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Abstract 

 
Proton magnetic resonance spectroscopy (1H MRS) in the human brain is a non-invasive 

technique capable of aiding the investigation of the neurochemical composition. The 

clinical importance of 1H MRS can be seen in pathological diagnosis, understanding 

disease mechanisms or in treatment monitoring. 

Reliable detection and quantification of metabolites is of paramount importance in 

establishing potential biomarkers for several neurological pathologies. Furthermore, 

broad macromolecular resonances underlying metabolite peaks in a proton spectrum also 

hold a wealth of information. These macromolecular resonances originate from amino 

acids within cytosolic peptides and proteins. Some studies in the past have even 

discussed their clinical relevance in pathologies such as acute multiple sclerosis, glioma, 

and traumatic encephalopathy. However, the characteristics of these macromolecular 

resonances are yet to be fully explored. In-depth knowledge about the macromolecules 

could open up a new horizon of potential biomarkers for neurological diseases. In 

addition, characterizing macromolecular resonances may help the MR community answer 

some of the lingering research questions such as identifying the biological background of 

the individual macromolecular peaks, assigning macromolecular peaks to particular 

amino acids, and investigating other contributions to the macromolecular signal such as 

sugars, DNA or RNA. 

Detection capabilities of MRS have increased to a great extent with increasing static 

magnetic field. Ultra-high field (Ó7 T) MRS benefits from increased signal-to-noise ratio 

(SNR) and improved spectral resolution. There is also constant development in 

localization techniques and quantification methods to accurately measure concentrations 

of metabolites and macromolecules with lower signal-to-noise ratio and complex spectral 

pattern due to J-coupling. 

The first part of the thesis focuses on characterizing the physical properties of 

macromolecular resonances in the human brain at 9.4 T and understanding their 

contribution to the metabolite spectrum. T2 relaxation times are calculated and a 

quantitative linewidth analysis is performed to understand the degree of overlap and J- 
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coupling effects in the observed macromolecular peaks. Moreover, a novel double 

inversion recovery method is proposed to determine T1 relaxation times of individual 

macromolecular resonance lines. 

The second part of the thesis focuses on quantification of metabolites in the human brain 

at 9.4 T using one-dimensional and two-dimensional MRS techniques. Metabolite 

concentrations are reported in millimoles/kg after correcting for T1- and T2-weighting 

effects and the tissue composition. The concentration values measured from both the 

acquisition techniques were compared against each other and to literature. 
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Zusammenfassung 

 
Die Protonen-Magnetresonanzspektroskopie (1H-MRS) ist eine nicht-invasive Technik, 

die die Untersuchung der neurochemischen Zusammensetzung des menschlichen 

Gehirns ermöglicht. Bedeutende klinische Anwendungen von 1H-MRS ergaben sich in 

der Diagnose von Erkrankungen, in dem Verständnis von Krankheitsmechanismen oder 

in der Behandlungsüberwachung. 

Die zuverlässige Erkennung und Quantifizierung der Metaboliten ist von größter 

Bedeutung, um Biomarker für verschiedene neurologische Krankheiten zu etablieren. 

Zusätzlich enthalten Makromoleküle, die in dem Protonen-Spektrum breite Spektrallinien 

unter dem Metaboliten-Spektrum bilden, zahlreiche, wertvolle Informationen. Die 

Spektrallinien der Makromoleküle stammen von Aminosäuren aus Proteinen und 

Peptiden des Cytosols. Frühere Studien haben die klinische Relevanz von 

Makromolekülen in Erkrankungen wie Multiple Sklerose, Tumoren oder chronisch- 

traumatische Enzephalopathie gezeigt. Jedoch müssen mehrere Charakteristiken der 

Makromoleküle noch erforscht werden. Ein tiefgehendes Verständnis der Makromoleküle 

könnte dabei die Entdeckung neuer Biomarker für neurologische Krankheiten 

ermöglichen. Zusätzlich kann die Charakterisierung der makromolekularen Spektrallinien 

helfen folgende offene Fragen der MR Spektroskopie zu beantworten: den biologischen 

Ursprung der einzelnen makromolekularen Spektrallinien, die Zuordnung der 

makromolekularen Spektrallinien zu einzelnen Aminosäuren sowie die Untersuchung von 

anderen möglichen Beiträgen zum Signal der Makromoleküle wie z.B. verschiedene 

Zucker, DNA oder RNA. 

Die Sensitivität von MRS wurde durch stärkere Magnetfelder erheblich verbessert. MRS 

Messungen am Ultrahochfeld (Ó7 T) profitieren von einem höheren Signal-Rausch- 

Verhältnis und einer höheren spektralen Auflösung. Zusätzlich wurden 

Lokalisierungsmethoden und Quantifizierungsmethoden weiterentwickelt, die es 

ermöglichen, die Konzentrationen auch der Metaboliten und Makromoleküle akkurat zu 

bestimmen, die ein kleines Signal-Rausch-Verhältnis haben oder komplexere spektrale 

Muster aufgrund von J-Kopplung aufweisen. 
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Im Fokus des ersten Teils dieser Doktorarbeit steht die Charakterisierung der 

physikalischen Eigenschaften der makromolekularen Spektrallinien und die Frage, wie 

diese das Metaboliten-Spektrum beeinflussen. Dazu wurden Spektren am 9.4 T im 

menschlichen Gehirn aufgenommen, um hiermit T2 Relaxationszeiten zu bestimmen bzw. 

Linienbreiten quantitativ zu analysieren. Diese Analysen liefern Erkenntnisse über die 

spektrale Überlappung und J-Kopplungseffekte, die man in den makromolekularen 

Spektrallinien beobachtet. Zusätzlich wird eine neue Ădouble inversion recoveryñ Methode 

vorgestellt, um damit die T1 Relaxationszeiten von einzelnen makromolekularen 

Spektrallinien zu bestimmen. 

Der zweite Teil dieser Doktorarbeit beschäftigt sich mit der Quantifizierung von den 

Metaboliten des menschlichen Gehirns am 9.4 T mittels ein- und zweidimensionaler MRS 

Methoden. Die Konzentrationen der Metaboliten werden in mmol/kg berichtet. Hierbei 

wurden T1- und T2-Gewichtungen korrigiert sowie die Zusammensetzung des 

gemessenen Gewebes berücksichtigt. Die resultierenden Konzentrationen, die mittels 

der zwei Methoden gemessen wurden, werden untereinander sowie mit weiterer Literatur 

verglichen. 
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1 Synopsis 

 
1.1 Introduction 

 
Nuclear magnetic resonance (NMR) spectroscopy is a sought-after technique often used 

to understand the three-dimensional structure of molecules, to determine concentrations 

of certain molecules present in a complex mixture or to observe chemical reactions and 

binding of different components to each other. It is used in a wide range of applications 

including chemistry, medicine, geology, biology and so on. 

An atomic nucleus, composed of protons and neutrons, possesses certain important 

physical properties such as mass, electric charge, magnetism and spin. Out of these 

physical properties, the NMR technique exploits nuclear magnetism and nuclear spin. 

The nucleus in a strong external static magnetic field is perturbed by a weak oscillating 

magnetic field. Resonance occurs when the frequency of the oscillating field matches the 

frequency of the nucleus that depends on the static magnetic field strength, chemical 

environment of the nucleus, and magnetic properties of the nucleus. The energies 

absorbed correspond to the radiofrequency (RF) part of the electromagnetic spectrum. 

Extending the application of NMR to in vivo tissues, single voxel magnetic resonance 

spectroscopy (MRS) allows for non-invasive detection and quantification of the 

concentrations of neurochemicals and metabolites in biological tissues. More specifically, 

the complex biochemical changes contributing to metabolism in the human brain tissues 

are extremely intriguing. MRS enables both neuroscientific and clinical researchers to 

understand the metabolic processes in the in vivo healthy human brain, respective 

changes in case of pathological conditions and during treatment monitoring. 

This chapter focuses on familiarizing with the most important concepts of NMR/MRS and 

concludes with introducing the primary goals of this thesis. The introductory chapter 

attempts to cover only the basic concepts of NMR/MRS that would aid in understanding 

the scientific work presented here. For a more thorough explanation of the NMR/MRS 

spin physics in classical and quantum mechanical perspectives and for the derivations of 
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the equations used, referring to the textbooks by de Graaf1, Keeler2, and Levitt3 is 

suggested. 

1.1.1 Larmor frequency 

 

An intrinsic property possessed by the nucleus is angular momentum. The nuclear spin 

angular momentum (╘) is often denoted as nuclear spin. It is a vector quantity with both 

magnitude and direction. According to quantum mechanics, angular momentum is 

quantized. 

Protons and neutrons have Ὅ = 1/2 . Nuclei with even numbers of both protons and 

neutrons have Ὅ =  0 whereas nuclei containing odd number of both protons and neutrons 

have Ὅ = 1 . For the other nuclei with odd-even or even-odd numbers of protons and 

neutrons respectively have half integral values of Ὅ. When nuclei have Ὅ = 0 , the nuclei 

are said to be NMR silent. However, the nuclei are said to be NMR active when Ὅ has half- 

integral or integral values. Out of these nuclei, the NMR behavior of the half-integral 

nuclear spins is easier to understand and detect because of their spherically distributed 

electric charge. 

Each nuclear spin is associated with a nuclear magnetic moment Ⱨ. When placed in an 

external static magnetic field (║ ) Ⱨ experience a torque (ὶ) and precess about the ║  

axis at a frequency given by 

 

ά  =    ║  (1) 

 
where ά  is the angular frequency, famously known as the Larmor frequency, and  the 

gyromagnetic ratio which is a constant for a given nucleus. Figure 1 shows a proton spin 

precessing around an external static magnetic field ║ . 
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Figure 1: A proton spin precessing in an external magnetic field ║ . The Larmor 

frequency ά  is proportional to ║ . Gyromagnetic ratio  of a proton is positive; therefore, 

it undergoes a negative precession according to Equation 1. 

For in vivo MRS, detection of metabolically valuable and MR-visible nuclei such as 1H, 

13C and 31P are feasible. Among them proton (1H) MRS is quite a popular technique due 

to the high natural abundance (>99.9%) of proton nucleus and its high  and thus 

sensitivity. Therefore, 1H MRS allows for the detection of a large number of brain 

metabolites. 

1.1.2 Energy levels 

 

In general, spectroscopy techniques exploit the energy difference between quantized 

energy states and detect the frequency absorbed by the object. The number of nuclear 

spin states for nuclear spin Ὅ is given by 2Ὅ + 1 . In the absence of external field, the 

nuclear spin states are degenerate. However, for example, in the presence of an external 

magnetic field, the nuclear spin states have different energies. This is called the Zeeman 
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effect and the splitting of the energy levels in the presence of a magnetic field is known 

as Zeeman splitting. 

Considering proton (Ὅ = 1/2 ), there are two possible energy levels corresponding to the 

two nuclear spin states. These two spin states are known as parallel or spin-up () and 

anti-parallel or spin-down () depending on their orientation with the external magnetic 

field. This is illustrated in Figure 2. 

Borrowing concepts from quantum mechanics, the energy corresponding to the magnetic 

quantum states are given by 

 

Ὤ 
Ὁά =  ά 

2“ 
 ὄ0 

(2) 

 
where ά is the magnetic quantum number and can take 2Ὅ +  1 values between Ὅ and 

+Ὅ in steps of 1. 

 
More specifically, in NMR electromagnetic waves in the RF range of 10-800 MHz are 

absorbed by the spins when there is an induced energy difference created by the external 

static magnetic field (║ ) in a nucleus between the parallel and anti-parallel nuclear spin 

states. This energy difference ЎὉ between the quantized states is given by the Planck 

relation: 

 

ЎὉ =  Ὤ’ (3) 

 
where Ὤ is the Planckôs constant and ’ is the absorbed frequency. 

 
The energy of a magnetic dipole moment Ⱨ when placed in an external static magnetic 

field is given by 

 

Ὁ =  Ⱨ. ║  =  ‘ ὄ0 cos — (4) 

 
where — is the angle between Ⱨ and ║ . Therefore, Ὁ is minimum when — = 0° and 

maximum when — =  180°. Therefore, classically speaking Ὁ can take any value between 

+‘ὄ0 to ‘ὄ0 since Ⱨ can assume any orientation between 0° and 180°. However, it is 

not true since the resonance condition for magnetic resonance spectroscopy cannot be 
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derived that way. Therefore, a quantum mechanical treatment is necessary (ЎὉ  Ὤ’). 

That way it can be explained why the angle — between Ⱨ and ║  is also quantized. 

 

 

Figure 2: Spin energy level diagram for a proton (Ὅ =  1/2 ). Therefore, there are two 

possible magnetic quantum numbers (ά = -1/2, +1/2) and therefore two possible energy 

states corresponding to ά. The energy level difference between the two spin states  and 

 corresponds to energy in the RF range. 

 
When the spin transitions from ά =  +1/2 () to 1/2 () state (Figure 2), the energy 

difference is given by 

 

Ὤ 
ЎὉ =    ὄ0 

2“ 

(5) 

 
Therefore, the resonance occurs when 

 
 

’ =   ὄ0 
2“ 

(6) 

 
with ’ being the Larmor frequency in Hz. The resonance condition is satisfied by applying 

RF energy equal to the Larmor frequency, which is then absorbed by the spins. This will 

result in a resonance line in the nuclear magnetic resonance spectrum at the given 

frequency ’. 

Moreover, cosine of the angle between Ⱨ and ║  is given by 
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ά 
cos ʃ =  

ЍὍ(Ὅ +  1) 

(7) 

 

 

which indicates ʃ = 54.75° relative to the z-axis for protons (Ὅ = 1/2). This means that the 

protons are distributed on the surface of the two cones (with Ⱨ parallel or anti-parallel to 

║ ) rotating about the static field ║  at ’. We have seen that the energy of interaction 

between the magnetic moment of the nucleus and the external static magnetic field (║ ) 

is dependent on the angle — between them (Equation 4). Therefore, in order to have the 

preferred minimum energy the spins align with the applied field. The population difference 

between the two spin states is given by the Boltzmann equation1. 

The nuclear spin angular momentum can point in any possible direction and the direction 

of the spin angular momentum is known as the spin polarization. For nuclei with  > 0 

(such as 1H), magnetic moment Ⱨ of the nucleus points in the same direction as the spin 

polarization and for nuclei with  < 0 , magnetic moment of the nucleus points in the 

opposite direction to the spin polarization. In the absence of an external magnetic field, 

the magnetic moments in a sample point in all possible directions. However, despite the 

random thermal motion of the molecules, the magnetic moments are aligned over time in 

such a way that the average over the sample is parallel to the external magnetic field. 

This is represented by a bulk magnetization vector denoted by ╜ which is the sum of all 

magnetic moments. There are slightly more spins aligned parallel to the magnetic field 

than anti-parallel to the field making the total net magnetization the so-called macroscopic 

magnetization - parallel to the static magnetic field. Since there is no net component along 

the transverse XY plane, the net macroscopic magnetization is parallel to +Z-axis and is 

called the longitudinal magnetization ╜ . 

An RF transmitter/receiver system (transceiver) is used for generating an oscillating 

magnetic field (║ ) along the XY-plane. This results in the initial longitudinal 

magnetization ╜  experiencing a torque. Hence, the macroscopic magnetization vector 

rotates towards the transverse XY-plane in the case of a 90° excitation RF pulse or rotates 

towards the antiparallel state ïZ in the case of a 180° inversion RF pulse. At this point, 

the external magnetic field ║  acts on the nuclear spins in order to attain a phase 
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coherence between a large number of spins in the sample under investigation resulting 

in a detectable net transverse magnetization ╜╧╨. This magnetization rotates about the 

║  field at Larmor frequency inducing an electromotive force (emf) in the receiver coil, 

thereby detecting the NMR/MRS signal. 

1.1.3 Chemical shift 

 

Depending on the chemical environment of the nucleus, the effective magnetic field 

experienced by the spin of the nucleus is given by ║ is not the same as the external 

magnetic field ║  (Figure 3). 

 

║ =  ║  ρ  „) (8) 

 

In this equation „ is known as the shielding constant. 
 
 

 
Figure 3: A proton is shielded by the electron orbital thereby making it experience not ║ , 

but a slightly lower field strength ║. 

Therefore, the resonance condition becomes 

 
Ὤ 

’ =    ὄ0 (1  „) 
2“ 

(9) 
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The resonance frequency not only depends on the gyromagnetic ratio and external static 

magnetic field, but also on the chemical environment of the nucleus. This is termed as 

chemical shift. As an example, a more shielded proton will experience a larger „║, 

therefore a lower field ║. This results in a decrease in the difference between the energy 

states  and . Consequently, it gives rise to a signal in the lower frequency range. On 

the other hand, a more deshielded proton results in a signal in the higher frequency range. 

In a 1H MRS spectrum, protons from aliphatic chains resonate at lower frequencies 

(upfield); and protons that belong to aromatic rings, amide or amine groups resonate at 

higher frequencies (downfield) as shown in Figure 4. 

 

 

 
Figure 4: A proton spectral range from 0 to 12 ppm is depicted here with aliphatic chains 

resonating at lower frequency (upfield) and aromatic rings, amide or amine groups 

resonating at higher frequency (downfield). Two protons belonging to the water molecule 

resonate close to 4.7 ppm. The ppm scale is preferred for plotting NMR/MRS spectra as 

it is field strength independent which makes the proton spectrum of a particular sample 

comparable across different field strengths. (Courtesy: American Medical Colleges and 

Khan Academy, www.khanacademy.org CC BY-NC-SA 3.0) 

http://www.khanacademy.org/
http://www.khanacademy.org/
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From Equation 9 it can be observed that the resonance frequency ’ is dependent on 

external static magnetic field ὄ0. So comparing NMR spectra across different field 

strengths becomes tedious when the chemical shift is expressed in hertz (Hz). In order to 

avoid the field strength dependence, chemical shift scale in parts per million (ppm) was 

introduced. The chemical shift scale requires a reference compound such as 2.2- 

dimethyl-2-silapentane-5-sulfonate (DSS) whose chemical shift has been assigned 

chemical shift  =  0 ppm. 

The position of a peak in a spectrum is taken as the frequency separation between the 

peak of interest and reference peak divided by the frequency of the reference peak. 

Chemical shift  in ppm is therefore defined as 
 

’  ’ὶὩὪ 
=   ×  106 

’ὶὩὪ 
(10) 

 
where ’ is the resonance frequency of a spectral line representing the molecule of interest 

and ’ὶὩὪ is the frequency of a spectral line from a reference compound. Traditionally, the 

lower frequency resonances are displayed to the right of the water resonance (known as 

upfield) in the 1H MRS spectrum and higher frequency resonances to the left of the water 

resonance (known as downfield) in the spectrum (Figure 4). 

1.1.4 J-coupling 

 

J-coupling or scalar coupling is a phenomenon that occurs as a result of indirect magnetic 

interaction between two nuclei and their spins which is brought about by the electron spins 

contributing to the chemical bonds between the nuclei. The effect can be seen in the 

spectrum as splitting of peaks into multiplets in the NMR spectrum. The spacing between 

the peaks in the multiplet is given by the coupling constant ὐ. The J-coupling constant is 

independent of the external magnetic field and is reported in Hz. 

The hyperfine interactions between the nuclear spin and the electron spin is governed by 

Fermi contact. The s-electrons play a significant role in this interaction since they have a 

finite probability of being at the nucleus. According to Fermi contact, the nuclear and the 

electron spins favor an anti-parallel arrangement. Therefore, four nuclear spin 
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combinations (and hence four corresponding energy levels) are possible for a coupled 

spin system containing two nuclei as shown in Figure 5. Introducing Pauli exclusion 

principle which states that two or more fermions (particles with half integral spins) cannot 

occupy the same quantum state within a same quantum system. Therefore, the 

interacting bonding electrons need to be antiparallel. These rules influence the energy 

level of the coupled spin system resulting in changes in the energy levels. Compared to 

energy levels of a non-coupled spin system, in a coupled system, high-energy  state 

is energetically less favorable. Therefore, there is an increase in the energy level of  

state. Similarly, there is an increase in the energy level of the  state.  and  states 

have antiparallel electron spins leading to more favorable with a decrease in their energy 

levels. A more thorough explanation of the energy levels is given in the text book by de 

Graaf1. 

The multiplicity of the peak is given by the ὲ + 1 empirical rule where ὲ is the number of 

hydrogens attached to the immediate neighboring carbon atom. It means that the number 

of line splitting of a peak can be predicted as one more than the number of hydrogens 

attached to the immediately neighboring carbon atom. Additionally, the relative heights of 

the subpeaks are given by the binomial coefficients of Pascalôs triangle. 

There is a rapid decrease in the J-coupling effect with increasing number of bonds and 

the effect can be ignored for four or more bonds. Considering an AX spin system where 

A and X are two coupled nuclei, if |’ὃ  ’ὢ| ḻ ὐὃὢ then the system is known as a weakly 

coupled system. The spectrum corresponding to a weakly coupled system is known as a 

first-order spectrum. If the frequency difference is about the same order as the coupling 

constant ὐὃὄ, then the spin system AB where A and B are two coupled nuclei is known as 

a strongly coupled system. In such a spin system,  and  spin states are mixed 

leading to more complicated spectral pattern since both peak intensities and frequencies 

are perturbed. The outer peaks are lesser in amplitude and in the so-called roof effect 

with an imaginary roof forming from the outer to inner resonances. These spectra are also 

referred to as second-order spectra. Since J-coupling is field strength independent, higher 

external static magnetic field improves the spectral dispersion and reduces strong 

coupling effects thereby simplifying second-order spectral pattern. 
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Figure 5: In an uncoupled spin system, there are two possible energy states 

corresponding to parallel and anti-parallel spin states as shown in Figure 2. Here the 

figure shows energy level diagram of a weakly coupled AX spin system. There are four 

possible combinations of parallel and anti-parallel spin states for both nuclei which 

correspond to four different energy levels. Four transitions are allowed with respect to 

spin quantum number ά =  ±1  (single quantum coherences). Therefore, the 

corresponding spectrum would contain four resonance lines at ’ὃ +  ὐὃὢ/ 2, ’ὃ  ὐὃὢ/ 2, 

’ὢ +  ὐὃὢ/ 2, and ’ὢ  ὐὃὢ/ 2, where ’ὃ and ’ὢ are resonance frequencies corresponding 

to non-coupled A and X spin systems and ὐὃὢ is the J-coupling constant. In addition, ά =  

0 έὶ ± 2 (zero and double quantum coherences) are also allowed resulting in two more 

transitions. But they are not observable directly4. 

Magnetically equivalent nuclei (such as protons within an isolated CH3 group) have 

identical scalar coupling constants with a third non-equivalent nucleus (such as an 

additional CH group in the molecule) whereas for chemically equivalent nuclei, the scalar 
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coupling constant of the two nuclei with the third nucleus is different. All magnetically 

equivalent nuclei are also chemically equivalent and chemically equivalent nuclei do not 

show first-order splitting in the spectrum. 

The concept of J-coupling is used in multi-dimensional spectroscopy5ï7 (section 1.1.7 and 

1.3). The coupled spin systems undergo J-evolution with increasing echo time TE. 

Therefore, an incremental delay in the pulse sequence is introduction for J-coupling to 

undergo evolution. A thorough quantum mechanical treatment using product operator 

formalism is necessary to explain the scalar coupling evolution and it is beyond the scope 

of this thesis. Therefore, it is suggested to refer to the text books of Levitt3 and Keeler2 to 

understand about the concept of J-evolution. In principle, the magnetization vector of the 

coupled spins oscillates between in-phase and anti-phase terms in the transverse XY 

plane and this leads to what is observed as J-evolution and inversion of the J-coupled 

resonances in the spectrum. The spectral peaks are fully inverted by 180° when ὝὉ =  

1/ὐ. 

1.1.5 T1 and T2 relaxation times 

 

The concepts of T1 and T2 relaxation are essential to understand even a basic NMR 

experiment. A single RF pulse or a sequence of different RF pulses perturbs the spins 

thereby causing a change in the net magnetization. 

T1 relaxation time (also known as spin-lattice relaxation or longitudinal relaxation) is the 

time that it takes to return the longitudinal net magnetization to its equilibrium ὓ0 which is 

parallel to the external static magnetic field ὄ0. The recovered magnetization at time ὸ is 

given by 

 

ὓ (ὸ) =  ὓ ρ  Ὡ
ὸϳὝ ) 

ὤ 0 1
 

(11) 

 
When ὸ >  5Ὕ1, ὓὤ(ὸ) =  ὓ0 . Therefore, the knowledge of metabolite specific T1 

relaxation times is necessary to optimize the data acquisition parameters such as the flip 

angle and repetition time TR for a spectroscopy experiment. A repetition time TR that is 

short in comparison to 5T1 gives the spectrum a T1-weighting. Moreover, it is important to 
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correct for T1 relaxation effects for accurate concentration estimates of metabolites and 

the calculation of chemical exchange rates. T1 relaxation times are dependent on external 

magnetic field and get longer with increasing static magnetic field strength ὄ0. T1 

relaxation time in vivo is also tissue-specific and dependent on temperature. 

T1 relaxation times are measured using inversion recovery techniques or using a 

progressive saturation approach with a repetition time series. This results in the spectral 

signal sweeping a range of magnetizations from positive to negative. Fitting the resulting 

signal to inversion recovery equation or to Equation 11 with ὸ =  ὝὙ, T1 relaxation times 

can be calculated. Section 1.2 describes the use of a double inversion recovery sequence 

for measuring T1 relaxation times of the macromolecular peaks. 

T2 relaxation is the exponential decay process of the transverse magnetization with time. 

It is also known as transverse relaxation or spin-spin relaxation. T2 relaxation time is the 

time taken by the transverse magnetization MXY to fall to 37% (1/e) of its initial value. For 

a simple spin-echo sequence, the transverse magnetization at a specific time ὸ is given 

by 

 

ὓ (ὸ) =  ὓ (0)Ὡ
ὸϳὝ 

ὢὣ ὢὣ 2
 

(12) 

 
The relationship between echo time ὸ =  ὝὉ and T2 relaxation time is an exponential 

curve according to Equation 12 and it is used to measure the T2 relaxation times in section 

1.2 and 1.3. A non-zero TE gives a T2-weighting to the spectrum. Various factors 

contributing to the exponential decay of the NMR signal include microscopic magnetic 

susceptibility differences, dipole-dipole interaction, chemical shift anisotropy, molecular 

translation, fluid flow, J-coupling and chemical exchange. T2 relaxation times decrease 

with increasing field strength. 

The Lorentzian linewidth component of the spectral peaks arise from the T2 relaxation. 

The T2 component contributing to linewidth of the peaks is metabolite/resonance-specific. 

On the other hand, the linewidth component arising from ὄ0 inhomogeneities is identical 

to all the spins present in the sample/voxel of interest. The ὄ0 inhomogeneities originate 
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from microscopic and macroscopic susceptibility effects as well as tissue compartment 

effects8 contributing to the Gaussian linewidth component. 

Bloembergen-Purcell-Pound (BPP) theory9 explains the relaxation of pure substances in 

a magnetic field. However, the relaxation phenomenon gets more complex in in vivo 

samples. The relaxation times are also shown to vary with pathological or physiological 

changes. Unlike the metabolites, relaxation times of water have been studied in detail 

and they are governed by a principle known as dipole-dipole interaction. Their relaxation 

property is explained as a result of the fast exchange of free bulk water and the bound 

water near macromolecular surfaces. 

Molecules undergo translational, rotational and vibrational motion. Out of these, 

frequencies corresponding to the rotational motion are in the MHz range thereby having 

an impact on the MR signal. Smaller molecules rotate faster compared to larger 

molecules. Also, as temperature increases, increase in the kinetic energy of the 

molecules make them rotate faster. Therefore, with increasing tumbling rate, both T1 and 

T2 relaxation times increase. Therefore, for larger macromolecules with shorter tumbling 

rates, T1 and T2 relaxation times are shorter compared to those of metabolites. 

In vivo, T1 relaxation times are predominantly tissue specific. On the other hand, in 

addition to being field strength specific, T2 relaxation times are also sequence specific 

depending primarily on whether the sequence employs adiabatic pulses or not. For 

instance, the adiabatic pulses cause a spin-locking effect10 which suppresses the 

evolution of spins to some extent for the pulse duration. Furthermore, T2 relaxation times 

are not only tissue specific, but they are also specific to the region of the brain since they 

depend on the iron content11. 

Analyzing relaxation times can also lead to spectral assignment of unknown compounds 

in sample mixtures. In the later sections, the necessity of knowing T1 and T2 relaxation 

times of water and metabolites for the quantification of metabolites in comparable units 

(molar or molal) is emphasized. 
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1.1.6 Bloch equations 

 

Looking at the macroscopic magnetization gives an equation of motion from the classical 

mechanics point of view. Bloch proposed a set of equations for the time dependence of 

the net magnetization during an NMR experiment involving RF pulses. The bulk 

magnetization ╜ experiences a torque and therefore precesses around the external static 

magnetic field ║ : 

 

Ὠ╜(ὸ) 
=  ╜(ὸ) ×  ║(ὸ) 

Ὠὸ 

(13) 

 

The magnetic field ║(ὸ) is time dependent when RF pulses are applied. The vector ╜ has 

three components: ὓὼ and ὓώ which are the transverse components and ὓᾀ which is the 

longitudinal component. Solving the cross product yields 

 

Ὠὓὼ(ὸ) 
=  [ὓώ(ὸ)ὄᾀ(ὸ)  ὓᾀ(ὸ)ὄώ(ὸ)])  

Ὠὸ 

(14) 

Ὠὓώ(ὸ) 
=  [ὓᾀ(ὸ)ὄὼ(ὸ)  ὓὼ(ὸ)ὄᾀ(ὸ)]  

Ὠὸ 

(15) 

Ὠὓᾀ(ὸ) 
=  [ὓὼ(ὸ)ὄώ(ὸ)  ὓώ(ὸ)ὄὼ(ὸ)]  

Ὠὸ 

(16) 

 
Bloch assumed the spins to relax differently in the transverse (spin-spin relaxation) and 

longitudinal planes (spin-lattice relaxation); however, the Bloch equations follow first order 

kinetics. Considering the relaxation process where T1 and T2 are relaxation time 

constants, the relaxation terms become 

ὓὼ(ὸ) 
 
Ὕ2 

ὓώ(ὸ) 
,  
Ὕ2 

ὓᾀ(ὸ)  ὓ0 
,  ) 

Ὕ1 
 

Therefore, accounting for relaxation in Equations 14, 15, and 16 and since ὄᾀ(ὸ) in the 

laboratory frame is ὄ0, the Bloch equations in the laboratory frame are written as 
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Ὠὓὼ(ὸ) ὓὼ(ὸ) 
=  [ὓώ(ὸ)ὄ0  ὓᾀ(ὸ)ὄώ(ὸ)]   

Ὠὸ Ὕ2 

(17) 

Ὠὓώ(ὸ) ὓώ(ὸ) 
=  [ὓᾀ(ὸ)ὄὼ(ὸ)  ὓὼ(ὸ)ὄ0]  

Ὠὸ Ὕ2 

(18) 

Ὠὓᾀ(ὸ) ὓᾀ(ὸ)  ὓ0 
=  [ὓὼ(ὸ)ὄώ(ὸ)  ὓώ(ὸ)ὄὼ(ὸ)]   

Ὠὸ Ὕ1 

(19) 

 
 

Considering a rotating frame (xô, yô, zô) with frequency ɤ around the static magnetic field 

B0 = - ɔɤ0, 

 

ὓᴂὼ =  ὓὼ cos + ὸ  ὓώ sin ὸ (20) 

ὓᴂώ =  ὓώ cos ὸ (21) ὸ  ὓώ sin 

ὓᴂᾀ =  ὓᾀ (22) 

the equations above transform as follows: 

 
Ὠὓᴂὼ(ὸ) ὓᴂὼ(ὸ) 

=  [ὓᴂώ(ὸ)  ὓᴂᾀ(ὸ)ὄᴂώ(ὸ)(  0   
Ὠὸ Ὕ2 

(23) 

Ὠὓᴂώ(ὸ) ὓᴂώ(ὸ) 
=  [ (+ ὓᴂὼ(ὸ)(  0  ὓᴂᾀ(ὸ)ὄᴂὼ(ὸ)]  

Ὠὸ Ὕ2 

(24) 

Ὠὓᴂᾀ(ὸ) ὓᴂᾀ(ὸ)  ὓ0 
=  [ὓᴂὼ(ὸ)ὄᴂώ(ὸ)  ὓᴂώ(ὸ)ὄᴂὼ(ὸ)]   

Ὠὸ Ὕ1 

(25) 

A detailed derivation can be found in the paper by Bloch12. The Bloch equations are used 

in section 1.2.2 to determine the longitudinal magnetizations of MM peaks for different 

combinations of inversion times in a double inversion recovery sequence to find optimal 

sequence parameters to measure T1 relaxation times of MM. 

1.1.7 Single voxel spectroscopy techniques 

 

Application of concepts from physics in medicine has been of immense importance. The 

branch of medical physics has grown tremendously and yielded diagnostic, therapeutic 
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and theranostic methods. Magnetic resonance imaging (MRI) and spectroscopy are used 

for diagnostic purposes and for monitoring treatment response. Single voxel proton MRS 

is a non-invasive technique that has complemented MRI by providing a means to detect 

and quantify concentrations of metabolites in the human brain. About 18 brain metabolites 

can be detected at ultra-high field (UHF) (Ó 7 T) using this technique13. MRS is used to 

not only understand the regular metabolism in the human brain, but also in establishing 

biomarkers for diagnostics and therapy response monitoring in a range of pathologies in 

the human brain, therefore proving to be clinically useful14. Quite contrasting to MRI, in 

MRS, one aims to suppress tissue water and fat signal, and measure the concentrations 

of metabolites. The sensitivity of 1H MRS allows for detection of metabolites with 

concentrations in the millimolal range. Therefore, 1H MRS provides more specificity since 

this technique can detect several metabolite peaks of interest. Figure 6 a) shows 1H MRS 

spectrum acquired at 9.4 T. 

The most common in vivo spectroscopy pulse sequences for single voxel localization are 

PRESS15, STEAM16, semiLASER17,18, LASER19 and SPECIAL20 . They differ from each 

other with respect to type and number of radiofrequency pulses needed for 3D 

localization, the resulting chemical shift displacement and SNR. Typically, the most suited 

pulse sequence is chosen for a study depending on the metabolites of interest, hardware 

constraints and feasibility of acquisition duration and other parameters such as TE, TR 

and number of averages required to yield a good quality spectrum. A recent expertsô 

consensus article21 compares the pulse sequences based on various characteristics and 

recommends sequences for different situations such as lower/higher field strengths, 

reducing chemical shift displacement and to overcome inhomogeneous B1
+ fields. 

Another interesting review article by Landheer et al.,22 describes the pulse sequences 

more theoretically and elaborates the trade-offs between them. 
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Figure 6: a) Proton spectrum acquired in vivo in the human brain at 9.4 T using a one- 

dimensional metabolite-cycled semiLASER sequence with an inlay showing the voxel 

placement in an anatomical image. A gray matter rich voxel of interest in the occipital lobe 

was chosen. The spectrum shows regions of severe spectral overlap highlighted with red 

boxes in the spectrum. These regions contain spectral peaks from J-coupled metabolites 

such as aspartate, glutamine, glutamate and myo-inositol. b) A in vivo human brain two- 

dimensional J-resolved metabolite-cycled semiLASER spectrum acquired from the same 

voxel shows well-resolved spectral patterns of these metabolites with J-coupled spin 

systems across the indirect dimension f1. The spectral range containing most metabolites 

with J-coupled spin systems are shown with white boxes. In both a) and b) major singlet 

resonance lines of metabolites such as NAA, tCr and tCho are labeled to serve as spectral 

landmarks for comparison between the two figures. Further explanation about the 

sequences and acquisition parameters are given in section 3. 
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UHF pose several technical challenges13 and they have to be addressed in order to reap 

the benefits offered by UHF. Some of the challenges include B1
+ inhomogeneity23, and 

increased chemical shift displacement effect. In this thesis, semiLASER17 (semi 

localization by adiabatic selective refocusing) sequence is used for localization. The 

semiLASER24 sequence employed 90° sinc pulse of 8000 Hz bandwidth for excitation. 

Higher bandwidth adiabatic full passage (AFP) pulses (pulse duration: 3.5 ms; bandwidth: 

8000 Hz) can minimize chemical shift displacement thereby improving the localization of 

the voxel of interest. In addition, adiabatic pulses are also relatively insensitive to B1
+ 

inhomogeneity. This helps overcome the B1
+ field inhomogeneity especially at UHF. Even 

though LASER offers better localization since it uses adiabatic pulses also for excitation 

as well, semiLASER allows shorter TEs since it has lesser number of RF pulses. This is 

beneficial since T2 relaxation times of metabolites are shorter at UHF compared to lower 

field strengths, therefore using a shorter TE sequence is better. The sequence is 

described in detail in Giapitzakis et al24. 

Another important aspect of acquiring MRS data is a water suppression scheme. Water 

molecule is present in abundance in the human brain resulting in a huge water peak at 

~4.7 ppm in the 1H spectrum. Therefore, it is essential to suppress the water peak in order 

to detect metabolites that are present in millimolal range. The water suppression also 

needs to be robust in order to avoid any baseline distortions or water tails affecting the 

detection of metabolites closer to 4.7 ppm. However, water suppression techniques25,26 

uses a combination of RF pulses which increases RF power deposition at UHF. 

Therefore, metabolite-cycling (MC) technique was proposed27 which is an alternative to 

using water suppression techniques. The MC technique24 used in this thesis employed 

an asymmetric adiabatic inversion pulse. The MC inversion pulse preceeded the 

semiLASER localization24. It works by selectively alternatively inverting the upfield and 

the downfield part of the proton spectrum (upfield and downfield parts are inverted in the 

odd and even numbered acquisitions respectively). Therefore, adding the even and odd 

numbered acquisitions gives the water spectrum and their difference results in the 

metabolite spectrum. The inversion of the upfield and the downfield part of the spectrum 
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without affecting the water peak also enables detection of some of the peaks that 

exchange their proton with water28. 

Using proper preprocessing steps (such as averaging, eddy current correction, RF coil 

combination, frequency and phase drift correction, etc.,) in order to reconstruct the raw 

data from the MRI scanner is just as important as choosing the appropriate pulse 

sequence with optimized parameters for a study. This is aptly illustrated in expertsô 

consensus recommendations on preprocessing, analysis and quantification in single 

voxel MRS29. 

As a next step, in order to quantify the concentrations of metabolites, a linear combination 

of simulated basis spectra are fit to model the acquired spectrum. There are several 

software packages such as LCModel30, FiTAID31 or jMRUI32, which perform spectral 

fitting. The most preferred way to generate the basis spectra for individual metabolites is 

using software tools such as Vespa33 by performing density matrix calculations on the 

spin-system of the metabolites that are expected to be observed in the acquired 

spectrum. All the acquisition parameters are taken into consideration. Major metabolites 

observed in the in vivo neurochemical profile are N-acetyl aspartate (NAA), NAA 

glutamate (NAAG), -aminobutyric acid (GABA), aspartate (Asp), creatine (Cr), glutamate 

(Glu), glutamine (Gln), glutathione (GSH), glucose (Glc), glycerophosphocholine (GPC), 

glycine (Glyc), myo-inositol (mI), scyllo-inositol (Scy), lactate (Lac), phosphocreatine 

(PCr), phosphocholine (PCho), phosphoethanolamine (PE), and taurine (Tau). These are 

typically included as basis vectors in the basis set. The acetyl and aspartate moieties of 

NAA is represented as NAA(CH3) and NAA(CH2) respectively. The total creatine singlets 

at 3.028 and 3.925 ppm are given as tCr(CH3) and tCr(CH2) respectively. tCho 

corresponds to total choline combining PCho and GPC. The resulting relative 

concentrations from the spectral fitting are often converted to molar or molal units after 

correcting for various factors that are described in detail in section 1.1.8. 

Several challenges are encountered when one attempts to perform spectral fitting due to 

complex spectral patterns and severe overlap of peaks in a proton spectrum acquired 

using the techniques/pulse sequences discussed so far. It becomes difficult to distinguish 
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some peaks of metabolic importance such as GABA, Gln, Glu, Lac, etc., since these 

peaks appear as multiplets and also overlap with other metabolite peaks. 

One technique to acquire well-resolved MR spectroscopy data is by utilizing 1D MRS at 

ultra-high field strength (UHF)13 since it benefits from higher SNR and increased spectral 

resolution. Therefore, acquisition of spectra at UHF helps distinguishing metabolites with 

lower SNR peaks and/or J-coupled spin systems better. 

Another technique used by the NMR community to reduce spectral overlap is multi- 

dimensional spectroscopy34,35. Among these multi-dimensional spectroscopy techniques 

that exist, two-dimensional J-resolved spectroscopy is shown to be feasible and also to 

be promising in vivo36ï38. The principle of 2D J-resolved spectroscopy7 exploits the 

concept of J-evolution and the consequential amplitude and phase modulation of spectral 

pattern. It simply consists of a series of signals acquired with different TEs encoding the 

indirect f1 dimension. The direct f2 dimension consists the chemical shift and J-coupling 

information as in 1D MR spectroscopy experiments. The second dimension (f1) in two- 

dimensional J-resolved spectrum contains J-coupling information. After a Fourier 

transformation in both dimensions, the spectrum displays the J-coupling information in 

the indirect dimension eliminating the overlap of J-coupled resonances. Figure 6 a) and 

b) illustrates a spectral comparison between 1D and 2D MC-semiLASER spectra (section 

1.3) acquired in vivo from the human brain at 9.4 T. In this thesis, quantification of 

metabolites using one-dimensional MRS and two-dimensional MRS semiLASER 

localization at UHF is compared in section 1.3. 

1.1.8 Quantification of metabolites 

 

The relative metabolite concentrations obtained from the fitting software are not directly 

comparable between various time points measured during treatment monitoring or across 

different acquisition methods, field strengths, or vendors. Hence, it is necessary to 

introduce correction factors in order to convert these relative concentrations to standard 

comparable values such as molal or molar units. To perform the corrections a reference 

of known concentration is essential. Several approaches39ï47 exist in order to measure 

the concentrations of metabolites. One such method uses the internal water signal as the 
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reference48. This thesis uses the quantification formula described in detail by Gasparovic 

et al.,48 to calculate the concentration values in millimoles/kg (millimolal) using the internal 

water referencing method. The concentrations of metabolites are obtained after correcting 

for the fractional tissue compositions and T1 and T2 corrections for both water and 

metabolite signals. 

The quantification values are reported after applying the necessary correction factors 

(unless stated otherwise) for determining concentrations using the internal water 

referencing method. For external concentration reference methods certain factors such 

as coil loading, RF homogeneity, temperature differences need to be considered. While 

using internal water referencing method, the unsuppressed water spectrum is acquired 

from the same voxel as the metabolites. Since the metabolite signal and water signal are 

acquired similarly, internal water referencing is advantageous in comparison to external 

concentration references. 

In order to estimate the fractional tissue compositions, this work uses segmentation of 

acquired high-resolution MP2RAGE49 images into WM, GM and CSF (white-matter, gray 

matter and cerebrospinal fluid) using Statistical Parametric Mapping 12 (SPM 12) 50 

software. Later the tissue fractions were calculated using an in-house written script in 

Python (v3.7). Finally, the concentrations of metabolites were calculated using the 

formula48 given below: 

 
2 

[M]άάέὰὥὰ =  [M]obs × ὧέὲὧὴόὶὩ_Ὄ2ὕ × 
1 +  Fs 

(fGM × ὙὌ2ὕ_Ὃὓ +  fWM ×  ὙὌ2ὕ_ὡὓ+f CSF × ὙὌ2ὕ_ὅὛὊ ) 
×  

(1  fCSF)  ×  Ὑὓ 

 
  Ὢώ_ὺέὰ × ὥώ  where Ὢώ =  
Ὢ ×  ὥ +  Ὢ ×  ὥ +Ὢ ×  ὥ 
Ὃὓ_ὺέὰ Ὃὓ ὡὓ_ὺέὰ ὡὓ ὅὛὊ_ὺέὰ ὅὛὊ 

 
 

(26) 

 
where ώ corresponds to either GM, WM or CSF; Ὢώ_ὺέὰ is the fraction of the respective 

tissue type determined by segmentation; ὥὋὓ, ὥὡὓ, ὥὅὛὊ (78%, 65%, 97% respectively) 

are the relative densities of MR-visible water for the given tissue type; The pure water 

concentration (55,510 millimolal) is used along with the MR visible fractions of water in 

GM, WM, and CSF. 



23  

ὙὌ2ὕ_ώ 
=  exp  

ὝὉ
 

Ὕ2Ὄ2ὕ_ώ 

] ρ  ÅØÐ 
TR

 
Ὕ1Ὄ2ὕώ 

]] is the relaxation correction factor for each 

water compartment ώ. Ὕ1Ὄ2ὕώ  and Ὕ2Ὄ2ὕ_ώ are the Ὕ1 and Ὕ2 relaxation times of water in 

the compartment ώ. 

Ὑ =  exp  
ὝὉ 

] [1  exp[  
TR 

]]  is the relaxation correction term for metabolites 
  

ὓ Ὕ2ὓ Ὕ1ὓ 

(section 1.3). For macromolecules Ὑὓ was replaced by Ὑὓὓ as the macromolecular 

spectra were acquired using double inversion recovery (DIR) the relaxation (section 

ὝὍ2 

1.2.3). The relaxation correction term for macromolecules is given by Ὑὓὓ =  [1  2Ὡ Ὕ1 +  
ὝὍ1+  ὝὍ2 

( 
2Ὡ Ὕ1 

)
] exp    

ὝὉ
 

Ὕ2ὓὓ 

] [1  ÅØÐ    
TR

 
Ὕ1ὓὓ 

]]  . The denominator 1  ὪὅὛὊ was implemented 

for partial-volume correction. The factor 2 
1+Fs 

was introduced to correct for the 

multiplication of even-numbered acquisitions with the scaling factor (Fί), originating from 

the metabolite-cycling data processing. [M]obs is the concentration obtained from LCModel 

(section 1.2 and 1.3.2) or ProFit 2.0 (section 1.3.3). For metabolite concentrations 

(section 1.3), number of protons contributing to the metabolite peaks were accounted. 

However, for macromolecules since the proton contributions to each macromolecular 

peak is not known, the proton contribution was not corrected (section 1.2.3). 

1.1.9 Macromolecules 

 

Broad macromolecular resonances underlie narrow higher intensity metabolite resonance 

lines in short TE 1H MR spectra. Macromolecules (MMs) between 0.5 and 4.5 ppm are 

attributed to mobile methyl, methylene, and methine groups of amino acids from cytosolic 

peptides and proteins51. Several studies at field strengths between 1.5 to 3 T have 

highlighted the clinical relevance of MMs in aging52 and in pathologies such as traumatic 

encephalopathy53, Kennedyôs disease54, acute multiple sclerosis55, and glioma56. Figure 

7 shows a MM spectrum (summed from eleven healthy volunteers) acquired at 9.4 T 

(section 1.2). Due to increased spectral dispersion, SNR, and resolution, more MM peaks 

are distinguishable at ultra-high field57; hence, it is possible to more accurately 

characterize the behavior of individual MM peaks. 
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On the other hand, the well-resolved underlying MM spectrum at UHF often distorts the 

metabolite spectrum. Therefore, characterizing MM peaks additionally improves accuracy 

in quantifying metabolite concentrations. Various techniques have been used to handle 

MM signals in metabolite spectra. Cudalbu et al.,58 suggested that using prior information 

from experimentally acquired MM spectra may prove to be the best solution at UHF. 

 

 
Figure 7: Macromolecular spectrum summed from eleven healthy volunteers acquired 

from a gray matter rich voxel in the human brain using a double inversion recovery MC- 

semiLASER sequence59 with inversion times set to 2360 and 625 ms at 9.4 T. Further 

details are provided about acquisition set up and parameters in section 1.2. The MM 

peaks are labeled as MX.XX where the subscript X.XX represents the chemical shift of the 

MM peak in ppm. A sharper metabolite residual tCr-CH2 peak is seen at 3.925 ppm. 

Macromolecules have shorter T1 relaxation times when compared to metabolites57. 

Exploiting this difference in T1 relaxation times MM spectra are acquired using inversion 

recovery methods. The chosen inversion time (TI) determines the T1-weighting of the 
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2 

2 

MRS spectrum. In addition, MMs have shorter T2 relaxation times compared to 

metabolites. Therefore, some studies use longer TE spectra are acquired in order to avoid 

the MM contribution to the proton spectrum. However, it results in SNR loss for shorter 

T2 and J-coupled metabolites. 

 

1.1.10 Objectives and outcome of doctoral research 

 

Reliable detection and quantification of the concentration of metabolites and 

macromolecules in the human brain using proton single voxel spectroscopy at an ultra- 

high field strength of 9.4T was the prime goal of this thesis. Increased spectral dispersion 

and SNR at UHF provides better detection and distinction of the metabolite peaks13. 

However, this also implies that the MM peaks are more distinguishable at UHF, which 

may negatively impact the accuracy and precision of metabolite concentration estimates. 

Furthermore, the MM spectrum itself contains potentially clinically relevant information. 

This makes it necessary to characterize and understand the contribution of MM peaks 

better. Therefore, the first part of this thesis focuses on characterizing the relaxation times 

of MMs (Publication 1, Publication 2) and to quantify their brain tissue concentrations 

(Publication 2). This work helps in accounting for the contribution of MMs in the metabolite 

spectrum and to understand the nature of MMs. The effective T2 relaxation times (ὝὩὪὪ) 

of MMs (Publication 1) are reported for gray and white matter-rich voxels in the human 

brain at 9.4 T. The ὝὩὪὪ relaxation times were calculated for MM peaks from an echo 

time series of a double inversion recovery (DIR) metabolite-cycled (MC) semiLASER 

sequence. In Publication 2, T1 relaxation times of MM peaks for gray and white-matter 

rich (GM and WM respectively) voxels are calculated by using a novel DIR technique. 

These two publications helped in understanding the sequence and scan parameter 

dependency of the contribution of MMs to the metabolite spectrum and led to the 

development of a respective simulated relaxation corrected sequence specific MM 

model60 (co-author paper not a part of this thesis). 

The second part of the thesis focuses on quantifying the concentrations of brain 

metabolites (Publication 1, Publication 3) reliably. This is done using two different single 
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voxel spectroscopy localization techniques namely one-dimensional (Publication 1) and 

two-dimensional spectroscopy (Publication 3) and comparing their performance. The MC 

semiLASER sequence was used for acquiring one dimensional spectroscopy data from 

a GM-rich voxel in the occipital lobe. In addition, a two-dimensional J-resolved MC 

semiLASER sequence with a maximum echo sampling scheme was developed and used 

to acquire two-dimensional spectroscopy data from a GM-rich voxel in the occipital lobe 

as well. MM contributions to the metabolite spectra in both 1D and 2D MC semiLASER 

were accounted for by including experimentally acquired 1D and 2D MM spectra using 

1D and 2D double inversion recovery MC semiLASER respectively. T1 relaxation times61 

(co-author paper not part of this thesis) and T2 relaxation times of metabolites (Publication 

1) were determined and used in the correction factors to obtain concentration values. 

This thesis is written in a cumulative form and includes three publications that arose 

during my PhD work. The results from Publication 1, Publication 2, and Publication 3 are 

summarized and presented here. The full articles as published in peer reviewed journals 

are appended in this thesis and can be found in Chapter 5. 
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1.2 Characterization and Quantification of Macromolecules 

 
The broad macromolecular peaks underlying the metabolite spectrum in 1H MRS 

experiments with short echo time are often viewed as a distortion due to the negative 

impact on the quantification accuracy and precision of metabolite concentrations. 

Therefore, characterizing these macromolecular peaks is necessary in understanding 

their influence in quantifying metabolite concentrations in dependence of sequence 

parameters. Moreover, several studies52ï54,58,62 have highlighted the clinical importance 

of MMs since respective changes have been detected in various pathologies in the rat 

brain and human brain. Hence, in order to understand the mechanisms behind different 

pathologies and to improve the diagnostic capability for several diseases of clinical 

relevance by establishing potential biomarkers, assimilation of MMs and their behavior is 

essential. A recent consensus article about MRS visible MM57 also emphasized that the 

knowledge of T1 and T2 relaxation times of individual peaks at different field strengths is 

necessary. In the following sections, characterization of T2 (Publication 1) and T1 

(Publication 2) relaxation times of MM peaks in GM- and WM-rich voxels at 9.4 T is 

described in detail. Finally, the concentration of MM peaks (Publication 2) in the human 

brain are reported after correcting for tissue fractions of the respective voxels and for the 

tissue type specific relaxation effects. 

1.2.1 T2 relaxation times of macromolecules 

 
Introduction 

 
At the time when this study was performed, T2 relaxation times of all individual MM peaks 

detectable in the human brain have not been reported at any field strength to the best of 

our knowledge. The T2 relaxation times of MM peaks have been reported in the rat 

brain63ï66 at 4.0, 9.4, 11.7, and 17.2 T and for the non-overlapping M0.92 peak in the human 

brain at 2.1 T by Behar et al67. Therefore, the primary goal of this study was to measure 

the effective T2 relaxation times (ὝὩὪὪ; includes the J-evolution effects) of individual MM 

peaks in both GM- and WM-rich voxels in the human brain at 9.4 T. Another interesting 

aspect of this study is a quantitative analysis of the actual full width at half maximum 
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FWHM (Ў1/2 ) of the MM peaks compared to the respective contributions by T2 relaxation 

times, micro-susceptibility and macro-susceptibility as well as chemical shift anisotropy 

effects. 

Study design 

 
In this study, eleven and five healthy volunteers participated for data acquisition in the 

GM- and WM-rich voxels respectively. A 2 × 2 × 2 cm3 GM-rich voxel was chosen in the 

occipital lobe and a WM-rich voxel of same dimensions was chosen in the occipital- 

parietal transition. A home-built coil with 8 transmit and 16 receive channels68 was used 

for the study, by driving power to only the bottom three channels for the single-voxel 

spectroscopy experiments as described in Giapitzakis et al24. 

First- and second-order B0 shimming using FAST(EST)MAP69 (acronym for fast, 

automatic shim technique using echo-planar signal readout using mapping along 

projections), and voxel-based power calibration70,71 were performed. A non-linearly 

spaced TE series (TE: 25, 32, 40, 52, and 60 ms) of MM spectra was acquired using a 

DIR59 MC semiLASER sequence (TR: 10 s, Averages per TE: 32, transmit reference 

frequency: 2.4 ppm) to estimate the ὝὩὪὪof MM peaks. 

 
All raw data were preprocessed with in-house written software in MATLAB (version 

2016a; MathWorks, Natrick, MA) as described in Publication 1. MM spectral fitting was 

performed in LCModel V6.3-1L30 using simulated Voigt lines. The following MM peaks 

were included in the basis set: M0.92, M1.21, M1.39, M1.67, M2.04, M2.26, M2.56, M2.70, M2.99, 

M3.21, M3.62, M3.75, M3.86, M4.03, and M4.17 where the corresponding subscripts indicate their 

chemical shifts in ppm. For the fitting of the MM peaks, the chemical shifts and Ў1/2  were 

systematically varied to achieve minimum possible standard deviation of the ὝὩὪὪ 

relaxation time values among subjects, to maximize R2 values, and to minimize the mean 

Cramer-Rao lower bounds. After considering the above-mentioned criterions, the values 

chosen by Lopez et al63   best suited the data. Hence, these chemical shifts and 

Ў1/2 values, with minor deviations were used as input for the spectral fitting model. 

Creatine (tCr-CH2) metabolite residual was subtracted by adding a narrower Voigt peak 
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at 3.925 ppm. More information on basis set creation can be found in the appended 

Publication 1. 

 

 
Figure 8: Echo time series (TE: 24, 32, 40, 52, and 60 ms from top to bottom) 

macromolecular spectra from GM- and WM-rich voxels. The MM spectra shown here are 

summed from all the healthy volunteers for the respective voxels. The figure has been 

adapted from Publication 1. 

To calculate the ὝὩὪὪ relaxation of MM peaks, the resulting concentrations of MM peaks 

across the TE series were fit to a mono-exponential decay for the individual subject data 

and spectra summed across all volunteers. The mean coefficient of determination R2 was 

used to evaluate the goodness of the exponential fits. 

The FWHM of the MM peaks were extracted from the LCModel .coord files. The 

contribution of ὝὩὪὪ relaxation times to Ў1/2  was calculated as (“ὝὩὪὪ) 1. The residual 
2 2 

linewidth was calculated as 

 
Ў’   Ў  (“ὝὩὪὪ)

1 
 Ў’ 

ὶὩίὭὨόὥὰ 1/2  2 ίὭὲὫὰὩὸ 
(27) 
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Figure 9: Exponential decay plots of M0.92, M2.04, M2.26 and M2.99 from MM spectra 

summed for all healthy volunteers for GM- and WM-rich voxels. The scatter points show 

the fitted concentrations for the respective TEs and the line shows the exponential decay 

fit. The y-axis has arbitrary units. Therefore, conclusions should not be drawn about the 

differences between GM and WM plots. The figure is adapted from Publication 1. 

The B0 components deduced from the tCr(CH2) residual as 

 
Ў’ =  Ў  (“ὝὩὪὪ)

1   
  Ў’ +  Ў’ 

ίὭὲὫὰὩὸ 1/2  2 άὭὧὶέ άὥὧὶέ 
(28) 

 
 

The values of Ў’άὭὧὶέȟ Ў’άὥὧὶέ represent the microscopic and macroscopic susceptibility 

components respectively. 

Results 
 

Figure 8 shows the TE series of MM spectra from GM- and WM-rich voxels. The shaded 

area represents the standard deviation in the signal between subjects illustrating the high 

reproducibility of the data quality. The exponential decay fits for M0.92, M2.04, M2.26 and 

M2.99 peaks in the GM- and WM-rich voxels are shown in Figure 9. The LCModel fit 

residual was minimum and showed minimal structured noise indicating a good fit quality 

for all individual data from GM- and WM-rich voxels (Publication 1). M2.70 is observed to 

undergo J-evolution and it attains full inversion between TE = 52 and TE = 60 ms. In order 
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to account for this effect in fitting, the M2.70 peak was simulated as a negative peak at the 

aforementioned TEs. 

The ὝὩὪὪrelaxation times calculated from fits of the individual subject data and the across 

subjects summed spectra were in good agreement. The box plots of the ὝὩὪὪrelaxation 

times are given in Figure 10. The values lie between 13 and 37 ms for GM-rich voxels 

and between 13 and 40 ms for WM-rich voxels. The mean R2 values of the exponential 

decay fits were above 0.70 for all MM peaks except M4.03. 
 
 

 
Figure 10: The boxplots show ὝὩὪὪ relaxation times calculated for 14 MM peaks in GM- 

rich (dark blue) and WM-rich (light blue) voxels. Horizontal lines inside the boxes indicate 

median values (50% quartile). The boundaries at the bottom and the top represent 25 

and 75 % quartiles respectively. Red and magenta crosses represent the ὝὩὪὪ,ίόά 

relaxation times calculated for the subject-wise summed spectrum from GM- and WM- 

rich voxels respectively. The figure is adapted from Publication 1. 

The measured Ў1/2  of the MM peaks ranged between 35 and 85 Hz across all TEs. 

However, the contribution of ὝὩὪὪrelaxation times (“ὝὩὪὪ) 1 calculated were between 4 
2 2 
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and 30 Hz. The Ў’ὶὩίὭὨόὥὰ for MM peaks calculated after using the Ў’ίὭὲὫὰὩὸ of tCr(CH2) 

varied between 10 and 60 Hz (Figure 11). 

Discussion 

 
ὝὩὪὪ relaxation time values are comparable between the GM- and WM-rich voxels in the 

occipital lobe and the occipital-parietal transition respectively. These values are brain 

region specific as the difference in T2 relaxation times is primarily governed by the iron 

concentrations across the human brain as shown by Hasan et al11. 

 

Figure 11: Residual linewidths calculated using Equation 27 for the MM peaks and 

metabolite residual tCr(CH2) at 3.925 ppm. The figure is adapted from Publication 1. 

Table 1 shows a comparison of ὝὩὪὪ relaxation time values across field strengths. Most 

MM peaks show a mild B0 dependence. As discussed in the MM expertsô consensus 

article57, even though the ὝὩὪὪ relaxation times tend to decrease with field strength, they 

have a very mild B0 dependence. M0.92 peak shows maximum deviation from the field 

strength trend since ὝὩὪὪ relaxation times at 9.4 T is slightly higher than ὝὩὪὪ reported at 
2 2 


















































































































