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Introduction

The sensitive detection of specific molecular targets is not only crucial for the
visualization of biological processes within living cells or organisms (“molec-
ular imaging”) [1], but also of great use for chemical profiling of heteroge-
neous mixtures or biological samples (“chemical sensing”) [2, 3]. Especially
molecular imaging is a highly active field of research with great relevance for
accurate and early disease detection and therapeutic monitoring. Nuclear
Magnetic Resonance (NMR) may seem as an ideal candidate for these tasks,
as it is a highly specific, non-invasive technique offering virtually unlimited
penetration depth. It can furthermore be readily extended with imaging ca-
pabilities (magnetic resonance imaging, MRI), yielding unparalleled soft tis-
sue contrast at sub-millimeter resolution without exposure to ionizing radi-
ation, and therefore providing excellent clinical utility. Nevertheless, con-
ventional 'H MRI - that is, MRI of thermally polarized protons - is not the
first choice when it comes to molecular imaging: Its relatively low sensitivity
impedes the detection of relevant biochemical targets or “biomarkers” (e.g.
receptors or enzymes that are overexpressed in diseased cells) in vivo as they
are usually encountered at trace concentrations, and mainly restricts its use
to the localization of highly abundant substances in biological tissues such as
water and fat 4, 5].*

Considerable efforts have been made to increase the sensitivity of conven-
tional MRI, mostly through the use of contrast agents that alter the local mag-
netic environment of the detected protons (e.g. gadolinium-based complexes
[7], superparamagnetic iron oxide nanoparticles [8] and chemical exchange
saturation transfer [CEST] agents [9]). Even though promising, these agents
have their challenges: For example, due to the low sensitivity of MRI, they
often must be applied in relatively large amounts, which can lead to toxicity
issues and in many cases goes along with an increased probability of altering
the system under investigation due to pharmacological effects [1].

As an alternative, the use of other NMR-active nuclei such as °C, *He and
129Xe that can be readily “hyperpolarized” [10, 11] has been proposed. Via
hyperpolarization, the population difference between the nuclear spin states

!Concentrations for molecular imaging targets are often in the range of 107 to 107'? m,
whereas conventional MRI is limited to detecting concentrations of 107> to 107> M [4].
For comparison, the water content in biological tissue is around 80% [6], corresponding
to a concentration of around 44 M.
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Figure 1.1.: Concept of xenon biosensors. A: Schematic biosensors design. B: Binding
of a biosensor to its molecular target (e.g. a cell surface receptor). Xenon atoms act as
reporters, binding to the host moiety of the biosensor. C: In a xenon NMR spectrum,
xenon atoms bound to the biosensor can be easily distinguished from free unbound
xenon atoms.

in an external magnetic field (e.g. “up” and “down” for spin-3-nuclei) within
an ensemble of spins can be increased from its rather tiny thermal equilib-
rium value (typically about 1 ppm) up to several percent, boosting the re-
sulting macroscopic magnetization and hence the NMR signal by orders of
magnitude. As this signal enhancement allows for the sensitive detection of
rather dilute nuclear spins, the use of hyperpolarized probes for NMR and
MRI holds great promise for molecular imaging and chemical sensing appli-
cations.

In this work, we use hyperpolarized '*Xe (26.4% natural abundance) as
an inert reporting medium. Next to other favorable properties (summarized
in the box on page 7), xenon has no background signal in natural samples
and can be considered biocompatible, which is reflected in a variety of in
vivo MRI applications in both animals [12-16] and humans [17-21]. How-
ever, the inert xenon atoms alone interact rather unspecifically when intro-
duced into the organism or the sample under investigation [22]. To report
on the presence of specific molecular targets or biomarkers, so called xenon
biosensors 2 have been developed [23]. These supramolecular constructs are
typically comprised of a cage-like host moiety for binding xenon and a tar-
geting unit (e.g. an antibody) that interacts with the structure of interest (e.g.
a receptor present on the surface of pathological cells) with high specificity
(see Fig. 1.1A and B). In an NMR spectrum, xenon atoms bound to the host
moiety are easily distinguishable from free unbound xenon atoms, since both
pools appear at markedly different NMR frequencies/chemical shifts (Fig.
1.1C). Therefore, the presence of the biosensor, and hence the presence of
the target structure, can be readily detected via the NMR signal of xenon as-
sociated with the biosensor.

Since their advent in 2001 [23], various xenon biosensors have been pro-

*For the remainder of this document, the term “biosensor” or “targeted contrast agent”
refers to a contrast agent compound that interacts specifically with a certain molecu-
lar target, whereas the term “contrast agent” or just “agent” may additionally refer to a
compound that enhances the contrast while interacting nonspecifically.



posed for the recognition of different biochemical targets both in vitro and in
cellulo [5]. In this context, the combination of hyperpolarization with chem-
ical exchange saturation transfer, termed Hyper-CEST [24], represented a
particular important step towards molecular imaging, as it allowed for the
first true MRI localization of xenon biosensors in an acceptable time frame
and for the detection of xenon hosts at picomolar concentrations [25, 26].
Briefly, the idea of Hyper-CEST is to transfer the recognition of the biosen-
sors — previously achieved via the relatively small NMR signal of sensor-
bound xenon - to the usually much larger signal of free unbound xenon,
leading to a highly amplified detection sensitivity. Importantly, this tech-
nique relies on the fact that the binding of xenon atoms to the host moiety is
reversible, i.e. temporary (which is true for many known xenon hosts). It is
also worth to note that Hyper-CEST preserves spectral selectivity, such that
the acquisition of Hyper-CEST spectra enables the identification of multiple
different biomarkers simultaneously (“multiplexing”).

Albeit highly promising, xenon biosensors are still in their infancy, and
much remains to be done to overcome existing limitations, especially when
considering future in vivo applications. For example, the rather long acqui-
sition times for both Hyper-CEST imaging (> 20 min per image [24]) and
Hyper-CEST spectroscopy (~ 29 min per spectrum [27]) impair their practi-
cal utility. Furthermore, Hyper-CEST requires a very stable and consistent
delivery of xenon to the object under investigation, which might be hard to
achieve especially when examining living organisms [28].

The aim of this thesis was to tackle some of those limitations from a signal
encoding perspective. To this end, we developed a toolbox of acquisition and
post-processing strategies to make Hyper-CEST faster, more sensitive, and
less prone to an unstable xenon delivery. We hope that our findings help to
further extend the scope of xenon biosensors, in the long term ideally towards
in vivo molecular imaging applications. It is worth to note that some of the
methods developed in the course of this thesis have already been successfully
applied, for example for the first in cellulo imaging of both targeted [29, 30]
and non-targeted [P6, 31] xenon contrast agents.

This thesis is structured as follows: I continue this introductory chapter by
outlining some of the most important modalities used for molecular imag-
ing, along with their major strengths and weaknesses. Then, I put the xenon
biosensor approach into context and describe it in more detail. In the second
chapter, I provide the technical background knowledge to be able to follow
the contents of this thesis, and introduce the setup used in most experiments
of this work. The third chapter reports the main part of this work where I
present the contents and key findings of this thesis in a coherent way, before
I conclude in the fourth chapter. A more detailed description and discussion
of many experiments of this work can be found in the journal articles related
to this thesis, which are listed in the “List of publications” on page 65.



Introduction

1.1. Molecular imaging modalities

Molecular imaging may be defined as the “visualization of biochemical events
at the cellular and molecular level within living cells, tissues, and/or in-
tact subjects” [1]. The detection of such events at this level requires highly
sensitive techniques able to sense very low concentrations, typically in the
nanomolar regime [32]. Anideal modality for molecular imaging would have
the following properties:

« a high sensitivity to detect low-abundant biomarkers

a sufficient penetration depth for the investigation of opaque samples
(such as most living organisms)

« a high spatial and, where necessary, temporal resolution

« a good safety profile (in particular little or no exposure to ionizing ra-
diation), which is especially important for repetitive studies (e.g. for
monitoring treatment response)

« multiplexing capabilities, as the identification of multiple biomarkers
is likely to allow for a more complete picture of a certain biological
process than just a single marker, which is important for e.g. reliable
diagnoses

In this section, I briefly outline some of the most important existing modal-
ities for molecular imaging, mostly based on the excellent review article by
James and Gambhir [1].

Nuclear medicine imaging techniques such as positron emission tomog-
raphy (PET) and single photon emission tomography (SPECT) have tradi-
tionally been the method of choice for molecular imaging, mostly due to their
high sensitivity lying in the nano- to picomolar range. They are based on
radiolabeled contrast agents that are administered to the subject under in-
vestigation, where they are supposed to accumulate in areas of interest (e.g.
in cancerous tissue). Subsequently, the distribution of these agents is esti-
mated by tracing their radioactivity either with a ring detector recognizing
positron-electron annihilation via two high energy (511 keV) photons (PET),
or with a movable scintillation camera detecting the radiation produced dur-
ing gamma decays (SPECT). While the excellent sensitivity and the virtu-
ally unlimited penetration depth of these methods result in great utility for
molecular imaging, they expose the subject to ionizing radiation, have a rel-
atively low spatial resolution (5-10 mm) and lack anatomical information as
a reference (the latter issue can however be resolved by combining PET or
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SPECT with magnetic resonance imaging or computed tomography). No-
tably, to date PET and SPECT are the only modalities that have found wide
use in clinical molecular imaging applications.

On the other hand, macroscopic optical imaging techniques such as bio-
luminescence and fluorescence imaging get along without the use of harmful
radiation, as they operate with agents emitting electromagnetic waves within
the frequency range of the optical window. Apart from their typically very
high sensitivity (pico- to femtomolar) at high spatial resolution (~1 mm)3
and their good ease of use (they merely require a source of light and a charge-
coupled device [CCD] camera for detection, in contrast to the cyclotrons
needed for PET and the superconducting magnets for MRI), optical meth-
ods provide multiplexing capabilities, as agents that emit light at different
wavelengths exist. One major drawback, however, is the limited penetration
depth (< 1 cm) of light photons in tissue, restricting optical imaging mainly
to preclinical molecular imaging studies involving small animals.

In contrast, computed tomography (CT) offers practically unlimited pen-
etration depth, since it relies on the attenuation of X-rays, which are irradi-
ated on the sample or subject of interest at different angles. This and other
advantages of CT - such as its short acquisition times, its excellent spatial
resolution (< 1 mm) and its relative simplicity — have led to its widely spread
clinical use for anatomical imaging. However, CT lacks soft tissue contrast
and exposes the examined sample or subject to a substantial dose of ioniz-
ing radiation. Furthermore, the utility of CT regarding molecular imaging is
hampered by the relatively low sensitivity of CT-compatible contrast agents.

Magnetic resonance imaging (MRI) is another tomographic technique
with virtually unlimited penetration depth that allows anatomical imaging at
high spatial resolution (~ 1 mm). Unlike CT, PET and SPECT, MRI it is not
based on ionizing radiation, but on harmless electromagnetic signals in the
radio-frequency (RF) range. These are generated by the coherent precession
of nuclear magnetic moments (typically from protons in water molecules)
within the sample or subject to be examined, when it is placed into a strong
external magnetic field. 4 Compared to CT, MRI features excellent soft tissue
contrast, and provides, in addition to anatomical information, also physio-
logical information, e.g. about brain activity (functional MRI) or tissue water
diffusion (diffusion-weighted MRI). It is therefore used for a large variety of
clinical applications. However, one everlasting issue of conventional MRI
is its relatively poor sensitivity (roughly in the milli- to micromolar range),
hampering the detection of low abundant molecular markers as required for
molecular imaging.

3Note that we are referring to macroscopic fluorescence imaging techniques suitable for
in vivo applications here, not to flourescence microscopy techniques (e.g. confocal mi-
Croscopy).

“The coherence is achieved by shortly irradiating the sample with an RF excitation pulse.
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In essence, although all of the above techniques have their particular
strengths, and much promising work is done to overcome their limitations,
per se none of them can provide all the desired features expected from an
ideal molecular imaging modality. One approach to get closer to this ideal
modality is the utilization of xenon contrast agents or biosensors for MRI [4],
as outlined in the next section.

1.2. Xenon biosensors

The concept of xenon biosensors is one approach to combine the above
mentioned advantageous properties of NMR/MRI with a high sensitivity to
achieve the detection thresholds required for molecular imaging. This sen-
sitivity gain is essentially induced by two techniques: (1) hyperpolarization
of xenon to strongly increase its NMR signal per nuclear spin (see section
2.2), and (2) CEST detection to exploit the temporary nature of the binding
of xenon to its host (see section 2.3).5

But the use of xenon as a reporting medium has further advantages (sum-
marized in the box on page 7): For example, its large and highly polarizable
electron cloud makes it highly sensitive to subtle changes in its local envi-
ronment (see section 2.1.3), allowing for the detection of multiple different
biomarkers at the same time (multiplexing) [34, 35], and/or for the discrim-
ination between unbound biosensors and biosensors bound to their molec-
ular target [23, 36].

Another favorable property of xenon is its fair solubility in liquids [38]
(see Tab. 1.1). It can therefore be administered via inhalation into the lungs,
where it is partly absorbed into the bloodstream and subsequently distributed

>The combination of both techniques is therefore called Hyper-CEST (note that to date
most studies involving CEST detection are performed with conventional 'H MRI [33]).

Table 1.1.: Xenon relaxation times (T;) and Ostwald solubilities for different environ-
ments/phases.

T, Ostwald solubility  refs.
solid phase hours to days - (37, 38]

gas phase hours - [39]
saline ~1min P 0.09 4 (40, 41]

lipid suspensions 4780 0.62° [40]
blood 3-1083¢ 0.14 4 (41, 42]

2at4.7T; Patroom temperature; C“at281K; dat310K
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Why use xenon for molecular imaging?

e MRI: '®Xe can be detected with MRI, offering unlimited pene-
tration depth without requiring ionizing radiation. Furthermore,
anatomical information is readily obtained by additionally using
conventional 'H MRL

o hyperpolarization: '®Xe can be readily hyperpolarized, dramati-
cally increasing the detectable magnetization and hence enabling the
recognition of low-abundant biomarkers with high sensitivity.

o specificity: Even though xenon is an inert noble gas, it temporarily
binds to certain host molecules. These hosts can be targeted to a
specific biomarker, hence comprising a xenon biosensor.

o selectivity: Xenon’s large chemical shift range allows us to distin-
guish between different chemical environments, in particular be-
tween xenon associated to different biosensors (multiplexing).

o CEST: The reversible binding of xenon to the host molecules can be
exploited with CEST, further increasing the detection sensitivity and
additionally allowing for switchable contrast.

o solubility: Xenon is readily soluble in liquids such as water or blood.

o biocompatibility: Xenon is an inert gas and non-toxic at modest con-
centrations. When inhaled at very high concentrations (about 70%),
it shows anesthetic action.

o background signal: Since xenon does not occur naturally in biologi-
cal organism, there exists no unwanted background signal.

o availability: Xenon can be obtained from air, and is therefore readily
available and relatively cheap (e.g. compared to *He).

rapidly throughout the body’s tissues by circulation. As it thereby maintains
its hyperpolarized state within a lifetime (T;) of 3 - 16 seconds® [42-45],
xenon could be MR-detected also in organs other than the lung, such as the
rodent kidney, heart [46] and brain [16, 47, 48] (MRI) as well as the human
brain [49, 50] (NMR spectroscopy).

Moreover, xenon gas is largely biocompatible and benign to living organ-
isms. When inhaled at high concentrations, it shows a (reversible) anesthetic
action (minimum alveolar concentration or MAC of 71%). In fact, it has

®Note that T of xenon in blood strongly depends on the blood oxygenation level.
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several advantages over other anesthetics; its widespread clinical use is only
hampered by its higher cost compared to other anesthetic substances (e.g.
isoflurane) [38].

Furthermore, the detection of xenon biosensors via CEST yields not only
a sensitivity boost, but also enables to switch the biosensor contrast on and
off at will (by means of an RF saturation pulse, see section 2.3). This reduces
the risk of false positive interpretations, as it helps to separate the effect of
the contrast agent from other signal changing mechanisms, which is often an
issue regarding conventional relaxivity-based MRI contrast agents [30].

Another advantageous feature of xenon biosensors is the separate admin-
istration of the targeted contrast agent (i.e. the biosensor construct) and the
reporting medium (i.e. hyperpolarized xenon). This has the benefit that the
biosensor molecules, after being administered, can be given as much time
as necessary to accumulate in areas where the molecular targets are present
and, if possible, to clear out from other areas. In a second step, hyperpolar-
ized xenon is introduced, ideally binding quickly to the sensors, which is then
finally visualized via MRI. In contrast, other hyperpolarized reporters such
as 13C (readily hyperpolarized with dynamic nuclear polarization, DNP), are
usually part of the sensing substrate. Therefore, administration, accumula-
tion and/or metabolism (and possibly washout) and subsequent detection of
the agent have to be accomplished within the lifetime (T;) of the hyperpolar-
ization, which is typically around 10 - 305 [51] - thus limiting those agents
to the recognition of relatively fast biological processes. It is worth to note
that the radiolabeled tracers used e.g. for PET in principle face the same is-
sue, however, the involved radioactive isotopes have much longer life times
(minutes to days) [1].

A side benefit of using MRI as detection modality is that both information
on the molecular level (via xenon biosensors) as well as information on the
anatomical level (via conventional 'H MRI) can be readily obtained and ac-
curately correlated. In contrast, PET and SPECT naturally lack anatomical
information, however, both instruments can be combined with either MRI
or CT to bridge this gap (“multimodality imaging” [1]).

These favorable properties have motivated the development of xenon
biosensors for various applications, for example for the detection of:

o proteins such as streptavidin [23] or the major histocompatibility com-
plex (MHC) [52]

« enzymes such as matrix metalloproteinase [53] or human carbonic an-
hydrase [54]

« nucleic acids [55]

« metal ions like zinc [56, 57], lead and cadmium [58]
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Furthermore, after the cellular compatibility of xenon biosensors had been
demonstrated [59, 60], they were employed in various in cellulo experiments,
targeting for example:

transferrin receptors [61]

epidermal growth factor receptors (EGFRs, overexpressed in many
cancerous cells) [27]

CD14 cell surface proteins (primarily expressed by macrophages) [30]

HER2 receptors (overexpressed in breast cancer cells) [35]

human brain endothelial cells via lipopeptides [29]

folate receptors (overexpressed in many cancerous cells) [62]

Regarding the design of xenon biosensors, the host moiety plays a crucial
role: It obviously is required to have a high binding affinity for xenon, but
at the same time the reversible exchange of xenon atoms in and out of the
host should be relatively fast (i.e. the residence time of xenon inside the cage
should be short) to allow for an efficient detection with CEST.7 Since xenon
is a non-polar gas, various constructs with hydrophobic cavities have been
proposed as xenon hosts, among them cyclodextrins [28], cucurbit-[»]-urils
[64, 65], and cryptophanes [66]. Of these, cryptophane-A (CrA) has become
the most widely used host, not least due to its favorable binding properties
(see box on page 10) for Hyper-CEST.

Despite their promising properties, xenon biosensors are still at an early
stage of their development, and some challenges remain, especially for fu-
ture in vivo applications. One major issue is the xenon signal: The hyperpo-
larization of xenon decays within seconds when dissolved in blood (see Tab.
1.1). Nevertheless, various studies report successful xenon MRI of the rodent
brain upon inhalation of the noble gas [16, 44, 48, 70], indicating that the re-
maining signal still suffices for imaging. In addition, theoretical modeling
suggested the feasibility of xenon Hyper-CEST imaging in the brain recently
[35]. Moreover, as an alternative to inhalation, xenon dissolved in biocom-
patible lipid emulsions may be administered directly into the bloodstream

7However, the exchange should not be too fast either, because otherwise the two signals
from the two exchanging pools (bound and unbound xenon) coalesce and cannot be
distinguished anymore in an NMR spectrum [63]. Namely, the exchange rate constant
should be smaller than the chemical shift difference between the two pools (often referred
to as slow to intermediate exchange).
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Crypthophane-A as a xenon host for Hyper-CEST

The interaction between xenon and cage-shaped cryptophane host
molecules for potential biosensing applications has been well studied [34,
67]. In this context, the most commonly used construct is cryptophane-A
(CrA). Its cavity size of ~ 95 A’ leads to an almost ideal packaging coefficient
[68] (the ratio between the guest volume and the host cavity volume) with
respect to xenon atoms (van-der-Waals volume ~ 42 A2 [5]), resulting in fa-
vorable xenon binding (binding constant K, = 6800 M~ for a slightly mod-
ified CrA cage [67]) and exchange characteristics (residence time 7~ 30 ms
for a CrA-based biosensor [69]) regarding Hyper-CEST (both values are
given in aqueous solutions at room temperature).

Experiments of this work involved, when not otherwise stated, the mono
acid version of CrA (depicted below the text), where a carboxylic acid group
(shown in blue) is added, allowing for the attachment of further units to
functionalize the cage and/or to increase its solubility.

via injection. This method has several advantages: (1) xenon can be admin-
istered locally, (2) it possibly leads to a prolonged life time of the hyperpo-
larization in the range of 20 - 305 [47, 71-73], and (3) xenon is much better
soluble in lipid suspensions than in blood (see Tab. 1.1). A stronger xenon
signal can furthermore be obtained by isotopic enrichment of 1*Xe and by
optimization of the hyperpolarization process [74, 75] (another strategy for
increasing the signal-to-noise ratio is to use clever signal encoding and post-
processing techniques, as will be shown in section 3.1 of this thesis).

Once enough xenon signal is available to allow for MR imaging, the sensi-
tivity of Hyper-CEST largely depends on the amount of xenon atoms that are
encapsulated in the host moieties of the target-bound biosensors. A straight-
forward approach to increase this amount of bound xenon is to use multi-
valent systems, i.e. biosensors that carry multiple xenon hosts per target-
ing unit. For example, multiple CrA cages have been successfully incorpo-
rated onto supramolecular scaffolds such a viral capsids [76] or bacterio-
phages [27, 77], allowing for sub-picomolar detection thresholds. Another
approach is to utilize host moieties other than CrA that are able to accommo-
date multiple xenon atoms at once, such as perfluorooctyl bromide (PFOB)
nanodroplets [26].

To summarize, xenon biosensor MRI is an active field of research, showing
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great promise for molecular imaging. Although numerous applications and
improvements have emerged in the last decade, the field is still at an early
stage (e.g. yet lacking in vivo validation), and much research remains to be
done. The next chapter will introduce the required background knowledge
about MRI with hyperpolarized xenon, before my contributions to the field
are presented in the main part of this thesis.

11






Background: NMR with hyper-
polarized xenon

This chapter briefly introduces the required background knowledge to un-
derstand the contents of this thesis. Readers already familiar with the basic
principles of MRI might skip the first section and instead continue reading
on page 25, where I address spin hyperpolarization as a general method for
NMR signal amplification. Next, I explain the concept of Hyper-CEST en-
coding, allowing us to detect certain xenon hosts or biosensors with strongly
increased sensitivity. Finally, I describe the setup used for most of the exper-
iments in this thesis.

2.1. Principles of MRI

A detailed description of the principles of NMR and MRI would be far be-
yond the scope of this thesis and numerous excellent text books and review
articles covering this topic exist. However, some of the key concepts that are
necessary to follow the contents of this work are briefly summarized here.
For a more thorough view on magnetic resonance, the reader is referred to
refs. [78-81].

2.1.1. Nuclear magnetization

Each atomic nucleus with a nonzero nuclear spin (for example, 'H or 12°Xe)
possesses a magnetic moment p. Magnetic moments from single nuclei are
too small to be detected through Faraday induction techniques. However, by
exposing a macroscopic sample of nuclear spins (e.g. protons in a water sam-
ple) to a strong static magnetic field pointing in the z-direction, the quantized
z-components 4, of the nuclear magnetic moments eventually form a collec-
tive, measurable net magnetization M along that direction. Its magnitude

M, = NPy, (2.1)
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depends besides y, also on the number of nuclei in the sample N and the
polarization P. For spin-1 nuclei like 'H or ??Xe, the polarization

n' —nt hyBy
p= m = tanh( KT ) (2.2)
—_—

thermal equilibrium

relates the ensemble population difference between the spin states corre-
sponding to parallel (1) and anti-parallel (]) orientation with respect to the
static magnetic field to the total number of spins N = n' + n! [80]. The right
hand side of this expression represents the polarization in thermal equilib-
rium and is obtained using Boltzmann statistics, ! revealing its dependence
on the temperature T, the external magnetic field strength B, and the gyro-
magnetic ratio y (A is the Planck constant divided by 27, and k is the Boltz-
mann constant). Using y_ = 3hy yields

Nh hyB
My = =1 tanh( 217?) (2.3)

for the magnitude of the net magnetization in thermal equilibrium.

The time-dependent behavior of the magnetization M of an ensemble of
nuclear spins in the presence of a magnetic field B reads [80]

M= yM<B (2.4)
—M = yM x : .
a7 4
This equation predicts that the magnetization precesses endlessly around the
direction of B with the so called Larmor frequency

wo =y/B| (2.5)

where |B| is the magnitude of B. However, experiments show that instead of
precessing indefinitely, M is driven back to its thermal equilibrium state with
time. This process, which is called relaxation, can be phenomenologically
included in Eq. 2.4 yielding the so called Bloch equations [82]. For a static

'using :—I = eMPIKT AE = 2yhBy — (—=3yhBy) = yhB, and tanh(x) = iiiggj
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magnetic field pointing in the z-direction, they read

dM, M,
= y(MxB), - = .
M, M,
7 = )/(M X B)y - Tz (26b)
dM M, — Mtherm
S y(MxB), - ——0 .
5 y(M x B), T (2.6¢)

Here, the relaxation time constant T, describes the gradual recovery of the
longitudinal magnetization M, to its equilibrium value M{"*™™ along the di-
rection of static magnetic field, and T, describes the decay of the transverse
magnetization M, due to a loss of phase coherence. >

To facilitate the solution of these equations, we introduce the complex
transverse magnetization [78]

M, = M, +iM, . (2.7)

With this, if the external magnetic field is constant, B = (0,0, By)7, one ob-
tains the solution

M, (t) = Ml(O)e_"“"’tefTirz (2.8a)
Mz(t) — M'gherm _ (M'(t)herm —MZ(O)) e_ﬁ ’ (28b)

showing that with time, any initial magnetization M(t = 0) relaxes back to
its thermal equilibrium M{*™ = (0,0, MtP*™ )T, while precessing about the
z-axis with the Larmor frequency w, = yB,.

In conventional NMR experiments, only the transverse part of the mag-
netization M, is detected. Therefore, a way to tip M out of its equilibrium
state M3™™ (with M, = 0) is required. This is achieved by irradiating a radio
frequency (RF) electromagnetic wave on resonant with the precession fre-
quency wy of the nuclei to be tipped. If such a wave is e.g. applied along the
x-axis at a magnetic field amplitude B, for a time ¢, the magnetization will be
tipped about that axis by an angle of

a=yBit=wt . (2.9)

*Note that the Bloch equations are also valid when in addition to the static magnetic field
with amplitude By another time-dependent field B, (¢) is applied, as long as its amplitude
B; is much smaller than B, [78].
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Figure 2.1.: Free induction decay signal (left) generated by precessing transverse mag-
netization and its spectrum as obtained via Fourier transform (right).

2.1.2. The inductive NMR signal

In a typical NMR experiment, receiver coils are placed around the sample
perpendicular to the external static magnetic field (which in the following
shall always point into the z-direction with strength B,). Via Faraday induc-
tion, the precessing transverse part of the sample magnetization, M, induces
an AC voltage in these coils - the NMR signal. Conventionally, two perpen-
dicularly positioned coils are used: one to capture the “real” part or the x-
component of the magnetization and one to capture the “imaginary” part or
the y-component. The resulting complex signal can heuristically be seen as
being proportional to M, [78]. In a simple experiment with a homogeneous
sample (e.g. a tube of water), where the magnetization is observed after it
has been completely tipped into the transverse plane by an « = 90° RF pulse
(i.e. M(t=0) = (My,0,0)" and hence M, (t = 0) = M,) the NMR signal is
therefore given by

s(t) o< M, (1) B2 ppeinte ™ (2.10)

This equation describes the so called free induction decay (FID), where the
magnetization precesses freely in a static external magnetic field at the Lar-
mor frequency w,, decaying exponentially with T,. It is visualized in Fig. 2.1,
left hand side.

To recover spectral information from such a time-domain signal, one can
apply the Fourier transform F, which in this case yields

S(w) o< F (s(t)) =

M()Tz ( MQTZZ((O—CUQ) ) (2.11)

1+(w—(UQ)2T22 1+(w—a)0)2T22

The real part of this spectrum - which is usually used for further evaluation
— corresponds to a Lorentzian line shape with width %Tz centered around w,
(Fig. 2.1, right). Note that it is the detection of both the real and imaginary
part of the signal allows one to differentiate between positive and negative
frequencies. If we had used only a single receiver coil for e.g. the real part,
another peak in the spectrum at frequency —w, would appear.
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Figure 2.2.: Xenon'’s chemical shift range schematically depicted, adapted from [22]. Fur-
ther shifts were added for xenon in cucurbit-6-uril (CB6) [65], associated to cells [P6], in
perfluorooctyl bromide nanodroplets (PFOB) [31], and in methanol [83]. The exact chem-
ical shift is of course dependent on various parameters such as temperature, pH and pres-
sure etc. Here, rough estimates for room temperature are given.

2.1.3. Chemical shift

The retrieval of spectral information with NMR as outlined in the previous
subsection would be of no use if all nuclei would precess at the same fre-
quency w, as Eq. 2.10 and 2.5 seem to predict for a static magnetic field.
However, the precession frequency derived from these equations is in gen-
eral dependent on the local magnetic field that the NMR-active nuclei expe-
rience. This local field in turn depends not only on the external field B, but
also on the chemical environment (e.g. protons in water, H,O, as compared
to protons in a methyl group, CH3). The magnetic moment induced by sur-
rounding electrons shields the NMR-active nuclei from the external magnetic
field, leading to alocal field that is slightly different than B, and hence yields a
precession frequency w that is also slightly different than w,. The strength of
the shielding depends on the density and the distribution of the surrounding
electrons and therefore on the chemical environment the NMR-active nu-
clei are embedded in. Hence, different chemical environments will shift the
frequency of the nuclei in a different way, an effect which is referred to as
chemical shift. The chemical shift can be denoted as a frequency difference to
areference frequency w—w,ef (€.8. wyer = wo ) but is usually given normalized
in parts per million (ppm) to make it independent from the strength of the
external magnetic field:

W — Wref

chemical shift = 106 . (2.12)

Wyef

While chemical shifts between protons embedded in different molecules
are usually smaller than 15 ppm [22], xenon atoms are much more sensitive
to their surroundings due to xenon’s large and highly polarizable electron
cloud. In fact, xenon shows the largest chemical shift range among all noble
gases [38] (a schematic overview of some chemical shifts of 1*Xe in differ-
ent environments is given in Fig. 2.2). This ability to sense its environment
with very high specificity is one of the properties that make xenon an ideal
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Figure 2.3: In the presence of a
magnetic field gradient, the total
magnetic field (calculated as a sum
of the static field |By|=B, and the
gradient field |Bg|=G, - x) and
hence the Larmor frequencies be-
come position-dependent.  Typi-
cally, the strength of the static field
is around a couple of Tesla [T],
whereas the gradient amplitude G,
0 %  isonthe order of several [mT/m].

————— total magnetic field

magnetic field

candidate as a reporter for targeted contrast agents.

2.1.4. Spatial encoding with gradients

NMR can not only be used to get access to spectral information about the
signal emitting nuclei, as illustrated in the previous sections, but also to ob-
tain spatial information, which was first demonstrated 1973 in the ground-
breaking paper of Paul Lauterbur [84]. This is achieved by spatially encoding
the NMR signal with magnetic field gradients. Gradient coils produce an ad-
ditional magnetic field B along the z-direction, the strength of which varies
approximately linearly along a spatial direction, e.g. along the x-axis. The
total magnetic field at a certain location is then a sum of the static field B,
and this gradient field, as illustrated in Fig. 2.3.
A linear gradient is conveniently denoted as a vector

G=|G, (2.13)

the entries of which represent the slope of the gradient in a certain direction,
such that resulting magnetic gradient field is given by

0

Bq(x) = 0 , (2.14)
Gx+ Gy + Gz

where x = (x, y,z)T is the position vector. The total magnetic field then reads

0
B(x) =By + Bg(x) = 0 . (2.15)
BO + G - X

Assume that all magnetization vectors have been tipped into the transverse
plane by a 9o° RF pulse, and subsequently a gradient G is switched on. Due to
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the spatially varying total field, the spins start to precess at different frequen-
cies depending on their location. Using Eq. 2.5, the precession or resonance
frequency at position x is given by

w(x) =yB(x)| =y(By+G-x) (2.16)

where for the sake of simplicity a sample containing only a single type of nu-
clei has been considered (such that there are no chemical shifts). This in-
cludes that when the gradient G is switched on for a certain time At, the
precessing transverse part of the magnetization M, (x) will accumulate a
position-dependent phase of

At

o(x) = f w(x)dt = yBoAt + y(G-x)At =g, +k-x . (2.17)

0

In the last step, the constant phase ¢, and the spatial frequency or k-value

k.
k=1|k, | =yAtG (2.18)
k.

were defined. After switching off the gradient field, the nuclear spins in the
sample precess at their original frequency w, = yB, again and the NMR signal
is recorded. To calculate this signal that is now induced in the receiver coil,
we have to integrate Eq. 2.10 over the sample’s volume:

S(t)ocf|Ml(x)|e"'(‘“°”"’(x))efﬁdx . (2.19)

Neglecting relaxation effects (T, = oo) for simplification and assuming that

all the initial longitudinal magnetization M,(x) has been tipped into the

transverse plane by the 9o° pulse (M, = M), this expression can be rewrit-
ten as

S(k, t) o fMO(X)e—i(wot+<p0+k.x)dX

(2.20)

— efi(wotﬂpo) [ Mo(x)efik-xdx 7

which means that the signal magnitude is proportional to the Fourier trans-
form of the initial longitudinal magnetization M,(x), i.e. the spatial distri-
bution of the initial magnetization. If the signal S(k) is recorded for a suffi-
ciently high number of different k-values, then such a “magnetization image”
(in the simplest case reflecting a density map of the NMR-active nuclei under
investigation) can be obtained by a simple inverse Fourier transform:

Mo(x)ocfS(k)eik'xdk . (2.21)
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k-space

resulting image

Figure 2.4.: Effects of k-space sampling on the resulting image. A: Fully Nyquist-sampled
k-space (top) from the original image (bottom). B: Omitting the high frequencies in k-
space and thus only retaining the center yields a loss in resolution. However, image con-
trast is preserved. C: On the other hand, a contour image which contains the details but
hardly any contrast is obtained when only the high frequencies are sampled. D: Leav-
ing out every second line in k-space leads to folding of half-copies into the original im-
age since the Nyquist criterion (Eq. 2.22) is violated. E: Sampling random k-space points
(again half of the data is sampled, as in D) leads to incoherent, noise-like folding artifacts.

The different magnitudes of k are achieved by changing the gradient strength
and/or the duration it is switched on before the signal is recorded (see Eq.
2.18). How densely the signal has to be sampled in k-space or Fourier space
to obtain an artifact-free image is briefly discussed in the next section.

2.1.5. Sampling k-space

One might ask the question of how many and which data points have to be
sampled in k-space for an efficient spatial NMR encoding. Briefly speaking,
this can be answered as follows:

1. The spatial extent of the sample dictates the minimum spacing between
two neighboring k-space points via the Nyquist sampling criterion.

2. The desired spatial resolution of the image in a given spatial direction
can be adjusted by varying the maximum k-value in this direction.

The first statement is derived by considering the sampling process as a con-
volution of the “true” NMR signal with a comb function, and Fourier trans-
forming the result into image space taking into account the Fourier convolu-
tion theorem. Here, just the results are given, stating that the k-space step size
in one direction Ak must be smaller than 27 divided by the sample’s extent
A in that direction (Nyquist criterion):

<> A<—=L . (2.22)
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In the last step, the field of view (FOV) L was introduced. Typically, the k-
values are sampled equidistantly, and hence the sampling pattern along one
direction is given by

- kmaxu _kmax + Ak7 _kmax + 2Ak7 07 Aku 2Ak7 LK) kmax - Ak y (2-23)

where k. is the maximum k-value or the magnitude of the highest spatial
frequency.

The second point can be understood by considering that a high spatial res-
olution enables to reveal small details in an object. As the spatial image orig-
inates from a Fourier transform, that is, a superposition of wave functions
with different spatial frequencies, it is obvious that only wave functions with
small wave lengths - i.e. high frequencies/k-values — are able to resolve such
small details. Upon closer investigation, one can derive the following expres-
sion for the spatial resolution in a given direction:

V18 FOV

Ax = =
knax ~number of sampling points

(2.24)

The rightmost expression was derived by considering that k.« equals half
the number of sampling points multiplied by Ak and then using Eq. 2.22.

Some examples illustrating the effects of low and high frequencies in k-
space and sub-Nyquist-sampling are depicted in Fig. 2.4.

2.1.6. Conventional pulse sequences

As discussed above, MRI data is acquired in Fourier- or k-space. The differ-
ent k-values are achieved by applying magnetic field gradients with varying
strengths and/or durations in different directions. The previous section indi-
cated which k-values need to be acquired to obtain artifact-free images at the
desired resolution. However, no remarks were made about how exactly these
values should be acquired. In fact, there exist numerous acquisition strate-
gies consisting of sequences of RF and gradient pulses, commonly referred
to as pulse sequences. In the following, some standard pulse sequences that
were used in this work are briefly described.

Gradient-echo based sequences

Gradient-echo based sequences are probably the most frequently used MRI
sequences, not least due to their simplicity. A simple gradient-echo (GRE)
sequence in two dimensions is depicted on the left side of Fig. 2.5A. Initially,
a frequency-selective excitation RF pulse with an angle & (usually smaller or
equal to 90°) is applied to tip the spins into the transverse plane. The gradient
in z-direction that is active during the RF pulse (called a slice-selection gradi-
ent) ensures that only the spins in a thin plane perpendicular to that direction
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A Figure 2.5: Sequence dia-
TE N gram and k-space trajectory
o acq v of two gradient-echo (GRE)
RF 3 - based sequences. A: Con-
ventional gradient-echo
G k . .

X-—EFl-* y imaging sequence. The
G % RF-axis shows the shaped
g excitation pulse with an tip
G M angle of a and the acquired

S =] E k . .
x NMR signal. In the gradient
B axis, white boxes stand
90° acq * » for slice-selection, gray

RE N ¢ for phase-encoding, light
blue for read-dephase, dark

G"_I:Fh-; k, blue for readout and black
B:

for spoiler gradients.

y Echo planar imaging (EPI)
O
G [ sequence for a fast k-space
o k, acquisition.

are excited, leaving the remaining spins untouched since they do not fulfill
the resonance condition. Hence, only a slice of the entire sample contributes
to the NMR signal, reducing the imaging problem from 3D to 2D.

Directly after excitation, another gradient in z-direction is applied, but
this time with the opposite sign. This refocusing gradient undoes the de-
focusing effects that occurred during the excitation. At this point, we have
a slice of excited spins which precess at the same frequency without phase
difference. Hence we are in the center of k-space, k = (k,,k,)™ = (0,0)7.
Next, a so called phase-encoding gradient is applied along the k,-direction.
This “moves” the current k-space position along the y-axis (2.5A right, gray
arrow) to a certain value, i.e. k = (0,k})". Then, the read-dephase gradi-
ent (light blue) sets the position in k,-direction to the outermost value, i.e.
k = (—kymax, k})T. Subsequently, the read gradient (dark blue) is switched
on for a certain time, moving the k-space position gradually along the k,-
axis to k = (ky max, k)" while simultaneously the NMR signal is sampled in
equidistant intervals (Eq. 2.23, remember that the k-value depends also on
the time that the gradient is switched on, Eq. 2.18). This way, an entire line in
k-space is recorded. After all remaining transverse magnetization has been
destroyed by a spoiler-gradient (black), the whole process is repeated N, times
with different strengths of the phase-encoding gradient, such that in the end
all necessary k-space lines are sampled. During the readout step, the spins
packets occur in k-space with conditions ranging from initially maximally
dephased (k, = —k, max) over maximally rephased (k, = 0) to maximally de-
phased again (this time in the opposite direction, k, = ky max). Since the NMR
signal is maximized if all spins in the sample precess in phase and reduces as
their phase difference grows, the recorded signal increases until k, = 0 (after



2.1. Principles of MRI

the first half of the total duration of the readout) and then decreases again (see
2.5A left, signal curve above the read gradient). Such a signal form is called a
gradient-echo, since gradients are used to defocus and then refocus the spins.
The time TE between RF excitation and formation of the gradient-echo is
called echo time. After acquisition of the entire k-space, a spatial image is
readily obtained by a 2D Fourier transform.

Another gradient-echo based sequence, which is designed for fast acqui-
sition, is the echo planar imaging (EPI) sequence. Here, multiple gradient-
echoes are acquired after only one excitation pulse. The sequence diagram is
shown in Fig. 2.5B, left. After excitation and slice-selection, the k-space posi-
tion is set to k = (=ky max, —ky,max ) and a single line is recorded as previously.
Then, a short phase-encoding gradient (also called blip) moves the k-space
position to the following line, which is subsequently recorded by switching
on the read gradient in the opposite direction (moving k, now from K, ;,ax
to =k, max. This is repeated until the full k-space is acquired. Since an en-
tire image can be encoded with a single RF excitation pulse (single shot), the
acquisition time can be reduced to a minimum. However, gradient imper-
fections and the relaxation based signal decrease during recording (indicated
by decreasing gradient echo amplitudes in the figure) can cause artifacts in
the final image and make EPI less robust than conventional gradient-echo
imaging.

Spin-echo based sequences

When longitudinal magnetization is excited into the transverse plane, Eq.
2.6 and Eq. 2.8 predict that the transverse part of it will start to precess and
gradually decrease with T,. This relaxation process is driven from randomly
fluctuating local magnetic fields, which originate from Brownian motion and

t=0 t =TE/2 t=TE
z V4 V4 V4 z
90° 180°
y 4 é as ) Tix y y
X X X X X

Figure 2.6.: Formation of a spin-echo, explained in the rotated frame of reference, ne-
glecting T, relaxation decay for the sake of simplicity. The 90° pulse at ¢t = 0 flips the
longitudinal magnetization into the transverse plane. Then, the transverse magnetiza-
tions from different spin packets experiencing different magnetic fields due to inhomo-
geneities precess at different speeds. Some rotate faster (dark blue) and some slower
(orange) than the ideal Larmor frequency. The application of the 180° pulse at t = TE/2
reverses the situation: Now the slower spin packets are in front of the faster ones, so that
they start to rephase. Att = TE, the fast spins caught up the slow ones, and for this
moment, all spins are in phase again: A spin-echo has formed.
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Figure 2.7: Sequence dia-
G, | | kg T77°%"%  gram and k-space trajectory
G MRS MEN of a turbo spin echo (TSE)
y Hg—k%* _§ sequence. The effect of the
G, O ll:ll R * 180° refocusing pulse is
‘ k, displayed as a dashed arrow

' TE ' in the k-space trajectory.

molecular tumbling of nearby magnetic moments (e.g. nuclei or electrons)
and other incoherent mechanisms. In general however, one will observe a
faster decay of transverse magnetization with 75 and not with the predicted
intrinsic T, (T5 < T,). The reason lies principally in local magnetic field
inhomogeneities (e.g. coming from inhomogeneities of the external static
magnetic field or from susceptibility differences within the sample), which
lead to an additional dephasing between spins. A spin-echo is another type of
echo, which forms when spins packets that were dephased due to such static
magnetic field inhomogeneities get rephased. It is generated by applying a
180° refocusing RF pulse after the 9o° excitation pulse, as illustrated in Fig.
2.6. Spin-echoes can be useful in various situations, for example when T, is
rather long and a T; is rather short. Then, the fast decay of magnetization
with T3 can be circumvented by acquiring spin-echoes, which decay with T5.

By including imaging gradients, spin-echoes can also readily be used for
image formation. A variant for fast imaging, the so called turbo spin echo
(TSE) sequence (also called RARE, rapid acquisition with relaxation en-
hancement), is depicted in Fig. 2.7. Here, multiple spin-echoes are formed
in a single shot, that is, after a single excitation pulse. First, a slice is ex-
ited by a 90° RF pulse, and then the read-dephase gradient moves us to
k = (kymax,0)T. Next, the 180° refocusing pulse changes the sign along
ky, such that k = (—kymax,0)7. It is surrounded by spoiler-gradients that
destroy any unwanted magnetization from outside the selected slice. Next,
the phase-gradient moves us to the desired k,-position, k = (—ky max; k;)T.
Subsequently, both the receiver and the read-gradient are switched on, and
the entire k-space line is acquired. Note that after half of the acquisition
time, spin-echo and gradient-echo coincide. After acquisition on the entire
line, the phase-encoding gradient is switched on in the opposing direction to
achieve k, = 0. From this point, the 180° pulse — readout combination is re-
peated multiple times for different phase-encoding gradient strengths, such
that in the end the whole k-space is covered. The TSE sequence is a notewor-
thy single-shot alternative to EPI, since it may yield more signal-to-noise if
T, is sufficiently long, and it is less prone to artifacts.
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2.2. Spin hyperpolarization

One major limitation for the use of proton NMR in molecular imaging is
its relatively low sensitivity. This can be seen when evaluating the thermal
proton spin polarization (Eq. 2.2) at body temperature (T = 37° C) in a rather
strong external field of 9.4 T, resulting in P= 0.003%. This indicates that only
a very small fraction of the total amount of spins contributes to the NMR
signal, making it difficult to detect low-abundant molecular markers.

One possibility to increase the polarization is to reduce the temperature
and to increase the static magnetic field. However, to make most of the spins
contribute to the signal, one would need to go down to the milli-Kelvin range,
even at strong magnetic fields - rendering this approach impractical for in
vivo applications. Nevertheless, high polarization values can be obtained
for some nuclei also at room temperature by a process called hyperpolariza-
tion. Here, the spin system is artificially driven out of its thermal equilibrium
(Fig. 2.8A) to strongly increase the resulting magnetization and hence the
signal. '¥Xe can be very efficiently hyperpolarized by spin-exchange optical
pumping (SEOP) [85, 86], which is conceptually depicted in Fig. 2.8B. First,
a droplet of an alkali metal (most often rubidium) is positioned in a weak
magnetic field and heated up. Its vapor is illuminated by circularly polar-
ized laser light aligned with the magnetic field and tuned to the D, transition
(794.7 nm for rubidium) to spin-polarize the electrons (optical pumping).
These can then transfer their polarization onto the nuclear spin of the xenon
atoms by Fermi-contact hyperfine interactions via binary collisions (dom-
inant at multi-atmosphere pressures) and via forming van-der-Waals com-
plexes (dominant at lower pressures).
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Figure 2.8.: A: Concept of hyperpolarization (adapted from ref. [5]). In thermal equi-
librium at room temperature (bottom), the population density of nuclear spins aligned
parallel to the external magnetic field (low energy state) is only marginally larger than
the population density of spins aligned anti-parallel (high energy state). Hyperpolar-
ization means over-populating one energy level far beyond the thermal equilibrium
(top), thereby increasing the resulting macroscopic magnetization. B: Concept of spin-
exchange optical pumping (adapted from ref. [10]). An infrared laser polarizes the elec-
trons of rubidium atoms exposed to a weak magnetic field, which then transfer their po-
larization to xenon nuclei via hyperfine coupling.

25



26

Background: NMR with hyperpolarized xenon

In literature, signal enhancements of multiple orders of magnitude were
reported for hyperpolarized xenon [28, 85]. The polarizer built in our lab in
Berlin currently achieves a xenon polarization as high as 25% in continuous
flow mode [87], corresponding to an amplification factor of nearly 30 ooo
compared to thermally polarized nuclei. Other polarizers can achieve even
higher polarizations of around 65% [74] in continuous flow.

2.2.1. NMR detection of hyperpolarized magnetization

As described in the previous sections, the initial (hyperpolarized or thermally
polarized) magnetization, that is aligned along the axis of the static magnetic
field, has to be tipped into the transverse plane by an RF excitation pulse in
order to be detectable with NMR or MRI. Conventional MRI pulse sequence
design typically relies on the fact that this initial magnetization eventually
recovers to its thermal equilibrium M, = M{*™ due to T, relaxation (see
Eq. 2.8), such that subsequently further RF pulsing can be employed. On
the other hand, when dealing with hyperpolarized nuclei, the initial hyper-
polarized state M, = M{*" will not be recovered by relaxation, but the mag-
netization will instead decay to its thermal equilibrium value, which is neg-
ligible compared to the hyperpolarized value Mgher™ <« M;*®. Briefly speak-
ing, the magnetization of hyperpolarized nuclei is non-renewable [88]. This
has some implications on the signal detection strategies: For conventional
MRI with thermally polarized nuclei, gradient-echo sequences are most of-
ten used. Here, after a low flip angle excitation and the acquisition of one line
in k-space, the magnetization relaxes back to its steady state quickly and sub-
sequently the next line can be acquired and so on. For hyperpolarized nuclei,
if gradient-echo sequences are used, each excitation uses up a certain frac-
tion of the hyperpolarized magnetization such that only a certain amount
of k-space lines can be acquired before the hyperpolarization is lost. Fur-
thermore, the gradient-echo sequence should be combined with a variable
excitation flip angle to ensure the same amount of initial magnetization for
each k-space line [89]. Alternatively, sequences such as EPI or TSE can be
employed to use the whole initial hyperpolarized magnetization efliciently
for the acquisition of an entire image in a single-shot. As will be described in
section 3.1.1, we found these single-shot sequences to be particularly useful
for our CEST MRI experiments.

2.3. (Hyper-)CEST detection

As depicted in Fig. 1.1A, xenon based contrast agents for molecular targets
usually consist of a targeting unit and a xenon binding site (e.g. a molecu-
lar cage with hydrophobic cavity, such as Cryptophane-A, see box on page
10). Due to their large electron cloud, the xenon atoms sense whether they
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Figure 2.9.: Principle of Hyper-CEST detection. A: Without saturation, all xenon atoms re-
main hyperpolarized. When a saturation pulse is applied at the frequency of Xe@cage, w,,
the nucleiinside the cage get depolarized. Due to chemical exchange, these depolarized
atoms accumulate in the solution pool Xe@sol. B: Schematic of an exemplary direct NMR
spectrum of xenon dissolved in an aqueous solvent containing Cryptophane-A as molec-
ular cage (top) and corresponding Hyper-CEST spectrum (bottom). The large blue peak
in the direct spectrum stems from free xenon in solution, and the small gray peak from
xenon inside the cage. The chemical shift reference (zero on the horizontal axis) is the
frequency of xenon in the gaseous phase (peak not shown). As the saturation pulse fre-
quency (blue arrows) approaches the Xe@cage resonance, the amplitude of the Xe@sol
peak A gradually decreases due to saturation transfer. This results in a negative peak at
w, in the corresponding Hyper-CEST spectrum A;(wsat )-
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are unbound in solution (Xe@sol) or entrapped in such a molecular cage
(Xe@cage); see Fig. 2.9A, top. This is reflected in a large chemical shift differ-
ence between the two signals in an conventional direct NMR spectrum (Fig
2.9B, top, first spectrum), that allows us in principle to detect the presence of
the contrast agent via the Xe@cage resonance. Molecular imaging however
aims for the detection of very low agent concentrations in the nano- to pico-
molar range and hence the peak amplitude of caged xenon A, is in general
much smaller than the amplitude of xenon in solution A,. Despite the ampli-
fication through hyperpolarization, the Xe@cage peak is often even hidden
below the noise level, so that the direct detection of entrapped xenon requires
extensive signal averaging and long acquisition times, especially for imag-
ing applications [90]. An alternative detection technique applying chemical
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exchange saturation transfer (CEST) [33] to hyperpolarized nuclei (Hyper-
CEST) was developed in 2006 in the lab of Alexander Pines [24], using the
abundant pool of Xe@sol with amplitude A for detection instead of the dilute
pool of Xe@cage. This indirect approach exploits the fact that the binding of
xenon to the host structure is reversible, i.e. the xenon atoms continuously
exchange in and out of the cage (Fig. 2.9A).

The idea of Hyper-CEST is as follows. Prior to acquiring the signal of
Xe@sol and determining its amplitude A, a saturation pulse is applied on res-
onant with entrapped xenon (Xe@cage), i.e. ws,t = w,, see Fig. 2.9A, bottom.
This pulse depolarizes the Xe@cage atoms, which after a short time exchange
into solution and are then replaced by fresh, hyperpolarized xenon atoms
from the Xe@sol pool. As this process repeats rapidly while the saturation
pulse is switched on, the depolarized atoms accumulate in solution and hence
the magnetization of the Xe@sol pool shrinks (fourth spectrum in Fig. 2.9B,
top). Hyper-CEST contrast agents are hence made visible via a switchable
signal loss. Since every cage molecule typically depletes the polarization of
many hundreds of xenon atoms (the exact number depends on the residence
time of xenon inside the host and the saturation pulse length), Hyper-CEST
greatly enhances the detection threshold and allows for the measurement of
much lower agent concentrations compared to direct NMR detection. The
mentioned signal loss can be quantified by subtracting the signal of Xe@sol
acquired with on-resonant saturation as explained above, from a reference
signal of Xe@sol with either no saturation pulse (Fig. 2.9A top), or with a
sufficiently far off-resonant saturation pulse.

Hyper-CEST can not only reveal the presence of a certain contrast agent,
but also allows for the retrieval of spectral information, which can be e.g.
used to detect multiple agents resonating at different frequencies. To ob-
tain such CEST spectra, the saturation pulse frequency wg,; is varied and the
amplitude of the solution peak Aj; is extracted for each wg,; and then plot-
ted against wg,; (Fig. 2.9B, bottom). Since CEST involves signal depletion,
each peak in the direct spectrum yields an inverted peak in the CEST spec-
trum. Maximum depletion is achieved when the saturation pulse irradiates
on-resonant with Xe@cage (ws,t = w.) and hence the CEST spectrum has
a minimum at this frequency. The further off-resonant the saturation pulse
frequency is tuned, the less effective the saturation mechanisms works and
hence the weaker is the signal loss.

Hyper-CEST can also be easily combined with MR imaging. To this end,
instead of determining the amplitude of the Xe@sol peak as described above,
we use the Xe@sol signal after the saturation preparation to generate an MR
image with e.g. one of the imaging sequences presented in section 2.1.6. Sim-
ilar to the case of CEST spectroscopy as seen in Fig. 2.9, varying the satura-
tion frequency prior to acquiring the MR images leads to maximum signal
depletion when we irradiate on-resonant with an agent, and less efficient de-
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Figure 2.10.: Spectral Hyper-CEST imaging. A: Selected images with different saturation
frequencies from a spectral Hyper-CEST image series. The sample tube (see Fig. 2.12)
contains a contrast agent in the inner compartment and a different contrast agent in the
outer compartment that resonate at NMR frequencies w;,, and w,t, respectively. As the
saturation frequency approaches either w;, or wyyut, the intensity of the respective com-
partment decreases due to saturation transfer. B: By plotting the intensity of single pixels
with respect to the saturation frequency, localized CEST spectra are obtained, similar to
the one shown at the bottom of Fig. 2.9B. C: By subtracting one of the images where
the saturation frequency was tuned on-resonant with one of the contrast agents (e.g. at
wiy), from a reference image without saturation (“off-resonant”), the spatial distribution
of that contrast agent can be recovered. The difference image clearly highlights the re-
gions where the corresponding agent was present, in this case the inner compartment.

pletion when we irradiate further off-resonant. However, we now obtain an
entire image for each saturation frequency instead of just a single data point,
leading to a spectral image series as shown in Fig. 2.10A. In this context, sig-
nal depletion is reflected in dark areas in the images. In fact, each pixel in
such an image corresponds to an entire CEST spectrum, which can be ex-
tracted by plotting the intensity of this pixel against the saturation frequency
Wsat, (Fig. 2.10B). Just as for CEST spectroscopy, the signal loss for a certain
contrast agent can be quantified by subtracting the image acquired with the
saturation pulse irradiating on-resonant with this agent from an image ei-
ther without saturation pulse (2.10C) or with a far off-resonant pulse. Since
in the on-resonant image (in this case wg,t = w;,) the signal is depleted in all
regions where the agent was present (in this case the inner compartment),
the difference image highlights exactly those regions and hence represents
a map of the spatial distribution of the contrast agent. The so called CEST
effect, which is calculated by dividing the difference image pixel-wise by the
image without saturation pulse, displays the relative signal loss due to CEST
for all the pixels, and is commonly used for the localization of (Hyper-)CEST
contrast agents.
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Figure 2.11.: Composition of a typical (Hyper-)CEST sequence. A: After application of an
RF saturation pulse with power B; at a frequency wg,t, the remaining magnetization is
read out. B: The readout can be an imaging sequence (1-3, see section 2.1.6) or a simple
spectroscopic readout (4) consisting of a 90° excitation pulse followed by the acquisition
of the FID (see Fig. 2.1).

To summarize, a CEST scan consists of a saturation pulse and the subse-
quent readout of the remaining magnetization (Fig. 2.11). Two CEST scans
(an on- and an off-resonant one) are required to detect the presence and - if
an imaging readout was applied - the spatial distribution of a certain agent.
Multiple CEST scans at different saturation frequencies allow for CEST spec-
troscopy, which is not only useful if more than one agent shall be detected,
but also necessary to extract relevant parameters about these agents, as we
will see in the next paragraph.

Mathematically, CEST experiments can be described by extending the
Bloch equations (2.6) with exchange terms to the Bloch-McConnell equations
[91, 92], a set of coupled first-order linear differential equations. For a two
pool model considering the Xe@sol (index s) and the Xe@cage (index c) pool
and a continuous wave (cw) saturation pulse irradiating with field strength
w; = yB; along the x-axis, they read

dMJE S S S S C
T T AOM;-RM; kM ke
dM;
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where M  are the components of the magnetization vector in either of the
two pools, Aws . = wsat — W5 ¢ is the difference between the saturation pulse
frequency and the frequency of the either of the two pools, R}’; = ﬁ are the
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relaxation rates, and k. are the exchange rate constants from one pool to
the other. The colored terms in the above equations represent modifications
to the conventional Bloch equations. In order to extract e.g. the exchange
rate constants from experimental data, measured CEST spectra can be ei-
ther fitted to the above equations (by evaluating them numerically using e.g.
matrix exponentials [92, 93]) or instead, to an analytical approximation (de-
scribing the shape of Hyper-CEST spectra as the exponential of a Lorentzian
line shape [94]). While the resonance frequency w, of a Hyper-CEST contrast
agent can be easily obtained from a single CEST spectrum, reliable results for
parameters such as the exchange rate constants often require global fitting of
multiple spectra at e.g. different saturation powers [95]. Those parameters
are especially useful for the screening or the design of new CEST contrast
agents, since they characterize the efficiency of these agents.

All concepts described in this section are also valid for conventional CEST
detection with thermally polarized nuclei, e.g. protons [33] (this is why “Hy-
per” in Hyper-CEST was put into brackets in the heading). The major differ-
ence to Hyper-CEST is that for thermally polarized nuclei, the initial magne-
tization recovers again after it has been saturated, since T} relaxation drives it
back to its thermal equilibrium (compare section 2.2.1). Therefore, the NMR
signal has to be acquired quickly (much faster than T}) to capture the magne-
tization in its saturated state. For hyperpolarized xenon, the initial hyperpo-
larized magnetization does not recover once it has been saturated, such that
the saturated state persists. However, this includes that fresh hyperpolarized
xenon has to be delivered to the sample prior to the next measurement.

2.4. Experimental setup

The experimental setup for all experiments of this work involving hyperpo-
larization is depicted schematically in Fig. 2.12. Using the pressure from
the gas bottle regulator (ca. 3.5bar overpressure) a gas mixture containing
xenon is guided to a custom-designed polarizer operating in continuous flow
mode. After hyperpolarization, the gas is transferred into the phantom in-
side the MR scanner (Avance 400, 9.4 T, Bruker, Germany) and bubbled into
the sample solution. It then leaves the magnet through a flow controller and
is released to the environment. After a certain time of bubbling - typically
10 to 20 seconds until the solution is saturated - the gas flow is stopped and
a measurement is taken after a small waiting time (to allow remaining bub-
bles to collapse). Subsequently, fresh hyperpolarized xenon is bubbled into
the sample again to prepare for the next measurement. The gas flow rate as
adjusted by the flow controller is usually around one tenth of a standard liter
per minute. The phantom itself is depicted on the left side of Fig. 2.12. It
basically consists of a glass tube with an inner diameter of 10 mm containing
the sample, and glass capillaries that extend from the gas inlet into the sample
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Figure 2.12.: Schematic of the experimental setup for Hyper-CEST experiments. After hy-
perpolarization, xenon gas is guided into the NMR scanner and bubbled into the sample
solution. The insert on the left side depicts the bubbling phantom with two compart-
ments in more detail. The axial slice acquired with conventional proton MRI clearly shows
the two compartments and the five glass capillaries through which the gas is delivered
to the sample solution. By removing the inner glass tube, the phantom can be used with
a single compartment.

solution to deliver xenon gas via bubbling. By optionally inserting another
5 mm NMR tube into the phantom (as shown in the schematic), two different
samples can be investigated at a time.
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When I started working on this PhD project in 2011, the fastest reported
Hyper-CEST image acquisition for xenon biosensors took more than 20
minutes [24] (biosensor concentration approximately 5pum), had a rather
small matrix size of 8 x 8 pixels and required multiple, very stable xenon re-
deliveries — conditions which might be problematic especially for future in
vivo applications. Moreover, the acquisition of CEST spectra, which is e.g.
relevant for detecting multiple different sensors simultaneously and for the
screening of new contrast agents, was very time consuming, since each point
in the spectrum required a separate NMR scan. The goal of this thesis was to
overcome or at least diminish these restrictions. It is therefore divided into
the following two main projects:

1. Optimizing Hyper-CEST imaging: The aim of the first project was to
make Hyper-CEST MR imaging faster, more sensitive, and less prone
to an unstable xenon delivery. To this end, we initially focused on the
spatial encoding of the magnetization: We implemented fast single-
shot encoding techniques which efficiently use up the available hyper-
polarization for image generation. In combination with an optimized
polarizer setup, it was possible to drastically increase speed and sen-
sitivity of Hyper-CEST MRI (imaging of a contrast agent with a con-
centration as little as 250nM in about 100 seconds) [P1]. Applications
included the fast acquisition of spectral Hyper-CEST image data sets
to discriminate between two different agents, dynamic monitoring of
agent diffusion [P1], the first live-cell tracking performed with xenon
MRI agents [P6] as well as the first imaging of cell-targeted xenon
biosensors [29, 30]. Additionally, we developed a clever signal en-
coding strategy termed smashCEST (“smash” stands for “shared mag-
netization after single hyperpolarization”), that allowed us to encode
Hyper-CEST images in less than a second using only a single xenon
delivery [P1]. In addition to a faster image acquisition, this enabled us
to apply Hyper-CEST also in situations where a stable xenon delivery
could not be guaranteed.

Next, the observation that a set of spectral Hyper-CEST images con-
tains a lot of redundant information led us to an additional approach
for increasing sensitivity. Realizing that the essential features of the
entire image set can be described by only a few principal components,
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we could improve the image quality in two ways [P2]: (1) by employing
principal component analysis (PCA) based post-processing, we could
remove much of the noise in the data, and (2) by acquiring less raw
data than actually required by the Nyquist sampling criterion, we could
distribute the available hyperpolarized magnetization among less data
points, hence increasing the signal per data point. To still be able to re-
construct meaningful images from the sub-sampled data set, we used
an iterative algorithm exploiting the aforementioned redundancies. As
approach (1) decreases the noise and approach (2) increases the signal,
both lead to an enhanced signal-to-noise ratio (in total, we achieved a
4.9-fold increase of SNR for the image data set used in our study).

2. Accelerating (Hyper-)CEST spectroscopy: In the second project, we

aimed at reducing the acquisition time of Hyper-CEST spectra for in
vitro experiments, which is e.g. important for the screening or the
study of new contrast agents or other host-guest complexes, for detect-
ing multiple agents or substances simultaneously, and for the monitor-
ing of dynamic processes. We therefore employed a novel frequency
encoding strategy for CEST that is based on magnetic field gradients
instead of a frequency sweep [96]. It therefore allowed us to acquire an
entire CEST spectrum with only two NMR scans (conventionally, one
requires one scan per data point in the spectrum). We initially imple-
mented and improved this technique for conventional 'H CEST agents
(reducing scan time by a factor of up to 300) [P3], and then modified
it for the use with hyperpolarized xenon (reducing scan time by a fac-
tor of up to 40) [P4]. The latter enabled us to dynamically monitor an
enzymatic reaction using Hyper-CEST spectroscopy.
We furthermore showed that the above-mentioned new frequency en-
coding strategy can also be extended with imaging capabilities by using
a fast multi-slice readout [Ps5]. This approach, termed ultrafast CEST
imaging, combines aspects from publications [P2] and [P3] and can
be e.g. used to rapidly screen multiple CEST agents in multiple sample
tubes simultaneously.

In the following, I summarize these projects in more detail. Each sub-
section corresponds to one of the journal articles I authored [P1-P5]. An
overview of all publications related to this work can be found in the “List of
publications” on page 65, where I also accurately specify my contributions to
each project.

3.1. Optimizing Hyper-CEST imaging

In this section, I outline how we improved Hyper-CEST imaging by using
clever image acquisition and post-processing techniques.
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Figure 3.1.: Improved Hyper-CEST imaging using a single-shot EPI sequence. Imaging
nanomolar agent concentrations (A) and encoding CEST images in less than a second
using smashCEST with a single xenon delivery (B). The images show the spatial distribu-
tion of the contrast agent (in this case Cryptophane-A) in an axial slice of the phantom
(see Fig. 2.12, left).

3.1.1. Single-shot Hyper-CEST MRI

—— corresponding to publication P1

The first paper, which represents a collaborative work between my colleague
Martin Kunth and me [P1], contained two major improvements for Hyper-
CEST imaging (schematically depicted in Fig. 3.1):

1. The use of a single-shot EPI sequence (compare Fig. 2.5B) allowed us

to record an entire CEST-weighted image using only a single excita-
tion pulse and a single saturation preparation. This not only speeds up
the measurement, but also efficiently uses the available hyperpolarized
magnetization for data acquisition. Compared to the then state-of-the-
art Hyper-CEST imaging strategy employing chemical shift imaging
(detecting 5 UM contrast agent in 22 min using an 8 x 8 matrix with a
voxel size of 1.5 x 1.5 x 10 mm3 [24]), we achieved a more sensitive de-
tection in much less time (detecting 250nM contrast agent in 102
using an 32 x 32 matrix with a voxel size of 0.6 x 0.6 x 20 mm?). One
prerequisite for this technique is the availability of enough initial hy-
perpolarized magnetization for single-shot imaging, which the opti-
mized polarizer in our lab perfectly fulfills.

. 'The use of two different excitation flip angles (45°- 90°) allowed us to

acquire a Hyper-CEST image with only a single xenon delivery (termed
smashCEST, shared acquisition after a single hyperpolarization). This
technique not only further accelerates image recording (image encod-
ing: 940 ms, total acquisition time including xenon delivery: 29 ), but
also makes Hyper-CEST independent from a stable xenon re-delivery:
The hyperpolarized xenon from only a single delivery is used to gen-
erate both the off- and the on-resonant image required for CEST (see
[P1], Supporting Information, Fig. S4). This is important, since many
polarizer setups do not necessarily guarantee a stable xenon supply for
multiple acquisitions (especially for in vivo experiments [28]). In the
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A Imaging of two different agents B Monitoring agent diffusion
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Figure 3.2.: Applications of fast Hyper-CEST using an EPI sequence. A: The acquisition of
spectral Hyper-CEST images allowed us to detect and visualize the spatial distribution of
two contrast agents, here displayed in different colors. B: Movie showing the diffusion of
contrast agent molecules through a dialysis tubing as observed with Hyper-CEST by tak-
ing animage every 33 s. If the movie is not displayed correctly, try to open this document
with Adobe Acrobat Reader.

original Hyper-CEST approach [24], the acquisition of a single CEST
image required as many as 64 stable xenon re-deliveries.

These improvements in sensitivity and recording speed allowed us for the
first time to acquire entire spectral Hyper-CEST image series in an acceptable
time frame of several minutes. With such a combination of spectral and spa-
tial information, multiple different contrast agents can be localized simulta-
neously. This allows for example the imaging of multiple biochemical targets
or biomarkers (multiplexing), which is of great use for e.g. disease detection:
Since typically a variety of biomarkers play a role in characterizing a disease
[1], detecting multiple markers is likely to lead to a more accurate and reliable
diagnosis compared to detecting just a single marker. As a proof of princi-
ple, we demonstrated the imaging of two non-targeted Hyper-CEST agents
(Cryptophane-A, CrA, in two different solutions) as shown in Fig. 3.2A. The
fact that the two agents were separated by only about 1 ppm (131 Hz) in the
xenon NMR spectrum highlights the spectral selectivity of the method, al-
lowing for an efficient multiplexing. The shift artifact between the two com-
partments of our phantom (Fig. 2.12, left) seen here stems from the chemical
shift between the two bulk xenon pools as described in publication [P1].

Another new Hyper-CEST imaging application that is enabled by the
strongly reduced acquisition times is the monitoring of dynamic processes
such as diftusion. To demonstrate this, we inserted a dialysis tubing contain-
ing dissolved contrast agent molecules (CrA) into our phantom. By acquiring
a Hyper-CEST image every 33 seconds, we were able to observe the diffusion
of the contrast agent through the dialysis membrane into the outer compart-
ment (see movie in Fig. 3.2B). This experiment demonstrated the feasibility
of time-resolved biosensor uptake studies for future in vivo applications.
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Figure 3.3.: Further studies that used the single-shot imaging sequences we imple-
mented during this work. A: First Hyper-CEST imaging of live cells labeled with
Cryptophane-A linked to a fluorescent dye (CrA-FAM) (adapted from [P6]). Intracellu-
lar concentration of CrA ~15um. B: Localization of a targeted xenon biosensor (large
unilamellar vesicles loaded with CrA and functionalized with lipopeptides) for human
brain microvascular endothelial cells (adapted from [29]). Concentration of the contrast
agent ~ 1 nm. C: Targeting cells via surface receptors (in this case CD14) using a modu-
lar antibody-based biosensor conjugated to CrA (adapted from [30]). Concentration of
the contrast agent ~20nMm. D: Multiplexing between “normal” CrA and a more water-
soluble, dendronized version of the contrast agent, demonstrating high spectral selec-
tivity (adapted from [97]). Concentrations ~ 13 um. E: Multi-channel live cell-tracking with
high spectral selectivity using Hyper-CEST and two different xenon contrast agents: plain
CrA and perfluorooctyl bromide (PFOB) nanodroplets with intracellular concentrations of
around 40 pMm and 80 nu, respectively (adapted from [31]). In A and D, PCA based post-
processing as presented in publication [P2] was employed to enhance the images.

While in publication [P1] a single-shot EPI sequence was used, I further-
more adapted a single-shot turbo spin-echo (TSE) sequence (compare Fig.
2.7) for the use with Hyper-CEST. TSE may yield more signal than EPI espe-
cially if T} is long enough to allow for the acquisition of multiple spin-echoes.
We successfully employed the sequence to generate the first live cell-tracking
images with hyperpolarized xenon [Pé6] (Fig. 3.3A) and it was subsequently
also used within various other projects of our research group (for examples,
see Fig. 3.3B-E and refs. [29-31, 97, 98]). Note that from these, refs. [29] and
[30] are the first publications (regarding submission date) that demonstrate
imaging of the spatial localization of a cell-targeted xenon biosensor with
Hyper-CEST (Shapiro et al. [35] submitted the detection of a cell-targeted
xenon biosensor about a month later, using a similar Hyper-CEST TSE imag-
ing sequence).
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Figure 3.4: Exploiting correlations in the
spectral domain to improve image qual-

ity.

To summarize, we demonstrated in this section that single-shot sequences
such as EPI or TSE are particularly suitable for the fast and sensitive MR
imaging of hyperpolarized nuclei with CEST, provided that the initial mag-
netization is large enough to allow for single-shot detection.

3.1.2. Exploiting redundancies in the spectral domain

—— corresponding to publication P2

While we used single-shot MRI to increase speed and sensitivity of Hyper-
CEST imaging in the previous section, the approach we pursued in my second
publication [P2] is substantially different. Here, the redundant information
present in spectral (Hyper-)CEST image series is exploited to increase the
signal-to-noise ratio by a factor of up to 4.9 (see Fig. 3.4). To illustrate what
these redundancies consist of, an example of a spectral CEST image stack is
shown in Fig. 3.5A. Just by visual inspection of this image series it becomes
evident that the data is indeed highly redundant: Each image basically con-
tains the same structure, except that some regions get darker or brighter as
the saturation frequency ws,; changes. In other words, many pixels vary in
a similar fashion as a function of wg,t, as pointed out in Fig. 3.5B (for in-
stance, the pixels in the outer compartment all decrease in intensity as wg,t
approaches wo,t =79.5 ppm).

In order to exploit these pixel correlations, we proposed two compatible
methods. The first one filters the noise in the data and is applied as a post-
processing step. It is based on principal component analysis (PCA), a com-
monly used tool to discover and utilize correlations in data [99]. The second
technique utilizes the redundancies directly at the level of image acquisition
by recording only a fraction of the conventionally required data points in k-
space (sub-sampling) and thereby increasing the signal per data point. Itis re-
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Figure 3.5.: lllustrating the redundancies in a spectral CEST image series (partly adapted
from Fig. 2.12). A: Selected images from a spectral Hyper-CEST image series, the satura-
tion frequency is denoted on the bottom of each image (the full data set can be found
in [P2], Supporting Information, Fig. S3). The phantom (see Fig. 2.12) contains two dif-
ferent contrast agents in the inner and the outer compartment that resonate at NMR
frequencies w;,, and w,,t, respectively. B: Plotting the intensities of single pixels with re-
spect to the saturation frequency reveals a high degree of correlation for pixels located in
the same compartment. C: The redundancy in the data is further illustrated by principal
component analysis (PCA) and singular value decomposition (SVD): (1) A small number
of the eigenvalues A; of the covariance matrix of the data set X and (2) a small number of
the singular values o; of X are much larger than all the others, indicating that only a few
principal components convey most of the relevant information. Fig. 3.6 shows how the
2D matrix X is generated from the spectral Hyper-CEST image series.

lated to the first inasmuch as it takes advantage of the very same correlations
to correctly reconstruct the full images from the subset of measurements.

PCA-based denoising

Principal component analysis deconstructs the data set under investigation
into its principal components (PCs) - a set of new, uncorrelated variables
- and ranks them according to how much of the data’s variance they de-
scribe. The plot in Fig. 3.5C shows that most of the data variance in our
spectral Hyper-CEST image series can actually be described by only the first
two principal components, underlining the high degree of correlation (A, is
the portion of the variance that is described by the i-th principal component).
Further analysis additionally indicated that all lower ranked PCs contained
mostly only noise (see Fig. 2b in [P2]). Therefore, by reconstructing the
entire data set using only the first two PCs, we could remove much of the
noise and increase the SNR of the spectral images by a factor of 2.2. This
post-processing technique can be used to enhance the images of any spectral
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Figure 3.6.: Preparing the spectral Hyper-CEST image stack for PCA or SVD. Usually PCA
and SVD are calculated for 2D matrices. Our spectral Hyper-CEST image stack, however,
has naturally the form of a 3D matrix consisting of n images (i.e. 2D matrices) associated
with » different saturation frequencies w, ..., w, (left). We therefore reshape each single
image containing m pixel intensities s;(w;) into a column vector, and then put the result-
ing column vectors together in a m x n 2D matrix X (right). Note that here the saturation
frequencies are denoted as w and not as wg,; in the interest of clarity.

CEST data set exhibiting correlations, no matter if hyperpolarized nuclei or
thermally polarized 'H nuclei are detected. It has also been successfully ap-
plied in other projects of our group (see publication [P6], ref. [97] and Fig.
3.3A and D).

Realizing that most of the acquired data in spectral CEST imaging is actu-
ally redundant, it seems natural to ask if it is at all necessary to acquire all of
the data. The main aspect of the next subsection is therefore to further utilize
the redundancies already at the stage of image acquisition by sub-sampling
k-space.

Sub-sampled image acquisition

In conventional MRI, recording less data than required by Nyquist sampling
theory (see section 2.1.5 and Eq. 2.22), commonly referred to as sub- or un-
dersampling, is usually used to reduce the scan time [100]. Here however,
we mainly aim at increasing the MRI signal and thereby the sensitivity. How
can this be achieved by acquiring less data?

When hyperpolarized nuclei are involved - in contrast to thermally polar-
ized samples — the magnetization does not relax back to its initial, hyperpo-
larized magnitude M, once it has been excited into the transverse plane for
signal acquisition (see section 2.2.1). Hence, every data point acquired in k-
space for image generation uses up a certain fraction of M. It is therefore ev-
ident that the fewer data points or k-values are acquired, the higher the frac-
tion of magnetization available for each data point, and hence the higher the
signal for each data point. We therefore proposed that sub-sampling could
potentially increase the signal in Hyper-CEST MRI
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PCA, singular values, and matrix rank
How are these three terms related?

o The first step for performing PCA on a 2D matrix X with #n rows
is to subtract the mean of each single row from that row (mean-
centering), and then calculating the covariance matrix cov(X) =
ﬁfbﬁg of the obtained mean-centered matrix X. The eigenvalues
A; of cov(X) describe how much of the variance of the data in X can
be described by the i-th principal component.

o The singular values o;, on the other hand, are strongly related to the
A; since they are given by the square-root of the eigenvalues of XX'.

o Finally, the rank of a matrix is given by the number of non-zero sin-
gular values of that matrix. Hence, a matrix with low rank has a
small number of non-zero singular values o;, and hence also small
number of non-zero A; (i.e. a small number of significant principal
components).

However, if sub-sampled MRI data is reconstructed the usual way by
Fourier transform (FT), artifacts occur (see Fig. 2.4 and [P2], Fig. 3a) due to
violation of the Nyquist criterion. We therefore incorporated a more sophis-
ticated iterative reconstruction algorithm [101], that uses the redundancies
described in the previous section as prior knowledge to recover meaningful
images from the sub-sampled data (see Fig. 3.7). In particular, it assumes
that the data matrix X is approximately low rank, i.e. has a small number
of significant singular values o;, which is shown in Fig. 3.5C to be a valid
assumption for our data set (see also box on this page).

Employing the described sub-sampling, we achieved a signal gain by a fac-
tor of 2.5 when using a conventional gradient-echo acquisition (see section
2.1.6) together with a variable excitation flip angle as described in ref. [89].
The variable flip angle ensures that each gradient-echo (i.e. each line in k-
space) has the same amount of initial transverse magnetization [P2]

Ml_\/ﬁ )

where 7 is the total number of k-space lines or phase-encodings. This guar-
antees a very homogeneous coverage of k-space, which minimizes image ar-
tifacts. Eq. 3.1 also shows clearly that the less lines are acquired in k-space,
i.e. the higher the degree of sub-sampling, the more magnetization M, per
line is available. If however too few lines are acquired, then the iterative al-
gorithm fails to correctly reconstruct the images, such that a trade-oft must

(3.1)
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Figure 3.7: Diagram of the iterative algo-

’ rithm used for image reconstruction. Start-
ing with an initial guess (in Fourier space),
Enforce data redundancy the data is Fourier transformed into image

iterate

space, and data redundancy is enforced by
Fourier transform singular value shrinkage [101]. Then, the re-
3 sulting image data is transformed back into

Fourier space, and consistency with the mea-
sured raw data is enforced.

e Enforce data consistency

be found. Note also that image reconstruction works best when the sampled
data points are distributed in a random fashion in sampling space, such that
the folding artifacts become incoherent (see Fig. 2.4E and refs. [100, 102]).
The sampling pattern we employed is depicted in Fig. S4 of the Supporting
information of publication [P2].

On top of performing sub-sampling, we could then also apply PCA on the
reconstructed data set as described in the previous section. As this addition-
ally removed some of the noise in the data, we achieved an overall gain in
SNR of 4.9 (see Fig. 3.4).

We furthermore observed that the single-shot sequences EPI and TSE dis-
cussed in the previous section did not benefit from sub-sampling, since they
use the available hyperpolarization already very efficiently. However, they
are more prone to artifacts such as ghosting (EPI) or blurring (TSE) than the
gradient-echo sequence used here.

To summarize, we demonstrated the presence of redundancies in typi-
cal spectral Hyper-CEST image series and proposed two methods to ex-
ploit these for improving sensitivity: PCA-based post-processing and sub-
sampled data acquisition.

3.1.3. Summary (for optimized spatial encoding)

In this first project of my thesis, we investigated and developed various tools
to tackle previous limitations of Hyper-CEST imaging regarding sensitivity
and encoding speed that are applicable under various conditions: (1) Single-
shot imaging with either EPI or TSE sequences to efficiently use the available
hyperpolarization and to increase encoding speed, (2) sub-sampled imag-
ing using a variable flip angle to increase the signal per data point within a
gradient-echo readout, (3) PCA-based post processing to reduce image noise,
and (4) smashCEST to make Hyper-CEST independent of a stable xenon de-
livery.

When the NMR signal of hyperpolarized xenon is strong enough to allow
for single-shot image acquisition, we propose to use the Hyper-CEST EPI
(for short T,) or TSE (better for longer T, and less prone to ghosting arti-
facts) sequences employed in publications [P1] and [P6], enabling fast and
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efficient use of the available magnetization. Utilizing these sequences paved
the way for new Hyper-CEST applications, such as the acquisition of spectral
image series for the detection of multiple different agents in an acceptable
time frame, or the monitoring of dynamic processes such as contrast agent
diffusion. To date, these sequences were successfully used in various projects
of our research group [29-31, 97, 98, 103, 104]. When on the other hand
the signal decays very rapidly, e.g. due to very short T, or T; times, or when
a very homogeneous k-space coverage must be achieved (e.g. to avoid blur-
ring artifacts), we suggest a conventional gradient-echo sequence paired with
a variable flip angle excitation as proposed in ref. [89] as an alternative. In
this context, and when entire Hyper-CEST spectra are imaged, we showed
that sub-sampling increases image quality (SNR increase of a factor of 2.5
in our experiment) since the initial magnetization is distributed among less
data points and hence a larger fraction of it is available for each data point
[P2].

Furthermore, we discovered a high degree of correlation between the pix-
els of spectral Hyper-CEST image series. This can be exploited not only to
correctly reconstruct the above-mentioned sub-sampled image data, but also
to perform PCA-based denoising to enhance image quality (SNR increase of a
factor of 2.2 in our experiment) [P2]. Since the latter technique only involves
a post-processing step, it can be employed to all spectral CEST image stacks
independent of the acquisition method. It has been successfully applied in
refs. [P6, 97].

As CEST is a difference technique, it always requires the acquisition of at
least two data points or images: One with saturation, and one without satu-
ration as a reference (see Fig. 2.10). Both scans must have the same initial
magnetization or signal, otherwise the calculated difference is meaningless.
In Hyper-CEST, this requires the xenon polarization level and delivery to be
very stable, a criterion which our continuous-flow polarizer perfectly fulfills
(showing less than 0.56% shot-to-shot noise [87]). However, this condition
is likely to be violated for polarizer setups without optimization for continu-
ous flow (e.g. batch delivery and dissolution of xenon gas through shaking of
the sample tube [25, 58]), or for in vivo experiments [28]. In such a setting,
smashCEST might prove very useful, since it allows the generation of Hyper-
CEST contrast with only a single delivery of xenon. This not only speeds up
the measurement, but also makes it robust against an unstable xenon supply.
However, the magnetization of this single delivery has to be shared among
two acquisitions, therefore reducing the SNR.

For all methods mentioned above, a high spectral selectivity to distinguish
between multiple contrast agents or biosensors resonating at different NMR
frequencies can be preserved (e.g. by adjusting the power of the saturation
pulse), as for example demonstrated in publication [P1] and refs. [31, 97].

Recalling that the first localized (one-dimensional) NMR experiments
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with xenon biosensors took more than two hours [90], and that the first MRI
with such sensors using Hyper-CEST took 22 minutes despite a rather low
resolution, the results shown here represent another important step towards
molecular imaging with xenon Hyper-CEST in vivo.

3.2. Accelerating (Hyper-)CEST spectroscopy

Performing (Hyper-)CEST experiments including the spectral dimension al-
lows us not only to detect the presence of multiple different contrast agents or
substances as demonstrated in the previous sections, but also gives us access
to valuable parameters to characterize these agents: For example, at which
NMR frequency they respond, how broad the spectral width of their response
is at a specific saturation pulse power, and what the exchange rate constants
(which determine the efficiency of the CEST agent) are. These parameters,
which are usually extracted by fitting the CEST spectra to models such as
the Bloch-McConnell Equations, (Eq. 2.25), enable us for example to fig-
ure out whether a given construct is a powerful and efficient CEST agent, to
make predictions how this agent will respond at different pulse powers and
concentrations and hence to calculate optimal values for those, and to de-
termine which agents can potentially be applied simultaneously in the same
organism to allow for the targeting of multiple biomarkers. Altogether, in-
cluding the spectral dimension gives a more complete picture of the CEST
mechanisms within a given system, and is hence important for the charac-
terization or screening of new potential contrast agents, both for CEST and
Hyper-CEST.

Even though the results of the previous sections represented a substantial
improvement for Hyper-CEST imaging in terms speed and sensitivity, un-
til 2013, the minimum acquisition time for entire Hyper-CEST spectra was
still limited by the inherent requirement of a separate scan with a different
saturation frequency for each data point in the spectrum - including a sepa-
rate delivery of hyperpolarized xenon, which takes typically 10 to 20 seconds,
plus the application of the saturation pulse, which takes typically around 5 to
15 seconds. Assuming that we wanted to acquire a Hyper-CEST spectrum
consisting of say 40 data points (the spectral resolution must be sufficiently
high to obtain reliable fitting results), one would therefore end up with an
acquisition time of at least 10 minutes per spectrum. Note that this is not
only true for Hyper-CEST, but also for conventional CEST with thermally
polarized protons: Here, again the saturation pulse length and furthermore
the waiting time to allow the magnetization to recover (typically around a
couple of seconds, depending on T}), again enforces rather long scan times
for an entire CEST spectrum.

With this in mind, if one wanted to screen an entire library of different con-
trast agent constructs (note that even small chemical modifications within a
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construct can dramatically change its CEST properties), presumably includ-
ing spectral CEST measurements for different saturation pulse powers, agent
concentrations and in different solvents, it becomes evident that a reduction
in acquisition time would be highly desirable to be able to perform all the
necessary experiments in an acceptable time frame. In addition, a faster ac-
quisition would allow for the monitoring of dynamic processes using Hyper-
CEST spectroscopy.

To overcome the inherent requirement of a separate scan per spectral data
point, we implemented a novel frequency encoding approach for CEST first
published by Xu et al. [96] from the group of Alexej Jershow (we were work-
ing on this approach simultaneously without being aware of their work, and
published our results, including some improvements, a couple of month later
[P3]). The key idea is to encode the saturation frequency with magnetic field
gradients along a spatial direction instead of sweeping it from scan to scan.

Fig. 3.8 shows a more detailed description of that principle: We first con-
sider a homogeneous sample of nuclear spins with the shape of a cuboid (Fig.
3.8A). If no gradient is applied, all spin packets precess the same Larmor fre-
quency w, here arbitrarily set to zero. The blue line in the bottom of Fig.
3.8A shows the magnetization ME" (x) of the sample with respect to the x-
axis, or in other words, it shows the projection of M,(x) onto the x-axis. As
the sample is homogeneous, this projection is constant, i.e. each slice of the
sample along the x-axis carries the same amount of magnetization. If a sat-
uration pulse is applied at wy,; = 0, it will saturate the magnetization of the
sample. Since all spins in the sample precess at the same frequency, the sat-
uration will affect the magnetization of all the slices in the same way, that is,
the projection of the magnetization M?™ (x) after saturation (S, gray line)
will be again constant, but have a smaller magnitude than without saturation
(Sofr). This is the conventional saturation effect. Next, suppose that a gradient
G, (henceforth called the CEST gradient) with magnitude G, is switched on,
pointing into a direction along which the sample is homogeneous (assume
for example that G, points into the x-direction as in Fig. 3.8B). The spatially
varying magnetic field causes the spin packets to now precess at different fre-
quencies depending on their location, or more precisely, on the projection
of their position vector x onto G, (compare Fig. 2.3 and Eq. 2.16). While
this has no implication on S.¢, i.e. the projection of the magnitude of the
magnetization when no saturation is applied (the gradient only changes the
precession speed of the spin packets, but not their magnetization magnitude)
the effect of the saturation pulse (again applied at wy,; = 0) now substantially
changes: Only the central y-z slice of the sample, where the additional mag-
netic field induced by the CEST gradient is zero and hence the precession
frequency w = 0, will experience the same on-resonant saturation that the en-
tire sample experienced in 3.8A without the gradient. The further the slices
are away from the center, the stronger w deviates from zero and hence the
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Figure 3.8.: Principle of ultrafast CEST spectroscopy (UCS). The top row shows the mag-
netic field gradient vector G, and below it the sample, and the bottom row shows the
projection of the sample’s magnetization with (S,,) or without (Syg) saturation pulse.
A: No CEST gradient is applied. B: The CEST gradient establishes different off-resonant
conditions for the saturation pulse along the x-axis. Hence S, is equivalent to a CEST
spectrum. C: If the shape of the sample is not homogeneous, S,,, can be divided by S,g
to recover the CEST spectrum.

more off-resonant is the saturation they actually undergo. It is plausible that
thus the projection S,,, represents an entire CEST spectrum, encoded along
the spatial direction of the CEST gradient using only a single saturation pulse
within a single scan. In contrast to conventional CEST, here, the off-resonant
data points in the spectrum are not generated by acquiring additional scans
where the saturation frequency is tuned to different off-resonant values, but
by a gradient-induced change of the Larmor frequencies of the nuclei in the
sample, such that they experience the saturation with different off-resonance
conditions depending on their position.

While the sample must be homogeneous in the direction of the CEST gra-
dient to ensure that the described method yields reliable CEST spectra, it is
not required that the sample has a homogeneous shape: An irregular shape
along the CEST gradient direction (see Fig. 3.8C) can be compensated for
by acquiring an additional scan with the saturation pulse turned off (see S.¢,
blue curve) to obtain a 1D projection of the object of interest. Dividing the
CEST-weighted scan S,,, by So, the geometry-related effects vanish and the
pure CEST effect can be recovered.

In summary, the described method, henceforth called ultrafast CEST spec-
troscopy referring to ref. [96], in principle allows to acquire an entire CEST
spectrum using only two NMR scans: One with saturation, S,,, and one with-
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out, So (how these scans are acquired is described in the following subsec-
tion). While the idea for this method had already been published for CEST
[96] and in fact had been reported much earlier for magnetization transfer
(MT) [105], we focused on improving it and adapting it to Hyper-CEST, as
discussed in the next subsections: (1) We improved the method by includ-
ing slice selection and applied it for the first time to monitor dynamic pro-
cesses in proton CEST [P3], (2) we successfully transferred and adapted the
method to experiments with hyperpolarized nuclei (Hyper-CEST) [P4] and
(3) we extended this (initially purely spectroscopic) technique with imaging
capabilities, allowing for the simultaneous investigation of multiple samples
at the same time (ultrafast CEST imaging [P5]).

3.2.1. Improved ultrafast CEST spectroscopy
—— corresponding to publication P3

Before adapting ultrafast CEST spectroscopy (UCS) to Hyper-CEST, we ap-
plied it to conventional proton CEST [P3] first (this was done due to the
simpler experimental handling). We therefore developed the pulse sequence
shown in Fig. 3.9A, which can be very easily derived from the CEST-weighted
gradient-echo imaging sequence already mentioned in the background chap-
ter (Fig. 2.11 with the GRE readout displayed in Fig. 2.5A). The additional
modifications include:

1. The application of a CEST gradient G, along the read direction during
the saturation pulse, which is the crucial element of UCS as discussed
in the previous section,

2. Switching off the phase-encoding, so that the read gradient switched
on during recording guarantees the acquisition of the projection of the
magnetization (see box on page 48).

We validated the UCS sequence on the basis of the proton CEST contrast
agent Eu-DOTA-4AmC (see [P3], Supporting Information, Fig. S4), which
resonates at ~ 50 ppm upfield from the bulk water resonance at room tem-
perature. We dissolved the agent in water and filled the solution into a con-
ventional 10 mm NMR tube. Fig. 3.9B shows an overview MRI scan of the
sample together with the scan geometry for UCS. We then ran the UCS se-
quence in Fig 3.9A twice, once with and without saturation pulse to obtain
the projections S,,, and S.¢, which took in total 34 seconds. By dividing the
two, we could recover the ultrafast CEST spectrum (Fig. 3.9C, black curve),
which clearly shows the resonance from the CEST agent at around 50 ppm
as expected. For validation, we additionally acquired a CEST spectrum the
conventional way by sweeping the saturation pulse (total acquisition time:
20min), which showed excellent agreement to the one acquired with UCS
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How to obtain the projection of a sample

The projection of a sample along a spatial direction can be easily obtained by
switching on a gradient in that direction during the signal readout. Recall
from Eq. 2.20 that the NMR signal, after tipping the magnetization with
magnitude M into the transverse plane with a 9o° RF pulse, and in the
presence of a gradient, reads

S(k)o</Mo(x)e_ik'xdxz/[/Mg(x,y,z)e_ik'xdzdydx ,
xJyJz

where k depends on the gradient strength and the duration it has been
switched on. If the gradient is e.g. applied along the x direction, this sim-

plifies to
S(kx)cxfe‘ik"xffMo(x,y,z)dzdydx ,
x yJz

Mgroj (X)

where the exponential has been written outside the y and z integration, since
it does only depend on x. By sampling S(k,) sufficiently densely (see the
Nyquist criterion Eq. 2.22), the projection of the sample magnetization can
be obtained by an 1D inverse Fourier transform:

ME™(x) o f S(ky) ek,

(see [P3], Supporting Information, Fig. S1). Ultrafast CEST spectroscopy is
hence suitable to acquire reliable CEST spectra in much less time compared
to conventional CEST. Note that in the implementation of Xu et al. [96], the
FID was recorded, whereas our UCS sequence acquires a full gradient-echo,
which theoretically leads to an SNR increase by a factor of 2 [106, Table 2.5],
if T, and T3 are much longer than the read dephasing and the acquisition
time.

We then utilized the highly accelerated acquisition of CEST spectra to dy-
namically monitor induced temperature changes in our sample with sub-
minute resolution. When the temperature changes, the chemical shift of
the CEST resonance usually changes as well. For many CEST agents, espe-
cially for europium(Eu)-based complexes as used here, this chemical shift
is approximately linear with temperature [107-110]. We therefore used the
chemical shift, as extracted from the CEST spectra, as an indicator for tem-
perature changes. To artificially induce such a temperature change, we set
the variable temperature unit (VTU) of our NMR scanner that regulates the
sample temperature with a temperature-controlled air flow to different target
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Figure 3.9.: Ultrafast CEST spectroscopy with protons. A: UCS sequence diagram, derived
from a gradient-echo sequence (Fig. 2.5A). Additional elements are depicted in blue, and
removed elements (phase-encoding) are depicted in light gray. B: Geometry of the UCS
scan depicted on an 'H overview image. The CEST gradient G, is applied along the x or
read direction. C: UCS signals S,,, Sos and their ratio, constituting the CEST spectrum.
The strong noise at the edges of this spectrum stem from the division operation at re-
gions where S, is close to zero.

values while continuously acquiring CEST spectra every 34 s using UCS. Fig.
3.10 shows a movie of the resulting CEST spectra: First, the sample is cooled
down to 278 K and then heated up to 313 Kby the VTU. It can be seen that not
only the chemical shift difference between the bulk water pool at w =0 ppm
and the CEST pool at w » 50 ppm decreases as the temperature increases, but
also both peaks broaden, corresponding to an increased exchange rate [109].
From further analysis of this data, we inferred that one should wait at least
40 min to guarantee a sufficiently stable temperature once the VTU has been
set (this value will vary depending on the heat capacity of the specific setup,
of course). Note that recording a single CEST spectrum with comparable
spectral resolution the conventional way would have taken more than half
an hour, which would be clearly too long to achieve the required temporal
resolution to capture the temperature build-up. To our knowledge, this ex-
periment represented the first demonstration of monitoring a dynamic pro-
cess with sub-minute resolution using CEST spectroscopy.

Moreover, we further extended UCS with the capability of measuring mul-
tiple samples simultaneously (if certain requirements on the sample geome-
try are satisfied, as discussed below). We achieved this by including a multi-
slice loop into the original UCS sequence: After the saturation pulse is ap-
plied, instead of only one, multiple slices are excited and recorded sequen-
tially. Since the additional readout time per slice slice (17.5 ms) is very small,
this modification allows to investigate multiple samples in almost the same
amount of time that the original UCS sequence would require for a sin-
gle sample. We successfully demonstrated the extended UCS sequence us-
ing three samples containing different concentrations of the contrast agent
EuDOTA-4AmC, cutting down the scan time from 1.5 min (original UCS) or
even from 1.5 h (conventional CEST spectroscopy) to 34 s (extended UCS).
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Figure 3.10.: This movie shows the 'H CEST spectra during temperature changes, ac-
quired with ultrafast CEST spectroscopy. In the bottom right corner, the set point of the
temperature controller (VTU) is denoted. If the movie is not displayed correctly, try to
open this document with Adobe Acrobat Reader.

Note that a single slice is only allowed to cover a single sample tube, otherwise
one spectrum will have contributions from multiple samples. This means
that for example two nested sample tubes as used in our Hyper-CEST two-
compartment phantom could not be investigated with this method (however,
arbitrary sample tube arrangements will become feasible with ultrafast CEST
imaging, as described later in section 3.2.3).

In summary, we successfully implemented and applied an ultrafast CEST
spectroscopy sequence for proton CEST contrast agents and exploited its
drastically reduced acquisition time for dynamic temperature monitoring.
These promising results motivated us to apply UCS to Hyper-CEST as well,
as described in the following section.

3.2.2. Ultrafast Hyper-CEST spectroscopy

—— corresponding to publication P4

The application of UCS to accelerate the acquisition of Hyper-CEST spec-
tra [P4] is in principle straightforward. However, there are some differences
when switching from thermally polarized protons to hyperpolarized nuclei:

1. The magnetization of dissolved xenon is in general much smaller than
the proton magnetization (see box on page 51). This is not so much of
a problem for conventional Hyper-CEST, where all the magnetization
from one xenon delivery is available for a single spectral data point.
In UCS however, the magnetization is shared among all spectral data
points. Therefore, using UCS with Hyper-CEST might lead to SNR
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Why is the NMR signal of hyperpolarized Xe still smaller than that of
thermally polarized water?

This might seem confusing, having motivated hyperpolarized xenon MRI
with an increased sensitivity compared to proton MRI. However, remem-
ber that sensitivity refers to the ability to detect small concentrations of a
biochemical target, and is mainly achieved by a large average magnetiza-
tion or signal per nuclear spin, i.e. a large polarization. Since at room tem-
perature the mere concentration of NMR active '*Xe dissolved in water
(~ 107 uM assuming a total xenon fraction of 2%, 3.5 bar overpressure and
an Ostwald solubility of 0.11 [41]) is much lower than the concentration
of protons in water (~ 110 M), the xenon magnetization per voxel is despite
hyperpolarization still nearly 450 times weaker than the proton magneti-
zation per voxel (assuming polarizations of 25% and 0.003% for xenon and
protons, respectively).”

*Notably, even for the same spin concentration and polarization, the proton sig-
nal would be larger than the xenon signal. This is because upon closer inspec-
tion, the NMR signal is not only proportional to the magnitude of the magne-
tization, but also to the Larmor frequency [78]. Protons possess a larger gyro-
magnetic ratio than xenon, and hence precess at a higher Larmor frequency.

issues.

2. The hyperpolarization does not recover again once it has been used up
(section 2.2.1). Therefore, after each scan, fresh hyperpolarized xenon
has to be delivered to the sample (which in our setup takes about 10 -
208).

3. Since Tj is relatively slow for xenon dissolved in water (~ 1 min, com-
pared to 2.4s for the proton CEST experiments using Eu-DOTA-
4AmC and water), smashCEST can be employed to encode an entire
spectrum within a single experiment.

As an initial proof of principle, we applied the UCS pulse sequence shown
in Fig. 3.9A to spectral Hyper-CEST experiment using dissolved CrA as a
model contrast agent. The resulting ultrafast spectrum is shown on the left
side of Fig. 3.11 (blue line, acquisition time 30s), together with a Hyper-
CEST spectrum acquired the conventional way (gray line, acquisition time
10min) for validation. The two curves match quite well, demonstrating the
applicability of UCS to Hyper-CEST. However, the UCS signal was rather
noisy, since the hyperpolarization has to be shared among all spectral data
points, as already mentioned above. To increase SNR, we suggested to ex-
ploit the rather long T, of dissolved xenon (typically in the range of seconds)
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with a turbo spin-echo (TSE) sequence, as already demonstrated earlier for
imaging purposes (see section 3.1.1). The idea was to acquire multiple spin-
echoes after the saturation preparation instead of just a single gradient-echo,
and then to sum up the acquired spin-echoes to reduce the noise. The pro-
posed UCS sequence with TSE readout is shown on the top right of Fig. 3.11
(and in more detail in [P4], Fig. 2). Below the sequence diagram, the result-
ing UCS spectrum is displayed (acquisition time: 31 s), exhibiting much less
noise than the one acquired with the gradient-echo UCS sequence, while still
showing excellent agreement with the reference CEST spectrum acquired the
conventional way. We also addressed the question of how many of the ac-
quired spin-echoes should be summed up for an optimum SNR (see [P4],
Supporting Information, section 3). Here, we just give the resulting condi-
tion

n

n+1 n
Sne1 > ( - 1) Yosko (3.2)
k=1

stating that an additional spin-echo with signal strength s,.; should be in-
cluded in the summation if s, is greater than the sum over all previous n
echoes weighed by the factor written in brackets.

The results shown above confirm that UCS can be conveniently applied for
the detection of xenon contrast agents. The inherently reduced SNR can be
partly compensated for by the application of a TSE readout.

Next, we showed that Hyper-CEST with UCS can also be combined with
smashCEST, that is, with the variable flip angle approach that already allowed
us to acquire Hyper-CEST MRI contrast with a single xenon delivery (see
section 3.1.1). Using this approach, we demonstrated the possibility of ac-
quiring an entire UCS Hyper-CEST spectrum after a single xenon delivery
in only 15 s (see [P4], Figs. 3 and 4). Again, this might be especially useful in
situations where a stable xenon redelivery cannot be guaranteed. One pre-
requisite for performing smashCEST UCS is a sufficiently high SNR, since the
hyperpolarized magnetization has not only to be shared among all spectral
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Figure 3.12.: Monitoring enzymatic activity with ultrafast Hyper-CEST spectroscopy. A:
Principle of the competitive assay. B: Decreasing Hyper-CEST response with time, shown
for an enzyme concentration of 5 ug/ml. C: Time curve of the concentration of acces-
sible CB6 hosts for different enzyme concentrations. For all experiments, the substrate
concentration was [Lys] =6 mm, and the host concentration was [CB6] =16 pum.

data points, but also among two signal acquisitions (S, and Sog).

To summarize, the work presented in [P4] showed for the first time the
application of ultrafast CEST spectroscopy to experiments using hyperpo-
larized xenon and demonstrated the feasibility of the detection a model con-
trast agent (CrA). It should be noted that similar pulse sequences have been
published for ultrafast Hyper-CEST by the group of Patrick Berthault [111],
however, our work was submitted first.

Application: Monitoring enzymatic activity

As an application for UCS with hyperpolarized xenon, we observed an en-
zymatic reaction with Hyper-CEST spectroscopy in real-time.* We there-
fore used an assay that exploits the competitive binding [112] of xenon on
the one hand and the product of the enzymatic reaction (cadaverine, Cad)
on the other hand to cucurbit-6-uril (CB6) host molecules, as visualized in
Fig. 3.12A: Initially, only host molecules, substrate molecules (lysine, Lys),
and xenon atoms are present in a buffer solution. Since xenon exchanges in
and out of the host CB6, a clear response from CB6 is visible in the Hyper-
CEST spectrum (spectrum at 4.2min in Fig. 3.12B). When the enzyme
(lysine decarboxylase, LDC) is added, it starts converting the substrate Lys
into the product Cad. Since Cad shows a much higher binding affinity to
CB6 compared to xenon, it immediately occupies the CB6 hosts and blocks
them for the temporary binding of xenon. As the enzymatic reaction pro-
gresses, more and more Cad is produced, preventing more and more CB6
hosts from participating in the chemical exchange process of xenon. There-
fore, the Hyper-CEST response gradually decreases with time. Finally, when

'These results are currently still unpublished, but the preparation of a manuscript is in
progress.
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all CB6 molecules are occupied, the Hyper-CEST response completely van-
ishes (spectrum at 40.5 min in Fig. 3.12B). From the obtained series of ul-
trafast Hyper-CEST spectra, the concentrations of accessible CB6 can be es-
timated, which are in turn an indicator for the substrate concentrations and
can therefore be used to display the progress of the reaction. The correspond-
ing time curves are shown in Fig. 3.12C for three different enzyme concentra-
tions. As expected, the substrate conversion proceeds faster at higher enzyme
concentrations. From these curves, we could estimate the enzymatic activ-
ity to 79 £ 6 umol min~'g~!, which agrees well with the previously measured
value (74 pmol min~!g™1) using a fluorescence-based assay (these results are
again currently still unpublished, but the preparation of a manuscript is in
progress).

These experiments constitute the first dynamic monitoring of an enzy-
matic reaction using ultrafast Hyper-CEST spectroscopy with sub-minute
resolution. Since the reactions we observed took place on a time scale of
approximately 15 to 35 minutes, conventional Hyper-CEST, where the acqui-
sition of a single spectrum takes at least 10 minutes, would have only been
able to capture the start point and the end point of those reactions, but not
their dynamics.

3.2.3. Ultrafast CEST imaging

—— corresponding to publication P5

It was speculated in refs. [96, 111] that ultrafast CEST could be further ac-
celerated by scanning multiple samples simultaneously using CEST imaging
[113]. In section 3.2.1, we already presented an approach to investigate mul-
tiple samples at a time by exciting multiple slices. However certain restric-
tions on the sample tube arrangement had to be met (only one sample tube
per slice), inhibiting the use of tightly packed sample tubes or nested tubes
as in our Hyper-CEST bubbling phantom (Fig. 2.12). To overcome this lim-
itation, we extended the originally purely spectroscopic method UCS with
imaging capabilities, terming it ultrafast CEST imaging (UCI) [Ps5]. As we
will see below, this method in a way combines some of the previous results of
this thesis: (1) Ultrafast CEST spectroscopy using magnetic field gradients,
(2) multi-slice selection and (3) sub-sampled imaging together with an image
reconstruction exploiting the redundancies in the spectral domain.

The key idea for UCI is depicted in Fig. 3.13: First, a CEST gradient is
applied along the longitudinal axis of the sample tubes (in this case the z-
direction) to achieve spatially varying precession frequencies of the nuclear
spins along that direction. While this gradient is switched on, the CEST sat-
uration pulse is applied, just as in the case of UCS. Then, instead of acquir-
ing the projection of the magnetization along the CEST gradient’s direction,
multiple slices are imaged rapidly along that direction. Thus, the spectral
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Figure 3.13.: Ultrafast CEST imaging for investigating multiple sample tubes simultane-
ously. The total measurement time for the CEST spectra of all three samples shown on
the right side was 27s. Using conventional CEST, the acquisition of a single spectrum
would have taken more than 7 min.

dimension is resolved (each slice represents a distinct saturation frequency
offset dw;), while additionally the spatial information in the x-y plane is pre-
served. This way, all three spatial dimensions are exploited efficiently: One
for encoding the saturation frequency offsets, and two for imaging. One can
then recover the CEST spectra for the different samples by placing regions of
interest (ROIs) in the corresponding areas in the images, and evaluating their
mean pixel intensity with respect to the saturation frequency offset. Since the
sample tubes can be separated due to the spatial information in the x-y plane,
in principle arbitrary sample tube arrangements, such as tightly packed tubes
as in ref. [113] or nested tubes become feasible.

When applied to thermally polarized water protons, one prerequisite for
UCI is that the slices have to be recorded very rapidly since the saturated
magnetization relaxes back to its thermal equilibrium (7 -relaxation, see last
paragraph of section 2.3). We meet this requirement by heavily sub-sampling
k-space using a radial trajectory based on a Golden Angle sampling scheme
[114, 115]. We reconstructed the sub-sampled data using an iterative algo-
rithm that exploits prior knowledge about redundancies in the image series,
similar to the algorithm employed in section 3.1.2. Note that this time, sub-
sampling is not used to increase the signal, but to accelerate the acquisition.

We validated the UCI sequence using three tightly packed sample tubes
containing the proton CEST contrast agent Eu-DOTA-4AmC at different
concentrations. CEST spectra for all three samples were acquired in only
27 s, whereas in conventional CEST, the investigation of each sample would
have taken more than 7 min (see [P5], Fig. 4). The reconstruction algorithm
is outlined in more detail in the Appendix of publication [P5], and further-
more a Matlab implementation is available for download (the link is given in
the Supporting Information of that publication).
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Note that when applied to Hyper-CEST experiments, UCI might get along
without sub-sampling, since usually T; for dissolved xenon is much longer
than for water. However, we were not yet able to apply UCI to Hyper-CEST
due to SNR issues: The number of slices in UCI has to be reasonably high in
order to allow for a sufficient spectral resolution (e.g. 15 slices correspond to
15 saturation frequencies). This in turn means that the slices have to be quite
thin (in the experiment described above, the slice thickness was 0.45 mm,
whereas we usually chose a slice thickness of 10 - 20 mm for the Hyper-CEST
experiments), resulting in a xenon signal per slice that was too low to be de-
tected within a single scan. However, in future experiments a larger xenon
signal might be achieved by polarizer optimization [74, 75], using a higher
xenon fraction in the gas mixture (we currently use only a fraction of 2% to
5% in our lab) and/or utilizing isotopically enriched 12°Xe gas.

To summarize, we extended ultrafast CEST spectroscopy with imaging ca-
pabilities, allowing for the fast acquisition of CEST spectra of multiple sam-
ples with an arbitrary sample tube arrangement.

3.2.4. Summary (for accelerated spectral encoding)

We successfully implemented and improved ultrafast CEST sequences by in-
cluding multi-slice selection for the investigation of several samples and a
gradient-echo readout for an improved signal-to-noise ratio. After prov-
ing its applicability for CEST experiments with thermally polarized protons
(where we demonstrated dynamic temperature monitoring), we then suc-
cessfully transferred the technique to Hyper-CEST, extending it with multi-
echo readouts to increase the sensitivity. Besides of being useful for contrast
agent screening, the gained increase in acquisition speed (about a factor of 20
for Hyper-CEST) enabled us to show for the first time dynamic monitoring
of an enzymatic reaction using hyperpolarized xenon. We also combined the
technique with a variable flip angle excitation (smashCEST), allowing for the
acquisition of an entire Hyper-CEST spectrum with a single xenon delivery
(provided that the SNR is sufficiently high): This not only further reduced
measurement time (by another factor of 2), but also made the measurement
robust against an unstable xenon redelivery.

Finally, we extended the described approach with imaging capabilities (ul-
trafast CEST imaging, UCI). This allowed us to successfully investigate three
tightly packed samples of a proton CEST contrast agent within a single ex-
periment simultaneously, which would not have been possible with previous
UCS techniques. While all “ultrafast” CEST methods require a reasonably
strong signal to begin with (the signal conventionally used for the acqui-
sition of a single spectral data point is now distributed among all spectral
data points), this is especially true for UCI, since here the signal is further-
more distributed among the image pixels. Although we were therefore not
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yet able to apply UCI to Hyper-CEST experiments, this might become feasi-
ble through the use of enriched *°Xe, a higher fraction of xenon in the gas
mixture and/or future improvements regarding the hyperpolarization pro-
cess.

All ultrafast methods encode spectral information along a spatial dimen-
sion, and therefore require the sample under investigation to be homoge-
neous at least along this dimension. > They will therefore be especially useful
for in vitro experiments, e.g. for contrast agent screening: For instance, to as-
sess how efficient a certain agent at a certain concentration is, and how well
two different agents can be combined for multiplexing (e.g. by determining
their spectral overlap). Since for these investigations a large number of exper-
iments with different saturation pulse powers and agent concentrations are
necessary (which would take hours with conventional CEST), we believe that
the ultrafast methods will be very helpful for the study and the development
of new (Hyper-)CEST contrast agents.

Furthermore, UCS might prove useful for the fast chemical analysis of
complex mixtures targeting multiple substances with multiple molecular sen-
sors. Next to biological samples, one could also think of analyzing environ-
mental samples or food samples.

Additionally, ultrafast methods can be used to dynamically monitor pro-
cesses in sub-minute resolution using (Hyper-)CEST spectroscopy. While
we demonstrated this for the observation of temperature changes and enzy-
matic reactions, further processes such as pH changes [110, 116] or protein
folding [117] might be observable as well.

The above discussion suggests that ultrafast CEST spectroscopy and imag-
ing have great potential for various CEST or Hyper-CEST in vitro experi-
ments, whenever a reduced acquisition time is desired and sufficient signal
is available.

*However, the samples can be partly inhomogeneous (for multi-slice UCS and for UCI) to
allow for the investigation of multiple samples at once.
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Conclusion

The aim of this thesis was to improve the NMR detection of reversibly bound
xenon from a signal encoding perspective, especially in the context of xenon
biosensors. To this end, we presented the following techniques:

1. We implemented single-shot imaging sequences (namely, EPI and
TSE) for Hyper-CEST, that efficiently exploit the available hyperpo-
larization, and hence allow for fast and sensitive encoding of spatial
information. In particular, we showed xenon MRI of a contrast agent
in the nanomolar regime in less than two minutes. This speedup en-
abled us to acquire for the first time entire spectral Hyper-CEST im-
age series (e.g. for performing multiplexing) in an acceptable time
frame of around 12 minutes. Using the then state-of-the-art technique,
an equivalent conventional measurement would have taken almost 4
hours. Furthermore, the fast image acquisition enabled us to dynami-
cally follow the diffusion of contrast agent molecules through a dialysis
tubing. This demonstrates the feasibility of future studies monitoring
the uptake of xenon biosensors, similar to dynamic contrast enhanced
(DCE) measurements as routinely employed in 'H MRI [118].

2. We increased the signal-to-noise ratio (SNR) of spectral Hyper-CEST
images by exploiting pixel correlations in the spectral domain using
principal component analysis. Identifying and removing principal
components that mainly represented image noise led to an effective
denoising of the data set, hence increasing SNR via a simple post-
processing step. Notably, this method cannot only readily be applied
to any series of spectral Hyper-CEST images, but also to conventional
'H CEST data sets.

3. We additionally increased the SNR of spectral Hyper-CEST images by
performing sub-sampling, i.e. we encoded less data than convention-
ally required by the Nyquist sampling criterion. This way, we could
distribute the available hyperpolarization among less data points, ef-
fectively increasing the available signal intensity per data point. To
recover reliable images from the sub-sampled data, we implemented
an image reconstruction algorithm that incorporated prior knowledge
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to compensate for the missing data points: Namely, the algorithm ex-
ploits exactly the same data correlations mentioned in the previous
point. Sub-sampling can again also be applied to conventional 'H
CEST data sets, however in this case not yielding better SNR (since
the initial thermal magnetization anyway recovers rapidly due to re-
laxation), but merely leading to a reduced acquisition time [119].

. Hyper-CEST is an indirect detection technique that requires at least

two scans with identical starting conditions to generate meaningful
contrast: a CEST-weighted scan including the saturation preparation
and a reference scan. The smashCEST technique allows us to encode
these two scans using only a single delivery of xenon by utilizing two
variable excitation flip angles (45°-90°). Since therefore inherently
identical starting conditions are established for both scans, the xenon
redelivery needs no longer to be highly consistent, as it is the case for
conventional Hyper-CEST. This technique is especially useful when
such a consistent redelivery cannot be guaranteed, e.g. for polarizer
setups without optimization for continuous flow and/or for future in
vivo experiments. SmashCEST reduces SNR, since the signal from one
xenon batch is shared among two scans, however, this is made up for
by a reduced acquisition time.

. We significantly accelerated the acquisition of both spectral 'H CEST

and Hyper-CEST in vitro experiments using ultrafast CEST spec-
troscopy (UCS). This is achieved by encoding the saturation frequen-
cies along a spatial dimension using a magnetic field gradient, reduc-
ing the amount of required scans for the CEST spectrum from one per
spectral data point to in total only two. Extending the method with a
multi-slice loop, we demonstrated the investigation of multiple sam-
ples at the same time. We then applied the technique for monitoring
dynamic processes with sub-minute resolution: We monitored tem-
perature changes in a sample with ultrafast '"H CEST spectroscopy, and
we followed an enzymatic reaction with ultrafast Hyper-CEST spec-
troscopy.

. We extended UCS with MR imaging capabilities, terming it ultrafast

CEST imaging (UCI). Just as in UCS, a magnetic field gradient is ap-
plied to encode the saturation frequencies along a spatial dimension.
Then, instead of acquiring the projection of the sample as in UCS, we
used a fast multi-slice readout to obtain 2D images for slices represent-
ing different saturation frequencies. Hence, an entire spectral CEST
image series could be obtained using only two scans. The additional
encoding of 2D spatial information allows for the investigation of mul-
tiple sample tubes that can (as opposed to UCS) be arbitrarily arranged.



We are convinced that these techniques will contribute to pushing forward
the development of new molecular sensing applications with hyperpolarized
xenon. Regarding molecular imaging, the next step that remains to be done is
to demonstrate xenon biosensor detection in vivo, e.g. in small animals. For
such experiments to succeed, two aspects must be considered on the technical
side: First, the xenon signal and the subsequent signal processing must en-
able a sufficiently high signal-to-noise ratio to allow for xenon MRI. Second,
suitable biosensors or contrast agents must be available, i.e. biocompatible
constructs that (1) show specific binding to a certain molecular target with
high affinity, that (2) possess a host moiety that ideally encapsulates exclu-
sively xenon atoms (such that other nearby biological molecules do not block
the host moiety), and that (3) preferably show a notable xenon chemical shift
difference between their target-bound and their unbound state.

With regard to the first aspect (i.e. xenon signal-to-noise), this work
demonstrates the promising potential of the presented Hyper-CEST single-
shot imaging techniques and our optimized polarizer setup, which have al-
ready proven useful e.g. for live cell experiments [P6, 31]. Moreover, with
sub-sampled acquisition and principal component analysis we have two fur-
ther techniques at hand that can improve on the signal-to-noise ratio when-
ever spectral Hyper-CEST image series are recorded. As the xenon in vivo
signal after inhalation or injection has already been reported to be strong
enough to allow for xenon imaging in different organs of live rodents [16, 46—
48], we expect that it will also suffice for in vivo Hyper-CEST imaging exper-
iments. The problem of a possibly inconsistent xenon delivery can be tackled
with smashCEST, making each scan internally self-referenced. Which par-
ticular MRI pulse sequence (e.g. EPI, TSE or GRE) is best suited will in the
end depend on the particular conditions encountered in vivo (e.g. on the
relaxation times and the exchange rates).

However, as mentioned above, the success of xenon biosensing will also
depend on a second aspect, i.e. the availability of suitable biosensors.* As
none of the already existing biosensors has been tested in living organisms
so far, it is likely that additional research has to be invested into developing
such in vivo compatible sensors. In this context, fast and efficient screen-
ing methods are highly desirable to rapidly investigate potential candidate
compounds. The “ultrafast” CEST techniques we proposed in this thesis will
greatly facilitate these screenings, as they strongly accelerate in vitro CEST
spectroscopy and hence strongly reduce the required measurement time.

In the following, some suggestions are listed how some of the techniques
presented above could be improved, extended or applied in future research.
For instance, the utility of other promising single-shot MRI sequences such as

This is not only true for molecular imaging in vivo, but also for in vitro chemical sensing
applications.
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gradient- and spin-echo (GRASE) [120] or spiral imaging [121] could be in-
vestigated in the context of Hyper-CEST. While GRASE in some sense com-
bines the benefits of EPI (fast imaging) and TSE sequences (less artifacts),
spiral trajectories have other interesting features: Since the data acquisition
starts in the center of k-space, the effective echo time can be made “ultra-
short” [122], leading to negligible T} attenuation. Furthermore, due to the
increased “incoherency” of spiral trajectories compared to Cartesian ones,
spirals are often used in conjunction with sub-sampling [100, 123]. In the
context of our sub-sampled Hyper-CEST experiments, an interleaved spiral
sequence could be equipped with a variable excitation flip angle, just as we
equipped a gradient-echo sequence with a variable excitation flip angle. This
way, a higher degree of sub-sampling might be achieved, promising a fur-
ther increased signal per data point. However, spiral trajectories are more
sensitive to gradient imperfections and more tedious in terms of image re-
construction than Cartesian trajectories.

Another way of achieving a higher degree of sub-sampling is the incorpo-
ration of additional prior knowledge into the image reconstruction process,
such as the sparsity in a known transform domain (e.g. total variation or
wavelet). Imaginable is also a model based reconstruction approach similar
to refs. [124, 125], where simultaneously with image recovery, also relevant
parameters (i.e. relaxation times and exchange rate constants) could be ex-
tracted from the data.

Regarding image post-processing, alternative data decomposition meth-
ods used in mixture analysis such as multivariate curve resolution (MCR)
[126, 127] could be employed instead of PCA. While the principal compo-
nents extracted in PCA often do not have any physical meaning, > the “com-
ponents” of MCR must fulfill certain user-defined physical constraints (e.g.
non-negativity), such that they are often easier to interpret. The idea would
be to feed an adapted MCR algorithm with spectral Hyper-CEST image data
of a xenon biosensor sample. The algorithm then might not only find out the
number of biosensors present in the sample (i.e. the number of significant
components), but could possibly also extract denoised images of the spatial
distribution of those sensors separately (i.e. the actual components).

The ultrafast CEST methods presented in this thesis might not only be
useful for efficient contrast agent screening, but also more generally prove
useful for the study of exchange processes in host-guest complexes (such as
cucurbit-[n]-urils [64, 128], cyclodextrins [129, 130] and gas-binding pro-
teins [35, 131]) with Hyper-CEST spectroscopy. Particularly useful results
could be achieved when the resulting spectra are evaluated with an appropri-
ate quantitative theoretical model [94, 95]. Furthermore, fast methods might
be interesting for the optimization of pulsed saturation schemes [132]: Here,

*They rather have an abstract, mathematical meaning, as they are obtained by maximizing
the explained variance while being orthogonal to each other.



the effect of various parameters such as pulse train length, duty cycle, pulse
shape and strength is often investigated. Ultrafast CEST could help to sub-
stantially reduce the acquisition time for the large number of experiments
required in this context. Furthermore, ultrafast methods might be useful for
the optimization of novel saturation schemes such as uniform MT[133], or of
novel encoding schemes such as frequency-labeled exchange transfer (FLEX)
[134], where a magnetic field gradient could be used to encode different evo-
lution times in a single scan.

As the ultrafast CEST imaging technique presented in this thesis involves
sub-sampling, it could be improved using the same techniques as discussed
above, i.e. incorporation of additional prior knowledge and the use of a more
“incoherent” trajectory (e.g. a spiral). Furthermore, instead of the multi-slice
readout, one could also apply a 3D MRI readout, possibly enabling a more ef-
ficient acceleration with compressed sensing and parallel imaging [115, 135].

In ref. [58], Berthault et al. investigated samples in a phantom tube with
multi-slice imaging to encode multiple CEST saturation times within a single
experiment (for one saturation offset). Combining this idea with UCS could
yield entire CEST spectra (i.e. multiple offsets) for different saturation times
within a single experiment. Such data could be useful for the Laplace trans-
form analysis of different CEST resonances [136] or for the global fitting of
CEST spectra to obtain stable fitting results [95].

The techniques described in this thesis are mainly intended to improve the
NMR detection of reversibly bound xenon, and they have to date been suc-
cessfully applied in various research projects [29,30,31,97,98, P6]. However,
most of these techniques are also of use for the field of conventional pro-
ton CEST: For instance, PCA analysis can be used to denoise spectral proton
CEST images the same way we used it for Hyper-CEST images. Furthermore,
the presented sub-sampling methods for Cartesian and radial sequences can
likewise be employed for proton MRI, possibly leading to a reduced acquisi-
tion time [119]. Finally, as demonstrated in this thesis, the ultrafast CEST
techniques are anyway applicable for both Hyper-CEST and conventional
CEST.

Overall, the data encoding and post-processing techniques for (Hyper-)
CEST presented in this thesis might help to extend the scope of molecular
sensing with hyperpolarized xenon to further biological and chemical appli-
cations. In addition, we expect that they will prove useful in the context of
future xenon biosensor studies in vivo.
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Abstract/Kurzzusammenfassung

Abstract

NMR detection of hyperpolarized, reversibly bound xenon using chemical
exchange saturation transfer (Hyper-CEST) is a relatively new technique with
great potential for the detection of dilute molecular targets, e.g. in the con-
text of chemical sensing or molecular imaging. However, the first implemen-
tations of Hyper-CEST imaging and spectroscopy (before 2011) were still
limited by relatively long acquisition times and the need for a highly con-
sistent xenon delivery to the object (or subject) of interest. In this thesis,
we present various tools to tackle these issues from a signal encoding per-
spective: (1) Multi-echo single-shot MRI readouts for Hyper-CEST to make
efficient use of the available hyperpolarized magnetization and to accelerate
the measurement process, (2) principal component analysis based data post-
processing and sub-sampled data acquisition to increase the signal-to-noise
ratio of spectral Hyper-CEST image series, (3) gradient encoding of the sat-
uration frequencies to strongly accelerate in vitro CEST spectroscopy (ultra-
fast CEST), and (4) shared magnetization after single hyperpolarization with
CEST (smashCEST) to enable both Hyper-CEST imaging and spectroscopy
also under conditions where the number of xenon deliveries has to be min-
imized due to time or signal stability restrictions. Utilizing these tools, we
demonstrate new Hyper-CEST applications: For instance the monitoring of
dynamic processes such as enzymatic reactions or contrast agent diffusion,
and fast and sensitive spectral Hyper-CEST imaging to enable multiplexing
of different contrast agents. As some of these tools have additionally been
applied successfully in several other projects of our research group (e.g. the
first live-cell tracking with Hyper-CEST), we are convinced that they might
help to further extend the scope of molecular sensing applications using hy-
perpolarized xenon, eventually also in the context of future in vivo studies.
Notably, many of the techniques presented in this thesis might also be of use
for conventional CEST NMR and MRI applications using thermally polar-
ized protons.



84

Abstract/Kurzzusammenfassung

Kurzzusammenfassung

NMR mit hyperpolarisiertem Xenon unter Ausnutzung von Sattigungstrans-
fer durch chemischen Austausch (Hyper-CEST) ist eine relativ neue und
vielversprechende Methode zum Nachweisen von molekularen Zielstruk-
turen in niedrigen Konzentrationen mit Anwendungsmaglichkeiten im Be-
reich der Molekularbildgebung oder der (bio-)chemischen Probenanalyse.

In ersten Studien (vor 2011) war die praktische Anwendbarkeit von Hyper-
CEST zur Bildgebung und Spektroskopie jedoch noch durch relativ lange
Aufnahmezeiten und die Notwendigkeit einer sehr stabilen Xenon-Anliefe-
rung beschrinkt. In der vorliegenden Arbeit werden mehrere Methoden aus
den Bereichen der Bild- und Signalverarbeitung und -kodierung vorgestellt,
um diese Einschrankungen zu reduzieren: (1) Multi-echo single-shot MRI-
Techniken fiir Hyper-CEST um die vorhandene, hyperpolarisierte Mag-
netisierung optimal zu nutzen und um die Aufnahmedauer zu verkiirzen,
(2) auf Hauptkomponentenanalyse basierende Bildverarbeitung sowie Un-
terabtastung bei der Bildaufnahme um das Signal-Rausch-Verhéltnis von
spektralen Hyper-CEST Bildserien zu erhéhen, (3) Gradientenkodierung
der Sattigungsfrequenzen um die in vitro CEST Spektroskopie stark zu
beschleunigen (ultrafast CEST), und (4) smashCEST (shared magnetiza-
tion after single hyperpolarization - also ,geteilte Magnetisierung nach
einer einzigen Hyperpolarisierung® - fiir CEST) um Hyper-CEST Spek-
troskopie und Bildgebung auch dann zu erméglichen, wenn die Anzahl an
Xenon-Anlieferungen aus Zeit- oder Stabilititsgriinden minimiert werden
muss. Diese Methoden eréffnen neue Anwendungsmoglichkeiten fiir Hyper-
CEST, z.B. die Beobachtung von dynamischen Prozessen wie etwa enzyma-
tischen Reaktionen oder der Diffusion von Kontrastmittelmolekiilen mit ho-
her zeitlicher Auflosung, oder auch die schnelle Aufnahme spektraler Bild-
serien, um gleichzeitig mehrere verschiedene Kontrastmittel nachzuweisen
(»Multiplexing®). Einige dieser Techniken wurden weiterhin erfolgreich in
mehreren anderen Projekten unserer Arbeitsgruppe eingesetzt, wie beispiels-
weise zum erstmaligen Nachverfolgen von lebendigen Zellen (,,live cell track-
ing“) mittels Hyper-CEST Bildgebung. Sie konnten daher auch in Zukunft
dazu beitragen, die Anwendbarkeit von NMR mit hyperpolarisiertem Xenon
weiter auszuweiten, insbesondere im Hinblick auf kommende in vivo Stu-
dien. Es ist auflerdem darauf hinzuweisen, dass viele der hier vorgestellten
Methoden auch in konventionellen CEST-MR-Anwendungen mit thermisch
polarisierten Protonen von Nutzen sein konnten.
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