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Abstract 

Magnetic Resonance Spectroscopy (MRS) is the only technique capable of measuring a large number 

of metabolites simultaneously in vivo. Ultra-high magnetic fields (UHF) combined with ultra-short 

echo time (TE) sequences allow the detection of high-quality 1H MR spectra and the quantification 

of 20 different metabolites in the brain (markers of energy metabolism, osmoregulation etc.). 

In vivo brain localized 1H MR spectra at short TEs contain the contribution of mobile macromolecules 

(MM). Reliable detection and fitting of MM are crucial for accurate quantification Higher spectral 

resolution at UHF led to increased interest in using a parametrized MM spectrum and flexible spline 

baselines to address unpredicted spectroscopic components. 

In this thesis the MM spectra (from the rat brain at 9.4T) were characterized using an improved 

methodological approach for their post-processing, fitting and quantification. This method provided 

an efficient tool for parametrization of the MM spectrum into individual components and estima-

tion of their T2
app relaxation times. An extensive assessment on how the MM spectrum and spline 

baseline stiffness affect the metabolite and MM quantification is also reported  

Type C hepatic encephalopathy (HE) is a complication of chronic liver disease (CLD). Children and 

adults respond differently to CLD and its related toxic accumulation of molecules (i.e. ammonium 

(NH4
+), glutamine (Gln)). Children with CLD may grow up with significant neurocognitive deficits 

even after liver transplantation. Despite considerable advances in understanding the pathogenesis 

of type C HE, the exact metabolic mechanisms and their regional variations are not fully understood. 

The advantages of UHF short TE 1H MRS were used herein to describe the regional distribution of 

metabolites in the developing and adult brain using the bile duct ligated model (BDL) of type C HE 

(adult and postnatal day 21 rats). Three brain regions were assessed (hippocampus, cerebellum and 

striatum) pointing towards cerebellum as a region with the heaviest burden of Gln and unique met-

abolic response. Changes in cell morphology were followed longitudinally and related to the meta-

bolic alterations. Elevated oxidative stress is reported using electron paramagnetic resonance, to-

gether with the decreased antioxidants (1H MRS) emphasizing its important role in HE. The brain 

regional measurements confirmed the higher susceptibility of developing brain to the disease and 

the increased vulnerability of cerebellum. Finally, the beneficial effect of Cr supplementation on the 

neurometabolic profile is described using 1H MRS and 31P MRS in CLD pups (BDL at postnatal day 15) 

suggesting that an appropriate treatment may have significant public health impact. 
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MRSI is a powerful tool to non-invasively and spatially map the brain regional distribution of metab-

olites in vivo. While MRSI in the human brain is increasingly used, preclinical MRSI is not widely 

applied mainly due to the small rodent brain, long acquisition times and low signal to noise ratio.  

The implementation of a novel approach: free induction decay (FID) MRSI on the 14.1T preclinical 

scanner is described herein. This method offers a fast and robust data acquisition with high spatial 

resolution resulting in high quality spectroscopic maps. Finally, preliminary assessment of the effect 

of two noise reduction techniques (MP-PCA and TGV reconstruction) on the spectra from preclinical 

MRSI datasets is briefly presented. 

Keywords:  Magnetic resonance spectroscopy (MRS), mobile macromolecules (MM), 1H MRS, 31P 

MRS, type C hepatic encephalopathy (type C HE), bile duct ligated (BDL) rats, magnetic resonance 

spectroscopic imaging (MRSI), free induction decay MRSI (FID-MRSI). 
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Résumé 

La spectroscopie par résonance magnétique (SRM) est la seule technique capable de mesurer simul-

tanément un grand nombre de métabolites in vivo. De très hauts champs (THC) magnétiques et des 

temps d'écho (TE) courts permettent la détection de spectres par RM du proton (1H) de haute qua-

lité et l’identification de 20 métabolites cérébraux différents (marqueurs du métabolisme énergé-

tique, de l'osmorégulation, etc.). 

Ces spectres contiennent la contribution de macromolécules mobiles (MM), dont la détection et la 

modélisation sont cruciales pour une quantification précise. Une résolution spectrale plus élevée à 

THC a accru l’intérêt pour la paramétrisation des spectres des MM et les splines flexibles pour la 

ligne de base afin de capturer les composantes spectroscopiques imprévisibles. 

Dans cette thèse, une méthodologie améliorée pour le traitement, la modélisation et la quantifica-

tion du spectre des MM (cerveau de rat à 9.4T) est développée, permettant leur paramétrisation en 

composantes individuelles et l'estimation de leurs temps de relaxation. L’influence du spectre des 

MM et de la rigidité de la spline sur la quantification des métabolites et des MM est également 

évaluée. 

L'encéphalopathie hépatique (EH) de type C est une complication de la maladie hépatique chronique 

(MHC). L'accumulation de molécules toxiques (ammonium, glutamine (Gln)) durant la MHC impacte 

différemment les adultes et les enfants, ces derniers pouvant grandir avec des déficits neurocogni-

tifs importants même après une transplantation hépatique. Malgré une meilleure compréhension 

de la pathogenèse de l'EH, les mécanismes métaboliques exacts et leurs variations locales restent 

partiellement incompris. 

Les avantages de la SRM 1H à THC et courts TE ont été utilisés ici pour décrire la distribution régio-

nale des métabolites dans le cerveau adulte et en développement, à l'aide du modèle de ligature de 

la voie biliaire (LVB) de l’EH de type C (rats adultes et au jour 21 post-natal). Trois régions du cerveau 

ont été évaluées (hippocampe, cervelet et striatum), identifiant une réponse métabolique unique 

du cervelet, le plus touché par l’accumulation de Gln, ainsi qu’un impact plus important de l’EH sur 

le cerveau en développement. Des changements longitudinaux de morphologie cellulaire ont aussi 

été associés aux altérations métaboliques et un stress oxydatif élevé a été observé par résonance 
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paramagnétique électronique (RPE), ainsi qu’une diminution des antioxydants (SRM 1H), soulignant 

son rôle important dans l’EH. Enfin, l'effet bénéfique de la supplémentation en Cr sur le profil neu-

rométabolique est décrit à l'aide de la SRM 1H et 31P chez les jeunes rats avec la MHC (LVB au jour 

15 post-natal), offrant des perspectives en santé publique.  

L’imagerie spectroscopique par RM (ISRM) est un outil puissant pour cartographier la distribution 

régionale des métabolites cérébraux in vivo. Alors que le l’ISRM gagne de l’intérêt en clinique, les 

petits cerveaux des rongeurs, les temps d'acquisition longs et le faible rapport signal sur bruit limi-

tent son utilisation préclinique.  

La mise en œuvre d'une nouvelle approche, le FID-ISRM (de l’anglais free induction decay), sur un 

scanner préclinique 14.1T est décrite ici. Elle permet une acquisition rapide et robuste de cartes 

spectroscopiques avec une grande résolution spatiale. Enfin, une évaluation préliminaire de deux 

techniques de réduction du bruit (MP-ACP et reconstruction VTG) sur les spectres ISRM précliniques 

est brièvement présentée. 

Mots-clés : Spectroscopie par résonance magnétique (SRM), macromolécules mobiles (MM), SRM 

1H, SRM 31P, encéphalopathie hépatique de type C (EH de type C), rats ligaturés de la voie biliaire 

(LVB), imagerie spectroscopique par résonance magnétique (ISRM), free induction decay-ISRM 
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Outline of the thesis 

This thesis focused on developing a tool for efficient post processing and parametrization of the MM 

spectra to fully characterize the MM in a rat brain at 9.4T together with assessment of the effect 

that the spline baseline stiffness has on metabolite and MM quantification. Moreover, the purpose 

was to characterize brain regional vulnerability in type C HE by studying metabolic changes (1H MRS) 

in adult and developing brain (recognized animal model of type C HE – bile duct ligated rats) and to 

put them in context of the morphological alterations (immunohistochemistry) and oxidative stress 

(EPR). Finally, it aimed to implement fast FID MRSI approach to a preclinical 14.1 T scanner.  

Chapter 1 describes the basic principles of NMR phenomenon, starting from the spin system fol-

lowed by the definition of macroscopic magnetization and how its manipulation leads to NMR sig-

nal. The principles of MRI and MRS are also described. Moreover, the main techniques used for 

single volume MRS, the characteristics of 1H MR spectrum and its quantification as well as 31P MR 

spectrum are reviewed presenting all the relevant properties for the measurements performed in 

this thesis. This chapter also provides an introduction to MRSI and an explanation of its basic prin-

ciples. 

Chapter 2 presents the work achieved on measurement and processing of macromolecules at 9.4T 

in the healthy rat brain. It provides details on acquisition, post-processing, fitting and parametriza-

tion of 10 MM components from in vivo spectra. Additionally, the estimation of T2
app of the individ-

ual MM peaks, basis sets created for metabolite quantifications and the results achieved using the 

described methodology are presented. The chapter ends with a study assessing the influence of the 

MM model (parametrized or single MM spectrum) and spline baseline stiffness on the metabolite 

and MM quantification.  

Chapter 3 starts with a general introduction and background on Type C HE as a consequence of 

chronic liver disease, especially highlighting deleterious mechanisms/molecules involved in the dis-

ease pathogenesis (ammonium, inflammation and oxidative stress). Followed by an extensive study 

describing the longitudinal metabolic changes during type C HE (1H MRS, bile duct ligated rat model) 

in three brain regions (cerebellum, hippocampus and striatum) in parallel with astrocytic and neu-

ronal morphological changes (immunohistochemistry) and the direct measurements of brain and 

systemic oxidative stress (EPR). Moreover, the brain regional vulnerability in the developing brain 
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model of type C HE (1H MRS, bile duct ligation performed at postnatal day 21) is also presented. The 

chapter ends with a description of the beneficial effect of Cr supplementation on the neurometa-

bolic profile using 1H MRS and 31P MRS in a developing brain model (bile duct ligation performed at 

postnatal day 15). 

Chapter 4 starts with a brief description of the challenges of MRSI and the main sequences used for 

the preclinical MRSI acquisitions followed by the advantages of fast FID MRSI technique at ultra-

high filed. This chapter is focused on the first implementation of 1H FID MRSI sequence in the pre-

clinical setting (14.1 T) with all the optimization steps, basis set and quantifications. Moreover, the 

first results obtained using 1H FID MRSI are presented in terms of metabolic maps. In addition, pre-

liminary tests of two noise reduction techniques (MP-PCA and low-rank TGV reconstruction) as a 

potential processing step in the preclinical MRSI post-processing pipeline are presented. The chap-

ter finishes with the prospective steps for future improvement and acceleration.
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Introduction to Nuclear Magnetic 

Resonance 

Matter is made of atoms, which are built up from electrons and nuclei. The atomic nucleus has im-

portant physical properties: mass, electric charge, and spin. Here we will focus on the spin of the 

nucleus and its magnetism, as they are the key properties to explain the nuclear magnetic resonance 

(NMR) phenomenon. These two properties enable us to investigate matter without disturbing it 

(non-invasively). The basic principles of the NMR phenomenon and the main in vivo techniques that 

are based on it are described in this chapter.  

This chapter is structured into seven sub chapters. The first four sub chapters describe the basic prin-

ciples of nuclear magnetism, define macroscopic magnetization and explain how its manipulation 

leads to the NMR signal. In addition, some basic NMR experiments (spin echo and inversion recovery) 

are described as well as the structure of the NMR spectrum (chemical shift and scalar coupling). The 

titles of the first four subchapters are: “Quantum mechanical description – Spin in the magnetic 

field” (1.1), “Macroscopic magnetization” (1.2), “Excitation”(1.3), “Relaxation”(1.4) and they are 

written with the help of: Keeler 20051, De Graaf 20192, Lauterbur 20003, Webb 20034 and Logan 

20055. The basic principles of the magnetic resonance imaging (MRI) acquisition are described in the 

fifth chapter titled “MRI principles” (1.5) and its written with the help of De Graaf 20192 and ,Webb 

20034. The sixth chapter titled “Single volume magnetic resonance spectroscopy (MRS)” (1.6) pre-

sents the main techniques used for in vivo single volume MRS. In addition, it describes the main 

properties of the 1H MR spectrum and its quantification as well as the 31P MR spectrum. Finally, 

principles of MR spectroscopic imaging are described in the last (seventh) chapter titled “MRSI basic 

principles”(1.7) written with the help of De Graaf 20192. 
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1.1 Quantum mechanical description—Spin in a magnetic field 

Every rotating object possesses a quantity called angular momentum. Described classically, the an-

gular momentum is a vector quantity, having both magnitude and direction and it is defined as: 

𝐿⃗ = 𝑟 × 𝑝  , 𝑝 = 𝑚𝑣  

Equation 1:1 

If the rotating object carries an electrical charge, the resulting current creates a magnetic field which 

is characterized by the magnetic dipole moment 𝜇 . Considering the charge 𝑞, its position 𝑟  and ve-

locity 𝑣  the general magnetic moment is given by: 

𝜇 =
𝑞(𝑟 × 𝑣 )

2
 

Equation 1:2 

Using the equation 1:1 we obtain: 𝜇 =
 𝑞

2𝑚
 𝐿⃗ ; and assuming a single spin we can substitute 𝐿⃗  by 𝑆  to 

express: 

𝜇 = 𝑔𝑁
 𝑞

2𝑚𝑁
𝑆 = 𝑔𝑁𝛽𝑁𝑆 = 𝛾𝑆  

Equation 1:3 

where the 𝛽𝑁 =
 𝑞

2𝑚𝑁
 is the nuclear magneton, 𝑔𝑁 the nuclear 𝑔 factor and 𝛾 = 𝑔𝑁𝛽𝑁 is the gyro-

magnetic ratio (property of the nucleus). When a spin is placed in an external magnetic field it will 

feel a torque 𝑇⃗ = 𝜇 × 𝐵0⃗⃗⃗⃗  .It also has an associated energy defined as (here we adopt a convention 

that the 𝐵0⃗⃗⃗⃗  is applied along z-axis 𝐵0⃗⃗⃗⃗ = 𝐵0𝑧̂): 

𝐸 = −𝜇 ∙ 𝐵0⃗⃗⃗⃗ = −𝛾𝐵0𝑆𝑧 

Equation 1:4 

In quantum mechanics, the operator which represents the observable quantity energy is called the 

Hamiltonian operator (𝐻̂). For a spin positioned in a magnetic field of strength 𝐵0 (applied along the 

z-axis) the Hamiltonian which represents the interaction between the field and the spin is:  

𝐻̂𝑜𝑛𝑒 𝑠𝑝𝑖𝑛 = −𝛾𝐵0𝐼𝑧 

Equation 1:5 

where 𝑆𝑧 is replaced by a corresponding quantum mechanical operator 𝐼𝑧 representing the z-com-

ponent of the nuclear spin angular momentum.  In quantum mechanics, the angular momentum is 

an intrinsic property of the nucleus (it is not a result of the literal spinning of the nucleus). It is usually 

called nuclear spin angular momentum and it is limited to discrete values (it is quantized). 
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The eigenfunctions and eigenvalues of the angular momentum operator 𝐼𝑧  are linked to the quan-

tized states and corresponding energies of the angular momentum. The amplitude of the angular 

momentum is quantized in a number of states equal to the number of eigenvalues of 𝐼𝑧. This de-

pends on the nucleus in question and it is described by the spin quantum number 𝐼. 𝐼 can be integer 

(0, 1, 2 …) or half-integer (
1

2
,
3

2
…). The operator 𝐼𝑧 has (2𝐼 + 1) eigenfunctions with the correspond-

ing eigenvalues. Each of these values is characterized by an additional quantum number 𝑚 which 

can have values between −𝐼 and +𝐼 in integer steps. The spin quantum number 𝐼 of protons, elec-

trons and neutrons is half-integer and equals 
1

2
. For nuclei, 𝐼 can be calculated using the mass and 

the charge numbers with the following rules: 

1. Nuclei with an odd mass number have a half integer 𝐼 (e.g., 1H, 13C, 15N, 23Na, 31P) 

2. Nuclei with an even mass and charge number have a zero 𝐼 (e.g., 12C, 16O, 32S) 

3. Nuclei with an even mass and odd charge number have an integer 𝐼 (e.g., 2H, 14N) 

Table 1:1: Characteristics of commonly used nuclei. 

ISOTOPE NET SPIN (I) GYROMAGNETIC RA-

TIO 𝜸/𝟐𝝅 [𝑴𝑯𝒛/𝑻] 

NATURAL       

ABUNDANCE [%] 

1H 1/2 42.58 99.98 

2H 1 6.54 0.015 

31P 1/2 17.25 100 

23NA 3/2 11.27 100 

15N 1/2 4.31 0.37 

13C 1/2 10.71 1.108 

19F 1/2 40.08 100 

If we take a half-spin nucleus as an example, the 𝐼𝑧 has only two eigenfunctions characterized by 

𝑚 = ±
1

2
. These eigenfuctions (𝜓

+
1

2

, 𝜓
−
1

2

) comply to the eigenvalue equations: 

 𝐼𝑧𝜓+1
2
= +

1

2
ℏ𝜓

+
1
2
,    𝐼𝑧𝜓−1

2
= −

1

2
ℏ𝜓

−
1
2
  ⟹    𝐼𝑧𝜓𝑚 = 𝑚ℏ𝜓𝑚 

Equation 1:6 

Thus, the eigenfunctions 𝜓
+
1

2

, 𝜓
−
1

2

 have eigenvalues of +
1

2
ℏ,−

1

2
ℏ respectively (i.e. 𝑚ℏ with the 

quantum number 𝑚 ).  
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Since the Hamiltonian of the single spin is just a multiplication of 𝐼𝑧 by a factor of −𝛾𝐵0, the eigen-

functions of 𝐼𝑧 (𝜓
+
1

2

, 𝜓
−
1

2

)  are also the eigenfunctions of the 𝐻̂𝑜𝑛𝑒 𝑠𝑝𝑖𝑛. To calculate the correspond-

ing eigenvalues, we need to work out the effect of 𝐻̂𝑜𝑛𝑒 𝑠𝑝𝑖𝑛 on 𝜓
+
1

2

. Using the Equation 1:6 we can 

obtain: 

𝐻̂𝑜𝑛𝑒 𝑠𝑝𝑖𝑛𝜓+1
2
= −𝛾𝐵0 [𝐼𝑧𝜓+1

2
] = −𝛾𝐵0 [

1

2
ℏ𝜓

+
1
2
] =  −

1

2
ℏ𝛾𝐵0𝜓+1

2
 

Equation 1:7 

Thus, the eigenvalue of the  𝐻̂𝑜𝑛𝑒 𝑠𝑝𝑖𝑛 corresponding to 𝜓
+
1

2

 is −
1

2
ℏ𝛾𝐵0. Using the same approach, 

we find that the eigenvalue corresponding to 𝜓
−
1

2

 is  +
1

2
ℏ𝛾𝐵0. These are the two energy levels of a 

single half-integer spin in the magnetic field and can also be written as: 

𝐸𝑚 = −𝑚ℏ𝛾𝐵0       𝑚 = +
1

2
 𝑜𝑟 −

1

2
 

Equation 1:8 

The energy state with 𝑚 = +
1

2
 is labeled 𝛼 and described as ‘spin up’ and the energy state with 

𝑚 = −
1

2
 is labeled 𝛽 and described as ‘spin down’. According to quantum mechanics the allowed 

transitions are the ones when 𝑚 changes by +1 or −1. The energy of the transition from 𝛼 to 𝛽 is 

derived in Figure 1:1, knowing that the energy of the photon is given by ℎ𝜈 we can calculate that 

the photon corresponding to this energy gap has a frequency of 
𝛾𝐵0

2𝜋
 [𝐻𝑧]. 

 

Figure 1:1: Energy levels of a single spin half nucleus. The allowed transition results in a single line at the Larmor frequency. 

We can now define the Larmor frequency as:  

𝜈0 = −
𝛾𝐵0
2𝜋

 [𝐻𝑧] , 𝑜𝑟 𝜔0 = −𝛾𝐵0  [
𝑟𝑎𝑑

𝑠
] 

Equation 1:9 
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The Hamiltonians and eigenvalues written I different units are shown in Table 1:2 

Table 1:2: The Hamiltonians and eigenvalues written in various units 

  IN ENERGY UNITS IN FREQUENCY 

UNITS [RAD/S] 

IN FREQUENCY 

UNITS [HZ] 

𝒎 wavefunction 𝐻̂ = −𝛾𝐵0𝐼𝑧 𝐻̂ = −𝜔0𝐼𝑧 𝐻̂ = −𝜈0𝐼𝑧 

+
𝟏

𝟐
 

𝜓
+
1

2

   or   𝜓𝛼 
−
1

2
ℏ𝛾𝐵0 −

1

2
𝜔0 −

1

2
𝜈0 

−
𝟏

𝟐
 

𝜓
−
1

2

   or   𝜓𝛽 1

2
ℏ𝛾𝐵0 

1

2
𝜔0 

1

2
𝜈0 

 

1.2 Macroscopic magnetization 

In the previous section, only single spins were considered, but the typical macroscopic sample meas-

ured in an NMR experiment contains a large number of spins. When a sample is positioned in an 

external magnetic field (𝐵0⃗⃗⃗⃗ ) the considered nuclei can assume two energy states (as described in 

the Equation 1:8): the lower energy state (spin up – 𝛼) and the higher energy state (spin down – 𝛽). 

Thus, they are divided in two populations whose energies are described by the quantum number 

𝑚. However, as described by quantum mechanics, the spins in a condensed matter are never in a 

state 𝛼 or 𝛽, but in a superposition of these states. That is why we can only express the probability 

of finding the spins in the 𝛼 or 𝛽 states upon measurement. As the temperature would go down to 

the absolute zero (0 𝐾) the system would try to minimize its energy by alining the spins with the 

external magnetic field (lower energy state – spin up). Since the NMR experiments are performed 

at room or body temperature the thermal energy opposes the energy minimization and the proba-

bility of populating both lower and upper energy states is described according to the Maxwell-Boltz-

mann statistics. The population distribution is given by:  

(
𝑛𝛼
𝑛𝛽
) = 𝑒

∆𝐸
𝑘𝑇 = 𝑒

ℎ𝜈
𝑘𝑇 = 𝑒−𝛾(

ℎ
2𝜋
)
𝐵0
𝑘𝑇 

Equation 1:10 

If we use the approximation that ℎ𝜈 ≪ 𝑘𝑇 and with 𝑛 = 𝑛𝛼 + 𝑛𝛽  (total number of spins in the sam-

ple) we can approximate 𝑛𝛼 − 𝑛𝛽 ≈
𝑛ℎ𝜈

2𝑘𝑇
=
𝛾(

ℎ

2𝜋
)𝐵0

2𝑘𝑇
  which gives the difference between spin popu-

lations in state 𝛼 or 𝛽, with 𝑘 the Boltzmann constant and 𝑇 the absolute temperature. The popu-

lation difference increases with the strength of the applied magnetic field. The difference in 
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populations is very small, if we take the magnetic field of 9.4T (𝜈 = 400𝑀𝐻𝑧 for the 1H nucleus) the 

difference between 𝛼 and 𝛽 states is only 0.0031%. The NMR signal is proportional to this differ-

ence, explaining the low sensitivity of the NMR detection.  

The macroscopic magnetization is a sum of all individual magnetic moments (𝜇). Because of the 

random distribution of the magnetic moments, the transverse component (in the 𝑥𝑦 plane) of the 

𝑀0⃗⃗ ⃗⃗  ⃗ is zero at equilibrium. Thus, the macroscopic magnetization will be parallel to 𝐵0⃗⃗⃗⃗  (𝑀0⃗⃗ ⃗⃗  ⃗ = 𝑀0𝑧̂). 

𝑀0⃗⃗ ⃗⃗  ⃗ = ∑𝜇𝑛𝑧̂

𝑁

𝑛=1

= 𝛾 (
ℎ

2𝜋
)
1

2
(𝑛𝛼 − 𝑛𝛽)𝑧̂ 

Equation 1:11 

Giving the amplitude of the magnetization vector to be: 

𝑀0 = (
𝛾ℎ

2𝜋
)
2

(
𝑛𝐵0
4𝑘𝑇

) 

Equation 1:12 

NMR signal is proportional to this magnetization. In addition to the dependence on the magnetic 

field strength, the Equation 1:12 shows a quadratic dependence of the signal intensity to the gyro-

magnetic ratio (𝛾). The Table 1:1 shows that the hydrogen nucleus has the highest 𝛾 explaining why 

1H is the most commonly chosen nucleus in an NMR experiment.  

1.3 Excitation 

To illustrate the interaction of the spins with the external magnetic field we will use a classical rep-

resentation of the macroscopic magnetization vector (𝑀0⃗⃗ ⃗⃗  ⃗). Macroscopic magnetization at equilib-

rium is a static vector aligned with the external magnetic field and does not produce any signal. The 

signal can only be produced by perturbing the magnetization vector by rotation towards the trans-

verse plane. Since the magnetization is the vector sum of individual magnetic moments, only the 

field rotating in the same sense as the magnetic moments interacts significantly with them. Thus, 

the magnetization can be tilted by applying an additional magnetic field at the Larmor frequency 

(𝜔0-on resonance): 

𝐵1(𝑡)⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  = 𝐵1(cos(𝜔0𝑡)𝑥̂ − sin(𝜔0𝑡)𝑦̂) = 𝐵1(𝑡)𝑒
−𝑖𝜔0𝑡 

Equation 1:13 

During the application of the  𝐵1⃗⃗⃗⃗  field the magnetization will precess around 𝐵0⃗⃗⃗⃗  and 𝐵1⃗⃗⃗⃗ . The fre-

quency of 𝐵1⃗⃗⃗⃗  is in the radiofrequency range and it is applied as a radiofrequency (RF) pulse. The RF 

pulse is an oscillating 𝐵1(𝑡)⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗   field perpendicular to the 𝐵0⃗⃗⃗⃗  and it is characterized by its frequency 
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(determined by the resonance condition – Larmor frequency) and its envelope function 𝐵1(𝑡). This 

function specifies the shape and duration of an RF pulse, for example the envelope of the widely 

used rectangular pulse is defined as: 

𝐵1(𝑡) = 𝐵1Π(
𝑡 − 𝜏𝑝/2

𝜏𝑝
) = {

𝐵1  0 ≤ 𝑡 ≤ 𝜏𝑝
0  𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒

 

Equation 1:14 

where 𝜏𝑝 is the pulse duration. Since the 𝐵1⃗⃗⃗⃗  is perpendicular to 𝑀0⃗⃗ ⃗⃗  ⃗, the magnetization will feel a 

torque tilting it towards the transverse plain. The resulting position of the magnetization depends 

on the time during which we apply the 𝐵1⃗⃗⃗⃗  (pulse duration and amplitude). The magnetization in the 

transverse plane rotates around 𝐵0⃗⃗⃗⃗  with the Larmor frequency inducing a signal (electromotive 

force – Faraday law) in the coil next to or surrounding the sample. 

 

Figure 1:2: The motion of the magnetization as observed in (A) the laboratory frame (B) rotating frame (at the Larmor frequency). 

The flip angle of γB_1 τ is expressed as in case of a square pulse. 

The equation of motion of the magnetization in the laboratory frame (𝑥, 𝑦, 𝑧) during an RF pulse 

(excitation period) in a general form is given by the Bloch equation: 

𝑑𝑀⃗⃗ 

𝑑𝑡
= 𝑀⃗⃗ × 𝛾𝐵⃗  

Equation 1:15 

describing the precession of the magnetization around the total magnetic field 𝐵⃗  with the angular 

velocity 𝜔⃗⃗ = − 𝛾𝐵⃗ . For simplicity we introduce the rotating reference frame (𝑥′, 𝑦′, 𝑧′). This refer-

ence frame is rotating, as the magnetization, around 𝐵0⃗⃗⃗⃗ . When introducing the rotating frame, we 

also need to introduce relationships associated with this transformation: 

𝐵1,𝑟𝑜𝑡(𝑡) = 𝐵1(𝑡)𝑒
𝑖𝜔0𝑡,

𝑑𝑀⃗⃗ 

𝑑𝑡
=
𝜕𝑀𝑟𝑜𝑡⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗

𝜕𝑡
+ 𝜔0⃗⃗⃗⃗  ⃗ × 𝑀𝑟𝑜𝑡⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗ 



Chapter 1: Introduction to Nuclear Magnetic Resonance 

31 

Equation 1:16 

Now, we can express the equation of motion for the free precession in the rotating frame by com-

bining the Equations 1:15 and 1:16: 

𝜕𝑀𝑟𝑜𝑡⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗

𝜕𝑡
= 𝑀𝑟𝑜𝑡⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗ × 𝛾𝐵𝑟𝑜𝑡⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ − 𝜔0⃗⃗⃗⃗  ⃗ × 𝑀𝑟𝑜𝑡⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗ = 𝛾𝑀𝑟𝑜𝑡⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗ × (𝐵𝑟𝑜𝑡⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ +

𝜔0⃗⃗⃗⃗  ⃗

𝛾
) 

Equation 1:17 

We can rewrite Equation 1:17 as: 

𝜕𝑀𝑟𝑜𝑡⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗

𝜕𝑡
= 𝛾𝑀𝑟𝑜𝑡⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗ × 𝐵𝑒𝑓𝑓⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  , where      𝐵𝑒𝑓𝑓⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  =  𝐵𝑟𝑜𝑡⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ +  

𝜔0⃗⃗⃗⃗  ⃗

𝛾
 

Equation 1:17 

𝐵𝑒𝑓𝑓⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗   is the effective magnetic field which the magnetization “feels” in the rotating frame. If the 

frequency of the laboratory frame is 𝜔0 we can introduce 𝐵𝑟𝑜𝑡⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ = 𝐵0𝑧̂ and 𝜔0⃗⃗⃗⃗  ⃗ =  −𝛾𝐵0⃗⃗⃗⃗ 𝑧̂ which 

gives:  

𝐵𝑒𝑓𝑓⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  =  𝐵𝑟𝑜𝑡⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ +  
−𝛾𝐵0⃗⃗⃗⃗ 𝑧̂

𝛾
= 𝐵0𝑧̂ − 𝐵0𝑧̂ = 0 

Equation 1:18 

Thus, the apparent field vanishes, and the magnetization appears to be stationary in this frame of 

reference. If we look now at the effect of the RF pulse on the magnetization during excitation, in the 

rotating frame we have (when the 𝐵1 is perfectly on resonance):  

𝐵1,𝑟𝑜𝑡⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  = 𝐵1(𝑡)𝑥′̂ 

Equation 1:19 

Which gives an effective field in the rotating frame as: 

𝐵𝑒𝑓𝑓⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  = 𝐵0𝑧′̂ + 𝐵1(𝑡)𝑥 ′̂ +
𝜔𝑟𝑓⃗⃗ ⃗⃗ ⃗⃗  ⃗

𝛾
= (𝐵0 −

𝜔𝑟𝑓

𝛾
) 𝑧′̂ + 𝐵1(𝑡)𝑥′̂ 

Equation 1:20 

For the on-resonance condition (the RF rotating frame = Larmor rotating frame), we get: 

𝜔𝑟𝑓 = 𝜔0 = 𝛾𝐵0    →     𝐵𝑒𝑓𝑓⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  = 𝐵1(𝑡)𝑥′̂ 

Equation 1:21 

By substituting this into the Bloch equation (1:17) we obtain the equation of motion for the mag-

netization in the rotating frame: 

𝜕𝑀𝑟𝑜𝑡⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗

𝜕𝑡
= 𝛾𝑀𝑟𝑜𝑡⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗ × 𝐵1(𝑡)𝑥′̂ 

Equation 1:22 

In the scalar form we have: 
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{
 
 

 
 

𝑑𝑀𝑥′

𝑑𝑡
= 0

𝑑𝑀𝑦′

𝑑𝑡
= 𝛾𝐵1(𝑡)𝑀𝑧′

𝑑𝑀𝑧′

𝑑𝑡
= −𝛾𝐵1(𝑡)𝑀𝑦′

,   for 𝑀𝑥′(0) = 𝑀𝑦′(0) = 0 𝑎𝑛𝑑 𝑀𝑧′(0) = 𝑀0  →  

{
 
 

 
 

𝑀𝑥′(𝑡) = 0

𝑀𝑦′(𝑡) = 𝑀0 sin (∫ 𝛾𝐵1(𝑡)𝑑𝑡
𝑡

0

)

𝑀𝑧′(𝑡) = 𝑀0 cos (∫ 𝛾𝐵1(𝑡)𝑑𝑡
𝑡

0

)

 

Equation 1:23 

We can now conclude that the magnetization vector precesses around the 𝑥′ axis with the angular 

velocity: 

𝜔1⃗⃗⃗⃗  ⃗ = −𝛾𝐵1⃗⃗⃗⃗  

Equation 1:24 

The precession of the magnetization around the 𝐵1⃗⃗⃗⃗  field is called the forced precession. As a result, 

the magnetization develops a measurable transverse component. The flip angle 𝜃 is the angle be-

tween the magnetization and the 𝑧′ axis (more generally, for a pulse applied on a magnetization 

which is not necessarily at equilibrium, it would be the angle between the initial and final magneti-

zation after the pulse application). At the end of an RF pulse, 𝜃 can be calculated as: 

𝜃 = ∫ 𝜔1(𝑡)𝑑𝑡 =
𝜏𝑝

0

∫ 𝛾𝐵1(𝑡)𝑑𝑡
𝜏𝑝

0

 

Equation 1:25 

For a rectangular pulse (Equation 1:14): 

𝜃 = 𝜔1𝜏𝑝 = 𝛾𝐵1𝜏𝑝 

 Equation 1:26 

The flip angle depends both on the amplitude and the duration of an RF pulse. The shape of the 

pulse will determine the trajectory of the magnetization during the excitation period, but if the area 

of the envelope is the same (𝐵1(𝑡)) the magnetization will end up at the same spatial position (for 

a perfect on resonance condition).  

When the excitation field is off resonance (the RF rotating frame ≠ Larmor rotating frame), the 

effective magnetic field 𝐵𝑒𝑓𝑓⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗   will be tilted from the transverse plain (in the RF rotating frame, Figure 

1:3), using the Equation 1:20 we get:  

𝐵𝑒𝑓𝑓⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  = (𝐵0 −
𝜔𝑟𝑓

𝛾
) 𝑧′̂ + 𝐵1(𝑡)𝑥 ′̂ =

∆𝜔0
𝛾
𝑧′̂ + 𝐵1(𝑡)𝑥 ′̂ 

Equation 1:27 

where ∆𝜔0 = 𝜔0 − 𝜔𝑟𝑓 is a measure of the degree of off-resonance. The magnetization will now 

precess about the 𝐵𝑒𝑓𝑓⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗   leading to a more complex rotation in the case of the off-resonance excita-

tion. 



Chapter 1: Introduction to Nuclear Magnetic Resonance 

33 

 

Figure 1:3: Off resonance excitation showing the effective field in the rotating frame and the precession of 𝑀0⃗⃗ ⃗⃗  ⃗ about 𝐵𝑒𝑓𝑓⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  . 

1.4 Relaxation 

The Equation 1:15 is a general description of time dependent behavior of the magnetization in the 

presence of an applied magnetic field during the excitation period only. If we consider also the re-

laxation process, the Bloch equation takes the following general form: 

𝑑𝑀⃗⃗ 

𝑑𝑡
= 𝑀⃗⃗ × 𝛾𝐵⃗ −

𝑀𝑥𝑥̂ + 𝑀𝑦𝑦̂

𝑇2
−
(𝑀𝑧 −𝑀0)𝑧̂

𝑇1
 

Equation 1:28 

where the 𝑀0 is the initial (equilibrium) value of magnetization (𝑀𝑧,0). The magnetization was then 

perturbed from its equilibrium state by an RF pulse. After the end of this external force and provided 

that sufficient time has passed it will return to its original state. The recovery of longitudinal mag-

netization (𝑀𝑧) is called the longitudinal relaxation (or spin-lattice relaxation) and it is in principle 

the process in which energy from the spins (accumulated from the RF pulse) is transferred to the 

surrounding ‘lattice’. The destruction of the transversal magnetization (𝑀𝑥,𝑦) is called transverse 

relaxation (or spin-spin relaxation) and it is an entropy process, since the spins exchange energy 

among themselves causing a decrease in phase coherence (increase of entropy) until they are ho-

mogeneously distributed around 𝐵0⃗⃗⃗⃗  resulting in a zero transverse component. In the rotating frame 

Equation 1:28 can be expressed as: 

𝜕𝑀𝑟𝑜𝑡⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗

𝜕𝑡
= 𝑀𝑟𝑜𝑡⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗ × 𝛾𝐵𝑒𝑓𝑓⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  −

𝑀𝑥′𝑥′̂ + 𝑀𝑦′𝑦′̂

𝑇2
−
(𝑀𝑧′ −𝑀𝑧,0)𝑧′̂

𝑇1
 

Equation 1:29 

Since 𝐵𝑒𝑓𝑓⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  = 𝐵1(𝑡)𝑥′̂ and the 𝐵1(𝑡) = 0 after the end of the excitation pulse, the longitudinal and 

transverse relaxations in the rotating frame can be described as (on-resonance conditions): 
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{
 
 

 
 𝑑𝑀𝑧′
𝑑𝑡

= −
𝑀𝑧′ −𝑀𝑧,0

𝑇1
𝑑𝑀𝑥′𝑦′

𝑑𝑡
= −

𝑀𝑥′𝑦′

𝑇2

 

Equation 1:30 

By solving these equations, we obtain the time evolution of the longitudinal and transverse mag-

netization: 

{
𝑀𝑥′𝑦′(𝑡) = 𝑀𝑥′𝑦′(0+)𝑒

−
𝑡
𝑇2

𝑀𝑧′(𝑡) = 𝑀𝑧,0 (1 − 𝑒
−
𝑡
𝑇1) + 𝑀𝑧′(0+)𝑒

−
𝑡
𝑇1

 

Equation 1:31 

Where the  𝑀𝑥′𝑦′(0+) and  𝑀𝑧′(0+) are the magnetizations immediately after the RF pulse and the  

𝑀𝑧,0 is the longitudinal magnetization before the RF pulse at thermal equilibrium. From the Equation 

1:31 we can observe that both the decay of the transverse magnetization and the recovery of lon-

gitudinal magnetization follow an exponential function (Figure 1:4). Based on the Equation 1:31 and 

considering the relaxation after a 90o pulse which implies  𝑀𝑥′𝑦′(0+) = 𝑀𝑧,0 and  𝑀𝑧′(0+) = 0 we 

can conclude that the  𝑇1 and  𝑇2 are not defined as the times when relaxation is complete but: 

{
𝑀𝑧′(𝑇1) = 63%𝑀𝑧,0

𝑀𝑥′𝑦′(𝑇2) = 37%𝑀𝑥′𝑦′(0+)
 

Equation 1:32 

The 𝑀𝑧′ will recover 63% of its thermal equilibrium value after the time 𝑇1 and the 𝑀𝑥′𝑦′will lose 

63% of its value after the RF pulse in the time 𝑇2. These relaxation times depend on the tissue com-

position, structure, and surroundings of the spins and for a given system, 𝑇1 is always longer than 

𝑇2.  

Two different mechanisms cause the loss of the phase coherence of the transverse magnetization 

(𝑇2), the first one is described in the beginning of this paragraph and depicts the so called “pure” 𝑇2 

decay. The second comes from spatial variations of the magnetic field within the sample (body). 

These variations come from an imperfect magnet design (non-uniform magnetic field over the sam-

ple – macroscopic) and different magnetic susceptibilities of different tissues (local variations – mi-

croscopic). The loss of phase coherence caused by this second mechanism is characterized by the 

𝑇2
+ relaxation time. The “real” relaxation which dictates the decay of transverse magnetization is a 

combination of 𝑇2 and 𝑇2
+  and its marked as 𝑇2

∗: 
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1

𝑇2
∗ =

1

𝑇2
+ +

1

𝑇2
 

Equation 1:33 

 

Figure 1:4: T1 and T2 relaxations. (A) The trajectory of the tip of magnetization after the excitation period (90o pulse) as observed in 

the laboratory frame; (B) Example of a longitudinal relaxation curve after the excitation pulse; (C) Transverse relaxation of the mag-

netization. 

1.4.1 Free induction decay  

After the RF pulse, magnetization is flipped to the transverse plane and is precessing around 𝐵0⃗⃗⃗⃗  with 

the Larmor frequency inducing the electromotive force (emf) in the receiving coil. As described in 

the paragraph 1.4 the transverse magnetization decays because of the 𝑇2 relaxation and conse-

quently reduces the emf. The macroscopic and microscopic 𝐵0⃗⃗⃗⃗  inhomogeneities will lead to a distri-

bution of Larmor frequencies causing a more rapid decay (𝑇2
∗). Thus, the acquired signal can be 

expressed as: 

𝑀𝑥𝑦(𝑡) = 𝑀𝑥𝑦(0)𝑒
𝑡
𝑇2∫𝑒+𝑖𝛾∆𝐵0(𝑟)𝑡𝑑𝑡 = 𝑀𝑥𝑦(0)𝑒

−𝑡
𝑇2
∗
 

Equation 1:34 

where the ∆𝐵0 = 𝐵0(𝑟 ) − 𝐵0 indicates the field inhomogeneity and 𝐵0(𝑟 ) being the magnetic field 

strength at a position 𝑟 . The 𝑀𝑥𝑦(𝑡) is the complex transverse magnetization 𝑀𝑥𝑦 = 𝑀𝑥 + 𝑖𝑀𝑦 

whose x and y components are (note that these equations also consider a possible offset in fre-

quency – generalized for any offset 𝜔):  
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𝑀𝑥(𝑡) = 𝑀0 cos[(𝜔0 − 𝜔)𝑡 + 𝜑]𝑒
−𝑡
𝑇2
∗
 

𝑀𝑦(𝑡) = 𝑀0 sin[(𝜔0 − 𝜔)𝑡 + 𝜑]𝑒
−𝑡
𝑇2
∗
 

Equation 1:35 

where 𝜑 is a phase at 𝑡 = 0. The detected time dependent decay of the emf (signal) is called the 

free induction decay (FID) and it is described by Equation 1:34 (𝑀𝑥𝑦(𝑡) = 𝑆(𝑡)). The detected FID is 

the signal in the time domain, and it is converted to the frequency domain signal (spectrum – giving 

the resonant frequencies present in the FID) using a Fourier transform (FT) according to: 

𝐹(𝜔) = ∫ 𝑓(𝑡)𝑒−𝑖𝜔𝑡𝑑𝑡
+∞

−∞

     or    𝐹(𝜈) = ∫ 𝑓(𝑡)𝑒−𝑖2𝜋𝜈𝑡𝑑𝑡
+∞

−∞

 

Equation 1:36 

This operation is reversible, meaning that time-domain signals can be calculated from the fre-

quency-domain signal using the inverse FT: 

𝑓(𝑡) =
1

2𝜋
∫ 𝐹(𝜔)𝑒+𝑖𝜔𝑡𝑑𝜔
+∞

−∞

    or    𝑓(𝑡) =
1

2𝜋
∫ 𝐹(𝜈)𝑒+𝑖2𝜋𝜈𝑡𝑑𝜈
+∞

−∞

 

Equation 1:37 

Performing the FT on the time domain signal 𝑆(𝑡) (Equation 1:34) gives the real and imaginary fre-

quency-domain signals: 

𝑆(𝑡) ∝  𝑀𝑥𝑦(0)𝑒
−𝑡
𝑇2
∗
𝑒𝑖(𝜔0−𝜔)𝑡+𝜑       

𝑭𝑻
→    𝑆(𝜔) ∝ 𝑀𝑥𝑦(0)∫ 𝑒

−𝑡
𝑇2
∗

∞

0

𝑒𝑖𝜔0𝑡+𝜑𝑒−𝑖𝜔𝑡𝑑𝑡 = 𝑅(𝜔) + 𝑖𝐼(𝜔) 

𝑅(𝜔) = 𝐴(𝜔) cos𝜑 − 𝑖𝐷(𝜔) sin𝜑 

𝐼(𝜔) = 𝐴(𝜔) sin𝜑 + 𝑖𝐷(𝜔) cos𝜑 

Equation 1:38 

Where: 

𝐴(𝜔) =
𝑀0𝑇2

∗

1 + (𝜔0 − 𝜔)2𝑇2
∗2 

𝐷(𝜔) =
𝑀0(𝜔0 − 𝜔)𝑇2

∗2

1 + (𝜔0 − 𝜔)2𝑇2
∗2 

Equation 1:39 

are the absorption and dispersion components of the Lorentzian lineshape. The width of the ab-

sorption component at full width half maximum is 
1

𝜋𝑇2
∗, while the dispersion component is broader 

and has the intensity (integral) equal to zero. That is why when we observe the NMR spectrum we 

choose the absorption mode. When the phase is non-zero (𝜑 ≠ 0) the real part of the spectrum is 

a combination of absorption and dispersion signals. The desired absorption mode spectrum is then 
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obtained by phasing the observed/original spectrum. This can be achieved by adding a constant 

phase correction (𝜑0 – zero order phase) or a linear, frequency dependent phase correction (𝜑1 – 

first order phase). The resulting phase correction is performed as:  

𝜑𝑐 = 𝜑0 + (𝜔 − 𝜔0)𝜑1 

Equation 1:40 

The signal can also be given in the absolute mode (magnitude); this way of presenting the signal is 

chosen when the phase adjustment can’t be properly carried out. The signal is then defined as: 

𝑀(𝜔) = √𝑅(𝜔)2 + 𝐼(𝜔)2 

Equation 1:41 

The addition of the dispersive components additionally broadens the spectrum in the absolute 

mode when compared to the absorption mode.  

 

Figure 1:5: Time and frequency domain signal. The time-domain signal (FID) oscillating at the Larmor frequency is shown on the left. 

Its decay is governed by the  𝑇2
∗ relaxation. Application of the Fourier transform on the FID gives us the frequency-domain signal. The 

absorption component of the Lorentzian peak centered at the Larmor frequency is shown on the left. 

1.4.2 The Spin Echo and Inversion Recovery 

The spin echo sequence is one of the fundamental pulse sequences and it was introduced by Hahn 

in 1950. This sequence has, in addition to the excitation 90° pulse, which flips the 𝑀𝑧 into the trans-

verse plane (𝑀𝑥𝑦), a 180° refocusing pulse (Figure 1:6). The loss of phase coherence of the trans-

verse magnetization (𝑀𝑥𝑦) is explained in the section 1.3.1 and is governed by a “pure” 𝑇2 decay 

caused by the spin-spin interactions and 𝑇2
+ decay caused by spatial variations of the magnetic field. 

These spatial variations i.e. 𝐵0 inhomogeneities and local magnetic susceptibilities are static effects 

and thus the static dephasing they cause is reversible. The application of an 180° pulse rotates the 

spins in the transverse plane. Leaving the same time after the application of the 180° pulse as the 
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time elapsed during dephasing (𝑇𝐸/2) will cause the spins to rephase (Figure 1:6).  After the 180° 

pulse, the magnetization is refocused and the spin echo (the signal maximum at the echo time -TE) 

is generated4,6.  

 

Figure 1:6: The spin echo sequence consists of the 90° excitation pulse and the 180° refocusing pulse. If only the spatial variations of 

the magnetic field (static field inhomogeneities) are considered (𝑇2
+ decay) the spins are fully rephased at TE. If in addition the mag-

netic field fluctuations caused by random spin-spin interactions are considered the signal decay is described by 𝑇2
∗ according to the 

equation 1:33 and the signal amplitude at TE is reduced. The figure is taken from6. 

To sum up, the spin echo sequence cancels out the effect of 𝑇2
+. Thus, the value of 𝑇2 can be meas-

ured using the spin echo sequence if a series of experiments with 𝑛 varying TEs is performed. Then 

the measured signal is proportional to 𝑀𝑥𝑦(0)𝑒
−𝑇𝐸𝑛
𝑇2 . A graph of ln 𝑆(𝑇𝐸𝑛) (measured signal on the 

logarithmic scale) versus 𝑇𝐸𝑛 gives a straight line with the slope of 
1

𝑇2
.  

In addition to the 𝑇2 relaxation time, the 𝑇1 relaxation time which governs the recovery of longitu-

dinal magnetization (𝑀𝑧) can also be measured. For this we will introduce the inversion recovery 

(IR) method with an additional 180° pulse (the inversion pulse) placed before the excitation 90° 

pulse (Figure 1:7). The time between these two pulses can be varied and it is called the inversion 

time (TI). The 180° inversion pulse flips (inverts) the longitudinal magnetization (𝑀𝑧 → −𝑀𝑧). Dur-

ing the inversion time the magnetization can relax back to its thermal equilibrium value with a 𝑇1 
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time constant. Since the excitation pulse is applied immediately after the inversion time, the dura-

tion of TI determines how much of the magnetization is available for excitation and thus the ampli-

tude of the resulting signal. A series of experiments with different TIs results in the discrete sampling 

of the inversion recovery curve (𝑀𝑧,0 (1 − 2𝑒
−
𝑇𝐼

𝑇1)). As for the 𝑇2 measurement, the graph of 

ln 𝑆(𝑇𝐼𝑛) versus 𝑇𝐼𝑛 gives a straight line with the slope of 
1

𝑇1
. The example of a spin echo based 

inversion recovery sequence is shown in the Figure 1:7 Relaxation times depend on the tissue type 

and the molecule size, so by an adequate choice of TI the signal from an unwanted tissue type or 

molecule can be eliminated4,6. 

 
Figure 1:7: A scheme of an inversion recovery spin echo sequence. The inversion pulse inverts the longitudinal magnetization, then 

it relaxes back to its thermal equilibrium with a 𝑇1 relaxation time constant. The choice of the inversion time (TI) determines how 

much of the magnetization has recovered and will be further excited by the excitation pulse. A series of experiments with different 

inversion times will result in a discrete sampling of the 𝑇1 recovery curve.  

1.4.3 Chemical shift 

As explained in the previous chapters, the resonance frequency of a nucleus depends on its gyro-

magnetic ratio 𝛾 and the external magnetic field 𝐵0. This would mean that the same nucleus in 

different molecules would resonate at the same frequency since 𝛾 is a property of the nucleus. 

However, the resonance frequency is also highly dependent on its chemical environment (surround-

ing electrons). The movement of electrons in orbitals is modified when put in an external magnetic 

field (𝐵⃗ 0) and it results in a small additional magnetic field of opposite polarity to 𝐵⃗ 0 and thus reduce 

it (electrons have both angular momentum and spin). The phenomenon resulting from this shielding 
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of nuclei from the external magnetic field is called chemical shift. The effective magnetic field that 

the nucleus feels is given by: 

𝐵𝑒𝑓𝑓 = 𝐵0(1 − 𝜎) 

Equation 1:42 

Where 𝜎 is called a shielding constant and it is dependent on the chemical environment surrounding 

the nucleus.  Now, the Equation 1:9 can be rewritten using the expression 1:42: 

𝜈 = −(
𝛾

2𝜋
)𝐵0(1 − 𝜎) 

Equation 1:43 

Expressing the chemical shift in 𝐻𝑧 would make it dependent from the applied 𝐵0 field strength. 

Instead, the chemical shifts are typically expressed in [𝑝𝑝𝑚] and defined as: 

𝛿 =
𝜈 − 𝜈𝑟𝑒𝑓

𝜈𝑟𝑒𝑓
× 106 

Equation 1:44 

Where the 𝜈 is the frequency of the nucleus under investigation and 𝜈𝑟𝑒𝑓 is the frequency of the 

reference compound. This compound should be chemically inert, have a strong singlet resonance 

and its chemical shift should be independent of external variables (temperature etc.). For 1H-NMR 

the tetramethyl silane (TMS) is generally used as a reference and is assigned to 𝛿 = 0 𝑝𝑝𝑚. Because 

the in vivo samples do not contain TMS, it cannot be used as an internal reference for this applica-

tion. Therefore, for in vivo brain 1H MRS the methyl resonance of N-acetyl aspartate (NAA) at 𝛿 =

2.01 𝑝𝑝𝑚 is used (in fact, they can be referenced to TMS indirectly through water resonance at 4.6 

ppm and then the shift of NAA is derived from it), while for 31P-MRS of the brain and muscle the 

phosphocreatine (PCr) resonance at 𝛿 = 0 𝑝𝑝𝑚 is used.  

1.4.4 Scalar coupling 

Apart from the local electron density effect on the Larmor frequency, the surrounding nuclei also 

affect the Larmor frequency. This affect is called the scalar coupling or J-coupling and it is responsi-

ble for the “fine structure” observable in the NMR spectra. J-coupling refers to the splitting of NMR 

transitions by nuclei connected with chemical bonds in the same molecule. In other words, how the 

nuclear spin state of one nucleus affects the spin state of another nucleus (chemically bonded) be-

cause of the electron spins in the chemical bond (via the polarization of chemical bonds). When a 

stable chemical bond is created, the molecular orbitals are filled according to the Hund’s rules: 
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1. Electrons in the same molecular and atomic orbitals are more stable when their spins are

antiparallel

2. Electrons in the different orbitals are more stable if their spins are antiparallel

3. Electron and nuclear spin angular momenta are more stable if antiparallel

When a bond is created, first the antiparallel electron spin configuration is imposed which influences 

the nuclear spin orientations.  

If we take a two-spin system as an example with two nuclei resonating at different chemical shifts. 

The resonant frequencies of the two nuclei will be 𝜈0,1 and 𝜈0,2.  Following the Hund’s rules, if the 

spin systems 1 and 2 are chemically bonded, the antiparallel orientation between the electron and 

nuclear spin is not always possible and will cause a shift (increase) in the energy level. However, if 

the spin states are more favorably combined the energy level decreases (Figure 1:8).   

Going back to quantum mechanical description, the Hamiltonian for one spin (Chapter 1.1 – equa-

tion 1:5) can be extended to two spins as (in frequency units): 

𝐻̂𝑡𝑤𝑜 𝑠𝑝𝑖𝑛𝑠,𝑛𝑜 𝑐𝑜𝑢𝑝𝑙𝑖𝑛𝑔 = −𝜈0,1𝐼1𝑧−𝜈0,2𝐼2𝑧

Equation 1:45 

where 𝐼1𝑧 is the operator for the z-component of angular momentum of the first spin and 𝐼2𝑧 of the

second spin. The Larmor frequency of the first spin is given by 𝜈0,1 and of the second spin 𝜈0,2. For 

now, they are considered as uncoupled spins. The corresponding eigenfunctions are just products 

of the eigenfunctions of 𝐼𝑧 for each spin:

{
𝐼1𝑧𝜓𝛼,1 = +

1

2
𝜓𝛼,1 𝐼1𝑧𝜓𝛽,1 = −

1

2
𝜓𝛽,1 

𝐼2𝑧𝜓𝛼,2 = +
1

2
𝜓𝛼,2 𝐼2𝑧𝜓𝛽,2 = −

1

2
𝜓𝛽,2

Equation 1:46 

To show that  𝜓𝛼,1𝜓𝛽,2  is, in fact, the eigenfunction of  𝐻̂𝑡𝑤𝑜 𝑠𝑝𝑖𝑛𝑠,𝑛𝑜 𝑐𝑜𝑢𝑝𝑙𝑖𝑛𝑔 we calculate: 

𝐻̂𝑡𝑤𝑜 𝑠𝑝𝑖𝑛𝑠,𝑛𝑜 𝑐𝑜𝑢𝑝𝑙𝑖𝑛𝑔𝜓𝛼,1𝜓𝛽,2 = −(𝜈0,1𝐼1𝑧 + 𝜈0,2𝐼2𝑧)𝜓𝛼,1𝜓𝛽,2

= −𝜈0,1𝐼1𝑧𝜓𝛼,1𝜓𝛽,2 − 𝜈0,2𝐼2𝑧𝜓𝛼,1𝜓𝛽,2 = −𝜈0,1[𝐼1𝑧𝜓𝛼,1]𝜓𝛽,2 − 𝜈0,2𝜓𝛼,1[𝐼2𝑧𝜓𝛽,2]

Equation 1:47 

Using the equation 1:46 we can find: 

𝐻̂𝑡𝑤𝑜 𝑠𝑝𝑖𝑛𝑠,𝑛𝑜 𝑐𝑜𝑢𝑝𝑙𝑖𝑛𝑔𝜓𝛼,1𝜓𝛽,2 = −𝜈0,1[𝐼1𝑧𝜓𝛼,1]𝜓𝛽,2 − 𝜈0,2𝜓𝛼,1[𝐼2𝑧𝜓𝛽,2]

= −
1

2
𝜈0,1𝜓𝛼,1𝜓𝛽,2 +

1

2
𝜈0,2𝜓𝛼,1𝜓𝛽,2 = [−

1

2
𝜈0,1 +

1

2
𝜈0,2]𝜓𝛼,1𝜓𝛽,2 
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Equation 1:48 

We can now conclude that 𝜓𝛼,1𝜓𝛽,2 is an eigenfunction of the Hamiltonian and that − 1 
𝜈 + 1 

𝜈0,2
2 0,1 2

is its eigenvalue (the energy). Repeating the same procedure, we can find that there are three more 

eigenfunctions with the corresponding eigenvalues shown in the Table 1:3. 

Table 1:3: Eigenfunctions and eigenvalues of the two spins with no coupling (in Hz) 

𝒎𝟏 𝒎𝟐 SPINSTATES EIGENFUNCTION EIGENVALUE (ENERGY) 

+
𝟏

𝟐
+
1

2

𝛼𝛼 𝜓𝛼,1𝜓𝛼,2 
−
1

2
𝜈0,1 −

1

2
𝜈0,2 

+
𝟏

𝟐
−
1

2

𝛼𝛽 𝜓𝛼,1𝜓𝛽,2 
−
1

2
𝜈0,1 +

1

2
𝜈0,2 

−
𝟏

𝟐
+
1

2

𝛽𝛼 𝜓𝛽,1𝜓𝛼,2 
+
1

2
𝜈0,1 −

1

2
𝜈0,2 

−
𝟏

𝟐
−
1

2

𝛽𝛽 𝜓𝛽,1𝜓𝛽,2 
+
1

2
𝜈0,1 +

1

2
𝜈0,2 

From the Table 1:3 we can define the general expression for the energy levels (eigenvalues): 

𝐸𝑚1,𝑚2 = −𝑚1𝜈0,1 −𝑚2𝜈0,2 

Equation 1:49 

If we now introduce the scalar coupling, we can rewrite the Hamiltonian by adding a third term: 

𝐻̂
𝑡𝑤𝑜 𝑠𝑝𝑖𝑛𝑠 = −𝜈0,1𝐼1̂𝑧 − 𝜈0,2𝐼2̂𝑧 + 𝐽12𝐼1̂𝑧𝐼2̂𝑧

Equation 1:50 

Where  𝐽12 is the scalar coupling between the spins 1 and 2 (in Hz).  Here we consider only the weak-

coupled system (|𝜈0,1 − 𝜈0,2| ≫ 𝐽12). The wavefunctions listed in the Table 1:3 are still the eigen-

functions of the Hamiltonian but have different eigenvalues. We can show this by solving the eigen-

value equation only for the coupling term 𝐽12𝐼1𝑧𝐼2𝑧,which gives:

𝐽12𝐼1𝑧𝐼2𝑧𝜓𝛼,1𝜓𝛽,2 = 𝐽12[𝐼1𝑧𝜓𝛼,1][𝐼2𝑧𝜓𝛽,2] = 𝐽12 [
1

2
𝜓𝛼,1] [−

1

2
𝜓𝛽,2] = −

1

4
𝐽12𝜓𝛼,1𝜓𝛽,2

4

Equation 1:51 

We have now proved that the 𝜓𝛼,1𝜓𝛽,2 is an eigenfunction of the coupling term of the Hamiltonian 

with an eigenvalue of − 1 
𝐽12. Since we already showed that the same wavefunction is an eigenfunc-

tion of the −𝜈0,1𝐼1𝑧 − 𝜈0,2𝐼2𝑧 (equation 1:48) it can be concluded that it is also the eigenfunction of

the sum of these terms (−𝜈0,1𝐼1𝑧 − 𝜈0,2𝐼2𝑧 + 𝐽12𝐼1𝑧𝐼2𝑧). The resulting eigenvalue is, as follows, the

sum of the eigenvalues of the two individual terms (−
1

2
𝜈0,1 +

1

2
𝜈0,2 −

1

4
𝐽12). Applying the same pro-

cedure on to the remaining product functions we can obtain the remaining energy levels (Table 1:4). 
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From the Table 1:4 we can define the general expression for the energy levels (eigenvalues): 

𝐸𝑚1,𝑚2 = −𝑚1𝜈0,1 −𝑚2𝜈0,2 +𝑚1𝑚2𝐽12 

Equation 1:50 

Table 1:4: Eigenfunctions and eigenvalues of the two coupled spins (in Hz) 

𝒎𝟏 𝒎𝟐 SPINSTATES EIGENFUNCTION EIGENVALUE (ENERGY) 

+
𝟏

𝟐
+
1

2

𝛼𝛼 𝜓𝛼,1𝜓𝛼,2 
−
1

2
𝜈0,1 −

1

2
𝜈0,2 +

1

4
𝐽12 

+
𝟏

𝟐
−
1

2

𝛼𝛽 𝜓𝛼,1𝜓𝛽,2 
−
1

2
𝜈0,1 +

1

2
𝜈0,2 −

1

4
𝐽12 

−
𝟏

𝟐
+
1

2

𝛽𝛼 𝜓𝛽,1𝜓𝛼,2 
+
1

2
𝜈0,1 −

1

2
𝜈0,2 −

1

4
𝐽12 

−
𝟏

𝟐
−
1

2

𝛽𝛽 𝜓𝛽,1𝜓𝛽,2 
+
1

2
𝜈0,1 +

1

2
𝜈0,2 +

1

4
𝐽12 

The selection rules for the allowed transitions in the two-spin system postulate that the 𝑚 of one 

of the spins can change by ∓1. In other words, the quantum number of the first spin 𝑚1 can change 

by  ∓1 and the quantum number of the second spin  𝑚2 can change by ∓1. By applying these rules, 

we get that only four transitions are allowed (Figure 1:8). For example, for the transition 𝛼𝛼 → 𝛼𝛽 

we get: 

𝜐𝛼𝛼→𝛼𝛽 = 𝐸𝛼𝛽 − 𝐸𝛼𝛼 = −
1

2
𝜈0,1 +

1

2
𝜈0,2 −

1

4
𝐽12 − (−

1

2
𝜈0,1 −

1

2
𝜈0,2 +

1

4
𝐽12) = +𝜈0,2 −

1

2
𝐽12 

Equation 1:51 

Table 1:5: Resulting frequencies of the allowed transitions for two coupled spins. 

SPIN STATES FREQUENCY 

𝜶𝜶 → 𝜶𝜷 
𝜈0,2 −

1

2
𝐽12 

𝜷𝜶 → 𝜷𝜷 
𝜈0,2 +

1

2
𝐽12 

𝜶𝜶 → 𝜷𝜶 
𝜈0,1 −

1

2
𝐽12 

𝜶𝜷 → 𝜷𝜷 
𝜈0,1 +

1

2
𝐽12 

As, emphasized this calculation and the Figure 1:8 are valid when the frequency difference between 

the two scalar coupled spins is much bigger than the coupling (|𝜈0,1 − 𝜈0,2| ≫ 𝐽12) which is typically 

valid for heteronuclear scalar coupling. However, for many homonuclear interactions the frequency 

difference is of the same order of magnitude as the coupling constant, resulting in a strongly coupled 
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system. This leads to mixing of the 𝛼𝛽 and 𝛽𝛼 states (for a two-spin system) and the resulting spec-

trum becomes more complicated. If there is more than one coupling partner, the resonance split 

into (n+1) lines when coupled to “n” equivalent nuclei. The Pascal’s triangle (series of numbers with 

patterns that are predicted from the previous row) can predict this number of splittings and the 

ratio of amplitudes. Unlike chemical shift, J-coupling is not dependent on the external magnetic field 

𝐵0. The J-coupling constant provides crucial information on the molecular structure and composi-

tion.  

 

Figure 1:8: J-coupling. (left) Two nuclei (two atoms – nuclear spin in black and electron spin in red) that resonate at different chemical 

shifts and are not chemically bonded (no scalar coupling). The arrangement between nuclear and electron spin in each atom is anti-

parallel. The energy level diagram of these spins describes two energy transitions, resulting in only two resonances. (right) When the 

atoms are chemically bonded according to Hund’s rules the electron spins prefer the antiparallel orientation among them, and the 

nuclear and electron spins also prefer the antiparallel orientation. The forced parallel orientation to the nuclear spins will cause the 

states 𝛼𝛼 and 𝛽𝛽 to have an increase in energy, while 𝛼𝛽 and 𝛽𝛼 will have a decrease because of their favorable spin orientations. 

The allowed transitions are described in Table 1:5, and result in a splitting of the resonance 1 and 2 by the coupling constant 𝐽12. 

(Heteronuclear interaction) 

1.5 MRI principles 

The discovery of magnetic resonance imaging (MRI) came from the realization that if there is a var-

ying magnetic field across the sample, the resonant frequencies at each position are different (e.g. 

frequency becomes linearly dependent on the spatial position). The spatially varying magnetic field 

(i.e. magnetic field with amplitude varying linearly with position) is called the magnetic field gradient 

and its creation requires specially shaped coils installed in the magnet bore. There are usually three 
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sets of gradient coils installed in the magnet depending on the direction in which the magnetic field 

strength changes (𝑋, 𝑌 𝑎𝑛𝑑 𝑍  gradients). If we describe them mathematically, the magnetic field 

gradient amplitude varies linearly (as a function of the position 𝑟) over the region to be imaged: 

𝐺(𝑟) =
𝑑𝐵(𝑟)

𝑑𝑟
= 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 

Equation 1:51 

Where 𝐵 is the strength of the magnetic field and 𝑟 represents the 𝑥, 𝑦 and 𝑧 directions or their 

vectorial combination. The gradient direction always refers to the direction in which the magnetic 

field strength varies as result of the applied gradient. The MRI systems are usually positioned hori-

zontally, therefore the resulting  𝐵0 magnetic field they produce is also oriented horizontally. Since 

by definition 𝐵0 is always in the 𝑧̂ direction, this axis lies along the horizontal (see Figure 1 :9A) and 

the 𝑦̂ and 𝑥̂ are defined accordingly. The gradient coils are designed such that the magnetic field 

they produce adds to the  𝐵0 on one side, subtracts from it on the other side and has no contribution 

in the isocenter (𝑧 = 0, 𝑦 = 0, 𝑥 = 0) of the magnet. Thus, in the isocenter the resulting magnetic 

field is equal to 𝐵0 (Figure 1:9A). The resulting magnetic field over the sample is then dependent on 

the position as: 

𝐵(𝑟) = 𝐵0 + 𝑟𝐺𝑟 , 𝑒. 𝑔. 𝑖𝑛 𝑧̂ 𝑑𝑖𝑟𝑒𝑐𝑡𝑖𝑜𝑛 →  𝐵𝑧 = 𝐵0 + 𝑧𝐺𝑧 

Equation 1:52 

Where the 𝐺 is expressed in Tesla per meter [𝑇 𝑚⁄ ] or Gauss per centimeter [𝐺 𝑐𝑚⁄ ] , with 1𝑇 =

10000𝐺. The position dependent frequency can then be expressed as:  

𝜔𝑧 = −𝛾𝐵𝑧 = −𝛾(𝐵0 + 𝑧𝐺𝑧)   
𝑟𝑜𝑡𝑎𝑡𝑖𝑛𝑔 𝑓𝑟𝑎𝑚𝑒
→            𝜔𝑧 = −𝛾𝑧𝐺𝑧 

Equation 1:53 

The expression for the spatial dependence of resonant frequencies in the presence of gradients in 

𝑥 and 𝑦 direction can be obtained in the same way as in the equation 1:53. 

The MRI image formation process consists of three parts: slice selection, phase encoding and fre-

quency encoding.  
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Figure 1:9: Gradients and slice selection. (A) The coordinate system defined (on the left) and the linear magnetic field gradient applied in the 𝑧̂ direc-

tion. A linear magnetic field gradient applied in the z direction creates a linear spatial dependence of the effective magnetic field. (B) Slice selection. 

By using a selective RF pulse in combination with a magnetic field gradient in x, y, z direction a coronal, axial or sagittal slice can be chosen. (C) Example 

of a sinc pulse which flips (excites) the magnetization by 90o only in the selected frequency range between 𝜔𝑠 − ∆𝜔𝑠 and  𝜔𝑠 + ∆𝜔𝑠. 

1.5.1 Slice selection 

The problem of imaging a three-dimensional object is simplified, reducing it to a two dimensional 

one by selecting a slice with defined thickness and orientation.  The slice is selected by simultaneous 

application of an RF pulse and the magnetic field gradient.  If the gradient is applied in the 𝑧̂ direc-

tion, each position in this direction is characterized by a specific magnetic field and thus a specific 

resonant frequency as described in the equations 1:52 and 1:53. The choice of gradient direction 

determines the orientation of the slice which can be coronal, axial and sagittal (see Figure 1:9B). 

When an RF pulse is intended to excite only a selective frequency range it is applied concurrently 

with the gradient. Thus, only a selected range of frequencies and consequently spatial positions is 

excited. This kind of RF pulses are called slice selective or frequency selective RF pulses.  If, for ex-

ample, the slice selective RF pulse is applied at a frequency 𝜔𝑠 and has a bandwidth of ±∆𝜔𝑠 only 

the frequencies in the range between 𝜔𝑠 − ∆𝜔𝑠 and  𝜔𝑠 + ∆𝜔𝑠 are excited. The thickness (𝑇) of the 

selected slice is dependent on the pulse frequency bandwidth (2∆𝜔𝑠 = 2𝜋𝐵𝑊) and the gradient 

strength (Figure 1 :9C): 
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𝑇 =
2∆𝜔𝑠
𝛾𝐺𝑠𝑙𝑖𝑐𝑒

 

Equation 1:54 

The slice thickness can be changed by changing the gradient strength (𝐺𝑠𝑙𝑖𝑐𝑒, where increasing it 

leads to a thinner slice and decreasing to a thicker one) or by increasing the bandwith of the RF 

pulse (e.g. shortening its duration). Because of the FT properties, a longer RF pulse results in a thin-

ner slice (narrower frequency spectrum). Changing the center/transmitter frequency of an RF pulse 

(𝜔𝑠) results in moving the slice to different positions across the sample. The gradient strength affects 

both the slice thickness and its position, thus for a given RF pulse length the required gradient 

strength is usually determined first (𝐺𝑠𝑙𝑖𝑐𝑒 =
𝑅𝐹 𝑏𝑎𝑛𝑑𝑤𝑖𝑑𝑡ℎ

𝑠𝑙𝑖𝑐𝑒 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠
) followed by the transmitter frequency 

selection which determines the slice position. Multiple slices with an offset between each other can 

also be acquired.  

During an RF pulse the nuclei within the slice continue to precess around 𝐵0 and accumulate differ-

ent phases depending on their position within the slice. If we take the example of a gradient applied 

in the 𝑧̂ direction (𝐺𝑧) the phase accumulation can be expressed as (valid for most of the symmetric 

pulse shapes): 

𝜙𝑠𝑙(𝑧) = 𝛾𝐺𝑧𝑧
𝜏

2
 

Equation 1:55 

where 𝜏 is the pulse duration and  𝑧 the position within the slice.  To overcome this loss of coherence 

we apply a rephasing gradient of the opposite polarity (𝐺𝑧
𝑟𝑒𝑓
, 𝜏𝑟𝑒𝑓, in case of a 90o pulse). If we 

assume that the gradient waveforms are rectangular, the refocusing occurs for:  

𝐺𝑧
𝑟𝑒𝑓
𝜏𝑟𝑒𝑓 =

𝜏

2
𝐺𝑧 

Equation 1:56 

1.5.2 Frequency Encoding 

After selecting a slice, two dimensions need to be encoded in order to produce an image. One di-

mension is encoded by imposing a spatially dependent phase on the signal and the other one by 

creating a spatially dependent frequency during acquisition. The phase is encoded by a gradient 

turned on before the data acquisition (while the magnetization is in the transverse plain) and the 

frequency by a gradient turned on during the data acquisition. The frequency encoding magnetic 

field gradient causes the water hydrogens nuclear spins at different positions to obtain different 



Chapter 1: Introduction to Nuclear Magnetic Resonance 

48 

Larmor frequencies linearly dependent on their spatial position. Since this gradient is applied during 

the acquisition of the signal, different Larmor frequencies are directly detected.  The FT of the de-

tected signal will give an MR spectrum representing a 1D projection of the spin density distribution 

along the direction of the applied gradient. The detected frequency range is determined by the 

spectral width according to the Nyquist sampling theorem: 

𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 𝑟𝑎𝑛𝑔𝑒 = 𝑠𝑝𝑒𝑐𝑡𝑟𝑎𝑙 𝑤𝑖𝑑𝑡ℎ (𝑆𝑊) =
1

∆𝑡
   ,    ∆𝑡 − 𝑑𝑤𝑒𝑙𝑙 𝑡𝑖𝑚𝑒 

Equation 1:57 

Nyquist sampling theorem: Any sinusoidal signal of frequency 𝑓 can be accurately described when 

it is sampled at least twice per cycle. The minimum sampling rate is called the Nyquist frequency 

(𝑓𝑁). The spectral width is equal to 2𝑓𝑁 since the frequencies between −𝑓𝑁 and +𝑓𝑁 are accurately 

sampeled. The time between the sampled data points is also kown as dwell time (∆𝑡 =
1

𝑆𝑊
). 

For MRI applications the position range (field of view – FOV) is obtained by division of the frequency 

range (SW) by the gradient strength. The easiest way to acquire the 1D projection of a spin density 

distribution would be a pulse acquire method where the frequency encoding gradient is applied 

during acquisition. Because the gradient cannot be turned on instantaneously, the few first data 

points are acquired during the gradient rise time (time varying gradient) leading to artifacts when 

the FT is performed. Eliminating the first few points of the FID would greatly reduce the signal to 

noise ratio (SNR). A more convenient way to attain the spatial information is to acquire an echo 

instead of an FID. The echo formation belonging to the gradient-echo techniques will be explained 

in this section. Together with the spin echo techniques (section 1.4.2) represent the basics of the 

MRI methods.  

The gradient echo sequence consists of an excitation RF pulse, a gradient applied before the signal 

acquisition and another gradient of opposite polarity and twice the area applied during the signal 

acquisition. The first gradient prepares the magnetization for the encoding of spatial information. 

At a position 𝑟  it generates a phase shift: 

𝜙1(𝑟 , 𝑡) = 𝛾𝑟 ∫ 𝐺1⃗⃗⃗⃗ (𝑡
′)𝑑𝑡′

𝑡

0

,   𝑓𝑜𝑟  𝐺1⃗⃗⃗⃗ (𝑡) = 𝐺1⃗⃗⃗⃗  →  𝜙1(𝑟 , 𝑡) = 𝛾𝑟 𝐺1⃗⃗⃗⃗  𝑡 

Equation 1:58 

The transverse magnetization at each position 𝑟  is now encoded with a specific phase shift 𝜙1(𝑟 ). 

The second gradient has twice the area and an opposite polarity to the first one, therefore the total 

applied gradient in the middle of the second gradient is zero (Figure 1:10) and the acquired phase 
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shift is also zero. During the first gradient the transverse magnetization acquired a linear position 

dependent phase shift, thus to fulfill the 𝜙(𝑟 ) = 0 condition in the middle, the spins at different 

positions need to rotate at different frequencies. The frequencies are related to the initial acquired 

phase shift according to:  

𝜔(𝑟 ) =
𝑑𝜙(𝑟 , 𝑡)

𝑑𝑡
   𝑤ℎ𝑒𝑟𝑒  𝜙(𝑟 , 𝑡)

= 𝜙1(𝑟 , 𝑇1) +  𝛾𝑟 ∫ 𝐺2⃗⃗⃗⃗ (𝑡
′)𝑑𝑡′

𝑡

0

  
𝐺2⃗⃗ ⃗⃗  (𝑡)=𝐺2⃗⃗ ⃗⃗  

→       𝜙(𝑟 , 𝑡) = 𝜙1(𝑟 , 𝑇1) + 𝛾𝑟 𝐺2⃗⃗⃗⃗  𝑡 

Equation 1:59 

Where the 𝑇1 is the lenght of the first gradient and the 𝐺2 the amplitude of the second gradient 

(opposite polarity to the 𝐺1) resulting in a decrease of  𝜙(𝑟 , 𝑡) in time. The echo forms when the 

total net gradient is zero: 

𝜙(𝑟 ) = 0   𝑤ℎ𝑒𝑛  𝜙1(𝑟 , 𝑇1) = −𝜙2 (𝑟 ,
𝑇2
2
)  →  𝐺1𝑇1 = −𝐺2

𝑇2
2

 

Equation 1:60 

Where 
𝑇2

2
 is equal to half of the acquisition time. The signal is acquired during the ‘readout’ gradient 

(second gradient) so that the spatially dependent frequencies from equation 1:59 are stored and 

will result in the spatial distribution of spins after the FT. The echo is acquired during a period of 

constant gradient amplitude and will give an undistorted spatial profile after the FT. This procedure 

is called frequency encoding and it is the most commonly used method to obtain spatial 1D infor-

mation.  
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Figure 1:10: Schematic diagram of a 2D gradient echo sequence 

1.5.3 Phase encoding             

In the Figure 1:10 the frequency encoding gradient is shown as 𝐺𝑓𝑟𝑒𝑞 and the phase encoding gra-

dient as 𝐺𝑝ℎ𝑎𝑠𝑒. To get the information about the second spatial dimension a series of experiments 

needs to be performed with linearly incrementing the phase encoding gradient strength. During 

each of these experiments the signal is acquired in presence of the frequency encoding gradient so 

the echo is stored in a 2D matrix also called the spatial frequency or k-space. The phase encoding 

gradient is always positioned before the acquisition (Figure 1:10 in red) so it only influences the 

phase of the signal. The phase changes linearly with the amplitude of 𝐺𝑝ℎ𝑎𝑠𝑒 and results in an indi-

rect frequency (𝜔 =
𝑑𝜙

𝑑𝑡
) that is independent of the frequencies acquired during the frequency en-

coding. The frequency encoding is used to resolve the signal distribution along the first dimension 

while during the phase encoding, the signal acquires a phase that is linearly dependent on its posi-

tion along the second dimension (phase encoding gradient direction). The FT of the phase modu-

lated signal with respect to the phase encoding gradient amplitude generates the second dimension 

of a 2D image of the object.  

1.5.4 K-space formalism  

A very useful model for understanding how the acquired data matrix is transformed to the final 

image is the k-space formalism which provides a simple FT relationship between the two. If we 
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describe the echo formation using an ensemble of spins, the transverse magnetization and its pre-

cession can be described as:  

𝑀𝑥𝑦 = 𝑀𝑥 + 𝑖𝑀𝑦,        𝑀𝑥𝑦(𝑟 , 𝑡) = 𝑀𝑥𝑦(𝑟 , 0)𝑒
+𝑖∆𝜔(𝑟 )𝑡 

Equation 1:61 

Where   

∆𝜔(𝑟 ) = (𝜔0 − 𝜔) + 𝛾𝑟 𝐺  

Equation 1:62 

𝜔0  is the Larmor frequency and  𝜔 the carrier frequency. Equation 1:61 can then be rewritten as:  

𝑀𝑥𝑦(𝑟 , 𝑡) = 𝑀𝑥𝑦(𝑟 , 0)𝑒
+𝑖∆𝜔𝑡𝑒𝑖𝛾𝑟 𝐺𝑡⃗⃗⃗⃗  

Equation 1:63 

If we generalize this expression by describing the observed signal in the presence of time-depend-

ent magnetic field gradient 𝐺(𝑡):  

𝑀𝑥,𝑦(𝐺 , 𝑡) = ∫𝑀0( 𝑟 )𝑒
+𝑖𝛾𝑟 ∫𝐺 (𝑡′)𝑑𝑡′𝑑𝑟 

Equation 1:64 

where 𝑀0(𝑟 ) is the spin density at position 𝑟  after the 900 pulse and the second part of the term is 

the phase, dependent on the position. This equation should be multiplied with a relaxation or a 

diffusion describing term depending on the characteristics of the sequence used. By defining the 

frequency variable-position dependence (spatial frequency variable) as:  

𝑘(𝑡) =  𝛾 ∫𝐺 (𝑡′)𝑑𝑡′ 

Equation 1:65 

The equation 1:64 can be written as: 

𝑀𝑥,𝑦(𝑘(𝑡)) = ∫𝑀0( 𝑟 )𝑒
+𝑖𝑘(𝑡)𝑟 𝑑𝑟 

Equation 1:66 

The spatial frequency variable 𝑘(𝑡) can be explained as a phase acquired by a spin at a unit distance. 

The Equation 1:66 is the inverse Fourier transform relation between the detected MR signal, 

𝑀𝑥,𝑦(𝑘(𝑡)) and the spin density at a position 𝑀0(𝑟 ) (the spatial distribution of the spin density - 

image). Thus, the image can be obtained with a Fourier transform of the signal acquired, i.e. the k-

space.  

If we consider the frequency and phase encoding gradients as constants and define 𝑥 as a frequency 

encoding and 𝑦 as a phase encoding direction then we can define:  

𝑘𝑥 = 𝛾𝐺𝑥𝑡,        𝑘𝑦 = 𝛾𝐺𝑦𝜏𝑝ℎ 
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Equation 1:67 

where 𝜏𝑝ℎ is duration of the phase encoding gradient. Then the signal can be expressed as:  

𝑆(𝑡) ∝ 𝑀𝑥,𝑦(𝑘𝑥, 𝑘𝑦) = ∫𝑀0( 𝑥, 𝑦)𝑒
+𝑖𝑘𝑥𝑥𝑒+𝑖𝑘𝑦𝑦𝑑𝑥𝑑𝑦 

Equation 1:68 

Thus, the k-space can be represented as a two-dimensional space where the horizontal axis (𝑥 axis) 

corresponds to 𝑘𝑓𝑟𝑒𝑞 (in the frequency encoding direction) and the vertical axis (𝑦 axis) corresponds 

to 𝑘𝑝ℎ𝑎𝑠𝑒 (in the phase encoding direction). After excitation, since no gradient was applied 𝑘𝑓𝑟𝑒𝑞 =

𝑘𝑝ℎ𝑎𝑠𝑒 = 0. Then the maximum negative phase encoding gradient is applied at the same time as 

the dephasing (negative) frequency encoding gradient (Figure 1:11A) pushing the k-space coordi-

nates to the bottom left corner (−𝑘𝑝ℎ𝑎𝑠𝑒,𝑚𝑎𝑥, −𝑘𝑓𝑟𝑒𝑞,𝑚𝑎𝑥 ). In this way we are positioned well in the 

k-space for the start of the acquisition (Figure 1 :11B). When the acquisition starts a positive fre-

quency encoding gradient is applied increasing linearly the 𝑘𝑓𝑟𝑒𝑞 over time and thus filling the se-

lected k-space line in the frequency encoding direction (horizontally-Figure 1:11B). At the top of the 

echo 𝑘𝑓𝑟𝑒𝑞 = 0 the maximum signal will be observed. In the following experiments the phase en-

coding gradient amplitude and thus the 𝑘𝑝ℎ𝑎𝑠𝑒 is increased in discrete steps to fill in the k-space in 

the 𝑦 direction (the phase encoding direction). For the middle experiment when 𝑘𝑝ℎ𝑎𝑠𝑒 = 0 the 

maximum signal will be observed for 𝑘𝑓𝑟𝑒𝑞 = 0 (on the top of the echo). The low 𝑘𝑝ℎ𝑎𝑠𝑒 and 𝑘𝑓𝑟𝑒𝑞 

values in the center of the k-space are called the low spatial frequencies and the high values towards 

the edges are called high spatial frequencies. The low spatial frequencies which have the highest 

intensities give the shape of the image and the high spatial frequencies (lower intensity) give the 

details (Figure 1:11C).  

As it was explained in the section 1.4.2 the relationship between the gradient strength, duration, 

SW and FOV can be derived using the Nyquist theorem. The signal coming from the gradient echo 

is just an FID signal sampled at discrete time intervals ∆𝑡 (dwell time). According to the theorem the 

signal is only described accurately if it is sampled at least twice per cycle (period). This gives the 

maximum phase difference between two samplings to be 2𝜋. The signals are only accurately de-

tected if they fall in the frequency range that is determined by the spectral bandwidth (𝑆𝑊 =
1

∆𝑡
  , 

see equation 1:57). The FOV in the freq. encoding direction can then be expressed as:  

𝐹𝑂𝑉(𝑐𝑚) =
𝑆𝑊 [𝑘𝐻𝑧]

𝑔𝑟𝑎𝑑𝑖𝑒𝑛𝑡 𝑠𝑡𝑟𝑒𝑛𝑔ℎ𝑡 [𝑘𝐻𝑧/𝑐𝑚]
=

1

𝑔𝑟𝑎𝑑. 𝑠𝑡𝑟𝑒𝑛𝑔ℎ𝑡[𝑘𝐻𝑧/𝑐𝑚] ∙ ∆𝑡 [𝑚𝑠] 
 

Equation 1:69 
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The FOV can also be expressed in terms of distance between the sampling points in both phase 

encoding and freq. encoding directions using equation 1:67: 

𝐹𝑂𝑉𝑥 =
2𝜋

∆𝑘𝑥
=

2𝜋

𝛾𝐺𝑥 ∆𝑡
,   𝐹𝑂𝑉𝑦 =

2𝜋

∆𝑘𝑦
=

2𝜋

𝛾𝐺𝑦𝜏𝑝ℎ

Equation 1:70 

Figure 1:11: k-space sampling (A) Schematic diagram of a 2D gradient echo sequence (B) The structure of k-space with respect to the 

frequency and phase encoding gradients. (C) after the k-space is filled the Fourier transformation gives the final MRI image. Adapted 

from2. 

1.6 Single volume magnetic resonance spectroscopy 

In the previous chapter basic principles of MRI were explained, where the frequency and phase 

encoding are used to determine the location of the measured signal.  In localized magnetic reso-

nance spectroscopy (MRS) the MR signal is measured from a predetermined volume of interest (VOI) 

positioned in human or animal organ or region in the brain. The position of the desired VOI (usually 

a cuboid) is defined with a combination of frequency-selective RF pulses and magnetic field gradi-

ents. In this sub-chapter we will focus on the basic principles of single volume MRS7.  
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1.6.1 Single volume localization 

1.6.1.1 Localization using three slice selective pulses 

Magnetic field gradients are used to select the MR signal from a predefined volume. As explained in 

the MRI chapter (1.4) when a frequency selective RF pulse is applied in the presence of a magnetic 

field gradient only a selective range of frequencies and consequently spatial positions is excited. 

This kind of RF pulses are called slice selective or selective RF pulses (see sub-chapter 1.4.1 Slice 

selection). If consecutively a second RF pulse is executed during a magnetic field gradient in an or-

thogonal direction in space a 2D column is selected, and by addition of a third RF pulse during a 

gradient in the remaining (third) orthogonal direction a 3D volume (voxel) is selected7.  

1.6.1.2 Localization based on slice selective inversion 

Image-Selected In vivo Spectroscopy-ISIS  

This method was first suggested by Ordidge et al.8 and it is based on the slice-selective inversion of 

spins before the signal acquisition. Two scans are needed to obtain a signal from one slice. In the 

first acquired FID all the spins have the same phase, while in the second acquisition a slice selective 

180o pulse (targeting the desired slice) is added before excitation. When the FIDs from the two ac-

quisitions are subtracted the resulting signal comes only from the desired slice (1D ISIS, Figure 1:13 

left). A linear combination of three pairs of such scans with slice selections in three orthogonal di-

rections leads to the localization of a 3D volume (3D ISIS, Figure 1:13 right). The signal from the 

target volume is preserved while the unwanted signals from the outside are canceled out.  

This technique can be used for proton (1H) localization but also for other nuclei (e.g. 31P MRS). Since 

there is no echo time this pulse sequence doesn’t suffer from signal loss due to T2 relaxation or J-

evolution. However, inverting of the magnetization in the region of interest can cause signal loss 

Figure 1:12: Volume selection using three slices (RF pulses in combination with slice selective gradients). Figure taken from7. 
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due to T1 relaxation and imperfect slice profiles for metabolites with short relaxation times. A min-

imum of 8 consecutive scans need to be acquired for a volume localization which makes this se-

quence vulnerable to motion of the sample for the in vivo applications7. 

 

 

Figure 1:13: ISIS. (left) a schematic drawing of the 1D ISIS scheme where the SA denotes signal from the desired slice and Sout signal 

from the outside volume, Gx is a specific slice selective gradient and #1 and #2 acquisitions without and with the slice selective inver-

sion respectively. (right) a schematic drawing of the 3D ISIS localization with the corresponding 8 consecutive acquisitions needed 

for the volume localization. Figure adapted from7. 

Outer volume suppression (OVS) localization 

The basic principle of OVS is to apply a combination of slice selective RF pulses (e.g. 90o RF pulses) 

and magnetic field gradients targeting the spins outside the VOI with a purpose of destroying their 

magnetization. The selected spins around the VOI are flipped into the transverse plane, subse-

quently a spoiler gradient is used to dephase them, and thus their magnetization is destroyed with-

out perturbing the magnetization inside the VOI. OVS can be used for large VOIs because the sup-

pression slices can be sufficiently thick, making this method suited for magnetic resonance spectro-

scopic imaging (MRSI) also.  

To localize a 1D targeted slice, two suppression slices need to be positioned around it, therefore, to 

localize a 3D volume, 3 pairs of suppression slices must be used (three pairs of OVS pulses) (Figure 

1:12). The pairs of slice selective RF pulses have frequencies centered on the corresponding sup-

pression slices (not on the VOI). After OVS a spectrum can be acquired immediately with a non-
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selective excitation RF pulse (Figure 1:14). This method achieves localization in one scan and is 

therefore resistant to subject motion. However, the adjustment of OVS can be challenging especially 

for smaller VOIs where strong signals from outer volume need to be suppressed. The OVS alone is 

often not enough to obtain a clean 1H-spectrum and therefore it is usually used in combination with 

other localization techniques7.  

 
Figure 1:14: OVS. A schematic drawing of the 3D OVS localization module (in the square). The three pairs of slice-selective 90o RF 

pulses are shown with their corresponding localization gradients in three orthogonal directions (white trapezoid). After every slice-

selective RF pulse a spoiler gradient is applied (grey trapezoid) to dephase the magnetization. Immediately after the OVS module a 

non-selective 90o excitation pulse is applied. Figure adapted from7. 

Localization based on echo formation 

The basic principles of a spin echo sequence are explained in the section 1.3.3. In MRS the echo 

formation is used to refocus only the spins that experience all the 3 RF pulses. The most commonly 

used echo-based localization sequences are: STEAM (Stimulated Echo Acquisition Mode), PRESS 

(Point Resolved Spectroscopy Sequence), SPECIAL (SPin ECho, full Intensity Acquired Localized spec-

troscopy) and LASER (Localization by Adiabatic Selective Refocusing). Only SPECIAL and PRESS local-

izations will be described here in detail since these two sequences were used in this thesis7,9.  

SPECIAL (Spin Echo, full intensity acquired localized spectroscopy) 

This is a hybrid sequence combining the 1D ISIS technique with a slice-selective spin-echo. The 1D-

ISIS localization is achieved by application of a slice-selective full-passage adiabatic pulse in alternate 
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scans, followed by a spoiling gradient. The spin echo is achieved by using 90o and 180o asymmetric 

slice-selective pulses with gradients in the orthogonal directions to the 1D ISIS (Figure 1:15). The 

signal is then added in the odd scans and subtracted in even scans corresponding to the add-subtract 

scheme of 1D ISIS. The asymmetric excitation pulse (90o) provides a broad BW and has a uniform 

excitation profile. In addition, the peak RF amplitude is in the last quarter of the pulse length, there-

fore only a small portion of the pulse length (20-30%) contributes to the final TE (Figure 1:15B up). 

Similarly, the asymmetric refocusing pulse (180o) also produces a satisfactory slice profile with only 

20-30% of its duration contributing to the TE (Figure 1:15B down). Very short echo times can be

achieved with this method while still preserving the full signal intensity from the desired VOI.  The 

application of an adiabatic pulse in ISIS reduces the B1 dependence of the acquired signal, making 

this sequence optimized for a transmit/receive surface coil since 1D ISIS is applied along the axis 

with the strongest RF field gradient. The slice profile of an asymmetric pulse has positive sidebands 

in the excitation direction, and thus the signal outside excitation band is only partially canceled out. 

Therefore, an additional OVS module is applied before the sequence to minimize any potential con-

tribution from outside of VOI. The OVS module is combined with VAPOR water suppression module 

(see section 1.5.2). An additional frequency selective saturation pulse between the 1D ISIS and spin 

echo module is also added to further improve the efficiency of water suppression (Figure 1:15)7,10.  

Figure 1:15: SPECIAL sequence. (A) schematic drawing of the SPECIAL sequence. The 180o adiabatic on and off pulse is applied in the 

Y direction (1D ISIS) while the other two asymmetric slice selective pulses from the spin echo are along the X and Z directions. The 

OVS and VAPOR water suppression modules are applied before the 1D ISIS with another WS pulse applied before the spin echo 

module. (B) An example of the asymmetric band selective 90o RF pulse (2 𝑚𝑠) in the time and frequency domain (up), example of 

asymmetric slice selective 180o RF pulse (2 𝑚𝑠) in the time and frequency domain (down). Figure adapted from7. 
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PRESS (Point Resolved Spectroscopy Sequence)  

The PRESS sequence consists of a slice selective 90o and 180o pulses to form a spin echo with an 

additional slice selective 180o pulse to create a double spin echo and achieve a 3D localization (Fig-

ure 1:16). In combination with the slice selective gradients, strong spoiler gradients around the 180o 

pulses are necessary to suppress any unwanted coherences. Since the 3D localization is achieved in 

one scan, this sequence is insensitive to motion and system instabilities. However, even by shorten-

ing RF pulse and gradient lengths the shortest achievable TE with this sequence is much longer com-

pared to the other echo-based localization sequences (e.g. minimum achievable TE is between 6-

8ms on preclinical UHF scanners). Both water suppression (VAPOR) and OVS are applied before the 

PRESS sequence7,11.  

 

Figure 1:16: PRESS sequence. A slice selective 90o pulse is applied with a gradient in the X direction followed by two slice selective 

180o pulses along Z and Y. To achieve a double spin echo, the delays between the pulses and the acquisition should be kept as 

indicated in the scheme. Strong spoiling gradients are applied around each 180o pulse (light gray). Both water suppression (VAPOR) 

and OVS are applied before the first 90o excitation pulse. Figure adapted from7. 

1.6.2 Water suppression in 1H MRS 

The goal of the advanced in vivo 1H MRS methods in the brain is to retrieve the characteristic neu-

rometabolic profiles providing information on a high number of metabolites. Most tissues consist 

of 70-85% of water; thus, a very strong water signal is present in every 1H MR spectrum. The signal 

intensity of protons from the water signal (resonating in vivo at ~4.68𝑝𝑝𝑚) is three to four order 

of magnitudes higher than the signal of the metabolites of interest. In addition, broad shoulders of 

the water signal and spurious satellites from mechanical vibrations of the gradient coils often over-

lap with metabolite peaks causing distortions. Therefore, water suppression (WS) is crucial and 
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almost always included in 1H MRS sequences to improve the detection and ensure a reliable quan-

tification of metabolites.  

There are several different WS techniques developed for in vivo 1H MRS brain spectra. Since the 

metabolite resonances are mostly in the range < 4.2 𝑝𝑝𝑚 or > 5.2𝑝𝑝𝑚 narrow-band frequency 

selective RF pulses need to be used to target the water resonance without affecting the metabolites. 

Chemical Shift Selective (CHESS) RF pulses followed by gradients that dephase (destroy) the trans-

verse magnetization of water are commonly used. The first WS modules consisted of three identical 

CHESS pulses separated by the same time delay and improved by varying flip angles. However, there 

are several factors influencing the efficiency of the WS like spatial 𝐵0 and 𝐵1 inhomogeneity, differ-

ences of 𝑇1 relaxation times of water in different compartments and frequency and phase fluctua-

tions due to motion.  

To overcome these issues, later, a scheme with four consecutive pulses with numerically optimized 

flip angles decreased the sensitivity to 𝐵1 and 𝑇1 variations, leading to the Water suppression En-

hanced through 𝑇1 effects (WET) scheme. For advanced MRS studies Variable Power and Optimized 

relaxation delays (VAPOR) WS method is recommended12. This method is specifically optimized to 

improve the in vivo WS by reducing the effects of 𝐵1 inhomogeneity’s and 𝑇1 variations. The VAPOR 

technique was used in this thesis and will be further explained12.  

VAPOR (Variable Power and Optimized Relaxation delays) water suppression 

The original version of VAPOR WS scheme was designed for application in the rodent brain at 9.4T 

where surface coils (transmit/receive) are often used13. The scheme was optimized to be as insen-

sitive as possible to the inhomogeneous 𝐵1 transmit field produced by the surface coil, and addi-

tionally the timing between the pulses was selected so that the OVS blocks can be interleaved with 

the WS pulse train (reducing the repetition time - TR). The pulse train was constructed and optimized 

considering relative flip angles of the pulses, inter-pulse delays and a range of water 𝑇1-s from dif-

ferent parts of the brain. The original VAPOR scheme consists of seven CHESS pulses with following 

flip angles and delays: 

Relative flip angles: 𝛼 − 𝛼 − 1.78𝛼 − 𝛼 − 1.78𝛼 − 𝛼 − 1.78𝛼 (𝛼 is the nominal flip angle) 

Inter-pulse delays (in 𝑚𝑠): 150 − 80 − 160 − 80 − 100 − 30 − 26 
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The decreased sensitivity to transmit 𝐵1 is secured by the large differences in flip angles (factor of 

1.78) and optimized delays ensuring that the 𝑀𝑧 that correspond to the coherence pathway experi-

encing the different intensities of 𝐵1 cross zero at the same time. This WS technique is very robust 

and once optimized for the chosen magnetic field can be automatically used significantly reducing 

the time needed to optimize a pulse sequence for a chosen VOI12.  

1.6.3 Chemical shift displacement error 

Spatial localization in single volume MRS is typically achieved by application of three orthogonal 

slice selective pulses. In other words, frequency selective RF pulses are applied simultaneously with 

the corresponding magnetic field gradients. When a magnetic field gradient is applied the resonant 

frequency becomes dependent on the position (𝜔(𝑥) = 𝛾𝐵0 + 𝑥𝐺) and when combined with the 

frequency selective pulse the resulting selected slice thickness is 
2𝜋 𝐵𝑊

𝛾𝐺
 (see section 1.5.1). This vol-

ume is selected correctly only for the spins which resonate at the carrier frequency of the applied 

pulse. However, protons from different metabolites resonate at slightly different frequencies be-

cause of their chemical structures (chemical shift). Therefore, a difference in Larmor frequency (∆𝜔) 

between two different compounds will result in a spatial displacement (∆𝑥) of the localized volume 

for one compound relative to the other:  

∆𝑥 =
∆𝜔

𝛾𝐺𝑥

Equation 1:71 

This effect is called chemical shift displacement (CSD) error and it can be reduced by using an RF 

pulse with larger bandwidth (BW) coupled with an increased gradient strength. CSD error becomes 

stronger with increased magnetic field strength due to larger spectral dispersions. Therefore, 

achieving sufficiently large BWs for the used RF pulses can be problematic at higher magnetic fields 

since the maximum RF bandwidth is limited by the maximum peak power. Chemical shift displace-

ment error can then be calculated as 𝐿 ∙
∆𝜔

𝐵𝑊𝑚𝑎𝑥
, where 𝐿 is the size of VOI in the direction of the 

gradient.  

1.6.4 In vivo Brain 1H MR Spectrum at Ultra High Field (UHF) 

MRS is a unique tool that has the possibility to assess in vivo and non-invasively the metabolism of 

different tissues in living organisms. MRS can be performed on any nuclei that has non-zero mag-

netic moment, but the most widely used is proton MRS (1H MRS) because of its high sensitivity and 
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natural abundance (see chapter 1.1) leading to the detection of brain metabolites at concentration 

down to about 0.5 mM in vivo. For a reliable detection of desired metabolites, high quality spectra 

need to be obtained. Several factors influence the quality of the acquired MR spectrum: magnetic 

field strength (sensitivity, signal to noise ratio of the acquired spectrum increases with the 𝐵0 

strength), 𝐵1 homogeneity (RF coil performance), 𝐵0 homogeneity (shimming), water suppression 

and localization sequences (see sections 1.5.1 and 1.5.2). The availability of UHF (>7 T) combined 

with the possibility of acquiring spectra at very short echo time (< 6 ms) have increased the number 

of in vivo detectable brain metabolites to approximatively 20 metabolites. They are markers of my-

elination/cell proliferation (phosphocholine (PCho), glycerophosphocoline (GPC), phosphorylethan-

olamine (PE), NAA, N-acetylaspartylglutamate (NAAG)), energy metabolism (glucose Glc), lactate 

(Lac), creatine (Cr), PCr, alanine (Ala)), osmoregulation (taurine (Tau), myo-inositol (Ins), creatine 

(Cr)), neurotransmitter metabolism (glutamate (Glu), glutamine (Gln), aspartate (Asp), 𝛾-aminobu-

tyrate (GABA), glycine (Gly) and antioxidants (ascorbate (Asc), glutathione (GSH)) (Figure 1:17). After 

acquisition several data processing steps are required (frequency and phase correction, spectral 

quality control and fitting, concentration referencing) to obtain, as a result, reliable metabolite con-

centrations14. Some of the main characteristics of the 1H MR brain spectrum will be described in this 

sub chapter.  

Figure 1:17: Representative in vivo 1H MR Spectrum acquired in the rat brain at 9.4T (hippocampus) using the SPECIAL (section 

1.6.1.2) sequence (TE=2.8 ms).
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1.6.4.1 Spectral quality and noise 

In the section 1.3.2 it was explained that signal detected in an MR experiment in the time domain is 

called the FID, and it is converted to the frequency domain signal (spectrum – giving the resonant 

frequencies present in the FID) using a Fourier transform. In the MR spectrum every resonance line 

is characterized by five model parameters: amplitude (peak area in the frequency domain), resonant 

frequency, phase, 𝑇2
∗ relaxation time and line shape (Lorentzian, Gaussian or Voigt)15.    

Every FID can be described as a sum of the original/wanted signal and the noise coming from ran-

dom fluctuations caused by thermal variations in the investigated object or the detection hardware. 

There can be also other, non-noise contributions to the signal in form of artifacts coming from e.g. 

spurious echoes, leaking of the RF signal etc. The noise in real and imaginary MR spectrum has uni-

form spectral power (white noise) and follows a Gaussian intensity distribution. The main charac-

teristic of the noise is its amplitude (𝜎), defined as a standard deviation of the data in a signal free 

area either in the time or frequency domain. One of the main criteria for the assessment of the MRS 

data quality is SNR, calculated as: 

𝑆𝑁𝑅 =
𝑠𝑖𝑔𝑛𝑎𝑙

𝜎𝑛𝑜𝑖𝑠𝑒
 

Equation 1:72 

As explained, both signal and noise can be measured in the frequency and time domain yielding 

different values for the SNR. In the frequency domain one of the recommended methods is to meas-

ure the signal part as the height of the largest metabolite peak in the spectrum. This way the vari-

ance coming from incorrect phasing, fit model or baseline definition is eliminated.  

In addition to SNR, spectral resolution is another very important factor in assessing the MRS data 

quality especially for metabolite quantification since it represents the ability to separate spectral 

features. The spectral resolution is represented in terms of linewidth which is defined as the full 

width at half maximum (FWHM) of a singlet resonance in the frequency domain measured in Hz or 

ppm. The optimal/minimum linewidth in an in vivo experiment is determined by the 𝑇2 relaxation 

time as 1 𝜋𝑇2
⁄ . The linewidth and line shape are mainly affected by the 𝐵0 inhomogeneities, that is 

the quality of 𝐵0 shimming in the selected VOI (influenced by the size of the VOI). The final spectral 

resolution can also be influenced by the eddy currents or frequency variations between averaged 

signals if not accounted for properly in the preprocessing. The 𝑇2 includes dynamic dephasing ef-

fects, so its measured value depends on the rephasing properties of the used pulse sequence. 
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Therefore, it is sometimes also called apparent 𝑇2 (or 𝑇2
𝑎𝑝𝑝). If the FWHM is measured using a me-

tabolite peak its value is dependent on the fitting algorithm (if not measured directly in the spectrum 

on a well isolated peak). Therefore, FWHM value obtained from an unsuppressed water signal is 

most commonly used as a robust indicator of spectral resolution. It should be noted that this value 

will be different from the one obtained using singlets of i.e. NAA or Cr due to the shorter 𝑇2 of 

water15.  

1.6.4.2 Baseline 

In an in vivo 1H MR spectrum the baseline is defined as smoothly varying signal components under-

lying the metabolite resonant peaks coming from the VOI. Various factors can contribute to the 

baseline profile: sub-optimal localization performance (i.e. unwanted resonances such as lipid sig-

nals coming from outside of the VOI – outer volume signal bleed), insufficient water suppression, 

hardware imperfections (i.e. corruption of the first data points in the FID) and eddy currents15–17. 

Additionally, inaccurate timing of the data sampling with respect to the echo formation can cause a 

strong first order phase distortion (rolling baseline)15. Note that mobile macromolecules should not 

be considered as baseline.  

1.6.4.3 Mobile Macromolecules (MM) and Mobile Lipids (ML) 

In 1H MR spectra the broad signals underlying the narrower signals of low molecular weight metab-

olites are defined as mobile macromolecules (MM, Figure 1:18)18,19. These signals are observable in 

the spectra of the human and animal brain at short TEs and remain detectable at intermediate TEs. 

They display shorter 𝑇1 and 𝑇2 relaxation times20 and lower apparent diffusion coefficient (ADC)21 

compared to metabolites. In the normal/healthy brain MM result mostly from protons of amino 

acids within cytosolic proteins e.g. in the area upfield of tissue water (~0.5-4.5ppm); they corre-

spond to aliphatic (methyl, methylene and methine) protons. The MM are composite signals, com-

posed of multiple overlapping and closely spaced multiplets. The distributions of these overlapping 

multiplets, since they come from amino acids within different proteins, result in the apparent broad 

linewidths of the MM peaks. It is recommended that the MM signals are described by their resonant 

frequency. The resolution of the MM signals improves with 𝐵0 19,22,23. The patterns of brain MM 

spectra are very similar between different species. However, some regional differences have been 

reported in the human brain between gray and white matter24, although they seem to be consistent 

over regions in the rodent brain25.  
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With onset of disease (e.g. tumors, multiple sclerosis, stroke etc.)26–29 signals from mobile lipids (ML) 

appear in addition, overlapping with peaks of mobile proteins/peptides (MM). ML signals come 

mainly from neutral triglyceride and cholesterol esters which form cytoplasmic lipid droplets with 

an additional contribution from mobile components of membrane phospholipids (e.g. choline me-

thyl at 3.2 ppm). ML are not subcutaneous lipid signals coming from imperfect localization and they 

are not present in the healthy brain.   

When the target of a study is to obtain metabolite concentrations (narrow signals), the MM are 

often referred to as a background signal. However, the MM signal is well characterized and the best 

treated when added as additional signal component (or components) in the fitting algorithm.  

The MM can be measured directly in vivo by application of the inversion recovery method (section 

1.4.2) which exploits the shorter 𝑇1 relaxation times of the MM compared to metabolites. With the 

optimal choice of IT, the IR sequences aim for a maximum suppression of the metabolite signals 

while preserving the MM. Both single and double IR methods have been successfully applied to 

acquire MM spectra in vivo. While double IR methods give improved metabolite suppression over a 

wider range of 𝑇1 they result in reduced MM and introduce an increased 𝑇1 weighting. In addition 

to IR, diffusion-weighting can also be used to measure MM in vivo exploiting the fact that the MM 

have a 10 to 20 times slower diffusion than metabolites21,30. Regardless on the acquisition method 

the in vivo acquired MM spectrum is never completely free of the metabolite residuals, therefore 

they need to be removed with the appropriate postprocessing18,19. Proper handling and postpro-

cessing of the MM spectrum and its influence on the on the quantification of 1H MR spectra is more 

closely discussed in the Chapter 2 of this thesis18.  
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Figure 1:18: 1H MR Spectrum, MM, baseline and the final fit. Representative in vivo 1H MR Spectrum acquired in the rat brain at 

9.4T (TE =2.8 ms, TR = 4s, hippocampus VOI=2x2.8x2 mm3, in black), with the corresponding MM fit (in red), baseline (in yellow) and 

final model fit (sum of metabolites contributions, MM and baseline – in blue) as an output of the LCModel algorithm. 

1.6.4.4 Metabolite quantification 

The simplest method to estimate signal intensities from an acquired spectrum is the peak integra-

tion. However, this method can be applied only when the peaks are well isolated (separated) and 

not affected by the baseline offsets14,31, which is not the case for an 1H MR spectrum. Therefore, 

model fitting algorithms are widely used in 1H MRS14. They are designed to find the optimal model 

parameters to minimize the cost function (𝜒2) representing the deviation of the model signal and 

the measured signal. Model fitting algorithms need to have prior information used as constraints 

on the model parameters to facilitate the fitting, direct the fitting towards a desirable and interpret-

able outcome with reducing the chance of a meaningless result and increasing the fitting precision. 

Linear combination model fitting (LCModel - linear combination of model spectra of metabolites), 

the method used in this thesis, analyzes the in vivo 1H MR spectrum, in the frequency domain, as a 

linear combination of known compound responses of known contributing metabolites15,32. To be 

more specific, the goal of LCModel is to decompose the in vivo 1H MR spectrum into a linear combi-

nation of model spectra from the “basis set” (prior information), where the basis set is a database 

of individual metabolite spectra (compound responses) that contribute to the 1H MR spectrum. This 

database can be generated by measuring in vitro 1H MR spectra of all the individual metabolites in 

a solution under the same experimental conditions (Larmor freq. and pulse sequence parameters), 

or alternatively the compound responses can be simulated using the density matrix formalism and 

known chemical shift and J-coupling constants. A properly prepared/postprocessed MM spectrum 
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needs also to be added to the basis set (Figure 1:19). As a result, the LCModel analysis provides 

areas under the peaks (concentrations if water is used as an internal reference) and the correspond-

ing Cramer-Rao lower bounds (CRLB - estimates of the fitting errors)9,15,33.  

Figure 1:19: The LCModel analysis of an in vivo acquired 1H MR spectrum from a rat brain at 14.1T using the SPECIAL (TE=2.8ms, 

TR=4000ms, VOI=70𝜇l, frontal cortex, corpus callosum and striatum) sequence. The in vivo experimentally acquired spectrum is 

shown with the corresponding spectra of individual metabolites and the spectrum of MM included in the basis set as well as the 

resulting fit residual.  Figure is taken from9. 

The CRLB represent the minimum obtainable variance in estimation of a model parameter (minimal 

possible theoretical uncertainties), given the measurement data. High CRLB values can result from 

low spectral SNR or strongly overlapping resonances. The error estimation using the CRLB values is 

only valid if the model used to describe the data fully applies to the data (FQN≈1, see below) and if 

the noise is Gaussian.  In addition, the CRLB error estimation increases with the number of model 

parameters. If the spectra contain artifacts or resonances that are not accounted for in the model 
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the CRLB estimation is not valid. Relative CRLB (ratio between the CRLB and the estimation of the 

parameter) are often used for data filtering. However, metabolites having low concentrations can 

be falsely classified as poor-quality data when using the relative CRLB filtering, therefore care must 

be taken when applying this criterion15,33.  

To estimate the quality of the model fitting, the fit quality number (FQN) can be calculated. It is 

defined as a relation of 𝜒2 (minimum of the cost function) to what is expected in the case that fit 

residuals (signal model subtracted from the experimental signal) come only from the measurement 

noise. That is, the FQN is a ratio of the variance in the fit residual divided by the variance of pure 

spectral noise. If the FQN > 1 the model doesn’t fully match the experimental signal (part of the 

signal is unaccounted for). When FQN = 1 the model agrees with the experimental signal with the 

precision allowed by the noise, and finally FQN < 1 indicates overfitting (i.e. too much flexibility of 

the model) 15,33.  

1.6.5 Phosphorus (31P) MR spectroscopy 

31P MR spectroscopy is a very useful method for investigation of energy metabolism in tissue, but 

also phospholipid metabolism and the redox state of the cell31. Brain metabolites that can be meas-

ured by 31P MRS are: PCr, nucleotide tri-phosphates (represented mainly by adenosine triphosphate 

- ATP) and inorganic phosphate involved in cell energy metabolism, phosphomonoesters (PME) as

PCho and PE, phosphodiesters (PDE) as GPC and glycerophosphoethanolamine (GPE) involved in 

phospholipid metabolism, nicotinamide adenine dinucleotide (NAD) and its phosphate (NADP) in its 

reductant and oxidized forms. The chemical shift positions of the stated metabolite resonances are 

sensitive to physiological parameters (pH and ionic strength). The resonance of PCr is assigned to 

0 𝑝𝑝𝑚 (convention) and is used as internal chemical shift reference. When compared to 1H MRS, 

31P-MRS has larger chemical shift dispersion (25 ppm compared to 5 ppm) and relatively small num-

ber of different metabolites (around 10 compared to 20). This leads to good spectral resolution and 

clear interpretation and quantification of the spectra. A 31P MR spectrum is additionally character-

ized by homonuclear (ATP) and heteronuclear (PME, PE, PCho and PDE, GPC and GPE) scalar cou-

plings which are also sensitive to physiological conditions.  
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Figure 1:20: In vivo 31P MR example spectrum acquired in the rodent brain at 9.4T (VOI=5 x 9 x 9 mm3, TR = 8 s, 384 averages, adia-

batic half passage pulse for excitation, OVS (x, z) and 1D-ISIS(y) for localization). 

Phosphorus has a 100% natural abundance and relatively high resonant frequency (40% of that of 

the proton), but because the intrinsic sensitivity is proportional to 𝛾3 (gyromagnetic ratio) it is sig-

nificantly lower than for the proton (7% compared to the proton). Because of the stated reasons, 

31P MRS suffers from low SNR which brings difficulties when analyzing low concentrated metabo-

lites. Thus, high magnetic fields in combination with advanced measurement methodology are 

needed2,34. 

In 31P MR spectroscopy the usage of slice selective RF pulses for localization is not appropriate for 

several reasons. Firstly, this localization method requires echo-based acquisition which brings an 

additional signal loss due to 𝑇2 relaxation. The fact that 31P nuclei in metabolites have substantially 

shorter 𝑇2 relaxation times than the 1H, combined with already inherently low signal due to low 

intrinsic sensitivity of 31P, makes signal loss resulting from an echo-based sequence non-affordable. 

Secondly, large chemical shift dispersion of the 31P metabolite resonances would result in a large 

chemical shift displacement error if magnetic field gradients were to be used. Therefore, non-selec-

tive 90o pulses followed by an immediate FID acquisition are often used in 31P MRS (no chemical 

shift artifacts)31,35.  

In this thesis all the 31P-MRS spectra were acquired using a non-selective adiabatic half passage RF 

pulse for excitation35. The OVS localization module was applied in the x and z direction combined 
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with 1D ISIS localization in the y direction. To further decrease the apparent metabolite linewidths 

and SNR, a WALTZ-16 scheme was used for 1H-decoupling and NOE (nuclear Overhauser effect) en-

hancement as described and optimized in reference34. Processing and quantification were per-

formed in jMRUI (java based magnetic resonance user interface) software, using AMARES for spec-

tral fitting as previously described34,36.  

1.7 MRSI basic principles acquisition and reconstruction 

The single volume spectroscopy technique (sub chapter 1.6) involves the detection of the signal 

from a single well-defined volume. This volume is predetermined and localized in a certain region 

of interest. Magnetic resonance spectroscopic imaging allows the detection of MR spectra from a 

multidimensional array of locations providing the characterization of a full object under investiga-

tion in 2D or 3D (e.g. characterization of the regional differences in the entire brain at a given time 

point). 

The principles of MRSI are very similar to the phase encoding in MRI (sub chapter 1.5). Addition of 

the phase encoding gradients can extend any spectroscopy pulse sequence to an MRSI sequence. 

Here, we will use the basic spin-echo sequence as an example (section 1.4.2). The result of a normal 

spin-echo acquisition is a 1D MR-spectrum with no spatial information if no magnetic field gradients 

are used. Adding the phase-encoding gradient adds the spatial encoding to the acquired signal. This 

phase-encoding gradient (𝐺𝑝ℎ𝑎𝑠𝑒) can be applied in any of the 𝑥, 𝑦 and 𝑧 orthogonal directions and 

its amplitude is incremented in every subsequent acquisition as for the phase encoding in MRI. Dur-

ing the gradient application, the precession frequency of spins becomes linearly dependent on the 

position (𝑟): 

𝜔(𝑟) = 𝛾𝑟𝐺, 𝑜𝑟 𝑖𝑛 𝑦̂ 𝑑𝑖𝑟𝑒𝑐𝑡𝑖𝑜𝑛        𝜔(𝑦) = 𝛾𝑦𝐺𝑦 

Equation 1:73 

For a constant gradient amplitude of duration 𝑡, the transverse magnetization would acquire a spa-

tially dependent phase: 

𝜙(𝑟) = ∫ 𝜔(𝑟)𝑑𝑡 = 𝛾𝑟𝐺𝑡,     𝑜𝑟 𝑖𝑛 𝑦̂ 𝑑𝑖𝑟𝑒𝑐𝑡𝑖𝑜𝑛  𝜙(𝑦) =
𝑡

0

𝛾𝑦𝐺𝑦𝑡 

Equation 1:74 

Since the gradient is applied during only one of the 𝑇𝐸/2 periods (Figure 1:21), the phase acquired 

during the gradient duration will not be refocused and thus it will encode the FID with spatial 



Chapter 1: Introduction to Nuclear Magnetic Resonance 

70 

information. The application of an FT with respect to the applied phase-encoding gradient ampli-

tude will retrieve the spatial information, that is the spatial distribution of the sample. This descrip-

tion corresponds to 1D MR spectroscopic imaging since only one spatial axis is resolved (Figure 1:21 

left side).  

Now we will introduce the k-space formalism as in the Section 1.5.4. In the time domain, we can 

express the total acquired signal as a sum of signals from elementary volume elements (𝑠(𝑦, 𝑡)𝑑𝑦) 

at each point 𝑦 in the sample:  

𝑆(𝑡) = ∫ 𝑠(𝑦, 𝑡)𝑑𝑦
+∞

−∞

 

Equation 1:75 

By FT of the 𝑆(𝑡) we can obtain the total spectrum of the sample as the sum of spectra from ele-

mentary volume elements (𝑓(𝑦, 𝜔)𝑑𝑦): 

𝐹(𝜔) = ∫ 𝑆(𝑡)𝑒−𝑖𝜔𝑡𝑑𝑡
+∞

−∞

= ∫ 𝑓(𝑦,𝜔)𝑒−𝑖𝜔𝑡𝑑𝑦
+∞

−∞

 

Equation 1:76 

By applying the phase-encoding gradient on each elementary volume, we can obtain the spatial 

distribution according to:  

𝑓′(𝑦, 𝜔) = 𝑓(𝑦, 𝜔)𝑒−𝑖𝛾𝑦𝐺𝑦𝑡 

Equation 1:77 

Then the full spectrum can be expressed as: 

𝐹(𝐺𝑦, 𝜔) = ∫ 𝑓(𝑦, 𝜔)𝑒−𝑖𝛾𝑦𝐺𝑦𝑡𝑑𝑦
+∞

−∞

Equation 1:78 

Now, by introducing the k-space formalism, 𝑘𝑦 = 𝛾𝐺𝑦𝑡 we can rewrite the Equation 1:78 as: 

𝐹(𝑘𝑦, 𝜔) = ∫ 𝑓(𝑦, 𝜔)𝑒−𝑖𝑘𝑦𝑦𝑑𝑘𝑦

+∞

−∞

Equation 1:79 

Where 𝐹(𝑘𝑦, 𝜔) is the phase modulated spectra from the entire sample and according to the Equa-

tion 1:79 it represents the inverse FT of the spectra from individual volume elements. Therefore, by 

applying the FT to 𝐹(𝑘𝑦, 𝜔) the individual spectra (𝑓(𝑦, 𝜔)) can be obtained:  

𝑓(𝑦, 𝜔) = ∫ 𝐹(𝑘𝑦 , 𝜔)𝑒
−𝑖𝑘𝑦𝑦𝑑𝑦

+∞

−∞

Equation 1:80 
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This general 1D case can be extended to two or three Cartesian directions by applying additional 

orthogonal gradients (phase encoding gradients).  

The signal is not continuously sampled in the k-space; it is acquired at discrete position and thus the 

spectra are recovered by a discrete FT. The digitalization rate in the spatial frequency is determined 

by the increments in gradient area (i.e. increase in amplitude) and it is determined by the Nyquist 

sampling criterion (section 1.5.2).  Thus, to avoid aliasing the maximum phase shift between two 

gradient increments over the whole FOV needs to be 2𝜋 : 

2𝜋 = 𝛾 𝐹𝑂𝑉 ∆𝐺 𝑡    →     𝐹𝑂𝑉 =
2𝜋

𝛾∆𝐺𝑡
=
2𝜋

∆𝑘

Equation 1:81 

The nominal voxel size (∆𝑉) is then calculated from the 𝐹𝑂𝑉 and the number of phase-encoding 

gradient increments (𝑁):  

∆𝑉 =
𝐹𝑂𝑉

𝑁

Equation 1:82 

In addition to 𝑁 and 𝐹𝑂𝑉 the minimal nominal voxel size is also dependent on the allowed meas-

urement time and sensitivity (see section 1.7.2).  
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Figure 1:21: Spectroscopic imaging spin echo pulse sequence and the k-space filling. (left) Scheme of a 1D spectroscopic imaging 

spin echo pulse sequence describing the 1D k-space filling. The FID corresponding to one point of the k-space is shown. By increment-

ing the phase-encoding gradient in the y direction, the k-space is sampled (note the absence of 𝐺𝑥 phas- encoding gradient); (right) 

Scheme of a 2D spectroscopic imaging spin echo pulse sequence describing the 2D k-space filling. Note that the additional gradients 

for spoiling (elimination of spurious coherences) are not shown. Figure adapted from37. 

1.7.1 Spatial resolution and point spread function (PSF) 

The equation 1:82 describes the nominal voxel size of an MRSI experiment to be the entire FOV 

divided by the number of phase encoding increments, but the origin of the signal does not fully 

correspond to the rectangular nominal voxel in the grid. From the characteristics of the FT it results 

that, after data reconstruction, the signal is contaminated with the signals from other nominal 

voxels. When the signal is measured in the time domain (𝑠(𝑘)) over an infinitely long period of time, 

after the FT it will produce a single resonance (Dirac delta function). In reality, the signal is sampled 

over a finite time and the sampling is described with the sampling function 𝐹𝑠𝑎𝑚𝑝𝑙𝑒(𝑘). The FT is 

then performed over a product of 𝐹𝑠𝑎𝑚𝑝𝑙𝑒(𝑘) ∙ 𝑠(𝑘) leading to a convolution of 𝑠(𝑟) and 𝐹𝑠𝑎𝑚𝑝𝑙𝑒(𝑟) 
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in the spatial domain. The FT of the 𝐹𝑠𝑎𝑚𝑝𝑙𝑒(𝑘) (sampling points or the sampling grid) is referred to 

as the point spread function (PSF) (e.g. for a constant grid of N samples the PSF is a sinc function). 

The PSF always influences the FT data, but it is not a dominant factor for the MRS except when the 

acquisition time is very short leading to truncation artifacts. However, the effects of the PSF in the 

MRSI are more obvious because of the limited number of phase encoded increments (limited num-

ber of k-space samples). The PSF is positioned with its maximum in the center of the corresponding 

voxel and it stands as a weighting factor determining how much of the signal comes from the desired 

voxel and how the signals from other voxels contribute to this particular voxel (voxel bleeding). Fig-

ure 1:22 shows the example of a PSF from a k-space region sampled by 32 points. The nominal 

resolution is no longer defined as a 
𝐹𝑂𝑉

𝑁
, but as the FWHM of the PSF which results in 1.21

𝐹𝑂𝑉

𝑁
,

meaning that the actual voxel is 21% larger than the nominal one. The PSF is not uniform across the 

voxel resulting in only 87.3% of the signal from the intended spatial location and 12.7% from the 

adjacent voxel (bleeding).   

Figure 1:22: Point spread function. Example of a PSF of a nominal voxel from a 1D MRSI experiment with 32 phase encoding steps. 

The PSF is a sinc function extending outside the nominal voxel dimension (ideal PSF - FOV/N). Figure adapted from2. 

The effects of PSF are particularly enhanced in the edges of the brain. Because the lipid signals from 

subcutaneous regions can be very important, their contribution to the MRSI signal of metabolites 

because of the voxel bleeding is significant. Thus, in standard MRSI different techniques/modules 

to suppress lipid signals are used (i.e. volume pre-localization, outer volume suppression or satura-

tion bands). 

The PSF can be artificially improved by applying an apodization function in the spatial frequency 

domain (k-space). The apodization function needs to be symmetrical with respect to the origin and 
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theoretically should maximally reduce the rippling effect (side lobes) and minimally increase the 

FWHM. E.g. Hamming filtering function:  

𝑊(𝑘) = 0.54 + 0.46 cos (
𝜋𝑘

𝑘𝑚𝑎𝑥
)  𝑓𝑜𝑟 − 𝑘𝑚𝑎𝑥 ≤ 𝑘 ≤ 𝑘𝑚𝑎𝑥 

Equation 1:82 

This filtering function increases the FWHM by 85% compared to the nominal volume but reduces 

the maximum amplitude of the side lobes by 80%. Thus, the application of post-acquisition functions 

is not always optimal.  

1.7.2 Temporal resolution  

Since the conventional MRSI sequences measure one k-space point per repetition time (TR), the 

total measurement time for, i.e. 2D phase encoded MRSI can be expressed as 𝑇𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑚𝑒𝑛𝑡 =

𝑁𝐴 × 𝑁𝑥 × 𝑁𝑦 × 𝑇𝑅 ; where 𝑁𝐴 is the number of averages and 𝑁𝑥,𝑦  number of phase encoding 

increments. Consequentially, this leads to long measurement times already for moderately high-

resolution datasets (i.e. for a 32 × 32 matrix with 𝑇𝑅 = 2𝑠 the acquistion time is 32𝑚𝑖𝑛). Thus, for 

most in vivo applications it is essential to increase the temporal resolution. There is a number of 

techniques which can achieve an increased temporal resolution: (1) conventional methods which 

require only basic pre- or post-processing (i.e circular and spherical k-space sampling, k-space apodi-

zation during acquisition etc.), (2) methods based on fast MRI where the reduction of acquisition 

time is achieved by reduced or modified k-space sampling (i.e. echo-planar spectroscopic imaging 

(EPSI), spiral MRSI etc.) and (3) methods based on prior knowledge where object information like 

spatial position, orientation and etc. is used to increase the efficiency of k-space sampling. A detailed 

review of the accelerated MRSI techniques can be found in a recent article of Bogner at al38. 
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Mobile Macromolecules in 1H MR 

spectrum 

In vivo localized 1H MR spectra at short TEs contain the contribution of mobile macromolecules (MM, 

broader resonances characterized by short T1 and T2 relaxation times. These resonances overlay with 

the narrower metabolic peaks and can present a problem during quantification especially for the low 

concentrated metabolites. Therefore, a reliable detection, post-processing and fitting of MMs is cru-

cial for quantification of short-TE 1H MR brain spectra. Furthermore, MM contribution can change in 

disease, indicating the necessity for their accurate and appropriate estimation. Recent methodolog-

ical advancements combined with ultra-high magnetic fields ensured an increased spectral resolu-

tion facilitating the separation of MM spectrum in individual components/peaks. As a result, para-

metrization of MM spectra into components and their consecutive inclusion in the metabolite basis 

set for quantification was introduced. Moreover, a relatively free spline baseline is often used during 

the fitting process to address unpredicted spectral components. Both MM parametrization and base-

line estimation require a wider implementation at UHF.  

In this chapter we used a single IR sequence combined with advanced AMARES prior knowledge to 

eliminate metabolite residuals, fit and parametrize 10 MM components directly from in vivo 1H MR 

spectra acquired from the rat brain at 9.4 T using different TEs. Monte Carlo simulations were used 

in addition to in vivo MR spectra to assess the concomitant influence of parametrized MM and 

DKNTMN parameter in LCModel. 

We observed that a very stiff baseline in combination with a full MM spectrum led to deviations in 

metabolite concentrations. This effect was less pronounced for parametrized MM spectra. Adding 

prior knowledge on parametrized MM spectrum improved MM and metabolite quantification. Fi-

nally, the implemented method for MM fitting allowed to estimate T2
app for seven individual MM 

peaks. In this chapter an improved methodological approach allowing reliable post-processing, fit-

ting and quantification of MM spectra is proposed. The described method also provided an efficient 

tool for parametrization of individual MM. We showed that a degree of flexibility in the spline base-

line is required for a most reasonable quantification of real/experimental data. 

Part of the work presented in this chapter was published as an article in Magnetic Resonance in 

Medicine (Simicic et al., 202138). My contribution to this article included all the data acquisitions, 

post processing, quantification and statistical analysis as well as writing of the first draft of the 

manuscript and including the authors comments during the revision process. 
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This chapter is structured in three sub chapters. The first sub chapter (2.1) is titled “Handling of the 

mobile macromolecules in 1H MR spectrum – post processing, parametrization and inclusion in the 

LCModel basis set”. In this sub chapter the following sections are covered: the acquisition on MM 

using a single inversion recovery sequence with an optimized inversion time, post-processing (elimi-

nation of metabolite residuals), fitting and parametrization of 10 mobile macromolecule’s (MM) 

components directly from in vivo spectra at 9.4T in the rat brain at different TEs using an advanced 

AMARES prior knowledge. In addition, it provides details on the created basis sets for metabolite 

quantifications which include the resulting single MM spectrum and the parameterized MM peaks. 

The second sub chapter (2.2) is titled “Estimation of T2 relaxation times”. It describes how the ap-

parent T2 relaxation times (J evolution not considered) for seven individual MM components were 

estimated in the rat brain at 9.4T. Furthermore, in the third sub chapter (2.3) titled “Influence of the 

MM model and spline baseline stiffness on metabolite quantification” it is described how the cre-

ated basis sets with single and parametrized MM were used for quantification and compared con-

comitantly with varying the LCModel DKNTMN parameter (baseline stiffness), to assess the resulting 

changes in metabolite and MM concentrations using in vivo acquired 1H MR spectra (rat brain at 

9.4T) and Monte Carlo simulations. 
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2.1 Handling of the mobile macromolecules in 1H MR spectrum – post processing, 

parametrization and inclusion in the LCModel basis set 

When short echo-time (TE) pulse sequences are used, the resulting 1H MR spectra contain the con-

tribution of mobile macromolecules. These are broader resonances characterized by shorter relax-

ation times (T1 and T2), underlying the narrower peaks of metabolites1–3 (Figure 2:1A). In healthy 

brain, MM signals result primarily from protons of amino acids that make up the cytosolic proteins4–

8 in regions undergoing rapid motions on the time scale of NMR, which is highlighted by the term 

“mobile” used also in an interchangeable manner with the term “macromolecules”. The same amino 

acids have different spectral patterns in different proteins depending on their chemical environ-

ment. Thus, the broad MM signals in vivo most likely come from overlapping and closely spaced 

multiplets (due to scalar coupling) of amino acids within various proteins. In this chapter the MM 

peaks will be described by their resonant frequencies in ppm according to the recommended no-

menclature3 (Figure 2:1B). 

Figure 2:1: Short TE spectrum and macromolecules (9.4T) (A) Example of the short echo time (TE=2.8ms, TR=4sec, NA=160, VOI 

centered on the hippocampus of the rat brain) spectrum acquired with the SPECIAL sequence at 9.4T  with the underlying MM signal 

(marked in red) (B) The MM signal acquired in the rat brain at 9.4T (TE=2.8ms) with marked MM components named according to 

the recommended nomenclature3. 

The MM spectra can be measured in vivo using sequences which are exploiting their shorter T1 re-

laxation times compared to metabolites1,9,10. Single and double inversion recovery (IR) techniques 

are recommended for the acquisition of an in vivo MM spectrum, both providing improved metab-

olite suppression3. However, both techniques lead to the presence of some residual metabolite res-

onances in the acquired MM spectrum. In parallel, the availability of ultra-high magnetic fields (UHF 

≥ 7T) leads to better resolved MM, thus more sophisticated approaches need to be used for post-

processing11,12(e.g. elimination of residual metabolites) or for further parametrization of the ac-

quired MM spectrum into individual components13. 
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For reliable quantification of short TE 1H MR brain spectra, which contain MM contributions, accu-

rate MM fitting is crucial. Generally, an in vivo acquired and post-processed single MM spectrum is 

included in the basis set for spectral fitting2,3,14. Since there is evidence that MM contribution can 

change in disease 12,15–20, inclusion of full MM signal as a single spectrum from a healthy subject in 

the basis set can lead to errors in quantification. Moreover, given the potential regional and/or dis-

ease12,15–21 dependent variability21 of MM, acquisition and incorporation of subject-specific MM into 

the 1H MR spectral fitting may be preferable and the most direct way to estimate their contribution. 

However, this approach has been of limited use due to increased scan time needed to acquire a 

separate spectrum. In this context, recent methodological advancements combined with high mag-

netic fields ensure an increased spectral resolution facilitating the separation of MM in individual 

components/peaks1,13. As such, information about their individual content is appreciated and is be-

coming valuable in clinical studies1,13. As a result, the parametrization of MM into components and 

their consecutive inclusion in the metabolite basis sets is a method that is beginning to be used 

more and more at different B0. Usually, separately fitted MMs are summed or grouped prior to 

inclusion in the metabolite basis set to reduce the number of independent components and thus 

the risk of over-parametrization by the quantification algorithm1,21–25. Frequently, no prior 

knowledge on the individual MM peaks in the form of soft constraints either on the peak amplitudes 

or ratios has been used in the past. Recently 7T clinical studies showed that the parametrization of 

MM signals with appropriate prior knowledge (PK) (i.e. chosen signal intensity ratios of individual 

MM peaks.) is feasible and may facilitate the detection of individual MM components13. Considering 

that an in vivo acquired spectrum is preferable compared to a purely mathematical estimation of 

MM26, typically pre-acquired representative metabolite-nulled spectra are used for MM parametri-

zation3. Using the parametrized MM components in the basis set brings an improved MM model for 

metabolite quantification compared to a purely mathematical estimation, simultaneously providing 

information about individual MM content13. Although parametrization is an accepted method for 

estimation of individual MM peaks, its implementation is not sufficiently straightforward since in-

creasing the number of fitted parameters without constraints may lead to overfitting3. Therefore, 

this method needs a more general implementation.  

In this section, a single inversion recovery (IR) sequence with an optimized inversion time was used 

combined with advanced AMARES prior knowledge to eliminate the metabolite residuals, fit and 

parametrize 10 MM components directly from in vivo spectra at 9.4T in the rat brain at different 
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TEs. The residual free single MM spectrum (TE=2.8 ms) and the parametrized MM peaks (TE=2.8 

ms) were then included in the basis sets for metabolite quantification which will be further used 

and discussed in the section 2.3.  

2.1.1 Methods – Acquisition of MM spectra 

Wistar male adult rats (n=6 Charles River Laboratories, L’Arbresle, France) were used and were anes-

thetized with 1.5-2.5% isoflurane for the 1H MRS experiments. The body temperature of the animals 

was kept at 37.5 ± 1.0 °C, by circulating warm water. All experiments were approved by The Com-

mittee on Animal Experimentation for the Canton de Vaud, Switzerland.  

In vivo 1H MRS measurements were performed on a horizontal actively shielded 9.4 Tesla system 

(Magnex Scientific, Oxford, UK) interfaced to a Varian Direct Drive console (Palo Alto, CA, USA). A 

home built 1H-quadrature surface coil was used as a transceiver. To measure the in vivo MM spectra, 

the SPECIAL27 sequence was extended with a 2 ms nonselective hyperbolic secant inversion pulse28, 

applied at TI of 750 ms before starting the localization part of the SPECIAL sequence (the first RF 

pulse i.e. the slice selective adiabatic inversion pulse – Figure 2:2)29. The MM spectra were acquired 

with a short TR (TR = 2.5 s, to decrease the contribution of residual metabolites), and TE = 2.8 ms if 

not stated otherwise. This TI was chosen to minimize the metabolites signals using 1) a series of IR 

spectra acquired with several TIs (i.e. 420, 600, 700, 725, 750, 800, 1000 ms) and 2) an IR spectrum 

(TI = 750 ms) acquired with a longer TE (TE = 40 ms) to double check the presence of residual me-

tabolites while decreasing the MM contribution. All the in vivo MM spectra were acquired in a voxel 

of 3 x 3 x 3 mm3 centered on the rat hippocampus (Figure 2:2), first and second-order shims were 

adjusted using FAST(EST)MAP30 leading to water linewidths of 11-12 Hz. This VOI was selected in 

order to increase the SNR while it is well accepted that MM do not substantially change between 

brain regions rodents3,31,32. To estimate the T2 relaxation times of individual MM peaks, the MM 

spectra were acquired from n = 6 rats at 13 TEs (TE = 2.8, 4, 6, 8, 10, 12, 16, 20, 40, 60, 100, 120 and 

150 ms, TI = 750 ms) (this work is further described in section 2.2 and is briefly mentioned in this 

sub chapter because of the need of eliminating the residual metabolites and parametrization of the 

acquired MM at each TE in individual components).  
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Figure 2:2: SPECIAL sequence extended with an inversion pulse. The scheme of the SPECIAL sequence extended with a 2 ms nonse-

lective hyperbolic secant inversion pulse applied at a TI = 750 ms (TE=2.8ms). The effect of different T1 relaxation times of metabo-

lites9 is depicted in the IR scheme of the magnetization showing that even though the TI was optimized for metabolite nulling there 

are still metabolite residuals present in the resulting spectrm which need to me removed by post-processing (see Chapter 2.1.2). The 

insert image (bottom right corner) shows the VOI = 3 x 3 x 3 mm3 centered on the rat hippocampus (all the MM spectra were acquired 

from VOI positioned in this location). 

2.1.2 Data processing 

2.1.2.1 Post-processing: elimination of metabolite residuals from MM spectra at different TEs  

Even though the TI was optimized in the acquisition sequence for metabolite nulling, some metab-

olite residuals were still present in the resulting spectrum and needed to me removed by post-pro-

cessing. The acquired MM spectra were phased individually in jMRUI (http: 

//www.mrui.uab.es/mrui/), and 2 Hz of Lorentzian line broadening was applied (for visualization 

only). Metabolite residuals present in the acquired MM spectra at all TEs were identified by imple-

menting the following steps: 1) a series of IR spectra using a full range of TIs (i.e. 420, 600, 700, 725, 

750, 800, 1000ms); and 2) IR spectrum with a longer echo time (TE=40ms) to confirm the presence 

of residual metabolite signals (Figure 2:3A)3. 
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Figure 2:3: Removal of metabolite residuals. (A) (up) In vivo rat brain series of IR spectra with TI ranging from 420 to 1000 ms 

revealing the evolution of metabolite intensities over a series of different TIs to identify the optimal TI and the metabolite residuals 

(acquisition parameters TE/TR=2.8/2500 ms); (down) Spectra acquired with the selected TI=750 ms and TE=2.8 ms as well as with 

TE=40 ms (5x magnified) to confirm the presence of residual metabolite signals; (B) (up) Original MM spectrum acquired at TI=750 

ms and TE=2.8 ms (shown in black), estimated fits of the residual metabolites using AMARES (shown in red) and the residue obtained 

after subtraction of the estimated metabolites signals from the original spectrum (shown in blue); (down) original MM spectrum 

acquired at TI=750 ms and TE=12 ms (shown in black), estimated fits (shown in red) and obtained residue (shown in blue) with two 

inserts: 1) an expansion on the fit of tCr at TE=12ms with two peaks with 0.017ppm shift (on the left); 2) an expansion on the fit of 

two Tau peaks with same amplitude, lw and a chemical shift of 0.175 (on the right). 

Using the AMARES algorithm33 (advanced method for accurate, robust and efficient spectral fitting) 

we implemented  a user-built set of prior knowledge with the constraints on the peak frequency, 

phase, linewidth and amplitude was used to fit the residual metabolites of Ins, tCr, the sum of glu-

tamine and glutamate (Glu+Gln – Glx), Tau, NAA (sometimes using more peaks per metabolite, as 

described in Table 2:1) and thus their contribution was removed from the MM spectra (Figure 2:3B). 

To construct such prior knowledge, all residual metabolite peaks were analyzed individually at a 

given TI and TE and fitted using singlets. J-coupled metabolites (e.g. Glx, Tau) were fitted with larger 

linewidths to account for the J-splitting appearance (Table 2:1). This is the best possible approxima-

tion used in literature at high B0 and short TE12,13,34, with the main difference that in this study more 

metabolite residuals were reliably identified13,23,35 (i.e. NAA-2.49 ppm, Tau-3.42 ppm, Glx-3.75 ppm, 
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Ins-4.05 ppm; see Table 1). The linewidth used for fitting metabolite peaks (singlets and multiples) 

was in the range of 8 to 25 Hz depending on their multiplicity.  

Table 2:1:Information for AMARES prior knowledge. Information on the individual residual metabolite peaks used to build the 

AMARES prior knowledge. This table was created based on previously published data36,37. Note: s – singlet, dd – doublet of doublets, 

t – triplet, m – multiplet. Soft constraint on the chemical shift of 0.01ppm was added if necessary. 

Metabolites 

Chemical 

shift (ppm) - 

fixed 

Multiplicity 
Phase 

-fixed

Number 

of peaks 

Linewidth – 

soft 

constraints 

Notes 

tCr 

3.91 s 

0 1 15-20 Starting from the TE=12ms it is fitted 

with two peaks with a shift between 

them of 0.017ppm (because of differ-

ent T
2
 of Cr and PCr)

Cr & PCr 0 & 0 2 7-10

tCr 3.027 s 0 1 12-15 
T

1
 is longer than for the peak at

3.91ppm, thus this peak is smaller 

Glx 3.75 dd & t 0 1 22-25 

Ins 3.61 & 3.52 dd & t 0 & 0 1 20 & 20 
Similar peaks, both disappear at 

TE=20ms 

Ins 4.05 t 0 1 20 

Tau 
3.42 & 

3.246 
t & t 

180 & 

180 
1 20 & 20 

Both peaks must have the same am-

plitude and lw with a shift between 

them ≈ 0.175ppm 

NAA 2.67 & 2.49 dd & dd 0 & 0 1 
18-22 & 18-

22 

Both peaks have similar amplitude 

and lw, they disappear at TE=20ms 

NAA 2.01 s 180 1 10-18 Very well visible even at longer TE 

Glu 2.34 m 0 1 20-21 

All the identified metabolites were removed from the MM spectra until TE≤40ms. From TE=60ms 

most of MM peaks which overlap with metabolite resonances could not be adequately distinguished 

and thus only M0.94, M1.22 and M1.43, which do not overlap with any of the identified residuals, were 

fitted. In addition to three previously mentioned MM components, M3.21 was still detectable and 

thus fitted also at TE=60ms. The subsequent iterations were followed to build up the prior 

knowledge: 1) every metabolite was individually removed from the MM spectrum using a flexible, 

metabolite specific prior knowledge; 2) in the second step, the results obtained for individual peaks 

were combined to form a single rigorous prior knowledge (still leaving some freedom on the ampli-

tude (no more than 10%) for the peeks to adjust to different spectra); 3) the metabolite free MMs 

(i.e. the residual after AMARES post-processing) was saved separately. 
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2.1.2.2 Fitting of the individual MM components 

MMs were divided into ten components (Figure 2:4) and quantified using AMARES. Each MM com-

ponent was quantified using several Lorentzian lines and prior knowledge to obtain the best possible 

match with the original spectra, without accounting for J-evolution of these MM peaks.  

Figure 2:4: 10 MM components. MM spectrum parametrized into 10 individual components (TE = 2.8 ms). The original spectrum was 

fitted using AMARES and the fits of individual components were saved separately (in color). 

Table 2:2 shows the constraints in frequency, number of peaks and linewidth which were given to 

AMARES as prior knowledge for fitting, while the amplitude was left to be estimated freely by the 

algorithm. After each fit, the spectra were manually inspected. In some cases (longer TEs) soft con-

straints on the amplitudes of the peaks were additionally imposed to avoid over or underestimation 

(e.g. negative or positive residuals, respectively). To assess the goodness of fit (possible over or un-

der fitting) a ‘fit quality number’ (FQN) was calculated (as a ratio of the variance in the fit residual 

divided by pure spectral noise) using a Matlab code written in-house14,39. 
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Table 2:2: Prior knowledge given to AMARES for the MM fitting: constraints in frequency, number of peaks, linewidth and line 

shape. Note that if one MM was fitted with multiple peaks, they all had the same constraints on frequency and linewidth. The prior 

knowledge and example spectra are available online as AMARES files, see the publication38. 

AMARES - prior knowledge for MM fitting 

Frequency-soft 
constraints (ppm) 

Phase 
Number 
of peaks 

Linewidth-
soft con-
straints 

Shape 

M0.94 0.61-1.05 0 8 0-15 lorentzian 

M1.22 1.10-1.26 0 3 0-25 lorentzian 

M1.43 1.27-1.50 0 3 0-25 lorentzian 

M1.70 1.53-1.76 0 3 0-35 lorentzian 

M2.05 1.77-2.17 0 7 0-30 lorentzian 

M2.27-2.36 2.17-2.36 0 3 0-25 lorentzian 

M3.00 2.86-3.05 0 3 0-30 lorentzian 

M3.21 3.10-3.30 0 3 0-30 lorentzian 

M3.71-3.97 3.70-4.10 0 5 0-40 lorentzian 

M4.20 4.20-4.40 0 2 0-30 lorentzian 

2.1.2.3 Basis sets – Single MM and parametrized MM components from experimentally measured 

MM spectra 

LCModel, the method used herein, analyzes the in vivo spectrum as a linear combination of known 

compound responses (obtained from in vitro measurements or simulations using identical acquisi-

tion parameters as for the in vivo acquisition) of known contributing metabolites. Complete spectra 

are used to provide maximum prior information and increase the fitting precision39,40. In this study, 

the metabolites were simulated using NMRScope-B from jMRUI41, using published values of J-cou-

pling constants and chemical shifts36,42 and the SPECIAL sequence with the same parameters as the 

ones used for the in vivo 1H MRS metabolite acquisitions (section 2.3.1.1 -TE=2.8ms, same RF pulse 

shapes, number of points, acquisition time, etc.). The simulated individual metabolite spectra were 

put together with an appropriate MM spectrum to make an adequate basis set for quantification. 

Two basis sets were built in this study which will be further used in the section 2.3. In the first basis 

set the experimentally acquired and post processed single MM spectrum (as described in the sec-

tions 2.1.1 and 2.1.2.1) was combined with the simulated metabolites to construct the final basis 

set. For the second basis set the ten individual MM components from the MM spectrum acquired 

at TE=2.8ms and TI=750ms were fitted and saved separately (using AMARES as described in section 

2.1.2.2) to create separate/individual MM peaks (Figure 2:4). These individual MM peaks were then 
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combined with the simulated metabolites to create the final basis set. Additional constraints on the 

resulting individual MM amplitudes were applied in the control file in the form of soft constraints. 

The control file specifies the necessary control parameters for the LCModel quantifications corre-

sponding to the conditions of the acquisition and the basis set used (among other commands to run 

LCModel quantifications)43.To implement the soft constraints, each MM component was first quan-

tified from three measured spectra at TE=2.8ms (n=3 rats). Signal intensity ratios of Mxx/M0.94 were 

then calculated for every spectrum and averaged over the three acquisitions to obtain a mean value 

and SD for each ratio (Table 2:3). These values were included in the LCModel control files using the 

parameter CHRATO as described in13. It is important to emphasize, once more, that these two basis 

sets match the in vivo 1H MRS metabolite acquisitions described in the section 2.3.1.1: the metabo-

lites were simulated, and the MM were acquired using the corresponding sequence while the VOI 

was centered in the hippocampus. In this manner we have set the best conditions for a reliable 

metabolite quantification. 

Table 2:3: MM soft constraints. Signal intensity ratios presented as mean values (n=3 MM spectra from 3 different rats) and their 

SDs obtained using AMARES. 

Signal intensity ratios 

Ratios: Mean SD 

M1.22/M0.94 0.28 0.01 

M1.43/M0.94 0.59 0.08 

M1.70/M0.94 0.45 0.12 

M2.05/M0.94 1.14 0.20 

M2.27-2.26/M0.94 0.35 0.07 

M3.00/M0.94 0.24 0.08 

M3.21/M0.94 0.30 0.17 

M3.71-3.97/M0.94 0.68 0.09 

M4.20/M0.94 0.21 0.11 

Derived from n=3 spectra 

2.1.3 Results – post processing, parametrization and fitting into 10 individual components. 

The high quality of the in vivo acquired MM is shown in Figure 2:3 with SNR of 19.1 ±0.5 (for TE=2.8 

ms - calculated in jMRUI as a ratio between the highest peak (M0.94) and standard deviation of spec-

tral noise). The proposed post-processing method using AMARES and advanced prior knowledge 

based on different TI and TE=40 ms was efficient and robust in removing all the residual metabolites 
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providing clean MM spectra for MM fitting, metabolite and MM quantification (Figure 2:3). Thus, 

the proposed post-processing was extended at longer TEs also. Our approach allowed the reliable 

identification of 12 metabolite residuals from Ins, tCr, Glx, Tau, NAA (Table 2:1).  

MM were fitted and parametrized as described in section 2.1.2.2 (Figure 2:4, Table2:2). The fitting 

procedure provided reliable values for MM ratios (mean ± SD, Table 2:3) as prior knowledge to be 

used in LCModel for the parametrized MM basis set. The final residual spectrum (Figure 2:4 in grey) 

was flat and clean of any major MM residual contribution, thus provided an excellent approximation 

of the in vivo measured MM spectrum demonstrating a very good performance of parametrization. 

Goodness of fit was confirmed by calculating the FQN. The mean value of FQN, of all the fitted spec-

tra, was 1.2 ± 0.2 indicating that the model (fit) agrees with the data within the precision allowed 

by the noise.  

2.1.4 Discussion and conclusion - post processing, parametrization and fitting into 10 individ-

ual components. 

In this study, ten individual MM peaks were successfully fitted, after removing the metabolite resid-

uals, and parameterized directly from in vivo short TE spectra at 9.4T in the rat brain. AMARES is a 

well-known and efficient algorithm used to remove residual metabolites from MM spectra12,13,24. 

AMARES was used with advanced prior knowledge for removal of metabolite residuals from MM 

spectra at TE=2.8ms and extended to MM spectra acquired at different TEs (up to 40 ms). Further-

more, additional metabolite residuals were identified and reliably removed from MM spectra com-

pared with previous preclinical12,35 (Ins-4.05 ppm) and clinical (tCr-3.0 ppm, Ins-3.6 ppm, Tau-3.25 

ppm)11,13,23,44 studies. The implemented set of prior knowledge allows the removal of residual me-

tabolites in an automatic and user-friendly way and it can be implemented in different labs, brain 

regions and also adapted for different B0. The prior knowledge and example spectra are available 

online as AMARES files, see the publication38.   

Parametrization of MM into individual signal components is difficult since the signal is a result of 

many chemical entities whose number and nature are predominantly unknown. To date the MM 

spectrum has been parametrized into an arbitrary number of Lorentzian, Gaussian or Voigt lines to 

interpret distinguishable signal entities which were then grouped or combined together to avoid 

over parametrization3,13,21–25,45–47. These grouped or combined MM were then included into the ba-

sis set for quantification. At high B0, nine to 24 distinct MM peaks can be distinguished based on the 
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nomenclature used3,11,13, with some peaks needing further investigations. When parametrized, 

these peaks have been previously fitted using mainly singlets13,44,48, while some studies used several 

peaks to fit the individual MM without specific prior knowledge. Even though MM can be modeled 

using singlets, it is well known that they have complex spectral patterns. In the present study we 

fitted and parametrized the in vivo acquired MM into ten components using AMARES, formerly rec-

ommended tool13 for MM parametrization. In parallel, we aimed at fitting the maximum number of 

individual MM components, which in our case was ten with two of them containing several MM 

peaks (M3.71-3.97, M2.27). The MM peaks at 2.56 and 2.70 ppm, previously reported in a human study 

at 9.4T11,48, were not fitted in the present study. These two peaks had a relatively small contribution 

in our rat brain spectra and based on the IR curve they were well modeled by the residual NAA 

resonances, in agreement with a study performed at 3T44. However, a small MM contribution can-

not be excluded. Each of the ten MM components was parametrized by fitting with several Lo-

rentzian functions to take into account various unknown constituents that might be contained in 

one broad resonance. This approach reduced the overlap between MM resonances, which might 

arise when broad functions are used. This parametrization was the result of an iterative process, 

which lead to a very efficient fitting procedure giving artifact free fitting residuals. Moreover, we 

used three MM acquisitions in vivo that were individually parametrized. The resulted signal intensity 

ratios of Mxx/M0.94 were averaged to obtain mean values and standard deviations which were then 

used as prior knowledge and soft constrains in the LCModel control files. The prior knowledge and 

soft constraints used herein were in agreement with a previous study in the human brain at 7T49, 

while another study in the rat brain at 7T35 has reported higher overall MM amplitudes/ratios. These 

results can be extended to pathological conditions by measuring the MM in 1-2 patients and then 

parametrizing the in vivo MM as performed in the present study, or by using the soft constrains 

provided. The soft constrains can then be adapted based on the visual appearance of the spectra 

(e.g. fits, residuals and baseline). For instance, if it is known or visible in the 1H MR spectrum that a 

specific MM moiety is changing, then more freedom can be provided for this MM moiety through 

soft constraints on the prior knowledge or a separately simulated MM or lipid component can be 

added to the basis set20 
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2.2 Estimation of T2 relaxation times 

For accurate assessment, distinction and understanding of MM behavior, the knowledge of their 

individual T1 and T2 relaxation times is necessary25,51. The apparent T2 ((J evolution not considered, 

T2
app) relaxation times have been previously measured by acquiring MM spectra over a range of TEs. 

The signal amplitudes of the individual MM components were then plotted as a function of TEs and 

fitted assuming a mono-exponential decay (see sub chapter 1.4 Equation 1.31) where the two un-

known parameters of the fit are the T2
app and the signal amplitude at the TE=0.  

There are few studies assessing the T2 values of MMs25,52,53, with only two recent studies reporting 

T2s of individual MM peaks in the full ppm range at 9.4 T and 3 T in human brain44,47,48. Otherwise, 

T2 values have only been reported for the entire MM spectrum53, grouped MM signals25 or for the 

peaks up to 1.7 ppm. Estimating T2 for individual MM signals is not straightforward due to the over-

lapping metabolites and requires advanced approaches. 

In this section the T2
app for seven individual MM components was estimated in the rat brain at 9.4T. 

2.2.1 Measurement and fitting of the MM T2app 

For the measurement of MM T2
 app relaxation times (n=6 rats), the TE was varied from 2.8 to 150ms 

(TE=2.8, 4, 6, 8, 10, 12, 16, 20, 40, 60, 100, 120 and 150ms, TI=750ms, 1024 averages per TE). For 

minimizing the anesthesia effects due to very long acquisition time (1024 averages per TE) the TE-s 

were iterated among. As a result, two acquisitions for each TE (e.g. 2 rats) were performed with an 

additional acquisition used for MM parametrization at TE=2.8ms (e.g. 3 rats). 

The spectra were acquired and post-processed as described in sections 2.1.1. and 2.1.2 to eliminate 

metabolite residuals and finally fitted in individual components as described in section 2.1.2.2. Fig-

ure 2:5 shows some examples of metabolite clean MM spectra at various TEs.  
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Figure 2:5: MM spectra at different TEs. MM spectra after the elimination of metabolite residuals at different TEs (TE = 40, 20, 12, 

6, 2 ms); example from one rat (only few spectra are shown in this figure as an example). 

To allow pooling data from all 6 animals in a joint T2 fitting, inter-animal scaling of peak amplitudes 

was done. M0.94 was used as a reference since it is reliably quantified and does not overlap with 

metabolite resonances. A scaling factor was calculated for each animal using the ratios between the 

M0.94 components at TE = 2.8 ms. The quantified and normalized amplitudes from all rats were fitted 

to a single exponential decay across the TE series for each MM component to estimate the T2 relax-

ation times. 

2.2.2 Results - T2app 

All the 10 MM components were fitted (at different TEs) to estimate the T2
app relaxation times. For 

seven components reliable exponential decay fits were obtained (standard deviation of the fit was 

lower than 20%), leading to reliable T2
app

 estimations (Figure 2:6). As can be seen the MM at 0.94, 

1.22, 1.43 and 3.00 ppm all presented similar T2 relaxation times in-between 22-24 ms, while the 

ones at 1.70, 2.05, 3.21 ppm were in-between 12-15 ms (Table 2:4). 
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Figure 2:6: T2
app relaxation fits. (A) Exponential fits providing T2

app relaxation estimates, (B) The MM spectra with marked components 

for which the relaxation times were estimated 

Table 2:4: T2
app estimates obtained from the exponential fits of MM decay over TEs and its SDs for 7 out of 10 MM 

T2
app 

[ms] 
SD of the fit 

M0.94 24 2 

M1.22 24 3 

M1.43 22 2 

M1.70 13 1 

M2.05 15 1 

M2.27-2.36 − − 

M3.00 22 3 

M3.21 12 2 

M3.71-3.97 − − 

M4.20 − − 
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2.2.3 Discussion and conclusion T2app 

We reported the T2
app of seven individual MM peaks at 9.4T in the rat brain. High quality spectra 

and fits were obtained at all TEs. It is well known, that the choice of TEs is important for achieving 

reliable estimates for T2
app relaxation times, but the optimal choice remains an open question and 

is sometimes dictated by the achievable SNR. Nine to thirteen TEs were used in the present study 

for the calculation of T2
app relaxation times of MM, the longest being 150ms for M0.94, M1.22 and 

M1.43. The chosen approach appeared to be adequate for modeling the T2
app relaxation of MM peaks 

as evidenced by the appropriate modelling of observed signal decay and low standard deviation. 

Despite the smaller number of acquisitions per TE, more than nine TEs for each fit were used result-

ing in a good confidence curve fit for seven T2
app values. Although previous studies assessing the T2 

relaxation times of the MM in the rat brain mainly reported results for grouped or full MM rather 

than individual components, the present results are in good agreement with these published val-

ues25,52,53. Our results predominantly fall in range of T2
app relaxation times recently reported for hu-

man brain at 9.4T for fourteen individual MM peaks48 and at 3T for ten individual MM peaks as-

sessed in different brain regions44.  

2.3 Influence of the MM model and spline baseline stiffness on metabolite quan-

tification 

To reliably quantify metabolite concentrations from 1H MR spectra containing the contribution of 

MM, the MM spectrum needs to be subtracted before the spectral fitting or included into the basis 

set for the spectral fitting. Normally, the second option is used more often where the in vivo ac-

quired MM spectrum is first appropriately processed (elimination of metabolite residuals) and then 

included it in the basis set. Hence, incorporating the MM signal in the basis set (single MM spectrum) 

improves the fitting stability. Alternatively, the MM signal can be parametrized into individual com-

ponents to quantify the MM individually. This approach results in higher analysis flexibility, but the 

increased number of fitted parameters can lead to overfitting3. The LCModel basis sets used for 

quantifications in this section are described in the section 2.1.2.3. 

In addition to the MM, a relatively free spline baseline is used during the fitting process to address 

unpredictable spectral components40,43 (smoothly varying components and spurious signals arising 

through imperfections during data acquisition). Recently, the effect of the stiffness of the fitted 

spline baseline on the resulting metabolite concentrations when using LCModel gained a lot of 
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interest54. Finding the optimal degree of baseline flexibility is mandatory for reliable metabolite 

concentration estimates, yet few studies have investigated this topic in detail53–57. Stiffness of the 

spline baseline in LCModel is controlled by the parameter DKNTMN (minimum allowed spacing be-

tween spline knots)43,54. The default value is set to 0.15 ppm (low stiffness), and all the values equal 

to or higher than 1 ppm give a high baseline stiffness54. A study performed at 9.4T in humans has 

reported several changes in metabolite concentrations when quantifying with different DKNTMN 

values, but no conclusion on best value was drawn54,58 due to lack of ground truth. To draw such a 

conclusion, an extensive Monte-Carlo simulation-study is necessary.  

In this section the two created basis sets (section 2.1.2.3.) including an appropriately processed sin-

gle (section 2.1.2.1.) and parametrized (section 2.1.2.3) MM spectrum were used for metabolite 

quantification and compared concomitantly with varying the DKNTMN parameter for both ap-

proaches, to assess the resulting changes in metabolite and MM concentrations using in vivo ac-

quired 1H MR spectra (rat brain at 9.4T) and Monte Carlo simulations. 

2.3.1 Methods 

2.3.1.1 Acquisition of metabolite spectra 

Wistar male adult rats (n=6 Charles River Laboratories, L’Arbresle, France) were used and were anes-

thetized with 1.5-2.5% isoflurane for the 1H MRS experiments. The body temperature of the animals 

was kept at 37.5 ± 1.0 °C, by circulating warm water. All experiments were approved by The Com-

mittee on Animal Experimentation for the Canton de Vaud, Switzerland.  

In vivo 1H MRS measurements were performed on a horizontal actively shielded 9.4 Tesla system 

(Magnex Scientific, Oxford, UK) interfaced to a Varian Direct Drive console (Palo Alto, CA, USA). A 

home built 1H-quadrature surface coil was used as a transceiver. Spectra were acquired using the 

SPECIAL sequence (TE=2.8ms) in a voxel located in the rat hippocampus (2x2.8x2mm3, n=7, 160av-

erages), First and second order shims were adjusted using FASTMAP30 (fast automatic shimming 

technique by mapping along the projections, water linewidths 9 - 11 Hz in the 2.0 x 2.8 x 2.0 mm3 

VOI for metabolite spectra). OVS was interleaved with water signal suppression RF pulses from the 

VAPOR59 scheme. 
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2.3.1.2 Monte-Carlo simulations (MC) 

To assess the reliability of the estimated concentrations, artificial rat brain 1H MR spectra were sim-

ulated (Matlab, MathWorks, Natick, MA, USA) to mimic optimal experimental conditions (metabo-

lites with MM only = “Optimal MC”). Real experimental conditions were mimicked by combining 

both metabolites and MM with a baseline (metabolites with MM including baseline = “Real MC”), 

which imitates minor outer volume contamination and insufficient water suppression effects (Figure 

2:7).  

To create these artificial rat brain spectra, 20 metabolites (Ala, Asc, Asp, Cr, PCr, GABA, Gln, Glu, 

GSH, Ins, Lac, NAA, scyllo-inositol - Scyllo, Tau, Glc, NAAG, PE, GPC, PCho, β-Hydroxybutyrate-bHB) 

were simulated using NMRScope-B from jMRUI41, published values of J-coupling constants and 

chemical shifts36,42 and the SPECIAL sequence with the same parameters as the ones used for the in 

vivo acquisitions (TE=2.8ms, same RF pulse shapes, number of points, acquisition time, etc.). The in 

vivo measured MM spectrum, after removal of residual metabolites, was also added (section 2.1.1 

and 2.1.2.1). Then using an in-house written Matlab script the individual metabolites were weighted 

with a coefficient equal to their in vivo concentration (Ala : Asc : Asp : Cr : PCr : GABA : Gln : Glu : 

GSH : Ins : Lac : NAA : Scyllo : Tau : Glc : NAAG : PE : GPC : PCho : bHB = 0.8 : 1.5 : 2:4 : 4.5 : 1.6 : 3 : 

10 : 1.5 : 6.5 : 0.8 : 9 : 0.1 : 6.5 : 1.7 : 0.3 : 1.3 : 0.8 : 0.6 : 0.2) and summed up, to obtain spectra 

mimicking the in vivo appearance of a rat brain spectrum. A random normally distributed noise was 

added. One hundred high signal-to-noise spectra (SNR=182 in LCModel) were generated for each 

experimental condition to estimate any systematic deviation from the real values without any bias 

induced by the quantification algorithm.  

Allowing for a baseline estimation during the fitting of experimentally acquired MRS data is neces-

sary to account for the possible minor outer volume contamination or baseline deformation result-

ing from insufficient water suppression, eddy currents and any spurious signals from imperfections 

during data acquisition. In addition, low concentrated metabolites which are not included in the 

basis set can sometimes contribute to the baseline, even though the baseline definition refers in 

general to imperfections during data acquisition. As such, for the real experimental conditions, a 

baseline mimicking minor outer volume contamination and insufficient water suppression was 

added to the second MC study. The baseline contained three broad signals at 1.4, 3.2 and 4.7 ppm 

and was simulated in jMRUI using the “Simulation” tool (Figure 2:7). 
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Figure 2:7: Optimal and Real MC spectrum. (down) Simulated spectra mimicking optimal experimental conditions – metabolites with 

MM only (shown in black); (middle) baseline mimicking minor outer volume contamination and insufficient water suppression 

(shown in red) contains three resonances at 1.4, 3.2 and 4.7 ppm (simulated in jMRUI) ; (up) spectra simulated to mimic real experi-

mental conditions - metabolites with MM and baseline (shown in blue). 

2.3.1.3 Quantification of brain metabolites using single vs parametrized MM spectra with vary-

ing DKNTMN values 

The MC spectra and each in vivo rat brain spectrum (TE=2.8 ms, n=7) were quantified with LCModel 

using single MM (standard) and parametrized MM included in the metabolite basis set with varying 

DKNTMN values (0.1 ppm, 0.25 ppm, 0.4 ppm, 0.5 ppm, 1 ppm, 5 ppm) for every basis set. The fitting 

and parametrization of MM components and their subsequent inclusion in the LCModel basis set 

used for quantification herein, as well as the soft constraints added to the LCModel control file are 

explained in the section 2.1.2.3. In the further text, the following terminology will be used: 

• Single MM - single MM spectrum in the quantification basis set.

• Parametrized MM - parametrized MM spectrum in the quantification basis set.

• Parametrized MM + PK - parametrized MM spectrum in the quantification basis set with soft

constraints on individual MM (Table 2:3, section 2.1.2.3) included in the LCModel control file

(prior knowledge-PK).
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• Optimal MC - MC simulated data without baseline (metabolites + MM only) to mimic optimal

experimental conditions.

• Real MC - MC simulated data with baseline (metabolites with MM and a baseline) to mimic

real experimental conditions.

Since nine different quantifications sets were analyzed they will be referred to as follows: 

1. In vivo + single MM

2. In vivo + parametrized MM

3. In vivo + parametrized MM + PK

4. Optimal MC + single MM

5. Optimal MC + parametrized MM

6. Optimal MC + parametrized MM + PK

7. Real MC + single MM

8. Real MC + parametrized MM

9. Real MC + parametrized MM + PK

2.3.1.4 Statistics 

Data are presented as mean ± SD. Percentage changes (values shown in both figures and text) were 

always calculated comparing results for DKNTMN value of 0.25 vs 5.  

Metabolites concentrations were compared for all the DKNTMN values within groups (single and 

parametrized-MM) using 1-way ANOVA with respect to each metabolite in the neurochemical pro-

file followed by Bonferroni’s multi-comparisons post-test (DKNTMN value). Significance level in 1-

way ANOVA was attributed as follows: *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. The compar-

ison between groups (single and parametrized MM) was performed using 2-way ANOVA with re-

spect to each metabolite in the neurochemical profile followed by Bonferroni’s multi-comparisons 

post-test (with MM type and DKNTMN as factors) (#p<0.05, ##p<0.01, ###p<0.001, ####p<0.0001). All 

tests were two-tailed.  

2.3.2 Results 

2.3.2.1 Quality of in vivo 1H MR spectra 

The overall quality of in vivo acquired metabolite spectra together with an example of LCModel 

quantification is shown in Figure 2:8B. The SNR (calculated by LCModel upon quantification) was 
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25±2 when quantified using single MM spectra and DKNTMN=0.25. It should be noted that LCModel 

calculates the SNR value as the ratio of the maximum signal intensity corrected for the baseline and 

the double of the root mean square (RMS) of fitting residuals, not the spectral noise. Since the 

LCModel calculated SNR depends not just on residuals SD but also on the baseline estimate, we 

evaluated how baseline properties affect the LCModel SNR. The SNR showed a tendency of decrease 

with increasing DKNTMN, which was expected since LCModel takes into account standard deviation 

of the residual when calculating this value43 (from 26±3 to 23±2 when using single MM and from 

24±3 to 21±2 when using parametrized MM). A slight trend of decrease in SNR was also observed 

when changing the quantification approach from single to parametrized MM (i.e. for DKNTMN=0.25 

the SNR using single MM was 25±2 while for parametrized MM it was 23±2). For Real MC data, an 

important drop in SNR was noticed when increasing DKNTMN to 5 (i.e. from 180 to 70 when using 

single MM and from 164 to 125 when using parametrized MM). The overall in vivo linewidth calcu-

lated as full width half maximum by LCModel at default settings (single MM, DKNTMN=0.25) upon 

quantification was 5±1 Hz and stayed consistent throughout different quantification approaches. 

This value demonstrates a high consistency in the B0 shimming and achieved spectral quality. How-

ever, it is important to emphasize that these FWHM values provided by the standard LCModel out-

put underestimate the real linewidth values of metabolite signals (i.e., using a deconvolution of the 

methyl tCr peak 3.02 ppm). 
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Figure 2:8: LCModel fitting of MC simulated and In vivo spectra. (A) Monte Carlo simulation of real experimental conditions (with 

baseline) showing a mismatch between the raw data and the LCModel fit (arrow) when quantifying with DKNTMN=5 ppm; (B) In vivo 

acquired spectra from the same rat using DKNTMN = 0.25 ppm (left) and DKNTMN = 5 ppm (right). 

2.3.2.2 Quantification of brain metabolites 

In vivo and Real MC data quantified using single MM: impact of the DKNTMN parameter 

When using single MM for in vivo data quantifications, increasing the stiffness in the spline baseline 

lead to a significant decrease of Gln (-16%, *), Glu (-7%, **) and GABA (-30%, ***) concentrations. 

Other metabolites like tCho (GPC+PCho - total Choline, +23%) and some overlapping and low con-

centrated metabolites like Asp (-18%), Asc (+37%), Ala (+18%), Lac (+15%) and GSH (-7%) showed 

strong but non-significant changes (note that percentage changes were always calculated compar-

ing results for DKNTMN value of 0.25 to 5, for all results presented) (Figure 2:9, black plots).  
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Figure 2:9: In vivo parametrized vs. single MM. In vivo metabolite changes using two different quantification approaches in LCModel: 

single MM spectra (black) and parametrized MM spectra (red) over different DKNTMN values (One-way ANOVA, Bonferroni correc-

tion *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001). The percentage change between metabolite concentrations when quantified 

with DKNTMN = 0.25 ppm and DKNTM = 5 ppm are shown in the insert (always in red for the parameterized MM with PK and black 

for the single MM). The comparison between groups single vs parametrized MM was calculated using 2-way ANOVA (#p<0.05, 

##p<0.01, ###p<0.001, ####p<0.0001) and is shown on the right in each plot if significant. 



Chapter 2: Mobile Macromolecules in 1H MR spectrum 

101 

To validate the changes observed in vivo for varying DKNTMN and single MM, two different MC 

studies were used. As expected, the optimal MC study with single MM showed a negligible impact 

of DKNTMN on metabolite concentrations (Figure 2:10, black plots). The real MC study with single 

MM revealed changes in metabolite concentrations when DKNTMN was increased (i.e. when a 

stiffer baseline was used; Figure 2:11, black plots). These changes were present as a decrease for 

Asp (-52%), GABA (-42%), Glc (-41%), Gln (-20%), Glu (-10%), GSH (-9%), while additional metabolites 

like Ala, Lac, PE, Tau, tCr (Cr+PCr - total creatine) and tCho displayed an increase of 45%, 59%, 16%, 

15%, 6% and 10%, respectively.  

The Real MC combined with the single MM spectrum and DKNTM of 5 ppm showed stronger devi-

ations from the ground truth for most metabolites, suggesting that a too flat baseline should not be 

used (Table 2:5, Figure 2:11). These changes in metabolite concentrations when a high DKNTMN 

value was used, were also supported by the difference in the LCModel resulting baseline shape 

when compared to the real baseline used in the simulation (Figure 2:12 and Figure 2:13). In parallel, 

there was also a decrease of SNR and a mismatch between the raw data and the LCModel fit when 

increasing DKNTMN (Figure 2:8A), which was visible for the MC study supporting our quantitative 

results. Of note, due to the high number of MC realizations and the consistent changes in metabolite 

concentrations, all changes in both MC studies were statistically significant. In this context, we 

choose to report only changes which were higher than 5% and thus could lead to biologically rele-

vant changes. 

In vivo and Real MC data quantified using parametrized MM+PK: impact of the DKNTMN 

parameter 

When using parametrized MM with PK, the overall in vivo metabolite changes over DKNTMN values 

became less important than for the single MM, except for Ala (+32%, p=0.0003(***)), Ins (-4%, 

p=0.0364(*)) and Lac (+34%, p=0.0118 (*)), (Figure 2:9, red plots). In this case also, few overlapping 

and low concentrated metabolites showed appreciable but non-significant changes (e.g. Asc (+15%), 

Asp (-14%), Gln (-13%), tCho (+7%). The smaller impact of DKNTMN when using a parametrized MM 

signal can be explained by the additional flexibility brought by the parametrized MM. These findings 

were also supported by the results obtained using the real MC (Figure 2:11, red plots, Table 2:5) 

where the metabolite changes due to DKNTMN were less pronounced than for single MM but fol-

lowed the same trend like in vivo (ranging from -7% to +16%).  
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Figure 2:10: MC study with optimal experimental conditions. Metabolite concentrations obtained when quantifying Monte Carlo 

spectra mimicking optimal experimental conditions (without baseline) with different DKNTMN values. Quantifications were done 

using the two approaches single MM (black) and parametrized MM with PK (red) in LCModel. True concentration of each metabolite 

is represented with a triangle symbol at DKNTMN = 0. 
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Figure 2:11: MC study with real experimental conditions. Metabolite concentrations obtained when quantifying Monte Carlo spectra 

mimicking real experimental conditions (with baseline) with different DKNTMN values. The quantifications were done using the two 

approaches single MM (black) and parametrized MM with PK (red) in LCModel. The true concentration of each metabolite is repre-

sented with a triangle symbol at DKNTMN = 0. 
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Table 2:5: Quantification results of the Real MC spectra. The exact values of metabolite concentrations obtained when quantifying 

Monte Carlo spectra mimicking real experimental conditions (with baseline) with DKNTMN = 0.25, 1 and 5 ppm. The corresponding 

percentage change compared to DKNTMN = 0.25 ppm is also reported. 

Real MC

DKNTMN = 0.25 DKNTMN  = 1 DKNTMN = 5 DKNTMN = 0.25 DKNTMN  = 1 DKNTMN = 5

Asc 1.10 1.02 1.14 1.11 1.11 1.11

% -7% 4% 0% 0%

Ala 0.86 0.98 1.25 0.94 1.03 1.10

% 14% 45% 9% 16%

Asp 1.89 1.65 0.90 2.09 2.15 1.95

% -13% -52% 3% -7%

GABA 1.70 1.63 0.98 1.59 1.61 1.60

% -5% -42% 1% 1%

Glc 1.66 1.40 0.98 1.71 1.62 1.72

% -16% -41% -5% 1%

Gln 3.10 3.03 2.48 3.42 3.31 3.15

% -2% -20% -3% -8%

Glu 10.15 10.14 9.10 9.56 9.50 9.48

% 0% -10% -1% -1%

GSH 1.64 1.58 1.50 1.58 1.55 1.53

% -4% -9% -2% -3%

Ins 6.42 6.30 6.34 6.69 6.62 6.69

% -2% -1% -1% 0%

Lac 0.85 0.92 1.36 0.84 0.88 0.91

% 8% 59% 5% 7%

NAA 9.04 8.99 8.67 9.16 9.04 9.04

% -1% -4% -1% -1%

Cr + PCr 8.65 8.71 9.15 8.80 8.84 8.93

% 1% 6% 0% 1%

Tau 6.57 6.69 7.57 6.18 6.16 6.21

% 2% 15% 0% 1%

PE 1.36 1.41 1.57 1.17 1.19 1.19

% 4% 16% 1% 2%

GPC + Pcho 1.51 1.44 1.66 1.22 1.21 1.22

% -5% 10% -1% 0%

full MM param MM
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Figure 2:12: LCModel baseline from Real MC quantifications. Baseline extracted from the LCModel quantification of one real MC 

simulated spectra quantified using different DKNTMN values and single (top panel) or parametrized (bottom panel) MM in the basis 

set. The original baseline used in MC simulation to create the real MC spectra is shown in bold red. 

Figure 2:13: LCModel baseline from in vivo quantifications. Baseline extracted from the LCModel quantification of one in vivo ac-

quired spectra quantified using different DKNTMN values and single (top panel) or parametrized (bottom panel) MM in the basis set. 

Impact of the MM model (parametrized vs single MM) on the metabolite quantification 

When comparing the parametrized MM+PK vs the single MM model, the in vivo spectra revealed 

an overall increase in metabolite concentrations when parametrized MM+PK were used, which 

were significant for Asp (+14%,####), GABA (+37%,####), Gln (+10%,###), Glu (+2%,#), GSH (+15%,####), 
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Ins (+5%,#), PE (+45%,####) and tCr (+7%,####) (Figure 2:9, of note the changes in Glu and Ins are low 

in % change, there is an insert in every figure for DKNTMN 0.25 showing a comparison between 

parametrized vs single). When using the MC studies, these changes were better assigned due to the 

known ground truth and were overall in agreement with the in vivo changes with some minor ex-

ceptions for low and/or overlapping metabolites (i.e. GABA, GSH, Glu, PE, tCr, Tau, tCho). In both 

MC studies (Optimal MC and Real MC) for some metabolites there was an overall change in metab-

olite concentrations when using the parametrized MM+PK which was independent of DKNTMN, 

when compared to single MM, i.e. Gln (+10 to +15%), Glu (-5 to -6%), Ins (+4 to +6%), Tau (-6%), PE 

(-14 to -20%), tCho (-7 to -19%) (the exact deviation from the true value only at DKNTMN = 0.25 

ppm is shown in the table Table 2:6).  

Table 2:6: Metabolites showing concentration deviations after quantification. The exact values of metabolite concentrations ob-

tained when quantifying Monte Carlo spectra mimicking real experimental conditions (with baseline) with DKNTMN = 0.25 ppm com-

pared with their true value. The metabolites, which have a bigger deviation from the true value when using parametrized MM, are 

shown in red. 

Asc 1.5 1.10 1.11

% -27% -26%

Ala 0.8 0.86 0.94

% 8% 18%

Asp 2 1.89 2.09

% -5% 4%

GABA 1.6 1.70 1.59

% 7% -1%

Glc 1.7 1.66 1.71

% -2% 1%

Gln 3 3.10 3.42

% 3% 14%

Glu 10 10.15 9.56

% 1% -4%

GSH 1.5 1.64 1.58

% 9% 5%

Ins 6.5 6.42 6.69

% -1% 3%

Lac 0.8 0.85 0.84

% 6% 5%

NAA 9 9.04 9.16

% 0% 2%

Cr + PCr 8.5 8.65 8.80

% 2% 4%

Tau 6.5 6.57 6.18

% 1% -5%

PE 1.3 1.36 1.17

% 4% -10%

GPC + Pcho 1.4 1.51 1.22

% 8% -13%

full MM - 

DKNTMN = 0.25

param MM - 

DKNTMN = 0.25
Real MC True value
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Impact of PK on MM and metabolite quantification 

We have also evaluated the impact of adding prior knowledge on parametrized MM and thus per-

formed quantifications without prior knowledge on the MM components. For the in vivo spectra, 

the lack of prior knowledge led to an overall increase in the MM content ranging from 19% to ~250% 

(Figure 2:14), while an overall decrease in metabolite concentrations ranging from -7% to -28% (with 

significant changes for Ala, Asp, GABA, Glu, GSH, PE, Tau, tCr, tCho) was also measured (Figure 2:15). 

For the real MC study, no changes were observed when comparing prior knowledge with no prior 

knowledge for parametrized MM which can be justified by the fact that the MC study contained the 

same MM like those included in the basis set (Figure 2:16). 

To assess further the impact of PK on metabolite concentrations, the in vivo results obtained with 

parametrized MM, parametrized MM+PK and single MM were compared at DKNTMN = 0.25 and 5 

ppm (Figure 2:17). For most metabolites, PK led to a better agreement with concentrations obtained 

when using the single MM spectrum, except for GABA, GSH and PE where the resulting concentra-

tions for parametrized MM+PK were significantly higher (37%, 15% and 45%, at DKNTMN = 0.25 

ppm respectively). 
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Figure 2:14: In vivo results for no prior knowledge vs. prior knowledge for parametrized MM (for MM components). In vivo mac-

romolecule changes obtained by the quantification in LCModel using parametrized MM with constraints (with prior knowledge – PK) 

in form of signal intensity ratios and their standard deviations (included in the control file) – shown in red, and without constraints 

(no prior knowledge –NoPK) – shown in purple. The comparison between groups NoPK vs PK was calculated using 2-way ANOVA 

(#p<0.05, ##p<0.01, ###p<0.001, ####p<0.0001) and is shown on the right in each plot if significant. 
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Figure 2:15: In vivo results for no prior knowledge vs. prior knowledge for parametrized MM (for metabolites). In vivo metabolite 

changes obtained by the quantification in LCModel using parametrized MM with constraints (with prior knowledge – PK) in form of 

signal intensity ratios and their standard deviations (included in the control file) – shown in red, and without constraints (no prior 

knowledge –NoPK) – shown in purple. The comparison between groups NoPK vs PK was calculated using 2-way ANOVA (#p<0.05, 

##p<0.01, ###p<0.001, ####p<0.0001) and is shown on the right in each plot if significant. 
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Figure 2:16: MM components as a result of LCModel fitting of Real MC. Macromolecule concentrations obtained when quantifying 

(in LCModel) Monte Carlo spectra mimicking real experimental conditions using parametrized MM with constraints (with prior 

knowledge – PK) in form of signal intensity ratios and their standard deviations (included in the control file) – shown in red, and 

without constraints (no prior knowledge –NoPK) – shown in purple. 
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Figure 2:17: Comparison of quantification results obtained for in vivo spectra (single MM vs. param MM PK and no PK). In vivo 

metabolite changes obtained from LCModel quantifications using single MM spectra-shown in black, parametrized MM without con-

straints (no prior knowledge –NoPK) – shown in purple and with constraints (with prior knowledge – PK) in form of signal intensity 

ratios and their standard deviations (included in the control file) – shown in red at DKNTMN = 0.25 and 5 ppm. One-way ANOVA, 

Bonferroni correction *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. 
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2.3.3 Discussion and conclusion 

In the study presented in this section the parametrized MM peaks (section 2.1.2.3) were included 

in the metabolite basis set as individual components and their influence on the resulting metabolite 

concentrations and MM content was evaluated using two types of simulated MC spectra (with and 

without baseline) and in vivo acquired data. In addition, the impact of DKNTMN parameter value on 

LCModel quantification was evaluated using the same set of MC simulated spectra and in vivo data. 

Thus, for the first time, an extensive assessment was conducted on how the inclusion of either single 

or parametrized MM spectrum in the LCModel basis set and changes in the spline baseline stiffness 

affect the metabolite quantification. Our results showed that using a very stiff baseline with single 

MM spectrum leads to deviations in metabolite concentrations. This effect was less pronounced 

when parametrized MM spectra were used. Highly significant increase in concentrations of some 

metabolites (Asp, GABA, Gln, GSH, PE and tCr)  were observed when parametrized MM spectrum 

was used instead of the single MM spectrum. Moreover,  adding prior knowledge on parametrized 

MM improved MM and metabolite quantification. 

2.3.3.1 Quantification of brain metabolites: impact of varying DKNTMN 

It is well accepted that accurate and reliable quantification of metabolites depends strongly on the 

MM and baseline estimation. However, very few studies have assessed the impact of baseline prop-

erties (stiffness vs flexibility) on metabolite quantification. These studies have been performed in 

humans at B0 ≥ 7T using LCModel where the baseline flexibility can be adjusted by changing the 

DKNTMN (spline spacing) parameter54,58. In one of these studies54, an overall tendency of increase 

in metabolite concentrations was observed with increasing baseline stiffness. Metabolites like Ins, 

Glu, GSH and Asp displayed a general change (an average of 18%, 6%, 17% and 15% respectively) 

while for NAA and tCho the change (5% and 15%) was brain region specific. Thus, a flexible baseline 

has been reported as leading to overestimation or underestimation of metabolic concentrations. 

Another study performed in humans at 7T, analyzed the effect of MM and DKNTMN parameter in 

different quantification approaches. Condition matched and condition mismatched MM spectra 

were used in combination with default (0.15) DKNTMN and a very high stiffness (5) DKNTMN58. 

These previous studies have suggested that the default LCModel baseline flexibility may not be op-

timal in some cases but the conclusion on the “good” value could not be drawn due to lack of ground 

truth when using only in vivo spectra. 
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In the present study we analyzed a total number of six different DKNTMN values ranging from 0.1 

(high flexibility) to 5 (high stiffness). These settings were applied to both in vivo and MC simulated 

data sets (optimal and real conditions) combined with single and parametrized MM basis sets mak-

ing in total nine different quantification sets. Metabolic concentrations from our in vivo data (single 

MM) mainly displayed a decrease in metabolite concentrations with increasing the DKNTMN value

(Gln, Glu, GABA, Figure 2:9) while some additional low concentrated and overlapping metabolites 

showed important but statistically non-significant changes. When analyzing the quantifications of 

real MC spectra (single MM) most of metabolite concentrations (Ala, Asp, GABA, Glc, Gln, Glu, Lac, 

PE, Tau, tCr, tCho) displayed a change which deviated from their real values when increasing the 

stiffness, suggesting that a moderate DKNTMN value might be preferable, i.e. below 1 ppm (Figure 

2:11). Moreover, we observed a deviation from the real baseline shape (Figure 2:12), decrease of 

SNR and mismatch between the raw data and the LCModel fit when increasing DKNTMN (Figure 

2:8), all supporting our quantitative results. A recent study presenting a newly developed algorithm 

for baseline smoothness has reported that the main sources of baseline fitting errors are bias from 

an inflexible baseline (underfitting) and an increased variance from an overly flexible baseline (over-

fitting) 60. It has been suggested that for realistic spectra a reasonable compromise in baseline flex-

ibility needs to be found 60. This recommendation is in good agreement with our results, which sug-

gested that moderate DKNTMN value might be a better solution then the high one. Additionally, in 

a previous study performed in rat brain at 9.4T DKNTMN of 0.25 (moderate value) was used together 

with a single MM spectrum53. Of note, metabolite concentrations were more stable over DKNTMN 

values when using parametrized MM for all data sets. This can be explained by the additional flexi-

bility of the individual MM. However, when using parametrized MM in combination with a low 

DKNTMN value the baseline displayed stronger features and distortions with a drop at 0.9 ppm, 

which was not the case for single MM. The 0.9 ppm drop is explainable since the MM component 

at this position was used as a reference for the other components. This drop and other residual 

features became smaller already at a DKNTMN value of 0.25, being comparable to those with single 

MM. The value of 0.4 already led to a similar baseline for both parametrized and single MM basis

sets (Figure 2:18). 
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Figure 2:18: Influence of the MM model on the baseline. (A) LCModel quantification of in vivo acquired spectra with parametrized 

MM + PK showing a baseline drop at around 0.9ppm (arrow) when varying the DKNTMN; (B) LCModel quantification of in vivo ac-

quired spectra with single MM. 
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2.3.3.2 Quantification of brain metabolites: single MM vs parametrized MM 

The standard approach for handling MM during metabolite quantification consists inclusion of a full 

MM spectrum in the basis set or subtraction of the full MM from the in vivo acquired spectrum 

before quantification. Since individual MM components might change due to disease (e.g. brain tu-

mors, multiple sclerosis and stroke3,21), this approach can lead to substantial errors in quantification 

when assessing metabolites or MM changes in pathologies. The usage of a parametrized MM has 

been proven helpful for quantification of spectra in pathologically altered cases in humans at 1.5T21. 

However, there are very few studies evaluating the impact of parametrized MM on quantification 

including incorporation of individual MM in the metabolite basis set together with assessment of 

the best soft constraints while still keeping enough flexibility to estimate their changes13,49. 

In this context, in the present study we fitted and parametrized 10 MM components, which were 

subsequently included with and without PK (i.e. soft constrains) in the LCModel basis set used for 

quantification (section 2.1) and finally the results were compared. The comparison between single 

and parametrized MM approach (in vivo) revealed a significant increase in concentration of several 

metabolites (Asp, GABA, Gln, Glu, GSH, Ins, PE, tCr). These findings were overall confirmed by our 

MC studies and were consistent with previous studies13. Importantly our study evaluated the 

changes in MM content in addition to metabolite concentrations. We observed an important impact 

on MM content when no prior knowledge was used, emphasizing the need of prior knowledge as 

previously suggested in humans at 7T13. 
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Figure 2:19: Graphical summary for MM handling during short TE brain spectra quantification. 

Limitations and perspectives 

The first limitation concerns the usage of only high-quality data (in vivo and MC studies without and 

with a small baseline contribution) to evaluate how the inclusion of a single or parametrized MM 

spectrum together with changes in spline baseline stiffness affect the metabolite quantification. We 

made this decision since only high-quality data should be used for metabolite quantification. More-

over, our aim was to assess the “real impact” of MM in the spectral fitting and quantification pro-

cess, thus we did not use lower quality data (e.g., low SNR, B0 shimming effects on linewidths, outer 

volume contamination). In this context, note that the baseline influence on metabolite concentra-

tions can be slightly different when low-quality data are used (e.g., baseline can become almost flat 

when processing noisy data or can become critical for spectra with low spectral resolution due to 

bad quality shimming). An additional limitation of the study concerns the lack of data with outer 

volume contamination or spectra with important changes in MM content due to different patholog-

ical conditions. For spectra with lipid contamination that typically appears at around 1.5 ppm, it 

would be beneficial to include in the basis set one additional broad peak at 1.5 ppm with full flexi-

bility in phase and moderate flexibility in chemical shift and linewidth. Finally, in this study the purely 

mathematical estimation of MM was not considered since the smooth approximation of 
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mathematical fitting for MM does not completely reproduce the in vivo spectral pattern at UHF and 

as such experimentally measured MM are recommended for all B0
61–65. 

Conclusion 

In this chapter we proposed an improved methodological approach allowing reliable post-pro-

cessing, fitting and quantification of the MM spectra. An extensive assessment was performed on 

how the inclusion of either a single or parametrized MM spectrum with or without PK in the basis 

set concomitant with changes in the spline baseline stiffness affect the metabolite quantification. 

The described method also provided an efficient tool for parametrization of individual MM and es-

timation of apparent T2 relaxation times of seven individual MM components in the rat brain at 9.4T. 

The MM spectra were fully characterized at different TIs and TEs providing a comprehensive set of 

information necessary in a MM dictionary for MR fingerprinting50. Using in vivo and MC data we 

showed that a degree of flexibility in the spline baseline is required for quantification of real/exper-

imental data. In addition, a highly stiff baseline led to important metabolite changes when using the 

single MM for in vivo rat brain spectra at 9.4T, while for parametrized MM this effect was less pro-

nounced, but an overall deviation from the ground truth was measured using MC studies. Therefore, 

we conclude that a generally valid value for DKNTMN cannot be predicted and it needs to be 

adapted to the experimental and fitting conditions. Finally, our results showed some metabolite 

changes when including a parametrized MM in the basis set vs a single MM and support the need 

of prior knowledge when using parametrized MM. Therefore, we conclude that a parametrized char-

acterization of the MM contribution to short-echo spectra is feasible and yields reliable quantifica-

tion results. 
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 Brain regional vulnerability during 

type C Hepatic Encephalopathy  

Type C hepatic encephalopathy (HE) is a complication of chronic liver disease, characterized by cog-

nitive and motor deficits which is difficult to diagnose in its early stages. Worldwide, the incidence 

of chronic liver disease is increasing in adults, and children with the disease now live to adulthood. 

Children and adults respond differently to the disease and its related toxic accumulation of molecules 

(i.e. ammonium, glutamine, cytokines, etc). Despite considerable advances in understanding the 

pathogenesis of type C HE, the exact metabolic mechanisms and their regional variations are not 

completely understood. 

The advantages of UHF short TE single voxel spectroscopy were used in this chapter to describe brain 

regional distribution of metabolites in the developing and adult brain using a well-known rat model 

of type C HE (the bile duct ligated – BDL adult and post-natal day 21 rats). In addition, changes in 

cell morphology throughout the disease evolution were followed in multiple brain regions using his-

tology measurements while electron paramagnetic resonance was used for a quantitative detection 

of reactive oxygen species to measure the course of central nervous system and systemic oxidative 

stress. The beneficial effect of Cr supplementation on the brain neurometabolic profile of pups (BDL 

at post-natal day 15) was finally investigated using 1H MRS and 31P MRS. 

The reported longitudinal metabolic changes in striatum, hippocampus and cerebellum during type 

C HE led to the conclusion that there is a differential brain regional vulnerability to the disease. The 

highest metabolic changes were observed in cerebellum suggesting an increased vulnerability of this 

region. The increase of Gln was the first observable metabolic change in all measured brain regions 

suggesting that Gln can be considered as the first brain metabolic marker of type C HE which could 

potentially serve to assess the severity of HE independently of the results of neuropsychological tests. 

Alterations in the morphology of both astrocytes and neurons indicate that their interdependence 

influences the overall activity of the neuronal network during disease progression. An elevated oxi-

dative stress was reported, together with the decreased antioxidants measured by 1H MRS empha-

sizing its important role in HE. The brain regional measurements confirmed the higher susceptibility 

of developing brain to the disease and the increased vulnerability of cerebellum. Finally, the benefi-

cial effect of Cr supplementation suggests that an appropriate treatment may have significant public 

health impact. 
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My contribution to this chapter is in its entirety (including all the data acquisitions, processing, 

quantification and statistical analysis as well as drafting the text) except for the following two 

sections where the specific contribution statements are: 

• Section 3.2.2 (Study 2: Brain regional vulnerability – histology measurements): The work

presented in this section was done by Dr. Katarzyna Pierzchala, an expert for histology

measurements in our laboratory and was included in my thesis to provide an overview of

the influence of neurometabolic changes presented in section 3.2.1. The obtained results

are presented in this thesis with her consent and will be a part of the joint publication

including the 1H MRS and histology measurements. My contribution to this work includes

statistical analysis, help with figure preparation and drafting the text of this section.

• Section 3.2.3 (Study 3: CNS and systemic oxidative stress in a BDL model of type C HE): Part

of the work presented in this chapter was published as an article in Free Radical Biology

and Medicine (Pierzchala et al., 2022)1. I am the second author of this publication and I

made a substantial contribution to the acquisition; analysis of the data and I drafted this

section.

This chapter is structured into five sub chapters. The first sub chapter (“Introduction to type C He-

patic Encephalopathy”, 3.1) provides a general introduction and background on Type C HE as a con-

sequence of chronic liver disease, especially highlighting deleterious mechanisms/molecules involved 

in the disease pathogenesis (ammonium, inflammation and oxidative stress). Moreover, the role of 
1H MRS in understanding the disease mechanisms is highlighted.  The second sub chapter titled 

“Brain regional vulnerability in the adult brain during type C HE (adult BDL rats)” (3.2) is divided 

into three studies. The first study (3.2.1) provides an extensive description of longitudinal metabolic 

changes during type C HE (1H MRS, bile duct ligated rat model) in three brain regions (cerebellum, 

hippocampus and striatum). The second study (3.2.2) describes astrocytic and neuronal morpholog-

ical changes (immunohistochemistry) throughout the disease evolution in multiple brain regions, 

while in the direct measurements of brain and systemic oxidative stress using the electron paramag-

netic resonance technique are presented in the third study (3.2.3). Results from all three studies are 

jointly discussed (3.2.4) in the end of this sub chapter therefore providing a global description of the 

disease evolution in the central nervous system. The brain regional vulnerability in the developing 

brain model of type C HE (bile duct ligation performed at postnatal day 21) is presented in the third 

sub chapter (“Brain regional vulnerability in the developing brain: an 1H MRS study”, 3.3). Finally, 

the beneficial effect of Cr supplementation on the neurometabolic profile is described using 1H MRS 

and 31P-MRS in a developing brain model (bile duct ligation performed at postnatal day 15) in the 

fourth sub chapter (“The beneficial effect of oral Cr supplementation in an early childhood rat 

model of type C HE: a preliminary 1H and 31P MRS study”, 3.4). 



Chapter 3: Brain regional vulnerability during type C Hepatic Encephalopathy  

123 

3.1 Introduction to type C Hepatic Encephalopathy (HE) 

Chronic liver disease (CLD) and cirrhosis are responsible for 2 million deaths worldwide every year. 

The estimated, age standardized, incidence of CLD and cirrhosis was 20.7 per 100 000 people in 

2015 (in adults)2,3. Moreover, its incidence is increasing worldwide every year2 and the children with 

the disease now live to adulthood. As the disease progresses the patients develop several compli-

cations, and one of the most common decompensating events is hepatic encephalopathy (HE)2. On 

average 40% of patients develop HE within 5 years. In general, HE is defined as a neuropsychiatric 

disorder associated with liver disease or portosystemic shunting. However, depending on the un-

derlying type of the disease, HE is differently classified. Type C HE is, by definition, secondary to CLD 

and/or cirrhosis with or without the presence of portosystemic shunting4. Neuropsychiatric symp-

toms associated with type C HE appear subtly, starting with changes in personality and sleep alter-

ations, followed by deficits involving both cognitive and motor performances. In the most severe 

cases these symptoms progress eventually trough lethargy to stupor and coma5. The classification 

of type C HE by different criteria is described in Table 3:1. While the consequential neuropsycho-

logical deficits of type C HE are well described, the underlying pathophysiological mechanisms, 

their chronological involvement and brain regional difference remain unclear6. 
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Table 3:1: The classification of type C HE by different criteria. Classification according to West Haven Criteria (WHC) and 

International Society for Hepatic Encephalophagy and Nitrogen Metabolism (ISHEN); PHES stands for Psychometric Hepatic 

Encephalopathy Score, CFF stands for Critical Flicker Frequency, EEG stands for electroencephalography. Table adapted from7. 
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The pathological foundation of type C HE is complex and multifactorial. First, it is generally accepted 

that the blood derived toxic molecules (i.e. ammonium, bile acids, proinflammatory cytokines, re-

active oxygen and nitrogen species (ROS/RNS)) are mainly responsible for the development of neu-

rological deterioration. Liver dysfunction causes toxic accumulation of these blood derived mole-

cules which in turn alter the permeability and integrity of the blood brain barrier (BBB). Therefore, 

the molecules which normally cross the BBB and also the ones which are normally prevented from 

crossing it, flood the brain and stimulate a cascade of pathophysiological pathways/mechanisms 

having consequentially deleterious effects on the brain (i.e. brain glutamine accumulation, neuroin-

flammation, central ROS/NOS).  

In the present chapter I will: 1) briefly describe some of these mechanisms that I also investigated 

during my PhD; and 2) investigate their brain regional difference and chronology using a multimodal 

approach in a rat model of type C HE during adult and brain development, the bile duct ligated (BDL) 

rat8.  

3.1.1 Ammonium in type C HE 

Out of all neurotoxic candidates, ammonia has been pinpointed and has been the most studied to 

explain the observed neurological alterations. This molecule’s ability to cross BBB and substantially 

cause harmful effect on the central nervous system (CNS) function isolated it as a crucial factor in 

the pathogenesis of HE4,6,7. Ammonia is mainly produced in the gut, as a product of protein diges-

tion, amino acid deamination and bacterial urease activity. The concentration of ammonia present 

in the systemic circulation is then regulated by the liver, where its metabolized by the urea cycle 

and subsequently eliminated in the kidneys. Therefore, a healthy liver regulates the concentration 

of systemic ammonia6. In addition, ammonia is generated and used in different chemical reactions 

taking place in various organs including brain, muscle and kidney. Ammonia (NH3) has different 

properties depending on the pH and under normal physiological conditions, over 98% off ammonia 

is present in ammonium form (NH4
+)9. In the further text, both of these forms will be referred to as 

ammonium. NH4
+ can enter cells in several ways e.g. aquaporins, ammonium transporters, K+ pumps 

etc10. The diseased liver is not able to adequately eliminate ammonium and therefore excess am-

monium enters the systemic circulation (hyperammonemia) which in turn leads to increase of cer-

ebral ammonium. Brain ammonium level under normal physiological conditions is lower than 0.05 

mM while in CLD it can reach 0.3-0.5 mM range11,12. The cerebral ammonium detoxification mainly 
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relies on the conversion of Glu to Gln catalyzed by glutamine synthetize (GS) enzyme7,11. Since the 

brain lacks an effective urea cycle (that can be found only in liver), astrocytes are the only cells 

containing the necessary metabolic machinery (GS) for ammonium removal. Glutamine, as a prod-

uct of this process, accumulates in the cells reaching high concentrations9,11,13–16. Prof Kreis15 was 

one of the pioneers showing changes in brain Gln, Ins and tCho in chronic HE patients by using 1H 

MRS. In our group we have performed the first longitudinal measures of brain metabolite changes 

in an animal model of type C HE (the bile duct ligated rat) at UHF and we have shown that longitu-

dinal changes in adult hippocampus are seemingly driven by increases in plasma NH4
+ and brain Gln 

in turn leading to decreases in antioxidants and Cr, molecules previously unknown in this role14. Our 

longitudinal studies (in some of these studies I was personally involved) allowed the measurement 

of the time course of Gln increase and showed that this increase is gradual in CLD, leaving the time 

for astrocytes to respond progressively. The astrocytes try to regulate the osmotic pressure caused 

by increased Gln via the osmoregulatory processes leading to a decrease of other endogenous os-

molytes (e.g. myo-Inositol, total choline) and therefore to compensate for this increase. This could 

be the reason why brain edema is not often present in case of type C HE4 leading to sometimes 

conflictual results17. However, the increased ammonium is still a burden for astrocytes. Few histo-

logical studies showed  alterations in astrocytes morphology and function7,14,18–20 while EM studies 

are controversial17,21. In our group we have performed the first longitudinal measurements of mor-

phological changes in astrocytes and neurons, and some of the recent data will be presented in 

section 3.2.2. and will also be presented in parallel to the metabolic changes. In addition to astro-

cyte-Gln alterations some additional ammonium-induced changes were observed in the CNS (e.g 

impairment on glutamate neurotransmitter system, altered cerebral blood flow (CBF), impaired ox-

ygen consumption and brain oxygenation etc.)7,22. Even though the importance of ammonium in the 

pathophysiology of type C HE is clear, there is no converging evidence of a direct correlation of the 

circulating ammonium levels and the severity of type C HE, suggesting that other mechanisms might 

also be involved4,7,23. The lack of correlation between circulating ammonium values and the severity 

of HE24 can also be due to the difficulty of measuring circulating ammonium and its variability in 

CLD25.  

3.1.2 Inflammation in type C HE 

Systemic inflammation (systemic inflammatory response syndrome – SIRS) is a common phenome-

non in CLD, mainly due to the injured liver, characterized by systemic release of proinflammatory 
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cytokines (e.g. interleukins – IL-1𝛽, IL-6, IL-8, IL-12 and necrosis factor alpha (TNF-𝛼)26. Studies have 

shown that majority of patients with severe form of type C HE present evidence of systemic inflam-

mation, moreover it was associated with worse cognitive performance of patients that developed 

type C HE compared to the ones that didn’t27. Proinflammatory markers, particularly serum IL-6 and 

TNF-𝛼 correlate well with the degree of neurocognitive disfunction (severity of HE)23,28.  

There are several pathways that result in the systemic (peripheral) inflammation leading to neuroin-

flammation, of which the most important are humoral (circulating cytokines) and immune (activated 

immune cells) pathways29. Circulating cytokines enter the brain directly either by affecting the per-

meability of the BBB or by binding their receptors (TNF-𝛼, IL-1𝛽) expressed by endothelial cells in 

the BBB30. This leads to a release of secondary messenger molecules into the brain which can induce 

microglial activation. The microglia can also produce inflammatory mediators on their own (e.g. IL-

6). Similarly, the activated immune cells can bind to endothelial cells in the BBB causing release of 

secondary molecules in turn leading to microglia activation31–33. Numerous studies proved the pres-

ence of microglia activation in type C HE (adults and rodents)7. In parallel, neuroinflammation can 

lead to changes in neurotransmission, oxidative stress and other mechanisms suggesting that it 

plays an important role in the pathogenesis of type C HE7,23. In this context, during my PhD I have 

been involved in a project in our group where we showed the presence of systemic (increase in 

lympochites and plymorphonuclear neutrophils number) and brain inflammation (increased IL-6) in 

the rat model of type C HE (BDL)1.  

There is increased evidence of a cooperative interaction between inflammation and hyperammo-

nemia, meaning that these two mechanisms don’t drive the severity of type C HE individually but 

synergistically making the brain more susceptible to each other’s effects. Although the precise un-

derlying mechanisms of their synergetic actions are not fully understood, it is suggested that am-

monium makes astrocytes more susceptible to the cytotoxic effect of inflammatory cytokines, and 

that the coactions of these mechanisms induce oxidative/nitrosative stress7,23.  

3.1.3 Oxidative stress in type C HE 

The role of oxidative and nitrosative stress (formation of reactive oxygen and reactive nitrogen spe-

cies) has been more and more recognized in the pathogenesis of HE1. Having an unpaired electron 

in outer shell makes ROS/RNS highly reactive with a potential damaging effect in various cellular 

compartments. Under normal conditions the cells are in a redox (balanced) state, having an 
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equilibrium between ROS formation and neutralization. An imbalance between their production and 

neutralization will lead to oxidative stress and in turn cellular dysfunction23,34. However, direct evi-

dence and impact of central and systemic OS on type C HE progression is limited due to the difficulty 

in measuring them. 

In CLD, the diseased liver cannot properly regulate the oxidative stress (OS) causing: reduced anti-

oxidant production, increased systemic release of oxidant enzymes, generation of ROS and impaired 

neutrophil function (a type of white blood cells)35, in agreement with our work1. Liver has a major 

role in production of antioxidants and thus, in oxidative stress regulation. During the disease, pro-

duction of proteins (e.g. albumin) by liver diminishes leading to reduced antioxidant capacity35. Con-

sequently, there is an alteration in antioxidant enzymes (glutathione peroxidase, superoxide dis-

mutase and catalase) activity in the brain both in mitochondria and cytosol. Moreover, the diseased 

liver can cause ROS production by neutrophils (immune cells)1. As a response to microbial aggres-

sion, neutrophils produce ROS causing an oxidative outbreak which has been observed in cirrhotic 

patients36. Oxidative stress has been suggested as one of the mechanisms of ammonium neurotox-

icity particularly affecting astrocytes37,38. The exact mechanism of ammonium induced free radical 

formation is not completely understood. A rise in intracellular 𝐶𝑎2+ has been observed as one of 

the early events in astrocytes following ammonium exposure, causing the activation of 𝐶𝑎2+ de-

pendent enzymes such as constitutive nitric oxide synthetase (cNOS), NADPH oxidase (NOX) and 

phosphorylase A2 (PLA2) which are known to trigger the generations of ROS/RNS (e.g. nitric oxide 

and superoxide radicals)38. Except the above described linear event, complex interactions between 

OS-derived factors (e.g. Mitochondrial Permeability Transition-mPT, Mitogen-Activated Protein Ki-

nases-MAPKs etc.) can generate additional ROS/RNS resulting in a self-amplifying circle. OS is con-

sidered as a principle mean by which ammonium exerts harmful effect on astrocytes37,38. Further-

more, it is now well accepted that inflammation and ammonium act in synergy causing formation 

of ROS, e.g. like the formation of ROS in peripheral immune cells such as neutrophil granulocytes39, 

as showed by our group1.  

MRS allows the direct measurement of antioxidants (e.g. Asc and GSH) and NAD+/NADH redox state 

in vivo, however the main limitation consists in the low concentration of these metabolites. In ad-

dition, changes in these antioxidants represent an indirect evidence of the presence of OS in disease. 

In our group we measured a decrease in Asc in the BDL rats (adults and pups)13,14 together with 
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increased ammonium and Gln (section 3.2.1).  Electron paramagnetic resonance (EPR) provides a 

direct, quantitative and highly efficient technique for the direct measurement of ROS (i.e. free rad-

icals) ex vivo directly. Thus, the combined usage of EPR and MRS will allow us to perform a direct 

assessment of OS in type C HE in different brain regions and investigate their potential brain regional 

difference, something I performed during my PhD and that will be described in this chapter (section 

3.2.3). 

3.1.4 MR Spectroscopy in Hepatic encephalopathy 

Localized MRS is a powerful technique which allows a non-invasive investigation of brain metabo-

lism in human and rodent brain in vivo and longitudinally. Using single voxel spectroscopy (SVS - Sub 

chapter 1.6) a characteristic spectrum can be acquired from a well-defined volume positioned in a 

specific region of interest17.  

1H MRS remains the most widely applied and one of the most sensitive techniques. In addition, it is 

the only technique capable of measuring a large number of metabolites simultaneously in vivo. 

Since majority of brain metabolites contain hydrogen nuclei, a number of biologically relevant me-

tabolites can be observed and quantified (section 1.6.4). In the human patients the MRS acquisitions 

were largely performed at 1.5 − 3 𝑇 and 𝑇𝐸 ≥ 20 𝑚𝑠 leading to quantification of Glx, Cr, tCho (total 

choline), Ins. This technique was one of the first to characterize changes in brain organic osmolytes 

in type C HE by describing a decrease in myo-Inositol and choline in response to an increased Glx 

resonance15,40–42. At present, the availability of high magnetic fields (≥ 7𝑇) enabled researchers to 

quantify more metabolites (e.g. GABA) and separate closely spaced peaks (e.g. Glu and Gln). A re-

cent study performed in our laboratory provided a precise description of HE profile over several 

weeks in an animal model of CLD induced HE (at 9.4T)14. Taking advantage of the UHF some previ-

ously unknown metabolic abnormalities, such as decrease in antioxidants and Cr in response to 

brain Gln increase, were described. These longitudinal changes in adult hippocampus are seemingly 

driven by increases in plasma NH4
+ and brain Gln causing a decrease of the above mentioned mole-

cules (antioxidants and Cr) that were previously unknown to assume this role14. These results sug-

gest that in addition to metabolomics, MRS could be a useful tool to study the metabolic pathways 

involved in HE in vivo and in humans43,44. The parameters measurable by MRS are shown to be af-

fected by the neurological status of the patient, but also by therapeutic strategies (e.g. liver trans-

plantation). Although MRS is not currently used as a diagnostic tool in HE, it was proposed as a non-
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invasive surrogate marker for evaluation of treatment strategies, especially at high magnetic 

fields44.  

The regional distribution of metabolites in the brain during type C HE is yet unknown. Its under-

standing will provide additional mechanistic insights into disease processes. Therefore, an im-

portant part of this chapter is focusing on the advantages of UHF short TE single voxel spectroscopy 

to answer this question in a rat model of type C HE.  

To sum up, although the exact molecular mechanisms leading to type C HE are not fully under-

stood, the increase in ammonium delivery to the brain, Gln concentration increase due to ammo-

nium detoxification, and excess in formation of ROS/RNS and inflammation are a common thread 

in this complex and multifactorial disease. In this chapter we aim to decipher, for the first time, 

the molecular underpinnings behind the differential brain regional vulnerability and to identify 

key molecular steps in type C HE in the adult and developing brain. For that, we will use magnetic 

resonance spectroscopy combined with histology and electron paramagnetic resonance. 
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3.2 Brain regional vulnerability in the adult brain during type C HE (adult BDL 

rats) 

3.2.1 Study 1: Brain regional vulnerability using 1H MRS 

The symptoms of HE include attention deficits, changes in personality, cognitive and motor perfor-

mance impairments together with memory deficits5 (see sub chapter 3.1). Since the type C HE pa-

tients present various symptoms with different extent of severity, the susceptibility to type C HE 

and the mechanisms causing the damage may be dependent on the brain region. What are the brain 

metabolites regional differences in type C HE and how their changes impact the morphology of as-

trocytes or neurons remains an unanswered question.  

Hippocampus is the brain region responsible for spatial cognition, balance control, emotion, addic-

tion, memory and learning. Therefore, abnormalities in this region can cause spatial cognitive anom-

alies and balance disorders45,46. It was shown that patients with cirrhosis who developed Minimal 

HE have structural and functional connectivity disturbances in the hippocampus which correlate 

with their cognitive impairment and memory performance46. Moreover, in the rat model of fibrosis, 

a significant decrease in the hippocampal dopamine was shown and connected with the observed 

behavioral disorder45. Changes in morphometry of hippocampal pyramidal neurons were also con-

nected to behavioral deficits (disturbed memory and motor function) in a rat model of chronic liver 

failure induced mild HE (induced by thioacetamide administration)47. Furthermore, neuroinflamma-

tion was observed in hippocampus of rats with Minimal HE and connected to spatial learning and 

memory impairment48.  

Cerebellum has a role in basic motor abilities (movement, coordination, etc.), as well as in several 

cognitive processes such as spatial navigation, working memory and procedural, motor and spatial 

learning49. In cirrhotic patients, an increase in cerebellar blood flow was shown especially for those 

who developed Minimal HE together with a reduced gray matter volume in the cerebellum50. In 

parallel, it was reported that neuroinflammation, especially in this brain region, occurs very early in 

the liver disease (even before reaching cirrhosis)51. Studies in animal models have suggested that 

neuroinflammation, induced by systemic inflammation, might be stronger in cerebellum leading to 

cognitive and motor alterations48,51. Moreover, it was previously shown that the ammonium uptake 

rate and thus the burden of ammonium is not the same in all the brain regions. The basal ganglia 
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and cerebellum are predominantly affected by alterations in cerebral ammonium, suggesting that 

there is a higher ammonium supply in these brain regions52. 

It is known that striatum plays a role in refinement and control of motor movement, but also in 

reward and executive systems (decision making)53. It was found that cirrhotic patients with Minimal 

HE have disturbed structural connectivity between the thalamus and striatum and it has been sug-

gested that thalamic-striatal system is connected with cognitive deficits observed in the disease. 

Mitochondrial disfunctions and increase in mitochondrial reactive oxygen species was observed in 

striatum as well as cerebellum, cortex and hippocampus of rats with bile duct ligation induced HE54. 

Therefore, hippocampus, cerebellum and striatum are already proven to be among the main regions 

implicated in the pathogenesis of HE, and their alterations were related to neuropsychiatric disturb-

ances in rat models and patients. Few previous studies in human patients with type C HE evaluated 

brain regional differences in metabolic ratios of Cho, Glx and NAA relative to Cr. Significant regional 

variations in these metabolite ratios, the lowest Cho/Cr in the occipital cortex and highest Glx/Cr in 

the basal ganglia, were observed. All this evidence leads to a conclusion that information from dif-

ferent brain regions might be useful for a better understanding of the mechanisms underlying the 

disease40. Moreover, the ability of UHF to pinpoint previously unreported metabolic changes has 

been already proven by our group in the hippocampus of a BDL rat model of HE14. 

The aim of this study was to describe the evolution of metabolic profiles throughout the disease 

duration in hippocampus, cerebellum and striatum, and furthermore identify the potential meta-

bolic differences between these key brain regions implicated in the manifestation of type C HE. In 

addition to 1H MRS, a multimodal approach combining histology with blood biochemistry and EPR 

will be used to complete the brain regional investigation of type C HE (please see sections 3.2.2 and 

3.2.3).  

3.2.1.1 Materials and methods 

BDL rat model of CLD 

All experiments were approved by the Committee on Animal Experimentation for the Canton de 

Vaud, Switzerland (VD3022/VD2439). Wistar male adult rats (n=36, 125-150g, Charles River Labor-

atories, L’Arbresle, France) were used: 31 rats underwent bile duct ligation surgery (BDL surgery) as 
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described in55. The BDL rat model of type C HE is associated with liver disease, portal hypertension, 

hyperammonemia and it is accepted by ISHEN8,56.  

Biochemical measurements 

Liver parameters (plasma bilirubin, aspartate aminotransferase (AST/GOT) and alanine aminotrans-

ferase (ALT/GPT)) and Glc were measured using Reflotron Plus system (F. Hoffmann-La roche Ltd.) 

and blood NH4
+ on blood ammonium meter (PocketChemTM BA PA-4140). 

In vivo 1H MRS 

1H MRS spectra were acquired on 9.4 T system (Varian/Magnex Scientific) using the SPECIAL se-

quence (TE=2.8ms) as previously described14. Three different volumes of interest (VOI) were se-

lected in hippocampus (2x2.8x2mm3), cerebellum (2.5x2.5x2.5mm3) and striatum (2.5x2x2.5mm3). 

LCModel was used for quantification with water as internal reference allowing the quantification of 

a total of 18 metabolites. The scans were performed before (week 0) and after BDL at weeks 2, 4, 6, 

and 8, thus each animal was its own control. A total of n=27 rats underwent 1H MRS. N=24 rats were 

scanned in the hippocampus (week 0 - n=23, week 2 - n=15, week 4 - n=21, week 6 - n=21, week 8 - 

n=8), n=23 rats were scanned in the cerebellum (week 0 - n=22, week 2 - n=15, week 4 - n=21, week 

6 - n=18, week 8 - n=7) and n=15 rats were scanned in the striatum (week 0 - n=15, week 2 - n=14, 

week 4 - n=13, week 6 - n=10, week 8 - n=4). There is a different number of rats at each week 

because some of the rats were used for histology and OS measurements (see sections 3.2.2 and 

3.2.3) or they needed to be sacrificed earlier than week 8 because they reached the end point al-

lowed by the Committee on Animal Experimentation for Canton of Vaud (e.g. 15% of weight loss) 

hence the low number of rats at week 8. 

Statistical analysis 

The results were presented in three different ways: bar plots, scatter plots and 1st axis of STATIS 

analysis.  

In the bar plots the results were always presented as mean ± SD. The % change was calculated in 

comparison to week 0. For metabolites in the neurochemical profile and the reported blood values 

one-way ANOVA (Prism 5.03, Graphpad, La Jolla CA USA) followed by Bonferroni’s multiple compar-

isons post-tests were used and displayed in figures. Additionally, differences between brain regions 

were assed using two-way ANOVA and presented in figures ($p<0.05, $$p<0.01, $$$p<0.001, 

$$$$p<0.0001). To test the correlations between longitudinally acquired data for brain metabolites 



Chapter 3: Brain regional vulnerability during type C Hepatic Encephalopathy  

134 

and plasma/blood values Pearson correlation analysis was performed. Significance level in all tests 

was attributed as follows: *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.  

The scatter plots display relative increase of metabolic concentrations over time in the disease. The 

plotted values were obtained by subtracting the week 0 concentration of a metabolite for every rat 

and brain region from the corresponding week 2, 4, 6 and 8 measured concentrations, and therefore 

keeping only the relative (to week 0) change in the disease. This way the starting differences in 

metabolic concentrations between the brain regions57,58 were removed, and the figure describes 

only the metabolite evolution due to the disease while clearly pointing to the brain regional differ-

ence for the concerned metabolites. The plots were created in RStudio59 where additionally a LOW-

ESS (Locally Weighted Scatterplot Smoothing) regression was applied and plotted to better visualize 

and distinguish data trends between brain regions. 

The details on the 1st axis of STATIS analysis are provided in the following section. 

Application of the STATIS method on the 1H MRS and blood data 

Principal component analysis (PCA) 

According to linear algebra any rectangular matrix 𝑨 of dimension 𝑛 × 𝑚 can be factorized into: 

𝑨 = 𝑼𝚺𝑽𝑻 

Equation 3:1 

Where 𝑼 are left singular vectors in 𝑚 dimensions, 𝑽 are right singular vectors in 𝑛 dimensions and 

𝚺 is a diagonal matrix of singular values (𝜎 - positive or zero). This factorization is called singular 

value decomposition (SVD). Since 𝑨𝑻𝑨 and 𝑨𝑨𝑻 are both symmetric and positive definite matrices 

they can be factorized using the spectral theorem (𝑺 = 𝑸𝚲𝑸𝑻, where 𝑸 is an orthogonal matrix and 

𝚲 are the eigenvalues): 

𝑨𝑻𝑨 =  𝑽𝚲𝑽𝑻, 𝑨𝑨𝑻 = 𝑼𝚲𝑼𝑻 

Equation 3:2 

Therefore, it can be concluded that both 𝑼 and 𝑽 are orthogonal matrices while 𝑨𝑻𝑨 and 𝑨𝑨𝑻 have 

the same eigenvalues (one matrix has 𝑚 and the other one 𝑛 eigenvalues but the different/missing 

ones are zero). Moreover, we can factorize 𝑨𝑻𝑨 and 𝑨𝑨𝑻as: 

𝑨𝑻𝑨 = 𝑽𝚺𝑻𝑼𝑻𝑼 𝚺𝑽𝑻 = 𝑽(𝚺𝑻𝚺)𝑽𝑻 𝒂𝒏𝒅 𝑨𝑨𝑻 = 𝑼 𝚺𝑽𝑻𝑽𝚺𝑻𝑼𝑻 = 𝑼(𝚺𝑻𝚺)𝑼𝑻 

Equation 3:3 
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Since 𝑼𝑻𝑼 = 𝑰 and 𝑽𝑻𝑽 = 𝑰, the Equation 3 :3 is valid and we can conclude that 𝑼 are the eigen-

vectors of 𝑨𝑨𝑻, 𝑽 the eigenvectors of 𝑨𝑻𝑨 and 𝜎2 the eigenvalues of both 𝑨𝑻𝑨 and 𝑨𝑨𝑻. By con-

vention the singular values in the diagonal 𝚺 are in a descending order (𝜎1 ≥ 𝜎2 ≥ 𝜎3…). The SVD 

can also be written as: 

𝑨 =∑𝜎𝑖𝑢𝑖𝑣𝑖
𝑇

𝑟

𝑖=1

Equation 3:4 

Where 𝑟 ≤ 𝑚𝑖𝑛{𝑚, 𝑛} is the rank of 𝑨 (since after the rank 𝜎 are zero). 

Now we will introduce principal component analysis as a statistical interpretation of SVD applied on 

a data matrix. PCA gives us a data driven hierarchical coordinate system (in terms of directions that 

capture the maximum amount of variance in a given dataset) to represent the statistical variations. 

Since it’s a statistical representation of SVD there are some extra steps that need to be applied.  

To introduce the PCA convention we start by introducing a data matrix 𝑿 with the independent 

experiments as row vectors (𝑥1 measurements from a single experiment, e.g. rows are measure-

ments from person 1 while columns are measured variables such as age, height etc.). Therefore, if 

matrix 𝑿 is of a dimension 𝑛 ×𝑚 there are for example 𝑛 samples (people) and 𝑚 measurements 

(different variables).  

𝑿 = [

⋯ 𝑥1 ⋯
⋯ 𝑥2 ⋯
⋮ ⋯𝑛 ⋮

] 

Equation 3:5 

There is a statistical variability of data in this matrix and we are trying to uncover the dominant 

features of the data with PCA according to the following steps: 

1. Compute the mean row and build an average matrix.

𝑥 =
1

𝑛
∑𝑥𝑗  →

𝑛

𝑗=1

  𝑿 =

[

1
1
.
.
.
1]

∗ [      𝑥      ] 

Equation 3:6 

2. Subtract the average matrix from the original data matrix to obtain the mean centered data

matrix (center of the distribution is at the origin).

𝑩 = 𝑿 − 𝑿 
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Equation 3:7 

3. SVD of the mean centered data (𝑩 = 𝑼𝚺𝑽𝑻) or eigen decomposition of the covariance ma-

trix:

a. Compute the covariance matrix: 𝑪 =
𝑩𝑻𝑩

𝒎−𝟏
 (dimension 𝑚 ×𝑚) 

b. Perform the eigen decomposition of the covariance matrix: 𝑪𝑽 = 𝑽𝚲, where 𝑽 are

the eigenvectors of 𝑪 and 𝚲 the eigenvalues (𝜆 = 𝜎2, see Equation 3:3).

c. The principal components are now 𝑻 = 𝑩𝑽 or (when looking at the SVD) 𝑻 = 𝑼𝚺.

The principal components are ordered and the eigenvalues give an indication of the

amount of variance that each component captures.

If we want to describe high-dimensional data in terms of first 𝑟 principal components, we can com-

pute how much of the variance is captured in the 𝑟 components using the eigenvalues 
∑ 𝜆𝑘
𝑟
𝑘=1

∑ 𝜆𝑘
𝑛
𝑘=1

= % 

(fraction of variance captured in the first 𝑟 components).  

STATIS multi-table principal component analysis (description) 

STATIS method is created as an extension to PCA designed to manage multiple data tables that con-

tain set of variables collected on the same observations. It is usually applied to three-way data. As 

an example, the data (in the data tables) can be measurements performed on the same observa-

tions (individuals or objects) at different time points with the goal to evaluate how the observations 

change over time.  

First the structure of individual data tables is analyzed (e.g. the relation between individual data 

tables) to derive the optimal set of weights for these data tables in order to create an optimum 

weighted average called a compromise. The elements of each table are multiplied by the corre-

sponding optimal weight and the compromise is obtained by addition of these ‘weighted’ tables 

(the compromise is a linear combination of the tables). The weights should be derived so that the 

compromise gives the best representation (in a least square sense) of the whole set of tables.  

The next step is to preform a PCA of the compromise. The PCA decomposes the variance of the 

compromise into a set of new orthogonal variables called principal components which are ordered 

(1st, 2nd … axis) by the amount of variance they explain60,61.  



Chapter 3: Brain regional vulnerability during type C Hepatic Encephalopathy  

137 

RStudio-application of STATIS analysis on the data set 

The pipeline for application of the STATIS method was validated by Dr. Pierre Bady (biostatistician 

at CHUV-UNIL), who provided us with the RStudio script applied on his datasets62,63. I further 

adapted and modified the data preparation process and the RStudio script to make it compatible 

with our dataset.   

As described in the previous section (“In vivo 1H MRS) the animals were scanned (in three brain 

regions) and the blood sampling was performed longitudinally at week 0, 2, 4, 6 and 8. For one brain 

regions this provides us with several quantified metabolites for each rat at five different time points. 

Therefore, we have a three-dimensional dataset suitable for the STATIS analysis. The analysis was 

performed on each brain region individually first using only the brain metabolites and then repeated 

on a combined dataset consisting of the brain metabolites and blood parameters. 

The data was prepared by stacking rats at different time points as rows and metabolites as columns 

(for each brain region). This resulted in six datasets: brain metabolites – striatum, brain metabolites 

– hippocampus, brain metabolites – cerebellum, brain metabolites + blood parameters – striatum,

brain metabolites + blood parameters – hippocampus, brain metabolites + blood parameters – cer-

ebellum. Every dataset was processed using the following procedure. The matrix/dataset (rats at 

different time points -rows, metabolites -columns) was centered by subtracting the mean of every 

column to the corresponding column (e.g. the mean value of Gln measured for all the rats at all time 

points was subtracted from every Gln measurement). The few missing values due to low spectral 

quality or missing a scan were imputed using missMDA package (RStudio). The function es-

tim_ncpPCA was used to estimate the optimal number of dimensions for imputing the data using 

the imputePCA function. The dataset was then reshaped into N (equal to the number of rats) “Kta-

bles” based on the within analysis (function ktab.within from R package ade4). Each table repre-

sented one rat with metabolites as rows and weeks (time points) as columns. The STATIS analysis 

was then performed on the “Ktables” (package ade4 from R studio, function statis).  
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3.2.1.2 Results 

Results – 1H MRS and blood parameters: Characterization and validation of CLD-induced 

HE in BDL rats by biochemical measurements 

All the BDL operated animals showed significant increase in plasma bilirubin from week 2 validating 

the presence of CLD (Figure 3:1). Increase in blood ammonium was also observed for all BDL rats 

when compared to week 0 (before BDL), reaching significance at week 6 (Figure 3:1). Values of both 

measured parameters were in normal ranges before BDL (week 0). The additional measures (GPT, 

GOT, Glc) are presented in the STATIS analysis in the following section (title: “STATIS analysis of 1H 

MRS and blood data”). 

Figure 3:1 Longitudinal changes in total plasma bilirubin and blood NH4
+ induced by bile duct ligation. Bilirubin was non-measurable 

before BDL. Significance level between week 0 and weeks 2-8: *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 (1-way ANOVA). 
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BDL-induced changes in Gln and other osmolytes, neurotransmitters and antioxidants 

measured by 1H MRS.  

The excellent quality of 1H MRS spectra in all brain regions is shown in the Figure 3:2. 

Figure 3:2: Representative in vivo 1H MRS spectra acquired from 1 animal at week 0 (before BDL) and at post-operative week 8 in 

the striatum, hippocampus and cerebellum (the corresponding VOI for each regions are also highlighted in neon green) . Increase in 

Gln and the decrease of Ins and Tau can be clearly observed directly form the spectra. 

The increase of Gln was observed already at week 2 post-BDL (compared to week 0) for all the brain 

regions being the first metabolite to show a consistent overall change early in the disease evolution 

(i.e. already at week 2 post-BDL). This increase reached significance at week 4 post-BDL (+41% in 

striatum, +63% in hippocampus, +64% in cerebellum) and continued increasing till week 8 post-BDL 

(Figure 3:3). The overall increase of Gln was statistically stronger in cerebellum reaching +134% at 

week 8 (Figure 3:3A, Figure 3:4) and was also visible in the acquired 1H MR spectra (Figure 3:2).  

The main CNS osmolytes and cell volume regulators Ins, Tau, Cr and tCho displayed a trend of de-

crease in concentration as a response to Gln increase indicating an osmoregulatory response of the 

cell (Figure 3:3). Ins decreased in all three brain regions reaching significance at week 6 post-BDL (-

14%) for cerebellum and at week 8 post-BDL (-14%) for hippocampus (Figure 3:3, Figure 3:4). Fur-

thermore, tCho (GPC + PCho) showed an overall trend of decrease being statistically the most pro-

nounced in striatum where it reached a significant -40% at week 6 and continued to decrease till 

week 8 post-BDL (Figure 3:3, Figure 3:4). Tau showed a consistent trend of decrease reaching 
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significance at week 4 post-BDL for all the brain regions (-9% - striatum, -9% - hippocampus, -19% - 

cerebellum) and continued decreasing to week 8 (Figure 3:3, Figure 3.4). This global decrease was 

statistically stronger for cerebellum when compared to hippocampus and striatum. Cr also displayed 

an overall trend of decrease being the most pronounced in cerebellum where it reached significance 

at week 4 post-BDL (-9%) (Figure 3:3, Figure 3.4). To evaluate the osmotic stress induced in the cell 

by the load of Gln, the sum of these main CNS osmolytes was computed (Figure 3:3B). The sum 

(without Gln) showed a trend of decrease reaching significance at week 6 post-BDL with -11% and -

13% for striatum and cerebellum, respectively and at week 8 post-BDL with -11% for hippocampus 

(Figure 3:3B). Interestingly, despite the smallest absolute Gln increase, striatum showed a more 

pronounced decrease of these osmolytes in absolute concentration (at 8 weeks post-BDL: Gln +2.3 

mmol/kgww vs sum of osmolytes -4.2  mmol/kgww) than hippocampus (at 8  weeks post-BDL: Gln 

+3.2 mmol/kgww vs sum of osmolytes -2.6  mmol/kgww) and cerebellum (at 8  weeks post-BDL: Gln

+5.3 mmol/kgww vs sum of osmolytes -4.1  mmol/kgww, Figure 3:3B).
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Figure 3:3: Longitudinal 1H MRS evolution of glutamine and CNS osmolytes in three brain regions (A) Longitudinal 1H MRS evo-

lution of glutamine and CNS osmolytes in all three brain regions studied from week 0 to week 8 post BDL. Mean ∓ SD, significance 

level between week 0 and weeks 2-8: *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 (1-way ANOVA). (B) . Absolute increase of 

Gln compared with an absolute decrease of main CNS osmolytes-on the left. Longitudinal evolution of sum of the osmolytes 

(without Gln)-on the right Mean ∓ SD, significance level between week 0 and weeks 2-8: *p<0.05, **p<0.01, ***p<0.001, 

****p<0.0001 (1-way ANOVA). Additionally, differences between brain regions were assed using two-way ANOVA ($p<0.05, 

$$p<0.01, $$$p<0.001, $$$$p<0.0001). 
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Figure 3:4: Relative changes of glutamine and CNS osmolytes in three brain regions The scatter plots display the relative increase 

of metabolite concentrations (for Gln, Ins, tCho - GPC.PCho, Tau, Cr and tCr – Cr.PCr)  over time during the disease. The plotted values 

were obtained by subtracting the week 0 concentration of each corresponding metabolite for every rat and brain region from the 

corresponding week 2, 4, 6 and 8 measured concentrations, and therefore keeping only the relative (to week 0) increase during the 

disease. This way the starting differences in metabolic concentrations between the brain regions were removed, and the figure de-

scribes only the metabolite evolution due to the disease while clearly pointing to the brain regional difference for the concerned 

metabolites. The plots were created in RStudio where additionally a LOWESS (Locally Weighted Scatterplot Smoothing) regression 

was applied and plotted to better see and distinguish data trends between brain regions. 

The neurotransmitter Glu showed a decrease in the later stage of the disease for all three brain 

regions being the most pronounced in striatum where it reached a significant -10% at week 6 post-

BDL (Figure 3:5, Figure 3:6). However, Asp (data not shown) and 𝜸-aminobutyric acid (GABA) dis-

played no significant changes even though for GABA an overall tendency of decrease was observed 

especially for hippocampus and cerebellum (Figure 3:6). No significant changes in neuronal marker 

NAA were observed throughout the course of the disease. The Lac evolution showed no significant 

changes in the striatum and hippocampus, but a striking increase of 84% was observed in cerebel-

lum at the end-point of the disease (week 8 post-BDL, Figure 3:5 and Figure 3:6). The antioxidant 

Asc showed a tendency of decrease in cerebellum at week 6 post-BDL (-32%, Figure 3:5, Figure 3:6) 

without reaching significance. GSH displayed no significant changes throughout the disease, alt-

hough a significantly different GSH behavior was measured in cerebellum compared to the other 

brain regions where a tendency of increase was observed (Figure 3:5, Figure 3:6).  
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Figure 3:5: Longitudinal 1H MRS evolution of other main brain metabolites in three brain regions (neurotransmitters, neuronal 

markers, metabolites involved in energy metabolism and antioxidants) for all brain regions from week 0 to week 8 post-BDL. Mean 

∓ SD, significance level between week 0 and weeks 2-8: *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 (1-way ANOVA). Additionally, 

differences between brain regions were assed using two-way ANOVA ($p<0.05, $$p<0.01, $$$p<0.001, $$$$p<0.0001). 
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Figure 3:6: Relative changes of other main brain metabolites in three brain regions. The scatter plots display relative increase of 

metabolic concentrations (for Glu, GABA, NAA, Lac, Asc and GSH) over time in the disease. The plotted values were obtained by 

subtracting the week 0 concentration of a metabolite for every rat and brain region from the corresponding week 2, 4, 6 and 8 

measured concentrations, and therefore keeping only the relative (to week 0) increase in the disease. This way the starting differ-

ences in metabolic concentrations between the brain regions were removed, and the figure describes only the metabolite evolution 

due to the disease.  The plots were created in RStudio where additionally a LOWESS (Locally Weighted Scatterplot Smoothing) re-

gression was applied and plotted to better see and distinguish data trends between brain regions. 

STATIS analysis of 1H MRS and blood data 

The STATIS method was applied on the six datasets, for every brain region on the brain metabolites 

only, and on the metabolites combined with the blood measurements (Figure 3:7). It is important 

to emphasize that every dataset was centered prior to the analysis, as described in the section 

3.2.1.1. (“Application of the STATIS method on the 1H MRS and blood data”). By centering the data, 

we removed the contribution to the variance introduced by differences within the same metabolic 

profile (different starting concentrations of the metabolites). What remains is the contribution of 

the time evolution of metabolites throughout the disease and the contribution of varying response 

of the rats to the disease (some rats were more affected by the disease than the others). The within 

analysis performed in Rstudio tries to consider the mentioned difference between rats, therefore 

the highest contribution to the variance (of the compromise – see section 3.2.1.1.) comes from the 

metabolic changes during the disease evolution. The 1st Axis of PCA analysis (performed on the com-

promise) is the axis of maximum variance of the data, which in our case, as previously explained, 

mainly represents the time evolution during the disease. The 1st Axis resulting from every analyzed 

dataset is shown in the Figure 3:7 with the corresponding and the resulting contributions of the 
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metabolites/blood parameters. We can say that the metabolites highly contributing to the 1st Axis 

(positive or negative) are the ones driving the variance and they can be grouped based on their 

contribution. Note that the orientation of the Axis is not correlated with weather the metabolites 

increase or decrease, but depends on the underlying dataset. However, the metabolites which 

evolve differently are always on the opposite sides of the Axis.  

Figure 3:7: The first axis resulting from the STATIS analysis of the datasets described in the section 3.2.1.1. The axis corresponding 

to the dataset containing only brain metabolites are shown up, and for the datasets containing brain metabolites + blood parameters 

are shown down. The added blood parameters between the groups of datasets (shown up and down) are circled in red. 

From the results presented for the brain metabolites only (Figure 3:7up) it is clear that Gln has a 

high contribution to the variance (high contribution to the 1st Axis) for all brain regions, correspond-

ing to its previously described strong and consistent increase (Figure 3:3, Figure 3:4). For striatum, 
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on the opposite side of Gln we have Ins, Tau and tCho (GPC.PCho), which are showed in the previous 

section to be decreasing as an osmotic response to the Gln increase. The strong contribution of tCho 

to the 1st Axis corresponds to the strongest decrease of this metabolite in striatum as already ob-

served in Figures 3:3 and 3:4. Very strong contributions of Ins, Tau and tCho are also present for 

cerebellum and hippocampus (corresponding to Figure 3:2 and Figure 3:3). For cerebellum, a con-

tribution of Lac is also observed (on the same side as Gln) corresponding to a strong increase of Lac 

at week 8 (contributing to the variance) in this brain region. Additionally, a different behavior of 

GSH as well as a stronger change of Asc are confirmed in cerebellum. Therefore, we can conclude 

that this method of data analysis is another, interesting and reliable way of describing our dataset.  

The results obtained for the brain metabolites + blood parameters are shown on the Figure 3:7down 

(the added blood parameters are circled in red). It can be observed that bilirubin has the highest 

contribution to the variance, which describes its constant and very strong increase throughout the 

disease (Figure 3:1). Bilirubin is one of the first indicators of liver disease, and its increase is a sign 

of a successful bile duct ligation. Interestingly, NH4
+ and Gln have a similar contribution to the vari-

ance among the two, and similar to bilirubin (in all brain regions, but the closest to each other in the 

cerebellum). Our results already showed a corresponding behavior between NH4
+, bilirubin and Gln 

(Figures 3:1 and 3:3). The STATIS analysis additionally confirmed that Gln is driving the data in a 

similar way to NH4
+ and bilirubin.  

Pearson correlations between metabolites and NH4+ 

Pearson correlation coefficients were used to pin point dependencies between measured parame-

ters and thus identify the metabolic pathways involved in the progression of the disease (Figure 

3:8). Brain Gln and blood NH4
+ correlated strongly for all the brain regions (p ≤ 0.0001). Since those 

two metabolites display the strongest and earliest changes their correlations with other measured 

parameters were also analyzed (Figure 3:8 and Figure 3:9). Ins and tCho correlated significantly with 

both Gln and NH4
+ (in all the brain regions). Brain Gln showed a significant correlation with Tau for 

hippocampus and cerebellum while NH4
+ correlated significantly with Tau in all the brain regions. 

Similarly, Gln correlated significantly with Cr in hippocampus and cerebellum however the correla-

tion with NH4
+ was not observed for this metabolite. The correlation with Glu was more pronounced 

for NH4
+, where it was significant for all the brain regions, than for Gln where the correlation was 

weaker and showed significance for hippocampus and cerebellum. GABA and NAA correlated 
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significantly with Gln only in cerebellum and hippocampus, respectively. Lac also showed a correla-

tion in these two brain regions, the correlation being more pronounced with Gln than NH4
+. For the 

antioxidants, only GSH showed a significant correlation with Gln uniquely for hippocampus.  

Figure 3:8: Pearson correlations between brain metabolites (Gln, Ins, tCho, Tau and Cr) and blood NH4
+ throughout the full course 

of the study for striatum, hippocampus and cerebellum. The corresponding p values are shown along with the Pearson correlation 

coefficients. Statistical significance: *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. 
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Figure 3:9: Pearson correlations between brain metabolites (for Glu, GABA, NAA, Lac, Asc and GSH) and blood NH4
+ throughout 

the full course of the study for striatum, hippocampus and cerebellum. The corresponding p values are shown along with the Pearson 

correlation coefficients. Statistical significance: *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. 
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3.2.2 Study 2: Brain regional vulnerability – histology measurements 

The synthesis of Gln in the brain is mostly limited to astrocytes (site of glutamine synthetase activ-

ity64, see section 3.1.1). Brain edema (excessive accumulation of fluid in intracellular or extracellular 

space) is commonly proposed as a pathological process occurring in HE17. It was suggested that as-

trocytes swelling and/or “Alzheimer type II astrocytosis” due to increase osmotic pressure triggered 

by Gln accumulation65,66 (Gln acting as an osmolyte driving water into the cells67) is behind the clin-

ical manifestation of HE. While this is true in case of the acute HE (HE as a consequence of acute 

liver failure) where the osmotic pressure is very strong and rapid, in type C HE 1H MRS studies have 

shown a gradual release of brain osmolytes as an osmotic response15,17,68 to compensate for Gln 

increase (section 3.1.1). Therefore, it was proposed that brain edema is not often present in case of 

type C HE4. This proposition is furthermore confirmed by the contradictory findings on astrocytes 

swelling or edema in humans and animal models using different MRI or ex-vivo techniques17. Even 

though the evidence of edema in type C HE is not conclusive, the exposure to increased ammonium 

(and consequently Gln leading to osmotic stress) together with a synergistical action of oxidative 

stress combined with systemic and central inflammation are still a burden for astrocytes and can 

induce alterations in their morphology and function14, as we have previously shown in hippocampus 

of BDL rats14. Moreover, in addition to astrocytes, changes in morphology of neurons have some-

times been reported in type C HE and connected with the observed motor and intellectual impair-

ments47,69. However, these data are sparse and sometimes controversial.  

In the previous section (3.2.1) we described the evolution of metabolic profile during type C HE in 

three brain regions, giving a global description of metabolic alterations in the disease (BDL rat model 

of CLD induced type C HE). The observed changes in metabolic concentrations can cause or be a 

consequence of alterations in astrocytic and neuronal functions and potentially their morphology. 

Therefore, to put the previously reported metabolic changes into a wider context, in this sub chapter 

we aimed to investigate for the first-time changes in cell morphology throughout the disease evo-

lution (using histology measurements) and to relate these changes to the observed metabolic alter-

ations.   
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3.2.2.1 Materials and methods 

BDL rat model of CLD 

All experiments were approved by the Committee on Animal Experimentation for the Canton de 

Vaud, Switzerland (VD3022/VD2439). Wistar male adult rats (125-150g, Charles River Laboratories, 

L’Arbresle, France) were used and underwent BDL surgery as described in55 (the same procedure as 

in section 3.2.1.1).   

Histology measurements 

Immunohistochemistry (IHC): Mouse monoclonal anti-GFAP (glial fibrillary acidic protein, MAB360 

Merck Millipore) (2 hr at RT) at 1/100 dilution with secondary Alexa Fluor® 594-AffiniPure Rat Anti-

Mouse IgG (Jackson ImmunoResearch Europe Ltd.) (1 hr at RT) at 1 / 200 dilution antibodies were 

used to characterize the astrocytes morphology14. After the blood sampling and 1H MRS scans (data 

presented in the previous section 3.2.1) animals were sacrificed for histological measurements at 

week 4 (n=3 for BDL rats) and 8 (n=3 for BDL rats, n=3 for sham-operated rats) To investigate the 

morphometrical changes of astrocytes the Sholl analysis was used  as previously described14 (Figure 

3:10). A total number of 200 representative protoplasmic astrocytes of each group of BDL rats were 

randomly traced for all processes revealed by GFAP staining in hippocampus, cerebellum, striatum 

and thalamus.  

Figure 3:10: Astrocytes Sholl analysis - morphological characterization of the number of intersections of branches with radii at vari-

ous distances from the cell body. Figure adapted from14. 

Golgi Cox staining based on the principle of metallic impregnation of neurons was applied to reveal 

the cytoarchitecture of the hippocampus, cerebellum and their detailed neuronal morphology. Ex-

tracted brains were immediately immersed in Golgi Cox staining solution and kept in the dark at 

room temperature for 25 days followed by PBS wash and 48h cryopreservation in 30% sucrose in 

PBS at 4°C. The n=3 for BDL week 8 and n=2 for sham rat brains were uniformly stained and used 
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for the analysis (25 slides / hemisphere). These rats were checked for the well-known pattern of CLD 

(increased bilirubin, NH4
+ and brain Gln). 

One-way ANOVA followed by post-hoc Turkey HSD was used to compare BDL and Sham-operated 

rats. All tests were 2-tailed. Significance level in all tests was attributed as follows: *p<0.05, 

**p<0.01, ***p<0.001, ****p<0.0001. 

3.2.2.2 Results 

A significant increase in GFAP+ cells and nuclei number was observed at 4 weeks post-BDL surgery 

in the hippocampus (+47.5%), cerebellum (+45.2%) and striatum (+30.7%) (Figure 3:11). In parallel, 

a decrease of astrocytes number was detected in the thalamus at week 4 reaching significance at 

week 8 post-BDL (-33.4%) (Figure 3:11Cup). Although a significant reduction of astrocytosis was ob-

served at week 8 when compared to week 4 post-BDL (from +48% at week 4 to + 8% at week 8 in 

hippocampus, from +45% to +23% in cerebellum and from +31 to +15% in striatum, Figure 

3:11Cdown) the number of astrocytes remained increased and they were altered morphologically 

showing a shortening and a decreased number of processes, significant already at week 4 in all the 

brain regions and continued to be more pronounced at week 8 post-BDL (Figure 3:12B). Sholl anal-

ysis70 of GFAP-labelled astrocytic intermediate filaments (IMF) showed a significant time dependent 

decrease of the number of processes and the mean length of the IMF in all brain regions. The num-

ber of processes decreased significantly already at week 4 in hippocampus (-6%), cerebellum (-32%) 

and thalamus (-16%), however in striatum the decrease became significant only at week 8 (-12%) 

indicating that the changes in this region might be less important. The mean length of IMF showed 

also an overall trend of decrease reaching significance at week 4 for all the brain regions (striatum -

18%, hippocampus -13%, cerebellum -17%, thalamus -3%, Figure 3:12B). 

A significant decrease in the processes (IMF) intersections in the hippocampus and cerebellum was 

observed already at 4 weeks post-BDL (In hippocampus -27%-Ring2, -45%-Ring3 while in cerebellum 

-8%-Ring1) surgery and displayed an even more significant decrease at week 8 (in all 3 concentric

rings, in hippocampus -14%-Ring1, -39%-Ring2, -72%-Ring3, in cerebellum -18%-Ring1, -27%-Ring2, 

-59%-Ring3, Figure 3:12C). No significant decrease in the number of intersections was observed for

striatum and thalamus (data not shown). 
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Figure 3:11: Anti-GFAP (red) and DAPI (blue) staining of hippocampus and cerebellum, and astrocyte density. Representative mi-

crographs of double staining for anti-GFAP (red) and DAPI (blue) of (A) the hippocampus and (B) cerebellum of sham, week 4 post 

BDL and post 8 after BDL, and (C) the astrocytes density quantification at the hippocampus hilus, cerebellum granular layer, striatum 

and thalamus. Note the significant increase in astrocytes number at week 4 post BDL, scale bar: 500𝜇m One-way Anova with post-

hoc Tukey HSD) *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 presented as mean ± SD. 
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Figure 3:12: GFAP (red) and DAPI (blue) staining and astrocytic morphology analysis (A) Brain sections from Sham and BDLs rats at 

4 and 8 weeks post-BDL were stained with GFAP (red) and DAPI (blue) (hippocampus and cerebellum). (B) Astrocytic processes (left 

panel) were quantified according to the process lengths (right panel) (C) and the number of intersections across the indicated rings 

from the center point of the cell body (Sholl analysis). A total number of 70–100 representative astrocytes (per rat) from BDLs and 



Chapter 3: Brain regional vulnerability during type C Hepatic Encephalopathy  

154 

Sham rats were randomly traced for all processes revealed by GFAP staining and plotted according to subregions (1-3) (Figure 3:10) 

(One-way Anova with post-hoc Tukey HSD, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 presented as mean ± SD). 

Golgi-Cox staining showed a significant increase in CA1 (67%) and DG (54% - data not shown) neu-

ronal soma surface and a significant loss of dendritic spines density in CA1 ~49% (apical and basal) 

and dentate gyrus (DG) ~43% (apical – data not shown) in hippocampal neurons (Figure 3:13A). In 

contrary to hippocampal neurons, Purkinje cells showed a significant decrease of the neuronal soma 

surface (-22%) and dendritic spines density depletion of (-24%, apical Figure 3:13B). 

Figure 3:13: Golgi-Cox staining and neuronal morphology analysis for hippocampus and cerebellum. Hippocampus and cerebellum: 

A representative photomicrograph of histological sections of Golgi-Cox staining and neuronal morphology analysis of (A) pyramidal 

CA1 neurons of SHAM (left panel) and BDL rat (right panel) and (B) Cerebellum Purkinje cells SHAM (left panel) and BDL rat (right 

panel). Data are presented as mean ± SD and statistical significance (One-way Anova with post-hoc Tukey HSD): *p<0.05, **p<0.01, 

***p<0.001, ****p<0.0001. 
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3.2.3 Study 3: CNS and systemic oxidative stress in a BDL model of type C HE 

3.2.3.1 Introduction 

It is becoming more accepted that OS plays an important role in development and acceleration of 

type C HE (section 3.1.3). The disease toxic molecules which include ammonium and inflammatory 

cytokines can induce oxidative/nitrosative stress and trigger a self-amplifying loop of harming 

events (sections 3.1.1, 3.1.2, 3.1.3). The presence of systemic OS was previously shown in BDL rats71 

and the OS was pointed out as a feature of HE72. Moreover, we showed changes in the main brain 

antioxidants (Asc and GSH – section 3.1.3) suggesting that there is an oxidative imbalance which in 

turn leads to OS. However, the direct evidence of OS and its impact on CNS during type C HE is still 

limited.  

ROS in the biological systems have very short lifetimes (ranging from nanoseconds to seconds) mak-

ing their direct in vivo detection very difficult. Therefore, probes/traps are used in biological milieus 

that react rapidly with ROS (competing with antioxidants) creating a stable radical which can be 

measured and quantified (see section 3.2.3.2). The stable radicals are measured using EPR a unique 

analytical technique which allows for a reliable detection of ROS yielding quantitative data. There-

fore, in the present section we aimed to measure the time course of CNS and systemic OS using ex 

vivo (brain tissue) and in vitro (blood) EPR spectroscopy to further elucidate the role of OS in type C 

HE.  

3.2.3.2 Method - Electron Paramagnetic Resonance Spectroscopy for CNS and systemic OS meas-

urements 

BDL rat model of CLD 

All experiments were approved by the Committee on Animal Experimentation for the Canton de 

Vaud, Switzerland (VD3022/VD2439). Wistar male adult rats (125-150g, Charles River Laboratories, 

L’Arbresle, France) were used and underwent BDL surgery as described in73 (the same procedure as 

in section 3.2.1.1) or a sham surgery (control animals). Animals were sacrificed for EPR measure-

ments at week 2, week 4, week 6 and week 8 after 1H MRS measurements (data presented in the 

previous section 3.2.1). The number of rats used for each experiment is highlighted in the next sec-

tions.  
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Electron paramagnetic resonance – basic principles 

EPR is an experimental technique used to detect and characterize chemical systems containing one 

or more unpaired electrons. In contrast to NMR (Chapter 1) which is sensitive to nuclear magneti-

zation, EPR is based upon the behavior of an unpaired electron in the magnetic field. When an elec-

tron is placed in an external magnetic field, the field interacts with its magnetic moment and breaks 

the degeneracy of electron spin energy level (splitting), phenomenon known as Zeeman Effect, caus-

ing it to align parallel or antiparallel to the field direction. The electromagnetic irradiation at a fre-

quency which matches the difference between the described energy levels, results in a resonant 

transition from the lower spin energy level to the upper one (absorption). The spectroscopic detec-

tion of this transition (EPR signal) is the fundamental principle of EPR. This technique has its appli-

cation in various fields including the detection of organic free radicals and transition metal ion com-

pounds in biological systems74. EPR is considered to be one of the most powerful tools for qualitative 

and quantitative analysis of ROS in biological milieus75,76. A direct detection of ROS is almost impos-

sible because of their short lifetime. As such the EPR spin-trapping technique allows the detection 

of these short-lived radicals. The main principle is a reaction of the radical with a non-radical mole-

cule (spin trap) to form a product (spin adduct) which is long lived and can be directly detected75,76 

(Figure 3:14A). The spin adduct usually has a hyperfine splitting which gives a characteristic EPR 

signal (Figure 3:14B). From the time evolution of this signal one can calculate the rate of radical 

formation. This method gives the possibility to characterize biological samples from the radical for-

mation point of view77. 

Brain tissue preparation 

Two EPR studies were performed. We first measured the OS in cerebellum and hippocampus at 6-

weeks post-BDL (BDL: n=3 and SHAM: n=3). Then a pilot longitudinal study was performed only in 

the hippocampus at week 2 (BDL n=2, SHAM n=2), 4 (BDL n=2, SHAM n=2), 6 (total: BDL n=5, SHAM 

n=5) and 8 post-BDL (BDL n=2, SHAM n=2) to identify early and longitudinal changes in OS. 

Rats were pre-anesthetized with 4% isoflurane for 5 min followed by subcutaneous injection of the 

analgesic (Temgesic, 0.03 mg/ml in 0.9% NaCl) and perfused with cell culture medium RPMI 1640 

(pH 7.4, Sig-ma), supplemented with 10% of Fetal Bovine Serum (FBS, Sigma) and 1% of antibiotics 

(50.5 units/ml penicillin, 50.5 μg/ml streptomycin and 101 μg/ml neomycin, Sigma) to wash out 

blood and keep the brain cells alive. To preserve cells viability after extraction, the cerebellum, right 
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and left hippocampi were weighted and immediately transferred into a 5ml Eppendorf tube with 

whole RPMI-1640 medium immersed in ice. Afterwards, tissue was sliced into small pieces, trans-

ferred into a 2ml syringe with whole RPMI-1640 medium and 10mM CMH (cyclic hydroxylamine 1-

hydroxy-3-methoxycarbonyl-2,2,5,5tetramethyl pyrrolidine hydrochloride) cell-permeable spin-

trap (Noxygen Science Transfer & Diagnostics GmbH) and incubated at 37oC. After each incubation 

time (1h of incubation with 6 time points) ~50μL of cell suspensions were transferred into 1.5mm 

ID and 1.8mm OD quartz capillary tubes (VitroCom, USA, sample height of 25mm) and sealed with 

Leica Critoseal™ (Leica Microsystems GmbH) for further EPR measurements.  

Blood sample preparation 

Blood samples were withdrawn from the sublingual vein before BDL or SHAM surgery and post-

surgery at weeks 2, 4, 6 and 8 (BDL n=4, SHAM n=2, per time point). 1mL of blood was collected into 

sterile tube pretreated with EDTA (ED2P Sigma, 1.5 mg/mL) and mixed with cyclic hydroxylamine 1-

hydroxy-3-methoxycarbonyl-2,2,5,5tetramethyl pyrrolidine hydrochloride (CMH) spin-trap. The fi-

nal CMH concentration was 10mM. Prior to EPR measurements, the blood samples were incubated 

for 1h, during which, at equal intervals (6 time points), six aliquots of ~7μL were collected and trans-

ferred into 0.7mm ID and 0.87mm OD quartz capillary tubes (VitroCom, USA, sample height of 

25mm) and sealed with Leica Critoseal™ (Leica Microsystems GmbH).  

EPR measurements 

EPR spectra were collected at room temperature (RT) using an X-band EPR spectrometer, Model 

ESP300E (Bruker-BioSpin, Karlsruhe, Germany) equipped with a standard rectangular TE102 cavity. 

For each experimental time point of ROS detection with CMH, two-scan field-swept EPR spectra 

were recorded. The instrumental setting for brain tissue and systemic OS detection were: micro-

wave frequency ~ 9.78 GHz, microwave power 2 mW, sweep width 100 G, modulation frequency 

100 kHz, modulation amplitude 0.5G, receiver gain 5x103, time constant 40.9 ms, conversion time 

81 ms. 

The double-integration of EPR traces yielded the total EPR signal intensities of the paramagnetic, 

i.e. oxidized form, of the CMH spin-trap. Subsequently, the actual intracellular concentrations of the

CMH-related signals (Figure 3:14B) were calculated using 1mM TEMPOL sample as a reference. The 
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ROS generation rates were calculated from EPR kinetic plots (EPR signal levels versus the elapsed 

time), normalized to the tissue weight and averaged (presented as mean ± SD). 

Figure 3:14: Characteristic EPR signal of CMH spin-trap. (A) The characteristic reaction of CMH spin-trap with the superoxide radical 

to form an EPR active spin adduct. (B-left) Insert-Characteristic signal (hyperfine splitting) for CMH spin trap in hippocampus of a BDL 

rat (week 6 - last time point at 105min of incubation). Blow up on one line to observe the signal intensity increase over incubation 

times. (B-right) Insert-Characteristic signal (hyperfine splitting) for CMH spin probe in hippocampus of a Sham (control) rat (week 6 - 

last time point at 105min of incubation). Blow up on one line to observe the signal intensity increase over incubation times. It can be 

observed how the signal intensity is stronger for the BDL rat indicating stronger radical formation at the same time points. 

3.2.3.3 Results 

The release of intracellular 𝑂2
∙− was evaluated and quantified using the EPR CMH cell-permeable and 

non-toxic spin-trap (Figure 3:14) on in vitro blood and ex vivo hippocampus and cerebellum samples. 

CNS OS 

A significant increase in relative OS (compared to sham operated animals at the same time point) 

was observed in BDL rats at week 6 in both cerebellum and hippocampus (Figure 3:15). This increase 

was similar among the two brain regions (~42%, for hippocampus 103.6±19.1M/g/min (L+R 

m=0.142±0.01g) vs. 73.5±16.3M/g/min (L+R m=0.175±0.03g) and ~42%, for cerebellum 

136.8±22.7M/g/min (m=0.290±0.02g) vs. 96.2±27.4M/g/min (m=0.298±0.02g)). There was, how-

ever, a significant difference for the baseline redox state of the sham operated animals between 

hippocampus and cerebellum (~31%, at 6 weeks after surgery, Figure 3:15).  

The longitudinal EPR measurement in hippocampus revealed a significant increase of the OS (intra-

cellular 𝑂2
∙−) already at 2 weeks post BDL (+63%) which continued to increase until week 8 (Figure 

3:16A). Note that sham operated animals showed a physiological pattern of age-related increase 

CNS redox state (a trend of increase in intracellular 𝑂2
∙−, Figure 3:16A). Pearson correlation coeffi-

cients were used to highlight the dependency of the increased hippocampal OS with previously 
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measured parameters (NH4
+, Gln and Asc, Figure 3:16B). The increase of hippocampal OS showed a 

significant positive correlation with the increase in hippocampal Gln and blood NH4
+ (section 

3.2.1.2). Additionally, the measured increase in OS showed a significant correlation with decrease 

of the antioxidant Asc (section 3.2.1.2). 

Figure 3:15: CNS OS (A) OS detection in the hippocampus at week 6 for BDL operated vs sham operated animal. (B) OS detection in 

the cerebellum at week 6 for BDL operated vs sham operated animal. The ROS concentration rate kinetic at weeks 6 (left) in the 

cerebellum of sham vs BDL rats (every point is obtained by integration of the signal shown in Figure 3:14 and referenced to 1mM 

TEMPOL as explained in 3.2.2.1) 

Figure 3:16: Longitudinal OS in the hippocampus (A) Longitudinal OS detection in the hippocampus from week 2 to 8 post-BDL 

compared to the sham operated animals at every time point (sham operated animals show a physiological pattern of age-related 

increase CNS redox state). (B) Pearson correlations showing a very strong correlation between ROS generation rate in the hippocam-

pus with brain Gln, blood NH4
+ and brain Asc (the metabolite and blood data used for correlations were presented in section 3.2.1). 
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Systemic OS 

An increase in blood OS was observed both after the BDL and the sham surgery (Figure 3:17). While 

for the sham operated animals the systemic OS stabilized at week 4 (decreased to the pre-surgery 

range), for the animals which underwent BDL surgery the systemic OS continued to increase (+26% 

at week 4, Figure 3:17), reaching significance at week 6 (+48%) and the maximum at week 8 (+60%). 

Once again, Pearson correlation coefficient was used to highlight the dependency of the blood OS 

with previously measured blood NH4
+ (section 3.2.1.2) and showed a significant correlation between 

the two measured parameters (increase in systemic OS and increase in blood NH4
+, Figure 3:17). 

Figure 3:17: Longitudinal systemic OS. (left) Longitudinal systemic OS detection in the blood from week 2 to 8 post-BDL compared 

to the sham operated animals at every time point. (right) Pearson correlations showing a very strong correlation between ROS gen-

eration rate in the blood and blood NH4
+ (the blood data used for correlations were described in section 3.2.1.2). 

3.2.4 Discussion 

3.2.4.1 Summary of main results and novelty 

Brain regional differences in type C HE has been previously suspected but the published data are 

sparse17. This is the first study assessing the neurometabolic and cellular changes in three different 

brain regions (striatum, hippocampus and cerebellum) providing a global information on metabolic 

alterations caused by CLD induced-HE in a BDL rat model using a multimodal approach (in vivo 1H 

MRS and ex vivo IHC combined with EPR). Cerebellum is pointed out as a region with the heaviest 

burden of Gln leading to a stronger and faster decrease of other osmolytes (Cr, Ins). Moreover, some 

unique changes were observed in cerebellum like an increase in GSH and Lac. In parallel the antiox-

idant changes were validated using ex-vivo EPR while the histological measures confirmed the 
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metabolic changes. Since cerebellum is not easily accessible by 1H MRS in human brain and thus not 

deeply investigated region, these novel findings provide a new perspective on the disease and its 

effects on the brain. In addition, the present study assessed three brain regions, each one having a 

different role, providing a specific but in the same time a global overview of neurometabolic and 

cellular changes affecting the brain. This allows us to point out Gln, the metabolite which displays 

the most rapid change in all regions, as a surrogate of the disease.  

3.2.4.2 Brain regions: response to NH4
+ increase and osmotic stress. 

Cerebellum 

It is commonly accepted that increase of blood NH4
+ causes a rise in brain Gln (see section 3.1.1). 

This rise was observed already at 2 weeks after BDL surgery in cerebellum and continued thought 

the course of the disease. Although Gln increase, as a first observable metabolic change, was pre-

sent in all the studied brain regions, it reached its maximum in cerebellum (+ 134%, Figures 3:3 and 

3:4). A higher cerebral blood flow (CBF) for basal ganglia and cerebellum as compared to  cortical 

areas has been previously shown in cirrhotic patients52. Furthermore, it has been observed (in the 

same study) that for cirrhotic patient’s cerebellum has the highest ammonium extraction factor. 

Therefore, cerebellum seems to be the region predominantly exposed to ammonium (followed by 

basal ganglia)52. The strongest burden of ammonium could be one reason for the highest increase 

of Gln in this brain region. In parallel, there is evidence that neuroinflammation occurs very early in 

the disease evolution and is also stronger in the cerebellum48,51, something we also confirmed in a 

study performed during my PhD (the highest increase in IL-6 at week 4 post-BDL in cerebellum)1. It 

can be suggested that the high CBF in the cerebellum makes this brain region more exposed to 

ammonium and inflammatory cytokines among other deleterious molecules of the disease. Alter-

natively, higher ammonium burden would play in hand to higher inflammation and vice versa since 

it was proposed that these two mechanisms act synergistically making the brain (e.g. cerebellum) 

more susceptible to each other’s effect7,23, proposed also by a study performed during my PhD1.  

A heavy load of Gln in astrocytes lead to an osmotic imbalance which resulted in gradual decrease 

of other brain osmolytes (Ins, tCho, Tau and Cr, Figure 3:3 and 3.4). Tau showed a consistent and 

significantly stronger decrease in the cerebellum than in the other brain regions (confirmed by the 

STATIS analysis, Figure 3:7up). This decrease was strongly correlated with the Gln increase, 
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suggesting that even though Tau is present in both glial cells and neurons78, its role in astrocytic 

osmoregulation is most probably dominant in this brain region. Cr also showed a higher decrease, 

confirmed by its high contribution to the variance in the STATIS analysis of the cerebellum data. It 

can be proposed that due to the high load of Gln, it is likely that Cr also assumes its osmoregulatory 

role. Additionally, the high exposure to NH4
+ can cause an inhibition of Cr synthesis in the CNS which 

could also be a contributing factor to the decrease of this metabolite79.  

The STATIS analysis performed on the brain metabolites combined with blood parameters showed 

that Gln is driving the variance of the dataset very similarly to NH4
+ and bilirubin (Figure 3:7down). 

This result corresponds to gradual but strong increase in concentrations of these factors observed 

thought the disease. Since NH4
+ to Gln conversion is most probably the main source of brain Gln, 

the above described results confirm that NH4
+ increase in the blood induces a very rapid cascade of 

events causing a stress in the CNS (e.g. Gln increase). 

Hippocampus 

The results obtained in the present study for hippocampus display a common pattern with previ-

ously reported results14. A strong rise in Gln concentration was observed already early in the disease 

evolution (week 2 and 4) and continued to rise until week 8 (reaching a 100% increase, Figure 3:2), 

making hippocampus a second (in terms of magnitude of Gln increase) brain region affected by Gln 

increase after cerebellum. Brain Gln was strongly correlated with blood NH4
+ (Figure 3:8). The strong 

increase in brain Gln towards the end of the disease lead to a significant decrease of brain osmolytes 

(Ins, Tau, tCho and Cr). Ins showed the strongest absolute decrease (-1.3 mmol/kgww, Figure 3:3) 

followed by Tau, tCho and Cr. The strongest change in Ins is supported by the fact that this molecule 

is predominantly located in the glial cells having the main function of an osmolyte80. Moreover, a 

strong decrease is also observed for tCho (-38% at week 8, Figure 3:2) which is, together with Ins, 

considered to be glial marker and changes in the diffusivity of this metabolite where connected with 

microglial reactivity81. All the osmolytes showed a significant correlation with brain Gln and blood 

NH4
+ (except Cr in the case of NH4

+, Figure 3:8).  

Striatum 

A significant Gln increase was also observed in striatum and it correlated with blood NH4
+ (Figure 

3:8). However, the pattern of Gln increase was different in this brain region compared to the other 
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studied regions. While in cerebellum and hippocampus Gln was consistently increasing over the dis-

ease progression (peaking at week 8 post-BDL), the Gln concentration increase started to decelerate 

at week 4 in striatum (absolute increase of Gln concentration from week 0 to 4 was +1.96 

mmol/kgww, while from week 4 to week 8 only +0.35 mmol/kgww). Interestingly the main CNS osmo-

lytes continued to strongly decrease even after week 4 post-BDL (sum of osmolytes decrease from 

week 0 to 4 was -1.26 mmol/kgww, while from week 4 to week 8 an additional -2.98 mmol/kgww, 

Figure 3:3B). Even though there was a smaller Gln induced osmotic pressure (than in e.g. cerebel-

lum) Tau showed a strong and significant decrease starting from week 4 post-BDL (Figure 3:3). This 

behavior can be explained as a delayed osmotic response or suggest that Tau assumes an additional 

role to the osmoregulatory one (supported also by a significant correlation of Tau with NH4
+ but not 

with Gln, Figure 3:8). Tau is localized in both neurons and glial cells, and apart from it being an 

osmoregulatory molecule it was proposed as a neurotransmitter or neuromodulator and an antiox-

idant82. It was shown previously that Tau plays a role in striatal plasticity, and exerts a neuroprotec-

tive role under metabolic stress. In addition, Tau deficiency was shown to cause modifications of 

neuronal GABAA receptors and therefore alter GABAergic neurotransmission in striatal cell cul-

tures83. Decrease of Tau was shown in the extracellular space of rat striatum during hepatic failure 

and attributed to Tau redistribution as a cell-protective response84. Therefore, a strong change in 

Tau has important molecular implications in this brain region. In addition to Tau, tCho showed the 

strongest and significantly different decrease in striatum. Apart from its osmoregulatory role tCho 

is associated with cellular membranes85 as it is required for membrane phospholipid synthesis and 

myelination, therefore its strong decrease could be considered as a sign of neurodegeneration. Cho-

line is also a precursor in acetylcholine synthesis, and striatum is a region which normally contains 

high levels of acetylcholine mainly coming from striatal cholinergic interneurons. Potential altera-

tions in acetylcholine concentrations due to tCho decrease can have strong pathological conse-

quences on striatal physiology86.  

Astrocytic and neuronal morphological changes in presence of osmotic stress 

It is suspected that the osmotic stress due to the Gln increase and the release of main CNS osmolytes 

as reported in this study in the 3 brain regions will affect astrocytes morphology. While some astro-

cytic morphological changes have been previously reported17,20, there are very few studies of the 

neuronal changes. Some past studies have even reported the presence of brain edema and astro-

cytes swelling in type C HE but the results till date are controversial17,87–89 mainly due to limitations 
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related to studies in cell cultures, fixation and post-mortem changes90. To investigate the potential 

effects of the observed osmotic stress on cellular morphology, we preformed the first concomitant 

and detailed longitudinal assessment of astrocytic and neuronal morphological changes in type C 

HE.  

In the present study, a significant decrease in the number of astrocytes processes was observed at 

4 weeks post BDL surgery (hippocampus, cerebellum and thalamus), while in striatum this change 

reached significance only at the end point of the disease (week 8 post-BDL).Astrocytes modulate 

neuronal circuits by controlling the energy homeostasis using their morphological plasticity to re-

model processes91,92. Therefore, processes shortening, and intersection number decrease in addi-

tion to increased levels of NH4
+ and Gln as measured herein could contribute strongly to CNS func-

tion decline.   

Astrocytes are responsible for a variety of fundamental functions. They are involved in neurotrans-

mitter metabolism - uptake of Glu and GABA, provision of nutrients from blood vessels, ion home-

ostasis maintenance, process of neuronal migration, promotion of myelination as well as formation 

and regulation of the blood-brain barrier, maintenance and pruning of the synapses, formation of 

the gap junctions, vasomodulation in response to neuronal activity and scar formation93–95. In re-

sponse to brain injury and/or inflammation astrocytes become reactive and show changes in their 

roles and morphology. Of note, our previous results showed the presence of systemic and central 

inflammation in BDL rats1. The roles of reactive astrocytes comprise scar formation and inhibition 

of the inflammation spreading to protect neurons94. However, when astrocytes remain reactive and 

unable to repair, they became deleterious to the surrounding neurons and cause dysfunction of the 

CNS 96. Researchers argue that HE is a disorder of astrocyte function. GFAP, an intermediate filament 

expressed in astrocytes is responsible for both cell motility and cytoskeleton stability 97. It has been 

shown that GFAP expression decreases with HE progression and the influenced morphology alters 

the astrocytes function 89,98, in agreement with our previous results in hippocampus of BDL rats14.  

Although, the relative % change of GFAP+ cells number was quite similar for hippocampus and cer-

ebellum, +47.5% vs. +45.2% respectively, the overall response to the disease progression was dif-

ferent in striatum with only +31% increase and in thalamus where a decrease in GFAP+ was 
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measured. Therefore, brain regional difference to type C HE onset observed for astrocytes shows 

striatum as a region having a different behavior to type C HE. In parallel, it is known that there is 

significant difference between brain regions and baseline astrocytes density93,95, which was also 

confirmed in this study as shown for sham operated rats. This change of GFAP+ astrocytes is a hall-

mark of its reactivity and could be related to the stimulation of mature astrocytes and reentering 

into proliferation cycle which is a common feature in various neuropathological disorders99,100. The 

astrocyte activation is an important element of brain immune response which may significantly 

compromise the thiol antioxidant capacity101. It was demonstrated that oxidative stress plays an 

important role in astrocytes and that by increase of GSH concentration, as we observed in the cer-

ebellum of BDL rats (+85% at week 8, section 3.2.1.2), they try to overcome the increased formation 

of ROS101 (see also section 3.2.3.3). To maintain their antioxidant system neurons relay on the GSH 

freed by astrocytes. Therefore, chronic astrocytes activation combined with the presence of oxida-

tive stress as shown herein (sections 3.2.2 and 3.2.3) could contribute to the inability of adequate 

supply of GSH to neurons.  

Decrease of spine densities in V layer of cortical (~30%) and hippocampal CA1 (~37%) pyramidal 

neurons has been previously shown in BDL rats at week 4 post-surgery 102. Here we report even 

more pronounced changes of the hippocampal and cerebellar neurons morphology at week 8 post 

BDL. Our data shows for the first time a significant and brain differential change in soma surface size 

of hippocampal CA1 (+67%) and DG (+54%) and of the cerebellar Purkinje cells (-22%) neurons. A 

much stronger decline of the spine’s density was also depicted, reaching ~49% for CA1 (basal and 

apical), ~42% for DG and ~24% Purkinje cell. Numerous studies have shown that neurons change 

their morphology under a variety of physiological and pathophysiological conditions, like dendritic 

spine turnover and remodeling, change of shape and size of soma as well as structural changes of 

dendrites103. Astrocyte processes sheath all neuronal soma, dendrites, and synapses. The ensheath-

ment varies in brain regions, which is related with specific astrocytic-neuronal interactions 103. 

Spines are a major substrate of brain plasticity and serve as the postsynaptic component for the vast 

majority of central nervous system excitatory synapses. Their numbers and shape are regulated by 

both physiological and pathological events, therefore decreasing dendritic spines density can con-

tribute to the memory decline and cause cognitive dysfunction104,105 in type C HE patients. The 
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alterations of dendritic morphology due to metabolic-degenerative disorders are often associated 

with cognitive impairment as in mental retardation106. 

3.2.4.3 Energy metabolism and neurotransmitters 

Cr and PCr are metabolites involved in energy metabolism. A tendency of decrease in Cr and tCr was 

observed in all the brain regions being in agreement with previously reported result in hippocam-

pus14. The decrease of Cr was significantly stronger in cerebellum confirmed by its higher contribu-

tion to the 1st axis of STATIS analysis in this brain region (Figures 3:3, 3:4 and 3:7). A harmony be-

tween Cr and PCr influences the high-energy phosphate metabolism of the brain107, and alterations 

in 1H MRS detectable tCr were connected with several neuropsychiatric disorders108,109. Since Cr in 

the brain is synthetized in the glial cells it is transported to neurons via creatine transporters and 

most of the brain’s creatine transporter proteins are produced in the cerebellum110,111. It was 

shown, in the rat brain, that Cr measured by 1H MRS positively correlates with creatine transporter 

protein density107. Therefore, alterations in Cr concentrations in the brain whether caused by os-

motic stress or Cr synthesis inhibition can potentially alter neuronal energy metabolism.  In addition 

to Cr and PCr, another metabolite involved in the brain energy metabolism is Lac. The behavior of 

Lac was significantly different in cerebellum then in the other brain regions. Lac peaked in cerebel-

lum at week 8 (+84%), a unique change which was additionally confirmed by its higher contribution 

to the 1st axis of STATIS analysis (Figures 3:3 and 3:7). The previously published results of Lac changes 

are contradictory. An ex-vivo study performed on BDL rats reported a big increase in Lac playing a 

role in pathogenesis of CLD and edema87. Another study reported a decrease of Lac in the extracel-

lular space in the cortex which would point towards its intracellular accumulation 112, however re-

cent data measured in our group by 1H MRS report a decrease in Lac cortical concentration. In the 

brain, Lac is produced from the Glc metabolism via glycolysis, it is generated and metabolized by 

lactate dehydrogenase which can be found both in neurons and astrocytes113. It was proposed that 

Lac is produced mainly in astrocytes, then released into extracellular space to be taken up by neu-

rons to satisfy their energy demand as an additional fuel to Glc (astrocyte-neuron lactate shuttle 

hypothesis)113 and suggested that this is a possible pathway in HE leading to Lac increase. Our results 

show high decrease in blood Glc114 that is significantly driving the data variance (STATIS analysis – 

Figure 3:7), however brain Glc could not be reliably quantified probably due to its decrease. The fact 

that blood-borne Glc is at the start of brain Lac production115 suggests that the high accumulation 
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of Lac in the end stage of the disease could rather be a result of high neurometabolic stress in cere-

bellum, however further investigation of Lac metabolism in HE is needed.    

A tendency of decrease (although not significant) in the neurotransmitter GABA concentration was 

observed in hippocampus and cerebellum, further confirmed by their contribution to the 1st axis in 

the STATIS analysis (Figures 3:4, 3:5 and 3:7). GABA decrease was more pronounced in cerebellum 

(-23% at week 8) and possible deleterious implications of this metabolite were further promoted by 

its significant correlation with Gln in this brain region. The function of cerebellum in motor coordi-

nation and learning is mainly modulated by extracellular GABA and GABAergic neurotransmission48. 

It was shown that neuroinflammation in HE is connected with increased levels of GABA in extracel-

lular space and enhanced GABAergic neurotransmission and that these changes are related to im-

paired motor coordination48. Another study in patients found evidence of GABAergic inhibition in 

cerebellum whose degree increased with disease severity116. Moreover, the decrease of GABA might 

relate to changes in Glu and Tau which are the precursor of GABA and GABAA receptor antagonist 

respectively117. Because of the importance of GABA in cerebellum, alterations in GABA concentra-

tions in this brain region could potentially have degrading neuropsychiatric implications. A decrease 

in concentration of Glu was observed in all the brain regions, being the most significant in striatum 

(the correlation of Glu with NH4
+ was stronger than with Gln in striatum and hippocampus, Figure 

3:9). Alterations in glutamatergic neurotransmission due to inflammation were shown for hippo-

campus in HE48. In parallel, a decreased Glu could be a consequence of an increased synthesis of Gln 

from NH4
+ in astrocytes. Furthermore, NH4

+ induced oxidative stress can cause an inhibition of Glu 

uptake in astrocytes38, suggesting that multiple factors can be involved in the observed Glu de-

crease.  

3.2.4.4 Response to oxidative stress 

It is known that OS plays an important role in many neurodegenerative disorders and the possible 

implications of OS in type C HE were already described in the section 3.1.3. The UHF 1H MRS gives 

us a unique opportunity to measure in vivo Asc and GSH, the small molecular weight antioxidants 

who provide a quick response to OS by rapid reactions with ROS. A significant decrease in Asc con-

centration and a unique increase in GSH were observed in cerebellum (Figure 3:2). This observation 

goes in hand with the results discussed in previous section to point out cerebellum as the region 

with a more affected neurometabolic profile. Asc is primarily considered as a neuroprotective 
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antioxidant but can also act as a pro-oxidant and neuromodulator118. Neurons can contain high 

doses of Asc and therefore exhibit high rates of oxidative metabolism119. Ascorbate regulates oxida-

tive turnover and redox reactions involving this molecule drive cellular detoxification. Therefore, 

the observed decrease in Asc concentration could indicate the existence of oxidative imbalance. 

GSH has an important role in maintaining redox homeostasis as an essential factor in brain antioxi-

dant defense120. GSH concertation is the highest in astrocytes121,122 and these cells play a major role 

in its synthesis and transport assuming a role of neuroprotector against OS121,122. Increase in GSH 

concentration could imply a higher need for antioxidant protection. Our results demonstrate poten-

tial alterations of brain redox homeostasis in type C HE, being in agreement with previously reported 

important involvement of oxidative/nitrosative stress in pathology of HE72. However, the exact im-

pact of OS in type C HE progression is unknow an requires further investigation as our 1H MRS results 

are just an indirect observation for the presence of OS.  

In this context, we performed a first study investigating directly the longitudinal evolution of CNS 

and systemic OS in a rat model of type C HE using ex vivo and in vitro EPR detection of ROS.  

We observed a significant increase in 𝑂2
∙− production in hippocampus (longitudinally, Figure 3:16), 

cerebellum (at week 6, Figure 3:15) and blood (longitudinally, Figure 3.17). Interestingly, the in-

crease in hippocampal OS reached significance already at week 2 post BDL, while the systemic 

(blood) OS only at week 6 post BDL. This rise in production od 𝑂2
∙− in BDL rats can cause an increase 

in H2O2 leading to a harmful effect on long term potentiation123–125. In addition, the observed pattern 

of increase in intracellular 𝑂2
∙− for sham operated animals confirms the increase of OS with age126,127 

. 

The present results are in agreement our previously measured Asc decline in the hippocampus14 of 

BDL rats by in-vivo and longitudinal 1H MRS (see also section 3.2.1.2). We observed a strong negative 

correlation between the increase of 𝑂2
∙− and decrease of Asc concentrations in brain of BDL rats 

suggesting an increased scavenging in response to excessively produced ROS (Figure 3:16). Asc re-

acts with the ROS (i.e. 𝑂2
∙− , 𝑁𝑂2

∙ ) by donating a hydrogen atom and therefore forming ascorbyl rad-

ical and dehydroascorbic acid128. This study also showed that a higher amount of ROS at the basic 

level (for sham operated animals) was produced in cerebellum than in hippocampus, suggesting 

that this brain region could be more susceptible to OS (in agreement with the results obtained with 

1H MRS, section 3.2.1)129.  
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Type C HE is characterized by deficits in cognitive, psychiatric, and motor function (sub chapter 3.1). 

Therefore, the elevated oxidative stress in cerebellum and hippocampus suggests that ROS may play 

an important role in brain functions disruption, and thereby providing a further link between disease 

progression and cognitive decline in type C HE patients. 

3.2.5 Summary 

Using in vivo longitudinal 1H MRS we followed the evolution of metabolic profiles during type C HE 

in three different brain regions (striatum, hippocampus and cerebellum) in a BDL rat model provid-

ing a global description of the disease evolution in the CNS. While all the previously described 

changes14 were confirmed (increase in Gln and NH4
+, decrease of osmolytes and Asc in all brain 

regions), some novel brain region specific alterations were highlighted. The highest Gln increase was 

observed in the cerebellum resulting in a stronger decrease of other osmolytes (e.g. Tau, Ins, Cr). 

Moreover, energy metabolism disturbances (e.g. Lac increase), neurotransmitter changes (GABA 

decrease) and antioxidant alterations (GSH and Asc) were more pronounced in this brain region. 

Therefore, we described an increased vulnerability of cerebellum to the disease probably connected 

to its higher exposure to NH4
+. Additionally, some differences in metabolic response were observed 

for striatum when compared to other brain regions (e.g. smaller and less accelerating increase of 

Gln and a strong decrease in tCho). Using the STATIS analysis on the metabolite data combined with 

the blood parameters we confirmed Gln as one of the main driving forces of the disease (driving the 

data variance) and therefore we can point it out as a surrogate of the disease. The histology results 

showed that the reported neurometabolic changes in combination with the previously reported in-

flammation (neuro and systemic)1 affected the astrocytes reducing their capacity to remodel pro-

cesses. Moreover, there was an interdependence in astrocytic and neuronal morphological changes 

influencing the overall activity of the neuronal network during disease progression. BDL rats showed 

an increased CNS and systemic OS when compared with SHAM animals, suggesting that the increase 

of OS is more probably a consequence of intra- and extra-cellular ROS than that of reduced antioxi-

dants capacity. The presented results highlighted the important role of OS in type C HE, another 

aspect which needs further investigation and offers possibilities for potential neuroprotective strat-

egies.  
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3.3 Brain regional vulnerability in the developing brain: an 1H MRS study 

3.3.1 Introduction 

Very little is known on the effects of CLD on the developing brain. Clinical evidence suggests that 

the developing brain is much more susceptible to the deleterious effects of acute NH4
+ exposure 

than the adult/fully developed brain34,130. It has been shown that significant neurocognitive (e.g. 

executive functioning, language skills) and motor deficits preside in children after liver transplanta-

tion and appear not to be reversible131–133, suggesting some degree of injury or arrested develop-

ment together with a potential brain regional difference. The mechanisms leading to these unique 

effects on the developing brain are poorly understood. Moreover, an immature BBB in early child-

hood134,135 presumably contributes to this CNS development-dependent vulnerability. Additionally, 

in children with CLD, plasma NH4
+ is usually highly variable and not elevated enough to explain the 

degree of neurocognitive impairment, suggesting that other circulating compounds may be in-

volved. 

There are very few studies performed in vivo in a developing brain during type C HE. In our group, 

we  reported, using an animal model of CLD-induced type C HE that the hippocampus of a developing 

brain shows stronger metabolic changes compared to the adult one13. Additionally, the results pre-

sented in this thesis for the adult brain during type C HE show that cerebellum is affected differently 

than other brain regions (see sub chapters 3.2.1, 3.2.2, 3.2.3), suggesting a differential brain regional 

vulnerability which was unknown up to date. Nevertheless, how the infant or child’s brain responds 

to the metabolic changes of CLD, what is the brain regional vulnerability to the disease, and how 

these mechanisms differ from those in adult patients is still not completely understood. To the best 

of our knowledge, there are no published studies on developing brain during CLD assessing the po-

tential brain regional differences. Therefore, the aim of this study was to investigate longitudinally, 

using in vivo 1H MRS, the metabolic differences between hippocampus, cerebellum and striatum of 

a developing brain as key brain regions involved in the disease (section 3.2.1), using an animal model 

of CLD-induced type C HE during CNS development. 
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3.3.2 Methods 

3.3.2.1 BDL rat model of CLD in the developing brain 

All experiments were approved by the Committee on Animal Experimentation for the Canton de 

Vaud, Switzerland (VD3022/VD2439). BDL surgery (accepted model of type C HE 56)  was performed 

on 5 male Wistar rats at postnatal day 21 (P21). The maturation of rat brain at this age approximates 

a 9 month- old human136. BDL rats were always compared to sham operated animals at the same 

age (n=6) in order to: (1) consider the ongoing brain development and (2) take into account the well-

known brain regional differences in healthy animals and thus highlight only the brain regional dif-

ference due to disease. The study was performed until week 6, not week 8 as for the adult rats, the 

overall physiological state of P21 operated BDL rats started to deteriorate rapidly after week 6, 

therefore the study was stopped after this time point.  

3.3.2.2 Biochemical measurements 

Plasma bilirubin (liver parameter) was quantified on Integra and blood NH4
+ on blood ammonium 

meter (PocketChemTM BA PA-4140). AST/GOT, ALT/GPT and Glc were measured using Reflotron Plus 

system (F. Hoffmann-La roche Ltd.). 

3.3.2.3 In vivo 1H MRS 

Hippocampus (2x2.8x2mm3), cerebellum (2.5x2.5x2.5mm3) and striatum (2.5x2x2.5mm3) were 

scanned longitudinally using in vivo 1H MRS on a 9.4 T system (Varian/Magnex Scientific). First scan, 

as well as blood tests, were performed at week 2 after BDL and every two weeks up to week 6 (week 

2, 4, 6). MRS experiments were performed using the SPECIAL sequence (TE=2.8ms) 14. First and sec-

ond order shims were adjusted using FASTMAP137. Metabolite concentrations were calculated by 

LCModel using water as reference. Seventeen metabolites were reliable quantified, but only those 

showing a brain regional difference as a response to the disease are presented. 

In the bar plots the results were always presented as mean ± SD. The % change was calculated in 

comparison to the corresponding sham operated group (with the adequate error propagation cal-

culation). The BDL group was always compared to the sham operated group using two-way ANOVA 

and presented in figures (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001).  
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3.3.3 Results and discussion 

All the BDL operated rats showed increase in plasma bilirubin starting from week 2 post-BDL vali-

dating the presence of CLD (Figure 3:18A). Increase in blood ammonium was also observed for all 

BDL rats when compared to the sham operated animals, reaching significance at week 4 post-BDL 

(Figure 3:18A).  

Increase in brain Gln concentration, as a response to NH4
+ increase, was present in all three brain 

regions (week 6: +173% in cerebellum, +112% in hippocampus, +68% in striatum) (Figure 3:19B). 

This increase was significant, compared to the sham animals, already at week 4 in hippocampus and 

at week 6 post-BDL in cerebellum and striatum, while cerebellum showed the most pronounced 

increase in percentage at the end point of the disease (week 6) (Figure 3:19B). Increase in blood 

ammonium correlated significantly with brain Gln for all brain regions, and the correlation was 

stronger in cerebellum (Figure 3:18B). The strongest Gln increase in the cerebellum of the develop-

ing brain matches with the results observed in the adult brain (sub chapter 3.3) confirming that this 

brain region is more exposed to the precipitating factors of the disease (e.g. ammonium52). Moreo-

ver, Gln increase was stronger at week 6 post-BDL in the developing brain than even at week 8 post-

BDL in the adult brain (+173% vs. +134% in cerebellum, 112% vs. 100% in hippocampus, 68% vs. 48% 

in striatum, section 3.2.1.2), suggesting an increased vulnerability of the developing brain to the 

insults of CLD (in agreement with the study published for P21 rats in hippocampus only13). 

Figure 3:18: Blood parameters and correlation with Gln (P21 operated BDL rats) (A) Blood NH4
+ in BDL (blue line) and sham (black 

line) operated rats at each time point (left, Two-way ANOVA) and bilirubin for BDL rats only (black line, right) (B) Positive correlation 

between increase of blood NH4
+ in BDL rats and brain Gln percentage change of BDL rats compared to the sham rats during evolution 

of CLD was significant in all brain regions studied. The slope of linear regression was the steepest for cerebellum, followed by hippo-

campus and striatum indicating different response of these brain regions to the burden of ammonium. 
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Figure 3:19: Longitudinal regional evolution of Gln and the neurometabolic profile (A) Longitudinal evolution of Gln in hippocampus, 

cerebellum and striatum of BDL compared to sham rats (Two-way ANOVA). (B) Percentage change of Gln concentration in BDL rats 

compared to sham operated animals at each time point. (C) Representative spectra from a BDL and a sham operated rat at week6 in 

cerebellum, hippocampus and striatum with a visible increase of Gln and decrease of mIns in all brain regions studied; (all results are 

shown always in blue for cerebellum, green for hippocampus and red for striatum), * significance shown always compared to the 

sham rats. 

The main brain organic osmolytes decreased as a response to Gln increase (osmoregulation): Tau, 

tCr, tCho and Ins. All of them displayed a stronger decrease in cerebellum at week 6 (Figure 3:20), 

probably due to stronger Gln increase in this region. Interestingly, striatum of the developing brain 

didn’t have the strongest osmolyte decrease (as observed in the adult brain, see section 3.2.1). In 

fact, the decrease of osmolytes in striatum doesn’t fully compensate the increase of Gln (at 6 weeks 

post BDL: Gln +3.48 mmol/kgww vs sum of osmolytes (Ins, Tau, tCr and tCho) -2.11 mmol/kgww). This 

result suggests that the diseased metabolic profile during development is unique and differs from 

the adult one.  

Significant increase of Lac concentration at the end of the disease (week 6) was observed in all brain 

regions and again, it was stronger in cerebellum (+150% in cerebellum, +88% in hippocampus, 

+114% in striatum, Figure 3:20) and different from the adult brain where Lac was increased only in

cerebellum. This increase correlated significantly with the increase of brain Gln and blood NH4
+ for 

all three brain regions (data not shown). The strong peak of Lac at week 6 corresponds to the be-

havior of this metabolite in the cerebellum of the adult brain (peak at week 8, section 3.2.1.2). Lac 

is a metabolite involved in the brain energy metabolism, however previously published results on 
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its changes during type C HE are contradictory (see section 3.3.4.3). In the adult brain we sug-

gested that the high increase of Lac in the cerebellum could be assigned to high neurometabolic 

stress in this brain region especially at the end stage of the disease (week 8, section 3.2.4.3). Thus, 

we can say that in the developing brain there is a strong metabolic stress in all three brain regions 

causing the rise in Lac at week 6, once again confirming the increased vulnerability of the CNS during 

development.  

The neurotransmitters Glu and GABA and the antioxidant Asc showed a stronger decrease in cere-

bellum (Figure 3:21B). The importance of GABA and GABAergic neurotransmission for the cereberal 

function were already highlighted48 (section 3.2.4.3) and changes in its concentrations were related 

to changes in Glu as a GABA antagonist117. The main role of cerebellum is in motor coordination and 

learning48, therefore stronger alterations of these neurotransmitters (particularly in the cerebellum) 

may be connected to long term irreversible damage observed in children after liver transplantation. 

The observed decrease of Asc indicates a presence of OS once again highlighting its importance in 

type C HE.  

Figure 3:20: Evolution of the main brain osmolytes (P21 operated BDL rats) (A) Evolution of the metabolites in different brain regions 

in form of percentage change between concentrations (BDL compared to the sham rats) at scan6 (end-point of the disease) (B) Zoom 

on the evolution of the main brain osmolytes  as a response to Gln increase in form of percentage change between concentration for 

BDL compared to sham rats at week 6 post-BDL. 
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Figure 3:21: Longitudinal evolution of Lac, GABA, Glu, Asc  (A) Longitudinal evolution of Lac in cerebellum, hippocampus and striatum 

compared with the sham (Two-way ANOVA) showing significant increase at week 6 in all brain regions studied (all results are shown 

always in blue for cerebellum, green for hippocampus and red for striatum). (B) Additional more pronounced changes in cerebellum 

for GABA, Glu and Asc. 

3.3.4 Conclusion 

This is the first study showing in vivo longitudinal overview of metabolic responses of the hippocam-

pus, cerebellum and striatum to CLD in the developing brain. Overall, all three brain regions showed 

similar tendency of changes in metabolite concentrations. However, the changes in cerebellum 

seem to be the most pronounced suggesting increased vulnerability. Moreover, the observed 

changes (e.g. Gln and Lac increase) seemed to be stronger than the ones described for the adult 

brain (section 3.2.1). Further delineation of regional changes in the brain in response to CLD may 

help elucidate the molecular and regional origins of neuromotor and neurocognitive changes asso-

ciated with CLD.  

3.4 The beneficial effect of oral Cr supplementation in an early childhood rat 

model of type C HE: a preliminary 1H and 31P MRS study 

3.4.1 Introduction 

The only curative treatment for patients with liver disease and HE is liver transplantation. Until a 

transplant can be performed, the main challenge is to protect the brain from NH4
+ and other toxins 

and to reduce HE symptoms. Current treatments for HE target various mechanisms of NH4
+ 
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production and absorption or removal from the systemic circulation, but their efficacity is some-

times low. Developing strategies for neuroprotection are essential to protect patients from long-

term damage. Creatine is a key candidate for several reasons. First, Cr stabilizes mitochondrial func-

tion, which is important given that energy failure-induced mitochondrial dysfunction is associated 

with neuronal cell death and progression of disease138. Second, it was shown in vitro in 3D organo-

typic brain cell cultures that Cr is neuroprotective both in hyperammonemia conditions and in the 

context of the toxic guanidinoacetate accumulation under GAMT (guanidinoacetate N-methyltrans-

ferase) deficiency79,139–141. Further, and given its essential functions played in CNS, Cr has been sug-

gested as a potent neuroprotective agent in several neurodegenerative conditions with clinical trials 

(e.g. Huntington’s and Parkinson’s diseases142,143). Therefore, exploring methods to efficiently sus-

tain Cr concentration in the developing CNS exposed to HA (or other insults) may have potentially 

considerable clinical implications.  

It is known that children are more affected by CLD and its related toxic accumulation of NH4
+ and 

Gln than adult patients, with long-lasting cognitive deficits after liver transplantation34,132,133,144. BDL 

rat is a model of CLD induced type C HE validated in the adult and developing brain13,14 (sections 3.2, 

3.3). Our group showed that rats having acquired CLD as pups display more profound neurometa-

bolic disturbances than adults with the same disease (more important Gln increase, stronger os-

motic response, stronger decrease of tCr13, see also sections 3.3 and 3.2). In parallel, a decrease in 

tCr has been shown in developing rat brain-cells aggregates after NH4
+ exposure by our collaborator 

Prof. Olivier Braissant (CHUV/UNIL), due to downregulation of Cr synthesis79. Recently we showed 

differences in brain metabolic changes between post-natal 15 (P15) and post-natal 21 (P21) oper-

ated BDL rats, suggesting that age of disease onset and its coincidence with neurodevelopmental 

processes play an important role and may result in different vulnerability to the disease145. Moreo-

ver, NH4
+ induced impaired axonal growth was shown to be rescued by Cr treatment in organotypic 

3D brain cell cultures139 and P21 BDL rats treated with Cr showed less pronounced metabolic 

changes146.  

Therefore, we hypothesized that high Cr diet might be beneficial in type C HE in P15 BDL rats. Our 

aim was to test whether oral Cr supplementation dampens the neurometabolic changes observed 

in type C HE in a longitudinal model of CLD acquired in early childhood and if these changes are 

similar to those in P21 rats146 (a study performed in our group). For that we assessed the effect of 

Cr supplementation on the longitudinal evolution of brain metabolites using 1H and 31P MRS. 
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3.4.2 Method 

3.4.2.1 BDL rat model of CLD in the developing brain 

All experiments were approved by the Committee on Animal Experimentation for the Canton de 

Vaud, Switzerland (VD3022/VD2439). BDL surgery (accepted model of type C HE56) was performed 

on 6 male Wistar rats at postnatal day 15 (P15). BDL rats were compared with sham (n=6) operated 

animals at the same age to consider the ongoing brain development. Rats were divided into 4 

groups: BDL (n=3), BDL with Cr treatment (BDL + Cr, n=3), sham (n=3), sham with Cr treatment (sham 

+ Cr, n=3). The animals from the treated groups received high Cr supplemented diet with a concen-

tration of 40g/kg.  

3.4.2.2 Biochemical measurements 

Plasma bilirubin (liver parameter) was quantified on Integra and blood NH4
+ on blood ammonium 

meter (PocketChemTM BA PA-4140). These blood parameters were measured longitudinally every 

two weeks (week 2, week 4, week 6 post-BDL). AST/GOT, ALT/GPT and Glc were measured using 

Reflotron Plus system (F. Hoffmann-La roche Ltd.). 

3.4.2.3 In vivo 1H MRS and 31P-MRS 

1H MRS and 31P-MRS scans were preformed longitudinally every two weeks (week 2, week 4, week 

6). The experiments were done using a 9.4T MRI-system (Varian/Magnex Scientific) together with 

home-built coil (quadrature 1H-loops with a single 31P-loop). First and second order shims were ad-

justed using FASTMAP137. 1H MRS spectra were acquired in hippocampus (2 x 2.8 x 2 mm3) using the 

SPECIAL sequence (TE=2.8ms)147. 31P MRS spectra were acquired using a non-selective AHP pulse 

for excitation, localized by OVS (x,z) and 1D-ISIS (y) (TR = 8 s, 384 averages), WALTZ-16 for NOE and 

1H-decoupling as described and optimized in148 (VOI = 5 x 9 x 9 mm3). 31P MR spectra were quantified 

using AMARES (jMRUI)149 and normalized for each rat using its PCr concentration from 1H MRS (as 

previously described148,150, see also section 1.6.5) acquired in VOI = 4 x 7.5 x 6.5mm3 centered in 31P 

VOI  for reaching narrow enough linewidths (14 Hz or lower measured on the water signal) for a 

reliable quantification of Cr and PCr separately. 
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Figure 3:22: Timing of the 1H and 31P MRS measurements. Graphical representation of the longitudinally performed MRS experi-

ments on four groups of animals. 

In the bar plots the results were always presented as mean ± SD. Diseased rats where always com-

pared with the corresponding sham operated group (sham vs. BDL and sham + Cr vs. BDL + Cr). The 

longitudinal data of the groups was compared using 2-way ANOVA with Bonferroni correction and 

at a given time point only using the unpaired students t-test (*p<0.05, **-p<0.01, ***-p<0.001, 

****-p<0.0001). 

3.4.3 Results and discussion 

All BDL operated rats showed increase in plasma bilirubin and blood NH4
+ validating the presence 

of CLD (data not shown). Some minor improvements in the neurometabolic profile were noticed for 

BDL rats under Cr treatment when looking at the differences Sham / BDL vs Sham + Cr / BDL + Cr. Cr 

treatment seemed to restore the decrease in Cr and tCr leading to a higher Cr concentration in the 

BDL + Cr group (+13% at week 6, Figures 3:23 and 3:24). Of note, all treated rats seemed to show 

higher Cr concentrations in the brain following treatment, probably due to a more permeable and 

immature BBB at this age (Figures 3:23 and 3:24). The decrease in Asc concentration is a recently 

shown hallmark in HE (here not yet significant due to small n, see sections 3.2.1.2 and 3.3.3) and as 

previously shown145 appears later in P15 BDL rats (week 6 post-BDL) compared to P21 BDL rats 

(week 4 post-BDL). Cr treatment restored Asc in BDL rats emphasizing the antioxidant role of Cr151. 

Treatment seems to have a positive effect on other osmolytes as well (Ins, Tau and tCho), which 

appear to have a less significant decrease in BDL + Cr than in BDL rats even though Gln is as high in 

treated rats as in non-treated (Figures 3:23 and 3:24). 

This study confirmed a previously shown delayed increase in Gln, as a consequence of NH4
+ detoxi-

fication, for P15 BDL rats probably caused an by immature glutamine synthetase152 enzyme at a very 

early age thus delaying NH4
+ detoxification (Figure 3:23). There was no effect on Gln concentration 
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due to Cr treatment for the P15 BDL rats (Figures 3:23 and 3:24), although a positive impact of Cr 

treatment was previously seen only at week 8 in the P21 BDL rats146. Because of the high impact of 

NH4
+ on the immature brain, P15 BDL rats didn’t survive so late during the disease progression (they 

were sacrificed at week 6 post-BDL). 

Figure 3:23: Hippocampal metabolic changes in P15 BDL rats.  Brain metabolic changes measured longitudinally by 1H MRS in hip-

pocampus at week 2, week 4 and week 8 after BDL. Rats which received Cr treatment (shown in green) show higher Cr concentrations 

in the brain. Treatment restored Asc in the BDL rats and had a positive effect on the osmolytes (Ins, Tau and tCho). Diseased rats 

where always compared with sham operated rats (sham vs. BDL and sham + Cr vs. BDL + Cr) using 2-way ANOVA with Bonferroni 

correction (*p<0.05, **-p<0.01, ***-p<0.001, ****-p<0.0001). 
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Figure 3:24 In vivo 1H MR spectra from hippocampus (VOI = 2 x 2.8 x 2 mm3) of P15 BDL rats acquired at week 6 after BDL or sham 

surgery, each spectrum is from one animal. Spectra clearly show increased tCr in both BDL + Cr and Sham + Cr. The positive effect of 

Cr treatment on other osmolytes (Ins, Tau and tCho) is also visible on BDL + Cr spectrum. 

Treated BDL rats showed a stable PCr concentration at week 4 (ns, BDL + Cr vs Sham + Cr) compared 

to BDL rats without treatment which displayed a significant decrease (*p<0.05, BDL vs Sham), with 

this effect diminishing at week 6 post-BDL. Treatment had no effect on 𝛾ATP, contrary to previously 

reported P21 results which showed a positive effect of Cr for both PCr and 𝛾ATP at week 6146. How-

ever, treated BDL rats have a more stable tNAD pool (similar to sham and sham + Cr) compared to 

non-treated ones. Higher variations in NADH and NAD+/NADH ratios indicate a more unstable redox 

state for non-treated BDL rats indicating an increased oxidative stress (Figure 3:25). 
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Figure 3:25: Brain metabolic changes measured by 31P MRS longitudinally (week 2, week 4 and week 6 post-BDL). Treated rats 

showed stable PCr at week 4 compared to a decrease in the non-treated animals with no effect on 𝛾ATP. Variations of tNAD, NADH 

and NAD+/NADH were smaller in treated animals indicating a more balanced redox state. Diseased animals were compared with 

the corresponding sham operated animals using the unpaired students t-test (*p<0.05, **-p<0.01, ***-p<0.001, ****-p<0.0001). 
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Figure 3:26: In vivo 31P MR spectra from a VOI = 5 x 9 x 9 mm3 comprising an important part of the brain acquired at week 6 after 

BDL or sham surgery, each spectrum is from one animal. 

3.4.4 Conclusion 

Our preliminary findings revealed that Cr supplementation improved the neurometabolic profile, 

emphasizing Cr's antioxidant involvement. We already showed that age affects the susceptibility to 

CLD-induced HE. In the current study Cr supplementation appeared to validate this distinct vulner-

ability by leading to difference in response between P15 and P21 BDL rats (Gln, PCr, ATP). The ben-

eficial effects on Asc and other osmolytes suggest that combinatorial treatments in type C HE are 

required. Additional studies are needed to confirm our findings, as well as to determine whether 

differences in neurometabolism caused by Cr supplementation translate into different neurological 

outcomes. 

Conclusion 

The reported longitudinal metabolic changes in striatum, hippocampus and cerebellum (1H MRS in 

a BDL rat model) during type C HE led to the conclusion that there is a differential brain regional 

vulnerability to the disease. Our results emphasize that the observed changes/mechanisms in a sin-

gle brain region should not be taken as conclusive general disease characteristics. The highest Gln 

burden and resulting osmolyte release as well as more pronounced Lac, GABA and antioxidants 

changes were observed in cerebellum. Therefore, we conclude that there is an increased 
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vulnerability of cerebellum. The increase of Gln was the first observable metabolic change in all the 

measured regions. STATIS analysis of metabolite data combined with the blood parameters further 

confirmed that the longitudinal evolution of this metabolite contributes strongly to the data vari-

ance (comparable to liver disease marker bilirubin and NH4
+). Therefore, we conclude that Gln can 

be considered as first brain metabolic marker of type C HE which could potentially serve to assess 

HE independently of the results of neuropsychological tests.  The histology results showed that the 

reported neurometabolic changes in combination with previously reported inflammation (neuro 

and systemic)1 affected the astrocytes reducing their capacity to remodel processes. Moreover, the 

observed neuronal alterations suggested there is an interdependence in astrocytic and neuronal 

morphological changes influencing the overall activity of the neuronal network during disease pro-

gression. BDL rats showed an increased CNS and systemic OS when compared with SHAM animals, 

emphasizing that the increase of OS is more probably a consequence of intra- and extra-cellular ROS 

than that of reduced antioxidants capacity. The elevated oxidative stress in cerebellum and hippo-

campus indicated that ROS may play an important role in brain functions disruption, providing a 

further link between disease progression and cognitive decline in type C HE patients. 

The brain regional measurements in the developing brain showed a stronger metabolic stress (e.g. 

Gln and Lac increase at week 6) when compared to the adult brain confirming the increased vulner-

ability of the immature CNS. Overall, the three brain regions showed similar tendency of changes in 

metabolite concentrations with the highest impact on the cerebellar neurometabolic profile. The 

observed alterations of neurotransmitters in cerebellum during development, because of its role in 

coordination and learning, may be connected to long term irreversible damage observed in children 

after liver transplantation.  

The preliminary study on the effect of Cr supplementation on the neurometabolic profile of BDL rats 

in the very early childhood (P15) confirmed the suspected age susceptibility to CLD-induced HE. 

Some beneficial effects of Cr supplementation are observed on Asc and osmolytes allowing us to 

conclude that combinatorial treatments in type C HE are required and should be closely investi-

gated.  
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 First implementation of FID-MRSI 

at 14.1T for fast and high-resolution metabo-

lite mapping of the rat brain  

Magnetic resonance spectroscopic imaging allows the detection of MR spectra from a multidimen-

sional array of locations providing the characterization of a full object under investigation. Even 

though the combination of spatial encoding with MRS brings valuable in vivo information for both 

clinical and biomedical research studies, its use remains limited due to several issues (e.g. low SNR, 

low spatial resolution, lack of standardized processing and quality assurance tools etc.) However, 

recent technical advancements have improved MRSI quality and speed, making it a preferred instru-

ment for clinical research. At UHF in the clinical setting pulse-acquire free induction decay (1H FID-

MRSI) acquisitions are increasingly used (minimizes the T2 relaxation, J-evolution chemical shift dis-

placement errors and sensitivity to B0 inhomogeneities). Moreover, this simple sequence design per-

mits a considerable acquisition time reduction by decreasing the TR while using optimal Ernst’s flip 

angle. While in the human brain, MRSI is increasingly used, in the preclinical setting MRSI is not 

widely applied mostly because of difficulties related to the small rodent brain, i.e. long acquisition 

times and low SNR. 

The implementation of a novel approach: FID-MRSI on the UHF preclinical scanner (14.1T) is de-

scribed in this chapter. This method offers a fast (short TR) and robust data acquisition with high 

spatial resolution resulting in high quality spectroscopic maps in a very short acquisition time provid-

ing an increased brain coverage. Our results set the grounds for a wider application of 1H-FID-MRSI 

in the preclinical setting with a potential for further improvements and acceleration. We tested two 

noise reduction techniques as a potential step in the postprocessing of preclinical MRSI data. Prelim-

inary assessment of the effect of the Marchenko-Pastur principal component analysis and the low-

rank TGV reconstruction on the spectra from preclinical MRSI datasets (FID MRSI and SPECIAL MRSI) 

and their quantification showed promising results for their future implementation.  

My contribution to this chapter is in its entirety (including all the data acquisitions, processing, 

quantification and statistical analysis as well as drafting the text).  
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This Chapter is structured in four sub-chapters. In the first sub chapter titled “Introduction: chal-

lenges of MRSI and its preclinical applications” (4.1) the challenges of MRSI are briefly described 

and main sequences used for preclinical MRSI are presented. Moreover, the advantages of FID-MRSI 

acquisitions at UHF are specified. The second sub-chapter titled “Calibrations of the FID-MRSI se-

quence on the 14.1 T Bruker console” (4.2) provides a detailed description of the first implementa-

tion of FID-MRSI sequence (in our laboratory) in the preclinical setting with all the optimization steps, 

basis set, quantifications and first results in terms of metabolic maps. In the third sub-chapter (“Ef-

fect of noise reduction techniques on preclinical MRSI data: preliminary results”, 4.3) two noise 

reduction techniques are tested as a potential processing step in the preclinical MRSI post-processing 

pipeline. Finally, the fourth sub-chapter (“Conclusion and future perspective”, 4.4) provides an over-

all conclusion with potential future steps for improvement and acceleration.  
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4.1 Introduction: challenges of MRSI and its preclinical application 

Magnetic resonance spectroscopic imaging allows the non-invasive detection of MR spectra, simul-

taneously, from multiple spatial locations in a single slice inside the brain, or in the entire brain if 

done in 3D. Even though the ability of this technique to map, in vivo, the metabolic regional differ-

ences in a slice or the entire brain at a given time point is very valuable for both clinical and biomed-

ical research studies, its routine application remains challenging due to several issues (e.g. low SNR, 

low spatial resolution, lack of standardized processing and quality assurance tools etc.). However, 

the availability of ultra-high magnetic fields (UHF), advanced pulse sequences and new encoding 

methods improved the quality and speed of MRSI, making it a tool of choice in the research com-

munity1–3. The basic principles of MRSI acquisition and reconstruction were already described in 

Chapter 1 (sub chapter 1.7). 

The advantages of UHF (higher B0,  ≥ 7T) that bring benefit to MRSI are the increased sensitivity, 

SNR and frequency dispersion. Therefore, important new biomarkers like GABA and separated Gln 

and Glu can be quantified bringing crucial information for diseases like cancer4, multiple sclerosis5 

and also hepatic encephalopathy6. Despite the advantages that UHF brings there are still some re-

maining challenges in acquisition of good spectral dataset such as B0 and B1 inhomogeneities, 

shorter T2 relaxation times, stronger chemical shift displacement errors, lipid artifacts, need for a 

standardized processing and quality assurance tools7 etc. In addition, in standard MRSI phase en-

coding (as explained in the sub chapter 1.7) is combined with a localization sequence (e.g. PRESS, 

STEAM, LASER, see section 1.6.1). Since only one phase encoding step is acquired per repetition 

time in a traditional MRSI scheme and the number of steps needed increases with the resolution, 

this leads to long acquisition times. In addition, volume preselection provides spectra only from a 

selected rectangular volume restricting the access to the border regions of the brain8. These are 

some of the challenges that need to be overcome to successfully implement MRSI and some of them 

will be tackled in this chapter.  

While in the human brain, MRSI is increasingly used, in the preclinical setting MRSI is not yet widely 

applied mostly because of difficulties related to the small rodent brain9. The resulting low SNR 

comes from a very small nominal voxel size in rodents (e.g. in 32x32 matrix 0.75 x 0.75 x 2mm3)10 

while in the human brain even at high spatial resolution (128 x 128) the nominal voxel size is fairly 

big (e.g. 1.7 x 1.7 x 10 mm3)11. While additional challenges inherited from human brain MRSI are still 
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present in terms of shimming of big volumes with many tissue interfaces, long measurement times 

(e.g 120 min)10, water suppression artifacts and lipid contamination9 etc. Only few studies using 

SPECIAL10,12 (pioneered by our group) or PRESS13 MRSI have been reported in the preclinical settings. 

4.1.1 SPECIAL MRSI 

SPECIAL MRSI sequence is one of the spectroscopic imaging sequences successfully applied in ani-

mals at UHF (9.4T). The advantages of SPECIAL localization scheme14 (see section 1.6.1.2) in terms 

of sensitivity combined with MRSI phase encoding allowed for quantitative mapping of the neu-

rometabolic profile consisting of 10 metabolites(Cr, NAA, Glu, Gln, Cho, Tau, Ins, Glc, Lac and Li-

pids)15. In a preclinical setting (rat brain at 9.4T) using a home-built quadrature surface coil for trans-

mit and receive high spatial resolution was achieved (matrix size 32 x 32, FOV = 24 x 24 mm2) in a 

rectangular volume of 10 x 2 x 10 mm3 (coronal orientation, keeping 10 x 11 nominal voxels)15. 

However, even with a very short echo time (TE = 2.8 ms) the TR used was 2-2.5 s for metabolites 

and 1.5 s for water leading to a total measurement time of 120 -135 min. Thus only few studies were 

published using this method15,16.  

4.1.2 PRESS-MRSI 

One of the first MRSI sequences successfully applied in the preclinical setting (to the rat brain) was 

PRESS-MRSI17. The PRESS localization scheme (see section 1.6.1.2) was further optimized using 

asymmetric pulses18 for excitation and refocusing allowing a further shortening of the TE from 15ms 

to 6ms17. The experiment was performed on 4.7T BRUKER in a healthy rat brain where the voxel for 

the PRESS based MRSI sequence was 10 x 7 x 4 mm3 (6x9 nominal voxels), showing the feasibility of 

this sequence however no quantification was presented17. More recently, PRESS-MRSI multi slice 

approach was evaluated in a preclinical model of glioblastoma (following tumor growth)19. It was 

proved that this method is an efficient tool to follow preclinical disease model longitudinally and 

evaluate their response to therapy13,20. 

4.1.3 FID-MRSI at UHF 

At UHF in the clinical setting pulse-acquire free induction decay (1H FID-MRSI)21,22 acquisitions are 

increasingly used2. It has been shown that T2 relaxation times decrease with the increasing field 

strength causing a very fast signal decay at UHF23. Therefore, very short TEs need to be used. In the 

FID-MRSI sequence signal is acquired almost immediately after excitation substantially shortening 

the TE (as low as 1.3ms22)8 and therefore minimizing T2 relaxation. Moreover, CSDE increases with 
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the magnetic field strength (B0, increased frequency dispersion). CSDE can be decreased using 

broadband adiabatic RF pulses (as in SPECIAL, see sections 3.1.1 and 1.6.1.2) or by avoiding the 

refocusing pulses as for the FID acquistion8. To sum up, FID-MRSI acquisition minimizes the T2 relax-

ation and J-evolution, therefore increasing the SNR. It also reduces the chemical shift displacement 

errors and sensitivity to B0 inhomogeneities2,22,24,25. Moreover, its simple sequence design permits 

to reduce considerably the acquisition time by decreasing the TR while using optimal Ernst’s flip 

angle. However, since FID-excitation selects a full slice (or a whole brain in 3D), it requires control 

of extracranial lipid contamination and proper handling of the macromolecule signals2. Therefore, 

the use of postprocessing and reconstruction techniques that reduce lipid contamination is recom-

mended2. Aiming for a shortest possible TR leads to shortening of the WS schemes sometimes re-

sulting in poor WS. 

FID-MRSI at UHF (7T) has been successful in investigating glioma (reporting metabolic images of 

NAA, tCho, tCr, mIns, Gly, Glu and Gln)26,27, multiple sclerosis28,29, epilepsy and a number of other 

neurodegenerative pathologies and psychiatric disorders8.  

4.2 Calibrations of the FID MRSI sequence on the 14.1 T Bruker console 

In this sub-chapter, the advantages of pulse-acquire 1H FID-MRSI acquisitions (section 4.1.3) are 

combined with the UHF of 14.1T to obtain increased SNR and spatial resolution for the first time in 

the rodent brain. Since this was the first implementation of the FID-MRSI acquisition in our labora-

tory on the newly obtained 14.1T Bruker console all the tests and acquisition calibrations are de-

scribed in detail to be used for future implementations.  

4.2.1 First tests – Phantom experiment 

A phantom made in a 5ml syringe with a mixture of 16 in vivo present metabolites with BSA (Bovine 

serum albumin) was used for a first test experiment. The exact concentrations in the mixture were: 

Ala – 1 mM, Asp – 1.5 mM, Cr – 4.8 mM, PCr – 4.4 mM, GABA – 2.1 mM, Gln – 3.4 mM, Glu – 8.8 

mM, GSH – 1.8 mM, Ins – 7.3 mM, Lac – 4.2 mM, NAA – 7.5 mM, Tau – 10.4 mM, Glc – 2.2 mM, 

NAAG – 0.8 mM, PE – 0.7 mM, GPC+PCho – 1.2 mM, Cr+PCr – 9.2 mM and BSA – 2.5 mM.  

The single-slice FID-MRSI sequence provided by BRUKER was firstly used. Of note, there were very 

few acquisition parameters provided in the protocol and they were not adapted to 14.1T. An axial 
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slice of 2 mm thickness was positioned at the same depth as a previously shimmed volume (9 x 7 x 

3 mm, MAPSHIM from BRUKER) in the STEAM sequence (TE=3ms, TM=10ms, TR=4000ms). Only the 

water signal was acquired with the STEAM sequence to check the water linewidth (shim quality). 

The parameters used for the FID-MRSI were adjusted to 32 x 32 matrix size, 24 x 24 mm field of 

view, TE = 1.314ms, TR = 1105ms, 2 averages (weighted averaging mode, total duration 22min 38s). 

A calculated pulse shape from BRUKER was used with a flip angle of 90o (pulse length = 0.6ms and 

bandwidth = 7000 Hz). For these first tests, only the water signal was acquired. The resulting map 

of the significant water signal (provided by the MRSI tool in jMRUI (http: //www.mrui.uab.es/mrui/)) 

reproduced well the phantom shape leading to the conclusion that the sequence works well in these 

conditions (phantom experiment, Figure 4:1). 

Figure 4:1: FID-MRSI phantom experiment - water spectra.  The first FID-MRSI experiment performed on the BRUKER console at 

14.1T using a phantom in a 5ml syringe and a home built transmit/receive surface coil. The localizer image is shown on the left with 

the FID-MRSI slice position in light blue. The resulting water map provided by the jMRUI MRSI tool and the corresponding water 

spectra (only from one row) are shown in the middle and on the right-hand side.  

Further on to evaluate the quality of metabolite signal and WS on a phantom (before the in vivo 

acquisition), a metabolite spectrum (from the same phantom) was acquired with a STEAM sequence 

(TE=3ms, TM=10ms, TR=4000ms, 32 averages, VOI =9 x 7 x 3 mm3) using the default VAPOR water 

suppression (water suppression pulse BW = 350 Hz and the flip angles 90o and 180o). The obtained 

spectrum is shown in the Figure 4:2A. 

To test the FID-MRSI acquisition of the metabolite spectra, VAPOR water suppression was added 

before the excitation in the sequence (the default / non-adjusted WS). The metabolite acquisition 
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was then performed on the same phantom (as for the water map (Figure 4:1) and the metabolite 

acquisition with the STEAM sequence (Figure 4:2B)). The acquisition parameters and the example 

spectrum from a nominal voxel (0.75 x 0.75 x 2 mm3) are shown in the Figure 4:2B. The spectrum 

obtained with FID-MRSI matches well to the spectrum obtained with STEAM while a first order 

phase distortion can be observed due to the acquisition delay of 1.314ms (delay between the exci-

tation pulse and the start of the acquisition). To shorten the total acquisition time we decreased the 

TR to 820 ms and calculated the corresponding Ernst angle using the average metabolite T1 relaxa-

tion times reported at 14.1T30. The new sequence adjustments provided a more uniform water map, 

significant acquisition time reduction (~6min) and a slightly improved SNR (Figure 4:2C). Note that 

the big water signal residue observed in all the spectra presented in the Figure 4:2 results from an 

imperfect (not properly adjusted) VAPOR WS.  

Figure 4:2: FID-MRSI phantom experiment - metabolite spectra.  A) Spectrum obtained from a phantom (5 ml syringe with in vivo 

measurable metabolites) using a STEAM sequence (TE=3ms, TM=10ms, TR=4000ms, 32 averages, VOI =9 x 7 x 3 mm3), note the poor 

water suppression; B) FID-MRSI axial acquisition with the addition of the VAPOR water suppression showing a representative metab-

olite spectrum from the position 11:13; C) FID-MRSI axial acquisition repeated after shortening of the TR and Ernst angle adjustment. 

The shown spectrum is from the same nominal voxel position as the one displayed in the part (B). Not the poor water suppression 

also for the FID-MRSI acquisitions. 
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4.2.2 First in vivo acquisitions – single slice FID-MRSI in the axial direction 

4.2.2.1 Water suppression adjustments 

The advanced MRSI approaches usually use WET or VAPOR techniques for water suppression (see 

also section 1.6.2). Even though the VAPOR pulse train is longer and increases the TR compared to 

the WET technique, in our experimental setting (B0 = 14.1T and transmit/receive surface coil) VAPOR 

provides higher efficacy of WS because of its lower sensitivity to B1
+ variations31. However, as can 

be seen in Figure 4:2 the quality of the WS when using the settings provided by Bruker was poor. 

Therefore, to achieve efficient WS over the large region of interest for MRSI the VAPOR pulse pow-

ers needed to be calibrated correctly31. 

The original VAPOR scheme is described in the section 1.6.2. and it consists of seven pulses with a 

factor of 1.78 difference in flip angles (𝛼 − 𝛼 − 1.78𝛼 − 𝛼 − 1.78𝛼 − 𝛼 − 1.78𝛼). The flip angles 

were first optimized using a STEAM sequence (default BRUKER sequence, TE=3ms, TM=10ms, 

TR=4000ms) in a big VOI = 9 x 7 x 3 mm3, positioned in the axial direction (in vivo in a rat brain at 

14.1T, using a transmit/receive home-built quadrature surface coil). The same VOI was used for 

shimming before the MRSI acquisition (MAPSHIM from BRUKER). An array of experiments was ac-

quired keeping the ratio between the flip angles fixed (1.78) to find the optimal values which provide 

the best WS (Figure 4:3A). Furthermore, the array of experiments with a smaller flip angle differ-

ences was then repeated to pinpoint the values that provide optimal WS (lowest water residual, 

Figure 4:3B). The inter pulse delays of the VAPOR scheme are set to fixed values (inter-pulse delays 

(in ms): 150 – 80 – 160 – 80 – 100 – 30 – 26). While it is recommended not to change these preset 

delays, the last delay (between the last WS pulse and the first excitation pulse) can still be optimized. 

Therefore, after adjusting the flip angles, another array of experiments was performed (using the 

optimal flip angles) changing the described last delay (d7, Figure 4:3C).  
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Figure 4:3: VAPOR optimizations. A) A series of experiments with different VAPOR WS flip angles using a STEAM sequence (TE=3ms, 

TM=10ms, TR=4000ms, in vivo in the rat brain at 14.1T, BRUKER). The zoom on the water residual and how it changes with different 

flip angles is shown on the right; B) The optimum flip angles found that result in the lowest residual water signal; C) Additional 

experiments performed with the optimized flip angle value while changing the last delay in VAPOR (between the last WS pulse and 

the first excitation pulse). 

For the FID-MRSI acquisition in addition to the adjusted flip angles and last delay, the WS pulse 

bandwidth was increased to 600Hz. All these adjustments lead to an improved WS achieved in vivo 

(see Figure 4:4 compared to Figure 4:2B and C).  
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Figure 4:4: FID-MRSI in vivo rat brain spectrum. An example spectrum acquired in vivo in the rat brain at 14.1T using the FID-MRSI 

axial acquisition (TE=1.3ms, TR=812ms, 32x32 matrix in the FOV=24x24mm2) with the optimized VAPOR water suppression. 

Later improvements in the reference power and WS 

The reference power needs to be calibrated at the start of each experiment manually, since we use 

a quadrature surface coil. A 2mm thick slab is positioned at the same depth in the brain as the slice 

that will be used for the MRSI acquisition. The power adjustment algorithm is based on a 3-pulse 

sequence (𝛼 −
𝑇𝐸

2
− 2𝛼 − 𝑆𝐸 − 𝑇𝑀 − 𝛼 −

𝑇𝐸

2
− 𝑆𝑇𝐸, where SE denotes a spin echo, STE a stimu-

lated echo and TM a mixing period for STE formation) with a constant gradient applied during the 

entire sequence which serves as slice selection, frequency encoding and spoiling gradient. The RF 

waveform can be changed but the default protocol sets a 0.5 ms blockpulse for the first and third 

excitation32. This protocol was improved for our experimental setting by changing the blockpulse 

with a gaussian pulse which provided an improved reference power calibration when using home-

built surface coils (gaussian pulse performs better in presence of coil related B1 inhomogeneities). 

The process depicted on the Figure 4:3 for the optimization of WS pulses was repeated with the 

improved reference power calibration. This resulted in the following optimal values for WS: flip an-

gles 84/150o and d7=26/22ms. These values are reproductible, closer to the original VAPOR se-

quence and work well for both coronal and axial orientation of the MRSI slice. However, the water 

suppression RF pulse bandwidth needs to be checked and manually adjusted, if necessary, prior to 

every experiment (the most used value is 660Hz). 
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4.2.2.2 Field of view saturation 

The first in vivo FID-MRSI experiments were performed with a slightly different parameters when 

compared to the in vitro experiment (presented in the section 4.2.1). The repetition time was fur-

ther shortened to TR = 812 ms, the number of averages reduced to one (weighted or standard av-

eraging doesn’t play a role anymore) and the matrix size to 31 x 31 (FOV = 24 x 24 mm) leading to 

the nominal voxel size of 0.774 x 0.774 x 2 mm3. The matrix size was adjusted following the recom-

mendation from BRUKER saying that it is desirable to sample the center of the k-space which can 

only be achieved with an odd matrix dimension. This led to a total acquisition time of 12min and 

59s. The VAPOR WS was adjusted as described in the section 4.2.2.1 (flip angles of 66o and 118o, last 

delay of 22ms and pulse bandwidth of 600 Hz).  

The influence of field of view saturation was then tested. Six saturation slabs of 10mm thickness 

were added around the selected slice and positioned around the brain to remove the unwanted 

signal coming from subcutaneous lipids. The experiment was then repeated without the FOV satu-

ration and the spectra from the same positions (nominal voxels) in the matrix were compared to 

assess the potential beneficial influence of the FOV saturation (Figure 4:5). It can be observed from 

the water maps that the saturation bands efficiently nulled the signal coming from the unwanted 

areas. They reduced the lipid contamination in the full matrix but especially in the locations closer 

to the edge of the brain (Figure 4:5) and slightly increased the SNR (from 15.4 to 17.5 calculated in 

jMRUI as the NAA peak height / spectral noise for the position selected in the Figure 4:5). Therefore, 

the saturation slabs were used in every following experiment.  
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Figure 4:5: FOV saturation test. The water map obtained using FID-MRSI in the axial direction without FOV saturation is shown on 

the top left. The positioning of six 10mm thick saturation slabs is shown in the top center. The water map obtained using FID-MRSI 

in the axial direction with FOV saturation is shown on the top right. Two metabolite spectra (FID-MRSI in axial direction with VAPOR 

WS) from the nominal voxels at the same positions in the matrix are showed (No FOV sat – on the left vs FOV sat – on the right), the 

chosen positions are in the edge of the brain and in the center of the brain). Note the reduced the lipid contamination especially in 

the locations closer to the edge of the brain. 

4.2.2.3 Comparison with PRESS-MRSI 

A more traditional PRESS-MRSI acquisition in the axial direction (sequence provided by BRUKER) 

was performed just after the FID-MRSI (on the same animal). The FID data (with FOV saturation) 

were then compared to the PRESS data as a quality assessment. FID-MRSI dataset acquisition pa-

rameters are described in detail in the previous section (4.2.2.2).  

PRESS-MRSI parameters were set to TE=12.745 ms, TR= 2000 ms, one average, 31 x 31 matrix in a 

FOV = 24 x 24 mm leading to a total scan time of 32 min and 2 s. The VOI of 9 x 7 x 2 mm3 was 

centered in the brain (in the same slice used for FID-MRSI acquisition, see Figure 4:6up). The 90o 

excitation pulse duration was set to 0.5 ms with 8400 Hz bandwidth and the refocusing 180o pulse 

length to 0.7 ms and 4857.1 Hz bandwidth. The same flip angles for VAPOR WS RF pulses as 
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optimized for the FID-MRSI were used (118o and 66o) while WS RF bandwidth was manually adjusted 

to 450Hz. 1024 points of the FID were acquired in both PRESS- and FID-MRSI.  

The water maps provided by the jMRUI MRSI tool resulting from the PRESS and the FID acquisition 

show an improved brain coverage obtained with the FID-MRSI (Figure 4:6up). Looking more closely 

we can observe that FID-MRSI still gives a good quality spectrum in the nominal voxels where the 

PRESS-MRSI doesn’t detect any signal (outside of the VOI, Figure 4:6down). For the SNR comparison 

a sub-matrix (4 x 5 spectra = 20 spectra in total) centered in the PRESS-MRSI VOI was selected. The 

SNR of the selected 20 spectra was calculated in jMRUI (AMARES) as the NAA peak height / spectral 

noise. The same sub matrix (20 spectra) was selected from the FID-MRSI dataset and the SNR was 

calculated in the same way. The average SNR for PRESS-MRSI (20 spectra) was 11.7 ± 3 and for the 

FID-MRSI (20 spectra at the same positions) 10.7 ± 3. We can conclude that both methods lead to 

a similar spectral quality (see the comparison of two spectra from the same nominal voxel obtained 

by the PRESS acquisition and FID acquisition in the Figure 4:6down) while the FID-MRSI provides a 

better brain coverage. 

Figure 4:6: PRESS-MRSI vs FID-MRSI in axial direction. (up) The PRESS-MRSI VOI position is highlighted in the middle panel (in green) 

while the FID-MRSI slice is show in gray. The water map provided by the jMRUI MRSI tool resulting from the PRESS-MRSI acquisition 
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is shown on the left while the water map resulting from the FID-MRSI acquisition is shown on the right. (down) Spectra at two 

positions in the matrix are highlighted. The first nominal voxel position is chosen outside the PRESS-MRSI FOV to highlight the better 

brain coverage provided by the FID-MRSI (upper spectra). The second nominal voxel was chosen inside the PRESS-MRSI FOV to com-

pare the spectral appearance (lower spectra). Note that for the lower FID-MRSI spectrum the 1st order phase distortion (due to the 

delay in acquisition) was partially restored by the AMARES fitting algorithm while performing the SNR calculation. 

4.2.2.4 Optimized in vivo FID-MRSI acquisition (axial slice orientation) 

After all the adjustments presented in the previous sub chapters (reference power, water suppres-

sion and FOV saturation) these are the final parameters used for the FID-MRSI acquisition: TE = 

1.3ms, TR = 812 ms, one average, 8 dummy scans, matrix size 31 x 31 (FOV = 24 x 24 mm) leading to 

the nominal voxel size of 0.774 x 0.774 x 2 mm3, 1024 points of the FID. The VAPOR WS with the flip 

angles of 84/150o and the last delay of 26ms. The Figure 4:7 shows the first results obtained using 

the newly implemented and optimized FID-MRSI sequence at 14.1T with axial slice orientation. As 

can be seen high quality spectra can be obtained using very short acquisition times (~13min) show-

ing great potential for further implementation and improvements of this sequence.  

Figure 4:7: Preliminary results for FID-MRSI at 14.1T in the healthy rat brain. Acquisition time 12min and 59s for metabolites, 

TR=800ms, flip angle 52°. 

4.2.3 FID-MRSI coronal slice orientation 

4.2.3.1 First experiment and quality assessment 

In our experimental setup we use a quadrature surface coil positioned on the top of the rat brain. 

This results in a substantial loss of SNR in locations further from the coil (deeper in the inside the 

brain) when an axial slice orientation is used. Therefore, we decided to test the acquisition with a 



Chapter 4: First implementation of FID-MRSI at 14.1T for fast and high-resolution metabolite mapping of the rat brain 

203 

coronal slice orientation. Figure 4:8 shows the water signal maps provided by the jMRUI MRSI tool 

(showing from where the significant data comes from) resulting from the axial FID-MRSI acquisition 

and from the coronal MRSI acquisition. It can be observed that for the coronal slice orientation we 

have a more uniform excitation resulting in a higher brain coverage (bigger area with the significant 

spectra locations). Moreover, the spectral quality obtained with the coronal acquisition (sequence 

parameters were kept the same as optimized for the axial acquisition except that the VOI of 10 x 2 

x 10 mm3 centered on the FID-MRSI slice was shimmed in the STEAM sequence, MAPSHIM from 

BRUKER) is comparable to the quality of spectra obtained with the axial FID-MRSI acquisition in the 

locations close to the coil (top of the brain - where the most significant signal comes from, Figure 

4:8down). 

Figure 4:8: Axial vs. coronal slice orientation (up) Comparison of the FID-MRSI acquired with the axial slice orientation and the 

coronal slice orientation. The water maps (showing the significant spectra locations in color) obtained from the jMRUI MRSI tool 

show an improved brain coverage and a more uniform excitation for the coronal orientation acquisition. (down) Spectrum acquired 

with FID-MRSI in the axial direction selected from the area close to the coil (top of the brain) and a spectrum acquired with the FID-

MRSI in the coronal direction showing a comparable spectral quality between the two. Note that the residual water signal was re-

moved from the presented spectra with HLSVD. 

An additional experiment was performed using a phantom made in a 5ml syringe containing Cr 

(8mM) in PBS (phosphate-buffered saline). Coronal slice orientation FID-MRSI and PRESS-MRSI ac-

quisitions were performed to compare the spectral quality and SNR between the two acquisitions.  
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PRESS-MRSI parameters were set to TE=12.745 ms, TR= 2000 ms, one average, 31 x 31 matrix in a 

FOV = 24 x 24 mm leading to a total scan time of 32 min and 2 s (same as in the section 4.2.2.3). The 

VOI of 10 x 2 x 10 mm3 was centered in the phantom (positioned in the same slice used for FID-

MRSI).  

Parameters used for the FID-MRSI acquisition: TE = 1.3ms, TR = 812 ms, one average, matrix size 31 

x 31 in a FOV = 24 x 24 mm (slice positioned so it contains the PRESS VOI) leading to a total acquisi-

tion time of 12 min 59s.  

Once again for SNR comparison a sub-matrix (4 x 6 spectra = 24 spectra in total) centered in the 

RESS-MRSI VOI was selected. The SNR of the selected 24spectra was calculated in jMRUI (AMARES) 

as the higher Cr peak height / spectral noise. The same sub matrix (24 spectra) was selected from 

the FID-MRSI dataset and the SNR was calculated in the same way. The average SNR for PRESS-MRSI 

was 17.9 ± 6 and for the FID-MRSI 16.2 ± 5. Once again, we can conclude that both methods lead 

to similar spectral quality (see the comparison of two spectra from the same nominal voxel obtained 

by the PRESS acquisition and FID acquisition in the Figure 4:9down) while the FID-MRSI provides a 

better brain coverage also for the coronal slice orientation acquisition and shorter acquisition time. 

Figure 4:9: PRESS-MRSI vs FID-MRSI with the coronal slice orientation (in vitro – phantom containing only Cr). (up) The water map 

provided by the jMRUI MRSI tool resulting from the PRESS-MRSI acquisition is shown on the left while the water map resulting from 

the FID-MRSI acquisition is shown on the right. (down) Spectra from the same location in the matrix acquired with the two methods 

(PRESS and FID) are displayed for comparison. 
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4.2.3.2 Two-compartment phantom 

To test the precision of the FID-MRSI sequence and its ability to separate metabolic profiles from 

different brain regions we built a two-compartment phantom. The phantom consisted of two sy-

ringes; a small syringe (5 ml) positioned inside of the big syringe (50 ml). The small syringe was filled 

with high concentration (50 mM) of Cr with 1 𝜇M/ml gadolinium (Gd) in PBS and the big syringe was 

filled with high concentration (40 mM) of Glu with 1 𝜇M/ml in PBS (See Figure 4:10up). Both FID and 

PRESS-MRSI acquisitions were performed with following parameters:  

• PRESS-MRSI: TE=12.745 ms, TR= 2000 ms, one average, 31 x 31 matrix in a FOV = 24 x 24 mm

leading to a total scan time of 32 min and 2 s. The VOI of 10 x 2 x 10 mm3 was centered in

the phantom (positioned in the same slice used for FID-MRSI).

• FID-MRSI: TE = 1.3ms, TR = 812 ms, one average, matrix size 31 x 31 in a FOV = 24 x 24 mm

(slice positioned so it contains the PRESS VOI) leading to a total acquisition time of 12 min

59s.

The observed water maps (Figure 4:10up) confirm that a better brain coverage is obtained when 

the FID-MRSI sequence is used. Moreover, the water maps show that the acquired signal comes 

from the clearly separated two compartments. Figure 4:10down shows a comparison of spectra 

from three different positions in the matrix. It can be observed that “pure” Cr spectra are obtained 

from the nominal voxels located in the Cr compartment, while the spectra from the Glu compart-

ment (on the border with Cr compartment) contain a very minimal Cr contamination. This small Cr 

signal most probably comes from contamination of the Glu compartment during phantom prepara-

tion, rather than from the imperfect localization, supported also by the water maps. We can con-

clude that FID-MRSI sequence is able to separate metabolic profiles from two closely positioned 

compartments with different metabolic profiles.  
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Figure 4:10: Two compartment phantom FID-MRSI vs. PRESS-MRSI. (up) The water map provided by the jMRUI MRSI tool resulting 

from the PRESS-MRSI acquisition is shown on the left while the water map resulting from the FID-MRSI acquisition is shown on the 

right. The T2 -weighted Turbo-RARE images of the phantom in the coronal (centred on the MRSI slice) and axial positions are shown 

in the middle. (down) Spectra from three different positions (locations) in the matrix acquired with the two methods (PRESS and FID) 

are displayed for comparison (always the identical position for both sequences). 

4.2.3.3 Final parameters for coronal FID-MRSI acquisition 

The data were acquired in the rat brain (n=3) at 14.1T (Bruker/Magnex Scientific) using a homemade 

transmit/receive quadrature surface coil. T2-weighted Turbo-RARE images were acquired in coronal 

and axial direction to position the MRSI slice for shimming and acquisition (20 slices, TR=3000ms, 

NA=2, RAREfactor=6).  

For the high-resolution two-dimensional fast 1H MRSI a slice selective pulse acquire sequence was 

used in combination with VAPOR33 water suppression and 6 saturation slabs to minimize the lipid 

contamination (FID 1H-MRSI, Figure 4:11).  
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Figure 4:11: A schematic drawing of the 1H FID-MRSI sequence used for data acquisition. 

The MRSI slice was centred on the hippocampus, with 2mm slice thickness and FOV of 24x24mm2 

(Figure 4:12). The matrix size was 31x31 leading to a nominal voxel size of 0.77x0.77x2mm3 (Figure 

4:12). The following acquisition parameters were used: acquisition bandwidth of 7kHz, 1024 spec-

tral data points, Cartesian (linear) k-space sampling, 8 dummy scans, TE=1.3ms, TR=813ms leading 

to total measurement time of 12min 59s for 1 average. The excitation pulse was adjusted to the 

Ernst angle of 52o (0.5ms, 8400 Hz, SLR calculated pulse with sharpness 3). First and second order 

shims were adjusted using MAPSHIM, first in an ellipsoid covering the full brain then in a voxel of 

10x10x2mm3 centered on the MRSI slice. A B0 map was acquired between each MAPSHIM.  

Figure 4:12: The slice position and the spatial resolution used in the FID 1H MRSI acquisitions in the rat brain at 14.1T 

The metabolites for the basis set were simulated using NMRScope-B (18 metabolites) from jMRUI34, 

using published values of J-coupling constants and chemical shifts35,36 and the pulse-acquire se-

quence with the same parameters as for the in vivo 1H MRSI metabolite acquisitions (Figure 4:11). 

The macromolecule (MM) spectrum was acquired using a double inversion recovery STEAM 
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(TI1=2200ms, TI2=850ms) sequence in the voxel of 10x10x2mm3 centred on the MRSI slice. The me-

tabolite residuals were removed with AMARES37 following the same procedure elaborately de-

scribed in the Chapter 2. To match the acquisition delay (1st order phase evolution due to the ac-

quisition delay of 1.3ms) to the one of the metabolites in the basis set the first points of the FID 

were removed, and this final MM signal was added to the basis set (Figure 4:13). 

Figure 4:13: The quantification basis set. The metabolites simulated using NMRScope-B (18 metabolites) from jMRUI and the MM 

included in the basis set. The MM spectrum was acquired with double inversion recovery STEAM and the residual metabolites were 

removed with AMARES from jMRUI. 

The acquired data were read from the BRUKER binary format directly and converted to .raw files 

named according to their specific position in the matrix using an in house written MATLAB code. 

The 1H spectra for quantification were selected automatically from the 31 x 31 matrix using a power 

map based on the acquired water reference spectra. For every spectrum (in the matrix) the power 

is calculated by summing the product of every complex point with its complex conjugate. Finally, 

the selection is performed by subtracting the mean of all the powers (full matrix) from the power at 

every location in the matrix. The locations having a positive value after the subtraction are the ones 
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with significant signal and the spectra from these matrix locations are kept for the quantification. 

This selection is done using an in house written MATLAB code. The quantification is performed using 

LCModel. To improve the quantification robustness, the water signal was used for phase correction 

and the metabolite signals were decontaminated from skull lipids using the metabolite-lipid spectral 

orthogonality approach38. The metabolite-lipid orthogonality states that the sum of the products of 

the only lipid signal and the only metabolite signal equals zero. This means that there are two or-

thogonal sub spaces that contain metabolite and lipid MR time series. Therefore, the goal is to find 

a projector matrix which takes the signal acquired in the brain and projects it into the only metabo-

lite space (keeps only the metabolites). To obtain the projector matrix, SVD is performed on the only 

lipid containing signals (e.g. skull mask). The SVD provides us with a set of singular vectors that 

characterize the lipid space. To approximate the lipid subspace only a 𝑘 number of singular vectors 

is kept. The number 𝑘 is chosen based on the energy criteria which is given to the algorithm. The 

energy criteria is the ratio between energy density obtained from only lipid signal (on the mask/skull 

area) divided by energy density of signal from the brain. Since the lipid space (lipid projector) is 

orthogonal to the metabolite space (metabolite projector), once the lipid projector is computed the 

calculation of the metabolite projector is straightforward38. Several values for the energy criteria 

were tested and the value of 0.5 was selected as optimal for the data presented herein. The MATLAB 

codes and processing pipeline for the phase correction and lipid removal was provided to us by Dr. 

Antoine Klauser (University of Geneva) and were adapted to our Bruker 14.1T data.  

Datasets with both one and two averages were acquired and postprocessed (power map selection, 

phase correction and lipid removal). The LCModel quantifications, using the above created basis set, 

provided reliable quality fits for the data obtained with both one and two averages (Figure 4:14). 
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Figure 4:14: The quality of LCModel quantification is shown for spectra from two different positions in the matrix with one and two 

averages. 

4.2.3.4 Metabolic maps resulting from the LCModel quantifications 

A manual quality check was performed on the spectra quantified with LCModel (SNR, fit quality and 

CRB’s) to select the spectra and corresponding quantifications further used to build the metabolic 

maps. The resulting Cramér-Rao lower bounds were sufficiently low (<40%) for the metabolites of 

interest leading to accurate metabolic maps. The shim adjustments using MAPSHIM proved to be 

efficient when shimming in large areas, which translated into good quality spectra in a number of 

nominal voxels in the matrix. Therefore, a large brain coverage was achieved extending also towards 

the edges of the brain and was not limited to a standard rectangular volume. Metabolic maps over-

laid to the corresponding anatomical image for NAA, Glu, GPC+PCho and GABA are shown in Figure 

4:15. Although the metabolic maps obtained from the acquisition with two averages provided a 

better contrast, the maps kept the same pattern when using one average proving that this very fast 

acquisition leads a satisfactory output. 
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Figure 4:15: Metabolic maps obtained from the LCModel quantification results of the data acquired with one average (on the left) 

and two averages (on the right). The metabolic maps were superimposed to the corresponding anatomical image using an in house 

written MATLAB script. The scales correspond to LCModel outputs when referenced to tCr by setting its concentration to 

8mmol/kgww. 
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4.3 Effect of noise reduction techniques on preclinical MRSI data – preliminary 
results 

4.3.1 Introduction 

1H MRSI is highly challenging mainly because of the low concentration of metabolites, low signal-to-

noise ratio (SNR), long measurement times and advanced pulse sequences and processing methods 

that need to be implemented2,3. The constant appetite for higher spatial resolution leads to an in-

creased search for post-processing methods that aim at minimizing the noise variance in 1H MRSI. 

The low spectral SNR resulting from an MRSI acquisition is especially enhanced in the preclinical 

setting because of the small rodent brain leading to very small nominal voxel sizes (e.g 0.75 x 0.75 x 

2mm3 in a rat brain10 compared to 1.7 x 1.7 x 10 mm3 in the human brain11, see sub-chapter 4.1). 

Several denoising methods have been proposed for 1H MRSI38–42. 

Denoising based on singular value decomposition has been previously used, but the determination 

of the appropriate thresholds that separate the noise from the signal is problematic leading to pos-

sible loss of spatial resolution or the elimination of spectral features that are present in only a small 

fraction of the voxels. The MP-PCA (based on principal component analysis) technique exploits the 

fact that noise eigenvalues follow the universal Marchenko-Pastur distribution, a result of the ran-

dom matrix theory43. Thus, this method provides an automatic approach for separation of the noise 

components from the signal components. It has already shown great performance on diffusion 

MRI43, functional MRI and DW-MRS44 data . The performance of denoising improves with the num-

ber of measurements making the MRSI acquisitions suitable as they contain a large number of spec-

tra (i.e high redundancy). 

Reconstruction methods based on different low-rank assumptions have been implemented mainly 

on clinical applications. These methods rely on the linear predictability, the partial separability of 

spatial-temporal modes, or both to denoise MRSI data39–41. In addition, constraints on the spatial 

distribution of the signal with specific regularization has shown to enhance further the SNR in MRSI 

reconstruction38. In this approach, partial separability is combined with a total generalized variation 

(TGV) spatial regularization in a reconstruction model. TGV regularization aims to denoise metabo-

lite distribution by penalizing first and second order spatial derivatives. It is known to preserve edges 

while avoiding stair-casing artifacts present in traditional first order total variation schemes38.  
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The aim of the present study was to test the feasibility of two noise reduction techniques on pre-

clinical data. The MP-PCA based denoising was tested on 9.4T SPECIAL-MRSI dataset acquired in the 

healthy rodent brain, while both low-rank TGV reconstruction and MP-PCA denoising were tested 

on 14.1T fast 1H-FID-MRSI dataset.  

Some of the work presented in this sub-chapter (4.3) was done in collaboration with MSc Brayan 

Alves. Brayan is a new PhD student in our group who is supposed to take over this work and further 

develop it. As such I was heavily involved in his training since September 2021. 

4.3.2 Application of MP-PCA and TGV reconstruction noise reduction techniques on 9.4T 

SPECIAL MRSI datasets and 14.1T fast 1H-FID-MRSI dataset: preliminary results 

4.3.2.1 Methods – SPECIAL-MRSI 

The experiments were performed in rat brain on a 9.4T horizontal magnet (Varian Magnex/Scien-

tific). The MRSI data were acquired using an ultra-short echo time SPECIAL spectroscopic imaging 

sequence (TR=1000 ms, TE=2.8 ms, 34 min per scan)10,16 with VAPOR WS and OVS around the se-

lected voxel. A matrix size of 32 x 32 nominal voxels with a FOV of 24 x 24 mm2 was acquired, leading 

to a nominal voxel size of 0.75 x 0.75 x 2 mm3. First and second order shims were applied using 

FASTMAP in a voxel of 6 x 9 x 2 mm3 centered in the rat brain.  

A sub-matrix of 8x15 voxels centered on the region of interest was selected (Figure 4:16), resulting 

in 120 FIDs used in the further analysis. The complex-valued FIDs were split into real and imaginary 

parts and organized into a matrix X, where the first dimension contained the time-domain sampling 

(1024 points) and the second dimension all the spectra from the selected sub-matrix (240 real + 

imaginary, Figure 4:17). Matrix X was denoised using the MP-PCA approach43. Raw and denoised 

spectra were preprocessed in MATLAB script and quantified with LCModel using an appropriate ba-

sis set. All the MATLAB codes for preprocessing and data preparation for LCModel quantifications 

were written in house and are available for future applications in our laboratory.  
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Figure 4:16: MP-PCA data matrix for SPECIAL-MRSI. A selected sub-matrix of 8x15 voxels centered on the region of interest shown 

in red (left). The organization of matrix X which was denoised using MP-PCA approach (right). 

The effect of denoising was evaluated by comparing standard deviations (SD) of the apparent noise 

before and after denoising on a selected matrix and assessing the SNR of the spectra as well as the 

apparent CRLB of the metabolite concentrations. The noise SD-s were calculated on the last 300 

points of the FID before and after denoising. 

4.3.2.2 Methods – FID-MRSI 

The 1H MRSI data were acquired in the rat brain on a 14.1T MRI system (Bruker/Magnex Scientific) 

using the recently implemented single slice fast 1H FID-MRSI sequence (TE=1.3ms, TR=813ms, 2mm 

slice thickness centred on the hippocampus, FOV=24x24mm2, matrix size=31x31, 1 average). For 

more details on the sequence implementation see section 4.2.3. 

The following preprocessing steps were applied prior to application of any of the denoising meth-

ods. The data was phase corrected based on the water signal and cleaned from lipid contamination 

using the metabolite-lipid orthogonality approach as described in38. The residual water signal from 

the metabolite spectra was removed using HLSVD.  

The low-rank TGV reconstruction was applied as described in Klauser et.al38 to the full dataset 

(31x31 matrix). Dr Antoine Klauser provided us the MATLAB script for performing the TGV recon-

struction and trained us on how to use this method. In addition, we adapted the codes to our data 

and needs. For the MP-PCA a sub-matrix of 12x13 voxels centered in the MRSI slice was selected, 

resulting in 156 FIDs used in the further analysis. The complex-valued FIDs were split into real and 

imaginary parts and organized into a matrix X, where the columns contained the time-domain sam-

pling (1024 points) and the rows all the spectra from the selected sub-matrix. Matrix X was denoised 

using the MP-PCA approach43. 
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The resulting spectra: non-denoised, LR-TGV denoised and MP-PCA denoised were quantified with 

LCModel combined with a simulated basis set using same parameters as in vivo (see section 4.2.3.4). 

The metabolite maps were created and overlaid to the corresponding MRI image using an in house 

written Matlab code. The metabolite maps were shaped manually with respect to the SNR of the 

LCModel quantified spectra and the CRLBs of the given metabolites. The effect of both denoising 

methods was evaluated by assessing the average apparent SNR of the spectra over the 12x13 voxels 

sub-matrix and by comparing the distribution of noise SD and the residual difference distribution 

between denoised and non-denoised spectra on the same sub matrix. The noise SD-s were calcu-

lated on 130 points of the spectrum in a signal free region (0 to -1.5 ppm) before and after denoising, 

for both MP-PCA and LR-TGV denoising.  

An additional assessment of the spectral SNR before and after denoising was performed by calcu-

lating the SNR in unit time. The maximum value of absolute signal in the time domain (in the range 

between 0.5 and 4.5 ppm) was divided by the absolute level of noise averaged in the range from 0 

to -1.5 ppm. The ratio of this “absolute” SNR value and the square root of the total acquisition time 

(in seconds) was then computed to obtain the SNR in unit time.  

4.3.2.3 Results and discussion 

SPECIAL-MRSI 

The denoising resulted in accurate fits to the MP distribution and in average 17 principal compo-

nents were identified (Figure 4:17A). Figure 4:17B shows a clear reduction of the apparent noise SD 

after denoising (-71%). The noise distribution seemed to be similar among spectra after denoising 

(Figure 4:17C). The marked effect of the denoising on the spectra in the denoised matrix is visualized 

in Figure 4:18. An increase in the apparent SNR as quantified by LCModel fitting was observed with-

out any impact on the linewidth or other features of the spectra. The apparent SNR (calculated by 

LCModel) in the region of interest for quantification ranged from SNR=8 to SNR=20 for the denoised 

matrix, while it ranged from SNR=3 to SNR=10 in the same region for the original matrix. Note that 

the LCModel SNR depends not only on the SD of the residuals, but also on the baseline estimate. 

The average apparent CRLBs over the denoised region (8 x 15 matrix) were overall significantly re-

duced (i.e. 12% for Tau and 15% for total choline (tCho) – Table 4:1), especially for spectra located 

on the edges of the region of interest where the apparent SNR is particularly low, which makes 
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reliable quantification critical. Of note, the resulting apparent CRLB and SNR after denoising should 

be interpreted with care since they are computed based on the resulting noise after denoising. 

Figure 4:17: MP-PCA results for SPECIAL MRSI (A) Fit of MP distribution to the lowest eigenvalues from PCA. (B) Mean value of 

the standard deviation of noise (last 300 points of the FID) from all 120 spectra before and after denoising (upper and lower graphs, 

respectively). (C) The noise distribution of 6 random selected spectra before and after denoising. 
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Figure 4:18: Spectra after MP-PCA denoising (SPECIAL-MRSI). A sub-set (5x8) of the full image matrix demonstrates the quality of 

the spectra before and after denoising with a clear improvement in apparent SNR in spectra located at the edge of the matrix.  

Table 4:1: CRLBs comparison of original vs. denoised. Average and SD of the CRLBs obtained from LCModel quantifications of the 

spectra from the denoised region. 



Chapter 4: First implementation of FID-MRSI at 14.1T for fast and high-resolution metabolite mapping of the rat brain 

218 

FID-MRSI 

An averaged two-fold increase in apparent SNR as quantified by LCModel was observed when using 

both noise-reduction approaches, without any visual impact on linewidths or other features of the 

spectra (Figure 4:19). Two important points should be considered when analyzing the SNR com-

puted by LCModel: 1) the baseline estimate has an important contribution in the SNR calculations 

in addition to the residuals; and 2) the SNR measured from the residual baseline noise is insufficient 

given the presence of non-uniform variance41. Therefore, an additional SNR assessment was per-

formed by calculating the SNR in unit time before and after denoising with MP-PCA and LR-TGV 

method (Figure 4.20). A substantial SNR increase is observed for MP-PCA and LR-TGV approach 

when compared to non-denoised data. Moreover, the LR method seems to provide a slightly higher 

increase in SNR when compared to MP-PCA. However, these results are not conclusive because for 

example the SNR depends on the number of components kept for signal reconstruction which is 

different between the two methods (23 and 29 in MP-PCA vs. 20 and 20 in LR-TGV for 1 and two 

averages respectively) and therefore further assessments need to be made. 

Figure 4:21A shows the distribution of the noise SD in the 12x13 voxels sub-matrix and highlights 

that both methods decrease the range of the noise SD. In addition, the difference in spectra be-

tween original and denoised matrix did not provide any visible structure on the residual map for any 

of the two investigated approaches (Figure 4:21B) suggestive of a certain level of uniformity in noise 

removal inside the spectrum. Both noise-reduction techniques lead to smother metabolic maps 

while still preserving regional differences, particularly for spectra located at the edges of the brain 

(Figure 4:22).   

We implemented and showed the potential of two noise-reduction techniques on preclinical 14.1T 

1H FID-MRSI and 9.4 T SPECIAL-MRSI datasets. The results are promising offering enormous poten-

tial towards novel and fast MRSI developments. Further studies will be performed to quantitatively 

assess the performance of both denoising techniques on 14.1T 1H-FID-MRSI data and to evaluate if 

the “apparent” increase in spectral SNR translates in true lower uncertainty in metabolite concen-

trations. 
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Figure 4:19: Comparison of spectra non-denoised vs. MP-PCA and LR-TGV. Denoised (via MP-PCA and LR-TGV) and non-denoised 

FID spectra for 2 voxels in the volume of interest. The spectra displayed ranges from 4.2 to 0.2 ppm. 

Figure 4:20: Comparison of SNR before and after denoising. Results of the SNR in unit time calculation for 1 average (A) and 2 av-

erages (B) FID-MRSI data before denoising and after MP-PCA and LR-TGV denoising. The maps present a 12 x 13 sub matrix cen-

tered on the brain (area where there is signal). A histogram representation of the SNR calculated for spectra on the line 15 of the 

matrix is shown on the right. 
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Figure 4:21: Comparison of the noise properties after denoising. (A) Distribution of the noise standard deviation (130 points of the 

spectra), in the 12x13 voxels sub-matrix. The red border highlights the shape of the metabolic map. The range of each map is set to 

its respective minimum and maximum value for a better visualization. (B) The residual map of the difference between denoised and 

non-denoised spectra. Each from column represents a difference of spectra, starting from the top left voxel and ending with the 

bottom right (from top to bottom, then left to right). 
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Figure 4:22: Concentration map after denoising. Concentration maps from NAA, Glu and Gln, calculated via the LCModel quantifica-

tion. From left to right: LR-TGV denoised data, no denoising applied data and MP-PCA denoised data. The top row overlays the con-

centration map with an anatomical image of the rat brain. 



Chapter 4: First implementation of FID-MRSI at 14.1T for fast and high-resolution metabolite mapping of the rat brain 

222 

Summary and future perspectives 

We presented the first implementation of fast 1H-FID-MRSI in the rat brain at 14.1T which provided 

an increased brain coverage, reliable and accurate quantification results and metabolic maps in only 

13 minutes of acquisition. With this we set the grounds for a wider application of 1H-FID-MRSI in the 

preclinical setting with a potential for further improvement and acceleration. We tested noise re-

duction techniques as a potential processing method that could be included in the postprocessing 

pipeline.  

Further improvements will be investigated regarding the efficiency of lipid suppression, improve-

ments in the homogeneity and coverage of the surface coil. In parallel, further reducing TR and 

implementing a concentric rings encoding would allow for a faster acquisition.  

Future steps: 

• Post processing of the acquired MM in vivo using an in house programmed double and single

inversion recovery module in BRUKER ParaVision 360 and incorporated it into the FID-MRSI

sequence. A series of experiments was performed to optimize the inversion time for metab-

olite nulling and the DIR module with TI1=2200ms and TI2=850ms was chosen as optimal.

• Reduction of the TE from 1.3ms to 0.94ms to reduce the phase evolution. Preliminary data

were recently acquired and the processing on these data is ongoing

• More uniform excitation by switching from a quadrature surface coil to an 2x2 array coil or

a volume coil as transmit and a surface coil as receive.

• Multi slice acquisition (full brain coverage)

• Switch to non-Cartesian encoding trajectories (spiral or concentric rings encoding) for fur-

ther acceleration.

• Optimization and automatization of the postprocessing and quality check before quantifica-

tion using ML techniques as45,46 .

• Further studies are needed to quantitatively assess the performance of both denoising tech-

niques on 14.1T 1H-FID-MRSI data and to evaluate if the “apparent” increase in spectral SNR

translates in true lower uncertainty in metabolite concentrations.

The final goal is to apply the 1H-FID-MRSI technique to the animal model of type C HE (BDL rats). We 

already shown that UHF scanners in combination with short TE pulse sequences are very advanta-

geous and well suited to study this disease (Chapter 3)8. Moreover, differential brain regional 
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vulnerability to the disease insults and its importance in understanding the pathological outcomes 

is presented in this thesis using single voxel spectroscopy (Chapter 3, sub-chapter 3.3). Therefore, 

the ability to follow the metabolic changes in the full brain throughout the disease evolution pro-

vided by the 1H-FID-MRSI would be of great importance not only for better understanding the dis-

ease pathology but also for evaluation of potential treatment strategies and their brain regional 

response.  
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General Conclusions 

In the current thesis novel methodological developments are implemented at UHF together with 

different applications to study brain regional vulnerability and response to treatment in type C He-

patic Encephalopathy in a rat model.  

First this thesis proposed an improved methodological approach for post-processing, fitting and 

quantification of the MM spectra that can be generally applied. The efficacy of this method was 

shown by parametrization of MM spectra into 10 individual components and estimation of their 

apparent T2 relaxation times in the rat brain at 9.4T. Additionally, the effect of MM model (single 

MM spectrum or parametrized MM components) and baseline stiffness on metabolite and MM 

quantification was assessed using both in vivo acquired and Monte Carlo simulated data with a pur-

pose of optimizing the settings for future 1H MRS quantifications. We concluded that a parametrized 

characterization of the MM contribution to short-echo spectra is feasible and yields reliable quanti-

fication results. Moreover, a generally valid degree of baseline stiffness cannot be predicted and it 

needs to be adapted to the experimental and fitting conditions. 

Then the advantages of UHF short TE single voxel spectroscopy, ex-vivo EPR and histology measure-

ments were used in this thesis to describe the regional distribution of metabolites, morphological 

alterations of neurons and astrocytes and the role of oxidative stress in the adult and developing 

brain using a well-known rat model of type C HE (the bile duct ligated rat). Three brain regions (hip-

pocampus, striatum and cerebellum) were concomitantly investigated. The reported neurometa-

bolic changes showed that there is a differential brain regional vulnerability to type C HE emphasiz-

ing that the mechanisms observed in one brain region cannot be extrapolated as general disease 

characteristics. The strongest metabolic changes (e.g. highest Gln increase, changes in Lac and anti-

oxidants) were observed in the cerebellum highlighting the increased vulnerability of this brain re-

gion. The increase of Gln was the first observed metabolic change in all the regions strongly contrib-

uting to the data variance (STATIS analysis). Therefore, we conclude that Gln can be considered as 

first brain metabolic marker of type C HE which could potentially serve to assess HE independently 

of the results of neuropsychological tests. In parallel, the histology results lead to the conclusion 

that there is an interdependence in astrocytic and neuronal morphological changes influencing the 

overall activity of the neuronal network during disease progression. Moreover, we proved the pres-

ence of increased CNS and systemic OS highlighting its important role in the disease pathogenesis. 

Additionally, the presented results confirmed the increased vulnerability of the developing brain to 
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CLD induced type C HE. Creatine treatment via creatine supplementation showed a positive effect 

on the neurometabolic profile of P15 pups (brain in the very early development) suggesting that an 

appropriate treatment strategy could have a positive impact on the health type C HE patients.  

Finally, the successful implementation of fast 1H FID MRSI in the rat brain provided promising re-

sults. With this, we have set the basis for a broader use of 1H FID MRSI in the preclinical setting, with 

the possibility of additional improvements and acceleration. 

Future studies 

Several studies can be proposed as a continuation of this thesis: 

We identified cerebellum as a region which is the most affected by the disease (type C HE) thus 

future studies should be specifically focused on investigating this brain region. Cerebellum is not 

easily accessible by 1H MRS in human brain and thus not deeply investigated region, however it 

offers a great potential for preclinical studies. The disease mechanisms and morphological changes 

can be further investigated using diffusion weighted spectroscopy and diffusion tensor imaging as 

well as with 31P MRS and 1H MRSI.  

The results presented in this thesis highlight Glutamine as an important disease marker opening 

possibilities for further treatment strategies that would aim specifically at lowering the 

concentration of this molecule. Moreover, the observed changes in oxidative stress and its 

emphasized role in the disease's pathogenesis impose a combinatorial treatment, including 

molecules specifically targeting reactive oxygen species (antioxidants) together with the already 

investigated creatine supplemen-tation. Therefore, a study assessing the effect of antioxidant 

treatment in the BDL rats would be a next logical step.  

New methodological developments need to be implemented to further optimize and accelerate the 

1H FID MRSI acquisitions. The first step would be to achieve a more uniform excitation by replacing 

the quadrature surface coil with a volume coil (as transmit). Furthermore, implementing a multi 

slice acquisition to achieve the full brain coverage and non-Cartesian encoding trajectories (e.g. con-

centric rings) for further acceleration would increase the potential of this technique.  

The final goal would be to apply the 1H FID MRSI to the animal model of type C HE (BDL rats). As 

the importance of understanding the differential brain regional vulnerability in this disease is 

shown in this thesis, a study using 1H FID MRSI would allow us to follow the metabolic changes in 
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the full brain throughout the disease evolution. This would provide a better insight into the 

disease mech-anisms and improved evaluation of potential treatment strategies.  
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