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Resumo

O objectivo deste projecto assenta no desenvolvimento e optimizagio de técnicas
de Espectroscopia por Ressoniancia Magnética com Fésforo-31 (*'P MRS), para
a avaliag¢io do contelddo metabélico e descoberta de biomarcadores em modelos
de patologia hepdtica. A Espectroscopia por Ressonincia Magnética ¢ uma
técnica ndo invasiva utilizada para estudos metabdlicos, qualitativos e
quantitativos. Esta técnica permite, especiﬁcamente no caso do Fésforo-31, a
avaliagio e quantificagio de metabolitos cuja composi¢io contenha Fésforo,
como ¢ caso da Fosfocreatina, Adenosinatrifosfato ou o Fosfato Monosédico.
Através da avaliagio qualitativa e quantitativa destes metabolitos hd como
objectivo a asser¢ao de diversas patologias e alteragoes metabdlicas de forma

consistente, segura € nao invasiva.

O estudo tem como base a optimizagio de sequéncias pré-existentes, como ISIS
(Image Selected In-vivo Spectroscopy), CSI (Chemical Shift Imaging) e SPULS
(Single Pulse and 1D acquire), assim como o desenvolvimento de uma sequéncia
de localizagao 1D sem auxilio de gradientes. Esta sequéncia, denominada SATSP
(SATurated Single Pulse), tem como base a sequéncia SPULS, que consiste na
utilizagio de um dnico pulso de excitagio (hard pulse) para a obtengao de
informagdo espectroscépica, acrescentado-lhe um pulso de saturagio prévio
(neste caso especifico baseado na sequéncia PRESS). O objectivo ¢ proceder a
saturagdo de toda a 4rea ndo desejada antes da excitagio do tecido e aquisi¢ao do
sinal. O pulso de excitagdo ¢ entio aplicado uniformemente, sendo possivel obter
sinal apenas da regido nao saturada. Assim, todo o sinal adquirido terd como
origem a 4rea de interesse que, em dltima instincia, deverd corresponder ao

figado.

O projecto inclui o design e posterior utilizagio de uma fantoma (denominado
Liver Phantom) de dois compartimentos cujo objectivo é simular um corte
transversal da regido abdominal de um rato Sprague Dawley, contendo uma
primeira camada simulando pele/musculo/gordura (1° compartimento, com um
volume de 10ml situado em contacto com a surface coil, contendo Fosfato
Dissédico, 40mM), e uma segunda camada simulando o figado (2°
compartimento, com um volume de 35ml, situado do lado oposto a surface coil,
contendo Acido Fenil Fosférico, 10mM). A escolha dos componentes teve como
base a sua ficil distingio a nivel de frequéncia de ressoninica (apresentam-se
bastante distantes no espectro), e o facto de ambas as substincias gerarem apenas

um pico visivel no espectro.

Foram também adquiridos dados experimentais in-vivo (ratos Sprague-Dawley,
grupo de controlo n=2, grupo de modelo de doen¢a n=2), os quais foram
posteriormente comparados com artigos de referéncia. Aos ratos pertencentes ao
grupo de modelo de doenga, administrou-se, por via intraperitoneal, Tetracloreto

de Carbono (CCl4) durante um periodo de 8 semanas, duas vezes por semana,



causando fibrose hepética avangada ou inicio de cirrose.

Para ambas as situagbes, in vitro e in vivo, foram descritos protocolos
experimentais especificos, que detalham a ordem dos acontecimentos, os
métodos de calibragao e possibilidades de shimming (manual e automitico).

Todos os dados experimentais foram adquiridos especificamente para este
projecto, utilizando um scanner pré-clinico de pequeno didmetro Varian 77T,
Surface Coil Tx/Rx Doty30 ("H/*'P) e software de aquisigao vINMRj 3.2, sendo
os resultados processados com o auxilio do software ]MRUI e Matlab.

Todo o hardware utilizado foi cuidadosamente descrito, comegando pelo scanner
¢ 0s seus vdrios componentes, até ao material utilizado na prepara¢io da aquisicio
¢ durante a mesma. Foram especificadas as diferengas de material utilizado in
vitro e in vivo, de modo a estabelecer um contraste de complexidade entre as
duas modalidades.

Relativamente 2 andlise dos resultados, o método de processamento de dados
utilizado foi o AMARES (Advanced Method for Accurate, Robust and Efficient
Spectral fitting), que tem em conta parametros pré-estabelecidos pelo utilizador.
Uma descri¢io detalhada do método de anilise encontra-se disponivel nesta
dissertagio, desde a preparacio dos dados, ao nivel da correccio de fase, zero

filling ou truncagem, até i escolha de parametros a utilizar com o algoritmo

AMARES.

No contexto de anilise espectroscépica in-vivo ao figado, ¢ no caso da
espectroscopia com Fosféro-31, foram 6 os metabolitos tidos em conta,
nomeadamente Fosfomonoesteres (PME), Fosfodiesteres (PDE), Fosfato
Inorganico (Pi), Adenosina Trifosfato (ATP-a, B, e ), Fosfocreatina (PCr) e
Dinucleétido de Nicotinamida e Adenina (NADH). Varia¢ées na concentragio
e récios de PDE, PME, Pi e ATP foram previamente referenciadas como possiveis
indicadores de alteracoes patoldgicas na actividade hepética e, como tal, foram

atentamente estudadas.

Os resultados indicaram uma variagio no ricio PME/(PME+PDE), denominado
Anabolic Charge, entre os dois grupos em estudo. Especificamente, o grupo de
controlo apresenta valores de AC mais baixos do que o grupo de modelo de
doenca. Existe também um aparente decréscimo de concentragio absoluta de
PDE no grupo de modelo de doenga, embora a falta de dados comparativos
impossibilite uma maior certeza neste parAmetro . Nio foram detectadas

variagoes consideradas significativas no ricio de ATP e Pi.

Foi sugerido 0 aumento da amostra de ambos os grupos (controlo e modelo de
doenga) de modo a obter resultados que expressem de uma forma mais segura e

significativa as diferencas entre os dois grupos, assim como um estudo



longitudinal que incluisse a recolha histolégica de daos em simultineo com o
estudo espectroscépico. A utilizagio de uma Volume Coil em combinagio com
a Surface Coil utilizada foi considerada como uma das possiveis mais valias a

acrescentar no futuro.

Paralelo ao estudo metabélico previamente descrito foi criado um mapa de Flip
Angle para a Surface Coil Doty30, utilizada durante o estudo, o qual evidenciou
problemas de alcance e baixa homogeneidade de campo, assim como um estudo

inicial de quantifica¢io metabdlica absoluta.

O mapa de Flip Angles da Surface Coil Doty30 foi criado através do método do
ricio do 4ngulo duplo. Para este médodo sao adquiridas duas imagens Gradient
Echo, a primeira com um flip angle arbitririo x, e outra com um flip angle 2x.
Através do rdcio entre a magnitude de ambas as imagens adquiridas é possivel
chegar ao flip angle efectivo aplicado na amostra/tecido/etc. Para estas aquisi¢oes
foi utilizado um pequeno fintoma de pldstico com cerca de 50ml de fosfato
monosédico, com concentragdo 1M. Para a produgao do mapa de Flip Angles foi
desenvolvido de raiz um cédigo Matlab que gera automaticamente os mapas,
tendo como input as imagens de Gradient Echo adquiridas com flip angle x e 2x.
O estudo mostrou um curto alcance na aquisi¢ao de sinal por parte da surface
coil, cerca de 2cm de profundidade, e uma fraca homogeneidade de campo, algo
esperado com uma coil deste tipo. Para estudos futuros foi sugerida a utilizagao
combinada de uma volume coil para aplicagio dos pulsos RF (maior
homogeidade de campo), ¢ uma surface coil para a aquisi¢do do sinal (maior
préximidade).

Para o estudo de quantifica¢do metabdlica absoluta, foi utilizado um método que
envolve a troca do espécime apds a aquisicao in vivo, e a posterior replicagio das
condigoes iniciais para nova aquisi¢io, desta vez utilizando um fintoma com uma
concentragio fosférica conhecida. Foi utilizado um fiAntoma cilindrico de vidro,
com Acido Fenil Fosférico, 50mM. Este método foi apenas aplicado a um dos
ratos do grupo de modelo de doenga, servindo assim como prova de conceito
para quantificagdo absoluta, nio tendo havido comparacio entre os dois grupos.
Os resultados mostraram-se promissores, sendo um dos objectivos futuros a
aplicagio deste método em todos os estudos em que a quantificagio absoluta
possa ser benéfica. Como desvantagem, o método descrito implica a repeti¢io
das sequéncias utilizadas in vivo, elevando para o dobro o tempo total de

aquisigao.

Concluiu-se quea Espectroscopia por Ressonincia Magnética se apresenta como

uma técnica vidvel a nivel de quantificagio metabélica nio invasiva.

Palavras-chave: espectroscopia em ressonincia magnética com fésforo 31, saturated
single pulse sequence, chemical shift imaging, fibrose hepdtica, cirrose, biomarcadores de

patologia hepdtica.



Abstract

The overall aim of the project is to evaluate the role of *'P Magnetic Resonance
Spectroscopy in preclinical models of liver fibrosis and cirrhosis and to determine the
utility of >'P MRS as a non-invasive test for biomarkers. Specifically, two main problems
are to be addressed: the possibilicy of MRS providing reliable information on liver
functional status in preclinical models, to the point of rendering multiple time point
sampling (biopsy) obsolete; and identifying novel biomarkers that distinguish control
and disease model groups. This study includes both In Vitro (with a specific designed
liver phantom) and In Vivo data (Sprague-Dawley rats, control group n = 2, disease
model group n =2). Several pulse sequences were tested, with more relevance given to
CSI (Chemical Shift Imaging) and SATSP (Saturated Single Pulse, a newly made
combination of single pulse acquisition with prior use of saturation pulses) sequences.
Results show some degree of variation in metabolite ratio between control and disease
model groups, specifically with PME and PDE ratios. A bigger sample size for both

control and disease model groups is proposed to further verify these claims.

Keywords: 31P magnetic resonance spectroscopy, saturated single pulse sequence,
chemical shift imaging, liver fibrosis, cirrhosis, biomarkers of liver disease.
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1. Introduction
1.1 Aim of the work

Cirrhosis is a diffuse condition, characterized by extensive fibrosis and nodule
formation, vascular distortion and liver cell dysfunction [1]. As a result of
alterations in the liver microcirculation mediated by myofibroblast-induced
sinusoidal constriction, vascular distortion and shunt formation related to scar
deposition, portal hypertension (or PHT) develops in the diseased liver and is
responsible for the major clinical sequelae associated with cirrhosis such as
ascites, variceal hemorrhage, encephalopathy and renal failure [1][2][3].

In human subjects, and regardless of the cause, patients with chronic liver disease
may develop liver fibrosis, which can then progress to cirrhosis. In early stages
there are no palpable or clear clinical manifestations of liver fibrosis, a fact that
becomes even more complicated if we consider that the clinical manifestations

of cirrhosis vary from no symptoms at all to liver failure [4].

Death rates from cirrhosis are increasing rapidly worldwide but, to date, no anti-
fibrotic therapies have been approved for use in humans and the standard
pharmacological therapy for PHT (non-selective beta blockade) remains
unsuccessful in around 60% of patients [2]. While there is an urgent need to
develop novel therapies for this problem, it is also required to improve diagnose
techniques used to monitor the progression of liver fibrosis and development of
PHT (which are highly variable in patients), as well as assess the response and
progression related to any interventional approach.

Liver biopsy and hepatic venous portal gradient measurement are still the most
used techniques for assessing histology and PHT, respectively, but both are
relatively complicated invasive procedures and consequently unsuitable for
recurrent analysis of disease parameters in case of a lasting, unpredictable
condition. The same limitations apply to animal models, where optimal tests for
fibrosis and portal pressure require the killing of animals at serial time points to
assess disease progression and severity, instead of allowing a longitudinal
assessment in the same animal. As a result of these problems associated with
biopsy and other invasive techniques, there has been a steady initiative to find
effective non-invasive approaches to evaluate liver damage, including serological
tests and several imaging modalities [3]. Still, none of these methods have been
universally adopted as of yet and the search for reliable and repeatable biomarkers
of disease activity and response to treatment continues. One of these techniques
relies on the use of Nuclear Magnetic Resonance (NMR). Two distinct
modalities of NMR, Magnetic Resonance Imaging (MRI) and Magnetic

Resonance Spectroscopy (MRS), can be used to assess different parameters.

In terms of imaging, In Vivo MRI scanning allows the application of this
technique to monitor liver injury in-vivo in clinically relevant animal models [4].
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However, there is still minimal data regarding the utility of MRI in animal
models of liver fibrosis [4]. The major potential advantage of MRI is that
repeated measurements can be made in the same rodent, without killing the
animal, thus allowing for a longitudinal assessment of the same animal. The
anatomical condition of the affected structures can be evaluated using contrast
agents, like gadolinium, or assessing visco-elastic parameters [5], evaluating
structural and perfusional abnormalities in the diseased liver in a longitudinal
manner (as in human disease). Other indicators of PHT such as splenomegaly,

varices and ascites may also be detectable using contrast agents.

When it comes to understanding liver disease in a physiological sense,
Phosphorous-31 magnetic resonance spectroscopy (*'P MRS) can be used as a
non-invasive technique that provides information on hepatic phospholipid
metabolism (Adenosine triphosphate, ATP) and hepatocyte energy state (several
groups have already tested its use in patients with liver disease and in animal

models [6][4]).

Previous studies have shown specific changes in metabolite ratios that are
indicative of liver dysfunction, as these pathways are switched into a
‘regeneration mode’ in an attempt to repair the failing liver [4][7]. However, *'P
MR Spectroscopy needs further evaluation in animal models of cirrhosis in a
strategic search for novel biomarkers.

The use of P MR Spectroscopy has several key elements to be considered in
order to get consistent, reliable results, ranging from choosing and optimizing
the best possible spectroscopy sequence, improving said techniques for both
phantom and In Vivo use, and picking the most appropriate method for data
analysis. Inside each one of these there's an infinite amount of possibilities. What
kind of phantom should be used? Would it be better to design it from scratch,
and if so, what materials can be utilized, what form factor is the most
appropriate? Will a standard pulse sequence fulfill our purpose; does it need to
be slightly altered? Or does one need to program a totally new one? These are
but a few questions intrinsic to the issue at hand.

With all this in mind, one main bullet point to retain is that this body of work
will not be focused in one specific part of this process. While most essays tend to
center around one particular area of study, be it MR spectroscopy data
acquisition, sequence programming or data analysis, it is my intention to go
through every step in a manner as meticulous as possible, thoroughly explaining
every phase along the way.

1.2 Dissertation Outline

Without getting too much into the basics of magnetic resonance, there is a need
for some important concepts to be assimilated before venturing into the actual

study. And so, this report will start by describing concepts such as relaxation,
Y- p y g p
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chemical shift or spin-spin coupling.

The next chapter, entitled “Animal models of liver fibrosis” serves both as an
explanation of how the condition can be represented and how it translates from
the human perspective to the animal model. A specific method to induce liver

fibrosis, the CCl4 method, will be detailed.

Then, the MR setup used throughout this study will be carefully described, the
various hardware components and combinations documented. Experimental
protocols for both in vivo and in vitro follow. In terms of methods of data
analysis, both the data preparation, ranging from phasing and apodization to
zero filling, and data quantification, which algorithm to use and what parameters
were chosen, will be addressed. AMARES, a spectral fitting algorithm with the

use of prior knowledge, was used as the primary method of data analysis.

Afterward, all the relevant pulse sequences used during the course of this study
are going to be described and detailed. Among this sequences is a custom made
Saturated SPULS pulse sequence.

Next, I shall carry on by detailing all the phantoms used during the experiments,
putting more emphasis in the creation of a 2 compartment phantom for *P MR
Spectroscopy use, labeled Liver Phantom, from its conceptual stages to its final
form and purpose. While not the only phantom used throughout the course of
this study, it was by far the most utilized and, as so, deserves a more detailed
overview. Two other (more simple) phantoms were used and both their form
factors and characteristics will be shortly described as well.

Results are divided into two main sets, Phantom and In Vivo data, with each set
split into several sub categories, depending on number of pulse sequences,
parameters or subjects/groups in each set. In Vivo and Phantom results are
presented separately as a way to address their conclusions, problems and
solutions as separate entities. A general discussion is presented afterwards, as a
way to compile the general deductions of this study. Some additional results, for
absolute quantification and B1 mapping are shown as well, along with specific

inferences made from the acquired results.

Finally, a small conclusion will bring this dissertation to an end.
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2. Background in Magnetic Resonance Imaging

Nuclear Magnetic Resonance (or simply NMR) techniques involve the
manipulation and observation of nuclear magnetic moments intrinsic to matter
for generation of an image describing the structural properties of that matter,
Magnetic Resonance imaging (MRI), or a spectrum depicting specific
compounds present in the scanned sample, Magnetic Resonance Spectroscopy

(MRS).

In this section, the physics underlying magnetic resonance techniques is
explored. For more information on the topic, a rigorous reference on the subject
is provided in Magnetic Resonance Imaging: Physical Principles and Sequence
Design [8], whilst a more accessible, intuitive discussion may be found in MR/
in Practice [9].

2.1Nuclear Magnetic Resonance

Nuclear Magnetic Resonance operates most fundamentally by manipulating spin
states of individual nuclei. While it is possible to have an in-depth quantum
mechanical description dealing with the statistical distribution of spin states in
the material, for the purposes of this report it is sufficient to begin with a classical
description describing the net nuclear magnetic moment of the material, as
presented in Webb, 1988 [10] and Kuperman and Kuperman, 2000 [11].

As per the classical description, an isolated proton with a charge +e and angular
momentum [ is initially considered. And so, as described by Maxwell’s equations
(presented by Maxwell in 1865 [12]), an electronic charge circulating in a
conducting loop produces a magnetic field normal to the plane of current
rotation. Considering the proton charge to be distributed and rotating along a
central axis as a result of the angular momentum, a magnetic dipole moment mp
antiparallel to the angular momentum vector (and hence, normal to the plane of
charge circulation) results, ie, mp = I describes the gyromagnetic ratio, which for
the simplified classic model is given by:

Y= om

where  is the proton mass.

An external magnetic flux density BO will exert a torque T on a magnetic dipole
moment, causing the angular momentum to change at a rate equal to the torque,
i.e.

szpx BO

_dl
T dt
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And hence,

The result above is the Larmor equation, which describes the precession of the
magnetic dipole moment 72p about BO with angular velocity

wo = —¥By

or a)o y
Vo = (5) = (5) Bo

In MRI applications, the static, homogeneous BO field described here is
presented by the main field magnet.

2.2Relaxation Processes and the Bloch Equations

Whereas useful for understanding the MR phenomenon, the classical model
presented here cannot explain many features relating to the interactions between
nuclei. To overcome some such limitations, a set of phenomenological equations

describing the dynamics of nuclear magnetization were proposed in [13].

These Bloch equations describe processes of relaxation of the net magnetization.
Various such relaxation processes arise which lead to a fading of the MR signal
after the initial excitation; these are largely dependent on the material and
structure being observed, and as such their measurement allows characterization
of the materials.

2.2.1 Longitudinal Relaxation (T1)
Longitudinal relaxation, also known as spin-lattice relaxation and represented as
T1 relaxation, describes the transfer of energy from the spin system, primarily
through interactions with adjacent spins in the lattice. This is largely related to
mobility and tumbling of molecules in the material — therefore, the physical
structure of the material and surrounding surfaces. The T1 relaxation is defined
by the Bloch equation

dM, M, — M,
dat T

2.2.2 Transverse Relaxation (T2)
Transverse relaxation, also known as spin-spin relaxation and represented as T2
is loss of net magnetization from the xy plane. This is a result of loss of phase
coherence due to small variations in the BO field (and hence, the local
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precessional frequency) due to the relationship between the nucleus and the
molecular magnetic field, or exchange of spin state between two nuclei. In
biological tissue, this process is significantly faster than longitudinal relaxation.
Transverse relaxation is described by the remaining Bloch equations,

deZ X
= —— M, B
dt T, T YMyBo
dMm, My
- M., B

In practice, the envelope of the FID is observed to decay at the effective T2
relaxation time T2*, which is always faster than T2. This has the added factor of
phase loss due to macroscopic fluctuations due to magnetic field
inhomogeneities.

1 1 yAB,

+
T, T, 2

When a spin system which has been allowed to dephase for a short period is
inverted (perhaps by way of a 180° pulse), the direction of rotation relative to
the rotating frame of reference is reversed and the dephased spins begin to
rephase. Effects from relatively static macroscopic inhomogeneities (defining T2)
are cancelled and an echo signal may be seen from the rephased spin system,
attenuated at a rate determined by the T2 component. It is generally this echo
signal which is used to produce an image.

2.3Chemical Shift

Whenever we assume a macroscopic sample containing only one type of nuclear
spin, its resonance frequency is solely given by vg. If this were to be the case MR
spectroscopy would be of minor importance in fields such as chemistry or
medicine, as you would only be able to identify and quantify each specific
chemical element and not distinct compounds with that particular element in it.
Nuclei of the same element (or isotope) would resonate at the same frequency
because of their identical gyromagnetic ratio. Luckily, however, the resonance
frequency w not only depends on the gyromagnetic ration y and the external
magnetic field B0, but it is highly sensitive to chemical environment of the
nucleus under investigation [15][16]. This effect is commonly referred to as the
chemical shift. This phenomenon is directly caused by shielding (also called
screening) of nuclei from the external magnetic field by electrons surrounding
them. When placed in an external magnetic field, electrons will rotate about B0
in an opposite sense to the proton spin precession. Since this precession of
electrons involves motion of charge, there will be an associated magnetic
moment W, in analogy to the existence to a nuclear magnetic moment. The

electron magnetic moment opposes the primary applied magnetic field BO.
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Therefore, the electrons will reduce the magnetic field that is sensed by the
nucleus. This effect can be described in terms of an effective magnetic field B at

the nucleus as:

where 0 is the shielding constant. o is a dimension (normally expressed in parts
per million (ppm)), which depends on the chemical environment of the nucleus.

And so, the resonance condition can be modified to:

v = (%) By(1— o)

Chemical shifts are most often not represented in units of Hertz (Hz), as this
would make chemical shift value dependent on magnetic field strength. Instead,

chemical shifts are expressed in terms of parts per million (ppm). By convention,

chemical shift & is defined as:

5 = Vinv = Uref % 106
VUref

where Vin, and Vit are the frequencies of the compound under investigation and
of a reference compound, respectively. The reference compound should ideally
be chemically inert and its chemical shift should be independent of external
variables (temperature, ionic strength, etc) and more importantly, should
produce a strong single resonance signal well separated from all other resonances.
Two widely accepted reference compounds for 1H NMR are tetramethylsilane
(TMS) and 2,2-dimethyl-2-silapentane-5-sulfonate to which the chemical shift
8 = 0 is attributed. Unfortunately, these compounds are nowhere to be found in
vivo, making those impossible to use as internal references. In the specific case
of in-vivo *'P MR Spectroscopy Phosphocreatine (PCr) tends to be used as an
internal reference (0.00 ppm), due to both its widespread presence in the body
and relative stability [14].

2.4Spin=Spin Coupling
The MR resonance frequencies, or chemical shifts, give direct information about
the chemical environment of nuclei, thereby greatly aiding in the unambiguous
detection and assignment of compounds. The integrated resonance area under
each peak is, in principle, directly proportional to the concentration of the
compounds, thus making NMR a quantitative technique. An additional feature
that can be observed in high-resolution NMR spectra is the splitting of
resonances into several smaller lines, a phenomenon often referred to as scalar
coupling, ] coupling or spin-spin coupling [17]. Scalar coupling originates from

the fact that nuclei with magnetic moments can influence each other, besides
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directly through space (dipolar coupling) also through electrons in chemical
bonds (scalar coupling).

Even though dipolar interactions are the main mechanism for relaxation in a
liquid, there is no net interaction between nuclei since rapid molecular tumbling
averages the dipolar interactions to zero. However, interactions through
chemical bonds do not average to zero and give rise to the phenomenon of scalar
coupling.

A Fermi contact

Fermi contact

Pauli exclusion principle

Fig 1 Spin-spin interactions involved with scalar coupling. (A) In isolated atoms, the Fermi
contact energetically favors an antiparallel orientation between nuclear and electronic spins.
(B) In chemical bonds, the Pauli Exclusion Principle demands that the electron spins are in an
antiparallel orientation thereby potentially forcing nuclear and electron spins in an
energetically higher parallel orientation, depending on the nuclear spin state [14].

As seen below on Fig 2, illustrating the 1,1,2 trichloromethane example, the H,
and H, protons are spin-coupled to each other. Starting with the Ha signal, in
addition to being shielded by nearby valence electrons, each of the H, protons is
also influenced by the small magnetic field generated by H, next to it. The
magnetic moment of A will be aligned with BO in (slightly more than) half of
the molecules in the sample, while in the remaining half of the molecules it will

be opposed to BO.
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The effective manetic field B ‘fel¢ by H, is a slightly weaker if H, is aligned
against B0, or slightly stronger if H, is aligned with BO. In other words, in half
of the molecules H, is shielded by H, (hence the NMR signal is shifted slightly
upfield) and in the other half A, is deshielded by H; (and the NMR signal shifted
slightly downfield). What would otherwise be a single H, peak has been split
into two sub-peaks (a doublet), one upfield and one downfield of the original

signal.
Hy, signal
Hp H
I1, signal ol éh (I:a Y
7
Cl ClI
—=Hy, spin aligned with By; deshields H, B, | — h
—_— = =— Hy, spin opposed to By; shiclds H, 0l >
\
3.96 ppm ‘
5.76 ppm

Fig 2 Spin Spin coupling in ,1,2-trichloroethane during 1H MR Spectroscopy [24].

Now let’s focus on the Hy signal. The magnetic environment experienced by
H, is influenced by the fields of both neighboring H. protons, which we will call
H. and H.. There are four possibilities here, each of which is equally
probable. First, the magnetic fields of both H.i and Ha could be aligned with
By, which would deshield Hs, shifting its NMR signal slightly
downfield. Second, both the H. and H. magnetic fields could be aligned
opposed to By, which would shield Hs, shifting its resonance signal slightly
upfield. Third and fourth, Ha could be with By and Ho opposed, or
H.iopposed to By and Ha, with Bo. In each of the last two cases, the shielding
effect of one H, proton would cancel the deshielding effect of the other, and the

chemical shift of Hy, would be unchanged.

2.5 B1 Inhomogeneity and Mapping B1 transmit fields

It is intuitive that B1 inhomogeneity is a major cause of artifacts in MR imaging
modalities. B1 excitation fields are not uniform, particularly with surface coils,
multi-coil geometries or high field systems, with one of the direct consequences

being degraded SNR. [18].

The signal-to-noise performance of a coil can be improved by reducing the noise
volume, which is made possible by placing the coil much closer to the object
being imaged; this is one of the basic premises behind the use of surface coils.
The reduction in noise volume generally comes at the price of an inhomogeneous
B1 field, and hence non-uniformity in the image intensity. In high-field (3T)

abdominal, cardiac, and neuro-imaging, B1 inhomogeneity on the order of 30—

Hb Has

|
CI*CIZ*C*HH2

Cl Ci
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50% has been predicted and observed [19][20]. This factor can be of extreme
importance when considering the use of magnetic resonance spectroscopy.

Directly imaging the flip angle can be hard because there are unknowns such as
receive sensitivity and proton density. There are several existing B1 mapping
methods based on measurements at progressively increasing flip angles [21],
stimulated echoes [22], or signal ratios [23]. Still, probably the most simple and
straightforward of all these is the double-angle method, which involves acquiring
images with two flip angles o and 2a, where TR 71 such that image signal is
proportional to sin(a) and sin(2a), respectively. The Bl field is then derived from
the ratio of signal magnitudes [8].

1.6.1 Double Angle (ratio method)
By acquiring two gradient echo images with flip angles a and 2a, with all other

signal affecting sequence parameters kept constant, two different images are
produced with signal intensity defined by:
Mxyl == MO Sln(a)

My, = Mg sin(2a)

Taking the ratio removes the MO dependence. Using sin (2a) = 2cos () sin (),

Myy, 2 cos(a) sin(a)

Miyq B sin(a)

M
a=cos‘1< xy2 )
2 Mxy1

One problem with the double angle method is that the longitudinal

magnetization must recover nearly to equilibrium or there will be T'1 weighting
from the leftover longitudinal magnetization. A long repetition time is typically
used with the double-angle methods to ensure that there is no 71 dependence in
either My or My [9]. To circumvent this issue a magnetization reset sequence
after each data acquisition can be applied (with the goal of putting the spin
population in the same state regardless of whether o or 2a excitation was

used)[8].

GE (Gradient Echo), an echo signal generated from free induction decay by
means of a bipolar switched magnetic gradient. The echo is produced by
reversing the direction of a magnetic field gradient or by applying balanced pulses
of magnetic field gradient before and after a refocusing RF pulse so as to cancel
out the position dependent phase shifts that have accumulated due to the
gradient.
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In the latter case, the gradient echo is generally adjusted to be coincident with
the RF spin echo. When the RF and gradient echoes are not coincident, the time
of the gradient echo is denoted echo time (TE) and the difference in time
between the echoes is denoted time difference.

Gradient echo does not refocus the effects of main field inhomogeneity and
therefore is generally used with a short echo time. Disadvantages of gradient echo
imaging are compromised anatomic details and artifacts in regions with varying
susceptibility e.g. between the air-containing sinuses and brain and especially
between hemorrhages and normal tissue.

2.6 Alternative Nuclei
The simplest most widely used nucleus to be considered is the single proton, 'H.
Nevertheless, similar principles may be applied to imaging or spectroscopy using

various other, more complicated, nuclei, such as Carbon (**C), Phosphorous

(*'P), Fluor (F) or Sodium (**Na).

While the quantum mechanical behavior may be more complicated, the behavior
of the net magnetic moment in these cases works in a similar fashion, where only
the change in Larmor frequency (usually lower than for 'H) needs to be
considered. Whereas 'H imaging typically gives the strongest signal (being the
most sensitive and abundant nuclei in biological tissue due to the large
proportion of water), other isotopes may provide more useful measurements for
particular tissue types in certain applications, for either imaging or spectroscopy

purposcs.

2.6.1 Phosphorous 31
The successful use of proton MR spectroscopy in clinical settings is only matched
by *'P MRS [14]. Both its relatively high sensitivity (about 7% of protons’) and
a 100% natural abundance allow the acquisition of high-quality spectra without

the need for long scanning sessions.

The chemical shift dispersion of the phosphates found in vivo is relatively large
(around 30 ppm), which means an excellent spectral resolution even when using
low (clinical) magnetic field strengths.
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2.6.2 Identification of Resonances
Phosphorous NMR spectra from tissues in-vivo typically hold a limited number
of resonances. The exact chemical shift position of almost all resonances is
sensitive to physiological parameters like intracellular pH and ionic strength. By
convention, the PCr (phosphocreatine) resonance is used as an internal chemical
shift reference and has been assigned a chemical shift of 0.00 ppm (just as
Tetramethylsilane, TMS, in conventional 1H MRS).

PDE
PCr = PME |
Nilli o NADH
nin
/ ". /'I,-" l‘~ ,} t/‘,‘ | IX‘ 4‘
ATP WY fl
P; | / LR
\ T o :
.I‘I\- u';"'u}’l A E‘j (o~ | \ “\ )
Py /A¢W'M v \'J‘J "\,')\‘ W‘WJ‘W / 'J‘\ ; | | \ :j
VWA W
M ‘VA; A
N bt iada N e i
20 10 0 -10 -20 -30 | v I - . ,
chemical shift (ppm) 20 10 0 -10 -20 -30

chemical shift (ppm)

Fig 3 Typical localized in vivo 3P NMR spectra from (A) rat skeletal muscle, (B) brain and (C) liver.
Note the complete absence of PCr in the liver [14].

Probably the most important phosphorous based metabolite for gathering
information on hepatic phospholipid metabolism is Adenosine Triphosphate.
ATP consists of adenosine - composed of an adenine ring and a ribose sugar -
and three phosphate groups (triphosphate). The phosphoryl groups, starting
with the group closest to the ribose, are referred to as the alpha (), beta (8), and
gamma (y) phosphates. ATP is highly soluble in water and is quite stable in
solutions between pH 6.8-7.4, but is rapidly hydrolysed at extreme pH. At a
pH of 7.2, the resonances of ATP appear at -7.52 ppm (a), -16.26 ppm () and
-2.48 ppm (y) [14]. Other phosphorous based metabolites are also very well

documented.

Below, Table 1 below summarizes the most common metabolites found in 3'P
MR spectra, as well as its correspondent chemical shifts (referenced relative to
Phosphocreatine at 0.00ppm).

Metabolite Chemical Shift (ppm)
Adenosine monophosphate (AMP) 6.33
Adenosine diphosphate (ADP) a -7.05
B -3.09
Adenosine triphosphate (ATP) o -7.52
B -16.26
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Y -2.48

Dihydroxyacetone phosphate 7.56
Fructuose-6-phosphate 6.64
Glucose-1-phosphate 5.15
Glucose-6-phosphate 7.20
Glycerol-1-phosphate 7.02
Glycerol-3-phosphorylcoline 2.76
Glycerol-3-phosphorylcethanolamine 3.20
Phosphomonoester (PME) 6.90
Phosphodiester (PDE) 2.20
Inorganic Phosphate 5.02
Phosphocreatine 0.00
Phosphoenolpyruvate 2.06
Phosphorylcoline 5.88
Phosphorylethanolamine 6.78
Nicotinamide adenine dinucleotide (NADH) -8.30

Table 1 Chemical shifts of biologically relevant 31P-containing metabolites in no specific order
[4][14][42][43].
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3. Animal Models of Liver Fibrosis

Animal models of hepatic fibrosis provide a means to study liver degradation and
recovery, as seen in numerous studies [25][26][27] . For this to be possible,
several approaches to induction of fibrosis have been described [28][29][30], out
of which CCl4 (or Carbon tetrachloride) intoxication in rats and mice is
probably the most widely studied. In addition, the CCl4 model is the best
characterized with respect to histological, biochemical, cell and molecular

changes associated with the development of fibrosis [31].

CCl4 can be given IP (Intra Peritoneal) or by oral gavage and it induces zone III
necrosis and hepatocyte apoptosis with associated hepatic stellate cell activation
and tissue fibrosis [28]. With repetitive dosing, CCl4 can be used to induce
bridging hepatic fibrosis (4 weeks of 2 x weekly dosing), cirrhosis (8 weeks of 2
x weekly dosing) and advanced micro-nodular cirrhosis (12 weeks of 2 x weekly
dosing). In addition, for each of these models spontaneous recovery from fibrosis

can be studied after cessation of dosing [31].

Animal models are essential to the investigation of liver fibrosis and other fibrotic
diseases because they provide the only model in which the serial sampling of
tissue can be made which facilitate the dissection of the cell and molecular
processes that underlie fibrosis. Still, the importance of studying human models
of disease cannot be stressed enough. Nevertheless, at best they can only provide
a momentary snapshot of a disease process which may develop over weeks or
months. In addition, the morbidity, potential mortality and ethical issues
associated with liver biopsy in humans, significantly limits the use of biopsy
material for research. Its ethically impossible to manipulate the pathogenic
process of liver fibrosis experimentally and in vivo in human beings. For all these
reasons, animal models of liver fibrosis remain a vital experimental instrument.
Many experimental models of hepatic fibrosis have been described, including
those associated with toxic damage [28], immunological damage [32], biliary

fibrosis [33], and alcoholic liver disease [34].

In a simple way, carbon tetrachloride is a halokane activated by oxidases to yield
a trichloromethyl radical, which initiates lipid peroxidation (a process of
degradation) and can react with the sulphydrol group of proteins [31]. CCl4 has
been administered to rodents by inhalation, gastric gavage and by subcutaneous
and intraperitoneal injections [28]. Because of the necessity for bioactivation, the
severity of CCl4 injury will be strongly influenced by the type of diet and the
presence of other xenobiotics. Consequently, specific diet or drugs can enhance

CCl4 toxicity and the speed of development of fibrosis.

14|A 31P MR Spectroscopy Study on Rat Models of Liver Disease



Carbon tetrachloride induced fibrosis and cirrhosis is one of the oldest and is
probably the most widely used toxin-based experimental model for the induction
of fibrosis. It has the advantages that it has been clearly characterized and, in
many respects, mirrors the pattern of disease seen in human fibrosis and cirrhosis
associated with toxic damage [31]. In addition, there is extensive experience with
this model with respect to the characterization of histological, biochemical
changes and changes associated with injury, inflammation and fibrosis [28][31].
Finally, in experienced hands, even using outbred rats or mice, this model elicits
a reproducible and predictable fibrotic response, making it a valuable basis for
study. For these reasons, there is a fairly extensive experience and growing

literature in which CCl4 induced fibrosis is used as a basis for mechanistic study.

The CCl4 model also has disadvantages. In comparison, as a model, while
mimicking the before mentioned disease pattern it has no direct human disease
equivalent. Additionally, unlike human liver fibrosis, there is more pronounced
cholangiolar cell hyperplasia in advanced CCl4 fibrosis and in rats in the
presence of CCl4 induced cirrhosis there is failure to progress to the development

of hepatocellular carcinoma [35][36].

Some groups at the University of Edinburgh have previously used CCl4 in a
series of experimental models of liver injury and fibrosis. These include using
CCl4: To induce acute injury characterized by self-limiting hepatic stellate cell
activation and hepatocellular regeneration; to develop early and established
fibrosis (4 to 6 weeks of CCl4), to develop early reversible cirrhosis (8 weeks of
CCl4 intoxication) and to develop cirrhosis that demonstrates only partial

reversibility (12 weeks CCl4 intoxication) [37][38][39][40].

3.1In-Vivo Study

For this study, 2 groups of rats were used (control and disease model), all of the
Sprague Dawley stock, like the one on Fig 4 . The Sprague Dawley rat is an
outbred (bred from distantly related or unrelated individuals, often producing a
hybrid of considered superior quality) multipurpose breed of albino rat used
extensively in medical research [4][5][31][38]. Its main advantage is its calmness
and ease of handling. This breed of rat was first produced by the Sprague Dawley
farms (later to become the Sprague Dawley Animal Company) in Madison,
Wisconsin in 1925. The average litter size of the Sprague Dawley rat is 11. Each

group (control and disesase model) consisted of 2 rats (meaning 4 in total).
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Fig 4 A typical Sprague-Dawley albino laboratory rat [41]

Our disecase model group was subjected to 8 weeks of twice-weekly
intraperitoneal CCl4 which usually induces advanced liver fibrosis or early
cirrhosis.

Phosphorous MRS offers a non-invasive technique for studying metabolic
processes in the liver. There are mainly six resonances of interest in in vivo liver
spectroscopy, namely phosphomonoesters (PME), inorganic phosphate (Pi),
phosphodiesters (PDE), and adenosinetriphosphate (alpha, beta, gamma ATP).
Resonances from PME and PDE are thought to reflect the cell turnover of the
hepatocytes whereas the alpha, beta and gamma groups of ATP reflect the energy
state in the cells [42].

In a typical *P MR spectrum from normal liver tissue low concentrations of
PMEs and high concentrations of PDEs have been observed, whereas in
fibrotic/necrotic/tumorous tissue elevated levels of PMEs and decreased levels of
PDEs have been shown [4][43]. A ratio between these two metabolites has been
suggested as a natural biomarker for these conditions, and as such it’s going to
be one of the focus of the analysis later on.

Other studies [4][7], involving partial hepatectomies, advocate changes in the
Inorganic Phosphate/ATP ratios, suggesting an increasing consumption of ATP
while the liver tries to compensate by adjusting the liver function. While not
directly comparable, it’s still worth mentioning.
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4. MR Setup

The MRI instrument has evolved into one of the most complex and expensive
devices used in imaging practice. Advances in the instrumentation have been the
single most important factor in the progress of clinical MRI. This progress can
be seen in every hardware field, from advances in magnetic field strength or
gradient coil technology, to RF electronics and computer systems.

In principle, the component requirements for an MRI instrument are quite
simple. The hardware comprises a magnet to generate a static magnetic field,
gradient coils for spatial encoding, RF electronics for irradiation and reception,
and computers for data processing and manipulation.

4.1The MRI apparatus

According to the manufacturer Agilent, the 7T animal MRI system is a flexible
and adaptable magnetic resonance imaging scanner for pre-clinical imaging and
research. The system has an intuitive user interface (YNMRj), and a flexible
programming environment which can carry out a wide range of pre-clinical

imaging functions. It was designed with preclinical use in mind.

The high magnetic field provides structural and functional images with higher
resolution in comparison with clinical MRI. It is reccommended for abdominal,
cardiovascular, muscular and articular use, as well as dynamic molecular imaging.

4.2 Magnet and Gradient

The magnetic resonance effect requires the application of a strong homogeneous
static magnetic field, which, nowadays, is usually achieved with the use of a
superconducting magnet, cooled to cryogenic temperatures during operation. In
its superconducting state the wire can conduct much larger electric currents than

ordinary wire, creating intense magnetic fields, in our case 7 Tesla.

The gradient used during all experiments was Varians 205_12_HD. It is
described by the manufacturer as a fully self-shielded gradient system designed
to suit 2 210mm room temperature bore superconducting magnets and gradient
systems. The design incorporates fully optimized X, Y and Z coil configurations.
The X and Y coils are made from copper plates. The Z coil is wound from heavy
duty copper strip. The gradient has been optimized to allow for high duty cycle
experiments while the room temperature shim set has been specially designed to
minimize coupling between gradients and shims during pulsing. Finally, the
gradient set is fully vacuum impregnated to minimize mechanical vibration and

noise.

4.3 RF Coil

Radiofrequency (RF) coils are an essential component of what makes up a
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complete NMR system. While the magnet creates the spin population difference
and therefore the longitudinal magnetization, it is the transverse magnetic field
oscillating in the RF range that rotates the longitudinal magnetization into the
transverse plane, where it can be detected as an induced signal by a receiver coil.
The many different possibilities for RF coil design can partially be explained by
the fact that each coil is often a compromise between its desirable and undesirable
features, with a general single coil optimal for all applications being no more
than a distant utopia. While a volume coil provides a homogeneous B1 magnetic
field, such that spin excitation is uniform across the sample, its large size and
often poor filling factor compromises their sensitivity. On the other hand, surface
coils are very sensitive due to their high filling factor and their optimal size
relative to the subject under investigation. However, surface coils have their
downsides, in that the generated B1 field is extremely inhomogeneous which will
lead to signal loss when an RF pulse is transmitted. Surface coils become
advantageous for MR when sample losses are dominant and/or the region of
interest is quite close to the surface. A small surface coil will be superior to a well
optimized birdcage type-coil when used for features within a few millimeters of
the surface. At greater depths, the small birdcage has higher SNR in addition to
its strong advantage in RF homogeneity. Here, coi/ (not sample) losses are
dominant for both the surface coil and the birdcage, but the surface coil achieves
higher SNR over a small region near the surface because of its higher filling
factor. The specific coil used in this project is of the "H/*'P transmitter/receiver

surface coil variety.

Fig 5 Doty Scientific Doty30

Throughout this study, the coil used was a Doty Scientific Do#y30, a 30mm
diameter "H/?*'P Double-tuned loop/butterfly surface coil for 7T (Tuned to 1H
at 300 MHz, 3'P at 122 MHz).
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A pair of back-to-back D coils (also called a butterfly coil) can be used to generate

an RF magnetic field just below their surface that is orthogonal to that of the

loop surface coil and, for proper orientation of the D coils, is also orthogonal to

BO [19, 31]. Hence, the combination of the loop and pair of D coils, as shown

in Fig 5, can be used for circular polarization, which may improve SNR [43].

The loop/D combination is also often used for double resonance (e.g., "H/*'D, or

'H/YF). In many cases, it permits higher S/N at both frequencies than the

alternative of double-tuning a single loop

. Alongside the combined 'H/*'P

Fig 6 Remote Coil Matching Units, for both Proton and Phosphorous, from left to right.

These units were used to manually adjust both matching and tuning on each coil, without

the need to access it directly.

surface coil, two remote coil matching networks were used, one for each channel.

These boxes allow for remote impedance matching and limited (2%) frequency

tuning of the respective surface coils.
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Fig 7 Rearside view of the magnet hole and a schematic of Varian’s High Band RF pre amplifier.
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4.3.1 Tuning and Matching

In order to be effective for both imaging and spectroscopy, the RF coil must be
tuned to resonate at the Larmor frequency f0 of the nucleus to be detected (which
in turn will depend on the magnetic field strength [44]). This is usually achieved
by adding capacitive or inductive elements across or along the coil structure. Also
of great significance is the interface between the coil and the RF hardware of the
MRI machine. In order to further minimize losses, optimize power transfer to
the coil and suppress reflected signals which may degrade the acquired image or
spectra, it is necessary that the impedance of the RF power amplifier, the receiver
preamplifier, the cable connecting the coil, and the load presented at the end of
the cable are all matched. This tuning and matching is done on a case by case
basis, as it depends on the size, shape and composition of the subject being

scanned. Connected to the MRI Preamplifier is a tune interface, which can be

N\ \

- - Pre Amp :) Coil

Tune Interface

Fig 8 Tune Interface Box and Re-Routing Unit representations, from left to right. The Tune Interface Box
was used to check the tuning for each nuclei, the lower the value on the display, the better. The Re-
Routing Unit was used to link the coil to the Preamplifier while connecting it to the Tuner.

used by means of re-routing the cables that connect the RF Coil to the pre

amplifier (Fig 7). This is done using the small apparatus depicted in Fig 8.

After the cables are re-routed, the user can tune the coil through the remote coil
matching networks (one for each channel). Now, there two approaches as to how
the user can monitor if matching/tuning is improving while it’s being adjusted.
One way to do it relies on the tune interface, which displays a specific value for
cach channel. The idea is to get this value as low as possible. Another method
relies on the software’s built-in Probe Tuning mechanism (accessed by typing

mtune in vYNMRj’s command window).

When the probe is properly tuned and matched, the tune signal is collinear with
the vertical green line and its tip is as close to the baseline (horizontal axis) as
possible. Either way, this process had to be done for both the 1H and 31P

channels , as both act individually and have different characteristics altogether.
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4.4 In Vivo specific hardware

As stated before, this study includes MR scanning sessions done both with
phantoms and In-Vivo subjects, and while the basic setup is mostly the same in
these two cases, the are some small additions to the hardware department in the
In-Vivo case. With the inclusion of a living subject a lot more variables come
into play, such as temperature, anesthesia delivery, heart/respiratory rate, as well
as the respective gating, meaning the experimental setup is not as straightforward
as the one typically used for phantoms.

Animal physiologic monitoring and gating control is provided through a SA
Instruments Inc. (SAII) Model 1025 MR-compatible monitoring and gating
system. The system can simultaneously monitor and record ECG, respiration,
temperature, and blood pressure, depending on the desired parameters and
sequences being used.

Fig 9

According to its manufacturer, this system was designed specifically to meet the
physiological monitoring and gating needs for anesthetized mice, rats and larger
animals in the MR environment. It consists of an ERT Module located near the
animal and an ERT Control/Gating Module connected to a PC located near the
operator console. The PC displays multiple waveforms, measured values, trends
and gating pulses. The ERT Module measures ECG using three leads with needle
or surface electrodes, respiratory rate from a small pneumatic pillow sensor
and/or from the movement of one ECG lead and temperature with a small rectal
thermister probe. Power is supplied by an external, rechargeable battery. The
ERT Control/Gating Module receives data from the ERT Module and any of
several optional acquisition modules. The ERT Control/Gating Module sends
data to the PC for display and receives user instructions from the PC to control
measurement and gating functions. Gates from ECG, respiration and any of the

available options are generated by the ERT Control/Gating Module
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microprocessor and sent to the MR system. The delay from the R-wave peak to
the MR system gate is user selectable as is the expiration gate delay and width.

To achieve good results during in-vivo experiments, be it structural,
spectroscopic or some other modality, it is absolutely necessary for the animal to
be as still as possible inside the scanner. For this to happen, the subject (in this
specific case, a rat) is put in a special structure (to put it more precisely, an MR
compatible animal holder) and kept under anesthesia.

Regarding the animal holder, a standard RAPID biomedical animal holder was
used. RAPID Biomedical offers a variety of animal holders for MRI on both
mice and rats. All holders are equipped with nose cones and anesthesia gas
delivery. The standard RAPID Animal Holder is also equipped with integrated
stereotactic head fixation system, indispensable for things such as high resolution
brain imaging. The holders have a length of 870 mm and are prepared to fit
standard Tx coils.

The MRI anesthetic apparatus used throughout this study was the Pneupac880.
As described by the manufacturer, it comprises a compact, mobile unit
specifically designed to be compatible within strong magnetic fields, such as the
ones present in a MRI suite, suitable for use in cases of difficult access to the
subject (it is designed to work within one meter of the ISO center of the magnet).
As a matter of curiosity, this specific device has CE Mark (MDD, Medical
Devices Directive) clearance but is has not been approved by the FDA, meaning
that it can't be sold or used in the USA.

Another part of the experimental In-Vivo setup is the heater/fan modules.
According to the manufacturers brochure, the SA Instruments, Inc. MR-
compatible, small rodent Heater System controls the temperature of small
animals undergoing imaging procedures. As referenced above, animal
temperature is measured with either a MR-compatible thermister probe.
Dedicated software continuously processes the temperature measurements and
sends an optical control signal to the Heater Module. This way, the rate of change
of temperature is monitored and heater control is adjusted to minimize overshoot
and generate a closed loop control system. Mouse temperature variations of less
than 0.1°C can typically be obtained during MR examination, providing a great
degree of control. This is a very important factor, as the subject's heart rate is
dependent on its body temperature [47].

All laboratory work was executed while wearing clean gown and shoes, as well as

a disposable mask, mob cap and gloves when required.
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5. MR Spectroscopy Sequences

Data acquisition is essentially the be-all and end-all part of the process. Without
a good acquired dataset it is impossible to do a reliable analysis and subsequent
investigation. Choosing the correct pulse sequence and its parameters is no easy
task, as the possible combinations are as numerous as they are complex. There
are plenty of factors that come in to play, each with its own advantages and
disadvantages, making the process of optimization often difficult and time

consuming.

In a very broad general sense there are two fundamentally distinct ways one can
approach this subject: localized spectroscopy and non-localized spectroscopy,
both with its advantages and disadvantages. Pulse sequence names (and
occasionally even specific characteristics) tend to vary between different NMR
manufacturer brands, which may cause some confusion to people used to one
specific brand and its set of sequences. Keeping in mind that the whole study
went down in a Varian/Agilent environment, I'll continue by detailing all pulse
sequences considered during the course of this study.

In regards to the Non-Localized Spectroscopy side of things, the very simple
SPULS (single pulse and 1D acquire) sequence was put into consideration. Later
on this sequence was slightly modified and evolved into a custom made sequence
labeled SATSP (SATurated Single Pulse) to fit a saturation pulse prior to
excitation, as it will be discussed shortly.

A description of each pulse sequence along with its characteristics follows.

5.1Image Selected In Vivo Spectroscopy (ISIS)

ISIS is a localization technique that achieves full 3D localization in eight scans,

and its basic sequence structure is as shown below in Fig 10.

Fig 10
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Exp 1 OFF OFF OFF +
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Exp3  OFF ON OFF -
Exp 4 ON OFF OFF -
Exp 5 OFF ON ON +
Exp 6 ON OFF ON +
Exp7 ON ON OFF +
Exp 8 ON ON ON -

Fig 11 Pulse sequence for ISIS localization. For 1D ISIS localization, two experiments are required, one with
and one without a spatially selective inversion pulse prior to excitation. Subtraction of the two datasets
will only give signal from the localized volume. For 3D localization, eight experiments (2 x 2 x 2) are
required as shown, whereby the right column indicates the relative receiver phase (+ = 0°, - = 180°) [14]

ISIS uses three frequency-selective inversion pulses in the presence of three
orthogonal magnetic field gradients.

These inversion pulses are turned on and off according to an encoding scheme
depicted in the above figure. When zero or an even number of 180° pulses are
executed, the desired magnetization of the cross-section of the three selected
slices ends up along the positive longitudinal axis and following a 90° -x
excitation pulse will end up along the positive y axis. During a scan with an
odd number of 180° pulses, the desired magnetization ends up along the
negative longitudinal axis an is excited to the negative y axis by a 90° -x pulse.
Adding and subtracting the individual stored scans with even and odd number
of 180° pulses, respectively, will constructively accumulate signal from the
desired location while destructively cancelling signal from all other locations,
as shown in

Fig 12. In each scan, signal from the entire sample is excited, and the ISIS
inversion pulses change the phase of the excited signal. In this case, the scan with
two 180° magnetic pulses, the magnetization in the cross section experiences a
double inversion and therefore ends up with a positive phase. Then, the localized
volume is obtained by subtracting images B and C from images A and D

(meaning, final image (F) is obtained by F=A-B-C+D).
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Because of the way it is sequenced, ISIS leads to the possibility of using very
short TE times [14], which greatly benefits the identification of short T2 species
(such as ATP with 31P MRS).

The practice of Outer Volume Supression (OVS) is consistently used in
combination with the ISIS sequence, giving birth to (Connelly et al [15]) a new
sequence named OSIRIS (outer volume suppressed image related in vivo
spectroscopy). The frequency domain excitation profile of a noise pulse consists
of a selective null band in which magnetization is not perturbed outside this null
band. This combination leads to a significant suppression of magnetization
outside the VOI, such that the receiver gain and motion problems are
minimized. Even though noise pulses are most commonly used for this effect

[15], any kind of OVS can be used [14].

Even so, ISIS comes with problems of its own. In vivo MR Spectroscopy scans
(and particularly in 31P spectroscopy even more so) are often executed using
surface coils for increased sensitivity, but that comes with a cost. B1 magnetic
field inhomogeneity can degrade the performance (slice profile) of the inversion
and excitation pulses, leading to greatly reduced sensitivity (complete opposite
to the initial intention of using surface coils), and increased contamination from

unwanted signals [45].
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5.2Single Pulse and 1D acquire (SPULS)

Regarding non-localized spectroscopy, SPULS is probably one of the simplest
methods one can use. Although it’s almost exclusively recommended by Agilent
as a test sequence to check the NMR signal during calibration [46] (possibly
because of its reduced flexibility in tinkering with parameters), its speed and high
SNR are rather positive aspects to be considered.

1100

Fig 13

Measurement of regular 1D NMR experiment is extremely simple and usually
carried out in three stages: The sample/subject reaches equilibrium; An rf signal
of sufficient power is transmitted and for a sufficient period of time (only a few
microseconds, as localization is not needed), in order to move the magnetization
vector from the z-axis to the x,y-plane (a pulse of up to 90°).

The signal that evolves due to precession of the magnetization vector is measured
after the pulse and at the end of the process, the vector returns to equilibrium on

the z-axis (process known as FID).

Possibly the biggest problem one comes across when using the SPULS sequence
aimed at actually gathering valuable spectroscopy information in an in vivo
setting is the intrinsic inhomogeneity in living structures. Due to the lack of
localization, all acquired information is referent to the sample/body as a whole,

with no information whatsoever on where the signal is coming from.

Without the use of localization, scan speed times increase and signal loss becomes
minimal, meaning an improvement for SNR. Still, as of now this technique is
apparently useless for this matter, since without localization there’s no way of
knowing where the signal originates from, and the observed sample/subject is
not a homogenous structure. Luckily, this problem can be circumvented using
OVS. By saturating the unwanted structures (skin, muscle, fat) prior to the actual
SPULS sequence, signal from outside our region of interest can be theoretically

avoided, with the remaining signal coming from the desired structure.
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Alas, use of outer volume suppression with this sequence is not supported out of
the box, meaning it had to be hard coded into a new sequence (SATSP),
compiled and only then it is ready to run.

Each new modification in the desired parameters, albeit small, requires the user
to go back and forth different sequence layouts, namely SPULS and PRESS, in
order to access all parameters that need changing. In retrospective, it would have
been wiser to build a proper GUI for this specific sequence, which would
streamline the process, making it faster and easier to use.

5.3Saturated Single Pulse (SATSP)

Fig 14

Essentially, this sequence consists on the SPULS sequence program preceded by
a saturation pulse, of whatever nature we may choose. The basic idea is to saturate
the unwanted region prior to the excitation pulse and acquisition, so that we
only acquire signal coming from the non-saturated region, ie. our region of
interest. The main advantage would be the simplicity and fast acquisition times.

As a main disadvantage, this sequence only provides 1D localization.

This sequence was achieved by combining existent Varian code used in both
SPULS (for the excitation pulse) and PRESS (for the saturation pulses) pulse
sequences, with some modifications. The complete pulse sequence code can be
found at the end of this dissertation, with the code properly commented and

described.
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5.4Chemical Shift Imaging (CSI)

2d

Fig 15

Also referred to as Metabolic Imaging, CSI consists in recording the
spectroscopic data for a group of voxels, in slice(s) (2D) or by volume (3D). It is
based on a repetition of PRESS type sequences to which is added spatial phase
encoding. The number and direction of phase encodings depend on the number
of dimensions explored (be it 1D, 2D or 3D), adding on to acquisition time.
Signal processing calls on Fourier transforms (1 for each phase-encoded
dimension phase + 1 for spectral analysis) and requires data correction

(correction of the baseline, phase, etc).

The results appear in the form of parametric images (metabolic maps) or a matrix

of the spectra of the regions to be studied.
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The PRESS localization method [14] is a so-called double spin-echo method, in
which slice-selective excitation is combined with two slice-selective refocusing

pulses. When the first 180° pulse is executed after a time tl following the
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excitation pulse, a spin-echo is formed at time 2tl. The second 180° pulse
refocuses this spin-echo during a delay 2t2, such that the final spin-echo is
formed at time 2T'1 + 2T2 (which equals the echo-time of PRESS, i.e. TE = 2T1
+ 2T2). The first echo contains signal from a column which is the intersection
between the two orthogonal slices selected by the 90° pulse and the first 180°
pulse. The second spin-echo only contains signal from the intersection of the
three planes selected by the three pulses resulting in the desired volume. Signal
outside the VO is either not excited or not refocused, leading to rapid dephasing
of signal by the “TE crusher’ magnetic field gradients.

5.5 Gradient Echo (GEMS)
GEMS (Gradient Echo Multi Slice), the gradient echo sequence illustrated in
Fig 17 operates in a similar way to the spin echo sequence, although uses bipolar
gradients rather than an inversion pulse to achieve refocussing and echo
generation [48]. Generally, smaller flip angles (for example, 30°) are used than
in a spin echo sequence; this means that less signal will be available for image
generation, but allows residual z magnetization to be consumed in subsequent
excitations — thereby allowing sorter repetition times and faster image
acquisition. Although z magnetization does not fully recover due to the short
repetition time, equilibrium is established after the first few excitations. Gradient
echo imaging generally allows faster acquisition with lower SAR than spin echo
sequences, albeit somewhat more vulnerable to certain artifacts (including those
due to field inhomogeneities). Variations on the sequence allow improvements
in terms of signal strength, artifact reduction, imaging time and measurement of

flow.

Fig 17

GEMS is a default pulse sequence present in Varian scanners that uses a
changeable flip angle instead of a 90° pulse and a gradient instead of a RF pulse
to rephase the FID. T2* T1 weighted and proton density images can also be
acquired using this specific sequence. The flip angle in combination with the TR

determines the T'1 weighting and the TE controls the amount of dephasing.
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6. Experimental Protocols

Several Experimental protocols, each for a specific purpose, were followed
throughout the course of this study. Here you can find protocols for both
phantom and in vivo use that more or less acted as guidelines for each
experiment. The required preparation and handling of every animal used during
this study was performed by an experienced member of the Edinburgh

Preclinical Imaging Centre, diligently following every normative guideline.

6.1 Phantom Protocol

1)

2)

3)

4)

5)

6)

Starting with positioning, the combined Doty 1H/31P coil should be centered relative
to the phantom (if the Liver Phantom is being used, the small compartment should
face the surface coil). It should be ensured that the phantom is leakproof so that no

damage may occur to both the coil and the machine.
Perform coil tuning and matching. Register values for future reference.

SCOUT images should be acquired to verify the correct position of the phantom. If
the correct position is not achieved at first, adjust it accordingly, repeat SCOUT image
acquisition and coil tuning/matching if necessary until the desired position is

achieved.
Proceed to 1H power calibration and register the values for further reference.

When using the Liver Phantom, acquire SCOUT images with progressively higher
flip angles. Obtained images where the second compartment appears brighter mean
that a 90 degree flip angle (or close to it) is most likely affecting that area. Register

those values.
In order to achieve the best possible shimming, a few different methods can be applied:
a) Automated Shimming

i) Global shim techniques, such as quickshim can be used. While using the Liver
phantom, it should be very important to choose a FA value that works in our

favour, with more signal coming from our region of interest.

ii) Localized shim techniques, such as ge3d, can also be used. Shim gradient

values will be chosen in accordance to the user defined voxel.
b) Manual Shimming

i) Global shimming can be done by loading a regular SPULS sequence. Again,

carefully choosing a favorable FA is vital to achieve a good result. Signal should
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7)

8)

be, as much as possible, coming from our area of interest, and not any

surrounding areas.

ii) Localized shimming can be done by loading a PRESS sequence, selecting a
voxel of interest and varying the shim gradient values until the desired result

is achieved.

Using the Liver Phantom, 31P power calibration should be done in accordance to the
Phenylphosphonic Acid peak, originating from the second compartment, further
away from the coil. For single compound/peak phantoms, power calibration is
straightforward, as only that peak can be considered. Register values for further

reference.

The phantom is now ready to be scanned. Choose the adequate sequences and

parameters that fit your purpose in the experiment.

6.2 In Vivo Protocol

1)

2)

3)

4)

5)

6)

7)

Animal must be anesthetized before being put in the scanner. A rectal thermometer is
used to check the subject’s temperature and a surface electrode placed directly below

the subject’s chest to monitor the heart rate.

Concerning positioning, the animal is placed on the animal holder and the combined
Doty 1H/31P coil should be centered relative to the liver of the animal. Tape can be

used to maintain it still and minimize the effects of respiratory movements.
After the subject is Coil tuning and matching.

SCOUT images should be acquired to verify the correct position of the subject. If the
correct position is not achieved at first, adjust the subject accordingly, repeat SCOUT

image acquisition and coil tuning/matching if necessary.
1H power calibration.

SCOUT images with progressively higher flip angles should be acquired. Obtained
images where the liver is brighter mean that a 90 degree flip angle is most likely

affecting that area.
In order to achieve the best possible shimming, a few different methods can be applied:

a. Automated Shimming
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i. Global shim techniques, such as quickshim can be used. In this
case, it should be very important to choose a FA value that works
in our favour, with more signal coming from our region of interest,

the liver.

ii. Localized shim techniques, such as ge3d, can also be used. Shim
gradient values will be chosen in accordance to the user defined

voxel.
b. Manual Shimming

i. Global shimming can be done by loading a regular SPULS
sequence. Again, carefully choosing a favorable FA is vital to
achieve a good result. Signal should be, as much as possible,
coming from our area of interest, the liver, and not the muscle or

any surrounding arcas.

ii. Localized shimming can be done by loading a PRESS sequence,
selecting a voxel of interest and varying the shim gradient values

until the desired result is achieved.

8) 31P power calibration should be done in accordance to the Phosphocreatine peak

(PCr), with this signal coming from the muscle region, closer to the coil.

9) The animal is now ready to be scanned. Choose the adequate sequences and

parameters for your specific purpose.
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7. Methods of Data Analysis

& IMRUIvS

While there are several options on the market for MR Spectroscopy analysis,
namely LCmodel or even Matlab, jMRUI was chosen. j]MRUI (short for Java-
based Magnetic Resonance User Interface) is a software package used for
processing of MRS and MRSI data. It includes algorithms for frequency selective
filtering of signals, correction of eddy current artifacts, Cadzow signal-to-noise
enhancement, linear prediction, non-linear fitting, etc. It is mainly developed as
part of Marie Curie Framework by the D. Graveron-Demilly group at the Claude
Bernard University Lyon 1 in France. The software is not open-source, but

licenses are free for academia, on the condition that they register on the website.

File Edit Display Preprocessing Quantitation Custom Options Window Help

-6l s @sa

MRSI Mode

5 MRsImode -fi

=] MRS & Anatomical mage i i s

File View Optiof

fid_01_01.txt ;:
fid_01_02.txt

fid_01_03.txt
fid_01_04.txt
fid_01_05.txt
fid_01_06.txt
fid_01_07.txt
fid_01_08.txt
fid_02_01.txt
fid_02_02.txt
fid_02_03.txt [—|
fid_02_04.txt
fid_02_05.txt
fid_02_06.txt
fid_02_07.txt
fid_02_08.txt
fid_03_01.txt
fid_03_02.txt
fid_03_03.txt
fid_03_04.txt
fid_03_05.txt
fid_03_06.txt
fid_03_07.txt
fid_03_08.txt
fid_04_01.txt | |
ifid_04 02.txt | ¥

Selection View Info

&

Zoom=100

ice number /1

&, M & Phasing 3l
Zero order phase (deg): |139.2
=9
-180 -90 0 90 180
Begin time (ms): 0.8
. —
-10 -5 0 5 10

T T T T T
n o 1o a0 30

Frequency (ppm)
Ref..-1.7583E0

Sampling Int. (ms): 0.125 Bandwidth (Hz): 8000

<

ICONJUGATE

Actions

Fig 18 General view of jMRUI. A CSI sequence is displayed, where we can see the anatomical image and

the selected voxel, the correspondent spectrum as well as a Phase Parameters toolbox

/.1 Preparation

Before starting to quantify the metabolites present in the spectra, one has to
prepare the data for analysis. This procedure includes several steps, detailed
below.

The first thing to do is reversing the spectrum (conjugate signal). Raw MR
Spectroscopy data acquired in Varian scanners is not automatically presented
according to the MR Spectroscopy standard. To fit this standard, one has to
reverse the spectra in order to fit the metabolites in the expected frequency range

when displayed as PPM.

Next up, comes Apodization, literally meaning "removing the foot", is the
p p y g g

technical term for changing the shape of a mathematical function, an electrical
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Amplitude ()

signal, or anything equivalent. It is commonly used in signal processing, usually
by means of applying the Hann window in the Fast Fourier transform in order
to smooth the discontinuities at the beginning and end of the sampled time
record. In purely aesthetic terms, it makes the spectrum appear to be smoother,
reducing (or even removing completely. Depending on the degree of
apodization) the sharp angles present in each peak. This tends to erase the visual

noise usually present in MR Spectroscopy spectra
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used on the spectrum on the left, now displaying very smooth lines

While the visual effect of apodization is easy on the eyes, it also means one can
lose information if used in a careless manner. Luckily, ]MRUI presents the option
of looking at the apodized data while the analysis is done using the unedited data
instead of the apodized one.

The Zero Order Phase parameter is pretty much self-explanatory, as it allows for
user to adjust the phase of the signal to better fit the desired interest (pretty much
common ground on any signal processing tool available). Due to the intrinsic
nature of surface coils (B1 inhomogeneity), this parameter needs to be constantly

adjusted to avoid phase issues, as different voxels are affected by different Flip
Angles.

Fig 19 Apodization Toolbox and its effect on the visual representation of a spectrum. No apodization was
used on the left spectrum, as evidenced by the apparently erratic variations, and extreme apodization was
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Fig 20 Phasing Toolbox, showing both Zero Order Phase and Begin Time as flexible parameters.

In regards to the Begin Time parameter, its benefits may not be as easy to see.
Essentially what it does is it cuts out a determined amount of points at the
beginning of the data set. This helps solving some major phasing issues.

[ & Zero Filling 4 =23 )

l Humber of zeros to a...| 100

Fig 21 Zero Filling Toolbox, with the number of points to add to the spectrum.

Zero filling is another tool to take into account. It allows one to use a longer
FFT, which will produce a longer FFT result vector. A longer FFT result has
more frequency bins that are more closely spaced in frequency. This might result
in a smoother looking spectrum when plotted without further interpolation.

Although this interpolation won't help with resolving or the resolution of and/or
between adjacent or nearby frequencies, it might make it easier to visually resolve
the peak of a single isolated frequency that does not have any significant adjacent
signals or noise in the spectrum. But, essentially, zero padding/filling before a
DFT/FFT is a computationally efficient method of interpolating a large number
of points.
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Fig 22 Effect of zero filling on spectral resolution. The triplet resonance Beta-atp is not well resolved after
a FT of the acquired data points. Zero filling the original data (by a power of 2), completely resolves the
triplet resonance. After four times zero filling no further improvement in spectral resolution is observed

(this, of course, on a case by case basis) [14]

7.2 Quantification

And then comes the actual data quantification. For medical diagnosis or
biochemical analysis accurate and efficient quantification of magnetic resonance
spectroscopy signals is of the utmost importance. However, these signals are often
characterized by a low SNR and overlapping peaks, which means that simple
signal processing methods such as numerical integration, are all but useless in
this field. Starting in the mid-90's, a number of more advanced time domain
techniques based on a mathematical model function have been developed [49].

Non interactive methods exist that are computationally efficient and fully
automatic. Among these are the very popular SVD (singular value
decomposition) and LP (linear prediction) methods, as well as all their variants.
Still, a serious drawback is the fact that only very limited prior knowledge can be
incorporated in these algorithms and that the model function is restricted to a
sum of complex exponentially damped sinusoids. On the other hand, interactive
methods exist that provide more user involvement, and do allow the inclusion of
a robust amount of prior knowledge, even if they are computationally less
efficient.
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7.2.1

AMARES

AMARES (Advanced Method for Accurate, Robust and Efficient Spectral
fitting), is one of these methods. As defined by its creators, AMARES is an
improved interactive time domain method for accurate and efficient parameter
estimation of MR Spectroscopy signals with use of prior knowledge. It uses a
version of NL2SOL, a sophisticates nonlinear least-squares, which can be
adjusted based on prior assumed knowledge. AMARES was first brought up as
an alternative to VARPRO, which uses a simple Levenberg-Marquardt algorithm
to minimize the variable projection functional. Its performance was confirmed
to be superior to VARPRO in terms of accuracy, robustness, and flexibility, in
both in-vivo and simulated experiments [49][50]. AMARES is, by definition,
dependent on user interaction, which means that the more information the user
itself has when analyzing the data, the better. With this in mind, as a way to aid
in spectra visualization, every acquired spectrum was apodized.
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Fig 23 A three way view of the AMARES toolbox as presented in jMRUI, displaying the three main parameter

categories at our disposal, “Starting Values”, Prior Knowledge” and “Overall Phases”, from left to right
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Weighting is the multiplication of the first points of the signal, the FID, with a
quarter-sine wave. This operation is useful in the quantitation of a signal with a
large background signal, or if the FFT of the signal has a bulgy baseline (both
usually happen in 31P MR Spectroscopy). For the same reasons, the first points
of the FID could be truncated. Truncation of points does not imply physical
truncation of the original signal. The quantitation will be performed without the
number of points indicated in this field. According to jMRUI's manual,
weighting can change the estimated amplitudes for components to about 20%
for an interval from the 1st to the 20th point and that truncation can throw away

valuable information in the signal, and is meant to be used carefully. In the details
field, the number of points used in AMARES can be chosen also.
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Estimated Estimated durmg.the Maximum,
or bound b or bound Usuall analysis of dependent
Estimated v Estimated y each voxel. Fixed On Usually 2 on the
soft by soft Lorentzian . .
. . Variable acquire
constraints constraints
between data set.
voxels.

Table 2 Typical values/settings used in each of the AMARES required parameters

The parameters described above are merely representative of the typical settings
used within AMARES, and can be altered and improved in relation to specific
cases. Luckily, AMARES provides visual aid for this case, displaying both the
original and estimated signal side by side for an easy comparison. This way, it is
possible to quickly assess if the analysis is working as intended (even if on a purely
visual perspective only) and decide whether to move forward with the analysis or
to go back and modify some of these parameters to better suit the acquired data.

eatimate

original

10

i
Freguency {ppm)

Fig 24 Example of good data fitting using Amares. Estimated spectrum looks similar to the original one.

estirmate

origital

il
Freguency (ppm)

Fig 25 Example of bad data fitting using Amares. Estimated spectrum barely resembles the original.
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In the first case, the estimated signal almost precisely matches the one from the




original acquisition. This is the preferred case, as the quantified data will
resemble actual acquisitions more closely (residue will be minimized). On the
second figure, we are presented with a much noisier spectrum. There are now
large discrepancies between the original and estimated spectra, such as unusually
wide peaks, mysterious slopes around the -5 ppm area, and general phase issues.
This means that AMARES is not doing its jobs properly, and estimation needs
to be redone using a different approach within AMARES itself. The estimated

components are shown in a much smoother display due to the lack of noise.

Note: There were a number of recurrent bugs found within jMRUIL

The first one relates to the AMARES analysis itself. If the AMARES dialog window is closed during a
work session, several problems might occur. These problems range from the inability to select peak line
width or automatically selecting several peaks ar once, downright to displaying seemingly wrong values
during data analysis. Once these problems start to appear they remain present until a new session is
initiated. This can be circumvented by not closing the AMARES parameter box between the analysis
of different voxels, and merely putting it in the background while the user changes the rest of the
parameters.

Another has to do with some data sets that were acquired using the CSI pulse sequence. Jmrui is
supposed to automatically detect several parameters inherent to the acquired data, such as the Sampling
Interval, Bandwidth, Transmitter Frequency and Main Magnetic Field. While most times these
parameters are rightfully displayed, data acquired using CSI has this problem. The correct values need
to be manually inserted, otherwise data analysis is meaningless, as the results will take into
consideration wrong prior knowledge.
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8. Phantom Design

8.1 Liver Phantom

Before the actual in-vivo scanning takes place, MR Spectroscopy sequences need
to be chosen, tested and optimized to prevent the use and subsequently needless
killing of rodents for academic only purposes. Among the more common
alternatives are both the use of already deceased animals (ex-vivo studies), or the

use of replacement phantoms.

8.1.1 Concept and early draft
So, the creation and subsequent MRS scanning of a rodent phantom that
comprises a "skin/muscle/fat" + liver slice came to fruition. This phantom would
be primarily used to test and assess the viability of a number of MRS sequences,
optimize its parameters and a get a better perception of the maximum viable
scanning "depth". This way, the chosen sequence(s), and its parameters will
hopefully have little left to be optimized during the in vivo scan time (relatively
speaking), leading to a faster and trouble free experimentation. Still, not all
parameters can be fully optimized using a phantom. The schematic in Fig 26
seen here is to be a visual representation of said “skin/muscle/fat” + “liver”

phantom, as well as the relative positioning of the surface coil.

( I

0.8cm 9

4.0cm

Fig 26 Early draft of the Liver Phantom. On the left, a sideway cut of both compartments and the surface
coil on top. On the right, isometric perspective of the Liver Phantom with the surface coil on top.

The two compartments that this phantom depicts have significant differences,
both anatomically (in this case, regarding the thickness/depth of each layer), and
physiologically (regarding the content of each compartment, in terms of specific
metabolite presence and ratio).

Starting by the most outward layer, skin thickness in rats varies a lot with age but
remains mostly within small consistent boundaries when oldness is not an issue
(Changes in Electrophysiological Properties of Rat Skin with Age). In this sense,
if a greater attention to detail is required, the skin compartment’s thickness could
be depicted in accordance to the average age of the rats that will be used later in
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the in-vivo experiments. In terms of muscle and fat layers, their average thickness
tends to vary a lot with various outside factors such as food intake, exercise or
even stress [51]. Taking into account several MR scans of common Sprague
Dawley rats, an average thickness of 0.8 cm was decided for the first
compartment of the liver phantom. In terms of metabolite concentration, studies
consistently show that low ratios of phosphocreatine (PCr) to adenosine
triphosphate (ATP), high levels of phosphomonoester (PME), Pi, and
phosphodiester (PDE) relative to PCr, are present in rat skin [51]. When it
comes to muscle composition, Phosphocreatine (PCr) is the most characteristic
and easily identifiable metabolite, being present in high concentrations in the
muscle and almost totally absent from both the skin and liver [4], quite useful
for voxel bleed localization. The second and final layer of the phantom
corresponds to the “liver” compartment. In this layer, thickness is not particularly
relevant as long as it’s guaranteed to exceed the maximum viable range of the
phosphorous surface coil (it is a prior assumption that the average liver thickness,
combined with the previous layer above will largely exceed it, so it is not a
problem here). Even so, to ensure some consistency, the thickness of this layer
should be in accordance to the average liver thickness of a rat of similar age to
the ones that will be used in the in-vivo MRS. Liver phosphorous metabolite
composition is fairly simple, and usually consists of 6 (relevant) different
components ranging 4 distinct metabolites: PME, phosphomonoesters; Pi,
inorganic phosphate; PDE, phosphodiesters; and ATP (alpha, beta and gamma
peaks).

8.1.2 Phantom Design and Production
Now that the general idea of what the Liver Phantom should be like was set,
there was the need to actually design it and build it. Although the phantom
design was quite simple in nature, it was also very specific. It was absolutely
necessary for it to have two separate compartments, be easy to fill with a liquid
substance and as leak-proof as possible. The desired features, while somewhat
flexible, were not so common that you could simply find a container with more
or less those characteristics in your everyday life. For this reason, 3D printing

was thought of as the most suitable approach.

Fig 27 First tridimensional draft of the Liver Phantom. Both compartments are already in place, design is
not final
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There was now the need for a virtual 3D prototype. And so, a rough draft was
made, which included all the chosen characteristics for the Liver Phantom, both
in terms of shape and measurements. Taking this rough draft as guidance, a first
3D modeled prototype was conceived (credit to Marta Ribeiro, for her industrial
design expertise which proved to be extremely helpful). This first of these models
can be seen in Fig 27. After a few tweaks, it evolved into a more precise model,
with definitive measurements and proportions. In Fig 28, the final phantom
design can be seen, with the two compartments displayed in different colors for
easier identification.

Fig 28 Left: Tridimensional model of the Liver Phantom. The two compartments are depicted in different
colors for an easier interpretation. Right: Final, printed version of the Liver Phantom. The two pink
duplicates are complete. The black phantom is missing its front side, making it possible to see the two
separate compartments.

Now that the final design had been picked, another important topic on this
subject is the assembling material itself. Previous studies have used a number of
materials to build rodent phantoms, including agarose, latex, slicicone or PVA
Cryogel [16][17][18]. In this specific case the chosen material for the phantom
structure was ABS plastic, a cheap, relatively strong and supposedly leak-proof
material used in, among other applications, Lego bricks.

ABS plastic, or Acrylonitrile Butadiene Styrene plastic (chemical formula
(C8HB8)x- (C4HO6)y-(C3H3N)z) is a terpolymer made by polymerizing styrene
and acrylonitrile in the presence of polybutadiene. The proportions can vary
from 15 to 35% acrylonitrile, 5 to 30% butadiene and 40 to 60% styrene (exact
percentages for this phantom in specific are unknown). The styrene gives the
plastic a shiny, impervious surface. For the majority of applications, ABS should
only be used between -20 and 80 °C as its mechanical properties vary with
temperature [52]. Even so, this parameter is well within bounds for this
particular application, as the temperature within the MR suite and scanner will
definitely fall in that range.

After the final printed phantoms were tested, it was found that the compartments
were not fully leak-proof as initially thought. This meant they could not be used

in their current form for two reasons: liquid from one compartment could
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infiltrate the other one, which would invalidate the existence of two
compartments, as they would share the same phosphorous components; also,
fluid from either compartment could leak and therefore damage the surface coll,
scanner or any equipment nearby. As a redesign and reprint of the phantom was
not an option at the time, a more unorthodox approach had to be considered.

And so, there were two problems to undertake: the compartments needed to be
leak-proof and the hollow tubes needed to be sealed. The main difference
between these two problems is that the hollow tubes cannot be permanently
sealed, as they are required to gain access to the interior of each respective
compartment.

Looking at the general leak-proof problem, the solution came in the form of a
small layer of epoxy resin on the outer side of each compartment, creating a shiny
impervious layer to prevent any leakage from the inside. Epoxy is the cured end
product of epoxy resins (informal name for the epoxide functional group). Epoxy
is also a common name for a type of strong adhesive used for sticking things
together and covering surfaces, typically two resins that need to be mixed
together before use (which is the case in our situation). Problem is, one the
phantom walls in shared between the two compartments, making it impossible
to cover with a layer of epoxy, as it would require easy access inside one of the
compartments. As there were two fully printed phantoms, it was possible to take
the small compartment from one and the large compartment from the other,
applying the epoxy resin to each compartment separately.

Fig 29 Three-way perspective of the separated small mpartment, after the epoxy resin had been applied.

After the layer of epoxy resin was applied, each compartment was filled with
distilled water and left on top of a piece of paper for approximately one hour.
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Regular checks on a 5 minute interval confirmed that the compartments were
now independently leak-proof.

Next up, the hollow tubes through which the compartments are filled were
wrapped in several layers of Parafilm laboratory film to prevent any further

leakage.

Parafilm is a plastic paraffin film with a paper backing produced by Pechiney
Plastic Packaging Company, primarily used in laboratories. It is commonly used
for sealing or protecting vessels (such as flasks or cuvettes). It is ductile, malleable,
waterproof, odorless, thermoplastic, semi-transparent and cohesive. It is also used
to further seal a lidded container against moisture and air contamination for long
term storage. However, Parafilm breaks down over time on exposure to air and
light and so, it does not serve as a long-term sealant. Still, considering the overall
time frame of each experiment, this fact did not pose any concern.

To finish the phantom assembly, both compartments were taped together using
regular plastic tape.

Fig 30 Three-way view of the combined large and small compartment.

Outside of the phantom itself, and even considering all the previously discussed
precautions, a final safeguard was put in place. While inside the scanner, the
Liver Phantom would be kept inside another container, which would prevent
any damage to the surface coil in case there was still a leak. However, having this
safeguard meant setting a greater distance (about Imm more) between the coil
and the phantom. Even so, it was considered an important measure.
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Fig 31 Final, developed form of the Liver Phantom, next to and positioned inside the small

protective plastic container. The container’s cap was itself wrapped in parafilm to supplementary
prevent any leaks.

Finally there was the need to choose two different phosphorous compounds to
fill each compartment of the Liver Phantom. Consensus determined that these
compounds should be in liquid form, cheap and easily available, as stable as
possible at room temperature and would produce a single peak each in the
spectra, separated enough from each other so that they could be easily identified
without overlapping. The chosen compounds were Disodium Hydrogen
Phosphate for the small compartment and Phenylphosphonic Acid (PPA) for the
large compartment. Concentration of each compound should resemble the
actual concentration of specific phosphorous metabolites present in the
structures we're trying to emulate. For the small compartment (the equivalent to
the skin/fat/muscle layer), the Disodium Hydrogen Phosphate solution had a
concentration of 40 mM, similar to how Phosphocreatine is present in muscle.
As for the large compartment, or liver, so to speak, a Phenylphosphonic Acid
solution of 10 mM was picked, like ATP present in the liver. Next, some details
on these two phosphorous compounds follow

8.1.3 Phosphorous Components

a. Small Compartment (Disodium phosphate)

Molecular
formula NazHPO4 O
Molar mass 141.96 g/mol Il
Appearance White crystalline solid P\ +
- -
Odor Odorless
Density 1.7 g/cm3 H O \ _ O Na
Melting point 250 °C O N a
Solubility in 0
water 7.7 g/100 ml (20 2C)
Acidity (pKa) 6.83

Table 3 Disodium phosphate characteristics and chemical representation [53].
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Disodium hydrogen phosphate (or simply Disodium Phosphate) is the inorganic
compound with the chemical formula Na2HPOA4. It is one of several sodium
phosphates. The salt is known in anhydrous form as well as forms with 2, 7, 8,

and 12 hydrates. All are water-soluble white powders [54].

It is used as an in conjunction with trisodium phosphate in foods and water
treatment. In foods, it’s used to adjust pH. Its presence prevents coagulation in
the preparation of condensed milk. Similarly, it is used as an anti-caking additive
in powdered products. It is used in desserts and puddings, e.g. Cream of Wheat
to quicken cook time, and Jell-O Instant Pudding for thickening. In water
treatment it retards calcium scale formation. It is also found in some detergents

and cleaning agents [55].
For use inside the Liver Phantom:

- Concentration: 40 mM;
- Volume: about 10ml.

b. Large Compartment (Phenylphosphonic Acid)

Molecular
formula CoHOSP O
Molar mass 158.09 g/mol 1
Appearance Beige crystalline solid P — O H
Odor Odorless I
Density 1.422 g/cm? OH
Melting point 163 °C
Solubility in Very soluble
water
Acidity (pKa) 1.85

Table 4 Phenylphosphonic acid characteristics and chemical representation [53].

There isnt really much in the way of relevant information about
Phenylphosphonic Acid, other than it was recommended for use in MR
Spectroscopy because of its stability and ability to produce a single, differentiable
peak.

For use inside the Liver Phantom:

- Concentration: 10 mM;
- Volume: about 35ml.

Both solutions were prepared at the University’s facilities, using distilled water,
regular laboratory glassware and all the standard manual techniques. Scale had a
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sensitivity of 0.01g.

8.1.4 Problems and possible solutions
The Liver Phantom was designed with a simple purpose of roughly simulating a
transversal cut of a rat, in which both the muscle/skin and liver would be
represented by two different compartments. There was no need for it to be a
close replica, meaning a lot of the precise details concerning both anatomical and
physiological structure were overlooked. With this in mind, it is with no surprise
that some shortcomings can be detected on this phantom model.

Without a doubt, the most relevant flaw in the Liver Phantom has to do with
fluid evaporation. While both compartments were leakproof, they were not
completely air tight, which caused both of them to become less and less filled
over time. This can be seen in the figure below on Fig 32.

Fig 32

On the left side, a simple SCOUT sequence gives us a 3-axis view of the Liver
Phantom, both compartments perfectly filled as far as we can tell. These images
were obtained less than 5 minutes after the phantom was put in the correct and
final position inside the scanner for one of the experimental sessions. The image
on the right was acquired using the same exact sequence and parameters as the
first one, only 16 hours later. What we see is an air bubble present in the small
compartment of the Liver phantom, as suggested by the darker region in that
very same area. As it was previously assessed that both compartments were
leakproof, evaporation is the only possible cause for the difference. While not
critically important, this is a topic of concern and some possible solutions for

this problem will be discussed later on.

The air bubble present in the first compartment grows larger as time goes by,
demonstrating the effects of evaporation. These effects seem to have
consequences in a short term sense, as the rate of evaporation is quite high,
making the phantom practically unusable a day or so after being filled. This issue
presents complications in two distinct ways. First, the Liver Phantom needs to

be refilled every time a new experiment/scan takes place. Besides being a bit time
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consuming, it requires the constant use of the phosphorous components, which
may prove expensive in the long run. Secondly, it may prevent the Liver Phantom
from being part of long scanning sessions, over the course of a weekend for
example, without being taken out of the scanner, refilled and repositioned. As
for the reasons of this apparent high evaporation rate, it was suggested that the
temperature inside the phantom should be monitored to rule out excessive
heating due to the MR scanning. In hindsight, designing the Liver Phantom as
two separate units would have simplified the whole process. There’s also the
possibility that thicker (maybe 2mm) walls could have reduced the evaporation
problem without the need for the epoxy layer. The original idea was to get the
walls to be as thin as possible, so that the compartments would be closer together,
but with that came the leakage problem.

Regarding the second compartment specifically, as the effective coil FOV
(specifically in terms of received signal), does not reach a region that can be
"seen" by the coil (as the liquid inside tends to stay in the bottom of the
compartment due to gravity itself), this can essentially be seen as a non-problem.
In fact, we can only assume that this happens in the second compartment as well,
as the top of the compartment (where the air bubbles are assumed to be) is not
visible in the SCOUT images. One way to verify this would require a different
1H coil, probably a bigger volume coil, to acquire images from the phantom as
a whole. As it wasn't deemed important, such task was not performed.

Besides being prone to evaporation and thus the appearance of air bubbles, the
Liver Phantom is also difficult to top up. Both compartments had to be carefully
and slowly filled with a syringe and needle, to prevent the phantom from having
small air bubbles inside. As the This occurrence was quite prevalent in the first
uses of the Liver Phantom, sometimes requiring multiple tries until the air
bubble either disappeared or was considered small enough for it not to be of
importance. Eventually, with some practice, this became less of a nuisance. Still,
for a future phantom design it would be wise to consider different possibilities
of accessing/filling both compartments.

The overall design should have included some sort of cap to effortlessly seal each
compartment after being filled. While it would probably not solve the
evaporation problem, it would definitely facilitate it being refilled.

In terms of building materials, previous studies have used a number of materials
to construct rat phantoms, including agarose [6], latex [14], silicone [7,11,15]
and PVA Cryogel [10]. The latter material is a gel, which has been previously
used in the construction of ultrasound and MRI-compatible phantoms [16-19].
The gel is converted into an elastic solid by undergoing a number of freeze—thaw
cycles, while the elastic modulus and relaxation times T'1 and T2 are controlled
by the number of cycles, typically ranging between 2 and 10. PVA Cryogel was
previously used by in the development of a rodent cardiac phantom at the
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University of Edinburgh’s Centre for Cardiovascular Science [56] because of its
the ability to readily control the characteristics of the material. High cost, in
comparison to ABS plastic made it an impracticable option. Still, the suggestion
remains for future applications.

As an end note, one of the original ideas for the Liver Phantom (not previously
described in this report) included a third compartment, separating Skin/Fat from
Muscle and Liver, and even a variable sized compartment. The first idea was put
aside as the differentiation between skin, fat and muscle was not considered to
be of major importance. As the relevant structure (the liver) lied beyond that
point, the first compartment main purpose was simply to create a big enough
barrier between the surface coil and the structure of interest. And so, the idea of
having an intermediary compartment was discarded. Now, the concept of a
variable sized compartment is a different view altogether. While at first this idea
was only thought of as a way to assess the viability of using the surface coil with
animals of different sizes (hence the variable size compartment), it would have

been very useful for quite a few other experiments.

8.2 PPA Phantom

The third and last phantom (used for absolute quantification purposes) was given
the name of PPA phantom. In this case, there was no specific design, material or
even shape in mind. The general idea was to have a phantom that was roughly
the same size as our structure of interest, MR compatible, cheap and easy to use.
Several options were considered, and we can take a look at the actual phantom
below.

Fig 33 PPA Phantom in three different perspectives.

The PPA phantom is made of clear glass, cylindrical in shape with a single
compartment, 7cm height and a 3,5cm diameter, leading to a volume of 269¢m?®
(or 269ml). It was covered in several layers of Parafilm laboratory film, as well as
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regular plastic tape, to prevent any leakages once filled. Glass, with its non-
ferromagnetic nature, low cost and high availability is a very common choice for

MRI practice.

As one can guess just by looking at the pictures above, it’s a very simple phantom
in design, made with materials that can be found in a common laboratory
environment. This comes with both advantages and disadvantages, as to be
expected. The glass container had already been used as a phantom on previous
studies, and can continue to do so after it has been properly cleaned. On the
other hand, the container didn’t have a proper cover, meaning one had to be
improvised. While the same thing had already happened with the Liver

Phantom, this time were looking at an area of 38cm? that is totally exposed.

8.2.1 Phosphorous Components

The only phosphorous component present in this phantom Phenylphosphonic
Acid, described earlier, this time at 50mM.

Once again, the solution was prepared at the University’s facilities, using distilled
water, regular glassware and all the standard manual techniques. Scale had a
sensitivity of 0,01g.

8.3 FlipMap Phantom

Another phantom used during the course of this study (for B1 mapping purposes
to be more precise, as will be discussed later on) was appropriately named
FlipMap Phantom. In this case a small plastic container with a bottle cap was
used. Cylindrical in shape, with a 1,5cm radius and 5cm height, making for a
total volume of 35 cm?® (or 35 ml).

Fig 34 Threeway view of the FlipMap Phantom.
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8.3.1 Phosphorous components
Monosodium phosphate

oot O

Molar mass 119.98 g/mol

Appearance White powder or crystals I

Odor odorless P
Density 2.36 g/cm3 ~ ~N - +

Melting point 240 °C H O \ O N a
SOI;‘J;‘:;? n 59.9 g/100 mL (0°C) O H
Acidity (pKa) 4.52

Table 5 Monosodium Phosphate characteristics and chemical representation[53].

Monosodium phosphate (NaH2PO4), also known as anhydrous monobasic
sodium phosphate and sodium dihydrogen phosphate, is an inorganic
compound of sodium with dihydrogen phosphate (H2PO4-) anion. One of
many sodium phosphates, it is a common industrial chemical. It exists as an

anhydrous salt, as well as mono- and dehydrates [55].
For use inside the FlipMap Phantom:

- Concentration: 1 M;

- Volume: about 50ml.
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9. Phantom Data Results
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Fig 35 ISIS pulse sequence | TR 2000 ms | 256 averages | 25x43x5 mm voxel, positioned inside the second
compartment | EP [Hard, 90°, 50 us, 41 dB] | IP [HS-AFP, 270°, 500 us, 45dB] | Very high apodization
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9.2SPULS
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Fig 37 SPULS sequence with a low flip angle, Hard pulse 90° [100 us, 35 dB] | 16 averages | TR 2000ms |
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Fig 38 SPULS sequence high flip angle, Hard pulse 350° [100 us, 44 dB] | 16 averages | TR 2000ms |
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9.3 SATSP
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Fig 39 SATSP sequence | EP Hard 350° [100 us, 45 dB] | SatP hs20 90° [2000 us, 33dB] | 16 averages | TR
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Fig 40 SATSP sequence | EP Hard 350° [100 us, 45 dB] | SatP sinc 90° [2000 us, 22dB] | 16 averages | TR

2000ms |
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Fig 42 SATSP sequence | EP, Hard 350° [100 us, 45 dB] | SatP, Hard 360° [110 us, 44dB] | 16 averages | TR
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9.4 Chemical Shift Imaging
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56|A 31P MR Spectroscopy Study on Rat Models of Liver Disease



9.5Phantom Data Analysis
Starting with ISIS, and as stated before, this sequence is very sensitive to slight
variations in the acquisition conditions due to its add/subtraction method of
voxel calculation. Due to B1 inhomogeneity, a 90° excitation pulse such as the
one used in Fig 35 was not giving us the desired results. Due to B1 inhomogeneity,
this 90° pulse produces a lower flip angle in regions farther away from the surface coil,

such as the second compartment of the Liver Phantom.

Automatic 31P power calibration is done in relation to the higher amplitude
peak present in the whole sample, in this case the Disodium Phosphate peak. As
this peak is present in the first compartment, closer to the coil, the calculated 90°
pulse will primarily affect that area. This is particularly troublesome with ISIS,
as this sequence depends greatly on the accuracy of both the excitation and

inversion pulses.

A higher powered pulse was needed to ensure that our ROI would be affected
by a 90° excitation pulse, thus making the ISIS pulse sequence functional. Fig
36 shows a 135° excitation pulse at work. Both DP and PPA peaks are clearly
seen, with SNR being much higher with the same number of averages being
acquired (256). This shows that the excitation and inversion pulses are now

doing their jobs properly and not cancelling valuable signal information.

There are still a few problems to consider while using this sequence. Because of
its nature, ISIS works on an eight acquisition cycle, meaning it can be very time
consuming for some valuable results to come through. While increasing the
power/flip angle for the excitation pulse does help, it still doesn’t solve the issue
entirely. If we increase the voxel size so that more signal from the ROl is acquired
(thus reducing the need for such high number of acquired averages), it will also

increase the flip angle diversity within the voxel, degrading the final results.

Next up is the Single Pulse sequence SPULS. Being a non-localized spectroscopy
sequence, it can only give information about whatever metabolites are in the
scanned sample as a whole, meaning no voxel-specific spectral information can
be acquired. And so, Fig 37 displays the acquired results of a standard SPULS
sequence applied to the Liver Phantom, using the usual 90° hard pulse.

As expected, two distinct peaks can be observed, one related to DP and the other
to PPA. Also to be expected was the huge difference in their magnitude. Various
factors come into play here; the most important two are probably the substance
concentration values (40 mM for the DP vs 10 mM for the PPA) and the distance
from each compartment to the surface coil (to which the compartment
containing DP is closer). Both these factors contribute to the DP amplitude
being bigger than the PPA amplitude. Problem is, the compartment of interest
is the one containing PPA, which is farther from the surface coil, thus
contributing with less signal to the overall results, meaning for a very high
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DP/PPA ratio, with an extremely high percentage of the overall signal coming
from the first compartment. The plot below details how this metabolite signal
ratio can vary by changing the applied pulse flip angle.

Metabolite Ratio varying on applied Flip Angle
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Fig 44 Metabolite Ratio varying on applied Flip Angle

As seen in the plot above, the DP/PPA signal ratio experiences a consistent
downward trend as the flip angle (FA) value goes up, even though this sequence
is non-localized, and the actual ratio between the two compartments hasnt
changed. What this actually means is that it’s not the same FA being applied to
both compartments simultaneously, making this ratio vary because we're seeing
more or less signal coming from one or the other compartment. While the
chosen FA might describe somewhat accurately what happens in the first
compartment (closer to the surface coil), the same cannot be said about the
second compartment (farther away from the surface coil). In this case, more
power (in comparison to the calibrated, whole sample, values given by vNMRj
itself) is needed to apply a true 90°, 180°, or whatever the desired FA may be, to
the second compartment, exactly because of this distance. The next plots should
make for a better understanding of this situation.
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Fig 45 DP signal amplitude depending on FA
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Here we can see how the signal amplitude from DP (or first compartment, as
preferred, since they act like synonyms in this case) changes by modifying the FA
value. Still, both DP and DP/PPA ratio going down (as the FA value goes up)
might not be of any interest if the PPA signal goes down as well (just at a slower
rate). If this were to happen, the already difficult problem of obtaining a good
SNR in-vivo would be even more difficult. Thankfully, that doesn’t seem to be
the case, as detailed below.
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Fig 46 Phenylphosphonic Acid signal amplitude depending on FA

Finally, the plot above (Fig 46) shows how the signal amplitude from PPA
(second compartment) varies by modifying the FA value. Even with some
noticeable fluctuations, there is a general upwards trend in the amplitude values
for the PPA, which shows that a higher FA means higher signal coming from
distant (to the coil) regions, in contrast with the decreased signal coming from
the first compartment.

Fig 38 displays a typical SPULS spectrum of the phantom, using a high flip angle
value (350°), without the use of a saturation pulse. While both peaks are clearly
visible, there is still quite a big difference regarding their amplitudes. In the case
above mentioned, the DP/PPA ratio is of about 6.3, meaning DP’s peak
amplitude is about six times bigger than PPA'.

Using a higher flip angle for the excitation, while helpful to the case in question,
doesn’t completely solve the problem. There is still a lot more signal coming from
the first compartment (closer to coil) in comparison to the second compartment
of the phantom, and though it may not seem like a big nuisance in this case, as
there are only two peaks in the phantom spectra and both have very distinct
resonance frequencies, it'll complicate the in-vivo scanning/analysis with its

lower SNR and overlapping metabolite resonance frequencies.
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So, the SPULS sequence was modified to include the possibility of using
saturation pulses prior to the excitation pulse. A number of different approaches
to the use of saturation pulses were considered. A saturation band covering the
entire first compartment was selected and an array of different pulses
shape/characteristics was tested. The usual to use a slice selective 90° pulse before
the actual acquisition sequence takes place. In Fig 42, using a hard pulse for
saturation purposes, we're not actually saturating the selected region per se, as
this specific pulse is not slice selective. So, it’s essentially working as a one
dimensional saturation pulse, dependent only on the chosen flip angle, and not

on the user selected saturation band.

Again, if applying the saturation hard pulse means not only losing signal from
the regions closer to the coil, but also from the area of interest, as this type of
pulse is not slice selective, then it may not be of much use. Fortunately, this

bJ
wasn’t the case.

Saturated vs Non saturated SPULS
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Fig 47 Saturated vs Non saturated SPULS

Peak amplitude for the PPA signal remains independent of the use of a saturation
pulse prior to excitation. On the other hand, DP signal (closer to the coil) peak
amplitude takes a huge dive when the saturation pulse is used.

This means we get a much better DP/PPA ratio without losing any information

regarding the area of interest. These ratios, for the Saturated (SATSP) and Non-
saturated (SPULS), can be seen below and they remain constant as SNR goes up.
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Saturated vs Non-saturated SPULS
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Fig 48 DP/PPA ratio with increasing number of averages

Moving on to the CSI sequence, some promising results were achieved using this
pulse sequence with the Liver Phantom. A data matrix of 8x8 was selected
meaning that 64 independent voxels can be analyzed and its metabolite

composition examined taking into account its location.

As we move further away from the coil and into the second compartment, one
can see the decreasing signal amplitude of Disodium Phosphate, while the
Phenylphosphonic Acid peak remains more or less constant. Specifically looking
at the voxel farther away from the coil, and while there is still some evident signal

contamination from the first compartment.

In this case, using the Liver Phantom, a 32 average acquisition was enough to
get some good looking results without wasting too much time. The use of
saturation bands in conjunction with this sequence was put to use and then

quickly discarded, as no suitable results were achieved.

All three sequences (excluding SPULS as it essentially acted as a precursor to the
SATSP sequence) managed to produce promising results. While none of them
fully satisfied the objective of completely eliminating the signal coming from the
first compartment, while retaining the acquired signal from the second
compartment, results were consistent enough to move forward to in-vivo testing

phase.
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10. In Vivo Data Results

10.1  ISIS

Control Group [n1]

Lo00E4]
7.500E3]

5.000E2]

Armplitude )

2.500E2]

T T T T T T T
El 2 0 [ -1o -0 30

Frequency (ppm)
Ref:-1.5205E0

Fig 49 ISIS pulse sequence | TR 2000 ms | 256 averages | 25x31x5 mm voxel, positioned inside the liver |
EP [Hard, 200°, 100 us, 44 dB] | IP [HS-AFP, 260°, 500 us, 46dB]
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10.2  SATSP
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Fig 50 Control Group - subject n1] high flip angle 350° [EP [280 us, 39dB] | 64 averages | SW 8000 Hz |
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Fig 51 Control Group - subject n1| high flip angle 350° [EP [280 us, 39dB] | 64 averages | SW 8000 Hz |
SP [360° Hard, 140 us, 45dB]
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Control Group [n2]
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Fig 52 Control Group - subject n2| high flip angle 350° [EP [280 us, 39dB] | 64 averages | SW 8000 Hz |
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Fig 53 Control Group - subject n2 | high flip angle 350° [EP [280 us, 39dB] | 64 averages | SW 8000
Hz | SP [360° Hard, 140 us, 45dB]
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10.3  Chemical Shift Imaging
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Fig 54 Control Group - subject n1 | CSl sequence [2 dummy scans | 64 averages | TR 2000ms | Data Matrix 8x8
|Slice - Phase 1d 60mm, 2d 60mm, Thickness 10mm [No saturation bands were used
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Control Group [c2]
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Fig 55 Control Group - subject n2 | CSl sequence [2 dummy scans | 64 averages | TR 2000ms | Data
Matrix 8x8 |Slice - Phase 1d 60mm, 2d 60mm, Thickness 10mm [No saturation bands were used
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Disease Model [dm1]
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Fig 56 Disease Model group - subject DM1 | CSI sequence [2 dummy scans | 96 averages | TR 2000ms |
Data Matrix 8x8 |Slice - Phase 1d 60mm, 2d 60mm, Thickness 15mm [No saturation bands were used
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Disease Model [dm2]

a-ATP
y-ATP
3.00083] PCr B'ATP
2.500E3]
T 20003
Py .
8
2 15008 P1
g
= 100
EME NAD(H)
s00
»«/\ﬁ\/\/\/\/\ .
o
Y iy
500
1,000 .
T T T T T T T
15 10 5 0 5 10 15
Frequency (ppm)
Ref.:-1.948E0
7.500E3]
K
ERELID
=
£
=
2.500E3)
¢ _"\W'\f/‘\,\/\ﬂJ
- T T T T T T T
15 10 5 0 5 10 15
Frequency (ppm)
Ref.:-1.948E0
1.000E4]
. 7.500E3]
z
2
2
£ 50003
x
2.500E3]
N \
[
T T T T T T T
15 10 5 0 -5 1o 15
Frequency (ppm)
Ref.:-1.948E0

Fig 57 Disease Model group - subject DM1 | CSI sequence |2 dummy scans | 96 averages | TR 2000ms |
Data Matrix 8x8 |Slice - Phase 1d 60mm, 2d 60mm, Thickness 15mm [No saturation bands were used
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10.4 In Vivo Data Analysis
If we assume that ISIS' biggest problem in this case is the lack of Bl

homogeneity, a very troublesome fact for its sum/subtraction localization
method.

There are reports of adiabatic pulses being used for excitation in ISIS, with
successful results [57], meaning it could be an interesting idea going forward. To
put it in context, adiabatic pulses are a class of amplitude and frequency
modulated RF-pulses that are relatively insensitive to Bl inhomogeneity and
frequency offset effects. They utilize the adiabatic principle where magnetization
is manipulated by a slow passage of the B1 field through resonance [58]. With
adiabatic pulses spins having different resonant frequencies are inverted or
manipulated at different times. This differs from an "ordinary” amplitude

modulated rectangular RF-pulse where all spins are affected simultaneously.

One of the ideas that could solve, or at the very least minimize this issue would
be to combine the use of a volume coil for RF transmission and the surface coil
for receiving, which is a very costly (money-wise speaking) combination. Thus,

this option was not considered.

All in all, due to the localization issues and low SNR (comparatively speaking),

the ISIS pulse sequence was dropped in favor of the CSI sequence.

In the in vivo environment, SATSP results were not as good as one would hope.
Besides the “to be expected” lower SNR, phase problems and peak broadening
scem to plague the results, even with some post processing correction
mechanisms. While these phase issues were non-existing in a phantom

environment, there are some plausible explanations to this occurrence.

In contrast to the phantom experiments, where there are no overlapping
metabolites in both compartments, on an in vivo setting we can find, for
example, ATP in both muscle and liver. Problem is, muscle ATP and liver ATP

don't necessarily have the same initial conditions from our perspective.

To start with, shimming is different in both muscle and liver, as a good global
shim is borderline impossible due to the lack of homogeneity between structures,
and quite frankly, undesirable, as our structure of interest is the liver and nothing
else. This shim inhomogeneity (and B1 inhomogeneity) will result in slightly
different resonant frequencies for both muscle ATP and liver ATP, which then

results in peak broadening and phase issues.

Secondly, muscle and liver, being at different distances in regards to the surface
coil positioning, are affected by different flip angles during this pulse sequence.

One way to assess this effect in 2 more quantitative manner is to create a Bl map,
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which was done and will be presented later on. While there are many ways to do
this, as previously discussed, the double angle method was picked as the most

appropriate.

Also, while the saturation pulse did help quite a bit in reducing the PCr peak as
well was decreasing ATP peak width (both presumably because of less muscle
signal contribution), it also caused both PDE and PME peaks to vanish almost
entirely, and with them valuable information for this study. More so, as the
saturation did not cancel muscle/fat/skin contribution completely, all the initial

issues are still a factor.

Once again, one of the possible solutions to these issues would be to combine
the use of a volume and surface coil, which was not possible during the course
of this study. Further use of this sequence was not pursued in order to focus on

CSI and its sequence parameter optimization.

In the CSI sequence spectra, six different metabolites could be clearly seen in
cach spectrum, namely PME, PDE, Pi, ATP (a, B and y), PCr and NAD(H).
As absolute concentration was not considered from the start, we can only look

at the results in terms of ratios, relative comparisons between metabolites.

A parameter referred to as Anabolic Charge, AC = {PME/({PME}+{PDE}), was
proposed by Noren, et al [42], as a possible tool for evaluating metabolic events

in the liver and reflect histopathological changes [59].

In our study, higher values for AC were found in the disease model group, and
apparently significant differences were found between the control (AC = 0.85 +
0.12) and disease model group (AC = 0.61 + 0.13). These differences corroborate
what was said in past studies [42]. Still, due to such a low sample size, standard

deviation is considerable.

Looking at all three ATP peaks, ratios between @, f and y ATP remained more

or less constant throughout all subjects, be it control or disease model groups.

Comparatively, higher values for PCr were found in the Disease model group
(Phosphocreatine is synthesized in the liver and transported to the muscle cells,

via the bloodstream, for storage), though it is uncertain why.

Regarding NAD(H), it is known that ethanol consumption may lead to an
increase of NAD(H) in the liver, as NAD(H) inhibits gluconeogenesis by
preventing the oxidation of lactate to pyruvate [50]. Our study did not find

considerable differences in these values between control and disease model
groups.

The biggest constraint here is the very limited number of subjects used in these

experiments, preventing any conclusion from being truly validated. A bigger
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sample size for both control and disease model groups would greatly benefit this

analysis.

Absolute quantification was not taken into account until the later stages of the
project (after everything else was working properly), and so, this method was
only applied in one subject, from the disease model group. Presented in next
chapter are these results. Absolute quantification would be very advantageous, as
a direct metabolite comparison between groups would be easily achievable, with

no ratio comparison needed.

Later experiments using phantoms have shown that differences in SNR between
64 and 96 average acquisitions may not be very significant (a normalized
comparison of results showed very close results). Perhaps a decrease in the
number of acquisitions (averages) would be beneficial, without greatly sacrificing
SNR. With less averages being acquired, one could use that time to increase data

matrix or number of spectral points, for greater accuracy.
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11. Additional Results
11.1 Absolute Quantification

While relative quantitation is an important and widely use method of
comparison (usually by assessment of ratios between different metabolites),
absolute measurements would provide a good complement to the acquired data.
For this to happen, we would need a phosphorous source with a specific known
concentration to use as reference. One of the most commonly used methods for
this application consists in the placement of an external phosphorous source next
to the sample that is being scanned. This method doesn't require additional
scanning time (as the reference values are acquired simultaneously to the desired
data) and proved itself to be quite reliable in past studies [4]. Still, it is not
without its problems. For this specific case, complications arrive from the use of
a surface coil instead of a volume coil. What happens when a volume coil is used
as a transmitter/receiver is that both excitation of the nuclei and signal
acquisition will be more or less uniform across the whole sample (or completely
uniform if not for shimming issues and other signal degrading effects), meaning
that the external phosphorous source could be placed anywhere within the FOV
and the results would remain consistent throughout. Sadly, this is not the case
with a surface coil. Both excitation and signal acquisition are dependent on the
spatial coordinates and how they relate to the position of the coil, meaning that
quantitation values acquired from different areas would equate to different
absolute values. As the sample and the external source cannot be superimposed
or set up symmetrical to the coil, this presents a complicated issue. Also, due to
the limited range of the surface coil, placing the external source in the scanner
alongside the actual sample would not be considered very wise, as a compromise
would most likely have to be made in the positioning of both the sample and the
external phosphorous source, benefiting none of them.

And so, another solution had to be considered. The idea was to replicate the
exact conditions used during the actual scanning of the sample/subject, from the
pulse sequence down to parameters such as the TR, TE, FOV, etc, only now

Fig 58

72|A 31P MR Spectroscopy Study on Rat Models of Liver Disease



using a specific phantom in the subject’s place. For this specific experiment, the
PPA Phantom described earlier was used. This PPA Phantom has a known
homogenous concentration of 50 mM of PPA. With this information in mind,
we can acquire CSI data for this specific phantom and look at it knowing that
any voxel that we consider, regardless of the peak amplitude for PPA, will have
the same concentration of that compound. From then on, we can essentially do
a normalization of these results, take this information we just gathered and apply
it to the previously acquired in-vivo data, calculating these absolute

concentration values for each metabolite in each correspondent voxel.

The actual process is very simple. For example, if we look at one random voxel
for the PPA phantom CSI in Fig 59, let’s say voxel /3,4/, and the PPA peak
amplitude is 1000, we know that this value corresponds to 50 mM in that
specific location. If the peak amplitude for PCr in that same voxel, this time on
the In Vivo CSI (performed with the exact same conditions as the phantom CSI),
is 500 (half of 1000), we can assume that PCr concentration for that specific
voxel is going to be 25 mM (half of 50 mM). Each voxel of the PPA Phantom
has a unique peak amplitude value and using that value we can calculate absolute

concentration values for each metabolite, in each voxel.

Although data was acquired from 32 separate voxels (8x8 matrix), focus
remained on 9 voxels roughly located at the center of the FOV, as depicted below
on Fig 59, as they included all the structures of interest.

Fig 59

As the idea to acquire absolute concentration data was only considered late
during this study, correspondent phantom data was only acquired for the Disease
Model group, and not the Control group. Zable 6 displays the absolute
concentration values for PME, PDE, PCr, «,  and y ATP of the DM2 subject.
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SUBJECT DM2 - ABSOLUTE METABOLITE CONCENTRATION

Voxel | Amplitude | C Voxel | Amplitude | C Voxel | Amplitude | C
5:3 [5,3] 1911 [5,4] 2176 [5,5] 2186
Data | [4,3] 2023 |50 [4,4] 2452 |50 [4,5] 2571 |50
[3,3] 1375 [3,4] 1767 [3,5] 1945
Adjusted Adjusted Adjusted
Voxel ¢ Voxel c Voxel c
PME [5,3] 3.3 PME [5,4] 12.2 PME [5,5] 10.9
(4,3] 11.8 (4,4] 9.4 (4,5] 18.9
[3,3] 21.3 [3,4] 22.6 [3,5] 19.9
Adjusted Adjusted Adjusted
Voxel c Voxel c Voxel c
PDE [5,3] 2.8 PDE [5,4] 4.0 PDE [5,5] 6.2
[4,3] 3.9 [4,4] 4.1 [4,5] 5.1
[3,3] 6.3 [3,4] 8.8 [3,5] 6.4
Adjusted Adjusted Adjusted
Voxel c Voxel ¢ Voxel c
pCr [5,3] 29.0 pCr [5,4] 26.1 pCr [5,5] 15.7
[4,3] 21.2 [4,4] 16.8 [4,5] 104
[3,3] 9.6 [3,4] 5.3 [3,5] 2.2
Adjusted Adjusted Adjusted
Voxel c Voxel c Voxel c
12.1 4 13. 13.
y-ATP [5,3] y-ATP 5,41 3:6 y-ATP [5,5] 3-9
[4,3] 11.8 [4,4] 12.7 [4,5] 11.5
[3,3] 10.6 [3,4] 8.5 [3,5] 8.3
Adjusted Adjusted Adjusted
Voxel c Voxel c Voxel c
a-ATP [5,3] 16.1 a-ATP [5,4] 19.9 a-ATP [5,5] 19.8
[4,3] 16.6 [4,4] 19.6 [4,5] 18.7
[3,3] 22.8 [3,4] 16.1 [3,5] 13.9
Adjusted Adjusted Adjusted
Voxel ¢ Voxel ¢ Voxel c
13. 15. 16.
B-ATP [5,3] 3.3 B-ATP [5,4] 5.5 B-ATP [5,5] 6.0
[4,3] 11.5 [4,4] 12.6 [4,5] 12.5
[3,3] 11.1 [3,4] 7.9 [3,5] 8.7
Table 6
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11.1.1 Discussion

Without invasive histological data it is nearly impossible to tell the veracity of
these results. Still, if we look at PDE for example, average concentration values
stay more or less close to correspondent values found in several articles [4]. Of
course, just by looking at one subject, this accounts for nothing more than
anecdotal evidence. Also, some studies have shown correlation between
spectroscopic parameters and clinical, laboratory and histophatological findings
to be very heterogeneous [42].

Although helpful in getting an approximate absolute concentration knowledge,
this solution is still not ideal. There are a number of things that can't be properly
replicated due to the intrinsic nature/shape/chemical composition of the
subject/sample in question. And with this, a few questions arise.

While in a scanning environment, be it with an in-vivo subject or an inanimate
sample (either a phantom or an ex vivo subject), the objective is almost always
focused on getting the best possible results, through means of choosing the most
appropriate pulse sequence, achieving optimal shimming conditions, applying
the right TR/TE, etc, this is not necessarily applicable in this situation. One

subject's ideal conditions may not directly translate to every case.

Let's focus on shimming for a second. There are two options here: either the
shim coil current values are directly copied from the in-vivo setting, which will
reproduce the exact in-vivo conditions but not necessarily provide the same
results; or one decides to find new values for the shim currents in hope that they
will produce results closer to the in-vivo ones. Would it be better to aim for
perfect shimming conditions or go for such a setup which will provide results

that closely resemble those of the in vivo setting?

Same thing applies to the power calibration settings. Again, there two possible
options present: The values for power, pulse width and shape are either directly
copied from the in-vivo setting experiments; or the calibration is done all over
again, in regards to a specific peak present in the acquired spectra of the

phantom. In our case, the calibration was done all over again.

Because almost all systematic errors like Bl inhomogeneity and localization
affect the tissue and phantom in similar ways, this calibration method is in
principle very robust. The method is only complicated by differences in coil
loading between the live tissue and the phantom. Due to logistic constraints and
as a way to simplify the procedures, these differences were not considered while
making the previous calculations. Still, it is important to identify these issues.
Two methods are usually considered to compensate for these differences in coil
loading, load adjustment and load correction through the principle of

reciprocity.
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For load adjustment, it is taken into consideration that the electrical conductivity
of the solution in the phantom is slightly lower than that of live tissue (around
0.64 S m-1[14]) such that it allows for fine adjustment of the coil load with a
second (smaller) phantom containing, for example, saline. During the procedure
of load adjustment, the matching capacitance of the RF coil is left unchanged at
the end of the iz vivo experiment. After removal of the subject and accurate and
equivalent positioning of the phantom, the matching is optimized by slowly
inserting the saline phantom (i.e. increasing the coil load). When the in vitro

matching equals the previous iz vive matching, the in vivo and in vitro coil loads

should be identical.

For load correction, a phantom should be used with a compound that falls
outside the spectral region of interest, such as phenylphosphonic acid (PPA) or
hexamethylphosphoroustriamide (HMPT) for 31P MRS. The correction factor
for the difference in coil loading is then calculated from the capillary signals
obtained from the in vivo and in vitro experiments according to:

Sin vitro

C =
toad Sin vivo

After which the concentration can be calculated as

] = () (1 CanCinas

Alternatively, a load correction term can be obtained by determining the
power/voltage to obtain a 90 degree nutation angle in vivo and with the
phantom. Through the principle of reciprocity the difference in Bl magnetic
field strength is then directly proportional to the difference in acquired field
strength.

One of these previously described methods should be taken into account on
future acquisitions.
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11.2 B1 Mapping

11.2.1 Experimental Setup

While it would have been easier and faster carry out Bl mapping using the 1H
coil that would be merely illustrative in a general sense and not accurately
representative of the exact effect in question, as all applications in this study are

primarily based on 31P MRS.

Due to the inherent conditions of 31P NMR, namely its low sensitivity, imaging
is not as simple as with proton requiring a phantom with a much higher (in this
case phosphorous) concentration. This way we can increase SNR and, as a
consequence, reduce the amount of time necessary to achieve usable results for
the before mentioned purpose of constructing B1 maps. For this purpose, a small
cylindrical 1 Molar Monosodium Phosphate phantom was used (previously

described).

In this case power calibration was done in reference to the lone Monosodium
Phosphate peak. Once again, power was fixed, this time at 35 dB, and an array
of pulse lengths was used. The 90 degree pulse was then calibrated.

GEMS pulse sequence was used to acquire the much needed images, with a FOV
of 100x100 mm, and a 2mm slice thickness. Data matrix was set at 128x128. To
avoid relaxation related issues, TR was set at 20000ms and TE at 4ms.

11.2.2 Experimental Data

Several sets of data were acquired for this particular experience. It was known
that the number of averages necessary would be higher than usual, due to the
phosphorous low sensitivity, we just didn’t know by how much. And so, a few

different values were tested.

Flip Angle Slice ,
(degrees) Averages TR (s) TE (ms) FOV Thickness | Data Matrix
(mm)
20 32 10
20 512
40 512
GEMS 80 512 20 4 100x100 2
20 1024
80 1024
40 1024
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Table 7 Parameters used in several GEMS image acquisitions.

On Fig 60, we can take a look at the visual differences between images acquired
with a different number of averages, while maintaining the same flip angle of 20

dcgrees.




Fig 60

As the number of averages climbs, there's a visible difference in the noise level of
each image, which is, as expected, showing a downwards trend. The number of
averages was settled at 1024, as it was established that the SNR was good enough
for the intended purpose at this stage.

Fig 61

The above Fig 61 shows all three acquired images, same sequence parameters
with different flip angles (20, 40 and 80 degrees). And while we can make out
some differences just by looking at those, its meaning is not obvious at all
without it being processed. Still, there is one thing that can easily be accessed
with the naked eye: none of these images displays a homogeneous representation
of the FlipMap Phantom in terms of signal magnitude.

11.2.3 B1 Map creation (Matlab Script)
To apply the aforementioned method to the acquired results, Matlab was chosen
as the primary tool. A small script was written to automatically apply this method
to the acquired results, as well as some correction mechanisms that will now be

described.
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140 = imread('NaP 1024av 40deg.jpg’'):;

(
180 = imread('NaP 1024av 80deg.jpg'):
140 = double (140);
180 = double (180);

FA = zeros(128,128);
doubleid0 = 2*i40;

T = 45;

for 1 = 1:1:128;
for j =1:1:128;

if doublei4O(i,]j) < T
l .

doubleidO(i,3) = 1;
end
if 180(i,3) < T
i40(i,3) = 1;
end
FA(i,J) = acosd (180 (i, J)/doubleidO(i,]j))
end
end

FAR = real (FA);

for 1 = 1:1:128;
for j =1:1:128;
if FAR(i,j) > 80
FAR(i,3) = 1;
end
end
end

imagesc (FAR, [20,701);

For the code to work as intended, the position of the phantom/subject must be
kept exactly the same in relation to the coil, as the algorithm assumes that the
position of each pixel is the same for both acquired images.

11.2.4 Generated B1 maps
By applying the Matlab script as described we can finally see the abovementioned
B1 map, in Fig 62 and Error! Reference source not found., through which an
easier interpretation is possible.

And while now there's a somewhat clear flip angle gradient from top to bottom,
there are still a few things that could be done to improve this analysis. To start

with, we know that every region in the second acquisition was exposed to a
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higher powered pulse than the correspondent region in the first acquisition.
Going by the power calibration done prior to acquisition, we also know that both
pulses had a maximum flip angle (closer to the coil) that is lower than 90 degrees.
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Fig 63

The first thing one notices is that the Doty30 surface coil’s average range

80|A 31P MR Spectroscopy Study on Rat Models of Liver Disease



accounts for slightly less than 2cm (each pixel in Fig 62 and Error! Reference
source not found. accounts for about 0.78 mm), which greatly reduces its
functionality. Looking back, as a way to increase accuracy in this study, the FOV
could have been reduced, while the data size matrix should have been upsized.
There was no need for the field of view to be this extensive, given both the size
of the phantom in question and the assumed (and now more or less known)
range of the surface coil. A new data set could perhaps be acquired with these
considerations in mind, hopefully with results even more precise than the ones
present here.

In addition to the technical relevance of this apparent flip angle gradient to the
SATSP sequence, these calculations are a good way to illustrate why the ISIS
sequence didn't quite work as expected. As a sequence that relies heavily on the
sum and subtraction of data acquired using different flip angles, it's no wonder
the results had severe complications, even with the adiabatic pulses being used.
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12. General Discussion

Generally speaking, with such a short number of subjects present in both control
and disease model groups (only two for each) it’s difficult to reach any
indisputable conclusions about a specific kind of natural liver fibrosis/cirrhosis
biomarker. Results were consistent with prior studies [4][42], but theyre not
necessarily statistically relevant due to such a low sample size. What we can say
for sure is that these techniques, from subject preparation, pulse sequence
parameters, to data analysis, look like a reliable and consistent way of acquiring
liver composition data in a secure, non-invasive way. While *'P MR Spectroscopy
is already used for the attainment of liver metabolite data, few studies available
have reached this level of detail throughout all the stages of the process.
Producing a study with a much higher sample size would definitely yield

statistically conclusive results and bring a lot more answers to the table.

Also, when considering the whole picture, probably the utmost obvious natural
progression would be to perform a subsequent longitudinal study. While
transversal studies (cross-sectional studies) usually lend themselves to an easier
approach, it's important to recognize the significance of longitudinal data in this
line of work. A longitudinal study, as a correlational research study that involves
repeated observations of the same variables over long periods of time, is often
used to study developmental trends across the life span of a subject, such as
predictors of certain diseases (which fits right in in this study). The reason for
this is that unlike cross-sectional studies, in which different individuals with same
characteristics are compared, longitudinal studies track the same subjects, and
therefore the differences observed in those subjects are less likely to be the result
of slight differences across or within generations. Because of this benefit,
longitudinal studies tend to make observing changes more accurate.

Still regarding the accuracy of the acquired data, and while the main driving force
behind these novel techniques relies on the possibility of assessing the chemical
composition of a living being in a non-invasive way, there is probably no better
manner to verify the reliability of the acquired MR Spectroscopy data than
performing a liver biopsy on the test subjects. This way it is possible to have a
direct comparison between all the acquired data, which would be particularly
useful to test the robustness of not only the applied MRS sequences, as well as
the related methods of analysis, etc, thus reducing the need for this invasive
procedure in the future. Still, this line of thinking brings several problems to the
table. Possessing both MRS and biopsy data while performing a longitudinal
study might prove itself to be quite complicated, as it is necessary for the subjects
to remain alive throughout the whole study, which may take place over the course
of several months. Considering the main point of acquiring longitudinal data is
the possibility of studying the progression of a disease/condition in a single
subject (or group of subjects) it would be a requirement to have both the biopsy
and the MR Spectroscopy data acquisition performed roughly in the same
timeframe, at several pre-determined points over the course of the study. As
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stated before, previous studies have shown correlation between spectroscopic
parameters and clinical, laboratory and histophatological findings to be very
heterogeneous [42], so it would definitely be interesting to gather some results
and compare them with these past studies.

While several phantoms were used throughout this study, it makes the most sense
to focus on the Liver Phantom for this last discussion. As previously discussed,
the variable sized third compartment would be a great addition to this phantom.
In addition to this idea, and to further simplify the experimental setup, this new
variable compartment wouldn’t necessarily have to be filled with anything. As
the main advantage in this variable sized compartment rests in the possibility of
assessing an approximate voxel contamination/bleed due to the components
present in the compartment closer to the coil, it would just act as a no signal
barrier between the two compartments containing phosphorous components. All
in all, tridimensional printing technologies have experienced an enormous
growth on the past few years and this seems like a great path to take for the
foreseeable future.

Looking at this investigation as a whole, results were mostly consistent between
pulse sequences used, even if we take into account all the phase issues with the
SATSP pulse sequence and the spin/flip angle problems with ISIS. A few other
pulse sequences, such as STEAM, SPECIAL or PRESS were also used during the
course of this study but due to the lack of noticeable improvement of the results
after a few tries, optimization and use of these sequences was halted in favor of

the pulse sequences we see described before.

The SATSP sequence was the only sequence made from the ground up for this
study, and while it has shown some promising results, it’s still very much in its
carly stage. The first improvement that comes to mind suggestion would be to
build a dedicated User Interface. Each built-in Varian sequence comes with its
own dedicated GUI, displaying only the relevant variables and parameters,
simplifying the whole experience and preventing, or at the very least reducing
the number of possible mistakes. This simplification makes it possible to use
most sequences without any prior experience or detailed knowledge about the
inner workings of each specific sequence. As every experiment that used the
SATSP sequence was done under both mine and Dr. Maurits Jansen supervision,
there wasn't an urgent need to build this simplified and dedicated user interface,
meaning its implementation kept being constantly postponed. In retrospective,
it would have been wiser and more practical to build it in parallel with the
sequence itself, avoiding the annoyance of going back and forth between two
different sequence layouts during the actual experiments, which can cause quite
a bit of confusion after some time. Still, even if the GUI implementation
constitutes the most obvious suggestion, it is definitely not the most important.
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Looking at it on a more technical level, it would have been very interesting to
see if the gradient crushers applied directly after the saturation pulse had any
effect in the acquired results. For this idea to be tested one would have to use the
SATSP sequence with and without the gradient crushers, under the exact same
conditions and parameters for both acquisitions. As the original idea for this
modified sequence was to implement a regular, localized saturation pulse before
the usual excitation pulse, the concept of not using gradient crushers wasn't even
put into consideration while the code was being written/modified, or even after
the first few experiments. This apparently small lapse proved itself to be quite
troublesome. As the first pulse was defined as a saturation pulse, gradient
crushers are on by default. Simply erasing the gradient references from the code
would either cause the sequence to not compile or absolutely no effect at all
(depending on how bluntly you did it). Again, as it was not deemed severely
important, and its implementation was not as straightforward as initally
imagined, the idea was put on hold. Nevertheless, if one were to implement it:
In theory, the easiest way to take the gradient crushers out of the whole equation
would be to define the first, saturation pulse as a regular RF pulse, without using
the saturation band function. This way, the gradient crushers wouldn’t be directly
attached to the pulse function. Again, and while it does sound simple when put
this way, there might be some trouble as you can’t simply call the shapedpulse
function multiple times as only the last instance will remain active. Nevertheless,
it does not seem like an overly complicated task, and I believe it should be part
of further optimization.
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13. Conclusion

As it was shown, Magnetic Resonance Spectroscopy can be considered a
promising technique to simultaneously detect and quantify, in a non-invasive
way, several cytosolic phosphorous-containing compounds involved in energy
metabolism and membrane phospholipid metabolism.

All things considered there is still an awful lot of work that can be done to
complement, enhance and continue this investigation, some of it mentioned in
the previous chapter. Hopefully this report will help whoever tries to go along
the same path.

85|A 31P MR Spectroscopy Study on Rat Models of Liver Disease



14.  Appendix

14.1 SATSP pulse sequence

#ifndef LINT

static char SCCSid[] = "modified SPULS/PRESS with saturation bands";
#endif

/*

Varian, Inc. All Rights Reserved.

* This software contains proprietary and confidential

* information of Varian, Inc. and its contributors.

* Use, disclosure and reproduction is prohibited without

* prior consent.

O 00 Jo Ul wN -
*

ll /******************************************************************
12 SPULS + Saturation Slices

14 ******************************************************************/

16 #include <standard.h>
17 #include "sgl.c"

18

19

20 pulsesequence ()

21 {

22 /***%** Internal variable declarations **x**/

23 double te dl,te d2,te d3; /* delays */

24 double tr delay;
25 double freql, freq2, freq3;

26 char volumercv [MAXSTR] ;

27

28

29 get_parameters();

30 get ovsparameters () ;

31

32 initparms_sis () ; /* initialize standard imaging parameters */
33

34 getstr ("volumercv",volumercv) ;

35

36 te2 = getvalnwarn ("te2");

37

38 /***x**x REF power calculations **x**/

39 init rf(&pl rf,plpat,pl, flipl,rofl, rof2);

40 init rf(&p2 rf,p2pat,p2,flip2,rofl, rof2);

41 calc rf(&pl_rf,"tpwrl", "tpwrlf");

42 calc_rf (&p2_rf,"tpwr2","tpwr2f");

43

44 /***** Initialize gradient structs ****x/

45 init_slice(&voxl grad, "voxl",voxl);

46 init_slice refocus (&voxlr_grad, "voxlr");

47

48 /***** Gradient calculations **x**/

49 calc_slice(&voxl _grad, &pl_rf,WRITE, "gvox1l");

50 calc_slice refocus (&voxlr grad, &voxl grad,WRITE, "gvoxlr");
51

52 if (voxl grad.rfDelayFront < 0.2e-6) voxl grad.rfDelayFront = 0;
53 if (voxl grad.rfDelayBack < 0.2e-6) voxl grad.rfDelayBack = 0;
54

55

56 /* Optional Outer Volume Suppression and Saturation Bands */
57 if (ovs[0] == 'y') create ovsbands();

58 if (sat[0] == 'y') create satbands();

59

60 [*%*%k%%k Min TR **%%%/

61 trmin = 4e-6 + at;

62

63 if (ovs[0] == 'y') trmin += ovsTime;

64 if (sat[0] == 'y') trmin += satTime;

65

66 if (mintr[0] == "vy') {

67 tr = trmin+4e-6;

68 putvalue ("tr", tr);
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69 }

70 if (tr < trmin+4e-6) {
71 abort message ("tr too short. Minimum tr = $.2f ms\n", (trmin+4e-6)*1000) ;
72 }
73
74 /***** Calculate TR delay *****/
75 tr delay = tr - trmin;
76
77
78 /* Frequency offsets */
79 freql = poffset (posl,voxl grad.ssamp) ;
80 roff = resto-tof;
81 tof=5500;
82
83
84 /* Put gradient information back into VnmrJ paramet *
85 putvalue ("gvoxl",voxl grad.ssamp) ;
86
87 putvalue ("rgvoxl",voxl grad.tramp);
88
89 putvalue ("tvoxl",voxlr grad.duration);
90 putvalue ("rgvoxlr",voxlr grad.tramp) ;
91
92
93 sgl_error_ check(sglerror);
94
95
96 /’ * li?laxaf i‘i"l‘, d?la"/ khkhkhkkhkhkkhkhkkhkhkhkhkhkkhkhkkhkhkhkhkhkhkhkkhkhkkhhkhkhkhkhhkk*x*k ,’
97 status (A) ;
98 obsoffset (resto) ;
99 delay (4e-6) ;
100 rot angle (vpsi,vphi,vtheta);
101 xgate (ticks) ;
102
103 if (ix == 1) grad_advance (tep);
104
105 /’ * (tiafliraf i‘i"l‘, k’;al‘,dﬁ khkhkhkkhkhkkhkhkkhkhkhkhkhkkhkhkkhkhkhkhkhkhkhkkhkhkkhhkhhkhxkhhkk*x*k ,’
106 if (ovs[0] == 'vy') ovsbands() ;
107 if (sat[0] == 'vy') satbands();
108 delay (4e-6) ;
109
110 /* Slice selective 90 ee RF pulse ****x*/
111
112 obspower (tpwr) ;
113
114 shapedpulse (pwpat, pw, oph, rofl, rof2) ;
115
116 startacqg(alfa) ;
117 acquire (np, (1.0/sw));
118 endacq () ;
119
120 delay (tr_delay);
121
122}
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14.2 Flip Angle map generation in matlab

1 /* Matlab code for Bl map generation (example) */
2
3 140 = imread('NaP
4 180 = imread('NaP
5 140 = double (i40) ;
6 180 = double (i80) ;
7
8 FA = zeros(128,128);
9 T = 45;
10
11 1140 = 2%140;
12
13 for i = 1:1:128;
14 for j =1:1:128;
15
16 if 1i40(i,j) < T
17 1i40(i,3) = 1;
18 end
19
20 if 1i80(i,3) < T
21 i80(i,3) = 1;
22 end
23
24 FA(i,Jj) = acosd(i80(i,3)/1140(i,3));
25 end
26 end
27
28 FAR = real (FA);
29 for i = 1:1:128;
30 for § =1:1:128;
31 if FAR(i,3j) > 80
32 FAR(1,3) = 1;
33 end
34 end
35 end
36
37 imagesc (FAR, [20,701);
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