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Abstract  

 

 Fat composition is relevant to disease and can be assessed non-invasively using Magnetic 

Resonance Spectroscopy (MRS). MRS studies do not usually account for the ω-3 (omega-3) fat 

content because of its low prevalence in human adipose tissue (≈ 1 %) and because the ω-3 (≈ 

1.0 ppm) and non-ω-3 (≈ 0.9 ppm) methyl proton signals overlap at field strengths even as high 

as 9.4 T (Tesla). However, ω-3 fat content is altered in disease; therefore, there is motivation to 

quantify it non-invasively. Fat unsaturation can be estimated with MRS in vivo using the olefinic 

resonance (≈ 5.4 ppm). The thesis objectives are to enable relative ω-3 fat quantification at 9.4 T 

and 3 T and to enhance aspects of relative fat unsaturation assessment at 3 T. 

 High field strengths including 9.4 T have been used to investigate animal fat 

composition. When employing standard short TE (echo time) in-vivo MRS pulse sequences, the 

ω-3 and non-ω-3 methyl resonances overlap at 9.4 T, rendering relative ω-3 fat quantification 

challenging. The presented research uses product operator formalism to establish a PRESS (Point 

RESolved Spectroscopy) TE of 109 ms that separately quantifies the two methyl resonances at 

9.4 T (the TE minimized signal from the side peaks of the methyl triplets).  The optimized 

method measured relative differences in ω-3 fat content in abdominal tissue of mice fed varying 

amounts of ω-3 fat. A coefficient of determination (R2) of 0.96 was calculated when assessing 

MRS results against the content measured with gas chromatography of excised mouse tissue.  

 Relative ω-3 fat quantification was also investigated at the clinical field strength of 3 T.  

The more weakly-coupled ω-3 methyl triplet includes side peaks that vary sinusoidally with TE. 

The response of the methyl resonances as a function of PRESS and STEAM (STimulated Echo 
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Acquisition Mode, TM (mixing time) of 20 ms) TE was investigated.  It was found that a TE of 

160 ms with both sequences yields ω-3 methyl side peaks that are positive in-phase and broaden 

the collective methyl linewidth, correlating methyl linewidth to relative ω-3 fat content in oil 

phantoms. The optimized methods yielded R2 values ≥ 0.9 when comparing to the expected oil 

compositions obtained using 16.5 T high field NMR.  

 In addition, using MRS to quantify relative levels of fat unsaturation at 3 T in vivo was 

explored. PRESS (TE = 180 ms) and STEAM (TE = 120 ms, TM = 20 ms) yielded olefinic to 

methyl ratios that differed by 0.2 % and -1.8 %, respectively, from literature-obtained values for 

tibial bone marrow. The optimal timings depend on combined effects from J-coupling evolution 

and T2 relaxation.  Apparent (including J-coupling effects) T2 relaxation times in several subjects 

were investigated in tibial bone marrow, subcutaneous and breast adipose tissue, to assess if the 

determined TE values in tibial bone marrow can be used to compare fat unsaturation 

measurements in the anatomical regions without applying correction factors for T2 relaxation. 

Olefinic proton T2 relaxation times were significantly higher in tibial bone marrow than in breast 

adipose. Fat unsaturation measures in the three tissues were also measured using olefinic to 

methylene (1.3 ppm) ratios.  Fat unsaturation measures in breast have not been explored 

extensively.  This thesis examined the use of an inversion recovery pulse prior to a PRESS 

sequence (delay = 613 ms, TE = 40 ms) for minimizing water contamination of the olefinic 

resonance when using a short TE. The technique yielded 5.9 times higher olefinic signal to noise 

ratio compared to using the previously determined long-TE of 200 ms, which relies on water T2 

relaxation to resolve the olefinic resonance.  

Often, the glycerol CH (≈ 5.2 ppm) resonance contribution to that of the olefinic is 

ignored. This research estimates glycerol contaminations of ≈ 13 % for PRESS with a TE of 40 
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ms and ≈ 20 % for STEAM with a TE of 20 ms (TM = 20 ms) at 3 T. Furthermore, the response 

of the glycerol proton to PRESS and STEAM TE was studied to determine that PRESS with a 

TE of 200 ms and STEAM with a TE of 90 ms (TM = 20ms) minimizes the glycerol resonance 

area.  The technique efficacies were verified on tibial bone marrow in vivo.  
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Preface 
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1.1  Thesis Introduction 

1.1.1  Hypothesis 

  

 Fat composition assessments, including ω-3 measures, with Magnetic Resonance 

Spectroscopy (MRS) at 9.4 T and at 3 T can be improved using spectral editing techniques.  

  

1.1.2  Introduction to Magnetic Resonance Spectroscopy (MRS) 

  

The concept of Nuclear Magnetic Resonance (NMR) describes how nuclei in a strong 

constant magnetic field (𝐵𝑜⃗⃗⃗⃗ ) are perturbed by a perpendicular oscillating magnetic field (𝐵1⃗⃗⃗⃗ ), 

producing an electromagnetic signal with a characteristic frequency. The surrounding electronic 

molecular environment determines the chemical shift of the nucleus and its J-coupling 

interactions. The NMR phenomenon is used in MRS and MRI (Magnetic Resonance Imaging). 

MRS is similar to the more-widely known MRI, which provides an anatomical image non-

invasively. Instead of providing an image, MRS yields information about molecular composition 

and metabolite quantification. This thesis exclusively conducts MRS of the 1H nucleus. Since the 

hydrogen nucleus consists of a single proton, MRS of the 1H nucleus is often referred to as 

proton MRS. The chemical shift effect leads to peaks at specific resonant frequencies for 

different 1H protons in fatty acids, enabling their relative quantification with MRS.   

 

1.1.3  Summary of MRS in Fat Composition Studies 

 

 Adipose tissue fat composition is relevant to the study of a number of diseases, including 

diabetes and obesity  1,2, breast cancer 3-6, liver disease 7,8, osteoporosis 9-11 , and response to 

treatment for some cancers 12. Adipose tissue in vivo is composed of ≈ 28% saturated fatty acids 

(primarily palmitic acid, no carbon-to-carbon double bonds), ≈ 51 % monounsaturated fatty acids 

(primarily oleic acid, one carbon-to-carbon double bond), ≈ 14 % di-unsaturated fatty acids 

(primarily linoleic acid, two carbon-to-carbon double bonds), and ≈ 1% tri-unsaturated fatty 

acids (three carbon-to-carbon double bonds) 13-16, most of which is the ω-3 fat α-linolenic acid 

(hereon referred to as linolenic acid). The ω-3 indicates that the first carbon-to-carbon double 
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bond in the fatty acid is on the third carbon from the methyl (CH3) end of the fatty acid. 

Additional ω-3 fatty acids that are more unsaturated (docosahexaenoic acid and eicosapentaenoic 

acid) form less than 0.5 % of the total fatty acid content 14.  Proton MRS is a non-invasive 

method that facilitates fat composition measurements in humans in vivo 1,2,6,8,16-25. The method 

provides a safer and non-invasive potential substitute to biopsies.  The olefinic peak (≈ 5.4 ppm) 

is proportional to total unsaturation levels 17,22. The allylic resonance (≈ 2.0 ppm) can also  be 

used as a measure of total fat unsaturation if it is well-resolved 24. The diallylic peak (≈ 2.8 ppm) 

is relevant because it denotes poly-unsaturation levels (fatty acid chains with more than one 

carbon-to-carbon double bond) 16. The methylene (1.3 ppm) and methyl resonances (≈ 0.8 – 1.0 

ppm) can be used as normalization factors 1,17,19,20,22,26,27.  In-vivo quantification is limited by the 

fact that some fat peaks overlap others, making their quantification difficult. For example, the ω-

3 methyl resonance (≈ 1.0 ppm) cannot be adequately resolved from the non-ω-3 methyl 

resonance (≈ 0.8- 0.9 ppm) using standard MRS techniques, even at high field strengths 23. 

Quantifying ω-3 fat levels is further impeded because ω-3 fat levels are typically only ≈ 1 % in 

vivo 13. An additional challenge is that the water peak (≈ 4.7 ppm) overlaps that of the olefinic in 

tissues which contain both water and fat 17,18,26,27. All fatty acid protons exhibit J-coupling 

interactions with neighboring protons; therefore,  their response to MRS pulse sequences is 

further complicated 28. Spectral editing can be used to improve spectral resolution of certain 

peaks, resolve overlapped peaks and optimize relative fat composition measures. Spectral editing 

methods exploit differences in J-coupling evolution of protons of interest and their overlapping 

proton resonances. MRS pulse sequences can be optimized such that J-coupling evolution yields 

prominent signal from a proton of interest and reduced signal from contaminating protons. One 

way of achieving this effect is to optimize the echo time (TE) of  common MRS pulse sequences 

such as PRESS (Point RESolved Spectroscopy)29 or STEAM (STimulated Echo Acquisition 

Mode) 30. These sequences are both often used in in-vivo fat spectroscopy and are single voxel, 

single-shot sequences.  This thesis explores the spectral editing method of optimizing pulse 

sequence TE values to improve quantification of fat methyl resonances (at 3 T and 9.4 T) and the 

olefinic resonance (at 3 T). 
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1.1.4  High Field Strength Fat MRS Animal Research 

 

 Higher magnetic field strengths are typically exploited in animal studies because of their 

enhanced spectral resolution. The higher spectral resolution results from increased frequency 

separation between peaks. Higher magnetic fields also yield improved SNR (signal to noise 

ratio) because SNR increases about linearly with field strength 31,32.  Several studies have used 

high field strengths to study fat composition in animals 33-37, and some research was done in 

humans at  7 T 23,24,38.   

  High field strength fat composition models have been developed for quantifying  

saturated, mono-unsaturated and di-unsaturated fatty acids in animals 33,36,38,39; however, these 

studies still neglect or assume constant or negligible levels of ω-3 fatty acids (mostly tri-

unsaturated fatty acids) 33,36,39, likely because of the low concentration of ω-3 fatty acids 13. 

Furthermore, even at high field strengths, the ω-3 methyl resonance cannot be sufficiently 

resolved from that of the non-ω-3 using standard short-TE techniques. A study recently used 

PRESS with an ultra-long TE (1000 ms) to resolve the ω-3 methyl resonance  23.  The method 

exploited the shorter T2 relaxation times of the methylene and non-ω-3 methyl resonances 

compared to the ω-3 methyl resonance.  

 

1.1.5  Clinical Field Strength Fat MRS Human Research 

 

Fatty acid composition quantification generally neglects the ω-3 fatty acid content 35,38,41. 

It has been shown, however, that low levels of linolenic acid (an ω-3 fat) content in breast tissue 

correspond to increased breast cancer risk 40. A study at 1.5 T used a long TE (540 ms) 41 and a 

study at 3 T used spectral editing to assess relative ω-3 fat content 42. Research on breast cancer 

patients and healthy women revealed that a smaller methyl resonance linewidth from breast at 

1.5 T is linked to women who are at a higher risk of breast cancer 43.  A larger methyl resonance 

linewidth is proposed to be an indication of a more varied group of methyl protons 43 and may 

correspond to differences in ω-3 fatty acid content (primarily linolenic acid).  

 Various MRS spectral peak areas have been used to quantify fat unsaturation in-vivo at 

clinical field strengths 1,17,20,22,25-27,41.  For instance, short TE PRESS and STEAM pulse 
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sequences have been used to quantify the olefinic (5.4 ppm resonant frequency) signal ratio as a 

measure of total fat unsaturation 1,10,25.  In tissues where water is present (for example, in spinal 

bone marrow, breast, and liver) the water resonance (≈ 4.7 ppm) obscures the olefinic resonance 

signal. Long-TE pulse sequences have been optimized to address the issue since the water signal 

decays by T2 relaxation more quickly than the fat olefinic signal 18,26,27. A long TE also offers 

better spectral resolution of methyl and methylene resonances 44, yielding more representative 

results 17,20. Previous studies presented that olefinic to methylene (≈  1.3 ppm) peak area ratios 

measured using PRESS with a TE of 200 ms 17,18,20,27  and STEAM with a TE of 100 ms 26 are 

representative of relative levels of fat unsaturation at 3 T.  In addition to using olefinic to 

methylene area ratios as a measure of fat unsaturation, the methyl resonance is a practical 

normalization factor because every fatty acid has one methyl group regardless of chain length or 

degree of unsaturation 1.  Previous research made use of olefinic to methyl areas to assess the fat 

composition of rat tissue extracts with a 500 MHz system 45. Optimized long-TE pulse sequences 

have not been previously determined for estimating olefinic to methyl ratios.  

 

  An additional challenge with fat unsaturation measures at clinical field strength is the 

glycerol proton signal contaminating (≈ 5.2 ppm) that of the olefinic 6,46-48. The glycerol proton 

exists on the glycerol backbone to which the fatty acids are bound to as triglycerides. The 

contamination affects relative fat unsaturation assessments to different extents depending on the 

TE used.  

 

1.1.6  Thesis Objectives  

 

 The overall objective of this thesis work is to develop MRS techniques to improve fat 

unsaturation assessment. Relative measures of ω-3 fat content at 9.4 T and 3 T are enabled, and 

in-vivo relative fat unsaturation assessment at 3 T is improved or facilitated.  

 The first objective was to determine a PRESS TE to quantify relative ω-3 fat 

content at 9.4 T, a high field strength that is often used for animal studies (Chapter 3).  

Product operator formalism was used to find TE values that best separated the two methyl 

resonances. Since both groups of methyl protons are weakly-coupled at 9.4 T, they exhibit a 
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triplet pattern that includes sinusoidally varying side peaks. Certain TE values yield zero in-

phase signal of the side multiplets, improving the resolution of the ω-3 and non-ω-3 methyl 

central peaks. The method was verified in vivo in abdominal visceral fat of mice fed diets 

differing in ω-3 fat content. Previous high-field strength MRS studies neglected contributions 

from ω-3 fats 34,39.  In the study at 7 T that investigated ω-3 fat contributions, variations in ω-3 

fat due to diet were not explored; furthermore, the ultra-long TE of 1000 ms yields sizable T2 

decay 23. 

The second objective was to investigate the response of methyl protons at 3 T to 

STEAM and PRESS to optimize relative ω-3 fat quantification and olefinic to methyl 

measures for relative fat unsaturation assessment (Chapter 4).  PRESS and STEAM TE 

values that enable quantifying relative levels of fat ω-3 content (mainly linolenic acid) in oil 

phantoms were determined by correlating the methyl linewidth to ω-3 fatty acid content. 

Previous work at clinical field strength either employed an ultra long TE (540 ms) 41 or multiple 

spectral acquisitions 42 to detect ω-3 fat content in vivo. Long TE STEAM and PRESS sequences 

were also optimized to yield olefinic/methyl ratios that agree most closely to ratios obtained with 

high resolution 16.5 T NMR for 9 edible oils, and literature composition for tibial bone marrow. 

The PRESS sequence has been previously optimized for olefinic to methylene ratio measures in 

tibial bone marrow 27. The optimal timings determined in the previous work and in this work are 

based on both J-coupling interactions and T2 relaxation times. J-coupling interactions are the 

same in different tissues; but T2 relaxation times can differ 49. Correcting for T2 decay is essential 

if comparing ratios obtained in different tissues with varying T2 relaxation times.  

 The third objective of this work was to compare apparent T2 relaxation times (the 

term apparent is used because J-coupling evolution affects the T2 relaxation time measured 

17,24,36,41,50) and fat unsaturation measures in tibial bone marrow, subcutaneous and breast 

adipose tissue (Chapter 5). Assessing apparent T2 relaxation times will determine if 

comparisons of fat unsaturation can be made among the three anatomical regions without the 

need for correcting for T2 differences. Determining differences in fat unsaturation levels in 

different anatomical regions can lead to insights about the role of fatty acids in human pathology 

22. Since fat unsaturation measures in breast have not been explored extensively in the literature, 
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an inversion recovery (IR) method was examined for olefinic peak quantification in breast with 

short TE.  

 The fourth objective of this work was to characterize the contamination of the 

olefinic signal from that of the glycerol proton, which is inherent at clinical field strengths 

and can impact fat unsaturation measurements (Chapter 6). Since edible oils and adipose 

tissue in vivo are primarily triglycerides 51,52, the glycerol proton signal (≈ 5.2 ppm) contaminates 

the olefinic proton signal 46-48,53. The same overlap occurs in human adipose tissue due to the 

way fats are stored and metabolized; fatty acids are stored as triglycerides in fat depots and 

converted to free fatty acids that are released into the blood stream for energy 54-56. The fatty acid 

tricaprylin was utilized in this study to characterize the behaviour of the glycerol proton because 

it is a pure, saturated triglyceride containing only glycerol protons and no olefinic protons. 

Similarly, the free fatty acid oleic acid was used to characterize the behaviour of the olefinic 

resonance because it does not contain any glycerol protons and only has olefinic protons. 

Utilizing these two phantoms permitted studying the impact of the glycerol contamination on the 

olefinic proton signal and enabled determining TE values for both PRESS and STEAM which 

minimized the glycerol signal.  

 

1.1.7  Thesis Composition  

 

 The thesis consists of seven chapters. The remainder of Chapter 1 describes MRS 

concepts, including the physics of NMR, the MRS experiment, localization, relaxation, spectral 

acquisition, spin echoes, stimulated echoes, and relevant MRS parameters. Chapter 1 also 

includes information about pulse sequences (PRESS, STEAM, and IR), chemical shift, peak 

quantification, product operator formalism, and J-coupling and its evolution during PRESS and 

STEAM. The benefits and disadvantages of high field MRS are also briefly covered. Chapter 2 

presents information on fatty acids and their quantification, including relevant coupling 

interactions. It also explains how product operator formalism was used to calculate timings 

which resolve the ω-3 and non-ω-3 methyl resonances at 9.4 T. Chapter 2 also outlines general 

MR hardware, and the experimental hardware and methods for phantom (9.4 T and 3 T), animal 

(9.4 T), and human experiments (3 T). Data analysis with LCModel peak fitting software is also 
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reviewed. The methodology used for the 16.5 T NMR scans to verify phantom oil composition is 

also outlined. Chapter 3 (published in NMR in Biomedicine, 2021) presents the research at 9.4 T 

on resolving the ω-3 from the non-ω-3 methyl resonance in mice for relative ω-3 fat 

quantification. The chapter outlines the methods to optimize the PRESS TE and demonstrates the 

efficacy of the sequence on oils with different ω-3 content and on mice that were fed diets with 

varying amounts of ω-3. Chapter 4 (published in Journal of Magnetic Resonance Imaging, 2018) 

explains the research on exploiting differences in J-coupling evolution between ω-3 and non-ω-3 

methyl protons at 3 T to correlate the combined methyl linewidth to the relative ω-3 fat content. 

The efficacy of the PRESS and STEAM optimized TE values are verified on oils with different 

ω-3 content. Chapter 4 also presents the optimization of PRESS and STEAM TE values for 

olefinic to methyl ratio quantification in tibial bone marrow. Chapter 5 (submitted for 

publication) details the work on comparing apparent T2 relaxation times in tibial bone marrow, 

subcutaneous and breast adipose tissue at 3 T, to evaluate if previously optimized TE values for 

fat unsaturation measures in tibial bone marrow can be used to make intra-individual 

comparisons with other tissues without the need for T2 correction.  Chapter 5 also investigates 

intra-individual variability of fat unsaturation and poly-unsaturation measures in the different 

adipose tissue depots. Since techniques for fat unsaturation measures have not been investigated 

extensively in breast, the IR method is explored as an alternative to a long TE for fat unsaturation 

measures in tissues with fat and water.  Chapter 6 (published in Biomedical Physics and 

Engineering Express, 2019) demonstrates how tricaprylin (a saturated triglyceride) and oleic acid 

(a mono-unsaturated free fatty acid) were employed to characterize the independent behaviour of 

the glycerol protons and olefinic protons, respectively. PRESS and STEAM TE values which 

minimized the glycerol proton signal while providing adequate olefinic proton signal were 

reported as optimal for olefinic quantification. Furthermore, the expected contamination of the 

glycerol resonance on the olefinic resonance was estimated for PRESS and STEAM sequences 

with short TE. Conclusions of the research are summarized in Chapter 7.   
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1.2  Nuclear Magnetic Resonance (NMR) Physics 

1.2.1  Spin and Magnetic Moments in NMR 

 

 Atomic nuclei are composed of combinations of protons and neutrons; these are 

responsible for spin and magnetic moments 57. Spin is a quantized intrinsic angular momentum 

that is mathematically given by: 

𝐼 =
𝑛

2
                                                                      (1.1) 

where 𝑛 is a positive integer (or zero) 57. From quantum theory, the spin number follows precise 

rules 57. If the nuclei have even numbers of both protons and neutrons, then the spin number, 𝐼, 

equals 0. If the nuclei have an odd number of protons or neutrons, then the nucleus will have a 

spin. The mass number is the sum of the number of protons and neutrons in a nucleus 58. Nuclei 

with odd mass numbers have half integer values (𝐼= 1/2, 3/2...). Nuclei with even mass numbers, 

but an odd number of neutrons, have integer values of 𝐼. The spin number of 1H nuclei is 𝐼 = ½.  

 The magnitude of the total spin angular momentum is calculated as 59-61: 

𝑆 =
ℎ

2𝜋
√𝐼(𝐼 + 1)                                                           (1.2) 

where ℎ is the Planck constant (6.63 ∗  10−34J/s). For a spin ½ system, the total spin angular 

momentum is thus: 

𝐼 =
ℎ

2𝜋

√3

2
                                                                   (1.3) 

The magnitude of the nuclear magnetic moment is written as 62: 

𝑢 = 𝛾𝑆                                                              (1.4) 

where 𝛾 denotes the gyromagnetic ratio, which is inherent to different nuclei. For this thesis, we 

are concerned only with the 1H proton nucleus: 𝛾 = 2π rad*42.6 MHz/T 63.  In NMR, the 

component of angular momentum along the z-direction, 𝑆𝑧, is given by 61: 

𝑆𝑧 =
𝑚ℎ

2𝜋
                                                              (1.5) 

Here, 𝑚 denotes a second quantum number that can only be values of 𝐼, 𝐼 − 1, 𝐼 − 2…− 𝐼.  

Rearranging and combining Equations (1.4) and (1.5) yields the magnitude of the magnetic 

moment in the z-direction: 

𝑢𝑧 = 
𝛾ℎ𝑚

2𝜋
                                                                   (1.6) 
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1.2.2  Impact of an External Magnetic Field 𝑩𝒐⃗⃗⃗⃗  ⃗ and the Zeeman Energy 

 

 In the absence of a magnetic field, the nuclear magnetic moments of a population of spin 

½ nuclei will not have a preferred direction. When the nuclei are subjected to an external 

magnetic field (𝐵𝑜⃗⃗⃗⃗ ), the net z-components of the spins of the nuclei will reach a thermal 

equilibrium aligned in a direction parallel (α state, 𝑚=1/2) or anti-parallel (β state, 𝑚= -1/2) to 

the direction of 𝐵𝑜⃗⃗⃗⃗ . Figure 1.1 displays the α and β states of the nuclei. The parallel state has 

lower energy than the anti-parallel state.  Each given state has an energy, 𝐸, of 63: 

𝐸 = −𝜇 ∙ 𝛽 = 𝛾 (
ℎ

2𝜋
)𝑚𝐵𝑜                                                (1.7) 

For 𝑚 = ±1/2, there will be a difference in energy between the two states, given by the Zeeman 

energy 59: 

∆𝐸 =  𝛾
ℎ

2𝜋
𝐵𝑜                                                     (1.8) 

The difference in distribution of spins in the α and β states yields the NMR phenomenon. Any 

spin state |𝑆𝑆〉 can be described as a linear superposition of the α and β states 64: 

|𝑆𝑆〉 = 𝑝𝛼|𝛼〉 + 𝑝𝛽|𝛽〉                                                   (1.9) 

where 𝑝𝛼 and 𝑝𝛽 are the probability amplitudes of spins in the parallel and anti-parallel states, 

respectively.  
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Figure 1.1: Low energy (α) and high energy (β) spin states of nuclei with a nuclear magnetic 

moment. The net z-components of low energy spins are aligned with the main magnetic field 𝐵𝑜⃗⃗⃗⃗ , 

whereas the net z-components of higher energy spins are aligned against the magnetic field 𝐵𝑜⃗⃗⃗⃗ . 

Spins exist pointing in all directions; for purpose of illustration only spins demonstrating a net 

magnetization in the z-direction are included.  

 

1.2.3  Net Magnetization 

 

 A net magnetization vector arises from net excess of spins aligned in the parallel state. 

The population difference between nuclei in the parallel and anti-parallel states is given by the 

Boltzmann Distribution, which is a function of temperature, 𝑇 65: 

𝑛𝛼

𝑛𝛽
= 𝑒

∆𝐸

𝑘𝑇 = 𝑒
𝛾ℎ𝐵𝑜
2𝜋𝑘𝑇                                                      (1.10) 

In Equation (1.10), 𝑛𝛼 and 𝑛𝛽 are the number of spins in the parallel and anti-parallel states, 

respectively,  𝑘 is the Boltzmann constant (1.38𝑥1023 J/K) and 𝑇 is the temperature in Kelvin.  

Because the parallel state is lower energy, more spins will align parallel to 𝐵𝑜⃗⃗⃗⃗ . As seen in Figure 

1.1, the transverse components of the magnetization cancel each other, yielding a net 

longitudinal magnetization (𝑀𝑜⃗⃗ ⃗⃗  ⃗) in the direction of 𝐵𝑜⃗⃗⃗⃗ .  The magnitude of the net magnetization 
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is the difference of the z-components of the parallel magnetizations and the anti-parallel 

magnetizations 65: 

𝑀𝑜 = ∑ 𝑢𝑖
𝑛
𝑖=1 = 𝑛𝛼𝑢𝑧 + 𝑛𝛽𝑢𝑧 =

𝛾ℎ

4𝜋
(𝑛𝛼 − 𝑛𝛽)                            (1.11) 

Assuming that  
𝛾ℎ𝐵𝑜

2𝜋𝑘𝑇
 is much less than 1, one can approximate Equation (1.10) as 63,65: 

𝑛𝛼

𝑛𝛽
≈ 1 +

𝛾ℎ𝐵𝑜

2𝜋𝑘𝑇
                                                        (1.12) 

Using Equation (1.12) and assuming that  

 𝑛𝛼~𝑛𝛽 =
𝑁

2
                                                        (1.13) 

where 𝑁 is the total number of spins,  one can deduce 63: 

𝑛𝛼 − 𝑛𝛽 ≈
𝑁

2

𝛾ℎ𝐵𝑜

2𝜋𝑘𝑇
                                                (1.14) 

Utilizing Equations (1.11) and (1.14), the magnitude of the total magnetization vector, 𝑀𝑜, can 

be written as: 

𝑀𝑜 = 𝑢𝑧(𝑛𝛼 − 𝑛𝛽) =
𝛾ℎ

4𝜋
 
𝑁

2
 
𝛾ℎ𝐵𝑜

2𝜋𝑘𝑇
                                   (1.15) 

The total net magnetization vector simplifies to 65: 

𝑀𝑜 =
𝛾2ħ2𝑁𝐵𝑜

4𝑘𝑇
                                                            (1.16) 

where ħ =
ℎ

2π
.  

1.2.4  Larmor Frequency 𝒗𝒐 

 

 When exposed to a radiofrequency field (𝐵1⃗⃗⃗⃗ ), perpendicular to 𝑀𝑜⃗⃗ ⃗⃗  ⃗, transitions between 

the parallel and anti-parallel energy states occur through exchange of electromagnetic energy  

given by the Planck relation 63: 

𝐸 = ℎ𝑣                                                                  (1.17) 

where ℎ is the Planck constant and 𝑣 is the frequency. Equating Equations (1.8)  and (1.17) and 

rearranging gives the resonant frequency (Larmor Frequency) of the nuclei as 57: 

𝑣𝑜 =
𝛾

2𝜋
𝐵𝑜 = 

𝜔𝑜

2𝜋
                                                       (1.18) 

 Any nucleus with a spin magnetic moment (such as 1H, 31P, 13C) can be used in an NMR 

experiment. The 1H nucleus (as used in this study) is most commonly used because it has high 



13 

 

abundance in vivo (99.985%). It also has a large gyromagnetic ratio and results in a resonant 

frequency of 127.8 MHz at 3 T and 400.4 MHz at 9.4 T (
𝛾

2𝜋
= 42.6 MHz/T) 57.   

 

1.3  The MRS Experiment- From Acquisition to Pulse Sequences 

1.3.1  Excitation 

 

 Figure 1.2 displays the steps of the MRS experiment. To measure nuclear magnetization, 

or signal, the precession of the spins must be detected. However, nuclear magnetization cannot 

be observed when the net magnetization is fully along the z-axis and there are no components in 

the transverse plane 57.  Therefore, an oscillating magnetic field in the transverse plane, 𝐵1⃗⃗⃗⃗ , is 

used to tilt all or some of the magnetization to the transverse plane by initiating the exchange of 

energy between the states. Magnetization that is fully in the transverse plane corresponds to 

states (|𝑆𝑆𝑥〉 and |𝑆𝑆𝑦〉) that can be written as superpositions of 𝛼 and 𝛽 states per Equation 1.9 

64: 

|𝑆𝑆𝑥〉 =
1

√2
|𝛼〉 ±

1

√2
|𝛽〉                                                    (1.19) 

|𝑆𝑆𝑦〉 =
1

√2
|𝛼〉 ±

𝑖

√2
|𝛽〉                                                    (1.20) 

  

where 𝑖 is the imaginary number and the x and y axes are chosen arbitrarily.  

 The type of pulse used (its amplitude and duration (𝑑𝜏)) dictates the final angle of 

rotation (𝜃) of the initial longitudinal magnetization vector 𝑀𝑜⃗⃗ ⃗⃗  ⃗ 
57: 

𝜃 = ∫ 𝛾𝐵1𝑑𝜏                                                    (1.21) 

In Figure 1.2, a 90° RF pulse about x (𝐵1⃗⃗⃗⃗ ) is applied. Such a pulse is written as 90°x, where the 

pulse phase direction is indicated by the subscript. For example, a 90°x pulse fully rotates 𝑀𝑜⃗⃗ ⃗⃗  ⃗ 

from the z-axis to the transverse plane along the y-axis. After the pulse is turned off, the 

transverse magnetization components 𝑀𝑥⃗⃗ ⃗⃗  ⃗ and 𝑀𝑦⃗⃗ ⃗⃗  ⃗ (collectively 𝑀𝑇⃗⃗ ⃗⃗  ⃗) are subject to a change in 

angular momentum described by 63:  
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𝑑𝑀𝑇⃗⃗ ⃗⃗ ⃗⃗  

𝑑𝑡
= 𝛾𝑀𝑇⃗⃗ ⃗⃗  ⃗ × 𝐵𝑜⃗⃗⃗⃗ = 𝛾 

�̂� �̂� �̂�
𝑀𝑥 𝑀𝑦 0

0 0 𝐵𝑜

=  𝛾(𝑀𝑦𝐵𝑜�̂� − 𝑀𝑥𝐵𝑜�̂�)                (1.22) 

Using a complex number notation, 𝑀𝑇 is written as 63: 

𝑀𝑥𝑦 = 𝑀𝑥 + 𝑖𝑀𝑦                                                         (1.23)    

Solving Equation (1.22) in the complex number realm yields 59: 

𝑀𝑥𝑦 = 𝑀𝑜exp (𝑖(−𝛾𝐵𝑜𝑡 + 𝜑))                                                  (1.24) 

where 𝜑 is the initial angle of the magnetization in the transverse plane. Thus, a net 

magnetization rotates with a phase dictated by the Larmor Frequency. The rotating 

magnetization creates an oscillating magnetic field along the axis of a surrounding receiver coil. 

The changing magnetic flux over time induces an electromotive force (EMF), or voltage, in the 

receiver coil, with a magnitude given by Faraday’s law of electromagnetic induction 66: 

𝜖 = −
𝑑𝛹𝐵⃗⃗ ⃗⃗ ⃗⃗  

𝑑𝑡
                                                          (1.25) 

where 𝜖 is the magnitude of the electromotive force (voltage) and 𝛹𝐵is the  magnitude of the 

magnetic flux. The latter is calculated from 66: 

𝛹𝐵 = ∬�⃗� ∙ 𝑑𝐴                                                   (1.26) 

where �⃗�  is the magnetic field and 𝑑𝐴  is the surface area element. The induced electromotive 

force is measured and forms the signal.  The time-dependency of this force, which will be 

described in more detail in Section 1.3.6, is referred to as the free induction decay, or FID 57. 

Figure 1.3 provides an illustration of Faraday’s Law of Induction 66. Figure 1.4 illustrates the 

effect of a 180°x pulse, which rotates the magnetization to the negative z-axis. This pulse is 

referred to as an inversion pulse 57. In this case, no FID is shown and no voltage is induced since 

the magnetization is not precessing in the transverse plane. Additional experiments will be 

outlined in subsequent sections.  
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Figure 1.2: Illustration of the basic pulse-acquire MRS experiment. a) and b) denote the spin 

diagrams for each corresponding part of the pulse sequence diagram. a) The net magnetization 

(𝑀𝑜⃗⃗ ⃗⃗  ⃗) is initially in the direction of the main magnetic field (𝐵𝑜⃗⃗⃗⃗ ). A 90°x RF pulse uses a 

magnetic field in the transverse plane (𝐵1⃗⃗⃗⃗ ) to rotate the magnetization to the transverse plane. b) 

𝑀𝑜⃗⃗ ⃗⃗  ⃗ precesses about 𝐵𝑜⃗⃗⃗⃗ , inducing an electromotive force in the RF coil. This signal is referred to 

as the free induction decay (FID). The magnetization shown in b) is at the start of the FID, before 

decay due to relaxation has taken place (see Section 1.3.7). The RF pulse and FID are plotted on 

the same axis of time but with different scales of the amplitude/voltage axis.  
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Figure 1.3: Faraday’s Law of Induction. An electromotive force (EMF) is created to oppose the 

change in magnetic flux (
𝑑𝛹𝐵⃗⃗ ⃗⃗ ⃗⃗  

𝑑𝑡
). Adapted from Griffiths 66.   
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Figure 1.4: An inversion pulse. a) and b) denote the spin diagrams for each corresponding part of 

the pulse sequence diagram.  The net magnetization (𝑀𝑜⃗⃗ ⃗⃗  ⃗) is initially in the direction of the main 

magnetic field (𝐵𝑜⃗⃗⃗⃗ ). A 180°x inversion RF pulse uses a magnetic field in the transverse plane 

(𝐵1⃗⃗⃗⃗ ) to rotate the magnetization to the negative z-axis. Since 𝑀𝑜⃗⃗ ⃗⃗  ⃗  is not precessing in the 

transverse plane, there is no FID.   
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1.3.2  The Rotating Reference Frame 

 

 A rotating reference frame is commonly used in MRS. The reader is likely familiar with 

the static laboratory frame (𝑥 , 𝑦 , and 𝑧 ), wherein the z-axis points along the direction of 𝐵𝑜⃗⃗⃗⃗ , as 

seen in Figure 1.2. The rotating reference frame consists of 𝑥𝜌⃗⃗⃗⃗ , 𝑦𝜌⃗⃗⃗⃗ , and 𝑧𝜌⃗⃗  ⃗. As in the Cartesian 

frame, 𝑧𝜌⃗⃗  ⃗ points in the direction of 𝐵𝑜⃗⃗⃗⃗ ; however, the rotating frame of reference rotates at the 

frequency of 𝐵1⃗⃗⃗⃗  about the 𝑧𝜌⃗⃗  ⃗  axis with respect to the Cartesian reference frame 59. The rotating 

reference frame is used because the behaviour of the magnetization during MR experiments is 

mathematically complex in the Cartesian frame. In the rotating frame,  𝑀𝑇⃗⃗ ⃗⃗  ⃗ only oscillates in a 

cone about 𝐵1⃗⃗⃗⃗ ; the oscillation about 𝐵𝑜⃗⃗⃗⃗  is removed, simplifying the mathematics.  

 

1.3.3  Oscillation of the 𝑩𝟏⃗⃗⃗⃗  ⃗ Field 

  

 To effectively tilt magnetization, the 𝐵1⃗⃗⃗⃗  field ideally moves at the  resonant frequency of 

the nuclei in the experiment 65. In the rotating frame, spins will experience an effective magnetic 

field �⃗� 𝑒𝑓𝑓 65: 

�⃗� 𝑒𝑓𝑓 = 𝐵1�̂� + (𝐵𝑜 +
𝜔

𝛾
) 𝑧 ̂                                                         (1.27) 

where 𝜔 denotes the frequency of rotation of the 𝐵1⃗⃗⃗⃗  field. When 𝐵1⃗⃗⃗⃗  is applied exactly on 

resonance (𝜔 = −𝛾𝐵𝑜) 
65: 

�⃗� 𝑒𝑓𝑓 = 𝐵1�̂�                                                       (1.28) 

and �⃗⃗�  will precess in the y-z plane with frequency 𝜔1 =  𝛾𝐵1.  

 

1.3.4  Radio-Frequency (RF) Coils 

 

 RF coils are employed to apply excitation pulses and to detect the FID signal. As detailed 

in the previous section, the frequency of the oscillating magnetic field of the RF coil must be 
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tuned to the resonant frequency of the nuclei in the experiment to effectively rotate the 

magnetization. Many types of MRS coils exist. Two common coils are surface coils and volume 

coils.  

 Figure 1.5 illustrates how a simple surface coil can be used for RF generation and signal 

detection. These coils are composed of capacitors and inductors which yield resonance 67. 

Surface coils typically yield higher signal to noise ratio (SNR), since they can be placed close to 

the region being imaged 63. The disadvantage of surface coils is that the RF field is less 

homogeneous than that of a volume coil because the signal of the surface coils decreases with 

increasing depth in the object being imaged 63.  

 

Figure 1.5: 𝐵1⃗⃗⃗⃗  formation using current 𝐼  (left) and signal detection (𝐸𝑀𝐹⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗) induced from 

fluctuating magnetic flux  
𝑑𝛹𝐵⃗⃗ ⃗⃗ ⃗⃗  

𝑑𝑡
 (right) using a surface coil. Adapted from Griffiths 66.  

 Figure 1.6 illustrates a common volume coil, the birdcage coil. The design yields a more 

homogeneous field inside the cylinder than a surface coil; however, the coil is often farther away 

from the sample being imaged, reducing the SNR 63. Birdcage head coils are often used in both 

transmit and receive mode since they are close to the object of interest whereas birdcage body 

coils are often only used for RF-transmission, and another coil is used for reception 63. A 

birdcage coil is composed of two circular conductive loops (end rings) attached by an even 

number of elements (rungs), usually 16-32, contingent on coil size 63.  The coils also have 

capacitors between the end rings which are placed accordingly depending on the frequency 
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characteristics needed for the experiment 63,68. The coil becomes resonant from the innate 

inductance of the conducting elements 59. When the birdcage coil is used for transmission, 

sinusoidal currents flow through each rung and are consequentially phased shifted about the 

coil’s circumference 68,69. The current is distributed over the surface with sinusoidal angular 

dependence. This relationship yields resonance within the coil 68,69.  

 

Figure 1.6: 𝐵1⃗⃗⃗⃗  formation using a birdcage coil. Current is applied to each rung of the birdcage 

and phase shifted by 60°, generating its own local field. A rotating 𝐵1⃗⃗⃗⃗  field is created.  

 

1.3.5  Spatial Localization 

 

 In high field NMR experiments where small samples are being studies there is no need 

for spatial localization.  In in-vivo MRS, it is necessary to only excite the spins in a voxel of 

interest. To achieve this localization, linear magnetic field gradients (𝐺𝑥, 𝐺𝑦, 𝐺𝑧) are used to add 

to the existing static magnetic field in each of the x, y, and z directions, varying the frequency 

linearly over space. The gradients are defined as follows 69: 

𝐺𝑧 = 
𝜕𝐵𝑧

𝜕𝑧
                                                                     (1.29) 

𝐺𝑦 = 
𝜕𝐵𝑧

𝜕𝑦
                                                                      (1.30) 
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𝐺𝑥 = 
𝜕𝐵𝑧

𝜕𝑥
                                                                      (1.31) 

The resonance frequency 𝜔(𝑥, 𝑦, 𝑧) for a magnetic field in the z direction can be made to depend 

on the position 69: 

𝜔(𝑥, 𝑦, 𝑧) = 𝛾𝐵𝑧 = 𝛾𝐵𝑜 + 𝛾𝑧𝐺𝑧 +  𝛾𝑦𝐺𝑦 +   𝛾𝑥𝐺𝑥                          (1.32) 

where 𝑥, 𝑦, and 𝑧 are the distances from the magnet isocenter. A range of frequencies selected, 

∆𝜔(𝑧), across the slice thickness ∆𝑧 is given as 69: 

∆𝜔(𝑧) = 𝛾𝐺𝑧∆𝑧                                                            (1.33) 

The excited slice is perpendicular to the gradient direction. MRS experiments often require 

localizing a 3-D voxel in an object.  This localization is accomplished by using three magnetic 

field gradients in three directions which overlap to form a 3-D volume. Figure 1.7 displays a 

linear gradient and the resulting ∆𝜔(𝑧).   

  

Figure 1.7: Linear gradient and the resulting ∆𝜔(𝑧).  The gradient renders the frequency a 

function of position and enables selecting a slice of the object (∆𝑧) with corresponding angular 

frequency range ∆𝜔.    
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1.3.6  The Fourier Transform of the FID 

 

 The free induction decay (FID) was previously introduced as the signal detected by the 

coil.  Figure 1.8 illustrates the FID as an induced voltage that varies with time. The decay of the 

FID occurs exponentially according to: 

𝑒
−𝑡

𝑇2
∗
                                                                    (1.34) 

where 𝑇2
∗ is a time constant 59. The frequency of oscillations in the FID occur at the angular 

frequency 𝜔𝑜. The Fourier Transform inter-converts between the frequency domain and the time 

domain. Converting from time domain data (FID) to frequency domain data is given by the 

following 57: 

𝐹(𝜔) = ∫ 𝑓(𝑡)𝑒−2𝜋𝑖𝜔𝑡𝑑𝑡
∞

−∞
                                               (1.35) 

Applying the Fourier Transform to a FID oscillating at 𝜔𝑜will yield a frequency domain with a 

peak at 
ωo

2π
 Hz, as shown in Figure 1.8. The full-width-at-half-maximum (FWHM, or linewidth) 

of this peak is proportional to 
1

𝜋𝑇2
∗ 

57.  The Fourier Transform thus translates the signal from the 

coil to a frequency spectrum.  

 

Figure 1.8: A free induction decay oscillating at 𝜔𝑜  and decaying exponentially with time 

constant 𝑇2
∗. Taking the Fourier Transform of this FID yields a peak with a Lorentzian line shape 

in the frequency domain at 
𝜔𝑜

2𝜋
  Hz, with a linewidth (FWHM) of 

1

𝜋𝑇2
∗.  
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1.3.7  Relaxation 

 

 T1 (longitudinal) and T2 (transverse) relaxation are important for understanding MRS 

experiments 57,65. Relaxation occurs due to several physical phenomena. The magnet producing 

the 𝐵𝑜⃗⃗⃗⃗  field has inhomogeneities, meaning that an inherent spread of magnetic fields throughout 

the object of interest exists. Additionally, the nuclear dipoles themselves also produce and 

respond to magnetic fields. These various fields are experienced by the nuclear spins and can 

change with time, causing the spins to precess at different frequencies. The varying rates of 

precession yield to de-phasing, and ultimately to relaxation. Two types of relaxation occur; the 

transition of transverse magnetization back to 𝑀𝑧⃗⃗⃗⃗  ⃗ (T1 relaxation) and the decay of transverse 

magnetization to null (T2 relaxation) 57,65. T1 relaxation involves a transfer of energy from the 

spins to the lattice at the Larmor frequency whereas T2 relaxation does not involve energy 

exchange but involves random fluctuations of the local field 65. Mathematically, the change in 

the magnitude of magnetization 𝑀𝑧⃗⃗⃗⃗  ⃗, corresponding to T1 relaxation, can be expressed as 57,65: 

𝑑𝑀𝑧(𝑡)

𝑑𝑡
=
𝑀𝑜−𝑀𝑧(𝑡)

𝑇1
                                                    (1.36) 

where 𝑀𝑜 is the original magnetization and 𝑇1 denotes the T1 relaxation time constant. This time 

constant represents the time required for the magnetization to recover 63 % of its equilibrium 

value following a 90° rotation. Solving the differential equation for a 90° RF excitation pulse 

yields the magnitude of the longitudinal magnetization as 57,65:  

𝑀𝑧(𝑡) = 𝑀𝑜 − (𝑀𝑜 −𝑀𝑧(0)) (𝑒
−𝑡

𝑇1)                                 (1.37) 

where 𝑡 is the time for recovery. T1 relaxation is relevant because it can affect experimental 

results. In a series of consecutive excitations, the degree of longitudinal magnetization recovery 

before the next excitation determines how much longitudinal magnetization is available to tip to 

the transverse axis. If 𝑡 > 5𝑇1 
69, the longitudinal magnetization fully recovers and the transverse 

magnetization equals the initial longitudinal magnetization. If the magnetization is not fully 

recovered, the transverse magnetization is proportional to 𝑀𝑜 (1 − 𝑒
−𝑡

𝑇1),57 where 𝑡 is the time 

allotted for relaxation. Spectra acquired under such conditions are T1-weighted.  



24 

 

 T2 relaxation describes how the transverse magnetization will de-phase over time, losing 

coherence and eventually returning to its equilibrium value of zero 57,65. Any process that yields 

T1 relaxation will also cause T2 relaxation 69.  More specifically, if a spin exchanges energy with 

its external environment (T1 relaxation) and affects one of the spins contributing to the transverse 

magnetization, the angular momentum of the latter spin is changed and it loses phase coherence 

with the other spins. Mathematically, the change in magnitude of the components of 

magnetization in the transverse plane, corresponding to T2 relaxation, are described by 57,65: 

𝑑𝑀𝑥

𝑑𝑡
= −

𝑀𝑥

𝑇2
                                                         (1.38) 

𝑑𝑀𝑦

𝑑𝑡
= −

𝑀𝑦

𝑇2
                                                        (1.39) 

where T2 denotes the T2 relaxation time constant. This time constant corresponds to the time 

required for the magnetization to decay to 37 % of its initial value. One can solve the differential 

equation for a 90° RF pulse to yield 57,65: 

𝑀𝑇(𝑡) = 𝑀𝑜𝑒
−  

𝑡

𝑇2                                                      (1.40) 

where 𝑀𝑇 denotes the magnitude of the magnetization in the transverse plane and 𝑀𝑜 is the 

original magnetization. Equation (1.40) illustrates that if 𝑡 is much smaller than T2, 𝑀𝑇(𝑡) 

approaches 𝑀𝑜. If 𝑡 is not significantly smaller than T2, the transverse magnetization depends on 

T2; these spectra are T2-weighted.  Any time between excitation and signal acquisition adds to 

signal decay. Typically, the time between excitation and acquisition is not zero because gradients 

etc. require time to execute in MRS pulse sequences; thus there is some T2 relaxation loss. Figure 

1.9 displays the decay of transverse magnetization due to T2 relaxation and recovery of 

longitudinal magnetization  due to T1 relaxation. The T2 relaxation time is always shorter than 

the T1 relaxation time 69.  
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Figure 1.9: Decay of transverse magnetization due to transverse (T2) relaxation and recovery of 

longitudinal magnetization due to T1 relaxation, following a 90° pulse.  

 The experimentally observed relaxation is partly caused by time-independent static 

magnetic field inhomogeneities, typically due to imperfections in the static magnetic field. The 

overall transverse relaxation is due to a combination of these static field inhomogeneities and the 

actual transverse relaxation constant T2 
57. This experimentally observed overall relaxation 

constant (T2*) is calculated with 69: 

1

𝑇2
∗ =

1

𝑇2
′ +

1

𝑇2
                                                            (1.41) 

where T2’ is the contribution from static field inhomogeneities. The transverse relaxation due to 

T2’ can be reversed through certain MRS experiments (Section 1.3.9), but transverse relaxation 

due to T2 cannot be reversed 59.   
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1.3.8  Spectral Acquisition 

  

 The most basic slice-selective method in spectral data acquisition is to acquire the signal 

immediately following spin excitation. Figure 1.10 describes the steps involved in a simple data 

acquisition, where one gradient is used to define the excitation slice. Section 1.3.5 explains how 

the selective pulse excites spins whose frequencies lie in a certain range. 

 

Figure 1.10: Simple slice-selective spectral acquisition using excite-acquire method. A 90°x RF 

pulse is applied in conjunction with a slice-selective gradient. The signal is acquired from the 

free induction decay following the 90°x pulse. A negative gradient with about half the area of the 

slice selection gradient is applied to refocus spins de-phased during the excitation process 70,71.  

 The fields of MRS and MRI include pulse sequences that are designed for various 

purposes. Example objectives include minimizing the effects from relaxation, elaborating 

contrast between certain tissues, or decreasing time of acquisition. Two of the most common and 

useful techniques are the spin echo and the stimulated echo.  

 

1.3.9  Spin Echoes 

 

 The objective of the spin echo pulse sequence is to refocus de-phasing due to relaxation 

effects from static magnetic field inhomogeneities (T2’) and due to chemical shift 59,63. As 

previously described, the MRS experiment consists of rotating all or part of the longitudinal 

magnetization into the transverse plane. This transverse magnetization will de-phase and lose 

coherence over time due to T2* relaxation. The spin-echo experiment applies a 180°x refocusing 
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pulse at a time τ following the first 90°x excitation pulse. The refocusing pulse rotates the de-

phasing spins about the x-axis. These spins continue to precess at their previous frequencies; 

spins that had a positive phase due to increased frequency before the inversion pulse will have a 

negative phase after the inversion pulse, and vice versa. At time 2τ, the spins that de-phased due 

to time-independent magnetic field variations will re-phase.  At this point, the signal is acquired.  

Signal that is acquired using the spin-echo method will have a FID that decays with T2* (Figure 

1.8), but the signal amplitude as a function of TE (i.e the amplitude of the first point of the FID) 

only depends on T2 and will not include contributions from static, time-independent 

inhomogeneities or chemical shift (Section 1.3.7). Figure 1.11 illustrates the state of the spins 

during all steps of a spin-echo experiment. The total time from the initial excitation pulse to 

height of the spin echo (2τ) is referred to as the echo time (TE).  

 

Figure 1.11: Spin echo which refocuses de-phasing from time-independent magnetic field 

variations or chemical shift. Before excitation (Part 1), the magnetization is aligned with the 

main magnetic field 𝐵𝑜⃗⃗⃗⃗ . Following the 90°x pulse, the magnetization is rotated to the transverse 

plane along the y-axis (Part 2). During time τ, the spins de-phase as depicted (Part 3). A 180°x 

pulse is applied, which flips the spins as depicted in Part 4. After time τ, the spins re-phase, 

forming a spin echo.  The spin echo is acquired after time TE following the initial excitation 

pulse (Part 5). 
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1.3.10  Stimulated Echoes 

 

 Whereas a spin echo arises from two radio-frequency (RF) pulses, a stimulated echo 

arises from three RF pulses 63. In the case of an experiment with three pulses, the first 90°x pulse 

rotates 𝑀𝑜⃗⃗ ⃗⃗  ⃗ into the x-y plane. The transverse magnetization de-phases during time τ.  A second 

90°x pulse rotates the spins about the x-axis into the x-z plane.  After time T following the 

second pulse, a third 90°x pulse rotates the magnetization in the x-z plane back to the transverse 

x-y plane. After another period of time τ, a stimulated echo is formed as the spins re-phase. The 

time from the initial excitation to the middle of the stimulated echo (2τ+T) is the TE.  Figure 

1.12 illustrates the pulses applied and the signals acquired during all steps of the stimulated echo 

experiment. As seen in the figure, the stimulated echo experiment also produces several spin 

echoes (Signals 1, 3, 4, and 5).  Signal 2 is the stimulated echo. The second pulse only rotates 

half of the transverse signal (signal along the rotation axis is not rotated)  to be stored along the 

longitudinal axis 63. This stored signal also undergoes T1 relaxation 63. Since only half the 

original spins come into phase at the same time, the stimulated echo is  of weaker magnitude  

compared to a signal acquired under the same TE with a spin-echo sequence 69.  A stimulated 

echo sequence, however, permits for a shorter TE to be used since it employs 90° pulses. Figure 

1.13 displays the behaviour of the spins during the stimulated echo experiment.  
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Figure 1.12: Stimulated echo experiment  (adapted from Hahn 72). The first 90°x pulse tips 𝑀𝑜⃗⃗ ⃗⃗  ⃗ 

into the transverse plane along the y-axis. During time τ, the transverse magnetization de-phases.  

A second 90°x pulse tilts the spins about the x-axis into the x-z plane.  After time T following 

the second pulse, a third 90°x pulse tilts the magnetization in the x-z plane back to the transverse 

x-y plane. A stimulated echo (signal 2) is formed after another period τ. 

 

Figure 1.13: Illustration of a stimulated echo which refocuses de-phasing due to time-

independent magnetic field variations or chemical shift. a) A 90°x pulse is applied, rotating 𝑀𝑜⃗⃗ ⃗⃗  ⃗  

(solid line) into the transverse plane along the y-axis. The transverse magnetization, denoted as 

𝑀𝑇⃗⃗ ⃗⃗  ⃗ (dotted line) de-phases. A second 90°x pulse is applied, which rotates magnetization that is 

not along the x-axis into the x-z plane. A spoiler gradient is typically applied here to de-phase 

transverse components. b) The third 90°x pulse rotates the longitudinal magnetization into the 

transverse plane. The spins re-phase and form a stimulated echo. Adapted from Elster 69. 
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1.3.11    Important MRS Parameters 

 

  Relevant MRS parameters in this work include the repetition time (TR), and the echo 

time (TE) 63. The TR is the time from the initial excitation pulse in one sequence repetition to the 

initial excitation pulse in the next pulse sequence repetition. TE, as previously described, is the 

time between excitation and signal acquisition. The mixing time (TM), a parameter in STEAM 

30, corresponds to time when the magnetization of interest is stored along the longitudinal axis 63. 

Another important parameter is the number of averages. The signal to noise ratio (SNR) 

increases with the square root of the number of averages (assuming no movement of sample or 

participant) 69.  The voxel size is also relevant for SNR, as SNR increases with voxel volume. 

The three orthogonal slice-selective gradients (𝐺𝑥, 𝐺𝑦, and 𝐺𝑧) can be used to select a 3-D voxel.  

 

1.4  In-Vivo MRS Pulse Sequences 

1.4.1  Spatial Localization for In-Vivo MRS Pulse Sequences 

 

 As previously described, the signal for MRS typically must be localized to a specified 

region. Utilizing slice-selective pulses with magnetic field gradients enables selectively exciting 

or refocusing spins in a voxel or slice of interest. Figure 1.14 illustrates a sinc-shaped RF pulse, 

which is used to excite an approximately rectangular slice profile when applied with a magnetic 

field gradient. Such a shape is used because the rectangle is the Fourier Transform of the sinc.  

 

Figure 1.14: Fourier transform of the sinc. A sinc shaped pulse in the time domain is used to 

excite a rectangular slice in the frequency domain as shown. Gibbs ringing on the rectangle (due 

to truncation of the sinc) is not shown. Adapted from Luo 73.   
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 Two common in-vivo pulse sequences which achieve spatial localization are PRESS and 

STEAM. Both PRESS and STEAM are single-shot sequences. This characteristic enables 

shimming (minimizing 𝐵𝑜inhomogeneities) exactly over the voxel of interest itself. Furthermore, 

single-shot sequences are less susceptible to motion artifacts compared to multi-shot acquisition 

sequences. Motion can reduce signal-to-noise, broaden line widths, or induce artifacts that affect 

quantification.  

 

1.4.2  PRESS (Point RESolved Spectroscopy) 

 

 Figure 1.15 illustrates the PRESS pulse sequence 74,75. PRESS acquires signal by using a 

double spin echo: a 90°-180°-180° RF pulse sequence. During each of the 90° and 180° pulses, 

gradients in the x, y, and z direction are applied exclusively. Each pulse in conjunction with the 

applied gradient thus affects spins in mutually orthogonal rectangular slabs. The intersection of 

the three slabs becomes the cubic voxel from which signal is acquired.  The total TE of the 

sequence is the sum of the first and second TEs (TE1 and TE2). The spoiler (or crusher) gradients 

remove signal from unwanted pathways and signal from imperfect RF pulses 69. Equation (1.42) 

describes the signal acquired from the PRESS sequence as a function of TE 76, assuming no J-

coupling (to be discussed in Section 1.5.3).  

S(TE) = S(0)(1 − 2e
(− 

TR−
TE
2

T1
)

+ e
(
−TR

T1
)
)e

− 
TE

T2                                 (1.42) 

where 𝑆(𝑇𝐸) is the signal at time TE, 𝑆(0) is the signal at time TE = 0, and TR is the repetition 

time. If TE << TR, one can simplify Equation (1.42) to: 

S(TE) = S(0) (1 − e
(
−TR

T1
)
) e

−TE

T2                                               (1.43) 
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Figure 1.15: The PRESS sequence. PRESS acquires signal by using a double spin echo: a 90°-

180°-180° RF pulse sequence 74,75. During each of the 90° and 180° pulses, gradients in the x, y, 

and z direction are applied exclusively, resulting in voxel localization.  The total TE of the 

sequence is the sum of the first and second TEs. The signal is acquired from the second half of 

the spin echo.  

 

1.4.3  STEAM (STimulated Echo Acquisition Mode) 

 

 Figure 1.16 illustrates the STEAM pulse sequence 30. STEAM collects signal by using a 

stimulated echo from a 90°-90°-90° RF pulse sequence.  During each of the 90° pulses, gradients 

in the x, y, and z directions are applied exclusively. Just as in PRESS, each pulse affects spins in 

mutually orthogonal rectangular slabs.  The intersection of the 3 slabs is the voxel from which 

signal is obtained. The stimulated echo is formed at time TE + TM (mixing time). During the 

TM, the desired magnetization is stored as longitudinal magnetization 69, and crusher gradients 
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are applied to de-phase any undesired signal present in the transverse plane, particularly signal 

from imperfect pulses and  the additional spin-echoes.  Since STEAM uses 90° pulses rather than 

180° pulses, the minimum TE for STEAM is shorter than that for PRESS 69 as PRESS requires 

180° refocusing pulses (which may be longer due to power constraints) and spoiler gradients 

around the refocusing pulses.  The signal collected using STEAM, however, is less than that 

using PRESS since STEAM utilizes a stimulated echo instead of a spin echo 69.  

 Equation (1.44) expresses the signal acquired from STEAM as a function of TE, TM, and 

TR 77 in the absence of J-coupling (to be discussed in Section 1.5.3): 

S(TE) =  
S(0)

2
(1 − e

− 
TR−TM−

TE
2

T1 )e
− 
TM

T1 e
− 
TE

T2                                      (1.44) 

where 𝑆(𝑇𝐸) is the STEAM signal at time TE, and 𝑆(0) is the initial STEAM signal. When TE 

+ TM << TR, one can deduce: 

S(TE) =  
S(0)

2
(1 − e

− 
TR

T1) e
− 
TM

T1 e
− 
TE

T2                                        (1.45) 



34 

 

 

Figure 1.16: The STEAM sequence. STEAM acquires signal by using a stimulated echo utilizing 

a 90°-90°-90° RF pulse sequence 30. During each of the 90° pulses, gradients in the x, y, and z 

directions are executed synchronously, resulting in voxel localization. The stimulated echo is 

formed at time TE + TM. During the TM, the necessary magnetization is stored as longitudinal 

magnetization. Crusher gradients are applied to de-phase undesired signal present in the 

transverse plane, such as the unsought spin-echoes.  The signal collected using STEAM is half of 

that using PRESS (for uncoupled spins) since STEAM utilizes a stimulated echo instead of a 

spin echo.   

  

 



35 

 

1.4.4  Inversion Recovery 

 

 Inversion recovery (IR) sequences are typically used to either determine the T1 relaxation 

time of different tissues or materials, or to selectively null the signal from a particular tissue or 

protons resonating at a particular frequency 69.  A regular pulse sequence is preceded by a 180° 

inversion pulse.  This pulse rotates all magnetization (or the selected magnetization if the pulse is 

selective to a certain frequency) to the negative z-axis. Protons resonating at different 

frequencies regain their longitudinal magnetization along the positive z-axis at different rates, 

depending on their T1 relaxation rate. The T1 relaxation time of protons resonating at particular 

frequencies can thus be measured by applying this pulse and waiting different time periods 

(inversion delay times, TI) before applying the excitation pulse. Varying degrees of 

magnetization are excited to the transverse plane for each TI depending on how much 

longitudinal magnetization had recovered to the positive z-axis. The measured signal is plotted as 

a function of TI and the T1 relaxation time is estimated by fitting the plot to the following 

expression 57: 

𝑀𝑧 = 𝑀𝑜(1 − 2𝑒
−
𝑇𝐼

𝑇1)                                                       (1.46) 

where 𝑀𝑜 is the initial magnetization. Equation (1.46) can also be solved for the TI at which 

𝑀𝑧 = 0 for protons resonating at a particular frequency. This TI is the null time for those protons 

and is equivalent to 0.693 * T1 
57. One can apply the spin-echo, PRESS sequence, or any other 

sequence at the null time of protons that are desired to be suppressed.  Figure 1.17 displays the 

T1 relaxation recovery curves for protons and their corresponding null times.  
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Figure 1.17: T1 relaxation recovery curves for protons in an IR experiment. The signal from the 

protons would be suppressed at their respective null times.  Protons resonating at resonance 

frequency 2 have a longer T1 than protons resonating at frequency 1.  

 

1.5  The MRS Spectrum 

1.5.1  Obtaining the MRS Spectrum  

 

 As previously described, the time-dependence of the electromotive force is known as the 

free induction decay, or FID, and through the Fourier Transform yields a frequency spectrum. 

The FID contains information about the resonance frequencies and the abundance of protons in 

the experimental sample.  Figure 1.18 displays the steps in obtaining a MRS spectrum. As 

outlined formerly, the Fourier transform of a time-domain signal (𝑓(𝑡)) yields the angular 

frequency domain signal (𝐹(𝜔)) 57: 

𝐹(𝜔) = ∫ 𝑓(𝑡)𝑒−2𝜋𝑖𝜔𝑡𝑑𝑡
∞

−∞
                                              (1.47) 

 

The Fourier transformation yields both Lorentzian absorption and dispersion lines 63. The 

dispersion line has extensive tails which reduce the spectral resolution.  The spectrum is thus 

phased such that only the absorption component remains. The resonant frequency, height, and 
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area of each peak in the MRS spectrum can be measured.  The peak areas signify the relative 

abundance of the protons which resonate at their corresponding specific frequencies.  

 

 

Figure 1.18: Steps in obtaining an MRS spectrum. A 90°x RF pulse is applied to rotate the 

longitudinal magnetization to the transverse axis. The signal is acquired from the free induction 

decay (FID). A Fourier Transform is performed to obtain the MRS spectrum. Protons resonate at 

their corresponding resonant frequencies, 𝑣. The area beneath the peak represents the relative 

abundance of the proton.  

 

 Before the Fourier Transform is applied, some FIDs are Gaussian or exponentially 

multiplied in the time domain. This additional step enhances the SNR and/ or the spectral 

resolution of the spectrum depending on the chosen parameters 63.  Zero-filling can also be 

applied to improve the visual appearance of spectra and potentially enable improved 

quantification 78-80. Zero-filling involves artificially extending the FID by adding a string of 

points with no amplitude to the FID before applying the Fourier Transform, resulting in 

interpolation between acquired points in the spectrum 78,80.  

 

1.5.2  Chemical Shift 

 

 Nuclei in different environments will resonate at different frequencies, resulting in a 

spectrum like the one shown in Figure 1.19. This phenomenon is known as chemical shift. When 

an atom is in a magnetic field, its electrons circulate and create a small magnetic field that 

opposes the externally applied field 𝐵𝑜⃗⃗⃗⃗ . The actual field at the nucleus is therefore different than 

the applied field 57: 

𝐵 = 𝐵𝑜(1 − 𝜎)                                                       (1.48) 
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where 𝜎 is the dimensionless shielding constant. The resonance frequency depends on this 

magnetic field: 

𝜔 = 𝛾𝐵𝑜(1 − 𝜎)                                                  (1.49) 

 The electronic environment around each nucleus depends on the types of nuclei and 

bonds in the molecule and determines the chemical shift of that nucleus. The separation between 

peaks increases with increasing 𝐵𝑜. Higher field strengths thus provide a better spectral 

resolution. The chemical shift value (δ, in ppm) is given as 81: 

𝛿 =
𝑣−𝑣𝑟𝑒𝑓

𝑣𝑜
x106                                                  (1.50) 

where 𝑣 is the resonance frequency of the nucleus of interest, and 𝑣𝑟𝑒𝑓 is a reference frequency 

63. A common reference frequency is that of tretramethylsilane (TMS, Si(CH3)4). TMS is 

assigned a chemical shift value of 0. Chemical shift values are reported using Equation (1.50) to 

remove dependence on the applied field strength 𝐵𝑜⃗⃗⃗⃗ . Figure 1.19 illustrates the MRS spectrum 

for a fatty acid (linoleic acid). Peaks which have a higher chemical shift experience a higher 

local magnetic field (they are relatively less shielded) whereas peaks that have a lower chemical 

shift experience a lower local magnetic field (they are relatively more shielded). The chemical 

shift phenomenon makes it possible to use MRS to discern the molecular composition of subjects 

of interest, as nuclei in different electronic environments will appear as separate peaks. The 

calculated area beneath each peak is proportional to the relative abundance of the protons 

resonating at that frequency. MRS can also be used to deduce structural information about a 

molecule. For example, in Figure 1.19, the area beneath peak A is ideally 3/2 times the area 

beneath peak D because 3 A protons contribute to the signal for every 2 D protons in the 

molecule shown. In reality, with in-vivo MRS pulse sequences, differences in T2 relaxation rates 

of the protons, as well as effects due to a phenomenon called J-coupling (which will be reviewed 

in a later section) prevent accurate quantification. Chemical shift evolution is refocused using a 

spin echo (Section 1.3.9).   
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Figure 1.19: The MRS spectrum of the fatty acid linoleic acid at 3 T, indicating the different 

chemical shifts of each proton.  

 

1.5.3  J- Coupling 

 

 J-coupling causes peak splitting and signal amplitude and phase modulations as a 

function of time 63. Magnetically equivalent nuclei are chemically equivalent and also have the 

same magnetic resonance properties 82. The magnetic field of non—magnetically-equivalent 

adjacent protons (within 4 bonds) 63 alters the local magnetic field that each proton experiences 

through hyperfine interactions. This phenomenon is known as J-coupling, scalar coupling, or 

spin-spin coupling. The symbol 𝐽𝐴𝐵 denotes the J-coupling constant (Hz) between arbitrary 

coupled protons 𝐴 and 𝐵, and can be used to determine the strength of the coupling interaction 

using the ratio 63: 

 
𝐽𝐴𝐵

𝛿
                                                                       (1.51)  

where δ is the frequency difference between the two coupled protons in Hz. If the coupling 

strength is much greater than 1 then the protons are strongly coupled and their coupling 

behaviour is difficult to predict.  If the coupling strength is much less than 1, then the protons are 

weakly coupled 83. The behaviour of weakly coupled spins can be more easily predicted.  If a 
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proton is weakly coupled to n equivalent nuclei, the proton’s signal will be split into n+1 peaks, 

with peak intensities given by Pascal’s triangle (Figure 1.20).  The J-coupling constant is 

independent of the applied magnetic field magnitude 𝐵𝑜.  As seen in Equation (1.51), the 

coupling interaction becomes weaker as the magnitude 𝐵𝑜 increases (because the frequency 

difference between two protons increases).  

 

Figure 1.20: Pascal’s triangle. When a proton is coupled to n equivalent nuclei, the proton’s 

signal is split into n+1 peaks. The peak intensities are given by Pascal’s triangle.  

 Several conventions exist regarding J-coupled spins. To distinguish between weak and 

strong J-coupling, a lettering system is employed. Letters close together in the alphabet (like 𝐴 

and 𝐵) denote strongly coupled nuclei whereas letters far away in the alphabet (such as 𝐴 and 𝑋) 

denote weakly-coupled nuclei. The frequency or chemical shift is written as decreasing from left 

to right. Figure 1.21 displays the peak splitting due to J-coupling for several hypothetical 

scenarios. For reasons that will be explained shortly, the distance between peaks is always J Hz. 

At different field strengths, J-coupled peaks will therefore be located at different chemical shifts 

when using conventional spectra with axes in ppm.  



41 

 

 

Figure 1.21: Peak splitting for hypothetical coupling scenarios. The proton 𝑂 (resonant 

frequency 𝑣𝑂) is not coupled (left), weakly coupled to proton 𝑋 (top right), weakly coupled to 

two 𝑋 protons (middle right), or weakly coupled to protons 𝐵 and 𝑋 (bottom right). The relative 

areas of the peaks are per Figure 1.20. The distance between the peaks in Hz is also denoted 

using the appropriate J constant. Only the peaks for proton 𝑂 are shown. Half-sinusoids are used 

to represent Lorentzian lineshapes for illustration purposes.  

 As previously mentioned, the peak splitting occurs due to hyperfine interactions between 

nuclear and electron spins in the s-orbital. These interactions consider Fermi contact and the 

Pauli Exclusion Principle 63. Fermi contact refers to the relationship between a nucleus and a 

bound electron. S-orbital electrons have a non-zero electron density at the nucleus, leading to 

interactions that change the energy levels of the nucleus. An anti-parallel configuration of the 
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electron and nuclear spins is energetically favored. In the case of no coupling, only two different 

resonant frequencies arise (Figure 1.22) because electrons will be anti-parallel to their 

corresponding nucleus since that is the favorable state.  The only energy states possible are thus 

that of the nucleon (in 1H spectroscopy, the 1H proton) either aligned with 𝐵𝑜⃗⃗⃗⃗   (lower energy 

state) or against 𝐵𝑜⃗⃗⃗⃗  (higher energy state).  If coupling exists, the two nucleons will share an 

electron bond. The Pauli Exclusion Principle demands that only one spin-1/2 particle occupy a 

quantum state at a given time 63, requiring that both electrons in the bond are anti-parallel to each 

other. Configurations in which the electron is also anti-parallel to its nucleus are energetically 

favorable over configurations in which the electron is parallel to its nucleus. Figure 1.23 

illustrates how J-coupling changes the energy levels of the protons in a weakly coupled 𝐴𝑋 

system, yielding different resonant frequencies. Energy levels wherein the proton and electron 

spins for 𝐴 or 𝑋 are parallel are less favorable and thus gain energy of hJAX/4. The converse also 

holds. Since the energy of the levels is altered, the resonant frequency also changes, yielding the 

peak splitting.  
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Figure 1.22: Possible energy levels and corresponding resonant frequencies for an 𝐴𝑋 system 

with no coupling. The energy state aligned with 𝐵𝑜⃗⃗⃗⃗  is the lower energy state. Adapted from de 

Graaf 63.  
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Figure 1.23: Possible energy levels and corresponding resonant frequencies for an 𝐴𝑋 system 

with coupling. Energy levels where electrons for both 𝐴 and 𝑋 protons are anti-parallel to their 

corresponding protons have energy decreased by hJax/4. The converse also holds. Adapted from 

de Graaf 63.  

 

Figure 1.24 summarizes the energy levels and consequent resonant frequencies for 

uncoupled, weakly coupled, and strongly coupled 2-spin systems, including the limit where two 

protons have the same resonant frequency. In the case of strongly coupled systems, the states at 

the inner energy levels become mixed.  
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Parameters are defined below, where I is the intensity of the signal 83  

 

Figure 1.24: Energy levels and resulting resonant frequencies for uncoupled (J = 0, protons 𝐴 

and 𝑋), weakly coupled (J << Δv, protons 𝐴 and 𝑋) and strongly coupled (J ≈ Δv, protons 𝐴 and 

𝐵) spin systems. The limit is also shown where two protons are equivalent (Δv = 0). The α 

energy level is that aligned with 𝐵𝑜⃗⃗⃗⃗  (lower energy level) whereas the β energy level is that 

aligned against 𝐵𝑜⃗⃗⃗⃗ (higher energy level). For weakly coupled systems (J << ∆𝑣) or uncoupled 

systems (J = 0), simplifications are made (D ≈ 
∆𝑣

2
, Q ≈ 0), yielding the two left energy level 

diagrams.  Adapted from de Graaf 63,83. 

 

 Both strong and weak coupling lead to signal modulations as a function of time. This 

effect occurs because spins that precess with lower or higher frequency will become out of phase 
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with each other, leading to smaller, and potentially negative peaks. A spin echo sequence does 

not refocus the effects of J-coupling in a homonuclear spin system, resulting in signal 

modulations as a function of echo time. 

 

1.6  Product Operator Formalism 

1.6.1  The Vector Model 

 

 Product operator formalism can be used to assess the behavior of non-coupled and 

weakly-coupled spins to time or pulse sequences. The Vector Model visualizes the spins as 

vectors rotating during an MRS experiment. In order to be consistent with vector mathematical 

convention 63,83, all product operator mathematics will be demonstrated using counter-clockwise 

rotations. This convention seems to be more popular in the literature when deriving spin 

behavior. However, the mathematics can be derived using clockwise rotations as well 84,85 and 

yields the same end-result as long as the scientist is consistent and mindful of his or her chosen 

convention. In this thesis, the axes shown in Figure 1.25 will be used for demonstrations of 

product operator formalism.  

 

Figure 1.25: Axes used for product operator formalism illustrations.  
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1.6.2  Operators 

 

 In the field of quantum mechanics, operators denote observable quantities, including 

energy, angular momentum, and magnetization 84,85. In this demonstration, 𝐼𝑥, 𝐼𝑦, and 𝐼𝑧 will 

represent each corresponding component of the magnetization. The density operator, σ is the sum 

of the three operators 84: 

𝜎(𝑡) = 𝑎(𝑡)𝐼𝑥 + 𝑏(𝑡)𝐼𝑦 + 𝑐(𝑡)𝐼𝑧                                                     (1.52) 

 

1.6.3  Hamiltonians and the Equation of Motion 

  

 The density operator at time t, 𝜎(𝑡) for a spin system is calculated from 𝜎(0) using the 

Liouville Von Neuman Equation, also known as the equation of motion: 

𝜕𝜎

𝜕𝑡
= −

𝑖

ħ
[𝐻, 𝜎]                                                      (1.53) 

𝐻 is the relevant Hamiltonian and ħ is the constant, ℎ divided by 2𝜋. The solution to Equation 

(1.53) is: 

𝜎(𝑡) = 𝑒𝑥𝑝(−𝑖𝐻𝑡/ħ) 𝜎(0)𝑒𝑥𝑝 (𝑖𝐻𝑡/ħ)                                     (1.54) 

For pulses about the x and y axes: 

𝐻𝑝𝑢𝑙𝑠𝑒,𝑥 = −𝜔𝑅𝐹𝐼𝑥ħ                                                       (1.55) 

𝐻𝑝𝑢𝑙𝑠𝑒,𝑦 = −𝜔𝑅𝐹𝐼𝑦 ħ                                                     (1.56) 

where 𝜔𝑅𝐹 = 𝛾𝐵𝑅𝐹. For precession in 𝐵𝑜⃗⃗⃗⃗ ,  

𝐻𝑧 = −𝜔𝐼𝐼𝑧ħ                                                           (1.57) 

where 𝜔𝐼 represents the Larmor frequency of the corresponding spin 𝐼 in the spin system. Since 

spins have slightly different precessional frequencies (𝜔𝐼) due to chemical shift (Section 1.5.2), 

the Hamiltonian in Equation (1.57) denotes chemical shift evolution.  
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 Solving the equation of motion for an RF pulse involves using the following identity 84,85: 

𝑒𝑥𝑝(−𝑖𝜔𝑡𝐼𝑎) {𝑜𝑟𝑖𝑔𝑖𝑛𝑎𝑙 𝑜𝑝𝑒𝑟𝑎𝑡𝑜𝑟} 𝑒𝑥𝑝(𝑖𝜔𝑡𝐼𝑎)  = {𝑜𝑟𝑖𝑔𝑖𝑛𝑎𝑙 𝑜𝑝𝑒𝑟𝑎𝑡𝑜𝑟}𝑐𝑜𝑠(𝜔𝑡) +

{𝑛𝑒𝑤 𝑜𝑝𝑒𝑟𝑎𝑡𝑜𝑟}𝑠𝑖𝑛(𝜔𝑡)                                                                                                                    

                         (1.58) 

As seen in Equation (1.58), the angular momenta follow regular vector rotations 84,85.  Typically, 

a shorthand notation is used. For instance, 

𝜎(𝑡𝑛) = 𝑒𝑥𝑝(−𝑖𝜔𝐼𝑡𝑛𝐼𝑧) 𝜎(0)𝑒𝑥𝑝 (𝑖𝜔𝐼𝑡𝑛𝐼𝑧)                                        (1.59) 

would be written as: 

𝜎(0)
𝜔𝐼𝑡𝑛𝐼𝑧
→    𝜎(𝑡𝑛)                                                             (1.60) 

when propagating product operator formalism. Table1.1 and Table 1.2 display the solutions to 

Equation (1.58) for RF pulses and for chemical shift evolution during free precession in 𝐵𝑜⃗⃗⃗⃗ , 

respectively.  

Table 1.1: Response of spins to RF pulses (with phase indicated).   

Spin Hamiltonian Solution 

 −𝝎𝑹𝑭𝑰𝒙ħ    

𝐼𝑥 → 𝐼𝑥 

𝐼𝑦 → 𝐼𝑦 cos(𝜔𝑅𝐹𝑡) + 𝐼𝑧sin (𝜔𝑅𝐹𝑡) 

𝐼𝑧 → 𝐼𝑧 cos(𝜔𝑅𝐹𝑡) − 𝐼𝑦sin (𝜔𝑅𝐹𝑡) 

 −𝝎𝑹𝑭𝑰𝒚ħ    

𝐼𝑥 → 𝐼𝑥𝑐𝑜𝑠(𝜔𝑅𝐹𝑡) − 𝐼𝑧sin (𝜔𝑅𝐹𝑡) 

𝐼𝑦 → 𝐼𝑦 

𝐼𝑧 → 𝐼𝑧 cos(𝜔𝑅𝐹𝑡) + 𝐼𝑥sin (𝜔𝑅𝐹𝑡) 
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Table 1.2: Response of spins to chemical shift evolution during free precession in 𝐵𝑜⃗⃗⃗⃗  (𝑯 =

−𝝎𝑰𝑰𝒛ħ). 

Spin Hamiltonian Solution 

 −𝝎𝑰𝑰𝒛ħ  

𝐼𝑥 → 𝐼𝑥𝑐𝑜𝑠(𝜔𝐼𝑡) + 𝐼𝑦sin (𝜔𝐼𝑡) 

𝐼𝑦 → 𝐼𝑦 cos(𝜔𝐼𝑡) − 𝐼𝑥sin (𝜔𝐼𝑡) 

𝐼𝑧 → 𝐼𝑧 

 

1.6.4  Product Operator Formalism for Two Spins 

 

 The previous parts of this section considered a single proton 𝐼, with vector operators 

𝐼𝑥, 𝐼𝑦, and 𝐼𝑧. For two spins 𝐼 and 𝑆, the additional operators 𝑆𝑥, 𝑆𝑦, and 𝑆𝑧 are also required, as 

are anti-phase (non-observable magnetization) terms: 2𝐼𝑥𝑆𝑧, 2𝐼𝑦𝑆𝑧, 2𝐼𝑧𝑆𝑥, 2𝐼𝑧𝑆𝑦 85. The notation 

demands that the operator  2𝐼𝑥𝑆𝑧 (for example) is referred to as spin 𝐼 anti-phase with respect to 

spin 𝑆 (i.e. the non z spin is considered anti-phase to the z spin). RF pulses are propagated 

through the multi-spin system using the same rules described in the previous section. The RF 

pulse rotations for the anti-phase terms are summarized in Table 1.3.  
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Table 1.3: Response of anti-phase spins to RF pulses (with phase indicated). 

Spin Hamiltonian Solution 

 −𝝎𝑹𝑭𝑰𝒙ħ   

2𝐼𝑥𝑆𝑧 → 2𝐼𝑥𝑆𝑧 

2𝐼𝑦𝑆𝑧 → 2𝐼𝑦𝑆𝑧 cos(𝜔𝑡) + 2𝐼𝑧Szsin (𝜔𝑡) 

2𝐼𝑧𝑆𝑥 → 2𝐼𝑧𝑆𝑥 cos(𝜔𝑡) − 2𝐼𝑦Sxsin (𝜔𝑡) 

2𝐼𝑧𝑆𝑦 → 2𝐼𝑧𝑆𝑦 cos(𝜔𝑡) − 2𝐼𝑦Sysin (𝜔𝑡) 

 −𝝎𝑹𝑭𝑰𝒚ħ    

2𝐼𝑥𝑆𝑧 → 2𝐼𝑥𝑆𝑧𝑐𝑜𝑠(𝜔𝑡) − 2𝐼𝑧Szsin (𝜔𝑡) 

2𝐼𝑦𝑆𝑧 → 2𝐼𝑦𝑆𝑧 

2𝐼𝑧𝑆𝑥 → 2𝐼𝑧𝑆𝑥 cos(𝜔𝑡) + 2𝐼𝑥Sxsin (𝜔𝑡) 

2𝐼𝑧𝑆𝑦 → 2𝐼𝑧𝑆𝑦 cos(𝜔𝑡) + 2𝐼𝑥Sysin (𝜔𝑡) 

 −𝝎𝑹𝑭𝑺𝒙ħ    

2𝐼𝑥𝑆𝑧 → 2𝐼𝑥𝑆𝑧𝑐𝑜𝑠(𝜔𝑡) − 2𝐼𝑥Sysin (𝜔𝑡) 

2𝐼𝑦𝑆𝑧 → 2𝐼𝑦𝑆𝑧 cos(𝜔𝑡) − 2𝐼𝑦Sysin (𝜔𝑡) 

2𝐼𝑧𝑆𝑥 → 2𝐼𝑧𝑆𝑥 

2𝐼𝑧𝑆𝑦 → 2𝐼𝑧𝑆𝑦 cos(𝜔𝑡) + 2𝐼𝑧𝑆𝑧sin (𝜔𝑡) 

 −𝝎𝑹𝑭𝑺𝒚ħ    

2𝐼𝑥𝑆𝑧 → 2𝐼𝑥𝑆𝑧𝑐𝑜𝑠(𝜔𝑡) + 2𝐼𝑥𝑆𝑥sin (𝜔𝑡) 

2𝐼𝑦𝑆𝑧 → 2𝐼𝑦𝑆𝑧cos (𝜔𝑡) + 2𝐼𝑦𝑆𝑥sin (𝜔𝑡) 

2𝐼𝑧𝑆𝑥 → 2𝐼𝑧𝑆𝑥 cos(𝜔𝑡) − 2𝐼𝑧𝑆𝑧sin (𝜔𝑡) 

2𝐼𝑧𝑆𝑦 → 2𝐼𝑧𝑆𝑦 

 

 Free precession in 𝐵𝑜⃗⃗⃗⃗  is more complex in a coupled system; using Equations (1.57) and 

(1.58) is inadequate.  In addition to the standard free precession Hamiltonians that account for 

chemical shift evolution, the coupling Hamiltonian must also be considered 83: 

𝐻𝐽 = 2𝜋𝐽𝐼𝑆𝐼 ∙ 𝑆                                                           (1.61) 

For weakly coupled systems only, Equation (1.61) can be simplified to 83: 

𝐻𝐽 = 2𝜋𝐽𝐼𝑆𝐼𝑧𝑆𝑧                                                              (1.62) 
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Similar to the single spin system, the Equation of Motion is solved using the identity:  

 

𝑒𝑥𝑝(−𝑖𝐻𝐽𝑡) {𝑜𝑟𝑖𝑔𝑖𝑛𝑎𝑙 𝑜𝑝𝑒𝑟𝑎𝑡𝑜𝑟} 𝑒𝑥𝑝(𝑖𝐻𝐽𝑡)   =  {𝑜𝑟𝑖𝑔𝑖𝑛𝑎𝑙 𝑜𝑝𝑒𝑟𝑎𝑡𝑜𝑟}𝑐𝑜𝑠(𝜋𝐽𝐼𝑆𝑡) +

{𝑛𝑒𝑤 𝑜𝑝𝑒𝑟𝑎𝑡𝑜𝑟}𝑠𝑖𝑛(𝜋𝐽𝐼𝑆𝑡)                                                                                                      (1.63) 

 The new operator is determined from commutation relations for spin  84,85. Table 1.4 

displays the solutions to Equation (1.63) for coupling evolution in 𝐵𝑜⃗⃗⃗⃗ . Figure 1.26 illustrates 

signal modulation for a 2-spin weakly coupled system. For the IS system shown in the figure, in-

phase coherence ±𝐼𝑦 exists at times that are multiples of 
1

𝐽
 whereas anti-phase coherences 

±2𝐼𝑥𝑆𝑧 exist at timings that are odd multiples of 
1

2𝐽
. The small peaks seen when the signal is anti-

phase are attributed to some anti-phase coherences evolving into in-phase (observable) 

coherences during the signal acquisition period 63,83,86. 

Table 1.4: Response of coupled spins under J-coupling Hamiltonian. 

Spin Hamiltonian Solution 

 𝟐𝝅𝑱𝑰𝑺𝑰𝒛𝑺𝒛  

𝐼𝑥 → 𝐼𝑥 cos(𝜋𝐽𝐼𝑆𝑡) + 2𝐼𝑦𝑆𝑧sin (𝜋𝐽𝐼𝑆𝑡) 

𝐼𝑦 → 𝐼𝑦 cos(𝜋𝐽𝐼𝑆𝑡) − 2𝐼𝑥Szsin (𝜋𝐽𝐼𝑆𝑡) 

𝐼𝑧 → 𝐼𝑧 

2𝐼𝑥𝑆𝑧 → 2𝐼𝑥𝑆𝑧 cos(𝜋𝐽𝐼𝑆𝑡) + 𝐼𝑦sin (𝜋𝐽𝐼𝑆𝑡) 

2𝐼𝑦𝑆𝑧 → 2𝐼𝑦𝑆𝑧 cos(𝜋𝐽𝐼𝑆𝑡) − 𝐼𝑥sin (𝜋𝐽𝐼𝑆𝑡) 

2𝐼𝑧𝑆𝑥 → 2𝐼𝑧𝑆𝑥 cos(𝜋𝐽𝐼𝑆𝑡) + 𝑆𝑦sin (𝜋𝐽𝐼𝑆𝑡) 

2𝐼𝑧𝑆𝑦 → 2𝐼𝑧𝑆𝑦 cos(𝜋𝐽𝐼𝑆𝑡) − 𝑆𝑥sin (𝜋𝐽𝐼𝑆𝑡) 
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Figure 1.26 Signal modulation for a weakly coupled 𝐼𝑆 system 83. In-phase coherence ±𝐼𝑦 exists 

at times that are multiples of 
1

𝐽
 whereas anti-phase coherences ±2𝐼𝑥𝑆𝑧 exist at timings that are 

odd multiples of 
1

2𝐽
. The small activity seen when the signal is anti-phase is a result of some anti-

phase coherences evolving into in-phase (observable) coherences during the signal acquisition 

period 63,83,86. These are exaggerated in size in the figure for visibility.  
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 As seen in Table 1.2, multiple quantum coherences also exist, but are not observable: 

2𝐼𝑥𝑆𝑦, 2𝐼𝑦𝑆𝑥, 2𝐼𝑥𝑆𝑥, 2𝐼𝑦𝑆𝑦. These correlations evolve among themselves while precessing about 

𝐵𝑜⃗⃗⃗⃗ , but, in the absence of pulses, do not interconvert with other classes of correlations or with 

observable coherences 85. Unlike anti-phase coherences which can evolve to observable 

magnetization with free precession, the multiple quantum coherences do not evolve to 

observable magnetization with free precession about 𝐵𝑜⃗⃗⃗⃗ . The term  2𝐼𝑧𝑆𝑧 corresponds to a non-

equilibrium population distribution and is also not observable 84,85. It is relevant that a factor of 

two is present in the terms for anti-phase terms and multiple quantum coherences. For example, 

𝐼𝑥 is converted to 2𝐼𝑦𝑆𝑧 when 𝑡 =
1

2𝐽
 85. This factor is utilized because the magnetization 

components for individual spins have values of 1/2 or −1/2, whereas the correlations have values 

of 1/4 or −1/4. The factor of two ensures mathematical consistency in calculations 85. 

 The evolution of a strongly coupled system is much more difficult to calculate because 

the full extent of Equation (1.61) must be accounted for and propagated through in the 

mathematics 87,88. A density matrix computation is therefore often utilized 85.  

 

1.7  J-Coupling Evolution During PRESS and STEAM Pulse Sequences 

  

 J-coupling interactions affect the peak shapes and intensities during PRESS and STEAM 

pulse sequences 89-92. As seen in the previous section, the J-coupling evolution for a weakly-

coupled system can be described mathematically. For a spin-echo experiment, such as PRESS, 

the evolution of a weakly coupled 𝐴𝑋 system is represented by an in-phase coherence (𝐴𝑥), and 

an anti-phase coherence (2𝐴𝑦𝑋𝑧), where the axes were chosen arbitrarily 83. As previously 

described, a spin-echo sequence refocuses chemical shift evolution. Thus, only the effects of T2 

relaxation and J-coupling evolution remain for the response of magnetization to a PRESS 

sequence 83: 

𝐴𝑥 = (𝐴𝑥 𝑐𝑜𝑠(𝜋𝐽𝐴𝑋𝑇𝐸) + 2𝐴𝑦𝑋𝑧 𝑠𝑖𝑛(𝜋𝐽𝐴𝑋𝑇𝐸))𝑒
−
𝑇𝐸

𝑇2                     (1.64) 

 𝐽𝐴𝑋 is the coupling constant between spins 𝐴 and 𝑋.  Equation (1.64) shows that the signal 

evolution for 𝐴 during a PRESS sequence follows a standard sinusoidal modulation. In PRESS, 
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the behavior of weakly coupled spins is only affected by the total TE (sum of TE1 and TE2), 

whereas the expression for strongly coupled spins is impacted by each individual TE 63. For 

STEAM, the net observable signal for spin 𝐴 in a 𝐴𝑛𝑋 spin system is given by 83: 

 

𝑆(𝑇𝐸 + 𝑇𝑀) =  
1

2
(𝑐𝑜𝑠2 (

𝜋𝐽𝐴𝑋𝑇𝐸

2
) − 

1

2
𝑠𝑖𝑛2 (

𝜋𝐽𝐴𝑋𝑇𝐸

2
) [1 −

𝑐𝑜𝑠𝑛−1 (
𝜋𝐽𝐴𝑋𝑇𝐸

2
)  𝑐𝑜𝑠 (

∆𝜔𝐴𝑋𝑇𝐸

2
)]  𝑐𝑜𝑠𝑛−1(𝜋𝐽𝐴𝑋𝑇𝑀) 𝑐𝑜𝑠(∆𝜔𝐴𝑋𝑇𝑀)       (1.65) 

where ∆𝜔𝐴𝑋is the frequency difference between spins 𝐴 and 𝑋. The first term represents 𝐴 

magnetization that was along the longitudinal axis during the TM. The second term emerges 

from zero quantum coherences (a type of multiple quantum coherence) during the TM period 63.  

 

1.8  Other Factors that Affect Signal Response to a PRESS or STEAM Sequence 

 

 Section 1.7 described how J-coupling can affect signal response to a PRESS or STEAM 

sequence, in addition to T2 relaxation effects. Other factors must also be considered when 

predicting or analyzing signal response.  Imperfect-shaped pulses can impact spin response 89,93. 

A perfectly rectangular shape is impossible to create because it would require a temporal sinc 

pulse that is infinite. Thus, the sinc pulse is truncated, yielding irregularities and an imperfect 

slice-selection shape, affecting the spin response 89,93. Furthermore, the chemical shift 

displacement artifact is also problematic 83,94. For example, a slice excited using the PRESS 

pulse sequence has a dimension of 83: 

∆𝑥 =  
𝐵𝑊

𝐺
                                                                       (1.66) 

in each direction (cm), where BW is the bandwidth (Hz) and G is the gradient strength (Hz/cm). 

Consequently, a chemical shift difference of ∆δ (Hz) between spins will cause a slice to be 

shifted away from the central location by 휀 83: 

휀 = ∆𝑥
∆𝛿

𝐵𝑊
                                                                   (1.67) 
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The combined PRESS signal, instead of being formed from both spins 𝐴 and 𝑋 experiencing all 

pulses, is now composed from weighted signals from each of the regions. Figure 1.27 illustrates 

the voxel shift displacement artifact for two 180° pulses during a PRESS sequence.  

 

Figure 1.27: The voxel shift displacement artifact in two dimensions for a PRESS sequence. The 

solid line represents the localized volume of spin 𝐴 and the dotted line the localized volume of 

spin 𝑋 during the 180° refocusing pulses. Adapted from deGraaf  83.   

 

1.9 Spectral Editing 

  

 The objective of spectral editing is to differentiate overlapped signal peaks. Many 

spectral editing methods exploit differences in J-coupling evolution of various spins. For 

instance, the TE values of PRESS can be chosen in such a manner that the J-coupling modulation 

of a contaminant proton yields minimal signal in synchronization with the desired proton 

yielding sufficient signal 95. Another method is to exploit different T2 relaxation times of certain 

protons. For example, using a long TE reveals signals from protons with a long T2 relaxation 

time that would otherwise be concealed by peaks with a shorter T2 using a short TE 18,26,27.  

Utilizing a longer TE can also yield improved spectral resolution of some desired peaks 20,44.  
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1.10  High Field MRS  

 

 MRI machines used in the clinic are typically 1.5 T to 3 T; however, studies have used 

high field strengths to study fat composition in animals 33-37,39 , and some research has been done 

in humans at  7 T 23,24,38. Since higher field strength magnets generally require a smaller bore to 

obtain sufficient homogeneity, they are often only used for small animal experiments.  One main 

advantage of using a higher magnetic field is a higher SNR. The SNR increases about linearly 

with higher field strength 31,32.  This proportionality can be explained using Faraday’s Law 66. As 

previously mentioned, the MRS voltage 𝑉 is proportional to the rate of change of the magnetic 

field flux 𝛹 induced by the rotating magnetization 69,96: 

𝑉 = −
𝑑(𝛹)

𝑑𝑡
= −∫

𝑑(
𝐵1
𝐼
∙𝑀𝑇)

𝑑𝑡
𝑑𝑉𝑠~

𝑑(𝑀𝑜𝑒
−𝑖𝜔𝑜𝑡)

𝑑𝑡
= −𝑖𝑀𝑜𝜔𝑜𝑒

−𝑖𝜔𝑜𝑡                   (1.68) 

where 𝑀𝑇 is the magnitude of the magnetization moments per volume in the transverse plane 

(Ampères/meter), 𝑉𝑠 is the volume sample (meters3), and 
𝐵1

𝐼
 is the magnetic field per unit current 

of the coil (Tesla/Ampères). For a 90° rotation, the magnitude of the transverse magnetization 

𝑀𝑇 = 𝑀𝑜𝑒
−𝑖𝜔𝑜𝑡 96.  Each of 𝑀𝑜 and 𝜔𝑜, as shown in Section 1.2, are proportional to 𝐵𝑜. For in-

vivo MRS, the noise is mainly due to the subject as opposed to electronics. Consequently, the 

noise voltage depends on √𝑅, where 𝑅 is the resistance of the subject that is sensed by the coil 97, 

and is proportional to 𝐵𝑜
2, yielding a 𝐵𝑜 dependency for SNR.  

  Another advantage of high field MRS is improved spectral resolution. Equation (1.50) in 

Section 1.5.2 demands that the difference in frequency between protons with different chemical 

shifts increase with field strength; thus peaks are more separable using a higher field strength. 

Using higher magnetic field strengths also poses disadvantages. Magnetic field inhomogeneities 

and susceptibility effects increase with increasing field strength 31, leading to reduced T2
* 

relaxation times and consequently larger linewidths as indicated in Figure 1.8 31.  
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2.1  Fatty Acids 

2.1.1  Fatty Acid Structures 

 

 Fatty acids comprise fats, oils, and waxes 1. These structures are mostly insoluble in 

water, but soluble in non-polar organic solvents. Fatty acids are mainly used in the body to store 

energy as either fat deposits, adipose tissue or cell membranes. Fatty acids are mainly composed 

of carbon (C), hydrogen (H), and oxygen (O) Figure 2.1 depicts a fatty acid (linoleic acid) 1. The 

fatty acid comprises of a carboxyl group (COOH) at one end and a methyl (CH3) group at the 

other end.  In the body, three fatty acids are attached to a glycerol backbone to form a 

triglyceride 2, as depicted in Figure 2.2, where R denotes the attached fatty acids.  

 

Figure 2.1: Molecular structure of linoleic acid, a di-unsaturated fatty acid 

 

Figure 2.2: Molecular structure of a triglyceride, where ‘R’ denotes the attached fatty acids. 

 

2.1.2  Saturated Fatty Acids 

 

 Figure 2.3 displays examples of the fatty acids found in adipose tissue. Saturated fatty 

acids (SFA) have no double bonds between carbon atoms. In the body, the saturated fatty acids 

consist primarily of palmitic acid 3-5. Palmitic acid is displayed as the first fatty acid in Figure 

2.3. Saturated fatty acids make up about 28% of fatty acid content in human adipose tissue 3-5. 
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2.1.3  Unsaturated fatty acids 

  

 Unsaturated fatty acids have at least 1 double bond between carbon atoms. Mono-

unsaturated fatty acids (MUFA) have one double bond and constitute about 51% of human 

adipose tissue 3-5. The second structure shown in Figure 2.3 is oleic acid, which is the primary 

mono-unsaturated fatty acid in humans 3-5. If unsaturated fatty acids have more than one double 

bond, they are referred to as poly-unsaturated fatty acids (PUFA). Di-unsaturated fatty acids 

have two double bonds and form about 14% of human adipose fat content 3-5. Di-unsaturated 

fatty acids are mostly linoleic acid in adipose tissue 3-5. The latter is depicted in Figure 2.3. Tri-

unsaturated fatty acids have three double bonds and are about 1% of human fat content 3-5. Oleic 

acid is an omega-9 fatty acid because the 1st carbon-to-carbon double bond is at the 9th carbon 

from the methyl 1.  Likewise, linoleic acid is an omega-6 fatty acid and linolenic acid is an as 

omega-3 fatty acid due to the positions of their 1st double bond. Other ω-3 fatty acids of higher 

degree of un-saturation (docosahexaenoic acid and eicosapentaenoic acid)  make up less than 

0.5 % of the total fatty acid content 3.  
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Figure 2.3: Molecular structure of several fatty acids. Palmitic acid is saturated, oleic acid is 

mono-unsaturated, linoleic acid is di-unsaturated, and linolenic acid is tri- unsaturated. Oleic acid 

is an ω-9 fatty acid, whereas linoleic acid and linolenic acid are ω-6 and ω-3 fatty acids, 

respectively. The double bonds are denoted in circles.  
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2.2  MRS of Fatty Acids 

2.2.1  Chemical Shift of Relevant Protons 

 

 The concept of chemical shift was introduced in Chapter 1 and is exploited in fat 

composition quantification with MRS. Figure 2.4 displays the spectrum obtained from linoleic 

acid using STEAM (STimulated Echo Acquisition Mode) with a TE (echo time) of 20 ms and a 

TM (mixing time) of 20 ms at 3 T. The bulk methylene (CH2) protons resonate at approximately 

1.3 ppm. The allylic methylene (CH=CH-CH2-) protons resonate at ≈ 2.0 ppm and the diallylic 

methylene (CH=CH-CH2-CH=CH) protons resonate at ≈ 2.8 ppm. The olefinic protons 

(CH=CH) resonate at ≈ 5.4 ppm. The methyl groups of saturated fatty acids, oleic acid and 

linoleic  acids resonate at 0.823 ppm, 0.823 ppm and 0.839 ppm, respectively 6. The methyl 

groups of all three fatty acids have J-coupling interactions with their 1.3 ppm methylene 

neighbours 7.  In contrast, the methyl protons of ω-3 fatty acids resonate at about 0.925 ppm 6 

and are coupled to their  2.0 ppm allylic protons 7. At 9.4 T, both methyl groups are weakly-

coupled to their corresponding neighbors. At 3 T, the ω-3 methyl protons undergo a weaker 

coupling interaction compared to the non-ω-3 methyl protons, leading to differences in J-

coupling behaviour between ω-3 and non-ω-3 methyl protons.  All unsaturated fatty acids will 

contribute to the olefinic peak. Each di-unsaturated fatty acid and tri-unsaturated fatty acid will 

contribute twice and three times as much signal, respectively, as a mono-unsaturated fatty acid to 

the olefinic peak. Di-unsaturated and tri-unsaturated fatty acids will also contribute to the 

diallylic peak. Each tri-unsaturated fatty acid will contribute twice as much area than each di-

unsaturated fatty acid. The area of the bulk methylene peak will be proportional to the average 

chain length of all the fatty acids in a given sample. All fatty acids should contribute the same 

signal to the methyl peak, regardless of saturation level or chain length, making the methyl 

proton an effective normalization factor 8.  The various fat peaks are utilized in several different 

ways for fat composition assessment. The protons of the glycerol backbone also yield 

characteristic peaks and have been utilized to study relative free fatty acid (versus triglyceride) 

levels 9. The protons of the central carbons resonate at ≈ 5.2 ppm 10 and those of the outer 

carbons resonate at 4.1 ppm and 4.3 ppm 10. Chapter 3 of this thesis is focused on sequence 

optimization involving the methyl protons at 9.4 T. Chapters 4 pertains to sequence optimization 

based on signal from  the methyl and olefinic protons at 3 T. In Chapter 5, measurements of the 
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methyl, olefinic, diallylic, and methylene protons are obtained at 3 T. Chapter 6 optimizes 

sequences for olefinic quantification and minimizing glycerol (middle carbon) proton signal.  

 

Figure 2.4: MRS spectrum of linoleic acid acquired using STEAM TE= 20 ms (TM= 20 ms) at 3 

T. The bulk methylene (CH2) protons resonate at 1.3 ppm. The allylic methylene (CH=CH-CH2-) 

protons resonate at ≈ 2.0 ppm and the diallylic methylene (CH=CH-CH2-CH=CH) protons 

resonate at ≈ 2.8 ppm. The olefinic protons (CH=CH) resonate at ≈ 5.4 ppm.  

 

2.2.2  Signal Evolution of the Fat Protons 

 

 All protons in fatty acids are involved in J-coupling interactions 11-14.  Figure 2.5 

illustrates the J coupling interactions in the fatty acid chains at 3 T. At 9.4 T, coupling strengths 

are weaker accordingly as described in Chapter 1.  The most relevant proton interactions in this 

thesis are those of the methylene, olefinic, and methyl protons. The 1.3 ppm methylene protons 

are coupled to the 0.9 ppm methyl protons (J = 6.9 Hz 11, J/δ ≈ 0.04 at 9.4 T, J/δ ≈ 0.1 at 3 T) in 

non-ω-3 fatty acids, and the 2.0 ppm allylic protons (J =  7.1 Hz 14, J/δ ≈ 0.03 at 9.4 T, J/δ ≈ 0.08 

at 3 T). The 1.3 ppm methylene protons are also coupled to the 1.6 ppm methylene protons (J = 

7.1 Hz 14, J/δ ≈ 0.06 at 9.4 T, J/δ ≈ 0.2 at 3 T).  The 5.4 ppm olefinic protons are coupled to each 
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other (J ≈ 16.3 Hz 15, J/δ ≈ 0.08 at 9.4 T, J/δ ≈ 0.3 at 3 T) and coupled to their neighboring 2.0 

ppm and 2.8 ppm protons (J = 7 Hz 15, J/δ ≈ 0.005 at 9.4 T, J/δ ≈ 0.02 at 3 T). As previously 

described, the methyl groups of saturated fatty acids, oleic acid, and linoleic acid are involved in 

J-coupling interactions with their 1.3 ppm methylene neighbours 7 whereas the methyl protons of 

ω-3 fatty acids are coupled to their neighbouring  2.0 ppm allylic protons ( J = 7.5 Hz 13, J/δ ≈ 

0.02 at 9.4 T, J/δ ≈ 0.05 at 3 T). The glycerol CH protons (≈ 5.2 ppm) on triglyceride backbones 

also undergo J-coupling interactions. They are coupled to the methylene glycerol protons that 

resonate at 4.1 ppm an 4.3 ppm 10. This coupling interaction will be explored further in Chapter 

6.   
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Figure 2.5: J-coupling interactions in adipose fatty acids. Values of  
𝐽

𝛿
 are shown for 3 T.  
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2.3  General MRI Hardware 

2.3.1  Basic MR Scanner 

 

 Figure 2.6 displays the cross-section of a cylindrical MRI scanner. These scanners use a 

super-conducting solenoid magnet which yields a horizontal 𝐵𝑜⃗⃗⃗⃗  field. A cylindrical cryostat is 

used to maintain superconductivity. The coils are submerged in helium. A nitrogen outer shell 

reduces helium boil-off for the 9.4 T magnet in this work. For the 3 T magnet, a cold head re-

condenses helium gas to liquid to prevent it from burning off. Gradient coils are multi-faceted 

inside the cylindrical magnet. As mentioned in Chapter 1, the gradient field alters the main 

magnetic field in a predictable way and can be used for selecting 3D voxels in spectroscopy. A 

current is delivered to the gradient coils to form a secondary magnetic field.  In standard 

cylindrical magnets, gradients are produced by coils winded on a coaxial cylindrical surface. 

Figure 2.7 displays a Maxwell pair, which is used to create a gradient in the z direction. Shim 

coils are also layered within the cylindrical magnet. The shim coils are used for correcting field 

inhomogeneities. Passive shims consist of magnetic materials strategically placed in appropriate 

locations at the set-up of the magnet. Active shims are coil windings that deliver a current to 

create additional magnetic fields that compensate for the inhomogeneities of the original field. 

The RF coil is closest to the MRI subject and transmits and receives the MR signal, unless a 

different coil (such as a surface coil or birdcage head coil) is used instead (Section 1.3.4). The 

MRI scanner is shielded from its surroundings through either passive shielding, such as a steel 

RF shield, or active shielding. The latter consists of constructing electrical windings that create 

their own magnetic field to negate the main magnetic field where it is not needed.  
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Figure 2.6: Cross-section of a standard cylindrical MRI scanner, indicating the positions of the 

RF body coil, shim and gradients coils, and the superconducting magnet. 

 

Figure 2.7: A Maxwell Pair used to create a gradient in the z-direction.  

 

2.3.2  The RF Transmit Chain 

 

 The transmit chain amplifies the RF signal created by the spectrometer and guides it to 

the RF coil (Figure 2.8) 16. A power monitoring unit accounts for patient safety by sampling 

forward and reflected power at the amplifier’s output to supervise the specific absorption rate 

(SAR) 16.  A transmit/receive switch is used to isolate one of the modes if a coil can be used for 

both transmission and reception 17.  Impedance matching is performed at either end of a 

transmission line for highest energy transfer between the coil and subject 17.  
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Figure 2.8: Steps in the RF Transmit Chain.   

 

2.3.3  Quadrature Mode  

 

 Quadrature mode or transmission is used to reduce power waste or ameliorate coil 

sensitivity. It is formed using two independent linearly-polarized coils at two connections with a 

90° phase shift in the sinusoidal electrical current delivered 17. Driving equal powers to each 

connection yields double the 𝐵1⃗⃗⃗⃗  field magnitude compared to only using the original linearly-

polarized coil. This change yields a √2 increase in sensitivity 17,18. Volume coils can be driven in 

quadrature mode but surface coils can only be driven linearly; thus quadrature mode is an added 

advantage of using a volume coil.  

 

2.3.4  The RF Receive Chain 

 

 As described in Chapter 1, MR signal detection requires an RF coil tuned to the Larmor 

frequency of the spins system. A voltage is induced by Faraday’s Law of Induction from the 

precessing magnetization. The Signal to Noise Ratio (SNR) was described in Chapter 1, and can 

be calculated in experiments as the average signal intensity over the standard deviation of the 

noise 19. Equation 1.16 in Chapter 1 describes the magnetization vector for a spin ½ system as 20: 

𝑀𝑜 =
𝛾2ħ2𝑁𝐵𝑜

4𝑘𝑇
                                                            (2.1) 

Equation 1.68 in Chapter 1 also indicates that the voltage signal,𝑉, depends on this 

magnetization: 

𝑉~
𝑑(𝑀𝑜𝑒

−𝑖𝜔𝑜𝑡)

𝑑𝑡
= −𝑖𝑀𝑜𝜔𝑜𝑒

−𝑖𝜔𝑜𝑡                                   (2.2) 
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Chapter 1 specified that signal increases with voxel volume  17. The signal also relies on the 

reception quality of the coil, or its ability to induce EMF from the magnetic flux in the coil, 𝐵𝑇 

21. Acquiring more averages in MRS also yields increasing signal, linearly with the number of 

averages 𝑁𝐴𝑉𝐸 17. The factors described above affect signal. The other important parameter for 

SNR is the noise. The dominant noise in MRI arises from ions within the subject. The ions 

constitute shifting magnetic fields that are sensed by the reception coil 22. This ionic motion is 

arbitrary and yields a frequency spectrum that includes all frequencies within the bandwidth 

(BW) of the MRI study. The standard deviation of this noise (𝑉𝑁) indicates how the signal 

changes due to noise (Equation (2.3)) 17. Since the ionic movement is random, the standard 

deviation of the noise is effected by temperature (Equation (2.3)) 23,24: 

 

𝑉𝑁~(𝐵𝑊)
1/2(4𝑘𝑇)1/2                                                     (2.3) 

In Equation (2.3), 𝑘 is the Boltzmann constant and 𝑇 is the temperature. Section 1.10 described 

that the noise standard deviation is also proportional to √𝑅 22 (𝑅 is resistance) and 𝑅 is 

proportional to 𝐵𝑜
2 in in-vivo MR systems 22. This relationship differs in experiments where coil 

noise dominates, like with NMR of small chemical samples 22. The noise also increases with the 

number of averages but it is not correlated between measurements. Aggregating the random 

noise yields a 𝑁𝐴𝑉𝐸
1/2

 increase in the standard deviation of the noise 17. Considering all these 

factors, the SNR can be written as 17,20,22-24: 

𝑆𝑁𝑅 =
𝑉

𝑉𝑁
~
𝑀𝑜𝜔𝑜(𝑣𝑜𝑥𝑒𝑙 𝑣𝑜𝑙𝑢𝑚𝑒)𝐵𝑇𝑁𝐴𝑉𝐸

1/2

√4𝑘𝑇(𝐵𝑊)𝑅
                                           (2.4) 

where 𝐵𝑇 is the coil’s capacity to produce EMF from the magnetic flux in the coil. Due to 

reciprocity 21, maximizing 𝐵𝑇 is equivalent to maximizing it’s transmit sensitivity. 

   In addition to the coil, the NMR signal is processed through several other devices 

(including amplification devices) in the receive chain before it is digitized and used 17. Each of 

these devices can potentially add noise and reduce the SNR.  
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2.3.5  Eddy Current Compensation 

 

 Eddy currents are induced in conductors by a changing magnetic field (such as  gradients 

turning on and off) 25. The eddy currents themselves create magnetic fields that oppose the initial 

generating field, yielding artifacts and distortions. Compensation involves modifying the input 

current to the gradients to pre-distort the pulse shapes, accounting for anticipated eddy-current 

biases as effectively as possible 25. Figure 2.9 displays how eddy current compensation systems 

(also known as a pre-emphasis systems) pre-distort the waveform to correct for eddy currents.  

 

Figure 2.9: Eddy current compensation. The top waveform is the desired waveform. The actual 

waveform is distorted because of eddy currents. The pre-emphasis system computes the 

difference between the two waveforms and adjusts the input waveform (bottom) to compensate 

for the biases. Adapted from Burl  26.  
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2.4  Using Product Operator Formalism to Predict Methyl Spin Behavior 

 

 Chapter 1 introduced product operator formalism as a means to predict uncoupled and 

weakly coupled spin response to pulse sequences. At 9.4 T, both ω-3 and non-ω-3 methyl groups 

are weakly coupled and their theoretical behaviour can be modelled 13,27-30 and exploited to 

resolve ω-3 methyl resonances from non-ω-3 methyl resonances. This section describes the 

product operator derivation of the response of weakly coupled methyl protons to a spin echo 

sequence 13, using counter-clockwise rotations and the axes shown in Figure 1.25. The derivation 

was used to optimize the PRESS sequence at 9.4 T to resolve the weakly coupled ω-3 and non-

ω-3 proton signals.  

 The ω-3 and non-ω-3 methyl protons were modeled as A2X systems. X is one of three 

methyl protons and A1 and A2 are each of the neighboring allylic protons (for ω-3 fats) or 

methylene protons (for non-ω-3 fats) 13. The derivation is equivalent for the ω-3 and non-ω-3 

methyl protons. As mentioned in Chapter 1, a spin-echo sequence refocuses chemical shift 

evolution. In the following description, the J-coupling evolution for the spins after they are 

excited by a 90° pulse is described as per Table 1.4. The coupling Hamiltonians required are: 

𝐻𝐽1 = 2𝜋𝐽𝐴1𝑋𝑋𝑧𝐴1𝑧                                                       (2.5) 

𝐻𝐽2 = 2𝜋𝐽𝐴2𝑋𝑋𝑧𝐴2𝑧                                                       (2.6) 

The impact of coupling with 𝐴1 during free precession for time 𝑡 is calculated using Table 1.4: 

𝑋𝑥
2𝜋𝐽𝐴1𝑋𝑋𝑧𝐴1𝑧 
→         𝑋𝑥 cos(𝜋𝐽𝐴1𝑋𝑡) + 2𝑋𝑦𝐴1𝑍sin (𝜋𝐽𝐴1𝑋𝑡)                             (2.7) 

The impact of coupling with 𝐴2 during the free precession is then quantified (also using Table 

1.4): 

𝑋𝑥 cos(𝜋𝐽𝐴1𝑋𝑡) + 2𝑋𝑦𝐴1𝑍 sin(𝜋𝐽𝐴1𝑋𝑡)
2𝜋𝐽𝐴2𝑋𝑋𝑧𝐴2𝑧
→         cos(𝜋𝐽𝐴1𝑋𝑡) [𝑋𝑥 cos(𝜋𝐽𝐴2𝑋𝑡) +

2𝑋𝑦𝐴2𝑍 sin(𝜋𝐽𝐴2𝑋𝑡)] + sin(𝜋𝐽𝐴1𝑋𝑡) [2𝑋𝑦𝐴1𝑍 cos(𝜋𝐽𝐴2𝑋𝑡) − 4𝑋𝑥𝐴1𝑍𝐴2𝑍 sin(𝜋𝐽𝐴2𝑋𝑡)]                     

            (2.8) 
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The ω-3 methyl protons share the same coupling constant with both their neighboring allylic 

protons (7.5 Hz) 13 and the non-ω-3 methyl protons share the same coupling constant with both 

their neighboring methylene protons (6.9 Hz) 11; thus, the expression above can be simplified: 

𝐽𝐴1𝑋 = 𝐽𝐴2𝑋 = 𝐽𝐴𝑋                                                          (2.9) 

𝑋𝑥
2𝜋𝐽𝐴1𝑋𝑋𝑧𝐴1𝑧 
→         

2𝜋𝐽𝐴2𝑋𝑋𝑧𝐴2𝑧
→         𝑋𝑥𝑐𝑜𝑠

2(𝜋𝐽𝐴𝑋𝑡) + 2𝑋𝑦𝐴2𝑍 sin(𝜋𝐽𝐴𝑋𝑡) cos(𝜋𝐽𝐴𝑋𝑡) +

2𝑋𝑦𝐴1𝑍sin(𝜋𝐽𝐴𝑋𝑡) cos(𝜋𝐽𝐴𝑋𝑡) − 4𝑋𝑥𝐴1𝑍𝐴2𝑍 𝑠𝑖𝑛
2(𝜋𝐽𝐴𝑋𝑡)                                                                       

                 

              (2.10) 

The above can be re-arranged to yield the following: 

𝑋𝑥
2𝜋𝐽𝐴1𝑋𝑋𝑧𝐴1𝑧 
→         

2𝜋𝐽𝐴2𝑋𝑋𝑧𝐴2𝑧
→         𝑋𝑥[

1

2
+
cos(2𝜋𝐽𝐴𝑋𝑡)

2
]  + 2𝑋𝑦𝐴2𝑍 sin(𝜋𝐽𝐴𝑋𝑡) cos(𝜋𝐽𝐴𝑋𝑡) +

2𝑋𝑦𝐴1𝑍sin(𝜋𝐽𝐴𝑋𝑡) cos(𝜋𝐽𝐴𝑋𝑡) − 4𝑋𝑥𝐴1𝑍𝐴2𝑍 𝑠𝑖𝑛
2(𝜋𝐽𝐴𝑋𝑡)                                                                           

               

                 

              (2.11) 

The only term leading to methyl proton observable magnetization is: 

𝑋𝑥 [
1

2
+
cos (2𝜋𝐽𝑡)

2
]                                                               (2.12) 

All other terms correspond to anti-phase coherences. The methyl protons form a triplet signal, 

with a constant central peak (
𝑋𝑥

2
) and sinusoidally varying side multiplets  (

𝑋𝑥𝑐𝑜𝑠 (2𝜋𝐽𝑇𝐸)

2
). Timings 

where the in-phase side peak signals sum to 0 minimize overlap between the two peaks and 

occur for total TE values of: 

  
(2𝑛+1)

4𝐽
                                                                  (2.13) 

where 𝑛 is an integer. Timings where the side multiplets are positive in-phase occur for total TEs 

of: 

 
𝑛

𝐽
                                                                   (2.14) 
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Timings where the side multiplets are negative in-phase occur for total TE values of: 

2𝑛+1

2𝐽
                                                                 (2.15) 

Since the J constants are slightly different for ω-3 and non-ω-3 methyls, these timings are 

different for the two protons and don’t overlap perfectly. Figure 2.10 displays the expected 

theoretical behaviour of weakly-coupled methyl peaks.  

 

Figure 2.10: Expected J-evolution of weakly coupled methyl protons. The central peak is 

constant (outside of T2 decay) while the outer triplet peaks vary sinusoidally with TE.  

 

2.5  Experiments at 9.4 T 

2.5.1  9.4 T Magnet 

 

 The 9.4 T MR system consists of a 9.4 T, 21.5 cm diameter MRI scanner from Magnex 

Scientific, Oxford, UK. It is operated with a TMX console from the National Research Council 

of Canada Institute for Biodiagnostics, West, Calgary, AB, Canada. The magnet is displayed in 

Figure 2.11. The waveguide through which animal monitoring equipment is passed through is 

also shown in the photo. The steel RF cage provides passive shielding of surroundings from the 

9.4 T magnet.  
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Figure 2.11: 9.4 T MRI scanner with RF cage, bore, and waveguide through which the animal 

monitoring equipment is passed.  

 The animal monitoring equipment consists of several inter-connected parts. A 

temperature monitor (Figure 2.12) is located outside the RF cage. The temperature monitor is 

connected to a black rectal probe in the animal. Based on its temperature feedback and 

adjustments made by the animal technician, a heating module (Figure 2.13) inside the RF cage 

warms the animal through a green tube that goes into the magnet bore. The heating module is 

connected to a fan module (Figure 2.14) that is outside the RF cage through another green tube. 

Both the green tube connecting the heating module to the fan and the black probe for the 

temperature monitor are passed through the waveguide in the RF cage. Within the RF cage, a 

respiratory gating machine (Figure 2.15) monitors the animal’s breathing through a gating pillow 

on the animal (connected through the blue wire). Feedback from this machine is also wired 

through the waveguide in the RF cage. The temperature monitor, fan and heat system, and 

respiration monitor are all connected to a console that is used for animal monitoring. The 

complete small animal gating and temperature monitoring system used was model 1025 from 

Small Animal Instruments Inc. (Stony Brook, New York, USA).  
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Figure 2.12: 9.4 T temperature monitor outside of RF cage. The black wire is connected to a 

rectal probe in the animal.  

 

Figure 2.13: 9.4 T heating module inside the RF cage. One green tube is configured to go into 

the bore, delivering heat to the animal. The other green tube passes through the waveguide in the 

RF cage and connects the module to the fan.  

 

Figure 2.14: 9.4 T fan module outside the RF cage.  
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Figure 2.15: Respiratory gating machine within the RF cage. One wire (blue) is connected to a 

gating pillow on the animal in the bore. The other wire (black) is passed through the waveguide 

in the RF cage to connect to the animal monitoring console.  

 

 The 9.4 T MR scanner consists of a 1.47 m long superconducting magnet. It utilizes 12.0 

cm diameter gradient coils. The superconductivity is maintained using nitrogen that surrounds 

the helium, maintaining its temperature. The gradient coils are cooled with circulating water and 

are connected to an external set of amplifiers. The maximum achievable gradient strength is 180 

mT/m. Superconducting shim coils are constructed within the structure to compensate for 

magnetic field inhomogeneities. At commissioning, the magnet homogeneity was 4.56 ppm peak 

to peak over a 10 cm diameter spherical volume. Resistive shim coils are also used, and are 

connected to an external power supply. The currents through these coils are tuned by the user. 

Like the gradient coils, they are also temperature-controlled using circulating water. Figure 2.16 

displays the hardware panel used for the shim, gradient, and RF cables, and the water cooling 

lines, located inside the RF shield.  Figure 2.17 displays the hardware panel (outside the RF 

shield) which houses the RF power supply and amplifier, the primary and secondary gradient 

amplifiers, the shim power supply, and the pre-emphasis (eddy current compensation, Section 

2.3.5) computer. 
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Figure 2.16: Panel used for shim, gradient (black and red wires), and RF cables. The water 

cooling lines are also attached. The service cable is used to ramp the magnet down for service.  

   

 

Figure 2.17: Panel that includes the RF power supply and amplifier, primary and secondary 

gradient amplifiers, and the pre-emphasis computer. 

 The TMX console at the operating station permits designing or adjusting pulse 

sequences, sequence parameters, shims, and RF transmit/receive amplification (Sections 2.3.2 
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and 2.3.4). It also includes graphics which indicate the location of voxel placements in an image. 

Figure 2.18 is a screenshot of the TMX console during a mouse spectroscopy scan.  

 

Figure 2.18: Screenshot of TMX console during a mouse scan, indicating controls for shim 

adjustments, transmit and receiver gain adjustment, frequency offset adjustment, and pulse 

sequence parameters.  

 

2.5.2  9.4 T Phantom Experiments 

 

 Spherical glass phantoms (30 mm diameter, ≈ 10 mL volume) were filled with one of 

peanut oil (JVF Canada, Toronto, ON, Canada), canola oil (No name Loblaws, Canada), walnut 

oil (M. Graham, West Linn, OR), cod liver oil (Pharmetics, Laval, QC, Canada), or linseed oil 

(Sigma-Aldrich Canada, Oakville, ON, Canada). Figure 2.19 displays an example of a phantom. 
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Figure 2.19: Oil phantom used for 9.4 T experiments.   

 Phantoms were positioned in the center of a 4.3 cm diameter birdcage RF coil from the 

National Research Council of Canada Institute for Biodiagnostics, West. The birdcage coil was 

used for both transmission and reception. The coil is pictured in Figure 2.20, with a phantom 

secured before being pushed to the center of the coil. An acrylic cylinder surrounds the coil and 

is designed such that the coil center coincides with the magnet isocenter. The yellow and red 

screws are used to tune and match the coil to the load. Figure 2.21 displays the frequency 

sweeper.  

 

Figure 2.20: 9.4 T Birdcage RF coil with secured phantom. The yellow and red screws are used 

to tune and match the coil to the load. 
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Figure 2.21: Frequency sweeper.  

 Phantom MRS spectra were acquired as detailed below. Localizer images were obtained, 

followed by spin echo images in two orthogonal directions. For the imaging, a TE of 16.3 ms and 

TR (repetition time) of 900 ms were used, with 20 slices of 2 mm width.  A 5 x 5 x 5 mm3 voxel 

was centered in the middle of the phantom. The chemical shift displacement artifact was 

accounted for by localizing a 8 x 8 x 8 mm3 voxel, and then only using the 5 x 5 x 5 mm3 voxel 

in the experiment. The larger voxel size ensures that any spins which are affected by chemical 

shift displacement (as calculated using Equation (1.67)) are still within the region of interest. 

PRESS spectra were acquired from this voxel. The PRESS pulses were 2 ms 5-lobed sinc RF 

pulses with 3000 Hz bandwidth. The TR was 5 s and the TE was varied from 25 to 399 ms, 

depending on the experiment being performed. TE1 was 15 ms and TE2 was varied accordingly. 

The spectra were acquired with 32 averages using 8192 complex data points at a sampling 

frequency of 10,000 Hz. An 8-step phase cycling scheme was used. Shimming was manually 

performed on the methylene signal until the peak amplitude was maximized, yielding a 

methylene linewidth of ≈ 25 Hz. The transmit gain was manually optimized for each experiment 

to ensure a 90° excitation pulse and 180° refocusing pulse were achievable. The receiver gain, 

which amplifies the received signal, was optimized and kept constant for all spectral 

acquisitions.  
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 The spectra were processed with software provided by the National Research Council of 

Canada Institute for Biodiagnostics, West, Calgary, AB, Canada (Spectrum Viewer v. 2.00.02).  

All spectra were zero-filled, filtered by 3 Hz (exponential multiplication), Fourier Transformed, 

automatically corrected for baseline, and manually corrected for phase.  

 

2.5.3  9.4 T Animal Experiments 

 

Animal feeding, sedation, handling, anesthesia, and sacrifice were performed by a 

qualified animal care technician. The MRS experiments were performed on female CD1 IGS 

mice. The mice were fed a particular diet (depending on the experiment being performed) for a 

set period of time. For the MRS experiments, the mice were sedated with isoflurane using a 

plastic tube and a nose cone secured to the mice’s airways. This set-up is depicted in Figure 2.22. 

A gating pillow was secured to the upper abdomen to provide respiratory feedback. Also shown 

in Figure 2.22, a rectal probe was inserted for temperature monitoring. Figure 2.23 displays the 

mouse wrapped and secured with gauge and tape onto the coil bed on her back. The lower 

abdomen of each mouse was positioned in the middle of the birdcage coil described above for 

the phantoms. Figure 2.24 illustrates the birdcage coil set-up (with the mouse at the coil center), 

including connection to the frequency sweeper. The rectal probe in combination with the 

temperature monitoring module, heating module, and fan module described in Section 2.5.1 were 

used to maintain the temperature of the mice at 37° C and the breathing steady at between 600 – 

1000 ms per breath for the duration of the MRS scans. The animal care technician was 

responsible for monitoring the animal’s breathing and temperature and for maintaining the 

appropriate sedation during the scan. 
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Figure 2.22: Mouse sedation, indicating nose cone, gating pillow and rectal probe. 

 

Figure 2.23: Mouse wrapped and secured onto birdcage coil bed.  

 

Figure 2.24: Mouse set-up, including sedation and heating tubes, gating pillow and rectal probe 

wires, and frequency sweeper.  
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 MRS spectra were acquired from the mouse abdominal adipose tissue using the 

following procedure. Spin echo images were obtained in two orthogonal directions using 30 

slices of 1 mm width with TR of 900 ms and TE of 16.3 ms.  Gated PRESS spectra were 

obtained from the mouse with short TE and the appropriate long TEs depending on the 

experiment (TE1 = 15 ms, TE2 altered accordingly) from a 3 x 3 x 3 mm3 or 4 x 4 x 4mm3 voxel 

in the visceral fat of the mouse abdomen.  Figure 2.25 displays the axial and coronal images for 

the placement of a voxel in a mouse, with accompanying anatomy in the surrounding region. 

Chemical shift displacement artifact was considered by using larger voxels (that include 

displaced volumes, as described in Section 2.5.2) for localization. Manual zero order shimming 

was performed to maximize the methylene peak height, until the methylene linewidth was less 

than 45 Hz.  The same experimental parameters described for the oil spectra were employed, 

except 2048 points were acquired for the animal spectra. 

 

Figure 2.25: Axial and coronal images of voxel placement in a mouse, with surrounding 

anatomical regions.  

Data from the mice were processed as described for the phantoms in Section 2.5.2, except 

a 5 Hz line broadening was utilized. The SNR was again measured using peak heights and the 

standard deviation of the noise for a fixed range of chemical shifts, utilizing the MATLAB 

program. Some of the short TE spectra were fit in LCModel (Linear Combination Model), which 

will be further described in Section 2.7.  

At the end of the experiments, the mice were euthanized using carbon dioxide inhalation 

with a flow rate of 25 % of the chamber. These procedures are per current Canadian Council on 

Animal Care guidelines 31. The mice abdominal visceral tissue was collected for gas 

chromatography. Fat samples were stored in the -80°C freezer. A modified Folch technique was 
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employed to extract lipids from the adipose tissue 32,33.  Boron trifluoride (BF3) was utilized to 

saponify and methylate the lipid fraction 33. Gas liquid chromatography was used to separate, 

classify, and quantify the fatty acids in the samples 34. The gas chromatography column was an 

Agilent GC model 7890a (Agilent Technologies, Mississauga, ON, Canada) and consisted of a 

100 x 0.25 m column with hydrogen as the carrier gas. All fatty acid extraction and analysis was 

performed by Dr. Catherine Field’s laboratory.  

 

2.6  Experiments at 3 T 

2.6.1  3 T Magnet  

 

 Experiments were performed with a 3 T Philips whole-body 35 cm diameter 

superconductive scanner from Intera, Philips Heathcare, Best, Netherlands (Figure 2.26). The 

magnet has a homogeneity specification of 0.8 ppm peak to peak (after linear gradient 

shimming) over a 10 cm diameter spherical volume. The maximum gradient strength is 80 mT/m 

and the power requirement is 400 V. A cold head maintains the helium temperature and thus the 

superconductivity. For the oil phantoms, a transmit/receive RF birdcage head coil (Philips 

Healthcare) operating in quadrature mode was used (Figure 2.27). For in-vivo tibial bone marrow 

experiments, one element of the Flex-L surface coil (Philips Healthcare) was utilized for signal 

reception. Figure 2.28 displays the Flex-L coil. Velcro straps were employed to secure the coil in 

place. The body birdcage coil (quadrature mode) was used for transmission. For breast scans, 

both elements of the Flex-L surface coil were used for reception, and the body birdcage coil was 

employed for transmission. A specially-designed board was used for the breast scans, with built-

in grooves for the Flex-L coil elements (Figure 2.29). The body birdcage coil was used for both 

signal transmission and reception for the abdominal scans, along with a gating pillow (Philips 

Healthcare) pictured in Figure 2.30, to track breathing.  
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Figure 2.26: Philips whole body 3 T MRI. 

 

Figure 2.27: Philips transmit/receive birdcage head coil.  
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Figure 2.28: Philips Flex-L surface coil.  

 

Figure 2.29: Specially designed breast board with Philips Flex-L surface coil.  
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Figure 2.30: Philips gating pillow.  

 

2.6.2  3 T Phantom Experiments 

 

 Phantom experiments were performed on nine edible oils: almond oil (Gagan Foods 

International, Delta, BC, Canada), canola oil (No name Loblaws, Canada), cod liver oil 

(Pharmetics, Laval, QC, Canada), corn oil (Canada Safeway, Calgary, AB, Canada), linseed oil 

(Sigma-Aldrich Canada, Oakville, ON, Canada), peanut oil (JVF Canada, Toronto, ON, Canada), 

sesame oil (Flavor Full Foods, Taipei Hsien, Taiwan), sunflower oil (Canada Safeway), and 

walnut oil (M. Graham, West Linn, OR). Experiments were also performed on tricaprylin 

(Sigma-Aldrich) and oleic acid (Sigma-Aldrich). The oils were in their respective bottles as 

purchased. Each phantom was placed in the center of the Philips birdcage head coil 

(transmit/receive), and the coil was centered in the bore using the Philips laser centering system.  

 MRS spectra were prepared for acquisition from a voxel of interest as follows. Images in 

two orthogonal directions were acquired using a Turbo Field Echo (TFE). The field echo is 

similar to the IR (inversion recovery) in that a preparatory 180° pulse rotates all magnetization to 

the negative z-axis. The image is acquired after a delay, yielding T1 contrast. Using a turbo 
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sequence facilitates acquiring multiple phase encoded echoes during each TR, reducing imaging 

time. The multi-shot TFE sequences used for phantom imaging consisted of a 800 ms delay, a 

TE of 4.6 ms, a TR of 11 ms, and a TFE factor of 64 (i.e. 64 echoes with different phase encodes 

are included in each TR). Three 10 mm slices were acquired in each direction. Voxels were 

localized as 20 x 20 x 20 mm3 volumes centered in the middle of the phantoms. The oleic acid 

bottle was relatively small and thus 10 x 10 x 10 mm3 voxels were used for oleic acid and 

tricaprylin (Chapter 6). Shimming was completed using the scanner’s second-order shimming 

pencil beam auto procedure based on FASTERMAP 35 on the same voxel of interest. With 

FASTERMAP  35, several pencil beam excitations are assessed through the selected volume to 

map regional  inhomogeneities 36. FASTERMAP calculates the coefficients of spherical 

harmonics for the 𝐵𝑜⃗⃗⃗⃗  field to yield the required shim corrections. The electrical current necessary 

for minimizing undesirable gradients in the voxel is also computed. 

 During the spectral acquisition, the following parameters and procedures were utilized. 

Employing a setting on the Philips console that displays the voxel displacement for a chemical 

shift verified that the chemical shift displacement did not extend outside the region of interest. 

Water suppression was not necessary and a 16 step phase cycling scheme was utilized. 

Depending on the experiment being completed, the TE was varied from 20 ms to 300 ms for 

STEAM, and 40 ms to 300 ms for PRESS. For PRESS, TE1 was set to 17 ms or 15 ms and TE2 

was adjusted accordingly.  For STEAM, a TM of 20 ms was consistently used as this had been 

previously optimized 37 to yield high olefinic signal, which is an important peak for fat 

composition assessment. PRESS and STEAM (mixing time, TM = 20 ms) spectra were acquired 

with the following parameters: 3 s repetition time (TR), 32 signal averages, 2048 points, and a 

2000 Hz spectral bandwidth. The PRESS sequence consisted of a 90° excitation pulse followed 

by two 180° refocusing pulses. The STEAM sequence included three 90° pulses. Figure 2.31 

displays the Philips console for an example oil. 
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Figure 2.31: Philips console for an example oil bottle. Parameters can be adjusted using the 

controls shown.  

 The spectra were analyzed using the Philips integration program. Oil spectra were 

Gaussian filtered by 3 Hz, then Fourier transformed and manually corrected for phase and 

baseline. Manual peak area integration in the Philips program was employed. For the experiment 

that correlated methyl linewidth with ω-3 fat content, oil spectra were Gaussian filtered to ensure 

that the methylene linewidths were 15.2 ± 0.78 Hz for all the oils in the study and to mimic in-

vivo linewidths. SNR for peaks of interest was measured by dividing peak height by the standard 

deviation of the noise between a set chemical shift range measured with the Philips software.  

 

2.6.3  3 T Human Experiments 

 

 Human spectra were acquired from adipose tissue in regions of interest. Informed consent 

was obtained from all volunteers through a protocol approved through the local ethics board. For 

tibial bone marrow scans, volunteers lay supine on the MRI table and one element of the Philips 

Flex-L coil was centered on the tibial bone marrow below the knee. It was secured using Velcro 

straps and the center of the Flex-L coil was positioned in the center of the bore using the Philips 
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laser system. Multi-shot turbo spin echo (TSE) scout images were obtained in two orthogonal 

directions in 3 mm slices using a TSE factor of 3, a TE of 8 ms, and TR of 800 ms. A 7 x 7 x 7 

mm3 to 8 x 8 x 8 mm3 voxel was centered in the tibial bone marrow below the knee. The TSE is 

similar to the TFE; several spin echoes are acquired for each TR. Shimming was performed as 

described for the phantoms. STEAM and PRESS spectra were acquired with short TE (STEAM 

TE = 20 ms and PRESS TE = 40 ms) and the TEs relevant for the particular experiment being 

performed. All other parameters were as detailed for the phantom scans. For subcutaneous 

abdominal scans, patients also lay supine on the MRI table. The Philips gating pillow was 

secured to centre of the abdominal region using a Velcro blanket. The abdominal centre was 

positioned in the center of the bore using the Philips laser system and the body coil was used for 

both signal reception and transmission. Multi-shot TSE images were obtained in two orthogonal 

directions in 3 mm slices with a TSE factor of 20, a TE of 40 ms, and TR of 1294 ms. Depending 

on the size of the volunteer, a 10 x 10 x 10 mm3 to 20 x 20 x 20 mm3 voxel was positioned in the 

subcutaneous abdominal fat, on the right gluteus side. Shimming was performed using the pencil 

beam volume method in the Philips console, as the regular pencil beam auto method is more 

sensitive to motion and thus not optimal for gated scans 36. A voxel volume about 1.5 times 

larger than the voxel selected for spectroscopy (but still within the homogeneous region) was 

aligned to the voxel of interest and shimming was performed on this larger volume.  Gated 

spectra were obtained using PRESS and STEAM and the same parameters described for the 

phantoms, with the relevant TEs for the particular experiment. For the breast scans, volunteers 

lay prone on a specially designed breast board with the right breast hanging into the two Flex-L 

surface coils (for signal reception). The body coil was used for transmission.  T2- weighted 

orthogonal images were obtained for scouting to maximize contrast between fat and water. The 

images were collected in 5 mm slices using a multi-shot TSE with TSE factor of 15, TE of 60 

ms, and TR of 4 s. Depending on the size of the volunteer, a 10 x 10 x 10 mm3 to 20 x 20 x 20 

mm3 voxel was positioned in a fat portion of the breast, a fat-water portion of the breast, or a 

water portion of the breast, contingent on the experiment being performed. The shimming was 

completed as described for the phantoms, with pencil beam auto. PRESS and STEAM spectra 

were acquired using the same parameters as detailed for the phantoms, with the relevant TEs for 

the experiment desired. For the IR experiments in the breast, an IR pulse of 100 Hz bandwidth 

was set to the water frequency before the PRESS sequence, with appropriate inversion delay 
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time for the experiment being performed. The chemical shift displacement was verified in all 

experiments as previously outlined.  

 For all human experiments other than those in Chapter 5, spectra were analyzed as 

described for the phantoms using the Philips analysis console. A 4 Hz filter was used instead of a 

3 Hz filter.  LCModel was used to peak-fit the data in Chapter 5 because of peak overlap in the 

breast and abdominal spectra.  

 

2.7  LCModel Analysis  

 

 LCModel 38 software was utilized to analyze the short TE animal spectra acquired at 9.4 

T in Chapter 3. It was also employed to fit the in-vivo PRESS spectra from the tibial bone 

marrow, breast, and subcutaneous adipose tissue in Chapter 5.   LCModel is a useful tool for 

peak fitting when there is peak overlap and peaks cannot be directly integrated. LCModel 

employs acquired in-vitro spectra or simulated spectra to compose a model basis spectrum. The 

user must input time-domain in-vivo data. LCModel accounts for the baseline, coupling 

interactions, and sequence-specific complications. The objective of the model is to solve 

numerous problems associated with the quantification of in-vivo spectra. One issue is that the 

baseline is difficult to characterize. Furthermore, not including enough parameters in a model 

results in biases, but including too many parameters yields distortions, potentially making the 

solution more difficult to converge to. LCModel exploits mathematical methods 39 to find the 

best solution to these issues.   

Input in vivo data is processed as a linear combination of model spectra from in-vitro 

metabolite solutions or a simulated basis set.  LCModel first zero-fills both the in-vivo data and 

the in-vitro data set. The data is then Fourier Transformed 38. Line broadening and shifting along 

the ppm axis of the basis set are completed. The line broadening compensates for the shorter T2 

relaxation times in vivo, and the shifting is completed for referencing. The baseline is accounted 

for with cubic B-splines that have knots separated by equivalent spaces. A cubic B-spline is a 

piece-wise polynomial function of order 2 40. Zero order (and first order when appropriate) phase 

corrections are also performed.  
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 The LCModel basis sets used for all the experiments were independent of pulse sequence 

and TE because singlet peaks were modelled to obtain areas 41. At 9.4 T, lipid peaks were 

simulated at 0.9, 1.3, 1.6, 2.1, 2.3, 2.8, 4.2, 4.3, 4.7, 5.2, and 5.3 ppm. An additional ω-3 peak 

around 0.95 ppm was also included. Allowed standard deviations of the chemical shifts were set 

to 0 for all peaks except for the ω-3 peak which was permitted a standard deviation of ± 

0.01ppm. All peaks were simulated because the ω-3 peak is not included in any pre-existing 

LCModel setting tailored to fats and could not be added. The simulated peak linewidths were 

specified. At 3 T, an existing setting provided by the manufacturer tailored to fat peaks was 

utilized (no ω-3 peak). The default parameters for the simulated peaks in this setting were 

employed. For each spectrum at both field strengths, specific parameters were optimized 

manually to achieve the most representative fit. These included the spectrum shift, spectrum start 

and end, and spectrum center, to assist with referencing, and, if necessary, the zero degree 

phasing parameters. For all LCModel analyzed data, fitted spectra were obtained as well as 

tables of Cramér- Rao lower bound (CRLB) values for each lipid 42. CRLBs represent the lowest 

possible standard deviation of a parameter 43.They are a useful tool for judging the effectiveness 

of quantification; a CRLB < 20 % is considered effective quantification 44 and twice the absolute 

CRLB defines the 95 % confidence interval of the data 41. Figure 2.32 is an example of a short-

TE PRESS spectrum from the breast fat at 3 T analyzed with LCModel. The table of peak areas, 

concentrations, and CRLBs are shown on the right. In this example, the concentrations are the 

raw areas under the peaks.  
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Figure 2.32: LCModel output for a breast spectrum using PRESS with TE of 40 ms at 3 T. The 

peak areas, concentrations, and CRLB are shown in a column on the right.  

 

2.8  16.5 T NMR Experiments 

 

 High resolution NMR spectra were obtained for each of the nine oils used throughout this 

thesis from a 700 MHz (16.5 T) Varian/Agilent (Palo Alto, California, USA) VNMRS 

spectrometer by Dr. Ryan McKay and his team at the Chemistry Department. Oil preparation 

consisted of dissolving 50 μL of pure oil into 550 μL of deuterated chloroform. The following 

parameters were used for spectra acquisitions: 8389.26 Hz spectral bandwidth, 5 s repetition 

time, 42000 samples, 30° flip angle, and 16 averages.   

 The oil spectra at 16.5 T were processed on VNMRJ version 4.2 (the software interface 

for Varian spectrometers). The measured areas were used as a gold standard assessment of oil 
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phantom composition. At 16.5 T, the glycerol peak area does not contaminate the olefinic peak 

area as it does at 3 T and 9.4 T. The 16.5 T NMR data was therefore also used to evaluate the 

error introduced by glycerol in the oils (Chapter 6).  
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Chapter 3 

Resolving the ω-3 Methyl Resonance with Long Echo Time 

Magnetic Resonance Spectroscopy in Mouse Adipose Tissue 

at 9.4 T 
 

 

 

 

A version of this chapter has been published: 

Fallone, C.J., Tessier, A.G., Field, C.J., and Yahya, A. (2021). Resolving the ω-3 methyl 

resonance with long echo time magnetic resonance spectroscopy in mouse adipose tissue at 9.4 

T. NMR in Biomedicine 34: e4455 (11 pages).  
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3.1 Abstract 

 

 Tissue omega-3 (ω-3) content is biologically important to disease; however, its 

quantification with Magnetic Resonance Spectroscopy (MRS) in vivo is challenging due to its 

low concentration. In addition, the ω-3 methyl resonance (≈ 0.98 ppm) overlaps that of the non-

ω-3 (≈ 0.90 ppm), even at 9.4 T.  We demonstrate that a PRESS (Point RESolved Spectroscopy) 

sequence with an echo time (TE) of 109 ms resolves the ω-3 and non-ω-3 methyl peaks at 9.4 T. 

Sequence efficacy was verified on five oils of differing ω-3 fat content; the ω-3 content obtained 

correlated with that measured using  16.5 T NMR (R2 = 0.97). The PRESS sequence was also 

applied to measure ω-3 content in visceral adipose tissue of three different groups of mice with n 

= 3, each fed a different 20 % w/w fat diet. The fat portion of the diet consisted of low (1.4 %), 

medium (9.0 %), or high (16.4 %) ω-3 fat. The sequence was also applied to a control mouse fed 

a standard chow diet (5.6 % w/w fat which was 5.9 % ω-3). Gas chromatography (GC) analysis 

of excised tissue was performed for each mouse. The ω-3 fat content obtained with the PRESS 

sequence correlated with the GC measures (R2 = 0.96).   

 Apparent T2 times of methyl protons were assessed by obtaining spectra from the oils and 

another group of four mice (fed the high -3 diet) with TE values of 109 ms and 399 ms. Peak 

areas were fit to a mono-exponentially decaying function and apparent T2 values of the ω-3 and 

non-ω-3 methyl protons were 906 ± 148 ms and 398 ± 78 ms, respectively, in the oils.  In mice, 

the values were 410 ± 68 ms and 283 ± 57 ms for ω-3 and non- ω-3 fats, respectively.  
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3.2  Introduction 

 

 Tissue fat composition has shown relevance to disease 1-7. For example, lower levels of 

unsaturated fat in abdominal adipose tissue have been associated with obesity in humans 1,8,9 and 

in rodents 10,11. Fat unsaturation levels have also been found altered in other diseases in various 

tissues in humans and in animals 2-7,12-19, including breast cancer 4,5,19,  bone disease 2,6,7,15,18, and 

diabetes 6,16. Omega-3 (ω-3) dietary fat intake in humans is related inversely with disease, 

including obesity 20,21, diabetes 20,21, osteoporosis 22,23, and breast cancer 24,25. Dietary ω-3 fat 

also promotes muscular health 26, and ω-3 supplements were found to enhance tumor cell death 

when used with chemotherapy, while reducing toxic side effects 27. Lower levels of α-linolenic 

acid (an ω-3 fat) in breast 28 and low ω-3 to ω-6 fat ratios in buttocks 29 were reported to predict  

breast cancer metastases in humans.  In addition, low ω-3 fat in human abdominal adipose tissue 

was associated with obesity 8,9. Studies also indicate that ω-3 levels in human blood serum 

correspond with bone health 30, and improved insulin sensitivity and metabolic profile in 

overweight men 31. Rodent studies illustrate that ω-3 levels change with diet and are reflected in 

tissue fat composition such as the liver 32, retrioperitoneal adipose tissue 32,  gonadal adipose 

tissue 32, abdominal adipose tissue 33, and femur 34.  In humans, dietary fatty acid intake is the 

dominant determinant of fat composition in adipose tissue, whereas age, sex, and genetics have a 

minor impact 35.  

Magnetic Resonance Spectroscopy (MRS) has been used to assess fat composition in vivo 

1,2,5,11,12,36-42; however, ω-3 fat quantification is challenging due to the low abundance of ω-3 fats 

(≈ 1%) in adipose tissue 43 and the close proximity of the -3 methyl resonance (≈ 0.98 ppm) to 

that of the non--3 methyl (≈ 0.9 ppm) 44. The closeness of the chemical shifts of the two methyl 

groups makes it difficult to resolve their resonances with standard short echo time (TE) in-vivo 

proton MRS techniques 45. However, since levels of ω-3 fat can be altered in disease 8,9,27-29; 

there is motivation  to assess levels of ω-3 non-invasively with MRS.  Different spectral editing 

techniques have been employed to resolve the ω-3 methyl resonance from that of the non-ω-3 

resonance.  At 1.5 T, an MRS technique based on a long TE 46 of 540 ms was used to quantify ω-

3 fat. At 3 T, J-difference editing 47 and the methyl linewidth 48 have been investigated for 



106 

 

quantifying ω-3. Both latter methods exploited that the ω-3 methyl protons are more weakly 

coupled than the non-ω-3 methyl protons at 3 T.   

Higher magnetic field strengths such as 7 T or 9.4 T have been employed to assess fat 

composition in animal 12,37,38,49,50 and human 45 studies, providing the benefits of enhanced 

spectral resolution and signal to noise ratio (SNR). Equations incorporating the areas of various 

fat peaks have been used to quantify saturated, mono-unsaturated and di-unsaturated fatty acid 

12,37,38,49 composition; however, ω-3 fatty acids were not included, likely because of the low 

concentration of ω-3 fatty acids 43, and because it is challenging to resolve the ω-3 resonance 

even at high field strengths 45. A study at 7 T utilized Point RESolved Spectroscopy (PRESS) 

with an ultra-long TE (1000 ms) to resolve the ω-3 methyl peak from that of the non ω-3 45. The 

ultra-long TE permitted the methylene and non-ω-3 methyl peaks to lose significant signal 

compared to the ω-3 methyl peak due to differences in transverse (T2) relaxation 45. The timing 

was also optimized such that the J-coupling evolution of the methyl protons, which are weakly-

coupled at 7 T,  resulted in improved resolution of the two methyl resonances 45.  

The objective of this work is to determine an optimal PRESS echo time to quantify 

relative ω-3 fat content at 9.4 T, a commonly employed high field strength for animal MRS 

studies 12,37,49.  The higher spectral resolution at 9.4 T yields better separation of the 1.3 ppm 

methylene resonance from that of the methyl protons, enabling using a shorter TE than 1000 ms, 

thereby reducing losses due to T2 relaxation.  The efficacy of the timing was verified on oil 

samples and in vivo on abdominal fat of mice fed different fat diets. MRS quantification was 

compared to gas chromatography (GC) results from excised tissue from the animals.  In addition, 

relative decay rates of ω-3 and non-ω-3 methyl protons in mice were measured to investigate if 

differences in T2 times between the two methyl protons exist which could have an effect on 

quantification of ω-3 content.  
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3.3  Materials and Methods 

 

Theoretical: 

A detailed description of product operator formalism for the methyl protons can be found 

in the supporting materials of Škoch et al. 47. Details relevant to the presented work are provided 

here.  Omega-3 and non-ω-3 fatty acids differ in their structure where the first carbon to carbon 

double bond of -3 fatty acids is located on the third carbon from the end-chain fatty acid methyl 

(Figure 3.1). Omega-3 methyl protons neighbor the allylic methylene protons (≈ 2.0 ppm) and 

have a higher chemical shift (≈ 0.98 ppm) compared to that of the non-ω-3 methyl protons (≈ 0.9 

ppm) which neighbor the 1.3 ppm methylene protons 44,46. Both the ω-3 and non-ω-3 methyl 

protons are weakly-coupled to their corresponding neighbors at 9.4 T with a coupling constant of 

about 7 Hz 14,47. Product operator formalism was utilized to describe their J-coupling evolution 

as a function of TE 47,51
 (PRESS is a double spin echo sequence). The ω-3 and non-ω-3 methyl 

protons were modeled as A2X systems, with X as one of three methyl protons and A as the 

neighboring allylic protons (for ω-3 fats) or methylene protons (for non-ω-3 fats) 47. The term 

that yields methyl proton observable magnetization is Xx [
1

2
+
cos (2πJTE)

2
], where J denotes the 

coupling constant between the methyl and methylene protons. The methyl protons form a triplet 

signal, including a constant central peak (
Xx

2
) and sinusoidally varying side multiplets 

(
Xxcos (2πJTE)

2
). Timings when the in-phase signal of the side multiplets of the ω-3 and non-ω-3 

methyl triplets are 0 minimize the overlap between the two peaks. These timings occur for TE 

values of  
(2n+1)

4J
,  where n is an integer. Assuming a coupling constant of 6.9 Hz 14 yields a TE 

of 36 ms when n  = 0, a TE of 109 ms when n  = 1 and so forth. 

Experimental: 

 All phantom and in-vivo experiments were carried out using a 21.5 cm diameter bore 

horizontal 9.4 T MRI scanner (Magnex Scientific, Oxford, UK) with a TMX console (National 

Research Council of Canada Institute for Biodiagnostics, West, Calgary, AB, Canada). A 4.3 cm 

diameter birdcage radiofrequency (RF) coil (National Research Council of Canada Institute for 

Biodiagnostics, West, Calgary, AB, Canada) was employed for transmission and reception. A 
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PRESS sequence with 2 ms sinc pulses and 3000 Hz bandwidth was employed with the first echo 

time, TE1, set to 15 ms.  The following experimental parameters were used: 5000 ms repetition 

time (TR), 8-step phase cycling, 10,000 Hz sampling frequency, and 32 averages. Manual 

shimming was performed to maximize the methylene peak height. Spectra were processed and 

analyzed with Spectrum Viewer version 2.00.002, from the National Research Institute of 

Canada for Biodiagnostics, West. They were zero-filled, filtered (3 Hz and 5 Hz exponential 

filter, for phantom and in-vivo spectra, respectively), Fourier transformed, baseline and phase 

corrected. Peak areas were integrated using the software with integration bounds for the two 

methyl resonances provided in the sections below.  Integration for each resonance was performed 

such that only the area of the central peak of the methyl triplet was measured; any signal from 

the two side peaks was excluded.  

 Phantom scans: 

 Phantom spectra were acquired as 8192 complex data points with the PRESS sequence 

from 5 x 5 x 5 mm3 voxels placed in the centre of the phantoms. Shimming yielded a methylene 

linewidth of about 25 Hz. Experiments were performed on five oils of varying ω-3 fat content, 

namely, peanut oil (0 % ω-3), canola oil (  10 % ω-3), walnut oil ( 17 % ω-3), cod liver oil ( 

24 % ω-3) and linseed oil ( 57 % ω-3).  The expected ω-3 content of the oils was determined  

from high-resolution spectra (5 s acquisition time, 8389.26 Hz sweep width, 30° flip angle and 

16 averages) acquired from the oil samples (50 µL dissolved in 550 µL of deuterated 

chloroform) with a 700 MHz (16.5 T) Varian/AgilentVNMRS spectrometer. The ω-3 methyl 

peak areas and the sum of the ω-3 (0.94 ppm – 1.0 ppm) and non- ω-3 methyl peak (0.84 ppm – 

0.9 ppm) areas were obtained using VNMRJ software. 9.4 T spectra were acquired from the oils 

using TE values that theoretically yield zero in-phase signal for the resonance side multiplets. All 

the oils were in 30 mm diameter glass spheres.  The shortest TE that best resolved the two 

methyl resonances was used to measure relative ω-3 fat levels (% ω-3 fat content) in each oil by 

dividing the ω-3 methyl resonance area  by the sum of the ω-3 (0.95 ppm – 1.0 ppm) and non-ω-

3 methyl resonance (0.89 ppm – 0.93 ppm) areas. The coefficient of determination (R2) between 

the % ω-3 fat content determined using 9.4 T MRS and 16.5 T NMR was calculated in 

MATLAB.  
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 To assess the relative T2 relaxation decay of the ω-3 and non-ω-3 methyl protons, another 

long TE suitable for resolving the two resonances was selected. The TE value was chosen such 

that it resolved the two methyl resonances well (using an n value described in the prior 

theoretical section) and was less than 500 ms so that adequate signal could be obtained in vivo. 

This latter TE was used along with the first TE determined above to assess differences in 

relaxation decay between the ω-3 and non-ω-3 methyl protons in the oils and in mice in vivo. The 

ω-3 and non-ω-3 methyl peak values acquired with the two long TE values were fitted to a 

mono-exponential function in MATLAB using a least-squares algorithm. The average and 

standard deviation of the ω-3 and non- ω-3 methyl proton apparent T2 times were calculated for 

the oils.   

In-Vivo animal scans: 

 The efficacy of the determined PRESS TE for resolving the methyl resonances was 

verified in vivo on mice fed different diets. Nine female CD1 mice were separated into 3 ad 

libitium diet groups: high ω-3 ( 16 % ω-3), medium ω-3 ( 9 % ω-3), and low ω-3 ( 1 % ω-3). 

All three diets were 20 % w/w fat. Details of the diet fat composition (obtained by GC) are given 

in Table 3.1. The non-fat portion of the diets consisted of a semi-purified macro-nutrient and 

micro-nutrient blend as previously described in detail 52. Mice were scanned when they reached 

40 g in weight (about 3 months of age), and then again at approximately 5 months of age. 

Sedation was achieved using isoflurane through a plastic tube and a nose cone fastened to the 

animal’s airways. Mice were placed in a supine position and a gating pillow was attached to their 

upper abdomen to provide respiratory response. The lower abdomen of each mouse was 

positioned in the middle of the birdcage coil. Temperature was maintained at 37° using a rectal 

probe connected to a heating module. Spin echo images were obtained using thirty 1 mm slices, 

with a TE of 16.3 ms and a TR of 900 ms. Gated PRESS spectra were obtained using PRESS 

with a TE of 25 ms (short-TE, TE1 =15 ms, TE2 = 10 ms) and PRESS with the TE determined to 

resolve the two methyl resonances from a 3 x 3 x 3 mm3 voxel in the visceral fat of the abdomen 

(Figure 3.2). Spectra were acquired as 2048 points. Shimming yielded a methylene linewidth of 

about 35 Hz. Each mouse was euthanized by carbon dioxide inhalation (in accordance with 

current Canadian Council on Animal Care guidelines 53, using a flow rate of 25 % of the 

chamber) after its second scan and a sample of visceral abdominal fat tissue was excised for GC 
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analysis.  The relative ω-3 fat levels were determined using the spectra acquired with the TE 

chosen to resolve the methyl resonances, by dividing the ω-3 methyl resonance areas  by the sum 

of the ω-3 (0.94 ppm – 1.0 ppm) and non-ω-3 methyl peak (0.86 ppm – 0.93 ppm) areas.  The 

averages and standard deviations of the MRS measures of ω-3 content over the three mice in 

each diet group were calculated for each of the two time points and the latter time point values 

were plotted against the corresponding average estimates obtained by GC. Scans were also 

performed with the two TE values on a female CD1 control mouse (about 4 months of age) that 

was fed a standard chow diet and excised tissue was also analyzed with GC.  The control chow 

diet (PicoLab Rodent Diet 20 54) was 5.6 % w/w fat, and the fat portion consisted of  5.9 % ω-3 

fat. Correlation of GC ω-3 tissue composition with that of the corresponding diet was also 

assessed.  Error bars on plots are ± standard deviation of values over the three mice in each 

group.  Coefficients of determination for linear correlations were calculated in MATLAB.  

Differences in T2 relaxation decay between ω-3 and non-ω-3 methyl protons were also 

investigated in vivo on four other female CD1 mice fed the high ω-3 fat diet for 5 ± 2 months. 

The mice were scanned after they reached a weight of about 45 g and PRESS spectra were 

acquired with the short TE and the two long TE values for T2 estimation. Two of the mice were 

larger so a 4 x 4 x 4 mm3 voxel was employed. Apparent (as J-coupling effects are included) T2 

times were obtained from the ω-3 and non-ω-3 methyl peak areas acquired with the two long TE 

values by fitting the normalized peak areas to a mono-exponentially decaying function in 

MATLAB.  Average ω-3 and non- ω-3 methyl resonance apparent T2 times were calculated for 

the mice, along with their standard deviations.    

Signal to noise ratios (SNR) of peaks were calculated by dividing peak height by the 

standard deviation of the noise between 7-8 ppm. 

Short-TE spectra were fit using LCModel 55 using a simulated basis set which included 

resonances at 0.9, 1.3, 1.6, 2.1, 2.3, 2.8, 4.2, 4.3, 4.7, 5.2 and 5.3 ppm in addition to an ω-3 

resonance at 0.95 ppm. 
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Gas Chromatography: 

 Abdominal visceral tissue was extracted for GC from each mouse post euthanasia and the 

tissue samples were frozen in a -80°C freezer. Lipids were extracted from adipose tissue using a 

modified Folch technique 56,57. The lipid fraction was saponified and methylated using boron 

trifluoride (BF3) 
56. Fatty acids were separated, identified and quantified by automated gas liquid 

chromatography (Agilent GC model 7890a, Agilent Technologies, Mississauga, ON, Canada) 

using a 100 x 0.25 column (Agilent) as previously described 58.  

 

 

Figure 3.1: Molecular structures of linoleic acid (an ω-6 fatty acid) and α-linolenic acid (an ω-3 

fatty acid). The first carbon-to-carbon double bond occurs on the 6th and 3rd carbons from the 

end-chain methyl (CH3) groups for ω-6 and ω-3 fats, respectively. 
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Table 3.1: Fat composition of the 20 % w/w fat high, medium, and low ω-3 diets. The percentage 

of the ω-3 components shown are of the total fat content in the diet. 

High ω-3 Diet % of total % ω-3 

Flax 22.0 11.5 

Lard 30.0 0.4 

Olive 38.0 0.3 

Docosahexaenoic 

acid (DHA) 

10.0 4.2 

Total 100.0 16.4 

Medium ω-3 Diet % of total % ω-3 

Flax 10.0 5.2 

Lard 73.0 1.1 

Olive 7.0 0.05 

DHA 5.0 2.1 

Canola 5.0 0.5 

Total 100.0 9.0 

Low ω-3 Diet % of total % ω-3 

Lard 86.0 1.3 

Olive 14.0 0.1 

Total 100.0 1.4 
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Figure 3.2: Axial and coronal abdominal images of one of the mice showing the location of the 3 

x 3 x 3 mm3 MRS voxel. 

 

3.4  Results 

 

 The shortest optimal total PRESS echo time for resolving the ω-3 and non-ω-3 methyl 

resonances was 109 ms, corresponding to n = 1 in the theoretical section of the Materials and 

Methods. A TE of 36 ms, corresponding to n = 0, did not adequately resolve the two resonances.  

Figure 3.3 displays the oil spectra acquired from PRESS using a short TE (25 ms) and the 

optimized long TE (109 ms) at 9.4 T. In addition, Figure 3.3 presents the ω-3 methyl peak to 

total methyl peak area ratio (% -3 content) obtained at 9.4 T (with a TE of 109 ms) versus that 

measured at 16.5 T for the five oils; an R2 value of 0.97 is obtained. A TE of 399 ms 

(corresponding to n = 5 in the theoretical Methods section) was selected as the second echo time 

for estimating apparent T2 relaxation times in the oils and in the mice. Spectra acquired from 

linseed oil using TE of 25 ms (short TE) and the optimized timings of 109 ms and 399 ms are 

displayed in Figure 3.4. Calculated average apparent T2 relaxation times and the associated 

standard deviations for the oil ω-3 and non- ω-3 methyl protons were 906 ms ± 148 ms and 398 

ms ± 78 ms, respectively.  
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Figure 3.3: Oil spectra acquired using PRESS with a TE of 25 ms and 109 ms at 9.4 T (a). The 

ω-3 and non-ω-3 methyl peaks are better resolved using the TE of 109 ms. The ω-3 methyl peak 

to total methyl peak area ratio (% -3 content obtained at 9.4 T (with TE of 109 ms)) versus 16.5 

T (b) for the five oils. 
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Figure 3.4: Methyl spectra acquired from linseed oil, using TE values of 25 ms, 109 ms, and 399 

ms. The ω-3 and non- ω-3 methyl signals are resolved using the optimized TE values of 109 ms 

and 399 ms, enabling apparent T2 quantification. 

 Table 3.2 indicates the average MRS measures of ω-3 fat content obtained from each diet 

group (standard deviations are also indicated) at the two time points. For the low -3 diet mice, a 

-3 peak was not visible; therefore, a value of zero was assigned.  Figure 3.5 displays in-vivo 

spectra obtained from the second time point scans. Spectra acquired with TE values of 25 ms and 

109 ms are shown for a mouse from the high ω-3 diet group. The methyl spectral range acquired 

with a TE of 109 ms is shown for a mouse from each of the diet groups and also for the control 

mouse. The control mouse yielded ω-3 content of 4.20 % using 9.4 T MRS and 2.43 % using GC 

analysis; the SNR of the ω-3 methyl peak from the 3 x 3 x 3 mm3 voxel spectrum obtained with 

TE = 109 ms (in 32 averages) was  26. Figure 3.6 (a) presents the average adipose tissue ω-3 

content in each diet group measured from GC against the average ω-3 fat content in each diet, 

including that of the control. The coefficient of determination (R2) was 1.00.  Figure 3.6 (b) 

presents the MRS measures of ω-3 fat against corresponding GC measures, including the control 

diet. The R2 value was 0.96. The standard deviations for MRS measurements and GC 

measurements in each diet group are presented as error bars. The low ω-3 diet has no error bars 

because the signal was not detectable. 



116 

 

Table 3.2: Averages and standard deviations (for each of the three diet groups) of percentages of 

ω-3 MRS measures obtained at the two time points.  

 1st time point ( 3 months of 

age) 

2nd time point ( 5 months of age) 

Diet % ω-3 Content % ω-3 Content 

High ω-3 13.3 ± 1.9 12.1 ± 1.5 

Medium ω-3 9.0 ± 1.1 7.9 ± 0.6 

Low ω-3 0.0  0.0  
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Figure 3.5: Spectra obtained from the second time points from a mouse in the high-ω-3 diet 

group with the highest -3 content with a PRESS TE of 25 ms and a PRESS TE of 109 ms (a). 

Spectral range showing methyl spectra acquired with a TE of 109 ms from a mouse from each 

diet group, and from the control mouse (b). Panel (c) shows LCModel fits for the short-TE 

spectrum shown in (a) and the short-TE spectrum from the mouse with the highest ω-3 content in 

the mid ω-3 group. 
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Figure 3.6: Correlation between average ω-3 fat content (for each of the three diet groups) 

measured using GC versus dietary content (a).  Averages and standard deviations (for each of the 

three diet groups) of ω-3 content acquired from the second time point PRESS spectra (TE of 109 

ms) compared to the measures obtained from GC of the excised adipose tissue (b). Standard 

deviations are shown as error bars. Data for the control mouse is also included. 

The short-TE spectrum shown in Figure 3.5 from the high ω-3 diet mouse (had highest ω-

3 content) is the only one that showed visible signal for the ω-3 resonance.  All remaining mice 

(in all three groups) showed a single methyl resonance in their short-TE spectra with no visible 

ω-3 shoulder.  LCModel fitting of the short-TE spectrum shown in Figure 3.5(a) is displayed in 

3.5(c) along with fitting of the short-TE spectrum from the mouse in the mid ω-3 group that had 

the highest ω-3 content.  The control mouse short-TE spectrum (not shown) was also fitted.  The 

% ω-3 obtained from LCModel analysis of the short-TE spectra are 33.5 %, 12.3 % and 0 %, for 

the high ω-3, mid ω-3 and control mouse, respectively.  The % ω-3 content obtained with GC 

from the three mice is 6.6 %, 3.4 % and 2.4 %, respectively.  The % ω-3 content obtained with 

long-TE MRS from the three mice are 13.6 %, 7.0 % and 4.2 %, respectively.          

 Figure 3.7 shows mouse methyl spectra acquired with TE values of 25 ms, 109 ms, and 

399 ms from one of the mice used for apparent T2 estimation. The average apparent T2 relaxation 

times in the mice were 410 ± 68 ms and 283 ± 57 ms for ω-3 and non- ω-3 methyl protons, 
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respectively. The SNR of the ω-3 methyl resonance peak from a 3 x 3 x 3 mm3 voxel in the 

mouse abdominal fat was ≈ 40 and ≈ 17, in the TE = 109 ms and TE = 399 ms spectra, 

respectively. 

 

Figure 3.7: Methyl spectra acquired from a mouse fed the high ω-3 fat diet, using TE values of 

25 ms, 109 ms, and 399 ms. The ω-3 and non- ω-3 methyl signals are resolved using the 

optimized TE values of 109 ms and 399 ms, enabling apparent T2 quantification. 

 

3.5  Discussion 

 

 Levels of fat unsaturation in body tissues have shown relevance in disease 1-19. Including 

ω-3 fatty acid contributions to fat composition analysis is worthwhile because ω-3 dietary fat 

intake in humans has been demonstrated to correlate inversely with disease 20-25 as have levels of 

adipose tissue ω-3 content 8,9,28,29. Measuring ω-3 fatty acid content with in vivo MRS even at 

high field is challenging because of its low concentration in adipose tissue 43 and because of 

spectral overlap between the -3 and non--3 methyl resonances  44 using standard short-TE 

techniques. We demonstrate this by attempting to fit three short-TE spectra with LCModel, one 

obtained from the high -3 group, one from the mid--3 group and, the third, from the control 

mouse.  The fitting did not yield accurate relative % -3 measures; the relative -3 fraction of 

the mid--3 mouse to the high -3 was 0.37 compared to 0.51 obtained with both GC and long 
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TE MRS.  No -3 was detected in the control mouse from the short-TE spectrum, whereas the 

long-TE spectrum yielded a separate resonance for the -3 protons.      

The issue of resolving the methyl resonances was previously addressed at 7 T 45 by using 

an optimized ultra-long TE of 1000 ms in oils and in human adipose tissue in vivo. The timing 

was selected to invert the triplet side peaks and to exploit the shorter T2 of the methylene and 

non--3 methyl protons compared to that of the -3 protons. However, a TE of 1000 ms also 

results in significant signal loss from the -3 protons due to T2 relaxation.  The improved 

spectral resolution at 9.4 T renders a much shorter TE than 1000 ms to resolve the two methyl 

resonances.  We demonstrate that PRESS with a TE of 109 ms (TE1=15ms) at 9.4 T achieves the 

objective and its efficacy is verified in oils and in vivo in mice fed different fat diets. In a 

previous study tailored for ω-3 measurement, differences in ω-3 fat content due to dietary intake 

were not investigated 45.  

 Measures of ω-3 fat content in the oils using PRESS with a TE of 109 ms correlated with 

the expected ω-3 fat content obtained using high resolution 16.5 T NMR (R2 = 0.97), which is 

essentially a pulse-acquire experiment (measures not affected by J-coupling or T2 relaxation 

effects). The ω-3 fat content was overestimated using 9.4 T MRS compared to 16.5 T NMR; this 

is likely due to  the longer apparent T2 relaxation time of the ω-3 protons compared to the non-ω-

3 protons at 9.4 T. Differences in apparent T2 relaxation rates of the ω-3 and non-ω-3 methyl 

protons were investigated in the oils using echo times of 109 and 399 ms. We employ the term 

apparent because the values obtained only provide a measure of whether differences exist in T2 

relaxation of the two sets of methyl protons.  They do not provide an accurate T2 value because 

of inclusion of effects of J-coupling modulation.  The accuracy is also limited because only two 

TE values were employed and using an additional longer TE may have improved the measures 

59. Calculated apparent  T2 relaxation times of the oil ω-3 and non--3 methyl protons were 906 

ms ± 148 ms and 398 ms ± 78 ms on average, respectively, indicating a higher T2 for the ω-3 

protons by approximately a factor of  2.3. The result is comparable to that reported at 7 T, which 

found that ω-3 methyl protons in oils (fish, soybean and corn) had on average an apparent T2 

relaxation time 1.9 times that of non-ω-3 methyl protons (average T2 values for the ω-3 and non-

-3 methyl protons were  623 ms ± 34 ms and 325 ms ± 7, respectively) 45. The values obtained 
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with the previous work at 7 T are lower than what was found in this work; the differences may 

be in part due to the different oils utilized but are likely due to the TE values used for fitting; the 

ω-3 and non-ω-3 methyl central peak areas acquired using echo time intervals of 20 ms were fit 

to a mono-exponential function 45. J-modulation of the outer triplet signals were acknowledged 

to have had an effect on the T2 estimates 45.  The latter likely also affects our estimates despite 

selecting two TE values which in theory should yield net zero area for the triplet side peaks. 

Although both TE values of 109 ms and 399 ms resolve the two methyl resonances as seen for 

linseed oil in Figure 3.4, it is clear that the lineshapes of the ω-3 signal differ for the two TE 

values.  Whereas with a TE of 109 ms, the side peaks of the triplet are minimized, they can be 

observed in the spectrum obtained with a TE of 399 ms. Deviations from theory can present 

themselves due to imperfect RF pulses 45,51. In particular, the PRESS sequence has been shown 

to potentially have significant effects on metabolite quantification for coupled spins 60. 

Furthermore, evolution of anti-phase coherences during the signal acquisition period affects the 

lineshape 51. Deviations would also occur if the coupling constants differ from what was 

assumed; coupling interactions in fats are complex 61.  The deviation of the behavior of the side 

peaks from what is theoretically expected affects the measured apparent T2 relaxation time, since 

their signal either adds or subtracts from the central methyl peak.  

 In the mice, the ω-3 fat content measured using GC correlated with that in the diets with 

an R2 value of 1.00, consistent with the assumption that dietary fat composition is reflected in 

adipose tissue composition 35.  Other rodent studies also observed that ω-3 levels are affected by 

diet and that changes can be measured in tissue fat composition 32-34, including abdominal 

adipose tissue 33. Ouldamer et al. correlated ω-3 fat content from dietary intake in rats with that 

quantified from GC and high resolution NMR (11.7 T) of excised tissue 62. PRESS with a TE of 

109 ms clearly resolved the ω-3 and non-ω-3 methyl protons in the mice fed diets that are similar 

to those consumed habitually by people or prescribed for reducing or preventing diseases 20-

25,27,35,52. The ω-3 fat content measured with MRS over the two time points are similar, 

suggesting that the mice reached a plateau for ω-3 fat storage before the first MRS scan (when 

the mice weighed about 40 g). The measured ω-3 fat content from the second time point spectra 

correlated with that calculated from GC with an R2 value of 0.96, demonstrating that the 

sequence enabled relative quantification of ω-3 fatty acid content. As shown in Figure 3.7, a TE 
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of 399 ms also effectively resolved the two methyl peaks. Estimated ω-3 and non--3 methyl 

proton apparent T2 relaxation times were on average 410 ± 68 ms and 283 ± 57 ms, respectively.   

Like in the oils, the -3 protons have a larger T2 than that of the non--3 protons, but the 

difference is not as large. The apparent T2 relaxation times in vivo were also likely affected by 

deviations of the behavior of the side peaks from theory. The larger apparent T2 relaxation time 

of the ω-3 methyl protons may contribute to the overestimation of -3 content (Figure 3.6(b)). 

As with MRS studies in general it is challenging to obtain accurate measures due to J-coupling 

and T2 relaxation effects49. 

A SNR of 26 was obtained for the -3 resonance in the control mouse from the TE = 109 

ms spectrum obtained from a 3 x 3 x 3 mm3 voxel.  It appears that the adipose tissue -3 

concentration limit for detection in this work is ≈ 2 % since this content was detectable in the 

control mouse fed 5.9 % ω-3 fat content whereas the < 1 % adipose -3 concentration was not 

detectable in the mice fed the low (1.4 %) ω-3 diet. A SNR of ≈ 9 would be expected for the 

mice fed the low ω-3 fat diet (average ω-3 content of 0.85 % measured with GC); however, no 

quantifiable resonance was detected in the low ω-3 diet group. Negative signal modulation from 

the side peaks could potentially be subtracting signal from the central peak.  A larger voxel size 

or a higher number of averages (128 as opposed to 32, which were employed in this work) would 

likely render the -3 resonance visible in the low -3 diet group.  It has been determined that the 

SNR limit for quantification of some coupled metabolites in brain MRS studies is SNR > 10 63.  

Peak integration was performed over the spectral region of the central resonance of the methyl 

triplets, with care being taken to avoid inclusion of any signal from the side peaks (negative 

signal) which if included could cause a drop in ω-3 measured signal by as much as 30 % 

depending on ω-3 content.     

 The presented work at 9.4 T enables resolving the ω-3 methyl resonance from that of the 

non ω-3 in mice and correlating measures with dietary intake. The non-invasive methodology 

can be used to investigate the impact of different dietary components on adipose tissue 

composition in long-term studies and their relation to other measurable factors in disease (such 

as bone strength, digestibility, or insulin sensitivity) 31-35. Furthermore, since levels of ω-3 fat can 

be altered in disease and in feeding trials 8,9,27-29,50,62, the method can potentially be used to assess 

serial levels of ω-3 non-invasively with MRS in disease and diet models. 
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Chapter 4 

Long TE STEAM and PRESS for Estimating Fat 

Olefinic/Methyl Ratios and Relative ω-3 Fat Content at 3 T 
 

 

 

 

A version of this chapter has been published: 

Fallone, C.J., McKay, R.T., and Yahya, A. (2018). Long TE STEAM and PRESS for estimating 

fat olefinic/methyl ratios and relative ω-3 fat content at 3T. Journal of Magnetic Resonance 

Imaging 48: 169-177.  
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4.1  Abstract  

 

 Fat olefinic/methyl ratios provide a measure of fat unsaturation.  The methyl resonance 

linewidth is altered with the presence of -3fat.  The purpose of this research was to optimize 

Stimulated Echo Acquisition Mode (STEAM) and Point RESolved Spectroscopy (PRESS) echo 

times (TE) at 3 T to 1) improve olefinic/methyl ratio quantification and 2) enable relative ω-3 fat 

content assessment. Experiments were completed on nine edible oils and four healthy volunteers 

(tibial bone marrow). STEAM (mixing time = 20 ms) and PRESS olefinic/methyl ratios as a 

function of TE at 3 T were compared to high-resolution 16.5 T NMR measures for the oils, and 

to a literature deduced value for tibial bone marrow. Percent differences were calculated between 

oil olefinic/methyl ratios obtained at 3 T and 16.5 T.  Oil methyl linewidths were calculated at 

each TE to investigate the correlation with expected ω-3 fatty acid content (calculated from 16.5 

T NMR).  Linear regression R2 values measured the correlation of methyl linewidth to -3 

content. The results revealed that STEAM, TE = 120 ms, yielded average oil olefinic/methyl 

ratios that differ by about - 4.8 % compared to high resolution ratios.  Tibial bone marrow 

olefinic/methyl ratios differ by -1.8 % compared with literature obtained ratios.  PRESS, TE = 

180 ms, resulted in oil ratios that differ by 7.8 % and tibial bone marrow ratios that differ by 0.2 

%.  A TE of 160 ms for both STEAM and PRESS enabled relative levels of oil ω-3 fatty acid 

content to be estimated (R2 values ≥ 0.9).  In conclusion, STEAM, TE = 120 ms (mixing time = 

20 ms), and PRESS, TE = 180 ms, optimally estimated olefinic/methyl ratios.  STEAM and 

PRESS, TE = 160 ms, enable relative oil ω-3 fatty acid estimation from methyl linewidths. 
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4.2  Introduction 

 

 Proton Magnetic Resonance Spectroscopy (MRS) has been used to assess fat unsaturation 

levels in a number of diseases in vivo 1-9.  Adipose tissue, including that of bone marrow, in vivo 

is composed of  28 % saturated (primarily palmitic acid),  51 % monounsaturated (primarily 

oleic acid),  14 % di-unsaturated (primarily linoleic acid), and  1 % tri-unsaturated fatty acids 

10-13. Tri-unsaturated fatty acid content is primarily ( 80 %) composed of the ω-3 fatty acid 

linolenic acid 10. Fat unsaturation can be estimated in vivo from the olefinic resonance ( 5.4 

ppm) and optimized long echo time (TE) Stimulated Echo Acquisition Mode (STEAM) and 

Point RESolved Spectroscopy (PRESS) sequences have been employed for situations where the 

water resonance ( 4.8 ppm) obscures its signal, such as in spinal bone marrow and in the liver 

1,14,15. A long TE also offers better spectral resolution of methyl and methylene resonances 16. 

While it has been demonstrated that olefinic to methylene ( 1.3 ppm) ratios obtained with 

optimized long-TE methods 14,15 correlate with relative levels of fat unsaturation at 3 T,  short-

TE olefinic to methyl ( 0.9 ppm) peak areas have also been used to obtain a measure of fat 

unsaturation  in humans in vivo at 1.5 T 4 and in rats at 4.7 T 2.   The methyl resonance serves as 

an appropriate reference given that every fatty acid has one methyl group 4.  Furthermore, the 

methyl resonance can potentially provide an indication of linolenic acid levels, which are 

relevant to breast cancer 17. The methyl resonance may correlate with the linolenic acid content 

because of the different chemical shift and coupling interactions of the -3 methyl protons. The 

ω-3 methyl protons neighbour the  2.0 ppm allylic protons leading to a chemical shift of  0.93 

ppm 18 compared to  0.83 ppm for the methyl protons of saturated fatty acids, oleic acid, and 

linoleic acid, which neighbour the 1.3 ppm methylene protons 18. The difference in neighbouring 

proton chemical shift (2.0 ppm compared to 1.3 ppm) yields a more weakly-coupled J-coupling 

interaction at 3 T for the -3 methyl protons 19.  The differences between the two methyl groups 

can lead to variations in the collective lipid methyl linewidth as function of linolenic acid 

content.   

 Measurements of fat unsaturation in tibial bone marrow have been shown to be relevant 

in the study of disease, bone health and dietary treatment.  For example, higher fat unsaturation 

in tibial bone marrow was found to be inversely correlated with insulin sensitivity 20.  A negative 
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correlation has also been associated between tibial bone marrow fat unsaturation and fasting 

glucose, a diabetes marker 21.  In addition, it has been demonstrated that dietary fatty acid intake 

affects tibial bone marrow fat composition 22-24, bone metabolism cellular processes 23 and tibial 

bone mineral content and histological cortical thickness 25.  A dietary treatment study in rats 

showed that serum protein levels that affect bone formation were higher in rats with more tibial 

bone marrow -3 fat content 26.         

The first objective of the presented work was to optimize long TE STEAM and PRESS 

sequences (considering J-coupling evolution and transverse (T2) relaxation effects) to yield 

olefinic/methyl oil and tibial bone marrow ratios that match closely to those obtained using high 

resolution Nuclear Magnetic Resonance (NMR) for the oils, and to a literature deduced value for 

tibial bone marrow.    The second objective of the presented work is to investigate the correlation 

of methyl linewidth and ω-3 fatty acid content as a function of STEAM and PRESS TE to 

determine TE values that enable relative levels of fat linolenic acid content to be determined.   

 

4.3  Materials and Methods 

 

Data Acquisition: Experiments were performed with a 3 T Philips whole body Magnetic 

Resonance Imaging (MRI) scanner (Intera, Philips Healthcare, Best, Netherlands). A 

transmit/receive radiofrequency (RF) birdcage head coil (Philips Healthcare) was used on nine 

oils of varying unsaturation content: peanut, cod liver, almond, canola, sesame, linseed, 

sunflower, corn, and walnut oil. In vivo, one element of the Flex-L surface coil (Philips 

Healthcare) was employed for signal reception (body coil for transmission), and motion was 

minimized using Velcro straps to hold the coil in place.  STEAM (TE = 20 to 300 ms in steps of 

20 ms, mixing time [TM] = 20 ms) and PRESS (TE = 40 to 300 ms in steps of 20 ms) spectra 

were acquired with the following parameters: 3 sec repetition time (TR), 32 signal averages, 

2048 samples, and a 2000-Hz spectral bandwidth. For PRESS, the first echo time was fixed at 15 

ms, and the second echo time was altered to change the total echo time. The scanner’s automatic 

second order shimming procedure based on FASTERMAP 27 was employed on a shim voxel 

identical to that of the voxel of interest and the RF transmitter frequency was centered between 

the methyl and olefinic resonances ( 3.15 ppm).  Water suppression was not required and a 16-
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step phase cycling scheme was used.  A 20 x 20 x 20 mm3 voxel was centered in the oil 

phantoms and an 8 x 8 x 8 mm3 voxel was positioned in tibial bone marrow  10 cm below the 

knee in four healthy volunteers (two males and two females, age range 23 - 31 years).  Informed 

consent was obtained from all volunteers through a protocol approved by our local ethics board. 

In order to ensure data repeatability, four spectra were acquired for each TE value for the oils. 

For the tibial bone marrow, one spectrum was acquired at each TE for each volunteer. One of the 

four volunteers was scanned in a separate session where four spectra were acquired with the 

short echo times (STEAM TE = 20 ms and PRESS TE = 40 ms) and with the determined long 

echo times to evaluate repeatability.  

 For comparison, oil spectra were also acquired using a high resolution 700 MHz (16.5 T) 

Varian/Agilent (Palo Alto, CA) VNMRS spectrometer. Samples were prepared by dissolving ~ 

50 µL of pure oil into 550 µL of deuterated chloroform.  The following parameters were used:   

8389.26 Hz sweep width, 5 s acquisition time, 100 ms delay between excitation and acquisition, 

42000 samples, 30° flip angle and 16 averages.  As a validation of the 16.5 T measurements, a 

spectrum from a sample of pure linoleic acid was also acquired.  

Data Processing: Spectra acquired at 3 T were filtered, phase-corrected, and peak areas of the 

olefinic (5.1 ppm – 5.6 ppm) and methyl (0.7 ppm – 1.1 ppm) resonances were calculated using 

Philips spectroscopy software. The olefinic/methyl area ratios were calculated as a function of 

TE from the mean of the four areas acquired for each peak. In addition, for each oil the mean of 

the four methyl linewidths (full width half maxima) was calculated for each STEAM and PRESS 

TE at 3 T.  To ensure a fair comparison of linewidths across all oils, the filtering was slightly 

adjusted to ensure that all methylene linewidths were similar (15.2 Hz ± 0.8 Hz).  

 The spectra acquired at 16.5 T were processed on VNMRJ. The olefinic areas (5.25 ppm 

– 5.50 ppm), and the sum of the methyl areas (0.84 ppm – 0.90 ppm, and 0.94 ppm – 1.0 ppm for 

the ω-3 resonance) were calculated to determine olefinic/methyl ratios.  The diallylic (2.6 ppm – 

3.0 ppm) and the 2.3 ppm peak areas (2.2 ppm – 2.4 ppm) were also calculated for sunflower and 

canola oil to assess poly-unsaturation and di-unsaturation levels. 

Data Analysis: To assess repeatability of the oil scans, a coefficient of variation (COV) was 

calculated (mean/standard deviation) for the olefinic peak from the four spectra at each TE. To 
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assess repeatability in vivo, a COV was calculated for the olefinic peak from the four spectra 

acquired at each of STEAM with TE = 20 ms, PRESS with TE = 40 ms and STEAM and PRESS 

with the optimal long TE values. For the oils, optimal TE values for STEAM and PRESS were 

determined by comparing the measured olefinic to methyl ratios at 3 T to those obtained at 16.5 

T. A percent (%) difference between 3 T and 16.5 T measurements, averaged over all the oils, 

was calculated for each TE and the result was used to determine the optimal TE values. At the 

optimal echo times, a linear regression was computed between the measured olefinic/methyl 

ratios at 3 T and 16.5 T for the oils, and the coefficient of determination (R2) was calculated.  In 

vivo, optimal echo times for STEAM and PRESS were determined by comparing ratios acquired 

at 3 T to those calculated from literature composition for tibial bone marrow. The literature 

composition values were derived from gas chromatography 12,15.  A percent difference between 3 

T measurements and the literature, averaged over the volunteers, was determined for each TE.  

Signal-to-noise ratios (SNR) was determined by measuring peak height and dividing it by the 

standard deviation of the noise in the 10 – 12 ppm spectral region.    

Oil methyl linewidths were plotted for each TE value versus the literature ω-3 fatty acid 

content 15, and STEAM and PRESS echo times which yielded the highest R2 values were 

selected as optimal timings for relative ω-3 fatty acid quantification. A more accurate estimate of 

actual ω-3 fatty acid content was calculated from the 16.5 T NMR data by dividing the ω-3 

methyl peak area at ≈ 0.97 ppm  by the sum of the ω-3 methyl peak area and the dominant 

methyl peak area ( 0.88 ppm) 18. The ω-3 methyl peak was only observable for the four oils 

with highest ω-3 fatty acid content: linseed, cod liver, walnut, and canola oil. The measured 

methyl linewidths at the optimal TE values were plotted versus the 16.5 T measured ω-3 fatty 

acid composition for the four oils and a linear coefficient of determination, R2, was calculated.  

Diallylic-to-methyl ratios were calculated for sunflower oil and canola oil from the 16.5 T NMR 

spectra to assess poly-unsaturation. Di-unsaturated linoleic acid content was calculated from the 

diallylic and 2.3 ppm peak areas and the ω-3 fatty acid content 28.  To validate the high resolution 

NMR measurements, olefinic to methyl and diallylic to methyl ratios were calculated for the 

linoleic acid sample. 
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4.4  Results 

 

Figure 4.1 displays spectra acquired for canola oil at 3 T and at 16.5 T, and for tibial bone 

marrow at 3 T.  The methyl signal from ω-3 fatty acids (0.94 ppm – 1.0 ppm) is resolved from 

the methyl signal of the other fatty acids (0.84 ppm – 0.90 ppm) at 16.5 T, but not at 3 T. Both 

phantom and in-vivo COV values for repeatability assessment were under 5 %.  High resolution 

NMR linoleic acid olefinic-to-methyl and diallylic-to-methyl ratios were found to be 1.28 and 

0.65, respectively, agreeing within 5 % with the expected ratios of 1.33 and 0.67, respectively.  

STEAM with a TE of 120 ms and PRESS with a TE of 180 ms were found to yield 

olefinic/methyl ratios that match most closely with the 16.5 T NMR ratios for the oils and to a 

literature composition deduced value in vivo.  Table 4.1 displays the average % differences for 

short- TE techniques (STEAM TE = 20 ms and PRESS TE = 40 ms), and optimized long-TE 

techniques. The linear coefficients of determinations (R2) for the olefinic/methyl ratios measured 

at 3 T versus 16.5 T at the optimal timings were 0.89 and 0.79 for STEAM TE = 120 ms and 

PRESS TE = 180 ms, respectively. Figure 4.2 shows normalized peak areas for the olefinic and 

methyl resonances of canola oil and tibial bone marrow as a function of STEAM and PRESS TE, 

as well as the spectral lineshapes for olefinic and methyl resonances of tibial bone marrow 

obtained with the optimal timings.  The SNR of each peak is also displayed.    
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Figure 4.1:  Canola oil spectra acquired at 3 T and at 16.5 T, and a tibial bone marrow spectrum 

(obtained from one volunteer) acquired at 3 T. The methyl signal from -3 fatty acids (0.94 ppm 

– 1.0 ppm) can be resolved from the methyl signal of other fatty acids (0.84 ppm – 0.90 ppm) at 

16.5 T, but not at 3 T.  The voxel location for one of the volunteers is shown on axial and sagittal 

images.  
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Table 4.1: Percent differences between measured olefinic/methyl ratios at 3 T and 16.5 T for the 

oils.   

Technique 

% difference 

(average over all 

oils) 

% difference 

(average over all 

volunteers) 

STEAM TE = 20 ms  5.4 9.3 

PRESS TE = 40 ms  63.7 53.5 

STEAM TE = 120 ms -4.8 -1.8 

PRESS TE = 180 ms 7.8 0.2 

 

* For tibial bone marrow, % differences were based on literature composition. 



136 

 

 

Figure 4.2: Normalized (to maximum) olefinic and methyl resonance areas (a) for canola oil and 

tibial bone marrow as a function of echo time using STEAM (left) and PRESS (right). Olefinic 

and methyl lineshapes from tibial bone marrow are shown (b) on the same scale for short TE 

(STEAM TE = 20 ms and PRESS TE = 40 ms), and optimized long-TE methods (STEAM TE = 

120 ms and PRESS TE = 180 ms). For all STEAM spectra, TM = 20 ms.  The SNR values for 

each peak are displayed to the right of each spectrum.  
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 The left side of Figure 4.3 displays the methyl linewidth as a function of STEAM and 

PRESS TE for all nine oils.  STEAM and PRESS with a TE of 160 ms  were deduced to be 

optimal techniques for assessing relative ω-3 fatty acid content of the oils, with R2 values of 0.94 

and 0.95, respectively, for measured methyl linewidths plotted against literature ω-3 fatty acid 

content. The right side of Figure 4.3 shows the linear correlation between ω-3 fatty acid content 

(determined from 16.5 T NMR) and the measured methyl resonance linewidth using optimal 

techniques, with associated R2 values of 0.90 and 0.97 for STEAM and PRESS respectively. 

Figure 4.4 displays the methyl line shapes of peanut, walnut and linseed oils as examples 

obtained with a non-optimal technique (PRESS, TE = 80 ms ) and with the optimal methods.  
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Figure 4.3: Methyl linewidths of nine oils as a function of echo time for STEAM (a) and PRESS 

(c). STEAM with TE = 160 ms and PRESS with TE = 160 ms were determined to be optimal 

echo times for characterizing the oils based on relative ω-3 fatty acid content.  The figure also 

displays the linear regression of the methyl linewidth versus ω-3 fatty acid content (obtained 

from 16.5 T NMR) for STEAM TE = 160 ms (b) and PRESS TE = 160 ms (d). For STEAM, TM 

= 20 ms. 
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Figure 4.4: Methyl line shapes for linseed oil, walnut oil, and peanut oil obtained with a non-

optimal timing (PRESS TE = 80 ms) and with the optimal timings (STEAM TE = 160 ms and 

PRESS TE = 160 ms) determined in the presented work. Line shapes are shown with less 

filtering ( 9 Hz methylene linewidth) and more filtering ( 15.2 Hz methylene linewidth), the 

latter more representative of in-vivo spectra.  For STEAM, TM = 20 ms.  

 

 The diallylic to methyl ratios determined from the high resolution NMR spectra were 

found to be 0.37 and 0.26 for sunflower and canola oil, respectively.  Di-unsaturated linoleic acid 

content was found to be 55 % and 18 % for sunflower and canola oil, respectively.   
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4.5  Discussion 

 

 Long-TE MRS techniques are advantageous for suppressing the water signal to better 

quantify the olefinic lipid resonance 1,14,15 or for improving the resolution of lipid methyl and 

methylene peaks 16.  In the presented work, long-TE STEAM and PRESS techniques that yield 

olefinic/methyl ratios that match most closely to ratios determined from high resolution NMR 

spectra for the oils and to ratios determined from the literature for tibial bone marrow were 

investigated at 3 T.  In addition, a correlation between methyl linewidths and relative -3 fatty 

acid  content was demonstrated for certain STEAM and PRESS TE values.    

Timings were optimized to measure olefinic to methyl ratios that matched most closely to 

ratios obtained with 16.5 T NMR (for the oils) or to literature (for tibial bone marrow). Methyl 

and olefinic protons in the oils and in vivo exhibit similar T2 relaxation decays leading to the 

same suitable echo times (STEAM with a TE of 120 ms and PRESS with a TE of 180 ms).  

PRESS with a TE of 180 ms yields more representative olefinic/methyl ratios compared to those 

provided from PRESS with a TE of 40 ms, likely because J-coupling effects result in a smaller 

olefinic resonance area compared to the methyl resonance area at the optimized echo time. In 

contrast, the olefinic resonance area is larger in comparison to the methyl resonance area at the 

short echo time, yielding an overestimation of the olefinic to methyl ratio. A limitation of our 

methodology is that the 3 T olefinic areas included contributions from the  5.21 ppm glycerol 

proton, whereas the glycerol contribution was excluded from the high resolution oil and tibial 

bone marrow literature compositions to have an estimate of the true olefinic to methyl ratio.  In 

addition, the glycerol proton is involved in J-coupling interactions 29 which causes its signal to 

modulate as a function of TE.  Since its modulation is unknown, its actual contribution to the 

olefinic area at different TE values is uncertain.   

 Methyl linewidths were investigated as a tool for assessing relative ω-3 fatty acid content.  

Admittedly, the linewidth increases with larger magnetic field inhomogeneities and susceptibility 

differences (increase with higher field strength).  A consistent voxel size and shimming 

procedure was employed for all the oil experiments to yield a similar magnetic field 

environment.  The methylene resonance linewidth was used as a reference.  Small variations in 

the linewidth were addressed by adjusting the amount of filtering such that all the oil methylene 
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linewidths were similar (15.2 Hz ± 0.8 Hz) ensuring that any methyl linewidth differences are 

primarily due to J-coupling evolution effects.  We found that techniques of STEAM with a TE of 

160 ms (TM = 20 ms) and PRESS with a TE of 160 ms can be used to determine relative ω-3 

fatty acid content of oils from the methyl linewidth. Using a non-optimal echo time yields 

relatively similar linewidths despite differences in ω-3 fatty acid content (linseed oil  50 %, 

walnut oil  12 %, and peanut oil  0 %), whereas using the optimal TE values yields linewidths 

that broaden for oils with higher ω-3 fatty acid content. The methyl groups of saturated fatty 

acids, oleic acid and linoleic acids resonate at  0.84 – 0.90 ppm, and are involved in J-coupling 

interactions with their 1.3 ppm methylene neighbours 19. The methyl protons of ω-3 fatty acids 

resonate at  0.94 – 1.0 ppm  and exhibit a more weakly-coupled interaction at 3 T with their 

neighbouring  2.0 ppm allylic protons, leading to differences in J-coupling evolution 19 

compared to the other methyl protons. Figure 4.4 shows that the outer left peak of the ω-3 

multiplet is in-phase at the optimal echo times as a result of J-coupling evolution rewinding, 

whereas it is out of phase at a non-optimal timing.  When the ω-3 resonances are in-phase, their 

linewidths add to the collective methyl linewidth. Furthermore, the centre of the methyl 

resonance peak shifts to a slightly higher ppm.  The combined effects yield broader linewidths 

for higher ω-3 fatty acid content. The ω-3 content of cod liver oil is dominated by 

eicosapentaenoic acid (EPA) and docosahexanoic acid; however, for the other oils, the ω-3 fatty 

acid content is primarily linolenic acid 15. Linolenic acid is the most significant ω-3 component 

of human adipose tissue 10. A limitation of the study is that the technique was used to assess oils 

with high linolenic acid content, specifically linseed oil ( 50 %), walnut oil ( 12 %), and 

canola oil ( 10 %), whereas linolenic acid only makes up about 1 % of fatty acid content in 

human adipose tissue 10-13.  However, a recent in vivo study at 1.5 T reported narrower methyl 

linewidths in subjects with higher risk of breast cancer and proposed that the observation may be 

due to different fat composition 30.  In proton MRS, the methyl resonance is the key source for 

extracting information about -3 content.  The 2.8 ppm diallylic resonance increases with 

increased levels of poly-unsaturation; however, there is no indication of whether the signal is 

originating from di-unsaturated linoleic acid or tri-unsaturated -3 linolenic acid.  For example, 

we estimated from the high resolution spectra that the sunflower oil contains  55 % linoleic acid 

and negligible linolenic acid, while the canola oil contains  18 % linoleic acid and  10 % 
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linolenic acid.  The diallylic to methyl ratio was found to be about 1.4 times larger for sunflower 

oil (0.37 compared to 0.26 for canola oil), despite the absence of linolenic acid, due to the higher 

linoleic acid fat content.  

 Long-TE for both PRESS and STEAM were explored in this work.  Overall, both the 

long-TE PRESS (TE = 180 ms) and STEAM (TE = 120 ms) sequences yield olefinic/methyl 

measures that agree within 10 % of ratios determined from high resolution NMR and from the 

literature, for the oils and in vivo, respectively.  An advantage of the PRESS sequence is that the 

obtained tibial bone marrow olefinic SNR is ~ 1.6 times larger compared to what was acquired 

with STEAM.  However, it should be cautioned that SNR differences are dependent on tissue 

specific T2 relaxation constants; it was previously shown that a higher olefinic SNR was obtained 

with STEAM with a TE of 100 ms compared to what was measured with PRESS with a TE of 

200 ms in spinal bone marrow 14.  Another advantage of the PRESS timing is that the longer TE 

of 180 ms provides more opportunity for water T2 relaxation decay should a large water signal be 

present 14.  However, a disadvantage of the PRESS sequence is that it did not perform as well as 

STEAM for estimating relative levels of oil unsaturation based on olefinic to methyl ratios (R2 of 

0.79 for PRESS compared to 0.89 for STEAM).  For the optimized PRESS and STEAM 

sequences (both with TE = 160 ms) for methyl linewidth measurements, PRESS has advantages 

over STEAM, namely, providing a higher SNR and a better measure of relative levels of oil -3 

content (R2 of 0.97 compared to R2 of 0.90 for STEAM). 

 In addition to the already mentioned study shortcomings (inclusion of glycerol signal in 

the olefinic peak area at 3 T and using oils high in linolenic acid content for the methyl linewidth 

assessment), there are a few other limitations of the study.  The long TE values yield lower SNR 

values for both the olefinic and methyl resonances compared to the SNR obtained with short 

echo times.  The largest reduction occurs for the olefinic signal with STEAM with a TE of 120 

ms (SNR is  26 % of that obtained with STEAM TE = 20 ms).  However, the SNR is still 

relatively high ( 48) and adequate for obtaining measures of fat unsaturation.  Another 

limitation is that the optimal TE values were determined for tibial bone marrow and may be 

different for other anatomical tissue depending on the T2 relaxation constants of both the olefinic 

and methyl protons.  Also, the optimal timings in vivo were determined based on literature 

composition of tibial bone marrow and not on the actual bone marrow composition of the study 
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volunteers.  In addition, a small number of volunteers were scanned and a patient study 

measuring differences in fat unsaturation with disease was not performed.  

 In addition to bone marrow, the work of the presented study can find application in the 

study of fat unsaturation in other anatomical tissue.  For example, hepatic fat unsaturation has 

been shown to negatively correlate with obesity and hepatic steatosis 7; studies have also shown 

that patients with non-alcoholic fatty liver disease (NAFLD) have lower levels of hepatic -3 

fatty acids compared to healthy subjects 31,32.  Lower levels of unsaturated fat were found in 

visceral adipose tissue of obese males that had higher visceral adipose tissue volume 4, while 

elevated levels of saturated fats in visceral adipose tissue of obese women have been correlated 

with gene and protein expressions that regulate visceral fat volume, which is associated with 

metabolic disease 33.  The amount of fat unsaturation in skeletal muscle has been shown to be 

negatively correlated with lipid metabolic defects associated with obesity 34.  It has also been 

demonstrated that the fatty acid content of skeletal muscle correlated with dietary fat 

composition 35 and that increasing the -3 fatty acid content in skeletal muscle improves muscle 

function and metabolism 36,37.       

 In conclusion, STEAM with a TE of 120 ms (TM = 20 ms) and PRESS with a TE of 180 

ms yield representative olefinic to methyl ratios in tibial bone marrow in vivo.  In addition, 

STEAM and PRESS sequences with a TE of 160 ms (TM = 20 ms for STEAM) can assess 

relative levels of ω-3 fatty acid content based on relative methyl peak linewidths.   
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5.1 Abstract 

  

 Measures of fat unsaturation, relevant to disease, can be obtained in vivo with magnetic 

resonance spectroscopy (MRS) by measuring the olefinic resonance (≈ 5.4 ppm), which provides 

an indication of the total number of double bonds. Long echo time (TE) Point RESolved 

Spectroscopy (PRESS) has been  previously optimized for obtaining olefinic to methylene (1.3 

ppm) or methyl (≈ 0.9 ppm) ratios at 3 T in tibial bone marrow.  This work measures apparent 

(includes J-coupling evolution) T2 relaxation times for the olefinic, methylene, and methyl 

protons in tibial bone marrow, subcutaneous and breast adipose tissue in healthy volunteers  (11 

males and 7 females) to investigate if intra-individual fat unsaturation comparisons can be made 

without T2 corrections.  PRESS with varying TE was employed.  Statistical significance was 

found between breast and tibial bone marrow olefinic apparent T2 values (p = 0.005 from two-

tailed paired t-test). Olefinic/methylene measures using PRESS with a TE of 40 ms and the 

previously optimized long TE of 200 ms were obtained for the three regions (not measured 

previously in breast) to investigate intra-individual differences. No significant differences were 

found. Diallylic (≈ 2.8 ppm) to methylene ratios for poly-unsaturation assessment were 

calculated from the TE = 40 ms PRESS spectra. Poly-unsaturation measures were significantly 

different for tibial bone marrow compared to subcutaneous (p = 0.001) and breast (p = 0.05) 

adipose tissues, with average values of 1.7 ± 0.4, 2.2 ± 0.4, and 2.3 ± 0.8%, respectively.  

Inversion recovery was investigated for  minimizing water signal in breast using an 

inversion delay time of 613 ms preceding PRESS (TE = 40 ms). The olefinic signal to noise ratio 

was about six times greater than that obtained using PRESS with a TE of 200 ms, providing an 

alternative to long-TE for fat unsaturation measurements in breast. 
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5.2 Introduction 

 

 Levels of fat unsaturation have been demonstrated to correlate inversely with disease 1-14. 

For example, unsaturated fat content in humans has been found to be lower in visceral adipose 

tissue 1, liver 2, breast tissue 5,6, and bone marrow 7-13  in diseases such as obesity 1,2, breast 

cancer 5,6, osteoporosis 7,9-11,13, bone lesions 12, and diabetes 9,11.  Magnetic Resonance 

Spectroscopy (MRS) has been utilized to quantify the olefinic resonance (≈ 5.4 ppm) to assess 

total fat unsaturation in vivo 2,3,12,15-17. The water resonance (≈ 4.8 ppm) overlaps the olefinic 

resonance in short echo time (TE) spectra in tissues such as breast,  red bone marrow, and liver, 

making its quantification challenging 15-19. Long-TE STimulated Echo Acquisition Mode 

(STEAM) and Point RESolved Spectroscopy (PRESS) sequences have been shown to better 

resolve the olefinic peak from that of water by exploiting the relatively shorter transverse (T2) 

relaxation time of water 15-20.  In addition, it takes advantage of improved spectral resolution of 

the 1.3 ppm methylene resonance from that of the 0.9 ppm methyl at longer TE values 20,21, 

enabling normalization to either resonance.  A longer TE sequence may also yield more 

consistent results; in bone marrow studies of disease and age, using a short TE  has been 

implicated as potentially causing contradicting results from different MRS studies 19. Long-TE 

STEAM with a TE of 100 ms 16 and PRESS with a TE of 200 ms 17 were optimized for 

measuring olefinic to methylene ratios in tibial 17 and spinal bone marrow 16,17 at 3 T. In addition, 

since the methyl resonance arises from the same number of protons per triglyceride,  it is a useful 

normalization factor 1. Long-TE STEAM (TE =120 ms) and PRESS (TE = 180 ms) timings were 

optimized for olefinic to methyl measures in tibial bone marrow 22.  The techniques examined the 

J-coupling evolution of the different lipid proton groups, which are expected to be similar in 

bone marrow and other adipose tissue. Water is prevalent in breast tissue, and although less so in 

subcutaneous adipose tissue, it has been shown to increase with weight loss in studies of obesity 

23, rendering a long-TE sequence advantageous. Moreover, measures of fat unsaturation acquired 

with long TE spectra in subcutaneous abdominal adipose tissue were in better agreement with 

results from gas chromatography than those acquired from short TE, likely due to decay of the 

water resonance signal and intense methylene peaks 20.   Quantification based on long-TE spectra 

benefit from corrections for T2 losses.  The T2 times of the protons groups, which differ from 

each other 24-26, may vary in different adipose tissues 27. T2 times are longer for more unsaturated 
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fats due to increased fluidity from double bonds 28. Furthermore, within a fat molecule, protons 

closer to the methyl end of the fatty acid tend to have longer T2 due to greater fluidity in the 

methyl end of the molecule compared to the carboxylic acid end 28. The presented work 

compares apparent (to indicate inclusion of J-coupling effects) T2 relaxation times of olefinic, 

methyl, and methylene resonances in breast, subcutaneous, and tibial bone marrow adipose tissue 

at 3 T to determine if olefinic/methylene or olefinic/methyl ratios obtained  in those regions with 

the optimized long-TE values for tibial bone marrow 16,17,22  can be directly compared to each 

other without correcting for differences in T2.  The olefinic apparent T2 relaxation time in thigh 

adipose tissue 29 and subcutaneous adipose tissue in the abdominal region 30 have been estimated 

at 3 T; however, to our knowledge, estimates have not been determined for tibial bone marrow 

and breast adipose tissue.  We also employ our measures from long-TE spectra to estimate 

olefinic/methylene ratios in the different adipose tissues.  This metric has been previously 

employed using PRESS with a TE of 200 ms in tibial bone marrow 17 and subcutaneous adipose 

tissue in the abdominal region 15,20,31, but not in breast tissue.  A more complex multiple quantum 

coherence sequence has been used to map poly-unsaturation content in breast tissue at 2.1 T 32.  

A 7 T study determined breast poly- and mono-unsaturation composition using resonances (not 

easily resolvable at 3 T) other than the olefinic resonance with a TE-averaged STEAM sequence 

33. Another study at 3 T acquired short TE STEAM spectra and used spectral fitting to quantify 

the same resonances used in the 7 T study and obtained similar results for composition 34. It is 

difficult to compare the measures in the latter two references to those obtained from previous 

studies in other adipose tissue.  Intra-individual differences in total fat unsaturation 15,31,35,36 have 

been investigated in different adipose sites, including abdominal adipose tissue and tibial bone 

marrow 36, to gain insights about fat storage in different depots and their potential role in 

pathology 19,36. The presented work explores intra-individual variability in fat unsaturation 

measures determined between previously examined adipose tissue, namely subcutaneous and 

tibial bone marrow, in addition to that of breast  in a group of healthy volunteers. We also 

demonstrate the efficacy of using an inversion recovery (IR) sequence to resolve the olefinic 

signal from that of water in breast tissue with a short-TE sequence, providing an alternative to 

long-TE in situations where signal loss due to T2 relaxation would be of concern.  
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5.3  Methods 

 

 All experimental data were acquired using a 3 T Philips whole body Magnetic Resonance 

Imaging (MRI) scanner (Intera, Philips Healthcare, Best, Netherlands) in accordance with our 

local ethics review board. Seven women (ages 22 to 41) and 11 men (ages 20 to 57) participated 

in the study. Two women elected not to participate in the abdominal scans. For all three anatomic 

regions, spectra were acquired using a PRESS sequence with TR of 3 s and TE values of 40, 60, 

80, 140, 200 and 240 ms.  The first TE of PRESS was set to 17 ms and the second TE was 

altered accordingly.  The following parameters were applied: 32 signal averages, 2048 samples, 

and a 2000 Hz spectral bandwidth. Shimming was performed using the scanner’s automatic 2nd 

order pencil beam shimming module. For tibial bone marrow and breast, shimming was 

performed over the voxel of interest, but for the abdominal region shimming was performed over 

a larger volume centered on the voxel of interest to mitigate effects of respiratory motion.  The 

RF pulse frequency was set to 3 ppm, the center of the fat spectrum.  The built in Philips body 

coil was used for signal transmission in all cases. 

For the tibial bone marrow scans, volunteers lay supine and one element of the Flex-L 

Philips surface coil (Philips Healthcare) secured with VELCRO straps was used for signal 

reception. A 7 x 7 x 7 mm3 to 8 x 8 x 8 mm3 voxel was positioned in the right tibial bone marrow 

(a few cm below the knee as shown in Figure 5.1 a). Images were acquired as 3 mm slices using 

a multishot turbo spin echo (TSE) sequence with TSE factor of 3, a TE of 8 ms, and a TR of 800 

ms.  
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Figure 5.1: Voxel (8 x 8 x 8 mm3) location in tibial bone marrow (a), in subcutaneous adipose 

tissue in the abdominal region (15 x 15 x 15 mm3, b), and in breast adipose tissue (15 x 15 x 15 

mm3, c) for apparent T2 measurements in one of the female volunteers.  

For the abdominal subcutaneous adipose tissue scans, volunteers lay supine with a gating 

sensor placed above the abdominal region using a VELCRO wrap.  The body coil was used for 

signal reception. A 10 x 10 x 30 mm3 to 20 x 20 x 20 mm3 voxel was situated in the deep 

subcutaneous adipose tissue located near the L3-L5 spinal region (Figure 5.1 b).  Images were 

acquired in 3 mm slices using a multishot TSE sequence, with a TSE factor of 20, a TE of 40 ms 

and a TR of 1924 ms. Spectra were acquired using respiratory gating.  
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For the breast scans, females lay prone on an in-house built breast board.  The body coil 

was used for signal transmission and both elements of the Flex-L surface coil were employed for 

signal reception from the volunteer’s right breast. A 10 x 10 x 10 mm3 to 15 x 15 x 15 mm3 

voxel was placed in an adipose region of the breast (Figure 5.1 c). Images were acquired in 5 mm 

slices using a multishot turbo spin echo (TSE) with TSE factor of 15, echo time (TE) of 60 ms 

and repetition time (TR) of 4 s.  To investigate the use of inversion recovery to resolve the 

olefinic resonance from that of water, one of the volunteers was scanned in a separate session 

and water spectra from a 10 x 10 x 10 mm3 voxel located in a non-adipose region were obtained 

to estimate a water longitudinal (T1) relaxation time. A PRESS sequence preceded by an 

inversion recovery pulse of 100 Hz bandwidth were acquired with inversion times (TI) of 250, 

450, 550, 650, 750, 850, and 1000 ms, with a TR of 3 s and a TE of 40 ms. Water resonance 

areas (determined by integrating the peak using Philips spectroscopy analysis software) for each 

TI were plotted as a function of TI and the curve was fit using a non-least squares fit in 

MATLAB to a function of the form 𝑀 = 𝑀𝑜(1 − 2 exp (−
𝑇𝐼

𝑇1
)). The null time was deduced by 

solving the expression above for zero signal (𝑛𝑢𝑙𝑙 𝑡𝑖𝑚𝑒 = ln(2) 𝑇1). The same volunteer was 

then scanned in a separate session and PRESS spectra were acquired from a 20 x 20 x 20 mm3 

voxel containing both fat and water. Three spectra were acquired, namely, one with a TE of 40 

ms and no inversion pulse, one with a TE of 40 ms and a preceding inversion pulse with the 

calculated inversion delay (null time), and one with TE of 200 ms with no inversion pulse.  

Olefinic peak areas and heights for the latter two spectra were determined by analyzing the 

spectral region of 5.1 – 5.5 ppm using the Philips spectroscopy analysis software.  The signal to 

noise ratio (SNR) of the olefinic resonance was determined by the peak height divided by the 

standard deviation of the noise between 7-8 ppm. 

Aside from the breast IR spectra, all spectra from the three anatomic regions were 

analyzed using Linear Combination Model (LCModel, Version 6.31 – 1P) 37.   The basis set used 

was ‘breast-8’ and individual parameters were manually optimized for each spectrum. Olefinic 

(5.1 – 5.5 ppm), methyl (0.8 – 1.1 ppm), and methylene (1.2-1.7 ppm) peak areas were provided 

by LCModel. Olefinic, methyl, and methylene areas were plotted as a function of TE and fit to 

the function 𝑀 = 𝑀𝑜exp (−
TE

T2
),  using a least-squares analysis in MATLAB. Apparent 

methylene, methyl, and olefinic proton T2 relaxation times were computed. For the methylene 
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protons, the relaxation times were calculated using all TE data points. However, only the peak 

areas obtained with TE values of 40, 60 and 80 ms were utilized for the olefinic and methyl 

resonances, because the J-coupling modulation at longer TE values does not result in a 

continuously decaying function. The average apparent T2 relaxation times and corresponding 

standard deviations were calculated for the three proton groups in the different tissues, for all the 

volunteers. Statistical differences between T2 times of the different proton groups in 

subcutaneous tissue and tibial bone marrow were evaluated using a two-tailed paired t-test (a p 

value <= 0.05 was considered significant) for all volunteers (16 volunteers) performed in Excel.  

The same was carried out to evaluate differences between values obtained in breast adipose 

tissue and tibial bone marrow (7 female volunteers), and breast and abdominal subcutaneous 

adipose tissue (5 female volunteers).    

Olefinic to methylene ratios were calculated from the PRESS spectra with TE = 40 ms 

and TE = 200 ms.  Diallylic (2.7 – 2.9 ppm) areas obtained from LCModel from TE = 40 ms 

PRESS spectra enables a relative measure of poly-unsaturation to be estimated by calculating 

diallylic to methylene area ratios.  The same statistical analysis was performed for the 

olefinic/methylene and diallylic/methylene ratios as described above for the apparent T2 values.  

 

5.4  Results 

 

 Figure 5.2 displays spectra acquired from tibial bone marrow, subcutaneous adipose 

tissue and breast tissue of a female volunteer. Over all the volunteers, full-width-at-half-maxima 

(FWHM) of methylene peaks ranged from 8 Hz to 16 Hz in tibial bone marrow, 11 Hz to 32 Hz 

in the subcutaneous adipose tissue, and 21 Hz to 32 Hz in breast adipose tissue. Figure 5.3 shows 

LCModel fits overlaid on spectra acquired from a female volunteer using PRESS with a TE of 40 

ms. Figure 5.4 displays the normalized olefinic, methyl, and methylene resonance areas from the 

subcutaneous adipose tissue of a volunteer with the corresponding apparent T2 exponential fits 

overlaid. Average apparent T2 relaxation times and their standard deviations are indicated in 

Table 5.1 for the olefinic, methyl, and methylene protons measured in each anatomical site. 

Table 5.2 displays the p-values obtained from the t-tests performed to assess differences between 

apparent T2 relaxation times of the proton groups in subcutaneous and tibial bone marrow 
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adipose tissue and between breast and tibial bone marrow adipose tissue. P-values obtained for 

comparisons between breast and subcutaneous adipose tissue T2 relaxation times in the female 

volunteers are also included. Table 5.3 presents the averages and standard deviations of 

olefinic/methylene ratios obtained using PRESS with a TE of 40 ms and 200 ms in the different 

tissues. Diallylic/methylene ratios obtained from the TE = 40 ms spectra are also listed.  Table 

5.4 displays p-values obtained from t-tests performed to assess differences between the ratios 

obtained from subcutaneous adipose tissue and tibial bone marrow and between those from 

breast adipose tissue and tibial bone marrow. P-values obtained for comparisons of the ratios 

between breast and subcutaneous adipose in the female volunteers are also included. 

 

 

Figure 5.2: Spectra acquired from the tibial bone marrow, subcutaneous adipose tissue, and 

breast from a female volunteer for apparent T2 calculations.  
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Figure 5.3: Spectra acquired with PRESS with a TE of 40 ms with their corresponding LCModel 

fits overlaid. 
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Figure 5.4: Normalized olefinic, methyl, and methylene resonance areas from subcutaneous 

tissue of one of the volunteers plotted as a function of TE with corresponding exponential fits 

overlaid.   

 

Table 5.1: Average apparent T2 relaxation times (ms) over all volunteers (female only for breast) 

and their standard deviations for olefinic, methyl, and methylene protons in the three anatomic 

regions. 

Tibial bone marrow Subcutaneous tissue Breast adipose tissue 

olefinic methyl methylene olefinic methyl methylene olefinic methyl methylene 

47.8 ± 

3.0 ms 

41.0 ± 

6.5 ms 

83.3± 

 2.1 ms 

44.8 ± 

6.0 ms 

39.2 ± 

9.1 ms 

84.2 ± 

4.1 ms 

36.1 ± 

7.1 ms 

37.4 ± 

8.9 ms 

71.8 ± 

16.5 ms 

*77.7 ± 

6.3 ms 

*Excluding one outlier value  
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Table 5.2: P-values obtained from two-tailed paired t-tests to determine statistical significance of 

differences in apparent T2 values of olefinic, methyl and methylene protons between the tissues. 

 p-values 

(subcutaneous and 

tibial bone marrow)  

p-values (breast and 

tibial bone marrow)  

p-values (breast 

and 

subcutaneous)  

Olefinic 

 

0.11 0.005 0.26 

Methyl 

 

0.27 0.25 0.48 

Methylene 0.42 0.13 0.21 

 

Table 5.3: Olefinic/methylene ratios averaged over all volunteers (females only for breast) are 

calculated from PRESS TE = 40 ms spectra and PRESS TE = 200 ms spectra from tibial bone 

marrow, subcutaneous, and breast adipose tissue. Diallylic/methylene ratios calculated from 

PRESS TE = 40 ms spectra are also shown. Standard deviations are included.  

Olefinic/methylene 

(PRESS TE = 40 ms) 

Olefinic/methylene 

(PRESS TE = 200 ms) 

Diallylic/methylene  

(PRESS TE = 40 ms) 

tibia subcutaneous breast 

 

tibia subcutaneous breast 

 

tibia subcutaneous breast 

 

9.2 ± 

0.9% 

9.9 ± 

 1.1% 

9.8 ± 

2.2% 

13.5 ± 

1.8% 

13.3 ± 

 2.2% 

11.5 ± 

2.7% 

1.7 ± 

0.4% 

2.2 ± 

 0.4% 

2.3 ± 

0.8% 
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Table 5.4: P-values obtained from two-tailed paired t-tests to determine statistical significance of 

differences in olefinic/methylene and diallylic/methylene ratios between the tissues. 

 p-values 

(subcutaneous and 

tibial bone marrow)  

p-values (breast and 

tibial bone marrow)  

p-values (breast 

and 

subcutaneous)  

Olefinic/methylene 

(PRESS TE = 40 ms) 

 

0.06 0.34 0.66 

Olefinic/methylene 

(PRESS TE = 200 ms) 

 

0.71 0.22 0.16 

Diallylic/methylene 

(PRESS TE = 40 ms) 

0.001 0.05 0.67 

 

Figure 5.5(b) illustrates the T1 relaxation curve for water protons obtained from a non-

adipose region of the breast (Figure 5.5(a)). A T1 relaxation time of 883 ms was estimated with a 

resulting null time of about 613 ms. Figure 5.6(a) displays the voxel localization in a region 

containing some adipose and non-adipose tissue. Spectra acquired with PRESS with a TE of 40 

ms and no IR delay, PRESS with a TE of 40 ms and an IR delay of 613 ms, and PRESS with a 

TE of 200 ms and no IR delay, are also displayed in Figure 5.6(b). The SNR values of the 

olefinic resonance using PRESS with a TE of 40 ms and IR was 329 compared to 56, which was 

obtained with PRESS with a TE of 200 ms. The olefinic area  is about 7.5 times higher using 

PRESS with a TE of 40 ms and IR. The FWHM of the methylene peak in the voxel containing a 

mixture of tissues was 27 Hz (TE = 40 ms, no IR).   
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Figure 5.5: Voxel positioning of a 10 x 10 x 10 mm3 voxel in a non-adipose breast region (a). T1 

curve of water signal area plotted as a function of inversion time delay (b).  
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Figure 5.6: Spectra acquired from a 20 x 20 x 20 mm3 voxel containing a mixture of adipose and 

non-adipose tissue (a) are shown in (b) using PRESS with a TE of 40 ms and no IR, PRESS with 

a TE of 40 ms and a 613 ms IR delay, and PRESS with a TE of 200 ms and no IR.  

 

5.5  Discussion 

 

 Fat unsaturation measures in vivo are important to pathology 1-14. Magnetic Resonance 

Spectroscopy (MRS) enables non-invasive measurements of total fat unsaturation in vivo by 

quantifying the olefinic resonance (≈ 5.4 ppm) 2,3,12,15-17.  In tissues where water signal (≈ 4.8 

ppm) overlaps that of the olefinic, long TE sequences have been optimized and applied to resolve 
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the olefinic peak from the water peak, exploiting the shorter T2 relaxation time of water 

compared to the olefinic 15-20. Other anatomical regions could also benefit from the decay of 

water signal; breast tissue  contains high water content that can obscure the olefinic resonance 

peak 32 and water content in abdominal adipose tissue can increase in some situations 23. 

Employing a long TE also enables better resolution of the methyl (≈ 0.9 ppm) and methylene 

(1.3 ppm) resonances 20,21 and has been reported to offer more representative results in bone 

marrow 19 and abdominal adipose tissue 20. In this work, apparent T2 times of olefinic, methyl 

and methylene resonance in tibial bone marrow, subcutaneous and breast adipose tissue are 

compared at 3 T to determine if measures obtained from long TE spectra in the different 

anatomic regions can be compared to each other without corrections for differences in T2. 

Average apparent T2 values (±standard deviations) of 47.8 (±3.0) ms, 44.8 (± 6.0) ms, and 36.1 

(± 7.1) ms were obtained for the olefinic protons in tibial bone marrow, subcutaneous and breast 

adipose tissues, respectively. For the methyl protons, average apparent T2 values (±standard 

deviations) of 41.0 (± 6.5) ms, 39.2 (± 9.1) ms, and 37.4 (± 8.9) ms were obtained in tibial bone 

marrow, subcutaneous and breast adipose tissues, respectively while average values of 83.3 (± 

2.1) ms, 84.2(± 4.1) ms and 71.8 (± 16.5) ms were calculated for the methylene protons, in the 

different tissues, respectively. Note that excluding one outlier low value (36.8 ms) for methylene 

protons in breast tissue resulted in an average of 77.7 ± 6.3 ms. A significant statistical 

difference (p = 0.005) was only found between apparent T2 values of olefinic protons in breast 

and tibial bone marrow ( 25 % lower) indicating that if comparisons of olefinic measures in 

those tissues are being made, corrections for T2 should be considered. It should be emphasized 

that  all values obtained in this work are apparent T2 values because the effects of J-coupling 

evolution are included which affects T2 quantification 20,26,33,38,39, particularly for the olefinic and 

methyl protons and to a lesser extent the methylene protons 40, which display a monoexponential 

decay.  Therefore, corrections for T2 for the olefinic and methyl protons cannot generally be 

made based on the values presented; however, they indicate relative differences in signal decay. 

The methodology employed in this work could explain the discrepancy when comparing our 

estimates to that of others in the literature. The T2 relaxation time of methyl protons in tibial 

bone marrow at 3 T have been estimated using a narrow bandwidth PRESS sequence, that 

rewinded the J-coupling evolution, to be 132.6 ms 26, a much higher value than that obtained 

here.  In subcutaneous abdominal adipose tissue, olefinic, methyl, and methylene T2 relaxation 
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times (which include the effects of J-coupling) at 3 T were estimated to be 54 ms, 70 ms, and 82 

ms, respectively 30 using a STEAM sequence with TE values of 15, 20, 25, and 30 ms.  Although 

the olefinic and methylene apparent T2 relaxation times are somewhat comparable to ours (44.8 

ms and 84.2 ms, respectively), the methyl T2 relaxation is approximately twice what was 

measured in this work (39.2 ms).  Measured differences are likely due to the difference in 

response of coupled spins to PRESS and STEAM sequences 16,22,41. More specifically, a study 

previously showed that T2 measurements computed using PRESS were 25 to 50 % shorter than 

those calculated using STEAM in liver fat 41.   Breast fat T2 measurements in the literature have 

been limited to using imaging at 3 T (primarily the methylene signal); magnitude MRI images 

using Hahn echoes with TE values of 20 and 100 ms were used to estimate fat T2 (primarily 

methylene signal) in breast to be 52.96 ms 42, about 25 % lower than our estimate.  The deviation 

may be due to signal contributions from the other fat resonances.   

We also estimated, from short-TE PRESS spectra, average olefinic/methylene ratios of 

9.2, 9.9 and 9.8% in tibial bone marrow, subcutaneous and breast adipose tissues, respectively.  

No statistical significance was found between the three average values. In addition, we 

calculated the ratios from spectra acquired with TE = 200 ms (previously optimized to measure 

olefinic/methylene ratios in tibial bone marrow 17), namely, 13.5 %, 13.3 % and 11.5  % , 

respectively.  The values are a few percent higher with the long TE, likely due to differences in 

T2 relaxation between the olefinic and methylene protons and J-coupling behavior 22; poorer 

spectral resolution using short TE 19,21 may contribute a source of error.   We estimated 

diallylic/methylene ratios of 1.7 %, 2.2 % and 2.3 % in tibia, subcutaneous and breast adipose 

tissue, respectively, using the short-TE spectra. The mean tibial bone marrow value was 

statistically different from those found in the other two tissues.  Levels of total fat unsaturation 

15,17,20,24,31,33,36  and poly-unsaturation 15,17,20,24,31-33,36 in tibial bone marrow 17,24,36, subcutaneous 

adipose tissue 15,20,31,36, and breast adipose tissue 32,33 have been previously reported.    Of the 

studies that provide quantitative metrics comparable to ours, measurements at 7 T in tibial bone 

marrow reported olefinic/methylene and diallylic/methylene ratios of 0.06 and 0.02, respectively, 

using STEAM with a TE of  20 ms 24. In tibial bone marrow we obtained average 

olefinic/methylene and diallylic/methylene values of 0.092 and 0.017 using PRESS with a TE of 

40 ms.  The diallylic/methylene ratios are comparable; however, our olefinic/methylene ratio is 

approximately 53 % higher.  Deviations could be explained by differences in T2 relaxation and J-



164 

 

coupling evolution at the different field strengths.  In addition, a limitation of our olefinic 

quantification is that contributions from the ≈ 5.3  ppm glycerol resonance were included, which 

can cause overestimations of about 13 % using PRESS with a TE of 40 ms 43.  The higher field 

strength of 7 T better resolves the glycerol and the olefinic resonance, improving olefinic 

resonance quantification.  

 In subcutaneous adipose tissue measurements at 1.5 T, it was reported that 

olefinic/methylene measures calculated from PRESS with a TE of 200 ms agreed better with gas 

chromatography analysis of the same tissue 20 than short-TE results did. The authors cite 

difficulties in obtaining a proper fit with shorter TE spectra partly due to the influence of the 

intense methylene signal, which decays at the longer TE. This effect is likely less pronounced at 

3 T because of better separation of methylene and methyl peaks.   PRESS with a TE of 200 ms 

was used at 1.5 T 31 to estimate olefinic/methylene ratios of about 11 % in deep subcutaneous 

tissues, in close agreement with our value of about 13 %.   Intra-subject variability of 

olefinic/methyl and diallylic/methyl ratios were reported for tibial bone marrow and deep 

subcutaneous adipose tissue at 3 T using a short-TE (TE = 20 ms) STEAM sequence 36.  It was 

found that for both metrics, values in tibial bone marrow were approximately 93-96 % of those 

found in deep subcutaneous adipose tissue.  While our short-TE measures for olefinic/methylene 

yielded similar differences between the two tissues, diallylic/methylene values in tibial bone 

marrow are about 77 % of those in subcutaneous tissue in this study.  Differences may be due to 

the subjects; we performed measurements on healthy volunteers, whereas Machann et al. 36 

obtained measurements from volunteers with a range of BMI and insulin sensitivity.   

To our knowledge, olefinic/methylene and diallylic/methylene ratios have not been 

previously quantified in breast tissue. Fat unsaturation measurements in breast tissue are limited, 

likely due to the challenges posed from the water contamination of the olefinic resonance and the 

poor methyl and methylene spectral resolution. In the few studies reported, olefinic/methylene 

ratios were not provided; different metrics were employed.  A selective multiple quantum 

coherence transfer sequence was designed at 2.1 T to detect olefinic protons coupled to diallylic 

protons (2.8 ppm)  as a means of mapping total poly-unsaturation fat throughout breast tissue 32; 

however, total fat unsaturation was not quantifiable using this method. At 7 T, a TE-averaged 

STEAM sequence was used to estimate the unsaturation fat content as 72.2 % , using the allylic 
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and diallylic peaks, and the 2.3  ppm methylene peaks in a fat composition model 33. A similar 

result for total fat unsaturation (76.2 %) was obtained from a study at 3 T which made use of the 

same peaks and employed peak fitting 34. Another study at 7 T used zero-quantum-coherence 2D 

NMR spectroscopy and STEAM with a TE of 5 ms to investigate lipids in breast  44.  The total 

unsaturation content was 73 % using the former technique and 62.7 % using the latter. The 

STEAM technique exploited peaks not completely resolvable at 3 T.  

The lower number of studies on fat unsaturation measurement in breast tissue may be due 

to the poorer field homogeneity 45,46 obtained in breast tissue reflected by the broader methylene 

linewidths and overlap of methyl and methylene resonance (Figure 5.2).  In this work, we 

explore the feasibility of using an IR sequence to suppress the water resonance from that of the 

olefinic in breast tissue containing water. Inversion recovery has been employed to remove the 

fat signal from the water signal in brain diffusion MRI 47, and in MRI of calf 48 and the 

musculoskeletal system 49.  IR has also been used to remove both fat and water signals to view 

short T2 molecules, enabling imaging of cortical bone 50,51, patellar tendon 50, Achilles tendon 

50,51, and deep radial and calcified layers of articular cartilage 51. MR-IDEAL (iterative 

decomposition of water and fat with echo asymmetry and least-squares estimation) scans were 

also explored as a means to separate olefinic sigal from that of water in the knee, ankle, spine, 

breast and abdomen 52. To our knowledge, the inversion recovery method has not been explored 

to minimize water signal to reveal the olefinic fat signal. Figure 5.6 displays that the olefinic and 

water resonances are not resolved using PRESS with a short TE of 40 ms. The IR method with 

an inversion delay of 613 ms was successful at suppressing the water signal, revealing the 

olefinic resonance. The suppression is superior to that obtained by water T2 relaxation with long-

TE PRESS and the olefinic resonance SNR is 5.9 times higher.  

 In conclusion, the presented work investigates intra-subject variability of apparent T2 

relaxation times of fat Olefinic, methylene and methyl protons in tibial bone marrow, 

subcutaneous and breast adipose tissue. No significant differences were found with the exception 

of the T2 of breast olefinic protons compared to that of tibial bone marrow.  Therefore, olefinic 

measures obtained with previously optimized long-TE techniques in breast should be corrected 

for T2 differences.  Intra-subject variability of total unsaturation and poly-unsaturation measures 

was also assessed.  No significant differences in total unsaturation was found; however, tibial 



166 

 

bone marrow poly-unsaturation levels were found to be lower than in subcutaneous and breast 

adipose tissue.   While long-TE methods offer advantages, loss of signal due to T2 relaxation can 

be of concern; we demonstrate that using an IR method with a short-TE sequence successfully 

suppresses water overlapping the olefinic resonance in breast tissue. 
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Chapter 6 

Effect of Triglyceride Glycerol CH Signal on Olefinic 

Resonance Quantification with Proton Magnetic Resonance 

Spectroscopy at 3 T 
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Fallone, C.J., and Yahya, A. (2019). Effect of triglyceride glycerol CH signal on olefinic 

resonance quantification with proton magnetic resonance spectroscopy at 3 T. Biomedical 

Physics and Engineering Express 5: 027004 (10 pages). 
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6.1 Abstract 

 

 The in-vivo Magnetic Resonance Spectroscopy (MRS) techniques STimulated Echo 

Acquisition Mode (STEAM) and Point Resolved Spectroscopy (PRESS) are used to assess fat 

unsaturation levels in human adipose tissue by measuring the olefinic proton resonance at ≈ 5.4 

ppm. At clinical field strengths, the resonance is overlapped by that of the triglyceride glycerol 

CH proton at ≈ 5.2 ppm. In the presented work, olefinic resonance contamination by that of the 

glycerol CH proton for STEAM and PRESS as a function of echo time (TE) is assessed at 3 T. 

MRS spectra were acquired from the triglyceride tricaprylin (contains glycerol but no olefinic 

protons), and from free oleic acid (contains olefinic but no glycerol protons) using STEAM (TE 

of 20 to 300 ms, mixing time of 20 ms) and PRESS (TE of 40 to 300 ms), with TE increments of 

10 ms. Estimated olefinic signal contamination by the glycerol CH resonance was evaluated for 

short-TE (STEAM with TE of 20 ms and PRESS with TE of 40 ms) for human adipose tissue 

based on a literature composition and using the spectra acquired for tricaprylin and oleic acid. 

Contaminations of ≈ 20 % for STEAM with a TE = 20 ms and  13 % for PRESS with a TE = 40 

ms were obtained. Glycerol CH contributions to the olefinic resonance was also estimated for 

eight oils in a similar manner.  High-resolution in-vitro 16.5 T Nuclear Magnetic Resonance 

(NMR) spectra of the oils suggest that in the absence of significant T2 relaxation and J-coupling 

effects, 9 to 17 % (depending on unsaturated fatty acid content) of the olefinic signal is 

attributable to the glycerol CH proton. The signal yield responses of the glycerol CH and the 

olefinic protons as a function of TE indicate that a TE of 90 ms for STEAM and a TE of 200 ms 

for PRESS are suitable for quantification of the olefinic resonance with minimal impact from the 

glycerol CH resonance.  Signal area yields relative to those obtained with short-TE were 30 % 

and 29 % for the olefinic resonance and 4 % and 5 % for the glycerol resonance for STEAM 

with a TE of 90 ms and PRESS with a TE of 200 ms, respectively.  The efficacy of the timings 

was verified in vivo on tibial bone marrow.  
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6.2  Introduction 

 

 Proton Magnetic Resonance Spectroscopy (MRS) has been utilized to measure levels of 

fat unsaturation in several diseases in vivo 1-10.  Adipose tissue is composed of saturated (≈ 35 %) 

and unsaturated fatty acids (≈ 65 %) 11. The olefinic resonance ( 5.4 ppm) provides a measure 

of fat unsaturation in vivo and has been quantified by short echo time (TE) 2-4,12,13 and optimized 

long TE Stimulated Echo Acquisition Mode (STEAM) 14 and Point RESolved Spectroscopy 

(PRESS) 15 sequences 1,16-18. Long TE techniques were applied to spinal bone marrow 16 and 

liver 1 to effectively suppress overlapping water signal. However, adipose tissue fatty acids in the 

body are primarily stored in the form of triglycerides 19 and the olefinic signal is unavoidably 

also contaminated by the triglyceride glycerol CH proton (≈ 5.2 ppm) at clinical field strengths 

20-23. It has been suggested that increases in glycerol signal with disease can influence the 

detection of changes in olefinic levels due to the overlap of peaks 24, affecting fat unsaturation 

quantification. As shown in Figure 6.1, the 5.2 ppm glycerol proton is bonded to the middle 

carbon of the triglyceride glycerol backbone. The glycerol CH proton is weakly coupled to the 

methylene glycerol protons that resonate at ≈ 4.2 ppm at 3 T 25. The olefinic protons on the other 

hand are weakly coupled to the neighboring 2.1 ppm and 2.8 ppm protons, and strongly coupled 

to each other 26. To our knowledge, the impact of the glycerol resonance on quantification of the 

olefinic resonance has not been previously assessed.  

The objective of the presented work is to investigate potential levels of olefinic signal 

contamination by the glycerol CH signal when using standard short-TE STEAM and PRESS 

sequences.  In addition, we characterize the T2 decay and J-coupling response of the glycerol CH 

proton as a function of TE at 3 T to determine TE values for STEAM and PRESS which 

minimize the glycerol signal while maintaining relatively high olefinic signal. The glycerol 

proton response is investigated using tricaprylin, which is a saturated triglyceride fatty acid and 

therefore contains no olefinic protons, rendering the glycerol CH signal un-obscured.  Free oleic 

acid (no glycerol protons), a mono-unsaturated fatty acid, is used to study the response of the 

olefinic protons.  The proton responses were also employed to estimate olefinic signal 

contamination by the glycerol CH proton for adipose tissue when employing short TE PRESS 

and STEAM techniques. 
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Figure 6.1: Molecular structure of tricaprylin, a saturated triglyceride. The glycerol CH proton 

which resonates at 5.2 ppm is coupled to the 4.3 ppm and 4.1 ppm glycerol protons 25. 

 

6.3  Materials and Methods 

 

Data Acquisition:  

Phantom:  

A 3 T Philips whole body Magnetic Resonance Imaging (MRI) scanner (Intera, Philips 

Healthcare, Best, Netherlands) with a transmit/receive radiofrequency (RF) birdcage head coil 

(Philips Healthcare) was employed for all scans.  Spectra were obtained from free fatty acid oleic 

acid (olefinic resonance, no glycerol resonance), and the triglyceride tricaprylin (glycerol 

resonance, no olefinic resonance) with STEAM (TE = 20 to 300 ms in steps of 10 ms, mixing 
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time TM = 20 ms) and PRESS (TE = 40 to 300 ms in steps of 10 ms).  A PRESS TE of 35 ms 

was achievable; however, to minimize eddy current effects a short TE of 40 ms was selected.  

The following parameters were employed: 3 s repetition time (TR), 32 signal averages, 2048 

samples, and a 2000 Hz spectral bandwidth. For all PRESS sequences, the first part of the 

asymmetric total echo time (first echo time) was set to 17 ms, and the second part (second echo 

time) was adjusted to set the total echo time. The study utilized the Philips scanner’s automatic 

second order shimming procedure (based on FASTERMAP 27) on the voxel of interest.  The RF 

transmitter frequency was set to ≈ 3.15 ppm, the midpoint between the methyl (≈ 0.9 ppm) and 

olefinic ( 5.4 ppm) resonances.  Water suppression was not required, and a 16 step phase 

cycling scheme was employed.  Signal was obtained from 10 x 10 x 10 mm3 voxels centered 

within the two phantoms.  

  To quantify the contamination of the glycerol resonance on the olefinic resonance in the  

absence of T2 relaxation and J-coupling effects, spectra of eight common edible oils (peanut, 

walnut, sunflower, linseed, almond, corn, canola, sesame) were acquired using a high resolution 

700 MHz (16.5 T) Varian/Agilent VNMRS spectrometer. About 50 µL of each oil was dissolved 

in 550 µL of deuterated chloroform and the following parameters were employed:   8389.26 Hz 

sweep width, 5.1 s repetition time, 42000 samples, 30° flip angle and 16 averages. 

In vivo: 

To estimate olefinic T2 in vivo relative to that in oleic acid, in-vivo spectra were acquired 

from the tibial bone marrow of a healthy volunteer (female, age 34) from an 8 x 8 x 8 mm3 voxel 

positioned about 10 cm below the left knee using a PRESS sequence with TE = 40 ms, 80 ms, 

140 ms, 200 ms and 240 ms; sequence parameters were consistent with those of phantom scans.  

To verify the efficacy of the determined long-TE values for suppression of glycerol CH signal, 

spectra were acquired in another session from tibial bone marrow of another volunteer (female, 

age 28) from  a 7 x 7 x 10 mm3 voxel with both PRESS and STEAM (short-TE and determined 

long-TE values).  For in-vivo scans the body coil was used for RF transmission and one surface 

coil element of the Philips Flex-L coil was employed for signal reception.           
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Data Analysis:  

Phantom: 

Spectra acquired at 3 T were filtered with a 2 Hz Gaussian filter and phase-corrected.  

Olefinic peak areas of oleic acid (5.1 ppm – 5.6 ppm) and glycerol CH areas of tricaprylin (5.0 to 

5.4 ppm) were measured using Philips spectroscopy software (Version 3.2.3.1) from the filtered 

spectra.  The glycerol and olefinic resonance areas acquired with STEAM and PRESS were 

normalized to their corresponding signals acquired with STEAM with TE = 20 ms and PRESS 

with TE = 40 ms, respectively. Normalized peak areas were plotted as a function of TE. 

Appropriate long TE values for measuring olefinic signal with minimal contamination from 

glycerol CH signal were selected such that the TE yielded normalized absolute olefinic signal 

areas ≥ 25 %, normalized absolute glycerol CH signal areas ≤ 5 % and the largest difference 

between the normalized olefinic and glycerol resonance areas. The latter condition was imposed 

because there was no timing which resulted in simultaneous minimal glycerol signal and 

maximal olefinic signal.  

 Glycerol CH contamination of the olefinic resonance in adipose tissue at 3 T obtained 

with short TE techniques (STEAM TE = 20 ms and PRESS TE = 40 ms) was estimated from 

corresponding spectra acquired from tricaprylin and oleic acid. Human adipose tissue was 

assumed to be 34 % saturated (no olefinic protons, assumed to be primarily palmitic acid), 51 % 

mono-unsaturated (oleic acid), 14 % di-unsaturated (linoleic acid), and 1 % tri-unsaturated 

(linolenic acid) 11. Triglycerides in vivo can include a variety of fatty acids attached to the 

glycerol backbone 28. However, to simplify calculations without affecting the outcome, it was 

assumed that the composition is 34 % tripalmitin (glycerol with three palmitic acid molecules), 

51 % triolein (glycerol with three oleic acid molecules), 14 % trilinolein (glycerol with three 

linoleic acid molecules), and 1 % trilinolenin (glycerol with three linolenic acid molecules), 

respectively. Table 6.1 lists the densities, molecular weights 29-32, the ratio of the two properties 

(mol/unit volume) and the number of olefinic protons present in each molecule.  
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Table 6.1: Densities and molecular weights for tricaprylin 29,30, oleic acid 31, tripalmatin 30, 

triolein 29,30, trilinolein 29 and trilinolenin 32. 

Molecule Density (g/mL) Molecular Weight 

(g/mol) 

Number of 

Olefinic Protons 

mol/L 

Tricaprylin 0.953 470.70 0 2.02 

Oleic Acid 0.890 282.47 2 3.15 

Tripalmitin 0.875 807.35 0 1.08 

Triolein 0.913 885.47 6 1.03 

Trilinolein 0.927 879.38 12 1.05 

Trilinolenin 0.940 873.34 18 1.08 

 

 Olefinic peak areas measured from oleic acid short-TE spectra were used to calculate the 

total estimated olefinic peak area expected from a unit volume of adipose tissue by using the 

assumed triglyceride composition and compensating for differences in density, molecular weight 

and number of olefinic protons between oleic acid and each triglyceride.  Equation 6.1 was used 

where triglyceride represents one of tripalmitin, triolein, trilinolein, and trilinolenin.  The 

estimated theoretical peak area for each triglyceride contribution was calculated and the sum 

yielded the total expected olefinic peak area from a unit volume of adipose tissue. 
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(𝑜𝑙𝑒𝑓𝑖𝑛𝑖𝑐 𝑝𝑒𝑎𝑘 𝑎𝑟𝑒𝑎)𝑡𝑟𝑖𝑔𝑙𝑦𝑐𝑒𝑟𝑖𝑑𝑒 = (𝑜𝑙𝑒𝑓𝑖𝑛𝑖𝑐 𝑝𝑒𝑎𝑘 𝑎𝑟𝑒𝑎)𝑜𝑙𝑒𝑖𝑐 𝑎𝑐𝑖𝑑 ∗
    (

𝑚𝑜𝑙

𝑢𝑛𝑖𝑡 𝑣𝑜𝑙𝑢𝑚𝑒
)𝑡𝑟𝑖𝑔𝑙𝑦𝑐𝑒𝑟𝑖𝑑𝑒

(
𝑚𝑜𝑙

𝑢𝑛𝑖𝑡 𝑣𝑜𝑙𝑢𝑚𝑒
)
𝑜𝑙𝑒𝑖𝑐 𝑎𝑐𝑖𝑑

∗

𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑜𝑙𝑒𝑓𝑖𝑛𝑖𝑐 𝑝𝑟𝑜𝑡𝑜𝑛𝑠 𝑖𝑛 𝑡𝑟𝑖𝑔𝑙𝑦𝑐𝑒𝑟𝑖𝑑𝑒

𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑜𝑙𝑒𝑓𝑖𝑛𝑖𝑐 𝑝𝑟𝑜𝑡𝑜𝑛𝑠 𝑖𝑛 𝑜𝑙𝑒𝑖𝑐 𝑎𝑐𝑖𝑑
∗ % 𝑜𝑓 𝑡𝑟𝑖𝑔𝑙𝑦𝑐𝑒𝑟𝑖𝑑𝑒 𝑝𝑟𝑒𝑠𝑒𝑛𝑡                                     (6.1) 

Similarly, the total estimated glycerol peak area for a unit volume of adipose tissue was 

calculated (based on the short-TE glycerol area of tricaprylin) as the sum of the following for 

each of tripalmitin, triolein, trilinolein, and trilinolenin.  

(𝑔𝑙𝑦𝑐𝑒𝑟𝑜𝑙 𝑝𝑒𝑎𝑘 𝑎𝑟𝑒𝑎)𝑡𝑟𝑖𝑔𝑙𝑦𝑐𝑒𝑟𝑖𝑑𝑒 = (𝑔𝑙𝑦𝑐𝑒𝑟𝑜𝑙 𝑝𝑒𝑎𝑘 𝑎𝑟𝑒𝑎)𝑡𝑟𝑖𝑐𝑎𝑝𝑟𝑦𝑙𝑖𝑛 ∗
    (

𝑚𝑜𝑙

𝑢𝑛𝑖𝑡 𝑣𝑜𝑙𝑢𝑚𝑒
)𝑡𝑟𝑖𝑔𝑙𝑦𝑐𝑒𝑟𝑖𝑑𝑒

(
𝑚𝑜𝑙

𝑢𝑛𝑖𝑡 𝑣𝑜𝑙𝑢𝑚𝑒
)
𝑡𝑟𝑖𝑐𝑎𝑝𝑟𝑦𝑙𝑖𝑛

∗

𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑔𝑙𝑦𝑐𝑒𝑟𝑜𝑙 𝑝𝑟𝑜𝑡𝑜𝑛𝑠 𝑖𝑛 𝑡𝑟𝑖𝑔𝑙𝑦𝑐𝑒𝑟𝑖𝑑𝑒

𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑔𝑙𝑦𝑐𝑒𝑟𝑜𝑙 𝑝𝑟𝑜𝑡𝑜𝑛𝑠 𝑖𝑛 𝑡𝑟𝑖𝑐𝑎𝑝𝑟𝑦𝑙𝑖𝑛
∗ % 𝑜𝑓 𝑡𝑟𝑖𝑔𝑙𝑦𝑐𝑒𝑟𝑖𝑑𝑒 𝑝𝑟𝑒𝑠𝑒𝑛𝑡                                  (6.2) 

 The expected glycerol contamination of the olefinic resonance was calculated by taking 

the ratio of the total estimated glycerol area to the total estimated olefinic area (glycerol CH peak 

area/olefinic peak area). Using the above equations, the expected glycerol contamination of the 

olefinic resonance was also calculated for the eight oils for short-TE STEAM and PRESS at 3 T, 

based on compositions obtained from literature 17. The saturated fatty acid portion was assumed 

to be tripalmitin 33-37. The estimated contaminations were compared to values measured using 

16.5 T NMR.   

VNMRJ (the software interface for Varian NMR spectrometers) was used to process the 

16.5 T spectra acquired from the eight oils. Olefinic (5.25 ppm – 5.50 ppm), glycerol CH (5.20 – 

5.25 ppm), and methyl peak areas (0.84 ppm – 1.0 ppm) were measured. Glycerol CH to olefinic 

resonance area ratios provide a measure of olefinic signal contamination in the absence of T2 and 

J-coupling signal losses and were correlated with levels of oil unsaturation obtained from 

measured olefinic to methyl peak area ratios.   
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In vivo: 

 In-vivo spectra acquired were filtered with a 4 Hz Gaussian filter and phase-corrected.  

Olefinic peak areas (5.1 ppm – 5.6 ppm) were measured using Philips spectroscopy software 

(Version 3.2.3.1) from the filtered spectra.  The PRESS olefinic resonance areas acquired were 

normalized to their corresponding signals acquired with PRESS with TE = 40 ms, respectively. 

Normalized peak areas were plotted as a function of TE. 

 

6.4  Results 

 

Figure 6.2 shows the olefinic spectral region obtained for canola oil at 3 T and at 16.5 T 

where it can be seen that the olefinic and glycerol resonances can be differentiated from each 

other at 16.5 T, but not at 3 T.  

 

Figure 6.2: Glycerol and olefinic spectra obtained from canola oil using 16.5 T NMR (a) and 3 T 

MRS (b). The glycerol and olefinic resonances are clearly resolved at 16.5 T but not at 3 T.  

Figure 6.3 presents the molecular structures and corresponding 3 T spectra acquired for 

oleic acid and tricaprylin with STEAM with a TE of 20 ms. As seen in the figure, the oleic acid 

spectrum has an olefinic resonance (J) at ≈ 5.4 ppm and no glycerol resonance, whereas the 
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tricaprylin spectrum has a glycerol CH resonance (K) at ≈ 5.2 ppm and no olefinic resonance. 

Oleic acid olefinic linewidths (no filtering applied) were 10.5 Hz and 8.8 Hz for short-TE 

STEAM and PRESS, respectively.  Using the assumed adipose tissue composition and the 

acquired 3 T spectra, it is estimated that glycerol CH would contaminate the olefinic resonance 

by  20 % for STEAM with a TE = 20 ms (TM = 20 ms) and  13 % for PRESS with a TE = 40 

ms in human adipose tissue. 

 

Figure 6.3: Molecular structures and corresponding 3 T STEAM (TE = 20 ms, TM = 20 ms) 

spectra for (a) tricaprylin and (b) oleic acid. The tricaprylin spectrum exhibits the glycerol CH 

resonance at  5.2 ppm, and the oleic acid demonstrates the olefinic resonance at  5.4 ppm.  

 Figure 6.4 shows the normalized resonance areas for the glycerol CH proton (tricaprylin) 

and olefinic protons (oleic acid) as a function of STEAM and PRESS TE. STEAM with a TE of 
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90 ms and PRESS with a TE of 200 ms were determined to be suitable echo times for olefinic 

quantification as per the criteria described in the Methods Section.  Figure 6.4 illustrates that 

normalized glycerol CH signal levels relative to those of olefinic are quite low at the selected 

long TE values.  Figure 6.5 displays the glycerol CH (tricaprylin) and olefinic (oleic acid) 

resonances obtained with short-TE and with the selected long-TE values.  STEAM with a TE of 

90 ms resulted in olefinic and glycerol CH areas that are 30 % and 4 %, respectively, of those 

obtained with a short TE of 20 ms.  PRESS with a TE of 200 ms provided olefinic and glycerol 

CH areas that are 29 % and 5 %, respectively, of those obtained with a short TE of 40 ms.   
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Figure 6.4: Normalized resonance signal areas for tricaprylin and oleic acid. Signal areas at each 

TE for (a) STEAM and (b) PRESS are normalized to signal acquired for STEAM with TE = 20 

ms and PRESS with TE = 40 ms, respectively.  
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Figure 6.5: Olefinic and glycerol resonances obtained from oleic acid and tricaprylin, 

respectively, for short echo time (TE) (STEAM TE = 20 ms, PRESS TE = 40 ms) and optimized 

echo times (STEAM TE = 90 ms and PRESS TE = 200 ms). The glycerol signals have decayed 

significantly at the optimal TE values, whereas the olefinic signals are still relatively strong 

compared to their corresponding short-TE signals.  
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Table 6.2 demonstrates the estimated % contamination of the olefinic peak by the 

glycerol CH proton that would be obtained at 3 T with short-TE STEAM and PRESS techniques 

for the eight oils.  The table also reports the % contamination obtained with 16.5 T high-

resolution NMR (minimal T2 and J-coupling evolution effects); contaminations of 9 – 17 % were 

obtained. Also included in Table 6.2 are 16.5 T NMR measured olefinic to methyl area ratios 

providing a measure of relative fat unsaturation of the oils.   
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Table 6.2: Estimated levels of olefinic resonance contamination by the glycerol CH resonance 

for eight edible oils using short-TE techniques at 3 T are calculated as described in the Methods 

Section (glycerol CH peak area/olefinic peak area). Percent contaminations of olefinic resonance 

calculated from16.5 T NMR spectra are also displayed.  Olefinic to methyl ratios obtained from 

16.5 T NMR are provided as an estimate of relative levels of fat unsaturation.  

Oil Estimated % 

Contamination 

with STEAM 

TE = 20 ms 

Estimated % 

Contamination 

with PRESS TE 

= 40 ms 

% Contamination 

(16.5 T NMR) 

Olefinic to 

Methyl Ratio 

(16.5 T NMR) 

Linseed 7.4 5.0 9.9 1.19 

Walnut 7.8 5.3 9.1 1.14 

Corn 11.1 7.5 11.5 0.961 

Sunflower 10.7 7.3 12.3 0.924 

Canola 11.9 8.1 12.6 0.848 

Sesame 12.5 8.5 13.8 0.755 

Almond 13.1 8.9 15.0 0.719 

Peanut 13.8 9.4 16.6 0.641 
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 Panel (a) of Figure 6.6 displays plots of olefinic peak area for oleic acid and in-vivo tibial 

bone marrow as a function of PRESS TE.  Panel (b) presents the tibial bone marrow spectra 

acquired with STEAM and PRESS with both short-TE and with the determined long TE values 

suitable for glycerol CH signal suppression.   

 

Figure 6.6: Normalized olefinic signal as a function of PRESS TE for oleic acid and for tibial 

bone marrow in vivo (a).  Short-TE and optimal long TE STEAM and PRESS spectra acquired in 

vivo  from tibial bone marrow are shown in (b).  Glycerol CH signal is visible in the short-TE 

spectra but not in the long-TE ones.   
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6.5  Discussion 

 

 The olefinic proton at ≈ 5.4 ppm has been employed to assess fat unsaturation in vivo 

using short-TE STEAM 4 and PRESS 3,13,38 MRS techniques at clinical field strengths of 1.5 T 

and 3 T.   The olefinic resonance includes contributions from the triglyceride glycerol CH proton 

(≈ 5.2 ppm) 20-23, which complicates quantification of the olefinic signal 24. We estimated the % 

contamination of the olefinic resonance by the glycerol CH resonance in human adipose tissue to 

be of consequence, namely,  20 % for STEAM with a TE = 20 ms (TM = 20 ms) and  13 % 

for PRESS with a TE = 40 ms, using an assumed literature composition of adipose tissue 11. The 

values were calculated based on the spectra acquired from oleic acid and tricaprylin and assumes 

similar T2 behaviour in vivo (to those in phantom) for both the olefinic and glycerol CH protons.  

The lower contamination with PRESS is due to the more rapid decay of the glycerol CH signal 

with increasing TE (Figure 6.4) as a result of J-coupling evolution and T2 relaxation. The % 

contamination of the olefinic resonance by that of glycerol CH was also estimated for the eight 

oils for STEAM TE = 20 ms (TM = 20 ms) and PRESS TE = 40 ms, and compared to the ratio of 

glycerol to olefinic resonance measured using 16.5 T NMR (minimal J-coupling and T2 

relaxation effects). The STEAM values match closely to those obtained from the high resolution 

spectra due to less signal loss (from J-coupling and T2) with the relatively short TE.  The longer 

TE used with short-TE PRESS and the more rapid decay of the glycerol CH proton signal 

compared to that of the olefinic protons renders lower contamination values.  In general, the 

olefinic signal contamination by the glycerol CH signal increases as the oil unsaturation 

decreases due to the reduced presence of olefinic protons. The estimated contaminations 

obtained for sunflower oil with PRESS and STEAM deviate from the trend by a small amount; 

the inconsistency may be a result of the actual sunflower oil composition differing from the 

assumed composition.   

 Our work suggests that for minimal contribution of glycerol CH signal to that of the 

olefinic protons, STEAM with a TE of 90 ms and PRESS with a TE of 200 ms are suitable 

choices at 3 T.  Both the olefinic and glycerol CH protons undergo T2 relaxation and J-coupling 

interactions. The normalized glycerol CH signal levels relative to those of olefinic are quite low 

at the selected long TE values due to a combination of the difference in J-coupling evolution and 

lower T2 value of the glycerol CH protons. The in-vivo spectra acquired with the determined 
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long-TE values show minimal signal in the glycerol CH spectral region compared to the short-

TE spectra in which glycerol CH signal can be observed.   

A limitation of the work is that the T2 relaxation rate of the tricaprylin glycerol CH 

proton is likely to be different from the corresponding T2 value in vivo, rendering a different 

signal yield in vivo.  However, in this work we demonstrate that the oleic acid olefinic T2 decay 

is similar to that tibial bone marrow.  In addition, previous work has shown that olefinic and 

methyl T2 relaxation values in tibia bone marrow are comparable to those of canola oil 18. In 

addition, methylene T2 relaxation times of tibial and spinal bone marrow were found to be in the 

range of  those of common edible oils 17.  Therefore, the timings presented are likely applicable 

to human adipose tissue in vivo at 3 T as demonstrated by our long TE in-vivo spectra.  

Previous long-TE optimizations for measuring olefinic to methylene and olefinic to 

methyl ratios at 3 T, namely, STEAM TE = 100 ms 16, STEAM TE = 120 ms 18,  PRESS TE = 

200 ms 17, and PRESS TE = 180 ms 18, resulted in TE values in the vicinity of our determined 

long-TE values for minimizing glycerol CH signal (STEAM TE = 90 ms and PRESS TE = 200 

ms). The glycerol CH signal relative to that of olefinic is significantly lower at the listed TE 

values; thereby indicating that previously long-TE optimizations performed to suppress water 

and improve spectral resolution also inherently minimize glycerol CH contamination of the 

olefinic resonance.    
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Chapter 7 

Conclusions 
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7.1  Overview 

 

 The study of fat composition is relevant to many diseases, including breast cancer 1,2, 

bone disease 3-5, obesity 6,7, liver disease 8, and diabetes 9,10.  In animals, ω-3 fat dietary intake 

has been correlated with bone health 11-13 and anti-cancer biological responses 14,15, among other 

positive biological changes 16.  In humans, diets high in ω-3 fat were also correlated inversely 

with diseases such as breast cancer 17,18, bone disease 19,20, obesity 21,22, and diabetes 21,22. Animal 

and human studies have shown that dietary fat intake is reflected in adipose tissue composition 

16,23-25.  Low ω-3 fat levels in human abdominal adipose tissue 6,7 and in breast 26 and buttocks 27 

corresponded to obesity 6,7 and breast cancer 26,27, respectively. Total levels of fat unsaturation 

are also related inversely to disease in humans, including liver disease 8, obesity 28, breast cancer 

1,29, bone disease 3-5,9,10 and diabetes 4,9. MRS offers a non-invasive method of obtaining such 

measures.  The thesis presents optimized MRS techniques to improve relative fat composition 

quantification in vivo at 9.4 T and at 3 T. The work focused on two aspects of fat composition 

assessment: enabling relative ω-3 fat quantification, and improving relative measures of total 

fat unsaturation.  

 

7.2  Relative ω-3 Fat Quantification  

7.2.1  9.4 T MRS 

 

 The PRESS sequence was optimized in Chapter 3 to resolve the ω-3 (≈ 1.0 ppm) and 

non-ω-3 methyl (≈ 0.9 ppm) resonances at 9.4 T, enabling relative % ω-3 content to be estimated 

Both sets of protons are involved in weak J-coupling interactions at 9.4 T; product operator 

formalism was used to calculate a theoretical echo time where the methyl multiplets would have 

0 in-phase signal from the side peaks, increasing the separation of the two central peaks. PRESS 

with a TE of 109 ms successfully separated the ω-3 and non-ω-3 methyl resonances, permitting 

their relative quantification. Mice were fed diets with varying ω-3 fat content (1 %, 9 %, and 16 

%) and their fat was collected for GC analysis after MRS scan completion. Comparing the ω-3 

fat content obtained with MRS to that obtained using GC yielded an R2 value of 0.96. An ω-3 fat 

content of ≈2.4 % was discernible (SNR = 26) using the technique.  This was detected in the 
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control mouse that was fed a standard chow diet.  Levels of about 0.9 % ω-3 in the mouse group 

fed the low ω-3 diet were not detectable with the MRS technique.   However, they may have 

been observable with a higher number of averages or a larger voxel size.  The latter is limited by 

the size of the fat depot in the mouse; a voxel size of 3 x 3 x 3 mm3 may be largest feasible. The 

non-invasive methodology can be applied in -3 studies of animal models of diet or disease and 

permits long-term assessments of the models as the animals do not have to be sacrificed to 

determine their fat composition.  

 

7.2.2  3 T MRS 

 

 At 3 T, the two methyl resonances severely overlap; previous spectral editing methods 

relied on a long TE (540 ms) 30 and difference editing 31 to quantify ω-3 content at 3 T.  Chapter 

4 demonstrates how optimized PRESS and STEAM sequences at 3 T enable the combined ω-3 

(≈ 1.0 ppm) and non-ω-3 methyl (≈ 0.9 ppm) linewidth to correlate to relative ω-3 fatty acid 

content.  The technique exploited the weak coupling evolution of the ω-3 methyl resonance. At 

the optimized echo times (PRESS and STEAM with a TE of 160 ms), the side multiplets of the 

ω-3 methyl peak are in-phase and add to the collective methyl linewidth. The efficacy of the 

technique was verified in oils of varying ω-3 composition. The optimal timings yielded R2 values 

≥ 0.9 when comparing the results obtained using the MRS linewidth at 3 T to the expected 

composition of the oils obtained from 16.5 T NMR. A limitation of the study is that the 

technique was illustrated in oils with at least 10 % ω-3 fat content and not in humans, where ω-3 

fat content is expected to be about 1 % 32. However, a study at 1.5 T noted differences in methyl 

linewidth in breasts of healthy women compared to those with breast cancer 33. The larger 

linewidth in healthy breast tissue could potentially be due to a greater amount of ω-3.   The 

research should be extended to determine the limit of ω-3 detectability with the presented 

linewidth technique. 
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7.3  Total Fat Unsaturation Measures 

7.3.1  Olefinic to Methyl Ratios 

 

 Olefinic (≈ 5.4 ppm) to methylene (1.3 ppm) ratios had previously been used for 

measures of total fat unsaturation 34-39 in tissues where water obstructs the olefinic resonance 

signal, and also to improve methyl and methylene spectral resolution 31, yielding more consistent 

and representative results 37,38. The methyl resonance is present in equivalent amounts in all fatty 

acids regardless of chain length or degree of unsaturation, rendering it useful for normalization 

28. Chapter 4 describes the technique optimized for measuring relative olefinic to methyl ratios in 

oils and in tibial bone marrow at 3 T. Using the optimal long echo times (STEAM with a TE of 

120 ms and PRESS with a TE of 180 ms) resulted in more representative olefinic to methyl 

ratios for the oils compared to using short TE (STEAM with a TE of 20 ms and PRESS with a 

TE of 40 ms). The average percent errors for the short-TE MRS olefinic/methyl measurements 

versus expected ratios of the oils from 16.5 T NMR were 5.4 % for STEAM and 63.7 % for 

PRESS.  Using the long TEs, the errors were -4.8 % for STEAM and 7.8 % for PRESS. The long 

TE timings were also optimal in tibial bone marrow in vivo, yielding percent errors of -1.8 % 

(STEAM) and 0.2 % (PRESS) with respect to literature composition of tibial bone marrow. Short 

TE spectra of tibial bone marrow resulted in sizable larger errors of 9.3 % (STEAM) and 53.5 % 

(PRESS) compared to the expected values. The optimal long timings yield representative results 

due to a combination of J-coupling evolution and T2 relaxation effects. J-coupling evolution is 

the same in different anatomical regions, but T2 relaxation values may differ 40. Chapter 5 

determined apparent T2 relaxation times in tibial bone marrow, subcutaneous, and breast adipose 

tissue in healthy volunteers. The term apparent is utilized to indicate that measurements include 

the effects of J-coupling evolution. The objective was to assess if measures of fat unsaturation 

using the optimized timings in tibial bone marrow could be used for intra-individual comparisons 

of fat unsaturation with other tissues without correcting for T2 differences. The research 

indicated that olefinic, methyl, and methylene proton T2 relaxation times are not significantly 

different in the three anatomical regions, with the exception of breast olefinic and tibial bone 

marrow T2 times (p = 0.005 using a two-tailed test for means). Average breast olefinic apparent 

T2 relaxation times were 36.1 ms, 24 % smaller than those of tibial bone marrow (47.8 ms). 
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Therefore, T2 corrections should be considered for more accurate comparisons of measures of 

total fat unsaturation using the optimized long TE methods in breast and tibial bone marrow.  

 

7.3.2  Fat Unsaturation Measures in Different Adipose Tissue  

 

 Chapter 5 compared olefinic to methylene ratios as a measure of total fat unsaturation in 

tibial bone marrow, subcutaneous and breast adipose tissue. No significant differences were 

found between the three tissues using short TE (PRESS TE = 40 ms) or previously optimized 

long TE (PRESS TE = 200 ms) spectra. The long TE spectra yielded slightly larger ratios 

(average of 12.8 % over all three regions) compared to that using short TE (average of 9.6 % 

over all three regions); likely due to differences in T2 decay of olefinic and methylene protons 

and coupling evolution of olefinic protons. Diallylic to methylene ratios (a measure of poly-

unsaturation)34,36,38,41,42 acquired with PRESS with a TE of 40 ms were also studied in the three 

anatomical regions. The ratios were statistically significantly different in tibial bone marrow 

compared to subcutaneous (p = 0.001) and breast (p = 0.05) adipose tissue. Average diallylic to 

methylene ratios were 1.7 % in tibial bone marrow, 2.2 % in subcutaneous adipose tissue, and 

2.3 % in breast adipose tissue. Differences in fat content in different body regions can lead to 

insights about the role of fats or organs in pathology 41.  A limitation of the work completed in 

Chapter 5 is the small number of female volunteers for breast adipose tissue measurements (n = 

7).  It would be beneficial to extend this presented work by investigating further in larger cohorts 

of volunteers and including other adipose anatomical regions such as liver and spinal bone 

marrow.  

 In breast, the water signal significantly overlaps the olefinic peak 2, preventing its 

quantification and thus measurement of olefinic to methyl or methylene ratios using short TE. 

Chapter 5 explores using an IR (Inversion Recovery) method for removing the water signal at 

short TE, providing an alternative to using long TE when T2 decay is of concern. The T1 of water 

was estimated from a water region of the breast of one volunteer as 883 ms, yielding a null time 

of 613 ms. Using this inversion delay prior to applying a regular PRESS sequence (TE = 40 ms) 

successfully minimized the water signal, exposing the olefinic peak and enabling its 

quantification. The IR method yielded an olefinic SNR 5.9 times larger than that obtained using 
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a long echo time (PRESS TE = 200 ms). The work performed was preliminary and can be 

expanded by verifying the efficacy of the technique in more volunteers and also expanding its 

application to other tissues of interest with high water content, such as the liver.  

 

7.3.3  Impact of the Glycerol CH Signal on Olefinic Quantification 

 

 The glycerol CH proton at ≈ 5.2 ppm unavoidably overlaps the olefinic proton at ≈ 5.4 

ppm at clinical field strengths 43-46, contaminating its quantification for fat unsaturation 

measures. The significance of the contamination changes with technique and echo time, because 

of T2 relaxation and J-coupling evolution of the glycerol CH and olefinic protons, as 

characterized in Chapter 6 for STEAM and PRESS at 3 T. Furthermore, changes in glycerol CH 

level with disease can potentially bias olefinic signal variation with disease 47. In Chapter 6, 

tricaprylin (a saturated triglyceride containing only glycerol CH protons and no olefinic protons) 

and oleic acid (a free fatty acid containing only olefinic protons and no glycerol CH protons) 

were used to assess the response of the glycerol and olefinic protons as a function of STEAM 

and PRESS TE. STEAM with a TE of 90 ms and PRESS with a TE of 200 ms yielded sufficient 

olefinic resonance signal (≥ 25 % of signal acquired with short TE) with minimal contamination 

from the glycerol peak (≤ 5 % of signal acquired with short TE). The estimated contamination of 

the glycerol peak on the olefinic resonance was ≈ 20 % for STEAM with a TE of 20 ms and ≈ 13 

% for PRESS with a TE of 40 ms in tibial bone marrow. A limitation of the work is that the T2 

relaxation is tissue dependent, potentially affecting the optimal timings for minimizing glycerol 

CH signal.  

 

7.4 Limitations 

 

 The work of this thesis demonstrates that optimizing the TE of commonly employed in-

vivo MRS sequences can enable relative ω-3 fat quantification and improve fat unsaturation 

measures. Some limitations of this work are addressed in this section.  
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 Optimizations were performed by exploiting J-coupling behavior and considering T2 

relaxation decay. Since the J-coupling relaxation is sequence-dependent, techniques would have 

to be re-optimized if using a different pulse sequence.  The optimizations in this work were 

performed empirically.  A numerical approach could be more efficient once developed; however, 

while numerical simulations have been widely and successfully applied for predicting the 

behaviour of the protons of brain metabolites 48-55, their application to fat is challenging due to 

complex coupling interactions 56,57 that can vary depending on the type of fat 57, and have thus 

far had limited success 56.  The challenges and future directions with numerical methods are 

discussed in the next section.  

 Another limitation that should be addressed is determining thresholds for ω-3 detection 

with the presented techniques at both 9.4 T and at 3 T.  The minimum ω-3 content detectable at 

9.4 T was restricted by the size of the mice and the consequent limited voxel size. A limit of ω-3 

fat detection was not measured at 3 T. Furthermore, the relative ω-3 fat quantification at 3 T was 

only performed on phantoms and line broadened to represent expected linewidths in tibial bone 

marrow; the effect of broader linewidths in different human tissues (such as breast) on the 

method efficacy was not explored. The methods developed in this research enable quantifying 

relative total amounts of ω-3 fats, but not separable content of linolenic acid and other types of 

ω-3 fatty acids.  

 The optimized sequences use a long TE, yielding signal losses due to T2 relaxation and J-

coupling interactions. Relatively long repetition times and signal averaging result in acquisition 

times of a few minutes for one spectrum. However, these are general limitations of using in-vivo 

scans and are considered acceptable considering there are no suitable non-invasive alternatives.  

 

7.5  Future Directions 

 

 The previous section detailed that the work in this thesis uses empirical methods given 

the challenges involved with modeling the response of fats. Studies that attempted to model the 

coupling behaviour of fats were generally limited to fats of only 10 protons 56,58-60, whereas fats 

in oils 30 and in-vivo 32 have in the vicinity of 25- 40 protons. Even for short-chain fatty acids, 
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discrepancies between modelled and empirical behaviour for some coupling systems were noted 

58-60. Simulations were performed to assess the response of 1-pentene (a 10 proton molecule) to a 

CPMG (Carr-Purcell-Meiboom-Gill) sequence 58,59, a UDD (Uhrig’s dynamical decoupling 

multipulse echo) sequence 59, and a DIET (Dual Interval Echo Train) sequence 60.  Deviations 

between the simulations and experimental results were speculated to be caused by stimulated 

echoes 58-60, lacking precise values for coupling constants 59, differences in T2 relaxation of fat 

protons 59, and other effects that were not simulated 58-60. Another study attempted to model corn 

oil (a longer chain fatty acid) in response to a fast spin echo sequence and again noted 

discrepancies with the empirical results, citing imprecise coupling constants, stimulated echo 

effects, and varying relaxation times of fat protons as possible reasons for the deviations 61. For 

the pulse sequences PRESS and STEAM, sources of deviations may primarily be due to 

incomplete knowledge of the coupling constants in the complex fat molecules 57.  Future work 

can include validating J-coupling constants and interactions from the literature 62-64 with high-

field 2D-NMR of oil samples to potentially enable modelling the response of fats to pulse 

sequences. Such a model may facilitate optimizing different pulse sequences for ω-3 fat content 

and fat unsaturation measures and remove the necessity for empirical methods.  

 The threshold for ω-3 detection at 9.4 T can be potentially enhanced by attempting the 

optimized method in animals that permit use of a larger fat voxel. Also, using a larger fat voxel 

would potentially enable measuring the growth of ω-3 fat in adipose tissue with diet over time.  

In this work, the ω-3 fat content in adipose tissue had already reached a plateau when the mice 

were large enough to scan. Acquiring additional averages could also enhance the limits of 

detection at the expense of scanning time.  The minimum ω-3 fat content detectable using the 

method at 3 T was not assessed in this work. This threshold can be determined by forming 

phantoms with decreasing levels of ω-3 fat content. The efficacy of the 3 T method in samples 

with broader linewidths should also be explored.   

 Multi-voxel imaging was not explored in this work. Applying the developed methods in 

conjunction with a multi-voxel approach could be beneficial, especially since some tumors can 

be highly heterogeneous 1. Exploring the optimization of pulse sequences such as LASER 

(Localized Adiabatic SElective Refocusing) could have potential applications in fat 

spectroscopy, since LASER uses adiabatic pulses and is thus less sensitive to 𝐵1⃗⃗⃗⃗  inhomogeneities 
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65. Moreover, LASER can reduce the effects of J-evolution in fats 65, perhaps providing use in 

instances where J-coupling evolution is not being exploited as it was in this research.  

 A potential application of the 9.4 T method presented here is investigating the impact of 

radiation therapy on fat composition in models of cancer. Studies indicate that fat composition in 

cancerous tissues differs from benign tissues 29,66 and that fat content may change after cancer 

radiotherapy treatment 67. Research revealed that cancer patients have less ω-3 fat in plasma and 

cell lipids than healthy controls; however, it is unknown if this effect is due to radiotherapy or 

only the cancer itself 68. Breast tumor irradiation corresponds to cell signaling pathways in breast 

tissue 69, and past work has shown that irradiation of ex-vivo natural fats preferably causes the 

destruction of unsaturation content  70, suggesting that changes in ω-3 content could be due to 

irradiation.  

 All the work presented in this thesis at 3 T is relevant to the study of disease and diet on 

pathology. The methods presented for improving fat unsaturation measures and incorporating 

relative ω-3 fat content can be applied to human studies of diet or pathology, including studying 

the impact of cancer therapy in cancer patients 67.   
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