameter ~ 40 pm — 50 pum). To validate the method the lipid droplet size in water-fat-
emulsion-phantoms was measured and compared to the two different reference measurements
laser deflection and microscopic analysis. The lipid droplet diameters extracted from the water-
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fat-emulsion-phantoms experiments showed great agreement with the validation measurements
and the values extracted from the tibia bone marrow were consistent with the literature. This
first proof of concept measurements were very important to push the technique further in
the direction of in vivo measurement of larger adipocytes in subcutaneous or visceral adipose
tissue which would be of high interest in metabolic research.

Scanner table vibrations were identified as a major source for artifacts in the measurements
of high b-value DW-MRS. Therefore, modifications of the pulse sequence were proposed
to mitigate the signal loss induced from vibrations shown in JP-II. This was the first time
that a gradient pre-pulse was utilized to match the vibrational patterns during diffusion
sensitizing periods in order to reduce signal loss. The idea how to mitigate signal loss was
not only theoretically examined and proven by simulations but also validated by measuring
the displacements of a phantom with laser interferometry. The displacement measurements
indicated a similar displacement pattern in both DW periods when the additional gradient
was applied and lipid diffusion measurements in phantoms and in vivo became more accurate
and precise.

In JP-III, the feasibility of DW-MR to extract spatially resolved lipid droplet maps was
presented. Previous work only showed maps containing microstructural information in
water-containing tissues or a non statially resolved investigation of the diffusivity of lipids.
Consequently, the present work represents the first time that spatially resolved lipid droplet
diameter maps were successfully acquired and validated. The DW-TSE sequence based on
a stimulated echo preparation was specifically designed to acquire high b-value and long
diffusion time data focusing on lipid diffusion. Additionally, a novel post-processing framework
utilizing a graph-cut approach to enforce smooth spatial variation of the extracted lipid droplet
diameter was presented. Thereby, redundancy in the acquired data under the assumption of
smoothy varying in space parametric maps could be utilized to stabilize the fitting process.
The proposed method was validated in water-fat-emulsion phantoms and the applicability
was shown by measuring the lipid droplet size in human white AT samples.

7.2.2 Impact

Given the potential that the non-invasive measurement of adipocyte size would offer in the
field of diabetes and obesity research (refer to chapter 2), the impact of the presented methods
can be considered as high. Methods presented so far were only capable of measuring the lipid
droplet size in adipocytes smaller than a few micrometers [14, 15, 131, 132]. JP-I shows for
the first time that those measurements are also possible in lipid droplets as large as 50 pm
in diameter. It is a important proof of principle to show the feasibility of using DW-MR in
this context. Additionally, the utilization of a clinical MR system can be seen as a milestone
because it accelerates the translation of the technique in the clinical practice. However, using
single-voxel DW-MRS for lipid droplet size measurements has important limitations for its
clinical utility: Applying the DW-MRS sequence used in JP-I directly in vivo to investigate
white AT can be considered as challenging because of the large motion sensitivity of the
method. Therefore, a second pulse sequence to measure adipocyte size was proposed in JP-III.
The DW-TSE imaging sequence based on a stimulated echo preparation allows the acquisition
of strong DW and long diffusion time data necessary to measure restriction effects of lipids but
with much smaller voxel size than necessary with DW-MRS. The smaller voxel size reduces
the sensitivity towards motion and renders a clinical application in regions with residual
physiological motion realistic. In this publication, it was shown for the first time that adipocyte
size can be measured with DW-MR, in white AT samples that the measured adipozyte size
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correlates well with values obtained from histology. The DW-MRI sequence can be seen as an
excellent candidate for an ex-vivo adipose tissue sample study and for the future application
of the technique in vivo. Especially due to the strong DW applied in JP-I and JP-III, scanner
table vibrations can be identified as a major source of quantification errors. Due to the fact
that the acquired signal needs to be of high quality to extract microstructural information,
methods to reduce artifacts are highly desirable. Therefore, a methodology was developed and
presented in JP-II to mitigate those errors. The presented improvements are of large interest
in the specialist research setting of measuring small effects with very high DW. But also in
clinical application, the sequence modifications presented in JP-II will be useful. The frequent
usage of high b-value DW imaging in the context of brain examinations and the already
published occurrence of vibration-induced artifacts shows the need for solutions to mitigate
the effects of these vibration artifacts. JP-II offers a methodology that is easily applicable in
routinely used DW imaging sequences with very limited penalty on the acquisition time.

7.2.3 Limitations

The presented work has some limitations: Based on the presented modeling of the DW
signal decay curve, it was only possible to extract a mean lipid droplet diameter although
the underlying particle size distribution might be more complex. However, it was shown
in simulations that the deviations from the real diameter is rather small when the particle
size distribution is assumed to be Gaussian. This applies to both the DW-MRS in JP-I and
DW-MRI in JP-III sequences. In JP-I the method was only validated by measuring water-
fat-emulsion phantoms with smaller lipid droplet sizes compared to the target application
white AT. However, a great agreement between the method and the validation measurements
were found. Therefore, it was assumed that the presented method is also valid to measure
larger lipid droplets. Additional to this, the extracted lipid droplet diameters in the tibia bone
marrow are close to literature values. A translation of the single-voxel DW-MRS sequence to
anatomical regions with macroscopic physiological motion (induced by the respiratory or the
cardiac cycle) was found to be challenging due to its motion sensitivity.

To overcome this restriction of the single-voxel DW-MRS method and to allow spatially
resolved lipid droplet size measurements, the DW-TSE sequence was introduced in JP-III.
Also this technique has limitations: By the design of the imaging sequence the signal is
the sum over several fat peaks that have different 77 relaxation times and potentially also
different diffusion constants. This is not incorporated in the modeling which assumes a single
component with a defined free diffusion constant and relaxation constant. However, as a
large part of the signal should be associated with the methylene fat peak at 1.3 ppm, the
contribution of these spins should be dominant. In the investigated adipose tissue samples
a spatial heterogeneity of the droplet size maps was observed using the MR-based imaging
technique. Given the fact that no reference measurement was performed in multiple locations
within one sample, it is unclear whether the observed variation is real or an artifact arising
from the measurement. However, a good correlation was observed with the estimated mean
adipocyte diameter when comparing the MR-based method and histology. In addition, a
smooth spatial variation of the lipid droplet size was assumed although this point was not
proven. Given the fact that subcutaneous fat samples appear to be very homogenous on
biopsies and no spatial variations are visible on MR images of this region, the assumption
of a smooth variation of the droplet diameter might be justifiable. The balancing term A
that regulates the importance of the neighborhood information was not optimized in detail.
Based on the SNR of the acquired DW data, one parameter \ was selected. Optimizing A
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based on the obtained DW data could further reduce the bias and standard deviation in
the estimation and should be discussed in further research. Also the number of investigated
water-fat emulsion phantoms and adipose tissue samples is rather small. However, even in
this limited study a significant correlation between the MR-based measurements and the
validation measurements was observed.

The application of the VMG in JP-II has the following limitations: First, the laser interfer-
ometer data and the DW-MRS data were acquired in different phantoms and in a subsequent
fashion because experimental limitation did not allow a simultaneously acquisition in the
same phantom. Therefore, a slight mismatch between the observed effects could be explained
by the different viscoelastic properties of the phantoms. However, also in this merged dataset
the overall trend was clearly visible. Finally, the laser interferometry measurements are
only capable of acquiring surface information and cannot reveal three dimensional volume
information. Therefore, the phase dispersion calculated in this work, was only based on a 2D
surface. As phase dispersion effects are even visible on a 2D surface, phase dispersion effects
are expected to be present and may be even more severe if the measurements would have
been extended to a 3D analysis.

7.3 Perspectives

The presented methodologies in JP-I and JP-III lay the foundation for the application of
DW-MR measurements for the in vivo probing of AT microstructure. The next steps to achieve
this goal is a formal validation of the proposed measurement framework with more AT samples
to prove that the method is really working well in the target organ. JP-III included ten
investigated AT samples and a significant correlation was already found in this small number
of specimens. However, more AT samples will strengthen the validity and an extension of the
presented data is currently ongoing. Additionally, the techniques should be tested for in vivo
measurement of adipocyte size in the subcutaneous fat in humans. Because residual motion
artifacts are expected in the subcutaneous fat, experimental optimization and additional
correction schemes might be necessary to obtain robust estimates for the mean adipocyte
size. In vivo, the diffusion constant is larger compared to the ex vivo case (because of the
temperature difference) and therefore the measurable effects should be larger which might help
in improving the noise performance of the parameter estimation. When a reliable non-invasive
in vivo measurement of adipocyte size is achieved, large scale longitudinal human studies are
of particular interest. In lifestyle intervention studies, the usefulness of applying DW-MR
techniques in the context of obesity to monitor interventions and disease progression can be
evaluated. A successfully implemented adipocyte size measurement sequence can be added to
the examination and the obtained adipocyte size measurements can be compared to other
clinical parameters obtained by the department of nutritional medicine. Using the adipocyte
size measurement based on DW-MR as an early predictor for diabetes could potentially show
benefit in insulin resistance studies and is therefore of high clinical interest. Such prospective
clinical studies would be necessary to translate the presented technique to a clinical application.
The necessity for very high b-values and diffusion times constitute a severe vulnerability of
the described methods to any type of motion. Therefore it is recommended to include the
gradient pre-pulse presented in JP-II in any type of high b-value DW measurement used
to obtain the adipocyte size. DW-MR measurements are also frequently applied in today’s
clinical routine and all the measurements rely on the utilization of gradient pulses with often
high gradient strength. The occurrence of vibrations and their potential to cause artifacts is
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well-known. Especially, if parameters are measured that exceed a simple DW imaging or ADC
estimation, small artifacts can lead to severe quantification errors and wrong findings. DTI
is such a technology that is prone to errors caused by vibrations. When DTI data is used
for a more sophisticated modeling like fibertracking which is used for surgical planing [145],
the quality of the measured data is very important for the clinical care of the patient. The
general trend towards stronger DW and more powerful gradients will increase the severity of
occurring vibrations and therefore there is a high need for sophisticated artifact reduction
schemes. [146]
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8 Conclusion

The present dissertation represents an important step towards non invasive adipocyte size
measurements. DW-MR is a powerful tool to assess tissue microstructure and was so far
mostly applied in water-containing tissue. Due to small measurable restriction effects when
lipids are diffusing within adipocytes, applying those measurements in adipose tissue was
previously not possible with MR. Based on three embedded journal publications the presented
methodologies allow for the first time the application of DW-MR measurements for in vivo
probing of adipose tissue on a clinical MR, scanner. First, a technique to estimate a mean
adipocyte size was established using DW-MRS. Second, a method to reduce the effect of
vibrational artifacts in DW-MR measurements was presented. Third, the methodology of the
first publication was extended to allow the spatially resolved acquisition of adipocyte size
estimates using DW-MRI.

As adipose tissue composition plays a crucial role in a variety of metabolic diseases and mi-
crostructural alterations are often accompanying disease progression, the presented techniques
for MR-based adipocyte size estimation will be a valuable tool to understand pathophysiologi-
cal processes. In the field of obesity and diabetes type 2 the non invasive measurement of
adipocyte size could eventually work as a marker for disease activity, progression and therapy
effectiveness.

The present work lays the foundation stone for further improvements in sequence design,
sequence parameter selection and post-processing in the field of MR-based adipocyte size
measurements, enabling an evaluation of the presented techniques in large-scale longitudinal
studies. Metabolic diseases are affecting a high percentage of people living in the industrialized
world. Establishing the presented measurements techniques in the clinical routine will
eventually influence the medical treatment of a high number of patients.
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Symbols

Qm Roots obtained from Differential Equation of Bessel Functions
ABinhom Local Magnetic Field Inhomogeneity [Hz]
AFE Energy Difference [J]

A Diffusion Time [s]

) Effective Duration of a Trapezoidal Gradient [s]
€ Ramping Time of a Trapezoidal Gradient [s]
¥ Gyromagnetic Ratio [HZ T_l]

W Magnetic Moment [N m T_l}

wo Lamor Frequency [Tads_l]

7 Spatial Location Vector [m]

p(x) Spin Density [m ]

0} Phase [rad]

E, Energy of the Spin-down Energy Level [J]
E; Energy of the Spin-up Energy Level [J]

J Inherent Angular Momentum [kg m? sfl]

< X >2 Average Squared Distance [m]

2D Two-Dimensional

3D Three-Dimensional

q Proton

A Surface Area [m?]

A/V Surface to Volume Ratio [m~!]

ADC Apparent Diffusion Constant [mm?s™!]

B Magnetic Field [T]
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b B-value [mm~2s]

Bo Main Magnetic Field [T]

By (t) Time-varying Magnetic Field [T]

Begt Effective Magnetic Field [T

D Diffusion Coefficient [mm?s~!]

d Diameter of Spherical Restriction Barrier [m]
D#ree Free Diffusion Constant [mm?s~!]

Magnetic field Gradient [T m_l]

Gy Spatial x Component of the Magnetic field Gradient [Tm_l]
Gy Spatial y Component of the Magnetic field Gradient [T mfl]
G, Spatial z Component of the Magnetic field Gradient [T m_l]
k K-space Variable [m™!]

ky, Boltzmann’s Constant [JK_l]

M Magnetization

Mj Equilibrium Magnetization

Mex Excited Magnetization

My Transverse Magnetization

My Spatial x Component of the Magnetization Vector

M, Spatial y Component of the Magnetization Vector

M, Spatial z Component of the Magnetization Vector

N Number of Spins

S Signal

So Signal without Diffusion Attenuation

T Temperature| K]

t Time [s]

T, Spin-Lattice (Longitudinal) Relaxation Time [s]

Ty Spin-Spin (Transverse) Relaxation Time [s]

Ty’ Reversible Relaxation Time [s]

Ty* Effective Transverse Relaxation Time [s]
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Abbreviations
AT
BMI
DTI
DW
EPI
FID
IDF
MHO
MLEV
MR
MRI
MRS
NMR
PGSE
PRESS
RF
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TE
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TSE
VMG
WHO

Volume [m?]

Image-space Variable [m)]

Adipose Tissue

Body Mass Index

Diffusion Tensor Imaging
Diffusion Weighted

Echo Planar Imaging

Free Induction Decay
International Diabetes Federation
Metabolically Healthy Obese
Malcolm-Levitt

Magnetic Resonance

Magnetic Resonance Imaging
Magnetic Resonance Spectroscopy
Nuclear Magnetic Resonance
Pulsed-Gradient Spin-Echo
Point-Resolved Spectroscopy
Radio Frequency

Signal-to-Noise Ratio

Stimulated Echo Acquisition Mode
Echo Time

Mixing Time

Turbo Spin Echo

Vibration Matching Gradient

World Health Organization
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List of Figures

3.1

3.2

3.3

3.4

4.1

Free Induction Decay (FID): After the excitation RF pulse, the spins are
dephasing and the magnetization is rotating in the transverse plane. The FID
shows the rotation in the transverse plane with a simultaneous reduction of
amplitude. The real and imaginary part are shown as a solid black and dotted
gray line, respectively. RF: Radiofrequency pulse; GR: Gradient axis; Rx:
Receiver channel . . . . . . . . . . . . ...
Gradient Echo: The first gradient with negative polarity after the excitation
RF pulse causes a dephasing of the spins. The additional dephasing is recovered
with the second gradient with opposite polarity, when the time integral of both
gradient match. At this time point (TE) the echo is generated. The dephasing
free induction decay after the excitation pulse is not shown. The real and
imaginary part are shown as a solid black and dotted gray line, respectively.
RF: Radiofrequency pulse; GR: Gradient axis; Rx: Receiver channel . . . . .
Spin Echo: The magnetization is flipped to the transverse plane. Afterwards,
local field inhomogeneities induce a reversible dephasing of the spins. The
dephasing can be recovered by an additional 180° RF pulse. The echo is formed
at the time point TE after the spins are rephased. The free induction decay
after the excitation pulse is not shown. The real and imaginary part are shown
as a solid black and dotted gray line, respectively. RF: Radio-frequency pulse;
GR: Gradient axis; Rx: Receiver channel . . . . . . . . ... ... .......
Stimulated Echo: After the application of three 90° RF pulses a stimulated
echo is formed. The timing between the first and second, as well as the third
RF pulse and the echo formation is denoted with % The timing between the
second and the third RF pulse is called mixing time (7'M ). The free induction
decay after the excitation pulses and possible occurring spin echoes due to
imperfect RF pulses are not shown. The real and imaginary part are shown
as a solid black and dotted gray line, respectively. RF: Radiofrequency pulse;
GR: Gradient axis; Rx: Receiver channel . . . . . . . . ... ... .......

Pulsed-Gradient Spin-Echo: Diffusion sensitizing experiment proposed by
Stejskal and Tanner [80]. The echo is generated by a spin echo and the applied
gradients (DG and DG3) which sensitize the sequence towards diffusion. The
time interval A is equal to the diffusion Time and ¢ is the length of the diffusion
gradient. The free induction decay after the excitation pulse is not shown.
The real and imaginary part are shown as a solid black and dotted gray line,
respectively. RF: Radiofrequency pulse; GR: Gradient axis; Rx: Receiver
channel; TE: echo time . . . . . . . . . . . . ... ... ... ... ... ...
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List of Figures

4.2

4.3

Sequence diagram of the DW-STEAM MRS sequence: The DW-STEAM mag-
netization preparation consists of 3 slice-selective 90° RF pulses and monopolar
diffusion sensitizing gradients (in gray). Spoiler gradients (blue) and slice se-
lective gradients (green) are also shown. To compensate for eddy currents, the
sequence was repeated employing the diffusion gradient with different polarity.
A, diffusion time; §, time duration of the diffusion gradient; TE, echo time;
TM, mixing time . . . . . . . . . . e
Sequence diagram of the STE-DW-prepared single shot 2D TSE. The diffusion
weighted STE-DW magnetization preparation consists of four composite 90° RF
pulses, mono-polar diffusion sensitizing gradients (gray) and spoiler gradient
(blue). To eliminate motion-induced phase errors an additional pair of de-
/rephasing gradients (indicated in red) denoted as magnitude stabilizers are
introduced before the last tip-up pulse. Magnitude stabilizers are performed
immediately before and after every spin echo formation. The slice selective
gradients within the readout are indicated in green. TE, echo time; TM, mixing
time . . . e
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