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INTRODUCTION

Towards High Field Body MR

Since Goldsmith et al. performed the first successful body Magnetic Resonance Imaging
(MRI) scan in 1977 (Figure 1) much effort has been put into improving the (diagnostic)
quality of body MR images. This improvement has been realized through enhanced
gradient systems, receive/transmit coils, and pulse sequences, as well as, increased field
strength of the MR systems. By increasing the field strength of the MR scanner a larger
effective magnetization of the spins is produced resulting in an increase in the signal-to-
noise ratio (SNR). Furthermore, with increasing field strength, the contrast of the images
change, specifically when using contrast agents, creating new scanning possibilities.

FIGURE 1: First MRI body image recorded by Goldsmith et (coarse) resolution, however, basic structures like the
al. By today’s standards this image has an extremely low heartand lungs are visible in the image.

High Field Advantages

In the early days, when Goldsmith recorded his first body MR image, field strengths of the
scanners were well below 0.5 Tesla (T). In the following years, the field strength of clinical
body MR scanners increased to 1.5 T increasing SNR and thereby improving image
quality.

In the last decade, high field scanners (defined as 23 T) are increasingly used in clinical
practice. High field systems are favoured over 1.5 T systems for multiple applications
because of the higher SNR it provides. The additional SNR can be used to increase the
resolution for imaging smaller structures (pathologies). Alternatively, the increase in SNR
allows for a reduction in scan time by lowering the number of signal averages (NSAJ.
Furthermore, high field systems can reduce acquisition time even further due to
increased performance of parallel imaging methods (e.g. Spatial Encoding Using Multiple

Radio Frequency Coils, SENSitivity Encoding, GeneRalized Autocalibrating Partial
Parallel Acquisition] at higher field strength.’-* Due to the changes in contrast at higher
field imaging, an increased efficacy of contrast agents, such as gadolinium (percentage T1
reduction due to gadolinium is higher], makes higher field strength more suitable for
dynamic contrast enhancement (DCE) scans. Furthermore, functional neuroimaging can
benefit of an increased Blood-oxygen-level dependent contrast (BOLD) response due to
stronger spin-spin interaction (lower T2*) enabled by a stronger magnetic field.*® In MR
spectroscopy, separation of the resonance frequencies improves due to an increased
chemical shift resulting in improved spectral quality and specificity.

Challenges for High Field Body MR

Despite these clear advantages of higher field scanners, clinical body imaging is still
predominantly performed on 1.5 T MR scanners since the advantages previously
described are not yet fully translated to clinical practice.

The main reason for this is the increase in imaging artefacts often accompanied by a
higher magnetic field strength. Such artefacts are often caused by an increase in;
transmit field (B,*) inhomogeneities (dielectric effects), static field (B ) inhomogeneities,
motion artefacts (respiratory, cardiac and bowel] and susceptibility effects. When
comparing field strengths of 1.5 T and 3 T in cardiac functional imaging, Michaely et al
(2006) observed only a minimal increase in SNR at 3 T. Greenman et al. (2003) reported
that blood suppression was comparable between 1.5 T and 3 T systems in cardiac
imaging.”However, a decrease in SNR was found in the myocardial wall for 3 T compared
to 1.5 T. This decrease in SNR was mainly attributed to the variance in the B,* field.
Furthermore, studies comparing 1.5 T to 3 T often report an increase in imaging arte-
facts.® Specifically artefacts caused by increased sensitivity to motion and increased
magnetic susceptibility, but also B,* field inhomogeneities are observed.’"

Another important factor to consider when moving from 1.5 T to 3 T is that the Specific
Absorption Rate (SAR) will be four times higher since this is quadratically related to the
magnetic field strength."'? This could complicate transferring a scan sequence from 1.5T
to 3 T since the radio frequency (RF) heating limits can be reached and changes have to be
made to stay within the SAR constraints.¢

All these challenges clearly demonstrate that it is complicated to fully exploit the theoret-
ical advantages of higher field strengths. Additionally, the purchase and maintenance cost
of high field scanners are significantly higher. Therefore, if these challenges are not
addressed properly, the benefits of a higher magnetic field strength will not outweigh the
higher cost.

Transmit Field (B,*) Variations

As mentioned in the previous paragraph, transmit field inhomogeneity is a major contrib-
utor to artefacts with increasing field strength. These artefacts represented by hyper and
hypo intense areas in the image (Figure 2]. This inhomogeneous B,* field results in signal
voids in the image and has been reported by multiple researchers.®3-" As stated by
Bernstein “Image shading and uneven contrast resulting from spatial variation in the
transmit B, field remains one of the biggest unsolved problems for routine clinical 3 T
imaging today”.® This inhomogeneity is even more prominent in patients with ascites but
also in pregnant women resulting in these populations to be scanned at lower field
strengths (1.5 T).



FIGURE 2: (A) T1-weighted turbo-spin echo image at 3 T (B) The corresponding transmit field map shows a low
with clear image hypo and hyper intensities caused by an transmit field in the areas were the T1-weighted image has
inhomogeneous transmit field. strong hypo intensities.

When looking at an unloaded birdcage coil the transmit field is very homogeneous for
both the 1.5 and 3 T scanners. However, when a lossy object like the body is placed in the
coil, the disturbance introduced by the body will cause the transmit field to be less
homogeneous. This disturbance of the field is caused by a shortening of the wavelength in
the body as well as attenuation of the transmit field. This is often referred to as the
standing wave effect which becomes problematic when the wavelength of the transmit
signal is equal or smaller than the size of the object imaged (wavelength in muscle tissue
at 3 T = 29cm). Both the wavelength as well as the attenuation is dependent on the field
strength, with a more severe disturbance at higher field strength scanners.

MR manufacturers recognize the problem of B;* inhomogeneities and are addressing it by
using multi transmit set-ups. Such a multi transmit splits the standard quadrature body
coil in effectively two (or more) linear transmit coils that can be independently driven with
an optimized phase and amplitude. The two degrees of freedom (relative amplitudes and
relative phases of the two channels) compared to only one (absolute amplitude] for a
conventional single transmit system can produce considerable increases in RF transmit
homogeneity '8 which has long been known theoretically and investigated extensively for
imaging at ultra-high field (7 T)."-?' Despite improved performance with dual-channel
systems, it does not consistently solve the problem of image inhomogeneities. Experi-
mental and simulation work has suggested that further improvement is possible using an
eight channel transmit body coil, but such a setup is currently not commercially avail-
able.22,23

A second approach to address the issue of transmit field inhomogeneity in 3 T body
imaging is the use of “dielectric pads”.?*-?’ Dielectric materials have a strong impact on
the magnetic field. The extent of this effect is determined by the shape and material
properties (specifically permittivity and conductivity) of these dielectrics. When a dielec-
tric material is carefully designed it can be used to correct the inhomogeneous RF field to
make it more homogeneous. Furthermore, it can increase the receive sensitivity, result-
ing in increased SNR. Previously these pads were made from ultrasound gel (low relative
permittivity, p_<100] with dissolved paramagnetics, such as manganese chloride, to

provide a short T2 and hence low background MR signal. Some institutions reported that
such dielectric pads are used locally for most abdominal scans %, whereas others report
that they are not commonly used in the wider community.® Recently it was proposed that
new high dielectric materials, including calcium titanate and barium titanate, would have
more freedom in shaping the transmit field.?®?° Furthermore, compared to the pads made
of low permittivity materials, these pads can be made thinner which facilitates their
application (Figure 3).

FIGURE 3: Example of a high dielectric pad placed on the
liver. With this high dielectric pad it is possible to shape
the transmit field to make it more homogeneous.

MR Spectroscopy

MR spectroscopy is a technique often used in research applications in body MR since it
enables assessment of metabolites in the body. Instead of measuring the (water) proton
densities (as in MR imaging) it is possible to measure separate metabolites and to
quantify the abundance of such a metabolite. Commonly measured metabolites are
triglyceride and creatine which play an important role in various diseases (e.g. metabolic
syndrome and cardiovascular disease).30-3

However, as in MR imaging, it is challenging to translate MR spectroscopy to higher field
scanners. Challenges such as an increase in transmit field (B,*) in-homogeneities, static
field (B,) inhomogeneities, motion artefacts (respiratory, cardiac and bowel] and suscep-
tibility effects previously described, apply here as well. In several MR spectroscopy
studies it has been shown that the potential benefits (increased SNR, better metabolite
separation) are not fully utilized. For example, in brain spectroscopy a comparison
between 1.5 T and 3 T Barker et al. (2001) showed an increase in SNR of only 28% and 6%
of the N-acetylaspartate signal, where a gain of 100% would be expected.** In a second
study comparing 1.5 T and 3 T spectroscopy, in both patients with mild cognitive impair-
ment and patients with Alzheimer disease, there was no advantage in diagnostic value
when using a higher field strength.'® Both studies acclaimed the lower SNR gain to
broader linewidths stressing the need for better static magnetic field (B;) shimming
methods at higher field. Another study that measured myocardial lipids showed an SNR
gain of 76% for in-vivo and 45% for ex-vivo measurements, also not reaching the theoreti-
cal 100% SNR gain of doubling the scanner field strength. This suboptimal increase in
SNR was also attributed to B inhomogeneity as well as an increase in susceptibility and
motion artefacts.®®

Overall, body MR spectroscopy can be a challenging technique to perform specifically on
high field scanners. This can also be seen from the studies that were performed to test
reproducibility of the technique.?'33:36-42 |n the liver the reproducibility (coefficient of



variation) ranged from 3.6% to 10% while in the heart it ranged from 6.5% to 18%. This
shows that that the reproducibility of spectroscopy varies strongly between organs but
also between studies themselves. No studies evaluating the reproducibility of renal
'H-MR spectroscopy for detection of renal triglyceride content had been performed prior
to this thesis.

MR spectroscopy background

To understand why MR spectroscopy can be challenging to perform, specifically at high

field, some background information is needed. By placing an object in a strong external

magnetic field the protons in the object will align with the direction of this field. The

protons will also precess (rotate around the magnetic field direction) at a frequency w,

that depends on the strength of the magnetic field B as well as the gyromagnetic ratio y.
w,=yB (Equation 1)

0 0

The gyromagnetic ratio y is a constant and is 42.6 MHz/T for hydrogen protons. In an
average clinical scanner with a field strength of 1.5 T the hydrogen protons will precess at
64 MHz. To interact with the protons in the object an RF pulse with the same frequency as
the precession frequency (resonance frequency) of the protons is transmitted. The
magnetization of the protons then rotates from the longitudinal plane into the transversal
plane. When the RF pulse excitation ends, the magnetization of the protons will slowly
return to their natural state in the direction of the applied magnetic field. During this
relaxation process the object transmits a signal which can be measured by the MR
scanner. By applying a Fourier transformation, the received signal is transferred from
time domain into its separate frequency components.

Chemical shift

As mentioned before protons will precess at a frequency described by equation 1.
However, if all protons would always precess at the same frequency we would see only
one single peak in the MR spectroscopy frequency spectrum not allowing us to discrimi-
nate between different metabolites. However, the precession frequency is not solely
dependent on the applied magnetic field and the gyro-magnetic ratio. There is also a third
component that describes the amount of electrons surrounding (chemical environment]
the protons. The electrons surrounding a proton will shield it from the external magnetic
field thereby lowering the precession frequency of the proton. The effect of shielding of
the electrons can be expressed in a shielding constant o and can be applied to equation 1
to determine the effective precession frequency.

w,=YB,(1-0) (Equation 2)

The phenomena that protons experience a different magnetic field dependent on their
chemical environment is called chemical shift. In MR spectroscopy we can exploit this
property to discriminate between different metabolites which have different chemical
environments. When an MR spectroscopy experiment is performed the received signal
(after Fourier transformation) will consist of multiple peaks with each peak representing
protons in a certain type of environment. Figure 4 displays an example of a liver spectrum
that consists of multiple peaks that represent different metabolites. Generally, the

chemical shift is expressed in parts per million (ppm) by dividing the precession fre-
quency (in Hz) by the field strength of the scanner to create an output independent of the
scanner field strength. Some structures, like triglyceride, consist of multiple moieties
each with their own chemical environment and thus, resonance frequency. The most
prominent resonances of triglyceride are CH, (0.9 ppm), (CH,)" (1.3 ppm), CH,CH = CHCH,
and CH,COO (2.1 ppm]. By quantitatively measuring the concentrations of triglyceride in
organs, assessment of cellular damage from lipotoxicity can be performed. Moreover,
proton MRS enables measurement of metabolites involved in the energy supply of the
body such as creatine (3 ppm). Furthermore, the amount of water (4.7 ppm) can be
measured which is often used as an internal reference to quantify other metabolites.
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FIGURE 4: Example MR spectroscopy (single voxel) mea- verse and coronal direction. On the right the MR spectrum
surement in the liver with an elevated triglyceride water is shown with resonances of triglycerides (0.9, 1.3, 2.1 ppm)
ratio (>5%) compared to a healthy liver. The two images and water (4.7 ppm).

show the measurement location (white voxel) in the trans-

Even though MR spectroscopy is one of the few techniques that enables quantification of
various metabolites in the body, clinical applications are currently limited to neurology,
and more recently, the prostate.**-*5 Body MR spectroscopy applications are still
restricted to the research domain due to the fact that it is a challenging technique to
perform reliably. This is due to problems described earlier such as transmit field fluctua-
tions, static field fluctuations as well as an inherent low SNR of the metabolites of
interest.

Clinical applications of high field body MR - Metabolic Syndrome

Data of the International Diabetes Federation (IDF) shows that a quarter of the world’s

adult population meets the criteria for Metabolic Syndrome (MetS).*¢ The IDF defined

metabolic syndrome as “a cluster of the most dangerous risk factors including diabetes

and prediabetes, abdominal obesity, high cholesterol and high blood pressure” increasing

the risk of serious health problems like diabetes, heart failure, non-alcoholic liver

disease, renal failure and stroke.*’

e Raised plasma triglyceride level; > 150 mg/dL (> 1.7 mmol/L)

e Reduced plasma HDL cholesterol; <40 mg/dL (1.03 mmol/L) in males and <50 mg/dL
(< 1.29 mmol/L] in females

e Raised blood pressure; systolic BP 2 130 or diastolic BP 285 mm Hg

e Raised fasting plasma glucose; 2 100 mg/dL (> 5.6 mmol/L)



Due to the globally increasing prevalence of obesity, as well as higher life expectancy,
MetS is increasingly diagnosed as it is correlated with elevated body mass index as well
as advancing age.

Although the exact underlying cause of MetS is still not fully understood, insulin resist-
ance is considered to be a significant factor in the development of MetS. Insulinis a
hormone which is produced by beta-cells in the pancreas to facilitate uptake of glucose
from the blood into tissue such as liver, kidney and muscle cells. When the body becomes
less sensitive to insulin, the uptake of glucose from the blood is reduced, resulting in high

__~Brain
. .
— « macrostructural brain damage
* mierostructural brain damage

T Hypothalamus
* energy sensing

BAT
volume ___Aorta
+ vascular stiffness
Liver
* NAFLD ~__ S
« dysfunction
- hypertrophy
- infarction
« diffuse fibrosis
Pancreas = - lipid accumulation

= fatty infiltration + energy metabolism

o “Kidney
WAT « lipid accumulation
= body fat - fibrosis
distribution
- quantification

Skeletal muscle
+ IMCL quantification

FIGURE 5: Extent of impact of metabolic syndrome that can Clinics of North America 2015 Feb;23(1):41-58, with per-
be measured using MR. (Magnetic Resonance Imaging mission.)

blood glucose levels. To compensate for these increased blood glucose levels, the
beta-cells increase insulin production. This in turn increases the load on the beta-cells
until the maximum insulin production is reached and glucose builds up in the blood. This
effect is labelled hyperglycemia and is linked to excessive triglyceride levels in parts of
the body including the liver, skeletal muscle, and heart, and renal tissue. Such raised
lipids levels, described as ectopic fat deposition, interfere with cellular function and can
cause cell death through a phenomena known as lipotoxicity, which plays an important
role in the pathogenesis of MetS (Figure 5).30.48

Hallmarks of MetS in the heart, liver and kidney

A description of the full extent of the impact of MetS on the body is beyond the scope of
this thesis and therefore, we focused on the three primarily affected organs; the heart,
liver and kidney.

In the heart elevated myocardial triglyceride content has been linked to an increased
chance of heart failure.*’%® As shown in animal studies, increased storage of myocardial
triglyceride reflects an abundance of toxic lipids that impair cardiomyocyte integrity and
function. Myocardial steatosis may be an early sign of diabetic cardiomyopathy, because it
is an independent predictor of diastolic dysfunction.

In the liver, the blood glucose is converted into glycogen or fatty acids which serve as an
energy source. However, when excessive glucose is present in the blood, it will be
converted to vacuoles of triglyceride lipid and stored in the liver cells. This process is
called hepatic steatosis and is diagnosed in case a liver biopsy shows that more than five
percent of the hepatocytes contain vacuoles of triglyceride lipid. If hepatic steatosis is not
treated it can progress to non alcoholic steatotic hepatitis NASH], characterized by
inflammation of the hepatocytes. A quarter of patients with NASH develop fibrosis
(scarring of the liver tissue).5" In a subgroup of these patients, NASH eventualy results in
cell death of the hepatocytes (necrosis) which often necessitates a liver transplant.

How MetS, in particular obesity, can lead to incipient chronic kidney disease remains
unclear. Recently ectopic lipid accumulation in the kidney (fatty kidney) has been pro-
posed as a potential pathway.%>-% Notably, obesity and type 2 diabetes have been associ-
ated with renal lipid accumulation in both human and porcine kidneys with differences in
anatomical distribution between glomeruli and tubuli, as well as the cortex and
medulla.’*% Increased renal lipid content has also been linked to functional and struc-
tural renal hyperfiltration, obesity-related glomerulopathy, and type 2 diabetic nephropa-
thy.52%¢-57 Various rodent models have shown that intervention in cellular lipid pathways
attenuated obesity-related glomerulopathy or diet-induced chronic kidney disease.®®

At present, MetS is diagnosed by a cluster of the most dangerous risk factors. Several
organizations have described such criteria (eg. IDF, WHO, ADA) and even though these
diagnostic criteria are not the same they often include factors like prediabetes, abdominal
obesity, high cholesterol and high blood pressure. However, these criteria provide limited
information to what extent the different organs are affected. To improve treatment
strategies, organ-specific (imaging) biomarkers are needed to gain more insight in the
underlying mechanisms and risk stratification of MetS. Since many disease pathologies
related to MetS are believed to be closely correlated to the increased storage of lipids in
the organs, shown to be a precursor for lipotoxicity, a reliable technique to measure the
amount of ectopic lipids in the organs is highly needed.



AIM OF THIS THESIS

The aim of this thesis is to further develop advanced body MR techniques to gain more
insight in the metabolic syndrome (MetS). This was realized by optimizing MR imaging and
spectroscopy measurements in the body, as well as ex-vivo. One of the optimization steps
includes development of high dielectric materials to increase sensitivity of the body MR
measurements.

OUTLINE OF THIS THESIS

In Chapter one a general introduction is given to body MR and the challenges of high field
body MR are discussed. Basic background information for dielectric pads is given, which
can be applied to address a major challenge of high field body MR. Moreover some basic
principles of MR spectroscopy are explained. Furthermore, the metabolic syndrome and
the use of high field body MR to evaluate this syndrome are described. In the first part of
this thesis we aimed to develop new techniques for high field body MR which are
described in chapters two, three, and four. Chapter two (Increasing Signal Homogeneity
and Image Quality in Abdominal Imaging at 3 T with Very High Permittivity Materials)
examines whether inhomogeneous transmit fields (a major challenge in high field body
MR], can be improved by passive shimming. High dielectric materials were designed,
simulated and tested for liver imaging to increase image quality. Chapter three (Improved
Cardiac Proton Magnetic Resonance Spectroscopy at 3 T Using High Permittivity Pads)
demonstrates how a similar passive shimming approach can be applied in cardiac
spectroscopy to increase the SNR of the spectra. In Chapter four (Parameter Optimization
for Reproducible Cardiac '"H-MR Spectroscopy at 3 Tesla) we investigated how cardiac
proton MR spectroscopy measurements can be optimized for high field and reports
results on reproducibility. In the second part of this thesis, consisting of chapters five, six
and seven, the techniques described in chapters 2, 3 and 4 are applied in clinical studies
in order to gain additional insight in the development/treatment of the Metabolic Syn-
drome (MetS]). In Chapter five (MR of Multi-Organ Involvement in the Metabolic Syndrome)
areview is presented on multi-organ involvement in the metabolic syndrome and how this
can be evaluated using magnetic resonance techniques. Chapter six (Metabolic Imaging
of Human Kidney Triglyceride Content: Reproducibility of Proton Magnetic Resonance
Spectroscopy) reports the results of a feasibility study of in-vivo renal proton MR spec-
troscopy and describes the reproducibility of this measurement. Chapter seven (Imaging
Fatty Kidney by Clinical Proton Magnetic Resonance Spectroscopy ('H-MRS): a First
Validation and Dietary Intervention Study using Porcine Kidneys) validates renal proton
MR spectroscopy in comparison to biopsies in porcine kidneys. Furthermore, the effects
of dietary intervention on renal lipids are assessed. In Chapter eight all chapters are
summarized and discussed.
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