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Abstract

Hepatic encephalopathy (HE) is a neuropsychiatric disease and a common complication in liver
cirrhosis. Several pathogenetic concepts of HE have been proposed in the literature, yet the inter-
play between those concepts remain a matter of debate. A key factor is attributed to dysfunctional
hepatic clearance of neurotoxins in particular, ammonia and its subsequent accumulation in the
brain. The neurotransmitter balance in the brain is altered during the detoxification of ammo-
nia, and in consequence, the cognitive, visual, sensorimotor, and eye-hand coordination abilities
are hampered. These changes vary from subtle attention and motor deficits to flapping tremor,
stupor, and in extreme cases, hepatic coma.

To further explore the mechanisms of HE, this dissertation describes improvements of magnetic
resonance (MR) imaging and spectroscopy methods to gather metabolic information from brain
tissue. In the process, a brain ammonia- or HE-sensitive MR imaging method was established.
Thus, the metabolic MR imaging technique chemical exchange saturation transfer (CEST) was
optimized for ammonia sensitivity, and subsequently applied in a clinically well-defined cohort
of HE patients. Additionally, a simulation framework was designed to investigate limitations in
the analysis of y-aminobutyric acid (GABA)+ due to signal-to-noise ratio (SNR) and linewidth
constraints during the acquisition of GABA-edited magnetic resonance spectroscopy (MRS) in
deep brain regions. Finally, the neurometabolism in the cerebello-thalamo-cortical pathway of HE
patients was investigated with GABA-edited MRS.

For the CEST optimization, several model solutions (ammonia, BSA + ammonia & tissue ho-
mogenate + ammonia) with varying ammonia concentrations were used to find optimal satu-
ration parameters for an ammonia-weighted contrast. To scrutinize the mechanisms underlying
the CEST experiments, protein denaturation and aggregation were assessed in the BSA sample.
Finally, the optimal parameters were determined and tested in a healthy control and two patients
suffering from HE.

In agreement with literature, it was found that amide proton transfer-weighted (APT,,) CEST
contrast changes in the model solutions were introduced through protein denaturation mediated

by ammonia, and an ammonia-sensitive MR imaging contrast was therefore established.

In a subsequent study, further phantom measurements revealed ammonia to be the primary driver
of the observed contrast changes, while changes associated with other neurometabolites were neg-
ligible. In an application study, a cohort of 14 healthy controls, 10 minimal HE and 10 manifest

13



HE patients underwent computer neuropsychometry, critical flicker frequency (CFF) measure-
ments, and blood sample testing prior to the CEST imaging. The processing pipeline of the
CEST data included movement correction, magnetization transfer ratio asymmetry (MTR,sym)
analysis, Bg- and Bi-correction as well as normalization to minimize possible confounders of the
CEST effect. Finally, all MTR,sm datasets were normalized to a template (created from the
study cohort) to establish pixel-based group statistics over the whole brain volumes.

A reduction of APT,, signals was found in the cerebellum and the occipital cortex of manifest
HE patients. These reduction correlated with blood ammonia levels, as well as several neuropsy-
chometric scores, including motor performance and reaction times. Additionally, increased APT,,
signals were associated with individual CFF, and thalamic APT,, signal alterations were linked to
gamma-glutamyltransferase levels.

This in vivo study showed patterns and correlations previously found in 1*NH3-positron emission
tomography (PET) studies [1], which supports the interpretation that APT,, imaging is sensi-
tive to ammonia concentrations. The presented results substantiate literature findings on the
involvement of the cerebellum in HE, which is proposed to be involved in motor skill deteriora-
tion in HE patients. Additionally, neurotransmitter level alterations, slowed neural oscillations,
and decreased visual performance are a common finding in HE, potentially linked to ammonia
detoxification in the visual cortex.

In the future, the implementation of more advanced CEST techniques may allow to better distin-
guish underlying contributions - e.g. from CEST mediated by ammonia and contributions from

nuclear Overhauser enhancement (NOE) mediated by hepatocerebral degeneration.

In vivo MR spectroscopy suffers from low SNR and poor linewidth, resulting in overlapping
metabolic resonances. To investigate the impact of spectral quality on data modeling, a nearly
noise-free template spectrum was created as the mean of 48 in vivo data sets. Several line broad-
ening and noise level combinations were used to create different scenarios of By homogeneity
and GABA+ SNR by manipulating template. 100 spectra per condition were quantified with two
commonly used MRS quantification tools (Gannet 3.0 and Tarquin). The GABA+ estimation
error was quantified as the relative difference between the known modeled GABA+ resonance in
the template spectrum, and the modeled GABA resonance of the manipulated spectra. Further-
more, fit error, standard deviation, and the number of rejected spectra were calculated for each
combination, and the agreement between the simulations and two in vivo scenarios with varying
linewidth and the GABA+ SNR was quantified.

The GABA+ estimation error was found to be below 5 % over the entire range of GABA+ SNR
for medium linewidth (9.7 Hz) for Gannet 3.0 or all linewidth expect 10.6 Hz for Tarquin. The

14



standard deviation over 100 measurements varied between 3.1 and 17 % for Gannet 3.0 and
between 1 and 11 % for Tarquin over the in vivo relevant GABA+ SNR range between 26 and
3.5.

The results are in line with other studies on the impact of SNR on the quantification of GABA+.
Simulations and in vivo scenarios showed good agreement. The results suggest that GABA-edited
studies can be realized for voxels with low GABA+ SNR at the cost of higher group-level vari-
ance. Furthermore, By homogeneity had negligible effects on the GABA+ modeling. Also, the

developed simulation framework could be used to test other quantification approaches.

In a final study, the neurometabolism in the cerebello-thalamo-cortical pathway of HE patients was
investigated with GABA-edited spectroscopy. The voxels were designed based on the implications
drawn from the previous simulation study. The cohort included 16 healthy controls and 16 HE
patients (2 minimal HE, 14 HE 1), who were assessed via CFF testing, Grooved PEG board
testing for motor performance, and blood sample testing. GABA-edited MEscher-GArwood Point
RESolved Spectroscopy (MEGA-PRESS) MRS was employed in the cerebellum, the thalamus,
and the motor cortex. The GABA-edited difference spectra were analyzed with Gannet 3.0, while
the OFF spectra were post-processed with FID-A and quantified with LCModel v6.3.

The preliminary results showed increased GABA-to-creatine levels in the cerebellum linked to
visual and motor performance scores, which is in line with recent animal and transcranial magnetic
stimulation studies. No GABA changes were found in the thalamus and the motor cortex, which
contrasts the findings of the animal studies. Further, systemic effects on glutamine, myo-inositol,
and aspartate were found in all regions, and were closely linked to visual and motor performance
scores. Increased glutamine and myo-inostiol depletion are linked to ammonia detoxification
and commonly reported in HE, while changes in aspartate are not reported, yet. Furthermore,
increased levels of glutathione, a putative marker of oxidative stress, were found in all regions.
The preliminary results indicate an active involvement of the cerebellum in the alterations of the

cerebello-thalamo-cortical pathway in HE.

The principal results of the present dissertation are the ammonia sensitivity of optimized APT,,
imaging, and the interpretation of APT,, signals as a brain ammonia level correlate. Therefore,
APT,, imaging could be used to facilitate the understanding of the pathogenesis of HE. Further-
more, the simulation framework for MR spectroscopy could be used during the design and data
quality evaluation of GABA-edited MRS studies. Finally, increased levels of GABA in the cerebel-
lum and other systemic effects affecting the neurometabolism in the cerebello-thalamo-cortical

pathway were found in HE patients.
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Zusammenfassung

Die hepatische Enzephalopathie (HE) ist eine neuropsychiatrische Erkrankung, die infolge einer
Leberzirrhose auftreten kann. Die Pathogenese der HE ist Gegenstand der aktuellen Forschung
und wird in verschiedene Konzepte unterteilt. Ausschlaggebend ist hierbei die verminderte Fil-
terung von Neurotoxinen durch die Leber, wie beispielsweise Ammoniak, welches sich anschlieBend
im Gehirn sammelt. Durch die Belastung mit Neurotoxinen kommt es zu einer Verschiebung des
Neurotransmittergleichgewichts im Gehirn und infolgedessen zu einer Veranderung der kognitiven,
visuellen, sensorimotorischen und visuomotorischen Fahigkeiten des Patienten. Die Schwere der
Symptome variiert zwischen subtilen Defiziten (Aufmerksamkeit- und Motordefizite) und mit
Fortschreiten der Krankheit Asterixis, Stupor bis hin zum hepatischen Koma.

Die vorliegende Dissertation beschaftigt sich mit der Entwicklung einer HE- bzw. Ammoniak-
sensitiven Magnetresonanz (MR)-Bildgebungsmethode. Dazu wurde eine Optimierung an einer
metabolischen chemical exchange saturation transfer (CEST) Bildgebung im Hinblick auf ihre
Sensitivitat fir Ammoniak durchgefiihrt und in einer Kohorte von HE Patienten getestet. Zusat-
zlich wurde eine Simulation entwickelt, welche die Modellierung von GABA-+ in 'spectral edited’
MR-Spektroskopie unter Beriicksichtigung verschiedener Signal-zu-Rausch-Verhaltnisse (SNR)
und Linienbreiten untersucht. Diese Bedingungen spielen vor allem bei der Untersuchung von
tiefen Hirnregionen eine Rolle. Schlussendlich wurde der Neurometabolismus der HE innerhalb
der cerebello-thalamo-kortikalen Nervenbahn mittels GABA-editierter MRS untersucht.

Im Verlauf der Arbeit wurden verschiedene Modelllosungen (Ammoniak, Albumin + Ammoniak
& Ammoniak + Gewebehomogenisat) mit variierender Ammoniakkonzentration verwendet, um
die optimalen Sattigungsparameter des Ammoniak-gewichteten Kontrasts zu finden. Weiterge-
hend wurde die Denaturierung und Aggregation der Proteine bestimmt, um die zugrundeliegenden
Mechanismen des CEST-Effekts zu evaluieren. Die optimalen Parameter wurden an einem gesun-
den Probanden und zwei HE-Patienten getestet.

In Ubereinstimmung mit der Literatur zeigte sich die Amidprotonentransfer-gewichtete (APT,,)
CEST-Bildgebung sensitiv fir Proteindenaturierung. Durch Phantommesungen wurde gezeigt,
dass die Kontrastanderungen durch veranderte Proteinfaltung induziert wurden. Damit konnte

ein ammoniaksensitiver MR-Bildkontrast etabliert werden.
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In einer anschlieBenden Studie deckten weitere Phantommessungen auf, dass hauptsachlich Am-
moniak die Kontrastanderungen hervorruft, wohingegen der Einfluss anderer Neurometaboliten
vernachlassigbar ist. AnschlieBend wurde eine Kohorte von 14 gesunden Kontrollen, 10 Patienten
mit minimaler HE sowie 10 Patienten mit manifesten HE vor der MR Untersuchung psychome-
trisch getestet. Zusatzlich wurden Bluttests und eine Ermittlung der kritischen Flimmerfrequenz
durchgefihrt.

Die Nachverarbeitung der CEST-Daten umfasste eine Bewegungskorrektur, die Quantifizierung
des CEST Effekts mittels einer Asymmetrieanalyse, eine Korrektur der By- und B;-Effekte, sowie
eine Normalisierung, um die moglichen Relaxationseffekte des CEST-Effekts zu minimieren.
Zuletzt wurden die CEST-Bilder in ein gemeinsames Koordinatensystem normalisiert, welches
basierend auf den gemeinsamen Eigenschaften der Studienkohorte erstellt wurde.

Eine Verminderung des APT,-Signals wurde im Kleinhirn und im okzipitalen Kortex beobachtet.
Das AusmaB dieser Verminderung korrelierten zusatzlich mit den Blutammoniakwerten sowie
mehreren neuropsychometrischen Testergebnissen, welche motorische Leistung und Reaktions-
zeiten umfassten. Zusatzlich wurden erhohte APT,-Signale im Putamen mit der kritischen
Flimmerfrequenz, und APT,-Signalanderungen im Thalamus konnten mit gamma-Glutamyl-
transferase Konzentrationen in Verbindung gebracht werden.

Die in vivo Studie zeigte vergleichbare Verteilungen und Korrelationen wie verschiedene *NH;-
PET Studien, was die Interpretation starkt, dass APT,-Bildgebung sensitiv fiir Ammoniak-
konzentrationen ist. Die Entdeckung untermauert die Beteiligung des Kleinhirns in der HE,
welche in der Literatur als Ausloser der reduzierten motorischen Fahigkeiten bei HE-Patienten
diskutiert wird. Veranderungen in Neurotransmittersystemen, verlangsamte neuronale Oszillatio-
nen und die verminderte Fahigkeit zur visuellen Differenzierung sind typische Beobachtungen in

der HE, welche dem Ammoniakentgiftungspozess im visuellen Areal zugeschrieben werden.

Eine Uberlagerung benachbarter Resonanzen in der in-vivo-MR-Spektroskopie wird durch ein
niedriges SNR und erhohte Lienenbreiten hervorgerufen. Zur Untersuchung der Auswirkungen
der spektralen Qualitat auf die Modellierung der Daten wurde der Mittelwert aus 48 in-vivo-
Spektren zur Erstellung eines rauschfreien Musterspektrums verwendet. AnschlieBend wurde das
Musterspektrum mit unterschiedlichen Linienverbreiterungen und Rauschwerten manipuliert, um
variierende Magnetfeldhomogenitat und GABA+ SNR Bedingungen zu simulieren.

Jeweils 100 Spektren wurden mit zwei verschiedenen Programmen (Gannet 3.0 und Tarquin)
zur Analyse von MRS-Daten modelliert. Der GABA+-Messfehler wurde als relative Differenz
zwischen dem Musterspektrum und den modellierten GABA+-Resonanzen der manipulierten

Spektren berechnet. AuBerdem wurden der Fehler des Fits, die Standardabweichung sowie die
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Zahl der abgelehnten Spektren bestimmt. Der GABA+-Messfehler war kleiner als 5 % tber den
gesamten GABA+-SNR Bereich fiir mittlere Linienbreiten (9,7 Hz) fir Gannet 3.0 und allen
Linienbreiten auBer 10,6 Hz fiir Tarquin. Die Standardabweichung im Bereich in-vivo-relevanter
GABA+-SNR -Werte variierte zwischen 3,1 und 17 % fir Gannet 3.0 und zwischen 1 und 11 %
fur Tarquin.

Diese Ergebnisse bestatigen andere Studien zur Auswirkung des SNR auf die Quantifizierung von
GABA. AuBerdem zeigte sich eine gute Ubereinstimmung zwischen den Simulationen und den
in-vivo-Szenarien. Dies legt nahe, dass GABA-editierte MR-Spektroskopie-Studien in Regionen
mit geringerem GABA+ SNR durchgefiihrt werden konnen, jedoch auf Kosten einer hoheren Va-
rianz. Zusatzlich zeigte sich, dass die Magnetfeldhomogenitat vernachlassigbare Effekte auf die
Modellierung des GABA-Signals hat.

In der letzten Studie wurde der Neurometabolismus der cerebello-thalamo-kortikalen Nerven-
bahn mittels GABA-editierter MRS untersucht. Die Voxeldimensionen wurden entsprechend der
Indikation aus der Simulationsstudie entworfen. Die vorlaufige Kohorte umfasste 16 gesunde Kon-
trollprobanden und 15 HE Patienten (2 minimal HE, 14 HE I), bei denen zuvor die CFF ermittelt,
Messungen der motorischen Leistung (grooved peg board) erstellt und Bluttests durchgefiihrt
wurden. GABA-editierte MEGA-PRESS MR Spektroskopie wurde im Kleinhirn, Thalamus und
Motorkortex durchgefiihrt. Die Differenzspektren wurden mit Gannet 3.0 analysiert, wahrend die
OFF Spektren mit FID-A verarbeitet und mit LCModel v6.3 quantifiziert wurden.

Die vorlaufigen Ergebnisse zeigten erhohte GABA-Konzentrationen im Kleinhirn, welche mit den
Anderungen in der visuellen Wahrnehmung und den motorischen Fahigkeiten verkniipft waren.
Diese Ergebnisse wurden auch innerhalb von Tierversuchen und einer aktuellen TMS-Studie in
der Literatur gezeigt. Im Gegensatz zum Tiermodell wurden in der aktuellen Studie im Tha-
lamus und Motorkortex dagegen keine Anderungen in den GABA-Konzentrationen festgestellt.
Weiterhin wurden systemische Veranderungen der Konzentrationen von Glutamin, Myo-Inositol
und Aspartat festgestellt, welche zusatzlich mit Anderungen der visuellen Wahrnehmung und
den motorischen Fahigkeiten verbunden waren. Glutamin und Myo-Inositol sind im Gehirn von
HE-Patienten durch die Stoffwechselprozesse zur Auflosung des Ammoniaks verandert, wahrend
Veranderungen in Aspartat Konzentrationen in vivo bisher nicht festgestellt wurden. Zusatz-
lich wurden erhoéhte Glutathion-Konzentrationen in allen Regionen festgestellt, welche vielfach
ein Indikator fiir erhohten oxidativen Stress darstellt. Die vorldufigen Ergebnisse zeigen die
wichtige Rolle des Kleinhirns fiir HE-spezifischen Anderungen der cerebello-thalamo-kortikalen

Verbindung.
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Zusammenfassend wurde in der vorliegenden Dissertation die Ammoniak-Sensitivitat der APT,,
Bildgebung und die Interpretation der APT,,-Signale als Korrelat des Gehirn-Ammoniakspiegels
festgestellt. Deshalb kann die APT,, Bildgebung zur weiteren Untersuchung der Pathogenese
der HE verwendet werden. Die entwickelten Simulationen kénnen zum Entwerfen und zur Eva-
luation der Datenqualitdt von GABA-editierten MR-Spektroskopie-Studien verwendet werden.
Schlussendlich wurden erhohte GABA-Konzentrationen im Kleinhirn und systemische Effekte auf

den Neurometabolismus der cerebello-thalamo-kortikalen Nervenbahnen in der HE gefunden.
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1 Introduction

1 Introduction

The human brain is the most differentiated organ in the human body. It is responsible for the
processing of sensory perception and the coordination of behavior. Basic approaches to describe
and understand the brain range across various scales and disciplines, from behavioral outcome to
firing rates of single neurons, and from psychoanalysis over mathematical modeling of behavior to
metabolic magnetic resonance (MR) imaging and spectroscopy. The extraordinary complexity
of the brain can hardly be described by single numbers: about 86 billion neural cells form the
human brain [2], providing a memory capacity of approximately 2.5 petabytes [3]. Neuroscience
has evolved as an independent and highly interdisciplinary research field that is dedicated to

expanding the understanding of this outstandingly complex system.

On a macroscopic scale, the brain is divided into telencephalon, diencephalon, cerebellum, and
brainstem. The telencephalon is divided into two hemispheres, which are mainly connected by the
corpus callosum. The surface is heavily folded into gyri and sulci, which feature a dense layers of
neuronal cells. This layer is known as the cortex or gray matter, and is connected to other cortical
regions and brain parts by neuronal tracts, also known as white matter [4]. External information
are processed in different cortical regions. The visual cortex, for example, processes visual input
from the retina [5], while the prefrontal cortex is responsible to regulate behavior with regard to
internal reference systems [6]. The diencephalon located in the deeper brain regions underlying
the white matter includes the thalamic subsystem. The thalamus is mainly categorized as a
mediator between sensory and motor input [7], while the hypothalamus orchestrates several vital
processes. The cerebellum is located caudal to the occipital lobe, and is mainly involved in motor
and balance coordination [8]. Other sensory impressions are processed in the brainstem, which is

also crucial to reflexive behavior.

The main components of the brain on a microscopic scale are neurons. These cells are electrically
excitable, and responsible for the communication in the brain via synapses. Synapses form con-
junctions between the neurons and transfer information between them. Generally, they are divided
into chemical and electrical synapses. In the case of electrical synapses, pre- and postsynaptic
neurons are connected via gap junctions which allow the passage of electrical current between
the neurons. In chemical synapse, electrical signals are converted into chemical signals relayed by
a neurotransmitter. These neurotransmitters are released into the synaptic cleft to bind to recep-

tors on the postsynaptic neuron. Changes in the conformation of the receptor proteins introduce
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changes to the membrane potential, or a cascade of secondary pathways to modulate the excita-
tory or inhibitory state of the postsynaptic neuron. There are possible neurotransmitter by which
the chemical synapses are classified. The main excitatory neurometabolite is glutamate, while
~-aminobutyric acid (GABA) is the most prevalent inhibitory counterpart in the human brain.
Changes in the baseline concentrations of those neurometabolites can cause severe dysfunction
in the brain. Metabolic imaging and MR spectroscopy allow the investigation of concentration
changes of several neurometabolites in vivo, such as GABA or glutamate. Therefore, it is a useful

tool to study disease-related changes in the active neurometabolism in a living subject.

As a consequence of the brain's complexity, a subtle alteration in this clockwork-like system
can ripple down into several subsystem inducing cognitive changes on a behavioral and clinically
accessible scale. The brain is usually protected from outer influences via the blood brain barrier.
This protection can be deliberately bypassed by medication, or inadvertently by various diseases.
The neuropsychiatric disease hepatic encephalopathy (HE) is caused by a dysfunctional hepatic
clearance of neurotoxins (e.g., ammonia, glutamate, mercaptan) from the blood. In Western
countries, the most common form of liver cirrhosis is the ethyl-toxic cirrhosis introduced by
ethanol abuse [9]. The effects of HE on the human brain are assumed to be multifactorial [10,
11].

In neuroscience, magnetic resonance imaging (MRI) is a valuable tool to noninvasively study
the living brain. It is capable of providing structural information, but more advanced approaches
allow for the investigation of the living metabolism. This could be done via metabolic imaging
- which forms image contrasts based on the underlying cellular metabolism [12, 13, 14, 15] - or
via magnetic resonance spectroscopy (MRS) - which allows for the evaluation of changes
in the concentration of certain neurometabolites [16, 17, 18, 19, 20]. Although these techniques
are valuable tools to investigate disease-related changes to gain a deeper understanding of the
underlying pathophysiology of various brain diseases, such as HE, these techniques require a
considerable amount of post-processing and expertise in the interpretation. This dissertation
aims to adapt a magnetic resonance metabolic imaging as well as a spectroscopy approach to

investigate the metabolic underpinnings of hepatic encephalopathy.



2 Hepatic Encephalopathy

2 Hepatic Encephalopathy:
From hepatic dysfunction to cognitive

impairment

The pathophysiology of hepatic encephalopathy (HE) is assumed to be multifactorial but
remains a matter of debate in the literature until today [10, 11]. The following parts describe

the most common concepts on the pathophysiology of HE and its clinical assessment.

2.1 Pathophysiology of hepatic encephalopathy

HE arises from increased concentrations of numerous neurotoxins in the blood. The roots of the
abnormal concentrations is presumably the loss of the liver's clearance ability due to cirrhosis,
the formation of portosystemic shunts, or the artificial creation of a transjugular intrahepatic
portosystemic shunt. Cirrhosis is possibly caused by ethanol abuse, leading to an ethyl-toxic
cirrhosis [9]. Other forms of toxic cirrhosis include non-alcoholic steatohepatitis (non-alcoholic
fatty liver disease) and drug-induced liver disease. Liver inflammation through chronic viral
hepatitis (B, C, D) can also lead to cirrhosis. The multifactorial aspects of HE in the brain can

be summarized as follows without being mutually exclusive:
= ammonium hypothesis [21, 22, 23]
» neuroinflammation and oxidative stress [24, 25, 26]
= other neurotoxins [27, 28]
= neurotransmitter imbalance [29, 30, 31, 32]
= false neurotransmitter hypothesis [33]

= neuropathological alterations [34, 35, 36]



2.1 Pathophysiology of hepatic encephalopathy

Figure 2.1 summarizes the ammonium hypothesis. The increased concentration of the neu-

rotoxin ammonia in the brain is assumed to be crucial in the pathogenesis of HE [21, 22, 23].
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Figure 2.1 — Pathophysiology of HE - The ammonium hypothesis describes the detoxifica-
tion of ammonium which has diffused through the blood brain barrier (BBB), by
glutamine synthetase in astrocytes. Adapted from [37].

The elevated ammonia levels are reduced through the formation of glutamine, particularly in
astrocytes. During ammonia detoxification, glutamine synthetase amidates glutamate and am-
monium to create glutamine and water. This process alters the glutamine/glutamate ratio in
the astrocytes [38, 17, 39, 40] and creates an osmotic gradient, which generates cell swelling
[21, 41] and on a macroscopic scale the characteristic low-grade edema of HE [42, 43]. As a
counter-reaction, the osmolyte myo-inositol is released, and therefore depleted in the cells [38].
Glutamate is the main excitatory neurotransmitter in the brain. Therefore, dysbalance in the glu-
tamate concentration could affect glutamatergic neurotransmission [40]. Glutamate, glutamine,
and myo-inositol are MR-visible metabolites, which allow the direct investigation of HE associated
changes of these with MRS [38, 17].



2.1 Pathophysiology of hepatic encephalopathy

In contrast, ammonia itself can not be detected by MRS due to its high exchange rates, but
has extensively been investigated via positron emission tomography (PET). Key findings are
increased radiation of radioactively marked ammonia, as well as increased metabolic clearance
rates of ammonia in HE patients [44, 1].

Additionally, ammonia has other direct effects on the brain, such as changes in excitatory and
inhibitory neurotransmission (increased amino acid transport through the blood brain barrier
(BBB) and effects on the sodium-potassium pump [45]), as well as alterations in the energy
metabolism in higher stages of HE [46]. The ammonium hypothesis is a matter of discussion for
two reasons: First, HE appears in about 10% of patients with normal serum ammonia levels, and

second, the serum ammonia levels do not necessarily correlate with disease severity [47].

The increasing ammonia levels trigger neuroinflammation and oxidative stress [24, 25, 26],
and interrupt several signaling pathways and protein synthesis. As an oxidative stress response,
glutathione, the most abundant antioxidant in the human brain, is elevated in HE, and closely
coupled to the hyperammonemia [19]. Other neurotoxins are mercaptans, which are potentiat-
ing the neurotoxicity of ammonium in the brain by inhibiting the sodium-potassium pump. Short-
and middle-chain fatty acids are also suggested to interfere with the sodium-potassium pump, but
their role is not fully understood [27]. Manganese is another common neurotoxin accumulating

in the basal ganglia of HE patients [28].

Apart from the imbalance in the glutamine/glutamate ratio, neurotransmitter imbalance is a
general concept in the pathophysiology. The GABA hypothesis, claiming that GABA forming in
the gut passes the impaired BBB, has become obsolete [29]. Nevertheless, regional alterations
in GABAergic tone [32], mediated through increasing endogenous benzodiazepines [30, 31], are
a crucial characteristic in HE. Ammonia, benzodiazepines, and GABA itself have different ef-
fects which potentiate the GABAergic tone. Elevated ammonia levels modulate the affinity of the
GABA, receptors for GABA. Furthermore, the selective binding of GABA and benzodiazepine ag-
onists to the GABA, receptor complex and the stimulation of peripheral benzodiazepine receptors
on the astrocytes increase the synthesis of neurosteroid agonists of the GABAA receptor complex.
Moreover, the GABA uptake of astrocytes is decreased, while the release is increased, resulting in
enhanced inhibitory neurotransmission [32]. Other neurotransmitters, such as serotonin are part

of the present research on HE.



2.2 Clinical assessment and graduation of Hepatic Encephalopathy

Impairment of the BBB allows increased diffusion of phenylalanine, tyrosine, and tryptopahn,
which have a small excitatory effect. These neurotransmitter changes, as well as changes in
dopaminergic neurotransmission, are summarized in the false neurotransmitter hypothesis

[33], but their exact role in the emergence of HE remains unclear.

Reduced specificity and higher permeability of the BBB [23] and formation of Alzheimer Type-
Il astrocytes [34] are two HE-related neuropathological alterations. A swollen nucleus with
chromatin concentrated at the edge of the nucleus characterizes these astrocytes. Additionally,
hepatocerebral degeneration is a common feature in HE, leading to the loss of cells especially in
the cerebellum [35, 36]

2.2 Clinical assessment and graduation of Hepatic
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Figure 2.2 — Graduation of HE - The graduation system outlined in the con-
sensus papers [48, 49, 50]. Adapted from [49, 50].

There are several consensus papers on HE classification [48, 49, 50]. Figure 2.2 presents the
current graduation system. In this description minimal HE (mHE) is the lowest disease stage
of the graduation system, which increases up to HE IV. The stages | to IV are clinically graded
by the West-Haven criteria. Minimal HE and HE | are grouped together into covert HE and the
other stages are grouped into overt HE [49]. Cognitive impairment increases in the course of
the disease progression. Subclinical changes in psychomotor speed and executive functions are
frequently observed in mHE. These changes can be detected with line-following, paper-pencil
or number tracking tests, or more elaborately (and expensively) with computer psychometric

testing.
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The West-Haven criteria are used to classify clinically overt changes in patient behavior [48].
Patients with HE | show a general lack of awareness, a shortened attention span, and altered
sleep patterns. Yet, they are still oriented in space and time. HE Il patients are disoriented in
time, apathetic and exhibit personality changes. They may also display dyspraxia and asterixis
(flapping tremor). In the HE Ill stage, patients may present confusion, disorientation in space,
somnolence to semistupor, and bizarre behavior. Finally, hepatic coma eventuates at stage IV.

A relatively new approach to reflect and quantify the continuous nature of HE is the critical
flicker frequency (CFF) [51, 52]. The CFF is suitable to substantiate the psychometric findings.
The patient indicates the frequency at which he/she perceives a fast flickering light, which is
perceived as continuous for high flickering frequencies in the beginning of the experiment, as
flickering. Patients with a CFF below 39 Hz are defined as impaired. This neurophysiological
method is suggested to be independent of learning effects, age, and education, and shows a high
correlation with the disease stage [51]. It reflects the deterioration of the visual perception during
disease progression, and also correlates with neurophysiological (GABA concentrations [18]) and

neuronal oscillatory (a band peak frequency [53]) measures.
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3 Nuclear Magnetic Resonance:
From physical phenomenon to metabolic
investigation

The nuclear magnetic resonance (NMR) describes the nuclear-physical effect of atomic nu-
clei absorbing and emitting alternating electromagnetic fields while placed in a constant magnetic
field. All modern MR scanners are designed to exploit NMR to create a number of qualitative or
quantitative imaging contrasts.

The electromagnetic interactions between atoms and magnetic fields were first described by Stern
and Gerlach [54], who observed the splitting of the focal spot of silver atoms after their passage
through a magnetic field. It was the first time quantum-mechanical space quantization was ob-
served during an experiment, which was proposed as a consequence of the Zeeman experiment
two decades earlier [55]. The Zeeman effect describes the splitting of spectral lines of a gas
discharge lamp, and is based on the interactions between the external magnetic field and the
atomic magnetic moment.

NMR, in particular, was described in the mid-20th century by two independent experiments [56,
57], which paved the way for the concept of NMR tomography and imaging, developed by Mans-
field and Lauterbur [58]. Until now, MRI and MRS research undergo rapid evolution allowing
vast capabilities of image contrasts and advanced biomedical imaging methods. Finally, the emer-
gence of quantitative methods facilitates metabolic imaging or the calculation of approximated
metabolite concentrations.

The theoretical description of NMR in this dissertation is based on [59] and [60].

3.1 The Basics of Nuclear Magnetic Resonance

Every atomic nucleus intrinsically possesses an atomic spin I, which is based on the spins and
orbital angular moments of all nuclear constituents. The atomic spin I is linked to an atomic
magnetic moment 1 = 'yhf with the isotope-specific gyromagnetic ratio ~.

Following the assumptions of the Zeeman effect, an external magnetic field By polarizes the

atomic spin I with the magnitude ]7| = h /I(I +1) according to the magnetic quantum



3.2 Macroscopic Interpretation of Nuclear Magnetic Resonance

number [, = my-h (my = —I,—1 +1,...,1 —1,1). The space quantization creates 2/ + 1
energy levels F,,, which are defined by the z-component of the atomic spin I. Consequentially,
the energy levels F,, are calculated as F,, = —ﬁgo = —7hf~ g@ = —yhm;B,.

Fundamentally, a electromagnetic wave applied perpendicular to By at resonance frequency v

could introduce transitions between neighboring energy levels:

~
= AE=-_"8B 3.1
v om0 ( )

Equation 3.1 is the fundamental relation describing the NMR effect. In principle, every atomic
nucleus with one unpaired spin (e.g. 13C, 31P etc.) can be detected in the MRI. However, low
relative biological abundance and low gyromagnetic ratios limit the accessibility of other nuclei in
in vivo MRI. This work focuses on the NMR effect of protons ('H). Fortunately, protons combine
a high gyromagnetic ratio (y = 42.6 MHz/T) and a high abundance (~10?3 protons in a 1 mm?3
cubic volume (voxel)) in the human body. Additionally, protons possess only two energy levels
according to I, = +1/2 leading to a single possible transition.

Regardless of the fact that MRI is based on a quantum mechanic effect, the superposition of a
ensemble of spins in a cubic volume becomes apparent in a macroscopic magnetization, allowing

the description of MRI without quantum mechanics.

3.2 Macroscopic Interpretation of Nuclear Magnetic

Resonance

The macroscopic magnetization vector M, is the vector sum of an ensemble of spins - e.g., in
one voxel. By positioning a sample or patient in the static magnetic field By, which is created by
the superconducting magnet of the tomograph, the distribution of protons over the two possible
energy levels follows the Boltzmann distribution. The samples used in MRI research are
usually measured at room temperature or in case of in vivo measurements, at body temperature.
Therefore, the so-called high-temperature-approximation can be used to describe the occupation
of the N, and N states:

N; By — E, YhB, 29D,
— TP e - — ~1— 2
N, P ( kT ) oo ( kT ksT (3:2)

with the Boltzmann constant kg, and the number of protons N, and N in the low and high

energy state, respectively. N, and Nz correspond to the number protons with the z-component
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of their magnetic moment parallel or antiparallel to the static magnetic field By. The occupa-
tion number difference in both energy levels is very subtle at room temperature and is about
6.67 x 10~7 at 3 Tesla. Still, the vector sum over all protons creates macroscopic magnetization
MO in equilibrium, representing the main measurement parameter in MRI. The z-component M,
and the xy-components M, of M, are named longitudinal magnetization and transversal
magnetization, respectively. The coordinate system is defined by the direction of By, represent-
ing the z-axis. It is worth noting that M,, is solely creating the detectable MRI signal.

A resonant electromagnetic wave can interact with the proton spins and alter the occupation of
the energy levels. Immediately after applying a resonant radio frequency (RF) pulse M, starts to
precess around Bgy. The precession of the individual spin equals the behavior of gyroscope in the
gravitational field. Following a RF pulse, most of the spins are rotating with the same frequency
and phase, while this phase coherence is lost over time. The precession frequency of Mo is
the Larmor frequency and electromagnetic waves applied in resonance - the same frequency
as the Larmor frequency of the target - can achieve state transitions and a manipulation of M,
(Equation 3.1).

In the tomograph, this is achieved by a transmit coil. This coil allows a resonant energy transfer
in the sample by radiating RF waves with well-defined amplitudes and frequencies. Therefore,
arbitrary orientations of My can be achieved. It is common to designate the name of the RF-
pulse by its flip angle relative to By - e.g., a 7/2-pulse tilts M, into the xy-plane by 90 degrees.
7/2-pulses are commonly used for excitation in *H spectroscopy as the M,, is maximal in this
case, leading to the highest signals.

In the MRI scanner, the rotation of MO is detected based on the induced voltage in a receive coil,
which is placed close to the sample. Quadrature receive coils are arranged such that two signals
with a phase of 7 are received, creating a complex-valued signal. As the signal is weak, it under-
goes amplification before digital-to-analog conversion to create the final signal to be recorded.
In an NMR experiment, the magnetization vector M usually decays fast due to various relaxation
processes. These processes affect the components of M differently, as M;y evolves independently
from M,. Following the natural motion of M the description of the relaxation processes is easier

in a rotating frame.

10



3.3 Relaxation of the Magnetization Vector

3.3 Relaxation of the Magnetization Vector

3.3.1 Spin-Lattice Relaxation
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Figure 3.1 — Longitudinal relaxation process in NMR - T; relaxation after a 7/2-pulse.

The longitudinal relaxation describes the process of inelastic interactions between the protons
and their surroundings (Figure 3.1). The energy loss of the system through T; relaxation is
unrecoverable, and describes the transfer of heat through rotation, collisions, and electromagnetic
interactions.

During longitudinal relaxation, M, regenerates into the equilibrium state parallel to By. The
z-component M, of the magnetization vector at any time ¢ and its relaxation is described by
M, (t) = My [1 — exp (—t/T1)] with T} being the longitudinal relaxation time. 63 % of Mj is
restored at ¢ = 717, and the equilibrium state is approximately reached for t = 5-77. T; is on the
order of magnitude of seconds, and proportional to the magnetic field strength By and the rigidity
of the chemical bond of the protons. Large molecules representing more solid aggregations or
bound states are associated with low mobility and high T; values. High mobility rates are found
in small molecules behaving liquid-like or free. These states are also linked to high T; values,
while the intermediate mobility region is characterized by lower T; values. For example, at 3 T,
water or cerebro spinal fluid (CSF) has a T of about 3800 ms [61], gray matter and white
matter a T; of about 1300 ms and 800 ms [62], respectively. Ice (measured at 263 K at 2.9 T)
possesses a T; of about 1.5 ms [63].

11
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3.3.2 Spin-Spin Relaxation

Immediately after the deflection of M from the equilibrium state, another relaxation process takes
place. This process appears at any flip angle. The spin-spin or transversal relaxation describes
the loss of phase coherence through random (thermal) interactions between the spins. The name
spin-spin relaxation derives from the fact, that this relaxation process is mediated through the
interactions between two or more spins. T, relaxation mediated through spin-spin interactions
is the major contributor to the decay of M,,. The local magnetic field B, a spin experiences
differs with the vicinity of every spin - e.g., a spin in a water molecule experiences a different
Bioc in the vicinity of other water molecules than in the vicinity of iron atoms in hemoglobin.
Consequently, the frequency at which the proton precesses is proportional to the combination of

Bo and Bj,.. Thus, the phase coherence decreases over time, leading to signal decay.
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Figure 3.2 — Transversal relaxation process in NMR - T35 & T, relaxation after a 7/2-pulse.
Transversal relaxation (yellow: Free Induction Decay, red & cyan: spin echos) is ob-
served via a spin echo with the combination of a 7/2- and two 7-pulses (black).

The T, relaxation following a spin echo is summarized in Figure 3.2. The transversal magne-
tization M, and its relaxation process at any time ¢ are described by an exponential decay
M,y (t) = My - exp(—t/T3) with T, being the spin-spin relaxation time and time point at
which 63 % of the Mj has decayed. T, is usually on the order of magnitudes of milliseconds,
and influenced by the rigidity of the chemical bond of the protons. The higher the mobility, the
higher T,. For example, at 3 T, water/CSF has a T, of about 500 ms [64], gray matter and
white matter a T, of about 100 and 80 ms [62], respectively. Ice (measured at 263 K at 2.9 T)
possesses a T, of about 150 us [63].
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The initial decay of the signal following a 7/2-pulse, also called Free Induction Decay, happens
much faster than expected by the processes described above. The visible decay is a combination of
T, and the local, static (time-independent) imperfections and disturbances of the static magnetic
field By. The combined relaxation rate is called T3 = 1/75 + yA B,y with AB, being the local
yet time-independent variations of the static magnetic field By. T3 is usually about a factor 3

smaller than T, for a specific tissue or molecule.

3.3.3 Spin echo

The T relaxation appears to be elastic and locally time-independent for protons in tissue. There-
fore, T3 relaxation is reversible. The signal can be regenerated by a spin echo, which will only
have decayed with T,. To achieve this, a 7-pulse is applied such that the spins are, for example,
mirrored along the zy-plane. Immediately after the flip, the relative phase between the spins is
inverted while the precession frequency is conserved. Therefore the phase differences between the
spins will be reversed, and a spin echo can be measured. The ascent and decay are proportional
to exp (t/T5) and exp (—t/Ty), respectively. During acquisition a spin echo appears at the echo
time (TE) inducing a signal in the receive coil. TE is usually chosen to be minimal to minimize
signal loss due to T, relaxation. Theoretically, the spin echo can be recreated as long as the signal
is not completely decayed through T, relaxation. A time period of repetition time (TR) =2 s
is commonly chosen prior to another excitation, which is the period between two 7/2-pulses and

accounts for the T; relaxation.
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3.4 Magnetic Resonance Spectroscopy

MRS can be used to detect and distinguish in vivo metabolites and is based on the previously
defined NMR effects. The investigated metabolite signal is usually by several orders of magnitude
smaller than the signal from protons bound in water. Therefore, the requirements regarding the
SNR are higher compared to normal MR imaging, which relies on the much stronger water sig-
nal. Early clinical applications include tumor differentiation [65] and schizophrenia investigations
[66]. Furthermore, it has been used to investigate neurological, neuropsychiatric, and metabolic
diseases, including ADHD [20], Tourette syndrome [67], ALS [68], and hepatic encephalopathy
[16, 18, 19]. Additionally, healthy aging [69, 70, 71] and gender effects [72], as well as changes
in metabolism due to genetic mutations in specific transporter proteins [73] or the consume of
nicotine [74] and caffeine [75], can be investigated via MRS.

3.4.1 Volume selection with PRESS

The previously described MR processes are not spatially localized within the sample. Consecutive
orthogonal slice selection can be used to generate a spatially localized spin echo known as Point
RESolved Spectroscopy (PRESS) [76] (see Figure 3.3).
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Figure 3.3 — PRESS sequence diagram - Excitation and refocusing RF pulses (orange) with slice
selective gradients (cyan) to create a spin echo (blue). Crusher gradients (purple) are
applied to dephase unwanted echos. Adapted from [76].
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The volume selection achieved by superimposing magnetic gradients (G, G, and G.) with the
static magnetic field By leading for example in the z-direction to B(z)= By + G, - z. The ap-
plication of the gradient creates spatially varying precession frequencies v(z)=~v(By + G, - 2).
By combining a 7/2-pulse and two 7-pulses (orange) each simultaneously with their respective
slice-selective gradient (cyan) in three orthogonal directions, a spatially localized spin echo (blue)
is created.

After exciting a slice with the 7/2-pulse, the first m-pulse generates an echo from a slab (the
intersection of two perpendicular slices), and the second 7-pulse refocuses the echo from a cubic
volume (the intersection of three perpendicular slices). The final spin echo appears at t = TE,
commonly chosen to be TE = 30 ms, which induces a signal in the receive coil. This complex
valued signal is stored by the analog-to-digital converter, which represents a decaying echo in time
domain. The frequency domain representation of the signal is created by transformation of the
time domain signal with a fast Fourier transformation (FFT). The integral over the real part
of the resonance peak is proportional to the target concentration - e.g., water or a metabolite.
RF pulses are not perfectly rectangular in space, as a boxcar profile would require an infinitely
long pulse in the time domain. The crusher gradients (purple) surrounding the slice selective
gradients reduce unwanted signals from outside of the volume by artificially dephasing the out of
volume signal.

The acquired signal is a superposition of the NMR signal and random noise. The noise originates
from RF emission due to thermal motion in the sample and from the MRI scanner itself - e.g.,
the coils and other electronics in the measurement chain. The data quality of an MRI acquisition
is often assessed by the SNR. SNR is proportional to the size of the spectroscopic volume or
image voxel, and increases with v/ N EX with number of excitations (NEX) being the number
of acquired averages.

Parameters for sufficient SNR are typically in the order of magnitude of 10 ml and 100 NEX for
PRESS with TE/TR = 30/2000 ms.

3.4.2 Chemical shift

Until here, we assumed all protons to be bound in water molecules, and therefore expected a
single well-defined precession frequency. The precession frequency, however, depends on the local
magnetic field Bj,. at the position of an individual spin. B is not only determined by the static
external field Bg, but also modulated by neighboring protons and electrons. The electron clouds
- located around the proton - introduce a chemical shift induced by the susceptibility of the
electrons. The induced magnetic field B;,q is opposed to Bq as it follows Lenz's law. Thus,
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the proton is shielded from By leading to Bj,. = Bo(1 — o) with the shielding factor o. Higher
shielding o leads to a lower B, and a lower precession frequency. The shielding of a particular
proton is determined by the electronegativity of the adjacent atoms - e.g., an oxygen atom leads
to a lower shielding for an adjacent proton than a carbon atom due to the higher electronegativity.
Therefore, the electron density and the shielding is lower for a proton adjacent to a oxygen atom
compared to a proton adjacent to a carbon atom. The chemical shift of a arbitrary proton is
calculated by:

Vi — Vref

§ = (3.3)

Uref
with a precession frequency v; and a reference substance resonance v,.;. 0 is independent of By
and commonly reported in parts per million (ppm) - which is a dimensionless constant - as v,
is often measured in MHz. v,.¢ is defined as the Larmor frequency of the tetramethylsilane signal
at which ¢ equals 0 ppm. For in vivo MRS in the brain t,he signal of N-acetylaspartate (NAA)
at 2.01 ppm or the 3 ppm creatine signal are commonly used for referencing. The pattern of the

spectrum is specific for the nucleus observed and the chemical structure containing the nucleus.
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Figure 3.4 — Short TE PRESS spectrum - free induction decay (FID) and resulting 'H MR spec-
trum of a phantom solution of typical brain metabolites (N-acetyl-aspartate (NAA),
creatine (Cr), choline (Ch), aspartate (Asp), glutathione (GSH), GABA, myo-inositol
(ml), glutamate (Glu), glutamine (GIn) & lactate (lac)). Measured with TE/TR
= 30/2000 ms and 80 NEX at 3 T.

If the spectroscopic volume is placed in a sample which contains protons bound in different
molecules, the resulting signal is a mixture of signals precessing various frequencies. The time-
domain signal is transformed into the frequency domain using FFT. Figure 3.4 shows an echo

from a solution containing typical metabolites of the human brain in the time domain, and its
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FFT in the frequency domain. The FFT of an exponential decay in time domain represents a
Lorentzian line shape in the frequency domain. As the echo in the time domain is approximately
exponential, the shape of the spectral peak in frequency domain is Lorentzian. Consequently,
the full width at half maximum (FWHM) of a spectral peak in the frequency domain is
proportional to 1/(7w7,). This means that a highly homogeneous By is necessary to achieve a
suitable spectral resolution. In modern MRI scanners, By homogenization is optimized during the
shim process. The FWHM of creatine is used to define the linewidth of an in vivo spectrum,
which is a quality criteria for By homogeneity.

Figure 3.4 shows that only a few strong peaks are clearly distinguishable - e.g., NAA at 2.01
ppm, creatine (Cr) at 3.03 ppm and choline (Ch) choline at 3.19 ppm. The other resonances are

split into doublets, triplets, or even higher-order multiplets as a consequence of J-coupling.

3.4.3 J-coupling

J-coupling is an electron-mediated interaction of two spins in one molecule based on the spin
state of the valence electrons, affecting the spin state of the electrons of nearby nuclei. The
splitting can be explained by the possible energy levels of the spin system, which are defined by
the spin states of the involved nuclei. In a three spin system, the Larmor frequencies v ; of the

nuclei ¢ € (1,2,3) can be defined as follows [60]:

1
Vo, = —%7 (1+6;) Bo, i € (1,2,3) (3.4)

with ¢; being the chemical shift of the resonances. There are eight possible combinations (aaa,
afa, Paa, BPa, aaf, aff, Baf, and SB3) for the spin states in a three spin system with
m = +1/2.

A (-
5 — aﬂﬁﬁjﬁoﬁ 7
% 046042]5&& 3 aaﬁSj

Figure 3.5 — Energy levels of spin 1 in a three spin system - Allowed transitions for spin 1 are
marked with arrows. Adapted from [60].
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The eight energy levels are depicted in Figure 3.5 and given by [60]:

B imoms = Milp1 + Malp o + msvy g + mimaJia + mamsgJis + mamsJos (3.5)

with J being the scalar coupling constants and m being the m = +1/2 values of the spins.
The J-coupling is independent of the static magnetic field By. Following the eight energy levels,
the resulting frequencies of the resonances can be calculated by v;; = E; — E;. There are four
possible transitions allowed for spin 1. For example, the transition from Saa to aaa leads to a
frequency v 3 = —1p 1 — %Jlg — %J13.

For Jio # Ji3, the spectrum of spin 1 consists of a doublet of doublets around the Larmor
frequency —14; of spin 1, corresponding to the four possible transitions. If J1» = Ji3 spin 1 will

show a 1:2:1 triplet around v, [60].

J12:J13 J12:J13
<

- Ji2 o
J13 J13
<> <>
A A
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Figure 3.6 — Multiplets of spin 1 in a three spin system - Doublet of doublets of spin 1 around
the Larmor frequency —1p 1 with Jio # Jig (left). 1:2:1 Triplet of spin 1 around the
Larmor frequency —1p 1 with Ji2 = Ji3 (right). Adapted from [60].

This concept can be extended to any number of spins and the multiplet depends on the specific
J value. The splitting can be predicted by the number of adjacent protons n in the system,
creating a multiplicity of n 4+ 1. Under the assumption of equal J values, the multiplett splitting
follows the Pascal triangle and the amplitudes of the resonances can be calculated: doublet 1:1,
triplet 1:2:1, and quartet 1:3:3:1 etc. The integral of the whole multiplet equals the area of the

same resonance without J-coupling.
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Figure 3.7, for example, illustrates the j-coupling of the GABA molecule and the corresponding
resonances. The spin system of GABA can be approximated as an A;M,X, system (A being the
protons at C4 at 3.0 ppm, M being the protons at C, at 1.9 ppm, and X being the protons at C3
at 2.3 ppm). Assuming Jam ~ Jux and Jax = 0 the spectrum of GABA consists of a quintet at
1.9 ppm and two triplets at 2.3 & 3.0 ppm, respectively [77].

7-Aminobutyric Acid (GABA)

J-coupling
—

N 5
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P ~
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= (H—C4 _H) .'5;
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H—C, —H -
! e
Cl _ED
7\ n

0 OH Cy C, Cs

3.01 2.28 1.88

frequency [ppm]
Figure 3.7 — GABA molecule and J-coupling - Structural formula of GABA (left) and 3 T 'H
MR spectrum with J-coupling connections. Adapted from [78, 79].
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3.4.4 MEGA-PRESS

The MEscher-GArwood Point RESolved Spectroscopy (MEGA-PRESS) is an edited spec-
troscopy technique which exploits the phenomenon of J-coupling to resolve spectral overlapping
resonances [80]. The following implementation is used in this dissertation: In comparison to a
standard PRESS, additional frequency-selective Gaussian-shaped pulses are added symmetrically

around the second 7-pulse (Figure 3.8 in green) to manipulate the 3-ppm triplet.

RF

G, 0 n [ [

0 68

time [ms]

Figure 3.8 - MEGA-PRESS sequence diagram - Excitation and refocusing RF pulses (orange)
with slice selective gradients (cyan) to create a spin echo (blue). Crusher gradients (pur-
ple) are applied to dephase unwanted echos. Gaussian-shaped MEGA pulses (green)
are used for frequency-selective manipulation. Adapted from [76].

In the brain, the 3-ppm triplet of the low-concentration metabolite GABA is usually overlaid
by the creatine resonance. The GABA-edited spectroscopy sequence (Figure 3.8) is adapted to
resolve this issue. The MEGA experiment is divided into two sub-experiments differing in the
frequency at which the editing pulse is applied (see Figure 3.9). In the OFF experiment, the
editing pulses are applied off-resonance, typically at 7.5 ppm. At TE = 68 ms the 3-ppm triplet
evolves such that the outer parts of the triplet are inverted compared to the center resonance.
In the ON experiment, the editing pulses are applied at 1.9 ppm (*CH,) and the coupled 2CH,
peaks of GABA evolve such that the outer parts of the 3-ppm triplet are upright compared to the
center resonance. By subtracting the OFF spectrum from the ON spectrum, the 3-ppm GABA
resonance is resolved into a pseudo-doublet, and all resonances not affected by the editing pulse

are removed upon subtraction - e.g., the 3-ppm creatine resonance.
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Figure 3.9 — GABA-edited MEGA-PRESS experiment - 'H MRS spectra from each sub exper-

iment (ON with editing pulse at 1.9 ppm; OFF with editing pulse at 7.5 ppm) and

the difference (DIFF) spectrum (left). Detailed evolution of the 3-ppm GABA and the

creatine resonance during the sub-experiments (right). Right figure adapted from [79].

3 ppm resonance

Compared to conventional MRS, spectral editing tends to be more delicate and demanding for

various reasons:

= Due to the low abundance of GABA and its coupled signals larger spectroscopy volumes
than in standard PRESS have to be chosen to achieve sufficient SNR [81]. Commonly,
these volumes are on the order of 25-30 ml 82, 83].

» Frequency and phase alignment between the two sub-experiments is crucial to avoid sub-
traction artifacts. Frequency drift can be introduced by gradient heating and subject motion
[84]. Therefore, it is advisable to store the individual averages to correct for frequency-

and-phase drift in the post-processing [85].

3.4.5 MRS quantification

It is an essential aim to calculate metabolite concentrations based on the integral over the
real part of the resonance peak in the frequency domain or the FID amplitude of a certain
frequency component in time domain. These metabolite concentrations can be used to investigate
pathological alterations in specific brain regions. Unfortunately, the signal amplitudes depend on

coil load - e.g., composition and size of the sample - and the induced signal during the MRS
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acquisition. Therefore resonance amplitudes are not directly comparable between subjects as the
amplitude estimates are influenced by external factors - e.g., the shape of the head and weight of
the subject -, in addition to differences in metabolite levels. Relative quantification by normalizing
each metabolite signal to the creatine signal is a convenient method to cancel out external factors
and arrive at comparable metabolite estimates. It assumes creatine to be stable between subjects
and unaltered by pathologies.

Prior to the quantification various pre-processing steps are included:

» Frequency-and-phase alignment of the individual transients to account for frequency drifts

during the acquisition [85].

» Zero-filling of the time domain data. This process increases the apparent frequency reso-
lution after applying the FFT without altering the line shape of the spectrum.

= Line broadening to increase SNR by applying a Gaussian filter in the time domain. The
filter equals a multiplication with an exponentially decaying function with a certain line
broadening constant. This filter attenuates the noise in the data, as this is mainly repre-
sented by the data points at the end of the echo. Additionally, the echo will decay faster

which broadens the line shape of the resonances, as the a natural T, time is reduced.
» Residual water filtering by singular value decomposition (SVD).

= Frequency alignment of MEGA-PRESS sub-experiments before calculating the difference

spectrum.
» Quantification of the metabolite, either in the time or frequency domain.

Several approaches to determine the contribution of different metabolites to the signal exist, and

the ones used in the present work are revisited in the following:

= Gannet 3.1 is a toolbox specifically developed to quantify GABA-edited spectroscopy [86].
It includes frequency-and-phase correction and rejection of corrupted averages, zero filling
up to 32k datapoints, 3 Hz Gaussian line broadening, and calculation of the difference
spectrum. Afterward, a 'GABAGIx' model is applied to the frequency domain spectrum. It
models the 3-ppm GABA resonance with a single Gaussian peak at 3.0 ppm, the co-edited
glutamate + glutamine (Glx) resonance at 3.75 ppm as a double Gaussian peak, and the
baseline is described by a linear, a sine, and a cosine term. The area under both Gaussian
peaks and a fitting error estimated by the standard deviation (SD) of the residual is

reported.
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= LCModel (Linear Combination Model) is an MRS quantification toolbox analyzing an in
vivo spectrum in the frequency domain by a linear combination approach of simulated
spectra (basis set) [87, 88]. In a linear combination model the spectrum Y (1) with k data

points is modeled as [87]:

Ny Ng
Y (i) = exp [—i(¢o + vro1)] Zﬁg () + D0 > Sy M(Vk—n, 1, €1) (3.6)
=1 j=Ng
with the constrains:
Ng
Cr>0, >0, > S,=1 (3.7)
Jj=Ns

The metabolite concentrations C; are calculated for the N;; metabolites, where the Ny,
metabolite spectra from the basis set M;(v;0;0), are line broadened by v, and shifted by
€;, to account for shorter relaxation times in vivo and small frequency drifts. Additionally,
S, is a line shape coefficient to correct for field inhomogenities and eddy currents, or other
confounders to the line shape. The Ny cubic B-spline, B;(vy), is needed to approximate a
baseline. The exponential term, corrects for zero- and first-order phase differences ¢, and
¢ [87].

A modified least-squares analysis is used to minimize the differences between the model
f/(yk) and the input signal Y (v). It is performed iteratively in the predefined frequency
range until a convergence is achieved and the metabolite concentrations C; are determined
[87].

The in vitro spectra from all individual metabolites which should be included in the analysis,
are incorporated in the analysis to maximize the prior knowledge. This basis set can be
simulated via density matrix simulations of each spin system with specific pulse shapes
and timings of the underlying MR sequence. In contrast to Gannet 3.0, which models
the individual resonances, LCModel models the metabolite based on the complete model
spectrum (for example the complete GABA spectrum with all resonances).

The confidence levels of the metabolite concentrations are reported as Cramér-Rao lower
bounds (CRLB) [88]. Usually, a CRLB cut-off of 20 % used to classify whether modeling

of a metabolite is reliable.

» Tarquin is an MRS quantification toolbox which analyzes MRS data with a linear combi-

nation modeling approach [89] in the time domain. Comparable to LCModel, it employs a
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non-negative least-squares fitting approach with soft constraints on the signal amplitudes
to stabilize the solution of the nonlinear optimization problem.

When modeling MEGA-PRESS difference spectra, Tarquin includes 8 Gaussian resonances
in the model (see Table 3.1). Metabolite concentrations and the confidence levels are

reported similarly to LCModel.

metabolite ppm

GABAA 2.85
GABAg 3.1
G|XA 2.3
G|XB 2.4
Glxc 3.7
Glxp 3.8
NAA 2.01
MMO09 0.9
Table 3.1 — Tarquin difference spectrum analysis - Positions of Gaussian peaks in a

MEGA-PRESS difference spectrum analysis with Tarquin. With MMOQ9 being the macro-
molecule at 0.9 ppm.

Similar to LCModel, a basis set can be incorporated in the quantification process, for

example, for quantifying the OFF spectrum of a MEGA-PRESS experiment.

3.4.6 Further remarks on MRS

MRS is mostly limited by low SNR. Larger spectroscopic volumes, especially for GABA-edited
spectroscopy - at the expense of anatomical specificity -, is one way to overcome this issue. More
averages can partially recover lost SNR, but only at a rate of v/ NEX, introducing measurement
times that prohibit its use in clinical settings. Additionally, the reported fitting error does not
give any information about the real deviation from the actual concentration in the spectroscopic
volume, as it only reflects the model accuracy. Therefore, it is of interest to investigate the
influence of diminishing spectral quality on the real deviation of the estimated concentrations.
These deviations can be calculated with a Monte-Carlo like approach, incorporating a known
spectrum, which is manipulated by adding well-defined noise values and artificial line broadening,
as well as frequency-and-phase drift. The concentrations estimated with different toolboxes
can then be compared to the known concentration to judge the performance of GABA-edited

spectroscopy at different levels of spectral quality. This Monte-Carlo like approach was used to
design a simulation framework for MEGA-PRESS MRS in Study 3.
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3.5 Magnetic Resonance Imaging

Apart from MRS, the creation of MR images represents the main application of MRI. The imaging
process relies on the ability to localize the source of a particular FID, gradient or spin echo in the
sample. Three general concepts are used to achieve spatial encoding: slice selection, frequency

encoding, and phase encoding.

3.5.1 k-space and FFT

During the acquisition of an MRS signal, just one time-varying signal is measured from the whole
spectroscopic volume. To create a 2-dimensional image, a signal space with 2 dimensions £, and
k, has to be defined, representing the distribution of the signals introduced by the concepts of
spatial encoding. This k-space can be extended to 3 dimensions k,, k,, and k. with the signal
S(ky, ky, k.) given by:

S(ka, ky k2 / / / p (2, y, 2) - e~ 2T kst ythes) gy g (3.8)

with the spin density distribution p at a certain coordinate. The transformation from k-space
to the spin density distribution or image space is done via an inverse FFT. The definition of
the coordinates is arbitrary and depends on the application. In the following example, a slab
excitation is achieved via slice selection. k£, and k. are defined by phase encoding, while k,
is defined by frequency encoding, which is the encoding scheme used in the Fast Low-Angle
Shot (FLASH) sequence in this dissertation.

3.5.2 slice selection

Similar to MRS a selection of a specific slab can be achieved by superimposing the static magnetic

field By with a magnetic gradient Ggg, for example, in z-direction.

3.5.3 phase encoding

Phase encoding will be explained for the k,-direction, but works similarly for the k.-direction.
The k,-direction in k-space is defined by applying a gradient Gpy between the excitation
and the readout. A spatial dependence of the phase of each voxel is created according to

¢p=—v-Gpu-y-t, = —k,-y. To sweep along the k,-axes, different k,-values are achieved
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by ky, = -n-AGpg - tpg with the step number n, the gradient step size AGpy of the phase
encoding gradient G'py, and the phase encoding gradient duration ¢tpy. This process has to be
repeated n times to get a full coverage along the k,-direction. Thus, the k,-axis is partitioned by

a distinct phase of the signal from protons in a certain voxel, which is defined by n - Gpy - tpy.

3.5.4 frequency encoding

In this example, frequency encoding is used to define the k,-direction. By applying a gradient
G during the readout, the signal is given by S (t) = [*_p () - e *7¢F @t . dx. Therefore, each
signal along the k,-direction is given by S (k,) = [°% p (x) - e "#™ % . dy with ky = 7= - Gp - t
and the k,-axis is defined by G and t.

3.5.5 gradient echo

In MRI, a signal echo can not only be created by a spin echo but also by a gradient echo.
After excitation, the protons are artificially dephased by applying a gradient (dephasing lobe).
By changing the polarity of the applied gradient (rephasing lobe), a gradient echo appears if
the gradient moment (G - t) equals the gradient moment of the dephasing lobe. The rephasing
lobe reverses the artificial dephasing of the spins affected by the dephasing lobe while T, and
T3 relaxation remain unchanged. It is possible to create a gradient echo for any flip angle
allowing the introduction of fast imaging sequences with low-flip angles to avoid limitations by

T, relaxation.

3.5.6 3D FLASH

The FLASH sequence is a fast MR imaging sequence [90]. A major advantage over a spin echo
sequence is the significantly lower acquisition duration, which allows the acquisition of high-
resolution 3-dimensional MR images of complex anatomical structures in clinically feasible time.
It is considered a significant breakthrough in MRI, paving the way for the success of MR in
radiological imaging. It is based on the combination of a simple gradient echo combined with low
flip angles for excitation and gradient spoiling, which artificially dephases remaining transversal
magnetization prior to the next excitation, to allow fast repetition. A 3D FLASH sequence is
depicted in Figure 3.10.
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T

time

Figure 3.10 — 3D FLASH sequence diagram - The imaging contains an excitation pulse for a
whole slab (Cyan: slice selective gradient) with flip angle « (orange), phase encod-
ing in z- (purple) and -y-direction (grey), frequency encoding (yellow), and readout
(blue)). Adapted from [91].

During the FLASH sequence, each gradient echo experiment is initiated by low flip-angle excitation
(v ~ 5°) of a whole slab usually including the whole 3D volume of interest (RF-pulse: orange
gradient: cyan). The k.- and k,-axes are both defined through phase encoding (gradients: purple
& gray), while k, is frequency-encoded (yellow). The 3D k-space is filled with nxm gradient echos
with m & n phase encoding steps in the z- and y-direction, respectively. As the z-direction is
phase-encoded, a 3D volume without gaps between the slices and with a high resolution (Az =1
mm) can be created. The first half of the k-space in k,-direction is sampled from the center (k,
= 0) moving in the positive direction (k, > 0), while the second half is sampled from the center
moving in the negative direction (k, < 0).
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3.6 Magnetization Transfer in MRI

Magnetization transfer describes the exchange of magnetization between proton-containing species
through various processes. They can broadly be divided in conventional magnetization trans-
fer (MT), chemical exchange saturation transfer (CEST), and nuclear Overhauser en-
hancement (NOE). These processes usually take place simultaneously, and are interfering with
each other. The MT mechanism, as a contrast in MRI, was accidentally discovered by Balaban
in 1998 [92, 93]. While attempting to perform a frequency-selective proton exchange experiment
of urea in water, he observed a saturation frequency-independent reduction of the water signal

in the MR image. Figure 3.11 summarizes the various magnetization transfer effects in tissue.

Figure 3.11 — Magnetization transfer mechanisms - In vivo magnetization transfer processes in
the vicinity of a macromolecule (gray). The model includes molecules in solution with
hydroxyl (blue), amine (green), and amide (red) groups in the water pool. At the
surface of the macromolecule, similar functional groups are presented. The magneti-
zation transfer is divided into intramolecular Nuclear Overhauser Enhancement (NOE)
(purple: direct; yellow: exchange-relayed), intermolecular NOE (cyan) and chemical
proton exchange (orange). Conventional Magnetization Transfer is not depicted in
the figure. Adapted from [94].
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3.6.1 Conventional Magnetization Transfer

The conventional magnetization transfer (MT) effect is a common contrast mechanism in MR,
exploiting the magnetization transfer of bound protons. The 'H image signal of non-fatty tis-
sue contains contributions from three different but indistinguishable pools of proton-binding
molecules. The free water pool contains rapidly rotating and freely diffusing water, and is
characterized by a very narrow resonance peak and long T; and T, relaxation constants. It is the
primary source of contrast in conventional MRI.

The macromolecular pool contains protons which are bound in macromolecules and therefore
are highly movement-restricted. Consequently, protons in the macromolecular pool are charac-
terized by a short T, relaxation time [95], causing a broad resonance. Macromolecular protons
have a negligible contribution to the conventional MR contrast due to the fast relaxation.

The bound water pool contains protons in water molecules that are bound to the surface of
macromolecules. These water molecules are commonly known as hydration layer. The magnetiza-
tion of the bound water pool can be transferred to the macromolecules either via cross-relaxation
or chemical exchange. Additionally, the bound water pool indirectly mediates the interaction
between the macromolecules and the free water pool as it exchanges magnetization with both
pools. As the macromolecular and the bound pool are closely associated, they can be grouped
into the bound pool.

The MT contrast exploits interactions between the bound and the free water pools by applying
a saturation pulse off-resonance from the water frequency prior to excitation - e.g., prior to an
imaging or spectroscopy sequence. This MT pulse has a bandwidth of several hundred Hz and
is shifted by 1 to 25 kHz relative to the water resonance [95]. Therefore, the magnetization of
the protons in the bound pool is excited without affecting the protons of the free water pool.
Through cross-relaxation and chemical exchange, the magnetization is transferred between the
bound and the free water pool. Thus, the equilibrium magnetization M, of the free water pool is
reduced prior to excitation of the image sequence, causing a signal suppression. The MT effect is
part of every magnetization transfer experiment and is encountered over a wide frequency range.
It introduces a broad saturation profile with a slightly stronger reduction down-field of the water

resonance, which is an property of the MT [96].
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The signal reduction can be expressed through the magnetization transfer ratio (MTR):

MO - Msat

MTR =
My

(3.9)
with My and M,,; being the magnetization without and with the application of a saturation

pulse, respectively.

3.6.2 Chemical Exchange Saturation Transfer (CEST)

The main effect observed in the present dissertation is based on the reversible physical exchange
of protons between two molecules, A and B. The observed 'H MRS spectrum of A and B is highly
dependent on the frequency difference Af and the exchange rate k (ranges from nanoseconds
to seconds) between both molecules.

Under the assumption that the exchange rates (k45 = kg4 = k) and T, relaxation times are
equal, three different regimes exist: k << Af (slow exchange regime), k ~ Af (intermediate
regime), and k >> Af (fast regime). In the slow regime, two separated peak with a difference
of Af are observed. For increasing exchange rates k the peaks broaden, as the T,-relaxation is
enhanced by the chemical exchange (transversal magnetization decreases when an excited spin
'leaves’ the molecule), and the FWHM is inverse proportional to T,. In the intermediate regime,
one broad peak of both species occurs. In the fast regime, a single peak representing the average
frequency of the relative populations of both species exists.

CEST describes a sub-process in the general picture of MT: the dynamic transfer of magnetization
between different proton-containing species through chemical exchange. The term chemical
exchange does not only include the physical exchange of two protons. It also includes changes in
conformation, the movement of molecules in different tissue compartments, or the change from
bound to free water.

CEST imaging exploits the chemical exchange of various molecules with water. The basic principle
includes the frequency-selective saturation (labeling) of a target molecule - e.g., a protein -
without affecting the water resonance, prior to an imaging sequence. The water signal is reduced
by the chemical exchange between the free water pool and the labeled molecule (see Figure 3.12).
As the saturation duration is long compared to the timescale at which the exchange happens,
a sufficient reduction of the water signal can be achieved. Therefore, it is possible to resolve
metabolites with a low abundance compared to the water signal, as the occurrence of several

proton exchanges amplifies the reduction of the water signal.
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Figure 3.12 — CEST principles - The protons in the free water pool (dark blue) are indistinguishable
from the protons in the labeled protein pool (red) (top left) until chemical exchange
happens (top right). The chemical exchange results in a reduction (bottom right) of
the measured water signal compared to an unsaturated state (bottom left). Adapted
from [97].

Molecules in the slow and intermediate exchange regime are usually CEST-visible at By = 3 T,
while the fast exchange regime exhibits no visible CEST effect as the exchange happens too fast
to achieve saturation. As the classification of the regime is based on the frequency difference
Af, CEST profits from higher magnetic field strength By as the frequency difference A f between
water and a certain molecule increases with By. On the one hand, this allows a more specific
saturation of the molecule, and on the other hand, it increases the range at which a CEST effect
is detectable via MR. Additionally, it increases the SNR and the contrast-to-noise ratio of the
CEST effect. As a necessity, the target molecule should resonate at a sufficient distance A f from
the water resonance to reduce the direct saturation of the water.

Another limiting factor to the visibility of the CEST effect is the exchange rate k of the target
molecule. This rate is highly dependent on the surroundings of the target molecule. Several
factors such as concentration, pH value, temperature, distribution across tissue compartments,
or the conformational state of a molecule are known to affect k. There are several approaches
to exploit the CEST effect to determine factors such as the pH value of a specific tissue [98]

or the concentration of a particular metabolite [99]. These quantitative approaches are highly
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sophisticated and require high saturation efficiency, high frequency selectivity, a homogeneous
magnetic field, and excellent SNR, requiring long acquisition times. Therefore, these quantitative
approaches are usually not feasible in a clinical environment. It is possible to calculate a semi-
quantitative CEST effect at the cost of distinguishing between changes in one of the effects on

k mentioned above.
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Figure 3.13 — Segmented CEST 3D FLASH sequence diagram - Saturation module (green)
with Gaussian-shaped pulses and crusher gradients. The imaging contains an excita-
tion pulse for a whole slab (Cyan: slice selective gradient) with flip angle a (orange),
phase encoding in z- (purple) and -y-direction (grey), frequency encoding (yellow),
and readout (blue)). The segmentation allows the application of another saturation

module, for example, after half of the k-space of a certain slice is sampled. Adapted
from [91].

The CEST effect depends on the parameters used during the saturation of the target molecules. A
typical saturation module used in a clinical scanner is depicted in the CEST 3D FLASH sequence
(see Figure 3.13 saturation module: green). It is formed by a train of n = 5 frequency-selective
Gaussian-shaped RF pulses of a certain duration tg,; and amplitude B; as well as inter pulse
delays (IPD). A set of crusher gradients is applied to dephase unwanted magnetization prior to
imaging. The CEST sequence allows a segmented acquisition. Therefore, a saturation module

could be applied at different time points during the k-space, for example, after half k-space sam-
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pling. The segmentation avoids reduction of the observed CEST effect through T; relaxation.
The introduction of a pulsed saturation module is required as clinical MRI is constrained through
SAR! limits.

The saturation parameters need to be optimized to maximize the visible CEST effect or a quanti-
tative parameter of the target molecule. In the course of optimization, aqueous phantom solutions
at several pH values with varying concentrations or conformational states of the target molecule
are investigated with a large number of combinations of n, By, ts¢, and IPD values.

Typically the maximal values for tg,; and IPD are preferred, because they maximize the visible
CEST effect. These values are constrained by the RF amplifier of the MR scanner. The number
of pulses n determines the total saturation time. For total saturation times > 5-77,, steady-state
saturation is achieved (Tj, being the T relaxation value of water). In the steady-state, the loss
of visible CEST effect during the signal acquisition is counteracted during the next saturation.
Therefore, the CEST effect remains stable throughout the entire experiment. In this case, the
CEST effect is only limited by the real chemical exchange rate, and not affected by T; relaxation
during signal acquisition. For total saturation times < 5 - T3, the measured CEST effect is
reduced by T; relaxation. Even though steady-state acquisition is preferable, it requires longer
measurements.

The amplitude B; has to be suited to the target molecule. Generally, the higher the exchange
rate k, the higher the B; required needed for sufficient saturation. The CEST effect for typical
metabolites in the human brain is visible down-field of water (> 4.7 ppm). It is generally grouped
in hydroxyl (-OH), amine (-NH), and amide (-NHj;) groups with different resonance frequencies.
Several applications are investigating the CEST effect of amide protons in proteins, peptides, and

small lipids or brain metabolites such as glutamate, GABA or creatine, usually conducted at field
strength > 3 T [100, 101].

3.6.3 Nuclear Overhauser Enhancement

The nuclear Overhauser enhancement (NOE) is a magnetization transfer effect typically oc-
curring up-field from water (< 4.7 ppm) at the chemical shift of carbon bound protons, and
non-exchangeable aliphatic and olefinic protons. It is caused by the bipolar interactions between
protons. In contrast to J-coupling, which is mediated via bonds, it is mediated through space.

Similar to J-coupling, with the spin state of a certain proton influencing nearby protons.

ISAR (Specific Absorption Rate) [W/kg]: Absorbed RF power per mass unit of a sample. In the brain it is
limited to 3W/kg averaged over 10 minutes.
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NOE can either take place within the molecule (intramolecular) or between different molecules
(intermolecular). Mobile macromolecules such as proteins, peptides or lipids, as well as spatially
restricted metabolites (e.g., metabolites in vesicles), are the source of intramolecular NOE in the
brain. Apart from the described direct NOE, a exchange-relayed NOE, mediated through the
magnetization transfer of fast exchanging groups (-OH and -NH;) and the subsequent transfer
of magnetization to the macromolecular backbone, exists. In contrast to the chemical exchange,

both NOE effects build up in time as they are comparable to a relaxation process.

3.6.4 Quantification of CEST: The z-spectrum and MTR sym

---B1\Bg = 1.5\9.4 - 10 uT
——B;\Bp =0.5\9.4-10% 4T
---B3;\Bg = 1.5\3-10°% nT
——B;\Bg = 0.5\3-10°% nT

water peak

10 5 0 5 10 5 4 3 2 1 0
frequency [ppm] frequency [ppm]

Figure 3.14 — z-spectrum and MTR,gym - Simulated z-spectra (left) and corresponding MTRasym
(right) at various By strengths and By amplitudes including conventional MT, amine,
amide, glutamate, hydroxyl and NOE pools. The respective water signal (B1\Bgy =
0.5\9.4 - 10% uT) is shown on top of the z-spectra.

Common CEST experiments consist of np,, dynamics which differ in the frequency Aw at
which the saturation pulse is applied. The water frequency is typically defined as the center
frequency with 0 ppm, and the dynamics are used to sample a range of frequencies - e.g., from
10 (down-field) to -10 (up-field) ppm. The measurement time increases linearly with the frequency
resolution and bandwidth sampled in the CEST experiment.

A typical method to evaluate the CEST effect is the calculation of the z-spectrum [102] by

plotting the signal ratio between the signal intensities Sy, (with an applied saturation pulse) and
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So (without a saturation pulse) against the frequency Aw of the saturation pulse.

The left side of Figure 3.14 depicts a simulated z-spectra including chemical exchange of hydroxyl,
amine, amide, and glutamate groups, as well as conventional MT and NOE effects with realistic
in vivo exchange rates, relaxation constants and concentrations. The simulations include different
field strengths By (blue: 3 T; orange: 9.4 T) and saturation amplitudes B (solid: 0.5 uT; dotted:
1.5 uT). The respective water peak is shown in the top row. As expected, SNR and frequency
resolution increase with By. Higher saturation amplitudes B; increase the visible CEST effect at
the cost of peak broadening. Besides, conventional MT increases with higher B;, adding a broad
asymmetric down-field saturation, which is an inherent property of MT. Finally, increasing B;
amplify the direct water saturation, evidenced by the broadening of the peak around 0 ppm.

A straightforward approach to quantify the CEST effect of an exchanging resonance in the z-
spectrum is the magnetization transfer ratio asymmetry (MTR,,,) analysis [98] (see right
column Figure 3.14). Assuming the water frequency to be exactly centered at 0 ppm, the

asymmetry is calculated as follows:

MTRasym = Lyref — Zlab
= Z (Awyey = —Awiap) — Z (Awiap)
S (Awref = —Awlab) — S (Awlab)

= < (3.10)

with the z-spectrum value of a labeled proton 7., a reference z-spectrum at the opposite
frequency Z,.¢, and the signal intensity without a saturation pulse Sy. By calculating the MTR 5y
symmetrically around the water resonance, all balanced effects such as symmetric water saturation
are canceled out. The resulting peak is a combination of down- and up-field magnetization transfer
effects - e.g., MTRagym(3.5 ppm) includes chemical exchange of down-field amide protons (3.5
ppm), up-field NOE (-3.5 ppm), and broad asymmetric MT. MTR,sm describes a mixture
of the above effects at a certain frequency, and is proportional to the concentration of the
target molecule. It is sensitive to micro-environmental changes (e.g., pH and conformation).
Accordingly, the semi-quantitative evaluation of CEST via MTR,sm has to be interpreted with
care. Contributing effects can be reduced or enhanced by optimizing the saturation parameters,

which have to be adjusted for each application and metabolite individually.
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3.6.5 Amide proton transfer (APT)-weighted imaging

The amide proton transfer-weighted (APT,,) imaging is a sub-field in CEST imaging focusing
on the investigation of amide protons bound in the backbone of solute peptides, proteins, and
small mobile lipids. These protons resonate at 3.5 ppm in the z-spectrum. It has been shown
that APT,, imaging is a valuable tool for tumor grading [103, 104] and it has been applied in the
investigation of multiple sclerosis [105] and Parkinson’s disease [15, 106].

Apart from the quantitative measurement of protein concentrations, APT,, imaging is sensitive
to micro-environmental changes in and around proteins. These include pH shifts, allowing APT,,
imaging to be used to generate in vivo pH maps [13], as well as monitor global protein folding
states [107, 108], with potential applications in neurodegenerative diseases. As APT,, imaging is
subject to various confounders, the in vivo interpretation remains challenging.

Assuming a two-pool model with a small amide and a large water proton pool with full saturation

of the amide protons, the amide proton transfer ratio (APTR) is given by [13]:

T '
APTR — ksw - Thy - [amide proton)] ‘ (1 eap <_ tsat >) (3.11)
[water proton] Tiw

with [amide \ water proton] indicating the proton concentrations of both species, the pH-
dependent amide proton exchange rate ks, the water relaxation time 77,,, and the saturation
time t,, of the frequency-selective RF pulse. For rat brain tissue the amide proton exchange
rate has been determined as k,, = 5.57 x 10PH =64 via CEST pH maps [13]. Subsequently,

MTR,sym contains a combination of the inherent asymmetry of conventional MT and APTR:
MTRqsym(Aw) = MT(Aw) + APTR(Aw) (3.12)

The equations 3.11 and 3.12 are approximations of the observed chemical exchange, as the folding
state of the proteins is not considered in the equations. In the present dissertation, only semi-
quantitative analysis was performed using MTR,sm, as no steady-state saturation was applied in

the in vivo measurements.

3.6.6 Further remarks on CEST

The CEST effect is highly susceptible to inhomogeneities of By and B;. By inhomogeneities
shift the water frequency, which defines the center frequency of the z-spectrum, leading to

miscalculations of MTR,s,m. During acquisition, Bg inhomogeneities are reduced by optimizing the
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shim. In addition, the WAter Saturation Shift Referencing (WASSR) technique [109] is used
to evaluate the By offset of the z-spectrum. WASSR is a high-resolution saturation experiment
with saturation frequencies ranging between 1 and -1 ppm. By calculating the minimum of the
WASSR z-spectrum, the By offset is evaluated at each pixel position and can be used to correct
the z-spectra of the CEST experiment by shifting them by the appropriate frequency offset.

B; inhomogeneities compromise the saturation efficiency of a CEST experiment. B; sensitivity
can be minimized by Bj-corrections with an relative B;-map in the post-processing [110, 111].
Furthermore, subject motion can introduce severe miscalculations in the CEST effect and require
correction during the post-processing. A typical post-processing pipeline to evaluate in vivo data

includes the following steps:

= Motion correction of the raw image data by co-registrating different dynamics of the CEST
and WASSR experiment. It is effective to co-register all dynamics to the dynamic of the
target molecule - e.g., all dynamics of CEST and WASSR to the 3.5 ppm dynamic of an
APT,, CEST experiment [112].

= Image smoothing with Gaussian or non-local means (NLM) [113] image filters to increase
SNR.

» Voxel-wise calculation of the z-spectra by interpolating the z-spectra to resolution of 0.05
ppm [98].

= Calculation of By offset using a periodic maximum-symmetry center frequency (PMSCF)
approach of the WASSR z-spectra [109], and applying this By offset correction to the CEST

z-spectra.

» Evaluation of MTR,sm, over the entire frequency range. Creation of an MTR,gm map

averaging MTR,sm values in a range of 0.5 ppm around the target resonance.

= Bj-contrast correction of the MTR,sm images with a relative By map [110]. Therefore,
a linear interpolation between MTR,sym(B1 = 0) = 0 and the measured MTR,q,m map is
performed with regard to the relative B; map. Afterwards, an interpolated MTR,sym map

with a arbitrary nominal B; value can be calculated within the linear range.

= Optional T; normalization to account for T; relaxation effects on MTRagym [114].

CEST imaging offers several advantages over spectroscopic imaging or single voxel MRS. The

spatial resolution is much higher for CEST imaging, which allows resolving specific anatomical
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structures. The in-plane resolution of CEST imaging is usually about 1 x 1 mm? with slice thick-
nesses of about 5 mm. In comparison, a cubic MRS volume of conventional MRS is usually about
8 ml large, while volumes for spectral editing of low-concentration coupled metabolites require
even larger volumes (typically around 25 ml). Even the increased resolution of spectroscopic
imaging is commonly limited to centimeter resolution.

CEST imaging further allows the detection of metabolites or functional groups that are hard to
detect with MRS. For example, the amide group of a glycogen molecule resonating at about 6
ppm is undetectable with MRS, since it broadens with increasing temperature due to the accel-
erating exchange. On the other hand, the peak of the amide group at about 1.2 ppm in the
z-spectra of a CEST experiment increases with temperature, and is therefore detectable under in
vivo conditions [115].

CEST imaging allows the detection of metabolites with shorter relaxation times and higher ex-
change rates, including amide protons. However, the specificity of CEST is much lower than for

MRS due to the stronger overlapping signal peaks of the chemical exchange.
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4 Non-MRI approaches

4.1 Optical methods

Optical methods are based on the interaction of visible light (A between 380 and 740 nm) with
particles or tissue. These methods are a common research tool in biology, medicine, and analytical
chemistry to determine various properties of the sample. Apart from classical microscopy, several
advanced methods have been developed, for example, to study denaturation or aggregation of
proteins [116, 117]. Several optical methods were used in this dissertation to substantiate the
findings of APT,, imaging, and to elucidate the mechanisms behind specific contrast changes in
CEST imaging.

During the in vitro CEST optimization, the protein bovine serum albumin (BSA) with in vivo
protein concentrations was used as a brain model. The denaturation process and the formation

of aggregates were investigated by the optical methods described below.

4.1.1 Fluorescence Spectroscopy

Fluorescence spectroscopy is a spectroscopic method from analytic chemistry based on the ef-
fect of bio-fluorescence. In summary, fluorescence spectroscopy can be used to determine the
denaturation of a protein, since the fluorescence of the protein changes with its conformation.
Fluorescence spectroscopy describes the emission of light by a sample, shortly after the exci-
tation by an electron transfer. Therefore, the process can be divided into two sub-processes:
excitation Sy + hv., — S7 with an electromagnetic pulse with the energy hv,,, and fluorescence
S1 = So + Vem + heat with the energy hv,,, of the emitted photon. Orbital electrons in the
sample relax from an excited state S; into the ground state Sy, emitting a photon.

In this dissertation, fluorescence spectroscopy was used to investigate the fluorescence of the
tryptophan residues of BSA to determine its denaturation. Tryptophan possesses the highest
intrinsic fluorescence of the three possible fluorescent amino acids (tryptophan, tyrosine, and
phenylalanine) in proteins. Tryptophan absorbs at A\ &~ 295 nm and the fluorescence maximum
is at A &~ 350 nm [116]. Fluorescence properties such as fluorescence intensity and fluorescence
maximum can be used to determine properties of the protein containing tryptophan. The fluores-

cence maximum is sensitive to changes in the polarity of the local environment and is correlated
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with exposure of the tryptophan to the solvent [117]. The tryptophan is completely shielded from
the solvent in a fully folded protein. Upon protein denaturation the tryptophan is exposed to the
solvent and the polarity of the environment changes from non-polar to the polar, for example,
through the dipole moment of water. These dipoles are aligned anti-parallel to the tryptophan,
which also possesses a dipole moment. When the tryptophan is excited its dipole moment changes
and further energy is lost during the realignment of the solvent dipoles. Therefore, the energy
difference between the S; and the Sj state is reduced by these interactions and the wavelength
of the fluorescence maximum increases. Consequently, the exposure of tryptophan to a polar
solvent shifts the fluorescence maximum.

Therefore, several BSA samples of the target peptide in different folding states have to be
prepared by the addition of ammonia. A control sample has to be doped with guanidinium
hydrochloride (GdnHCI), which introduces a completely unfolded state. Subsequently, the tryp-
tophan residues of BSA at A = 295 nm are excited with a laser. The fluorescence of each sample
is measured between A = 310 nm and A\ = 500 nm. To calculate the degree of denaturation,
the ratio of the fluorescence intensities at A = 330 nm (tryptophan in non-polar environment)
and A\ = 360 nm (maximum shift if tryptophan is in polar environment) is determined for each
sample Ghisaidoobe2014. Finally, the pure protein sample is assumed to be folded entirely, while
the GdnHCI-doped sample is defined as completely unfolded. This calibration of the fluorescence
emission intensity ratios allows determining the dependency of the protein denaturation on the

concentration of the added ammonia.
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4.1.2 Dynamic Light Scattering

The following description is based on [118]. The dynamic light scattering (DLS) describes the
scattering of light from particles which are in Brownian motion. Thus, DLS can be used to
determine protein aggregation, since the formation of aggregate causes formation of proteins with
varying hydrodynamic diameters in the sample. DLS measures the Brownian motion introduced by
the continuous interaction of particles (for example BSA), with the solvent molecules (for example
water). This random walk depends highly on the particle size, as well as the solvent properties
such as viscosity and temperature. While the velocity of the Brownian motion is determined by
the translational diffusion coefficient D, DLS measures the hydrodynamic diameter d(H) defined

by the Stokes-Einstein equation:
kgT

dH) =32 5 (4.1)

with the absolute temperature T', the translational diffusion coefficient D, and the solvent viscosity

1. D depends on the particle size, the surface structure of the particle, the types of ions in the
medium, and the particle concentration.
DLS exploits dynamic changes in the light scattering during the Brownian motion of the particles
in a dispersion. The sample is illuminated with a laser. With d being the particles diameter and
A the wavelength of the laser, the scattering of the particles is considered to be isotropic for
= A\/10. Using the Rayleigh approximation, the intensity I of the scattered light is given by
I o< d®and I o< 1/X\*%. This implies that the intensity in polydisperse media (media with different
sized particles) is dominated by larger particles.
The Mie theory describes the scattered intensity as a function of the illumination angle for particles
with d = A. For known illumination angles, laser wavelengths, and refractive indices, it is possible
to calculate the number distribution of particles in the solvent from the intensity distribution.
Scattering patterns are highly dependent on the motion of the underlying particles. The smaller
the particle, the faster the observed scattering intensities fluctuate. The Brownian motion of
the particles can now be determined by auto-correlation analysis of the intensity fluctuations.
Therefore, the intensity is measured over time (starting at ¢ and subsequently dt). If the signal at
the time ¢ of particles underlying Brownian motion were to be compared to the signal at 6t — oo,
the randomly fluctuating signal would not allow any prediction of the signal intensity (5t — c0)
from the initial signal I(¢). However, for very small intervals &t the intensities can be predicted
as they are highly correlated with the intensity at the previous time point ¢. For small particles,
the correlation will decay rapidly with time as they are moving fast. For larger particles, the

auto-correlation will remain substantial over a longer period of time.
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For samples with different particle sizes, the auto-correlation function is given by G(7) = A[1 +
Bg(7)?] with the sum of the exponential decays g(7) included in the auto-correlation function
G(7). The parameters A and B represent the baseline and the intersection of the auto-correlation
function. These intensity-weighted distributions are highly dependent on particle size. Using Mie
theory, it is possible to determine number-weighted distributions reflecting the actual number
of particles with different diameters in the sample. The mean diameter and the particle size
distribution of the sample can then be determined via single exponential fitting to the number-
weighted function, and a non-negative least-squares fit of multiple exponential decays can be

used to determine the distribution of different particle sizes in the sample.
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4.2 Image Registration

Image registration describes the determination of a transformation T which allows a source image
S to be aligned to a reference image R. To this end, a measure of similarity or disparity D is
defined. The process of image registration requires optimization of D(T(S),R), which is either a
minimization (D measuring the disparity) or maximization (D measuring the similarity). Image
registration can be divided into four major steps: feature extraction, feature adaption, calculating
the transformation, and application of the transformation.

Linear transformations include rotations, scaling, translations, and other affine transformations
[119]. They are global as they alter the whole image, for example by scaling or moving. Local
differences, which could be individual size and shape of a brain gyri, can not be accounted for
by this transformations. They are suitable to perform intra-subject registrations, but can not be
used to perform image registrations between subjects. Linear transformations are used to align
different CEST dynamics to account for subject motion during the acquisition.

In contrast to linear transformations, elastic (non-rigid) transformation algorithms account for
local structural differences between subjects by non-linearly warping the source image onto the
reference image [120]. They can be used to co-register images from different subjects to create
a standardized image template.

Image registration algorithms can also be divided into feature and intensity pattern-based algo-
rithms. A feature-based algorithm determines the similarity between images from certain edges
and regions in the images. An intensity pattern-based algorithm determines the similarity from the
intensity distributions of both images. Feature-based algorithms are affected by saturation during
the CEST experiment, which introduces very low pixel intensities for some dynamics. Therefore,
certain image features might not be equally discernible in all dynamics. Intensity-based algorithms
may likewise be affected by changing intensity patterns between the CEST dynamics and have

to be considered with care.

4.2.1 Motion Correction

During CEST acquisition, subjects are likely to move due to the long acquisition time of about
twenty minutes. To minimize the miscalculation of the CEST effect, it is necessary to account for
subject motion. This is done by the co-registrating all dynamics (source images) to a certain dy-
namic (reference image). Additionally, all WASSR dynamics are registered to the same dynamic.
In this work, this was done with the MATLAB toolbox SPM12 [121], a common tool in neu-

roscience research. SPM uses a mutual information algorithm to maximize agreement between
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images. Mutal information is defined as the information two distributions A and B share [122].
It measures the predictability of B from knowing A. In other words, if A and B are independent,
A contains no information about B and vice versa, so the mutual information is 0. Therefore,
mutual information can be expressed as the ratio of the joint distribution p(a,b) of A and B

relative to the joint distributions p(a) and p(b) of A and B assuming full independence:

By maximizing the mutual information between two images, a transformation can be calculated
that achieves maximal spatial alignment. If source and reference image are given in different
resolutions, the source image has to be interpolated to match the reference image space. This is

usually done by trilinear or higher-order spline interpolation.

4.2.2 Spatial Normalization

Spatial normalization means non-rigid transformations of images from different subjects into
a shared coordinate space. This is a common approach in neuroscience, as it allows direct
comparison between subjects, and additionally, only one set region of interest (ROI) has to be
defined for an entire cohort. This reduces bias and errors introduced by defining individual
ROlIs for each subject. Cohort ROIs are defined on a standardized template. A commonly used
reference space is the MNI-152 template, which is defined by 152 T1-weighted brain scans of
healthy subjects containing their shared features [123]. It represents an 'averaged’ brain of all
these subjects.

In the present dissertation, a cohort template is created with the software Advanced Normalization
Tools (ANTs) [124]. This template represents the shared feature space of the study cohort,
accounting for structural changes that occur during the progression of HE. The key method
for spatial normalization determines a diffeomorphism transformation ¢. A diffeomorphism is a
differentiable map ¢ : A — B which is bijective and has a differentiable inverse ¢! : B — A.
This can be thought of as a deformation field to transform the source image into the reference
image space. The existence of ¢! allows to transform a source image into reference space and
vice versa. Hence, a shared feature space of the cohort can be determined by iteratively updating
a mean image of all subjects (reference) with the inverse diffeomorphism ¢!, which is created
subsequently to the calculation of the diffeomorphism ¢ to transform the individual subject into

the reference space.
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In ANTs, the diffeomorphism ¢ is generated by minimizing the norm of parameterized function of
¢ for the reference and the source image. This optimization problem is solved with a Greedy Syn
[125] algorithm that locally minimizes the parametric function. After ¢ is calculated to normalize
a high-resolution anatomical image into the shared feature space, it can be used to transform
any image from the subject into the shared feature space - e.g., a low-resolution MTR,sym or Ty

map. After transformation, the quantitative maps can be directly compared between subjects

with one set of ROI.
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The present dissertation aimed to investigate the pathogenetic role of brain ammonia levels and
their interplay with clinical parameters during the disease progression of hepatic encephalopathy.
Furthermore, effects of SNR and linewidth on the quantification of the inhibitory neurotransmit-
ter GABA were investigated in a simulation framework to evaluate and design a MEGA-PRESS
study protocol to investigate GABA alterations in technically challenging regions. Finally, the neu-
rometabolism in regions associated with the cerebello-thalamo-cortical pathway was investigated

in HE patients.

The accumulation of ammonia in the brain is assumed to be crucial in the pathogenesis of HE.
Human in vivo studies were so far limited by the non-invasive accessibility of ammonia in living
brain tissue and have been conducted using PET. In Study 1, CEST contrasts were optimized
with regard to ammonia sensitivity, and a deeper understanding of underlying mechanisms was
established to facilitate the conduction of an ammonia-sensitive in vivo study.

Study 2 aimed to investigate brain ammonia levels based on an an ammonia-sensitive APT,,-
CEST protocol in a clinically well-defined cohort of HE patients and controls. Based on prior
findings, hyperammonemia was assumed to be a localized effect in distinct brain regions involved
in motor and cognitive processing.

In Study 3, a simulation framework was designed to assess limitations in modeling of MR
spectroscopy GABA signal due to SNR and linewidths constrains in deep brain structures. Both
methodological studies (Study 1 & Study 3) improve the general understanding of APT,
imaging and GABA-edited spectroscopy, and are applicable to a broad range of issues.

Study 4 aimed to investigate the cerebello-thalamo-cortical neurometabolism in patients with
HE, and to link potential neurometabolic alterations with behavioral changes.

The overarching objective of the dissertation was the methodical adaption of the metabolic MR
techniques CEST and GABA-edited spectroscopy to investigate the pathogenesis of HE. It aimed
to improve understanding of disease progression in terms of neurometabolic alterations and spatial

distribution of ammonia accumulation in the brain.
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6 Study 1:
Ammonia-weighted imaging by chemical
exchange saturation transfer MRI at 3T

In Study 1 (Z6lIner et al. 2018 https://doi.org/10.1002/nbm.3947), the effects of ammonia
on in vitro APT,, CEST imaging were investigated. The goal was to develop a non-invasive brain
imaging method to identify changes in ammonia levels in patients with hepatic encephalopathy.
APT,, imaging was performed in various model solutions, including pure ammonia solutions with
varying pH, as well as BSA solutions, and pig brain tissue homogenate samples with varying
ammonia concentrations. Finally, in vivo feasibility measurements were performed in one healthy

control and two HE patients. The respective study can be found in Appendix C.
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Figure 6.1 — Graphical Abstract Study 1 - Mean APT,, imaging values of BSA sample solutions
with varying ammonia concentrations (left), as well as APT,, MTR,sym map (inlay).
The fraction of folded proteins in the corresponding solutions calculated with fluores-
cence spectroscopy (right).
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6.1 Methods

In the present study, APT,, CEST imaging was optimized to be sensitive to ammonia concen-
tration. Several model solutions with different levels of complexity were included in this in vitro
study. In a first model solution, the relationship between pH and observable CEST effect was
evaluated in a 500 mM pure ammonia solution. In a second model solution, the relationship
between ammonia concentration and APT,, CEST effect was measured in a 10 % BSA solution
(to model physiological protein content of the human brain) at varying ammonia concentration
([500, 50, 5] mM, [500, 50, 5, 0.5 0] uM ). In a third model solution, an realistic in vivo model
solution consisting of pig brain tissue homogenates was prepared with varying ammonia concen-
tration, and doped with gadopentate dimeglumine to approximate in vivo T; relaxation times.
All phantoms were imaged with varying saturation amplitude B; in steady-state saturation and
66 dynamics to determine the optimal B; amplitude for observation of ammonia. Finally, the fea-
sibility of a 3D whole-brain measurement was assessed in a healthy subject and two HE patients,
using optimized saturation parameters. Measurement duration was reduced to 22 dynamics
(20 minutes) to evaluate clinical feasibility. Patients underwent computer neuropsychometric
testing, CFF measurement [52], and West-Haven grading [48, 50] by an experienced clinician.
Potential confounders to the contrast changes in the phantom solutions were assessed with Ty,
T,, and T3 mapping. Further changes in the micro-environment of the BSA solutions were deter-
mined with fluorescence spectroscopy and DLS experiments to account for protein denaturation
and aggregation. The in vivo measurements included CEST imaging and T; mapping to deter-
mine the influence of longitudinal relaxation on the CESTeffect.

The CEST effect was determined via MTR,qym analysis with an in-house written MATLAB (MA-
Trix LABoratory) script, including image smoothing with a 3 x 3 pixel Gaussian filter and z-spectra
interpolation up to a spectral resolution of 0.05 ppm with a piecewise cubic Hermite interpola-
tion algorithm. The MTRaym (3.5 & 0.5 ppm) contrast [98] was defined as the mean MTR,sym
between 3 and 4 ppm to account for small frequency shifts.

All measurements were Bo- and B;-corrected using WASSR [109] with a PMFC algorithm and a
Bi-contrast correction method [110] based on relative B; power maps. These relative B; power
maps were determined from a double-flip angle method [126] in the in vitro measurements and
from a heavily smoothed low flip angle gradient echo image in the in vivo measurements [127].
Additionally, in vivo T; mapping was performed with two low flip angle gradient echo images
[128]. A simple motion correction was performed by co-registering of all CEST dynamics to the
first image volume. The brain tissue was segmented into white matter (WM), gray matter (GM)

and CSF via SPM12. Group-wise comparisons (Student's t-test with Bonferroni correction) of
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6.2 Results

the MTR,sym and Ty values in the in vitro and in vivo measurements were performed in MAT-
LAB with an individual alpha level of 0.05. The correlation between the MTR,sm and T; was

performed with a Pearson's correlation in MATLAB.

6.2 Results

6.2.1 Pure ammonia model solution

In the pure ammonia solution, a pH-dependent MTR,s,m of ammonia (2.4 £ 0.5 ppm) was
observed between pH 1.1 and 5.6, while the observable MTR,s disappeared for pH > 5.6
(Appendix 112 Figure 1).

6.2.2 BSA + ammonia model solution

In the BSA 4+ ammonia model solution, a decrease of MTR,q,m of the amide group (3.5 £ 0.5 ppm)
with increasing ammonia concentration was observed for B; amplitudes between 0.7 and 1.5 uT.
At higher saturation amplitudes (B; > 1.5 4T) and ammonia concentrations smaller than 5 uM,
the proportionality disappeared (Appendix C Figure 2). Therefore, a saturation amplitude
By = 1.5 pT was considered as optimal. A significant reduction of the B;-contrast corrected
MTR,sym (3.5 & 0.5 ppm) was found for ammonia concentrations > 5 mM (Appendix C Figure
3).

No correlation between T3 and MTR,sym (3.5 £ 0.5 ppm) was found. T; and T, correlated with
MTRasym (3.5 £ 0.5 ppm) in the BSA phantom (T, r =-0.96; p < 0.05; Ty, r =0.73; p < 0.05),
mainly driven by ammonia concentrations > 50 mM. In another analysis only including ammonia
concentrations < 50 mM, no correlations between T and T, and MTRasym (3.5 & 0.5 ppm)
were found.

No denaturation of the BSA samples was observed with fluorescence spectroscopy for ammonia
concentrations < 5 mM. Protein unfolding of 6, 8, and 25 % was observed for ammonia con-
centrations of 5, 50, and 500 mM, respectively (Appendix C Figure 4). DLS measurements
revealed the same particle size distributions for the BSA sample with and without ammonia
(c = 500 mM), suggesting that the protein did not aggregate substantially in the samples. The
mean particle diameter was calculated to be 3.2 + 5.3 nm for pure BSA and 3.0 + 4.2 nm for
BSA + 500 mM ammonia.
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6.3 Discussion

6.2.3 Tissue homogenate + ammonia model solution

The tissue homogenate + ammonia model solution showed a significant contrast reduction for
all samples, except for 50 and 0.5 M, compared to the tissue homogenate without ammonia
(Appendix C Figure 5).

6.2.4 In vivo measurement

A whole-slice analysis of the B;-corrected MTRasym (3.5 & 0.5 ppm) maps revealed a significant
decrease between controls and HE | patients, as well as between both patients. T; was reduced
in both patients compared to the control (Appendix C Figure 6 & Table 2). The changes
appeared to be stronger in GM, and were accompanied by a reduction in T;. The GM/WM ratio
(calculated from the numbers of segmented pixels in each tissue type) revealed no differences

between subjects.

6.3 Discussion

APT,, imaging was found to be sensitive to ammonia concentration changes in several phan-
tom measurements with different complexities. In an in vivo feasibility study, a reduction of
MTRasym (3.5 & 0.5 ppm) was observed in a HE | patient compared to a healthy control and
a mHE patient. In summary, APT,, imaging may serve as a potential tool to investigate in vivo

brain ammonia levels in HE.

6.3.1 Pure ammonia model solution

The mean MTRasym (2.4 ppm) was found to be base-catalyzed, showing a pH dependency of
the observed CEST effect, which disappears above a certain pH (> 5.6) due to the transition
from the slow to intermediate chemical exchange regime as previously demonstrated [129]. This
suggests that ammonia is not directly observable at physiological conditions using CEST imaging
at 3 T.
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6.3 Discussion

6.3.2 BSA 4+ ammonia model solution

APT,, signal reductions with increasing ammonia concentrations > 5 mM were observed in the
model solutions. Micro-environmental changes in the immediate surrounding of the protein may
be introduced by destabilizing effects of ammonia, which increases the hydrophobic behavior of
the protein, and may mediate changes in the observed MTRasym (3.5 &= 0.5 ppm) [98]. These
suggested mechanisms were underlined by the results from fluorescence spectroscopy, reporting
protein unfolding of about 6 % at an ammonia concentration of 5 mM. In addition, a reduction
of water T, may be related to ammonia [130], introducing another potential pathway causing
signal reduction in APT,, imaging.

The correlation between T, and MTRasym (3.5 £ 0.5 ppm) may result from structural changes
of the protein, as well as T,-exchange mechanism alterations through the presence of ammonia.
The absence of a correlation between T3 and MTRasym (3.5 & 0.5 ppm) could be explained by
By inhomogeneities obscuring exchange-related mechanisms in T3.

Structural changes in the protein are the main contributor to the correlation observed between
T1 and MTRasym (3.5 = 0.5 ppm).

6.3.3 Tissue homogenate + ammonia model solution

In vitro CEST experiments are usually not directly transferable to in vivo observations due to
the strong semi-solid MT in tissue, altered T;, and the occurrence of multi-parametric effects,
such as the increasing number of overlapping resonances [131]. The tissue homogenate model
solution was designed to account for these effects. It exhibited the same signal reduction in APT,,
imaging as the BSA phantom, as well as an increased semi-solid MT effect due to the presence
of macromolecules in the brain tissue. Yet, the underlying mechanisms of the macromolecular
changes introduced by ammonia remain unclear. In comparison to a real in vivo measurement, a
slightly diluted protein solution was used. Therefore, amide proton concentrations differ between
the tissue homogenate and living brain tissue. Additionally, no active metabolism was present in

the model solution.
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6.3 Discussion

6.3.4 In vivo measurement

In vivo data suggested a global APT,, signal reduction with increasing HE severity. Regional
differences mainly occur in the occipital cortex and the basal ganglia. Yet, these findings have
to be considered preliminary due to the small sample size. Nevertheless, in combination with
the phantom measurements, the findings are likely attributed to increasing ammonia concentra-

tions.

6.3.5 Other in vivo confounders

Potential confounders in the in vivo measurement are mostly driven by micro-environmental
changes in the vicinity of the proton. First, pH changes triggered by ammonia accumulation
might alter the measured MTR,s,m [13], even though intra- and extra-cellular pH are controlled
in a homeostatic equilibrium. Second, small changes in water content - also related to the low
edema hypothesis in HE [132] - may partially change the observed MTR,sm. Third, APT,,
imaging has been shown to be sensitive to changes in protein content [133] and conformational
changes in the protein [107, 108]. Thus, hepatocerebral degeneration [10, 36] may explain signal
reduction in the HE brain.

As the number of overlapping resonances increases in the in vivo experiment, they have to be
considered as possible confounders. Especially, glutamate and glutamine - both sharing amide
groups resonating between 3 and 4 ppm [101] - are strongly altered in the pathogenesis of HE [38,
19, 40]. Further experiments have to be established to analyze the extent of MTR,sm alterations

contributed by changes in brain metabolites.

6.3.6 Study limitations

The phantoms used in the present study should only be accounted for as raw models of patholog-
ical brain metabolism changes in HE as they only represented ammonia concentration changes.
Changes in other neuro-metabolites - e.g., glutamate, glutamine, and GABA, which play an im-
portant role in the emergence of HE [38, 19, 40] - were not considered in the model. Additionally,
it is unknown, if the denaturating process observed in the phantom occurs in living tissue. Fur-
thermore, real ammonia concentrations in the human brain of HE patients were found to be 1 to
5 mM [134], which is at the lower limit of the sensitivity of the observed CEST effect.
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6.4 Summary

MTR,sym represents a superposition of different magnetization transfer effects such as the CEST
and NOE effects of proteins, and a broad conventional MT which is known to be altered in
HE [135]. Additionally, T; is typically altered in HE [136], leading to further changes in the
observed MTR,eym. Therefore, it will be necessary to include further corrections such as T
normalization [114] or more sophisticated models [137] to distinguish between the observed mag-

netization transfer effects in the analysis.

6.4 Summary

Study 1 observed a well-defined effect of ammonia load on APT,, CEST imaging in several
phantom solutions by decreasing MTR,s,m values of the amide protons. Yet, the underlying
mechanisms in the in vivo conditions need to be further explored in future studies. The key
finding of the study is the ammonia sensitivity of APT,, imaging, potentially allowing clinical

monitoring and investigations of HE.

53



7 Study 2: Clinical Application of CEST

7 Study 2:
Chemical exchange saturation transfer
imaging in hepatic encephalopathy

Study 2 (Zollner et al. 2019 https://doi.org/10.1016/j.nic1.2019.101743) aimed to
apply the ammonia-sensitive APT,, CEST method established in Study 1 to investigate CEST
contrast changes in a clinically well-defined cohort of HE patients and controls. Whole-brain
APT,, CEST imaging was performed to study potential ammonia load changes or the emergence
of hepatocerebral degeneration during the disease progression of HE. The respective study can

be found in Appendix D.
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Figure 7.1 — Graphical Abstract Study 2 - Mean group atlases of APT,, imaging of the cere-
bellum in patients with hepatic encephalopathy (HE) (top row). Group boxplot with
mean APT,, ! MTRasym in the cerebellum showing a significant decrease in the HE |
patients (a). Correlation between psychometric MLS1 score (hand steadiness/tremor)
and mean APT,, ™! MTRasym in the cerebellum (b). Correlation between measured
blood ammonia levels and APT,,"? MTR,sym in the cerebellum (c).
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7.1 Methods

7.1 Methods

7.1.1 Study cohort and clinical assessment

The study cohort included 10 patients suffering from minimal HE and 10 patients with manifest
HE, as well as 14 age-matched controls. HE severity grading was performed by an experienced
clinician based on the West-Haven criteria [48, 50]. Additionally, computer neuropsychological
testing and CFF [52] assessment with portable CFF goggles, and blood sample testing were per-
formed. Exclusion criteria for the whole cohort included any medication acting on the central
nervous system, severe intestinal diseases, peripheral/retinal neuropathy, and the diagnosis of
neurological or psychiatric diseases other than HE for the patient group. Abstinence of >= 4
weeks prior to inclusion was required for patients with alcohol abuse as part of the medical his-
tory. Determination of minimal HE was performed with a computer-based neuropsychometric
test, including five test batteries with 22 age-validated scores, which reflected motor and cog-
nitive performance. Patients without clinical symptoms of manifest HE, but with >1 abnormal

psychometric test were classified as mHE.

7.1.2 MR measurements

The MR protocol included a high-resolution anatomical T;-weighted scan (1 mm isotropic resolu-
tion with 176 slices), a CEST and a WASSR experiment, and two gradient echo scans at different
flip angles, each 3D volume covering the whole brain.

CEST experiments were performed with a prototype 3D gradient echo sequence (5 mm slice
thickness; 1 mm gap; FoV = (230 x 230)mm?; matrix size (192 x 192)) with 22 equidistant
frequency offsets between -5 and 5 ppm using a pulse train of 5 Gaussian-shaped pulses (pulse
duration 100 ms; inter-pulse delay 100 ms; B; = 1.5 uT) for saturation. An unsaturated Sy
image was acquired by turning off the saturation pulse. 22 equidistant frequency offsets between
-1 and 1 ppm were recorded with the same imaging parameters for By correction with WASSR
[109].

The gradient echo scans were performed with a flip angle of 4° and 15° for T; mapping [128]

and B;-correction purposes [127].
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7.1 Methods

7.1.3 Post-processing

The post-processing included several steps to create individual MTR,sm maps:

= Motion correction was performed in MATLAB using the SPM12 co-registration function.
The 3D volumes of each CEST dynamic were co-registered to the 3D volume of the 3.5
ppm dynamic [112] using a mutual information algorithm and trilinear interpolations. Sub-
sequently, the WASSR dynamics were co-registered to the Sy image. A brain mask was
created by including pixels with relative tissue class probabilities > 0.8 for GM, WM, and
CSF which were segmented with the newSegment function of SPM12.

= Firstly, all images were smoothed with an NLM filter to improve SNR, and to avoid image
blurring [113].

» Z-spectra were calculated for all voxels with an in-house written MATLAB script. The z-
spectra were interpolated to a 0.05 resolution with a piecewise cubic hermite interpolating

polynomial algorithm.

» MTR,sym curves were calculated over a frequency range between 0 and 5 ppm in the z-
spectra. Subsequently, APT,, MTR,s,m maps were calculated by averaging over a frequency
range from 3 to 4 ppm.

» A relative B; map was created by heavily smoothing the 4° gradient echo scan. In addition,

T, maps were calculated using the 4° and the 15° gradient echo volumes.

= Bj-one-point-contrast correction [110] was employed to account for B; inhomogeneities in
the MTR,gym maps.

Normalization of the anatomical images, as well as the MTR,s,m and T; maps, was implemented
with the open-source software package Advanced Normalization Tools (ANTs) [124, 138]. A
template of the current study cohort was created with a diffeomorphism approach applied to
the anatomical images of each subject. First, 15 iterative steps of affine transformations were
performed to align the images. Second, 15 diffeomorphism transformations were performed
iteratively using a Greedy Syn algorithm [125] to create a template. The maximum iteration
parameter, measuring the sparsity of the transformations, was increased in every iteration to
increase the accuracy of the normalization. Third, the individual diffeomorphism ¢ to warp each
anatomical image to the template was calculated, and subsequently the MTR,sym and T; maps

were transformed.
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7.2 Results

The Neuromorphometrics atlas [139, 140, 141] implemented in SPM12 was used to create 6
ROI - chosen based on prior studies - including both hemispheres. ROl included cerebellum,
occipital cortex, putamen, thalamus, caudate, and white matter. In the ROl analysis, a T;
normalized amide proton transfer - weighted (APT, ™) MTR,ym was calculated to account for
T, relaxation. Group-level differences were assessed with a pairwise non-parametric Wilcoxon
rank sum test. Relationships between CFF and APT, ™ MTR,sym, blood ammonia levels and
APT,,™ MTR,sym, and between psychometric scores and APT,, "' MTR,sm were assessed with a
bivariate two-sided Pearson correlation test. All statistics were performed in IBM SPSS Statistics
for Windows, Version 24.0 (IBM Corp. Armonk, NY, USA)

7.2 Results

The mean group atlases of the APT,, measurements revealed region-specific changes with in-
creasing disease stage, especially in the cerebellum and the occipital region. Smaller changes
were observed in the putamen, while the investigated white matter region, the caudate, and the

thalamus did not show any group differences (Appendix D Figure 1).

7.2.1 Cerebellum

A reduction of mean APT, ™! MTR,sym was found in HE patients compared to mHE patients,
indicating higher ammonia concentrations or hepatocerebral degeneration in patients with man-
ifest HE. A negative correlation between cerebellar APT,, MTR,sm and blood ammonia levels
(r = -0.615; p = 0.13) was found. Positive correlations with cerebellar APT,, MTR,sym were
found for MLS1 (hand steadiness /tremor r = 0.466; p = .044) and WRT2 (motor reaction time
r = 0.523; p = .022) scores (Appendix D Figure 2).

7.2.2 Occipital Region

Reduced mean APT,, "' MTR,m were found in HE patients compared to control subjects. Addi-
tionally, a negative correlation of occipital APT,, MTR,s,m and blood ammonia levels (r = -0.476;
p = .045) and a negative correlation with the MLS2 score (arm /hand precision r = 0.544; p = .016)
were observed. Finally, a positive correlation between APT,, 7! MTR,s,m and LVT1 (time per item
r = 0.541; p = .015) scores was found (Appendix D Figure 3).
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7.3 Discussion

7.2.3 Putamen

Increased putaminal APT,,"* MTR,sym was found in minimal HE patients compared to healthy
controls. Additionally, a negative correlation with the CFF (r = -0.423; p = .013) was found
(Appendix D Figure 4).

7.2.4 Other regions of interest

No group differences were observed for caudate, thalamus, and the delineated white matter
region. Nevertheless, a negative correlation between APT, ™! MTR,ssym and blood gamma-

glutamyltransferase concentrations was found in the thalamus (Appendix D Table 2).

7.2.5 Psychometric scores

Motor reaction time (WRT2) and motor performance (MLS1) scores correlated positively with
cerebellar APT,, ™ MTRagym. APT,, ™' MTR.sym in the occipital cortex correlated positively with
line following scores (LVT1; LVT2), motor scores (MLS1; MLS2), as well as motor reaction time
(WRT2) (Appendix D Table 3).

7.3 Discussion

In the present study, CEST brain imaging was applied to investigate the link between hepatic
encephalopathy, common HE disease markers, and APT,, imaging measures which are assumed
to be sensitive to cerebral ammonia levels. Reduced APT,, measures were found in the cere-
bellum and the occipital region, additionally correlating with psychometric test scores and blood
ammonia levels. APT,, MTR,s,m values were found to be increased in mHE and correlated neg-
atively with the individual CFF. Yet, the multifactorial nature of HE includes several changes in
brain metabolism, which may interact with the APT,, contrast mechanisms. Several potential

contributions are discussed in the study.

7.3.1 APTw imaging and clinical parameters in HE

During the continuous progression of HE, decreasing fine motor skills and hampered visual dis-

crimination (as reflected by decreasing CFF) are typical subclinical signs of HE [52]. Decreasing
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7.3 Discussion

motor performance is reflected in the motor scores, which correlated with the APT,, values in the
cerebellum, potentially caused by hyperammonemia or hepatocerebral degeneration. Cerebellar
degeneration is coupled to sensorimotor deficits [142] and slowed upper limb movements [143],
both tallied by decreasing finger movement frequencies and increased movements amplitudes in
subclinical HE [144]. In conclusion, cerebellar involvement in the clinically overt signs of impaired
motor performance is substantiated by the correlation with the motor reaction time (reaction
time (WRT)2) score.

The mechanisms underlying the APT,, contrast changes in HE are diverse and discussed later
on. Yet, the conducted in vitro measurements suggest changing protein structures as a primary
contributor to the contrast changes. However, the chosen approach cannot discern whether these
in vivo changes are driven by changes in the protein structure, potentially introduced by hepato-
cerebral degeneration [145, 36|, or by structural changes of the astrocytes into Alzheimer type Il
cells and general cell loss [35], or by indirect mechanisms induced by ammonia.

The visual system is assumed to be strongly impaired in HE. It includes worsening in visual per-
ception, reflected in decreasing CFF [52], reduced visual GABA/Cr levels [18], and slowed brain
oscillations [146, 53]. Increasing ammonia concentrations, reflected by decreasing APT,, values,
may lead to a dysbalance in neurotransmitter homeostasis during the ammonia detoxification
process.

Furthermore, putamen and thalamus displayed changes in APT,, measures during disease pro-
gression. These findings substantiate the hypothesis of an involvement of the basal ganglia in
HE found in brain oscillation studies [147]. Yet, future CEST studies, including larger numbers

of patients in higher disease stages, may help clarify the contribution of these regions.

7.3.2 Ammonia in HE

Ammonia is assumed to be a key player in the emergence of HE. As found in Study 1, ammonia
remains undetectable to CEST imaging at a magnetic field strength of 3 T at physiological pH
levels, but may be indirectly observed through its interaction with the APT,, protein signal. These
changes are mainly driven by protein denaturation, leading to the assumption that decreasing
APT,, signals in the present study are driven through the same mechanism as well. Our findings
are in line with a "*NH3-PET study [1], showing a link between blood ammonia and the metabolic
flux of ammonia. The metabolic flux is defined as the net metabolic clearance rate of intracellular
metabolites and arterial ammonia concentrations. This clearance via glutamine synthetase is
located in the astrocytes. As APT,, signals predominantly reflect intracellular protein compounds,

we assume the contrast changes in the present study to be mediated through ammonia in the
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7.3 Discussion

astrocytes. Similar correlations in cerebellum and visual cortex [1] allow the speculation that
APT,, values reflect the metabolic flux of ammonia. At present, detailed kinetics of ammonia
remain unresolved by CEST imaging, as it does not require a contrast agent and reflects an

averaged metabolism of the acquisition interval.

7.3.3 CEST-sensitive confounders

Study 1 adapted APT,, imaging to maximize the contrast gained from changing ammonia con-
centrations and allowing whole-brain coverage in clinically feasible acquisition times. These
changes were driven by protein denaturation in vitro, while the in vivo measurements include
a higher number of possible confounders.

Firstly, changes in the glutamine/glutamate ratio through the clearance of ammonia [148, 10,
149] are frequently observed in HE. As both metabolites resonate between 3 and 4 ppm [131]
they may contribute to the APT,, signal. However, we assumed the effect to be negligible, as we
showed ammonia to dominate the contrast alterations in our in vitro measurement, and as the
sensitivity of a 3 T system to changes in either glutamate or glutamine is comparably low [101].
The emergence of a low-grade edema is another pathophysiological mechanism in HE. Yet, the
MR visibility remains a matter of discussion in literature, as one study reported changes up to 2 %
[132], while another study reported an absence of changes [19]. These changes were assumed to
be negligible as several studies at 4.7, and 7 T emphasized minor effects of water concentrations
to the contrast formation of APT,, imaging [150, 151].

Lastly, T relaxation changes, which are common findings in HE [136, 28, 152], were compen-
sated by implementing T; normalization, which resolves in pure APT, contrast mechanisms.

Additionally, the used saturation parameters are assumed to be roughly insensitive to water T,
[153].

7.3.4 Study Limitations

The low number of included patients, especially those at higher disease stages (HE II) which
showed a substantial signal alteration in APT,, signals, is a limitation of the present study. For
these patients, compliance to perform the psychometric testing and to achieve MR data with
sufficient quality remains challenging. The number of participants also limited the number of
regions in the analysis, and the statistical power. Therefore, the inclusion of a larger cohort
would mitigate these power limitations and allow for the implementation of a non-parametric

voxel-based analysis [154], which is not user-biased.
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7.4 Summary

The low sensitivity of the CEST technique is a second limitation of the study. To resolve the
interplay between APT,, contrast and neurometabolite concentration changes, single voxel CEST
techniques [155] and J-edited MEGA-PRESS spectroscopy [80] may be combined in one region.
These techniques would allow for a combined investigation of protein signal alterations and neuro-
transmitter metabolism (GABA, glutamate, glutamine), osmolytes (myo-inositol), and oxidative
stress markers (glutathione).

The implementation of faster imaging or spectroscopy techniques would allow the coverage of the
whole brain or a certain region with a higher number of CEST dynamics. Consequently, more ad-
vanced CEST techniques, such as AREX [133] or EMR [156] could be included. These techniques
may reduce the possible impact of T; relaxation and MT. More advanced fitting routines could
substantiate the findings and allow for differentiation of MT, CEST, and NOE, if an appropriate
model is used. Especially, NOE quantification could shed further light on morphological changes

which potentially underlie changes of MTR,sym.

7.4 Summary

Study 2 revealed a region-specific association between hepatic encephalopathy severity and APT,,
signals. Ammonia is assumed to be the main contributor to the contrast reduction in the HE
patients, especially in the cerebellum and the occipital region. These findings were linked to
blood ammonia levels and several clinical scores. Therefore, APT,, imaging is a potential tool to

further investigate the changes during the progression of HE.
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8 Study 3: Spectroscopy Simulation Framework

8 Study 3:

In silico GABA+ MEGA-PRESS:
Effects of signal-to-noise ratio and
linewidth on modeling the 3-ppm
GABA+ resonance

Study 3 aimed to investigate the modeling of the 3-ppm GABA resonance in a GABA-edited
MEGA-PRESS spectrum at various combinations of GABA SNR and line broadening levels. These
combinations were used to manipulate a noise-free template spectrum to simulate varying voxel
size and By homogeneity. After quantification with two different toolboxes, the estimation error
was calculated as the relative difference to the ground truth 3-ppm GABA resonance from the
template spectrum. Finally, two in vivo scenarios were compared to the simulated spectra to

evaluate potential estimation errors in both scenarios. The respective study can be found in

Appendix E.
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Figure 8.1 — Graphical Abstract Study 3 - A) Mean deviation from the known GABA- resonance
in % (GABA+eror) for Gannet 3.0. B) Mean deviation from the known GABA-+
resonance in % (GABA+eror) for Tarquin. C) Correlation coefficient r between model
estimates of Gannet 3.0 and Tarquin. Each of the 427 conditions is simulated and
analyzed 100 times, and the correlation analysis is performed between the 100 spectra.
Areas with strong (r > 0.5), medium (r > 0.3), and (r > 0.1) correlation are highlighted.
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8.1 Methods

8.1.1 MEGA-PRESS simulations

A template MEGA-PRESS spectrum with known GABA concentration was created in the following
way: The template was created as the mean of the Siemens data sets of 48 volunteers which are
available to the public as a NITRC data repository (http://www.nitrc.org/projects/biggaba) from
a recent 'Big GABA' multi-site study [82]. The template ON and OFF spectra were calculated
as the mean of the water-scaled and baseline-corrected ON and OFF spectra.

The template MEGA-PRESS spectrum was the ground truth for all subsequent SNR and line
broadening manipulations. First, 7 different levels of exponential line broadening between 0 and
6 Hz were applied to the template spectrum to simulate variations in By homogeneity. In a
subsequent step, 61 SNR levels between 0 and 30 % were created by adding Gaussian-distributed
noise to the data in the time domain. The target SNR level was measured as the height of the
N-acetyl-aspartate signal at 2.01 ppm in the frequency domain relative to the noise standard

deviation. In total, 100 spectra per combination were simulated.

8.1.2 MEGA-PRESS in vivo study

All in vivo data were acquired on a clinical whole-body 3T MRI (Siemens MAGNETOM Skyra
A TIM System, Siemens Healthcare AG, Erlangen, Germany) using a 20-channel head coil for
receive, and the body coil for transmitting. All fourteen healthy volunteers (5 female; age (mean
+ SD) 26.3 £ 2.2 years) gave written informed consent prior to the examination. The in vivo
study was focused on the thalamus, which is a challenging anatomical location regarding spectral
quality and anatomical specificity of the MRS voxel. Two scenarios with different SNR levels
based on voxel size and varying linewidths were investigated. A small voxel of 20 mm x 20 mm
x 20 mm = 8 ml volume centered on the left thalamus and a larger voxel with 30 mm (AP) x
35 mm (LR) x 25 mm (HF) = 26.25 ml including the whole basal ganglia region were prescribed.
The other parameters for both voxels were NEX = 256, TR/TE = 2050/68 ms, bandwidth
= 1200 Hz, and 2048 datapoints. Automated Siemens GRE Brain and manual shimming was
performed to achieve a water linewidth < 15 Hz for the small voxel, and < 20 Hz for the large

voxel, respectively, as indicated by the inline interactive display on the scanner console.
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8.1 Methods

8.1.3 Data processing, Quantification & Spectral Quality Metrics

Two modeling algorithms were used to quantify the 3-ppm GABA+ resonance of all difference
spectra of the in silico and in vivo data. To reduce effects of user interaction and to process the
large amount of data, fully automated processing was implemented for all quantifications. In the
simulations, the estimation error (GABA+,,o,) of the model was defined as the rounded absolute
value of the relative difference between the modeled GABA+ resonance in the template spectrum,
i.e., the ground truth GABA+, and the modeled GABA+ resonances of the manipulated spectra
GABA+area for each quantification tool:

GABA + 4700 %100
GABA +orror (%) = |~ A; Xﬂ; 100 (8.1)

GABA+ areas, which were modeled to be outside of the range between + 3 SD = 36 % [82] from
the ground truth GABA+ area were rejected. The two different data processing and quantification
pipelines for Gannet 3.0 and Tarquin are described in chapter 3.4.5.

Briefly, the Gannet 3.0 [86] analysis included spectral registration for frequency and phase-
correction of the individual transients, automated rejection of corrupted transients, zero-filling to
32768 data points, and 3-Hz exponential line broadening. The combined GABA-GIx model was
used for quantification.

The toolbox FID-A [157] was used for individual frequency- and phase-correction of the individual
transients of the in vivo data using spectral registration, and automated rejection of corrupted
transients, both of which are not implemented in Tarquin [89] itself. No additional zero-filling or
line broadening was applied.

Analysis with Tarquin included residual water removal, phasing, and referencing of the 2.01-ppm
NAA signal. The internally calculated MEGA-PRESS basis set models GABA as two separate
Gaussian peaks scales as 1 proton each, i.e., as a pseudo-doublet at 2.95 and 3.04 ppm. Ad-
ditionally, a macromolecule correction factor of 0.5 was applied, and the GABA+ fit error was

calculated analogously to Gannet 3.0.
Various spectral quality metrics were included in the analysis:

» The estimation error GABA+¢;or, Which is usually unknown, to determine the reliability of
the GABA+ modeling.
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» The fit error GABA+4; as a common quality metric, some sort of which is usually provided

by each tool.

» The standard deviation GABA+sp of the GABA+ quantification over the 100 simulated
spectra per combination. GABA-sp reflects a measure of the variance of the modeling
introduced by the underlying SNR and linewidth changes. Higher GABA+sp imply increased
modeling susceptibility to SNR and linewidth changes.

» The number of rejected spectra was considered as a measure of severe outliers in the

modeling.

8.2 Results

8.2.1 In silico quantification

The GABA+or remained lower than 5 % for creatine linewidths smaller than 9.7 Hz (Appendix
E Figure 4 A) and is between 5 and 10 % for creatine linewidths between 9.7 and 10.6 Hz for
Gannet 3.0. It exceeds 10 % for creatine linewidths larger than 10.6 Hz.

The fit error, GABA+4:, and the standard deviation across the 100 simulated spectra, GABA+sp,
were mainly affected by GABA+ SNR (Appendix E Figure 4 B & C).

The rejection rate was less than 10 % for GABA+ SNR larger than 5.4, while for GABA+ SNR
ranging from 5.3 to 3.2, the rejection rate was up to 30 %. For GABA+ SNR smaller than 3.2,
up to 60 % of the data were rejected (Appendix E Figure 4 D).

The GABA+¢or Was smaller than 5 % except for GABA+ SNR ranging from 3.6 to 3.2 with a
creatine linewidth of 11.6 Hz for Tarquin (Appendix E Figure 5 A).

The GABA+; ranged from 6 to 30 % for GABA+ SNR levels between 92.3 and 5.4. GABA+5;
ranged from 30 to 104 % for GABA+ SNR smaller than 5.4. The fitting error increases approxi-
mately 5 % over the whole range of creatine linewidths for GABA+ SNR larger than 3.6, while
it increased approximately 14 % for GABA+ SNR smaller than 5.4 (Appendix E Figure 5 B).
GABA-+5p is smaller than 95 % for GABA+ SNR smaller than 5.4, while for GABA+ SNR it
ranged between 5 and 19 %. GABA+sp ranged from 15 to 18 % for GABA+ SNR smaller than
2.1 (Appendix E Figure 5 C).

For GABA+ SNR larger than 2.5 less than 5 % of the data were rejected, while for GABA+ SNR
smaller than 2.5 up to 17 % of the data met the rejection criteria (Appendix E Figure 5 D).
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Clusters of combinations with strong (r > 0.5), medium (r > 0.3), and small (r > 0.1) correlation
between the model estimates with Gannet 3.0 and Tarquin are observable. A strong correlation
is observed for GABA+ SNR larger than 5.4 and creatine linewidth smaller than 11.6 Hz, while
very weak correlations dominate for GABA+ SNR smaller than 2.5. The two modeling methods

appear to have medium correlations for the remaining clusters (Appendix E Figure 6).

8.2.2 In vivo quantification

The mean spectra and their standard deviation show different characteristics for the two voxel
scenarios (Appendix E Figure 7 A & C). The small voxel appears to have a smaller SD for
Gannet 3.0, while the mean GABA+ models are comparable in amplitude for both tools. The
SD appears to be higher for Tarquin due to the absence of line broadening (Appendix E Figure
7 B). Gannet 3.0 appears to have a smaller SD in the model than Tarquin for the larger voxel.
The SD of the residuals is comparably low for both tools and does not appear to have a clear

residual metabolite peak in the 3-ppm region (Appendix E Figure 7 D).

The estimated GABA+/Cr ratios are higher for Tarquin in both cases (Appendix E Figure 8 A).
The coefficient of variance is lower for Gannet 3.0 than for Tarquin in the small voxel (gannet
3.0: 29 %; Tarquin: 30 %), while it is higher for Gannet 3.0 than for Tarquin in the large voxel
(Gannet 3.0: 25 %; Tarquin: 14 %) (Appendix E Figure 8 B). Tarquin appears to have a higher
SD for the fitting error than Gannet 3.0 for both voxels (Appendix E Figure 8 B). GABA+ SNR
and creatine linewidth are higher in the larger voxel (Appendix E Figure 8 C & D).

No significant correlation was found between the GABA+/Cr ratios modeled by Gannet 3.0 and
Tarquin (r = .18; p = .65) for the small voxel, while a significant correlation was found for the
large voxel ( r = .54; p < .05) (Appendix E Figure 9 A & B).

8.2.3 Comparing in vivo and in silico data

While the data distribution differs strongly between both datasets, the measures of fit error and

rejects are largely congruent (Appendix E Table 1).
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8.3 Discussion

Study 3 analyzed the influence of various SNR and linewidth combinations on the modeling of
the 3-ppm GABA+ resonance in J-difference edited spectra obtained with MEGA-PRESS. In the
first part, the effects of those parameters were mimicked by the manipulation of a near noise-free
template spectrum. 427 combinations of noise and line broadening were added to the template
prior to modeling with Gannet 3.0 and Tarquin. The GABA+.,or was calculated as the deviation
from the known 3-ppm GABA+ resonance, and common quality metrics were determined.

Combining all evidence, acceptable GABA+ modeling is possible for GABA4+ SNR > 3.2 and
creatine linewidth < 9.7 Hz, which corresponds to only 14 % of the GABA+ SNR compared to
the 27 ml / 10 min acquisition proposed in the literature [79]. The estimation error does not
exceed 5 % for Gannet 3.0 and Tarquin for these combinations. However, GABA+ sp increases
by 5 % for Gannet 3.0 and 11 % for Tarquin in the range from 5.4 to 2.5 for GABA+ SNR.
Therefore, studies with lower GABA+ SNR are hampered by a loss of statistical power to detect
small GABA+ changes with small effect sizes. Finally, the effect of creatine linewidth is negligible
compared to the effects of GABA+ SNR.

Further conclusions could be drawn from the in silico modeling. First, the estimation error
GABA-+or differs between tools. Second, creatine linewidths only affect the modeling at very
high GABA+ SNR levels. This implies that By field homogeneity is, within commonly encountered
ranges, not a critical criterion for accurate modeling of the 3-ppm GABA+ resonance. Third,
GABA+; is not related to GABA+..or. Consequently, the fit error does not give any information
about the real deviation from the ground truth. Fourth, group variance of in vivo measurements
- apart from biological variation within the cohort or variance by changes in the voxel positioning
- depends on the used quantification algorithm. Nevertheless, the correlation reveals at least a
medium agreement between the two modeling algorithms. Finally, the results illustrate that the

commonly used quality metrics do not allow conclusions about the real estimation error.

In the second part, different in vivo scenarios were compared to the simulations, and an estimated
GABA+¢1or Was determined. As the agreement between the in vivo and the in silico datasets
was good, the simulation framework could be used as an indicator either to judge data quality of
an already conducted study or to classify a voxel conducted in a pilot measurement during study
design. Further investigations could clarify if the apparent differences in the data distribution

between both datasets could be interpreted as a variation solely attributed to biological variance.
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Additionally, a threshold noise level for significant differences could be determined by extending

the simulation framework with different amplitudes of the GABA+ resonance.

Similar to a recent study on the design of GABA+-edited studies [81], our results indicate a high
impact of GABA+ SNR on the modeling. Both studies indicate that GABA+-edited data reach a
reliable quantification and reasonable group-level variance for 27-ml voxels with averages ranging

from 128 to 210 compared to the recommended 320.

The results from the small in vivo voxel indicate that the coefficient of variance is considerably
higher for low GABA+ SNR and depends on the quantification tool. Additionally, the number
of rejected spectra - which are not reliably quantified - is higher. This must be considered in a
study with small voxels. The present study indicates data with fitting errors GABA+; larger than
15 % could still be reliably quantified. Therefore, data rejection criteria should not exclusively
be defined by GABA+ SNR and fit error, but rather by considering the SD of the quantified
GABA+ signal. Assuming GABA concentrations are relatively consistent within one group -
considering biological variability and pathologies to be consistent within that group - GABA+sp

should support data quality estimation and outlier rejection.

Aside from the general knowledge gained about the impact of diminishing spectral quality on
GABA+-edited data, the present study provides insights on the performance of different quan-

tification tools. The framework could serve as a benchmark for other quantification tools.

8.4 Summary

Study 3 suggests that GABA+-edited studies might be realized for voxels with low GABA+ SNR
at the cost of higher group-level variance. The effect of By field homogeneity is rather negligible
compared to the effect of GABA+ SNR. Furthermore, no correlation between the estimation
error GABA+,or and the fit error GABA-+5; was found. Additionally, group variance induced by
different quantification tools introduces additionally unknown uncertainty, which might obscure
small effect sizes in GABA-+ levels.
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9 Preliminary Results Study 4: Clinical Considerations of MEGA-PRESS

9 Preliminary Results Study 4:
J-edited MR Spectroscopy in Patients
with Hepatic Encephalopathy

Study 4 aimed to investigate the cerebello-thalamo-cortical neurometabolism in patients with
HE. Yet, the study is in its final part of the acquisition phase, and its results should be considered

preliminary.

9.1 Methods

Up to this point, the study cohort included 14 patients with HE |, 2 patients classified as min-
imal HE and 16 age-matched controls. The grading was performed by an experienced clinician
according to the West-Haven criteria [48, 50]. Additionally, CFF [52] assessment with portable
CFF goggles, analysis of fine motor skills via Grooved PEG board testing [158] and blood sample
tests were performed . Exclusion criteria were any medication acting on the central nervous sys-
tem, severe intestinal diseases, peripheral/retinal neuropathy, and the diagnosis of neurological or
psychiatric diseases other than HE for the patient group. Abstinence of >= 4 weeks was required

for patients with alcohol abuse as part of the medical history prior to the inclusion.

9.1.1 MEGA-PRESS acquisition

The MR protocol included the acquisition of a high-resolution anatomical T;-weighted scan (1
mm isotropic resolution with 176 slices) covering the whole brain to reconstruct all coronal and
sagittal views for MRS voxel localization. MEGA-PRESS spectroscopy [80] (TE \TR = 68
\1750 ms; NEX = 256; bandwidth = 2400 Hz; 2080 datapoints) was performed in three voxels
including the cerebellum (CER) (25 (AP) mm x 25 (LR) mm x 25 (HF) mm = 15.63 ml), the
thalamus (THA) (30 (AP) mm x 35 (LR) mm x 25 (HF) mm = 26.25 ml), and the motor
cortex (MOT) (30 (AP) x 30 (LR) x 30 (HF) = 27 ml). The voxels were designed in accordance
with Study 3. The CER voxel was centered on the nucleus dentate and angulated parallel to

the tentorium cerebelli. The THA voxel was angulated and placed such that it included the
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9.1 Methods

whole thalamus, and the lateral ventricles were avoided [159]. The MOT voxel was placed on the
sensorimotor cortex - e.g., centered on the hand knob landmark [160] - and angulated to avoid
lipid contamination from the skull. The entire acquisition duration was about 40 minutes. Two

HE | patients canceled the measurement after the CER and the THA voxel.

9.1.2 MEGA-PRESS data processing, quantification & statistics

GABA-to-creatine ratios were determined with Gannet 3.1 [86] as described in the previous
chapter. OFF spectra were processed with FID-A [157] as previously described, and analyzed
with LCModel v6.3 [88] using an online available basis set http://purcell.healthsciences.
purdue.edu/mrslab/basis_sets.html. The basis set included alanine, aspartate, creatine,
GABA, glutamine (GIn), glutamate, glutathione (GSH), glycerophosphorylcholine (GPC), lac-
tate, myo-inositol (ml), N-acetyl-aspartate, N-acetylaspartylglutamate, scyllo-Inositol, and tau-
rine. Due to excessive movement during scanning all spectra from 1 patient had to be excluded.
Furthermore, 4 spectra from the cerebellum (2 controls and 2 HE | patients) and 4 spectra from
the motor cortex (1 control and 3 HE | patients) had to be excluded due to poor spectral quality
(low SNR) or substantial lipid contamination from the skull. Wilcoxon-Mann-Whitney-tests were
used to assess metabolite level differences of six metabolites (GABA, glutamine, myo-inositol,
aspartate, glutathione, and glycerophosphorylcholine) between the groups. Two-sided partial cor-
relation analyses with CFF and PEG board scores were performed for all metabolite estimates
with age as confounding variable (all significance levels alpha = 0.05). To this point, no multiple
comparison correction was performed, and the group level analysis was restricted to the controls
and the HE | patients due to the low number of mHE patients.
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Figure 9.1 - MEGA-PRESS spectroscopy of the cerebellum - A) Boxplots of the metabolite-to-
creatine ratios. Asterisks indicate significant group differences (* = p < 0.05; ** = p
< 0.01; ¥** =p < 0.001). B) Correlation analysis of glutamine (GIn) and myo-inositol
(ml) levels with the CFF C) Correlation analysis of aspartate-to-creatine ratios with
the CFF.

In the cerebellum increased GABA levels were accompanied by elevated glutamine, aspartate,
and glutathione levels in HE | patients. In contrast, myo-inositol and glycerophosphorylcholine
levels were decreased in HE | patients. GABA levels correlated significantly with CFF (r = -0.414;
p < 0.05) and PEG board scores (r = 0.466; p < 0.05). Significant correlations with the CFF
were found for glutamine (r =-0.590; p < 0.001), myo-inositol (r = 0.664; p < 0.001), aspartate
(r = -0.547; p < 0.01), glutathione (r = -0.416; p < 0.01), and glycerophosphorylcholine (r
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9.2 Results

= 0.613; p < 0.001).

For the PEG board scores, correlations with glutamine (r = 0.650;

p < 0.001), myo-inositol (r = -0.740; p < 0.001), glutathione (r = 0.407; p < 0.05), and
glycerophosphorylcholine (r = -0.646; p < 0.001) were found.
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9.2 - MEGA-PRESS spectroscopy of the thalamus - A) Boxplots of the metabolite-to-

creatine ratios. Asterisks indicate significant group differences (* = p < 0.05; ** = p
< 0.01; ¥** =p < 0.001). B) Correlation analysis of glutamine (GIn) and myo-inositol
(ml) levels with the CFF C) Correlation analysis of glutathione-to-creatine ratios with

the sum of the PEG board scores.

In the thalamus, GABA levels did not exhibit group differences between controls and HE | patients.

Typical systemic effects on glutamine (increased), myo-inositol (decreased), and glutathione (in-

creased) were found in HE | patients. Furthermore, decreased levels of glycerophosphorylcholine
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and increased aspartate levels were found in these patients. The CFF correlated with glutamine
(r =-0.474; p < 0.01), myo-inositol (r = 0.554; p < 0.01), aspartate (r = -0.403; p < 0.05), glu-
tathione (r = -0.461; p < 0.01), as well as glycerophosphorylcholine (r = 0.418; p < 0.01). The
motor performance (PEG board scores) correlated with glutamine (r = 0.761; p < 0.001), myo-
inostiol (r =-0.506; p < 0.01), glutathione (r = 0.616; p < 0.001), and glycerophosphorylcholine
(r =-0.565; p < 0.001).
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Figure 9.3 - MEGA-PRESS spectroscopy of the motor cortex - A) Boxplots of the metabolite-to-
creatine ratios. Asterisks indicate significant group differences (* = p < 0.05; ** = p
< 0.01; *** = p < 0.001). B) Correlation analysis of glutamine (GIn) and myo-inositol

(ml) levels with the CFF C) Correlation analysis of glutathione-to-creatine ratios with
the CFF.
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In the motor cortex, GABA levels did not show significant group differences. HE-related systemic
group differences (increased glutamine levels, decreased myo-inositol, and increased glutathione)
were observed for the HE | patients. In addition, the aspartate levels showed a significant in-
crease. Changes in glutamine (r = -0.571; p < 0.01), myo-inositol (r = 0.815; p < 0.001),
aspartate (r = -0.691; p < 0.001) and glutathione (r = -0.701; p < 0.001) were linked to
the CFF. PEG board scores were linked with glutamine (r = 0.826; p < 0.001), myo-inostiol
(r =-0.732; p < 0.001), aspartate (r = 0.444; p < 0.05), glutathione (r = 0.858; p < 0.001),
and glycerophosphorylcholine (r = -0.392; p < 0.05) were found.

9.3 Discussion

In Study 4, GABA-edited MEGA-PRESS spectroscopy was used to investigate changes in neu-
rotransmitter levels in the cerebello-thalamo-cortical pathway. MEGA-PRESS spectroscopy was
performed in the cerebellum, the thalamus, and the motor cortex in a cohort of 16 healthy con-
trols and clinically well-defined 16 HE patients (2 mHE, 14 HE I). CFF testing, Grooved PEG
board assessment, and blood sample tests were used for correlative analyses with the metabolite

estimates.

Preliminary results indicate increased GABA-to-creatine levels in the cerebellum of patients with
HE. Increased GABAergic neurotransmission in the cerebellum was reported in a study on hy-
perammonemic rats [161, 162] and reproduced in a recent transcranial magnetic stimulation
study showing increased cerebellar inhibition [163]. Yet, the animal studies indicated reduced
GABAergic tone in the motor cortex, which has not been observed in the preliminary results
from this study. Furthermore, no changes in GABA levels were found in the thalamus. Increased
GABA levels might provide an explanation for the reduced motor skills of HE patients [144] and

could further substantiate the findings of cerebellar involvement found in Study 2.

Up to this point, the results indicate a systemic effect of HE on the whole brain, as increased
glutamine levels and decreased myo-inositol levels were found in all regions. These findings are
common to all regions due to the ammonia detoxification via glutamine synthetase, a subsequent
counter-reaction on the increased osmotic gradient by myo-inositol depletion. The described
changes are typical systemic effects in HE [10, 16, 38]. Additionally, increased levels of glu-
tathione, which can be interpreted as an oxidative stress marker [10], were found in all regions.

Increased glutathione levels under hyperammonemia conditions have also been found in various
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cell studies using ammonium chloride solutions [164, 165] and animal studies [166, 167]. A re-
cent human in vivo study reported increased glutathione levels in the visual and sensorimotor
cortex of minimal HE patients measured with MRS [19]. MRS in the cerebellum further revealed
decreasing choline levels, which is a typical finding in chronic HE [16].

Another striking result is the increase of aspartate in all regions, which has not been reported in
a human in vivo MRS studies to date. Yet, changes in the high-affinity uptake of aspartate of
rat hippocampal dendritic layers were found to be introduced by sera and CSF of patients with
chronic liver disease [168].

At the current stage, all results have to be interpreted as preliminary. Final analyses should include

cross-correlation between metabolites and regions, as well as multiple comparison corrections.

9.4 Summary

Study 4 revealed increased GABA-to-creatine levels in the cerebellum, while no changes were
found in the thalamus and the motor cortex. Systemic effects on glutamine, myo-inositol, glu-
tathione, and aspartate levels were closely linked to visual perception and motor performance.
These findings suggest a systemic effect on the cerebello-thalamo-cortical pathway in HE, and

increased GABAergic neurotransmission in the cerebellum.
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10 General Discussion

The present dissertation aimed to improve metabolic investigations of in vivo magnetic resonance
techniques. To this end, a brain ammonia- or HE-sensitive metabolic MR imaging method was
established. The first two studies were focused on optimizing the metabolic MR method chemical
exchange saturation transfer (CEST) for its ammonia-sensitivity and on assessing brain ammonia
levels in a clinically well-defined cohort of HE patients. Underlying mechanisms were investigated
with various phantom experiments, and relationships between clinical parameters and the CEST
effect were established in the patient cohort. The third study aimed to design a simulation
framework to investigate possible limitations in the modeling of GABA+ due to SNR or linewidth
constraints during the acquisition of GABA-edited MRS. The relationship between the GABA+
estimation error and GABA+ SNR and linewidth were presented. The fourth study was conducted
to investigate alterations in neurotransmitter levels in the cerebello-thalamo-cortical pathway in
HE.

Study 1 relied on various phantom experiments with different levels of complexity to maximize
the ammonia-sensitivity of the CEST method. Furthermore, optical methods were employed to
investigate the mechanisms underlying the contrast changes in the phantom experiments. The
phantom experiments implied that it is impossible to directly observe ammonia under physiological
conditions. Yet contrast changes in the amide protons of proteins were linked to ammonia-
induced denaturation in the phantom solutions. These findings were validated using fluorescence
spectroscopy, and repeated in a complex phantom consisting of tissue homogenates of pig brain
and with varying ammonia concentrations.

Study 2 applied the optimized CEST protocol to study a well-defined cohort of HE patients
and healthy controls. A region-of-interest-based analysis of the data set, which was based on a
normalized coordinate space, revealed a relationship between disease severity and CEST contrast
in various brain regions. Apart from group differences, correlations between the CEST effect and
several psychometric scores reflecting motor skills and reaction time, as well as blood ammonia
levels, were found. Based on these findings, the CEST effect may be interpreted sensitive to brain

ammonia levels, reflecting the continuous nature of HE.
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Both studies found a reduced APT,, contrast with increasing ammonia concentrations. Signal
changes are driven by protein denaturation, which is a known contributor to contrast changes in
CEST imaging [107, 108]. These results support the interpretation of APT,, imaging as a mul-
tiparametric metabolic imaging technique [13, 107, 108], which reflects several tissue properties.
Furthermore, findings from CEST pioneer papers were replicated during Study 1 [93].

The interpretation of the in vivo measurements in Study 2 is based on the observations of Study
1 and the pathophysiological concept of hyperammonemia in HE [21, 22, 23]. As the observed
signal changes match observations from phantom experiments and are closely linked to blood
ammonia levels and psychometric test scores reflecting HE severity, the interpretation of CEST
as a brain ammonia level correlative stands to reason. Up to this date, 3 NH3-PET served as an
imaging method to investigate brain ammonia levels in HE [44, 1]. The findings in the disserta-
tion feature comparable correlations and patterns in the distribution of brain ammonia levels [1],
which substantiates the interpretation presented above. In the 13 NH3-PET studies, the product of
the net metabolic clearance in blood from intracellular metabolites and arterial ammonia concen-
trations, which was deduced from radioactively marked ammonia, was defined as metabolic flux.
As glutamine synthetase is located in the astrocytes, and APT,, imaging predominantly reflects
intracellular protein compounds, it can be speculated that APT,, imaging reflects metabolic flux.
Considering the brain regions showing CEST contrast changes, the HE-sensitive interpretation
is supported. Changes in fine motor skills are linked to cerebellar damage [142, 143], and hep-
atocerebral degeneration [145, 36] and the loss of astrocytes are common features in HE [35].
Altered visual perceptions reflected in reduced ability to recognize changes in visual stimuli [52],
changes in neurotransmitter levels in the visual cortex [18], slowed brain oscillations [146, 53],
and altered BOLD response [169] are known in HE. Therefore, increased ammonia levels are
likely to contribute to CEST contrast changes. Finally, slowed brain oscillations in the thalamus
point to an involvement of the thalamus in HE [147]. Thus, HE-related changes in the CEST

contrast are reasonable.

Nevertheless, other confounders to the CEST contrast must be considered during the interpre-
tation of the HE-related changes. APT,, imaging is confounded by changes in pH [13], water
content and water Ty, as well as altered protein conformation of intracellular protein compounds
[107, 108]. Based on the results of both conducted studies, the assumption of changes in protein
conformation as a main contributor is reasonable. Thus, hepatocerebral degeneration [145, 36|
and in particular, effects on the cerebellum in case of severe HE, could be a primary driver of the
observed contrast changes [35]. Alcohol abuse is associated with a higher degree of severity in

the loss of Purkinje cells, and higher HE prevalence [35].
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The appearance of Alzheimer type Il astrocytes is more likely in those patients and thus might
alter APT,, imaging contrast by changing the number of exchangeable amide groups per volume.
Furthermore, glutamine and glutamate are both CEST-sensitive and resonating between 3 and 4
ppm [131]. Therefore, changes in these metabolites, which are commonly elevated in HE [148,
10, 149], might contribute to the CEST contrast. Yet, phantom studies indicate that protein
denaturation dominates the CEST contrast alterations, and 3 T systems might not reach the
sensitivity to distinguish changes in glutamate or glutamine [101].

As various quantitative Ty [136] and T;-weighted [28, 152] imaging studies imply T; changes as
a key finding in HE, T; normalization of the CEST effect was implemented. This normalization
results in a pure APT,, contrast mechanism, which has recently been shown to be insensitive to
water longitudinal relaxation for the saturation parameters used in the present study [153].
Another confounder featured in the pathophysiology of HE, is the emergence of a low-grade
edema [132]. In terms of MR visibility of these alterations, one study reported water content
changes of 2 % in various brain regions including putamen [132], whereas no MR visible water
content changes in HE patients in less severe stages were reported in another study [19]. Water
content changes are regarded as minor contributors to the formation of APT,, contrast at higher

field strength in literature [150, 151] and may be neglected in our study.

In the context of neuroimaging studies of HE, the CEST contrast might open a more direct avenue
to studying the pathophysiology of HE in vivo. Several neuroimaging studies were conducted in
HE cohorts, which included T;-weighted imaging [28, 152], quantitative T; mapping [136], MT
imaging [170], diffusion-weighted imaging [170], and quantitative water content mapping [132,
19]. Yet, the CEST contrast as brain ammonia correlate could be interpreted as the most
direct contrast mechanism reflecting HE severity. This is also reflected in the common finding
implying the basal ganglia region as crucial in HE development. Water content studies revealed
a correlation of occipital white matter water content and disease severity, which was absent in
the gray matter of the occipital cortex, regardless of the strongly altered visual perception in HE
[132]. In contrast, the present study linked APT,, contrast of the gray matter of the visual cortex

to disease severity and additionally substantiated cerebellar involvement in HE [161, 169].

From the viewpoint of clinical research on HE, APT,, imaging can be a method to create a
correlative measure of brain ammonia levels. Especially, the implementation of faster imaging
sequences [171] allows the integration of a CEST experiment into an arbitrary neuroimaging
protocol to assess brain ammonia levels in less than 8 minutes. Yet, the underlying mechanisms
to the contrast changes have to be investigated in more detail. By implementing more advanced

CEST methods [171], it may be possible to disentangle contributions of ammonia-induced changes

78



10 General Discussion

in the CEST effect from contributions of protein degeneration represented in NOE alterations.
The clinical applicability of CEST in the diagnosis and monitoring of HE is limited through the
high cost of a MR investigation compared to for example the CFF testing. Yet, it can be of
interest to monitor alterations in the CEST effect of HE patients in a longitudinal study design,
including various diseases stages. This approach can provide insight on the reversibility of the
changes in the CEST effect. Under the assumption that the ammonia is cleared from the brain
over time, the changes of the CEST effect should reach normal levels again, while CEST effect

changes based on hepatocerebral degeneration should be irreversible.

Study 3 created a generally transferable simulation framework for GABA-edited MEGA-PRESS,
which agrees well with recent literature findings [81], suggesting that GABA-edited studies may
be conducted with lower GABA+ SNR levels than the recommended 27 ml with 320 averages.
By reducing the MRS voxel size, the anatomical specificity could be increased significantly. Yet,
these changes come at the cost of a higher intra-group variance, possibly covering subtle changes
in GABA+ levels. Furthermore, GABA+ levels were found to be mostly insensitive to linewidth
changes within the commonly encountered range.

The GABA level differences found in the cerebellum in Study 4 support the feasibility to perform
GABA-edited spectroscopy in smaller volumes compared to the recommended 27 ml. Increased
GABA levels might reflect increased GABAergic neurotransmission in the cerebellum, which has
been found in hyperammonemia animal studies [161] and was supported by a recent transcranial
magnetic stimulation study [163] in HE patients. No GABA level differences were found in the
motor cortex, which contrasts the animal studies [161]. Study 4 provides further evidence of
systemic effects due to the ammonia detoxification, especially on glutamine and myo-inositol,

and an oxidative stress response reflected in increased glutathione levels.

Study 2 and Study 4 indicate that crucial changes in the cerebello-thalamo-cortical pathway
might occur in the cerebellum. Increased GABA and glutamine levels, as well as CEST contrast
attributed to ammonia level changes and hepatocerebral degeneration, were found primarily in
this region. Up to this point, the study reports preliminary results, and a final conclusion is yet

to be drawn.

In summary, this dissertation contributes important findings to neuroimaging and spectroscopy,
and gives particular insight into the altered brain metabolism of HE. A novel image contrast -
potentially reflecting brain ammonia levels - was developed. The interpretation of APT,, imaging
as a biomarker for protein denaturation and the necessity of a multiparametric interpretation of

the APT,, contrast were substantiated.
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The subsequent in vivo study shows a direct link between HE severity and APT,, CEST contrast
alterations, as well as correlations between behavioral measures - including motor performance
and visual perception - and the APT,, CEST effect in various brain regions. Additionally, recom-
mendations regarding a sufficient GABA+ SNR and linewidth were concluded from the simulation
framework, which applies to GABA-edited MRS in general. Increased GABA levels, indicate a
strong cerebellar involvement in the cerebello-thalamo-cortical pathway. Finally, this dissertation
demonstrates the applicability of metabolic imaging and MRS to study the metabolism of the

human brain under in vivo conditions.
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11 Conclusion and Outlook

The present dissertation may serve to understand the relevance and spatial distribution of brain
hyperammonemia in the disease progression of hepatic encephalopathy. The underlying APT,,
MTR.sym contrast represents a imaging parameter sensitive to the severity of HE - in terms
of ammonia levels and hepatocerebral degeneration. Furthermore, a simulation framework for
GABA-edited spectroscopy was developed to investigate the impact of SNR and linewidth on
the modeling of GABA. The results indicated that a reasonable quantification of GABA may
be possible for smaller voxel sizes than commonly recommended. This knowledge was employed
in the investigation of the cerebello-thalamo-cortical pathway using GABA-edited MEGA-PRESS
spectroscopy, which revealed increased GABA levels in the cerebellum as a preliminary result.
First, this work facilitates the methodological development of CEST and especially of APT,,
imaging. It underlines the multi-parametric nature of APT,, imaging and in particular, contrast
changes by protein denaturation. It emphasizes the applicability of APT,, imaging as a neuro-
scientific research method beyond tumor staging and the investigation of multiple sclerosis and
Parkinson's disease. Furthermore, it demonstrates the integration of normalization approaches
into a processing pipeline of a CEST study to reduce user input bias. This approach may open
up new ways for non-parametric voxel-based statistics, which are unfortunately limited by the
number of participants and therefore not implemented in the present dissertation.

Second, the discovery of the ammonia-sensitivity of APT,, MTR,s,m imaging and its application
to investigate HE represents a key outcome of the present work. This correlative parameter
could be used in combination with other MR techniques to further investigate brain ammonia
levels in HE. Yet the mechanisms underlying the contrast changes remain not fully explained, as
hyperammonemia, as well as hepatocerebral degeneration, may confound the contrast.

Several approaches may be used to resolve these remaining uncertainties: The inclusion of an
animal model of chronic HE while integrating a post mortem quantification of ammonia levels,
protein denaturation, or morphological changes, may provide additional information. Beyond this,
a three-step ammonia perfusion including a baseline, an ammonia-perfused, and a washout con-
dition would allow identifying the direct effect of ammonia in an animal model. Similarly, single
patients could undergo a protein challenge to artificially increase brain ammonia levels compared

to baseline conditions, to shed light on the ammonia-induced contrast changes.
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Furthermore, the combination of voxel-based CEST techniques with novel accelerated spectral
editing sequences would allow identifying underlying contributions of glutamate and glutamine
to the contrast changes. Additionally, these techniques would allow the quantification of sev-
eral neurometabolites suggested to be part of the pathogenesis of HE, which have not yet been
investigated in patients. Thus, the interplay between APT,, CEST effect as a brain ammonia
correlative, neurotransmitter and osmolyte changes, oxidative stress responses, as well as alter-
ations in aspartate and ascorbic acid could be investigated.

Third, the regional specificity of HE-related effects is substantiated by the present findings, espe-
cially by the CEST contrast changes and the differences in GABA levels. Furthermore, systemic
effects due to the ammonia detoxification, which comprised glutamine and myo-inositol were
found. Furthermore, the present dissertation indicates that several subsystems of the brain are
differentially embedded in the pathogenesis of HE, as tactile and visual perception are altered
in HE. Therefore, similar effects could be anticipated in the auditory system, which may be
investigated in a multi-modal approach using MRS, voxel-based CEST, and MEG. Despite its
advantages, MRS remains constrained by large cuboid volumes. The implementation of MRS
Imaging (MRSI), in particular, edited MRSI may be used to identify the spatial extent of con-
centration changes of GABA as well as glutamate and glutamine. The MRSI technique may
additionally be combined with fast CEST sequences to investigate links between the spatial dis-
tribution of glutamine and the CEST signal reductions.

Further integration of advanced edited MRS schemes could allow for the investigation of other
low concentration metabolites - e.g., aspartate, ascorbic acid, and glutathione - using edited spec-
troscopy. These techniques might provide further insight into the pathogenesis of HE without

suffering from prolonged measurements.
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A Abbreviations

A Abbreviations

ANTs Advanced Normalization Tools

APT amide proton transfer

APTR amide proton transfer ratio

APT,, amide proton transfer-weighted
APT, ™ T; normalized amide proton transfer - weighted
BBB blood brain barrier

BSA bovine serum albumin

CEST chemical exchange saturation transfer
CER cerebellum

CFF critical flicker frequency

Ch choline

Cr creatine

CRLB Cramér-Rao lower bounds

CSF cerebro spinal fluid

DLS dynamic light scattering

FFT fast Fourier transformation

FID free induction decay

FLASH Fast Low-Angle Shot

FWHM full width at half maximum

GABA ~-aminobutyric acid

GdnHCI guanidinium hydrochloride
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A Abbreviations

GlIx glutamate + glutamine

GM gray matter

HE hepatic encephalopathy

HSVD Hankel single value decomposition
HLSVD Hankel Lanczos single value decomposition
IPD inter pulse delays

LVT line tracking test

MEGA-PRESS MEscher-GArwood Point RESolved Spectroscopy
mHE minimal HE

MLS motoric performance series

MOT motor cortex

MR magnetic resonance

MRI magnetic resonance imaging

MRS magnetic resonance spectroscopy

MRSI MRS Imaging

MT magnetization transfer

MTR magnetization transfer ratio

MTR,sym magnetization transfer ratio asymmetry
NAA N-acetylaspartate

NEX number of excitations

NLM non-local means

NMR nuclear magnetic resonance

NOE nuclear Overhauser enhancement
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A Abbreviations

PET positron emission tomography
ppm parts per million

PRESS Point RESolved Spectroscopy
RF radio frequency

ROI region of interest

SD standard deviation

SNR signal-to-noise ratio

SVD singular value decomposition
TE echo time

THA thalamus

TR repetition time

WM white matter

WASSR WAter Saturation Shift Referencing

WRT reaction time
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Hepatic encephalopathy (HE) is triggered by liver cirrhosis and is associated with an
increased ammonia level within the brain tissue. The goal of this study was to inves-
tigate effects of ammonia on in vitro amide proton transfer (APT)-weighted chemical
exchange saturation transfer (CEST) imaging in order to develop an ammonia-
sensitive brain imaging method.

APT-weighted CEST imaging was performed on phantom solutions including pure
ammonia, bovine serum albumin (BSA), and tissue homogenate samples doped with
various ammonia concentrations. All CEST data were assessed by magnetization
transfer ratio asymmetry. In addition, optical methods were used to determine possi-
ble structural changes of the proteins in the BSA phantom. In vivo feasibility measure-
ments were acquired in one healthy participant and two patients suffering from HE, a
disease associated with increased brain ammonia levels.

The CEST effect of pure ammonia showed a base-catalyzed behavior. At pH values
greater than 5.6 no CEST effect was observed. The APT-weighted signal was signif-
icantly reduced for ammonia concentrations of 5mM or more at fixed pH values
within the different protein phantom solutions. The optical methods revealed no
protein aggregation or denaturation for ammonia concentrations less than 5mM.
The in vivo measurements showed tissue specific and global reduction of the
observed CEST signal in patients with HE, possibly linked to pathologically increased
ammonia levels.

APT-weighted CEST imaging is sensitive to changes in ammonia concentrations. Thus,
it seems useful for the investigation of pathologies with altered tissue ammonia con-
centrations such as HE. However, the underlying mechanism needs to be explored in
more detail in future in vitro and in vivo investigations.

KEYWORDS

amide proton, ammonia, APT, CEST, HE, hepatic encephalopathy

Abbreviations: APT, amide proton transfer; BSA, bovine serum albumin; CEST, chemical exchange saturation transfer; CFF, critical flicker frequency; CSF,
cerebrospinal fluid; DLS, dynamic light scattering; GdnHCI, guanidine hydrochloride; GM, gray matter; HE, hepatic encephalopathy; IPD, inter-pulse delay; MT,
magnetization transfer; MTR,,m, magnetization transfer ratio asymmetry; NOE, nuclear Overhauser effect; PD, pulse duration; Tg, echo time; Tg, repetition time;
WASSR, water saturation shift referencing; WM, white matter.
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1 | INTRODUCTION

Hepatic encephalopathy (HE) is a common complication in patients with liver cirrhosis. It comprises a variety of neuropsychiatric and motor symp-
toms,* and is assumed to be largely mediated by an increase of ammonia within the brain.?® In vitro, ammonia accumulation has been linked to cell
swelling.? In vivo, HE causes a variety of changes in advanced MR contrasts, suggesting the appearance of a low-grade edema due to ammonia accu-
mulation. Shah et al. reported region-dependent increases of quantitative measurements of MR-visible brain water in HE patients,” while an absence
of such changes in lower-grade HE was found by Oeltzschner et al.® Other studies investigating semi-solid magnetization transfer (MT) reported a
signal loss with increasing HE severity, with potential causes being water content changes, mild alterations in myelin structure, or cell inflammation.””
? To fully improve the understanding of increased ammonia levels on brain microstructure or physiology, it is desirable to study ammonia as a primary
source of contrast, rather than to observe the secondary effects of increased brain ammonia levels on other imaging contrasts.

Chemical exchange saturation transfer (CEST) imaging is a potential tool for the assessment of ammonia levels. CEST provides an advanced
MRI contrast depending on diluted labile protons, which are undetectable in conventional MRI. Common MRI contrast is generated by the bulk
water signal. The CEST contrast is based on the change of the bulk water signal due to the MT between the bulk water protons and frequency
selective saturated labile protons.® Chemical exchange between ammonia and bulk water studied with 11.7 T MRI microscope systems showed
a strong pH dependence of the MT of ammonia®! and was investigated in a former pioneer study by Wolff and Balaban.'? Based on the fact that
ammonia cannot be detected directly with CEST MRI at physiological conditions, possible effects of ammonia on CEST-sensitive amide protons
were investigated.

CEST MRI is sensitive to changes in the environment of the saturated protons, e.g. changes of pH or temperature. Apart from amide proton
quantification, amide proton transfer (APT)-weighted imaging allows for the detection of pH changes in the environment of the labelled protons*®
located in proteins. It includes global measurements of in vitro protein unfolding***° leading to possible applications in neurodegenerative
diseases.

The aim of the present study was to assess the potential of APT-CEST to create an ammonia-sensitive imaging method which could benefit
studies of the pathophysiological basis of HE. The influence of ammonia on APT-weighted CEST contrast was investigated with phantom mea-
surements of amide proton solutions with varying pH, levels of ammonia, and levels of APT contrast agents. Finally, the method was tested
in vivo in three participants, including two patients with HE and one healthy control.

2 | MATERIALS AND METHODS

2.1 | Model solution: pure ammonia

In the first phantom, 16 samples with different pH values (post-MR acquisition: pH = 1.1, 1.3, 2.3, 2.5, 3.0, 3.7, 5.3, 5.6, 6.7,7.1,7.8, 8.3, 8.9, 10.0,
10.3, and 11.2) were titrated with hydrochloric acid and sodium hydroxide based on a 500mM ammonia stock solution. The pH values were mea-
sured before and after the MR acquisition using a Mettler Toledo (Columbus, OH, USA) FE 20 with a LE407 pH electrode. This phantom was
designed to measure the behavior of ammonia over a broad range of pH values. Small changes in pH were negligible, so no buffer was used.

2.2 | Model solution: BSA + ammonia

The solution in the second phantom was prepared using a 50mM phosphate-based sodium-hydrogen (PBS) buffer at pH 7.1. Albumin from bovine
serum (BSA) (>98%, Carl Roth, Karlsruhe, Germany) was used as APT-CEST contrast agent. Eight 20 ml tubes with PBS buffer solution containing
increasing ammonia concentrations ([0, 0.5, 5, 50, 500] uM, [5, 50, 500] mM) were prepared with 10% BSA, and incubated at room temperature
for 4 h to allow a potential unfolding reaction. The concentration was chosen as the physiological total protein content is about 10% in the human
brain.}® Another sample with 500mM ammonia was used as reference.

2.3 | Model solution: tissue homogenate + ammonia

In the third phantom, tissue homogenates were created as described by Zaiss and colleagues.’” Homogeneous tissue was extracted from a pig brain,
homogenized using a hollow needle and pestle, and the volume was diluted (1:2) with distilled water. Eight 20 ml tubes were used to prepare solu-
tions containing this tissue homogenate and buffered ammonia solution (with the same ammonia concentrations as the second phantom) at a volume
ratio of 1:2. T, relaxation times of each sample were reduced with 20 uM gadopentetate dimeglumine (Magnevist™, Schering, Berlin, Germany).

24 | Fluorescence spectroscopy experiments

To determine the protein denaturation of the BSA, fluorescence experiments were performed on 1 ml of each sample of the second phantom 2 h
before the MR experiments. An additional BSA sample with 6 M guanidine hydrochloride (GdnHCI) was used as control sample with completely
unfolded protein. Fluorescence was measured with a Jasco (Easton, MD, USA) FP-6500 spectrofluorometer by exciting the tryptophan residues of
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BSA at A = 295 nm (bandwidth 5 nm). Fluorescence emission of each sample was measured three times between A = 310 nm and A = 500 nm with

ZOLLNER ET AL

1 nm data pitch, and averaged afterwards. The ratio of the fluorescence emission intensities at A = 330 nm and A = 360 nm of each sample was
calculated. Subsequently, the OmM ammonia BSA sample was assumed to be natively folded and the GdnHCI-doped sample was assumed to be
completely unfolded. This normalization of the fluorescence emission intensity ratios was used to determine the dependence of protein denatur-

ation on ammonia concentration.

2.5 | Dynamic light scattering experiments

To determine possible protein aggregation of the BSA, dynamic light scattering (DLS) experiments were performed on 1 ml of the 0 and 500mM
ammonia concentration samples of the second phantom. A PSS-380Nicomp (Particle Sizing System, Santa Barbara, CA, USA) DLS device was
used to measure the particle size distribution. Number-weighted Gaussian distributions were calculated for both samples to determine the mean

particle diameter.

2.6 | MR experiments

MR experiments were performed at room temperature on a clinical whole-body 3 T MRI (Siemens MAGNETOM Trio A TIM System, Siemens
Healthcare, Erlangen, Germany) using a 12-channel head matrix coil to receive, and the body coil to transmit. 16 ml of each sample was transferred
into a phantom containing eight tubes. The phantoms were placed inside a large water-filled container to reduce B, inhomogeneities. The first
phantom was measured twice with eight samples in each measurement. In the second phantom, an ammonia reference tube with 500mM ammonia
at pH = 7.1 was added. In vitro CEST data were acquired using a prototype two-dimensional gradient echo sequence. The acquisition parameters
were as follows: T¢ = 3.06 ms; Tg = 10000 ms; flip angle = 10°; FoV = (180 x 180) mm?; matrix size 128 x 128; slice thickness 8 mm. Saturation was
performed with a pulse train of 48 Gaussian-shaped pulses with pulse duration (PD) = 100 ms and inter-pulse delay (IPD) = 100 ms. 44 equidistant
frequency offsets between -4 and 4 ppm were sampled for the first phantom, whereas data were sampled with 66 equidistant frequency offsets
between -5 and 5 ppm for the other phantoms. The unsaturated Sp image was acquired by turning the saturation pulse off within the sequence.
The first phantom was investigated with eight different B, power amplitudes (B, = 0.6,0.8, 1, 1.2, 1.4, 1.7, 2, 2.2 uT), and the other phantoms using
nine different By saturation power amplitudes (B, = 0.4, 0.7, 1, 1.3, 1.4, 1.5, 1.6, 1.7, 2 uT). Relative B; maps were calculated with the double-flip-
angle method*® using flip angles of 45° and 90°. B, inhomogeneities were corrected using a water saturation shift referencing (WASSR) map.*® T,
maps were measured with an inversion recovery sequence with 15 inversion times (T, = 50, 75, 100, 125, 150, 200, 250, 400, 600, 800, 1000,
1300, 1900, 2400, 3500 ms) and Tg = 10 980 ms. T; maps were calculated using Stroketool (Digital Image Solution, Frechen, Germany). T, mea-
surements were made using a multi-spin-echo sequence with 32 echoes between Tg = 50 ms and 1600 ms with Tz = 10 000 ms. T,* was measured
with a multi-gradient echo sequence with 12 echoes between Tg = 4.80 ms and 75.37 ms. The spatial dimensions were the same as described in the
CEST sequence. T, and T,* maps were calculated on an external workstation (syngoMMWP, VE23A, Siemens, Berlin, Germany).

2.7 | MTR,sym evaluation

Finally, averaged z-spectra and magnetization transfer ratio asymmetry (MTR,s,) images were calculated within the regions of interest using an
in-house written MATLAB script (MathWorks, Natick, MA, USA). All images were smoothed using a 3 x 3 pixel Gaussian filter. The z-spectra were
interpolated using the interp1 MATLAB function with a piecewise cubic Hermite interpolating polynomial (pchip) algorithm in steps of 0.05 ppm.
Asymmetry analysis?° was calculated as follows: MTRasym = Zret = Zian, With labelled proton scan Zj,p = Z (Awjap) = S (Awjap)/So and reference at the
opposite frequency Zyes = Z (AWres = ~Awiap) = S (Awrer = ~Awian)/So. In accordance with Guivel-Scharen and colleagues,*! the peak of pure ammo-
nia was investigated with Zj., = Z(2.4 ppm) and Z,¢¢ = Z(-2.4 ppm) within the first phantom. The asymmetry is subsequently referred to as MTR,5ym
(2.4 ppm). For the other phantoms and the in vivo measurements, the MTR,.,m curves were calculated over a frequency range between 0 and
5 ppm within the z-spectra. Subsequently, the APT-weighted signal within the MTR,q,, maps was calculated by averaging MTR,q,r, over a fre-
quency range from 3 to 4 ppm. This will be referred to as MTRsym (3.5 £ 0.5 ppm) in the following. B;i-contrast correction was performed for
the second and third phantoms as described by Windschuh and colleagues?® with a nominal saturation power of B1,nom = 1.5 uT. Statistical anal-
ysis was performed within each tube using a region of interest analysis by applying a binary mask.

2.8 | In vivo measurements

All investigations were approved by the local ethics committee (5179R) and performed in agreement with the Declaration of Helsinki. Two patients
(one male, one female) with clinically confirmed HE, graded as minimal HE (mHE) and HE I, as well as one female age-matched control, were exam-

122 and assessment of the critical

ined after giving prior written informed consent. The minimal HE was determined by neuropsychometric testing
flicker frequency (CFF). In vivo CEST images were acquired using a prototype three-dimensional gradient echo sequence. The acquisition param-
eters were adapted as follows: Tg = 3.06 ms; Tg = 1390 ms; flip angle = 10°; FoV = (230 x 230) mm?; matrix size 192 x 192; 24 slices; slice thickness
5mm; gap 1 mm. Saturation was performed with a pulse train of five Gaussian-shaped pulses with PD = 100 ms and IPD = 100 ms. 22 equidistant

frequency offsets were sampled between -5 and 5 ppm with B; = 1.5 uT. Four three-dimensional gradient echo scans with different flip angles
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(4°, 15°, 23°, 27°) were acquired with the same spatial dimensions as the CEST sequence. A relative B; map was obtained by heavily smoothing the

low flip angle (4°) three-dimensional gradient echo sequence.?® In addition, a T; map was calculated using two of the images above (4°, 15°).2°
Post-processing included motion correction with the co-registration method of the MATLAB toolbox SPM12.24 The 3D volumes of the CEST

and WASSR datasets of each saturation frequency were co-registered to the 3D volume of the first saturation frequency of the CEST dataset (So).

B;-contrast correction was performed as described by Windschuh et al.?*

with a nominal saturation power of By hom = 1.4 UT. Tissue compounds
and cerebrospinal fluid (CSF) were segmented with the SPM newSegment function, and tissue masks were created with tissue probabilities greater
than 0.99 for gray (GM) and white matter (WM). The CSF cut-out mask included only pixels with probabilities greater than 0.8 for GM and WM.
GM/WM tissue fraction ratios were calculated from the number of pixels of each specific tissue class. Mean z-spectra and MTR,s,m curves were

calculated for each specific tissue class.

2.9 | Statistical analysis

The MATLAB corrcoef function was used to calculate Pearsons's correlation coefficients for the relaxation times and MTR,qym values. The in vitro
and in vivo measurements were assessed with MATLAB ttest2 function to perform Student's t-test. Bonferroni correction for multiple compari-
sons was applied to determine significant effects at an individual alpha level of 0.05.

3 | RESULTS

3.1 | MR experiments model solution: pure ammonia

Figure 1A,B shows the calculated mean z-spectra and MTR,qm curves within the tubes of the first phantom containing pure ammonia solutions
with different pH values at By = 0.6 uT. Figure 1C shows the MTR,qm, effect at 2.4 ppm for different B, values. Between pH 1.1 and 5.6, the
measured MTR,sym (2.4 ppm) value is proportional to pH (Figure 1A), whereas at pH > 5.6 the visible asymmetry vanishes (Figure 1B). There is
no apparent MTR,sym (2.4 ppm) effect of ammonia at physiological pH values. The measured MTR,s,m (2.4 ppm) is based on the real chemical
exchange between ammonia and the bulk water at pH values less than 5.64.

3.2 | MR experiments model solution: BSA + ammonia

The mean MTR,5ym, (3.5 = 0.5 ppm) values within the tubes containing 10% BSA solutions at different ammonia concentrations and the ammonia
reference at various B; power amplitudes are depicted in Figure 2. Between B; = 0.7 and 1.5 uT, MTRgym (3.5 = 0.5 ppm) decreases with increas-
ing concentrations of ammonia. The reduction in MTRasym (3.5 + 0.5 ppm) is mainly visible for ammonia concentrations of 5mM or greater. For
higher saturation powers (B; > 1.5 uT) and ammonia concentrations smaller than 5 uM, the proportionality vanishes, which is also the case for low

saturation powers (B1 = 0.4 uT). Therefore, By = 1.5 uT was used for the in vivo measurements. In addition, a negative MTRs,m, occurs within the
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FIGURE 1 A, Mean z-spectra and MTR,,, curves of the tubes within the ammonia phantom at different pH levels between 1.1 and 5.6
measured with B; = 0.6 UT. B, Mean z-spectra and MTR,¢,m curves of the tubes within the ammonia phantom at different pH levels between
6.7 and 11.2 measured with By = 0.6 uT. C, Measured pH dependence of the mean MTR,sm, at 2.4 ppm at different B; saturation powers. The
dotted line in A and B indicates the position of the calculated MTR,qym (2.4 ppm) values
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FIGURE 2 Mean MTR,sym (3.5 = 0.5 ppm) values within the tubes of 10% BSA model solutions with different ammonia concentrations and a
500mM ammonia reference at various By saturation powers. The pH was kept at 7.1

BSA + 500mM NH; sample at low saturation powers. The ammonia reference shows a small negative MTR,q,, of approximately —0.5% through-
out all saturation powers, which is comparable to the measured values in the first phantom at the same pH value.

The mean z-spectra and MTR,s,r, curves within the tubes of the BSA phantom are displayed in Figure 3A. MTR,sym between 1.5 and 4 ppm
decreases with increased ammonia concentration. MTR,¢,m between 1.5 and 4 ppm increases notably in the BSA + 500mM NHj3 compared with
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FIGURE 3 A, Mean z-spectra and MTR,q,m curves within the tubes of 10% BSA model solutions with different ammonia concentrations and a
500mM ammonia reference measured with B; = 1.6 uT. An So image with the colors corresponding to the legend is added as guidance. B,
Concentration dependence plot of the By-contrast-corrected mean MTR,qym, (3.5 = 0.5 ppm) values within the tubes. C, By-contrast-corrected
MTR,sym (3.5 = 0.5 ppm) map of 10% BSA solution with different ammonia concentrations. The By-contrast correction was performed with a
nominal By nom = 1.5 uT
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the ammonia reference. The dependence of the mean MTR,sym, (3.5 £ 0.5 ppm) with a nominal saturation power of By nom = 1.5 UT within the
tubes of the BSA samples with different ammonia concentrations is depicted in Figure 3B, including an MTR,sym (3.5 + 0.5 ppm) map of the phan-
tom (Figure 3C). Strong signal reduction occurs at ammonia concentrations between 5 and 500mM. Concentrations less than 5mM were associ-
ated with lower effects on MTR,qym (3.5 = 0.5 ppm).

Table 1 summarizes the statistics of the measured Ty, T, and T,* values as well as mean MTR,5yr, (3.5 £ 0.5 ppm) with a nominal saturation
power Bj nom = 1.5 UT in dependence on the ammonia concentrations in the regions of interest. Ammonia concentrations higher than 500 uM
introduce a significant difference in comparison with the pure BSA sample. Measured T,* values reveal no correlation with the calculated MTR,¢ym
(3.5 £ 0.5 ppm) within the phantom solutions (r = 0.69; p = 0.62). T, and T values correlate with MTR,sym (3.5 £ 0.5 ppm) (T4, r = =0.96; p < 0.05;
T,, r = 0.73; p < 0.05), which is mainly driven by ammonia concentrations higher than 50mM. For ammonia concentrations lower than 50mM, the
measured Ty and T, values do not correlate with MTR,¢m (3.5 = 0.5 ppm) values (T4, r = =0.71; p = 0.50; T, r = 0.10; p = 0.82).

3.3 | Fluorescence spectroscopy experiments

The fluorescence spectroscopy measurements of the BSA + ammonia phantom are summarized in Figure 4. The overlaid normalized intensity plots
(Figure 4A) and the corresponding denaturation function (Figure 4B) do not reveal denaturation for concentrations below 5mM. For higher ammo-
nia concentrations (>5mM), changes in the denaturation curve appear with around 6, 8, and 25% protein unfolding for 5, 50, and 500mM,
respectively.

3.4 | DLS experiments

The DLS measurements of the BSA sample without and with ammonia showed the same particle size distribution. Although the presence of
ammonia influences protein folding, the size distribution and dispersity of BSA were not changed. The mean particle diameter was calculated
as 3.2 + 5.3 nm for pure BSA and 3.0 + 4.2 nm for BSA + 500mM NHg, which is in accordance with the calculations of Axelsson.?’

3.5 | MR experiment model solution: tissue homogenate + ammonia

Figure 5 demonstrates the MTR,sym (3.5 = 0.5 ppm) map with nominal By nom = 1.5 UT of the tissue homogenate. Possible direct water saturation
effects, inducing a symmetric broadening around the water peak, should be cancelled out by asymmetry analysis (Figure 5A). The signal reduction
becomes apparent even for low concentrations less than 5mM. All samples except the 50 and 0.5 uM show significant signal reduction compared
with the tissue homogenate without ammonia.

3.6 | In vivo measurements

The in vivo measurements are depicted in Figure 6, including mean z-spectra and MTRasym curves of all subjects and segmented tissue types
(Figure 6A,B). The MTR,eym (3.5 £ 0.5 ppm) map calculated with a nominal saturation power of By nom = 1.4 UT is shown with corresponding ana-
tomical pictures of each subject in Figure 6C. MTR,s,r, (3.5 £ 0.5 ppm) is reduced globally within the whole slice with increasing severity of HE.
Regional dependences appear within the occipital brain regions and around the basal ganglia. Tissue specific statistics are summarized in Table 2.
Within the whole slice, mean MTR,ym (3.5 = 0.5 ppm) is reduced by 0.47 percentage points between patients with mHE and HE | (p < 0.01),
whereas reduction between the healthy control and the mHE patient is much lower at 0.03 percentage points (p = 0.94). Tissue specific differ-
ences are higher for GM, where mean MTR,s,m (3.5 = 0.5 ppm) is reduced by 0.23 percentage points between the healthy control and the
mHE patient. In WM the mean MTR,sm, (3.5 + 0.5 ppm) is slightly increased between mHE patients and controls (0.1%). Between the mHE

TABLE 1 In vitro investigations of several MR parameters (with B;-contrast-corrected MTR,ym (3.5 = 0.5 ppm) with a nominal saturation power
of By nom = 1.5 uT) in 10% BSA phantoms with different ammonia concentrations. The statistics were performed within each tube and t-tests were
performed in comparison with 10% BSA solution (asterisks indicates significant difference: *P < 0.007, **P < 0.0014, Bonferroni-adjusted signif-
icance level)

10% BSA + c (NH3) MTR,sym (%) T, (ms) T2* (ms) T1 (ms)

500mM 1.37 £ 0.3** 301 + 82 36 +2 1941 + 45
50mM 6.83 £ 0.8** 336 £ 75 36+1 1883 + 45
5mM 9.38 £ 0.6** 314 + 83 36+1 1889 + 29
500 pM 10.55 + 0.8* 333 +£81 35+£2 1875 + 32
50 uM 10.20 + 0.9 346 + 67 32+1 1915 + 29
5 uM 9.80+1.1 329 + 58 34+2 1896 + 30
0.5 uM 9.91+10 335+ 79 361 1894 + 43
ouM 10.02 + 1.0 345 + 84 35+1 1910 = 54
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FIGURE 4 Fluorescence spectroscopy measurements of BSA model solutions with different ammonia concentrations and GdnHClI reference. A,
Mean normalized fluorescence intensity measured between A = 310 nm and A = 500 nm. B, Denaturation function calculated from fluorescence
emission ratio of A = 330 nm and A = 360 nm, assuming complete or no unfolding within the GdnHCI reference or OmM ammonia BSA sample
respectively. The mean and standard deviation of the three repeated measurements are included

and the HEI patients, mean MTR,sr, (3.5 £ 0.5 ppm) is reduced by 0.53 percentage points in GM and 0.37 percentage points. Median MTR,sym
(8.5 £ 0.5 ppm) is reduced by 0.38 percentage points between the two patients, while the difference in MTR,sym (3.5 = 0.5 ppm) between the
healthy control and the mHE patient is relatively small (0.05%). The standard deviation of MTR,eym (3.5 + 0.5 ppm) is comparable for all measure-
ments at around one percentage point. Mean T, values within the slices were reduced in the mHE patient compared with the healthy control
(difference of 154 ms), and slightly increased in the HE | patient compared with the mHE patient (difference of 13 ms).

4 | DISCUSSION

The influence of ammonia on APT CEST imaging was investigated in model solutions of ammonia and BSA as well as in pig brain homogenates
with ammonia. The measurements revealed a clear decrease of the APT CEST signal with increasing concentration of ammonia within the phan-
tom. In the in vivo measurements in patients with HE, a decrease in the MTR,sym (3.5 = 0.5 ppm) signal occurred when compared with a healthy
control. As a pathological increase of ammonia in the brain of HE patients is a well-known finding, the presented method may be a suitable ammo-
nia-sensitive imaging method to study ammonia levels in the HE brain in vivo.

4.1 | Pure ammonia model solution

The mean MTR,sym (2.4 ppm) of pure ammonia was found to be proportional to pH. For pH > 5.6, the exchange rate reaches the fast exchange
regime, leading to an apparent reduction in MTR,q,m. This base-catalyzed behavior (as shown in Figure 1C) has previously been demonstrated by
Guivel-Scharen and colleagues.!* Above pH = 5.6, the chemical exchange exceeds the range of slow to intermediate proton exchange, leading to a
strong reduction of the MTR,sym (2.4 ppm) value. Therefore, ammonia is not directly observable at physiological conditions using CEST imaging
methods at a magnetic field strength of 3 T.
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FIGURE 5 A, Mean z-spectra within the tubes of pig brain tissue homogenates with different ammonia concentrations measured with
B; = 1.6 uT. B, Concentration dependence plot of the B;-contrast-corrected mean MTR,eym (3.5 £ 0.5 ppm) values of the pig brain tissue
homogenates. C, Calculated B;-contrast-corrected MTR,sym (3.5 = 0.5 ppm) map. The B;-contrast correction was performed with a nominal
Binom = 1.5 uT

4.2 | BSA + ammonia model solution

Ammonia is known to destabilize proteins by increasing their hydrophobic behavior, inducing aggregation which may lead to precipitation of
proteins in solution.?® It is also known to reduce water T, values. At 5 M NH,CI, full water suppression was achieved by spin-spin relax-
ation in MR spectroscopy.?” The effects mentioned above may reduce the APT-weighted signal with increasing ammonia concentrations
(shown in Figures 2 and 3). Ammonia concentrations less than 5mM did not induce aggregation or denaturation, as confirmed with optical
methods (see Figure 4B). For concentrations of 5mM or higher, ammonia induced protein unfolding in up to 25% of BSA proteins. About 6%
protein unfolding was observed at a concentration of 5mM ammonia, which could be assumed as in vivo concentration measured in animal
models.?®

The correlation between the measured T, values and MTR,sym, (3.5 + 0.5 ppm) could be explained by different pathways. One pathway is an
alteration in T,-exchange mechanism through the presence of ammonia reported by Rabenstein and Fan,?” which may induce a reduction of the
water T, values. The second pathway is driven by structural changes within the proteins, which are leading to T, alterations. The fact that T,* did
not correlate with MTR,qm (3.5 + 0.5 ppm) may originate in By inhomogeneities, which covers the exchange-related mechanism in T,*.

The correlation between Ty and MTR,eym (3.5 £ 0.5 ppm) is likely driven by the structural changes within the BSA + 500mM NHg sample, as
the correlation vanishes after exclusion of this sample. In addition, high ammonia concentrations introduce an increasing semi-solid MT leading to
a negative MTR,ym (3.5 = 0.5 ppm) within the BSA + 500mM NH; sample.

Possible effects of B; inhomogeneities, which have a large impact on the observed chemical exchange in CEST imaging,?* are reduced by the
applied B, correction method including a large number of different B; amplitudes measured in the phantom.

As the in-plane resolution was approximately 1.4 mm/pixel for the phantom measurements, partial volume effects within the 1.4 cm tube may
introduce further variation in the pixel intensities. Therefore, the rim of the tubes was avoided in the regions of interest. Through-plane partial
volume effects are assumed to be small, as the slice was placed in the middle of the symmetric phantom, and no concentration gradient should

appear within the tubes.
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FIGURE 6 A, In vivo mean z-spectra and MTR,,r, curves of the segmented tissue (whole slice, WM, and GM) within different subjects measured
with By = 1.5 uT. B, Enlarged mean MTR,,, curves. C, In vivo measurements with corresponding anatomical images (second row). B;-contrast-
corrected MTR,5ym (3.5 £ 0.5 ppm) map with nominal By nom = 1.4 UT of patients with different severities of HE and one healthy control (first row).
The subclinical patient is graded using CFF and psychometric testing, while the HE | patient is rated according to West Haven criteria. The disease
severity and assumed ammonia accumulation increases from left to right

TABLE 2 In vivo investigations of By-corrected MTR,sym (3.5 £ 0.5 ppm) with a nominal By nom = 1.5 KT and Ty values within the depicted slices
(see Figure 6) and segmented tissues (GM and WM). The GMWM ratio is the ratio of the number of pixels of each specific tissue. The statistics
were performed within the whole depicted slice and the segmented tissue

Healthy control mHE HE |
Age (y) 60 62 61
GMWAM ratio 0.45 0.49 0.41

MTR.sym (%) T1 (ms) MTR.oym (%) T1 (ms) MTR,sym (%) T1 (ms)
Whole slice
mean = SD 12+12 1531 + 361 1.1 +£09 1386 + 387 07+11 1399 + 704
median 11 1421 1.0 1282 0.6 1197
GM
mean + SD 19+14 1908 + 376 1.6+ 1.1 1758 + 344 1.1+14 1913 + 852
median 1.8 1856 1.6 1749 1.1 1854
WM
mean + SD 0.8 +£0.8 1478 + 240 0.9 £0.7 1306 + 250 0.5+ 0.6 1273 + 438
median 0.8 1443 0.8 1252 0.5 1186

4.3 | Tissue homogenate ammonia model solution

Regarding the in vivo measurements, it has been shown that in vitro CEST measurements are not directly transferable to in vivo measurements.??
This can be explained by the strong effects of semi-solid MT®C in tissue and the appearance of multi-parametric effects on the measured spectra,
such as increased numbers of resonances overlapping with the observed APT signal.?? The more advanced brain sample aimed for a better model-
ling of in vivo conditions than the BSA model solutions. The reduction in the observed saturation transfer with increasing ammonia concentration
was also found in this tissue measurement. Furthermore, an increasing semi-solid MT occurred in the phantom measurements with increasing
ammonia concentration. In comparison with the BSA phantom, the tissue homogenate contains macromolecules, which are influenced by the pres-
ence of ammonia. Miese et al. reported alterations in semi-solid MT of patients with HE, which were interpreted as a demyelination process or

water content changes.” Our data suggest an influence of ammonia on the MT of water, but could not identify the underlying mechanisms, which
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could be any changes in the macromolecular structure. However, it is not directly comparable to in vivo measurements, where protein concentra-
tions are higher and water concentrations are lower than in the diluted tissue samples. In addition, there is no active metabolism in vitro, and path-
ological changes in metabolite ratios could not be modeled by this approach.

Further potential confounders to the different CEST effect are the unknown composition of the tissue homogenates, and higher water con-
centration, compared with the in vivo condition. T, relaxation times within the phantom (data not shown) were comparable to GM relaxation times
in the in vivo measurements. The overall decrease in MTR,5ym (3.5 £ 0.5 ppm) in comparison with the BSA phantom seems mainly driven by Ty
reduction through gadopentetate dimeglumine. In addition, the concentration of the amide protons may differ between the BSA and the tissue

homogenate phantom.

44 | In vivo measurements

The in vivo data were acquired from patients with different gradings of HE, showing global signal reduction within the depicted slices. Regional
differences appeared mainly within occipital regions and in basal ganglia. Changes in basal ganglia may be driven by T, value alterations due to
pallidal manganese deposition.3! Reduction was stronger in cortical regions, as MTR,sym (3.5 £ 0.5 ppm) decreases more strongly within the
GM. These regional effects should be carefully interpreted, given the low sample size and small differences relative to the signal variance. The
signal variance in the in vivo measurement could be mainly driven by partial volume effects due to the slice thickness of 5mm. Partial volume
effects, particularly at the border between tissue and CSF, will affect the calculated MTR,¢,m and the tissue segmentation. The impact of partial
volume effects in the in-plane dimension should be lower as the resolution was much higher (~1.2 mm/pixel) compared with the through-plane
dimensions. In addition, flow artefacts may increase the variability at the border of tissue and CSF. Based on the phantom measurements, it
can be assumed that the signal reduction is associated with increasing ammonia concentrations. As all slices have roughly the same GM/WM ratio,
differences in tissue composition could be neglected.

4.5 | Other in vivo confounders

In healthy tissue, homeostasis determines intra- and extracellular pH to a tissue specific equilibrium value. Nevertheless, even small changes in pH
may contribute to alterations of MTR,m in the brain. pH may change in different pathologies between 6.9 and 7.2.32 Thus, increased ammonia
concentrations may shift pH to higher values and affect the base-catalyzed amide proton exchange. Zhou and colleagues demonstrated that amide

MTR,sym is proportional to pH in ischemic rat brains,*® which was also reproduced in later work.>®

Transferring these findings to the assumption of
a possible increase due to the presence of ammonia, one would assume an increase in the amide MTR,q,m of HE patients. APT-weighted contrast
may be decreased by the increasing water content of the investigated patients, which was measured in WM from 70.9% in controls up to 72.9% in
patients with overt HE.®

Numerical simulations revealed an increasing amide CEST effect with increasing pH, while amine CEST (~2.85 ppm) decreases, because the
exchange rate of amine protons changes in the fast exchange regime.®* Although the in vivo MTR.sym effect was calculated as the mean between
3 and 4 ppm in the present study, possible changes of the amine CEST effect may contribute to the results.

In vivo measurements may further be influenced by other metabolites, as the ratio of glutamine and glutamate are strongly altered in patients
with HE,%?3> and both metabolites resonate between 3 and 4 ppm?? in the z-spectra. Therefore, an increased GIx/Cr ratio,” which would be
mainly driven by GIn,?® may increase the in vivo MTR,sym between 3 and 4 ppm. As the in vivo APT-weighted signal showed a decreasing trend,
the effect of glutamine and glutamate ratio changes seemed not to affect the APT-weighted signal. Hence, regional dependences of ammonia
accumulation® in HE may account for regional dependences of the observed APT-weighted signal. In the three in vivo measurements, regional
dependences remain unclear, as changes of the CEST effect between the different groups are small. Consequently, larger populations need to
be investigated to evaluate regional dependences of APT-weighted imaging in groups of patients with varying grades of HE severity.

APT-weighted imaging is used as a marker for protein content and is altered by conformational changes within intracellular protein compounds.*>¢

37,38

Thus, hepatocerebral degeneration may explain signal reduction in APT-weighted images with increased concentration of ammonia.

4.6 | Study limitations

Differences between in vitro and in vivo APT measurements have been previously observed in healthy individuals.?? Hence, a phantom consisting
of BSA or tissue samples modified with ammonia can only be seen as a very raw model for HE. As the real concentration of ammonia in human
brain tissue of HE patients is yet unknown, it remains elusive whether the reduced APT-weighted CEST signal is exclusively driven by an increased
ammonia level. However, the phantom results provide a clear indication of the ammonia sensitivity of the APT-weighted CEST signal, if ammonia
is higher than 5mM.

Additionally, water content changes are proposed to alter the semi-solid MT, which is also impacted by demyelination processes in HE.” To
reduce the impact of Ty, T,, and MT, different correction methods have been proposed.>>37%° These correction methods require steady-state
measurements or additional T, and T, maps, leading to increased measurement time. As we aimed for full-brain coverage in the in vivo measure-
ments, saturation did not reach steady state within feasible acquisition times. Hence, the measured chemical exchange is confounded by semi-
solid magnetization and possibly increased water content due to HE. As T, also reflects tissue water content, a T, relaxation compensation of
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the MTR,¢ym values should decrease the impact of water content alterations in the in vivo imaging. Longer T, relaxation times and higher water

concentrations led to higher APT signals within the phantom and may increase the sensitivity to small ammonia concentration differences com-
pared with the in vivo condition. For this reason, relaxation compensation should be applied in follow-up studies.

As B, differs for the in vivo and in vitro measurements (in vitro, eight or nine B, amplitudes; in vivo, one B; amplitude), the impact of B; may
be stronger in the in vivo measurement. In addition, all measurements demonstrated B, inhomogeneities within the depicted z-spectra, which may
affect the measured MTR,q,m values. Furthermore, the reduced number of CEST saturation frequencies that were necessary to reach feasible
acquisition times may affect the sensitivity of the reduction of APT signal within the HE patients. In vitro MTR,q,m changes are mainly driven
by APT changes. To further assess whether the in vivo changes are driven by nuclear Overhauser effect (NOE) or amide proton exchange differ-
ences, imaging contrasts from both sides of the z-spectra could be analyzed.** This approach would disentangle the contributions of NOE and
amide proton exchange, which are mixed within the MTR,,, and might increase the NOE-free APT signal as described by Heo et al#?

As a key limitation, the small sample size of preliminary in vivo acquisitions must be mentioned, which does not allow any final judgement of
CEST imaging in HE. However, the present study was primarily focused on establishing an ammonia contrast in vitro, which showed clear evidence
of the ammonia sensitivity of APT-weighted CEST imaging.

5 | CONCLUSION

The current study shows a well-defined effect of ammonia load on APT-weighted CEST imaging in phantoms by decreased amide MTR,syr,. The
decreased amide MTR,,, in HE patients is likely due to ammonia accumulation. However, the underlying mechanism in the in vivo measurements
needs to be explored in more detail in future investigations. Nevertheless, ammonia-weighted CEST imaging may be useful for the investigation
and clinical monitoring of HE.
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ARTICLE INFO ABSTRACT

Keywords: Hepatic encephalopathy (HE) is a common complication in liver cirrhosis and associated with an invasion of
Amide proton ammonia into the brain through the blood-brain barrier. Resulting higher ammonia concentrations in the brain
Ammonia are suggested to lead to a dose-dependent gradual increase of HE severity and an associated impairment of brain
Critical flicker frequency function. Amide proton transfer-weighted (APT,) chemical exchange saturation transfer (CEST) imaging has
SIE:T been found to be sensitive to ammonia concentration. The aim of this work was to study APT,, CEST imaging in

patients with HE and to investigate the relationship between disease severity, critical flicker frequency (CFF),
psychometric test scores, blood ammonia, and APT,, signals in different brain regions.

Whole-brain APT,, CEST images were acquired in 34 participants (14 controls, 20 patients (10 minimal HE,
10 manifest HE)) on a 3 T clinical MRI system accompanied by T; mapping and structural images. T; normalized
magnetization transfer ratio asymmetry analysis was performed around 3 ppm after B, and B; correction to
create APT,, images. All APT,, images were spatially normalized into a cohort space to allow direct comparison.
APT,, images in 6 brain regions (cerebellum, occipital cortex, putamen, thalamus, caudate, white matter) were
tested for group differences as well as the link to CFF, psychometric test scores, and blood ammonia.

A decrease in APT,, intensities was found in the cerebellum and the occipital cortex of manifest HE patients.
In addition, APT,, intensities in the cerebellum correlated positively with several psychometric scores, such as
the fine motor performance scores MLS1 for hand steadiness / tremor (r = 0.466; p = .044) and WRT2 for motor
reaction time (r = 0.523; p = .022). Moreover, a negative correlation between APT,, intensities and blood
ammonia was found for the cerebellum (r = —0.615; p = .007) and the occipital cortex (r = —0.478; p = .045).
An increase of APT,, intensities was observed in the putamen of patients with minimal HE and correlated ne-
gatively with the CFF (r = —0.423; p = .013).

Our findings demonstrate that HE is associated with regional differential alterations in APT,, signals. These
variations are most likely a consequence of hyperammonemia or hepatocerebral degeneration processes, and
develop in parallel with disease severity.

Liver cirrhosis

1. Introduction

Liver cirrhosis is known to manifest in systemic effects. In parti-
cular, the most common neurological manifestation of liver cirrhosis is
hepatic encephalopathy (HE), which comprises a variety of symptoms.
Patients suffering from HE exhibit alterations in cognitive and motor
function as well as behavioral changes. The clinical symptoms of HE

vary with disease severity, starting with mild attentional deficits and
disorientation, cognitive deterioration, and disturbed motor control.
They may develop into somnolence and stupor and in the most severe
case hepatic coma (Butterworth, 2000; Felipo, 2013; Ferenci et al.,
2002; Prakash and Mullen, 2010).

The pathophysiology of HE is not finally understood, but is assumed
to be multifactorial (Cichoz-Lach and Michalak, 2013; Felipo, 2013;

Abbreviations: HE, hepatic encephalopathy; MTC, magnetization transfer; CEST, chemical exchange saturation transfer; APT,,, amide proton transfer weighted; CFF,
critical flicker frequency; mHE, minimal HE; TR, repetition time; TE, echo time; WASSR, water saturation shift referencing; CSF, cerebrospinal fluid; WM, white
matter; GM, grey matter; MTR,sym, magnetization transfer ratio asymmetry; ROI, region-of-interest; NLM, non-local means; GGT, gamma-glutamyltransferase; Glx,

glutamate + glutamine; NOE, Nuclear Overhauser effect
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Haussinger and Sies, 2013). A key element in the pathophysiology is the
invasion of ammonia into the brain through the blood-brain barrier.
Previous studies using >NH;-PET imaging have revealed an increased
uptake of circulating ammonia into the brain of cirrhosis patients
(Keiding et al., 2006; Lockwood et al., 1991).

In addition to increased oxidative stress caused by ammonia accu-
mulation (Norenberg et al., 2005), an excess of glutamine is produced
in the astrocytes as a result of ammonia detoxification by glutamine
synthetase. The increased glutamine concentration in the astrocytes
triggers cell swelling via osmotic imbalance, finally leading to alteration
of brain water homeostasis and emergence of a low-grade edema (Detry
et al., 2006; Haussinger and Schliess, 2008). The emergence of a low-
grade edema was further investigated by different studies using ad-
vanced MR imaging: Quantitative T; mapping and semi-solid magne-
tization transfer (MTC) imaging studies attributed increased T, values
(Shah et al., 2003) and alterations in the calculated MTC effect (Miese
et al., 2006) to increased water content in HE patients. Additionally, a
quantitative water mapping approach has demonstrated a small in-
crease of water content in white matter areas (Shah et al., 2008), while
these findings remained absent in another quantitative water mapping
study including patients with low-grade HE (Oeltzschner et al., 2016).
In general, T,-weighted (Butterworth et al., 1995; Klos et al., 2006;
Pujol et al., 1993; Rovira et al., 2008) or quantitative T, (Shah et al.,
2003) imaging may be altered by increased water content. However, T,
changes especially within the basal ganglia are more likely to be
mediated by manganese deposition, which is a common neurotoxin in
HE (Rose et al., 1999).

All MR visible effects described above are based on the notion of
ammonia accumulation in the patients' brains. Therefore, it is of para-
mount interest to measure ammonia in a most direct way, without the
use of radiation, and with increased resolution compared to **>NHz-PET
imaging.

Chemical exchange saturation transfer (CEST) represents a suitable
tool for the assessment of changes of in vivo ammonia levels. CEST
provides an advanced MRI contrast depending on diluted labile pro-
tons, which are usually undetectable by conventional MRI. The CEST
contrast is based on the mitigation of the bulk water signal due to
magnetization transfer between the bulk water and frequency-selec-
tively saturated labile protons (Wolff and Balaban, 1989). Amide proton
transfer-weighted (APT,) imaging, which is based on magnetization
transfer from exchangeable amide protons of mobile tissue proteins and
peptides (Jones et al., 2012), is an emerging field in CEST imaging. It
allows several applications, such as amide proton quantification, de-
tection of pH changes in the amide proton environment (Mori et al.,
1998; van Zijl et al., 2003; Zhou et al., 2003a), and measurement of
global in vitro protein folding (Goerke et al., 2017, 2015) with possible
applications in neurodegenerative diseases. Additionally, CEST depends
on non-exchange-related factors, such as direct water saturation, MTC,
and water longitudinal relaxation time (Zu, 2018). Thus, these factors
have to be included in the interpretation of possible HE related changes
in APT,, imaging.

In our recent in vitro study, we were able to link increasing ammonia
concentrations to a decreasing APT,, CEST signal through protein de-
naturation (Zollner et al., 2018). We could also apply this finding to
example cases of HE patients. The present study aimed to systematically
investigate the sensitivity of APT,, imaging to HE-related brain am-
monia levels, and to gauge its potential to monitor disease severity and
progression via the HE-related signal alteration in APT,, imaging. To
this end, APT,, imaging was performed in a cohort of clinically well-
characterized HE patients in different grades of severity, as well as
healthy age-matched controls. To investigate the relationship between
disease severity and APT,, imaging, the critical flicker frequency (CFF),
psychometric testing scores, and blood ammonia levels were assessed.
In addition, T; maps were acquired to control for T, effects on the
measured MTR sy values by T; normalization in the region-of-interest
analysis.

Neurolmage: Clinical 22 (2019) 101743

2. Material and methods
2.1. Participants and HE grading

The study was performed in accordance with the Declaration of
Helsinki in its current version (“World Medical Association declaration of
Helsinki: Ethical principles for medical research involving human subjects”,
2013), and was approved by the local institutional review board (study
number 5179R). All participants gave written informed consent prior to
the examination. 15 controls and 20 patients with clinically confirmed
HE, graded as minimal HE (mHE) and manifest HE (HE), were ex-
amined. Exclusion criteria for both patients and controls included
neurological or psychiatric diseases excluding the diagnosis of HE for
the patient group, severe intestinal diseases, the use of any medication
acting on the central nervous system and diagnosed peripheral/retinal
neuropathy. If alcohol abuse was part of the medical history, the patient
had to remain abstinent for =4 weeks prior to examination. The
grading was performed in line with the West-Haven criteria (Ferenci
et al.,, 2002; Kircheis et al., 2002). In addition, neuropsychological
testing, critical flicker frequency (CFF) assessment with portable CFF
goggles (NEVOlab, Maierhofen, Germany), and blood sample tests were
carried out. In the CFF test, the tested individual has to indicate with a
button press when the impression of a virtual light source in 12m
distance changes from a fused light source to a flickering one. After a
short training session, the CFF is assessed eight times, and the mean and
standard deviation are calculated for further analysis. The CFF was
included as it has been shown to be a reliable clinical parameter for HE
monitoring, and accounts for the continuous nature of symptom se-
verity (Kircheis et al., 2014, 2002). One control had to be excluded due
to a CFF value < 39 Hz, which is the cut-off frequency for mHE. The
remaining study population is summarized in Table 1.

HE severity was determined by an experienced clinician and in-
cluded a clinical assessment regarding the mental state and con-
sciousness of the patients and neuropsychometric testing. Computer-
based neuropsychometric tests from the Vienna Test System (Dr.
Schuhfried GmbH, Médling, Austria) consisted of five test batteries and
reported 22 age-validated scores (percentile rank values in comparison
to an age-matched control cohort) reflecting motor and cognitive per-
formance. Better performance was graded with higher scores. The
parameter values were considered as abnormal in case of a percentile
rank lower than 15.9 compared to the control cohort implemented in
the test system. Patients without clinical symptoms of manifest HE, but
with > 1 abnormal psychometric test result were classified as mHE
(Kircheis et al., 2002). Selected scores were incorporated for further
analysis, including cognitive (COG1: time to reject a geometric shape
not matching control shapes; COG2: time to confirm a geometric shape
matching a control shape), fine motor performance (line following test:
LVT1: time per item; LVT2: overall score), motor/precision/speed
(MLS1: hand steadiness/tremor; MLS2: arm/hand precision; MLS3:
arm/hand speed; MLS4: finger tapping speed), and reaction

Table 1
Remaining study cohort.

N Sex [M/ Age [years] CFF [Hz] Etiology of liver
F] Mean = SD Mean + SD cirrhosis
Controls 14 8/6 60.1 = 5.3 442 + 3.4 -
mHE 10 7/3 55.1 + 10.4 41.0 = 3.2 5 ALC, 1 HCV, 1 NASH,
108,2U
HE 10 6/4 59.5 * 6.7 36.4 = 2.3 5 ALC, 2 HCV, 2 NASH,
10s

* Significantly different from controls (p < .05) with non-parametric
Wilcoxon rank sum test.

** Significantly different from controls (p < .01) and mHE (p < .01) with
non-parametric Wilcoxon rank sum test (ALC alcoholic, HCV hepatitis C virus,
NASH non-alcoholic steatohepatitis, OS overlap syndrome, U unknown).
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performance (WRT1: reaction time; WRT2: motor reaction time) scores.
2.2. MR measurements

All MR investigations were performed on a clinical whole-body 3 T
MRI (Siemens MAGNETOM Trio A TIM System, Siemens Healthcare
AG, Erlangen, Germany) using a 12-channel head coil for receive, and
the internal body coil for transmit.

2.2.1. Structural MRI

Following a scout scan, a high-resolution 3D anatomical transversal
T,-weighted magnetization prepared gradient echo (MP-RAGE) scan
(TR/TE = 1950/4.6 ms; isotropic resolution of 1 mm; 176 slices) was
performed aligned to the AC-PC line.

2.2.2. CEST MRI

The CEST images were acquired using a prototype transversal 3-
dimensional gradient echo sequence (TR/TE = 1390/3.06ms; flip
angle = 10°; FoV = (230 x 230) mm?, matrix size 192 x 192; 24
slices; slice thickness 5 mm; gap 1 mm) to obtain full brain coverage. 22
equidistant frequency offsets were sampled between —5 and 5ppm
using a pulse train of 5 Gaussian shaped pulses (pulse duration 100 ms;
inter pulse delay 100 ms, B; = 1.5 uT) for saturation.

The unsaturated S, image was acquired by turning off the saturation
pulse. Additionally, data for B, inhomogeneity correction with a water
saturation reference map (WASSR) (Kim et al., 2009) were recorded.

2.2.3. GRE MRI

Two 3-dimensional gradient echo scans with different flip angles
(FA = 4°, 15) were acquired with the same spatial dimensions as the
CEST images. Relative B; maps were created by heavily smoothing the
low flip angle (FA = 4°) volume (Sabati and Maudsley, 2013). In ad-
dition, T; maps were calculated using the volumes (FA = 4°, 15°)
(Sabati and Maudsley, 2013) leading to a measurement time of 25 min
in total.

2.3. Data processing

2.3.1. Motion correction and brain masking

Motion correction was performed using the co-registration method
of the MATLAB (MathWorks Inc., Natrick, MA, USA) toolbox SPM12
(Friston, 2007). The 3D volumes of the CEST datasets of each saturation
frequency were co-registered to the 3D volume of the 3.5 ppm satura-
tion frequency, as described by Zhang et al. (Zhang et al., 2016). Sub-
sequently, all WASSR datasets were co-registered to the S, volume.
Tissue compounds and cerebrospinal fluid (CSF) were segmented with
the SPM newSegment function, and a brain mask was created, which
included all pixels with probabilities > 0.8 for grey matter (GM), white
matter (WM), and CSF.

2.3.2. MTRggym evaluation

Z-spectra and magnetization transfer ratio asymmetry (MTRasym)
images were calculated for all pixels within the brain mask using an in-
house written MATLAB script. All images were smoothed using a non-
local means (NLM) filter to improve the signal-to-noise ratio, and to
avoid blurring of the images (Yuan et al., 2016). The used filter is a
MATLAB reimplementation (https://de.mathworks.com/
matlabcentral/fileexchange/52018-simple-non-local-means-nlm-filter)
of the NLM filter described by Manjén et al. (Manjén et al., 2008). The
filtered pixel value is calculated by the weighted average of all pixels in
the image. The weights originate from the similarity between the user-
defined neighborhood of the filtered pixel and are defined by an ex-
ponential decay control parameter h and the Gaussian weighted Eu-
clidian distance of the pixels in the neighborhood. The parameters
within the MATLAB toolbox were chosen as follows: search window
t = 3, similarity window f = 2, standard deviation of the Gaussian low-

Neurolmage: Clinical 22 (2019) 101743

pass hl = 0.01, decay control parameter h2 = 18 = 1.180 with o being
estimated from the noise standard deviation of the background of all
images. The factor 1.18 is suggested in the original publication to be
optimal for proton-density weighted images. More details are described
in Manjén et al. (Manjon et al., 2008).

The Piecewise Cubic Hermite Interpolating Polynomial (pchip) algo-
rithm was chosen in the interpl MATLAB to interpolate the spectra in
steps of 0.05 ppm. Asymmetry analysis (Zhou and van Zijl, 2006) was
calculated as follows:

MTRa:ym = Lyef — Ziap
=Z(Awyy = —Awigy) — Z (Awigp)
_ S(Awref = —Awigh) — S (Awiab)
So

With labelled proton scan Zj,, a reference scan at the opposite
frequency Z..r and the unsaturated image S,.

MTR,sym curves were calculated over a frequency range between 0
and 5ppm within the z-spectra. Subsequently, the APT-weighted
MTR,sym maps were calculated by averaging over a frequency range
from 3 to 4 ppm and it will be referred to as APT,, imaging. B;-one-
point-contrast correction is performed as described in detail by
Windschuh et al. (Windschuh et al., 2015). Additionally, T; normal-
ization of the MTR,sym was performed in the region-of-interest (ROI)
analysis to correct for a T; relaxation effects (Zhou et al., 2018). It will
be referred to as APT,,"" MTRusym.
2.3.3. Normalization

Data normalization was performed with the open-source software
package Advanced Normalization Tools (ANTs) (Avants et al., 2009). The
package includes algorithms for bias correction, template construction,
and image normalization. A template from the current study population
was created with the ANTSNormTemp.sh script using the structural
images (Avants et al., 2011). The script uses an iterative approach in-
cluding two steps: At first, all individual structural images are spatially
transformed onto one reference image. Initially, an average of all
structural images was used as reference and 15 iterative steps of affine
transformations were performed to align the volumes. In the second
step, the inverse transformation matrix is applied to the reference
image to update its shape. These two steps are applied iteratively,
starting with the updated reference image of the previous iteration.
Subsequently, 15 diffeomorphism transformations were performed
iteratively with a Greedy Syn algorithm to create the template. The
maximum iterations (parameter -m) within the registrations were as
followed: Iterations 1 to 5 with -m 30 X 90 X 40, iterations 5 to 10 with
-m 60 x 180 x 80 x 45 and iteration 10 to 15 with -m
120 x 360 x 160 x 90. The step size of the image registrations in
every sub iteration (—m) decreased with each level. Afterwards, all
individual scans were normalized to the template using the diffeo-
morphism transformation, and the transformation matrix was applied
to the CEST and T, maps. Thus, all individual CEST and T; maps could
be assessed with an atlas-based statistical analysis.

2.4. Statistical evaluations

2.4.1. Atlas-based analysis

The APT,, images and T; maps were analyzed by an atlas-based
approach, using the Neuromorphometrics atlas integrated in SPM12
(Friston, 2007). The atlas was co-registered to the cohorts template
obtained from ANTs. A set of 6 regions including both hemispheres at
once was included in the analysis. The regions are summarized in
Table 2 and the selection was based on their suggested involvement in
HE pathophysiology as referenced in previous studies (Cauli et al.,
2009; Kril et al., 1997; Oeltzschner et al., 2016; Rovira et al., 2008;
Shah et al., 2003, 2008). Group level differences (control, mHE, HE) in
APT, ™ MTR,sym were investigated with a pairwise non-parametric
Wilcoxon rank sum test. Group differences were considered significant

126



D Reprint Study 2

H.J. Zollner, et al.

Table 2
Atlas based statistics of APT,,"' MTRusym in HE (minimal HE (mHE), manifest

T, normalized MTRgym (%)  Correlation with

Mean ( + SD)
Control  Patients CFF Blood GGT
ammonia
mHE HE T r r
p P P
Cerebellum 0.94 0.92 0.61% 0.043 —0.615 —0.251
(0.48) (1.16) (0.75) 0.807 0.007 0.300
Occipital cortex 0.82 0.88 0.39* 0.102 —0.478 —0.267
(0.60) (0.50) (0.50) 0.564 0.045 0.269
Putamen 0.61 0.76* 0.81 —0.423 -0.285 —0.393
(0.11) (0.09) (0.24) 0.013 0.252 0.096
Thalamus 0.43 0.45 0.48 -0.323 -0.365 —0.454
(0.08) (0.08) (0.18)  0.062 0.137 0.049
Caudate 0.35 0.37 0.42 —0.200 -0.221 —0.008
(0.12) (0.13) (0.16) 0.257 0.379 0.975
White matter 0.49 0.51 0.57 —0.231 —0.409 —0.048
(0.08) (0.12) (0.149) 0.190 0.137 0.847

Asterisks indicate significant differences from controls (* = p < .05). Pound
signs indicate significant differences between patient groups (* = p < .05).
Bold numbers indicate significant correlations over all participants. Reduced
APT, ™! MTR,eym and its correlation with blood ammonia in cerebellar and
occipital regions indicate either increased ammonia accumulation or hepato-
cerebral degeneration. Increased putaminal APT,"! MTR,qm are related to
other contrast mechanisms, such as strong alterations in metabolite con-
centrations.

forp < .05.

Relationships between CFF and APT,,"" MTRgsym, blood ammonia
and APT,,”" MTR,sym, and between psychometric scores and APT,,™
MTR sy Were compared with a bivariate two-sided Pearson correlation
test. Correlations were considered significant in case p < .05. No
multiple comparison correction was employed in the analysis.

All statistical analyses were performed using IBM SPSS Statistics for
Windows, Version 24.0 (IBM Corp., Armonk, NY, USA).

3. Results

All 34 MRI datasets (14 controls, 10 mHE, 10 HE) remained in the
final analysis. The manifest HE group included 9 HE I patients and one
patient graded as HE II. One HE I patient did not undergo psychometric
testing, and two patients did not undergo blood testing (1 mHE, 1 HE).

3.1. APT,, atlases

Mean group APT,, atlases are depicted in Fig. 1. The atlases indicate
decreasing APT,, MTR,ym in the cerebellum and the occipital region of
the manifest HE patients. In addition, slight alterations in deep grey
matter regions are occurring, as APT,, MTR,sn, increases within the
Putamen. An absence of changes is visible for caudate, thalamus, and
the selected white matter region.

Supplementary Fig. 1 represents the mean APT,, atlases, as well as
the corresponding slices of mean T1 atlases. To avoid any contamina-
tion of APT,, effects by water longitudinal relaxation, a T; normal-
ization was performed in the ROI based analysis. Group results and
correlations with critical flicker frequency (CFF), blood ammonia, and
gamma-glutamyltransferase (GGT) concentration are summarized in
Table 2. The ROI based analysis is summarized in the following sec-
tions. The figures are focused on the ROI with significant differences in
the measured APT,,"" MTRsym.
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3.2. Cerebellum

Mean cerebellar APT,,™ MTR,eym values were reduced in HE pa-
tients compared to mHE patients (p < .05; Fig. 2a) indicating higher
levels of ammonia or hepatocerebral degeneration in the patients with
manifest HE compared to minimal HE. No differences were found be-
tween controls compared to both patient groups. A negative correlation
of cerebellar APT,, imaging blood ammonia levels (r = —0.615;
p = .013; Fig. 2b) and a positive correlation with the psychometric
MLS1 (hand steadiness / tremor) score (r = 0.466; p = .044; Fig. 2c)
were found. Furthermore, a positive correlation of the psychometric
WRT?2 score and mean APT,,"" MTR,gym could be observed (r = 0.523;
p = .022; Fig. 2d).

3.3. Occipital cortex

A decrease in mean APT,,™! MTR,sym Was observed between controls
and HE patients (p < .05), whereas no significant differences were
detected between controls and mHE patients and between both patient
groups (Fig. 3a). A negative correlation of occipital APT,, imaging and
blood ammonia levels (r = —0.476; p = .045; Fig. 3b) and a positive
correlation with the psychometric MLS2 (arm/hand precision) score
(r = 0.544; p = .016; Fig. 3c) were present. A positive correlation of
occipital APT,, imaging and psychometric MLS2 (arm/hand precision)
score (r = 0.544; p = .016; Fig. 3c) and a negative correlation with
blood ammonia levels (r = —0.476; p = .045; Fig. 3b) were present.
Additionally, a positive correlation between the psychometric LVT1
score and the mean APT,, " MTRsym Was found (Fig. 3d).

3.4. Putamen

Mean putaminal APT,, ™ MTR,eym Were increased in mHE patients
compared to controls (p < .05), whereas no differences were found
between controls and HE patients and between the two patient groups
(Fig. 4a). Additionally, the mean values in the HE patient group showed
a greater variability. A negative correlation of CFF and APT,, " MTRaeym
was observed (Fig. 4b). In contrast to the cerebellar and occipital re-
gion, the increased putaminal APT, ™! MTR,5ym suggests the domination
of other contrast mechanism, such as increased glutamine concentra-
tions, in this region. Alterations through increased water or the accu-
mulation of manganese were ruled out by T; normalization.

3.5. Psychometric testing

Results of the correlation analysis of the psychometric tests are
summarized in Table 3. The motor score MLS1 and the motor reaction
time score WRT2 correlated positively with the APT,,”" intensities in
the cerebellum. This indicates a connection between motor deficits of
HE patients and reduced APT,,"* MTR,ym in the cerebellum. The line
following scores LVT1 and LVT2, the motor scores MLS2 and MLS3, as
well as the motor reaction time WRT2 correlated positively with the
observed APT,,"! intensities in the occipital cortex.

4. Discussion

In the present in vivo CEST study, we applied chemical exchange
saturation transfer imaging to investigate the link between hepatic
encephalopathy, blood ammonia levels, and APT,, measures which re-
flect cerebral ammonia levels. Our results reveal reduced APT,,
MTR,sym Within the cerebellum and occipital regions correlating both
with blood ammonia and psychometric scores. Additionally, APT,, in-
tensities are increased within the putamen of mHE patients.
Furthermore, putaminal APT,™! MTR,sym correlates negatively with
CFF.
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template ROI control mHE

4.1. CEST and clinical parameters in HE

Psychometric testing, CFF, and blood ammonia are common clinical
parameters to assess the severity of HE, especially in cases of minimal
HE, when no clinical overt signs of HE are apparent (Kircheis et al.,
2014). Decreased fine motor abilities in HE patients are reflected in
decreased MLS1 score, which correlate with APT,,™ MTRyeym in the
cerebellum in the present work. Increased ammonia accumulation or
hepatocerebral degeneration, reflected in decreasing APT, ™! MTR a5ym,
might be associated with these findings. This notion tallies previous
findings demonstrating that cerebellar damage is linked to sensorimotor
deficits (Miall et al., 2007) and slower upper limb movements (Manto
et al., 2012). In minimal HE, motor impairments manifest in decreasing
finger movement frequency and increasing movement amplitudes even
prior to alterations in psychometric test scores (Butz et al., 2010).
Therefore, APT,, MTR,sym could shed light on cerebellar alterations
leading to impaired motor performance in HE. An additional hint to this
interpretation is the correlation with the motor reaction time (WRT2)
score.

The contrast mechanisms behind APT,, imaging are assumed to be
multifactorial and are a matter of debate in the literature today.
Possible confounders are changes in pH (Zhou et al., 2003b), water
content and water T1 (Lee et al., 2017), and concentration changes in
metabolites and proteins (Zaiss et al., 2015), as well as altered protein
conformation within intracellular protein compounds (Goerke et al.,
2015), to mention a few. These factors are discussed further in 4.3.
Based on our previous study and the supplementary data (Supplemen-
tary Fig. 2) we assume changes in the protein structure to be the main
contributor to the observed contrast change in our study. Whether these
changes are mediated through direct conformational changes in the
protein structure or indirect mechanisms of ammonia, however, cannot
be disentangled with the present findings. Thus, hepatocerebral de-
generation (Victor et al., 1965; Yalcin et al., 2016) might contribute to
the signal reduction in APT,, images in more severe HE affecting the
cerebellum specifically (Butterworth, 2007). Cerebellar degeneration in
HE is characterized by loss of Purkinje cells, and alcoholic abuse is
associated with a greater degree of severity of loss of these cells, and a
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HE Fig. 1. Mean group atlases of APT,
MTR,sym in healthy controls and HE pa-
tients. The rows depict three representative
slices including the six selected regions of
interests (ROI) (Red: Cerebellum; Yellow:
Occipital cortex; Cyan: Putamen; Magenta:
Thalamus; Green: Caudate; Blue: White
matter). The template of the current study
population is depicted in the first column.
ROI are illustrated in the second column.
The last three columns display the mean
atlases of the APT,, imaging of each group
(control, minimal HE (mHE), manifest HE
(HE)). The signal reduction could either be
linked to increased ammonia accumulation
or hepatocerebral degeneration.

MTRasym (%)

K
2
1
0

higher HE prevalence (Kril et al., 1997). In light of the etiology of our
patient cohort (50% alcoholic liver cirrhosis, 50% non-alcoholic
etiology), APT,,"" MTR,sym may be altered by an alcohol-induced high
degree of cell loss in the cerebellum. Moreover, the appearance of
Alzheimer type II astrocytes is likely in those patients (Kril et al., 1997).
These cells undergo morphological changes and thus, might alter the
APT,,”* MTRusm by changing the number of exchangeable amide
groups within the measurement volume. Further in vitro CEST studies
including different cell types with HE-related morphological changes
might unravel their specific contribution to our findings at hand.

Previous studies reported an involvement of the visual cortex in HE.
This includes worse performance in CFF tests (Kircheis et al., 2014),
reduced visual GABA/Cr levels (Oeltzschner et al., 2015), abnormal
neuronal activity in resting-state fMRI of the visual cortex (Chen et al.,
2012), slowed frequency of of alpha and gamma band oscillations re-
corded with MEG (Baumgarten et al., 2018; Kahlbrock et al., 2012), and
alterations in visual evoked potentials (Zeneroli et al., 1984). This in-
volvement is reflected in significant reduction of APT,, signals within
the occipital cortex and its correlation with the psychometric scores.
Increased ammonia accumulation, reflected by decreasing APT, "
MTRasym, could lead to an impairment of visual perception through
neurotransmitter imbalance by ammonia detoxification. A link to CFF
was only found within the putamen. This could be due to the fact of
relatively large dispersion of the measured APT,, MTR,syr, signals. The
strong correlation of blood ammonia levels with APT,, signals in cere-
bellum and occipital cortex substantiates our findings as markers for HE
severity.

Further liver disease related markers from the blood test, such as
gamma-glutamyltransferase (GGT) concentrations displayed significant
correlation with APT,,"* signals in the thalamus. Future CEST studies
including larger number of patients and especially patients at higher
diseases stage (HE II) may help better clarifying links between clinical
parameters and APT,, signals in different brain regions.

4.2. Ammonia in HE

The multifactorial nature of the pathophysiology of HE includes
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Fig. 2. APT,, imaging of the cerebellum in healthy controls and HE patients (minimal HE (mHE), manifest HE (HE)). (a) Group boxplots including mean APT,,™*
MTR,eym values. Asterisks indicate significant differences between groups (p < .05). Correlations between blood ammonia levels (b), psychometric MLS1 score
(hand steadiness/tremor) (c), psychometric WRT2 score (motor reaction time) (d), and mean APT,,™ MTRsym. The data suggests a strong cerebellar involvement in
HE explaining poor motor performance of HE patients, which could possibly be linked to ammonia accumulation or hepatocerebral degeneration.

several alterations in brain metabolism, which interact with the APT,,
imaging contrast. A key role in the pathophysiology is attributed to the
invasion of ammonia in the patients' brains (Cichoz-Lach and Michalak,
2013; Héaussinger and Sies, 2013). At physiological pH levels, ammonia
remains invisible to the classical CEST approach, due to its high ex-
change rate. Nevertheless, our recent study could demonstrate a link
between ammonia concentration and APT,, MTR,sm protein signal
(Zollner et al., 2018).

In vitro, the contrast mechanisms were mainly driven by an induced
protein denaturation through ammonia, while contrast mechanisms
remained unclear in the in vivo cases (Zollner et al., 2018). Our data
describes APT,, signal reductions in the cerebellum and the occipital
cortex of HE patients, including correlations with blood ammonia levels
and psychometric test scores. A possible interpretation is to link this
reduction to an increased ammonia load in these regions, as we already
assumed in our in vitro experiments.

Our findings are in line with an earlier ">NH3-PET study (Keiding
et al., 2006) depicting a correlation between blood ammonia and the
metabolic flux of ammonia. In this work, the metabolic flux was defined
as the product of the netto metabolic clearance in blood from in-
tracellular metabolites and arterial ammonia concentration, which was
deduced from radioactively marked ammonia. Intracellular glutamine
is linked to ammonia removal through glutamine synthase within the
brain. As APT,, signal predominantly reflects intracellular protein
compounds we assume the contrast changes in our study to be mediated
through ammonia within the astrocytes, which is underlined by

comparable correlations in cerebellum and cortex (Keiding et al.,
2006). Therefore, we speculate APT,, signal to reflect the metabolic flux
of ammonia. At present, a more elaborate differentiation of ammonia
kinetic remains inaccessible with APT,, imaging as it is measured
without contrast agents and reflects an averaged metabolism during the
whole acquisition. In the present study, we found an increased APT,,
signal in the putamen and a negative correlation with the CFF, which is
in contrast to the findings reported by Keiding et al. for the basal
ganglia (Keiding et al., 2006). This result indicates the potentially
larger contribution of another contrast mechanism in this region. Such
changes might be driven by increased manganese levels within the
basal ganglia (Felipo, 2013; Haussinger and Sies, 2013; Prakash and
Mullen, 2010; Rose et al., 1999; Rovira et al., 2008).

Earlier PET studies (Keiding et al., 2006; Lockwood et al., 1991) also
reported increased cerebral metabolic rates and radioactivity of am-
monia in the thalamus, respectively. Additionally, thalamic volume
changes were found via voxel-based morphometry studies in HE (Lu
et al., 2018). In the present study, thalamic APT,, signals only corre-
lated with GGT concentrations. Firstly, increased glutamine con-
centrations could interfere with the effect of ammonia, which is com-
plementary to our additional phantom experiments (Supplementary
Fig. 2). Secondly, the changes in thalamic volume could alter the APT,,
signal due to changes in the protein concentration. Thirdly, the changes
in APT,, signal could be dominated by hepatocerebral degeneration,
which possibly differs between various regions. Yet, these explanations
need to remain speculative.
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Fig. 3. APT,, imaging of the occipital cortex in healthy controls and HE patients (minimal HE (mHE), manifest HE (HE)). (a) Group boxplots including mean APT,,*
MTR,eym values. Asterisks indicate significant differences between groups (p < .05). Correlations between blood ammonia levels (b), psychometric MLS2 score
(arm/hand precision) (c), psychometric LVT1 score (time per item) (d), and mean APT,," MTR,sym Vvalues. This might explain alterations in visual perception of HE

patients with increasing diseases severity due to ammonia accumulation.

Ammonia detoxification by glutamine synthase triggers the accu-
mulation of glutamine within astrocytes (Felipo, 2013; Héussinger and
Sies, 2013; Prakash and Mullen, 2010). Several studies reported dis-
turbance in glutamate/glutamine balance, such as increasing glutamine
concentrations after chronic liver failure in rat models (Swain et al.,
1992), and elevated glutamine concentrations in basal ganglia (Miese
et al., 2006) and cortical brain regions of HE patients (Hédussinger et al.,
1994; Kreis et al., 1991; Oeltzschner et al., 2015). Glutamine and glu-
tamate are both CEST-sensitive, and resonate between 3 and 4 ppm
(Schmidt et al., 2016).

As a result, signal contributions of both metabolites might interact
with the APT,, mechanism used in this study. In this case, the increasing
APT,, signal and the negative correlation with the CFF in the putamen
could be interpreted as increased glutamate + glutamine (Glx) ratios.
In additional phantom experiments (Supplementary Fig. 2), we found
that ammonia dominates the contrast mechanism with its presence, by
adding in vivo realistic glutamate, glutamine (control and HE con-
centrations), and ammonia concentrations in one solution.

Besides, a 3T system does not have a high sensitivity to depict
changes in either glutamate or glutamine (Lee et al., 2016), but showed
sensitivity to ammonia load in protein based solutions (Zollner et al.,
2018). Hence, the underlying mechanisms in the putamen remain un-
clear, but are likely to be linked to HE disease severity.

4.3. CEST-sensitive confounders

Starting from APT,, imaging, we adapted our saturation parameters
in two ways (Zollner et al., 2018). In in vitro experiments, the saturation
parameters were selected to maximize the contrast gained from the
effect of ammonia on the protein signal. Then, these saturation para-
meters were used to create full brain coverage within the in vivo mea-
surements. In vitro, we were able to link the alterations in APT,, signals
directly to ammonia, but in vivo, ammonia could only be one of a few
contributors to the alterations. Another physiological change described
for HE is the osmotic imbalance, which is triggered through the am-
monia depletion. Finally, alterations in brain water homeostasis and the
emergence of a low-grade edema are reported (Héussinger and Schliess,
2008). Regarding the MR visibility of these changes, one study reported
water content changes of about 2% in several brain regions including
the putamen (Shah et al., 2008), whereas an absence of MR visible
water content changes was reported in another study in HE patients in
less severe stages (Oeltzschner et al., 2016).

Several APT,, CEST studies at 4.7 T and 7 T emphasize that water
content plays a minor role in the contrast formation of APT only
(Khlebnikov et al., 2016; Lee et al., 2017). However, as the APT,, values
were normalized by the T1 relaxation time, any possible T1 effect can
be neglected.

Quantitative T; (Shah et al., 2003) and T;-weighted (Butterworth
et al., 1995; Klos et al., 2006; Pujol et al., 1993; Rovira et al., 2008)
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Fig. 4. APT,, imaging of the putamen in healthy controls and HE patients
(minimal HE (mHE), manifest HE (HE)). (a) Group boxplots including mean
APT,, ! MTRaeym. Asterisks indicate significant differences between groups
(p < .05). (b) Correlation between critical flicker frequency (CFF) and mean
APT,™ MTR,sym values. The data suggests the domination of other contrast
mechanisms, such as metabolite concertation changes.

changes are known to be a key finding in MR imaging of hepatic en-
cephalopathy. To rule out the contamination of our MTRygym We em-
ployed a T; normalization, which resolves in pure APT,, contrast

Table 3
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mechanisms. In addition, a recent study claimed that MTR sy, of amide
protons at the saturation parameters (B, ts,) used in the present study
is roughly insensitive to water longitudinal relaxation time (Zu, 2018).

4.4. Limitations

One limitation of the present study is the number of included pa-
tients. As our data suggests that the APT,, signals are strongly altered in
manifest HE, the inclusion of more patients in the higher HE grade
could have strengthened our findings. However, the inclusion of pa-
tients in higher disease stages is hard to achieve, as patient compliance
is needed both to perform psychometric testing and to achieve sufficient
quality of MR data without a substantial amount of movement artifacts.

Another limitation is the number of analyzed ROIs, which included
prior knowledge and assumptions within the analysis and led to the fact
that some effects might be missed in other brain regions. Thus, all in-
terpretations remain descriptive in the first place and final conclusions
about affected brain regions and APT,, imaging as marker for HE se-
verity have to be confirmed in future larger studies. In addition, the
inclusion of larger cohorts would allow the implementation of non-
parametric voxel based analysis (Holmes et al., 1996). This technique
excludes user-biased ROI analysis and could give further insight in the
disease progression and spatial distribution of HE-related changes.
Nevertheless, the present study indicates that APT,, imaging is a pos-
sible marker for HE, as correlations with HE-related clinical markers
were evident.

The sensitivity of the CEST technique is another limitation and a
possible explanation for the absence of thalamic alterations in the
present study. As discussed above, several confounders to the APT,,
signal remain elusive, which could lead to increasing type II error rates.
In future studies, a combination of MRS with the CEST technique could
shed light on the underlying contrast mechanisms. By using the voxel-
based acquisition technique EXPRESS (Walker-Samuel et al., 2012) in
combination with J-difference-edited MEGA-PRESS spectroscopy
(Mescher et al., 1998) or a novel accelerated spectral editing sequence
allowing the measurement of multiple compounds at the same time in
the same brain region (Saleh et al., 2016), the interplay between neu-
rotransmitter metabolism (GABA, glutamate, glutamine), osmolytes
(myo-inositol), oxidative stress markers (glutathione), and changes in
the protein signals could be investigated. These studies may focus on
alterations in cerebellum and thalamus, as the interplay of metabolism
and HE is yet unclear in these regions. Additional acquisition of water
references would further allow drawing conclusions about water con-
tent.

To reach sufficient acquisition times and full brain coverage, rela-
tively short saturation times, small numbers of saturation frequencies,

Correlations of psychometric test scores and mean APT,, " MTR,sym (COG1: time to reject a geometric shape not matching control shapes; COG2: time to confirm a
geometric shape matching a control shape; line following: LVT1: time per item; LVT2: overall score; MLS1: hand steadiness/tremor; MLS2: arm/hand precision;
MLS3: arm/hand speed; MLS4: finger tapping speed; WRT1: reaction time; WRT2: motor reaction time). Bold numbers indicate significant correlations.

COG1 COG2 LVT1 LVT2 MLS1 MLS2 MLS3 MLS4 WRT1 WRT2
r r r r r r
P p P p p P p P p p
Cerebellum 0.164 0.162 0.299 0.277 0.466 0.443 0.357 0.156 0.282 0.523
0.503 0.508 0.213 0.250 0.044 0.058 0.133 0.525 0.243 0.022
Occipital cortex 0.378 0.400 0.547 0.469 0.399 0.544 0.526 —0.092 0.356 0.531
0.110 0.089 0.015 0.043 0.091 0.016 0.021 0.708 0.019 0.019
Putamen —0.093 —0.105 0.318 0.391 0.314 —0.034 —0.013 0.258 -0.139 0.285
0.704 0.668 0.184 0.098 0.191 0.890 0.958 0.286 0.569 0.237
Thalamus —0.070 —0.102 0.124 0.185 0.181 0.272 0.181 0.038 —0.056 0.188
0.776 0.678 0.614 0.449 0.458 0.260 0.458 0.876 0.821 0.441
Caudate —0.335 —0.381 —0.150 —0.146 0.151 —0.174 —0.301 0.384 -0.373 0.005
0.161 0.108 0.539 0.552 0.538 0.476 0.210 0.104 0.116 0.985
White matter —0.140 -0.170 0.038 0.114 0.236 0.356 0.108 —0.021 0.002 0.099
0.567 0.488 0.876 0.643 0.330 0.135 0.659 0.930 0.994 0.688
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and a non-steady state acquisition were chosen in the present study.
Faster imaging sequences would allow improving those parameters,
which could even include steady-state CEST measurements within the
acquisition. As a result, further correction of the CEST signal could be
implemented, such as AREX (Zaiss et al., 2015) or EMR (Heo et al.,
2016). More advanced quantification approaches like Lorentzian fitting
(Zaiss et al., 2011) could also improve data quality and strengthen the
findings. Additionally, a Lorentzian fitting model could be able to dis-
tinguish between APT, Nuclear Overhauser effect (NOE), and MTGC, if a
suitable model is chosen. Apart from the fact that ammonia only affects
the APT exchange in in vitro experiments (Zollner et al., 2018), some in
vivo studies reported MTC to be altered in HE patients (Miese et al.,
2006). Moreover, morphological changes might affect the NOE, thus
Lorentzian fitting could give further insight to the underlying contrast
mechanisms in HE. It was not implemented in the current study, as it
requires a large number of saturation frequencies leading to long total
acquisition times. The implemented MTR sy, analysis combined with
the full brain coverage already permits the distinction between controls
and patients, based on APT,, signal alterations in several brain regions.

5. Conclusions

Hepatic encephalopathy is associated with a region-specific de-
crease of APT,, signals, in particularly in the cerebellum and the occi-
pital cortex. These signal changes are linked to increased blood am-
monia concentrations, and clinical scores of cognitive and motor
function. These variations are most likely a consequence of hyper-
ammonemia or hepatocerebral degeneration processes and develop in
parallel with disease severity. Therefore, APT,, CEST imaging could be
a possible tool to investigate HE and advance the understanding of
region-specific alterations in HE and its clinical equivalents. By in-
cluding additional methods to quantify metabolite levels and water
content, the interplay between metabolism and protein signal altera-
tions in HE could be assessed in more detail in future studies.
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Abstract

To generate recommendations for the design of edited magnetic resonance
spectroscopy studies, the influence of varying signal-to-noise ratio (SNR) and linewidth
on modeling of GABA+ using MEGA-PRESS was investigated.

MEGA-PRESS data from 48 volunteers were averaged to generate a template MEGA-
PRESS spectrum, which was modeled and quantified to generate a GABA+ level ground
truth. This spectrum was then manipulated by adding 427 combinations of varying
artificial noise levels and line broadening, mimicking variations in GABA+ SNR, and BO
homogeneity. GABA+ modeling and quantification was performed with 100 simulated
spectra per condition using automated routines both in Gannet 3.0 and Tarquin. The
GABA+ estimation error was calculated as the relative deviation to the quantified
GABA+ ground truth levels to assess the accuracy of GABA+ modeling. Finally, the

accordance between the simulations and different in vivo scenarios was assessed.

The GABA+ estimation error was smaller than 5% over the entire range of GABA+ SNR
for creatine linewidths lower than 9.7Hz (Gannet 3.0) or unequal 10.6Hz (Tarquin). The
standard deviation of the GABA+ amplitude over 100 spectra per condition varied
between 3.1 and 17% (Gannet 3.0) and between 1 and 11% (Tarquin) over the in vivo
relevant GABA+ SNR range between 2.6 and 3.5.

GABA+ edited studies might be realized for voxels with low GABA+ SNR at the cost of
higher group-level variance. The accuracy of GABA+ modeling had no relation to
commonly used quality metrics. Time domain fitting was found to be more robust against

linewidth changes than frequency domain fitting.

http://mc.manuscriptcentral.com/nbm

Page 2 of 33

136



E Reprint Study 3

Page 3 0of 33

ONOUVDA WN =

o

NMR in Biomedicine - For Peer Review Only

Introduction

At 3T, J-difference-edited '"H MRS has become a common tool to investigate the major
inhibitory neurotransmitter y-Aminobutyric acid (GABA) noninvasively . To this end, the
Mescher-Garwood PRESS 2 (MEGA-PRESS) is increasingly used. A J-difference-edited
MRS experiment usually consists of two sub-acquisitions (‘ON’ and ‘OFF’), which differ
in the frequency of an editing pulse which is applied to differentiate signals from different
spin systems according to their coupling networks. In a GABA-edited experiment, the
‘ON’ pulse editing frequency is set to 1.9 ppm to refocus the evolution of the 3-ppm
(GABA) signal, whereas 7.5 ppm is chosen in the ‘OFF’ experiment to let the coupling
evolve freely. These experiments are usually repeated several hundred times to
increase the signal-to-noise ratio (SNR). After averaging, the difference spectrum
between ON and OFF experiments is calculated. Since the signals from Cr are identical
in both halves of the experiment, they cancel out upon subtraction, rendering the
underlying 3-ppm GABA resonance visible. The described editing scheme is co-editing
homocarnosine and macromolecules 3; therefore, the quantified 3-ppm signal is

commonly termed GABA+.

GABA+-edited MEGA-PRESS has been frequently applied both in clinical and in
behavioral studies. Measured GABA+ concentrations correlate with functional
tasks/imaging 2. Altered GABA+ concentrations are observed in healthy aging 6-8 as
well as in various diseases including ADHD 9 and Tourette syndrome'°. Further changes
measured via GABA+-edited spectroscopy were reported for ALS ! and hepatic

encephalopathy 12,

Due to low concentrations of GABA (1-2 mmol/l) in the brain, strong signal overlap and
the effort to implement difference editing, the in vivo quantification remains technically
challenging. Various sources of variance have been identified, including hardware
influences, e.g. scanner drift 3.4 or differences in sequence implementations between
vendors 1516 Therefore, limitations exist regarding the minimal spectroscopic voxel size,
the number of acquired transients and the required statistical power for the analysis 7.
In neurophysiological diseases showing regional specific effects, it remains challenging
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to create suitable voxel dimensions to reach sufficient SNR within acceptable scanning
durations. Large voxel volumes up to 27 ml are the default recommendation for
obtaining sufficient SNR . This approach sacrifices much needed anatomical specificity
for measurement reliability and increases the risk of unknown partial volume effects. In
some studies the voxel size was reduced to the target area '8, but this resulted in
substantially higher inter-subject variance as compared to usually ~12 % in typical
GABA+-edited investigations 5. Another relevant parameter in MRS is the shim quality,
as broad lines hinder the resolution of neighboring resonances and frequency precision
is elementary for spectral editing. BO field homogenization is of particular concern when
investigating frontal or deep brain structures, as these tend to be close to areas of strong

susceptibility gradients.

Unknown errors resulting from data modeling are another challenge in MRS. Usually,
Cramer-Rao-lower-bounds (CRLB) '° or the GABA+ amplitude normalized standard
deviation of the fit residual, as implemented in Gannet2°, are used to provide a measure
of uncertainty of the metabolite modeling. Outlier criteria based on CRLB, SNR, or
linewidth, may also be used to judge whether the data has been modeled reliably 81221,
The major effect of SNR on the reliability of the fitting is commonly known and has been
investigated in various studies 2224, Yet, the deviation of the model from real metabolite
levels remains unclear. To judge the reliability of a MRS method, several approaches
have been proposed: measuring the reproducibility via a test-retest approach 2526,
manipulation of simulated datasets to create various spectral qualities 2728, and most
recently a correlation analysis of specific metabolites between different spectroscopy

techniques acquired in the same voxel 2°.

The aim of this study was to investigate the impact of varying SNR and linewidth on
modeling of GABA+. To this end, a MEGA-PRESS spectrum with a ground truth GABA+
peak area was manipulated to achieve various SNR levels and linewidths. Afterwards,
spectra were quantified with two quantification tools for GABA+-edited MRS. The
deviations of the modeled GABA+ area from the ground truth GABA+ area were
calculated to determine minimal requirements of SNR and linewidth. Finally, the
accordance in terms of GABA+ fit error, group variance, and number of rejected spectra
between the simulations and two in vivo GABA+-edited scenarios was assessed.
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Material and Methods

In a first part, different SNR levels and linewidths were added to a template MEGA-
PRESS spectrum, and GABA+ levels were derived by modeling the spectra with two
different analysis software tools. In a second part, different in vivo scenarios were
analyzed to assess the accordance between the simulations and the in vivo GABA+

modeling.

MEGA-PRESS simulations

Creation of the template MEGA-PRESS spectrum

A template MEGA-PRESS spectrum with known metabolite concentrations was created
as follows: A template MEGA-PRESS spectrum (number of excitations (NEX) = 256,
TR\TE = 2000\68 ms, bandwidth = 4000 Hz, V = 27 ml, 4096 datapoints) was created as
mean Siemens datasets of 48 volunteers. This dataset is the outcome of a recent ‘Big
GABA' multi-site study 15, which is available to the public from the NITRC data repository
(http://www.nitrc.org/projects/biggaba) as. For each individual dataset, all 256 averages
were frequency-and-phase corrected via spectral registration 3 using the MATLAB-
based (MathWorks Inc., Natick, MA, USA) toolbox Gannet 3.0 20, without applying zero-
filling. Two datasets were excluded after visual inspection due to severe frequency drift.
The template ON and OFF spectra for the simulations were baseline corrected and
normalized with the individual water references to account for differences between each
acquisition (Figure 1 A). This approach was chosen over a fully simulated approach to
achieve a more in vivo realistic template spectrum. The creatine linewidth of the
template spectrum was 7.9 Hz. The models of each quantification tool of the 3-ppm
GABA+ resonance of the template are depicted in Figure 1 B. Both individual models

were used as the ground truth GABA+ levels.

In silico manipulation of the template spectrum

The template MEGA-PRESS spectrum was the basis for all subsequent SNR and line
broadening manipulations, which were performed with MATLAB-based toolbox FID-A 31,
In a first step, 7 different levels of exponential line broadening between 0 and 6 Hz were

applied to the template spectrum to mimic differences in B, homogeneity. Subsequently,
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61 different SNR levels between 0 and 30 times the to the height of the N-acetyl-
aspartate signal at 2.01 ppm, determined between 1.9 and 2.1 ppm in the frequency
domain were created. Therefore, Gaussian-distributed noise was multiplied with the
factor determined by the NAA height and added to the real and imaginary parts of the

template in the time domain.

For visualization and unrelated to the used quantification tools, the creatine linewidth
(Figure 1 C) and GABA+ SNR (Figure 1 D) were calculated with FID-A for each
combination. The creatine linewidth was determined as the FWHM of the lorentzian fit
between 2.85 and 3.1 ppm. The GABA+ SNR was defined as the ratio of the maximum
height of the GABA+ peak between 2.7 and 3.2 ppm and the noise SD between 9 and
10 ppm. The axis indicates the mean value of the calculated creatine linewidth or
GABA+ SNR for a specific spectral manipulation, which are additionally visualized in the
color map. These calculations allow a direct comparison with literature as creatine
linewidth and GABA+ SNR are usually reported. In total, 100 spectra were simulated for

each of the combinations of noise and line broadening levels.

Exemplary raw 3-ppm GABA+ resonances for different combinations are depicted in
Figure 2. As expected the line broadening broadens the GABA+ resonance and
increases the GABA+ SNR in the template spectrum (first column). In an in vivo
measurement poor B0 field homogeneity would lead to broad linewidth and poor SNR at
once. Yet the parameter in the simulations were chosen such that constant GABA+ SNR
and linewidth for easier data interpretation. By intentionally applying the SNR level
changes in the second step, all spectra preserve the broadened linewidth (mimicking a
poor BO field homogeneity) (Figure 1 C; Figure 2) and possess roughly the same
GABA+ SNR (Figure 1 D; Figure 2).

MEGA-PRESS in vivo study

All in vivo data were acquired on a clinical whole-body 3T MRI (Siemens MAGNETOM
Skyra A TIM System, Siemens Healthcare AG, Erlangen, Germany) using a 20-channel
head coil for receive, and the body coil for transmit. Fourteen healthy volunteers (5
female; age (mean * standard deviation) 26.3 + 2.2 years) were recruited. The study

was performed in accordance with the Declaration of Helsinki in its current version 32
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and approved by the local internal review board (517R). All participants gave written
informed consent prior to the examination. The in vivo study was focused on the
thalamus, which is a challenging anatomical location regarding spectral quality and

anatomical specificity of the MRS voxel.

Structural image

In each participant, a high-resolution 3D anatomical T4-weighted magnetization prepared
gradient echo (MP-RAGE) scan (TR/TE = 1950/4.6 ms; isotropic resolution of 1 mm;
176 transversal slices) was performed aligned to the anterior commissure — posterior
commissure line after a scout scan. Sagittal and coronal images were reconstructed

online for optimal localization of the spectroscopic voxels.

MEGA-PRESS acquisition

Two voxels with different SNR levels based on the voxel size and varying creatine
linewidths were investigated. A small voxel of 2 mm x 2 mm x 2 mm = 8 ml volume
centered on the left thalamus and a larger voxel with 30 mm (AP) x 35 mm (LR) x 25
mm (HF) = 26.25 ml including the whole basal ganglia region are depicted in Figure 3.
The other parameters for both voxels were NEX = 256, TR\TE = 2050\68 ms, bandwidth
= 1200 Hz, and 2048 datapoints. In comparison to the in vivo spectrum used for the
artificial spectrum, TR was slightly reduced to shorten the acquisition duration. Siemens
GRE Brain shim procedure followed by manual shimming was performed to achieve a
water linewidth < 15 Hz for the small voxel, and < 20 Hz for the large voxel, respectively,

as indicated by the inline interactive display on the console.

Data processing, Quantification & Spectral Quality Metrics

Two different modeling algorithms were used to quantify the 3-ppm GABA+ resonance
of all difference spectra of the in silico and in vivo data. Both quantification tools are
commonly used for GABA+ quantification. Additionally, both tools are freely available
and allow fully automated processing to reduce effects of user interaction. Furthermore
possible differences in frequency and time domain fitting could be determined by
choosing those quantification tools. In the simulations, the estimation error (GABA+¢or)
of the model was defined as the rounded absolute value of the relative difference

between the modeled GABA+ resonance in the template spectrum for each
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quantification tool, i.e. the ground truth GABA+gT, and the modeled GABA+ resonances
of the manipulated spectra GABA+x., for each quantification tool:

GABA + areq * 100

GABA + error(%) = |~ ———100

GABA+ areas that were calculated to be outside of a range between + 3 SD = 36 % '°
from the ground truth GABA+ area were rejected. In vivo spectra were quantified using
GABA+/Creatine ratios. The two different data processing and quantification pipelines

for Gannet 3.0 and Tarquin are described in detail below.

Gannet 3.0

The analysis with the MATLAB-based toolbox Gannet 3.0 2°, which is specifically
developed for GABA+ quantification, included by default spectral registration for
frequency- and phase-correction of the individual transients, automated rejection of
corrupted transients, zero-filling to 32,768 data points and 3-Hz exponential line
broadening. The combined GABA-GIx model included parameters to model a single
Gaussian peak for the 3-ppm GABA+, a double Gaussian peak for the co-edited 3.75
ppm GIx resonances, as well as baseline parameters with linear, sine, and cosine terms
in the difference spectrum. GABA+ fit errors as a measurement of the quality of the
individual fit are given (in percent) as the ratio of the standard deviation of the residual
over the fitting range (2.79 — 3.55 ppm) and the GABA+ peak area.

Tarquin

Data pre-processing with FID-A

The MATLAB-based toolbox FID-A was used for individual frequency- and phase-
correction of the individual transients of the in vivo data using the spectral registration
algorithm 30, and automated rejection of corrupted transients, both of which are not
implemented in Tarquin itself. Alignment and rejection parameters were chosen
analogously to the Gannet 3.0 implementation. No additional zero-filling or line
broadening was applied. No separate frequency- and phase-correction was applied for
the in silico data, as the ON and OFF sub-spectra were assumed to be aligned. The

processed spectra were analyzed with Tarquin 33 as described in the following.
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Fitting with Tarquin

Analysis with Tarquin 32 included residual water removal by HSVD, automatic phasing
and referencing of the 2.01-ppm NAA signal. The quantification is performed with an
internally calculated MEGA-PRESS basis set via non-linear least squares fitting in the
time domain. This basis set models the GABA+ resonance as two separate Gaussian
peaks scaled as 1 proton each, i.e. as a pseudo-doublet at 2.95 and 3.04 ppm. The first
10 points of the time domain data are truncated during the initial fitting, as suggested in
the documentation of Tarquin. Afterwards, the differences between metabolite signal of
the fit which is extrapolated to t = 0 and the full data is used to estimate the baseline. To
allow a direct comparison of the modeling, a GABA+ fit error was calculated analogously

to Gannet 3.0. Additionally, a macromolecule correction factor of 0.5 was applied.

Spectral Quality Metrics

To analyze the results of the simulations, several spectral quality metrics were included
in the analysis: (i) the mean of the estimation error (GABA+,) calculated over the 100
simulated spectra per combination as difference from the known GABA+ model
amplitude was examined as a unique characteristic of the present study — which is
usually unknown —, to determine the reliability of the GABA+ modeling; (ii) the fit error
(GABA+5) as a common quality metric, some sort of which is usually provided by each
tool; (iii) the standard deviation (GABA+gp) of the GABA+ quantification of the 100
simulated spectra per combination. GABA+gp reflects a measure of variance of the
modeling introduced by the underlying SNR and linewidth changes. Higher GABA+sp
imply increasing susceptibility to SNR and linewidth changes of the modeling approach.
Finally, the number of rejected spectra was considered as a measure of severe outliers
in the modeling due to SNR and linewidth changes. GABA+ areas that were calculated
to be outside of a range between + 3 SD = 36 % ' from the ground truth GABA+ area
were rejected. Within in vivo studies, these outliers are not exclusively driven by the
factors mentioned above, but also by patient movement or frequency drift, as well as
biological GABA variance and voxel placement inconsistencies not considered in this
study. Additionally, the Pearson correlation coefficient r between the quantified 3-ppm
GABA+ amplitudes for Gannet 3.0 and Tarquin was calculated across all parameter

combinations.
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The diagrams (Figure 4 - 6) are designed as follows: The y axis represents the 61
possible GABA+ SNR levels, the x axis shows the seven possible creatine linewidth

values in Hz, and the color map displays the analyzed spectral quality metric.
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Results
In silico quantification
The four analyzed quality metrics for the modeling via Gannet 3.0 are depicted in Figure

4. Nearly over the entire GABA+ SNR range, the estimation error GABA+¢o is lower
than 5 % for creatine linewidths smaller than 9.7 Hz (Figure 4 A), and remains between
5 and 10 % for creatine linewidths between 9.7 to 10.6 Hz. For creatine linewidths larger
than 10.6 Hz, GABA+¢: exceeds 10 %. The fit error, GABA+g and the standard
deviation across all 100 simulated spectra, GABA+sp are mainly affected by changes in
GABA+ SNR (Figure 4 B & Figure 4 C). GABA+g is smaller than 5 % for GABA+ SNR
smaller than 7.2, and remains between 5 and 15 % for GABA+ SNR in the range of 7.2
to 2.5. For GABA+ SNR smaller than 2.5, the fitting error is between 15 and 20 %, which
is only exceeded for creatine linewidths larger than 12.6 Hz. For GABA+ SNR larger
than 4.3 the fitting error increases approximately 1 % over the whole range of creatine
linewidths, while for GABA+ SNR smaller than 4.3 it increases approximately 2 % over
the whole range of creatine linewidths. GABA+sp smaller than 5 % is observed for
GABA+ SNR larger than 11.1, while it ranges between 5 and 15 % for GABA+ SNR in
the range of 11.1 to 5.4. For GABA+ SNR smaller than 5.4 a standard deviation ranging
from 15 to 22 % is visible (Figure 4 D). Less than 10 % of the data were rejected for
GABA+ SNR larger than 5.4, while up to 30 % of the data were rejected for GABA+ SNR
ranging from 5.3 to 3.2. Up to 60 % of the data were rejected for GABA+ SNR smaller
than 3.2.

Figure 5 illustrates the four analyzed quality metrics for the modeling via Tarquin. Over
the whole GABA+ SNR range GABA+¢or smaller than 5 % is observed (Figure 5 A). A
deviation of larger than 5 % is observed for creatine linewidth = 11.6 Hz and GABA+
SNR between 3.6 and 3.2. As with Gannet 3.0 GABA+g; and GABA+gp are mainly
affected by changes in GABA+ SNR (Figure 5 B & Figure 5 C). GABA+5; ranges from 6
to 30 % for GABA+ SNR levels between 92.3 and 5.4. For GABA+ SNR smaller than 5.4
it has a range from 30 to 104 %. For GABA+ SNR larger than 3.6 the fitting error
increases approximately 5 % over the whole range of creatine linewidths, while for
GABA+ SNR smaller than 5.4 it increases approximately 14 % over the whole range of
creatine linewidths. For GABA+ SNR larger than 5.4 GABA+gp smaller than 95 % is
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observed, while it ranges between 5 and 19 % for GABA+ SNR smaller than 5.4. For
GABA+ SNR smaller than 2.1 GABA+gp ranges from 15 to 18 %. Less than 5 % of the
data were rejected for GABA+ SNR larger than 2.5, while up to 17 % of the data were
rejected for GABA+ SNR smaller than 2.5 (Figure 5 D).

The correlation coefficient r between the model estimates with Gannet 3.0 and Tarquin
are presented in Figure 6. Clusters of combinations with strong (r > 0.5), medium (r >
0.3), and small (r > 0.1) correlation are observable. For GABA+ SNR larger than 5.4 and
creatine linewidth smaller than 11.6 Hz a strong correlation can be observed, while only
very weak correlations between the two methods result for GABA+ SNR smaller than

2.5. The remaining clusters appear to have a medium correlation.

In vivo quantification

Based on the defined outlier criteria, data from the small voxels were excluded in three
participants, while all data from the large voxels remained in the analysis. In the Big
GABA dataset, three participants were excluded for the modeling with Gannet, and one

was excluded for the modeling with Tarquin.

Figure 7 illustrates the mean spectra and their standard deviation (SD) of the small
(Figure 7 A) and the large in vivo voxel (Figure 7 C). The mean and SD of the fits and
the residual of both quantification tools are depicted in Figure 7 B and D for the small
and the large voxel, respectively. The lower SNR of the small voxel becomes apparent

in a higher SD of the mean spectra, fits, and residue.

In the small voxel, the following characteristics become apparent: Gannet 3.0 appears to
have a smaller SD within the fits, while the mean GABA+ fits are comparable in the
height. The model of the GABA+ is notably broader for Tarquin due to the double
Gaussian model. The SD of the residual is higher for Tarquin as no line broadening was

applied.

For the large voxel, Gannet 3.0 has a smaller SD for the fits than Tarquin. The SD of the
residual is low for both quantification tools and does not feature clear residual metabolite

peaks in the 3-ppm GABA+ peak area.
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Figure 8 shows the quantification results and quality metrics of the in vivo
measurements. The estimated GABA+/Cr values were systematically higher with
Tarquin (Figure 8 A). The coefficient of variance (CoV) is lower for Gannet than for
Tarquin in the small voxel (Gannet 3.0: 29 %; Tarquin: 30 %), while it is higher for
Gannet than for Tarquin in the large voxel (Gannet 3.0: 25 %; Tarquin: 14 %).

For both voxels, the fitting error and its standard deviation are higher for Tarquin than for
Gannet 3.0 (Figure 8 B). GABA+ SNR (Figure 8 C) and creatine linewidth (Figure 8 D)

are higher within the larger voxel.

For the small voxel, no significant correlation was found between the GABA+/Cr ratios
determined by Gannet 3.0 and Tarquin (r = .18; p = .65) (Figure 9 A), while a significant

correlation was found for the large voxel (r = .54; p < .05) (Figure 9 B).

Comparing in vivo and in silico data

Both datasets are largely congruent in the measures of fit error and rejects; however, the
precise numbers are only comparable in the order of a magnitude. The data distribution
differs strongly between the in silico and the in vivo results. An estimation error for the
different in vivo voxels was predicted by reading out the estimation error for a specific
creatine linewidth and GABA+ SNR from the simulations. Table 1 compares the

simulations to the in vivo measurements.
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Discussion

This study analyzed the influence of different SNR and linewidths of MEGA-PRESS
spectra in order to identify recommendations for GABA spectroscopy studies.

In the first part, the effect of diminishing spectral quality on MEGA-PRESS spectroscopy,
mimicked by artificial SNR and line broadening manipulations, was investigated in 427
different noise and creatine linewidth combinations with 100 simulated spectra for each
possible combination. The GABA+ peaks of the difference spectra were modeled with
two commonly used quantification tools (Gannet 3.0 and Tarquin). The GABA+¢or Was
calculated as the deviation from the known 3-ppm GABA+ resonance, and common

quality metrics (fit error, standard deviation, and rejects) were determined.

All evidence combined, reliable GABA+ modeling is possible for GABA+ SNR > 3.2 and
creatine linewidth < 9.7 Hz, which possess 14 % of the GABA+ SNR compared to the 27
ml / 10 min acquisition proposed in literature 34. The estimation error (i.e. the deviation
from the known GABA+ amplitude) does not exceed 5 % for Gannet 3.0 and Tarquin for
these scenarios. However, for GABA+ SNR in the range of 5.4 to 2.5, GABA+gp
increases by 5 % for Gannet 3.0 and 11 % for Tarquin. Therefore, studies with lower
GABA+ SNR are hampered by a loss of statistical power to detect small GABA+
changes with low effect sizes. Finally, GABA+ SNR changes at constant creatine
linewidths are more critical to the GABA+ quantification than changes in the creatine
linewidth at constant GABA+ SNR. For Tarquin, an estimation error of <5 % was
measured for creatine linewidths < 11.6 Hz, while it ranges from 5 to 10 % for Gannet
3.0 for the same scenarios. This implies time domain fitting to be less susceptible to
linewidth change than frequency domain fitting. Thus, the choice of the quantification
algorithm should especially considered during investigation of regions which are
susceptible to linewidth changes — e.g. the frontal cortices and thalamus.

Firstly, GABA+ is not related to GABA+o. Therefore, the real deviation from the
ground truth cannot be judged by the fit quality 2° or other commonly used quality
metrics for MRS. This fact should be considered carefully during the determination of the

best algorithm to use for fitting the GABA+ resonance. Secondly, reliable GABA+
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modeling is highly dependent on the quantification tool. The estimation error GABA+¢or
exhibits differences between tools. GABA+or <5% was rarely exceeded for Tarquin,
while it is passed by Gannet 3.0 for creatine linewidths > 10.6 Hz. Thirdly, creatine
linewidths affected GABA+: only for very high GABA+ SNR values, while the effects
on the fit error GABA+;;, the standard deviation of GABA+ estimates GABA+gp, and the
number of rejects were negligible. This implies that BO field homogeneity is, within
commonly encountered ranges, not that critical criterion for accurate modeling of the
GABA+ resonance. SNR needs to be considered more carefully, which is in agreement
with literature 17. Fourthly, GABA+gp differs between the quantification tools, with
Tarquin presenting lower GABA+sp than Gannet 3.0. This implies that the group
variance of in vivo measurements — apart from biological variation within an in vivo
cohort or variance introduced by changes in the voxel positioning — depends on the
used quantification algorithm. Therefore, comparably small effect sizes could be
obscured by variations introduced by the quantification tool. Despite the differences in
the quality metrics, a strong correlation was found between the GABA+ model estimates
of both quantification tools for reasonable GABA SNR > 4.3 and creatine linewidth <
11.6 Hz. A medium correlation was found over a relatively broad range of conditions.
This indicates a good agreement between the different model algorithms. Finally, the
results illustrate that the commonly used quality metrics do not allow conclusions about

the real estimation error GABA+¢,.

In the second part of this study, 14 in vivo datasets were acquired in two thalamic voxels
of different sizes as this region is known to be complex for MRS. Afterwards, these
spectra, as well as the data from the multi-site study %, on which the template spectrum
was based, were compared with the simulations. Additionally, an estimated GABA+¢ o
was determined. As there is a good agreement between the in vivo and the simulation
dataset, the simulation may be used as an indicator either to judge the data quality of an
already conducted study, or to classify a voxel conducted in a pilot measurement during
study design. Future investigations should be executed to clarify, if the apparent
differences in the data distribution between the in silico and the in vivo datasets could be
interpreted as a variation solely attributed to biological variation. Additionally, it would be

of interest to investigate the threshold noise level where significant differences remain
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visible. Therefore, the simulation space could be extended with different amplitudes of
the GABA+ peak in the template spectrum. This approach would require a more

sophisticated template spectrum as proposed here.

Our results regarding the impact of GABA+ SNR on the group-level variance tally with a
recent study on the design of GABA+-edited studies '7. Both studies indicate a reduction
in quality gain, in terms of lower GABA+gp, for higher GABA+ SNR levels. The GABA+
SNR of the large voxel in the present study is comparable to a 27-ml voxel with 320
averages, while the small voxel is comparable to 27-ml with 96 averages. As a
conclusion of the in silico and in vivo measurements, GABA+-edited data reaches
reliable quantification and reasonable group-level variance for 27-ml voxels with

averages ranging from 128 and 210 compared to the commonly used 320.

By comparing the results of the small in vivo voxel and the simulations with similar
GABA+ SNR values, further conclusions can be drawn. The CoV is considerably higher
for low GABA+ SNR and depends on the quantification tool. Finally, the number of
rejected spectra increases for lower GABA+ SNR, which must be considered in studies
with small voxels. Our results indicate that GABA+-edited data exhibiting a fit error larger
than 15 % lead to reliable spectra. Data rejection criteria should not exclusively be
defined by GABA+ SNR or fit errors, but rather by considering the standard deviation of
the quantified GABA signal. Assuming GABA concentrations to be similar within one
group — considering biological variability and pathologies to be consistent within that
group — data quality estimation and outlier detection should be supported by GABA+gp.

Aside from the general knowledge gained about the impact of SNR and linewidth on
GABA+-edited data, the present study provides insights on the performance of different
quantification tools. The simulation approach presented within the work at hand could be
used to determine the performance of other quantification tools. Further studies on the
performance of the common quantification tools are needed to fully understand the
differences between the analytic methods, which could be achieved by using benchmark
datasets collected in the ‘Big GABA’ multi-site studies 5.
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Conclusion

This study suggests that GABA+-edited studies might be realized for voxels with low
GABA+ SNR at the cost of a higher group-level variance. Within the tested range the
effect of decreasing GABA+ SNR at constant linewidth is more critical than the effect of
increasing linewidth at constant GABA+ SNR. This is dependency occurs especially for
time domain fitting. Additionally, no relation between commonly reported quality metrics
and GABA+ modeling accuracy was found. Group variance induced by different
quantification tools introduces additional unknown uncertainty, which might obscure

group differences with small effect sizes in GABA+.
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Tables
creatine | GABA+ | estimation fit error distribution rejects
linewidth SNR error [%] [%] [%]
[Hz] [%]
in in in in in silico | invivo | in in
silico | vivo | silico SD CoV) | silico

Gannet 0.3 2.7 10.4
Tarquin 0.1 6.0 5.7 1.4 14.7

Gannet 7.3 11.8 | 19.3 19.8 29.9
Tarquin 0.1 11.5 | 14.9 10.8 31.6

Gannet - - 71 - 5.6 8.6 114 25.2 7
Tarquin - - 3.6 - 7.7 5.7 4.1 15.1 0 0
Table 1— Comparison between the GABA+ quantification of the simulations (in silico) and the in vivo measurements
including the Big GABA data as well as the data measured in the present study. The data distribution is reported as
standard deviation (SD) for the simulations and as coefficient of variance (CoV) for the in vivo measurements The
estimation error from the different voxels were predicted from the estimation error of the simulations for a specific
creatine linewidth and GABA+ SNR.
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Figure captions

Figure 1 — Template spectrum and spectral manipulation. A) Template ON/OFF spectra and
resulting difference spectrum (magnified by a factor of 10) B). Quantified 3-ppm GABA+
resonance of the artificial difference spectrum without noise or line broadening (Gannet 3.0 left &
Tarquin right). C) Mean creatine linewidth for all conditions. D) Mean GABA+ signal-to-noise
ratio for all conditions. Mean GABA+ SNR and mean creatine linewidths measured with FID-A
are depicted in C and D.

Figure 2 — Example raw 3-ppm GABA+ resonances. Frequency- and Phase-corrected 3-ppm
GABA+ resonances without apodization or zero-filling for representative conditions. All 7 levels
of creatine (Rows) and 13 representative noise levels (Columns) are depicted.

Figure 3 — Thalamic voxel position on representative T1-weighted image. A) Small voxel with V
=(2x2x2) ml=8ml. B) Large voxel with V = (30 (AP) x 35 (LR) x 25 (HF)) ml = 26.25 ml.

Figure 4 — Quality metrics of 3-ppm GABA+ modeling with Gannet 3.0. Each metric is analyzed
for all 427 conditions with 100 spectra per condition. A) Mean deviation from the known GABA+
resonance in % (GABA+.,.,). B) Mean fit error (GABA+g). C) Standard deviation of the model
estimate (GABA+sp). D) Number of rejected spectra (GABA+ gjects).

Figure 5 — Quality metrics of 3-ppm GABA+ modeling with Tarquin. Each metric is analyzed for
all 427 conditions with 100 spectra per condition. A) Mean deviation from the known GABA+
resonance in % (GABA+,.,). B) Mean fit error (GABA+). C) Standard deviation of the model
estimate (GABA+sp). D) Number of rejected spectra (GABA+gjects)-

Figure 6 — Correlation coefficient r between the model estimates of Gannet 3.0 and Tarquin.
The correlation analysis is performed between the 100 spectra of each condition. Areas with
strong (r > 0.5), medium (r > 0.3), and small (r >0.1) correlations are marked.

Figure 7 — In vivo spectra of the small (A and B) and large (C and D) voxel. Mean spectra, fit
and residue are indicated through solid lines. Spectra, fit, and residue standard deviations are
indicated through the shaded areas. The left column contains the mean spectra of both voxels,
as well as the voxel positioning in the thalamus. The right column depicts the fitting results of the
two quantification tools.

Figure 8 — In vivo GABA+ quantification. A) Distribution of GABA+-to-Cr ratios for the two voxels
and two quantification tools. Successful quantifications (n) and the coefficient of variance (CoV)
are reported in A. B) Distribution of fit errors for the two voxels and two quantification tools.

C) Distribution of GABA+ SNR for the two voxels. D) Distribution of creatine linewidths for the
two voxels. Dots indicate individual measurements.

Figure 9 — In vivo GABA+-to-Cr ratio correlation between the model estimates of Gannet 3.0
and Tarquin. A) Correlation analysis for the small voxel. B) Correlation analysis for the large
voxel.
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Thalamic voxel position on representative T1-weighted image. A) Small voxel withV = (2x2x2) ml =8
ml. B) Large voxel with V = (30 (AP) x 35 (LR) x 25 (HF)) ml = 26.25 ml.
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In silico GABA+ MEGA-PRESS: Effects of signal-to-noise ratio and linewidth on modelling the 3-ppm
GABA+ resonance — Helge Jorn ZélIner*, Georg Oeltzschner, Alfons Schnitzler, Hans-Jorg Wittsack
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MEGA-PRESS difference spectra with various SNR and linewidth combinations were created by

25 spectral manipulation of a noise free template spectrum and subsequently quantified via Gannet 3.0
26 and Tarquin. A comparison with the ground truth levels revealed time domain fitting to be more
robust against linewidth changes than frequency domain fitting. No relation between the accuracy of
29 the fit and commonly reported quality metrics was found.
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