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Abstract 

Short echo time (TE) magnetic resonance spectroscopy (MRS) techniques with spectral 

fitting are commonly employed approaches for brain metabolite quantification at 9.4 T.  However, 

there is a significant overlap of peaks in short-TE spectra, even at 9.4 T. To better resolve 

resonances, spectral editing by optimal-TE Point RESolved Spectroscopy (PRESS), a readily 

available in-vivo MRS sequence, was used to improve the detection of some oncologically relevant 

brain metabolites in rat brain at 9.4 T. The metabolites include glycine (Gly), glutamine (Gln), 

glutamate (Glu), and γ-aminobutyric acid (GABA). 13C4-Glu was also measured with indirect 13C 

detection, using optimized PRESS timings, during [U-13C6]-glucose infusions. For Gly, a PRESS 

(TE1, TE2) combination of (60 ms, 100 ms) was found numerically to minimize the myo-inositol 

signal in the Gly spectral region resulting in a well resolved Gly resonance. LCModel was 

employed to analyze in-vivo spectra. Average Gly concentration (over three rats) was found to be 

1.35 mM with an average Cramér-Rao Lower Bound (CRLB) of 17.5 %, agreeing with values in 

the literature. To simultaneously quantify Gln, Glu and GABA, a (TE1, TE2) combination of (106 

ms, 16 ms) minimized the NAA signal in the Gln spectral region, while retaining macromolecule-

free Gln, Glu, and GABA peaks. The efficacy of the timings were verified on phantom solutions 

and on rat brain in vivo. Average Gln, Glu, and GABA concentrations were found over five rats to 

be 3.39 mM, 11.43 mM, and 2.20 mM, with average CRLBs of 15.4 %, 5.0 %, and 17.8 %, 

respectively, within error of literature values. In addition, we evaluated short-TE spectra obtained 

from phantoms of known Gln, Glu and GABA concentrations, and demonstrated that errors can 

result due to overlapping signals. Specifically, concentrations were estimated from phantoms of 

known varying glutamine (Gln) concentrations, with other metabolites present in fixed known 

physiological concentration ratios, and it was found that errors in estimation were >39 %. The 
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errors were reduced with the long-TE PRESS sequence. For the dynamic 13C indirect measures, a 

(TE1, TE2) combination of (20 ms, 106 ms) was found to be suitable for minimizing NAA signal 

in the ≈ 2.51 ppm 13C4-Glu proton spectral region, while retaining the ≈ 2.51 ppm 13C4-Glu proton 

satellite peak. The efficacy of the technique was verified on phantom solutions and on rat brain in 

vivo during an infusion of [U-13C6]-glucose. LCModel was again employed for analysis of the in-

vivo spectra to quantify the ≈ 2.51 ppm proton 13C4-Glu signal to obtain Glu C4 fractional 

enrichment (FE) time courses during the infusions. Glutamate FE was found to be, on average, 

0.59, for two rats at the end of infusion. The indirect 13C detection with optimized PRESS provides 

an alternative to subtraction techniques and techniques that require additional 13C capability.  

In addition, rat kidney MRS was also investigated with short-TE PRESS at 9.4 T to non-

invasively obtain in-vivo spectra of the kidney and quantify levels of Glx (Glu + Gln), myo-inositol, 

and taurine, relative to choline + betaine. The relative concentrations, found over four rats, were 

found to be, on average, 2.16, 1.40, and 2.17, for Glx, myo-inositol, and taurine, respectively. 

Previous MRS of rat kidney in vivo relied on surgical exposure. 
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1.1 – INTRODUCTION TO THESIS 

1.1.1 – Thesis Hypothesis 

The detection and quantification of oncologically relevant rat brain metabolites with in-

vivo magnetic resonance spectroscopy at 9.4 T is improved via spectral editing with optimal-echo-

time point-resolved spectroscopy. In addition, the high magnetic field strength of 9.4 T can be 

exploited to enable in-vivo magnetic resonance spectroscopy of rat kidney non-invasively. 

  

1.1.2 – General Overview of MRS 

Nuclear Magnetic Resonance (NMR) is a phenomenon that can be used to measure 

information about chemical systems. Specifically-designed magnetic fields enable localized NMR 

signals to be measured in-vivo non-invasively. More specifically, NMR is the phenomenon 

whereby a nucleus precesses, or resonates, in the presence of an external magnetic field. Magnetic 

Resonance Spectroscopy (MRS) is one of a number of techniques within the field of NMR 

imaging, but it is unlike many others in that it can provide metabolic information. That is, it can 

provide biochemical information instead of just an anatomic appearance. MRS can be used to 

indirectly measure metabolism, the series of chemical processes that maintain life, by measuring 

metabolite concentrations. The chemical shift effect results in signature peaks for different 

metabolites (depending on their chemical structure) enabling relative levels of metabolite 

concentrations to be estimated. MRS can provide insight into both healthy and diseased tissue 

function.1 
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Prominent brain metabolite peaks in 1H MRS include those from N-acetylaspartate (NAA), 

creatine (Cr), and choline (Cho), which are the three largest peaks, at chemical shifts of 

approximately 2 ppm, 3 ppm, and 3.2 ppm, respectively. The protons that give rise to the signals 

are not involved in J-coupling interactions; therefore, they appear as singlets. The absence of J-

coupling also implies no temporal J-coupling modulation of the signal. There are a number of other 

metabolites that either exist in lower concentrations or have a lower signal due to the signal arising 

from fewer nuclei. Their peaks are not as distinct and hence more difficult to detect and quantify. 

Further complicating matters is that a number of metabolite protons have similar chemical shifts 

and exhibit peak splitting due to J-coupling interactions, leading to spectral overlap. The low signal 

and spectral overlap makes it challenging to detect and accurately quantify signals from those 

metabolites and the application of more sophisticated techniques is required. This is where the 

subfield of spectral editing comes in.  

In spectral editing, various methods are used to improve the signal resolution and 

detectability of a number of metabolite signals, to aid in their quantification. Most methods rely 

on differences in J-coupling evolution of the protons of interest and the contaminating protons. 

Pulse sequence parameters or modifications to pulse sequences are made such that J-coupling 

evolution results in minimal signal from contaminating protons while retaining sufficient signal 

from protons of interest. An example of spectral editing is optimizing the echo time (TE) of either 

Point-RESolved Spectroscopy (PRESS)2 or Stimulated Echo Acquisition Mode (STEAM)3, two 

commonly employed single-shot in-vivo MRS pulse sequences. PRESS potentially offers twice 

the Signal-to-Noise Ratio (SNR) obtainable from STEAM.  It is a single-shot, double-spin-echo 

technique, characterized by two TE values, namely, TE1 and TE2, which have been optimized for 

spectral editing purposes,4-10 as J-coupling evolution occurs during both time periods.11 
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Alternatives to spectral editing include 2D NMR methods. However, their applicability in vivo is 

limited due to long acquisition times, low SNR, and susceptibility to scan instabilities.12 

 

1.1.3 – Challenges in MRS Quantification of Some Relevant Metabolites 

Four metabolites that can benefit from spectral editing are glycine (Gly), glutamine (Gln), 

glutamate (Glu), and γ-aminobutyric acid (GABA). The spectrum from Gly is a singlet peak at 

about 3.55 ppm, which does not experience J-coupling evolution.13 In vivo, it is significantly 

overlapped by signal from the protons of myo-inositol (Ins) at about 3.52 and 3.61 ppm, which do 

experience J-coupling interactions.13 Additionally, Ins exists at a much larger concentration than 

Gly in the brain, and, as such, has a much larger signal. Glutamine, Glu, and GABA have 

resonances at about 2.45 ppm, 2.35 ppm, and 2.28 ppm, resulting from protons that are all involved 

in J-coupling interactions.13 Glutamate experiences signal overlap with both Gln and GABA, and 

Gln additionally experiences signal overlap with the signal of NAA at about 2.49 ppm, which also 

experiences J-coupling modulation.13 The four metabolites play important biological roles in 

neurotransmission and energy metabolism,14,15 and their altered concentration levels have been 

implicated in a number of disease states, including cancer.8,16 Therefore, the ability to detect and 

quantify their levels in vivo is relevant both as a research tool and, potentially, as a clinical 

diagnostic one. Spectral editing to enable better detection and quantification of the MRS signals 

of the metabolites is a crucial step towards paving the way for advanced research and diagnosis of 

diseases such as cancer with MRS. 
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1.1.4 – 13C MRS 

While hydrogen-1 (1H) is the most commonly utilized nucleus in MRS because of its high 

natural abundance and sensitivity, others of interest include carbon-13 (13C). Performing research 

with 13C has its own set of challenges, including lower sensitivity due to a lower gyromagnetic 

ratio (approximately one-fourth that of 1H) and a lower natural isotopic abundance (around 1.1%, 

compared to 99% for 1H). An additional cost is the extra hardware that is typically required to 

detect 13C NMR signal on a scanner that is normally used for 1H. However, some of the challenges 

can be mitigated or even turned to advantage. The natural isotopic abundance of 13C can be 

leveraged by infusing a 13C-enriched substrate, such as 13C-labelled-glucose (Glc), into a living 

system. When Glc has been enriched with 13C (up to 99% of Glc carbons can be 13C-enriched) and 

injected into a human or animal, the products of Glc metabolism will incorporate the 13C label, 

resulting in increased 13C signal from those metabolites. By measuring the increase in the signal 

over time (the rate of 13C accumulation into the metabolite pool), a measure of Glc energy 

metabolism can be obtained.17 These are referred to as dynamic measurements, as opposed to 

typical steady-state MRS measurements.  

One relevant product of glucose metabolism of which such dynamic measures can be 

obtained is Glu, which is linked to the tricarboxylic acid (TCA) cycle through α-ketoglutarate.17 

When 13C-labelled-Glc is metabolized, the C4 carbon of Glu becomes 13C labelled (13C4-Glu). 

Measuring the increase in signal over time can enable the measurement of VTCA, the rate of the 

TCA cycle.17 VTCA is important to the study of a number of diseases, including cancer.18,19 While 

13C4-Glu can be measured directly with 13C MRS, it can also be measured indirectly with 1H MRS 

through heteronuclear J-coupling interactions between the 1H nuclei and the 13C nuclei that results 

in peak splitting (can be referred to as satellite peaks).20 The proton spectrum becomes modified 
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as 13C label is incorporated due to the heteronuclear J-coupling. Techniques that can be used to 

measure 13C4-Glu indirectly include Adiabatic Carbon Editing and Decoupling (ACED)-STEAM21 

and the Proton-Observed Carbon-Edited (POCE) Sequence.22 The methods include both 13C and 

1H pulses and, therefore, require hardware for both. Indirect 13C detection has, however, been 

performed without additional 13C hardware, using only a standard short-TE PRESS 1H pulse 

sequence.20 The work was performed at 3 T to obtain 13C4-Glu measures from monkey brain during 

an infusion of uniformly-labelled-13C-glucose ([U-13C6]-Glc).20 Measures were obtained from 

satellite peak signals surrounding the nominal 1H signal in the spectrum, which begin to grow as 

more 13C label is incorporated. Subtraction from the baseline spectrum removes overlapping 

signals at each time point.   

 

1.1.5 – High Field MRS 

A large amount of MRS research in humans in vivo has been performed at clinical field 

strengths, such as 1.5 T or 3 T. Higher static magnetic field strengths, available for research, such 

as 7 T or 9.4 T, offer two key advantages for MRS. One major advantage is an increase in SNR; 

in vivo, there is approximately a linear increase in SNR with increasing field strength.23 The 

increase in SNR results in better defined peaks in MRS, allowing for more accurate quantification. 

In some cases, this can enable the detection of peaks that would otherwise be undetectable.24 The 

second benefit of a higher field strength is increased spectral resolution that results from an 

increased separation between peaks due to the increase in the frequency difference between them. 

There are a number of challenges associated with high field magnets, including magnetic 

field homogeneity, rendering small bore magnets popular for research studies.25-31 Such small bore 
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magnets are suitable for studying animal models such as the rat. While it is not a completely human 

equivalent model, valuable information learned from research on the rat model, for example, in 

disease states such as cancer, can potentially be translated to or justify human studies. The field 

strength of 9.4 T has been used to perform a number of rat brain MRS studies.25-28,31-36 Many of 

the studies were performed with short-TE techniques and relied on spectral fitting for 

quantification.25-28,31,34,35 However, it has been shown that when spectral overlap occurs, signal 

quantification with spectral fitting can be inaccurate, even when the Cramér-Rao Lower Bound 

(CRLB, a measure of fitting uncertainty) is low, for example, in the case of glutathione (GSH), 

which has overlap with a number of metabolites.37 Even at 9.4 T, there is spectral overlap for Gly, 

Glu, Gln, GABA, and 13C4-Glu. Only a limited number of spectral editing techniques have been 

implemented at 9.4 T. SPin ECho, full Intensity Acquired Localized (SPECIAL) spectroscopy has 

been optimized for Gly.32,36 Subtraction editing has been utilized for GABA.133 Optimal-TE 

STEAM has been optimized for Glu and Gln via simulation, but it has not been applied in vivo.24 

 

1.1.6 – Thesis Objectives 

The hypothesis of this thesis is that the detection and quantification of oncologically 

relevant rat brain metabolites with in-vivo magnetic resonance spectroscopy at 9.4 T is improved 

via spectral editing with optimal-TE PRESS. In addition, the high magnetic field strength of 9.4 T 

can be exploited to enable in-vivo magnetic resonance spectroscopy of rat kidney non-invasively. 

This is investigated throughout the thesis, with a few specific research objectives in mind. One 

objective is to optimize TE1 and TE2 of PRESS for the improved quantification of steady-state 

measures of Gly (concentration of ≈ 1 mM), Gln (≈ 4 mM), Glu (≈ 10 mM), and GABA (≈ 1 mM) 
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for rat brain 1H MRS studies at 9.4 T. We evaluated short-TE spectra obtained from phantoms of 

known concentrations, and demonstrated that errors can result due to overlapping signals. 

Specifically, concentrations were estimated from phantoms of known varying glutamine (Gln) 

concentrations, with other metabolites present in fixed known physiological concentration ratios, 

and it was found that errors in estimation were >39 %. In addition, another objective is to optimize 

PRESS for the dynamic measures of 13C4-Glu by indirect 13C detection at 9.4 T, during rat [U-

13C6]-Glc infusions. PRESS is a readily available MRS sequence and our optimizations provide a 

convenient alternative to spectral editing techniques presented in the literature for the measurement 

of Gly32,36 and GABA33 at 9.4 T. The former relies on the SPECIAL technique, which is not readily 

available on most scanners. Both techniques rely on subtraction of spectra, rendering them prone 

to subtraction errors. The subtraction technique for the detection of GABA removes the 2.35 ppm 

Glu and 2.45 ppm Gln signals. While STEAM timings have been optimized for Glu and Gln via 

simulation,24 the optimizations have not been verified in vivo. In this thesis work, PRESS was 

optimized for the simultaneous measurement of Gln, Glu, and GABA in rat brain. We also 

optimize PRESS for indirect 13C4-Glu measurements at 9.4 T that do not rely on subtraction or the 

need for additional 13C hardware. Previous work that measured 13C4-Glu without a 13C channel 

relied on subtraction of spectra20, which as mentioned already can be prone to subtraction errors. 

At 9.4 T, 13C4-Glu results in a proton satellite peak at 2.51 ppm which suffers spectral overlap 

primarily with NAA (≈ 2.49 ppm). Our optimization reduced the contamination from NAA.  

While MRS studies on rat brain have been common, work on other body structures such 

as kidney has been limited.38 The study of metabolites such as Glu, Gln, Ins, taurine (Tau), betaine 

(Bet), and Cho has shown relevance to research on kidney cancers, including renal cell 

carcinoma.39 Kidney MRS studies have been largely limited due to respiratory motion, which 
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makes any study of abdominal structures challenging due to motion artifacts. Previous rat kidney 

studies were performed at 2.0 T40 and 7 T41,42 on surgically exposed kidneys, which allows the 

kidney to be fixed, while also improving SNR due to the proximity of the radiofrequency (RF) 

coil. In this thesis, the final objective is to exploit the higher SNR at 9.4 T to obtain in-vivo MRS 

spectra of the rat kidney non-invasively to quantify levels of Glx (Glu + Gln), Ins, and Tau, relative 

to Cho + Bet. 

 

1.1.7 - Overview of Thesis Organization 

The presented thesis is organized into 7 chapters. The rest of chapter 1 includes background 

information on MRS, including the basics of NMR, NMR detection, the chemical shift effect, J-

coupling, longitudinal and transverse relaxation, in-vivo MRS techniques, J-coupling evolution 

during PRESS, spectral editing, the benefits of high field NMR, as well as special considerations 

for 13C MRS. Chapter 2 provides details on the relevant metabolites, numerical density matrix 

simulations, experimental design for phantom, rat brain, and rat kidney MRS experiments, and 

data analysis with LCModel peak fitting software. Chapter 3 presents the optimization of PRESS 

for Gly detection and quantification in rat brain at 9.4 T. The PRESS timings are chosen to 

minimize the overlapping Ins resonance, retaining sufficient Gly signal, the protons of which do 

not experience J-coupling interactions. The chapter discusses the methods and results obtained 

from numerical calculations and phantom experiments and demonstrated the efficacy of the 

sequence timings in vivo in the brains of four rats (published in Biomedical Physics and 

Engineering Express, 2016). Chapter 4 demonstrated how PRESS timings are selected for the 

simultaneous detection of Glu, Gln, and GABA in rat brain at 9.4 T. PRESS is optimized such that 
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the NAA resonance in the Gln spectral region is reduced, while the Glu, Gln, and GABA signals 

are preserved. The longer TE values also allow for the decay of short-T2 macromolecule signals 

that overlap all three signals.43-45 The chapter includes methods and results attained from 

simulations and experiments, from both phantom and five rat brains in vivo (published in NMR in 

Biomedicine, 2018). Chapter 5 describes the study on dynamic measurements of 13C4-Glu in rat 

brain with optimal-TE 1H PRESS at 9.4 T upon infusion of [U-13C6]-Glc. Optimizations were done 

numerically and verified in phantom solutions and in vivo in the brains of two rats during infusion 

(submitted to NMR in Biomedicine, 2019). Chapter 6 presents the outcome of non-invasive rat 

kidney MRS in vivo at 9.4 T with short-TE PRESS, including quantification of Glx (Glu + Gln), 

Ins, and Tau, relative to Cho + Bet, from four rat kidneys.  Chapter 7 offers concluding remarks. 

 

1.2 – NUCLEAR MAGNETIC RESONANCE 

1.2.1 – Spin and Nuclear Magnetic Moments 

 The physical property of nuclei that enables them to have an NMR signal is spin, which 

not all nuclei have. Spin is a quantized intrinsic angular momentum that gives rise to a magnetic 

moment. Spin quantum number, 𝑠, is defined as: 

𝑠 =
𝑛

2
       (1.1) 

𝑛 is any non-negative integer. For this thesis, the focus is on nuclei that have a spin of ½. Protons 

and neutrons, which are the particles that populate a nucleus, both have a spin of ½. If a nucleus 

contains one of these in an odd number, it will have a spin of ½. Such nuclei include 1H, 13C, 

nitrogen-15, fluorine-19, and phosphorus-31. This thesis will discuss 1H and 13C NMR. 1H is the 
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most popular for a number of reasons, including the sheer number of hydrogen nuclei that exist in 

biological systems as a part of water, as well as the relative natural isotopic abundance of 1H 

(around 99%). A 1H nucleus is simply made up of one proton, so it is often referred to as such, and 

1H NMR is often referred to as proton NMR. Carbon-12 (12C) is the most abundant form of carbon 

(around 98.9%), but it has no net spin, owing to the nuclear structure of six protons and six 

neutrons. 13C is less abundant (around 1.1%), but because it contains seven neutrons, it has a spin 

of ½. 

The total spin angular momentum, 𝑆, is described by: 

𝑆 = ħ√𝑠(𝑠 + 1)     (1.2) 

 

ħ is the reduced Planck constant (1.054 x 10-34 J·s). For a spin-½ system: 

𝑆 = ħ
√3

2
      (1.3) 

The z component is: 

𝑆𝑧 = ±
ħ

2
       (1.4) 

The spin gives rise to a magnetic moment, 𝜇 , which has a z component of: 

𝜇𝑧 = 𝛾𝑆𝑧 = ±
𝛾ħ

2
     (1.5) 

γ is the gyromagnetic ratio (2π x 42.6 x 106 rad·s-1·T-1 for 1H). 
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1.2.2 – Effects of External Magnetic Fields – Zeeman Energy 

 When a magnetic moment is placed in an external magnetic field, �⃗� , it gains an energy: 

𝐸 = −𝜇 ∙ �⃗�       (1.6) 

A spin-½ particle in a uniform magnetic field in the 𝑧  direction will align with �⃗� 0 and gain an 

energy: 

𝐸 = ±
𝛾ħ

2
𝐵0      (1.7) 

 

Spins that are aligned parallel to �⃗� 0 are in a lower energy state and have a negative 𝐸, while spins 

that are aligned anti-parallel to �⃗� 0 are in a higher energy state and have a positive 𝐸. The difference 

between these two energies is: 

∆𝐸 = 𝛾ħ𝐵0      (1.8) 

This is known as the Zeeman Energy, and it is illustrated in figure 1.1. This is the energy required 

for a spin to switch between the two states. 
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Figure 1.1: The Zeeman Energy for a spin-½ particle, which increases with increasing �⃗⃗� 𝟎. 

 

1.2.3 – Larmor Frequency 

 As the Zeeman energy is the energy required for a spin to switch between the two states, a 

photon of this energy can cause the transition. The frequency of such a photon would be given by: 

 𝜔0 =
∆𝐸

ħ
= 𝛾𝐵0     (1.9) 

This is equivalent to the frequency of precession of a magnetic moment when a torque is exerted 

on it by an external magnetic field. This is referred to as the Larmor frequency, shown in figure 

1.2. 
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Figure 1.2: The precession of a magnetic moment �⃗⃗�  placed in an external magnetic field �⃗⃗� , which 

oscillates with the Larmor frequency 𝝎𝟎. 

 

1.2.4 – Population of Spin States 

 Prior to application of an external magnetic field, a given spin in a population will have a 

random orientation. When the field is added, the spins will align either parallel or anti-parallel as 

described above. In addition, since the spins that are parallel to �⃗� 0 are in a lower energy state, this 

state is preferentially populated. The number of spins in this state, relative to the number of spins 

that are anti-parallel, follows the Boltzmann distribution, given by: 

𝑁𝑝𝑎𝑟𝑎𝑙𝑙𝑒𝑙

𝑁𝑎𝑛𝑡𝑖𝑝𝑎𝑟𝑎𝑙𝑙𝑒𝑙
= exp (

∆𝐸

𝑘𝑇
) = exp⁡(

𝛾ħ𝐵0

𝑘𝑇
)    (1.10) 
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𝑘 is the Boltzmann constant (1.381 x 10-23 J·K-1) and T is temperature in K. 

 

1.2.5 – The Net Magnetization Vector 

 The preferential population of spins parallel to �⃗� 0 results in a net magnetization, 𝑀0. At 

room temperature: 

𝑘𝑇 ≫ 𝛾ħ𝐵0     (1.11) 

A first order Taylor series approximation can be applied to the Boltzmann distribution in equation 

1.10, yielding: 

𝑁𝑝𝑎𝑟𝑎𝑙𝑙𝑒𝑙

𝑁𝑎𝑛𝑡𝑖𝑝𝑎𝑟𝑎𝑙𝑙𝑒𝑙
≈ 1 +

𝛾ħ𝐵0

𝑘𝑇
    (1.12) 

Multiplying both sides by and then subtracting 𝑁𝑎𝑛𝑡𝑖𝑝𝑎𝑟𝑎𝑙𝑙𝑒𝑙  gives: 

𝑁𝑝𝑎𝑟𝑎𝑙𝑙𝑒𝑙 − 𝑁𝑎𝑛𝑡𝑖𝑝𝑎𝑟𝑎𝑙𝑙𝑒𝑙 ≈ 𝑁𝑎𝑛𝑡𝑖𝑝𝑎𝑟𝑎𝑙𝑙𝑒𝑙
𝛾ħ𝐵0

𝑘𝑇
   (1.13) 

Since the difference between 𝑁𝑝𝑎𝑟𝑎𝑙𝑙𝑒𝑙  and 𝑁𝑎𝑛𝑡𝑖𝑝𝑎𝑟𝑎𝑙𝑙𝑒𝑙  is small, it can be assumed that: 

𝑁𝑎𝑛𝑡𝑖𝑝𝑎𝑟𝑎𝑙𝑙𝑒𝑙 ≈
𝑁𝑠

2
     (1.14) 

𝑁𝑠 is the total number of spins. Therefore: 

𝑁𝑝𝑎𝑟𝑎𝑙𝑙𝑒𝑙 − 𝑁𝑎𝑛𝑡𝑖𝑝𝑎𝑟𝑎𝑙𝑙𝑒𝑙 ≈
𝑁𝑠

2

𝛾ħ𝐵0

𝑘𝑇
    (1.15) 

The resulting net magnetization is given by: 

𝑀0 = 𝜇𝑧(𝑁𝑝𝑎𝑟𝑎𝑙𝑙𝑒𝑙 − 𝑁𝑎𝑛𝑡𝑖𝑝𝑎𝑟𝑎𝑙𝑙𝑒𝑙) =
𝛾2ħ2𝑁𝑠𝐵0

4𝑘𝑇
  (1.16) 
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The net magnetization vector will point along �⃗� 0 at equilibrium. 

 

1.3 – NMR DETECTION 

1.3.1 – Radiofrequency (RF) Excitation 

 As mentioned above, a photon of frequency 𝜔0 will allow the spins to switch between their 

two states. For NMR, this is typically in the radiofrequency (RF) range of the spectrum. For 

example, for 1H at 9.4 T: 

𝜔0 = 𝛾𝐵0 = (2𝜋 × 42.6 × 106⁡𝑟𝑎𝑑 ∙ 𝑠−1 ∙ 𝑇−1)(9.4⁡𝑇) = 2𝜋 × 400.44 × 106⁡𝑟𝑎𝑑 ∙ 𝑠−1 (1.17) 

When an RF pulse (�⃗� 1 magnetic field) is applied, the orientation of the net magnetization vector 

can be modified. It is useful here to define the rotating reference frame, which is separate from the 

laboratory frame. The rotating reference frame rotates at the frequency of the applied RF pulse. 

�⃗� 1, which oscillates in the laboratory frame, is static in the rotating frame on a fixed axis. This axis 

is referred to as a pulse’s phase. The angle through which the magnetization vector, 𝑀, is flipped 

is related to the amplitude and duration of the �⃗� 1 pulse. The phase of the RF pulse determines the 

direction in which the magnetization vector is tipped. For example, a 90°X (the subscript refers to 

pulse phase direction in the rotating frame, in this case in the x-direction) pulse will tip the 

magnetization vector from along the z direction into to the x-y plane, along the y-axis. This is 

known as an excitation pulse, and it can be visualized in figure 1.3. A 180° pulse will invert the 

magnetization vector from the positive z direction to the negative z direction. This is known as an 

inversion pulse, which is demonstrated in figure 1.4. There is another type of 180° pulse called a 

refocusing pulse, which is discussed in section 1.7.2. 
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Figure 1.3: Diagram of a magnetization 𝑴 being tipped from the z-direction (parallel to �⃗⃗� 𝟎) into 

the xy-plane (perpendicular to �⃗⃗� 𝟎) with a 90°X excitation pulse in the rotating frame. 
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Figure 1.4: Diagram of a magnetization 𝑴 being tipped from the z-direction (parallel to �⃗⃗� 𝟎) into 

the negative z-direction (anti-parallel to �⃗⃗� 𝟎) with a 180° inversion pulse. 

 

1.3.2 – Detection via Faraday Induction 

 Faraday induction is the creation of an electromotive force (EMF), or voltage, in a closed 

circuit, due to a rate of change in the magnetic flux, 
𝑑𝛷𝐵

𝑑𝑡
 , enclosed by the circuit. This is shown in 

figure 1.5. When the spins are excited, the magnetization vector, 𝑀𝑥𝑦, now in the x-y plane, will 

precess around the z-axis with the Larmor frequency 𝜔0. As this happens, a magnetic flux that 

varies with this frequency will be created. An appropriately designed circuit can detect this via 

faraday induction, and the voltage can be detected and measured. 
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Figure 1.5: Illustration of Faraday induction. 

 

RF coils are used to apply the excitation pulses and detect the varying magnetic field 

created by the resulting precession of the magnetization vector. There are different types of coils 

that can be used for these purposes. Two of the most common are surface coils and volume coils.  

A surface coil is a simple LC circuit loop, shown in figure 1.6. The resonant frequency, 

given by: 

𝜔 =
1

√𝐿𝐶
      (1.18) 
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𝜔 is tuned to the Larmor frequency 𝜔0. The main advantage of surface coils is a better SNR, as 

the design allows for closer proximity of the coil to the region being imaged. However, the tradeoff 

is the inhomogeneity of the RF field and signal drop-off with depth. 

 

 

Figure 1.6: Basic surface coil design, which is an LC circuit. Panel a) shows �⃗⃗�  (dashed arrows) 

generation from a current 𝑰. Panel b) shows detection, with an EMF induced by the magnetic flux 

(dashed arrows) from the spins. 

 

A birdcage coil, which is a type of volume coil, has a different and more complicated 

design. It involves a number of LC circuits connected in parallel to form a cylinder or “cage.” 

Figure 1.7 illustrates this. This design ensures that there is more homogeneity of the RF field 

throughout the inside of the cylinder. The main disadvantage is that the geometry of the coil often 

results in a greater distance from the sample, which reduces the SNR. 
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Figure 1.7: Birdcage coil, which is a number of LC circuits attached in parallel to form a cylinder. 

Panel a) shows �⃗⃗�  generation from a current 𝑰. Panel b) shows detection, with an EMF induced by 

the magnetic flux from the spins. 

 

1.3.3 – Effect of Magnetic Field Gradients 

 By combining a static magnetic field with RF coils, it is possible to excite spins and then 

detect the resulting precession. However, there needs to be a way to determine where the signal 

originates. The mapping is important for imaging but is also crucial for spectroscopy where the 

signal needs to be spatially localized. Magnetic field gradients allows for this. By applying a linear, 

spatially varying magnetic field gradient to the existing static magnetic field, the Larmor frequency 

𝜔0 of the spins can be varied linearly over space. As the local magnetic field of each spin changes, 

the resulting frequency changes, according to: 
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𝜔 = 𝛾𝐵     (1.19) 

A gradient can be applied, which is given by: 

𝐺 =
∆𝐵

∆𝑥
      (1.20) 

A slice can be excited by applying a ∆𝜔 range of RF frequencies, or bandwidth, while the gradient 

is applied. The pulse is known as a slice-selective RF �⃗� 1 pulse and will be discussed further in 

section 1.6.1. The slice will have dimension: 

∆𝑥 =
∆𝜔

𝛾𝐺
     (1.21) 

Slice-selection can be done with the field variation in all three dimensions, using three magnetic 

field gradients to achieve a cubic voxel for MRS. The fields all point along the z-axis. 

 

1.3.4 – Free Induction Decay (FID) 

 The resulting signal detected by the coil is referred to as a Free Induction Decay (FID), 

which is shown in figure 1.8. It is detected as an induced voltage that changes with time. 
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Figure 1.8: Free induction decay. 

 

The oscillations in the FID match the Larmor frequency 𝜔0 of the spins. Applying a Fourier 

Transform to this time domain signal results in a frequency domain signal that consists of a peak 

at 𝜔0, which corresponds to a frequency of 𝜈0 =
𝜔0

2𝜋
 in Hz (see figure 1.9). The FID decays 

exponentially with a time parameter, 𝑇2
∗, following 𝑒

−𝑡
𝑇2

∗⁄
, and this results in a peak in the time 

domain that has a finite linewidth that is proportional to  
1

𝜋𝑇2
∗. 𝑇2

∗ will be discussed further in section 

1.5.2. 
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Figure 1.9: Peak in frequency domain associated with the FID. 

 

1.4 – CHEMICAL SHIFT EFFECT 

 An isolated nucleus in a static magnetic field will precess at the Larmor frequency, as 

determined by the magnetic field strength, following equation 1.9. However, when the nucleus 

exists as a part of a molecule, the frequency depends on its chemical environment, as the precession 

of the electrons present in the molecule will alter the local magnetic field of the proton. This 

subtracts from the static magnetic field via shielding by these surrounding electrons, giving an 

effective field of: 

𝐵 = 𝐵0(1 − 𝜎)     (1.22) 

𝜎 is the shielding constant. This results in a new resonant frequency of: 

𝜔 = 𝛾𝐵 = 𝛾𝐵0(1 − 𝜎)    (1.23) 
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As every functional group of each molecule has a different chemical environment and 

electron structure, each will have a slightly different 𝜎. This results in a slightly different resonant 

frequency 𝜔 for nuclei that exist in these groups, giving a unique set of frequencies for each 

molecule. The shielding is known as the chemical shift effect, and it is what enables NMR 

spectroscopy to be a powerful tool. Figure 1.10 provides an example. As each metabolite has a 

unique spectral signature, it is possible to detect and quantify their specific signal peaks. The size, 

or strength, of the signal peaks is dependent on the number of nuclei at that frequency that are 

detected. In the case of a population of molecules, this corresponds to the concentration of that 

molecule in a sample. The number of nuclei within one moleculer group that contributes to the 

signal must also be accounted for. For example, signal from a CH2 group will have twice the 

strength as signal from a CH group. For 1H MRS, this is known as proton multiplicity. 

 

 

Figure 1.10: The chemical shift effect, with the frequency ν1 greater than ν2. 
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Chemical shift can be measured directly in Hz; however, this is dependent on field strength. 

For continuity between field strengths, ppm (parts per million) is used instead. The chemical shift, 

𝛿, in ppm, is determined by the formula: 

𝛿 =
𝜈−𝜈𝑟𝑒𝑓

𝜈𝑟𝑒𝑓
     (1.24) 

𝜈 is the resonance frequency in Hz and is given by: 

𝜈 =
𝜔

2𝜋
      (1.25) 

𝜈𝑟𝑒𝑓  is a reference frequency. One commonly used reference frequency is the resonance frequency 

of Si(CH3)4 or tetramethylsilane, which has 12 protons that resonate at the same frequency, 

resulting in a large singlet peak. They are magnetically equivalent, which means that they resonate 

at the same resonance frequency and experience the same J-coupling interactions. J-coupling 

interactions will be further discussion in section 1.7. 

 

1.5 – RELAXATION 

It is important to consider how the magnetization vector changes with time, especially 

following an excitation. This is known as relaxation, and there are two types of relaxation that are 

often discussed in NMR, longitudinal (or 𝑇1) relaxation, and transverse (or 𝑇2) relaxation. Each of 

these have separate, but equally important, effects in both imaging and spectroscopy. 
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1.5.1 – Longitudinal (T1) Relaxation 

 Longitudinal (𝑇1) relaxation, also known as spin-lattice relaxation, describes the change in 

the z-component (along �⃗� 0) of the magnetization with time, following an excitation. It has units 

of time (seconds, but it is commonly given in milliseconds), and it gives a measure of the time it 

takes the z-component of the magnetization to return to thermal equilibrium. Equilibrium refers to 

its state in the absence of RF excitation, where the magnetization is pointing along 𝑧  with a 

magnitude of 𝑀0. More specifically, 𝑇1 is equal to the time it takes the magnetization vector to 

recover approximately 63% of its equilibrium value, following a 90° excitation pulse. This is equal 

to 1 −
1

𝑒
 and comes from: 

𝑀𝑧(𝑡) = 𝑀0 − (𝑀0 − 𝑀𝑧(0))𝑒
−𝑡

𝑇1
⁄

    (1.26) 

This describes 𝑇1 relaxation following an excitation, which is illustrated in figure 1.11. 
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Figure 1.11: 𝑻𝟏 relaxation following a 90° excitation. 

 

Longitudinal relaxation is caused by dipole-dipole interactions, which occur through space 

between the fields of magnetic dipoles, such as protons. This can allow for the transfer of energy 

from a dipole in a higher energy state, such as that of an excited nucleus, to a dipole in a lower 

energy state. The low energy dipoles that form the lattice (the surroundings of the excited nucleus), 
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therefore, absorb the energy given to the excited nucleus from the RF pulse. This allows the excited 

nucleus to return to a lower energy state and the z-component of the magnetization to return to 

equilibrium. 

Spin-lattice relaxation is important for both MRI and MRS because it plays a role in 

determining the signal response. The amount that the longitudinal magnetization 𝑀𝑧 recovers prior 

to an excitation will determine the amount of 𝑀𝑥𝑦 after excitation. If it fully recovers (𝑡 > 5𝑇1), a 

90° excitation pulse will result in: 

𝑀𝑥𝑦 = 𝑀𝑧 = 𝑀0     (1.27) 

If not, a 90° excitation pulse will result in: 

𝑀𝑥𝑦 = 𝑀𝑧 = 𝑀0(1 − 𝑒
−𝑡

𝑇1
⁄ )     (1.28) 

𝑡 is the amount of time that 𝑀𝑧 has been allowed to recover. This loss in 𝑀𝑥𝑦 results in a loss in 

observed signal. 

 

1.5.2 – Transverse (T2) Relaxation 

 Transverse (𝑇2) relaxation, also known as spin-spin relaxation, describes the change in the 

xy-component (perpendicular to �⃗� 0) of the magnetization with time, following an excitation. Like 

longitudinal relaxation, it has units of time, as it gives a measure of the time it takes the xy-

component of the magnetization to return to equilibrium, which is equal to zero. Specifically, 𝑇2 

is equal to the time it takes the magnetization vector to decay to approximately 37% of its value. 

This is equal to 
1

𝑒
 and comes from: 
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𝑀𝑥𝑦(𝑡) = 𝑀𝑥𝑦(0)𝑒
−𝑡

𝑇2
⁄

     (1.29) 

This describes 𝑇2 relaxation, which is shown in figure 1.12. It is worth noting that 𝑇2 is always 

shorter than or equal to 𝑇1. 

Transverse relaxation is also caused by dipole-dipole interactions, but it is an entropy 

process. There is no net energy transfer while spins exchange energy between themselves. Instead, 

there is a loss of phase coherence (an increase of entropy). As a result, 𝑀𝑥𝑦 eventually returns to 

zero. 
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Figure 1.12: 𝑻𝟐 relaxation following a 90° excitation. 

 

Spin-spin relaxation in both MRI and MRS plays a role in determining the signal response. 

The time between excitation and signal acquisition contributes to a loss in 𝑀𝑥𝑦. If signal 

acquisition is directly after excitation, signal loss is minimized. However, in in-vivo MRS where 

pulse sequences require RF pulses of finite duration and gradients to play out, the time between 

excitation and reception is increased, resulting in a loss of 𝑀𝑥𝑦, and, therefore, a loss in signal. 

Another important aspect to consider is the presence of local magnetic field 

inhomogeneities. Since there are local changes in magnetic field strength 𝐵0, the spins will 

experience slightly different Larmor frequencies 𝜔0, and will therefore precess at slightly different 

rates. This will cause excess dephasing, which means that some spins will acquire an excess 

positive or negative phase due to their increase or decrease in frequency relative to the expected 

nominal Larmor frequency. Dephasing causes 𝑀𝑥𝑦 to decay to zero quicker. The resulting 

relaxation is termed 𝑇2
∗ relaxation, which is composed of the intrinsic 𝑇2 relaxation, in addition to 

the effects of magnetic field inhomogeneities,⁡∆𝐵0, as follows: 
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1

𝑇2
∗ =

1

𝑇2
+ 𝛾∆𝐵0     (1.30) 

Fortunately, there is a way to reverse the dephasing due to the time independent field variations. 

By refocusing the magnetization with a spin echo pulse sequence, we can reduce the decay caused 

by 𝛾∆𝐵0 effects, such that the system is only affected by 𝑇2 relaxation.  

 As shown in figure 1.13, following spin excitation, the spins begin to dephase.  Applying 

a refocusing 180°X pulse rotates the transverse magnetization about the y-axis such that the spins 

“flip” to the opposite side. The spins that acquired a positive phase due to increased frequency will 

now have an equal negative phase, and vice-versa. As the spins continue to acquire phase, it will 

eventually return to zero during the same time delay. This is referred to as a spin echo. The total 

time from the initial excitation pulse to the height of the spin echo is referred to as the echo time 

(TE). It is defined as twice the time from the centre of the excitation pulse to the centre of the 

refocusing pulse. 
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Figure 1.13: Illustration of a spin echo where dephasing due to time independent field variations 

are shown to be refocused. 
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1.6 – IN-VIVO NMR SPECTROSCOPY 

 When obtaining spectra in vivo, the signal needs to be localized to a specific region of 

interest, such as a cubic voxel in a certain brain location.  

1.6.1 – Spatial Localization with Slice-Selective RF Pulses 

 As previously discussed, the Larmor frequency 𝜔0 of the spins can be changed in space by 

applying magnetic field gradients. Using slice-selective pulses along with magnetic field gradients 

enables us to selectively excite or refocus spins in a region of interest. By applying an amplitude-

modulated RF pulse, we can excite only a specific range of frequencies that corresponds to the 

bandwidth of the pulse (determined by the Fourier transform). For example, a square pulse, known 

as a hard pulse, will excite all frequencies, but not equally. A Fourier transform of a square results 

in a sinc shape, therefore, a hard pulse will have a frequency profile that looks like a sinc wave, 

shown in figure 1.14. 

 

 

Figure 1.14: Fourier transform of a square-shaped hard pulse, which is a sinc wave in frequency 

domain. 
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If we apply the opposite, a sinc-shaped pulse, we can obtain a frequency profile that looks 

close to a square, as seen in figure 1.15. This is known as a frequency-selective pulse, and when it 

is combined with an appropriate magnetic field gradient, it can select a slice. 

 

 

Figure 1.15: Fourier transform of a sinc-shaped pulse, which is a square in frequency domain. 

 

1.6.2 – Single-Shot In-Vivo MRS Pulse Sequences 

 Point-Resolved Spectroscopy (PRESS)2 is a commonly used pulse sequence in in-vivo 

MRS. It consists of three orthogonal slice-selective pulses, one 90° excitation pulse followed by 

two 180° refocusing pulses. Therefore, PRESS is a double spin echo sequence characterized by 

two separate echo times, TE1 and TE2, the sum of which is the total TE. The pulses are all slice-

selective pulses, and they are all applied in conjunction with magnetic field gradients that are 

orthogonal to each other, creating three orthogonal slices. Spins in the first slice will be excited, 

and only those in a column will be refocused by the first refocusing pulse. Following that, only a 

cube of that column will be refocused by the second focusing pulse. This cube forms the voxel of 
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interest from which the signal is acquired. Spoiler gradients are used to dephase any signal that 

would come from outside of the voxel and from any spins experiencing imperfect 180 pulses. 

PRESS is visualized in figure 1.16. 

 

 

Figure 1.16: Diagram of PRESS. 

 

Another popular in-vivo MRS technique is STimulated Echo Acquisition Mode 

(STEAM).3 Like PRESS, STEAM is a single-shot sequence, that is, all the relevant information is 

acquired in each acquisition. It consists of three orthogonal 90° slice-selective pulses, which result 

in a stimulated echo that can be observed. Single-shot sequences allow shimming, the process of 

optimizing the homogeneity of 𝐵0, directly on the voxel of interest.46 In addition, they are less 

susceptible to any motion artifacts and using them with respiratory gating is straightforward. 

Assuming a steady-state, the signal acquired from a PRESS acquisition is governed by47: 
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𝑀𝑥𝑦 = 𝑀0(1 − 2𝑒
−(𝑇𝑅−

𝑇𝐸
2

)

𝑇1 + 𝑒
−𝑇𝑅

𝑇1 )𝑒
−𝑇𝐸

𝑇2    (1.31) 

When TR >> TE, equation 1.31 simplifies to: 

𝑀𝑥𝑦 = 𝑀0(1 − 𝑒
−𝑇𝑅

𝑇1 )𝑒
−𝑇𝐸

𝑇2      (1.32) 

It is susceptible to losses due to both 𝑇1 and 𝑇2 relaxation. By ensuring that the repetition time, 

TR, is long enough, and the total echo time, TE, is short enough, the losses are minimized. By 

comparison, the signal acquired from a STEAM acquisition is governed by48: 

𝑀𝑥𝑦 =
𝑀0

2
(1 − 𝑒

−(𝑇𝑅−𝑇𝑀−
𝑇𝐸
2

)

𝑇1 )𝑒
−𝑇𝑀

𝑇1
+

−𝑇𝐸

𝑇2    (1.33) 

Due to the nature of the stimulated echo, half of the magnetization is lost, giving rise to the 
𝑀0

2
 

term. When TR >> (TE + TM), equation 1.33 simplifies to: 

𝑀𝑥𝑦 =
𝑀0

2
(1 − 𝑒

−𝑇𝑅

𝑇1 )𝑒
−𝑇𝑀

𝑇1
+

−𝑇𝐸

𝑇2     (1.34) 

TM is referred to as the mixing time. It is apparent that STEAM provides half of the potential SNR 

of PRESS. The SNR can be boosted by increasing the number of acquisitions, or averages, as the 

SNR is proportional to the square root of the number of averages. 
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1.7 – J-COUPLING 

1.7.1 – J-Coupling Basics 

 J-coupling, which is also known as scalar or spin-spin coupling, is the interaction between 

nuclei on the same molecule through their electronic bonds. Systems that are J-coupled can be 

referred to as weakly J-coupled or strongly J-coupled. This is determined by the inequality: 

𝐽

𝛿
≪ 1      (1.35) 

𝐽, measured in Hz, is referred to as the J-coupling constant and 𝛿 is the chemical shift difference 

between the coupled nuclei in Hz. If the inequality holds, the system is weakly coupled, and if it 

does not, it is strongly coupled. 

When a nucleus exhibits weak J-coupling, it experiences peak splitting with predictable 

relative amplitudes and periodic signal evolution. Strongly coupled systems have more complex 

spectral patterns. 

To denote the difference between weak and strong J-coupling, a lettering system is used. 

Letters close together in the alphabet refer to nuclei that are strongly coupled to each other, and 

letters far apart in the alphabet refer to nuclei that are weakly coupled to each other. For example, 

an AB spin system has two nuclei that are strongly coupled to each other, while an AX spin system 

has two nuclei that are weakly coupled to each other. 

J-coupling interactions, including peak splitting and signal evolution, are dependent on 

field strength. A system that is strongly coupled at one field strength may be weakly coupled at 

another. In addition, the location of the split peaks in ppm will be different at different field 

strengths, as the J constant is measured in Hz. 
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 J-coupling is guided by a combination of Fermi contact and the Pauli exclusion principle.49 

Fermi contact is the magnetic interaction of a nucleus with a bound electron. S-orbital electrons 

have a non-zero electron density at the nucleus. Because of this, the electron magnetic moment 

interacts with the nuclear magnetic moment, which results in slight changes in the energy levels 

of the nucleus. The nuclear and electronic spins existing in an anti-parallel state is energetically 

preferred, which means that it has a lower energy. 

The Pauli exclusion principle states that two or more spin-½ particles in a quantum system 

cannot occupy the same quantum state simultaneously. This means that two electrons in an 

electronic bond will not exist in the same spin state. They will be anti-parallel to each other. If a 

nucleus is connected to another via an electron bond, being anti-parallel to the other nucleus will 

be energetically preferred. This is because each nucleus and its bound electron being in an anti-

parallel configuration is energetically preferred, and the two electrons must be in an anti-parallel 

configuration with each other. As a result, the energy state of the nucleus will be lower than if it 

was alone (no J-coupling). Additionally, the nucleus being parallel to the other nucleus will have 

a higher energy state than if there was no J-coupling. If the energy state is changed this way, the 

difference between states will also change, resulting in a change in the Larmor frequency 𝜔0. The 

energy diagram is shown in figure 1.17. The change in 𝜔 results in peak splitting. In a weakly-

coupled system, the peaks will appear on either side of the frequency that the nuclei would have 

without J-coupling. Each peak will have half of the amplitude of the single peak that would exist 

without J-coupling. Peak splitting is shown in figure 1.18. 
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Figure 1.17: Energy level diagram of a single nucleus (no J-coupling), as well as a nucleus coupled 

to another nucleus via an electronic bond. (adapted from De Graaf49) 
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Figure 1.18: The spectra of a nucleus with no J-coupling, weak coupling to one other nucleus, and 

weak coupling to two other nuclei, shown with peak splitting associated with J-coupling. 

 

If a nucleus is weakly coupled to more than one nucleus, the signal will split into 𝑛 + 1 

peaks, with 𝑛 being the number of magnetically equivalent nuclei that it is coupled to. The 

amplitudes of the split peaks will follow a binomial distribution. For example, a nucleus coupled 

to 2 other nuclei will have 3 peaks, with relative amplitudes of 1-2-1. 

In addition to peak splitting, J-coupling results in signal modulation with time. This is 

because the coherences (or magnetizations) that precess faster or slower (with a higher or lower 
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Larmor frequency 𝜔0) will continue to do so following an excitation pulse until they are out of 

phase, resulting in a smaller and, eventually, negative peak. A weakly coupled spin 𝐴, coupled to 

a spin 𝑋, will respond to a spin echo as follows after excitation with a 90°Y RF pulse50: 

𝐴𝑋 → 𝐴𝑋 cos(𝜋𝐽𝑇𝐸) + 2𝐴𝑌𝑋𝑍 sin(𝜋𝐽𝑇𝐸)    (1.36) 

𝐴𝑋 is referred to as an in-phase coherence, in which the resonances are aligned along the same axis 

(x-axis). 2𝐴𝑌𝑋𝑍 is referred to as an anti-phase A coherence with respect to X. This can be 

visualized as two resonances that are along opposite axes and 90° out of phase with 𝐴𝑋. At a 𝑇𝐸 of 

odd multiples of 
1

2𝐽
, only ±2𝐴𝑌𝑋𝑍 remains, and at multiples of 

1

𝐽
, only ±𝐴𝑋 remains. Figure 1.19 

demonstrates signal modulation with weak J-coupling. 
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Figure 1.19: Signal modulation due to weak J-coupling. 

 

 The evolution of a strong coupled system is more complex because far more coherences 

can evolve.51 For example, in an AB spin system, the coherence state 𝐴𝑋 following a 90°Y RF 

pulse can evolve during a spin echo into 2𝐴𝑍𝐵𝑋, 2𝐴𝑍𝐵𝑌, 𝐵𝑋 and 𝐵𝑌 coherences, in addition to the 

𝐴𝑋 and 2𝐴𝑌𝐵𝑍 coherences. 2𝐴𝑍𝐵𝑋 and 2𝐴𝑍𝐵𝑌 are anti-phase B coherences with respect to A. 𝐵𝑋 
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and 𝐵𝑌 are in-phase coherences for B. That is, polarization transfer occurs from the A spin to the 

B spin. As such, neither peak splitting nor temporal signal modulation are straightforward or easily 

predicted analytically. Advanced numerical techniques can be used to assess the responses of 

complex strongly-coupled spin systems, as discussed in chapter 2.  

 

1.7.2 – Homonuclear vs Heteronuclear J-Coupling 

 Homonuclear J-coupling refers to coupling between two nuclei of the same species. For 

example, J-coupling between two 1H nuclei is a case of homonuclear coupling (1H-1H J-coupling 

with J constant JHH). Heteronuclear J-coupling refers to J-coupling between two different species 

of nuclei. For example, J-coupling between a 1H nucleus and a 13C nucleus would be a case of 

heteronuclear J-coupling (1H-13C J-coupling with J constant JCH). Both homonuclear and 

heteronuclear J-coupling can happen simultaneously, and this will cause two splits in the signal 

peaks, one guided by JHH and one guided by JCH as shown in figure 1.20. It is also worth noting 

that homonuclear J-coupling evolution is not refocused by a spin echo sequence, whereas 

heteronuclear J-coupling evolution can be. 
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Figure 1.20: Heteronuclear J-coupling. 
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1.8 – J-COUPLING EVOLUTION DURING PRESS 

 J-coupling can cause changes in the NMR signal, both in peak splitting and in modulation 

of the signal. The latter is temporal in nature, as the more time has passed, the more modulation 

will occur. When it comes to PRESS, the relevant timing parameters are TE1 and TE2. As 

mentioned, homonuclear J-coupling is not refocused by a spin echo, so modulation will occur 

during both TE1 and TE2. In addition to that, for strongly coupled spin systems, modulation will 

happen differently during TE1 than TE2, ie. signal response can be different for a (TE1, TE2) 

combination of (20 ms, 40 ms) than for (40 ms, 20 ms), despite having the same total TE of 60 ms. 

This is due to polarization transfer that happens during strong J-coupling evolution. The spin 

response also depends on the length/bandwidth of the RF pulses, and on pulse shape imperfections. 

Perfectly square slice-selective pulses cannot be achieved, as a temporal sinc pulse cannot be made 

infinite in length. This causes irregularities in the slice-selection, resulting in changes in line shape 

and intensity.11  

Spatial interference effects, also known as voxel shift effects, also affects the signal 

response.52 When a voxel is excited with PRESS, each dimension ∆𝑥 can be calculated as: 

∆𝑥 =
∆𝜔

𝛾𝐺
      (1.37) 

∆𝜔 is the pulse bandwidth, and 𝐺 is the gradient strength. This assumes a homogenous sample of 

spins that all have the same 𝜔. However, the chemical shift effect causes the voxel location to shift 

slightly for nuclei of different chemical shifts. A chemical shift of 𝛿 will result in a slice or voxel 

shifted away from the expected location by ∆𝑉𝑆 according to: 
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∆𝑉𝑆

∆𝑥
=

𝛿𝛾𝐵0

∆𝜔
      (1.38) 

This effect is more pronounced for weakly-coupled spins because they have a larger 𝛿. This comes 

from the inequality in equation 1.35, which holds true for weakly-coupled systems. For a spin 𝐴 

that is weakly coupled to spin 𝑋, the effective 𝑋 voxel will be shifted. The shift also happens for 

strongly-coupled systems but to a lesser degree. This results in three distinct regions for each 

refocusing pulse: one in which only the 𝐴 spin experiences the pulse, one in which only the 𝑋 spin 

does, and one in which they both do. This results in a complex signal that is made up of different 

signals from each of the three regions, with the size of each one dependent on the 𝛿, 𝐺, and ∆𝜔 of 

the RF pulses. 

 

1.9 – SPECTRAL EDITING WITH OPTIMAL-TE PRESS 

 Spectral editing can alleviate the challenge of overlapping resonance by seeking to 

suppress one signal that is overlapping our signal of interest. Most spectral editing methods rely 

on a differences in J-coupling evolution of different spin systems. One such method is optimal-TE 

PRESS.4 The timings TE1 and TE2 of PRESS can be selected such that J-coupling modulation of 

a contaminating signal results in minimal signal, while J-coupling modulation of the signal of 

interest results in adequate signal for quantification (in the case of an uncoupled spins, there will 

be no J-coupling modulation). The resulting spectrum will be mostly, or completely, composed of 

the signal of interest, which can then be measured directly. A simple example of spectral editing 

is shown in figure 1.21. In this figure, it is assumed that a timing was found in which the 

contaminating signal had a response that was close to zero. 
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Figure 1.21: Illustration of spectral editing, with a large contaminating signal suppressed to reveal 

a smaller signal of interest. A timing that results in low signal for the contaminating signal is 

assumed. 
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1.10 – BENEFITS OF HIGH FIELD NMR 

 Clinical MRI magnets typically have field strengths 1.5 T, with some as high as 3.0 T. 

However, higher field strengths are in use for research purposes. With higher field strengths, it is 

advantageous to have a smaller bore, to minimize magnetic field inhomogeneities. As such, many 

high field magnets are restricted to use on animals, such as rats or mice. 9.4 T studies on rats are 

fairly common.25-31 

 The benefits of a higher magnetic field strength, 𝐵0, includes improvements to in-vivo SNR 

and spectral resolution. The former comes from the fact that signal voltage is directly proportional 

to 𝑀0𝜔0, which are each proportional to 𝐵0. Assuming sample-dominated losses, noise voltage is 

proportional to √𝑅, where 𝑅 is the resistance of the sample as seen by the coil.53 𝑅 is proportional 

to 𝜔0
2, and 𝜔0 is proportional to 𝐵0. This makes in-vivo SNR roughly linearly dependent on 𝐵0. 

The improvement to spectral resolution comes from the chemical shift effect. Equation 1.23 shows 

that as 𝐵0 goes up, the difference between the resonance frequencies of two peaks will go up 

proportionally. 

 

1.11 – 13C MRS 

 While 1H is the most common nucleus in in-vivo MRS due to the abundance of 1H nuclei 

in biological systems, other types of nuclei may also be utilized. Another option is 13C, which is 

less often used. An advantage of 13C MRS is the increase in spectral resolution due to a larger 

range of chemical shifts.54 Challenges of 13C include a lower natural isotopic abundance (around 
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1.1%, instead of 99% for 1H), leading to a lower biological signal, as 12C is the most common 

isotope and has no net spin, and, therefore, no NMR signal. This can, however, be turned to 

advantage. The natural isotopic abundance of 13C can be exploited by injecting a 13C-labelled 

substrate into a living system. Substrates can be enriched such that the fraction of 13C isotopes on 

the substrate are much higher, up to 99 %. Infusing said substrate and measuring the increase of 

13C nuclei in the metabolic products over time allows for measures of metabolic rates to be 

attained.3  

13C has a lower inherent SNR owing to a lower gyromagnetic ratio of 2π x 10.7 x 106 rad·s-

1·T-1, which is about one-fourth that of 1H at 2π x 42.6 x 106 rad·s-1·T-1. As mentioned in section 

1.10, signal voltage is directly proportional to 𝑀0𝜔0. From equation 1.16, 𝑀0 is directly 

proportional to 𝛾2, and from equation 1.9, 𝜔0 is directly proportional to 𝛾. This gives signal voltage 

an overall dependence on 𝛾3. Assuming sample-dominated losses in vivo, noise voltage is 

dependent on 𝛾, giving an overall dependence of SNR on 𝛾2. For 13C, this is approximately 
1

16
 of 

1H. This is an issue, but it can be improved with a few different techniques. Direct 13C MRS can 

be improved by techniques such as Distortionless Enhancement by Polarization Transfer 

(DEPT).55 DEPT is performed by exciting the 1H nuclei that are coupled to 13C nuclei of interest 

with a 1H RF pulse. A combination of 1H and 13C pulses are then applied prior to signal acquisition. 

The result is a transfer of spin polarization from the 1H nuclei to the 13C nuclei, which increases 

the 13C SNR by a factor related to the ratio of γ values (≈ 4). 

Indirect methods can also be used to measure 13C labelling where the signal comes from 

the 1H nuclei coupled to the 13C nuclei. One such method is Proton-Observed Carbon-Edited 

(POCE).22 A 1H pulse sequence, such as a simple spin echo is applied, and a 13C channel is utilized 
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for editing. The 180° 1H pulse is set with a time delay (TE/2) of 
1

2𝐽
 after the excitation pulse 

(alternatively, TE = 
1

𝐽
). A 180° 13C pulse is applied simultaneously with the 180° 1H pulse, 

alternating on and off between each acquisition. When it is on, J-coupling is not refocused, and 

the 13C-coupled 1H signal is inverted. When it is off, J-coupling is refocused, and the signal is 

upright. Subtraction then removes signal from any non-13C-coupled 1H signal, while doubling the 

13C-bonded signal.  

Another consideration is the Larmor frequency of 13C, which is 100.6 Hz at 9.4 T, 

compared to 1H, which is 400.4 Hz at 9.4 T. On its own, this is not an issue, but if one wishes to 

study 13C nuclei on an MRI system that does not have multinuclear capabilities, additional 

hardware including an RF amplifier and a 13C coil will need to be added to the system. Adding 13C 

capability is costly. However, indirect 13C MRS can be done without a 13C channel, by using the 

satellite peaks created from heteronuclear coupling between 1H and 13C.20 This can be done by 

using a 1H MRS sequence such as PRESS to acquire a baseline spectrum before starting the 

infusion. Subsequent spectra are then acquire throughout the infusion and subtracted from the 

baseline scan. The subtraction serves to remove any contaminating signals to reveal the increase 

in the 13C-coupled signals or satellite peaks, as well as the decrease in the non-13C-coupled signal. 

A simple illustration of this is shown in figure 1.22. 
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Figure 1.22: Simple example of indirect 13C MRS with 1H PRESS. The post-injection spectrum 

is subtracted from the baseline spectrum to remove the contaminating signal(s) and visualize the 

decrease in the non-13C-coupled signal as well as the increase in the 13C-coupled signals or satellite 

peaks. 
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When deciding between the various 13C MRS methods, the most important factors are often 

SNR and spectral resolution. As mentioned, direct 13C detection methods benefit from a better 

spectral resolution, which decreases overlap of resonances. In particular, direct 13C detection 

enables better separation between 13C4-glutamate and 13C4-glutamine, which is important for 

dynamic studies.17 However, indirect 13C measurements through 1H detection have the advantage 

of higher SNR.   
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2.1 – METABOLITES 

2.1.1 - Glycine 

Glycine (Gly) is an amino acid that acts as the primary inhibitory neurotransmitter in the 

spinal cord.1 That is, it acts to decrease the probability of an action potential, which is the 

mechanism for nervous transmission.2 As an amino acid, it is involved in protein synthesis.3 In 

this form, its molecular structure is NH2-CH2-COOH. However, when it exists unbound in solution 

at physiological pH, it takes a zwitterionic form, which is that of an ion with an overall neutral 

charge. In this form, its molecular structure is NH3
+-CH2-COO-. From an NMR perspective, Gly 

has two protons bound to the C2 carbon that both resonate at ≈ 3.55 ppm.4 Also of note is that the 

signal from these protons does not exhibit peak splitting or modulation due to J-coupling.4 Figure 

2.1 illustrates the molecular structure, with the relevant protons highlighted and labelled with their 

chemical shift. In this thesis, the concentration of Gly is measured in rat brain. 

   

 

Figure 2.1: The molecular structure of Gly, with the chemical shift of the C2 protons labelled. 
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2.1.2 – myo-Inositol 

myo-Inositol (Ins) is a carbocyclic sugar that is involved in the mediation of cell signal 

transduction, as well as in osmoregulation, the maintenance of osmotic pressure.5 It is a six-carbon 

ring, with each carbon connected to a proton and a hydroxyl (OH) group.6 It has six protons that 

contribute to its NMR spectrum, with two of them (C1 and C3 protons) resonating at ≈ 3.52 ppm 

and two (C4 and C6 protons) resonating at ≈ 3.61 ppm.4 The C2 and C5 protons resonate at ≈ 4.05 

ppm and ≈ 3.27 ppm, respectively.4 Each of these protons experiences J-coupling interactions with 

their nearest neighbour protons. The J-coupling constants are 2.889 Hz, 3.006 Hz, 9.997 Hz, 9.485 

Hz, 9.482 Hz, and 9.998 Hz for the C1-C2, C2-C3, C3-C4, C4-C5, C5-C6, and C6-C1 protons, 

respectively.4 As such, Ins is considered an AM2N2X spin system at 9.4 T, with the C5 proton as 

the A spin, the C4 and C6 protons as the M spins, the C1 and C3 protons as the N spins, and the C2 

proton as the X spin. The chemical shift and scalar coupling constants were provided by 

Govindaraju et al.4 Figure 2.2 shows the molecular structure, with the relevant protons labelled 

with their chemical shifts. In this thesis, the relative concentration of Ins is measured in rat kidney.  
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Figure 2.2: The molecular structure of Ins, with the chemical shifts of the protons labelled. 

 

2.1.3 - Glutamate 

Glutamate (Glu or 12C-Glu) is an anion of glutamic acid, an amino acid.7 It is involved in 

nucleotide synthesis and in energy metabolism, being linked to the tricarboxylic acid (TCA) cycle 

through transamination with α-ketoglutarate (αKG).8 Glutamic acid has the form HOOC-

CH(NH2)-(CH2)2-COOH. At physiological pH in solution, Glu has the form -OOC-CH(NH3
+)-

(CH2)2-COO-. In this form, Glu functions as the primary excitatory neurotransmitter in the central 



61 

 

nervous system.9 As such, it acts to increase the probability of an action potential. The NMR 

signals come from the C2, C3, and C4 protons. The C2 proton resonates at ≈ 3.74 ppm, the two C3 

protons resonate at ≈ 2.04 ppm (C3) and ≈ 2.12 ppm (C3’), and the two C4 protons resonate at ≈ 

2.34 ppm (C4) and ≈ 2.35 ppm (C4’).
4 These protons all exhibit J-coupling interactions. The C2 

proton is coupled to the C3 protons with J-coupling constants of 7.331 Hz (C3) and 4.651 Hz (C3’).
4 

The C3 protons are coupled to the C4 protons with constants of 8.406 Hz (C3-C4’), 6.875 Hz (C3’-

C4’), 6.413 Hz (C3-C4), and 8.478 Hz (C3’-C4).
4 The C3 protons are also coupled to each other with 

a constant of -14.849 Hz.4 Similarly, the C4 protons are coupled to each other with a constant of -

15.915 Hz.4 As such, Glu is considered an AMNPQ spin system at 9.4 T, with the C2 proton as the 

A spin, the C3 protons as the M and N spins, and the C4 protons as the P and Q spins. The chemical 

shift and scalar coupling constants were provided by Govindaraju et al.4 Figure 2.3 shows the 

molecular structure of Glu, with the relevant protons labelled with their chemical shifts. In this 

thesis, the concentration of Glu is measured in rat brain, and the relative concentration of Glx (Glu 

+ Gln) is measured in rat kidney.  
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Figure 2.3: The molecular structure of Glu, with the chemical shifts of the protons labelled. 

 

2.1.4 – 13C4-Glu 

13C-labelled-C4-glutamate (13C4-Glu) is an isotopologue of Glu. That is, it has the same 

chemical structure, but one or more of the atoms are of a different isotope. In this case, the C4 of 

Glu is 13C instead of 12C. This has important relevance to its NMR properties, as 13C has a net spin, 

and, therefore, an NMR signal, whereas 12C does not. This leads to heteronuclear J-coupling with 

the neighbouring protons, resulting in peak splitting and signal modulation. This is in addition to 

the homonuclear J-coupling interactions present between the Glu protons.The heteronuclear J-

coupling constant JCH is about 127 Hz, provided by Deelchand et al.10 Figure 2.4 shows the 

molecular structure, with 13C on the C4 carbon, and with the heteronuclear J coupling constant 

labelled. 
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Figure 2.4: The molecular structure of 13C4-Glu, with the heteronuclear J-coupling constant JCH 

labelled. 

 

As mentioned previously, Glu is connected to the TCA cycle.8 This has special relevance 

to 13C4-Glu. If a 13C-labelled substrate such as glucose is infused in a living system, the products 

of its metabolism incorporate 13C label.8 When glucose has 13C labelling on either the C1 or C6 

carbons, 13C will travel through the TCA cycle and eventually label the C4 of Glu, turning a portion 

of the total Glu pool into 13C4-Glu.8 Measuring this change over time can be used to measure VTCA, 

the rate of the TCA cycle.8 Figure 2.5 illustrates this. Not shown is additional labelling that occurs 

on the C3 of Glu on the second round of the TCA cycle. It has been shown that the C4 time curve 

is sufficient for estimating VTCA if VX, the exchange rate between αKG and Glu, is assumed.8,11  
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Figure 2.5: Simplified diagram of the tricarboxylic acid cycle showing the incorporation of a 13C 

label from the C1 or C6 of glucose to the C4 of Glu, adapted from Henry et al.8  

 

 In this thesis, the fractional enrichment of Glu, namely, the concentration of 13C4-Glu 

relative to the total Glu pool (12C-Glu + 13C4-Glu) is measured over time in rat brain. 

 

2.1.5 - Glutamine 

Glutamine (Gln) is an amino acid that is involved in protein synthesis.12 It is linked to Glu 

through the Glu-Gln cycle, acting as a precursor for Glu in a reaction catalyzed by glutaminase.13 

It is stored in astrocytes, which are support cells in the nervous system.13 It can also be synthesized 

from Glu in a reaction catalyzed by glutamine synthetase.13 In its amino acid form it has the 
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formula HOOC-CH(NH2)-(CH2)2-CO-NH2, while in solution at physiological pH, it exists as a 

zwitterion in the form -OOC-CH(NH3
+)-(CH2)2-CO-NH2. The C2 proton resonates at ≈ 3.75 ppm, 

the two C3 protons resonate at ≈ 2.13 ppm (C3) and ≈ 2.11 ppm (C3’), and the two C4 protons 

resonate at ≈ 2.43 ppm (C4) and ≈ 2.45 ppm (C4’).
4 The C2 proton is coupled to the C3 protons with 

J-coupling constants of 5.847 Hz (C3) and 6.500 Hz (C3’).
4 The C3 protons are coupled to the C4 

protons with constants of 9.165 Hz (C3-C4), 6.347 Hz (C3-C4’), 6.324 Hz (C3’-C4), and 9.209 Hz 

(C3’-C4’).
4 The C3 protons are also coupled to each other with a constant of -14.504 Hz, while the 

C4 protons are coupled to each other with a constant of -15.371 Hz.4 Like Glu, Gln is also 

considered an AMNPQ spin system at 9.4 T, with the C2 proton as the A spin, the C3 protons as 

the M and N spins, and the C4 protons as the P and Q spins. The chemical shift and scalar coupling 

constants were provided by Govindaraju et al.4 Figure 2.6 shows the molecular structure, with the 

relevant protons labelled with their chemical shifts. In this thesis, the concentration of Gln is 

measured in rat brain, and the relative concentration of Glx (Glu + Gln) is measured in rat kidney. 

 

 

Figure 2.6: The molecular structure of Gln, with the chemical shifts of the protons labelled. 
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2.1.6 - γ-Aminobutyric Acid 

γ-Aminobutyric acid (GABA) is the primary inhibitory neurotransmitter in the brain.1 It is 

also linked to the Glu-Gln cycle, being synthesized from Glu via a reaction catalyzed by glutamate 

decarboxylase.14 Its molecular formula is HOOC-(CH2)3-NH2, but it is mostly found in solution at 

physiological pH as a zwitterion of the form -OOC-(CH2)3-NH3
+. It has two C2 protons that 

resonate at ≈ 2.28 ppm, two C3 protons that resonate at ≈ 1.89 ppm, and two C4 protons that 

resonate at ≈ 3.01 ppm.15 The C2 protons are coupled to the C3 protons with a J-coupling constant 

of 7.352 Hz.15 The C3 protons are coupled to the C4 protons with constants of 6.377 Hz, 7.960 Hz, 

8.139 Hz, and 7.495 Hz.15 As such, GABA is considered an A2M2X2 spin system at 9.4 T, with 

the C4 protons as the A spins, the C3 protons as the M spins, and the C2 protons as the X spins. The 

chemical shift and scalar coupling constants were provided by Kaiser et al.15 Figure 2.7 shows the 

molecular structure, with the relevant protons labelled with their chemical shifts. In this thesis, the 

concentration of GABA is measured in rat brain. 
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Figure 2.7: The molecular structure of GABA, with the chemical shifts of the relevant protons 

labelled. 

 

2.1.7 – N-Acetylaspartate 

N-Acetylaspartate (NAA) is the second most concentrated amino acid derivative in the 

brain, after only Glu,16 being present in neurons, oligodendrocytes, and myelin.17 It may have 

functions in osmoregulation and myelin synthesis.17 It is an anion of acetylaspartic acid, which has 

the form C6H9NO5. The structure of NAA in solution is C6H7NO5
-2. It consists of two moieties, 

one acetyl and one aspartyl. The acetyl moiety has three protons on the C2 carbon that resonate at 

≈ 2.01 ppm with no J-coupling interactions.4 The aspartyl moiety has one proton on the C2 carbon 

that resonates at ≈ 4.38 ppm.4 It also has two protons on the C3 carbon that resonate at ≈ 2.67 ppm 

(C3) and ≈ 2.49 ppm (C3’).4 The C2 proton is coupled to the C3 protons with constants of 3.861 Hz 

(C2-C3) and 9.821 Hz (C2-C3’).
4 The C3 protons are coupled to each other with a constant of -

15.592 Hz.4 This forms an ABX spin system at 9.4 T, with the C3 protons as the A and B spins, 

and the C2 proton as the X spin. The chemical shift and scalar coupling constants were provided 
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by Govindaraju et al.4 Figure 2.8 shows the molecular structure, with two moieties circled, and 

with the relevant protons highlighted with their chemical shifts.  

 

 

Figure 2.8: The molecular structure of NAA, with the acetyl and aspartyl moieties circled, and 

with the relevant protons labelled with their chemical shifts. 

 

2.1.8 – Taurine  

Taurine (Tau) is a compound that is found in many parts of the body.18 It is a major 

constituent of bile, and it is involved in osmoregulation and modulation of neurotransmitters.18 It 

has a molecular structure of HO-SO2-(CH2)2-NH2, but it is found in solution at physiological pH 
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as a zwitterion of the form -O3S-(CH2)2-NH3
+. It has two C1 protons that resonate at ≈ 3.42 ppm 

and two C2 protons that resonate at ≈ 3.25 ppm.4 The C1 protons are coupled to the C2 protons, 

with constants of 6.74 Hz, 6.40 Hz, 6.46 Hz, and 6.79 Hz.4 It can be considered an A2X2 spin 

system at 9.4 T. The chemical shift and scalar coupling constants were provided by Govindaraju 

et al.4 Figure 2.9 shows the molecular structure, with the relevant protons labelled with their 

chemical shifts. In this thesis, the concentration of Tau is measured in rat kidney. 

 

 

Figure 2.9: The molecular structure of Tau, with the chemical shifts of the relevant protons 

labelled. 

 

2.1.9 – Betaine 

Betaine (Bet), also known as trimethylglycine, is an amino acid derivative that is involved 

in osmoregulation.19 In solution at neutral pH, it has the form of a zwitterion with the molecular 

structure -OOC-CH2-N(CH3)3
+. It has two C2 protons that resonate at ≈ 3.89 ppm and nine protons 

from three methyl groups that resonate at ≈ 3.25 ppm.20 Figure 2.10 shows the molecular structure, 

with the relevant protons labelled with their chemical shifts.  
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Figure 2.10: The molecular structure of Bet, with the chemical shifts of the relevant protons 

labelled. 

 

 In this thesis, the relative concentration of the sum of choline and Bet (Cho + Bet) is 

measured in rat kidney. 

 

 

2.1.10 - Choline 

Choline (Cho) is a class of salts containing the N,N,N-trimethylammonium cation. In the 

brain, the two most prominent choline compounds are glycerophosphocholine (GPC) and 
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phosphoryl choline (PCh).21 Cholines play a role in structural integrity and signaling for cell 

membranes, as well as in neurotransmission.22 The molecular formula of GPC is C8H20NO6P. It 

contains two C1 protons that resonate at ≈ 3.61 ppm (C1) and ≈ 3.67 ppm (C1’), one C2 proton that 

resonates at ≈ 3.90 ppm, and two C3 protons that resonate at ≈ 3.87 ppm (C3) and ≈ 3.95 ppm 

(C3’).
4 In addition, it contains two C7 protons that resonate at ≈ 4.31 ppm, two C8 protons that 

resonate at ≈ 3.66 ppm, and nine protons from three methyl groups that resonate at ≈ 3.21 ppm.4 

There is coupling between the C1, C2, and C3 protons, with constants of 5.57 Hz (C1-C2 and C2-

C3) and 4.53 Hz (C1’-C2 and C2-C3’).
4 There is also coupling between the C7 and C8 protons, with 

constants of 3.10 Hz and 5.90 Hz.4 The chemical shift and scalar coupling constants were provided 

by Govindaraju et al.4 Figure 2.11 shows the molecular structure, with the relevant protons labelled 

with their chemical shifts. 

 

 

Figure 2.11: The molecular structure of GPC, with the chemical shifts of the relevant protons 

labelled. 
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The molecular formula of PCh is C5H14NO4P. It contains two C1 protons that resonate at ≈ 

4.28 ppm, two C2 protons that resonate at ≈ 3.64 ppm, and nine protons from three methyl groups 

that resonate at ≈ 3.21 ppm.4 There is coupling between the C1 and C2 protons with constants of 

2.284 Hz, 7.231 Hz, 2.235 Hz, and 7.326 Hz.4 The chemical shift and scalar coupling constants 

were provided by Govindaraju et al.4 Figure 2.12 shows the molecular structure, with the relevant 

protons labelled with their chemical shifts. In this thesis, the relative concentration of Cho + Bet 

is measured in rat kidney. 

 

 

Figure 2.12: The molecular structure of PCh, with the chemical shifts of the relevant protons 

labelled. 
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2.1.11 – Glutamate-Glutamine and Tricarboxylic Acid Cycles 

As mentioned, Glu and Gln are connected through the Glu-Gln cycle, with GABA being 

linked as well.13,14 Neurons and astrocytes are both involved in the cycle, with each exhibiting 

metabolism in a compartmentalized way. At glutamatergic neurons, a stable supply of the 

neurotransmitter Glu is required. Neurons are incapable of synthesizing Glu from glucose; 

therefore, it is necessary for non-neuronal support cells to provide Gln, which acts as a precursor 

for Glu production in neurons. Astrocytes take on this role, by creating Gln from Glu in the cytosol 

by amidation via the glutamine synthetase pathway. After it is produced, Gln is released into 

extracellular space and taken up into the presynaptic terminal, where it is converted to Glu in the 

inner mitochondrial membrane by phosphate-activated glutaminase. Glu is then released as 

necessary into the synaptic cleft, and excess Glu is removed via uptake into the astrocyte.13 

At GABAergic neurons, where GABA is required instead of Glu, the cycle is called the 

GABA-Gln cycle. Here, in the astrocyte mitochondria, GABA is catabolized via transamination 

with αKG to produce Glu and succinate-semialdehyde, which is oxidized to form succinate, which, 

along with αKG, is an intermediate of the TCA cycle. Gln is again synthesized from Glu via 

glutamine synthetase, with Glu provided from the TCA cycle. Upon release of Gln into the 

extracellular space and reuptake into the presynaptic neuron, Gln is converted to Glu, which is 

then metabolized to GABA by Glu decarboxylase. Upon release, excess GABA is taken up into 

the astrocyte.14  
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2.1.12 – Altered Metabolite Levels in Cancer 

The above sections discuss the roles of the various metabolites in healthy tissue function. 

In addition, metabolites that have been targeted for quantification have shown relevance to the 

study of cancer.  

The levels of Gly are elevated in brain tumours, especially in high grade gliomas compared 

to low grade gliomas, and it may serve as a biomarker for malignancy.23 The biological reason for 

this is unclear.23 

The concentrations of Glu, Gln, and GABA have all shown relevance to cancer. Glx levels 

are increased in high grade gliomas relative to low grade gliomas.24 Some studies have reported 

high Glx in meningiomas and glioblastomas compared to healthy brain.24 Glx plays a role as an 

energy fuel, and it is essential for the creation of purine and pyrimidine bases and is necessary for 

tumour growth.24 Glu can also cause excitotoxicity to normal brain, which may facilitate invasion 

of tumours.24 GABA and GABA receptors have been detected in a number of different tumour 

tissues.25 Receptors play a role in regulating tumour cell proliferation and migration.25  

The isotopologue of Glu, 13C4-Glu, which is labelled in vivo upon infusion of 13C-labelled 

substrates such as glucose, has also shown applicability to cancer.26 It becomes labelled in 

glioblastomas upon infusion of [U-13C]-glucose.26 In addition, TCA cycle flux, which is 

determined in part by changes in the 13C4-Glu signal, was also active in glioblastomas.26 The 

Warburg effect states that cancer cells exhibit excess glycolysis and lactate production, which 

implies a decrease in the TCA cycle flux compared to normal cells. 

In kidney, compared to adjacent tissue, the levels of a few metabolites have been shown to 

be altered compared to renal cell carcinoma (RCC) tumour tissue.27 Tau, Bet, and Cho are higher, 
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while Ins is lower.27 The biological relevance of Ins and Bet to RCC is unclear. Tau, however, is 

a potential antioxidant, and has been shown to protect against other types of renal injury, such as 

that caused by oxidative stress.28 The increase in Cho may be caused by an increased demand for 

phospholipids during the rapid replication of cancer cells.29 

 

2.2 – NUMERICAL METHODS 

Numerical simulations were used to calculate the response of spins of proton groups of the 

relevant metabolites to a standard single-voxel PRESS sequence at 9.4 T, as a function of TE1 and 

TE2. Calculations were performed using a previously-developed MATLAB (Mathworks, Natick, 

Massachusetts, United States) program (implemented by R.B. Thompson) based on density matrix 

simulations.30,31 Where simulations involving 13C were conducted, the program incorporated 

modifications to include a 13C nucleus (implemented previously as described in Yahya and 

Allen).32 The numerical methods solve the Liouville-von Neumann equation, which describes how 

a quantum system evolves in time30: 

𝑑

𝑑𝑡
𝜌(𝑡) = −𝑖[𝐻(𝑡), 𝜌(𝑡)]     (2.1) 

𝜌(𝑡) is the density matrix, which is calculated from a density operator and can be used to represent 

a quantum system of mixed states. It can be represented as a matrix with 2𝑁 × 2𝑁 elements for 𝑁 

spins of spin-½.30 For spin ½ nuclei, the density matrix is a weighted sum of 22𝑁 product operator 

basis terms, which were introduced as coherence terms in section 1.7.1. For a single spin-1/2 

system 𝐼, these are33: 

𝐼𝑋 =
1

2
[
0 1
1 0

],⁡⁡⁡𝐼𝑌 =
1

2
[
0 −𝑖
𝑖 0

],⁡⁡⁡𝐼𝑍 =
1

2
[
1 0
0 −1

],⁡⁡⁡
1

2
𝐸 =

1

2
[
1 0
0 1

]  (2.2) 
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𝐼𝑋, 𝐼𝑌, and 𝐼𝑍 are the spin angular momentum operators along the x-, y-, and z-axis, respectively, 

and 𝐸 is referred to as the identity operator. For a two-spin coupled system of 𝐼 and 𝑆, the basis 

terms will also include 𝑆𝑋 , 𝑆𝑌, 𝑆𝑍, 2𝐼𝑋𝑆𝑍, 2𝐼𝑌𝑆𝑍, 2𝐼𝑍𝑆𝑍, 2𝐼𝑍𝑆𝑋, 2𝐼𝑍𝑆𝑌, 2𝐼𝑋𝑆𝑋 , 2𝐼𝑌𝑆𝑌, 2𝐼𝑋𝑆𝑌, and 

2𝐼𝑌𝑆𝑋. A few of these are shown below33: 

𝐼𝑋 =
1

2
[

0 0 1 0
0 0 0 1
1 0 0 0
0 1 0 0

],⁡⁡⁡𝐼𝑌 =
1

2
[

0 0 −𝑖 0
0 0 0 −𝑖
𝑖 0 0 0
0 𝑖 0 0

],⁡⁡⁡𝐼𝑍 =
1

2
[

1 0 0 0
0 1 0 0
0 0 −1 0
0 0 0 −1

],⁡   

𝑆𝑍 =
1

2
[

1 0 0 0
0 −1 0 0
0 0 1 0
0 0 0 −1

] , 2𝐼𝑌𝑆𝑍 =
1

2
[

0 0 −𝑖 0
0 0 0 𝑖
𝑖 0 0 0
0 −𝑖 0 0

]   (2.3) 

𝐻(𝑡) is the Hamiltonian under which spin evolution occurs, which represents the energy 

of the spins. It includes all of the energies corresponding to RF pulses, gradient pulses, chemical 

shift evolution, and J-coupling interactions. The Zeeman effect is not included, as the simulations 

are performed in the rotating frame. Relaxation effects are also not included, however, that can be 

corrected for post-calculations if the T1 and T2 values are known. At any moment, 𝜌(𝑡) can be 

constructed by the eigenstates of 𝐻(𝑡).33 The total Hamiltonian in the rotating reference frame can 

be represented as follows: 

𝐻 = 𝐻𝐶𝑆 + 𝐻𝐺 + 𝐻𝐽𝐶 + 𝐻𝑅𝐹      (2.4) 

𝐻𝐶𝑆 is for chemical shift evolution, 𝐻𝐺  is for the gradient pulses, 𝐻𝐽𝐶  is for J-coupling, and 𝐻𝑅𝐹  

is for the RF pulses. For a spin 𝐼 , coupled to spin 𝑆 , 𝐻 can be expressed as: 

𝐻 = 𝛾ħ𝜎𝐼𝑍𝐵0 + 𝛾ħ𝐼𝑍𝐺 ∙ 𝑟 + 2𝜋ħ𝐽𝐼𝑆(𝐼 ∙ 𝑆 ) + 𝛾ħ𝐼 ∙ �⃗� 1(𝑡)     
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𝐻 = 𝛾ħ𝜎𝐼𝑍𝐵0 + 𝛾ħ𝐼𝑍𝐺 ∙ 𝑟 + 2𝜋ħ𝐽𝐼𝑆(𝐼𝑋𝑆𝑋 + 𝐼𝑌𝑆𝑌 + 𝐼𝑍𝑆𝑍)     

+𝛾ħ𝐵1(𝑡)[(cos𝜑)𝐼𝑋 + (sin𝜑)𝐼𝑌]     (2.5) 

𝜎 is the shielding coefficient, 𝐺  is the linear gradient field strength, 𝑟  is the distance from the 

gradient field origin, and 𝜑 is the phase of the RF pulses relative to the phase of the excitation 

pulse. Equation 2.5 is for a single spin. For an ensemble of ⁡𝑁 spins, 𝐻 will be equal to the sum of 

all of the product operator terms over all the spins in the system, as follows: 

𝐻 = 𝛾ħ∑ 𝜎𝑛𝐼𝑍,𝑛𝐵0
𝑁
𝑛=1 + 𝛾ħ𝐺 ∙ 𝑟 ∑ 𝐼𝑍,𝑛

𝑁
𝑛=1 + 2𝜋ħ∑ ∑ 𝐽𝑛𝑚(𝐼 𝑛 ∙ 𝐼 𝑚)𝑁

𝑛=𝑚+1
𝑁−1
𝑚=1    

+𝛾ħ𝐵1(𝑡)[(cos𝜑)∑ 𝐼𝑋,𝑛
𝑁
𝑛=1 + (sin𝜑) ∑ 𝐼𝑌,𝑛

𝑁
𝑛=1 ]    (2.6) 

For time-independent Hamiltonians, 𝜌(𝑡) can be solved as follows: 

𝜌(𝑡) = 𝑒−𝑖𝐻𝑡𝜌(0)𝑒𝑖𝐻𝑡    (2.7) 

𝜌(0) is the density matrix at time 𝑡 = 0. At thermal equilibrium, it is 𝐼𝑍 for a single spin. For a 

number of spins, it is the sum of spin angular momentum operators along the z-direction. When 

the Hamiltonian is time dependent, such as that for an RF pulse, its time evolution can be divided 

into discrete elements that are short enough for time independence to be assumed.30 𝜌(𝑡) from 

each calculation becomes 𝜌(0) for the next one. When the Hamiltonian corresponds to a diagonal 

matrix, 𝑒−𝑖𝐻𝑡  can be simply expressed as a diagonal matrix of exponential elements. The 

Hamiltonian can be diagonalized with a unitary matrix 𝑈: 

𝜌(𝑡) = 𝑈𝑒−𝑖𝑈−1𝐻𝑈𝑡𝑈−1𝜌(0)𝑈𝑒𝑖𝑈−1𝐻𝑈𝑡𝑈−1     (2.8) 
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𝑈 is made up of the eigenvectors of 𝐻. To incorporate a 13C nucleus, a spin with an arbitrarily 

large chemical shift was added to the spin system such that it becomes an 𝑁 + 1 spin system 

(implemented previously as described in Yahya and Allen).32 No RF pulses were applied at the 

13C frequency so modifications to the RF pulse Hamiltonian were not required. The J-coupling 

interactions between protons and the 13C spin were explicitly defined as weak. For a weakly 

coupled system, the J-coupling Hamiltonian simplifies, such that only the 𝐼𝑍𝑆𝑍 term remains: 

𝐻𝐽𝐶 = 2𝜋ħ𝐽𝐼𝑆(𝐼 ∙ 𝑆 ) = 2𝜋ħ𝐽𝐼𝑆(𝐼𝑋𝑆𝑋 + 𝐼𝑌𝑆𝑌 + 𝐼𝑍𝑆𝑍) ≈ 2𝜋ħ𝐽𝐼𝑆𝐼𝑍𝑆𝑍  (2.9) 

Heteronuclear J-coupling constants JCH were added. 

The chemical shift and scalar coupling constants were based on those provided by 

Govindaraju et al.4, except for GABA, for which updated values were provided by Kaiser et al.15 

The 13C4-Glu scalar coupling constant was obtained from Deelchand et al.10 Spectra and peak areas 

were calculated for spectral regions of interest, with TE1 and TE2 varying within the chosen range 

(typically 2 – 200 ms) in steps of 2 ms. The minimum TE is limited by the 2 ms duration of the 

refocusing pulses, and the maximum total TE (TE1 + TE2) was chosen to limit the effects of T2 

relaxation. The spectral regions of Ins (3.52-3.57 ppm), 12C-Glu (2.30-2.39 ppm for the ≈ 2.35 

ppm peak), Gln (2.40-2.49 ppm for the ≈ 2.45 ppm peak), GABA (2.23-2.33 ppm for the ≈ 2.28 

ppm peak), NAA (2.40-2.49 ppm and 2.45-2.55 ppm), and 13C4-Glu (2.45-2.55 ppm for the the ≈ 

2.51 ppm peak) were investigated to find an optimal (TE1, TE2) combination to improve 

quantification of Gly, 12C-Glu, Gln, GABA, and 13C4-Glu. Normalized contour plots were created 

based on peak areas for each individual metabolite, and the peak area relative to the corresponding 

value at (2 ms, 2 ms) was found for each metabolite at the optimal timing sets. The individual 

spectra of each metabolite were simulated with a (TE1, TE2) of (12 ms, 9 ms), which is the 
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minimum used experimentally with the MRI scanner, and with the optimal TE candidates. Spectra 

were line-broadened to match in-vivo linewidths (corresponding to a water linewidth of about 20 

Hz). 

 

2.3 – EXPERIMENTAL DETAILS 

2.3.1 – System Details 

Experiments were performed with a 9.4 Tesla, 21.5 cm diameter MRI (magnetic resonance 

imaging) scanner (Magnex Scientific, Oxford, UK) in conjunction with a TMX console (National 

Research Council of Canada Institute for Biodiagnostics, West, Calgary, AB, Canada). Figure 2.13 

shows the magnet. 
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Figure 2.13: The 9.4 T animal magnet, with the vault, magnet, bore, pass-through, animal heating 

module, and animal respiration module labelled. 

 

It is made up of a 1.47-m-long cylindrical superconducting magnet, along with a system of 

gradient coils 12.0 cm in diameter. Superconducting shim coils are in place to improve magnetic 

field homogeneity. When the magnet was commissioned, the B0 field homogeneity was measured 

with a magnetometer over a 10 cm sphere of air at the centre of the magnet, yielding a value of 

4.56 ppm peak-to-peak. Resistive shim coils are also in place, which are cooled with circulating 
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water. They are each connected to an external power supply and can be readily adjusted by the 

user. Gradient coils, also cooled with circulating water, are located within the magnet, connected 

to an external set of amplifiers. They can achieve a peak gradient strength of 200 mT/m. A steel 

vault surrounds the magnet for passive shielding. At the back of the vault, there is a filter panel for 

shim, gradient, RF, and lighting cables, as well as water cooling lines, which can be seen in figure 

2.14. 
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Figure 2.14: Filter panel at the back of the vault for shim, gradient, RF, and lighting cables, as 

well as water cooling lines. 
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There are additional pass-throughs at the front and back for animal monitoring, anaesthetic, 

and injection equipment. Outside of the vault is an electronics rack with 4 kW RF amplifier, three 

primary gradient amplifiers, and three secondary gradient amplifiers, power supply and shim 

computer, shown in figure 2.15. 

 

 

Figure 2.15: Electronics rack with amplifiers, power supply, and shim computer. 

 

Nearby in an adjacent, climate-controlled room is a second rack with additional RF 

amplifers, frequency synthesizers, and computers that generate pulse shapes and sequence timings. 
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A computer at the operating station allows the user to change pulse sequence parameters, shims, 

and RF amplification for both transmission and reception, controlled with a custom graphical user 

interface (National Research Council of Canada Institute for Biodiagnostics, West, Calgary, AB, 

Canada).  

 

2.3.2 – Phantom Experiments 

 Phantom experiments were performed on spherical glass phantoms filled with solutions of 

interest. The spheres are approximately 30 mm in diameter and 10 mL in volume. A picture of a 

phantom is shown in figure 2.16. 

 

 

Figure 2.16: Spherical, 30 mm diameter, 10 mL volume, glass phantom used for experiments. 

 

Solutions were prepared beforehand with chemicals purchased from Millipore Sigma 

(Oakville, ON, Canada). The chemicals were carefully weighed with milligram accuracy and then 
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placed in a beaker with deionized water. Magnetic stirring and heating were applied to aid in 

dissolution. The solution was tested for pH with pH test paper, and premade, concentrated 

solutions of NaOH or HCl were added in small amounts to bring the pH to 7. A syringe was then 

used to transfer the solution to the phantom. The phantom was placed in the centre of a 4.3 cm 

diameter birdcage RF coil (National Research Council of Canada Institute for Biodiagnostics, 

West), which was used for both transmission and reception. This was then transferred into the bore 

of the magnet in an acrylic cylinder approximately 11 cm in diameter and 100 cm in length, which 

was designed for the phantom to be in the iso-centre of the magnet. 

Spectra were obtained from 5 × 5 × 5 mm3 voxels placed in the centre of the phantoms. A 

PRESS sequence, consisting of 2 ms sinc RF pulses of 3000 Hz bandwidth was employed. The 

spectra were acquired in 32 averages with a repetition time, TR, of 5 s. A total of 8192 complex 

data points were collected at a sampling frequency of 10,000 Hz and a 4 step phase cycling scheme 

was applied. A gradient strength of 14.1 mT/m was used. For the voxel size employed, it was 

found that manual first order shimming was adequate. Shimming was performed on the water 

signal by manually adjusting the first order shims until the peak amplitude was maximized. A 

chemical shift selective (CHESS)34 sequence was used for water suppression. Phantoms containing 

50 mM of the metabolite of interest, as well as 10 mM creatine (Cr) to serve as a reference, were 

scanned with a (TE1, TE2) of (12 ms, 9 ms), the shortest used timings experimentally, and with the 

optimal TE candidates. In addition, mixture phantoms designed to mimic in vivo conditions were 

sometimes scanned. Shims were adjusted until the peak amplitude of the water signal was 

maximized (phantom water linewidths of less than 5 Hz were achieved).  

The spectra were analyzed by manually integrating the peak areas for each metabolite in 

their respective spectral regions of interest at the optimal TE combinations, and comparing them 
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to the corresponding areas obtained at the short TE combination of (12 ms, 9 ms). Spectra were 

processed with software provided by National Research Council of Canada (Spectrum Viewer v. 

2.00.002, National Research Council of Canada Institute for Biodiagnostics, West, Calgary, AB, 

Canada). Processing included filtering, zero-filling, Fourier transformation, phase correction and 

baseline correction. 

 

2.3.3 – Rat Brain Experiments 

Experiments were performed in vivo on the brains of female Sprague-Dawley rats. Prior to 

the experiment, the rat was transported from the on-site vivarium to the magnet room. It was 

anaesthetized with isoflurane inside of a small acrylic box. Once unconscious, it was transferred 

to the work bench, where a nose cone device was attached for further anaesthetization. A 

pneumatic pillow was taped to the abdomen for respiratory monitoring. A thermistor-type 

temperature probe connected to a fiber optic cable was inserted into the rectum and secured with 

tape. The rat was then moved to a polystyrene couch and placed in prone position, with the nose 

cone device secured in place. A single loop 24 mm diameter surface coil (Doty Scientific, Inc., 

Columbia, South Carolina, United States) was placed on top of the head, behind the eyes, such that 

the brain was centred in its field of view. It was used for both transmission and reception. Figure 

2.17 shows the setup. 
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Figure 2.17: Rat brain spectroscopy setup with heating tube, nose cone, and temperature and 

respiration cables, along with the surface coil placed over the rat’s head. 

 

The setup was placed inside of the acrylic cylinder and transferred into the bore of the 

magnet. The rat was positioned such that the brain was at the magnet iso-centre. Connections for 

monitoring and gating were then made, with lines going through the pass-through of the vault. The 

small animal monitoring and gating system that was used was model 1025 (SA Instruments Inc., 

Stony Brook, NY, USA). It monitors temperature and respiration, outputting data to a connected 

PC outside of the vault. A fan blows air through a tube system, through a heater, and towards the 

rat to maintain a body temperature of 37 ˚C. The degree of heating is controlled by software 

running on the PC. The abdominal probe returned a waveform pattern that was used for respiratory 

monitoring, as well as respiratory gating. The anaesthetic tube also went through a pass-through, 

such that anaesthetic could be administered throughout the experiment. It was adjusted from 

outside of the vault to maintain 40-80 breaths per minute. 
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In addition to the regular in-vivo brain scans, some were acquired during an infusion of 

uniformly-labelled 13C-glucose ([U-13C6]-Glc. Prior to experiment, the rat was weighed. 99 % 

enriched [U-13C6]-Glc was mixed with a saline solution to create a solution of 0.75 M/(200 g body 

weight), and was then filtered with a Millex®-GS 0.22 µm syringe filter (Fisher Scientific 

Company, Ottawa, ON, Canada) for sterilization. The rat underwent overnight fasting (12-16 

hours) prior to the experiment. The rat tail vein was cannulated and attached via PE-10 tubing to 

a BD 3 ml Luer-Lok™ tip syringe (Fisher Scientific Company, Ottawa, ON, Canada), which was 

filled with the [U-13C6]-Glc solution and placed in a Multi-Phaser™ NE-4000 Double Syringe 

Pump (New Era Pump Systems Inc., Farmingdale, NY, USA). 

Spin echo images were obtained for voxel placement. The imaging sequence employed a 

TE of 13 ms and a TR of at least 1250 ms. Transverse and coronal slices (2 mm thickness) were 

obtained of the rat brain.  A 5 × 5 × 5 mm3 voxel was approximately centred in the brain, with its 

centre a distance of ≈ 6 mm from the surface coil. Typically, a water linewidth of ≈ 20 - 25 Hz was 

achieved. Two spectra were acquired from each rat, namely, one with a short-TE of (TE1, TE2) = 

(12 ms, 9 ms) and one with the optimized TE combination. Both spectra were measured as 2048 

complex data points, sampled at 10,000 Hz, with a TR of at least 3 s. A CHESS sequence was used 

for water suppression. The pulse sequence played out during the flat respiratory response between 

breaths. After the experiment, the setup was removed from the magnet, and the rat was allowed to 

wake up before transportation back to the vivarium. 
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2.3.4 – Rat Kidney Experiments 

 Experiments were also performed in vivo on rat kidney. The right kidneys were scanned. 

An in-house, 5 cm diameter single loop surface coil was used for both transmission and reception, 

shown in figure 2.18. 

 

 

Figure 2.18: In-house, 5 cm diameter surface coil used for rat kidney imaging and spectroscopy. 

 

Rats were anaesthetized with isoflurane and placed on their side with the surface coil 

positioned over the right kidney region. The setup is shown in figure 2.19. 
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Figure 2.19: Rat kidney spectroscopy setup, with the nose cone system, heating hose, respiratory 

gating probe, and temperature probe, along with the surface coil placed on top of the rat lying on 

its left side. 

 

The same small animal temperature and respiratory monitoring, heating and gating system 

as the brain scans was used. The rat was positioned such that the kidney was at the magnet iso-

centre.  

 Transverse and sagittal spin echo images were acquired with a slice thickness of 2 mm, 

repetition time of 600 ms, and an echo time of 16.3 ms. These parameters differ from those used 

for the brain images, as they were found to minimize motion artifacts that occurred due to the 
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increased motion of the rat abdomen, as compared the head. The images were used to localize a 5 

x 5 x 5 mm3 voxel approximately centred in the right kidney (≈ 1 cm from the coil surface). PRESS 

spectra were acquired at the short TE combination of (12 ms, 9 ms) for this initial feasibility study. 

Respiratory gating was applied with an auto track feature, which is an automatic way to 

respond to changes in respiration. The desired percentage of the begin delay and max width is 

specified. When the rat’s respiration rate changes, the two parameters automatically track 

according to the parameter settings. The begin delay was set to 20 - 40 % of the respiration period, 

and the maximum width was set to 10 – 20 % of the respiration period. An example waveform is 

shown in figure 2.20. 

 

 

Figure 2.20: Example respiration waveform, with exhalation, inhalation, acquisition window, and 

respiration period shown. 

 

2.4 – DATA ANALYSIS 

LCModel software was used to analyze the in-vivo spectra.35 It works by using a linear 

combination of predetermined model basis spectra, acquired either in vitro or simulated by other 
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means. Constrained regularization is performed with a Marquardt modification36 of a constrained 

Gauss-Newton least-squares analysis to determine the metabolite concentrations and their 

uncertainties. It accounts for some differences between the basis spectra and in-vivo spectra. T2 

broadening and a small frequency shift are applied to account for referencing errors. A convolution 

is applied to account for field inhomogeneities, eddy currents, and frequency drifts. Baseline 

corrections, as well as zero- and first-order phase corrections, are also applied. Analysis is done 

numerically. 

The basis sets were specific to 9.4 T and provided by the vendor, with additional 

macromolecules and lipid signals simulated by LCModel. Each (TE1, TE2) combination requires 

an independent basis set. Some basis files were replaced by us with simulated spectra, using the 

previously described MATLAB software, to account for the difference in spectral response due to 

refocusing pulse shape, as described in chapter 1.8. They were converted to the LCModel .RAW 

format before they were inputted into the MakeBasis program included in the LCModel package. 

The 13C4-Glu basis spectrum was also created this way. Two basis spectra were created for 13C4-

Glu, one for each of the two satellite peaks. This was done because the 2.19 ppm peak experiences 

complex overlap with a number of unaccounted signals. The 2.51 ppm peak was used for 13C4-Glu 

quantification.  

Fitted spectra were obtained along with tables of Cramér-Rao lower bound (CRLB) values 

for each metabolite in addition to concentrations. CRLB expresses a lower bound on the variance 

of an unbiased estimator of a deterministic parameter and is a valuable tool for evaluating 

quantification. It can provide the best case scenario of the standard deviation of a concentration 

estimate. It can be described by37: 
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𝜎𝑓 ≥ 𝐶𝑅𝐿𝐵𝑓 = √(𝐴𝐹−1𝐴𝐻)     (2.10) 

𝜎𝑓 is the standard deviation of a function 𝑓 (for example, a concentration) of model parameters 𝑝. 

𝐴 is a matrix of the derivatives of 𝑓 with respect to each 𝑝. and 𝐹 is the Fisher information matrix, 

which can be conveyed as37: 

𝐹 =
1

𝜎2 𝑟𝑒𝑎𝑙(𝑃𝑇𝐷𝐻𝐷𝑃)     (2.11) 

𝜎 is the standard deviation of the noise. D is the matrix of the derivative of each model function 

�̂�𝑛 with respect to each model parameter 𝑝. P is the prior knowledge matrix, which can be 

computed as the derivative of each model parameter 𝑝 with respect to the unconstrained parameters 

𝑝′.37 

 The CRLB is given as a percentage (relative CRLB), and the absolute CRLB can be 

calculated readily by multiplying by the concentration and dividing by 100. For example, a 

metabolite with a concentration of 10 mM and a CRLB of 10 % would have an absolute CRLB of 

(10 %) x (10 mM) / (100) = 1 mM. Twice the absolute CRLB, 2 mM, represents the 95 % 

confidence interval, implying that the true concentration lies within the range of 10 ± 1 mM 95 % 

of the time. It is important to note that CRLB is a measure of precision, as opposed to accuracy. 

Therefore, it is more useful for evaluating differences in concentrations, say, within a disease 

study. Accuracy is important for absolute concentration estimates and is evaluated by comparison 

with a “gold standard” if possible. When comparing results obtained with different equipment, or 

from different laboratories, accuracy is a more useful measure than precision. 

Figure 2.21 shows an example of an LCModel-analyzed short-TE PRESS spectrum of rat 

brain at 9.4 T, along with the table of concentrations and CRLBs labelled. 
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Figure 2.21: LCModel-analyzed short-TE PRESS spectrum of rat brain at 9.4 T, with the list of 

CRLBs and concentrations (relative to total creatine) labelled. 
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For the [U-13C6]-Glc infusion experiments, the total Glu pool (12C-Glu + 13C4-Glu) was 

estimated from the baseline spectrum (pre-infusion) by removing 13C4-Glu from the basis set 

(assumed to be zero pre-infusion) and using LCModel to obtain a concentration estimate of 12C-

Glu. The concentration of NAA pre-infusion was found as well. The ratio of NAA to total Glu was 

kept constant throughout the analysis using the nratio and chrato commands in LCModel to 

maintain a constant sum of total Glu, as follows: 

nratio = 13 

chrato(13) = ‘NAA/Glu+13CGlu = X.XX +- 0.01’ 

X.XX is the ratio of NAA to total Glu. 

For the rat kidney experiments, Bet was not included in the provided basis set but was 

simulated. It is a simple system without J-coupling interactions and was modeled as such with the 

LCModel nsimul and chsimu commands, as follows: 

nsimul = 15 

chsimu(15) = ’Bet @ 3.25 +- 0. FWHM = -9. < 0. +- 0. AMP = 9.  

       @ 3.89 FWHM = -9. AMP = 2.’ 

 

The ncombi and chcomb commands were used to yield the concentration and CRLB of 

Cho + Bet, as follows: 

ncombi = 17 

chcomb(17) = ’PCh + GPC + Bet’ 
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3.1 - INTRODUCTION 

Glycine (Gly) is an important brain neurotransmitter whose levels are relevant in the study 

of a number of disorders including hyperglycinemia,1 schizophrenia,2-4 and brain tumours.5-11 

Proton (1H) magnetic resonance spectroscopy (MRS) enables non-invasive measurement of 

various brain metabolite levels in vivo. However, the observation of Gly with MRS is challenging 

even at high field strengths such as 9.4 T,12 where spectral resolution is largely improved over that 

of clinical field strengths.  Glycine has two uncoupled protons that resonate at ≈ 3.55 ppm, yielding 

a singlet peak.13 The overlapping multiplet signal of myo-inositol (mI), which is present in higher 

concentrations, obscures the Gly peak preventing its observation with standard in-vivo short-TE 

(echo time) PRESS (Point RESolved Spectroscopy)14 and STEAM (STimulated Echo Acquisition 

Mode) single-shot localization sequences.15 Furthermore, with short-TE values, there is 

macromolecule contamination in the Gly spectral region.16 Therefore, spectral editing techniques 

have been implemented for Gly quantification. For example, Gly detection in the human brain has 

been shown using methods such as TE-optimized triple refocusing at 3 T,17 optimized long-TE 

PRESS at 3 T,6 and TE averaging at 4 T.18,19 With the recent advancements in high field magnets, 

Gly has been measured in human brain with an optimized long-TE PRESS sequence at 7 T20,21 and 

with an optimized short-TE SPECIAL (SPin ECho full Intensity Acquired Localization)22 single 

spin echo technique at 7 T.23 The latter technique has also been applied to measure Gly levels in 

rat brain at 9.4 T.12,24 To our knowledge, the optimized SPECIAL technique is the only spectral 

editing method implemented for Gly quantification in vivo at 9.4 T. However, SPECIAL is not a 

readily available pulse sequence. In addition, it relies on the addition and subtraction of alternate 

scans for spatial localization making it prone to subtraction errors. PRESS is a more widely 

available pulse sequence which has not been optimized for resolving the Gly resonance from that 
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of mI at 9.4 T. In this work, we optimize the echo times (TE1 and TE2) of PRESS to facilitate Gly 

quantification at 9.4 T. The objective is achieved by exploiting the scalar coupling evolution of 

the mI protons that resonate in the 3.5 – 3.6 ppm spectral region as has been done at 3 T6 and at 

7 T.20 The 3.5 – 3.6 ppm protons of mI are strongly-coupled even at 9.4 T rendering their response 

to PRESS field strength25,26 dependent and a function of both TE1 and TE2 and not just on their 

sum.27 The Gly peak can be isolated by determining a (TE1, TE2) combination which yields 

minimal mI signal in the Gly spectral region. The (TE1, TE2) combinations that resolved Gly at 3 

T6 and at 7 T20 were found to be (60 ms, 100 ms) and (101 ms, 51 ms), respectively. Because of 

the field strength dependence of the evolution of the strongly-coupled mI protons, the determined 

timings at other field strengths cannot be assumed to be appropriate for the desired purpose at 9.4 

T. The objective of this paper is to investigate the response of mI protons in the Gly spectral region 

to PRESS at 9.4 T to find a (TE1, TE2) combination that results in minimal contamination of Gly 

from mI. The presented work is of value to those who wish to measure Gly in brain at 9.4 T, a field 

strength widely used for animal magnetic resonance studies, with a readily available pulse 

sequence. The efficacy of the optimized PRESS sequence is verified on phantom solutions as well 

as on rat brain in vivo. 

 

3.2 – MATERIALS AND METHODS 

Experiments were performed with a 9.4 Tesla, 21.5 cm diameter MRI (magnetic resonance 

imaging) scanner (Magnex Scientific, Oxford, UK) in conjunction with a TMX console (National 

Research Council of Canada Institute for Biodiagnostics, West, Calgary, AB, Canada). MRI 

system details are as discussed in section 2.3.1. A 4.3 cm diameter birdcage radiofrequency (RF) 
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coil (National Research Council of Canada Institute for Biodiagnostics, West) was used for both 

transmission and reception. 

 Spectra were acquired from four 10 mL spherical phantom solutions, each prepared in 

distilled water. One phantom solution consisted of 10 mM creatine (Cr), and 50 mM myo-inositol 

(mI). Another contained 10 mM Cr and 10 mM Gly, while the third phantom solution was 

composed of 10 mM Cr, 50 mM mI, and 10 mM Gly. The fourth phantom contained 10 mM Cr, 

10 mM Gly, and 10 mM threonine (Thr). Threonine has a spin which resonates at about 3.58 ppm 

and produces a doublet due to its coupling with a spin at 4.24 ppm.28 Threonine could potentially 

contaminate Gly signal.20 All chemicals were purchased from SigmaAldrich Canada 

(SigmaAldrich Canada, Oakville, ON, Canada). The Cr/Gly and Cr/mI/Gly phantoms were created 

from an initial larger 10 mM Cr/10 mM Gly mixture to ensure that the Cr and Gly concentrations 

were the same in each sphere. Spectra were obtained from 5 × 5 × 5 mm3 voxels placed in the 

centre of the phantoms. A PRESS sequence, consisting of 2 ms sinc RF pulses of 3000 Hz 

bandwidth was employed. The spectra were acquired in 32 averages with a repetition time, TR, of 

5 s. A total of 8192 complex data points were collected at a sampling frequency of 10,000 Hz and 

a 4 step phase cycling scheme was applied. Additional phantom experiment details are included in 

section 2.3.2. 

 Numerical calculations of the expected mI signal in response to PRESS as a function of 

TE1 and TE2 were calculated using the previously developed MATLAB program, based on density 

matrix calculations.27 The shape of the 2 ms refocusing pulses along with slice selection gradients 

were included in the calculations and spectra were calculated as 8192 data points with a sampling 

frequency of 10,000 Hz. Spectra were calculated for TE1 and TE2 values ranging from 2 to 120 ms 

in steps of 2 ms. The minimum TE is limited by the duration of the refocusing pulse. The mI area 
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in the 3.52 -3.57 ppm spectral region was normalized to the mI area acquired with (TE1, TE2) = (2 

ms, 2 ms) and a contour plot of the normalized areas as a function of both TE values was generated. 

Regions between contours were shaded based on the absolute value of the normalized mI signal.  

The gray scale correlated with the absolute value of the contour level. The chemical shift and scalar 

coupling constants of mI were based on those provided by Ref. 29. Additional details about the 

numerical methods can be found in in section 2.2. 

For both phantom and in-vivo scans, shimming was performed on the water signal by 

manually adjusting the first order shims until the peak amplitude was maximized. A chemical shift 

selective (CHESS)30 sequence was used for water suppression and the frequency offset of the 

PRESS RF pulses was set to 3.4 ppm, approximately centred between Cr and Gly resonances. 

Measurements were obtained from the 10 mM Cr and 50 mM mI solution with several echo 

time combinations of (TE1, TE2), with the shortest achievable being (12 ms, 9 ms). Spectra were 

acquired from the sample with a number of TE combinations with TE1 and TE2 ranging from 20 

ms – 120 ms (in 10 ms increments) and such that the total TE did not exceed 200 ms to avoid 

excessive signal losses due to T2 relaxation. Spectra were filtered, zero-filled, Fourier transformed, 

phase corrected and baseline corrected with software provided by National Research Council of 

Canada (Spectrum Viewer v. 2.00.002, National Research Council of Canada Institute for 

Biodiagnostics, West, Calgary, AB, Canada). Processed spectra were assessed in MATLAB 

(Mathworks, Natick, Massachusetts, United States) by examining the 3.52-3.57 ppm mI spectral 

region of the Gly resonance. An echo time combination was judged to be suitable for Gly 

observation based on the numerically generated contour plot and experimental confirmation. Once 

an optimal TE combination was determined, spectra were acquired from the Cr/Gly and Cr/Gly/mI 

phantoms (both phantoms were created from the same Cr/Gly solution) and the Gly/Cr area ratios 



103 

 

were compared using the 3.02 ppm Cr peak. A spectrum was also obtained from the Cr/Thr/Gly 

phantom with the selected optimal TE values. It was evaluated by determining the Thr peak area 

in the 3.57-3.60 ppm spectral region relative to the area of the Gly resonance. 

 In-vivo experiments were performed on four female Sprague Dawley rats (ages 4, 5, 5, and 

11 months) placed in a prone position. A single loop 24 mm diameter surface coil (Doty Scientific, 

Inc., Columbia, South Carolina, United States) was used for both transmission and reception. It 

was placed on top of the rat’s head, behind the eyes, such that the brain was centred in its field of 

view. Temperature was monitored with a rectal probe and a heating module was employed to 

maintain a rat body temperature of 37 ˚C. A probe placed on the abdomen was used for monitoring 

respiration and the pattern provided feedback for respiratory gating. Anaesthetic containing 2 % 

isoflurane was administered to the rat’s airway via a plastic tube and nose cone system. Spin echo 

images were obtained for voxel placement. The imaging sequence employed a TE of 13 ms and a 

TR of at least 1250 ms. Fifteen transverse slices and 7 coronal slices (2 mm thickness) were 

obtained of the rat brain. A 5 × 5 × 5 mm3 voxel was approximately centred in the brain, with its 

centre a distance of ≈ 6 mm from the surface coil. Typically, a water linewidth of ≈ 30-40 Hz was 

achieved. Two spectra were acquired from each rat, namely, one with a short-TE of (TE1, TE2) = 

(12 ms, 9 ms) and one with the optimized TE combination. Both spectra were measured as 2048 

complex data points with a TR of at least 3 s. The short-TE spectrum and the optimized-TE 

spectrum were obtained in 128 and 256 averages, respectively. For each TE, a water-unsuppressed 

scan was acquired with 8 averages for eddy current compensation. A description of the rat brain 

experiments can be found in section 2.3.3. 

 LCModel software31 was used to analyze the in-vivo spectra. The basis sets were provided 

by the vendor, with additional macromolecules and lipid signals simulated by LCModel. Each 
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(TE1, TE2) combination requires an independent basis set; therefore, two sets were used. Each 

basis set included alanine (Ala), Cr, phosphocreatine (PCr), glutamine (Gln), glutamate (Glu), 

glycerylphosphorylcholine (GPC), phosphocholine (PCh),  glutathione (GSH), mI, lactate (Lac), 

N-acetylaspartate (NAA), N-acetylaspartylglutamate (NAAG), scyllo-inositol (Scyllo), taurine 

(Tau), and Gly. Fitted spectra were obtained in the range of 0.2 to 4.0 ppm along with tables of 

Cramér-Rao lower bound (CRLB) values for each metabolite in addition to concentrations relative 

to total creatine (Cr + PCr). Total creatine concentration in rat brain was assumed to be 8 mM32 

and relaxation was not taken into account. Additional details regarding data analysis are in section 

2.4. 

 

3.3 - RESULTS 

Figure 3.1 displays some mI spectra acquired from the 10 mM Cr and 50 mM mI phantom 

with various TE combinations. The numerically calculated spectra are overlaid in dashed lines; 

there is clear agreement between experiment and theory and J-modulation of mI signal in the 3.45 

to 3.7 ppm spectral region is visible. 
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Figure 3.1: Some experimental and calculated spectra acquired from the 50 mM mI phantom with 

PRESS are shown. (TE1, TE2) combinations are indicated above each spectrum. Minimal mI 

contribution to the Gly spectral region (indicated by the dotted lines) is present when (TE1, TE2) 

= (60 ms, 100 ms). The mI contribution was assessed from the simulated spectra by calculating 

the area in the indicated Gly spectral region normalized to that obtained from the short-TE 

spectrum. The normalized areas are indicated for each TE combination. 

 

Figure 3.2 displays the contour plot of the normalized mI signal areas in the Gly spectral 

region. The bright regions correspond to where the normalized mI signal area is between -0.05 – 

0.05. Experimental spectra acquired with (TE1, TE2) values of (30 ms, 100 ms), (60 ms, 70 ms), 

(60ms, 80 ms), (60 ms, 100 ms) and (90 ms, 40 ms) were examined. The TE combinations are 

indicated on Fig. 3.2. Echo time regions where the total TE exceeded 200 ms were not considered 

(to avoid excessive T2 losses) and the first bright zone was also not considered as the timings were 
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too short to ensure adequate macromolecule suppression in vivo. Of the specifically examined TE 

combinations, an optimal (TE1, TE2) combination that minimizes mI signal in the Gly spectral 

region was found to be (60 ms, 100 ms). The maximum amplitude and total area of the mI signal 

in the 3.52-3.57 ppm region is 5.2 % and -6.1 %, respectively, of the corresponding values obtained 

from the (TE1, TE2) = (12 ms, 9 ms) short-TE spectrum. 

 

 

Figure 3.2: Calculated contour plot with mI areas in the Gly spectra region normalized to the area 

calculated when TE1 = TE2 = 2 ms.  The gray scale corresponds to absolute values of the contour 
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levels.  Some positive and negative contour values are labelled on the plot.  The asterisks indicate 

TE combinations specifically examined as optimal TE candidates. 

 

 Figure 3.3(a) shows short-TE spectra acquired from the 10 mM Cr, 10 mM Gly, and 50 

mM mI phantom and from the 10 mM Cr and 50 mM mI phantom. The Gly peak is not visible and 

its contribution can be seen as a broadening and an amplitude increase of the ≈ 3.54 ppm mI peak. 

With the optimized (TE1, TE2) = (60 ms, 100 ms) timing combination, as seen in Fig. 3.3(b), the 

Gly resonance obtained from the Cr/Gly/mI phantom compares well with that measured from the 

10 mM Cr and 10 mM Gly phantom. The Gly/Cr area ratio calculated from the Cr/Gly/mI  

spectrum  is ≈ 11 % less than the ratio obtained from the Cr/Gly phantom spectrum. Figure 3.3(c) 

displays a spectrum obtained from the 10 mM Cr, 10 mM Gly, and 10 mM Thr phantom with (TE1, 

TE2) = (60 ms, 100 ms). The Gly resonance closely matches that acquired from the Cr/Gly phantom 

spectrum and the Thr resonance is almost entirely outside the Gly spectral region. The Thr peak 

area is ≈ -17% of the Gly peak area. 
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Figure 3.3: Spectra obtained from the various phantoms with PRESS. (TE1, TE2) combinations 

are indicated above each spectrum, along with the phantom constituents. In (a), the short-TE 

mI/Gly spectrum differs only slightly from the mI spectrum. With the optimized TE combination 

in (b), the mI/Gly spectrum closely matches that of Gly. The Thr/Gly spectrum in (c) shows the 

small negative Thr yield at the optimized TE values. 
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 Figure 3.4(a) shows the PRESS voxel placement in a coronal and transverse image of one 

of the rat brains. Panels (b) and (c) display LCModel eddy-current and baseline corrected spectra 

acquired from the voxel with (TE1, TE2) = (12 ms, 9 ms) and (60 ms, 100 ms), overlapped with 

their corresponding LCModel fits. Heavy overlap between mI and Gly can be seen in the short-TE 

spectrum (CRLB of 37 % for Gly) unlike in the optimized long-TE spectrum where there exists a 

clear distinction between the Gly and mI peaks. When Gly is included in the basis set, as in Fig. 

3.4(c), the residual signal in the Gly spectral region is minimized to the noise level. The CRLB of 

Gly is 15 %, and the relative concentration to total creatine is 0.192, giving an absolute 

concentration of 1.54 mM, assuming a total creatine concentration of 8 mM. The NAA signal to 

noise ratio (SNR) provided by LCModel is 16 and the obtained Gly CRLB of 15 % at this level of 

SNR is consistent with what was determined by Ref. 12 at 9.4 T. The LCModel fit of the (60 ms, 

100 ms) in -vivo spectrum with a basis set that does not include Gly is shown in Fig. 3.4(d), where 

a discernable, positive residual can be seen in the Gly spectral region. Figure 3.5 shows processed 

(TE1, TE2) = (60 ms, 100 ms) spectra obtained from the three other rats along with the LCModel 

fits. Table 3.1 summarizes the results from all four rats. 
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Figure 3.4: Coronal and transverse images of one of the rat brains in (a) shows the location of the 

voxel used for PRESS. The acquired spectra from the rat are displayed, with the corresponding 

LCmodel fits overlaid. In (b), a spectrum measured with (TE1, TE2) = (12 ms, 9 ms) shows the 

overlap between mI and Gly, whereas with the optimized (TE1, TE2) of (60 ms, 100 ms) the mI 

and Gly peaks are clearly separated as shown in panel (c); the vertical dotted lines indicate the 

centre of each peak. The LCmodel fit in (c) includes Gly in the basis set while the fit in (d) does 

not. Excluding Gly from the basis set results in a clearly visible residual signal in the Gly spectral 

region (enclosed by the rectangle). 
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Figure 3.5: Processed in-vivo spectra acquired from additional rats with the optimized TE values. 

Clear resolution between the mI and Gly peaks can be seen. The dashed spectra are the LCModel 

fits. 
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Rat      

number 

Gly CRLB 

(%) (long-TE) 

Gly CRLB (%) 

(short-TE) 

Gly/Cr 

Ratio 

Gly Concentration 

(mM) 

LCModel 

NAA SNR 

1 15 37 0.192 1.54 16 

2 19 28 0.190 1.52 19 

3 20 52 0.129 1.03 20 

4 16 31 0.165 1.32 19 

Table 3.1: Summary of LCModel results obtained from the three rats. The Cr concentration was 

assumed to be 8 mM. 

 

3.4 - DISCUSSION 

Glycine is an important brain neurotransmitter and its levels can be measured by proton 

MRS through its singlet resonance at ≈ 3.55 ppm, which arises from two uncoupled protons. 

However, the peak is overlapped by overwhelming mI signal in vivo when acquiring spectra with 

standard short-TE techniques. To quantify Gly, the signal contribution from mI in the Gly spectral 

region must be minimized. The readily available PRESS sequence has been previously optimized 

by others for this purpose at 3 T6 and 7 T.20 To our knowledge, PRESS has not been previously 

optimized for Gly detection at 9.4 T and in the present study, we show that a PRESS sequence 

with (TE1, TE2) = (60 ms, 100 ms) can be used to resolve and detect glycine at 9.4 T in vivo in rat 

brain. It is interesting to note that the determined timings are the same as those found at 3 T6; 

however, the evolution of the mI protons are field strength dependent. In addition, the coupling 

evolution of the mI protons during the slice selective refocusing pulses affects the outcome to some 

extent.27 The differences in evolution can be seen when comparing mI spectra from Fig. 3.1 of 

Ref. 6 with mI spectra in Fig. 3.1 of this work. As specific examples, it can be seen that the mI 
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signal around 3.54 ppm is positive at 3 T when (TE1, TE2) = (60 ms, 60 ms) and (100 ms, 100 ms) 

but negative at 9.4 T. The mI protons contributing signal in the Gly spectral region are strongly 

coupled even at 9.4 T (scalar coupling to chemical shift ratio of 0.28); therefore, a weak-coupling 

approximation cannot be employed. The complexity of the evolution of strongly-coupled spins 

renders it difficult to calculate the signal response analytically.25 We investigated the field strength 

dependence of mI signal acquired with (TE1, TE2) = (60 ms, 100 ms) in the 3.52 – 3.57 ppm 

spectral region by calculating the response of mI to a PRESS sequence with ideal hard pulses (to 

remove the dependence on pulse shape). The areas normalized to the corresponding TE = 0 signal 

area were calculated for 1.5 T, 3 T, 4.5 T, 6 T, 7 T, 9 T and 9.4 T and were found to be 0.47 %, 

8.8 %, 3.8 %, 6.2 %, -8.6 %, -19.3 % and -7.3 %, respectively. The difficulty in predicting the 

response is evident by the significant difference between the 9 T and 9.4 T signal yields. At 7 T 

the optimal TE for mI suppression in the Gly region was found to be (TE1, TE2) = (101 ms, 51 

ms).20 The optimizations at 3 T and 7 T also included the effects of evolution during RF pulses.6,20 

In this work, with (TE1, TE2) = (60 ms, 100 ms), the mI signal area in the 3.52-3.57 ppm 

region was reduced to ≈ -6 % of the corresponding area obtained with the short–TE sequence. The 

higher area compared to the contour plot prediction can be attributed to the small deviations 

between experiment and theory as shown in Fig. 3.1. 

The negative mI contribution reduces Gly signal by ≈ 11 % in a phantom solution in which 

the mI to Gly ratio is 5. On average, the mI concentration was found to be 5.37 mM from LCModel 

analysis of the short-TE spectra (assuming a Cr concentration of 8 mM). The LCModel basis set 

for the optimal TE combination accounts for the small mI contributions in the Gly region in the 

long-TE spectra and an average Gly to Cr concentration ratio of 0.169 (standard deviation 0.030) 

was obtained from the three rats (CRLB values for Gly ranged between 15 – 20 % which are 
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considered acceptable33 and are a significant improvement over the short-TE Gly CRLB range of 

28 – 52 %). Assuming a total creatine concentration of 8 mM,32 this yields an average Gly 

concentration of 1.35 mM. Threonine was not included in the basis set; a Thr concentration of 0.8 

mM has been reported for rat brain.28 Our phantom experiments indicate that in the worst case 

where Gly and Thr completely overlap in vivo the Gly concentration would be underestimated by 

less than 10 %, assuming a Thr/Gly concentration ratio of 0.6. The determined average Gly 

concentration of 1.35 mM is within the range of previously biochemically determined rat brain 

Gly levels of 1.2 – 1.66 mM34,35 and somewhat higher than the average Gly concentration of 1.12 

mM measured by Ref. 12 with SPECIAL at 9.4 T. Admittedly, T2 relaxation was not compensated 

for in this work since to our knowledge, the T2 value for Gly protons has not been determined at 

any field strength. References 6,20 assumed the mean T2 of NAA and 3.02 ppm Cr to be the T2 value 

of Gly. At 9.4 T a T2 of 294.3 ms and 171.1 ms has been determined for NAA and Cr, 

respectively,36 yielding a mean of 232.7 ms. If the assumption of Refs. 6,20 is made, then correcting 

Cr and Gly for T2 relaxation losses (assuming simple monoexponential decay functions) yields a 

mean Gly concentration of 1.06 mM for the three rats, which is not within the biochemically 

determined Gly concentration range but is closer to the average value determined by Ref. 12 with 

SPECIAL. 

The SPECIAL technique optimized for Gly detection at 9.4 T12 employed a TE of 20 ms, 

which has the advantage of reduced losses due to T2 relaxation. However, the technique does not 

completely resolve Gly from mI and therefore requires LCModel fitting for quantification. The 

optimized long-TE PRESS sequence enables Gly/Cr levels to be determined by simple peak fitting 

if necessary (macromolecule signal is also attenuated); the few percent loss due to mI 

contamination can be compensated for. Furthermore, despite the loss of signal due to T2 relaxation 
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an average SNR of 18.5 was obtained for NAA from the four rats with an average Gly CRLB of 

17.5 %, which is comparable to the CRLB dependence on SNR which was reported by Ref. 12. 

The presented work demonstrates that the commonly employed PRESS sequence is a convenient 

option for isolating and quantifying the Gly resonance, for example in studies of animal models of 

brain diseases at 9.4 T. 

 

3.5 - CONCLUSION 

A long-TE PRESS sequence with (TE1, TE2) = (60 ms, 100 ms) was found to be optimal 

for resolving Gly signal from that of mI at 9.4 T. The timings minimized mI signal in the Gly 

spectral region by exploiting the J-coupling evolution of its strongly-coupled protons. 
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Chapter 4 - Improved Resolution of Glutamate, Glutamine and 

GABA with Optimized PRESS Sequence Timings for their 

Simultaneous Quantification at 9.4 T 

 

 

 

A version of this chapter has been published as: 

Dobberthien, B. J., Tessier, A. G., & Yahya, A. (2018). Improved resolution of glutamate, 

glutamine and γ‐aminobutyric acid with optimized point‐resolved spectroscopy sequence timings 

for their simultaneous quantification at 9.4 T. NMR in Biomedicine, 31(1), e3851. 
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4.1 - INTRODUCTION 

Glutamate (Glu) is the major excitatory neurotransmitter in the central nervous system,1 

while glutamine (Gln) is a precursor to and a storage form of it. Glutamine is created in astrocytes 

by the enzyme glutamine synthetase from Glu and ammonia, as part of the Glu/Gln cycle.2 Altered 

levels of Glu and Gln have been linked to a number of diseases 3, including schizophrenia,4 

depression,5 epilepsy,6 MS (Multiple Sclerosis),7 ALS (Amyotrophic Lateral Sclerosis),8 

Huntington’s disease,9 Alzheimer’s disease,10 brain trauma,11 and brain tumors.12 Another product 

of Glu metabolism is γ-aminobutyric acid (GABA), the primary inhibitory neurotransmitter in the 

brain and which also contributes to Glu/Gln cycling.13 Its quantification is relevant to multiple 

disorders,14 including schizophrenia,15 depression,16 epilepsy,17 and cancer.18 In-vivo biochemical 

analysis of the three metabolites is desirable for research involving neuropsychiatric and 

neurological disorders and for investigating their potential role as diagnostic markers. Proton (1H) 

Magnetic Resonance Spectroscopy (MRS) enables non-invasive biochemical analysis and 

measurements of metabolites in vivo. Glutamate and Gln can both be described as AMNPQ spin 

systems, where the P and Q spins refer to the C4 protons and resonate at ≈ 2.35 ppm and ≈ 2.45 

ppm for Glu and Gln, respectively.19 The C4 protons are often employed to quantify Glu and Gln 

or their collective levels (Glx) by MRS.20 The concentration of Gln is ≈ 3.0-5.8 mmol/kgww (less 

than the Glu concentration of ≈ 6.0-12.5 mmol/kgww) in healthy human brain,19 and its signal at ≈ 

2.45 ppm is overlapped by that of Glu at ≈ 2.35 ppm and by that of N-acetylaspartate (NAA) 

protons resonating at ≈ 2.49 ppm. GABA can be described as an A2M2X2 spin system, with the C2 

protons (X spins) resonating at ≈ 2.28 ppm. GABA concentrations are low in healthy human brain, 

namely ≈ 1.3-1.9 mmol/kgww
19; therefore, the resonance exhibits significant overlap from the ≈ 

2.35 ppm Glu proton signal. Quantification of GABA is typically performed by employing the C4 
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proton (A spins) GABA signal, which resonates at ≈ 3.01 ppm; however, because techniques prone 

to subtraction errors (variants of the Mescher-Garwood, MEGA, technique)21 are required to 

isolate the resonance there is interest in quantification with the C2 GABA signal.22 

Spectral editing methods have been used to improve Glu and/or Gln quantification, 

including echo-time (TE)-averaged Point RESolved Spectroscopy (PRESS),23 optimal-TE 

PRESS,20,24 optimal-TE STimulated Echo Acquisition Mode (STEAM),25,26 MEGA-PRESS,27,28 

constant-TE difference spectroscopy,29 Carr-Purcell PRESS,30 spectrally selective refocusing,31 

double quantum filtering,32 and 2D MRS.33 Methods that have been used to enhance the 

detectability of GABA include MEGA-PRESS,21,27,28,34-36 double-quantum filtering,37 optimal-TE 

PRESS38 and STEAM.26 Most of the studies focused on the detection of one or two of Glu, Gln, 

or GABA, but not on all of them simultaneously. An exception is the study by Hu et al.,26 which 

was done at 4 T with optimal-TE STEAM. However, the detection of Gln and GABA in vivo was 

limited to the case of excess Gln and GABA due to brain trauma. Other exceptions include the 

study by Choi et al.,24 as well as the follow up study by Ganji et al.,38 which were both conducted 

at 7 T with optimal-TE PRESS. Stephenson et al.39 also employed long TE STEAM parameters 

previously determined by Yang et al.25 at 7 T to quantify Gln, Glu and GABA in human brain but 

with Cramér-Rao Lower Bound (CRLB) values greater than 24 % for Gln and GABA. 

Higher field strengths such as 9.4 T offer better spectral resolution and higher signal-to-

noise ratio (SNR). A number of animal studies have been performed at 9.4 T for the study of 

animal models of disease.40-46 While the Glu and Gln PQ proton signals can be resolved at 9.4 T, 

their separability depends on their peak linewidths.25 The number of spectral editing techniques 

implemented at 9.4 T has been limited perhaps because glutamate, glutamine, and GABA are often 

quantified at 9.4 T by acquiring short-TE spectra and employing software, such as LCModel,47 to 
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fit the detected signal to estimate the levels of each metabolite.40,41,43-45,48-52 However, in the case 

of lower concentration resonances that experience significant signal overlap, quantification 

estimates from the fit may be prone to bias and uncertainty such that it is possible to find a solution 

with low CRLB values but that yields inaccurate results.53 Simulations were performed to optimize 

a STEAM sequence to resolve Glu from Gln at 9.4 T25 and subtraction editing for quantifying 

GABA has been implemented at 9.4 T36; however, with the latter, only the  3.75 ppm Glx peak 

is co-edited with GABA for which Glu and Gln have similar chemical shifts and therefore, cannot 

be resolved. In that study Glu and Gln were quantified from short-TE spectra; however, spectral 

editing was required for GABA quantification due its relatively lower concentration and signal 

contamination from macromolecular signal in the 2.2 – 2.3 ppm spectral region. 

 The objective of the presented work is to optimize TE1 and TE2 of the readily available 

PRESS sequence, which is commonly employed in in-vivo MRS and potentially offers twice the 

SNR obtainable with STEAM (also commonly employed) to simultaneously quantify Glu, Gln 

and GABA at 9.4 T. Numerical calculations are performed to evaluate the J-coupling evolution of 

Glu, Gln, GABA and NAA to find a long TE that minimizes the undesired NAA signal at ≈ 2.49 

ppm, while retaining signal from Gln at ≈ 2.45 ppm, Glu at ≈ 2.35 ppm, and GABA at ≈ 2.28 ppm. 

The longer TE value also enables the suppression of macromolecule (MM) signals, which 

contaminate the Glu, Gln, and GABA signals at short TE values.54-56 The efficacy of the timings 

is verified on phantom solutions and on rat brain in vivo. Furthermore, LCModel quantification is 

assessed on spectra obtained from phantoms of known concentrations with both short-TE PRESS 

and with the optimal TE combination. Specifically, the use of CRLB as an indicator of LCModel 

quantification reliability with short-TE spectra where there is a severe overlap of peaks is 

investigated. 
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4.2 - MATERIALS AND METHODS 

The response of signals from Glu, Gln, GABA, and NAA protons at 9.4 T as a function of 

TE values of a standard single voxel PRESS sequence were investigated. Numerical simulations, 

based on density matrix calculations, were performed with a previously developed MATLAB 

(Mathworks, Natick, Massachusetts, United States) program.57 Spectra were calculated with 8192 

data points and a sampling frequency of 10000 Hz, with the shape of the refocusing pulses 

(including their offset frequency) and slice selection gradient magnitudes included in the 

calculations. The refocusing pulses have a duration of 2 ms; therefore, the minimum (TE1, TE2) of 

(2 ms, 2 ms) is limited by this duration. The numerical calculations account for J-coupling 

interactions but not for T2 relaxation. The chemical shift and scalar coupling constants were based 

on those provided by Govindaraju et al.,19 with the exception of GABA, for which values updated 

by Kaiser et al.35 were used. Spectra were line-broadened to match in-vivo linewidths 

(corresponding to a water linewidth of about 20 Hz). The 2.30-2.39 ppm spectral region of Glu, 

the 2.40-2.49 ppm region of Gln and NAA, and the 2.23-2.33 ppm region of GABA were 

investigated to find an optimal (TE1, TE2) combination to improve simultaneous quantification of 

Glu, Gln, and GABA. Peak areas were calculated for each of the spectral regions, with TE1 and 

TE2 varying from 0 - 200 ms in steps of 2 ms. An objective function that subtracts the absolute 

value of the NAA peak area normalized to its corresponding (2 ms, 2 ms) area from the 

corresponding normalized peak area of Gln, was used. It was defined as objective =
𝐺𝑙𝑛𝑃𝐴

𝐺𝑙𝑛𝑃𝐴,𝑚𝑎𝑥
−

|
𝑁𝐴𝐴𝑃𝐴

𝑁𝐴𝐴𝑃𝐴,𝑚𝑎𝑥
|, where 𝐺𝑙𝑛𝑃𝐴 and 𝑁𝐴𝐴𝑃𝐴 are the integrated peak areas of Gln and NAA, respectively, 

in the 2.40-2.49 ppm region. The maximum peak area values, to which all peak areas are 



123 

 

normalized, occur with the minimum (TE1, TE2) of (2 ms, 2 ms). By maximizing the objective 

function, the peak area of Gln is maximized while the absolute peak area of NAA is minimized. 

The absolute area (as opposed to the real area) for the NAA signal in the Gln spectral region was 

considered to ensure minimal Gln contamination from NAA. The objective function was 

normalized to its maximum value, and a contour plot was generated as a function of TE1 and TE2. 

Optimal TE candidates were chosen by maximizing the objective function, choosing values higher 

than 0.6. Normalized contour plots were also created based on peak areas for each individual 

metabolite, and the peak area relative to the corresponding value at (2 ms, 2 ms) was found for 

each metabolite at the optimal timing sets. The individual spectra of NAA, Gln, Glu, and GABA 

were simulated with a (TE1, TE2) of (12 ms, 9 ms), which is the minimum achievable 

experimentally with the MRI scanner, and with the optimal TE candidates. Numerical calculation 

details are discussed in section 2.2. 

 Phantom and in-vivo experiments were performed with a 9.4 T, 21.5 cm diameter bore MRI 

scanner (Magnex Scientific, Oxford, UK) in combination with a TMX console (National Research 

Council of Canada Institute for Biodiagnostics, West, Calgary, AB, Canada). Additional MRI 

system details are included in section 2.3.1. For phantom experiments, a 4.3 cm diameter birdcage 

radiofrequency (RF) coil (National Research Council of Canada Institute for Biodiagnostics, West) 

was used for both transmission and reception. The optimal (TE1, TE2) candidates were verified 

experimentally on phantom solutions. Chemicals were purchased from SigmaAldrich Canada 

(SigmaAldrich Canada, Oakville, ON, Canada). A PRESS sequence was employed to obtain 

spectra from 5 × 5 × 5 mm3 voxels placed in the centre of the phantoms. Sinc RF pulses of 2 ms 

duration and 3000 Hz bandwidth were utilized for PRESS, with the frequency offset set to 2.9 ppm 

(centre of spectrum with NAA at 2 ppm and Glx at  3.8 ppm). Spectra were acquired in 32 
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averages, with a repetition time (TR) of 5 s and a four-step phase cycling scheme. For each average, 

8192 complex data points were collected at a sampling frequency of 10000 Hz. For the voxel size 

employed, it was found that manual first order shimming was adequate. Shims were adjusted until 

the peak amplitude of the water signal was maximized (phantom water linewidths of less than 5 

Hz were achieved). A chemical shift selective58 sequence was used for water suppression. 

Phantom solutions (in 30 mm diameter glass spheres), each containing 50 mM of one of 

NAA, Gln, Glu, or GABA, and all containing 10 mM creatine (Cr) to serve as a reference, were 

scanned with a (TE1, TE2) of (12 ms, 9 ms), the shortest achievable timings experimentally, and 

with the optimal TE candidates. The spectra were analyzed by manually integrating the peak areas 

for each metabolite in their respective spectral regions of interest at the optimal TE combinations,  

and comparing them to the corresponding areas obtained at the short TE combination of (12 ms, 9 

ms). Spectra were processed with software provided by National Research Council of Canada 

(Spectrum Viewer v. 2.00.002, National Research Council of Canada Institute for Biodiagnostics, 

West, Calgary, AB, Canada). Processing included filtering, zero-filling, Fourier transformation, 

phase correction and baseline correction. Potential TE candidates that yielded an objective function 

value greater than 0.6 were analyzed to choose the optimal TE combination. The optimal timing 

decision was based primarily on minimizing the amplitude of the NAA signal in the 2.40-2.49 ppm 

spectral region in both numerical and phantom spectra. It was verified that  the Gln, Glu, and 

GABA areas were maximized (numerical signal yield greater than 40 %, 50 % and 50 %, 

respectively, with respect to the corresponding signal when TE1 = TE2 = 2 ms) in the 2.40-2.49 

ppm region, 2.30-2.39 ppm region, and the 2.23-2.33 ppm region, respectively. Additionally, it 

was verified on phantoms that the Glu, Gln and GABA peaks were sufficiently resolved. 
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Two spherical phantom solutions, both containing 20 mM Gln and 45 mM Cr, one of which 

also contained 50 mM Glu, 45 mM NAA, 5 mM glutathione (GSH) and 5 mM GABA, were 

scanned to analyze the Gln signal with and without the presence of other metabolites. Glutathione 

(GSH) was included because it has a signal at ≈ 2.51 ppm, which may potentially overlap with and 

contaminate the Gln signal at ≈ 2.45 ppm. The concentrations were selected to represent typical 

concentration ratios in vivo in rat brain.48 Spectra from the two phantoms were acquired with a 

(TE1, TE2) of (12 ms, 9 ms) and with the optimal TE combination. For both TE combinations, the 

peak area of Gln (2.40-2.49 ppm) was manually integrated and normalized to the peak area of the 

≈ 3.03 ppm Cr peak for the spectra obtained from both phantoms, and a percent difference was 

calculated between the values obtained from the two phantoms. A similar analysis was performed 

for assessing GABA signal with and without the presence of other metabolites. Spectra were 

acquired with a (TE1, TE2) of (12 ms, 9 ms) and with the optimal TE combination from a spherical 

phantom solution consisting of 5 mM GABA and 45 mM Cr. The spectra were compared to the 

previously acquired spectra from the 20 mM Gln, 45 mM Cr, 50 mM Glu, 45 mM NAA, 5 mM 

GSH, and 5 mM GABA phantom. Additional details about the phantom experiments can be found 

in section 2.3.2. 

The optimal timing set was verified in vivo on the brains of 5 Sprague Dawley rats, with a 

mean age and standard deviation of 11.2 and 2.3 months, respectively. For both transmission and 

reception, a single loop 24 mm diameter surface coil (Doty Scientific, Inc., Columbia, South 

Carolina, United States) was used. The rat was placed in prone position, and the coil was positioned 

on top of its head, behind the eyes, in order to centre the brain in the field of view. The body 

temperature of the rat was maintained at 37 °C by monitoring it with a rectal probe and employing 

a heating module. Respiratory gating was performed with the use of a probe placed on the 
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abdomen, the respiratory pattern providing feedback. To sedate the rat, anaesthetic containing 2 % 

isoflurane was administered via a plastic tube and nose cone system to the rat’s airway. Spin echo 

images, obtained with a TE of 13 ms and a TR of at least 1250 ms, were employed for voxel 

placement. Twenty transverse slices and twenty coronal slices (2 mm thickness) of the rat brain 

were acquired. A 5 × 5 × 5 mm3 voxel, with its centre a distance of ≈ 6 mm from the surface coil, 

was approximately centred in the brain. Typically, a water linewidth of ≈ 20 – 25 Hz was achieved. 

Two spectra, one with a short TE of (TE1, TE2) = (12 ms, 9 ms) and one with the optimal TE 

combination, were acquired from each rat. Both spectra were measured as 2048 complex data 

points and sampled at 10000 Hz, with a TR of at least 3 s. The short-TE spectrum and the optimal-

TE spectrum were obtained in 128 (6.4 minutes) and 256 averages (12.8 minutes), respectively. A 

chemical shift selective58 sequence was used for water suppression.  Fewer averages were acquired 

for short-TE spectra to minimize scan time. A short-TE spectrum was acquired in a rat with both 

128 and 256 averages to verify that the higher SNR obtained with more averages does not 

significantly affect LCModel quantification. A description of rat brain experiments can be found 

in section 2.3.3. 

LCModel software47 was utilized to analyse the in-vivo spectra. The basis sets were specific 

to 9.4 T and were provided by the vendor, with additional macromolecules and lipid signals 

simulated by LCModel. Each (TE1, TE2) combination requires an independent basis set; therefore, 

two sets were used. Each basis set included alanine (Ala), aspartate (Asp), glucose (Glc), Cr, 

phosphocreatine (PCr), Gln, Glu, GABA, glycerylphosphorylcholine (GPC), phosphocholine 

(PCh), GSH, inositol (Ins), lactate (Lac), NAA, N-acetylaspartylglutamate (NAAG), scyllo-

inositol (Scyllo), and taurine (Tau). Basis files for Gln, Glu, GABA, and NAA were replaced with 

simulated spectra to account for the difference in spectral response due to refocusing pulse shape.57 
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Spectra were numerically simulated with the described MATLAB software and converted to the 

LCModel .RAW format before they were inputted into the MakeBasis program included in the 

LCModel package. Fitted spectra were obtained in the range of 0.2 – 4.0 ppm along with an 

LCModel table of relative CRLB values for each metabolite in addition to concentrations relative 

to total creatine (tCr = Cr + PCr). Concentration ratios were T2 corrected using T2 values for Glu, 

Gln, GABA, NAA and tCr obtained from Xin et al.,59 namely, 89 ms, 116 ms, 105 ms, 202 ms and 

113 ms, respectively. Approximate T1 values for the metabolites from the literature60 are 1.5 s, 

1.44 s, 1.86 s and 1.7 s, respectively. The similarity of the T1 values yield correction factors 1 −

exp⁡(−
𝑇𝑅

𝑇1
)61 of less than 5 % for Glu, Gln and GABA. Considering the small effect of the 

correction and the uncertainties associated with the T1 values,60 concentration ratios were not 

corrected for T1 relaxation. Metabolite concentrations were calculated assuming a total creatine 

concentration of 8.5 mM in rat brain.48 In this work, it was approximated that a mM is equivalent 

to μmol/g and mmol/kg (to convert concentrations obtained from the literature). Additional details 

regarding data analysis are in section 2.4. 

To assess the reliability of Gln quantification with short TE and with the optimal TE, four 

phantoms of known concentrations of Gln were created, namely, 0, 10, 20 and 30 mM. To mimic 

in-vivo conditions, NAA, Cr, GABA, GSH, and Glu were added to each in consistent 

concentrations of 45 mM, 45 mM, 5 mM, 5 mM, and 50 mM, respectively. Spectra were acquired 

with (TE1, TE2) = (12 ms, 9 ms) and with the optimal TE combination for each phantom. LCModel 

analysis of the phantom spectra was performed and concentrations of Gln relative to Cr along with 

CRLB values were obtained. Measured ratios of Gln concentrations relative to Cr obtained with 

the (12 ms, 9 ms) TE combination and with the optimal TE combination were T2-corrected. The 

Gln concentrations were then calculated by multiplication by the Cr concentration of 45 mM and 
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plotted against the actual known concentrations. Error bars were created based on reported 

CRLBs62 and were calculated as ±(CRLB × estimated⁡concentration) (absolute CRLB).63 T2 

values were estimated from the phantoms containing individual metabolite components with a 

least squares fit to a monoexponentially decaying function, using peak areas obtained with (TE1, 

TE2) values of (15 ms, 15 ms), (106 ms, 16 ms), and (130 ms, 130 ms) for Gln and Glu. For Cr, 

NAA and GABA, additional spectra were obtained with (200 ms, 200 ms) and (400 ms, 400 ms) 

due to their longer T2 values. Peak areas were fitted with a least-squares analysis in MATLAB, as 

specified by the function 𝑀 = 𝑀0exp⁡(−
𝑇𝐸

𝑇2
), where 𝑇𝐸 is the total echo time and 𝑀0 is the 

predicted peak area when 𝑇𝐸 is equal to 0 ms. J-coupling corrections were included in the T2 

estimates for Glu, Gln, and GABA (Cr protons do not exhibit J-coupling) by dividing each peak 

area by the numerically determined ratio of the peak area at the specified echo time combination 

to the peak area at (2 ms, 2 ms) (compensating for the signal loss due to J-coupling). It was verified 

experimentally that the TR of 5 s used for phantom experiments was sufficiently long to render all 

metabolite T1 relaxation effects negligible. Concentrations and corresponding CRLBs were also 

found for Glu and GABA from the spectra acquired from the 20 mM Gln phantom, with (TE1, 

TE2) = (12 ms, 9 ms) and with the optimal TE combination. To assess the effect of the presence of 

a larger amount of NAA, a phantom with 90 mM NAA was created while retaining the same 

concentrations for the other metabolites (45 mM, 5 mM, 5 mM, 20 mM and 50 mM for Cr, GABA, 

GSH, Gln and Glu, respectively). In addition, a phantom with altered amounts of Gln, Glu and 

GABA was created to assess quantification efficacy. The phantom contained 45 mM, 45 mM, 12 

mM, 5 mM, 30 mM, and 45 mM of NAA, Cr, GABA, GSH, Gln and Glu, respectively. The 

increase in Gln and GABA and decrease in Glu are consistent with changes seen in epileptic 

patients treated with Vigabatrin.64 
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4.3 - RESULTS 

Figure 4.1 displays a contour plot of the objective function normalized to the maximum 

value. Contour lines vary from -0.6 to 0.6 in steps of 0.3. The optimal (TE1, TE2) value was 

determined to be (106 ms, 16 ms), represented with an asterisk in Figure 4.1 and which yielded an 

objective function value of 0.65. 

 

 

Figure 4.1: Contour plot of the objective function (normalized Gln area – normalized NAA area) 

normalized to the maximum value, with the optimal (TE1, TE2) of (106 ms, 16 ms) represented 

with an asterisk. Values are displayed for a TE1 and TE2 range of 2 – 150 ms.  Normalized Gln and 

NAA values are with respect to values obtained with (TE1, TE2) of (2 ms, 2 ms). 
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Figure 4.2 shows the normalized numerical contour plot for areas of each individual 

metabolite, including NAA (absolute value; Figure 4.2a), Gln (Figure 4.2b), Glu (Figure 4.2c), 

and GABA (Figure 4.2d). The values shown for Gln, Glu, and GABA are real values. The optimal 

timing set, (106 ms, 16 ms), represented again by asterisks, yielded signal areas of 0.02, 0.42, 0.54, 

and 0.57 for NAA, Gln, Glu, and GABA, respectively, relative to the corresponding value at (2 

ms, 2 ms). Relative to the values at (12 ms, 9 ms), the signal areas were 0.03, 0.67, 0.80, and 0.76, 

respectively. 

 

 

Figure 4.2: Contour plots of individual metabolites, including a) NAA (absolute value and an 

inverted grayscale), b) Gln, c) Glu, and d) GABA, with the optimal TE of (106 ms, 16 ms) 
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represented by asterisks. Contour plots for Gln, Glu, and GABA were generated using real values 

for the areas normalized to their respective values at (2 ms, 2 ms). Values are displayed for a TE1 

and TE2 range of 2 – 150 ms. 

 

Figure 4.3 shows both theoretical (left) and experimental (right) spectra for each individual 

metabolite obtained with a (TE1, TE2) of (12 ms, 9 ms) (solid line) and (106 ms, 16 ms) (dashed 

line). Phantom measurements obtained with (106 ms, 16 ms) gave relative NAA, Gln, Glu, and 

GABA signal areas of <0.05, 0.44, 0.59, and 0.70, respectively, to the corresponding (12 ms, 9 

ms) values. 
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Figure 4.3: Theoretical (left) and experimental (right) spectra obtained for individual metabolites 

with a TE combination of (12 ms, 9 ms) (solid line) and (106 ms, 16 ms) (dashed line). 

 

Spectra from a phantom containing a mixture of Gln, Glu, NAA, GSH, and GABA are 

shown in Figure 4.4, where they are overlapped with spectra from a phantom containing Gln only 

(a, b; dotted line) and GABA only (c, d; dotted line). Spectra were acquired with both a TE 

combination of (12 ms, 9 ms) (a, c) and (106 ms, 16 ms) (b, d). For both Gln and GABA, the signal 
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area normalized to that of Cr changed by <10 % in the presence of the other metabolites when the 

spectra were acquired at the optimal TE. For the short-TE spectra, the signal area normalized to 

that of Cr was 49 % higher for Gln and 207 % higher for GABA in the presence of the other 

metabolites. GSH was found to have a negligible impact on the Gln resonance in all cases. 

 

 

Figure 4.4: Spectra from a phantom containing Cr, Gln, Glu, NAA, GSH, and GABA (solid line), 

overlapped with spectra (dotted line) from phantoms containing Gln only (a and b) and GABA 

only (c and d). Spectra from all phantoms were acquired with TE combinations of (12 ms, 9 ms) 

and (106 ms, 16 ms). The spectral regions of Gln and GABA are indicated by the vertical dashed 

lines. Overlapped spectra were scaled so that the heights of the Cr peaks matched (each phantom 

contained 45 mM Cr). 
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 Spectra acquired from one of the rats are shown in Figure 4.5. PRESS voxel placement is 

shown on a coronal and a transverse image of the rat brain (a). Baseline-corrected in-vivo spectra 

acquired from the voxel with a short (TE1, TE2) of (12 ms, 9 ms) (b) and with the optimal TE 

combination of (106 ms, 16 ms) (c) are shown, overlapped with their corresponding LCModel fits. 

Heavy overlap between NAA, Glu, Gln, and GABA can be seen in the 2.2 – 2.5 ppm spectral 

region in the short-TE spectrum, whereas there is a clear resolution of Glu, Gln and GABA peaks 

in the optimal-TE spectrum. Additionally, the LCModel analysis of the short-TE spectrum 

included the presence of the “MM20” macromolecular signal, which has a peak at ≈ 2.25 ppm and 

overlaps with GABA. No macromolecule contribution was reported for the optimal-TE spectrum. 
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Figure 4.5: In-vivo rat brain data acquired at 9.4 T, with a) voxel placement shown in a coronal 

and a transverse image of one of the rat brains and b) PRESS spectra acquired from the voxel with 

a short (TE1, TE2) of (12 ms, 9 ms) (top) and the optimal TE combination of (106 ms, 16 ms) 

(bottom), overlapped with their corresponding baseline subtracted LCModel fits. LCModel 

baselines are shown to the right of the spectra, overlapped with raw data. Water was suppressed to 

less than 2% of its unsuppressed amplitude. 

 

Figure 4.6 (a) shows a processed (106 ms, 16 ms) spectrum from one of the four other rats, 

along with its LCModel fit. Table 4.1 summarizes the concentrations, both with and without T2 

correction, and CRLBs determined from the LCModel analysis, for each metabolite, with both TE 

combinations in each rat, as well as an average for all the rats. Literature values are included for 

each metabolite, obtained from.65,66 Figure 4.6(b) reflects the average values summarized in the 

table. LCModel analysis of the short-TE spectra indicated that reducing the number of averages to 
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128 resulted in  10 % less Gln and  2 % less GABA. The CRLB values for Gln and GABA 

increased from 8 % to 10 % and from 9 % to 10 %, respectively. The small changes demonstrate 

that the comparisons in Table 4.1 are acceptable. The higher number of averages for the long-TE 

spectra explains the similar SNR obtained with short and long-TE spectra. A mean SNR (± 

standard deviation) based on the NAA peak of 26.90 ± 2.49 was obtained for the short-TE spectra 

over the five rats. For long TE spectra the mean SNR was 25.00 ± 3.74. The mean full width half 

maximum (± standard deviation) of the NAA peak was calculated to be 17.60 ± 4.44 Hz and 15.52 

± 1.88 Hz for the short-TE and long-TE spectra, respectively (LCModel yielded average linewidths 

for all peaks of 13.20 ± 2.25 Hz and 11.04 ± 1.31 Hz for the short-TE and long-TE spectra, 

respectively). CRLB values for NAA and tCr for both short-TE and long-TE spectra were 2-3 %. 

Average T2- corrected NAA concentrations (± average absolute CRLB) over the five rats were 

8.94 ± 0.25 mM and 7.64 ± 0.17 mM from short-TE and long-TE spectra, respectively. The 

standard deviations of the concentrations were 0.85 mM and 0.47 mM, respectively. 
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Figure 4.6: In-vivo baseline subtracted rat brain PRESS spectrum obtained at 9.4 T with the 

optimal combination of (106 ms, 16 ms) from one of the other rats, along with the LCModel fit 

(a). A bar chart shows the T2-corrected concentrations of Gln, Glu, and GABA, acquired with TE 

combinations of (12 ms, 9 ms) and (106 ms, 16 ms), and averaged from all five of the rats (b). 

Error bars are shown with a value of ±(mean absolute CRLB). 
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Rat 

Number 
Metabolite 

Estimated 

Concentration 

(mM) (CRLB) 

(short-TE) 

T2-Corrected 

Concentration 

(mM) 

(short-TE) 

Estimated 

Concentration 

(mM) (CRLB) 

(optimal-TE) 

T2-Corrected 

Concentration 

(mM) 

(optimal-TE) 

Literature 

Concentrations 

(mM)a 

1 

Gln 6.76 (6%) 6.73 2.94 (16%) 2.87 3.91 - 5.59 

Glu 11.24 (3%) 11.82 7.58 (5%) 10.14 9.77 - 12.00 

GABA 4.18 (8%) 4.23 1.85 (18%) 1.89 1.26 - 1.99 

2 

Gln 7.77 (6%) 7.74 3.93 (14%) 3.83 3.91 - 5.59 

Glu 11.02 (4%) 11.58 9.12 (5%) 12.19 9.77 - 12.00 

GABA 5.15 (8%) 5.23 1.93 (19%) 2.10 1.26 - 1.99 

3 

Gln 7.43 (7%) 7.40 3.04 (15%) 2.95 3.91 - 5.59 

Glu 11.83 (4%) 12.43 7.68 (5%) 10.29 9.77 - 12.00 

GABA 4.68 (9%) 4.74 1.85 (17%) 1.89 1.26 - 1.99 

4 

Gln 5.80 (8%) 5.77 2.99 (17%) 2.90 3.91 - 5.59 

Glu 10.65 (4%) 11.20 9.41 (4%) 12.59 9.77 - 12.00 

GABA 3.17 (12%) 3.21 2.16 (16%) 2.35 1.26 - 1.99 

5 

Gln 5.80 (8%) 5.77 4.51 (15%) 4.39 3.91 - 5.59 

Glu 10.69 (4%) 11.24 8.95 (6%) 11.97 9.77 - 12.00 

GABA 3.49 (10%) 3.54 2.35 (19%) 2.55 1.26 - 1.99 

Average 

Gln 6.72 (7%) 6.68 ± 0.47 3.49 (15.4%) 3.39 ± 0.52 3.91 - 5.59 

Glu 11.08 (3.8%) 11.65 ± 0.44 8.54 (5%) 11.43 ± 0.57 9.77 - 12.00 

GABA 4.13 (9.4%) 4.19 ± 0.39 2.03 (17.8%) 2.20 ± 0.39 1.26 - 1.99 

aLiterature concentrations are taken from Refs. 65,66. 

Table 4.1: Summary of the LCModel analysis performed on the five rats. Concentrations (both 

uncorrected and T2 corrected) are calculated from the ratio relative to total creatine (tCr), assuming 

a tCr concentration of 8.5 mM. Relative Cramér Rao Lower Bounds (CRLBs) are given in 

brackets. Average, T2-corrected concentrations are mean ± mean absolute CRLB. Concentration 

standard deviations over all the rats (not shown in the table) for Gln, Glu and GABA are 0.91 mM, 

0.5 mM and 0.83 mM, respectively, for the short-TE spectra. For long-TE spectra, concentration 

standard deviations are 0.69 mM, 1.14 mM and 0.24 mM. for Gln, Glu and GABA, respectively. 
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To assess LCModel quantification with the short- and long-TE spectra, LCModel estimated 

Gln concentrations of the mixture phantoms containing different amounts of Gln are plotted 

against the actual Gln concentrations in Figure 4.7. Results for both (TE1, TE2) combinations of 

(12 ms, 9 ms) and (106 ms, 16 ms) are shown. The CRLBs for the estimated concentrations are 11 

%, 5 %, 3 %, and 3 % for set Gln concentrations of 0 mM, 10 mM, 20 mM, and 30 mM, 

respectively, at (12 ms, 9 ms). For the optimal TE of (106 ms, 16 ms), the CRLBs are 11 %, 4 %, 

3 %, and 2 %, respectively. The T2 values found for Gln, Glu, Cr, NAA and GABA were 284 ms, 

405 ms, 1264 ms, 1363 ms and 905 ms, respectively. Table 4.2 summarizes the concentrations and 

CRLBs determined from the mixture phantoms containing 20 mM Gln, with both TE combinations 

of (12 ms, 9 ms) and the optimal TE combination with one of the phantoms containing twice the 

amount of NAA. Altering the concentrations of Gln, Glu and GABA to 30 mM, 45 mM and 12 

mM, respectively, resulted in T2-corrected long-TE LCModel concentrations of 31.71 mM (CRLB 

2 %), 47.99 mM (CRLB 2 %) and 13.23 mM (CRLB 3 %), respectively (NAA concentration was 

unaltered and the estimated concentration was found to be 49.38 mM in the first phantom and 

47.14 mM in the second). 
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Figure 4.7: LCModel estimated concentrations of phantom Gln plotted against the actual Gln 

concentrations. Measurements were performed with both (TE1, TE2) combinations of (12 ms, 9 

ms) and (106 ms, 16 ms). Error bars are ± absolute CRLB (mM). Each phantom contains 45 mM 

NAA, 45 mM Cr, 5 mM GABA, 5 mM GSH, and 50 mM Glu. The solid line shows the true Gln 

concentration. 
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Phantom Metabolite 

Actual 

Concentration 

(mM) 

Estimated 

Concentration 

(mM) (CRLB) 

(short-TE) 

T2-Corrected 

Concentration 

(mM) 

(short-TE) 

Estimated 

Concentration 

(mM) (CRLB) 

(optimal-TE) 

T2-corrected 

Concentration 

(mM) 

(optimal-TE) 

45 mM 

NAA  

NAA 45 50.18 (1%) 50.11 49.73 (1%) 49.38 

Gln 20 29.57 (3%) 31.31 14.27 (3%) 19.90 

Glu 50 57.87 (2%) 59.94 46.08 (1%) 56.54 

GABA 5 10.49 (7%) 10.55 4.82 (6%) 5.00 

90 mM 

NAA 

NAA 90 107.33 (1%) 107.20 97.43 (1%) 96.74 

Gln 20 41.13 (3%) 43.56 19.35 (3%) 27.00 

Glu  50 62.10 (2%) 64.33 43.02 (2%) 52.79 

GABA 5 12.42 (9%) 12.50 4.86 (9%) 5.05 

Table 4.2: Summary of LCModel quantification of phantom solutions containing known 

metabolite concentrations. Concentrations (both uncorrected and T2 corrected) are calculated from 

the ratio relative to creatine (45 mM). Relative CRLBs are given in brackets. 

 

4.4 - DISCUSSION 

Glutamine, Glutamate, and GABA are important metabolites in the brain, and their levels 

can be estimated with MRS from their resonances at ≈ 2.45 ppm, ≈ 2.35 ppm, and ≈ 2.28 ppm, 

respectively. However, the Gln signal exhibits overlap with that of NAA at ≈ 2.49 ppm, and both 

of the Gln and GABA signals display overlap with that of Glu in vivo when using typical short-

TE methods. To our knowledge, spectral editing for the improved simultaneous quantification of 

Gln, Glu and GABA has not been previously implemented at 9.4 T. In the presented work, we 

show that a readily available PRESS sequence with an optimal (TE1, TE2) of (106 ms, 16 ms) can 

be used to resolve and simultaneously measure Gln, Glu, and GABA in vivo in rat brain at 9.4 T. 

The signal contribution from NAA in the 2.40-2.49 ppm Gln spectral region was minimized, and 

the signals of Gln, Glu, and GABA were retained and narrowed such that they were better resolved 



142 

 

for quantification. Experimentally, with a TE combination of (106 ms, 16 ms), the contaminating 

2.40-2.49 ppm NAA signal area was found to be <0.05 of the corresponding value obtained with 

(12 ms, 9 ms), agreeing with the numerically determined absolute value of 0.03. Areas of Gln, 

Glu, and GABA obtained with the long TE relative to those acquired with the short TE were found 

to be 0.44, 0.59, and 0.70, comparing well to the numerically determined ratios of 0.67, 0.80, and 

0.76, respectively. The reduced values experimentally are a result of T2 relaxation. The long-TE 

combination was determined from calculations performed with metabolite linewidths 

corresponding to those obtained in our in-vivo experiments (water linewidth about 20 Hz). 

Therefore, the timings may not optimal for different levels of shim. 

 The efficacy of the determined long TE in removing signal that contaminates the Gln and 

the GABA spectral regions was verified by measuring the Gln/Cr and GABA/Cr ratios obtained 

with the long TE from the phantoms containing 20 mM Gln/45 mM Cr and 5 mM GABA/45 mM 

Cr and comparing them to the corresponding ratios obtained from the 20 mM Gln/45 mM Cr/50 

mM Glu/45 mM NAA/5 mM GSH/5 mM GABA phantom. For both Gln and GABA, the ratios 

differed by less than 10 %. The small difference, compared to the large difference obtained with 

short TE, demonstrates minimal contamination from NAA and Glu in the Gln 2.40-2.49 ppm 

spectral region and from Glu in the 2.23–2.33 ppm GABA region. 

 Average, T2-corrected concentrations for Gln, Glu, and GABA were assessed from 

LCModel analysis of the spectra acquired from the five rat brains in vivo. The average 

concentrations for Gln and GABA, determined from the short-TE spectra, are 6.68 ± 0.47 mM 

(CRLB 7 %) and 4.19 ± 0.39 mM (CRLB 9.4 %), respectively, which are higher than rat brain 

literature values determined previously with other biochemical analysis methods, including liquid 

chromatography65 and enzymatic assay.66 The values are higher compared to some short-TE 
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concentrations found in the literature, namely, approximately 2.70 – 4.56 mM for Gln and 0.5 – 

1.35 mM for GABA.36,48,50 Renormalizing (to 8.5 mM Cr) according to Cr concentrations in the 

references yields ranges of 2.82 – 3.88 mM and 0.43 – 1.64 for Gln and GABA, respectively. 

However, differences in the employed sequences and the rat ages do not enable an entirely fair 

comparison. Relative CRLB values obtained from the long-TE spectra for Gln, Glu, and GABA 

ranged from 14-17 %, 4-6 %, and 16-19 %, with averages of 15.4 %, 5 %, and 17.8 %, respectively. 

The CRLB values being under 20 % are considered acceptable.60 The T2-corrected, determined 

concentration for Glu, 11.43 ± 0.57 mM, is within the range of literature values 9.77-12.00 mM. 

The estimated concentration of GABA, 2.20 ± 0.39 mM agrees within error to literature values of 

1.26-1.99 mM, and the estimated Gln concentration of 3.39 ± 0.52 mM also agrees within error to 

the literature values of 3.91-5.59 mM. Compared to the concentrations obtained with short TE, 

Gln and GABA concentrations obtained with the optimal TE combination are closer to those found 

in the literature even though the CRLB values are higher for the long-TE spectra. NAA 

concentrations of 8.94 ± 0.25 mM and 7.64 ± 0.17 mM were obtained from short-TE and long-TE 

spectra, respectively. Literature NAA values in rat brain are in the range of 8.27 – 8.4 

mmol/kg.36,48,50 

The LCModel basis set, which is specific to the field strength and echo time combination, 

accounts for the small contributions from overlapping signals from NAA and Glu when measuring 

Gln, as well as from overlapping signal from Glu when measuring GABA. In addition, J-coupling 

evolution of the protons relevant to the quantification of Gln, Glu and GABA during the slice 

selective refocusing pulses57 are accounted for by replacing Gln, Glu, GABA, and NAA basis set 

components with numerically calculated spectra. 
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 A number of MRS studies utilize LCModel fitting along with a short-TE acquired spectrum 

to deduce metabolite concentrations. In this study, the LCModel evaluation with phantom data 

shows that LCModel estimated concentrations can be inaccurate when combined with short-TE 

PRESS, for lower concentration metabolites where there is significant overlap between peaks. For 

example, Figure 4.7 demonstrates that Gln phantom concentrations estimated with (106 ms, 16 

ms) are consistently closer to the true values than those estimated with (12 ms, 9 ms), even though 

the CRLBs are comparable in both cases. The largest deviation with the long-TE sequence occurs 

for a Gln concentration of 0 mM, where the concentration is estimated at 5.34 mM; however, the 

short-TE measurement estimates the concentration at 8.29 mM. In addition, for the 20 mM Gln/50 

mM Glu/5 mM GABA phantom, LCModel analysis of the short-TE spectrum overestimated all 

concentrations yielding 31.31 mM, 59.94 mM, and 10.55 mM for Gln, Glu, and GABA, 

respectively, despite the low CRLBs of 3 %, 2 %, and 7 %, respectively. With the optimized TE 

combination of (106 ms, 16 ms), the values were 19.90 mM (CRLB 3 %), 56.54 mM (CRLB 1 %), 

and 5.00 mM (CRLB 6 %), for Gln, Glu, and GABA, respectively, closer to their true values. 

Quantification of 45 mM NAA with the short-TE and long-TE techniques was similar. The short-

TE spectrum yielded an NAA concentration of 50.11 mM (CRLB 1 %) and the long-TE spectrum 

resulted in a concentration of 49.38 mM (CRLB 1 %). Doubling the concentration of NAA, 

resulted in Gln being overestimated (27 mM) with the long-TE technique; however, the 

overestimation was not as significant as that obtained from the short-TE spectrum ( 41 mM). 

Doubling the concentration of NAA had no significant effect on the quantification of Glu and 

GABA with the long-TE. The long-TE technique also successfully detected alterations in levels of 

Gln, Glu and GABA. Altering the phantom concentrations to 30 mM Gln/45 mM Glu/12 mM 

GABA, resulted in T2-corrected LCModel estimations of 31.71 mM (CRLB 2 %), 47.99 mM 



145 

 

(CRLB 2 %) and 13.23 mM (CRLB 3 %), respectively. The 10 % decrease in Glu concentration 

(50 mM to 45 mM) resulted in a decreased measured concentration of 15 % (56.54 mM to 47.99 

mM). From literature 9.4 T studies performed on rats, statistically significant changes as small as 

 10 % have been measured for Glu and Gln in a study on diabetes.45 Statistically significant 

changes as low as  10 % have also been reported for GABA in a study on iron deficiency40 and 

one on hypoxia.41 Further investigation is required to determine the smallest levels of change that 

can be detected with the timings presented in this work. It is also of interest that in the short-TE 

PRESS analysis, LCModel yielded a finite amount for the “MM20” macromolecular signal, which 

has peaks at ≈ 1.95 ppm, ≈ 2.08 ppm, ≈ 2.25 ppm, and ≈ 3.00 ppm, despite there being no 

macromolecules in the phantom. However, no macromolecular contribution was attributed to the 

optimal-TE PRESS spectrum LCModel fit. Although it has been suggested that the higher SNR at 

short-TE provides better quantification because of lower CRLB values,39 our work suggests that 

caution should be taken when attempting to quantify lower concentration metabolites from short-

TE spectra where there is peak overlap, even at the high field strength of 9.4 T and that CRLB 

alone cannot be taken as an indicator for quantification reliability, as is commonly assumed,49 and 

it would appear that a combination of LCModel peak fitting and spectral editing is a better choice 

for obtaining more accurate quantification of metabolites that suffer from overlapping peaks. 

However, a study at 7 T comparing phantom quantification of Gln and Glu obtained with short 

and long TE STEAM sequences demonstrated that the higher SNR short-TE spectra yielded 

comparable quantification to that obtained from the long-TE spectra with lower CRLB values.67 

In addition, T2 values of metabolites can change with disease68,69; therefore, if a T2 cannot be 

determined, a short-TE method may be a better alternative. For example, the TE combination of 

(14 ms, 14 ms) with an objective function value of 0.86 could serve as an alternative to the long-
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TE technique. It was not selected as the optimal TE in this work due to the larger presence of 

macromolecules and NAA [ 4.5 times more signal area and 8.5 times more signal amplitude 

compared to that present at the long TE combination of (106 ms, 16 ms)]. In the presented work, 

admittedly, we simulated individual and groups of macromolecular components rather than using 

the more time consuming metabolite-nulling technique to obtain a more accurate measure of the 

short-TE macromolecule signal. The latter method is more representative and improves 

quantification, particularly at higher field strengths70; however, a more accurate measured 

macromolecular fit may still not be sufficient for accurate quantification of GABA with short TE 

techniques at 9.4 T.36 Macromolecule signal was not detected at long-TE due to the short T2 of 

macromolecule protons (about 26 ms) at 9.4 T.48 

The presented optimized PRESS timings resolves Gln, Glu and GABA at 9.4 T while 

minimizing the macromolecular baseline. It has been demonstrated on phantoms that it provides 

more accurate concentrations than those obtained with short-TE. The technique provides an 

alternative to subtraction editing for GABA while having the advantage of enabling simultaneous 

separate quantification of Gln and Glu. The timings can be translated for human studies at 9.4 T; 

however, if SAR (specific absorption rate) is a concern, an optimized STEAM sequence may serve 

as an alternative. 

 

4.5 - CONCLUSION 

 A PRESS sequence with a TE combination of (106 ms, 16 ms) was found to be suitable 

for suppressing the NAA signal at ≈ 2.49 ppm and for resolving and quantifying the Gln, Glu, and 

GABA signals at ≈ 2.45 ppm, ≈ 2.35 ppm, and ≈ 2.28 ppm, respectively, simultaneously in rat 
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brain in vivo at 9.4 T. Particularly for low concentration GABA, it was shown that LCModel 

analysis of the optimal TE spectrum yielded concentrations that match more closely to values 

provided in the literature. 
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Chapter 5 - Optimized PRESS Sequence Timings for Improved 

Spectral Resolution of 13C4-Glutamate during a Uniformly-

Labelled-13C-Glucose Infusion at 9.4 T 

 

 

 

A version of this chapter has been submitted for publication to the journal NMR in Biomedicine 

as: 

Dobberthien, B. J., Tessier, A. G., Stanislaus, A. E., Sawyer, M. B, Fallone, B. G., & Yahya, A. 

PRESS timings for resolving 13C4-glutamate 1H signal at 9.4 T: demonstration in rat with 

uniformly-labelled-13C-glucose. 
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5.1 - INTRODUCTION  

The rate of the tricarboxylic acid (TCA) cycle, also known as the citric acid cycle or the 

Krebs cycle, has shown to be relevant in the study of cancer,1,2 Huntington’s disease,3 Alzheimer’s 

disease,4 epilepsy,5 Parkinson’s disease, and amyotrophic lateral sclerosis.6 Carbon-13 (13C) 

magnetic resonance spectroscopy (MRS) in conjunction with the infusion of a 13C-labelled 

substrate, such as [1-13C]-glucose, enables VTCA, the TCA cycle rate, to be determined.7,8 

Measuring the rate of incorporation of 13C label into the C4 carbon of glutamate (13C4-Glu) has 

shown to be adequate for estimating VTCA if VX, the exchange rate between α-ketoglutarate and 

Glu, is assumed.3,7 13C MRS can be performed directly and requires a system with multinuclear 

capability. The 13C measurements can also be obtained indirectly (1H-[13C] MRS) by measuring 

signal from the 13C-coupled protons of interest, thereby exploiting the higher sensitivity of the 1H 

nucleus. Indirect 1H-[13C] MRS techniques, such as Adiabatic Carbon Editing and Decoupling 

(ACED)-STEAM,9 a variation of the STimulated Echo Acquisition Mode (STEAM) sequence,10 

and techniques incorporating the Proton-Observed Carbon-Edited (POCE)11 sequence, have been 

used in vivo to obtain 13C4-Glu time courses.3,9,12-25 The techniques require multinuclear capability 

because of the application of both 13C and 1H pulses. However, it has been shown that indirect 13C 

detection can also be performed using a standard proton system without the need for additional 

13C hardware.26-29 A standard short echo time (TE) 1H Point-Resolved Spectroscopy (PRESS)30 

sequence was employed at 3 T to obtain 13C4-Glu measures at 3 T from monkey brain during an 

infusion of uniformly-labelled-13C-glucose ([U-13C6]-Glc).26 The methodology exploits the 

satellite peaks that arise as 13C4-Glu accumulates. Heteronuclear J-coupling between the 13C4 

nuclei and the coupled protons causes the 12C4-Glu 1H MRS signal at ≈ 2.35 ppm to split into two 

resonances separated by a coupling constant of about 127 Hz.31 Quantification of the satellite peaks 
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over the time course of the infusion yields a measure of 13C4-Glu label incorporation.  Overlapping 

signal from other metabolites are removed by subtracting the spectrum at each time point from the 

initial baseline spectrum.26 

The high field strength of 9.4 T is used for preclinical MRS studies of animal models.32-38 

9.4 T studies on glutamatergic energy metabolism in rat brain have been done indirectly with 1H-

[13C] MRS methods, such as ACED-STEAM9 and variations of POCE,13,19,24,39 as well as with 

direct 13C MRS methods, such as techniques incorporating Distortionless Enhancement by 

Polarization Transfer (DEPT).31,40 All the techniques require a 13C channel. The objective of the 

presented work is to demonstrate an alternative indirect 13C method at 9.4 T that does not require 

the application of 13C pulses, based on the technique presented by Boumezbeur et al.,26 but that 

does not rely on subtraction, rendering it single-shot. At 9.4 T, the 13C4-Glu satellite peaks are 

located at ≈ 2.51 ppm and ≈ 2.19 ppm.  Both the satellites suffer contamination from signal of 

other metabolites. The N-acetylaspartate (NAA) resonance at ≈ 2.49 ppm overlaps the ≈ 2.51 ppm 

satellite peak, while signals from the 12C3-Glu protons (≈ 2.12 ppm), N-acetylaspartylglutamate 

(NAAG) (≈ 2.19 ppm), 13C3-Glu (2.20-2.28 ppm), 13C2-GABA (γ-aminobutyric acid) (≈ 2.12 ppm, 

assuming a heteronuclear coupling constant of  130 Hz.), and macromolecules (MMs) (≈ 2.26 

ppm) overlap with the ≈ 2.19 ppm satellite peak.31,41-44 In this work, we optimize TE1 and TE2 of 

a standard 1H PRESS sequence to suppress the NAA peak at ≈ 2.49 ppm while retaining sufficient 

2.51 ppm 13C4-Glu proton signal by exploiting differences in J-coupling evolution. The technique 

resolves the 2.51 ppm resonance without the need for subtraction editing. The ≈ 2.19 ppm satellite 

peak is obscured by more signals and is, therefore, not targeted for optimization. The longer TE 

value also enables the suppression of MM signals, which contaminate the entire spectrum, 

including all 13C4-Glu and 12C4-Glu signals at short TEs.42-44 The efficacy of the optimized 1H 
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PRESS sequence is verified on phantom solutions and in vivo on two rat brains during infusion of 

[U-13C6]-Glc. 

 

5.2 - MATERIALS AND METHODS 

The response of NAA, 12C-Glu, 13C4-Glu, and Gln proton signals to a standard single-voxel 

PRESS sequence at 9.4 T was investigated as a function of TE1 and TE2. Numerical simulations 

were based on density matrix calculations using a previously developed MATLAB (Mathworks, 

Natick, MA, USA) program45 with modifications to incorporate a 13C nucleus.46 J-coupling 

interactions, slice selection gradient strengths, refocusing pulse shape (2 ms, 5-lobe sinc pulses of 

bandwidth 3000 Hz) and 2.8 ppm offset frequency were taken into account; T2 relaxation was 

ignored. The chemical shift and scalar coupling constants were based on those provided by 

Govindaraju et al.,41 while the 13C4-Glu scalar coupling constant of 127 Hz was obtained from 

Deelchand et al.31 A sampling frequency of 10 000 Hz was used, with 8192 data points. The 

minimum values for (TE1, TE2) were (2 ms, 2 ms) due to the refocusing pulse duration of 2 ms. 

Spectra were line broadened to match in-vivo water linewidths of ≈ 20 Hz. 

Contour plots were created for the peak areas of each of the metabolites, for TE1 and TE2 

ranges of 14-116 ms each, in steps of 2 ms. The minimum was chosen to be larger than the 

minimum achievable experimentally, and the maximum total TE (TE1 + TE2) was chosen to be 

130 ms to limit the effects of T2 relaxation. Peak areas were determined in the 2.30-2.39 ppm, the 

2.40-2.49 ppm and the 2.45-2.55 ppm spectral regions for the ≈ 2.35 ppm 12C-Glu, the ≈ 2.45 ppm 

Gln, and the ≈ 2.51 ppm 13C4-Glu resonances, respectively. To maximize 13C4-Glu and minimize 

NAA contamination in the latter spectral region, an objective function was created by subtracting 
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the absolute, normalized peak area of NAA from the normalized peak area of 13C4-Glu. Each was 

normalized to the maximum value at a (TE1, TE2) of (2 ms, 2 ms). The function was defined as 

𝑜𝑏𝑗𝑒𝑐𝑡𝑖𝑣𝑒 =
13𝐶4𝐺𝑙𝑢𝑃𝐴

13𝐶4𝐺𝑙𝑢𝑃𝐴,𝑚𝑎𝑥
−

𝑁𝐴𝐴𝑃𝐴

𝑁𝐴𝐴𝑃𝐴,𝑚𝑎𝑥
, where 13C4GluPA and NAAPA are the integrated peak 

areas of 13C4-Glu and NAA, respectively. The (TE1, TE2) combination that maximized the function 

was considered optimal for resolving the 13C4-Glu resonance. The absolute area of NAA was used 

instead of the real area to ensure minimal contamination of 13C4-Glu. For each metabolite, the peak 

area relative to the corresponding value at (2 ms, 2 ms) was calculated with the optimal TE 

combination. The individual spectra of each metabolite were simulated with (TE1, TE2) = (12 ms, 

9 ms), the minimum echo time combination used experimentally, as well as with the optimal TE 

combination. Additional numerical calculation details are included in section 2.2. 

The efficacy of the optimal TE combination was verified experimentally on  30 mm 

diameter spherical phantom solutions, using a 9.4 T animal MRI scanner (Magnex Scientific, 

Oxford, UK) with a 21.5 cm bore, in combination with a TMX console (National Research Council 

of Canada Institute for Biodiagnostics, West, Calgary, AB, Canada). Additional details about the 

MRI system can be found in section 2.3.1. PRESS refocusing pulses consisted of 2 ms, 5-lobe sinc 

pulses with a bandwidth of 3000 Hz. Pulse frequency offset was set to 2.8 ppm (approximate centre 

of spectrum). A 4.3 cm diameter birdcage radiofrequency (RF) coil (National Research Council of 

Canada Institute for Biodiagnostics, West, Calgary, AB, Canada) was used for both transmission 

and reception. 5 x 5 x 5 mm3 voxels were placed in the center of the phantoms, and spectra were 

acquired in 32 averages, with a repetition time (TR) of 5 s and an eight-step phase cycling scheme. 

8192 data points were collected with a 10 000 Hz sampling frequency. Manual shimming was 

performed and shims were adjusted until the peak amplitude of the water was maximized; 
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linewidths less than 5 Hz were obtained. A chemical shift-selective47 imaging sequence was used 

for water suppression. 

Individual metabolite phantoms contained 50 mM of each of NAA, 12C-Glu, 99 % enriched 

13C4-Glu, and Gln. Each phantom also contained 10 mM creatine (Cr) to serve as a reference. All 

metabolites were purchased from Millipore Sigma (Oakville, ON, Canada). Spectra were acquired 

with the optimal (TE1, TE2) and with the short TE combination of (12 ms, 9 ms). Spectra were 

processed with software provided by the National Research Council of Canada (Spectrum Viewer 

v. 2.00.002, National Research Council of Canada Institute for Biodiagnostics, West, Calgary, AB, 

Canada). Processing included filtering, zero-filling, Fourier transformation, phase correction, and 

baseline correction. The same software was used for manual integration of peak areas. The spectral 

regions used for integration were 2.30–2.39 ppm, 2.40–2.49 ppm, and 2.45-2.55 ppm for 12C-Glu, 

Gln, and 13C4-Glu and NAA, respectively. 

An additional phantom was created with 45 mM NAA, 25 mM 12C-Glu, 25 mM 13C4-Glu, 

20 mM Gln, 5 mM GABA, and 45 mM Cr (“in-vivo phantom”) to mimic typical ratios in rat 

brain,42 with Glu split evenly into 12C-Glu and 13C4-Glu. All metabolites were purchased from 

Millipore Sigma (Oakville, ON, Canada). The phantom was scanned with the optimal TE 

combination and with (12 ms, 9 ms), and spectra were compared to those of the 13C4-Glu-only 

phantom. The ratio of 13C4-Glu to Cr differed between the phantoms; therefore, a scaling factor of 

9 ([45 mM Cr/10 mM Cr] x [50 mM 13C4-Glu/25 mM 13C4-Glu]) was applied to the “in-vivo 

phantom” spectra after the two phantom spectra were adjusted such that the Cr peaks were equal 

in height. The scaling was performed for both the short-TE and the long-TE spectra. Phantom 

experiment details are discussed in section 2.3.2. 
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In vivo spectra were acquired from the brains of two Sprague-Dawley rats (about 10 months 

of age) during an infusion of 99 % enriched [U-13C6]-Glc solution. Prior to experiment, the rat was 

weighed. The 99 % enriched [U-13C6]-Glc was mixed with a saline solution to create a solution of 

0.75 M/(200 g body weight),13,24 and was then filtered with a Millex®-GS 0.22 µm syringe filter 

(Fisher Scientific Company, Ottawa, ON, Canada) for sterilization. The rat underwent overnight 

fasting (12-16 hours) and was anaesthetized with isoflurane for the duration of the experiment. It 

was placed in a prone position, with a single-loop 24-mm-diamater surface RF coil (Doty 

Scientific, Inc., Columbia, SC, USA) placed on top of its head for both RF transmission and 

reception. A respiration pillow was attached to the abdomen for respiration monitoring and gating, 

and a temperature probe was inserted in the rectum for temperature monitoring during the 

experiment. Temperature was maintained at 37 °C with a heating module. The rat tail vein was 

cannulated and attached via PE-10 tubing to a BD 3 ml Luer-Lok™ tip syringe (Fisher Scientific 

Company, Ottawa, ON, Canada), which was filled with the [U-13C6]-Glc solution and placed in a 

Multi-Phaser™ NE-4000 Double Syringe Pump (New Era Pump Systems Inc., Farmingdale, NY, 

USA). Spin echo imaging scans were used to localize a 5 x 5 x 5 mm3 PRESS voxel with its center 

≈ 6 mm from the surface coil and approximately centered in the brain. Images were acquired with 

a TE of 13 ms and a TR of at least 1250 ms. 

First order shimming was adjusted manually until the peak amplitude of the water was 

maximized, resulting in a linewidth of ≈ 20-25 Hz. A baseline pre-injection PRESS spectrum was 

acquired with the optimal TE combination, in 256 averages, with a TR of at least 3 s in 2048 

complex data points, sampled at 10,000 Hz. Following that, the [U-13C6]-Glc injection was 

initiated. The injection protocol was designed to estimate a decreasing exponential in 10 steps, 

each 30 s in duration, starting at 500 µl/min and ending at 13.7 µl/min, followed by a constant 
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injection rate of 13.7 µl/min for the rest of the experiment. The protocol is similar but not identical 

to those described in the literature.13,24 Six post-injection spectra were acquired, spaced 20 minutes 

apart, with midpoints at 10, 30, 50, 70, 90, and 110 minutes after injection. The 90-minute scan 

was acquired with a short TE combination of (12 ms, 9 ms), while the rest were acquired with the 

optimal TE combination. Additional details regarding rat brain experiments are in section 2.3.3. 

To obtain a measure of blood 13C fractional enrichment, a third rat was prepared according 

to the described procedure. Two 250 µL venous blood samples were taken, one before (pre-

injection) and one after 120 minutes of infusion (post-injection), to determine plasma glucose 13C 

FE with mass spectrometry. Blood samples were centrifuged at 8000 rpm for 2 min, and the 

supernatant (plasma) was removed. Plasma samples were prepared by adding 20 µL of plasma and 

10 µL of an internal standard (final concentration 5 mM), namely, deuterated-uniformly-labelled 

13C-glucose (13C6-d7-Glc (Millipore Sigma, Oakville, ON, Canada), to 170 µL acetonitrile. The 

mixture was vortexed for 2 min and then centrifuged at 12,700 rpm for 10 minutes at 4 °C. The 

supernatant was transferred to a high-performance liquid chromatography vial for analysis. Mobile 

phase consisted of 15 % 20 mM ammonium acetate, with a pH of 9, and 85% acetonitrile. The 

flow rate was 400 µL/min, the column temperature was 65 °C, and the autosampler temperature 

was 4 °C. The run time was 6 minutes. The mass spectrometer was operated in the negative mode, 

and the acquisition was performed in multiple reaction monitoring mode. Three replicates each of 

both pre- and post-injection acquisition plasma were assessed, and an average and standard 

deviation was determined for regular glucose and [U-13C6]-Glc. Plasma FE was calculated by 

dividing the concentration of [U-13C6]-Glc by the sum of [U-13C6]-Glc and regular glucose in the 

post-injection blood sample. 
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LCModel software48 was utilized to fit and analyze the in-vivo spectra. The basis sets were 

specific to the combination of field strength and (TE1, TE2) and were provided by the vendor, with 

additional MMs and lipids signals simulated by LCModel. A separate basis set was used for each 

of the two echo time combinations. Each basis set included alanine (Ala), aspartate (Asp), Glc, Cr, 

phosphocreatine (PCr), Gln, Glu, GABA, glycerylphosphorylcholine (GPC), phosphocholine 

(PCh), glutathione (GSH), myo-inositol (mI), lactate (Lac), NAA, NAAG, scyllo-inositol (Scyllo), 

and taurine (Tau). Basis files for Gln, Glu, GABA, GSH, NAA, and NAAG were replaced with 

simulated spectra with our MATLAB software to account for differences in spectral response due 

to the refocusing pulse shape.45 In addition, we simulated 13C4-Glu spectra for each TE 

combination and incorporated them into the corresponding basis sets. Because of the complex 

overlap of a number of unaccounted signals that influence the 2.19 ppm peak, the two satellite 

peaks were separated into two different basis spectra, and 13C4-Glu quantification was based on 

LCModel fits of the 2.51 ppm peak. The individual groups of NAA (acetyl [≈ 2.01 ppm] and 

aspartyl [≈ 2.49 and ≈ 2.67 ppm]) and NAAG (acetyl [≈ 2.04 ppm], aspartyl [≈ 2.52 and ≈ 2.72 

ppm], and glutamyl [≈ 1.88, ≈ 2.05 and ≈ 2.19 ppm]) were separated in the basis set to allow for 

some flexibility in LCModel fitting, should differences in T2 values between the different proton 

groups lead to LCModel errors in quantification with the longer TE.49 Fitted spectra were obtained 

in the range 0.2-4.0 ppm, together with an LCModel table of relative Cramér-Rao Lower Bound 

(CRLB) values for each metabolite in addition to concentrations relative to total creatine. 

The total Glu pool (12C-Glu + 13C4-Glu) was estimated from the baseline spectrum (pre-

infusion) by removing 13C4-Glu from the basis set (assumed to be zero pre-infusion) and using 

LCModel to obtain a concentration estimate of 12C-Glu. The concentration of NAA pre-infusion 

was found as well. The ratio of NAA to total Glu was kept constant throughout the analysis using 
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the nratio and chrato commands in LCModel to maintain a constant sum of total Glu. Glu C4 

fractional enrichment (FE) values were determined at each in vivo time point by dividing the 

estimated 13C4-Glu concentration by the total Glu amount. 12C-Glu and 13C4-Glu concentrations 

were calculated assuming a tCr (total creatine = creatine + phosphocreatine) concentration of 8.5 

mM in rat brain.42 A description of the data analysis can be found in section 2.4. 

Estimated VTCA values were determined based on the mathematical model that only uses 

13C4-Glu labelling3 with modifications made to account for using [U-13C6]-Glc (instead of 13C1-

Glc).50 All assumptions were as with Ref. 3 with the following additions: initial brain glucose of 

1.7 µmol/g,51 VX of 5.5 µmol/min/g,24 and a plasma glucose FE as determined by our blood sample 

analysis. Calculations were performed in MATLAB. 

 

5.3 - RESULTS 

Figure 5.1 shows the contour plot of the objective function, normalized to the maximum 

value, with each TE varying from 14 ms to 116 ms. Contour line values range from -1.2 to 0.8 in 

steps of 0.4. The optimal (TE1, TE2) combination was determined to be (20 ms, 106 ms), as 

indicated with an asterisk on the plot and that provides an objective function value of 0.811. 13C4-

Glu and NAA have peak areas of 59 % and -2 % at TE values of (20 ms, 106 ms), relative to their 

respective values at (2 ms, 2 ms). 
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Figure 5.1: Contour plot of the objective function (normalized 13C4-Glu area – normalized NAA 

area), normalized to the maximum value, with the optimal (TE1, TE2) of (20 ms, 106 ms) 

represented with an asterisk. TE1 values are displayed on the y-axis, while TE2 values are on the 

x-axis, each varying from 14–116 ms in steps of 2 ms. Normalized 13C4-Glu and NAA values are 

with respect to values obtained with (TE1, TE2) of (2 ms, 2 ms). 

 

Figure 5.2 presents both theoretical (left) and experimental (right) spectra for NAA, 13C4-

Glu, Gln, and 12C-Glu. The solid line shows the short-TE spectra, while the dashed line displays 

the long-TE spectra. The figure demonstrates close agreement between numerically calculated and 

experimentally acquired phantom spectra. The theoretical peak areas at (20 ms, 106 ms) were 75 

%, -4 %, 69 % and 80 %, for 13C4-Glu, NAA, Gln, and 12C-Glu, relative to their corresponding (12 

ms, 9 ms) values. Phantom measurements with (TE1, TE2) = (20 ms, 106 ms) resulted in peak areas 
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of 54 %, -14 %, 51 %, and 62 % for 13C4-Glu, NAA, Gln, and 12C-Glu, respectively, relative to 

their corresponding (12 ms, 9 ms) values. 

 

 

Figure 5.2: Theoretical (simulated, left) and experimental phantom (right) spectra obtained for 

individual metabolites with a (TE1, TE2) of (12 ms, 9 ms) (solid line) and (20 ms, 106 ms) (dashed 

line). 
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Figure 5.3 shows an overlap of spectra acquired from the “in-vivo phantom” (solid line) 

and the 13C4-Glu only phantom (dashed line). The peak area in the 13C4-Glu 2.45 – 2.55 ppm 

spectral region was 176 % higher in the “in-vivo phantom” with (TE1, TE2) = (12 ms, 9 ms) and 

36 % higher with (TE1, TE2) = (20 ms, 106 ms), compared to the corresponding areas found from 

the 13C4-Glu only phantom spectra. 

 

 

Figure 5.3: Spectra from the “in-vivo phantom”, containing 45 mM Cr, 45 mM NAA, 25 mM 

13C4-Glu, 20 mM Gln, 25 mM Glu, and 5 mM GABA (solid line), overlapped with spectra from a 
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phantom containing 50 mM 13C4-Glu only (dashed line) in addition to 10 mM Cr. Spectra were 

acquired with a (TE1, TE2) of (12 ms, 9 ms) (left) and (20 ms, 106 ms) (right). The spectra were 

adjusted such that the Cr peaks were equal in height, following which the “in-vivo phantom” 

spectra were multiplied by a scaling factor of 9 to compensate for differences in the ratio of 13C4-

Glu to Cr between the phantoms. 

 

Proton spectra acquired from one of the rats before and at various time points during [U-

13C6]-Glc infusion are shown in Figure 5.4. The midpoints of the scans are as indicated on the 

figure. Baseline-corrected in vivo spectra acquired with (20 ms, 106 ms) are overlapped with 

LCModel fits. PRESS voxel placement is shown on transverse and coronal images of the rat brain. 
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Figure 5.4: In vivo rat brain spectra acquired at 9.4 T, with voxel placement shown in an axial and 

coronal image (left) and PRESS spectra acquired during a [U-13C6]-Glc infusion with the optimal 

(TE1, TE2) of (20 ms, 106 ms) (right), overlapped with their corresponding baseline corrected 

LCModel fits. Spectra are labelled with the time acquired post-injection, based on the midpoint of 

the scan. 
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Two in vivo spectra acquired at the end of the infusion are shown for one of the rats in 

Figure 5.5 (same rat as Figure 5.4). One was acquired with a short TE of (TE1, TE2) = (12 ms, 9 

ms) (top, midpoint of acquisition 90 minutes) and the other with the long TE of (TE1, TE2) = (20 

ms, 106 ms) (bottom, midpoint of acquisition 110 minutes). As in Figure 5.4, the spectra include 

baseline-corrected in vivo data, overlapped with LCModel fits. The CRLB values of the 2.51 ppm 

13C4-Glu protons peak were 15 % and 21 % for the two rats with a (TE1, TE2) of (12 ms, 9 ms), 

and 7 % and 8 % with a (TE1, TE2) of at (20 ms, 106 ms). 
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Figure 5.5: In vivo rat brain PRESS spectra acquired at 9.4 T with a (TE1, TE2) of (12 ms, 9 ms) 

(top) and (20 ms, 106 ms) (bottom), overlapped with their corresponding baseline corrected 

LCModel fits. The spectra were acquired towards the end of a [U-13C6]-Glc infusion, with the 

midpoint of the (12 ms, 9 ms) spectrum acquired 90 minutes post-injection and the (20 ms, 106 

ms) spectrum acquired 110 minutes post-injection. 
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Figure 5.6 presents the Glu C4 FE time courses averaged from the in-vivo spectra acquired 

from the two rats. Table 5.1 lists 13C4-Glu and 12C-Glu concentrations, their CRLB values, and 

Glu C4 FEs for each scan. The calculated Glu 13C FE for the two rats were found to be 0.58 and 

0.60, at 110 minutes post-injection. 

 

 

Figure 5.6: Glu C4 13C FE time course, with FE quantification acquired from LCModel analysis 

of the (20 ms, 106 ms) spectra, averaged from the first two rats. Infusion time is listed as the 

midpoint of each scan and is displayed on the x-axis. 
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Rat 

Number 

Infusion 

Time (min) 

TE1 (ms), 

TE2 (ms) 

Estimated 13C4-Glu 

Concentration (mM) 

(CRLB) 

Estimated 12C-Glu 

Concentration (mM) 

(CRLB) 

Fractional 

Enrichment 

1 

0 20, 106 0 10.04 (5 %) 0 

10 20, 106 1.63 (27 %) 8.45 (5 %) 0.16 

30 20, 106 3.13 (12 %) 6.82 (5 %) 0.31 

50 20, 106 3.75 (11 %) 6.00 (7 %) 0.38 

70 20, 106 4.64 (8 %) 5.13 (7 %) 0.47 

90 12, 9 2.66 (15 %) 5.50 (7 %) 0.33 

110 20, 106 5.67 (7 %) 4.18 (9 %) 0.58 

2 

0 20, 106 0 8.41 (6 %) 0 

10 20, 106 1.85 (19 %) 6.83 (5 %) 0.21 

30 20, 106 3.10 (12 %) 5.40 (7 %) 0.37 

50 20, 106 3.90 (10 %) 4.95 (8 %) 0.44 

70 20, 106 4.26 (9 %) 4.33 (9 %) 0.50 

90 12, 9 1.61 (21 %) 4.66 (7 %) 0.26 

110 20, 106 5.13 (8 %) 3.40 (11 %) 0.60 

Table 5.1: Summary of the LCModel analysis performed on the spectra acquired from the two 

rats during their respective [U-13C6]-Glc infusions. Infusion times are listed as the time from the 

start of injection to the midpoint of each scan. Concentrations are calculated from the ratio relative 

to total creatine (tCr), assuming a tCr concentration of 8.5 mM. Relative Cramér Rao Lower 

Bounds (CRLBs) are given in brackets. Fractional Enrichment is calculated by dividing the 

estimated 13C4-Glu concentration by the sum of the 13C4-Glu and 12C-Glu concentrations. 

 

The plasma glucose 13C FE obtained from the third rat was and 68.0 % at 120 minutes after 

infusion initiation. Determined VTCA values for were 0.61 and 0.58 µmol/min/g for the two rats. 

 

5.4 - DISCUSSION 

Measuring brain 13C4-Glu with MRS during an infusion of a 13C-labelled substrate such as 

[U-13C6]-Glc provides a measure of the TCA cycle rate, VTCA, from the Glu C4 FE time course.7,8 
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Such measures have been performed in rat brain at 9.4 T.9,13,19,24,31,39,40 Techniques that require 

system multinuclear capability were used. In this work, we show that the readily available 1H 

PRESS pulse sequence with an optimized (TE1, TE2) of (20 ms, 106 ms) can be used for detection 

and quantification of 13C4-Glu in rat brain at 9.4 T during a [U-13C6]-Glc infusion, without the need 

for 13C hardware or the subtraction of scans. The determined TE timings resolved the  2.51 ppm 

13C4-Glu proton satellite peak from the overlapping 2.49 ppm NAA proton peak, while also 

enabling short-T2 MM signals to decay. The numerically calculated NAA contamination in the 

13C4-Glu spectral region of 2.45-2.55 ppm was reduced to -4 % of the (12 ms, 9 ms) peak area. 

Relatively high numerical signal yields of 75 %, 80 % and 69 %, were obtained from the long-TE 

spectra of 13C4-Glu (2.45-2.55 ppm), 12C-Glu (2.30-2.39 ppm) and Gln (2.40-2.49 ppm), 

respectively. Gln, a potential contaminant at ≈ 2.45 ppm was found to have minimal overlap with 

the 13C4-Glu resonance, with a reduction in peak width and area at the longer TE. Signal areas 

obtained from long-TE phantom spectra compared to those acquired with the short-TE of (12 ms, 

9 ms) were comparable to those calculated numerically, namely -14 %, 54 %, 62 %, and 51 %, for 

NAA, 13C4-Glu, 12C-Glu, and Gln, respectively. Differences are likely due to T2 relaxation in the 

phantoms, which was not accounted for in the numerical simulations. 

The efficacy of the optimal timing in removing contaminating signal was tested with an 

“in-vivo phantom” that contained NAA, 12C-Glu, 13C4-Glu, Gln, GABA, and Cr in relative 

concentrations found in vivo.42 Peak areas in the 13C4-Glu spectral region were compared to the 

corresponding areas obtained from the 13C4-Glu only phantom. The “in-vivo phantom” had a 176 

% higher peak area with (TE1, TE2) = (12 ms, 9 ms); this was reduced to 36% with (TE1, TE2) = 

(20 ms, 106 ms). Figure 5.3 shows significant contamination of the ≈ 2.51 ppm 13C4-Glu resonance 

from NAA and Gln in the short TE spectrum and a simplified peak in the long TE spectrum with 
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reduced contamination. The phantom NAA concentration is comparable to that of total Glu (45 

mM vs. 50 mM). However, our previous study52 found in-vivo rat brain concentrations of 11.43 

mM and 7.64 mM, for Glu and NAA, respectively. A similar average Glu/NAA ratio (12.46 

mM/8.45 mM) was obtained in this study from the baseline long-TE spectrum. Therefore, a 33 

mM NAA phantom concentration may have been more appropriate for in-vivo representation, and 

a lower residual NAA contamination than that shown in Figure 5.3 is expected in our long-TE in-

vivo spectra. 

The resolved 2.51 ppm satellite peak can be seen in the in-vivo spectra displayed in Figures 

5.4 and 5.5. LCModel was relied upon to account for residual NAA signal in the 2.45-2.55 ppm 

region. In addition to reduced contamination from NAA, MM signals, which generally have 

shorter T2 values, are reduced at longer TEs.42 Figure 5.5 compares a short-TE spectrum acquired 

from one of the rats (the same rat as in Figure 5.4) towards the end of the infusion with the long-

TE spectrum obtained following it. The short-TE spectrum shows contamination in the 2.51 ppm 

13C4 glu region from NAA, while the long-TE spectrum shows a better resolved peak at 2.51 ppm. 

The improved quantification of the 2.51 ppm satellite peak with the long-TE PRESS sequence is 

reflected by the LCModel reported CRLBs values which improved for the two rats from 15 % and 

21 % with the short-TE to 7 % and 8 %, with the long-TE, respectively. Admittedly, there is a 

small time difference between the acquisition times of the two spectra to enable an accurate 

comparison.  However, lower CRLB values of 8 % and 9 % were also obtained at the 70 min time 

point with the long-TE sequence. Both the ≈ 2.51 ppm and ≈ 2.19 ppm peaks can be seen to 

increase throughout the infusion in Figure 5.4, while the ≈ 2.35 ppm 12C4-Glu peak decreases over 

time. Although the ≈ 2.19 ppm peak also appears resolved, it is potentially contaminated by NAAG 

(≈ 2.19 ppm), 12C-Glu (≈ 2.12 ppm), 13C3-Glu (2.20-2.28 ppm) and 13C2-GABA (≈ 2.12 ppm), the 
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responses of which were not investigated. Therefore, the two 13C4-Glu satellite peaks were kept in 

separate basis spectra, and quantification was based on the ≈ 2.51 ppm resonance. 

The sum of total glutamate was constrained to be a constant in our LCModel analysis and 

Glu C4 FE time courses were measured for the two rats, resulting in final C4-Glu FEs of 0.58 and 

0.60 at 110 minutes post-injection. One oversight is that blood plasma FE was not measured for 

the two rats from which spectra were acquired. However, to confirm that the C4-Glu FE values 

are reasonable, an identical infusion protocol was employed for a third rat to obtain an estimate of 

final plasma glucose 13C FE. This was found to be 68.0 %, as measured by mass spectrometry. 

Our final Glu C4 FE is comparable to that obtained by Duarte et al.,14 where a final Glu C4 13C 

FE of ≈ 0.60 was found ≈ 120 minutes post [1,6-13C2]-Glc infusion, with a plasma glucose FE of 

70 %. The anaesthetic employed in that study was α-chloralose. However, our Glu C4 FE is higher 

than those obtained by de Graaf et al.13 and van Eijsden et al.,24 who obtained final FEs of ≈ 0.40 

at ≈ 120 minutes post infusion using a similar infusion protocol, with the former using [1,6-13C2]-

Glc, and the latter using [U-13C6]-Glc. One reason for the difference in FE could be our somewhat 

differing infusion protocol where we used 0.75 M/(200 g body weight) (rats weighing about 400-

500 g) for the glucose concentration after the bolus, as opposed to 0.75 M,13,24 which likely resulted 

in our higher glucose plasma FE, compared to the reported value of ≈ 50 %.13 Another potential 

explanation may be the choice of anaesthetic used in those studies, namely, halothane, which can 

affect brain glucose levels.53 In particular, isoflurane (used in this study) has been shown to result 

in higher cerebral glucose levels compared to halothane.53 Differences in T2 decay between 12C-

Glu and 13C4-Glu, if they exist, may also result in some error in Glu C4 FE determination. The 

determined VTCA values are within the range of values reported for rat brain using 13C MRS 

techniques, namely, 0.35 – 0.71 µmol/g/min.3,13,24,54 
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5.5 - CONCLUSION 

 A standard proton PRESS sequence with a (TE1, TE2) combination of (20 ms, 106 ms) is 

suitable for resolving the ≈ 2.51 ppm 13C4-Glu proton peak from contaminating NAA signal at 9.4 

T. The technique does not require additional 13C hardware nor does it rely on subtracting scans.  

The efficacy of the technique was demonstrated in vivo in rat brain for quantifying 13C4-Glu signal 

during a [U-13C6]-Glc infusion. 
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6.1 - INTRODUCTION 

 Renal cell carcinoma (RCC) is the most common and fatal urologic malignancy, 

comprising ≈ 90 % of kidney malignancies.1 RCC is also among the ten most common human 

malignancies, making up ≈ 3 % of them.1,2 It often develops asymptomatically, resulting in 50-

60% of patients being diagnosed incidentally, with approximately a third of cases being at an 

advanced stage at the time of diagnosis when treatment is less effective.1,2 The current system for 

clinical staging classifies renal tumours according to size, spread, nodal involvement, and presence 

of metastases.2 New techniques for early detection of RCC are essential, yet no dependable 

biomarkers are currently available.2 With early detection, it is possible to cure RCC through 

surgery, as it is resistant to chemotherapy and radiation therapy.1-3 

 Metabolomics, a strategy for the analysis of molecules involved in metabolism, is a 

promising methodology for discovering biomarkers,2 which for cancer, can have potential use in 

diagnosis, assessment and prediction of prognosis, therapeutic effectiveness, and follow-up. While 

metabolomics research for RCC has been increasing, it is limited compared to other cancers.1,2 

Proton (1H) Nuclear Magnetic Resonance (NMR) is a popular technique for metabolomics and has 

been used to study kidney tissue extracts3 and plasma4 of RCC patients, with some metabolites 

showing relevance. For example, compared with adjacent tissues, RCC tumour tissue contains 

more glutamate (Glu), glutamine (Gln), total choline (Cho), betaine (Bet), and taurine (Tau), and 

less myo-inositol (Ins).3 

Glutamate is necessary for nucleotide synthesis in most dividing cells, and Gln is 

intrinsically linked to Glu, generating Glu in a reaction catalyzed by glutaminase.5 Glutamate and 

Gln levels, the sum of which in MRS is often denoted as Glx, have also been shown to be relevant 
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in studies of other types of tumours, such as those in liver6 and brain.7 Choline is involved in cell 

membrane synthesis, and its level is altered in cancer development8 with tumor tissues often 

containing elevated levels of choline. The increases may be caused by an increased demand for 

phospholipids during the rapid replication of cancer cells.9 Betaine, Ins, Tau, and Cho are 

osmolytes, helping to maintain cell volume and fluid balance in the mammalian renal medulla.10 

Ins has also been showed to have increased levels in brain tumours.11 Tau is a potential antioxidant, 

and has been shown to protect against other types of renal injury, such as that caused by oxidative 

stress.12 

Preclinical animal models offer ways to investigate disease, gathering information to 

further fuel research in humans. Serkova et al.13 performed 1H NMR metabolomics on rat kidney 

extracts and found that Glu, Gln, Ins, Tau, Cho, and Bet were all prominent metabolites in normal 

kidney and ischemia reperfusion injury in a rat kidney transplant model. This is supported by other 

ex vivo 1H NMR studies.14,15 While 1H NMR of plasma and tissue extracts in vitro is valuable, in 

vivo studies would enable us to understand disease processes in a living organism. In vivo magnetic 

resonance spectroscopy (MRS) offers a non-invasive way to measure the levels of Glx, Cho, Bet, 

Ins, and Tau in vivo. It is commonly employed in brain studies, but its application in abdominal 

regions such as in the kidney is complicated by respiratory motion which leads to artifacts. 

Previous rat kidney MRS studies have been performed on surgically exposed kidneys,16-18 which 

allows the kidney to be fixed in placed, alleviating issues due to motion, and, in addition, 

improving the signal to noise ratio (SNR) by increasing proximity of the radiofrequency (RF) coil 

to the kidney. Two of the studies were performed at 7 T,16,17 and one at 2.0 T.18 Recently, there 

has been an increase in the use of higher field strengths, such as 9.4 T, for preclinical studies of 

animal models,19-25 offering the advantages of higher SNR and spectral resolution. Point-Resolved 
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Spectroscopy (PRESS)26 is a widely available pulse sequence that is commonly used in in vivo 

MRS. It potentially offers twice the SNR compared to Stimulated Echo Acquisition Mode,27 

another commonly used MRS pulse sequence.  

The resonances of Glu and Gln, are difficult to resolve in  standard short TE spectra, even 

at 9.4 T, depending on their peak linewidths,28  because they have closely related proton chemical 

shifts, namely, ≈ 2.12 ppm, ≈ 2.35 ppm, and ≈ 3.74 ppm for Glu, and ≈ 2.11 ppm, ≈ 2.45 ppm, and 

≈ 3.75 ppm for Gln.29 Choline and Bet, which have resonances at ≈ 3.20 ppm and ≈ 3.25 ppm, 

respectively, can also be difficult to resolve. The objective of the presented study is to obtain in-

vivo MRS spectra from rat kidney non-invasively by exploiting the higher SNR obtained with the 

high field strength of 9.4 T, from which levels of Glx (Glu + Gln), Ins, and Tau, relative to Cho + 

Bet, can be quantified. To our knowledge, this is the first rat in-vivo MRS study of kidney that 

does not rely on invasive procedures. 

 

6.2 - MATERIALS AND METHODS 

Experiments were performed with a 21.5 cm bore 9.4 T animal MRI scanner (Magnex 

Scientific, Oxford, UK), in conjunction with a TMX console (National Research Council of 

Canada Institute for Biodiagnostics, West, Calgary, AB, Canada) using an in-house, 5 cm diameter 

single loop surface coil for both transmission and reception. Additional details about the MRI 

system can be found in section 2.3.1. The right kidney of four Sprague-Dawley rats (aged 7-9 

months) were scanned. Rats were fed a standard diet and had access to autoclaved tap water, both 

ad libitum. They were housed in cages under controlled conditions of light (12 h / 12 h cycle of 

light / dark, with lights on from 8:00 a.m. - 8:00 pm), temperature (19 - 21 °C), and humidity (30 
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- 40 %). Prior to scanning, rats were anaesthetized with isoflurane and placed on their side with 

the surface coil positioned over the right kidney region. The animal setup is shown in Figure 6.1. 

A small animal temperature and respiratory monitoring, heating and gating system (SA 

Instruments Inc., Stony Brook, NY, USA) was used with the respiratory pillow attached to the 

thorax. A rectal probe monitored temperature during the experiment, which was maintained at 37 

°C with a heating module. The rat was positioned such that the kidney was at the magnet iso-

centre. 

 

 

Figure 6.1: Experimental setup showing the rat, placed on its left side, with the surface coil laid 

over top of its right kidney; the nose cone system, heating hose, respiratory gating cable, and 

temperature probe cable can all be seen. 
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 Transverse and sagittal spin echo images were acquired with a slice thickness of 2 mm, 

repetition time of at least 600 ms, and an echo time of 16.3 ms. The images were used to localize 

a 5 x 5 x 5 mm3 voxel approximately centred in the right kidney (≈ 1 cm from the coil surface). 

 A PRESS sequence was utilized for spectral acquisition. The sequence consisted of 2 ms, 

5-lobe sinc pulses, with RF bandwidths of 3000 Hz and a frequency offset of 2.8 ppm (approximate 

centre of spectrum). Spectra were acquired in 256 averages, with a repetition time of at least 3 s 

and first and second PRESS echo times of (TE1, TE2) = (12 ms, 9 ms), the shortest achievable with 

the choice of pulses. First-order shimming was adjusted manually until the peak amplitude of the 

water signal was maximized, resulting in a linewidth of ≈ 20-25 Hz. Chemical Shift-Selective 

Imaging30 was used for water suppression. 

Respiratory gating was applied with the acquisition window (gate position) chosen by 

adjusting the begin delay and maximum width so that the pulse sequence played out during the flat 

respiratory response between breaths. The begin delay was set to 20 - 40 % of the respiration 

period, and the maximum width was set to 10 – 20 % of the respiration period. An auto track 

feature was also enabled, which is an automatic way to respond to changes in respiration. An 

example of the respiration waveform along with the acquisition window is shown in Figure 6.2. 

Rat kidney experiment details are discussed in section 2.3.4. 

 



184 

 

 

Figure 6.2: Example of the respiration waveform, along with the acquisition window; the width 

of the acquisition window is set to ≈ 10-20 % of the respiration period, which is ≈ 975 ms. 

 

LCModel software31 was employed for peak quantification. The basis set, provided by the 

vendor, was specific to the field strength and the PRESS echo times (TE1, TE2). The basis set 

included Cho (made up of glycerophosphocholine and phosphocholine), creatine (Cr), 

phosphocreatine (PCr), Glu, Gln, Ins, and Tau. Betaine was not included in the provided basis set 

but was simulated as a simple system without J-coupling interactions with the LCModel nsimul 

and chsimu commands. Betaine contains two resonance signals, one at 3.25 ppm that arises from 

the signals of 9 protons (three CH3 molecular groups), and one at 3.89 ppm that results from 2 

protons (CH2). LCModel returned a spectral fit and concentration estimates, as well as Cramér-

Rao Lower Bound (CRLB) values for each metabolite concentration. The ncombi and chcomb 

commands were used to yield the concentration and CRLB of Cho + Bet. The sum of glutamate 

and glutamine, Glx, which is also specified with the same commands, was provided by default. 

Since we do not have prior knowledge of any of the metabolite concentrations, quantification was 

performed relative to Cho + Bet, the largest peak. Additional data analysis details are included in 

section 2.4. 
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6.3 - RESULTS 

Figure 6.3 displays the spin echo images of the right kidney acquired from one of the rats. 

The cubic voxel from which the PRESS spectra are obtained is overlaid on the images. 

 

 

Figure 6.3: Spin echo images of the rat kidney, one transverse and one sagittal, overlaid with the 

cubic voxel from which the PRESS spectra are acquired. 

 

Figure 6.4 shows in-vivo PRESS spectra obtained from voxels like the one shown in Fig. 

6.3 from the other three rats. The LCModel fit is overlaid on the raw data. The spectral components 

consisting of Bet, Cho, Glu, Gln, Ins, and Tau are also displayed for rat 3. Table 6.1 summarizes 
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the concentration ratios of each metabolite, to Cho + Bet, with corresponding CRLB values. The 

spectrum acquired from rat 3 is shown in Fig. 6.4. 

 

Figure 6.4: In-vivo PRESS spectra, acquired at 9.4 T from the kidneys of each rat (rat number 

indicated above spectrum); the LCModel fit is overlaid on the raw data. A breakdown, showing 

each component spectrum of Bet, Cho, Glu, Gln, Ins, and Tau is displayed beneath the spectrum 

of rat 3. 
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Rat Age (Months) Metabolite 
Concentration ratio normalized to 

that of Cho + Bet 
CRLB (%) 

1 9 

Glx 1.54 11 

Ins 0.63 17 

Tau 0.42 32 

Cho + Bet 1 3 

2 7 

Glx 2.46 18 

Ins 1.90 15 

Tau 4.33 10 

Cho + Bet 1 8 

3  7.25 

Glx 1.68 11 

Ins 1.39 8 

Tau 0.94 16 

Cho + Bet 1 3 

4 7.5 

Glx 2.94 10 

Ins 1.66 11 

Tau 2.97 9 

Cho + Bet 1 5 

Average 7.69 

Glx 2.16 ± 0.66 12.5 ± 3.7 

Ins 1.40 ± 0.55 12.8 ± 4.0 

Tau 2.17 ± 1.81 16.8 ± 10.6 

Cho + Bet 1 4.8 ± 2.4 

Table 6.1: Summary of LCModel results of the four rats, along with their age in months. 

Concentration ratios obtained from LCModel (to Cho + Bet) along with corresponding CRLB 

values (%) are quoted for Glx, Ins, and Tau. Average values are mean ± st. dev. of the four rats. 

The spectrum from rat 3 is shown in Fig. 6.4. 

 

6.4 - DISCUSSION 

Levels of Glu, Gln, Ins, Tau, Cho, and Bet are relevant to the study of RCC. The ability to 

quantify their levels in vivo in animal studies, such as in rats, is valuable in translating knowledge 

to humans. Previous rat kidney studies, which involved surgical exposure, detected a metabolite 

peak from lactate at 2 T during renal ischemia (none is visible in the control kidneys).18 At 7 T, 
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peaks from glycerophosphocholine (major component of Cho), Bet, Glu, Gln, and Ins were 

detected in vivo, but not quantified.16,17 In this work, we exploited the higher SNR obtainable from 

the higher field strength of 9.4 T to obtain in-vivo rat kidney spectra non-invasively. In addition to 

the metabolites that were detected at 7 T, we also obtained signal from Tau, and quantified 

concentrations of Glx, Ins, and Tau, relative to Cho + Bet. The readily available PRESS sequence 

was used in conjunction with respiratory gating to minimize motion artifacts. LCModel was 

employed to quantify the levels of the six mentioned metabolites, which have previously been 

found to be prominent in NMR spectra of rat kidney extracts.13 The ratios of Glx, Ins, and Tau, to 

Cho + Bet, in that in-vitro study, were found to be 0.26, 0.18, and 0.32, respectively. In this work, 

they were found to be, on average (± standard deviation), 2.16 ± 0.66, 1.40 ± 0.55, and 2.17 ± 1.81, 

respectively, with average CRLBs of 12.5 ± 3.7 %, 12.8 ± 4.0 %, and 16.8 ± 10.6 %. The average 

CRLB of Cho + Bet was 4.8 ± 2.4 %. The average CRLB for each metabolite is lower than 20 %, 

which is considered acceptable.32 While the concentrations relative to Cho + Bet in this study 

differs from what was found in the extracts, the relative amounts of Glx, Ins, and Tau to each other 

are similar. Differences may be explained by the fact that this study was done in vivo, where the 

concentrations of Glx, Ins, and Tau may be higher, or the concentration of Cho + Bet may be 

lower. In addition to interstudy differences, there was a fair amount of variability in the relative 

metabolite concentrations between rats within this study. In particular, the concentration of Tau, 

relative to Cho + Bet, varied from 0.42 - 4.33, despite a low average CRLB of 16.8 ± 10.6 %. The 

concentration of Ins, relative to Cho + Bet, also varied substantially, from 0.63 – 1.90, again with 

a low average CRLB of 12.8 ± 4.0 %. The sources of variability should be investigated in future 

work. Diet may also play a role in affecting kidney metabolite concentrations, as has been shown 

in human studies.33,34 The concentration of Bet might also be altered due to variance in temperature 
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conditions, as its role as an osmolyte protects cells from stress due to extreme temperatures.33 It is 

also important to note that the effects of T2 relaxation were not taken into account, as we do not 

have prior knowledge of relative T2 values. However, the relatively short total TE of 21 ms should 

render T2 effects minimal. 

Trimethylamine N-oxide (TMAO) is another metabolite that is present in kidney tissue,13,15 

but it was not considered in this study (nor in previous in-vivo work) due to its heavy spectral 

overlap with Cho + Bet. It is likely that the Cho + Bet resonance signal also contains amounts of 

TMAO. TMAO is a biomarker of renal disease in humans.35 

The study reports relative in-vivo concentrations of Glx, Ins, Tau, and Cho + Bet in rat 

kidney. In-vivo MRS studies on rat kidney models of RCC or other disorders in which the 

metabolite concentrations are relevant can be investigated for any metabolic changes. The 

knowledge obtained can potentially be translated to humans.  

 

6.5 - CONCLUSION 

 Rat kidney MRS spectra were acquired non-invasively at 9.4 T. LCModel was employed 

for peak fitting and quantification. Average concentration ratios and standard deviations (over 4 

rats) of Glx, Ins, and Tau, relative to Cho + Bet, were found to be 2.16 ± 0.66, 1.40 ± 0.55, and 

2.17 ± 1.81, respectively, with CRLB values of 12.5 ± 3.7, 12.8 ± 4.0, and 16.8 ± 10.6, respectively. 

The CRLB of Cho + Bet was 4.8 ± 2.4. 
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7.1 - CONCLUDING REMARKS 

The hypothesis of this thesis is that the detection and quantification of oncologically 

relevant rat brain metabolites with in-vivo magnetic resonance spectroscopy at 9.4 T is improved 

via spectral editing with optimal-TE PRESS. In addition, the high magnetic field strength of 9.4 T 

can be exploited to enable in-vivo magnetic resonance spectroscopy of rat kidney non-invasively. 

This was investigated in this thesis by addressing a number of specific research goals. The first 

goal was to use spectral editing to improve the detection of some brain metabolites relevant to 

cancer at 9.4 T, namely, glycine (Gly), glutamine (Gln), glutamate (Glu), and γ-aminobutyric acid 

(GABA). Measurements of the metabolites were performed in rat brain after optimizing the echo 

times (TE1 and TE2) of the commonly employed in-vivo MRS sequence, Point-RESolved 

Spectroscopy (PRESS). Another goal was to optimize 1H PRESS for the dynamic measures of 

13C4-Glu by indirect 13C detection, during [U-13C6]-Glc infusions. Rat kidney magnetic resonance 

spectroscopy (MRS) was the final goal, which was investigated with short-TE PRESS at 9.4 T to 

non-invasively obtain in-vivo spectra of the kidney and quantify levels of Glx (Glu + Gln), myo-

inositol (Ins), and taurine (Tau), relative to choline (Cho) + betaine (Bet). The significance of the 

presented work lies in the improvement of the detection and quantification of some metabolites 

relevant to the study of cancer. It adds to the collection of literature that seeks to use measures of 

metabolism to advance the understanding and diagnosis of cancer, among other diseases, in 

biological sites that include the brain and kidney. 
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7.2 - BRAIN MRS 

In chapter 3, PRESS TE1 and TE2 were optimized for the detection of the ≈ 3.55 ppm Gly 

peak at 9.4 T. J-coupling evolution of the strongly-coupled Ins protons, which overwhelm Gly in 

its spectral region (3.52 – 3.57 ppm), was characterized with numerical calculations and verified 

with phantom spectra. A (TE1, TE2) combination of (60 ms, 100 ms) minimized the Ins signal in 

this region, and its efficacy was verified on phantom solutions and on rat brain in vivo.  LCModel 

was employed to analyze in-vivo spectra.  The average Gly concentration from three rat brains was 

found to be 1.35 mM, with LCModel CRLB (Cramér-Rao Lower Bound) values ranging from 15 

to 20 %. Previous work for Gly quantification at 9.4 T used a technique (SPECIAL)1 not readily 

available on all scanners and that relies on the addition and subtraction of scans for localization.    

The work discussed in chapter 4 showed how PRESS TE1 and TE2 can be optimized for 

the simultaneous detection and quantification of Gln, Glu, and GABA at 9.4 T, which have proton 

resonances at ≈ 2.45 ppm, ≈ 2.35 ppm, and ≈ 2.28 ppm, respectively. J-coupling evolution of the 

protons was characterized numerically and verified experimentally. Signal from the strongly 

coupled protons of N-acetylaspartate (NAA), which resonate at ≈ 2.49 ppm, contaminate the Gln 

peak. In addition, Glu exhibits overlap with both Gln and GABA. A (TE1, TE2) combination of 

(106 ms, 16 ms) minimized NAA signal in the Gln spectral region, while retaining Gln, Glu, and 

GABA peaks, and its efficacy was verified on phantom solutions and on rat brain in vivo. LCModel 

was again employed to analyse in-vivo spectra. The average T2-corrected Gln, Glu, and GABA 

concentrations were found to be 3.39 mM, 11.43 mM, and 2.20 mM, respectively. LCModel CRLB 

values for Gln, Glu, and GABA ranged from 14-17 %, 4-6 %, and 16-19 %, respectively. Previous 

work for quantifying GABA at 9.4 T used a subtraction technique that removed the Glu and Gln 

resonances, except for the ≈ 3.75 ppm Glx peak, for which Glu and Gln cannot be resolved.2 
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Phantom solutions of known metabolite concentrations of Glu, Gln, and GABA were also used to 

evaluate LCModel estimations, showing that they can be inaccurate when combined with short-

TE PRESS, where there is peak overlap, even when low CRLBs are reported. Specifically, 

concentrations were estimated from phantoms of known varying glutamine (Gln) concentrations, 

with other metabolites present in fixed known physiological concentration ratios, and it was found 

that errors in estimation were >39 %. The phantom work demonstrates that the commonly used 

approach of using short-TE techniques and relying on spectral fitting can lead to erroneous 

concentrations when there is spectral overlap from metabolite and macromolecule peaks.  

Chapter 5 presented an optimized 1H PRESS sequence that can be used to measure 13C4-

Glu during an infusion of [U-13C6]-Glc. It is a single-shot, indirect 13C detection technique that can 

quantify the ≈ 2.51 ppm 13C4-Glu satellite proton peak at 9.4 T without the need for additional 13C 

hardware.  PRESS TE1 and TE2 were optimized to minimize signal contamination from NAA. J-

coupling evolution of protons were again characterized numerically and verified experimentally. 

A (TE1, TE2) combination of (20 ms, 106 ms) was found to be suitable for minimizing NAA signal 

in the ≈ 2.51 ppm 13C4-Glu proton spectral region, while retaining the 13C4-Glu proton satellite 

peak. The efficacy of the technique was verified on phantom solutions and on two rat brains in 

vivo during an infusion of [U-13C6]-Glc. LCModel was employed for analysis of the in-vivo spectra 

to quantify the ≈ 2.51 ppm proton 13C4-Glu signal to obtain Glu C4 fractional enrichment time 

courses during the infusions.  CRLBs of about 8 % were obtained for the ≈ 2.51 ppm 13C4-Glu 

proton satellite peak with the optimal TE combination. 
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7.3 - KIDNEY MRS 

Chapter 6 examined the non-invasive acquisition of PRESS spectra from rat kidney in vivo 

at 9.4 T, and the quantification of Glu, Gln, Ins, Tau, relative to Cho + Bet. Spectra were acquired 

from the kidneys of four rats. LCModel was utilized for peak fitting and spectral analysis of the 

in-vivo spectra. The concentrations of Glx, Ins, and Tau, relative to Cho + Bet, were found to be, 

on average, 2.16, 1.40, and 2.17, with average CRLBs of 12.5 %, 12.8 %, and 16.8 %, respectively. 

The average CRLB of Cho + Bet was 4.8 %. Previous work that measured in-vivo MRS spectra 

from rat kidney relied on invasive techniques such as surgical exposure.3-5 

 

7.4 - LIMITATIONS 

There are a number of limitations to the work in this thesis. Errors in localization were not 

addressed. The sources of localization errors, which were not estimated, include voxel shift effects 

and the use of a surface coil in vivo. Effects on quantification are further exacerbated by B1
+ 

inhomogeneity, which was also not measured. These effects can be mitigated by the choice of 

pulses, pulse sequences, and coils. In particular, surface coils, which were used predominantly in 

this thesis in vivo, experience more B1
+ inhomogeneity than other types of coils. A volume coil 

would have a more homogenous B1
+ field. Larger bandwidth pulses reduce voxel shift effects. 

Adiabatic pulses especially, such as those used in the Localization by Adiabatic SElective 

Refocusing (LASER) and semi-LASER pulse sequences, are less susceptible to voxel shift effects 

and B1
+ inhomogeneity effects.6 Another limitation is the general challenge of performing absolute 

quantification with in-vivo MRS; all work in this thesis was based on relative quantification of 

metabolite concentrations.  
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The kidney MRS work in particular has a number of limitations, since the research is at a 

preliminary stage. As mentioned in chapter 6, in addition to interstudy differences, there was a fair 

amount of variability in the relative metabolite concentrations between rats within the study. In 

addition, trimethylamine N-oxide is another kidney metabolite that was not considered in the study. 

 

7.5 - FUTURE DIRECTIONS 

The research presented in this thesis can be applied to study tumours in animal models at 

9.4 T.  Measures of Gly, Glu, Gln and GABA in tumour and in response to treatment can aid in 

the understanding of cancer. The 13C work in conjunction with incorporating the Glu C4 FE curves 

into a mathematical model to estimate VTCA in rat brain will enable glucose metabolism to be 

assessed in tumours compared to healthy tissue. The preliminary kidney MRS work will be 

furthered by investigating spectral editing in rat kidney to separately quantify Gln and Glu. The 

techniques can be applied to study renal cancer in animal models. The knowledge gained from the 

animal model studies can aid in our understanding of human disease. Beyond cancer, other disease 

states that can be investigated with these methods include hyperglycinemia, schizophrenia, 

depression, epilepsy, multiple sclerosis, amyotrophic lateral sclerosis, Huntington’s disease, 

Alzheimer’s disease, Parkinson’s disease, and brain trauma. In addition, future studies can 

investigate specific regions in the brain or kidney such as the hippocampus or medulla, 

respectively. The voxels in this work were chosen to be in the centre of the brain or kidney, but 

smaller voxels could be used with alternate locations. For studies on disease models, a power 

analysis should be done to determine a required sample size. The analysis includes measurement 

variability in the sample size determination. The CRLBs were shown to decrease with the methods 
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investigated in this thesis, thus a reduction in the required sample size can be expected. The 

presented methods can also be applied to other field strengths; however, the timings would have 

to be re-optimized, as J-coupling effects are affected by field strength, particularly for the strongly-

coupled spin systems considered in this thesis. Future work can also explore the use of other pulse 

sequences such as LASER and semi-LASER; however, care would need to be taken to ensure that 

tissue specific absorption rate is within an acceptable level, as it is higher with LASER-based 

techniques. In addition, J-coupling effects have been shown to be mitigated with LASER, a 

consideration that would have to be accounted for in the optimization.6 
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