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Quantitative Natrium-Magnetresonanztomographie des Korperstamms bei 7 Tesla

Diese Arbeit etabliert ein Setup und Nachbearbeitungsschritte fiir die nichtinvasive Be-
stimmung der scheinbaren Gewebenatriumkonzentration (aTSC) in einem grofien Sicht-
feld (FOV) des menschlichen Torsos mittels *Na-MRT bei 7T. Ein Referenzflaschen-
Setup fiir die 2*Na-Quantifizierung wurde entwickelt und mit 77-, Bi - und aufbauspe-
zifischen simulierten B -Korrekturen kombiniert. Die korrigierten Phantommessungen
zeigten eine maximale Abweichung vom wahren Wert von 3,4% und eine maximale
Standardabweichung von 0,3 mM zwischen den Messungen. Fiir die quantitativen 23Na-
MR-Bilder wurde eine Rekonstruktion iiberlappender Datenteilmengen verwendet, um
Verdanderungen der renalen aTSC wahrend des Trinkens zu untersuchen. Das Verhéltnis
von medullérer zu kortikaler aTSC betrug 1,71, 2,08 und 1,43 fiir die erste Probandin und
1,56, 1,89 und 1,69 fiir die zweite Probandin vor, kurz nach und lange nach dem Trinken.
In einer zweiten Studie wurden eine ?*Na-HF-Spule und ein 32-Kanal- "H-pTx-Array ver-
wendet, um eine MR-Bildgebung mit zwei Kernen in der gleichen Position in einem FOV
von (400 mm)? zu ermdglichen. Die mittlere aTSC von drei gesunden Proband*innen
wurde in der Leber ((36 £ 6) mM), Milz ((30 £ 7) mM), Gallenblase ((139 +19) mMm) und
weiteren Strukturen bestimmt. Die Durchfiithrbarkeit der zeitaufgelosten 2*Na-MRT so-
wie der kombinierten 'H- und quantitativen 2*Na-MRT unter freier Atmung bei 7T in
einem groflen FOV in <47 min wurde gezeigt und damit die Grundlage fiir eine simultane
und genaue aTSC-Bestimmung in mehreren abdominalen Strukturen gelegt.

Quantitative Sodium Magnetic Resonance Imaging of the Human Torso at 7 Tesla

This work presents a setup and a post-processing workflow for the non-invasive deter-
mination of the apparent tissue sodium concentration (aTSC) in a large field-of-view
(FOV) of the human torso using **Na MRI at 7T. A reference vial setup for the 23Na
quantification was developed and combined with 77, Bf and setup-specific simulated
By correction. Corrected phantom measurements showed a maximal difference of 3.4 %
from the ground truth value and a maximum standard deviation of 0.3 mM between
measurements. A sliding window reconstruction of **Na MR images was employed to
investigate renal aTSC changes during a water load event. Medullary to cortical aTSC
ratios of 1.71, 2.08 and 1.43 for volunteer one and 1.56, 1.89 and 1.69 for volunteer two
were found before, shortly after and long after water loading. In a second study, the
combination of a ?*Na RF coil and a 32-channel 'H pTx array was investigated to al-
low dual-nuclei MRI in the same position for a FOV of (400 mm)3. The mean aTSC for
three healthy volunteers was determined for the liver ((364+6) mM), spleen ((30+£7) mm),
gallbladder ((139 +19) mM) and other structures. The feasibility of time-resolved quan-
titative 2?Na MRI and of combined 'H and quantitative >*Na MRI at 7T in a large FOV
under free breathing in <47 min is demonstrated, laying the groundwork for an accurate
aTSC evaluation of multiple abdominal structures simultaneously.
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1 Introduction

Magnetic resonance imaging (MRI) is one of the most used imaging techniques in
medicine due to its excellent tissue contrast without the need for ionizing radiation.
MRI is extremely flexible, allowing to investigate many different imaging contrasts
that can give information about a wide variety of tissue parameters to help un-
derstand the human body. Depending on the imaging sequence employed, they
range from providing morphological information to imaging diffusion to investigate
physiological processes.

For anatomical depiction and generally the majority of MRI measurements, hydro-
gen (1H) is used as it offers the highest signal in the human body. However, other
nuclei with a non-vanishing spin such as *C, 70, F *Na , 3'P, %Cl and *K,
called X-nuclei, can also be used in MRI. They can provide additional information
on physiology and pathology of the examined tissue that can not be obtained from
'"H MRI (Nagel, Amarteifio, et al., 2011; Gerhalter, Gast, Marty, Martin, et al.,
2019; Regnery et al., 2020). After the first in vivo "H MRI in 1973 (Lauterbur,
1973), **Na was the first X-nuclei to be measured in vivo in 1985 (Hilal et al.,
1985). As **Na provides the second highest signal in the human body and sodium
ions play a key role in many metabolic processes, Na MRI has since been used
to study a multitude of pathologies.

The sodium-potassium ATPase maintains the resting potential of a healthy cell
(Gast et al., 2023; Madelin, Lee, et al., 2014) with a gradient between the intra- and
extracellular sodium concentration (Maril, Margalit, et al., 2004). The volume-
weighted concentration average of both these compartments is the tissue sodium
concentration (TSC) (Lu et al., 2010) and the imaging contrast motivating the
presented research. Using sodium MRI, the TSC can be quantified (Gast et al.,
2023; Madelin, Lee, et al., 2014; Hu et al., 2020; Thulborn, 2018; Zaric, Juras,
et al., 2021). As the TSC is sensitive to changes in cell vitality and viability, it can
be a potential biomarker for applications ranging from lumbar back pain (Kamp
et al., 2024) to heart disease (Ouwerkerk, Bottomley, et al., 2008) to chronic
kidney disease (Daniel et al., 2021). To obtain a quantitative **Na image, the MR
signal intensity is calibrated using the known sodium concentrations in internal
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(Haneder, Konstandin, et al., 2011; Lott, Platt, et al., 2019; Malzacher et al.,
2016) or external references (Haneder, Kettnaker, et al., 2013; Madelin, Xia, et
al., 2018; Moon, Furlan, et al., 2014).

The *Na image acquisition is complicated by several challenges such as a low MR
sensitivity and low in vivo Na™ concentrations, resulting in a lower in vivo signal-
to-noise ratio (SNR) compared to hydrogen (Ladd et al., 2018). The development
of MR tomographs with higher static magnetic field strengths By have enabled new
possibilities as the SNR is expected to increase at least linearly with B, for **Na
(Ladd et al., 2018). Most clinical scanners have field strengths of either 1.5T or
3.0 T, with clinical 7T scanners being cleared by the FDA in 2017 (Commissioner,
2024). Research scanners have static magnetic fields of up to 20 T (Budinger et al.,
2016) to benefit from the increased SNR. At 7T an adequate SNR for **Na MRI
can be obtained in a clinically feasible measurement time (Kraff et al., 2015). As
acquisition times for sodium body MRI are still quite long (> 10min), motion
artifacts can decrease image quality (Gast et al., 2023). Additionally, the fast
bi-exponential transverse relaxation times require pulse sequences with short echo
times, which pose high demands on the hardware (Serai et al., 2023).

Sodium MRI has a low spatial resolution due to the low in vivo SNR, which makes
it less suited for segmentation than proton MRI. When acquiring a different ex-
amination for the 'H data, there are potential changes within the organs as a
result of a different posture within a different coil and/or physiological differences
between the two scans due to e.g. rectal and bladder filling, digestive processes,
etc. This can complicate image registration of the "H and **Na images, especially
in a large field-of-view (FOV). To reduce the potential error of an image registra-
tion, acquiring both images in the same examination is favorable. This also saves
the increased effort for the patient and the staff of changing to a different radio
frequency (RF) coil or even to a different MR scanner.

As there are few commercial **Na RF coils, especially at 7T and for application
in the torso, many *Na RF coils are custom-built. As many of these RF antenna
designs are **Na only (Haneder, Kettnaker, et al., 2013; Maril, Rosen, et al., 2006;
Platt, Umathum, et al., 2018; Wetterling et al., 2012), **Na MRI is oftentimes not
combined with 'H MRI. Recognizing the importance of anatomical information
for localization or segmentation, more dual-nuclei coils were designed in the last
years (Moon, Furlan, et al., 2014; Boehmert et al., 2019; Graessl et al., 2015). If
external reference vials need to be positioned in the FOV for quantification, the
limited space within the bore can be a challenge with a dual-nuclei coil setup.
Utilizing a 32-channel pTx coil, placed behind the scanner bore (Orzada, Solbach,



et al., 2019) allows the simultaneous use of the local **Na RF coil in the here
presented setup.

While the SNR increase at ultra-high field strengths benefits **Na MRI, '"H MRI
becomes more challenging. The operational frequency of proton MRI at By = 7T
is 297.1 MHz, leading to a wavelength in tissue of about 11cm, 13cm and 42 cm
for water, muscle and fat, respectively (Gabriel et al., 1996). Due to interference
this causes signal dropouts in the transmit field distribution. The homogeneity
was improved by utilizing parallel transmit (pTx) (Padormo et al., 2016) and time
interleaved acquisition of modes (TIAMO) (Orzada, Maderwald, et al., 2010).
For sodium, the operational frequency at By = 7T is about 78.6 MHz, which is
comparable to '"H MRI at By = 1.5T. Standing waves and interferences do not
significantly impact the image quality in this case (Kraff et al., 2015; Platt, Ladd,
et al., 2021) and pTx optimization is thus not required.

%Na MRI in the human torso has mostly been focused on a single organ or tissue
type such as the kidney (Maril, Rosen, et al., 2006; Haneder, Kettnaker, et al.,
2013; Boehmert et al., 2019), the heart (Boehmert et al., 2019; Graessl et al., 2015)
or the intervertebral discs (Malzacher et al., 2016; Cavusoglu et al., 2022). The
utilized local RF coils are customized for one or two specific target anatomies and
thus often show a limited anatomic coverage and penetration depth, especially in
the case of surface coils. Evaluating more than one target structure without an
additional scan is thus often not possible with these coils.

As suggested by R. W. Stobbe et al. (2016), the term apparent tissue sodium
concentration (aTSC) was used for the determined in vivo sodium concentration
values to take into account that there are not exactly known signal losses from
relaxation and pulse sequence characteristics. The setup presented in this thesis
enables quantification of the aTSC of organs e.g. in the whole upper torso (heart,
lung and abdomen) to compare the quantitative sodium concentrations between
different volunteers. For torso MRI, a large FOV is required, especially if several
abdominal structures are of interest. Knowledge of the aTSC in healthy volun-
teers may help to differentiate normal levels of physiological change from changes
due to diseases. Monitoring treatment success of chemotherapy in patients with
whole body metastases is one potential application of **Na MRI in a large FOV
(Wetterling et al., 2012). Another example is the cardiorenal syndrome, a disorder
where the dysfunction of the kidneys induces a dysfunction of the heart or vice
versa (Ronco et al., 2008). Acquisition of both organs in a single scan could save
scan time and help to better understand the interdependence of both organs. A
large FOV also allows to investigate body regions that were not examined yet such
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as the pancreas and stomach without performing an additional scan.

The goal of the presented research was the accurate quantification of the aTSC
in the human torso at 7T. For this, a reference vial setup containing external
reference vials for concentration quantification was designed and build in-house.
As B; inhomogeneities within the FOV need to be considered for quantitative **Na
MRI, Bf maps were acquired and B maps were simulated for the setup to correct
the image data. The feasibility of time-resolved quantitative **Na MRI during a
water load experiment was shown, allowing to access the aTSC before, during and
after the water load. Large FOV abdominal 'H and quantitative Na MRI in the
same position at 7T were combined for the first time. "H MRI provides anatomical
images and By shimming capabilities, while the corrected quantitative **Na MRI
provides insights into physiology. Segmentation of several abdominal structures in
the 'H images allows to determine the aTSC in several organs at once.



2 Fundamentals

This chapter provides a brief outline of the fundamental physical and physiological
concepts relevant to this thesis. It contains an overview of MR imaging (MRI) in
general, special challenges of *Na MRI and "H MRI at ultra-high fields and gives
an insight into the physiological significance of sodium.

2.1 Magnetic Resonance

The foundation for understanding nuclear magnetic resonance (NMR) effects,
which are the basis of image generation in MRI, lies in the fundamental principles
of quantum mechanics, electromagnetism, and statistical physics. The subsequent
section focuses on the quantum mechanical description of nuclei in an external
magnetic field to explain the main aspects of NRM and their influence on MRI.
For a detailed mathematical discourse, the classic works of Abragam (1961) and
Slichter (1990) should be consulted. Alternatively, Brown et al. (2014) offers a
more conceptual explanation. The information presented below is drawn from
these sources unless otherwise specified.

2.1.1 Nuclear Spin and Magnetic Moment

Every atom consists out of electrons and a nucleus. The nucleus is composed of
protons and neutrons, which are also called nucleons. The NMR characteristics of
a nucleus are centrally defined by its nuclear spin and resultant magnetic moment,
both determined by the nucleus’s composition. The nuclear spin I= (I;, fy, ];) is
a combination of spin and orbital angular momentum of its constituent nucleons,
represented by a quantum mechanical angular momentum operator. For most
stable nuclei, the orbital angular momentum L is zero (L = 0). The sum of
spins for nuclei containing an even number of protons and neutrons adds up to
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zero. These nuclei possess no net spin and can thus not be used for MR imaging.
However, nuclei with an odd number of neutrons and/or protons are particularly
relevant for MR imaging. These nuclei have a non-zero nuclear spin I, hence
exhibiting a magnetic moment fi:

fu =1 = 20K (2.1)

where ~ is the gyromagnetic ratio, & the Planck constant, g; the Landé g-factor of
the specific nucleus and p g the nuclear magneton given by

eh
fi =5 — (2:2)

B 2m,,
with the rest mass of the proton m,.

For the quantum mechanical description the nuclear spin I fulfills the commutator
relations:

|:[AZ', f]} = Ei,j,khfk (23)
and

2, 1] =o. (2.4)

In the following, the z-axis is used as quantization axis without loss of generality.
This leads to the eigenvalue equations:

I\, m,) = B*(I + DI |I,m,) (2.5)
and
LI, mg) = mh|I,my) me=—I,—I+1,....1—1,1  (26)

where |I,m;) is the angular momentum basis with the spin quantum number [/
and m, is the magnetic quantum number, which has discrete values between —I
and [.

In the absence of an external magnetic field, the states are degenerated (27 + 1)
times for each spin quantum number I. When an external magnetic field is present,
the states are split in dependence to mg as described in the following section 2.1.2.
Hydrogen atoms, which consist of only one proton, are the simplest atomic nucleus
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with an odd number of nucleons and have the greatest gyromagnetic ratio of stable
in vivo occurring nuclei, while the gyromagnetic ratio of **Na is only about a
quarter of its size (see Table 2.1).

2.1.2 Zeeman Effect

The Zeeman effect emerges from the interaction between the magnetic moment [
and an external magnetic field B at the nucleus location. When a homogeneous
static magnetic field B = Bye, is applied along the z-axis, the energy states for a
nucleus with a nuclear spin I undergo division into (21 + 1) equally spaced energy
levels along the quantification axis, depending on the magnetic quantum number
M:

En = (I, mg| H#|I,m,) = —ymhB, (2.7)

with the Hamiltonian
H=—nB = —I.B,. (2.8)
The energy difference between two neighboring states is given by
AE =F, — E,.1

1 1 2.9
— ShBo — (=5 hBo ) = e (29)
2 2
with the Larmor frequency
Wy = ’)/B() (210)

The Larmor frequency is a nucleus-specific quantity depending on the gyromag-
netic ratio v and the applied magnetic field By, which describes the frequency at
which the magnetic moment of the nucleus precesses in an external magnetic field.
The hydrogen atom, with a nuclear spin of I = 1/2; exhibits two energy states
when subjected to a magnetic field, as illustrated in Figure 2.1. **Na possessing a
nuclear spin of 3/2 undergoes a division into four energy states, as depicted in the
same figure. For all nuclei with spins I > 1/2, quadrupole interactions, elaborated
further in section 2.1.6, may induce a shift in the split energy states (Figure 2.1).
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(a) (b)
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Figure 2.1: Zeeman effect in (a) 'H (I = 1/2) and (b) **Na (I = 3/2). The splitting
of energy states in an external static magnetic field By into 2/+1 equidistant energy
level with an energy difference of AE = hwy is depicted. For **Na , the dashed
lines indicate the energy levels without quadrupole interactions for the +1/2 and
the £3/2 states. When considering quadrupole interactions (see section 2.1.6), the
energy levels are shifted proportional to m? as indicated by the solid lines.

2.1.3 Macroscopic Magnetization

In thermal equilibrium and with B # 0, the occupation numbers of energy levels
adhere to a Fermi-Dirac statistic due to the fermionic nature of both 'H and
%Na. In the high-temperature regime, which is typically fulfilled in clinical NMR
experiments, the probability of a certain state being occupied can be approximated
by a Boltzmann distribution. For an energy level F,,, the probability of occupation
Pm can be expressed as:

- ; L ; LT (2.11)
with
I yhms Bg
7oy (2.12)
me=—1

with the Boltzmann constant kg, the absolute temperature 7' and the canonical
partition function Z, which is used as a normalization factor. NMR experiments
detect the state of macroscopic sample volumes given as the superposition of all
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magnetic moments in the sample, motivating the introduction of the macroscopic
magnetization across a spin ensemble to allow a semi-classical description. The
macroscopic magnetization My of an object with N spins equals the expectancy
value of the magnetic moments fi; per volume V:

My = ) = 30 (B), (2.13)

=1

In thermal equilibrium the magnetization is parallel to the external magnetic field
(M = (0,0, My)"). Utilizing the high-temperature approximation kT > E,,,
which is valid at room and body temperature, the first-degree Taylor expansion of
P vields

Ny BRI+ 1)

M _
0 YT P T

Q

(2.14)

The ratio N/v is also referred to as spin density p. Since the temperature of the
human body should remain nearly constant during an NMR measurement, the use
of a cryoprobe to cool the sample is not possible. To enhance the macroscopic
magnetization M, in vivo for nuclei with low spin density, other techniques such
as enriching the sample or designing sensitivity enhancing pulse sequences are
employed (Zhuang et al., 2023). Alternatively, the magnetic field strength B, can
be increased, which is one explanation for the trend towards higher magnetic field
strengths in MR scanners.

2.1.4 Excitation of Spins

The system is assumed to be in thermal equilibrium with a macroscopic mag-
netization My = (0,0, My)” aligned parallel to an external magnetic field B =
(0,0, By)T. To detect a signal from the magnetization, it must first be tipped out
of its equilibrium position. This is achieved by applying a radio frequency (RF)
alternating magnetic field By (t) (also called RF pulse) perpendicular to the static
magnetic field By with a frequency wgp corresponding to the Larmor frequency
wp of the imaged nuclei (see Table 2.1), for a duration 7 using a transmit RF coil.
This field, often referred to as the transmit (B3) field, can be described as

B (t) cos (wrrt)
B (t) = Bl(t)si)n(wRF) . (2.15)
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This field induces a tilt in the macroscopic magnetization M, generating a non-zero
component of magnetization in the xy-plane, known as the transverse magnetiza-
tion M, which precesses around the z-axis of the reference system at the Larmor
frequency wg = vBy. Assuming a circularly polarized B; field the equation of
motion of the macroscopic magnetization during excitation becomes

B (t) cos (wrrt)
M) vp o B(t) = oM x | By(t)sin onr) | . (2.16)
dt By

In a reference system rotating with angular frequency wrr around the z-axis, the
precession of the magnetization and the time dependence of the RF field transform
such that the apparent precession frequency of the magnetization is reduced by
wrr. Equation 2.16 becomes

By (t)
dM’(t L
(*) = yM'(t) x 0 = yM'(t) X Beg (2.17)
dt By — “rE
vy

for a By, without loss of generality, chosen parallel to the 2’-axis. During a resonant
excitation with wrp = wy = By, the effective magnetization is B.g = (B, 0,0)
pointing along the x’-axis. As a result, the magnetization rotates around the x’-
axis in the rotating frame of reference. Neglecting relaxation during the RF pulse,
the rotation angle is:

a= /TyBl(t)dt. (2.18)

In NMR experiments, « is usually referred to as the flip angle. For a rectangular
excitation pulse Bj(t) = Bj is constant during the pulse duration, resulting in a
flip angle of

a =BT (2.19)

Rectangular pulses are frequently used in X-nuclei MRI to tilt the magnetization
into the transverse plane (x'y’-plane, 90°-pulse) or to invert it (180°-pulse).

10
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2.1.5 Relaxation of Spin-1/2-Nuclei

Another important characteristic of a spin ensemble is its relaxation towards ther-
mal equilibrium, which was omitted in the previous considerations on excitation
and signal formation. This relaxation results from inter- and intramolecular spin
interactions and is crucial for contrast formation in experimental measurements.
For spin = 1/2 nuclei, the differential equation for the magnetization in the pres-
ence of a magnetic field is an empirical vector equation referred to as the Bloch
equation (Bloch, 1946):

dM (1)
at

Mi(t) =My M,
T T

—yM(t) x B(t) — (2.20)
When solving this equation for the laboratory system with a magnetic field strength
of B = (0,0, Bp), the time evolution of the longitudinal component M, after an
RF pulse can be described as

My(t) = My(to) - ¢ 75 + My - <1 — e‘ﬂ)
= Mo (COS ()7 H 41— e_ﬁ) (2.21)

with the relaxation time 77. The relaxation of the transverse component M is an
exponential decay

M (t) =M. (t)-e ™ (2.22)

with the relaxation time T5.

These equations provide independent exponential relaxations of both M) and M, .
The macroscopic magnetization precesses around the external magnetic field By,
with the longitudinal part M) relaxing to the equilibrium state with the relaxation
time 77, while the transverse component M| relaxes with the relaxation time 75.

The longitudinal relaxation, also called spin-lattice-relaxation is explained by the
Bloembergen-Purcell-Pound (BPP) theory. This theory attributes the effect to
fluctuating magnetic fields caused by thermal rotational and translational move-
ments of surrounding molecules (Bloembergen et al., 1948). This process involves
the transfer of energy from the spin system to the lattice, resulting in the longi-
tudinal magnetization M, reverting to the equilibrium state. In human tissue, T}
usually ranges from tens to thousands of milliseconds for protons depending on
the By field strength used.
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Figure 2.2: Time series of the magnetization after an excitation with v = 90°.
The relaxation of the longitudinal magnetization M into the thermal equilibrium
is depicted in (a). In (b) the oscillation of the transverse magnetization M with
the Larmor frequency wy is shown. The envelope (red line) of the transverse
magnetization is an exponential decay with the relaxation time 77.

The transverse relaxation time 75 (spin-spin relaxation) is the result of irreversible
dipole-dipole interactions between spins, and it is defined as the time at which the
dephasing of a magnetic resonance signal falls to /e (37%) of its initial value
after a 90° RF pulse. Immediately after the stimulation, the spins are in phase
coherence, which is then decaying exponentially. This dephasing occurs due to
energy exchange between rotating spins driven by local By fluctuations, which are
caused by random atomic movements. These fluctuations alter the local Larmor
frequency, causing spins rotating at different speeds to lose phase coherence. While
the mentioned dipole-dipole interactions are the dominant form of dephasing in
spin-1/2-nuclei, quadrupole nuclei (I > 1/2) introduce additional interactions, which
are discussed in more detail in section 2.1.6. The 75 times are practically frequency
independent over the field strengths used in clinical setups (up to 3T) as predicted
by the dipole-dipole interaction model of Bloembergen Purcell and Pound, but are
shorter at ultra-high fields due to different effects being accentuated (Graaf et al.,
2006). Typically, T5 times for protons in almost all human tissue amount to tens
of milliseconds. The T3 values in solids are typically in the order of microseconds
and therefore much shorter than for liquids, where they are in the order of seconds.

Furthermore, time-independent B, inhomogeneities (AByj) accelerate the trans-
verse decay. These inhomogeneities can be a result of susceptibility differences
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in the examined object or fluctuations in the initial magnetization, resulting in
varying spin precession. The spatial distribution of By leads to a spatially vary-
ing distribution of Larmor frequencies, thereby causing a phase distribution. The
differing spin precessions result in a rapid decline of the transverse magnetization
with the effective relaxation time 77, which is smaller than T's:

1 1 1 1
T—;:E+@:E+7ABO (2.23)
where T3 is an additional relaxation time depending on the local, time independent
By inhomogeneities ABj. After a resonant excitation pulse, the signal is a damped
oscillation with the Larmor frequency (Figure 2.2) called free induction decay
(FID). The T time is characteristic for the envelope of an FID-signal. Typical 7T}
values are in the order of tens of milliseconds (Brown et al., 2014).

2.1.6 Relaxation of Spin-3/2-Nuclei

The so far considered spin-1/2-nuclei relax mainly due to magnetic interactions.
As all NMR relevant nuclei with I > 1/2; the sodium nuclei (I = 3/2) has an
additional electrical quadrupole moment (). The charge distribution of the nucleus
thus differs from the spherical symmetry of spin-!/2-nuclei, enabling an additional
spin interaction with the electrical fields generated near the nuclei. The electrical
relaxation is oftentimes several orders of magnitude higher than the magnetical
relaxation and thus dominant (Werbelow, 2011). For this reason, relaxation times
of nuclei with quadrupole moments are in general significantly shorter than those
of 'H .

For the electrical interactions, the transverse and longitudinal part can be ex-
pressed as a sum of exponential functions. For nuclei with an integer spin quantum
number [, the sum also has I components. For half-integer spins the resulting sum
has I + 1/2 elements. This implies (/24 /2 = 1) elements in the exponential func-
tion for I = 1/2 nuclei and (3/2+4 1/2 = 2) elements for I = 3/2 nuclei. Therefore, the
relaxation process for spin-1/2-nuclei such as 'H is mono-exponential while nuclei
such as **Na with a spin of / = 3/2 have a bi-exponential relaxation (Hubbard,
1970). The bi-exponential character of the longitudinal and transverse relaxation
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of a spin-3/2-system can be expressed by modifying equations 2.21 and 2.22:
M (£) =M, (to) - (0.8 eTTE 0.2 e‘Ttu>
+ M, - (1—0.8-eT§s +0.2-e‘Ttu> (2.24)
ML (1) =M, (to) - <0.6 e T 404 eT) (2.25)

where 17, and Tj; are the short and the long component of the longitudinal re-
laxation contributing 80 % and 20 %, respectively and Ty, and Ty are the short
and the long component of the transverse relaxation contributing 60 % and 40 %,
respectively for a single compartment. In the case of **Na in the human brain, the
relaxation times at 7T amount to (5.5 £ 1.3) ms and (29.3 + 3.8) ms for the short
and the long component of the bi-exponential transverse decay in white matter,
respectively (Kratzer et al., 2021). In the calf muscle, Lott, Platt, et al. (2019)
found T, = (26.6 £ 2.9) ms and 73, = (3.0 £ 0.1) ms. This is short compared to
the relaxation times of 'H , which are around 80ms and 110ms for gray matter
and white matter at 3T, respectively (Wansapura et al., 1999).

In fluids, such as blood or cerebrospinal fluid, a mono-expontial transverse relax-
ation is observed. This behavior can be attributed to the fact that the relaxation
and decay characteristics rely on the correlation time 7., which is characterizing
the random fluctuation of the electrical field gradients (direction and / or orienta-
tion). For the limiting case of a short correlation time (wy7. < 1), as for example
valid in fluids, the relaxation is showing a mono-exponential behavior (Tys = Ty;).
A detailed theoretical explanation can be found in Maarel (2003) and Jaccard et
al. (1986).

2.1.7 Specific Absorption Rate

The applied RF energy of an excitation pulse during an MRI acquisition can be
deposited in the body as heat, thus rising the tissue temperature. As even a
temperature increase of a few degrees can cause damage to the tissue, the Inter-
national Electrotechnical Commission (IEC) defined limits for the maximal core
body temperature, the maximal core body temperature increase and the maximal
tissue temperature. Since the tissue temperature can not be directly measured
during an MR measurement, the specific absorption rate (SAR) is used.

The specific absorption rate measures the amount of power deposited by an RF
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field in a certain mass of the imaged object. By limiting the SAR during an MRI
scan, consequentially the RF induced heating of the tissue is limited. The SAR is
limited by the IEC-guidelines (IEC. 60601-2-33:2022) for the whole body, partial
body and for a mass of 10g for a 10s and 6 min average and is given by

SAR = 1/ o), g () dr (2.26)

2V Jv p(r) '

where o is the electrical conductivity and p the mass density of the tissue. For
volume coils, only the whole body and partial body SAR are limited (Platt, 2018).
If either the 10s or the 6 min limit is reached, the measurement is stopped. While
the calculation of SAR in human subjects is very complex, a simplified model with
only one RF pulse can be used to illustrate the dependencies of SAR on different
measurement parameters (Reiser et al., 2008). In this case, the time-averaged SAR

can be approximated as
-

Tr
where By is the static magnetic field strength, « is the flip angle, 7 is the pulse
duration and Ty is the repetition time (time between two excitation pulses). This
equation is only valid for small frequencies (up to 80 MHz in a sphere of uniform
electrical conductivity) as e.g. T. M. Fiedler et al. (2018) show a less than quadratic
increase in local SAR with B,.

SAR x B - o? (2.27)

With rising magnetic field strengths, the RF energy to achieve a specific flip angle
has to be increased. As this leads to a potentially larger tissue heating, sequence
parameters or the excitation scheme are altered to ensure safe measurements by
reducing the applied RF energy and thus SAR. For a fixed flip angle «, the pulse
voltage Up of a rectangular pulse is decreasing inversely proportional with the pulse
duration. As the specific absorption rate depends quadratically on the pulse volt-
age, the mean administered RF energy and hence the mean SAR can for example
be reduced by prolonging the pulse duration 7.

Commercially available MR scanners are equipped with safety supervision that
estimates the SAR values for the selected imaging protocol and weight of the
volunteer or patient and suggests changes to the imaging settings if the SAR
limits are expected to be exceeded. During the measurement, the applied power
is measured in real time and the measurement is aborted if the SAR limits are
exceeded.

For parallel transmit (see section 2.4.1), local SAR needs to be considered in order
to take heating in small areas into account that results from the spatially and
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temporally variable total electric field. The required knowledge of the electric
fields for the local SAR estimation is typically provided by electromagnetic field
simulations in digital body models.

For 'H imaging performed in the context of this research work, the SAR was limited
by limiting the input power per channel. Therefore, a custom safety supervision
system as described by T. Fiedler et al. (2024) was used, which automatically shuts
off if any of the 32 channels exceeds the 10s or 6 min power limit for the torso.
The power limits were predefined according to electromagnetic field simulations.

2.2 MR Imaging

This section covers the fundamentals of signal acquisition and imaging. A detailed
depiction can be found in the works of Bernstein et al. (2004), Brown et al. (2014)
and Reiser et al. (2008). The physical characteristics of the sodium nucleus cause
special challenges for MR imaging, that are further discussed in section 2.3. The
particularities of MRI at ultra-high fields will be the focus of section 2.4.

2.2.1 Signal and Signal Strength

As described in section 2.1.4, an RF pulse is used to tip the magnetization out
of its resting position, causing it to precess in the external magnetic field with
the Larmor frequency. The electromagnetic induction this precession causes in a
receive coil can then be detected. The induced voltage or electromotive force can
be computed from Faraday’s law of induction:

d®,,

Uina = — 2
d dt

®,, = / BdS (2.28)
S

where ®,, is the magnetic flux and, in case of a loop coil, S is the observed
coil surface. The time-dependent form of this holds the information that can be
translated into an image of the investigated object. In order for the electromotive
force to be non-vanishing, the magnetic flux through a surface with a normal
component perpendicular to the magnetic field has to change over time, and a
conducting loop must enclose this varying flux to induce a voltage. The strength

16
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Table 2.1: NMR properties of the most widely used nuclei in MRI (Harris et al.,
2001). The nuclear spin I, the gyromagnetic ratio 7, the natural abundance n, the
relative receptivity R in relation to Ry of 'H and the resonance frequency f, at
1T are listed.

nucleus I ~/107 n R foatlT
(h) (radT71s71) (%) (rel. to Riy) (MHz2)

'H 1/2 26.7522 99.99 1 42.6
Bo  1p 6.7283 1.07 1.7 x107* 10.7
70 5k —3.6281 004 1.1 x107° 5.8
g 1/2 25.1815 100 8.34 x 1071 40.1
BNa  3/2 7.0801 100 9.27 x 1072 11.3
slp 1/2 10.8394 100 6.65 x 1072 17.3
3BC1 3/ 2.6242 75.78  3.58 x 1073 4.2
K 3/ 1.2501 93.26  4.76 x 10~* 2.0

of a specific MR signal S is given by
S oc (Az)*y*BE - p- I(I +1). (2.29)

Here, p = N/v describes the spin density, I the nuclear spin and By the static
magnetic field. The spin density depends on the natural abundance of the mea-
sured nucleus and the concentration in the imaged tissue (see Table 2.1). Due to
their smaller gyromagnetic ratio v and spin density p compared to 'H, X-nuclei
generate smaller signal amplitudes. When comparing the relative receptivity of
different X-nuclei in Table 2.1, *F exhibits values very close to those of 'H. Due
to the physiological concentrations of detectable mobile fluorine being below the
detection limits, endogenous 'F MRI signal from the body is negligible. There-
fore, *Na is the nucleus with the second largest in vivo NMR signal after "H when

excluding the use of tracers. Section 2.3 provides more details on this topic and
#Na MRI in general.

2.2.2 Spatial Encoding and k-space

Identical nuclei in locations with changed magnetic fields precess with different
Larmor frequencies, which allows to spatially resolve the signal from the magne-
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tization in a sample. Usually a combination of frequency and phase encoding is
used to differentiate between voxels (volume elements).

For frequency encoding, a linear time- and location-dependent varying magnetic
field rG(t)e,, called a gradient field, is superimposed onto the homogeneous static
magnetic field By = (0,0, By). This leads to a total magnetic field of

B(r,t)= By + (r-G(f) - e.) with G(t) = | 8,Ba(t) (2.30)
0.Bg(t)

at position » = (x,y, z). This changes the local Larmor frequency to
wo(r,t) =v(Bo+ 7 - G(t)). (2.31)

The location dependency of the Larmor frequency can be used to either differen-
tiate locations within a slice or for a process called slice selection, where a specific
slice is excited.

For slice selection, an RF pulse is applied which only excites magnetization within
a specific frequency band, called the bandwidth Awgrp. For a gradient Ggjee in
z-direction and a given bandwidth, a slice with a thickness of

Awgrr
Az = 2.32
Gslice'y ( )

is excited.

To achieve another encoding direction, e.g. in the y-direction, phase encoding is
utilized where the gradient GG is applied during a time 7" before the readout of the
signal. Temporarily applying a gradient results in a temporary spatially-dependent
Larmor frequency. The at different frequencies precessing spins thus accumulate a
different phase depending on their y-position. After the gradient is turned off, the
frequencies are the same again while the phase is preserved. If frequency encoding
is now applied in x-direction during the readout of the signal, the resulting signal
is a superposition of different location-dependent Larmor frequencies according to
equation 2.31. The information on the position from the frequency and phase
of the magnetization in each voxel can be used to allocate the signal origin r
unambiguously.

The 3D k-space, also called momentum space, is sampled in a discrete manner by
using the gradients G(t) to creating a suitable trajectory. The measured signal
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in k-space is comprised of the frequency and phase information of the transverse
magnetization. The spatially resolved signal in the image space can be obtained
by an inverse Fourier. The measured signal S(k(t),t) when omitting relaxation is
given as

S(k(t), 1) o / M, (7, t)e 2Tk 4y (2.33)

where k(t) is the wave vector

o l / / ’
B(1) = - 0/ G(t')dt (2.34)
resulting in a phase ¢(r,t) of
o(r, 1) = 47 / G(t)dt' = 2rrk(1). (2.35)
0

The transverse magnetization M, can be calculated from equation 2.33 by an
inverse Fourier transform:

M. (7) / S(ke(t), t)e2mkOr . (2.36)

In order to reconstruct the complex signal, a sufficiently sampled k-space is needed.
This so called k-space coverage depends on the switching of gradient fields of
different strength and duration which determine the trajectory and density of
sampled data points in k-space. In section 2.2.3 the adequate sampling density is
determined in more depth.

The data to fill k-space can be acquired in any order as long as the k-space cov-
erage is sufficient. Depending on the application, the readout trajectory can vary,
with the three exemplary forms cartesian, center-out radial and spiral being shown
in Figure 2.3. For clinical uses, cartesian readout schemes are most common. In
2D imaging, each k-space row corresponds to the data obtained from a single ap-
plication of the phase encoding gradient before and a frequency encoding gradient
during readout. Here frequency encoding is only performed in one direction, while
it is applied in all directions for radial and spiral imaging schemes. The density
of coverage of the acquired k-space in cartesian imaging methods can be chosen
uniformly. In radial sequences the density of coverage is higher in the k-space
center and decreases with distance from the origin (Figure 2.3).
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(a) (b) (c)

Figure 2.3: Exemplary readout trajectories for data acquisition in k-space. The
shown 2D readout techniques for 2D acquisition are (a) cartesian, (b) radial center-
out and (c) spiral trajectories. The arrows show the readout direction.

Sampling density in different parts of k-space have an influence on the image
quality. Lower frequencies that are close to the k-space center form the general
structure and the image contrast. Higher frequencies in the k-space peripheries
give detailed and fine structures. Image parameters such as the spatial resolution
and the FOV determine the size of the sampled k-space.

The pulse sequence for **Na MRI used in the context of the here presented re-
search work is based on radial readout trajectories and is described in detail in
section 3.2.1.2. The advantages of a radial acquisition for **Na MRI is discussed
in section 2.3. As artifacts from moving structures do not propagate along a single
phase encoding direction, but are spread more diffusely across the whole image for
radial sampling, a radial readout scheme has a lower intrinsic sensitivity to motion
compared to cartesian sampling. This is advantageous for MRI of the torso where
artifacts from respiratory and cardiac motion can be reduced leading to improved
image quality.

Reconstruction of the radially sampled image can not simply be performed by a
fast Fourier transform. Advanced implementations and reconstruction algorithms
are needed to for example perform a regridding of the data before reconstruction or
use a nonuniform fast Fourier transform. Details on the adopted imaging sequence
for 2*Na MRI can be found in section 3.2.1.2, while the reconstruction is explained
in more detail in section 3.3.1.
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2.2.3 Nyquist Criterion

A sufficiently filled k-space is needed in order to reconstruct an adequate image.
The measured data is filling k-space in a discrete manner. This results in the
characteristics of the discrete Fourier transform from equation 2.36 to influence
the properties of the resulting image. Mathematically, the discrete sampling of
the continuous signal can be described as a convolution with a periodic sequence
of o-functions (Dirac comb). The Fourier transform of the Dirac comb function is
a periodic function with reciprocal distances. The measured image is thus repeat-
ing periodically with 1/Aky... Considering data that was measured with uniform
spacing of distances Akn.x between data points, the spatial interval over which
the reconstructed image repeats itself is called field-of-view (FOV):

1

F = .
V= N

(2.37)

One of the copies is chosen when an image is reconstructed. In case of a FOV that
is too small for the size of the imaged object, the images overlap and cause aliasing
artifacts, folding image content from outside the FOV back into the reconstructed
image. To reconstruct the FOV without artifacts, the Nyquist criterion can be
applied. The nominal resolution of the MR image Ax:

1
Ax = 2.
T ST (2.38)

depends on the k-space position furthest away from the center (kpax)-

The term undersampled is used to describe data that does not satisfy the Nyquist
criterion, while oversampling is used to describe data that more than satisfies the
Nyquist criterion. The undersampling factor (USF) of a given sequence quantifies
the level of undersampling. For radial trajectories it is defined as the ratio

NNyquist
USF = 4= 2.39
NSequence ( )

of the number of projections needed for an artifact-free reconstruction Nyyquist and
the number of projections used in the given sequence Ngequence-

For a radial imaging scheme, the outermost points on the trajectories in k-space
form a sphere with a radius (Ak)max. To get adequate radial sampling for large k,
smaller k-values are oversampled. The total acquisition time for radial sampling
is thus a factor of 7/2 longer compared to cartesian sampling. While the longer
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scan time is a drawback, the extra points translate to a better signal-to-noise ratio
(see section 2.2.6) for a sub-region of sampled points. Section 3.2.1.2 discusses
a density adapted radial sequence, which reduces the oversampling of central k-
space. The Nyquist criterion for radial imaging gives the number of projections
that are needed for an artifact-free reconstruction:

r OV)Q. (2.40)

NNyquist Z 4m ( IAT

Radial undersampling causes noise-like artifacts, posing a much smaller problem
compared to the aliasing artifacts in cartesian sampling. Therefore a higher USF
can be used for radial sampling. This is for example useful when image data
is sorted into different subsets before reconstruction as for example done in sec-
tion 4.3.1 for a time course during a water load experiment.

2.2.4 Pulse Sequences

A pulse sequence is the combination of RF excitations and gradients. The two
main sequences are the spin echo sequence (SE) and the gradient echo sequence
(GRE).

The spin echo sequence begins with a slice selection gradient and a SINC pulse to
flip the magnetization by 90°. As the F'T of a SINC pulse is a rectangular pulse,
this is the shape of the RF pulse in the frequency domain. The entire selected slice
is thus excited with the same flip angle a. A phase encoding gradient changes the
phase along one axis of the slice for spatial encoding as described in section 2.2.2.
To reverse the dephasing effect of the 77 decay a second RF pulse with a flip
angle of 180° is applied at Te/2. This leads to a rephasing of the excited spins
that form an echo at the time T , which is thus called echo time, after the initial
RF pulse. Utilizing a gradient field for frequency encoding, a complete line in k-
space can be acquired. Before repeating this sequence for another line in k-space,
the magnetization has to decay back to its ground state. The time between two
consecutive 90° pulses is called repetition time Tg. By adjusting T , Tr and « of
the RF pulse, different imaging contrasts can be obtained (see section 2.2.5).

The gradient echo sequence is similar to the described SE sequence but does not
utilize the second RF pulse to rephase the excited spins. Because only one RF
pulse is applied, the echo can be recorded much more quickly in a GRE sequence
and Tg is thus generally shorter for GRE sequences than for SE sequences.
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Table 2.2: Summary of the main rules for generating the most widely used tissue
contrasts (Table adapted from Brown et al. (2014)).

Type of contrast Tr Te
spin density ~ 5T < T3
Ti-weighted in the order of the 7T; values < T35
Ty-weighted ~ 5T in the order of the T5-values

2.2.5 MRI Contrasts

An MR image can have a variety of contrasts depending on the imaging parameters
such as echo time, repetition time or the flip angle. Most widely used image
weightings are spin density, 77- and T5-weighting. Depending on the chosen image
weighting type, the distinct relaxation characteristics and spin densities of different
tissue types are contributing in a particular way to the signal intensity.

For a spin echo sequence as described in section 3.2, a long Tr minimizes T} effects,
as all imaged tissues have the time to fully recover in between the excitations. A
short Tg minimizes the Ty effects, as the differences in the T3 decay only have a
short time to appear. As a result, the image contrast is mainly determined by the
spin density p for minimized 75 and 77 effects when Ty <« T% and T > T3.

For a Ti-weighting, T% effects are minimized by using a short Ty paired with a
short T (Tr < T1). In this case, tissues with short 7} times contribute more to
the signal intensity than tissue with long 77 times. The effects of spin density
differences can not be entirely neglected. To optimize the 77 contrast, a priori
knowledge of the tissue properties of the imaged object can help to choose an
appropriate relaxation time.

For a Ty-weighted image, the effects of 77 relaxation are kept small by choosing
a long Ty and T time. An overview over the different imaging contrasts and the
needed Ti and 1x times are listed in Table 2.2.

In practice, the minimum 7% is mainly restricted by the required pulse duration,
which is in turn restricted by SAR limitations (see section 2.1.7). The maximal
feasible Ty is limited by measurement time and imaging efficiency. Furthermore,
almost all images have varying contributions from all of the different tissue param-
eters (11, Ty, p, diffusion, susceptibility, chemical shift, flow, perfusion), causing
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all MR images to contain a variety of image contrasts.

For quantitative X-nuclei MRI, spin density weighted images are often preferred
as they enable the quantitative determination of the sodium concentration.

2.2.6 Signal-to-Noise Ratio

The signal-to-noise ratio (SNR) is, together with the image contrast, an important
quality standard in many experiments to for example compare different imaging
techniques. It is defined as follows:

SNR — signal

noise (241)
where the noise is comprised of the noise from the electronics as well as the sample
volume. In clinical MRI, the noise is dominated by inductive losses and is assumed
to rise linearly with the Larmor frequency for volume RF coils and large samples.
Electrical noise is created through the thermal movements of charged particles,
but can be neglected in most large volume coils, since the noise is dominated by
the sample.

The SNR shows the following proportionalities:
SNR o< Az - Ay-Az-p-y2*20 . gliel® ([ 41) (2.42)

where Az, Ay and Az are the edge lengths of the chosen voxel. These dependencies
are similar to the NMR sensitivity in equation 2.29, but considering noise reduced
the proportionality on By and the gyromagnetic ratio 7. Ladd et al. (2018) for
example discussed the dependencies of SNR on v and By in more detail. This
equation also motivates the trend towards systems with high static magnetic field
strengths By that will be discussed in section 2.4.

Since the spatial resolution is inversely related to the signal-to-noise ratio, the
chosen voxel sizes in X-nuclei MRI are relatively large. Generally there is a trade-
off between small voxel sizes for a high geometrical accuracy and sufficient SNR
with big voxel sizes and increased partial volume effects (see section 2.2.7). A
better SNR often comes with an increase in measurement time, which at some
point becomes unfeasible for the measured volunteers or patients.
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2.2.7 Point Spread Function & Partial Volume Effects

The Point Spread Function (PSF) describes the response of an imaging system to
a point source. In accordance with equation 2.33 the signal of a point source at
location ' can be represented as

S(k(t),t) o /V S5 — 1) - e 2RO g o @7 2miROT (2.43)

with the use of the Dirac-Delta function. The PSF is the Fourier inverse of this ex-
pression and depends on the k-space sampling. In case of a dense enough sampling,
the PSF can be seen as the FT of the sampled k-space volume.

The nominal image resolution is the ratio of the area under the PSF to the value
of the PSF at the origin. Thus, the full width at half maximum (FWHM) of the
PSF can be used as a measure of spatial resolution. The FWHM is broadened for
the radial sampling scheme compared to a cartesian sampling scheme (Figure 2.4).
This is the case as the FT of a cuboid volume is a sinc-function with a FWHM
~ 1.21, while the Fourier transform of a sphere volume gives a full width at half
maximum of FWHM ~ 1.59. For the for **Na MRI utilized density-adapted 3D
projection reconstruction (see section 3.2.1.2), the PSF was simulated to have a
FWHM of 1.67 before being further widened by a Hamming filter to a FWHM of
2.1.

Partial volume effects decrease image quality by blurring small structures due to
the limits in achievable resolution and are a combination of “tissue-fraction effects”
and “spill-over effects”.

Discrete sampling is one influence on the measured intensity distribution. The
“tissue-fraction effect” is due to voxels having signal contributions from different
tissue types. The measurement approximately depicts the weighted mean of the
different tissue signals in the voxel. Partial volume effects can be reduced by
reducing the voxel sizes, but even at high spatial resolution inaccuracies due to
this effect can occur.

Truncation of the continuous, infinitely extended k-space signal at k., can math-
ematically be described as the multiplication of the signal with a filter function
h(k). This is mathematically equivalent to a convolution of the signal in posi-
tion space with the Fourier transform of the filter function. The resulting signal
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Figure 2.4: Comparison of the Point Spread Function in position space for a
cartesian (blue) and a radial (green) readout scheme. The spherical sampling vol-

ume of the radial readout is broadening the full width at half maximum (FWHM)
compared to the cuboid volume for cartesian readout.

intensity S(x) in spatial domain is therefore
S(x)=V(x)® H(x) with H(x) := PSF(x) (2.44)

where V(x) is the true, immeasurable intensity distribution and H(x) is the
Fourier transform of h(k). This leads to a broadened intensity distribution in
the obtained image. The “spill-over effect” describes the overlap of signal inten-
sity of adjacent tissue compartments, which can induce false signal intensities,
especially in small structures of around the scale of the resolution or smaller. For
example in the neighboring areas of a high signal intensity, some of that signal
would “spill out”, elevating the surrounding regions signal.

The in section 2.2.1 discussed lower signal strength of *Na MRI compared to 'H
MRI results in voxel sizes in X-nuclei MRI to be chosen relatively large. This and
the fast Ty-relaxation broadens the PSF. The use of filters (see section 3.3.1.1), to
smoothen the signal due to the low SNR, further widen the PSF. Combined, these
factors reduce the accuracy of quantitative **Na MRI by partial volume effects.
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2.2.8 Parallel Imaging

The NMR signal is detected by receiver coils, the properties of which have not yet
been taken into account. Originally, the NMR phased array approach (Roemer
et al., 1990), where multiple independent receive coils are used to simultaneously
acquire data that is then combined in post-processing, was developed in order to
increase the SNR without increasing the scan time. The different receive elements
can also be used to decrease the imaging time with parallel imaging.

Each receive element has a spatially varying receive sensitivity S;(r), resulting in
equation 2.33 to yield

si(k) = / S;(r) M. () exp~ 27" dr (2.45)

for the 7th receive coil element.

In order to decrease the acquisition time, k-space is not sampled completely and
missing information is estimated with the additional knowledge of the spatial in-
formation within the receive sensitivities. The employed phase undersampling
dramatically reduces imaging time but leads to overlapping of the resulting sig-
nals. To separate overlapping images, the sensitivity maps provide the relative
weighting of signals from different points of origin within each coil of the array.

This concept can be applied in image space or k-space with the most established
methods being SENSitivity Encoding (SENSE) (Pruessmann et al., 1999) and
GeneRalized Autocalibrating Partial Parallel Acquisition (GRAPPA) (Griswold
et al., 2002). SENSE is performed in image space after reconstruction of data
from the individual coils, while GRAPPA corrects in k-space before Fourier trans-
formation.

In general, a larger number of coil elements increases the effectiveness of higher
acceleration factors. The size of the raw data and the time for image reconstruction
increases with the number of elements.
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2.3 >Na MRI

This section will give a brief insight into sodium MRI and its challenges for MR
imaging. For a more detailed description, the reader is referred to Madelin and
Regatte (2013).

The main challenge of **Na MRI is the low SNR (see section 2.2.6) compared to
'H MRI. Following equation 2.29, and considering the approximately 1000-times
lower in vivo concentration of *Na compared to 'H , the signal ratio becomes

S(**Na) 14
SO ~ 107", (2.46)
For this reason, higher magnetic field strengths By are chosen, as the signal
strength depends on it at least quadratically (Ladd et al., 2018). When now
factoring in the gyromagnetic ratio of **Na being approximately 3.8 times smaller
than the 'H gyromagnetic ratio (see Table 2.1), the Larmor frequency is reduced
by the same factor according to equation 2.10. Assuming the thermal noise to be
linearly dependent on the frequency (Nagel, Laun, et al., 2009), the SNR of both

nuclei has a relation of
SNR(*’Na)

~25-1073. 2.47
SNR('H) (2.47)

As a result, *Na MRI suffers from long scan durations and/or reduced image
resolution to achieve adequate SNR depending on the application.

Additionally, the bi-exponential transverse relaxation times are short for **Na as
the quadrupole interactions (see section 2.1.6) lead to relaxation times in the order
of milliseconds (Nagel, Laun, et al., 2009). To minimize the signal decay between
excitation and data acquisition, pulse sequences with ultra short echo times (UTE)
are required that pose high demands on the hardware (Serai et al., 2023). Center-
out readout trajectories such as radial imaging, spiral imaging or twisted projection
imaging combined with non-selective excitation are thus often used. As the imag-
ing starts in the k-space center for center-out readout trajectories, no time is lost
during the gradient that would otherwise be needed to move out of the k-space
center before e.g. acquiring a line for a cartesian readout scheme.

The reduced gyromagnetic ratio of the *Na nuclei compared to the 'H nuclei
leads to a smaller Larmor frequency and thus larger wavelength for the same
static magnetic field strength. **Na RF coils for 7T can thus produce much more
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homogeneous excitation fields, which is one of the major challenges of "H MRI at
7T and is discussed further in section 2.4. Following equation 2.10, the smaller
gyromagnetic ratio also makes **Na MRI less sensitive to off-resonances in the B
field as Awy = YA By.

However, the smaller gyromagnetic ratio has the disadvantage to increase the
gradient amplitude that is needed to reach a certain point in k-space. Due to the
increased voxel sizes in **Na MRI leading to smaller maximal k-values for **Na
MRI compared to "H MRI, this is mostly not problematic in practice.

2.4 Ultra High Field MRI

As the SNR is expected to increase at least linearly with the magnetic field strength
By (Ladd et al., 2018), higher field strengths are particularly interesting for appli-
cations where SNR is limited, such as X-Nuclei MRI.

The development towards higher field strengths takes place for clinical MR systems
that now include 7T additionally to the standard field strengths of 1.5 T and 3T
and experimental human MR systems that investigate MRI at 9.4T, 10.5T and
11.7T. Field strengths above 7T are considered ultra high fields (UHF).

While **Na MRI benefits from the increased SNR at ultra-high field strengths,
proton MRI at UHF' is becoming more challenging, particularly in the torso.

At higher fields, the imperfections of the static magnetic field are more pro-
nounced. Additionally, susceptibility differences are proportional to By. This
leads to differences between neighboring tissues causing macroscopic By inhomo-
geneities (Truong et al., 2006). As a result, the spins accumulate different phases
depending on their location, leading to a signal loss. Increased inhomogeneities in
the static magnetic field can be addressed through higher order shimming coils.

The inhomogeneities and signal dropouts in the transmit field distribution are a
result of interferences. According to equation 2.10, an increase in the static mag-
netic field strength leads to an increase in the Larmor frequency. The operational
frequency of '"H MRI at 7T is 297.1 MHz, corresponding to a wavelength of about
11cm, 13 cm and 42 cm in water, muscle and fat, respectively (Gabriel et al., 1996).
As the dimensions of the human torso are larger than the wavelengths in water
and muscle, interference effects influence the signal intensities. For most low flip
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angle gradient echo sequences, constructive interference leads to hyperintensities
in the image while destructive interference can cause complete signal dropouts.
Since the first abdominal 'H images at 7T were published in 2009 (Vaughan et
al., 2009), several methods were proposed to decrease signal dropouts. To improve
the transmit field homogeneity and thus image quality, multi-channel transmit ar-
rays, parallel transmit (pTx) (see section 2.4.1) and Time Interleaved Acquisition
of MOdes (TTAMO) (see section 2.4.2) were used for '"H MRI in the context of the
here presented research work.

As the operational frequency of sodium is about 78.6 MHz at 7T, which is com-
parable to "H MRI at 1.5 T, standing waves and interferences do not impact the
image quality to a degree where pTx optimization would be required (Kraff et al.,
2015; Platt, Ladd, et al., 2021).

2.4.1 Parallel Transmission

In parallel transmission (pTx), several transmission elements are used to generate a
homogeneous B field in a desired VOI. Each transmission element has a spatially
varying transmit sensitivity 7;(r), which can be combined to generate an arbitrary
RF waveform to excite the target magnetization

N

B (r.1) = Y Bl i(rt) = Yn(t)Ti(r) (248)

with p;(t) being the RF pulse played through the ith transmit element. The ampli-
tude and phase of the individual RF pulses can be altered, scaling or phase-shifting
the resulting B field. The new degrees of freedom that come from the increased
number of transmission coils can be used to increase transmit field homogeneity
or design subject-specific RF pulses for spatial selection. All pTx methods rely on
some degree of prior knowledge of 7;(r) of the transmit channels, which is achieved
by B mapping.

Parallel transmit techniques are divided into static, dynamic and multi-pulse par-
allel transmit. In static pTx, the B shim settings, which is a term used for the
vector of the N phases and N amplitudes of an N-Tx-channel coil, is kept constant
throughout the RF pulse to achieve a spatially uniform overall Bf field by su-
perpositioning the transmit sensitivities. In dynamic pTx, the shim settings vary
during the RF pulse, allowing for temporal control over the applied RF field to
produce a spatially uniform flip angle. For full pTx, this shim setting variation
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requires an independent RF waveform generator and amplifier to independently
drive each transmit channel with a microsecond temporal resolution. For this rea-
son, dynamic pTx is more demanding for the RF hardware and safety supervision.
The additional degrees of freedom can however help to generate the desired flip
angle distribution at multiple spatial locations at once. Padormo et al. (2016)
offer a good starting point to explore parallel transmit further than this thesis can
offer.

The utilized 32-channel 'H coil system (see section 3.1.3) has separate modula-
tors and amplifiers for each coil allowing for static and dynamic pTx acquisitions.
Typically there is a trade-off between achievable B homogeneity and local SAR
(see section 2.1.7) that can be administered.

2.4.2 Time Interleaved Acquisition of Modes

The mentioned transmit field inhomogeneity for "H MRI at high field strengths lead
to spatially varying flip angles and thus an inhomogeneous image contrast. In case
of destructive interferences, local signal dropouts may occur. One way of improving
the homogeneity is Time Interleaved Acquisition of MOdes (TTAMO) developed
by Orzada, Maderwald, et al. (2010), which works by acquiring two images with
different excitation modes and reconstructing them together. The two modes are
excited in an interleaved fashion applying static RF shimming with two static
phase and amplitude sets as described in the previous section. Complementary
RF patterns of the two modes produce images with differing distributions of signal
hyperintensities and signal voids, which if combined lead to an improvement in
signal homogeneity. This doubles acquisition time, which can be counteracted by
encoding with accelerated GRAPPA (see section 2.2.8) and forming virtual receive
elements out of the acquired data (2 times 32 receive elements) for a combined
reconstruction with parallel imaging algorithms.

2.5 Physiological Fundamentals

Sodium ions play a vital role in many physiological processes in the human body.
This section will give a short overview over the physiological principals that mo-
tivate »Na MRI with a focus on those relevant to the presented research. An
in depth explanation can for example be found in Pape et al. (2023) and Speck-
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mann et al. (2024) where the information in this section is taken from if not stated
otherwise.

2.5.1 Sodium lons in the Human Body

Na™ is an important cation that plays a role in the homeostasis of the osmoreg-
ulation and the pH-regulation of the human organism. It is also involved in cell
physiology, muscle contraction, heart activity and transmission of nerve stimuli
(Heinrich et al., 2014).

In healthy cells the concentration of sodium ions in the intracellular space is
about bmM to 15mM, while it is about 140mM to 150 mM in the extracellular
space (Speckmann et al., 2024). The sodium—potassium pump, also known as
Nat /K*-ATPase preserves this concentration gradient by utilizing the binding
energy released during the hydrolysis of adenosine triphosphate (ATP) to adeno-
sine diphosphate (ADP). This process is schematically depicted in Figure 2.5. For
each conversion of ATP to ADP, three sodium ions are exported out of the cell
and two potassium ions enter the cell (Speckmann et al., 2024). The Na®/K*-
ATPase maintains a negative charge of the intracellular space compared to the
extracellular space by not only working against the mentioned concentration gra-
dient but also against the electrical resting potential. This process is important
to reduce the intracellular osmolarity and thus prevent water influx. If the cell
membrane integrity is disrupted or the energy metabolism is impaired, the con-
centration gradient is affected. The as a result forming Gibbs-Donnan equilibrium
between the intra- and extracellular space results in osmotic swelling, which could
lead to cell death. A schematic representation of the Gibbs-Donnan effect is shown
in Figure 2.6. As the cell membrane is only letting small ions pass, the polyvalent
macro-molecules (proteins) commonly found inside the cells can not pass through
it. The concentration gradient between the intra- and extracellular space leads
to chemical forces establishing an ion exchange until the concentration of ions in
both compartments has the same value. The uneven distribution of the ions in
the two compartments and the larger osmolarity in the intracellular space com-
pared to the extracellular space results in osmotic pressure and an increased fluid
level in the intracellular space. To counter this effect and prevent the associated
osmotic swelling, the Na™ /KT-ATPase is constantly transporting Na™ out of the
cell and K"-ions into the cell. Furthermore, the diffusion of K* along its chemical
gradient out of the cell creates a membrane potential which pushes Cl™ out of the
cell. This contributes to the decrease in intracellular osmolarity to prevent water
influx. This explains how the *Na concentration in the human body is regulating
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Figure 2.5: Schematic of the Na™ /K™-ATPase. The energy from the conversion of
ATP to ADP is used to export three sodium ions out of the cell and two potassium
ions into the cell. In the extracellular space there are more sodium ions, whereas
there are more potassium ions within the cell.

(a) (b)
! [aVaAVAVAVAVAVAVAVAVAV,
1 N\ N\ N\ "\ "\ "\\V\N\N
10 Na™ —i—> 5 Na™ 6 Na™ <—i—’ 9 Na™
10Cl17 —— 6 Cl"m «<—— 4Cl"
i (; 5 Pr E 5 Pr
extracellular intracellular extracellular intracellular

Figure 2.6: Schematic representation of the Gibbs-Donnan effect. Are two fluid
compartments separated through a membrane (dashed line) that only lets small
ions pass through and an impermeable protein (Pr ) is present in one of the two
compartments, an ion concentration imbalance is established between them. (a)
shows the beginning after filling in the different fluids, while (b) shows the Gibbs-
Donnan equilibrium with the resulting increased fluid level in the intracellular
space due to osmotic pressure from the different particle concentrations. (Figure
adapted from Pape et al. (2023)).
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the extracellular volume.

To maintain the intracellular pH independently of the metabolic state of the cell,
the naturally present sodium gradient between intra- and extracellular space is
the prerequisite to transport H ions from the cytoplasm into the extracellular
space.

The measured sodium concentration consists of the weighted average of extra-
and intracellular sodium content in the observed tissue. Hypoglycaemia, hypoxia,
ischemia, or toxins are examples of what can lead to a degradation of the Na™ /K-
ATPase due to an ATP deficiency (Konstandin et al., 2014). Pathological changes,
which cause an expansion of the extracellular space or impair the Na®™ /K*-ATPase
lead to an increase of the total sodium concentration in tissue (Maudsley et al.,
1984). Determination of the tissue sodium concentration can thus be an indicator
about the condition of the cells (Madelin and Regatte, 2013). **Na MRI as a non-
invasive tool is particularly useful for such measurements, which is why several
organs and other structures have been studied in vivo. Some of the possible appli-
cations are mentioned in the next section to give an overview over the versatility
of potential uses.

2.5.2 Biomedical Applications of *Na MRI

This section will give a short insight into biomedical applications of **Na MRI,
with a focus on the human torso. It is not exhaustive in the named resources nor
applications and merely serves to provide insight into the extent of possibilities.
For a more comprehensive overview Madelin and Regatte (2013) and Madelin, Lee,
et al. (2014) can be consulted. As explained in more detail in section 2.5.1, the ac-
curate determination of the **Na concentration in the human body is of diagnostic
interest as the concentration of sodium ions indicates cell viability (Madelin, Lee,
et al., 2014).

In the brain, **Na MRI studies investigated brain tumors (Ouwerkerk, Bleich,
et al., 2003), strokes (Tsang et al., 2011) and neurodegenerative diseases such as
Alzheimer’s disease (Mellon et al., 2009), Huntington’s disease (Reetz et al., 2012)
and Multiple Sclerosis, during which the TSC increases inside demyelinated lesions
(Huhn et al., 2019). In the case of a failed Na* /K™-ATPase, the **Na entering the
cell can cause the concentration to be elevated by 300 % to 400 %, while the water
concentration only rises by 12% (Maudsley et al., 1984). The thus considerably
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higher signal growth in **Na imaging compared to conventional 'H MRI might
help diagnosis.

In skeletal muscle, diseases such as diabetes, starvation, hypoxia and hypothy-
roidism can be linked to a decrease in Na™ /K*-ATPase activity (Clausen, 2003).

There has been an interest in several different abdominal organs and structures.
The repercussions of heart attacks due to an increased **Na content in nonviable
myocardium were investigated with *?Na MRI of the heart muscle (Sandstede et
al., 2004; Bottomley, 2016). An increased myocardial sodium signal intensity was
found in Conn’s syndrome (Christa et al., 2019). Differentiation between benign
and malignant breast lesions was performed with *Na MRI by Ouwerkerk, Jacobs,
et al.; Zaric, Pinker, et al. and used to determine chemotherapy response (Zaric,
Farr, et al., 2021). Sodium MRI was also investigated as a potential biomarker for
prostate (Barrett et al., 2018) and lung cancer (Henzler et al., 2012). In the uterus,
the treatment of uterine leiomyomata (uterine fibroids) alters the **Na levels, which
means that *Na MRI can be used to investigate the molecular and metabolic
pathways post treatment (Jacobs et al., 2009). The low **Na concentration in
structures surrounding the joints leads to a high contrast in cartilage, that can
be used to image osteoarthritis (Borthakur et al., 2006). Insko, Clayton, et al.
(2002) show the feasibility of in vivo **Na MRI of the intervertebral disk (IVD) to
evaluate proteoglycan content in the fibrocartilage. As the degeneration status of
the IVDs is assumed to be linked to proteoglycans (Zbyn et al., 2016), for which
there are currently no established clinical measurement routine, sodium MRI is a
promising candidate for a biomarker to assess IVD degeneration.

The increase in extracellular sodium concentration from the renal cortex to the re-
nal medulla is called cortico-medullary sodium gradient. It functions as fluid home-
ostasis regulation, as it is the main reason for water reabsorption from the filtrate
back into the plasma (Maril, Rosen, et al., 2006). Pathological changes within the
kidney can disturb this balance. Therefore the cortico-medullary sodium gradient
has been subject of many studies, ranging from studies without dietary restrictions
(Haneder, Juras, et al., 2014) to studies after water deprivation as well as after
a water load (Maril, Rosen, et al., 2006; Akbari et al., 2022). Water deprivation
was found to induce a significant increase in gradient strength of 25% (Maril,
Rosen, et al., 2006). The use of quantitative ?Na MRI to assess renal function
ranges from applications for nephropathy and renal failure to radiation therapy
(Zollner et al., 2016) and kidney transplantation (Madelin and Regatte, 2013). For
further evaluation of an impaired transplanted kidney, a biopsy is often required
which poses the risk of complications due to the invasive nature of this method.
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A non-invasive imaging method such as *Na MRI could help to reduce the need
for invasive methods (Moon, Furlan, et al., 2014) and is therefore an interesting
tool to assess renal function.
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This chapter gives an overview over the hardware components used in the experi-
mental setup and the pulse sequences applied for MR imaging. The post-processing
steps to generate quantitative Na MR images are subsequently explained in de-
tail.

3.1 Hardware

In this section the hardware utilized for phantom and in vivo MR measurements
during the course of this research work is introduced.

3.1.1 MR Scanner

All measurements were conducted on a 7 Tesla whole-body research MR system
(MAGNETOM 7T, Siemens Heathcare GmbH, Erlangen, Germany) at the Ger-
man Cancer Research Center (DKFZ) in Heidelberg (Figure 3.1). The static mag-
netic field strength By of this scanner is 6.98 T, directed in the (-z)-direction and
the inner bore diameter of the tomograph is d = 59.5cm. The integrated AS095-
gradient system leaves enough room to integrate a custom-built pTx system with
32 coil elements, 32 transmit channels and 32 amplifiers for 'H RF excitation (see
section 3.1.3).

Additionally to the proton amplifiers, the MR scanner has a broadband amplifier
(Dressler HF Technik GmbH, Stolberg, Germany) for a radio frequency range from
14 MHz to 130 MHz. This allows measurements of X-nuclei, such as **Na (1(*Na)
= 78.6 MHz) but also *C, 7O, *'P and *°Cl, which will not be further discussed
here. The scanner used in the context of the here presented research work has
one transmit channel for X-nuclei and 32 receive channels, enabling a separate

37



3 Materials and Methods

Figure 3.1: 7T whole-body MR system (MAGNETOM 7T, Siemens Healthineers
AG, Erlangen, Germany).

processing of the RF receive signals originating from multi-channel coils, such as
the **Na body coil described in section 3.1.2.

3.1.2 2Na Body RF Coil

Within this work, the aTSC in the human torso was measured using a custom-
built torso **Na RF coil. This section will focus on the aspects of the coil that
are relevant for the presented research but a much more in depth discussion can
be found in Platt (2018). The oval-shaped birdcage coil with a large FOV of
(400 mm)?, custom-built for torso examinations (Figure 3.3b) was used for phan-
tom as well as for in vivo **Na MR measurements. The coil shape was tailored to
have a high filling factor for the torso of adults (Platt, T. M. Fiedler, et al., 2016),
while fitting into the MR tomograph with an inner bore diameter of d = 59.5 cm.
Conventional birdcage coils consist of two round conductor loops, the so-called end
rings, connected by four or a multiple of four of equidistantly spaced rods, creating
a structure that resembles a birdcage. Birdcage coils have the advantage of a cir-
cularly polarized Bi-field perpendicular to the rotational axis of the coil. For spin
excitation and signal reception, this field can be combined with the conventional
MR tomograph with a static magnetic field B, along the bore.

For higher Larmor frequencies and larger birdcage coils, the wavelengths are in

the range of the coil size, thus making birdcage coils less suitable. At higher field
strengths, mostly small-sized birdcage coils, e.g. for the head, or other coil designs
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are used for this reason. However, with a Larmor frequency of 78.6 MHz, this is
not the case for **Na body coils at 7T.

The coil used is fitted into two halves of an acrylic oval-shaped hollow cylinder.
Due to the oval shape and the opening mechanism, the rods near the opening
for splitting the coil had to be shifted and the coil is not rotationally symmetric
as most other birdcage coils. In order to achieve homogeneous transmit (Bj)
and receive (By) field distributions, the RF coil has four ports for feeding in and
receiving RF signals. Close to the rods, strong field inhomogeneities are present.
For in vivo measurements, the arms are positioned outside of the coil over the
head.

3.1.3 'H Body RF Coil

For the 'H MR measurements, a custom-built 32-channel pTx add-on system
(Orzada, Solbach, et al., 2019) was used for transmission as well as reception.
The in Figure 3.2 shown coil system is currently the only 'H body coil behind
the bore worldwide. The first version was installed in Essen (Orzada, Solbach,
et al., 2019) but was later removed. The second version of this body coil system
is integrated into our research scanner. Importantly, the use of the single-channel
operation mode of the original MRI system is not affected by the add-on system
(Orzada, Solbach, et al., 2019).

The 32 antenna elements are placed in three rings between the bore liner and the
gradient coil. This configuration allows the simultaneous use of the local **Na RF
coil (shown in Figure 3.3b) and the remote 'H RF coil. Previously, the combination
of the 32-channel pTx system for 'H MRI and the **Na RF coil for sodium MRI
was not possible, which is why certain parts of this thesis will not employ the 'H
RF coil but focus solely on **Na MRI.

3.1.4 Phantom

To validate the measurement and correction routines before conducting volunteer
measurements, a 10 L canister (hiinersdorff GmbH, Ludwigsburg, Germany) filled
with 35mM of NaCl (Sigma-Aldrich, St. Louis, United States of America) and
demineralized water was used as a homogeneous phantom. It is approximately
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Figure 3.2: Picture of the custom-built 32-channel '"H RF coil resting on the bore
liner. Here, the setup is shown outside of the scanner bore.

(a) | (b)

Figure 3.3: (a) shows a picture of the canister used as phantom for validation
measurements and (b) depicts the positioning of the canister on top of the reference
vial setup (see section 3.1.5) in the **Na RF body coil used (see section 3.1.2).

30.6 cm long, 16 cm wide and 27cm high with rounded edges and corners (see
Figure 3.3).

3.1.5 Reference Vial Setup

For the concentration determination, a fixed reference vial setup was developed
as part of this work. Requirements for the setup were determined to include the
following:

 respiratory motion should not influence vial placement

« vials should be large enough to reduce the influence of PVE (see section 2.2.7)
on the determined signal intensity
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« the setup should take up as little space as possible within the **Na RF coil
(see section 3.1.2) to restrict volunteers as little as possible

« placement of the vials within the **Na RF coil should be in a region of small
B, inhomogeneities

o susceptibility artifacts should be considered

o automatic segmentation of the reference vials in order to speed up post-
processing

« exchange of the used reference vials for quantification in case a different range
of concentrations was needed

In order to meet these criteria, the positioning of the vials within the coil was tested
in experiments. From these experiments, the placement of each vial was chosen
to be between two rods of the **Na RF coil to minimize the influence of transmit
and receive field inhomogeneities, despite their placement in the peripheral part
of the RF coil’s FOV. A design of an interchangeable compartment, which works
like a drawer along with the drawer housing that serves as the volunteer’s laying
surface was developed. The setup was placed in a fixed position below the subject
to minimize the impact of respiratory motion on the vial placement and thus the
results in the vials. For this, the drawer housing and lower part of the compartment
were shaped to fit the rounding of the *?Na RF coil. Both were built in-house and
are manufactured out of acrylic glass and displayed in Figure 3.3b underneath the
phantom (see section 3.1.4) and Figure 3.5a within the lower part of the %Na RF
coil.

The reference vials used within the compartment were chosen to be fairly large to
reduce the influence of partial volume effects on the parts used for concentration
determination that could otherwise lead to an overestimation of the signal inten-
sities after correction. To minimize the height of the setup, oval-shaped reference
vials (Rixius AG, Mannheim, Germany) were used, keeping the overall structure
of the vial setup at a maximal height of 52 mm within the coil. The bottles contain
a nominal volume of 250 mL with a length of 59.8 mm, a width of 38 mm and a
height of 169 mm.

Within the interchangeable compartment, four symmetrically arranged oval-shaped
reference vials filled with demineralized water and known concentrations of sodium
(Sigma-Aldrich, St. Louis, United States of America) are embedded in a mixture
of 35mm NaCl, 2% agarose (Art.-Nr. 2267.4, Carl Roth GmbH + Co. KG, Karls-
ruhe, Germany) and demineralized water to reduce susceptibility artifacts and to
improve By shimming capabilities (Gerhalter, Gast, Marty, Uder, et al., 2020).
For phantom measurements, vials containing 20 mM, 30 mM, 40 mM and 50 mM
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Figure 3.4: Schematic of the reference vial setup showing the reference vial place-
ment for (a) phantom and (b) in vivo measurements.

NaCl (Sigma-Aldrich, St. Louis, United States of America) and demineralized
water were used. For in vivo measurements, vials with sodium concentrations
of 20mmM, 60 mmMm, 100 mM and 140 mM were used to span the expected range of
naturally occurring *Na within the torso. Figure 3.4 displays the arrangement
of the vials within the setup for the phantom (Figure 3.4a) and in vivo measure-
ments (Figure 3.4b). In order to guarantee reproducible vial placement within the
compartment, the in Figure 3.5b shown separator was build that fits the drawer
compartment. The four cut-outs can be used to place the reference vials into
the compartment before removing the separator and filling the compartment with
agarose gel.

Since the reference vials are always positioned at the same location within the
coil, the same masks in the reference vials can be used in every examination for
the concentration determination and do not have to be segmented every time.
Vial placement for each in vivo measurement was checked with 'H MRI data and
shifted in case the volunteers had slightly moved the setup while lying down. This
adjustment was never more than 2 voxels.
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(b)

Figure 3.5: Picture of (a) the reference vial setup within the lower part of the
*Na RF coil (see section 3.1.2), showing the reference vial placement and of (b)
the separator used for reproducible reference vial placement.

3.1.6 Drinking Bag

To drink inside the scanner during the water load experiment described in sec-
tion 4.3.1, the drinking bag (Bbaiyule, ASIN: B09Z6NJ645) shown in Figure 3.6
filled with approximately 1L of water (Na™: 20mgL~!) was positioned inside the
bore. It allowed the volunteer to drink without changing their position during the
measurement.

3.2 Pulse Sequences

A pulse sequence is the combination of RF excitations, gradients and signal acqui-
sitions. This section is explaining the pulse sequences used for 'H and **Na MRI
in the context of the presented research and their characteristics.

In non-selective 3D techniques all spins of the sample volume located in the sensi-
tive part of the coil are excited at once and contribute to the acquired signal. In
contrast, with selective 3D techniques as well as with 2D techniques only spins of
a specific slice or slab are excited and contribute to the signal (see section 2.2.2).
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Figure 3.6: Drinking bag used to drink inside the scanner without changing
positions. It was used for the experiment described in section 4.3.1 where change
in the kidney before during and after a water load were investigated.

3.2.1 2Na MR Imaging
3.2.1.1 Calibration of the Reference Voltage

Before each *Na MR measurement, the relationship between the applied voltage
and the resulting flip angle has to be established. While the assessment of the
reference voltage U,y is integrated into the measurement routine for 'H MRI, it has
to be performed manually for »*Na MRI for each combination of RF antenna and
load. The load affects the By field strength of the coil and thus, in combination
with the pulse duration 7 and the gyromagnetic ratio =y, the flip angle « (see
equation 2.19). Due to the connection of the reference voltage and the flip angle,
the reference voltage calibration is also called flip angle calibration.

U.es is defined as the voltage of a rectangular excitation pulse of length 7 = 1ms
needed to invert the equilibrium magnetization (a = 180°). This reference voltage
is then used to determine the correct pulse voltage Upyse for each pulse of the
pulse sequence depending on the associated pulse shape and duration for a specific
nominal flip angle «. In case of a rectangular pulse, Upyise is proportional to o and
inversely proportional to 7.

To perform the calibration, the examined volume is globally excited and the signal

is read out with a gradually increasing pulse voltage. The reference voltage can
then be obtained from the pulse duration and the period of a sinus fit to the
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resulting signal. The first maximum of the signal at U, is equal to the signal of
an RF pulse with a nominal flip angle of @ = 90°. For a pulse duration of 7 =
2ms, Upax = Uret/a.

For the presented research work the calibration was carried out with the following
parameters: Ty /Tr = 1.1ms/400ms, 7 = 2ms, Upyse = 0V to 400 V, measurement
points = 32, averages = 1. This resulted in reference voltages in the phantom of
(1262.9 +4.3) V and in vivo of (1353.7 +28.9) V.

3.2.1.2 Density-Adapted 3D Projection Reconstruction Sequence

MR imaging of nuclei with a spin > 1 is especially challenging due to the short
relaxation times caused by the electrical quadrupole moment of the nuclei (see
section 2.1.6). For this reason sequences with a short echo time Tk are needed
to assess as much as possible of the fast decaying signal e.g. to enable spin den-
sity weighted MRI and a quantification of the aTSC. This can be achieved with
projection imaging, where data acquisition always starts in the center of k-space
as for example with the density-adapted 3D projection reconstruction sequence
(DA-3DPR). For the DA-3DPR sequence, data acquisition can start immediately
after the rectangular excitation pulse and the dead time of about 50 s, which is
the time the scanner needs to switch between transmit and receive case (Nagel,
2009).

All #Na acquisitions, except the reference voltage calibration, were performed
using the DA-3DPR, developed by Nagel, Laun, et al. (2009) and depicted in
Figure 3.7. In the beginning, the magnetization is excited with a non-selective RF
pulse with the pulse duration 7. The readout gradient is applied after the echo
time Tg and is divided into three different sections. First it is linearly increasing,
followed by a plateau area and then it is decreasing, following a trajectory that
ensures a more uniform k-space coverage than standard radial readouts. After the
repetition time TR, the depicted scheme is repeated (not shown in the figure) and
the next projection along a new k-space line is acquired center-out.

As with conventional 3D radial sequences, the radial projections are spaced homo-
geneously in k-space for the standard acquisition scheme, which can be achieved
with an algorithm by Rakhmanov et al. (1994). For this algorithm, the endpoints

of the recorded projections lie helical on the surface of the k-space volume.

Conventional 3D radial sequences maintain a constant readout gradient ampli-
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>
RF pulse D t

Gradient
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Figure 3.7: Sampling scheme of the DA-3DPR sequence. The readout gradient
can be divided into three parts: A: a linear part, B: trapezoidal part and C: the
density-adapted section (Figure adapted from Nagel, Laun, et al. (2009)).

tude, causing non-uniform k-space coverage (Konstandin et al., 2014) as each of
the measurement points has an equal distance to the next acquired point on the
current projection (Figure 3.8a). This leads to an oversampled k-space center while
outer k-space is sampled more sparsely, resulting in a loss of SNR (Nagel, Laun,
et al., 2009). To achieve a more uniform k-space coverage and thus increased SNR,
density-adapted gradient (Nagel, Laun, et al., 2009) can be used, where the outer
parts of the projections are sampled with decreasing distance between measure-
ment points to keep the number of scanned points per volume constant, while
an inner sphere of k-space is sampled without density adaption due to hardware
restrictions (Figure 3.8b).

DA-3DPR shows a gain of 34 % in SNR compared to conventional radial acquisi-
tion (Konstandin et al., 2014) and lower dependence on By inhomogeneity than
conventional 3D radial sequences (Nagel, Laun, et al., 2009), which is beneficial for
%Na MRI which suffers from lower in vivo SNR compared to "H MRI. The lower
dependence on By inhomogeneity is specifically beneficial as the scanner does not
support By shimming for single-resonant **Na RF coils to adjust By for the imaged
object.

The DA-3DPR sequence can achieve ultrashort T (UTE) times which limits the
influence of T'5 on the quantification. To reduce the influence of the 77 decay, a
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Figure 3.8: Radial readout sampling scheme with the conventional trapezoidal
readout gradient (a) and density adapted readout with corresponding gradient
(b). The decreasing sampling density in the peripheral part of k-space for the
conventional radial readout can be counteracted by reducing the amplitude of
the gradient during readout and thus acquiring points in k-space with a smaller
distance between them for a fixed dwelltime. The 2D case is illustrated for clarity
but the same principle can be applied in 3D.
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(a) (b)

5 3

111.25° 9

Figure 3.9: Radial readout trajectories linearly incrementing spokes (a) and dis-
tributing the spokes based on golden angles (b). In the shown 2D case, the golden
angle between two spokes is 111.25°.

long repetition time (7g) was chosen.

Additionally, two points in k-space center were acquired before the gradient starts
which could in the future be used for retrospective respiratory sorting of the **Na
data (Platt, Umathum, et al., 2018).

3.2.1.3 Golden Angle Imaging

Non-Cartesian k-space trajectories such as radial or spiral are showing a smaller
dependency on respiratory motion compared to cartesian readout schemes (Lauzon
et al., 1996) but still suffer from blurring artifacts. Instead of sampling linearly
by incrementing each spoke by a certain angle to cover all of k-space, the 3D-
Golden-Angle (GA) distribution by Chan et al. (2009) distributes the projections
pseudo-randomized (Figure 3.9). The calculation is based on the 2D golden means
from a method by Winkelmann et al. (2007), leading to a more uniform coverage
of k-space through time.

Utilizing GA sequences gives the possibility of retrospective sorting into different
subsets while still ensuring a fairly homogeneous distribution of projection for any
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time interval. This was utilized in section 4.3.1, where data was divided into
subsets in a sliding window fashion to assess the aTSC in the kidneys during a
water load, while remaining inside the scanner.

The golden angle projection scheme was used for all **Na acquisitions, except the
reference voltage calibration.

3.2.1.4 B Mapping

As the signal is proportional to the flip angle «, it is important to know the spatial
deviations from the target flip angle to compensate for the variations and enable
an accurate quantitative measurement. From equation 2.19 it can be deducted,
that the flip angle distribution results from the transmit field distribution B} . To
obtain the Bf map for correction of the quantitative *Na MR images, the double
angle method by Insko and Bolinger (1993) is used.

The same spin-density weighted pulse sequence is recorded twice with only the
nominal flip angle changing between the two acquisitions (o and ay = 2ay).
Since the method assumes complete relaxation, repetition times Tx have to be
chosen long compared to the longitudinal relaxation time 77. As the separation of
Ty, and Ty, is challenging due to the noise level of ?*Na MRI and exchange between
sodium pools is fast relative to 77, a mono-exponential relaxation model for the
longitudinal magnetization is commonly assumed in literature (e.g. Kratzer et al.,
2021; Madelin, Jerschow, et al., 2012). With this assumption, equation 2.24 for
t = TR yields:

M, (Tg) = M, - <cos (@) e T +1— e?) (3.1)

Therefore, 95 % of the longitudinal magnetization are relaxed after Tr = 3-7; and
99 % after Tg = 5-T} for a 90° excitation pulse. With Ty shorter than 4-5 times the
T of the imaged tissue, saturation effects can lead to intensity variations reflecting
Ty effects rather than transmit/receive effects, which can negatively impact the
correction (Wang et al., 2005).

From the proportionality of the recorded signal intensities (I; and I3) to the flip
angle, Insko and Bolinger (1993) calculate the flip angle map from the ratio:

o Ii(r) _ sin (o) _ sin (o) _ 1
r1.2(r) I(r) sin(2-a1) 2-sin(ap)cos(o)  2-cos(an) >

49



3 Materials and Methods

to be

oy () = arccos (M) | (3.3)

For a rectangular RF pulse of duration 7, equation 2.19 leads to

1 1
B ap(r) = — - arccos <2> (3.4)

YT . 7’172(1')

The division of two images in equation 3.2 to calculate the B] map with the double
angle method can lead to extreme values within the flip angle map, especially in
regions with low signal intensity, where noise amplification and division by near-
zero values may introduce artifacts and inaccuracies. When evaluating the sodium
concentration in a phantom or in vivo, these areas should not be considered, as
they do not reflect the real RF field distribution. For the phantom used during this
study, these outlier values were not within the investigated region of interest. For
in vivo measurements, this was only relevant in z-direction, where the outermost
voxels are less reliable.

A pulse sequence with alternating excitation (Felz et al., 2023) was employed
for later measurements instead of the above described approach of acquiring two
images with a different flip angle one after the other. Here oy and ay were applied
in an interleaved manner for excitation. Additionally, two readouts with different
echo times were performed after each excitation to allow simultaneous acquisition
of By maps without prolonging the measurement time. The resolution of the **Na
BT maps was in this case chosen to be (Ax)? = (20mm)? to reduce measurement
time, which is sufficient as B; maps usually do not change fast on small spatial
scales (Platt, Umathum, et al., 2018). As shorter Ty times were utilized to further
decrease the scan time, they were chosen such that the respective steady state
magnetization following equation 3.1 was similar after each excitation for a fixed
Tl.

3.2.2 'H MR Imaging

As described in section 2.4, achieving a homogeneous excitation fields is compli-
cated by the dielectric currents in tissue producing wavelength effects, which are
particularly prominent at high frequencies (Collins et al., 2011). For this reason,
static pTx (see section 2.4.1) was utilized for the acquisition of 'H images in the
context of this reasearch work.
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shim 1 shim 2 combination signal (311.u.)

Figure 3.10: Coronal view of the same slice for the two acquired TIAMO shim
modes and the combined '"H MR image. The signal dropouts in different regions
for the two shims reduces the signal dropout severity in the combined image as
can for example be observed in the left kidney for the here shown slice.

Since the acquisition time of **Na images for quantification was long to facilitate
accurate determination of the aTSC, By shimming for "H MRI was refrained from.
Instead, a TTAMO shim (see section 2.4.2) by applying two modes optimized for
a torso-simulating polyvinylpyrrolidone phantom mimicking the dielectric tissue
parameters of the human body (Platt, Umathum, et al., 2018) was used with the
assumption of the resulting 'H images to be sufficient for image segmentation of
central abdominal structures (see section 3.3.6).

Figure Figure 3.10 shows an example of how these two shim modes can look like
in a volunteer. The two modes show signal dropouts in different regions, which
reduces the severity of signal dropouts in the combined image. This can be seen
particularly well in the left kidney for the shown slice.

For measurements where '"H MRI was performed, a localizer utilizing the described
TIAMO shim was used for position control and to determine the By shimming
volume. Then, initial By shimming of the whole phantom and vial setup for
phantom measurements, and of the whole body for in vivo measurements was
performed.

A 3D 'H GRE sequence with radial phase-encoded (RPE) acquisition (GRE-RPE)
(Buerger et al., 2012) that has been adapted to 7T (Dietrich et al., 2021) in com-
bination with the in section 3.1.3 described pTx body coil was applied utilizing
the same TIAMO shim to acquire high-resolution in vivo 'H images for the seg-
mentation of different abdominal structures.
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The SAR (see section 2.1.7) was limited by limiting the input power per channel.
Therefore, a custom safety supervision system as described by T. Fiedler et al.
(2024) was used, which automatically shuts off if any channel exceeds the 10s or
6 min power limit for the torso, which was predefined according to electromagnetic
(EM) simulations.

3.3 Image Reconstruction & Post-Processing

Quantitative *Na MR imaging is influenced by respiratory motion, partial volume
effects (see section 2.2.7) as well as inhomogeneities of the static magnetic field, the
transmit and the receive field distribution. To obtain reliable **Na concentration
values, theses influences have to be considered or corrected for. In this section
the steps applied in the reconstruction and post-processing of the MR images are
described. If applicable, the **Na data was first divided into subsets (see sec-
tion 3.3.1), followed by the reconstruction of the images utilizing filters depending
on the image type (see section 3.3.1.1) and zerofilling (see section 3.3.1.2). After
the combination of the different channels (see section 3.3.1.3), the resulting images
were then corrected for T} effects (see section 3.3.3), BY (see section 3.3.4.1) and
By (see section 3.3.4.2). The apparent sodium concentration was then determined
in measurement-specific volumes of interest (VOIs) as described in section 3.3.8. If
'H images were acquired, they were reconstructed (see section 3.3.2) separately for
the two acquired modes (see section 3.3.1.3) due to memory constraints and then
SOS combined. After they were used for segmentation as described in section 3.3.6,
they and the resulting masks were interpolated to have the same resolution as the
*Na MR images (see section 3.3.7).

3.3.1 Image Reconstruction of 2Na MR Data

To transform **Na MR data from momentum into position space, a non-uniform
fast fourier transform (NUFFT) introduced by Fessler et al. (2003) was used. To
counteract the non-homogeneous sampling density of the data, a density com-
pensation was performed. Datasets for **Na B maps were Gauss-filtered (0 =
20 mm), **Na image data was filtered with a Hamming filter (see section 3.3.1.1).

To evaluate the influence of a water load on the renal aTSC (see section 4.3.1), **Na
MR data was retrospectively sorted into subsets in a sliding window approach using
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Matlab (The MathWorks Inc., Natick, MA, USA, Version R2024b). Due to the 3D
golden angle imaging approach (see section 3.2.1.3), the created data subsets are
approximately uniformly sampled in k-space (Chan et al., 2009; Feng et al., 2016;
Resetar et al., 2015). Full datasets and subdivided datasets were reconstructed
separately.

3.3.1.1 Filter

Filters are often employed to smooth the MR signal, increase the SNR and reduce
artifacts (R. Stobbe et al., 2008). As described in section 2.2.7, this comes at the
expense of broadening the PSF. In the presented research work, datasets for **Na
BY maps were Gauss-filtered (¢ = 20mm), while **Na image data was filtered
with a Hamming filter. Both are window functions that are multiplied with the
raw data in k-space. The Gauss-filter is calculated as

]{32
FGauss = €xp <_20_> (35)
where the variance o can be chosen to adjust the filter width. The Hamming-filter
is given by
25 21 2rk
R amming — S, e 17 3.6
Homming = 76 5 COS(W) (3:6)

where £ is the distance from the k-space center and W = 2k, defines the window
width. Another common filter is the Hanning filter which is given as

1 2rk
FHanning = 5 (1 — COS (W)) . (37)

3.3.1.2 Zerofilling

The image resolution Az of the acquired image and the matrix size M used in the
reconstruction influence the reconstructed FOV (e.g. FOVieeo = Az - M = 5mm
- 80 = 400 mm). Zerofilling can be used to scale up the matrix size by filling the
peripheral k-space areas with zeros, resulting in an image resolution that is higher
than the acquired nominal resolution (e.g. FoV.., = Az’ - M = 2.5mm - 160 =

400mm). The resulting image is however smoother than an image that was ac-
quired with a nominal resolution equivalent to the image resolution of the zerofilled
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image. Zerofilling thus enhances the apparent spatial resolution by mitigating par-
tial volume effects (see section 2.2.7) without requiring additional data. For this
reason, zerofilling was employed for the **Na data. **Na image data was zerofilled
with a zerofilling factor of two as this yields a gain in information due to the
Fourier transform capturing all “true” data from the FID signal (Bartholdi et al.,
1973). Higher zerofilling factors offer no further benefit as the Fourier coefficients
are completely correlated. For the datasets for **Na B maps, higher zerofilling
factors were employed to generate the same Matrix size after reconstruction as for
the image data.

3.3.1.3 Combination of Multi-channel Coil Data

When a multi-channel receive coil is used for MR imaging, the separately recorded
data points from each channel can be combined to one data set.

For the **Na RF coil data, the combination was done with the sum-of-squares
(SOS) method. The intensity of the combined image Iioa is computed as the
square of the voxelwise summation over the quadratic intensities of the N separate

channels I;:
1 N
Lot = — - I?. 3.8
total N 1221 3 ( )

As the sensitivity maps of the individual coils are not needed to combine multiple
channels, this approach is one of the easiest and most widely used methods. The
phase information is lost in this approach, generating a pure magnitude image.

3.3.2 Image Reconstruction of 'H MR Data

For the 'H data, SENSE (Pruessmann et al., 1999) was utilized, which is one of
the most widely used parallel imaging methods (see section 2.2.8) and is performed
in image space after reconstruction of data from the individual coils. To reduce
the measurement time, some lines of k-space are skipped during image acquisition,
resulting in a smaller FOV for each coil and thus aliasing as parts of the image
are folded over each other. Contrary to the coil combination employed for **Na
images, coil sensitivity maps are an important part in the SENSE method as each
aliased image from a single coil is a superposition with different weights according
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to the local coil sensitivity. The sensitivity maps can thus be used to combine the
aliased images from each coil in a matrix inversion.

For a cartesian sampling of k-space, the matrix to perform the signal separation
is calculated as

U= (SAw1ts)1sigt (3.9)
where S is the sensitivity matrix, the superscript H denotes the transposed com-
plex conjugate and W is the receiver noise matrix, describing the levels and cor-
relation of noise in the receiver channels. As long as the inversion of equation 3.9
is possible, the unfolding can be performed. This means the number of coils must
be larger than the number of voxels that need to be separated. Pruessmann et al.
(1999) can be consulted for a more in depth mathematical explanation.

The two acquired TITAMO modes (see section 2.4.2) were reconstructed separately
due to memory constraints and then SOS combined according to equation 3.8.

3.3.3 Correction of T Relaxation Effects

The equilibrium signal of a Fast Low Angle Shot (FLASH) sequence, such as the
3D-DAPR sequence (see section 3.2.1.2), is given by

1 —e "/

"1 — e "R/ cos (a)

S o My - sin («) e TP/ (3.10)
with the longitudinal equilibrium magnetization My, the flip angle «, the relaxation
times 77 and T of the measured object and the sequence parameters Tg (echo
time) and Tk (repetition time).

The **Na T} time in the reference vials and phantom is longer than in tissue and
does not allow for a full relaxation of the longitudinal part of the magnetization
with the utilized sequence parameters. For Ty nac1 = 55 ms (Nagel, Lehmann-Horn,
et al., 2014), 5 - T’y nac1 = 275ms > T = 150 ms. Therefore 7} relaxation effects
were corrected in the reference vials and the phantom with a correction factor of
0.965 for a nominal flip angle of 61°. Since Ty = 150ms ~ 5 - T’ kidney = O -
34ms with T’y xianey taken from Maril, Margalit, et al. (2004), full relaxation was
assumed in human tissues. The correction factor resulting from the flash equation
would be 0.994 for this 77 time.

As the longitudinal equilibrium magnetization in the not fully relaxed regions is

55



3 Materials and Methods

smaller than M, the signal in the reference vials is underestimated and the re-
sulting concentration in the in vivo data is overestimated without a 7T} correction.
After the T} correction, the quantitative **Na image is still influenced by inhomo-
geneities in transmit (By) and receive (B7) fields of the utilized coil (Gast et al.,
2023), for which the corrections are described below.

3.3.4 Corrections of Transmit and Receive Field Influences (B;)
3.3.4.1 B; Mapping and Correction

To generate a constant flip angle throughout the investigated region, most exci-
tation pulses require a homogeneous Bf field. Since the signal of spin density
weighted MRI depends on the flip angle, inhomogeneities within the transmit field
should be corrected for. Here, larger B; inhomogeneities lead to stronger influ-
ences on the acquired *Na data and Lommen et al. showed that B corrections
are more prone to errors with such larger variations. The By fields of the utilized
*Na RF coil (see section 3.1.2) have the advantage that the variations in the fields
are not as pronounced (Platt, Umathum, et al., 2018).

The in section 3.2.1.4 described double angle method was thus used to measure B
fields in the context of the here presented research work. The positioning within
the coil and the coil loading are the same for the B map and the quantitative
measurement as they are acquired one after the other. In earlier measurements,
the classical way of acquiring two additional **Na images with flip angles oy and
ag = 2-aq was employed, while later measurements utilized a pulse sequence with
alternating excitation (Felz et al., 2023).

Relative BY maps were calculated by dividing the BY maps (auap) by the flip
angle o;. These were then multiplied by the nominal flip angle o used for the
quantitative **Na measurement to generate the correction factor

CF(r) =sin (Bfrel(r) : a) = sin (Om(r) : a). (3.11)

(651

%Na image data was then corrected for B effects by dividing by this correction
factor.
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3.3.4.2 B Mapping and Correction

The for this research utilized **Na RF coil (see section 3.1.2) does not share the
exact same hardware for transmission and reception. This means that different
field patterns are to be expected for transmit and receive field, prohibiting the use
of the principle of reciprocity, which states By = B;~ (Hoult, 2000).

Since an inhomogeneous receive field B influences the quantification of the sodium
concentration, a correction is recommended. For a homogeneous phantom of con-
stant spin density p, the receive sensitivity B} can be determined from the mea-
sured signal S and the flip angle a:

S(r)

sin(a)

By (r) « (3.12)

The agreement of measurement and simulation in a homogeneous phantom has
been shown by Platt (2018).

Measuring B maps in vivo is challenging without a standard birdcage coil (Volz et
al., 2012) or a separate transmit channel (Moortele et al., 2009) due to varying spin
density. Therefore the B field distributions were simulated in a phantom model
and in human voxel models using the electromagnetic field simulation software
CST Studio Suite 2020/2021 (Dassault Systemes, Vélizy-Villacoublay, France) for
the in section 3.1.5 described setup.

BT maps were extracted and regridded onto a homogeneous grid for the individual
channels and sum-of-squares (SOS) combined.

The oval-shaped reference vials were approximated as two cylinders with a diame-
ter of 38 mm and length of 152 mm and a cuboid connecting them with a width of
22mm. The phantom was constructed from a cuboid with a width of 170 mm and
a length of 270 mm between two ellipsoidal cylinders of the same length, a height
of 16cm and a width of 15cm (see Figure 3.11). The corresponding dielectric
properties for each of the different compartments were measured as described in
section 3.3.5.

To estimated By maps for in vivo measurements, a male (“Duke”, 34 years, 174 cm,
70 kg, tissue resolution 2 x 2 x 2mm?) and a female (“Ella”, 26 years, 160 cm, 58 kg,
tissue resolution 2 X 2 x 2mm?) anatomical voxel model (Christ et al., 2009) with
tissue parameters from Gabriel et al. (1996), originally created as an anatomical
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() (b)

Figure 3.11: Simulation model of the reference vials and phantom in the **Na
body coil for the By field determination. (a) depicts a 3D view with the calibration
drawer outside of the setup and without agarose gel for demonstration purposes
and (b) depicts the axial view of the positioning of the phantom and the reference
vials in the **Na body coil.

model for dosimetric simulations, were used. The human voxel models were placed
inside the coil on top of the reference vial setup with the kidney region positioned
central inside the coil (see Figure 3.12). To fit the volunteer’s anatomy, Ella was
used both unscaled and scaled up isometrically by 12 %, while Duke was scaled up
isometrically by 3 %.

3.3.5 Measurement of Dielectric Properties

The dielectric properties of the contents of the reference vial setup and the phan-
tom were measured using the Dielectric Assessment Kit (DAK) with the DAK-12
Probe Geometry (Schmid & Partner Engineering AG (SPEAG), Zurich, Switzer-
land) shown in Figure 3.13. Each of the investigated liquids and the gel were in
transparent containers (PET wide neck bottles, transparent 500 mL (neoLab Migge
GmbH, Heidelberg, Germany)) which were brought into contact with the fixed
probe with the use of a plastic lifting table to prevent cable movement between
calibration and measurements. The probe is mounted on a mounting arm and con-
nected to a E5061B ENA Series Vector Network Analyzer (Agilent Technologies,
Santa Clara, CA, USA) for measurements of the complex reflection coefficient.
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@) | (b)

' 1 :
11 4593 I
Figure 3.12: The 3D view of the placement of the isometrically by 3 % scaled
human voxel model Duke and the reference vial setup in the **Na body coil is

shown in (a). A section of the same model in coronal view, with the kidneys
placed central inside the **Na RF coil, is shown in (b).

The measured coefficient is then converted into the complex permittivity

= i = 2 (3.13)
v
of the investigated material by the DAK software (Version: DAK 2.0.0.462). Here
¢’ and &” are the real and the imaginary part of the permittivity, respectively and
o is the conductivity.

Measurements were conducted for a frequency of ¥ = 79 MHz and measurement
settings in the DAK software were chosen according to the DAK Best Practices
(DAK V2.4 Application Note: DAK/DAKS Best Practices 2017):

Source Power 0dBm

IF Bandwidth 100 Hz

Averaging 10

Frequency Segments 10 MHz to 300 MHz in steps of 1 MHz

Deionized (DI) water at a temperature of 23.3°C was used as the calibration
liquid and the short-circuit measurement was performed with a copper strip (see

Figure 3.13b), while the open-circuit measurement was performed without any
load (see Figure 3.13a).

The rounded values presented in Table 4.1 were used for the electromagnetic field
simulations of the receive field maps as described in section 3.3.4.2.
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(a) (b)

Figure 3.13: Dielectric Assessment Kit for the measurement of dielectric prop-
erties. (a) shows the open measurement (without any load) of the DAK and (b)
shows the short measurement where inner and outer conductor are short-circuited
with a copper strip.

3.3.6 Image Segmentation

Image segmentation is a method in digital image processing and analysis that
partitions an image into multiple segments or regions, typically based on voxel
characteristics. This technique can be used for various purposes, such as sepa-
rating the foreground from the background or grouping voxel regions with similar
features. In medical imaging, common applications include masking different tis-
sue types, e.g. the human kidney or liver.

For this thesis, image segmentation was used to create binary masks for the ref-
erence vials used for concentration determination as described in section 3.3.8,
to generate VOIs to evaluate phantom data and to segment different abdominal
structures in vivo.

Since the reference vials are always positioned at the same location within the
coil, the same masks in the reference vials can be used in every examination for
the concentration determination and do not have to be segmented every time. To
create the masks for the reference vials, a rectangular region of interest was placed
inside each transversal 2D slice that contained the reference vial. The combination
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of these regions was used to create a VOI as binary mask for each reference vial,
which was then reused for all phantom and in vivo measurements. The masks for
the 160 x 160 x 160 Matrix had a size of 5984 voxels per reference vial, corresponding
to 93.5mL. The masks were positioned in the central part of the vials to minimize
partial volume effects and had less extension in the z-direction to ensure that the
concentration determination was reliable. 'H images were used to confirm the
placement of the reference vial or to slightly shift the masks in case the volunteers
had moved the reference vial setup while getting into position. For the water load
experiment in section 4.3.1, images were reconstructed with a different matrix size
and masks for the reference vials were adjusted accordingly. They contained 3276
voxels per reference vials, corresponding to 88.5 mL.

To fully automate the evaluation of phantom data, a mask of the full phantom
VOI was created the following way. As for the in vivo data, a mask was gener-
ated from the B data, containing only the values that were above a factor of
0.8 to 1 times the mean of the 90°. The factor was chosen depending on the
application. For phantom measurements, a factor of 1 was sufficient to contain
the whole phantom VOI, while the factor was reduced for in vivo measurements.
In order to exclude any region that belongs to the reference vial setup from this
mask, their known placement could be used to set all values below the phantom or
volunteer to zero in the mask. This region is automatically determined depending
on the reconstructed matrix size. After generating a mask that only contains the
phantom, the outermost voxels in each direction were excluded from the mask to
ensure that no partially volumed voxels were evaluated. When evaluating the mean
value in the whole phantom, higher values in the central region of the uncorrected
phantom concentration maps are partially compensated for by the lower apparent
concentrations in peripheral regions. As the evaluated VOIs in future in vivo seg-
mentations would additionally be much smaller, two smaller VOIs, one placed in
the peripheral part of the phantom and one in a central position, were additionally
evaluated. They each had a size of 16 x 11 x 11 = 1936 voxel, corresponding to
30.25 mL for the reconstructed matrix sizes of 160 x 160 x 160 voxel and shared
one slice in the coronal direction for presentation purposes. Their placement is
shown in Figure 4.2a.

For the segmentation of different abdominal structures for in vivo measurements
with available 'H data, MITK (Snapshots/2024-10-25, German Cancer Research
Center (DKFZ), Heidelberg, Germany) was applied to the reconstructed 'H data.
Here, the MedSAM (Segment Anything in Medical Images) tool (Ma et al., 2024), a
specialization of the the Segment Anything Model (SAM) tool (Kirillov et al., 2023)
was used to create 2D masks in every slice of the 'H image for small structures or
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up to every three to four slices for bigger organs such as the liver. The SAM tool
is a segmentation Al model that uses input prompts specifying what to segment in
an image to allow to segment unfamiliar objects and images without the need for
additional training. It is included in newer versions of MITK and was used to make
the image segmentation less operator-dependent. 2D interpolation was used for
the remaining slices to create 3D binary masks for the different target structures.
All masks were saved as labels for one group in MITK, which guarantees that
each voxel is only part of one mask. The created masks were then exported and
used for concentration determination within the segmented regions as described in
section 3.3.8. To generate the same matrix size as the **Na data, the masks were
interpolated as described in section 3.3.7.

For the **Na in vivo data without "H MRI, VOIs were drawn in the same manner in
MITK on the uncorrected *Na MR images as previously described for 'H data.

3.3.7 'H Image Interpolation

As the proton data was acquired with a higher resolution than the *Na data (see
Table 4.2) to enable the segmentation of smaller structures with higher accuracy as
described in section 3.3.6, the 'H data and the created masks had to be interpolated
to the same matrix size as the *Na images for the quantification of the **Na
concentration in the VOIs. After this they could be overlayed without image
registration. Forgoing image registration has the advantage to prevent shearing,
rotation or size scaling that does not stem from actual changes between scans.

For the masks that were segmented in the 'H images in MITK as described in
section 3.3.6, the intermediate voxels that were generated through this process
were set to zero to not widen the masks of small regions and thus increase partial
volume effects.

3.3.8 Concentration Determination

The sodium concentration was derived from spin density weighted images with a
self-developed semi-automated segmentation tool in Matlab. The masks for the
reference vials were created once as described in section 3.3.6 and could then be
reused for future measurements. This increased the speed of the evaluation and
removed the influence of the operator. In case of a phantom measurement, the
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Figure 3.14: Exemplary linear regression fit of the reference vial signal intensities
and the known concentrations within the vials used to assign a sodium concentra-
tion value to each voxel.

segmentation tool was fully automated, while in vivo measurements required the
input of masks created in MITK as described in section 3.3.6.

Figure 3.14 shows an exemplary linear regression fit of the reference vial signal
intensities and the known concentrations within the vials. The fit is used to assign
a sodium concentration value to each voxel. This was repeated for an uncorrected
image, an image that was T} corrected, an image that was T} and B] corrected
and an image that was T}, Bf and By corrected, to evaluate the influence of
the corrections on the determined apparent sodium concentration as described in
section 3.3.9.

To assess how well the regression model fits the data, the R? value and the adjusted
R? value (RZ;; ) was calculated according to the following formulas:

SSE
o1 -2 14
u SST (3.14)
-1\ SSE
21— n N 1
Radj. (n_p> SST (3 5)

where SST the sum of squared total (differences between the observed values and
the mean of the observed values), SSE is the sum of squared error, n the number
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of observations (n = 4 in the case of the here presented reference vial setup) and
p the number regression coefficients (p = 2 for a linear fit, as the intercept is

included).

The closer to 1 R? is, the more variability is explained by the linear regression
model. As R? increases with the number of predictor variables in the regression
model, Rgdj. adjusts for this number, which makes it more useful for comparing
between models with differing number of predictor variables. As the number of
external reference vials used by other sites varies, the adjusted dej. will be used
to assess the fit in the context of the here presented research work. This value can
also be used to quickly realize problems in evaluations concerning the concentration

determination.

Evaluation of the concentration in VOIs was performed after their segmentation
as described in section 3.3.6 by calculating the mean, the standard deviation and
the coefficient of variation (see section 3.3.9).

3.3.9 Influences of the Correction Approaches

Deviations from the known ground truth value of the concentration of the with
a solution of a fixed sodium concentration filled phantom, can be attributed to
different effects that need to be corrected in order to obtain the true concentration
map.

To assess the homogeneity of the apparent sodium concentration (aSC) in the
phantom after the different corrections, the coefficient of variation (CV) is used.
The CV is defined as the ratio of the standard deviation o to the mean z and is
a measure for the relative dispersion in a distribution:

CV = (3.16)

SRS

Since the mean of the concentration in different VOI vary and the standard devi-
ation is dependent on concentration levels, the coefficient of variation instead of
the standard deviation is used to compare the influence of the different correction
approaches.
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4 Results

In the following chapter the measurements performed to test the proposed setup
and post-processing workflow for the non-invasive determination of the aTSC in
a large FOV of the human torso via **Na MRI at 7T are presented. Dielectric
properties were measured for subsequent setup-specific B] simulations to correct
the acquired quantitative Na MR images. Phantom measurements were used
to validate the applied B and By corrections before applying them to in vivo
studies. A first in vivo study investigated the feasibility of time-resolved sodium
MRI to investigate changes in the renal aTSC during a water load event. The
objective of the second in vivo study was the combination of "H and quantitative
%Na MR imaging at 7T in a large FOV in the human torso under free breathing.
After showing the feasibility in phantom and in vivo measurements, the aTSC was
determined in several abdominal structures for three healthy volunteers.

4.1 Dielectric Properties

The dielectric properties of each reference vial liquid, the gel in the reference vial
setup and the phantom content were determined for a frequency of v = 79 MHz
as described in section 3.3.5. The in Table 4.1 listed results were used for the
electromagnetic field simulations of the receive field map B] as described in sec-
tion 3.3.4.2. The resulting setup-specific B fields could then be used for correc-
tions of the quantitative **Na image data.

4.2 Phantom Measurements

Phantom measurements were conducted to validate the post-processing workflow
before applying the corrections to in vivo data. The phantom described in sec-
tion 3.1.4 was used. As the need for a 717 correction applies to all compartments
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Table 4.1: Dielectric properties of the fluids and gel in the reference vial setup and
phantom for a frequency of v = 79 MHz. &’ is the real part of relative permittivity,
o is the conductivity.

[Na* ] Agar conc. o
(mmolL-l) (%)  © (Sm7)
20 0 79 0.22
30 0 79 0.33
35 0 79 0.38
35 2 79 0.39
40 0 79 0.44
50 0 79 0.54
60 0 79 0.64
100 0 79 1.00
140 0 79 1.39

filled with NaCl solution, the influence of the T} correction can only be investigated
in vivo.

4.2.1 2Na MRI

A newly filled phantom and reference vial setup was used to guarantee knowl-
edge of the accurate ground truth. It was measured three times in order to test
repeatability. The second measurement was performed 12 days after the initial
measurement and the third measurement was performed immediately after the
second measurement. The in Table 4.2 listed acquisition parameters for the quan-
titative Na MR image and the **Na BT maps were used. The phantom **Na
reference voltages (see section 3.2.1.1) were 1258 V to 1267 V.

The Bf and B corrections (see section 3.3.4) yield improved homogeneity within
the phantom (see Figure 4.1). Figure 4.1a shows the increased homogeneity after
the applied BT and after the Bf and By correction. Figure 4.1b shows line plots
that were drawn through a central slice in each of the in Figure 4.1a shown direc-
tions. The B and By correction increased the homogeneity as can be seen from
the flatter curves. After the B and By correction, the aTSC along the evaluated
lines corresponds well to the ground truth of 35 mM within the phantom.
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4.2 Phantom Measurements

As described in section 3.3.9, the CV was calculated for a VOI of the whole phan-
tom, which was determined as described in section 3.3.6 and is depicted in Fig-
ure 4.2a. The CV decreases from 0.34 before the corrections to 0.23 after the Bf
correction and to 0.13 after the B] and B correction for the first measurement.
For the second and third measurement the CV decrease was similar, starting at
0.36 before the corrections and decreasing to 0.25 and 0.24 after the Bf correc-
tion and 0.13 and 0.14 after the B and By correction, for the second and third
measurement respectively.

Two smaller cuboid VOIs that are also shown in Figure 4.2a were placed in the
peripheral and central part of the phantom to evaluate the performance of the
corrections. The results are visualized in Figure 4.2b for the three measurements
and show the under- (peripheral cuboid) and overestimation (central cuboid) of
the aSC in the uncorrected data. Before correction, the deviation from the ground
truth value of 35mM is —5mM and 22mM for the peripherally placed cuboid
VOI and the centrally placed cuboid VOI for the first measurement, respectively.
After the Bf and the By correction, the total difference from the ground truth
is —1.5mM and 0.05mM for the peripherally placed cuboid VOI and the centrally
placed cuboid VOI, respectively and thus within one standard deviation from the
ground truth. The deviation from the ground truth in the uncorrected central
cuboid VOI is slightly bigger for the second and third measurement compared to
the first measurement, but comparable after the Bf correction. For the peripheral
cuboid VOI, the CV decreases from 0.15 before the corrections to 0.10 after the B
correction and to 0.06 after the Bf and B correction for measurement one and
two. For measurement three, the values are 0.13, 0.09 and 0.05, for the uncorrected
data, the Bf corrected data and the B and Bj corrected data. The CV within
the central cuboid VOI decreases slightly from 0.043 before the corrections to
0.040 after the Bf correction and to 0.037 after the Bf and B correction for the
first measurement. The decrease was in a similar range for the second and third
measurement.

The corrections reduce the mean CV for the four reference vials on average from
0.20 before the corrections to 0.14 after the BY and 0.09 after the Bf and By
correction for the first measurement. For measurement two and three the mean
CV for the four reference vials reduced from 0.24 / 0.22 before the corrections
to 0.16 / 0.14 after the Bf and 0.09 / 0.08 after the Bf and Bj correction,
respectively. The adjusted R? value for the concentration fits is always high with
a minimum of 0.92 before the corrections for measurement three, 0.99 after the
BY correction for all measurements and a minimum of 0.97 after the Bf and By
correction for measurement one.
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(a)

(b)

Figure 4.1: Influence of the applied corrections on the apparent sodium con-
centration (aSC) of a phantom filled with a homogeneous concentration of NaCl
solution. The first column of (a) shows the uncorrected data, the second column
the BT corrected data and the last column the B and B corrected data for the
first measurement. The plotted slices for the first two rows were chosen slightly
off-center to show the concentration difference within the reference vials. (b) shows
line plots through a central slice in each of the in (a) plotted directions before cor-
rections (blue), after the BY correction (red) and after both Bf and By correction

(yellow).
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4.2 Phantom Measurements
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Figure 4.2: (a) shows the placement of the VOI within the phantom. The VOI
for the whole phantom (left) is automatically determined from the measured B
map, the simulated By map and the placement of the reference vials. The slices
in the first two rows were chosen slightly off-center to depict the concentration
difference within the reference vials. The placement of the additionally evaluated
cuboid VOI in the peripheral (middle) and central (right) part of the phantom are
shown for different slices in the axial and sagittal view but in the same coronal slice
(last row). (b) shows the comparison of the determined aSC within the phantom
before corrections (blue), after the BY correction (red) and after both Bf and By
correction (yellow) for the three in (a) shown VOI for each of the measurements
as denoted by different markers.
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Between the three measurements depicted in Figure 4.2b, the mean determined
aSCs within the three VOI before corrections are (35 £ 7)mM, (31 £ 2) mM and
(58.9+£1.3) mM, with the standard deviation determined from Gaussian error prop-
agation. After B corrections the aSC for all VOI shows a smaller standard devia-
tion, thus showing increased homogeneity. For the three VOI the determined aSCs
are (34+5)mM, (31.0£1.7) mM and (47.4+1.0) mM. After additionally correcting
with the setup-specific simulated B; map, the mean determined aSC within the
whole phantom VOI was (35 &+ 3)mM. For the smaller VOIs in the peripheral
and central part of the phantom the mean was found to be (33.8 £ 1.2) mM and
(35.1 +0.7) mM, respectively. Thus, after applying the corrections from measured
BT maps and the setup-specific simulated B] maps, the aSC determined in the
whole phantom as well as in smaller VOIs in peripherial and central parts of the
FOV was within one standard deviation of the ground truth value of 35 mM with a
maximal difference of 3.4 %. In all cases the variation between the three measure-
ments was found to be small with a standard deviation of 0.2mM for the whole
phantom VOI and 0.3mM and 0.06 mMm for the peripheral and central cuboidal
VOI, respectively.

4.2.2 2Na and 'H MRI

Phantom measurements of ?*Na and 'H data in the same acquisition were acquired
to test the alignment of the data in order to forgo image registration.

Proton images were acquired as described in section 3.2.2. The phantom #*Na ref-
erence voltage (see section 3.2.1.1) was U = 1267 V. The acquisition parameters
are listed in Table 4.2.

Figures 4.3 and appendix Al to A2 show that the **Na and '"H MR data match
in position after the reconstruction of the **Na and 'H data (see section 3.3.1 and
3.3.2) and interpolation of the 'H data (see section 3.3.7). Each line plot through
the phantom for the *Na and '"H MR images shows a good correspondence of the
border of the phantom and reference vial setup between the **Na and 'H MR data.
This allowed overlaying the images without image registration.
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Table 4.2: Acquisition parameters and reconstruction settings for the different employed sequences for the phantom
and in vivo measurements of combined **Na and 'H MRI.

Quantitative »Na B} map 'H 3D GRE-RPE
»Na image (alternating excitation) static pTx
T (ms) 1 1.65 2.04
Tr (ms) 150 106/168 (alternating) 4.23
Nominal FA (°) 61 45/90 (alternating) 11
Acquired 1‘sotrop1(: nomi- 5 2 1.95
nal resolution (mm)
Number of projections 10000 1020 -
Number of RPE lines - - 1536
Radial samples 256 256 -
Acquisition time (min:s) 25:00 4:39 17:20
Pulse duration (ms) 1.8 3 1
Readout duration (ms) 5 3.33 -
Bandwidth (Hz/Px) - - 1042
Acquired data points in k- 9 5 i
space center
BY shim mode - - TIAMO (2 modes)
Zerofilling factor 2 8 -
Filter Hamming Gauss (0=20mm) -
reconstructed FOV (mm?) 400 x 400 x 400 400 x 400 x 400 400 x 400 x 400
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Figure 4.3: Alignment of **Na and 'H images in the phantom for the left-right
direction in a transversal slice. The line plot in the first row displays the values in
the uncorrected **Na (blue line) and 'H (orange line) MRI along the white line in
the second and third row, respectively. For each plotted line through the phantom,
the border of the phantom and reference vials in the **Na image corresponds well
to those in the 'H image. In the third column, where the values depicted are
only in the reference vials, the sodium images, as expected, show a clear difference
between the two reference vials with differing concentrations despite remaining
inhomogeneities in the uncorrected image.
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Table 4.3: Acquisition parameters and reconstruction settings for the **Na in vivo water load measurements.

Quantitative

Quantitative

»Na B} map 2Na image 2Na image
(long) (short)
Tx (ms) 1.65 1 1
Ty (ms) 150 100 100
Nominal FA (°) 45/90 61 61
Acquired isotropic nomi-
. 10 6 6
nal resolution (mm)
Number of projections 4100 36000 9000
Radial samples 256 256 256
Acquisition time (min:s) 10:15/10:15 60:00 15:00
Pulse duration (ms) 3 1.8 1.8
Readout duration (ms) 5 5 5
Acquired data points in k-
0 2 2
space center
Zerofilling factor 3.34 2 2
Filter Gauss (0=20mm) Hamming Hamming

reconstructed FOV (mm?3) 396 x 396 x 396

396 x 396 x 396

396 x 396 x 396
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4.3 In Vivo Measurements

In vivo studies were approved by the ethics committee of the Medical Faculty
Heidelberg, Germany (S-154/2014). Written, informed consent was obtained from
all participants included in measurements prior to their examinations.

Earlier in vivo measurements were performed in a head first supine position, but in
later measurements the feet first supine position was used in order to increase space
for the arms above the head. Each position used for the specific measurement will
be noted in the respective sections.

As the T correction is applied to all reference vials in the same manner, the
correction has no influence on the CV of the aSC within the reference vials or the
R? of the determined fit. For this reason, these values are not reported separately
and are equivalent to the reported values for the uncorrected case.

4.3.1 Renal 22Na MRI Before, During and After a Water Load

Two healthy female volunteers (age: 32 and 27 years, weight: 85kg and 65kg,
height: 180 cm and 177 cm) abstained from drinking or eating at least 13 hours
prior to the ?*Na MRI to achieve water deprivation. Measurements were performed
in the head first supine position. The **Na reference voltage (see section 3.2.1.1)
was 1364.8V and 1360.0V for volunteer one and two, respectively. B maps
were measured first, followed by a 1h DA-3DPR measurement and an additional
15min DA-3DPR measurement. The measurements were performed in this order
and subdivided like this as it was unclear how long the volunteers could stay in
the scanner after the water load. 20 min into the 1h measurement, the volun-
teers drank 629 mL and 1044 mL from a water (Na™: 20mgL~!) reservoir (see
section 3.1.6).

For the sliding window evaluation, the 1h image and the 15 min image were con-
catenated and subsets of 4500 projections (7.5 min duration each) with an overlap
of 2250 projections were reconstructed, separately applying a Hamming filter and
a zerofilling factor of 2. For the reconstruction of the flip angle map measurements,
a Gaussian filter and zerofilling to achieve the same matrix size and FOV as the
quantitative images was applied. To reduce the undersampling in the subsets,
imaging parameters were adjusted according to Table 4.3, choosing larger voxel
sizes and a shorter repetition time.
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subset: 1 subset: 6 subset: 8 subset: 10 subset: 13 subset: 16 subset: 19
time: 00:00 - 07:30  time: 18:45 - 26:15  time: 26:15- 33:45 time: 33:45-41:15 time: 45:00 - 52:30 time: 56:15 - 63:45 time: 67:30 - 75:00

Figure 4.4: Quantitative **Na concentration maps for volunteer one for a selection of the evaluated subsets during
the water load measurement. At t = 20 min, volunteer one drank 629 mL of water (Na™: 20mgL~'). Slices in each
orientation were chosen to visualize the kidneys. The high signal intensity in the axial and sagittal slices stems
from the gallbladder. For the coronal slices, white lines were added to visualize the movement of the left kidney
throughout the experiment.
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Figure 4.5: Quantitative **Na concentration maps for volunteer two for a selection of the evaluated subsets during
the water load measurement. At t = 20 min, volunteer two drank 1044 mL of water (Na®™: 20mgL~!). Slices in
each orientation were chosen to visualize the kidneys. The high signal intensity in the axial slices stems from the
gallbladder. For the coronal slices, white lines were added to visualize that movement of the left kidney throughout
the experiment in caudal direction was minimal compared to volunteer one.
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4.3 In Vivo Measurements

Resulting images were corrected for T) relaxation effects in the reference vials
(see section 3.3.3) as well as for Bf (see section 3.3.4.1) and B effects (see sec-
tion 3.3.4.2). Before corrections, the minimal adjusted R? for the linear regression
fit in the reference vials of any subset of the measurement for volunteer one was
0.95. After the B and Bf and By correction it increased to 0.97 and 0.98, re-
spectively. For volunteer two the minimal adjusted R? for any of the subsets was
0.97 before the B; corrections and 0.98 after the B and 0.99 after the B and
B7 correction, respectively. The maximal CV for the mean of the four reference
vials for any subset for volunteer one before corrections was 0.16. After the B
and after B} and By correction it decreased to 0.14 and 0.10, respectively. For
volunteer two this value decreased from 0.15 before B; corrections to 0.13 and 0.09
after only B and after Bf and By correction, respectively.

The resulting quantitative **Na maps for some of the subsets for volunteer one are
shown in Figure 4.4 and in Figure 4.5 for volunteer two. For the coronal slices, lines
are added to show the displacement of the left kidney throughout the measurement
time for volunteer one compared to a fairly stationary left kidney in volunteer two.
Kidney placement between both volunteers was very similar, as can be seen by
the white line which was placed at the same height for both volunteers. For the
subsets after the water intake, a signal decrease can be seen in the stomach for
both volunteers.

The regions of interest were drawn in each *Na MR image subset as described in
section 3.3.6 and concentration maps were generated as described in section 3.3.8.
As there was no visible change in organ position for the first three subsets in
volunteer one, the same mask was used for these subsets. Exemplary masks for
three different subsets are shown in Figure 4.6 and the number of voxels contained
in the mask for each subset for the two volunteers is depicted in Figure 4.7. For
volunteer one, the number of voxels in the mask slowly increases for later subsets,
while the overall trend for volunteer two is opposite. Figure 4.7 also depicts the
corresponding volume for the evaluated masks in mL on the right y-axis. Here, the
volume of the mask corresponding to volunteer one’s left kidney is the highest. The
difference in evaluated kidney volume between left and right kidney for volunteer
one is much more pronounced compared to volunteer two, where the changes over
time are in the same order as differences between different subsets and between
the two kidneys. The size of the masks for volunteer one varied between 146 mL
to 173 mL and 179mL to 212mL for the right and left kidney, respectively, with
smaller mask sizes primarily in the beginning. For volunteer two, the size of the
masks ranged from 116 mL to 147mL and 118 mL to 167 mL for the right and
left kidney, respectively. The kidney volume was determined in 'H images at 3T
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aTSC (mM)
120

subset: 1 subset: 8 subset: 19
time: 00:00 - 07:30 time: 26:15 - 33:45 time: 67:30 - 75:00

Figure 4.6: Close up of the left kidney of volunteer one for water deprivation
(subset 1), shortly after the water load (subset 8) and at the end of the measure-
ment (subset 19) with the respective masks for the shown slice central within the
left kidney. The images were cut to align the kidneys, resulting in image parts
that are shown to be shifted by 7 and 4 voxel in caudal direction for the 8% and
19*" subset, respectively.

as described by Daniel et al., 2021. The volume for the right and left kidney of
volunteer two was 157.2mL and 135.3 mL, respectively. The resulting total kidney
volume for both kidneys of 292.5ml is well within their reported total kidney
volume for healthy controls of (296 + 38) mL measured in the 25 volunteers used
for training the neural network in Daniel et al. (2021). The masks generated for
each subset during the sliding window evaluation were thus in a similar size as
expected from 'H images despite the segmentation in **Na MR images.

The aTSC within the left and right kidney were evaluated for each subset and are
plotted over the course of the measurement in Figure 4.8. The subsets containing
projections during the water uptake are indicated by yellow shading. Values before
the water intake are fairly constant at around (64 4+ 21) mM and (60 £ 18) mMm for
the right and left kidney of volunteer one, respectively. During the water load,
the aTSC in both kidneys of volunteer one decreases, followed by an increase for
the two subsets after the water load and slow decrease thereafter. At the end
of the measurement, the aTSC in the right and left kidney of volunteer one are
(54+13) mMm and (55+ 16) mM, respectively. It can also be seen that the standard
deviation of the measured aTSC decreases as the aTSC decreases after the water
load, which corresponds to a reduction in the cortico-medullary sodium gradient.
For volunteer two, the small increase in the aTSC after the water load, quickly
decreases back to a similar aTSC as before the water load. No big change in
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Figure 4.7: Number of voxels in the masks of the right (solid line) and left (dashed
line) kidneys of volunteer one (blue) and two (orange) over the course of the water
load experiment. The right y-axis displays the corresponding volume in mL.

the aTSC in either kidney could be observed. The aTSC before and after the
water load are (554 11) mM and (57 £ 11) mM for the right and (52 £+ 12) mm and
(53 + 13) mM for the left kidney. The standard deviation is slightly smaller in the
right kidney compared to the left kidney for both volunteers.

As the kidneys moved less for volunteer two, the same mask was evaluated for
all subsets to evaluate the influence of the evaluated volume on the aTSC. The
resulting aTSC for each subset are shown in Figure 4.9. Compared with Figure 4.8b
larger standard deviations for the left kidney can be observed after the water
load while the overall time evolution of the aTSC is similar. After an initial
increase in aTSC shortly after the water load, the aTSC in both kidneys reaches
values of before the water load within around 25 min and is slightly more stable
throughout the later subsets compared to the time series with individual masks
shown Figure 4.8b.

To assess the cortico-medullary sodium gradient further, line plots as shown in
Figure 4.10 were evaluated on a voxel-by-voxel basis. Here, a prominent medulla
of the left kidney was chosen for the first subset, the 8% subset (shortly after the
water load) and the last subset (19" subset). Maril, Rosen, et al. (2006) report
that the coronal plane is the optimum plane for visualizing the sodium distribution
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Figure 4.8: Change in concentration in the left and right kidney of volunteer one
(a) and two (b) after T}, Bf and Bj corrections during the course of the water
load measurement. Each data subset consists of 4500 projections, corresponding
to a measurement time of 7.5min and an overlap of 2250 projections. Datasets
corresponding to the time of the water uptake are indicated by the shaded area.
The error bars show the standard deviation within the evaluated VOI that was
segmented for each subset.
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Figure 4.9: Change in concentration in the left and right kidney of volunteer one
after Ty, B and By corrections during the course of the water load measurement.
Each data subset has a length of 4500 projections, corresponding to a measurement
time of 7.5 min and an overlap of 2250 projections. Datasets corresponding to the
time of the water uptake are indicated by the shaded area. The error bars show
the standard deviation within the evaluated VOI that was segmented for the first
subset.

in the human kidney, which is why this plane was chosen for this evaluation.

As the left kidney moved for the later times for volunteer one due to the water load
(see Figure 4.4), the image parts that are shown in Figure 4.10a were shifted by 7
and 4 voxel for the 8" and 19" subset, respectively. As the reconstructed matrices
have a resolution of 3 mm, this corresponds to a displacement of 2.1 ¢cm and 1.2 cm
in caudal direction. Movement in other directions was less pronounced.

As can be observed in the line plots in Figure 4.10a, the cortico-medullary gradient
first increases shortly after the water load, before it decreases later during the
measurement. While the value for the cortex stays between 52mM to 58 mM,
the aTSC in the observed medulla increases from 99 mm for water deprivation,
to 120mM shortly after the water load and then decreases to around 82mM at
the end of the measurement. This results in ratios of medulla to cortex aTSC of
1.71, 2.08 and 1.43 before, shortly after and long after a water load for volunteer
one. For volunteer two the same evaluation was performed for the same subsets
and is shown in Figure 4.10b. The left kidney stayed almost at the same position
and only a shift of 1 voxel in medial direction was needed. Visually a generally
lower aTSC within the medullae can be observed for volunteer two compared to
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volunteer one. A slight increase of the aTSC in the medulla from 74 mm before
the water load to 90 mM shortly after the water load can be observed, followed by
a decrease to 80 mM at the end of the measurement. For the cortex, the respective
values are 40 mM, 48 mM and 43 mM before, shortly after and long after the water
load respectively. The ratios of medulla to cortex aTSC for volunteer two are
1.56, 1.89 and 1.69 before, shortly after and long after a water load. For both
volunteers, the reported change is for a distance of 12mm between cortex and
medulla values.

4.3.2 2Na and 'H MRI in a Large Field-of-View

To access the aTSC in several organs at once, quantitative Na MRI was combined
with '"H MRI in a large FOV. The acquisition parameters are the same as those
for the phantom measurements in section 4.2.2 listed in Table 4.2 with a total
acquisition time of 46 min and 59s.

Three healthy volunteers (2 female, 1 male, age: 35, 26 and 22 years, weight: 85kg,
56 kg and 85 kg, height: 180 cm, 160 cm and 184 cm) abstained from drinking and
eating for at least 9 hours before the measurements to generate a similar and more
repeatable physiological state. The volunteer’s kidneys were positioned approxi-
mately at the center of the **Na RF coil along the z axis, utilizing 'H localizer
images to verify the volunteer’s position within the RF coil before starting the
measurements. All sequences were acquired under free breathing without trigger-
ing and in a feet first supine position with arms and hands placed above the head.
The range of the in vivo reference voltage U,.s was 1304V to 1379 V.

The applied corrections improved the mean CV for the four reference vials on
average from 0.15 before the corrections to 0.13 and 0.09 after the B} and after the
BT and By correction, respectively. The mean adjusted R? for the concentration
fits improved slightly from 0.990 before the B; corrections to 0.996 and 0.997 after
the B and after the Bf and By correction, respectively.

The 3D 'H image, the corresponding quantitative aT'SC map after corrections
as well as an overlay of both for one of the volunteers is shown in Figure 4.11.
Figure 4.12 shows an overview for the other volunteers that were measured. The
success of the overlay of the 'H and **Na images can be assessed particularly well
in the intervertebral discs (IVD), renal and reference vial areas.

The 'H images before interpolation shown in Figure 4.13 were used for segmen-
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Figure 4.10: The first rows show close ups of a central slice of the left kidney of
volunteer one (a) and two (b) for water deprivation (subset 1), shortly after the
water load (subset 8) and at the end of the measurement (subset 19). The images
were cut to align the kidneys, resulting in image parts that are shown to be shifted
by 7 and 4 voxel, corresponding to 2.1 cm and 1.2 cm in caudal direction for the 8"
and 19" subset for volunteer one, respectively. The second rows show line plots
along the in the first row drawn white lines through a prominent medulla (solid
line) and the surrounding cortex. The dashed lines show the values if the lines
were elongated to cover the whole shown area.
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Figure 4.11: 'H 3D GRE-RPE static pTx images (left), quantitative **Na images
(middle), and overlay of both (right) for the first volunteer. The 'H and **Na
images are both masked with the same mask for easier comparison while the 'H
image in the right column is unmasked to show the full FOV.
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Figure 4.12: Overlay of 'H 3D GRE-RPE static pTx images and quantitative
%Na images for volunteer two and three.
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tation of several abdominal structures with MITK as described in section 3.3.6.
As can for example be seen in the upper parts of the liver in coronal view, there
are some remaining signal variations due to transmit field inhomogeneities. Signal
dropouts can for example be observed in the hip region of volunteer one and three
in coronal view. Despite some remaining signal dropouts, the image quality was
sufficient for segmentation of most organs and other structures without the need
for many manual alterations. It should be noted that the IVC and gallbladder are
frequently classified as liver tissue by the MedSAM algorithm (see section 3.3.6)
if not segmented before the liver, as they are surrounded by liver tissue or are
nearby, with a visible but not outstanding contrast.

The generated masks were interpolated to match the **Na image resolution, dis-
carding voxels with values other than one due to the interpolation. The resulting
masks were used to access the aTSC in the respective structure. For the research
work presented here, masks were created for the liver, kidneys, inferior vena cava
(IVC), CSF, spleen, gallbladder and IVD and the resulting aT'SC values are sum-
marized in Table 4.4, Table 4.5 and Table 4.6. An exemplary visualization is
depicted in Figure 4.14 for volunteer two. Here the masks of the liver, kidneys and
a subset of the IVDs are shown. In contrast to the overlay images in Figure 4.11
and 4.12, the 'H MR image are not displayed in the masked regions to allow a
visual assessment of the aTSC for the depicted organs and IVDs.

As can be observed from Table 4.4, the aTSC decreased through the T} correction
and increased through the Bf and By corrections. With the exception of the
spleen, the aTSC for the female volunteers is larger compared to the male volunteer
(volunteer three).

For volunteer one, the difference in aTSC determined by manually excluding visible
blood vessels in addition to the IVC from the liver mask was investigated. Before
corrections, the aT'SC for the liver mask without blood vessels was (26 £+ 8) mM.
After the 77 correction, the value decreased to (25 4+ 8)mm. After the 7} and
Bf correction, the aTSC in the liver was measured as (29 &+ 9)mM. After all
corrections, the aTSC for the liver mask without blood vessels was found to be
(36+11) mM. This is a change of —5 % to the value of the aTSC for the liver mask
with the blood vessels, but comes at the expense of more manual segmentation
time per volunteer.

The aTSC after all corrections for each of the investigated abdominal structures
in Table 4.4 for the three volunteers is displayed in Figure 4.15. The values for the
IVDs were evaluated together and are, as the value for CSF, likely to be underesti-
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volunteer 1 volunteer 2 volunteer 3 signal (a.u.)
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Figure 4.13: 'H images before interpolation (acquired nominal resolution of
(1.25mm)?) for all three volunteers. These images were used for segmentation
of different structures as described in section 3.3.6 to determine the aT'SC in sev-
eral abdominal structures in the human torso.
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mated due to partial volume effects (see section 2.2.7). Figure 4.15 visualizes that
the values for the determined aTSC are similar between the measured volunteers
with the largest differences in the determined values for the gallbladder.

An overview over the mean for all volunteers and investigated VOIs can be found

in Table 4.5 and Table 4.6 together with literature values for the investigated
abdominal structures at 3T and 7T and by other measurement modalities.
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Table 4.4: Summary of the obtained aTSC in the liver, kidneys, inferior vena cava (IVC), CSF, spleen and gall-

bladder of three healthy volunteers for the uncorrected data and data after the applied corrections.

. right left
volunteer . liver . . IVC CSF spleen  gallbladder
correction kidne kidney
no. (mm) (mM;’ (mm) (mm) (mm) (mm) (mm)
1 none 27+ 8 54+14 42+11 57+11 62+15 21+ 8 100+ 22
1 T 26+ 8 52+14 41+11 55+11 59+14 20+ 8 97+ 21
1 Ty & BY 31+ 9 58+15 49+12 63+10 62+14 23+ 9 117+ 25
1 Ty, Bf & By 3811 66+16 64415 78+ 6 73+15 28+11 1444 33
2 none 26+ 9 63+15 60412 61+10 69+13 25410 1094 24
2 Ty 25+ 9 60+14 58+12 59+10 67+£12 24+ 9 105+ 23
2 Ty & BY 29+10 63+15 64+13 66+ 8 69412 25+10 126+ 27
2 Ty, Bf & By 37£12 69+16 71+14 78+ 7 T7+12 31+11 145+ 31
3 none 22+ 8 48+12 46412 46+13 52+14 22+ 9 91+ 25
3 T 21+ 8 46412 45+11 44412 50+13 22+ 9 87+ 24
3 Ty & BY 27+ 9 51+£12 53+13 53+11 53+12 24+10 113+ 32
3 Ty, Bf & By 34+11 59+15 63£15 68+ 7 67+13 30+12 127+ 36
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Figure 4.14: Exemplary visualization of the liver, kidney and a subset of the IVD
masks for volunteer two. 'H MR image are not displayed in the masked regions to
allow a visual assessment of the aTSC for the depicted organs and IVDs.
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Figure 4.15: Plot illustrating the determined aTSC and standard deviation within
the VOIs segmented in "H MR data after all corrections for the in Table 4.4 listed
abdominal structures for the three measured volunteers. Values for CSF might be
underestimated due to partial volume effects.
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Table 4.5: Mean of the obtained aT'SC in various organs and abdominal structures
of three volunteers after corrections as well as corresponding literature values. The
errors of the measured aTSC values are computed via Gaussian error propagation
from the standard deviation in Table 4.4. Literature values are divided into in
vivo measurements at 3T and 7T and concentration values determined from other
modalities. Sources are provided as footnotes for readability of the table.

aTSC literature values

measured

evaluated aTSC at 3T at 7T other modality
liver 36 + 6 41 £ 10 Y 27 +£ 5 2 36.7+343
20.1 £094
kidney (right) 65+ 9 71 + 10 !
kidney (left) 66 £+ & 79 + 15 !
93 + 9 °
renal cortex 58 + 17 6 56 £+ 2 2
72 + 6 ° 3224567
renal medulla 99 4+ 18 6 81 + 3 2
136 + 7 ° 85.7+16.07
IvC 74 + 4 83 + 21 ! 80+ 88
81478
CSF 72 £ 8 94 + 18 ! 150.6 + 10.9
135.2+10.410
spleen 30 £ 7 40 + 9 ! 31-34 1
gallbladder 139 +19 122 4+ 42 1 122-164 12
141-164 13

! Birchall et al. (2024) 2 Lott, Behl, et al. (2019)

3 Hooper et al. (1976) (flame photometry of rat livers) 4 James et al. (2015)

5 Grist et al. (2020) (volunteers drank 500 mL water before imaging)

6 Haneder, Kettnaker, et al. (2013) (no water or food intake restrictions)

" Haneder, Juras, et al. (2014) 8 Lott (2020) (ex vivo blood samples at 7T)

8b Lott (2020) (laboratory blood values) 2 Harrington et al. (2010) (chromatography)
10 Haneder, Konstandin, et al. (2011) (before water load, (135.5 4= 11.0) mM after water
load) ! Graham et al. (1982) (bovine spleen) 2 Furey (1966) ' Liu et al. (2023)
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Table 4.6: Mean and maximum of the obtained aTSC in the IVDs of three volun-
teers after corrections as well as corresponding literature values. The errors of the
measured aTSC values are computed via Gaussian error propagation. Literature
values are divided into in vivo measurements at 3T and 7T and concentration
values determined from other modalities. Sources are provided as footnotes for
readability of the table.

aTSC literature values

ovaluated measured menz:glil:ed at 3T Max. value other
VOI aTSC aTSC (mm) at 7T modality

(mM)  (mm) (mn) (mn)

Th8 / Th9 64 £10 94

Th9 / Th10  65+12 106 208+10°

Th10 / Th11l 7014 120 2374+ 121

Thil / Th12  73+14 124 259+16' 1972

Thi2 / L1 7615 131 297 +201 1902

L1 /12 87+19 160 305+261 2002

L2 /L3 87+£19 164 342 £ 231 2072

L3 /L4 92 £22 192 313+£191 2352

L4 /L5 262+ 141 2182

L5/ S1 216 +£121

mean == 137 327 +533 335 4

274.6 £18.9°

! Cavugoglu et al. (2022) 2 Moon, Kim, et al. (2011)  ® Malzacher et al. (2016) (4 IVDs
in the lumbar region)  “Insko, Clayton, et al. (2002) (one volunteer at 4 T)
5Kamp et al. (2024) (ex vivo measurement of thompson grade 1 IVDs)
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The sensitivity of the tissue sodium concentration to changes in cell vitality and
viability makes it a potential biomarker to access physiological changes in a variety
of applications. Knowledge of the aTSC in healthy volunteers may help to differ-
entiate normal levels of physiological change from changes due to diseases. The
main goal of the presented work was thus the simultaneous quantification of the
aTSC in several abdominal structures the human torso at 7T in a large FOV.

In order to ensure an accurate quantitative aT'SC measurement, the measured
%Na signal must be corrected for the contrast mechanisms influencing signal in-
tensity apart from the sodium concentration. To achieve this, a reference vial setup
was designed and built and combined with several post-processing corrections to
achieve repeatable quantification of the sodium concentration. The correction
with a measured Bf maps and setup-specific simulated B] maps was validated in
phantom measurements.

Two main studies were performed in vivo to demonstrate the feasibility of time-
resolved quantitative *Na MRI to investigate renal aTSC changes during a water
load event and the feasibility of combined large FOV quantitative **Na MRI and
'H MRI in the same position. The aTSC was determined in several organs and
abdominal structures in three healthy volunteers.

In the following chapter, the presented work is placed in the context of the current
literature and the influences and limitations of the applied setup and corrections
are discussed.

5.1 Reference Vial Setup

To quantify the aTSC, references of known concentration are required to assign
quantitative values to the measured signal intensities. This can be achieved using
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external references placed in the FOV of the **Na RF coil used or internal references
within the body of known sodium concentration.

As part of this work, a fixed setup for external reference vials was designed and
built with the primary aim of ensuring consistent placement within the **Na RF
coil. This was achieved by positioning the vials below the subject, minimising the
effect of respiratory movement on vial placement during in vivo measurements.
In addition, the fixed position allows for automatic segmentation, reducing the
influence of manual assessment and ensuring consistency with the simulated By
maps used for correction. To allow the use of different ranges of sodium concen-
trations for the reference vials used, the set up was designed as a compartment
containing the reference vials and a drawer housing acting as a laying surface. The
four reference vials in the vial compartment are embedded in agarose gel to reduce
susceptibility artefacts and improve By, shimming capabilities (Gerhalter, Gast,
Marty, Uder, et al., 2020). The reference vials used were chosen to be relatively
large to reduce the influence of partial volume effects (see section 2.2.7) on the
parts used for concentration determination, as this could otherwise lead to overes-
timation of signal intensities. In order to minimise the height of the overall setup,
oval reference vials were used, keeping the overall structure of the reference vial
setup at a maximum height of 52mm within the **Na RF coil.

The use of external reference vials for concentration determination, as presented
here, has the disadvantage of reducing the space in the *Na RF coil, which could
exclude some volunteers or patients from the measurement. In addition, the chosen
placement of the vials at the edge of the FOV may lead to quantification errors, as
By and B; inhomogeneities are more pronounced. Appropriate correction methods
can reduce these errors.

Internal references such as blood (Lott, Platt, et al., 2019) or cerebrospinal fluid
(Wilferth, Mennecke, et al., 2022; Cavusoglu et al., 2022) are less susceptible
to these errors due to their more central position within the RF coil. However,
their limitations include a limited number of samples, partial volume effects, and
potentially inaccurate relaxation times and **Na concentrations, as well as po-
tential changes in aTSC due to disease (Meyer et al., 2019). For these reasons,
external references were used for signal calibration. Alternatively, a separate scan
with a phantom replicating the electrical properties of the human torso and an
appropriate number of reference samples can be performed for signal calibration
(Ouwerkerk, Weiss, et al., 2005). For this approach the coil loading needs to be
correct as to be the same for both the phantom and in vivo measurements, which
can be difficult to achieve in some cases.

94



5.2 By Simulations

Gast et al. (2023) note that evaporation of water during the preparation of agarose
gels and variations in relaxation properties can introduce uncertainties in the de-
termination of sodium concentration. As the agarose surrounding the reference
vials is not used for the concentration determination in the presented setup, this is
not of concern here. Nevertheless, reproduction of the agarose gel within the com-
partment is necessary to maintain good By shimming capabilities as the agarose
gel is exposed to the air when compartments are switched and thus deteriorates
due to evaporation and mold growth (Hellerbach et al., 2013).

5.2 BT Simulations

Performing EM simulations as described in section 3.3.4.2 is possible due to de-
tailed knowledge of the custom-built **Na RF hardware (Platt, Umathum, et al.,
2018). This allowed the simulation of setup-specific B; maps to correct the BNa
MR images.

As imaging of the entire upper abdomen, including organs such as the liver, kidney
and spleen as well as parts of the lung was defined as an interesting area for
quantitative **Na MR imaging, simulations of B maps were performed for a
kidney placement centrally within the *?Na RF coil. If other regions are of interest,
such as parts of the thorax, the simulation model needs to be slightly modified by
adjusting the positioning of the human voxel model within the *Na RF coil. An
appropriate setup-specific By map can then be simulated for the measurement and
used to correct the quantitative **Na MRI.

So far, B] simulations have been performed for one anatomic voxel model per
gender, scaled isometrically to match the subject’s anatomy where necessary. As
can be seen for example in Figure 4.4 and 4.5, the shape and placement of the
kidneys within the torso can still vary between volunteers. The same applies to
other structures. As a result, the simulated B; maps may fit some volunteers
better than others. To investigate this influence, simulations with a wider range
of anatomical voxel models could be performed and evaluated for their influence
on the determined aTSC.
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5.3 Phantom Measurements

The phantom measurements allowed to validate the post-processing workflow later
used for the in vivo studies, showing a very good agreement between the measured
values and the ground truth in quantitative *?Na MR images after the applied cor-
rections (see section 2.3). This section also provides an overview of the limitations
of the phantom used.

In general, phantoms cannot reproduce all MRI-relevant properties, and for the
phantom used here, the focus was on quantification of the sodium concentration.
As 'H images were not initially possible, the phantom was filled with a NaCl
solution, which has unfavourable dielectric properties for 'H MRI. As a result,
the phantom was not perfectly suited for the 'H measurements that were later
included. In addition, shims were used for 'H imaging that were not optimised for
this phantom. This resulted in residual signal variations in the "H MR images due
to transmit field inhomogeneities. In the future, specific shims for this phantom
could be calculated and applied to potentially further reduce signal dropouts in
the images. As these images were only used to assess the post-processing workflow
in the present work, these signal dropouts did not interfere with this goal.

Designing a phantom for quantitative **Na measurements that mimics realistic
tissue properties is difficult because the dielectric properties of tissue and phantom
materials are frequency dependent and therefore different for '"H and **Na at the
same field strength. Therefore, phantom measurements were used to assess the
homogeneity that could be achieved for **Na MRI within the FOV, but did not
attempt to mimic relaxation parameters for **Na or 'H MRI. Instead, ease of
refilling was chosen, as a polyvinylpyrrolidone-filled phantom would probably not
have been able to be emptied again for this phantom. A newer design of a phantom
for quantitative 2*Na MRI with the setup presented here could be constructed to
allow a large opening to allow refilling with more viscous materials.

Despite these limitations, the phantom measurement showed that the B} and By
corrections could significantly improve the quantitative accuracy of the sodium
concentration maps. The T correction applied could not be validated in the phan-
tom measurements because both the phantom and reference vials were filled with
a NaCl solution. Homogeneity after the applied corrections was high throughout
the whole phantom with a CV of at least 0.14. As the higher values in the central
region of the uncorrected phantom concentration maps are partially compensated
for by the lower apparent concentrations in the peripheral regions and the evalu-
ated VOIs for in vivo segmentations are small compared to the whole phantom, two
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smaller VOIs were additionally evaluated. Evaluation of the peripheral and central
cuboidal VOIs showed the success of the corrections for different placements within
the FOV. This was particularly evident for a centrally placed VOI which showed
a strong overestimation without corrections with a difference of 22mm from the
ground truth of 35 mMm.

After the applied corrections, the aSC within all evaluated VOIs was within one
standard deviation of the ground truth value of 35mM. The CV within the pe-
ripheral and central cuboidal VOIs was less than 6 % and 4 % after the Bf and By
corrections, respectively. The mean of the three measurements taken within the
whole phantom VOI after the applied corrections was 35 + 8. For the two smaller
VOIs evaluated in the peripheral and central parts of the phantom, the mean aSC
for the three measurements was 34+4 and 35+2. The variations between the three
measurements were small with a standard deviation of 0.2 for the whole phantom
VOI and 0.3 and 0.06 for the peripheral and central cuboidal VOI respectively.

The alignment of the quantitative *Na images and 'H images was demonstrated,
allowing to forgo image registration for subsequent in vivo measurements. This
is advantageous as there are potential changes within the structures of interest
when acquiring two different scans. Changes may be due to a different posture
within a different coil and/or physiological differences between the two scans due
to e.g. rectal and bladder filling, digestive processes, etc. This can make image
registration of the 'H and **Na MR images difficult, especially in a large FOV.

5.4 In Vivo Measurements

Two in vivo studies were presented as part of this work, demonstrating the feasi-
bility of time-resolved quantitative **Na MRI to investigate renal changes during
a water load event (see section 4.3.1) and the feasibility of combined 'H and quan-
titative *?Na MRI in a large FOV in the human torso (see section 4.3.2). This
section discusses the advantages and disadvantages of the presented in vivo studies
and provides an overview of the differences from previous studies while comparing
the aTSC values obtained.
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5.4.1 Image Reconstruction

All of the acquired data, except the localizer images, had to be reconstructed
offline. This has the disadvantage that no part of the measurement can be repeated
in the same session, as problems such as movement only become apparent after
the measurement has been completed. Due to the large number of coil elements
in the 'H RF coil, the raw data requires a lot of storage space and currently takes
about 2h to reconstruct using the settings from Table 4.2.

5.4.2 Segmentation

Segmentation in the context of this work was performed using MITK as described
in section 3.3.6. This section discusses the potential influence of image segmenta-
tion on the aTSC determined in the presented work and discusses the limitations
of the chosen segmentation approach.

When segmenting in MITK with the MedSAM tool, it is advantageous to segment
everything in the same slice without re-initializing the tool. This allows the time
to the first prediction of the region of interest to be reduced, which helps to reduce
the segmentation time slightly. The tool used performs segmentation in 2D and
has been combined with 2D interpolation. This may result in peripheral parts (in
the direction of segmentation) of the segmented organ having insufficient contrast
to be segmented automatically. As a result, either manual segmentation is required
for the particular slice or the number of slices included in the segmented direction
is reduced. For organs with inhomogeneous aTSC distribution, this can lead to
differences in the measured aTSC. For example, in the kidney, peripheral areas
are part of the cortex, which has a lower aTSC compared to the medulla, which
is more centrally located within the kidney. Masks containing less cortical areas
may therefore overestimate the aTSC of the whole kidney. Delineation of the
cortical area is very challenging because **Na MRI does not provide the necessary
anatomical information and was acquired with low spatial resolution compared to
'H MRI, which is usually used for segmentation. As the kidneys have a higher
aT'SC than the surrounding structures, differentiation between lower aT'SC due to
cortical tissue versus PVE cannot be confidently made in **Na-only MRI.

For the reasons described, the mask size differed for the different subsets of data

throughout the water load experiment in section 4.3.1. This had little effect on the
evaluation of the data with the same mask for volunteer two, where the movement
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of the kidneys was less pronounced compared to volunteer one. As the movement
of the left kidney of volunteer one was very pronounced with up to 2.1 cm caudal
displacement, evaluation with individual masks for each subset is crucial for accu-
rate evaluation of aTSC throughout the measurement. However, some influence
of the mask size cannot be completely excluded.

The MedSAM tool works particularly well for structures with varying contrast to
the surrounding tissue, such as the kidneys. Larger structures, such as the liver,
required more manual adjustments. However, segmentation was faster than a fully
manual approach when the entire organ or abdominal structure volume had to be
segmented.

When segmenting multiple organs in the same group in MITK, their segmentation
cannot overlap, which can be an advantage when segmenting structures that are
close together and might otherwise be misclassified. This can happen because
the tool used is a 2D tool, and contrast changes due to residual transmit field
inhomogeneities in adjacent structures of similar contrast can make differentiation
difficult for automatic calculation. For this reason, segmentation of, for example,
the gallbladder and IVC prior to segmentation of the liver has been shown to be
advantageous.

The segmentation of the data for the presented research was not performed by a
radiologist, which might influence the resulting masks and thus the aTSC values
generated with them. In addition, evaluation by a second observer could identify
inter-observer variations in aTSC due to different segmentations.

5.4.3 Renal 22Na MRI Before, During and After a Water Load

In this work a sliding window reconstruction of quantitative *?Na MR images is
applied in two healthy volunteers to investigate the renal changes in the aTSC not
only after water deprivation and after the water load as for example performed by
Haneder, Konstandin, et al. (2011), but also during and immediately after water
intake.

It could be shown that time-resolved sodium MRI is feasible to investigate changes
during a water load event. Acute water loading, as performed in this study, in-
creases sodium excretion by reducing sodium reabsorption in the proximal segment
of the nephron (Burnier et al., 2000). As the nephrons are located within the renal
medulla, reduced sodium reabsorption leads to a decrease in the observed aTSC.
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For volunteer one, the ratio of medulla to cortex aTSC was found to be 1.71 before
the water load. Shortly after the water load the ratio increased to 2.08 before
decreasing to 1.43 later during the measurement. The aTSC in the cortex was
52mM, 58 mM and 56 mM before, shortly after and long after water loading. For
the medulla, values of 99 mM, 120 mM and 82 mM were determined. Volunteer two
on the other hand showed little changes in aTSC throughout the measurement.
Visually, an overall lower aTSC was observed in the medulla of volunteer two.
Water loading resulted in a slight increase in medullary aTSC from 74 mM before
water loading to 90 mM shortly after water loading. At the end of the measurement,
the aTSC in the medulla was 80 mM. The medulla to cortex ratios for volunteer
two were 1.56, 1.89 and 1.69 before, shortly after the water load and at the end
of the measurement. As no 'H MR images were acquired for segmentation of
the cortex and medulla region, the determination of the cortex edge in particular
influences this ratio.

Comparison with literature values is hampered by the fact that reported values
are not consistent between studies due to differences in post-processing protocols.
Below, the results of the data presented are placed in the context of previous work
and the main differences between the studies are highlighted.

At 3T, Maril, Rosen, et al. (2006) measured the first in vivo medulla to cortex
ratio of 2.4 + 0.1 in six healthy volunteers. No concentration quantification was
performed but SNR means for cortex, medulla and whole kidney regions of interest,
segmented in 'H images, were reported as 12.9 + 1.2, 34.1 £+ 3.1 and 20.8 4 2.2
after water deprivation of 12h. A ratio of 4.75:1 and 3.78:1 was found for the
mean intensity between the tip of the medulla and the edge of the cortex with and
without water deprivation. This represents an increase in the cortico-medullary
gradient of 25% after water deprivation of 12h. In the context of this work,
volunteers showed a reduced medulla to cortex ratio. As no 'H MR data were
acquired for this study, the determination of the cortical edge is challenging and
may partially account for this difference. The FOV of the surface coil used in
Maril, Rosen, et al. (2006) was only (38 x 38 x 24) cm® and the coil sensitivity was
corrected with a phantom measurement.

Haneder, Kettnaker, et al. (2013) found a mean increase from the renal cortex to
the medulla of (58 & 17) mM to (99 & 18) mM for the 50 healthy volunteers studied
at 3T. There were no restrictions on water or food intake. For this study, the
RF coils were changed for 'H MR images and a falcon tube (0.6 % NaCl and 2 %
agarose) was used for quantification of **Na concentration. The values obtained
for the cortex of volunteer one fit very well with these literature values. Apart
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from the increased aTSC shortly after the water load, a configuration not included
in the Haneder, Kettnaker, et al. (2013) study, the values for the medulla also fit
within the reported range. In volunteer two, aTSCs were more than one standard
deviation lower in both cortex and medulla in the water-deprived state. As the
inter-individual range of reported sodium concentrations was between 27 mM to
126 mM in the cortex and between 63 mM to 187 mM in the medulla, volunteer two
may just be at the lower end of the aTSC in the kidney overall.

A multi-site study determined the aTSC at 3T in twelve healthy volunteers split
between two sites (Grist et al., 2020). They reported very similar sodium con-
centrations between both sites with an average of (136 & 7) mM, (72 + 6) mM and
(93+£9) mM for the medulla, cortex and whole kidney for all volunteers. They per-
formed Bf corrections using the double angle method, but no B correction was
applied. As each volunteer was required to drink 500 mL of water before imaging
without a specification on the start time of the **Na image acquisition after the
ingestion, the results are difficult to compare with the other literature given the
potential drastic changes in aTSC in the renal medulla after a water load observed
for volunteer one in the here presented work. Nevertheless, the reported values are
generally higher than the aTSC values found here.

Recently, Akbari et al. (2022) reported a reduction in mean medulla-to-cortex
ratios in fasted healthy volunteers undergoing water loading from 1.5540.11 before
water loading to 1.31£0.09 after water loading. The range of reported ratios before
the water load was 1.35 to 1.70. Volunteer one is at the upper end, while volunteer
two shows a ratio around their reported mean. The ten healthy volunteers ingested
15mL of water per kilogram of body weight within 15min. For the volunteers
measured here, this would correspond to 1275 mL and 975 mL for volunteer one
and two respectively. During the experiment, volunteers one and two drank 629 mL
and 1044 mL respectively. While volunteer one drank about half of the amount
described in Akbari et al. (2022), the measured value of 1.43 for the medulla
to cortex ratio also showed a decrease long after the water load. As the first
measurement point after water loading in Akbari et al. (2022) is 1h after the
water load, it makes sense that the measured value here is slightly elevated in
comparison. Volunteer two consumed a similar amount of water to that used in
the study, but at the end of this measurement the medulla to cortex ratio did not
show the same decrease as in volunteer one. This may be due to a later decrease
that was not captured by the measurement performed here.

At 7T, after abstaining from food and drink for one hour before the scan, an
increase in SNR from the cortex to the medulla from 32.2 £ 5.6 to 85.7 £ 16.0 was
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found by Haneder, Juras, et al. (2014). The maximum difference in SNR from the
cortical value is observed at 16 mm for most of their volunteers, suggesting that
the cortical value chosen here may be overestimated, as it was only 12mm from
the maximum within the medulla for both volunteers. The SNR in the medulla
reported in this study is a factor of 2.66 higher than the reported SNR in the cortex,
which was not found in the presented results. Depending on the physiological state,
the aT'SC in the medulla of volunteers one and two was a factor of 1.43 to 2.08 and
1.56 to 1.89 higher than their aTSC in the cortex, respectively. These values fit
better with the reported aTSC difference between cortex and medulla of a factor
of 1.7 at 3T without dietary restriction in the Haneder, Kettnaker, et al. (2013)
study.

For volunteer one, there was pronounced kidney movement of up to 2.1cm dis-
placement after the water load in the left kidney, most likely due to the stomach
filling and the placement of the stomach relative to the left kidney. For this reason,
the volumes of interest in each kidney were segmented individually for each subset
evaluated. Adjusting the VOIs to the subsets has the disadvantage of increasing
operator influence on VOI placement when performing **Na only measurements.
Even with the semi-automated segmentation performed with the MedSAM tool
in MITK (see section 3.3.6), the created masks showed volume changes between
27mL and 49 mL. The smallest change was observed in the right kidney of volun-
teer one and the largest in the left kidney of volunteer two. As the masks for the
kidneys were segmented for each subset, some variation in aTSC can be expected
to be due to a difference in the masks used. However, evaluation of the aT'SC for
volunteer two using the same mask for all subsets did not change these findings.
A combination with "H MRI in the same positioning of the volunteer or patient
could improve registration or, in the case of simultaneous multi-nuclei acquisi-
tion, allow an overlay without registration. This type of interleaved acquisition
acquires both nuclei within a single T by alternating excitation pulses and signal
readouts, and has been shown for example by Wilferth, Miiller, et al. (2022) and
Bruin et al. (2015). The near-simultaneous data acquisition minimizes registration
errors due to motion that can occur in sequentially acquired scans. This type of
interleaved acquisition is particularly attractive for this application, as the water
load event can cause the kidneys to move throughout the measurement. However,
this is currently not easily achievable with our setup due to hardware and software
limitations.

BT maps were acquired only at the beginning of the measurements. If the experi-
ment were repeated, a shorter By mapping sequence, such as that used for the in
vivo measurements combined with 'H MRI (see section 4.3.2), could be acquired
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at multiple points to investigate the variation due to organ motion and subsequent
aTSC changes.

Evaluation of a larger number of volunteers could help to understand normal levels
of change in aTSC before, during and after a water load event. In addition to
abstaining from food and drink for a period of time, other influences may be
relevant such as general diet, fitness or hormonal changes during the menstrual
cycle in female volunteers as in the presented research. Therefore more data is
needed to investigate the response to a water load in the human kidney, ideally in
combination with 'H MRI in the same position.

5.4.4 2Na and 'H MRI in a Large Field-of-View

The results presented in section 4.3.2 demonstrate the feasibility of full body width
quantitative *Na MRI combined with 'H MRI in the human torso with a large
z-coverage at reasonable scan times. This section provides an overview of previous
studies on quantitative or qualitative **Na MRI in the torso at 3T and 7T and
individual differences to the presented setup and post-processing workflow.

The high field strength of 7T is advantageous for **Na MRI to generate adequate
SNR in an acceptable measurement time. For 'H MRI, the high operating fre-
quency at 7T leads to signal dropouts due to the inhomogeneity of the transmit
field. In this work, pTx (see section 2.4.1) and TIAMO (see section 2.4.2) were
used to improve the homogeneity.

As no 'H Bf maps were acquired in this study, a TIAMO shim optimized in
a tissue-simulating phantom was used to acquire 'H MR data. This resulted in
residual signal dropouts in the "H MR images, which were particularly pronounced
in the phantom due to the unfavourable dielectric properties of the NaCl solution
in the phantom (see Figure 4.3). Remaining signal dropouts could potentially be
located in the region of interest of the in vivo measurements, making image seg-
mentation for certain structures difficult or impossible. In the future, phantom-
or subject-specific optimisation of the TIAMO shims could further minimize 7 T-
related 'H signal dropouts. Furthermore, the 'H images are not intensity corrected.
However, the '"H MR image quality acquired for the presented volunteers is suffi-
cient for segmentation of various central abdominal structures (e.g. liver, kidney,
IVC, cerebrospinal fluid, spleen, gallbladder and IVDs), so that improved '"H MR
image quality is not necessary here.
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The presented setup is unique in the way it enables full body width quantitative
%Na MRI combined with 'H MRI in the human torso. An overview of previ-
ous studies and how they differ from the present approach is discussed below.
Wetterling et al. (2012) investigated **Na MRI in the human torso qualitatively
and without 'H imaging. At 3T, the integrated 'H body coil was combined with a
%Na surface coil to investigate the cortico-medullary signal gradient in the kidneys
qualitatively (Akbari et al., 2022; Lemoine et al., 2024; Maril, Rosen, et al., 2006),
and quantitatively (Haneder, Konstandin, et al., 2011) or the prostate quantita-
tively (Hausmann et al., 2012). Some groups performed quantitative %Na MRI
and registered 'H MR data that was acquired with a different coil setup (Haneder,
Kettnaker, et al., 2013) or at a different scanner (Lott, Platt, et al., 2019).

As the integrated 'H 32-channel pTx body coil and the local **Na body coil can be
used in one examination in the presented setup, a simple overlay of the acquired
3D datasets of the 'H and the quantitative *Na data eliminates the need for a
registration. Eliminating the need for a registration to acquire the 'H images
increases the accuracy of the anatomical information that can be obtained. In two
examinations, e.g. with two different local RF coils, a change in subject positioning
and physiological state between the 'H and ?*Na measurements could lead to
inaccurate image registration and aTSC determination (Gast et al., 2023).

Dual-nuclei coils share this advantage but usually have a small FOV (Moon, Furlan,
et al., 2014; Graessl et al., 2015; Haneder, Budjan, et al., 2015; Boehmert et al.,
2019; Ianniello et al., 2019; Ruck et al., 2024; Schmidt et al., 2022) and can
therefore only examine a single organ at a time, whereas the setup presented here
allows simultaneous quantification in several structures at the same time. In other
studies, the acquired FOV in z-direction was larger, but the acquisition time was
kept short by acquiring only 3 slices for **Na, limiting the acquisition to the IVDs
only (Cavugoglu et al., 2022). While Wetterling et al. (2012) performed whole
body ?*Na MRI, they did not quantify the aTSC nor include 'H MRI.

Due to the large distance of the 'H RF coil from the investigated subject in the
presented setup, the receive sensitivity is low compared to local RF coils (Grimm
et al., 2024). To improve the SNR, additional 'H receive coils would have to
be adapted to the available space in the bore where the **Na RF coil is already
located. For the structures studied in this research, the SNR was sufficient for
image segmentation. Furthermore, the placement of the 'H RF coil behind the
scanner bore has the advantage that the coil for the lower SNR nucleus is placed
closer to the subject, whereas other setups for combined 'H and **Na MRI have
the opposite order (Ruck et al., 2024). This leaves enough room to place external
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reference vials within a fixed position of the **Na RF coil in the presented setup,
even when combined with "H MRI. As discussed in section 5.1, the reference vials
for the presented setup were chosen to be large to reduce the influence of PVE.
Previous studies have mostly used small external reference vials for correction
due to space limitations (Haneder, Kettnaker, et al., 2013; Moon, Furlan, et al.,
2014).

In the post-processing workflow presented, By is measured, while By is simulated
for *Na MR image corrections. This is an advantage over studies that only mea-
sure B and assume B} = Bf (Birchall et al., 2024; Vaeggemose et al., 2023)
where this assumption may not hold true (Vaidya et al., 2016) or measure B} in a
phantom for B] and B correction (Malzacher et al., 2016; Moon, Furlan, et al.,
2014).

The utilized free-breathing acquisition was performed with sequences less prone
to artifacts due to respiratory motion for both **Na and 'H measurements, but
was not respiratory sorted, so respiratory motion blurs the reconstructed images.
Retrospective respiratory sorting of image data, as described for example in Platt,
Umathum, et al. (2018), could be performed in the future to investigate the influ-
ence of respiratory motion on the segmentation and accuracy of the determined
aTSC. The implementation of XD-GRASP (Feng et al., 2016), which uses com-
pressed sensing (Lustig et al., 2007) on data sorted into multiple motion states
may not only account for motion in the **Na MR data but could also help to
reduce scan time.

Another way to reduce the measurement time and thus some of the motion (e.g.
due to digestion or muscle relaxation) would be to interleave the 'H and **Na data
acquisition (Lopez Kolkovsky et al., 2022) using the long Tg of sodium for the
"H acquisition as done for example in Wilferth, Miiller, et al. (2022) and Bruin
et al. (2015). Due to hardware and software limitations, this is currently not easily
achievable with our setup. A further reduction in the overall scan time opens up
the possibility of measuring a wider range of subjects and patients.

The focus of this work was to collect data that would allow an accurate estimation
of the aTSC with the presented setup (e.g. by applying long Tk). In the future, it
could be investigated how reducing the scan time for the *Na MR image affects
the determined aTSC. The effect of undersampling the 'H MR images on the
segmentation and thus the aTSC could also be investigated to potentially further
reduce the measurement time.
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Knowledge of the aTSC in a large FOV could, for example, help to monitor the
progress of chemotherapy in patients with widespread metastases (Wetterling et
al., 2012). Another possible application is the study of the cardiorenal syndrome
(Ronco et al., 2008). Here, simultaneous acquisition of the heart and kidneys
could save scan time and improve understanding of the interdependence of the
two organs. In addition, a large FOV allows previously unstudied regions of the
body, such as the pancreas and stomach, to be examined without the need for an
additional scan.

The cited measurement for the liver aTSC at 7T (Lott, Behl, et al., 2019) did
neither correct for relaxation effects in the reference vials used, nor By effects,
and had no 'H data for segmentation. Their measured range for the aTSC in
the liver was 22mM to 31 mM for three volunteers, which is similar to the range
measured here without By correction (see Table 4.4). At 3T, James et al. (2015)
reported values of (20.1£0.9) mM for two healthy volunteers. They used a short T
of 12ms and performed B; corrections with a homogeneous phantom for a multi-
channel surface coil. The here presented aTSC for the liver are higher than those
reported in this study. In a recent study at 3T, Birchall et al. (2024) measured
the aT'SC in the liver for 19 volunteers. As an overlay of the acquired images was
not possible in their case due to gradient non-linearities, B} and By correction
factors were determined after segmentation in the flip angle maps and registration
onto the quantitative images. Their reported values of (41 £ 10) mM are in good
agreement with the liver aT'SC measured in this research. Measurements in rats
reported liver sodium concentrations of (36.7 + 3.4) mM for a study population of
ten healthy rats (Hooper et al., 1976).

The values measured in the whole kidney are in good agreement with those recently
measured at 37T (Birchall et al., 2024). As the volunteers drank water before
the evaluation in Grist et al. (2020), the higher values reported in their study
cannot be adequately compared, as already discussed in section 5.4.3. Reported
values for the aT'SC in the cortex and medulla span a wide range and are reported
for different physiological states. Given the number of measured volunteers in
Haneder, Kettnaker, et al. (2013), this study may best capture the variability in
healthy subjects.

The value in the IVC can be compared with the values measured in ex vivo blood
samples at 7T and their corresponding laboratory values (Lott, 2020). They
reported a concentration of (81 4+ 7)mm and (80 & 8) mM for the **Na-MRI and
laboratory measurements, respectively. The aTSC measured here of (74 £ 4) mm
is also in a similar range to the reported value of (83 £ 21)mm at 3T (Birchall
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et al., 2024).

Data on the aTSC in the human spleen are limited. At 3T, Birchall et al. (2024)
reported (40+9) mM, which is higher than the in the context of this work measured
(30 + 7)mM. However, a study analyzing bovine spleen tissue reported sodium
content ranging from 720.7 ppm to 781.5 ppm (Graham et al., 1982) for the whole
spleen. Given the molar mass of **Na of 22.99 gmol ™', this results in a range of
31mM to 34mM for the aTSC of the bovine spleen, which is in good agreement
with the mean determined here for three volunteers.

For the gallbladder, the measured mean value of (139 4+ 19) mM is slightly higher
than that reported by Birchall et al. (2024), but still within one standard deviation.
Furey (1966) and Liu et al. (2023) state that bile has sodium concentrations similar
to plasma and report values of 145mM with a range of 122mM to 164 mM and
a range of 141 mM to 165 mM, respectively. In both cases, the aTSC for the
gallbladder determined in this research is in good agreement.

For CSF and IVD, the aTSC values obtained are lower than those reported in
the literature. Both compartments are small compared to the examined organs
and for some of the IVDs the masks were only two to three voxel thick in the
uninterpolated 'H images (see Figure 4.14 for a visualization of the IVD masks in
one volunteer after interpolation). Therefore, PVE may have a greater effect in the
CSF and IVD VOlIs, leading to an underestimation of aT'SC. The generated masks
are also over the entire IVDs, whereas some aT'SC values are reported for the inner
nucleus or a maximum value within the VOI. Choosing only the maximum value
within the VOI can reduce PVE but this approach is more susceptible to potential
outliers, especially in more peripheral regions where B; corrections may introduce
artifacts. As the vial concentrations for the in vivo measurements were chosen
to fit the expected range of concentrations investigated in the abdominal organs,
the fit obtained could deviate more in the regions of higher concentrations, which
could increase the uncertainty of the determined concentration in the IVDs. In
future investigations, more measurements could be performed with different vial
concentrations (e.g. up to 300 mm) to investigate the potential improved accuracy
of the determined aTSC in the IVDs.

Despite the potential underestimation of the values obtained for the IVDs and CSF,
the advantage of the proposed setup, which allows the simultaneous determination
of aTSC in a large abdominal region, is demonstrated. The comparison of aTSC
values determined individually for different organs can improve the accuracy of
the post-processing workflow. This comparison is not possible if the aTSC is only
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known in one structure. An example of this is concentration determination, where
the known concentration of CSF is used to determine the aTSC in the IVDs. In
this case, the resulting aTSC values in the IVDs could potentially be within the
expected range, while the concentration map would estimate unrealistic values
for e.g. the liver. This is usually not investigated, even in cases where the FOV
would allow comparison with another organ or abdominal structure. The presented
setup can thus be used to investigate the influence of future additional correction
methods on a range of aTSCs. The acquired 'H images could, for example, be used
for a future partial volume correction as previously described by Niesporek et al.
(2015). This approach aims to increase the accuracy of the determined aTSC in
small regions adjacent to regions with a very different aT'SC, which are currently
under- or overestimated due to the large voxel sizes.

Comparison with literature values is complicated not only by different physiolog-
ical states, but also by often unknown segmentation volumes. For the liver, the
placement of the IVC must be taken into account, otherwise the higher aTSC will
lead to an overestimation of the aT'SC for the kidney. For the values reported here,
smaller blood vessels are still included in the mask, as their influence is smaller
due to their smaller size, as shown for one subject (see section 4.3.2).

Apart from the spleen, aTSC were lower in the male volunteer than in the two
female volunteers. As the male volunteer was also younger, several factors could
have a potential influence and more volunteers should be studied. Repeatability
studies are also needed to investigate intra- and inter-volunteer variability.

As the 'H images are currently acquired after the **Na images, slight changes
due to movement during the scan and physiological changes such as bladder and
rectal filling may still lead to differences in organ placement in the 'H and *Na
images. To reduce these effects, all volunteers were measured after fasting for
at least 9h. To further minimize this effect and reduce the measurement time,
'H and **Na MRI could be performed in an interleaved fashion in a next step.
Currently, a manual switch has to be made to switch from **Na to 'H MRI, as
the safety monitoring for 'H MRI is custom-built, while the scanner-internal safety
monitoring is used for *Na MRI. It is therefore currently not possible to interleave
the 'H and **Na pulse sequences.

Gradient non-linearities over the large FOV used for the measurements in this
work contribute to a distortion of the 'H images at the periphery, as can be seen
in Figure 4.13. The usual corrections for this have been disabled to allow the
superposition of 'H and ?*Na data. However, it should be noted that this effect
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reduces the accuracy of the overlay in peripheral regions. As the gradient non-
linearities are small for the gradient used here, this effect is not as pronounced as
in other systems. Birchall et al. (2024), who determined aTSC for several organs
at 3T using a large FOV, commented on this. In their case, it was not possible
to overlay the images, and B and B correction factors were determined after
segmentation in the flip angle maps, in addition to segmentation in the quantitative
images.

5.5 Further Potential Influences

Lott, Platt, et al. (2019) found a minimal effect of By correction on myocardial
aTSC for the **Na RF coil used in this research, using blood as an internal refer-
ence. Gerhalter, Gast, Marty, Uder, et al. (2020) showed a more significant effect
of By correction in the leg muscle, possibly due to the use of external reference
vials with relatively high off-resonance values. Although By field inhomogene-
ity for sodium imaging has a relatively small frequency range (Gerhalter, Gast,
Marty, Uder, et al., 2020), implementing it as an additional correction could fur-
ther improve quantification accuracy. However, the homogeneity achieved within
the phantom and reference vials was high and quantification worked well for the
whole phantom as well as for two smaller volumes placed in the peripheral and
central parts of the phantom (see section 4.2.1).

In the context of the research presented here, magnetization was assumed to be
stationary, whereas this is not the case, at least in regions such as the inferior
vena cava. Non-stationary magnetization accumulates a different phase in different
parts of the FOV due to By inhomogeneities. The accumulated phase contributions
of the magnetisation arising from velocity or acceleration will be misinterpreted as
arising from the spatial coordinate. This can lead to non-stationary magnetisation
being imaged at the wrong location.
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A fixed reference vial setup was developed to allow automatic determination of
%Na concentration maps using the presented measurement routine and post-
processing workflow. Phantom measurements with the presented reference vial
setup and the performed 7}, measured B} and setup-specific simulated By cor-
rections confirmed the ground truth **Na concentration value of 35mM in both
large and smaller volumes placed in the peripheral and central regions of the phan-
tom with a maximum difference of 3.4 % for the VOI in the peripheral region. A
maximum standard deviation of 0.3 mM between three measurements was observed
in the peripheral region of the VOI.

Time-resolved quantitative *Na MRI during a water load experiment was in-
vestigated in two healthy volunteers. The ratios of medulla to cortex aTSC for
volunteers one and two are 1.71, 2.08 and 1.43 and 1.56, 1.89 and 1.69 before,
shortly after and long after water loading respectively. For both volunteers, the
reported change is for a distance of 12 mm between cortex and medulla.

The feasibility of combined 'H and quantitative **Na MR imaging at 7T in a large
FOV in the human torso under free breathing was demonstrated in three healthy
volunteers. Reconstruction of 'H and **Na data in the same position allows for a
simple overlay of the two 3D datasets and thus segmentation in the anatomical 'H
images. The large FOV of (400 x 400 x 400) mm? is advantageous when multiple
structures are of interest. With an acquisition time of approximately 47 min, aTSC
was measured in the liver, kidneys, IVC, CSF, spleen, gallbladder and IVDs of
three volunteers. The mean aTSC determined for the three volunteers in the liver
was (36 £ 6) mM. In the left and right kidney, the mean values were (65 +9) mM
and (66 £+ 8) mM, respectively. In the inferior vena cava, an aTSC of (74 4+ 4) mMm
was measured. For the spleen, to the best of my knowledge, the first aTSC values
at 7T were reported as (30 £ 7) mM. In the gallbladder, the mean aTSC for the
three volunteers was measured as (1394 19) mM. For the IVDs, higher values were
found in the lumbar region with an average over the IVDs from Th8/Th9 to L3/L4
of (78+5) mM for all volunteers. Good agreement with literature values was found
for the determined mean aT'SC for the liver, kidneys, IVC, spleen and gallbladder.
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Values for CSF and IVDs are lower than literature values, which may be due to
partial volume effects.

The presented workflow is a first step towards establishing a baseline of healthy
aTSCs in various abdominal structures simultaneously. In the future, this could
serve as a non-invasive biomarker to study a multi-organ interactions and investi-
gate changes due to physiological processes in multiple regions of the body simul-
taneously.

Next steps could be towards decreasing the measurement time to allow a wider
range of volunteers and patients to be measured. Possible possible methods include
interleaving the 'H and **Na acquisitions or the implementation of more advanced
reconstruction algorithms that allow the measurement time to be reduced without
loss of aTSC accuracy. A partial volume correction could be implemented to reduce
the current underestimation of the aTSC in small structures such as the IVDs and
CSF.
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7 Appendix

Appendix of Section 4.2.2
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7 Appendix
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Figure Al: Alignment of **Na and 'H images in the phantom for the anterior-
posterior direction in a transversal slice. The line plot in the first row displays
the values in the uncorrected **Na (blue line) and "H (orange line) MRI along the
white line in the second and third row, respectively. For each plotted line through
the phantom, the upper border of the phantom and reference vials in the **Na
image correspond well to those in the 'H image. In the third column, where the
values are only in the phantom, the images are aligned well.
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Figure A2: Alignment of *Na and 'H images in the phantom for the cranial-
caudal direction in a sagittal slice. The line plot in the first row displays the
values in the uncorrected **Na (blue line) and 'H (orange line) MRI along the
white line in the second and third row, respectively. For each plotted line through
the phantom, the **Na and 'H image are well aligned. In the third column, where
values within the reference vial setup are plotted, the signal decrease towards the
edges in the *Na image leads to a line plot mismatch. For high |z|-values, gradient
non-linearity artifacts can be observed in the "H MR images.
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