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Abstract 

Magnetic resonance spectroscopy (MRS) provides a non-invasive tool for investigating 

chemical concentrations in the human brain. The detection of metabolites is useful in 

understanding functional pathways in healthy and diseased states. Many important 

metabolites are composed of multiple interacting spins coupled through chemical bonds 

in the molecule. Whereas the observation of strong uncoupled (singlet) resonances is 

straightforward, complex coupling patterns and signal overlap often hinder the detection 

of coupled spin systems, rendering quantification problematic. One of the primary goals 

of this project is to investigate spectral editing techniques to detect coupled spin systems 

and provide a means for increasing the accuracy of quantification. 

A new method of spectral editing based on subtraction spectroscopy is proposed, which 

relies on signal differences at constant echo time (TE) produced by varying the inter-

pulse delays in an asymmetric PRESS sequence. The method requires no spectrally 

selective pulses or multiple quantum filters, and can be easily implemented with a 

standard PRESS sequence. All non-varying spectral information is maintained, in 

contrast to other popular editing techniques. In terms of strongly coupled spin systems, 

the procedure is demonstrated for glutamate and glutamine discrimination, as well as 

simulated optimization of field strength for detection of several strongly coupled 

metabolites. To produce the necessary TE space variations for weakly coupled systems, 

the flip angle of the second refocusing pulse was varied. This technique was applied for 

the detection of y-aminobutyric acid, which is completely obscured at standard clinical 

field strengths. 



A second editing method investigated the optimization of PRESS timing parameters at 

multiple field strengths for the simultaneous detection of glutamate and glutamine in vivo, 

by maximizing the signal yield and minimizing the significant overlap at lower field 

strengths. Finally, the effect of radiofrequency interference effects was studied at high 

field to investigate signal losses due to reduced excitation and refocusing in spectroscopic 

images. Possible differences between coupled and uncoupled spin systems were 

investigated in spectroscopic imaging at 4.7 T. 
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Chapter 1 

Introduction 

1.1 Introduction 

Nuclear magnetic resonance (NMR) has been used extensively in vivo as a non-invasive 

means of investigating internal anatomy and function. Magnetic resonance imaging 

(MRI) is the most predominant form in clinical use, and measures the content of protons 

from water in various tissues, and also provides the ability to distinguish different 

anatomical features and pathologies via diverse contrast mechanisms. In contrast to 

MRI, NMR spectroscopy (MRS) provides additional information into metabolic 

processes by measuring the amount of protons in different chemical metabolites in a 

localized area of a given tissue, allowing examination of metabolic pathways in healthy 

and diseased states. 

The success of MRI has depended on the ample signal due to the large concentration of 

water in biological tissues, and to a lesser extent and similarly to MRS, the use of non

ionizing radiation in tissue preservation in contrast to other modalities including x-ray, 

computed tomography, and nuclear medicine. The small amount of available signal 

produced by metabolites has inhibited the clinical utilization of MRS, as metabolite 

concentrations are roughly four orders of magnitude smaller than water. MRI scans can 

be obtained rapidly with good spatial resolution, whereas MRS requires longer scanning 

times for inclusion of signal averaging, and larger volume elements (voxels) are needed 
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to boost signal. In addition, although extra information is afforded in MRS, the 

variations in metabolite concentrations due to disease or trauma and their effects on the 

various metabolic pathways can be difficult to quantify and is rarely understood fully. 

Nevertheless, the ability to detect metabolite variations in pathologies can serve as an 

important diagnostic tool in addition to MRI, invaluable in disease investigation. 

Previous studies of disease in brain with MRS include (although not limited to) stroke (1-

6), epilepsy (7-12), depression (13-16), multiple sclerosis (17-22), Parkinson's disease 

(23-26), Alzheimer's disease (27-31), schizophrenia (32-34), and amyotrophic lateral 

sclerosis (ALS) (35-37). 

In addition to the low signal available in MRS, the proton NMR spectrum for brain 

metabolites covers a relatively narrow frequency range, resulting in multiple overlap 

between signals at standard clinical field strengths. This overlap decreases the accuracy 

of quantification of metabolites, and in some cases can completely obscure a smaller 

signal. Another difficulty in quantification is produced by the coupling of spins within a 

particular metabolite, called J-coupling. Several important in vivo metabolites are 

comprised of multiple spins, and each spin in the molecule can affect the NMR properties 

of neighboring spins via interaction through chemical bonds This interaction effectively 

splits a single resonance into multiple peaks, with a combined area equal to the original 

peak in the absence of J-coupling. Therefore, signal arising from coupled spins tends to 

be weaker than a non-coupled spin system with the same amount of contributing protons. 

The amount of radiofrequency (RF) power used for the pulses and their timing in the 

sequence play a major role in the amplitude and phase of a particular coupled spin, unlike 
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a system comprised of uncoupled spins. Therefore, the prediction of the signal produced 

following a pulse sequence is critical in quantifying coupled spin systems. Although this 

process may seem detrimental in observing the small signals from metabolites, the effects 

of J-coupling can be used as a mechanism to 'edit' the proton spectrum, by manipulating 

sequence parameters and suppressing surrounding resonances while maximizing the 

target signal. Several editing methods have been used in previous studies, including 

multiple quantum filtering, J-resolved spectroscopy, and others (38-47), although these 

techniques typically introduce complexities into the pulse sequence and reduce the 

clinical viability. 

The many drawbacks of MRS may seem overwhelming and it is not without warrant that 

clinicians deem MRS as a secondary priority to MRJ. Consequently, one of the primary 

goals of this thesis is to develop new editing strategies that are simple to use and can be 

easily implemented clinically. The techniques proposed use the standard spectroscopy 

sequences available to clinical scanners, and are general in scope to aid in the 

quantification of a number of metabolites. Chapter 3 describes a technique to edit 

strongly coupled spin systems, while Chapter 4 illustrates a method to manipulate weak 

coupling properties. Chapter 5 investigates the optimization of timing parameters in the 

pulse sequence to provide increased resolution and signal yield for specific metabolites. 

The methods use a standard localization scheme and are heavily dependent on numerical 

simulation to predict the outcome of the edited metabolite. 
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In addition, quantification of coupled spin systems in spectroscopic imaging (a 

combination of imaging and spectroscopy) is explored. Most of the experiments for this 

work are conducted at high field (usually 4.7 T), which introduces new problems in 

spectral quantification when spectroscopic imaging is used. The wavelength of the RF 

field is comparable to human head dimensions at 4.7 T, and therefore superposition 

effects (destructive interference) produce a spatial RF dependence. Depending on the 

location of a voxel in the spectroscopic imaging experiment, the amplitude of a particular 

metabolite will vary with the disparate RF field. The RF field effect is investigated for 

coupled and uncoupled systems in Chapter 2. 

Due to the complexity of coupled spin systems, the main theme in the thesis is the density 

operator/matrix approach for describing the evolution of spins in the NMR environment 

throughout an entire experiment or pulse sequence, introduced in the subsequent section. 

The theoretical construct of the density operator is developed first from basic quantum 

mechanical formulations of spin angular momentum, followed by the Liouville - von 

Neumann equation describing the time evolution of the density operator - an essential 

progression in spin mechanics. This treatment is followed by introduction to individual 

aspects of the NMR experiment and their influence on the evolution of the density 

operator based on the relevant Hamiltonian operator. The collection of interactions can 

be summed into the effects an entire pulse sequence has on the density operator, and a 

theoretical prediction of the spectral information for a particular spin system. 
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1.2 Spin Angular Momentum 

In order to discuss the general properties of nuclear magnetic resonance, an 

understanding of general angular momentum as it is applied to nuclear spins is required. 

The famous Stern-Gerlach experiment (48,49) illustrated that previous theories relying on 

orbital angular momentum, with integer quantum number, £, could not explain the results 

of their experiment. The product was the concept of spin angular momentum, which 

enabled the use of a half integer angular momentum system, with principal quantum 

number I and projection quantum number mi, where: 

/ e j O , - , l , - , . . . j , and 

m 7 e { - / , - / + l , . . . , / - ! , / } . 

The remainder of this thesis focuses on the lH nucleus, with I = 1/2, and possible mi 

values of -1/2 and 1/2. The quantum mechanical framework for a one spin system is 

described in the next section. 

1.2.1 General One Spin Systems 

For a one spin experiment comprised of a two level system, a pair of basis states are 

required. In accordance with the development of the interaction between external 

magnetic fields and the nuclear spin discussed in the next section, the natural choice is 

the basis states of I2, the magnitude squared operator, and Iz, the z-axis projection 

operator. Both states have a principal quantum number of I = 1/2, and have notation |+) 

and |-) with matrix form: 



+ T l l \ 
1 =~,m, -+- ) = 

2 ' 2/ 

T l l \ 
1 = -,m, = — = 

2 7 2/ 

1 

0 
"0 

1 

(1.2) 

In this basis, the magnitude of the spin angular momentum vector is: 

>/3. Ji{i + \)h = ^h, 
(1.3) 

and therefore the I operator is the identity matrix multiplied by the above result squared: 

(1.4) 

I2=-h2 1 0 

0 1 

At this point, it is beneficial to exclude the H factor in operators to convert to the more 

useful units of Hertz rather than Joules in subsequent Hamiltonian calculations. In this 

basis, the representation of the Iz operator is simply a diagonal matrix with the relevant 

eigenvalues as entries: 

(1.5) 
1 1 0 

0 - 1 

The following relations are obtained when Iz is operated on the eigenstates: 

'zl+>~l+>. ' i | ->-~|-> 
(1.6) 

The Ix and IY projection operators are needed to complete the treatment of the spin 1/2 

system. Ix and Iy are determined from the raising and lower operators, 1+ and L, 

respectively, where: 

/ = / +il ( 1 J ) 



and i is the imaginary unit. The effects of operating 1+ and L on the eigenstates is: 

/ I-WO, / |+) = | 

(1.8) 

It is now straightforward to represent these operators in matrix form, first by evaluating 1+ 

and L, and then applying the relation in eqn. (1.7) to calculate Ix and Iy: 

(1.9) 

/ = 
+ 

"o r 

_° °. 
1 

x 2 

, /_ = 

"0 1" 

1 0̂  

"0 0" 

_1 0 

I 
• ' ' = * 

"o r 
-1 0 

In general when discussing a one spin system, there are finite probabilities for being in 

either the |+) and |-) states, and therefore a general wavefunction is needed to represent 

these possibilities. The wavefunction, \\i, is a linear combination of the two states, and is 

generally time-dependent: 

(1.10) 
\V) = c+\+) + c_\ 

where c+ and a are complex numbers which reflect the relative proportions of the two 

states. It should be noted that the basis states are orthogonal and normalized: 

+I+M-I-H. (U1) 

+ | - W - | + \ = 0. 

The quantum mechanical probability for the spin system being in a certain state is given 

by the square modulus of the product of the wavefunction and the investigated state. For 

example, the probability of the system being in the |+) state, P(|+)), is given by: 

n\+)M+M\\ <L12) 

and using the orthogonality of the basis states, this expression simplifies to: 



where the asterisk denotes the complex conjugate. Starting with this general foundation 

of spin mechanics, it is possible to explore the simplest interaction in nuclear magnetic 

resonance: the interaction of a spin with an external magnetic field. However, many 

interesting phenomena occur when two spins interact with each other, and therefore it is 

necessary to expand the treatment to a general two spin system. 

1.2.2 Two Spin Systems 

A general two spin system, with spins labeled I and S, has four possible spin orientations 

and therefore four basis states using the previous I2 and Iz basis. The principal quantum 

numbers, I and S, have the value of 1/2 and are generally excluded when denoting the 

spin states. The states are defined by the possible projection quantum numbers for each 

spin. Explicitly, these four states can be written as: 

1 
m 

V 
1 2 s 2 ' 

m, =—:mv = — = + — 
1 2 s 2/ ' 

1 1\ l 
m, = — ; m ~ =— = - + 

' 2 s 2 ' 1 
m. 

V (1.14) 

2 s 2/ ' 

Similarly to the one spin case, the + sign denotes a projection quantum number of 1/2, 

and the - sign a projection quantum number of-1/2. The order the signs appear in the 

ket is important, as the first sign denotes the projection quantum number for the I spin 

and the second sign denotes the number for the S spin. The basis states are defined in 



matrix form in the following equation: 
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+ + 

1 
0 

0 
0 

. 1+-)= 

0 
1 

0 
0 

> 1-+)= 

0 
0 

1 
0 

\—)= 

0 
0 

0 
1 

(1.15) 

The resultant spin matrices will therefore be 4 x 4, and can be computed by taking the 

direct product of a corresponding 2 x 2 one spin matrix with the identity matrix, with 

product order dependent on multiplication of I before S. For example, in the case of Iz, 

the spin matrix can be calculated by: 

(1.16) 

7 Z = / Z x l 
1 
0 

0 
-1 

X 
1 0 
0 1 

_1 
2 

1 

0 

0 

1 

0 

0 

0 

0 

0 

0 

0 

0 

-1 

0 

0 

-1 

Each element in Iz is multiplied by each element of the identity matrix to produce an 

individual element in the 4 x 4 representation. It should be noted that each element in a 

spin matrix is equivalent to (<|)i|In|<|>2), where §\ and §2 can be any one of the four basis 

states, i.e. |+ +), |+ -) , |- +), or |—) , and the subscript n denotes an arbitrary I spin 

operator. For illustrative purposes and using Iz as an example, we can label the matrix as 

(excluding the factor of 1/2): 

(1.17) 
| + + > | + _ ) | _ + ) | _ _ ) 

(++I 1 0 0 0 

iz={+-\ o i o o 
- + l 0 0 - 1 0 

0 0 0 - 1 
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As stated previously, the Iz operator measures the projection of the I spin onto the z-axis. 

Therefore, Iz acting on |+ +) and |+ -) produces 1/2|+ +> and 1/2|+ ->, respectively, and Iz 

operating on |- +> and |—> produces -1/2|- +) and -1/2|—). This analysis allows easy 

verification for the generation of the 4 x 4 spin matrices discussed above, as the Iz matrix 

is simple to compute in this manner. 

The procedure to calculate the z-axis projection operator for the S spins, Sz, differs from 

Iz only in the order of multiplication, with the identity matrix placed first: 

(1.18) 

Sz -lxSz 

"1 0" 

0 1 
1 

X — 

2 

"1 

0 

0 " 

- 1 _ 
_ 1 

~~2 

1 

0 

0 

0 

0 

-1 

0 

0 

0 

0 

1 

0 

0 

0 

0 

-1 

The Sz operator therefore has the following effects on each of the four basis states: 

Sz\ + +) = ^\++)^ Sz\+-) = --\ + -

(1.19) 

Sz\-+)=\\-+), sz\—)=-l-\ 
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The remainder of the useful 2 spin matrices can be calculated in a similar manner and are 

given in Appendix 1. The raising and lowering operators are used extensively in spin 

mechanics, and it is therefore useful to state their effects on basis states explicitly. The 

results of the I raising and lowering operators are: 

(1.20) 

/+|-+> = | + +), /_|-+) = 0 

' J — > = ! + - > , i-\—) = o, 

and the S raising and lower operators have the following effects: 

S+|++) = 0, S_|++) = | + -

S+\+-) = \ + +), SL| + - ) = 0 

•S+|-+) = 0, 5_|-+> = | -

5,1—\ = |_+\ S 1-4 = 0 

(1.21) 

The spin matrices for a two spin system allow investigation of interactions between the 

spins, and are therefore a powerful tool in spin mechanics. Many of the spin interactions 

can be illustrated for a two spin system and generalized to an N-spin system, although 

increasing the amount of interacting spins places significant demands on the ability to 

produce analytical solutions. 

1.2.3 Density Matrix 

The density matrix is a useful tool in spin mechanics, and allows the calculation of the 

population of spin states and possible spin state coherences. To develop this concept, the 

starting point is the Schrodinger time dependent equation: 
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n\v) = ijt\v), 
(1.22) 

where the Hamiltonian, H, has units of Hertz. A single spin system will be used for 

illustration, thus the definition of \\f is identical to the previous section for a generalized 

wavefunction based on two orthonormal eigenstates. It should also be noted that \\i is 

dependent on time, i.e. i|/(t). For this system, the expectation value for an arbitrary 

operator, U(t), is given by: 

(U{t)) = (¥{t)\U\¥{t)). (L23> 

Expansion of eqn. (1.23) by incorporating the representation of the general wavefunction 

(eqn. (1.10)) yields: 

U(t))^clcJ+\U\+) + clc_(^U\-) + c:cJ-\U\+) + c:c_(-\U\-). ( L 2 4 ) 

This equation can be written as the trace (Tr) of a product of two matrices: 

(U(t)) = Tr c+c+ c_c+ 

c+c_ c_c_ 

+\U\+) (+|C/|-
-\U\+) (-1/7!-

(1.25) 

In practical situations, more than one spin exists and the assumption that all spins are in 

the same state at a given time is invalid. Therefore, it is necessary to take the ensemble 

average of each of the terms in the first matrix of eqn. (1.25). The density matrix, a, is 

defined as the first matrix in the above equation, i.e.: 

(1.26) 

a = 
c+c_ c_c_ 

The diagonal elements of a are simply the probabilities of the system being in a given 

state (eqn. (1.13)), and therefore are proportional to the population. The off-diagonal 
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elements imply an interaction between the two states, or coherence. The concept of 

coherence will be discussed in more detail in section 1.6. 

The corresponding density operator, p, has matrix elements equivalent to the elements of 

the density matrix, such that: 

(1.27) 
(0j\p\A) = ckcj> 

and in the one spin system, fy and fa can either be + or -. Therefore, by analyzing eqn. 

(1.25) and applying the definition of the density operator, the matrix representation of the 

expectation value of an arbitrary operator can be written as: 

U(t)) = (+\p\+)(+\U\+) + (+\p\-)(-\U\+" ( L 2 8 ) 

+ (-\p\+)(+\U\-) + (-\p\-)(-\U\-

The expectation value in terms of the generalized indices as in eqn. (1.27), and with 

further simplification can be consequently expressed as: 

j k 

j 

= Tr(pU). 

Using this development, any expectation value for a particular observable can be 

calculated. Therefore, it is more efficient to use the density matrix method to evaluate 

spin evolution in NMR than applying evolution to individual wavefunctions. A final 

density operator can be computed for an entire sequence of events (e.g. a pulse sequence) 

and expectation values immediately following the sequence computed. The significance 

of individual elements in the density matrix will be explored in subsequent sections. 
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1.2.3.1 Time Evolution 

The density operator is a dynamic quantity, and therefore an explanation of time 

evolution is required. The Schrodinger equation (eqn. (1.22)) can be expanded in terms 

of an arbitrary basis set, \^): 

(1.30) 

Multiplying the above equation by (<|>p|, and assuming the orthogonality of the basis 

states, i.e. (<|)p|(|)j) = 0, removes the summation from the right side of equation (1.30): 

(1.31) 

dt'p' YsMH+h^h* 
j 

It is instructive to determine the time derivative of a single density matrix element, 

<<pp|p|cpk>, in order to calculate the derivative of the coefficient, cp: 

(1.32) 
d i , , , , 3 

dAp^i et cc p k 

c'Uc'>Ht^
cl 

Solving for the time derivative of cp in equation (1.31) and substituting into the above 

yields: 

(1-33) 

Note that the products cpCj and CjCk are elements of the density matrix, and therefore the 

above equation can be rewritten as: 



aV,WA>=fE(^W*X*lwlA>-|X(^lwk>(*WA 
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(1.34) 

dt 

The normalization of states, i.e. {§[§) = \§)(§\ = 1, allows further simplification by 

elimination of the summations: 

5/ / / ( L 3 5 ) 

jtWP\A} = i\0P\pWk)-i(0P\'Hp\A}-

It is possible to rewrite eqn. (1.35) by introducing the commutator relation. For two 

general operators, A and B, the commutator is written as: 

[A,B] = AB-BA. ( L 3 6 ) 

If the operator AB acting on a general eigenstate is equivalent to BA acting on the same 

eigenstate, the operators A and B commute, and the commutation [A, B] is equal to zero. 

Therefore, the order of operation of A and B is irrelevant and can be interchanged. The 

significance of commuting operators is vitally important in quantum mechanical 

measurements, as commuting operators are simultaneous observables. Returning to the 

treatment of time evolution of the density matrix, eqn. (1.35) becomes: 

ft\tp\p\A)=Wi[p>/HM/> 

and including all possible elements of the density matrix results in: 

!-<[*«]. 
(1.38) 

Eqn. (1.38) is called the Liouville - von Neumann equation (50) and is a restatement of 

the Schrodinger equation describing an ensemble of spins. If the density operator and 

Hamiltonian do not commute, then the density matrix will evolve with time. A simple 
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solution occurs when the Hamiltonian is time independent, with integration of eqn. (1.38) 

resulting in: 

p(t) = e-mtp{0)emt
> < L 3 9 ) 

where p(0) is the density operator at time t = 0. For time dependent Hamiltonians, the 

solution is much more complex, and therefore approximations will be used to preserve 

the time independence of the Hamiltonian operator. The description of the mechanics of 

evolving spin systems in specific nuclear magnetic resonance interactions using the 

density matrix and density operator will be discussed in subsequent sections and is 

central to this thesis. 
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1.3 Theoretical Properties of Nuclear Magnetic Resonance 

1.3.1 Spin Interaction with a Static Magnetic Field 

A nuclear magnetic moment is required for a nucleus to be NMR visible, and occurs 

when the nucleus has either an odd number of neutrons or an odd number of protons or 

both. Only unpaired nuclear spins are of importance. The nuclear magnetic moment, \L, 

a vector quantity, is related to the nuclear angular momentum, I, by: 

fit = ylh. O-40) 

The constant, y, is called the gyromagnetic ratio, and is specific to each nucleus of 

differing composition. Table 1-1 lists common nuclei used in NMR experiments, along 

with their biological concentration and gyromagnetic ratio. Due to the large biological 

concentration and gyromagnetic ratio of H, it has typically been the mainstream choice 

for in vivo spectroscopy experiments, although 13C and 31P have also been investigated 

significantly. 

Table 1-1: Gyromagnetic Ratios and Biological Concentrations for Selected Nuclei 
(51,52) 

Nucleus 

'H 
1 3 C 

19F 
23Na 
31p 

39K 

Biological 
Concentration (%)* 

100 
2.00 

0.037 
1.50 
10.0 
2.33 

Gyromagnetic 
Ratio (MHz/T) 

42.58 
10.71 
40.05 
11.26 
17.23 
1.99 

* as a percent of !H concentration 

The NMR experiment requires preparation of the sample by placing it in a strong static 

magnetic field, Bo. By convention, the direction of Bo is parallel to the z-axis, and 
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therefore B0 = (0, 0, B0) in Cartesian coordinates. Assuming the field is static and 

completely uniform, the Hamiltonian, Hz, describing the interaction energy between the 

nuclear magnetic moment and the static field is given by: 

Hz=-H*B0=-yhBJz. (L 4 1> 

The energy eigenvalues, Ez, can be calculated by solving the time-independent 

Schrodinger equation: 

Hz0 = EJ, (L 4 2> 

where the energy eigenstates are denoted by (/>. Substituting the result for Hz into the 

above equation yields: 

-rhB0Iz</> = Ez<{>. (L43> 

The only operator in Hz is Iz, and therefore the energy eigenstates will also be 

eigenstates of Iz. In accordance with the basis developed in the previous sections for a 

one spin system, the energy eigenvalues Ez are calculated as: 

1 (1-44) 

with corresponding eigenstates |+) and |-). The lower energy eigenvalue is achieved 

when the nuclear magnetic moment is aligned with the external magnetic field ('spin up', 

eigenstate |+)). In contrast, the higher energy eigenstate, |-), occurs when the magnetic 

moment is aligned antiparallel to the external field ('spin down') . In order to induce a 

transition between the two levels, energy equal to the difference between the two 
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eigenstates, yhBo, must be applied. This transition results in a characteristic spectral line, 

with frequency, a>o, related to the energy difference and given by the Larmor equation: 

a. = rB.. (1'45) 

It should be noted that in the absence of an applied magnetic field, no energy splittings 

(known as Zeeman splittings) are observed. Figure 1-1 shows the effect of Zeeman 

splitting and the corresponding transition line in frequency space. 

a) 

E = yfiBo 

->, E_ = +V2yhB0 

|+>,E+ = -l/2yftBo 

B = 0 B = B 0z 

b) 

co0 

Figure 1-1: a) Zeeman energy splittings due to the application of an applied external 
field, Bo, resulting in two energy eigenstates, |a) and |p). b) Characteristic line of 
transition between |+) and \-), with Larmor frequency COQ = yBo-

Returning to the representation of an arbitrary wavefunction for a single spin (eqn. (1.10) 

), we can solve Schrodinger's equation (1.22) (assuming the Hamiltonian is time 
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independent) to obtain the evolution of the wavefunction interacting with the static field. 

The solution to this particular problem is: 

|K0)=* * M0)) 
= e^'(c+\+) + c_\-)), 

and substitution of the Larmor frequency for yBo and replacement of the Iz operator with 

the relevant eigenvalues yields: 

\y/(t)) = e2 c+\+) + e2 c_\-). K } 

1.3.2 Macroscopic Magnetization 

A single isolated spin is a good theoretical construct, but does not reflect practical 

situations. In reality, a sample will have many different spins, and when placed in a static 

field, these spins will tend to align parallel or antiparallel to the field axis, to produce a 

net magnetization, Mo. As the lower energy state (parallel to the field) is more favorable, 

slightly more spins will occupy this state than the higher energy, antiparallel case. Before 

generalizing to an ensemble of spins, the expectation values for the magnetization of a 

single spin system should be calculated. The coefficients in eqn. (1.47) are in general 

complex numbers, and are described by amplitude and phase terms: 

I I \i9+ I I \w- (1-48) 
c+-\c+\el , c_=\c_\ez , v ' 

where 9+ and 9_ are the phase angles of the coefficients, and the vertical bars denote the 

magnitude. Therefore, the wavefunction for a single spin interacting with a static 

magnetic field can be written as: 
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\{//(t)) = e2 |c+||+) + e2 F_ | | - ) . 

The relations for the magnetization in the z-direction (uz) and in the xy-plane (|j.+, where 

M+ = /-ix + ^ Y ) can be obtained from eqn. (1.40), and in order to compute the expectation 

values, the spin angular momentum term, I, is replaced by the operator form. 

Consequently, the expectation value for the z-magnetization for one spin is: 

(1.50) 
Mz)==(Ht)\r^z\^(t). 

= ~rh(\c+\ -|c_| J 
2 

and therefore, the z-magnetization depends on the difference between the probabilities of 

the spin being aligned parallel or antiparallel to the field. The expectation value for the 

magnetization in the xy-plane is: 

(1.51) 
{/Li+) = {y/{t)\yhl+\y/{t)) 

. M , \<»«t+Ue_-e,)\ 
= Yn\c+\\c_\el J 

= rh\c+\\c_\e^e^e+). 

The equation for the mean value of the xy-magnetization implies a precession at the 

angular frequency coo about the z-axis. The xy-magnetization also depends on the 

relative phase difference between the two states. The treatment can be expanded to 

obtain relations for the macroscopic magnetization of multiple spins, by taking the 

ensemble average of eqns. (1.50) and (1.51). The total magnetization, Mo, is a measure 

of the population difference between the |+) and |-) states. In an ensemble of spins, the 

phases are assumed to be randomly distributed, and therefore the ensemble average of 

(u+) is zero with no perturbation other than the static magnetic field. Consequently, in 
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thermal equilibrium, the net magnetization is solely due to Mz, the longitudinal 

magnetization, and the population difference is governed by the Boltzmann distribution. 

Mo is determined by the fraction of spins in the |-> state subtracted from the fraction of 

spins in the |+> state, multiplied by the number of spins, N. In accordance with eqn. 

(1.50), we can denote Mo by: 

(1.52) 
1 Mo = {vz) = 2r

hN 
(\ |2 I \2\ 

|2 I |2 

Vlc+I + K I J 

where the horizontal line denotes the ensemble average. Each probability is given by the 

Boltzmann distribution: 

(1.53) 

- n kT 

\C \ = P 

r+l 

2kT 2kT 
\CA =e 

where T is the temperature in K, and k is Boltzmann's constant. Expanding the 

exponentials in a power series and substituting into eqn. (1.52) gives: 

(1.54) 

l 
M„=-yhN kT 

V 

. 2 * 2 ; 

= rn%N 
AkT 

The term in brackets is the fraction of spins contributing to the NMR signal. Note that at 

a temperature of 300 K, and a static field of 4.7 T, and assuming the spins are protons, the 

bracketed term is calculated to be 3 x 10~6, and therefore only 3 in one million spins 

contribute to the observable NMR signal. 
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1.3.2.1 Thermal Equilibrium Density Operator 

The density matrix can also be calculated for the thermal equilibrium case, po, to 

establish a starting point for investigation of further perturbations to the spin systems. 

Expanding the probabilities for a one spin system (eqn. (1.53)) in terms of power series, 

we obtain: 

£ F = I+£»3L, ^ = 1-2^. ( U 5 ) 

1 +l 2kT ' "' 2kT 

Therefore, we need the density operator to produce the above matrix elements for (+|p|+) 

and <-|p|->, respectively. If we make the assumption that: 

A'o ^ 5 

and expand the exponential in a power series, then: 

y (1.57) 

where l is the identity matrix, and substitution of eqn. (l.4l) for Hz yields: 

HO Z ^ 

In general, the constant multiplying Iz is discarded, along with the static identity matrix 

term, leaving the final representation of the thermal equilibrium density operator as: 

Ho Az-



24 

1.3.3 Radiofrequencv Pulses and the NMR experiment 

In a typical NMR experiment, the spins are first prepared by application of the strong, 

static magnetic field to produce a population difference between the spin states. The 

spins are then excited to a higher energy state by a radiofrequency (RF) field, Bi, which 

tends to 'tip' the net magnetization away from the z-axis and into the xy-plane. In order 

to provide the necessary torque to tip the magnetization, the RF field must rotate in the 

plane orthogonal to B0. After Bi is turned off, the static field produces a torque 

experienced by the magnetization, causing precession about B0 at the Larmor frequency, 

which can be detected by an appropriately placed receiver coil. The total magnetic field 

experienced by the nuclei, B, can be written as: 

B = B , + B 0 = Bx (coscot x-sincot j>) + B0z, ( L 6 0 ) 

where co is defined as a positive quantity. Therefore, the Hamiltonian including both 

fields is: 

H = -HyB»I = -hy(BJx coscDt-BJy sincot + B0IZ). ( L 6 1 ) 

The Hamiltonian is now time dependent, and therefore Schrodinger's time dependent 

equation must be solved to calculate wavefunction evolution. To simplify the problem, 

we can change into a new coordinate system that rotates concurrently with the Larmor 

frequency by applying the transformations: 

/ x • / x (1-62) 
xp = cos [cot)x-sm [cot)y, 

yp =sin(a>t)x + cos (cot) j>, 
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where » is the frequency of rotation and the subscript p denotes the rotating frame. The 

z-axis is not included in the plane of rotation and therefore remains unchanged. In this 

frame of reference, the magnetic field is replaced by an effective magnetic field, Beff: 

r a*) (L63) 

\ rJ 
The resonance condition occurs when Bi rotates in a negative sense at the Larmor 

frequency, and therefore GO = -yB0, and the resulting field reduces to: 

R -Br ( L 6 4 ) 

Therefore, the Hamiltonian for an on resonance RF pulse in the rotating frame reduces to 

(again discarding the h factor): 

In the rotating frame, the effect of the RF pulse is a rotation of the magnetization about 

the yp-axis if the pulse is originally polarized along the xp direction. The phase of the 

magnetization with respect to the z-axis after application of the RF pulse depends on the 

amount of time the pulse is applied. From this point on, we will assume the rotating 

frame of reference for all calculations. 

1.3.3.1 RF Field Effects on the Density Operator 

The time evolution of the density operator can be evaluated for the RF Hamiltonian 

described in eqn. (1.65). In the rotating frame, the Hamiltonian for the static and RF 

fields is time-independent, and therefore the solution has a form similar to eqn. (1.39), 

with substitution of Tins'-
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= ew*' p(0)e-Wx'. 
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(1.66) 

In the thermal equilibrium case with only Bo acting on the spins, the density operator at t 

= 0 was shown in section 1.3.2.1 to be Iz- Therefore, the solution to the density operator 

evolution assuming this initial condition can be calculated by successive differentiation to 

construct a differential equation: 

do (L 6 7) 
^ = (irBlIx)e

irB^lIze-irB^t+(-irBl)e
irB^tIze-irB^tIx. 

The Ix operators commute with the exponential Ix operators, and utilizing the 

commutation relation for Ix and Iz, 

T » 

the first derivative of the density operator can therefore be written as: 

8£ = -(yBl)e
irB>Ix<IYe-irB>I*!. 

(1.68) 

(1.69) 

Differentiating a second time, and utilizing commutation relations for IY and Ix yields: 

(1.70) 

= - ( ^ ) 2 P W -

The solution of this differential equation has the general form: 

p(t) = Qle^'+Q2e-^', (L71> 

where Qi and Q2 are constants to be determined by the boundary conditions, given by: 
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(1.72) 
p(0) = Iz, and 

dp 

dt 
-yBxIY 

(=0 

Consequently, the evolution of the density operator due to a rectangular RF pulse is: 

p(t) = Izcos(0) + IYsin(0), ( L 7 3 ) 

where 0 = yBit is the conventional flip angle - the amount the magnetization rotates in 

the yz-plane. By setting 9 = n/2, i.e. t = 7i/2yBi, the resulting density operator is equal to 

IY, and this is equivalent to the effect of the commonly known 90° pulse. If the RF field 

remains on for a longer period of time, e.g. 9 = K, a 180° pulse, the initial magnetization 

is inverted to the -z-axis, with a corresponding density operator form of-Iz. These two 

particular pulses play a significant role in NMR and specifically in spectroscopy, and are 

used exclusively in the two general forms of spectroscopy pulse sequences, PRESS and 

STEAM, which will be described in later sections. This particular solution technique to 

the Liouville - von Neumann (50) equation can be applied to any time-independent 

Hamiltonian to produce time evolution for the density operator. The solutions are usually 

given in tabular form to avoid repetition of calculations commonly used to describe pulse 

sequences. For example, the transformation of the density operator under RF excitation 

as shown above can be written as: 

Iz - ^ ' > / z c o s ( / g / ) + / r s i n ( ^ ) , ( L 7 4 ) 

where the arrow denotes the evolution under a specific Hamiltonian. The results of 

common transformations are given in Appendix 2. 
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1.3.4 Relaxation 

Based on the previous discussion of the NMR experiment, it would seem that after the 

magnetization is tipped into the xy-plane for detection that it remains there indefinitely. 

However, the energy gained by the spins from the excitation field is slowly dissipated in 

two separate processes called relaxation (53-56). These processes can be described by 

first order rate equations, and are given the characteristic times of Tl and T2, with 

reported values shown in Table 1-2 (57-63). The constant Tl describes the magnetization 

returning to 63% of its thermal equilibrium value along the z-axis before excitation, due 

to a loss of energy with its surroundings, or lattice. This energy cannot be recovered for 

further spin excitation. The loss typically involves molecular interactions such as 

rotations and tumblings which have a certain intrinsic frequency. When the Larmor 

frequency of precessing spins is in close proximity to the intrinsic frequency, the energy 

exchange is efficient, the relaxation is maximized and Tl has a minimal value. The 

solution to the rate equation for this process gives the following relation for the 

longitudinal magnetization, Mz, at a later time, t: 

Mz(t) = M0 + (Mz(0)-M0)e^, <L75> 

where Mo is the thermal equilibrium value of the magnetization, as defined in eqn. (1.54). 

A plot of the above equation for choline at 1.5 T and 4.7 T is shown in Figure l-2a, using 

Tl values from Table 1-2. The plot assumes the magnetization is completely in the 

transverse plane at t = 0 and therefore Mz(0) = 0. Tl values tend to increase with 

increased magnetic field, and therefore the time for restoration of the magnetization to the 

thermal equilibrium orientation along the z-axis increases with increased field. Note that 

at typical values of 1.5 s for the repetition time (TR) used in this thesis, about 60% of Mz 
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has been recovered at 4.7 T for Cho based on Fig. l-2a, and therefore only 60% is 

available for further excitation in the subsequent acquisition. In a spoiled, steady-state 

environment (many repetitions, remnant transverse magnetization is dephased following 

acquisition), the optimal excitation angle (Ernst angle, OIE) may deviate from the normal 

90° to achieve maximum transverse magnetization, and can be calculated from the 

following equation: 

-TR 

cos(aE) = e n . (L76> 

A plot of the Ernst angle vs. TR is shown in Fig. l-2c for choline at 1.5 T and 4.7 T. At 

TR = 1.5 s, the Ernst angle is calculated to be 70.4° at 4.7 T, and 76.5° at 1.5 T. 

Consequently, a reduction in the excitation flip angle for this particular TR may produce 

more signal for choline at both field strengths. 
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2 3 
Time (s) 

Figure 1-2: Relaxation properties for choline at 1.5 T (dashed lines) and 4.7 T (solid), 
a) Tl relaxation based on eqn. (1.75). b) T2 relaxation based on eqn. (1.77). c) Ernst 
angle (eqn. (1.76)J vs 77?. The maximum values of Mz and MXY have been normalized to 
1 in a) and b), respectively. 
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The second process, T2 or spin-spin relaxation, involves the dephasing of the spins in the 

xy- or transverse plane, due to loss of coherence between spins producing the net 

magnetization. The Larmor frequency can fluctuate between nearby spins due to 

variations in the local magnetic field produced by field gradients, differing sample 

environments, molecular vibrations or rotations, or Bo inhomogeneities. Consequently, 

the spins begin to precess at different frequencies based on the local magnetic field and 

phase coherence is lost. The constant T2 denotes the time required for the magnetization 

in the transverse plane to decay to 37% of the original value. The remaining transverse 

magnetization, MXY, after a time, t, can be expressed as: 

MXY(t) = MXY(0)e^. <L77) 

An illustration of this equation is also provided for choline in Fig. l-2b. T2 values tend 

to decrease with increased magnetic field strength, and therefore coherence in the 

transverse plane is lost more rapidly at higher field. 

Table 1-2: Tl and T2 relaxation times for various metabolites at 1.5 T, 3 T and 4.7 T 

Field 
Strength (T) 

4.7 

3 

1.5 

* Values are s 

Metabolite 

Water 
N-acetylaspartate (NAA) 
Creatine (Cr) 
Choline (Cho) 
Water 
NAA 
Cr 
Cho 
Water 
NAA 
Cr 
Cho 

lown as mean ± standard de 

Tl (ms)* 

1413 ±13 
1324 ±69 
1400 ±43 
1374 ±25 
1110 ±40 

1400 ±150 
1310± 130 
1170 ±150 
860 ± 30 
1360 ±60 

1240 ±100 
1030 ±150 

viation 

T2 (ms)* 

58 ± 1 
193 ±25 
187 ± 1 4 
231 ±30 

-

295 ±12 
156±7 

217± 17 
87 ± 4 

336 ±46 
217 ±29 
352 ± 52 
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Although relaxation provides a method for contrast in magnetic resonance imaging 

(MRI), it is typically a source of signal loss in spectroscopy. Most spectroscopy 

sequences are therefore designed to acquire a signal as quickly as possible following 

excitation to alleviate any relaxation losses, though specialized sequences can produce 

valuable signal at longer sequence timings. 
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1.4 Spin Interactions 

The beauty of NMR spectroscopy lies in the fact that generally not all spins in a sample 

are identical, and differing molecular environments alter precessional frequencies - the 

chemical shift effect - producing complex and interesting spectra. In addition, spins can 

interact with neighbouring spins to induce splittings in a peak from a single proton 

through the process of J-coupling. These fundamental properties allow discrimination of 

multiple chemicals within a sample using NMR spectroscopy. Other spin interactions 

play a minor or insignificant role in spectral quantification in the liquid and in vivo 

environments and are therefore excluded from this analysis. 

1.4.1 Chemical Shift 

The electronic configuration of a chemical bond in a molecule influences the total 

magnetic field at the nuclear site, thus altering the resonance frequency (64). The static 

field, Bo, induces circulations in the electron cloud surrounding the nucleus, and by 

Lenz's law, these circulations produce a magnetic moment opposed to Bo, thereby 

reducing the local magnetic field. Figure 1-3 illustrates the magnetic fields interacting 

with the nucleus producing the chemical shift. 
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nucleus 

Bn 

Figure 1-3: The applied magnetic field, Bo, induces small, opposing magnetic fields 
(small arrows) in the electron cloud surrounding the nucleus, with a net effect of 
reducing the local magnetic field at the nuclear site. 

The perturbation of the electron cloud has a net effect of reducing the local field by a 

factor of aBo, where a is a screening constant, or shielding parameter for the nucleus. 

Including the electron shielding factor, the field at the nucleus, Bnuc, can be written: 

with a corresponding change in the Larmor equation of: 

a> = r(l-<r)B0.
 ( L 7 9 ) 

The screening factor will also change the form of the Zeeman Hamiltonian for the 

interaction of a spin with a static magnetic field, i.e.: 
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Therefore, two nuclei with different screening constants will have different resonance 

frequencies, and are displaced from each other in the spectrum. This displacement is 

called the chemical shift, 8, and is given by the relation: 

* „ „ (1.81) 

with G\ and as being the screening constants for nuclei I and S, respectively. The 

chemical shift is dependent on field strength, and in order to compare spectra acquired at 

different fields, the parts per million (ppm) scale is used with chemical shifts measured 

relative to a reference compound. In general cases, the reference compound is 

tetramethylsilane (TMS), and is labeled as the zero point on the horizontal axis (ppm) of 

the spectrum, even if TMS is not included in the sample, as is the case in vivo. The 

relative chemical shifts can therefore be expressed as: 

(1.82) 

8{ppm) = C°I ^ x l O 6 , 

where coi is the resonance frequency of the nucleus of interest. In these ppm units, the 

chemical shift is constant regardless of the applied magnetic field. 

1.4.1.1 Chemically Equivalent Nuclei 

A unique resonance peak is produced for each chemically nonequivalent nucleus in a 

molecule. The equivalence of two protons can be determined by substituting a group X 

for one of the protons. The same product will be formed if the two protons are equivalent 

regardless of which proton is substituted. For example, consider methane, CH4, as an 

elementary example (Figure 1-4): 
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Figure 1-4: Test for chemical equivalence of protons in methane by substitution of the 
arbitrary group X. All four products formed are identical. 

Upon substituting the group X for any of the protons, the same product is formed and 

therefore the protons in the molecule are chemically equivalent and only one resonance 

frequency is produced. In a more complicated example, such as 2-methyl-2-butene, the 

ten protons are not all chemically equivalent, as four substitution products can be formed 

(Figure 1-5) (65): 
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Figure 1-5: Test for chemically equivalent nuclei in 2-methyl-2-butene by substitution of 
an arbitrary group X. Four products can be formed from the ten possible substitutions. 

Consequently, protons in 2-methyl-2-butene are not all equivalent, and four different 

resonant frequencies result in the spectrum. This particular test can be used to determine 

the number of different resonance frequencies and the basis for a characteristic spectrum 

for a molecule. Chemical equivalence should not be confused with magnetic 

equivalence, which occurs when nuclei in a molecule have the same chemical shift and 

are equally coupled with any other nucleus in the molecule. The process of spin coupling 

will be discussed in the section 1.4.2. 
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1.4.1.2 Density Matrix Evolution: Chemical Shift 

The Zeeman Hamiltonian for a nucleus, I, with resonance frequency coi due to the 

chemical shift can be written as: 

nz=-r(\-aI)B0iz = -cu1iz, < L 8 3 ) 

and solution to the following equation produces the time evolution of the density operator 

at time, t: 

p{t) = e-^'p{<d)^t ( L 8 4 ) 

icorlyt , , / n \ ~ico,I7l 

- e ' z p{0)e ' z . 

If p(0) contains only z-axis projection operators, the density operator will commute with 

the exponential operators and remain unchanged under time evolution. However, if p(0) 

contains any transverse operators, i.e. Ix or Iy, then the solution can be obtained in a 

similar manner to the time evolution during an RF pulse (section 1.3.3.1), with 

transformations of: 

Ix ~a),!z' >/;rcos(fl?//) + /ysin(a? /r), 

Ir —~<a'Iz' >IY cos(cOjt)-Ix sin(cojt). 

The Zeeman Hamiltonian results in the rotation of transverse spin operators at the 

chemically shifted resonance frequency. Consequently, nuclei with different chemical 

shifts will precess at different rates in the transverse plane. 
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1.4.2 Spin Coupling 

Spins in a molecule can interact with each other through the process of spin coupling, 

which includes two major mechanisms: the dipolar interaction, and scalar or J- coupling. 

In solid NMR the dipolar interaction is prevalent, given that the magnetic dipole behavior 

of a nuclear spin can influence the magnetic field of neighboring spins, and alter the 

resonance frequency. However, this effect averages almost to zero in liquid and in vivo 

NMR experiments of small molecules which have rapid, random motion, and is therefore 

ignored in this treatment, with J-coupling being the major contributing factor to spin 

coupling. 

The hyperfine (electron-nucleus) interaction of J-coupling was first explained by Ramsey 

and Purcell in 1952 (66). When two nuclei interact through J-coupling, the electrons in 

the chemical bond between the nuclei allow transmission of the spin state information by 

local magnetic field fluctuation. For example, consider two spins, A and X, coupled in a 

molecule by a chemical bond. Although the electrons are distributed throughout the 

cloud of the bond, there is a high probability that one electron is near the A nucleus, and 

one is near the X nucleus (Figure 1-6). The Pauli exclusion principle requires that one of 

the electrons in the bond have a 'spin up' orientation and the other be 'spin down'. 

Therefore, there are two possible configurations the A and X spins can have: both 

antiparallel to the corresponding bonding electron (case 2), or either A or X being parallel 

to the electron configuration (case 1). 



Case 1 
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Case 2 

Figure 1-6: Two possible orientations for nuclei-electron pairs in a bond between A and 
X nuclei. Case 1 has one nuclei antiparallel to the corresponding electron spin, and 
Case 2 has both antiparallel. 

The lowest energy configuration occurs when both nuclei are antiparallel to their bonding 

electrons, as in Case 2, and therefore in an ensemble of AX molecules, slightly more than 

half possess this arrangement. If nucleus A is now excited by a radiofrequency field, the 

energy of transition is dependent upon the original orientation of the X spin, resulting in 

two transition energies or spectral frequencies. The spectral peak of the X spin will also 

experience a splitting due to the possible configurations of the A spins. Therefore, the 

orientation information of the adjacent nuclei in a molecule is transmitted via the 

electrons in the bond. This hyperfine interaction between the electron and nucleus can 

only manifest when the probability of the electron occupying the nuclear site is non-zero, 

and thus only bonds with s character can produce J-coupling. The coupling effect is 

usually small compared to the chemical shift Hamiltonian, and therefore the two 

frequencies are generally spaced close together, creating a multiplet (a doublet in the 
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previous example) at the chemical shift frequency. It should be noted that the interaction 

is not dependent on the presence of a static magnetic field, and therefore the effect is field 

independent, with a coupling constant, J, describing the strength of the interaction in Hz. 

Because the coupling depends on the orientations of the interacting spins, the coupling 

Hamiltonian, H], can be written as the dot product of the spin operators, multiplied by the 

coupling constant. For the two interacting spins in this case, we have: 

HJ=2TCJAX{A'X) 

= ^JAX (AXXX + AYXY + AZXz)> 

where A and X denote the vector spin operators, the subscripts X, Y and Z are the 

directions in Cartesian space and JAX is the coupling constant between the A and X spins. 

In general, the contributions to the energy levels of a coupled system can be evaluated by 

solving Schrodinger's equation for a two spin system, with the basis set defined in 

section 1.2.2 and using the Hamiltonian in eqn. (1.86) in addition to the Zeeman 

Hamiltonian for a two-spin system: 

HZ=-CDAAZ-COXXZ. (L 8 7) 

The derivation results in four energy levels (53): 

E++=-(-a>A-(0x+xJAX), 

E-+ = ^(^A~^x)2+(2^Ax)2 ~ XJAX )» 

E_=±(a>A+a>x+xJAX). ( L 8 8 ) 
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The coupling is termed strong if the coupling constant is on the same order of magnitude 

as the chemical shift difference, A8, between A and X, and the full Hamiltonian must be 

used to describe the interaction. However, if the chemical shift difference is much 

greater than J, a weak coupling approximation can be used: 

j (1-89) 

Hj.veak = 2^JAXAZXZ > w h e n ^ « 1 • 

In this case, JAX2 is negligible compared to (©A-COX)2 in eqn. (1.88) and may be 

disregarded. A general rule for application of weak coupling is when J/A5 < 0.2 (53). 

The weak approximation simplifies the construction of analytical solutions to spin 

evolution, whereas strongly coupled systems require more rigorous evaluation. In 

addition, the chemical shift difference increases with increasing Bo, and therefore the 

strength of coupling for a particular spin group decreases. 

When discussing coupled systems, the Pople notation (67) will be used, where weakly 

coupled spins are labeled by letters spaced far apart in the alphabet, and strongly coupled 

systems are closely spaced. The number of identical spins is included as a subscript. For 

example, a weakly coupled two spin system could be labeled an AX system, and a 

strongly coupled system could be labeled as an AB system. A four spin weakly coupled 

system with three identical spins would be represented as AX3. In this notation, the 

number of interacting spins and relative strength of coupling is immediately clear for 

simple systems with few total nuclei, as is the case with most in vivo metabolites. 
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1.4.2.1 Density Matrix Evolution: Weak Coupling 

For a two spin coupled system, with spins labeled A and X and resonance frequencies of 

G3A and cox, respectively, the thermal equilibrium density operator in accordance with 

(1.59) is: 

P(0) = AZ+XZ. (>*» 

In the weak coupling regime, the coupling Hamiltonian contains only z-axis projection 

operators. Therefore, when solving for the evolution of the density operator (eqn. (1.39)), 

p(0) commutes with the exponential operators, and therefore the density operator remains 

unchanged, and the general transformation can be written as: 

Az
 2W >AZ, O-91) 

similar to the chemical shift effect. The same transformation can be stated for the X 

spins. It should be noted that during this time evolution, the Zeeman Hamiltonian also 

affects the spin in accordance with the chemical shift discussion above, but the two 

effects can be considered independently as the Hamiltonians commute when considering 

weak coupling. The coupling Hamiltonian only operates on transverse components of the 

density operator, which can be produced by an RF excitation pulse. Although the 

coupling Hamiltonian is present throughout an entire pulse sequence, it is negligible 

compared to the RF Hamiltonian, i.e. 7YRF » Hj. Therefore, effects of J-coupling can be 

ignored during the time the RF pulse is on. If at some point in the spin evolution a 

transverse operator is produced, the solution to the time evolution equation can be 

evaluated in a similar manner as the RF and Zeeman Hamiltonian cases, and produces the 

following transformations: 
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(1 92) 
Ax

 2nMzX7' >AX cos(xJAXt) + 2AYXZ sinfaJ^t), 

AY
 2*-*W >AYcos(xJAXt)-2AXXZ sin^J^t). 

The transverse density operator components are transformed into two terms: one 

comprised of an oscillating part of the original operator, and a second oscillating function 

which is multiplied by transverse and longitudinal spin operators. The second term also 

has operators of both the interacting spins, and therefore a mixing or coherence between 

the spins occurs. By selecting the appropriate time delay, it is possible to maximize one 

of the terms and eliminate the other, which can be beneficial for editing resonance signals 

in the final spectrum. 

1.4.2.2 Some Aspects of Strong Coupling 

A strongly two spin system generally has the Popel notation AB. The entire coupling 

Hamiltonian must be considered when the coupling constant is on the same order of 

magnitude as the chemical shift difference. Consequently, the coupling Hamiltonian will 

include the operators AxBx and AYBY in addition to the longitudinal components. The 

spin evolution equation cannot be solved as in the weak coupling case, as the Zeeman and 

coupling Hamiltonians no longer commute. It is possible however to partition the 

Hamiltonian into two commuting parts, Ho and TL\, defined as: 

H, = a)(Az+Bz) + 2xJABAzBz,
 ( L 9 3 ) 

7i^8co{Az-Bz) + 27rJAB{AxBx + AYBY), 

where 5© = (GL>A-G>B)/2 and co = [coA + cos)/2 . As outlined in (68), spherical angular 

momentum operator are used to calculate the transformation equations, defined as: 
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. i - i ( L 9 4 ) 

'•=-;&'*' '-T21-

where the curved overbar denotes the spherical form of the operator. This formulation 

allows us to solve simple, strongly coupled systems such as the two spin AB system, and 

the three spin ABX system (68), using similar derivations as before. The transformation 

equations for a strongly coupled two spin system are listed in Appendix 3. The utility of 

analytical solutions decreases rapidly with increasing number of spins in strongly coupled 

systems, as the equations become increasingly complex and calculation intensive. Also, 

all spins in the system are directly involved in the calculation of system evolution for 

strongly coupled spins, whereas two spins in a large weak system can be treated 

independently because of commuting Hamiltonians. Therefore, approximations in 

strongly coupled spin systems are invaluable in our understanding of their properties. 
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1.5 Localization 

In spectroscopy experiments, it is useful to limit signal acquisition to a specific area in 

space, particularly in in vivo experiments focused on regional studies in the brain. A 

single RF pulse experiment (pulse-acquire) will tip the magnetization into the xy-plane 

for detection, but will not allow the signal to be confined to a specified area. Therefore, it 

is necessary to use more than one pulse in combination with magnetic field gradients to 

produce the localization. Typically, the signal is acquired from an excited cube, called a 

voxel (volume element). 

1.5.1 Gradients 

Linear magnetic field gradients are used in many aspects of NMR experiments, 

particularly in creating spatially dependent magnetic fields for imaging and spectroscopy. 

The gradient always adds to the main magnetic field (Bo), but can vary in any linear 

combination of the Cartesian directions (x, y, z). If two gradients are applied at the same 

time with components in two different directions, the resultant gradient will be the sum of 

the individual gradients. In general, a point in space at a position, r, will experience a net 

magnetic field in terms of the static field and gradient field (G) of: 

B = B0+G.r. (L 9 5> 

Therefore, the resonance frequency of a given species will now be based on position: 

a = a)0+yGr. <L 9 6 ) 



47 

1.5.1.1 Slice Selection 

A general 'hard' RF pulse will excite all frequencies in the sample, and therefore we need 

a way to selectively excite frequencies based on position defined by the spatially 

dependent magnetic field. This can be accomplished by use of a 'soft' pulse, which 

excites a range of frequencies, and in conjunction with the magnetic field gradient, 

excites a certain 'slice' within the sample. This technique is called slice selection, and 

the thickness of the excited slice, Az, is related to the bandwidth (BW, inverse of 

duration) of the soft pulse: 

A BW ( ' 9 7 ) 

Az- . 

yG 

In order to localize the signal to a three-dimensional voxel, three gradient/pulse pairs 

need to be applied. Only signal from spins in the intersection of the three excited slices 

in space will be completely refocused and detected (Figure 1-7): 
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Figure 1-7: The gradient/pulse pairs excite three slices in space in the sample. Only 
spins from the intersection of the three slices are completely refocused, and the detected 
signal is from the intersection region, or voxel. 

Any residual signal from outlying regions is diminished by the application of crusher 

gradients. For the final two slices, the location of spins within a slice are encoded by a 

gradient before slice selection by a pulse/gradient pair, and then decoded by a similar 

gradient after. This has the effect of only keeping a coherent signal from spins within the 

selected slices, and suppressing the rest by excessive phase accumulation. 

It should be noted that soft pulses have amplitudes and/or phases that vary with time, and 

therefore have time-dependent Hamiltonians. These pulses are usually segmented in 
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numerical density operator simulations as many, short hard pulses, allowing the 

application of previously described methods to calculate spin evolution. 

1.5.1.2 Gradient Effects on the Density Operator 

The Hamiltonian describing the effects of a spin in a linear magnetic field gradient is 

similar to the static field Zeeman Hamiltonian, but includes the spatial component: 

Hs=-7G.rh. «"> 

In terms of the raising and lowering operators, the effects of the gradient Hamiltonian on 

a spin at location r has the following transformations: 

(1.99) 
I+ ~rGr'7' >I+e-'rGrt, 

J -rGrIzt ^ j giyGrt 

j -yGrIzt . j 

The gradient has the effect of adding a phase equal to yGrt to the spins in the sample. For 

multiple spin species in the sample, the effects can be treated separately for each as the 

Hamiltonians commute. Also, the gradient Hamiltonian commutes with the weak 

coupling and Zeeman Hamiltonians because of the recurrent longitudinal spin operators. 

The Zeeman Hamiltonian has the effect of accumulating phase differentiated in 

frequency space, whereas spins in a gradient will accumulate phase based on position. 

1.5.2 Localization Schemes in Spectroscopy 

The two most common techniques used in in vivo spectroscopy are PRESS (Point 

RESolved Spectroscopy) (69) and STEAM (STimulated Echo Acquisition Mode) (70). 
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Both sequences provide three dimensional localization of the volume of interest in the 

sample. 

1.5.2.1 PRESS 

A basic PRESS sequence is shown in Figure 1-8. The lighter grey blocks indicate slice 

selective gradients, while the darker blocks denote crusher or spoiler gradients. The 

sequence consists of a 90° pulse followed by 2 180° pulses. The 90° pulse tips the 

magnetization into the transverse plane, where it evolves for half of the first echo time, 

TE1/2. The first 180° pulse inverts the magnetization in the transverse plane, which 

refocuses at a point TE1 between the two 180° pulses. At this point, the magnetization 

begins to dephase again before the application of the final 180°, which refocuses it at a 

point TE1 + TE2, the starting point for acquisition. The echo times, TE1 and TE2 can be 

adjusted to vary the amount of time evolution the spins undergo between pulses, and can 

be tailored for specific target metabolites. In addition, in vivo metabolite concentrations 

are very small compared to the residual water signal in human brain, requiring a water 

suppression routine to be incorporated into the sequence. Typically, this is accomplished 

with spectrally selective pulses targeting the water frequency followed by crusher 

gradients (CHESS, CHEmical Shift Selective) (71) to dephase the water signal prior to 

the main PRESS sequence. The two major types of water suppression for PRESS are 

DRY (Drastic Reduction of water signals in spectroscopy) (72) and WET (Water 

suppression Enhanced through T l effects) (73). The two methods differ in the number of 

CHESS pulses and the RF power for each, as well as the crusher gradient strength. DRY 

typically uses 3 CHESS pulses with equal power, whereas WET uses 4 CHESS pulses 
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with varying power and subsequent gradient strength decreasing with each pulse. All 

experiments in this thesis use the PRESS sequence with WET water suppression 

exclusively for localization. 

Figure 1-8: Diagram of a basic PRESS localization sequence. 

1.5.2.2 STEAM 

The STEAM sequence is similar to PRESS in the slice selection scheme, but the two 

180° pulses are replaced with 90° pulses. The spins evolve in the transverse plane for a 

period of TE/2 after the initial 90°, followed by a mixing time (TM) between the final 90° 
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pulses, and a final evolution of TE/2. The STEAM sequence creates a stimulated echo, in 

contrast to the spin echo in PRESS. In theory, the production of the stimulated echo 

results in half of the maximum total signal being lost compared to a spin echo equivalent. 

However, T2 relaxation is only present during the TE period, as the spins are longitudinal 

during the TM phase, which can effectively reduce the time for signal decay compared to 

the PRESS sequence. 

The amount of observable magnetization following the sequence differs between PRESS 

and STEAM based on the flip angles of the three pulses. Defining the three arbitrary 

pulse flip angles as a, p, and y and ignoring relaxation and signal modulation due to 

timing parameters, the response of the magnetization to the sequence can be calculated in 

a qualitative manner. In both PRESS and STEAM, the first pulse tips the magnetization 

toward the transverse plane, with the amount of transverse magnetization dependent on 

sin(a). Each of the subsequent refocusing pulses in PRESS produce a cosine 

dependence, and therefore the final observable magnetization can be described by: 

MXY,PRESS =M 0 s in(a)cos( /? )cos(^) . ( L 1 0 0 ) 

In STEAM, the final two pulses have the same effect as the initial excitation pulse, and 

therefore: 

M (L 1 0 1 ) 
MXY,STEAM =~Sm{a)Sm{P)Sm(r) • 

The factor of 1/2 in eqn. (1.101) is due to the production of a stimulated echo in STEAM 

in contrast to the spin echo in PRESS. In typical situations, p = y = 2a in PRESS, and 

P = y = a in STEAM, producing the following relations: 
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M XY,PRESS 

M 
XY,STEAM 

= M0 s in(a)cos2 (2a), 

s i n ' ( a ) . 

(1.102) 

_ ^ 0 , : „ 3 , 

This equation is illustrated in Figure 1-9, with M0 normalized to 1. 

ll 

70 50 30 
Flip Angle (°) 

Figure 1-9: Flip angle dependence of the transverse magnetization following the PRESS 
(solid line) and STEAM (dashed) sequences based on eqn. (1.102). Relaxation effects are 
considered in the analysis. The maximum value ofMxy is Mo, which has been normalized 
to 1. 

The decline in signal is rapid for the PRESS sequence due to the 5th order trigonometric 

terms in the expansion of eqn. (1.102). At higher values of a (a > 65°) however, the 

signal resulting from the PRESS sequence remains greater than STEAM. 

1.5.2.3 Spectroscopic Imaging 

Spectroscopic imaging is a combination of single voxel (SV) spectroscopy and imaging, 

which produces multiple, localized spectra in one sequence. This is accomplished by 

exciting a large region in the sample or volume of interest (VOI) with a PRESS or 

STEAM sequence, and introducing phase encoding before acquisition (see Figure 1-10). 
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The phase encode gradients effectively divide the VOI into voxels based on position. 

Metabolic maps can be constructed to investigate the variation of a particular metabolite 

over a large region. Note the water suppression segment has been omitted from the 

diagram below. 

Figure 1-10: Spectroscopic imaging sequence based on PRESS. The addition of phase 
encode gradients (segmented rectangles) near the end of the sequence allows multiple 
spectra to be acquired from localized voxels. 
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1.6 Techniques for Evolution of a Weakly Coupled System Under PRESS 

The relevant Hamiltonians describing the PRESS and STEAM sequences have been 

illustrated in previous sections, along with the density operator evolution for each 

Hamiltonian. At this point, it is instructive to determine the effects of a SV experiment 

on spin evolution. For example, the simple, weakly coupled AX system will be used with 

a coupling constant JAX and resonant frequencies of Q>A and a>x. Because there is only 

one coupling constant for this particular system, the AX subscript will be dropped for 

brevity, however, it is necessary in more complex systems to differentiate between the 

different coupling constants. The PRESS sequence can be segmented into a number of 

sections described by different Hamiltonians (see Figure 1-11). After each section, the 

density operator can be calculated and used in subsequent sections. At any point in the 

sequence, particularly at the end, the observable magnetization, M+, can be calculated 

using eqn. (1.29), where the expectation value we want to calculate is the transverse 

magnetization, proportional to A+ + X+, i.e.: 

M^(A++X+) = Tr[p(A++X+)]. ( U ° 3 ) 

To simplify the treatment, precise hard pulses will be used with exact flip angles of 90° 

and 180°, and signal losses due to relaxation are ignored. Also, the raising and lowering 

operators will be used instead of the Cartesian x and y operators. The transformations 

used in the calculations can be found in Appendix 2. 



56 

180° 180° 

90°. FID 

tl jt2=TE./2 t3 t4=TE/2+TE/2 t 5 | 

ililiJLl 

t6=TE2/2 |||!t7=tACQ 

p(0) p(tl) p(t2) p(t3) p(t4) p(t5) p(t6) p(t7) 

Figure 1-11: Timing diagram for a standard PRESS sequence. The relevant density 
operators are listed below each timing interval. 

The starting point for the calculation is the thermal equilibrium density operator, given by 

a summation of density operators for each spin - in this case, of Az and Xz. In general, 

for a system of N spins, the collective action of projection operators along a particular 

axis can be defined as a total momentum operator (74): 

(1.104) 

F -1 +1 
1 Z XZ\ T A Z 2 -

: 2-1 Zk' 
k=\ 

where the numerical subscript denotes a particular spin. The action of the RF 

Hamiltonian can be described by a similar approach. In this manner, the equilibrium 

density matrix for the AX system is given by: 

p(0) = Fz=Az+Xz, ( U 0 5 ) 

with a corresponding density matrix, a(0), of: 



<y (0) = 

1 0 0 0 

0 0 0 0 

0 0 0 0 

0 0 0 - 1 
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(1.106) 

As alluded to earlier, the diagonal elements of a are population terms, and therefore, at 

thermal equilibrium, we expect the density matrix to be comprised of two population 

entries for both spins having 'spin up' or 'spin down' orientations. The random phases of 

an ensemble of spins ensures that the probabilities of states having combinations of spin 

up or spin down are summed to zero. 

1.6.1 The First 90° Pulse 

The RF pulse section is governed by the Hamiltonian in eqn. (1.65). For a 90° pulse 

polarized in the x-direction, tl = n/2yB\, and therefore the density operator immediately 

following the pulse is: 

p{tl) = hA+-A_+X+-X_). 
2i 

(1.107) 

This step assumes that both species are irradiated equally and that HRV » Hz such that 

the chemical shift evolution and scalar coupling effects can be ignored. At this point, the 

density matrix, cr(tl), has the following form: 

(1.108) 

- ( ' ! ) = • 

0 - 1 - 1 0 

1 0 0 - 1 

1 0 0 - 1 

0 1 1 0 
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The population elements in a have been removed, and new, off-diagonal elements 

produced. Returning to the +/- representation of the two spin system, we can investigate 

possible interpretations for these elements. For example, the element G2i(tl) can be 

written as: 

<TM(/i)=<+ +H+-)=-i. (L109> 

The fact that this element is non-zero suggests an interaction (coherence) between the 

two spin states, and only involves one spin, and consequently a change equal to one 

quantum of energy. This type of coherence between the states involving only one spin is 

called single quantum coherence, or SQC (74). Thus, the entire thermal equilibrium 

density matrix has been converted to SQCs following the 90° pulse. A coherence 

between two or more spins is denoted as MQC, or multiple quantum coherence. Only 

SQCs contribute to observable magnetization. The expectation value for the 

magnetization at this point is: 

M+oc(A++X+) = 2L ( L 1 1 0 ) 

The magnetization is at the maximum absolute value of 2 for a two spin system, and has a 

90° phase shift from the measured plane. 

1.6.2 The First Evolution Period 

The spins are now allowed to evolve in the static magnetic field for a period t2 = 1/2 

TE1, with Hamiltonian contributions from the Zeeman and J-coupling interactions, i.e.: 

7i2=Hz+Hj= -coAAz -o)xXz + 2xJAzXz. (LUV 
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All parts of the Hamiltonian commute, allowing us to compute the relevant time 

evolution during the t2 period individually. Dealing with the J-coupling part first and 

applying the necessary transformations gives: 

(1.112) 

Pj(t2) = —(A+-A_+X+ -X_)cos(xJt2) 

+ (A_-A+)Xzsm(xJt2) + (X_-X+)Azsm(xJt2), 

where pj denotes the density operator after the J-coupling evolution. The operators, 

A_XZ, A+Xz, X-Az and X+Az also produce SQCs, but are termed antiphase operators as 

they do not contribute immediately to the observable magnetization, but can however 

after J-coupling evolution. For example, the operator A+Xz has matrix form: 

(1.113) 

ix7 + z 

1 

~ 2 

"0 

0 

0 
0 

0 

0 

0 
0 

1 

0 

0 
0 

0 
-1 

0 
0 

and upon taking the trace as in eqn. (1.103), the observable magnetization is zero. 

The second part of the transformation is due to the Zeeman Hamiltonian, and produces 

the complete density operator at the end of the t2 period: 

p{t2) = -(A+e-^'2 -A_eico*a + X+e-ba*'2 -X_e'^,2)cos(^Jt2) ( U 1 4 ) 

+ {Aj"*1 - A+e-iaj2)Xz sin(xJt2) 

+ [Xj^12 -X+e-i(°x'2)Az sin(jrJt2). 
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Effectively, the Zeeman Hamiltonian causes a rotation of the spin operators at the 

relevant Larmor frequency. The Zeeman and J-coupling Hamiltonians do not produce 

new elements in the density matrix, but add oscillations at the Larmor and coupling 

constant frequencies. 

1.6.3 The First 180° Pulse 

The subsequent 180° pulse 'flips' the magnetization in the xy-plane, and converts '+' 

operators to ' - ' operators and vice versa, while tipping longitudinal operators to the 

opposite axis. Consequently, no new entries are produced in the density matrix. Note 

that in terms of the tables, the pulse is polarized along the y-direction and has a flip angle 

of Ti/yBi. Applying the transformations, the density operator following the pulse is: 

(1.115) 

p(t4) = l ( _ ^ _ e - ' ^ ' 2 + A+e^'2 )cos(xJt2) 

+ —t(-X_e-iax'2 + X+e^<2)cos(7rJt2) 

+ (A+e**2 - A_e-^2)XZ sin(xJt2) 

+ [x+eia>x'2 -X_eUOxt2)Azsin(;r./f2). 

1.6.3.1 Spoiler Gradients 

In a general spectroscopy sequence, spoiler gradients are placed around the 180° pulses to 

ensure clean refocusing. The overall effects of the spoiler gradients remove terms from 

the density operator, and do not have a lasting effect on the evolution of the spins. The 

spoiler gradients add a phase evolution to the transverse operators A+, A., X+ and X., in a 

similar manner to the effect of the Zeeman Hamiltonian. In this particular example, it is 
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not necessary to include the spoilers as perfect pulses are assumed. If a refocusing pulse 

other than 180° is used, each operator will be transformed into varying amounts of the 

three projection operators, depending on the flip angle. Using the A+ operator as an 

example, the effect of the spoiler gradient is: 

A+-*a-+AjT»>ei (1.H6) 

where 6 = -yGr, and tG is the time the gradient is left on. Consequently, the phase angle 

the spins accumulate due to the gradient is determined by the tc period. Following an 

arbitrary pulse polarized in the y-direction, we have: 

M ] (1-117) 
A+e-«»o *h >e-*'c )L[A+(j + c o s ^ ) - A _ ( \ - c o s ^ ) ] - i A z s i n > , 

where § = -yBit. The second spoiler gradient follows the pulse and has the same strength 

and duration as the first, giving the final expression for the spoiler gradient/pulse 

evolution: 

(1-118) 

A+
 ,otal >e~ietG -[Xe- / f l ,° (l + c o s ^ ) - Aj0'G ( l - c o s ^ ) ] - L 4 z s i n ^ , 

= -[_A+e'i2e'a (1 + cos^) - A_ (1 - c o s ^ ) - iA ze i d t G s i n / ] . 

The A+ term is destroyed by excessive phase accumulation (20) and does not refocus. 

The Az operator is only affected by one gradient, and could possibly produce observable 

magnetization if a subsequent, equal spoiler reverses the phase and an RF pulse converts 

it to A+ and A.. However, spoiler gradient pairs for different 180° pulses are typically in 

different directions corresponding to the current slice selection, and therefore this 

particular Az term should not be refocused. Only the A. term remains due to phase 

cancellation, multiplied by the (1 - cos is?) scaling factor determined by the flip angle. 
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Thus, non-ideal pulses can result in significant signal loss if the refocusing flip angle is 

not near 180°. 

1.6.4 The Remainder of the Sequence 

Following the first 180°, the spins evolve for a period of (TEi + TE2)/2 in which in phase 

magnetization is converted to antiphase magnetization and vice versa. The second 180° 

pulse flips the magnetization about the y-axis again, and the final evolution for TE2/2 

determines the available observable magnetization at the end of the sequence. The 

expectation value for the observable magnetization at the beginning of acquisition is: 

M+ oc 2i COS(TTJTEX + TTJTE2 ), ( 1 • l 1 9 ) 

and if the PRESS sequence is symmetric, i.e. TEi = TE2, and TEj + TE2 = TE, then: 

M+oc2icos(xJTE). ( L 1 2 0 ) 

This equation is very similar to eqn. (1.110), except for the oscillating cosine term 

dependent on the coupling constant for the system and the choice of TE. During 

acquisition, the spins will continue to evolve under the Zeeman and J-coupling 

Hamiltonians, such that the observable magnetization at some time, tp, will have an 

expectation value of: 

M+ oc -/(e*** + e°xt')cos(nJtp + nJTEl + TTJTE2). 

By sampling the magnetization many points during the tp period, we can calculate an FID 

for this particular system, and determine the spectral information (Fig. 1-12) 
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Frequency 

Figure 1-12: Sample spectrum of an AX weakly coupled system. 

As discussed in section 1.4.2, both the A and X peaks are split by J-coupling into 

doublets. Within a doublet, the individual peaks are spaced in frequency by the coupling 

constant, J. Depending on the strength B0, the chemical shift difference (ooA - oox) varies 

and consequently the spacing between the doublets. Also, depending on J and the choice 

of TE, the intensity and phase of the peaks will vary according to eqn. (1.121). 
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1.6.5 Contrasts to Strong Coupling 

Acquisition following the 90° pulse and an evolution period t2 (following section 1.6.2) 

for the weakly coupled system in accordance with eqns. (1.103) and (1.114) is calculated 

to be: 

1 (1-122) 
M+ oc -i(eitoj2+eio,x'2)cos(^Jt2), 

and expansion of the cosine term gives: 

(1.123) 

M+ oc -i(eimJ1 + ei0>xtl )(einjn + einja) 

The frequencies of the spectral lines are therefore CL>A ± tJ and cox + TtJ, with all having 

equal intensity (Figure 1-12). 

In the case of an AB strongly coupled system, the Az and Bz thermal equilibrium 

operators respond the same to the initial 90°, and evolve under the 7io and H\ 

Hamiltonians during the t2 period to yield an observable signal of: 

(1.124) 

M+ OC 
A v 

I A ){ ' 

where 5co = (<BA-(OB)/2, G> = (coA + coB)/2 , A = J(Sa>) +(^J) , and JAB is the strong 

coupling constant. In this case, the lines have differing intensities depending on their 
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frequency, unlike the weak coupling case. An example of a spectrum for a strongly 

coupled AB system is shown in Figure 1-13. 

i 

•* • 

J 

u ' 
• * > 

J 

u i 
Frequency 

Figure 1-13: Sample spectrum of a strongly coupled AB system 

It is apparent from eqn. (1.124) that the outermost peaks are always separated from the 

innermost peaks by a value of J. 

1.6.6 Other PRESS Aspects and Numerical Simulation 

In contrast to STEAM, it should be noted that in a properly spoiled standard PRESS 

sequence, MQCs (operator terms involving A+X+, A_X_, A_X+, and A+X_) are not 

produced, and therefore only SQCs can contribute to the observable magnetization. The 

amount of signal available at the end of the sequence also depends heavily on the choice 
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of flip angle for the pulses, as the signal can suffer significantly from non-ideal pulses. 

The complexity of the analytical approach increases incredibly with increased number of 

spins in the system, but provides valuable information between two interacting spins in 

any system. 

Most interesting in vivo metabolites have more than two spins and some aspect of strong 

coupling, and therefore numerical simulations are generally used to describe these 

interactions. In the case of this thesis, an in-house, MATLAB numerical spin simulation 

program (75) was used to determine spin response to the PRESS sequence. The program 

partitions the sequence into segments characterized by a pulse, time delay or gradient, 

and calculates the density matrix based on the time-independent Hamiltonian for each 

segment. The density matrix is then used for the calculation of the subsequent segment. 

At the end of the sequence, a spectrum can be calculated from the FID produced. In the 

case of a segment with a time-dependent Hamiltonian, such as a soft RF pulse, it is 

further divided into multiple, short sections which can then be treated as time-

independent. The simulator can incorporate strong and weak coupling effects and up to 

six spins, as well as multiple TEs and B0 field strengths. 
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1.7 Common In Vivo Metabolites 

The in vivo metabolites important to this project are listed below, in acid form (if 

applicable). All metabolites have sufficient in vivo concentrations to be NMR visible, 

albeit at higher field strengths in some cases. The stick and three dimensional forms for 

each are provided to illustrate the locations of protons detected by NMR spectroscopy. 

Also, spectra are shown using a short PRESS sequence (TE = 20 ms) simulation for each 

metabolite, with an exponential line broadening filter of 1 Hz applied. This linewidth is 

not typical in in vivo experiments, but is used to better demonstrate the multiplicity of 

peaks in coupled systems. Chemical shifts and J-coupling constants are also listed for 

each metabolite (76). Table 1-3 lists the range of metabolite concentrations in normal 

human brain derived from NMR spectroscopy and other methods, as reported in the 

literature and compiled in Ref. (76), and includes other metabolites not studied directly in 

this thesis. Figure 1-14 shows a high resolution spectrum obtained at 14.1 T from rat 

brain extract (76). 
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Aspartate (Asp) 

NH, 
I 2 

COOH—CH—CH-

X AB 

COOH 

: 

J 

i 

l 
I 

AB 

ll 
| | 

,. 

co(ppm) 

A 2.801 
B 2.653 
X 3.891 

J (Hz) 

AB -17.426 
AX 9.107 
BX 3.647 

ppm 

Choline (Cho) 

C| 

I 
31 3 X A 3 

q i y - N+— CH2— CH2— OH 

co (ppm) 

A3 3.185 
B 4.050 
X 3.506 

J (Hz) 

B,X, 

BtX2 

B2X, 

B2X2 

3.140 
6.979 
3.168 
7.011 

ppm 



Citrate (Cit) 

69 

COOH 
I 

COOH—CH — C — CH7—COOH 
I 

AB OH 

AB 

M 
4 3 2 

ppm 

03 (ppm) 

A 2.536 
B 2.663 

J (Hz) 

AB 15.4 

Creatine (Cr) 

A3 

NH, CIL 

NH2— CH — N— CH2— COOH 

A. 

ro (ppm) 
A3 3.027 
A2 3.913 

J (Hz) 
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X-Aminobutyric acid (GABA) 

NH3—CH — CH — CH— COOH 

A2 M2 X2 

o(ppm) 

A 3.013 
M 1.889 
X 2.284 

J (Hz) 

A,M, 
A,M2 

A2M, 
A,M2 

M > , 
M,X2 

M2X, 
M2X2 

5.372 
7.127 

10.578 
6.982 
7.755 
7.432 
6.173 
7.933 

Glutamate (Glu) 

NR 

COOH— CH — CH2— CH2—COOH 

A MN PQ 

CO 

A 
M 
N 
P 
Q 

(ppm) 

3.743 
2.038 
2.120 
2.338 
2.352 

J (Hz) 

AM 7.331 
AN 4.651 
MN -14.849 
MP 6.413 
MQ 8.406 
NP 8.478 
NQ 6.875 
PQ -15.915 
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Glutamine (Gin') 

COOH-

NH, 
I 2 

CH 

NH. 
I 2 

CH2—CH2—CO 

MN PQ 

CO 

A 
M 
N 
P 
Q 

(ppm) 

3.753 
2.129 
2.109 
2.432 
2.454 

J (Hz) 

AM 5.847 
AN 6.500 
MN -14.504 
MP 9.165 
MQ 6.347 
NP 6.324 
NQ 9.209 
PQ -15.371 

ppm 

Lactate (Lac) 

OH 
! 

COOH—CH—CH, 

A X, 

A 

M 

x3 

J rl/i I 

o)(ppm) 
A 
X, 

4.097 
1.314 

J (Hz) 

AX 6.933 

ppm 
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myoinositol (mil 

OH OH 
\ N, / 
CH — CHA 

HO 
/ 

'CHM 

CH-
/ P 
OH 

\ 

CH —OH 

OH 

CO 

A 
M 
N 
P 

(ppm) 

4.054 
3.614 
3.522 
3.269 

J (Hz) 

AN, 2.889 
AN2 3.006 
M,N2 9.997 
M,P 9.485 
M2N, 9.998 
M„P 9.482 

ppm 

N-acetylaspartate (NAA) 

COOH 

COOH— CH2— CH 

AB X 

CH, 
I 

NH —CO 

(O (ppm) 

A3 2.008 
A 2.673 
B 2.486 
X 4.382 

J (Hz) 

AB -15.592 
AX 3.861 
BX 9.821 

ppm 



Table 1-3: Metabolite concentration ranges in the human brain (76) 

Metabolite 

Acetate 
N-acetylaspartate 
N-acetylaspartylglutamate 
Adenosine triphosphate 
Alanine 
y-Aminobutyric acid 
Aspartate 
Choline 
Creatine 
Glucose 
Glutamate 
Glutamine 
Glutathione 
Glycerol 
Glycerophosphorylcholine 
Glycine 
Histidine 
Homocarnosine 
Myo-inositol 
Scyllo-inositol 
Lactate 
Phenylalanine 
Phosphocreatine 
Phosphorylcholine 
Phosphorylethanolamine 
Pyruvate 
Serine 
Succinate 
Taurine 
Threonine 
Tryptophan 
Tyrosine 
Valine 

Abbreviation 

Ace 
NAA 

NAAG 
ATP 
Ala 

GABA 
Asp 
Cho 
Cr 
Glc 
Glu 
Gin 

GSH 
-

GPC 
Gly 
His 

-
ml, m-Ins 

s-Ins 
Lac 
Phe 
PCr 
PC 
PE 
-

Ser 
Sue 
Tau 
Thr 
Trp 
Tyr 
Val 

Concentration 
(mmol/kg) 

0.4-0.8 
7.9-16.6 
0.6-2.7 

3.0 
0.2-1.4 
1.3-1.9 
1.0-1.4 
0.9-2.5 
5.1-10.6 

1.0 
6.0-12.5 
3.0-5.8 

2.0 
<0.1 
1.0 

0.4-1.0 
0.09 
0.23 

3.8-8.1 
0.3-0.6 

0.4 
<0.1 

3.2-5.5 
0.6 

1.1-1.5 
0.2 
0.4 
0.4 

0.9-1.5 
0.3 

<0.1 
<0.1 
0.1 
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Cr.PCr 

Mk 
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Figure 1-14: High resolution spectrum acquired at 14.1 T from an extract of rat brain. 
The peaks are labeled according to the abbreviation definitions in Table 1-3. 
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Chapter 2 

Strongly Coupled Versus Uncoupled Spin Response to Radiofrequency Effects: 

Application to Glutamate and Glutamine in Spectroscopic Imaging1 

2.1 Introduction 

Proton Magnetic Resonance Spectroscopic Imaging (SI) (1) has been used to determine 

the distribution of metabolites in diseased brain (2). Previous studies have focused 

primarily on singlet resonances such as N-acetylaspartate (NAA), choline (Cho) and 

creatine (Cr) (2,3). Coupled spins have not been investigated as thoroughly, because 

complex coupling patterns can lead to difficulty in detection using standard spectroscopic 

imaging techniques. Nevertheless, some studies of coupled spins have examined 

glutamate (Glu) (4-6), glutamine (Gin) (4,6,7), myo-inositol (ml) (5,6), y-aminobutyric 

acid (GABA) (8,9) and lactate (Lac) (10-12). In spectroscopic imaging, usually a two- or 

three-dimensional volume of interest (VOI) is defined by slice selection, and phase 

encoding is used to divide the VOI into localized voxels. Standard spectroscopic 

imaging sequences typically use soft pulses to perform slice selection (PRESS, STEAM), 

with inherent non-uniform excitation profiles (13). For a given slice, the distribution of 

flip angles across the slice profile will affect the amplitude and line shape of a given 

metabolite (14,15). This variation in flip angle makes metabolite quantification difficult, 

and methods have been proposed to correct for this effect for singlet resonances (16,17). 

Further studies have simulated and experimentally verified sources of signal loss for 

1 A version of this chapter was published. Snyder JL, Thompson RB, Wild JM, Wilman AH. NMR in 
Biomed., (in press, NBM 1214). 
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coupled spins in spectroscopic imaging experiments due to non-ideal flip angle 

distributions from soft pulses (15,18,19). 

An advantage in SI compared to single voxel studies is the additional spatial information 

afforded by phase encoding, yielding localized spectra from which metabolic maps can 

be produced. At increasing magnetic field, imaging studies tend to yield significant 

advantages in spatial resolution and theoretically, signal-to-noise ratio (SNR). 

Spectroscopic imaging also benefits from application at high field, as spatial dimensions 

of individual voxels can be decreased in multi-voxel sets to achieve acceptable SNR 

values. Spectral resolution is also improved because of the increase in the field 

dependent chemical shift at higher magnetic fields. However, one problem more 

prevalent at higher field when using standard RF coils is RF interference that leads to a 

focusing of the radiofrequency distribution in the human head and an inhomogeneous RF 

field (20). At a static magnetic field strength of 4.7 T, the human head has similar 

dimensions to the radiation wavelength of ~20 cm (21). As a result, interference effects 

will decrease the flip angles significantly near the edge of the brain while maintaining the 

intended flip angle near the center. At 4.7 T, the RF magnitude received by areas near 

the edge of the brain can be reduced by 40% of the intended flip angle (21). The effect is 

less noticeable at lower fields, with only a reduction of 20% at 3 T (22), and no 

perceptible difference at 1.5 T. Consequently, voxels located away from the center of the 

brain will experience sub-optimal excitation, resulting in reduced intensity in a 

spectroscopic image that can be misinterpreted as a lower metabolite concentration. The 

significance of this effect has not been studied previously in spectroscopic imaging of 
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strongly coupled spin systems. 

Singlet resonances are expected to have a simple response to these RF distributions in a 

PRESS (a - 2a - 2a) spectroscopy sequence, with varying peak amplitudes 

corresponding to the deviation of the flip angle, a, from the normal 90°. Methods may 

be used to correct for this interference when identifying singlets in a similar manner to 

the field independent corrections for RF profile non-uniformity. The correction requires 

production of Bi field maps and applying spatially dependent corrections to metabolite 

concentrations (23). However, in strongly coupled spin systems, signal variations 

resulting from flip angle deviations may be more complicated. In general, coupled spin 

multiplets are less intense than singlets in in vivo studies due to the splitting effects of 

scalar coupling and lower concentrations. Quantification of coupled spins becomes more 

challenging if coupled spins respond differently than singlets to flip angle variations. In 

particular, coupled spins may experience large signal variations and lineshape changes 

due to the addition of J-coupling at longer echo times that can make quantification 

challenging when flip angles vary. In a recent study, the effects of flip angle variation on 

the weakly coupled spin system of GABA were investigated (24), showing no major 

difference in singlet (Cr) and GABA variation. However, strongly coupled systems may 

respond differently than weakly coupled systems, as discussed in this paper. 

This work investigates the effects of flip angle deviations due to RF inhomogeneities 

produced from high field interference effects on strongly coupled spins from a theoretical 

and experimental point of view. Singlet resonance Cho, and strongly coupled systems 
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Glu and Gin are investigated using the standard PRESS sequence for single voxel 

techniques and spectroscopic imaging. The strongly coupled PQ group of Glu and Gin is 

typically the target for in vivo quantification because of the lack of many overlapping 

metabolites, and therefore will be the primary focus of this study. It should also be noted 

that the coupled Cho resonances are not included, with analysis of the singlet resonance 

only. 

2.2 Methods 

2.2.1 Theoretical Simulations 

Theoretical calculations were performed to determine the response of each spin system to 

the PRESS sequence using an in-house MATLAB™ numerical spin simulation program 

developed by Thompson (14). The simulation program was designed to accommodate 

arbitrary spin systems and included effects of strong coupling. Parameters incorporated 

into metabolite modeling included scalar coupling constants and chemical shifts. The 

program partitions the sequence into individual Hamiltonians (categorized as a delay, RF 

pulse, or gradient) and recalculates the density matrix after each section of the sequence, 

resulting in a final density matrix and free induction decay. RF pulses (based on 

experimental sine pulses, 256 points, 5 lobes, 2500 Hz selective bandwidth for a 2 ms 

pulse length) were modeled along with corresponding slice selection gradients to 

simulate points in space. The program was run for each metabolite (Glu, Gin, Cho), 

varying the flip angle, a, according to the PRESS relation (a - 2a - 2a). To determine 

PRESS sequence timings for the simulation (asymmetric PRESS, TE1 = first echo time, 

TE2 = second echo time), free induction decays were calculated for a range of values of 
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TE1 (10-200 ms) and TE2 (10-200 ms). Figure 2-1 illustrates the simulated Glx PQ 

areas in TE space, without relaxation effects. 

Figure 2-1: Glx PQ area calculations as a function of TE1 (vertical axis) and TE2 
(horizontal axis). The areas are normalized to the maximum occurring at TE1 = TE2 = 
10 ms. Relaxation effects are ignored in the calculated areas. 

Optimized timings were chosen to produce 100% peak height yield compared to a single 

pulse-acquire experiment (ignoring relaxation) and to simplify the lineshape of the Glx 

PQ multiplet, as well as reducing the contribution of macromolecules. These timings 

produced a lineshape with Glu and Gin peaks in phase with singlet peaks, allowing 

straightforward identification. From the simulation, optimized timings of TE1 = 20 ms 

and TE2 = 100 ms were used for all simulations and experiments in this work. In the 

case of Glu and Gin, the resulting spectra were added together to reflect the in vivo 

environment using a physiological Glu:Gln concentration ratio of 3:1 (25,26). In 

addition, a second simulation was produced assuming only weak coupling for Glu and 
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Gin, to compare to the strongly coupled case. Simulation linewidths were adjusted to fit 

experimental (phantom) data, and areas were computed for Cho and Glx (A and PQ 

multiplets). 

In order to understand the effect of RF interference at 4.7 T on the human head, the field 

for an idealized, 16-element birdcage coil was calculated using a human head model 

created by Collins and Smith (22), showing decreasing RF intensity when moving away 

from the center of the brain (Figure 2-2). 

position (cm) 

Figure 2-2: Calculated Bj map at 4.7 T using a 16-element birdcage coil (Collins), 
similar to the one used in experiments. The field focusing effect is due to RF 
interference. The axial slice is positioned 7 cm from the top of the skull. Bj intensities 
are normalized to the highest value, occurring near the centre. In plane resolution is 5 
mm in each direction. Positions displayed on each axis are relative to the area of highest 
Bj intensity. 
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Near the edge of the brain, the RF intensity is lowest with a value of 50 % compared to 

the center of the brain. The flip angles chosen for the simulation were derived from this 

data, with an angle of 65° corresponding to a position of 4.0 cm in the left-right direction 

from the center of the brain model, which receives 90°. Interference effects are minimal 

at the center of the field image, where full RF intensity is maintained. 

2.2.2 Single Voxel Experiments 

Phantom and volunteer experiments were performed to verify the theoretical findings. 

The spatial variation in flip angles arising from RF inhomogeneity effects was modeled 

in the single voxel case by using different values of a in the PRESS sequence. All 

experiments were performed using a 4.7 T Varian INOVA (Palo Alto, CA) whole body 

MRI system, equipped with a 4 kW RF amplifier, a maximum gradient strength of 35 

mT/m and maximum slew rate of 117 T/m*s. Experiments were conducted using a 

quadrature, 16-element birdcage head coil (27 cm diameter) for transmission and 

reception. 

Phantom experiments were performed on a cylindrical, pH balanced phantom (22 cm 

long, 8 cm diameter), keeping the ratio of concentrations equal to the physiological ratio 

(48 mM Glu, 16 mM Gin, 6 mM Cho). The phantom was placed at isocentre and the 

same voxel position was used for all experiments. The PRESS sequence employed WET 

(Water suppression Enhanced through Tl effects) water suppression (27), using four 

Gaussian shaped pulses of 20 ms length, each selecting a 50 Hz range centered on the 

water resonance, followed by crusher gradients. The optimized TE timings as 



89 

determined via numerical simulation were used (TE1 = 20 ms, TE2 = 100 ms). Other 

sequence parameters included a 10 mm x 10 mm x 10 mm voxel size, 128 averages, 

pulse lengths of 3 ms (1660 Hz bandwidth) and a repetition time (TR) of 3000 ms. Pulse 

power was calibrated for the 9 0 ° - 180° - 180° case by adjusting the power until a 

maximum signal was produced in the water spectrum. The flip angle, a, was adjusted for 

each subsequent scan from 90° to 65° in 5° increments. 

In vivo single voxel experiments were performed on 3 healthy volunteers with informed 

consent using a similar technique to the phantom experiments. A 2 cm x 2 cm x 2cm 

voxel was placed in parietal grey matter, with the power calibrated to produce maximum 

signal from the water peak for the voxel. Subsequent spectra were obtained while 

decreasing the flip angle, using the same procedure and increments as the phantom 

experiments, except a TR of 1500 ms and 256 averages were used. 

2.2.3 Spectroscopic Imaging Experiments 

Spectroscopic imaging was employed on three healthy volunteers (mean age 28 ± 2) with 

informed consent, using a standard PRESS sequence with WET water suppression. The 

images were used to provide anecdotal evidence of the results obtained in the single 

voxel and simulation experiments. In each case, a strip was prescribed across the head in 

the left-right direction, and divided into individual voxels by phase encoding. Two of the 

cases (case 1 and 2) had the strip in the occipital region (2 cm x 10 cm x 2 cm, 16 total 

voxels, 80 averages) while the third strip (case 3) was placed in the frontal region (2 cm x 

10 cm x 2 cm, 32 total voxels, 40 averages). Pulse powers were calibrated in a similar 
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manner to the single voxel in vivo experiments, defining a 90° pulse as an average over 

the slice. The total scan time for each case was 32 minutes, acquiring 2048 points per 

average, and a field of view of 18 cm in the left-right direction. No phase encoding was 

performed in the other two directions. The pulse lengths were 4 ms producing a spectral 

bandwidth of 1250 Hz. Peak area calculations were performed for each voxel for Cho 

and Glx PQ. 

2.2.4 Area Calculations 

In each experiment, area calculations were performed for the ppm range of the studied 

metabolites as obtained from the simulations. All spectra were phase and baseline 

corrected to the singlet resonances. The experimental data was broadened using an 

exponential filter of 1 Hz for the phantom study, and 2 Hz for the in vivo studies. 

Integration was used to calculate the areas. For each metabolite, the areas are normalized 

to the a = 90° case to show individual metabolite variations. 
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2.3 Results 

Figure 2-3 a-c shows the phantom spectra for Glx and Cho produced by the flip angles 

90°, 80°, and 65° using a PRESS sequence with TE1 = 20 ms and TE2 = 100 ms. 

a) b) 
Cho 90° 

•80° 

-65° 

3.9 3.85 3.8 3.75 3.7 3.65 3.6 3.35 3.3 3.25 3.2 3.15 3.1 3.05 
ppm ppm 

c) 
Glx PQ 90° 

•80° 

-65° 

d) 

2.55 2.5 2.45 2.4 2.35 2.3 2.25 2.55 2.5 2.45 2.4 2.35 2.3 2.25 
ppm ppm 

Figure 2-3; a-c) Spectra from phantom experiments at flip angles of 90° (dotted line), 
80° (dashed) and 65° (solid) for investigated metabolite peaks: a) Glx A, b) Cho, and c) 
Glx PQ. d) Weak coupling approximation simulation of Glx PQ, illustrating flip angles 
of 90° (solid) and 65° (dotted). Peak amplitudes are in arbitrary units. 

Note the simple in phase appearance of the PQ multiplet (2.35 - 2.47 ppm) due to the 

optimized timings. The PQ multiplet height is most affected from the decrease in flip 

angle, and also experiences a significant lineshape change. As expected, the Cho peak 

has no apparent lineshape change, and a signal decrease that is not as severe as Glx. 

Figure 2-3d shows the limiting weak coupling case simulation of Glx, where there is only 
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a small decrease in Glx PQ area compared to the strongly coupled case. This is 

consistent with Cho variation and the findings for GAB A variation in ref. (24). Figure 2-

4 shows the areas for Cho and Glx at different flip angles for both simulation and 

experiment. All calculated areas shown in Fig. 2-4 are normalized to the a = 90° case for 

each metabolite. 

L _ _ - L _J _ 1 _ L_ J 

65 70 75 80 85 90 
Flip Angle (°) 

Figure 2-4: Graph of simulated and experimental (phantom) areas for the Glx PQ and 
Cho peaks. In each case, the areas are normalized to the value occurring when a = 90°. 
Solid lines represent theoretical values (simulation), dashed lines are experiment. 

The graph also shows good agreement between theory (simulation) and experiment 

(phantom). When a is reduced to a value of 65° in the phantom experiment, the Glx PQ 

area is reduced to 27% of its maximum value at a = 90°, compared to 57% for Cho. In 

both cases, the Glx peak experiences the same drastic reduction in area with varying flip 

angle, unlike the Cho case. Even minor deviation in flip angle from optimal produces 
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major differences in yield between the coupled and uncoupled spins in this case. For 

example, between a = 85° and a = 80°, a difference of 7% in intensity occurs for Cho, 

compared to 17% for Glx for the phantom study. When the flip angle is increased above 

90°, a mirrored effect is produced consisting of similar values to flip angles below 90°, 

consistent with previous studies (24). 

Table 2-1 shows the area calculations for the in vivo single voxel experiment. Choline 

areas have much lower variance than the corresponding Glx areas. The data follows the 

same general trend shown in the simulation and phantom experiments. Representative 

spectra are shown in Figure 2-5, at three different values of a (90°, 80°, and 65°). 

Table 2-1: In vivo normalized areas for Glx PQ, and Cho at different flip angles. 

Flip Angle 

90 

85 

80 

75 

70 

65 

(°) GlxPQ 

1.00 

0.91±0.07 

0.67±0.15 

0.54±0.06 

0.47±0.08 

0.23±0.04 

Cho 

1.00 

0.95±0.01 

0.88±0.02 

0.76±0.02 

0.68±0.02 

0.53±0.04 
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In Vivo 90° 

Figure 2-5: Single voxel in vivo spectra at flip angles of 90° (dotted), 80° (dashed) and 65° 
(solid). The spectra represent the general trend supporting the phantom and simulation 
experiments. 

Spectroscopic imaging data is presented in Figure 2-6. This data supports the 

conclusions of the single voxel investigations. The region in the brain where the 

spectroscopic imaging data was acquired is shown in Fig. 2-6a. The rectangle denotes 

the volume of interest, overlaid on a standard gradient echo reference image. The 

spectroscopic imaging grid is overlaid on the VOL The strip was prescribed in the left-

right direction because of the symmetric RF distribution in this direction, although the 

strip could also be oriented in the anterior-posterior direction to produce the same effect, 

but would probably transect parts of the ventricles, producing partial volume effects. The 

three voxels chosen to compare peak areas are denoted by vl, v2 and v3. 
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ppm ppm 

Figure 2-6: a) Volume of interest (shaded rectangle) overlaid on the reference image, 
showing placement of the spectroscopic strip used. The 32 individual voxels are shown 
in white. Each voxel measured 5.6 mm (left-right) and 20 mm (anterior-posterior and 
superior-inferior). The corresponding spectra for voxels labeled vl, v2 and v3 are shown 
in b), c) and d), respectively. Areas shown are normalized to the vl case for each 
metabolite. 

Figures 2-6b-d show spectra from these voxels v l , as indicated in Fig. 2-6a. The vl 

voxel is located nearest to the center of the brain, 2 cm from the area calculated to have 

the maximum RF intensity, with a corresponding calculated flip angle of -80°. The 

location of v3 is 4.2 cm from the area of maximum intensity, corresponding to a 
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calculated flip angle of -65°. Flip angles are calculated based on the position of the 

voxel relative to the Bi map. The measured Glx SNRs for the vl, v2 and v3 voxels are 

7.7, 6.5 and 4.6, respectively. Even at these relatively small SNRs, the large decrease in 

Glx PQ area compared to the smaller decrease in Cho is readily apparent. Between 

voxels vl and v3, there is an area decrease of 42% for Cho and 70% for Glx PQ. These 

intensity variations show agreement with the trends illustrated in the phantom studies and 

simulation. In the simulation, the Cho area at 80° was 93% and 63% at 65°, resulting in a 

relative signal loss of 32% between these two flip angles. Also for the simulation, the 

relative signal loss for Glx PQ was 66% between 80° and 65°. 

2.4 Discussion 

The differences in yield between coupled and uncoupled spin systems due to RF 

destructive interference has been clearly illustrated for Glx and Cho. The Cho singlet 

area was significantly less affected than the Glx PQ area in the spectroscopic imaging 

study (Fig. 2-6), as predicted by single voxel simulation, phantom, and in vivo 

experiments (Figs. 2-3, 2-4 and 2-5). Even a minor change in flip angle or a 

correspondingly small change in position produces a large deviation in yield between 

strongly coupled and uncoupled spins. These differences may lead to improper 

quantification of concentrations in spectroscopic imaging experiments. While previously 

published correction methods (23) will lessen RF interference effects in singlet 

quantification, this study shows that this approach is not applicable for the case of 

strongly coupled spin systems. A global correction factor will not alleviate differences in 

intensity due to RF variations because coupled spin systems may react differently than 
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uncoupled systems when less than optimal excitation and refocusing is present. 

It should be noted that the RF destructive interference effect is field dependent, and 

becomes more complicated at higher static magnetic field strengths. At 3 T, the effects 

are perceptible, but not as significant as at 4.7 T, with a RF reduction near the edge of the 

brain in the human head model at 3 T of 20%, compared to 50% at 4.7 T (22). For 

example, a flip angle of 65° occurs at 6 cm in the left-right direction from the center of 

the head (90°) for 3 T, whereas at 4.7 T, it occurs at only 4 cm from the center. 

Therefore, in an equal volume of interest, less flip angle variation will occur in the 3 T 

case. These effects will be even more significant at higher fields that are becoming 

increasingly available, most notably 7 T. Moreover, higher field systems offer increased 

signal yield and spectral discrimination as compared to lower fields. Therefore, strongly 

coupled spin systems such as Glu and Gin will be increasingly targeted, placing specific 

importance on RF interference effects. These effects are not limited to Glu and Gin, and 

are important in other strongly coupled spin systems such as ml, and Glutathione. As 

illustrated in Fig. 2d, the weakly coupled response of Glx does not vary significantly 

from the response of Cho. Others have also found similar trends due to flip angle 

variations for GABA (24). Therefore, it is important to restrict our conclusions to 

strongly coupled spins only, particularly Glu and Gin. In addition, the response of Glx 

tends to the singlet response at short echo time, and these results are further restricted to 

long echo time studies. 



98 

One potential solution to the yield problem between coupled and uncoupled spins would 

be to acquire the necessary variation patterns for each metabolite individually, and apply 

a correction factor for each metabolite. Most quantification schemes apply a fitting 

routine to fit metabolite peaks to the spectrum to be analyzed. A series of basis spectra 

need to be acquired for the fitting program to work. These spectra can be obtained from 

phantom experiments or simulations. However, the varying properties of the brain 

including dielectrics and tissue compartments make precise design of an experimental 

phantom model problematic to obtain the necessary RF variation. 

A simpler solution that may lead to a more homogeneous RF distribution is the use of 

adiabatic pulses (28). While single adiabatic pulses perform well for inversion or 

excitation, composite adiabatic pulses or pairs of adiabatic pulses are needed to perform 

refocusing. To date, these pulses are not commonly used clinically because of the 

complexity of the pulse sequence design. Additionally, inclusion of these pulses can 

increase the sequence length and SAR (Specific Absorption Rate) if not employed 

properly. Nevertheless, in addition to correcting the RF distribution, adiabatic pulses 

typically have a well-defined pulse profile, and can also compensate for flip angle 

variations due to slice imperfection. A sequence such as LASER (Localization by 

Adiabatic SElective Refocussing) (28) may be modified into a spectroscopic imaging 

sequence to produce adequate results. To decrease the sequence length, slice selection 

can be performed in less than 3 directions, as well as choosing a non-adiabatic pulse for 

excitation. However, use of a non-selective hard pulse for excitation limits the sequence 

to single slice experiments. A study investigating the use of LASER in spectroscopic 
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imaging of glutamate has been recently published (29), in which Glu concentrations are 

shown with small variability in similar tissues. It should be noted that the effects of 

adiabatic pulses on coupled systems have not been investigated thoroughly and should be 

quantified before implementing a LASER SI sequence as common practice. Lastly, 

hardware improvements and new coil technology, including the method of RF shimming 

may also help overcome RF interference in the future (30). 

It must be noted that if full quantification of spectroscopic imaging data is needed, a 

proper tissue segmentation scheme is required. Differences in voxel composition due to 

cerebral spinal fluid and grey and white matter must be accounted for to provide accurate 

quantification. This work does not propose any absolute quantification scheme; merely it 

illustrates trend differences between a singlet resonance and strongly coupled spin 

systems that hold regardless of the voxel constitution. Tissue differences between grey 

and white matter alone do not justify the results presented which are supported by 

simulation, phantom, and in vivo single voxel experiments. 

In conclusion, this study illustrates the effects of RF interference at 4.7 T on metabolite 

quantification in spectroscopic imaging. Phantom experiments and numerical 

simulations modeled the RF interference in single voxel spectroscopy using flip angle 

variation, which agreed with signal variation in in vivo single voxel experiments and 

spectroscopic imaging. This work illustrates the differences in peak area variations 

between Glx and Cho, particularly that the Glx peak area is affected much more by RF 

inhomogeneities due to destructive interference in the human head. Even minor 
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deviations from optimal flip angles produced severe effects on strongly coupled spin 

yield compared to uncoupled spins. Therefore, in spectroscopic imaging at longer echo 

times, both the flip angle distribution and resulting coupled spin response must be 

accounted for to properly quantify strongly coupled spins. 
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Chapter 3 

Difference Spectroscopy Using PRESS Asymmetry: Application to Glutamate, 

Glutamine and Myo-inositol1 

3.1 Introduction 

Magnetic Resonance Spectroscopy (MRS) has been used extensively to quantify 

metabolite concentrations in the human brain in healthy and diseased states. 

Identification and quantification of singlet resonances is straightforward and provides 

information on several diseases. In contrast, coupled spin systems such as glutamate 

(Glu), glutamine (Gin) and myo-inositol (ml), are typically harder to quantify, but are 

also important in understanding brain function. The study of Glu is of particular interest 

as it is the major excitatory neurotransmitter in the brain, and is involved in 

neurodegenerative disease and psychiatric disorders, as illustrated in previous 

spectroscopy studies (1-3). 

At typical clinical field strengths many coupled spin systems are obscured by stronger, 

overlapping resonances. In addition, coupled spin systems are generally less intense than 

singlets, due to complex coupling patterns. The quantification of Glu and Gin in 

spectroscopy can be problematic, as these strongly coupled systems exhibit complex 

spectra (both AMNPQ systems), and similar molecular composition which results in 

comparable spectral patterns and resonant frequencies that inhibit their discrimination at 

1 A version of this chapter has been submitted for publication (in revision). Snyder J, Thompson RB, 
Wilman AH. NMR in Biomed. 
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lower field strengths. The precise detection of ml is primarily hindered in vivo due to 

spectral overlap with other resonances. Several methods to aid detection of Glu, Gin and 

ml have been proposed including multiple quantum filtering (4,5), J-resolved 

spectroscopy (6-9) and other editing techniques (10-13). However, these techniques are 

not generally used on clinical systems due to their complexity in design. Instead, 

standard localization produced by PRESS (Point RESolved Spectroscopy) and STEAM 

(STimulated Echo Acquisition Mode) is typically used. More clinically viable Glu/Gln 

studies were performed using an optimized STEAM, which produced results applicable at 

3 T (14) and 4 T (15), although the complementary MN peaks (2.04-2.14 ppm) were not 

addressed in these investigations. 

A new spectral editing technique for citrate using constant echo time (TE) PRESS was 

recently described in (16) and applied to spectroscopy of the prostate. Our work 

investigates the application of a similar technique to the human brain, to provide 

discrimination between the Glu and Gin resonances as well as ml visualization. The 

sequence design is simple and can be used with any PRESS sequence, allowing clinical 

applications. The method relies on strongly coupled signal modulation at constant TE 

when varying the timing between refocusing pulses. With 180° refocusing pulses, 

singlets and weakly coupled systems are not affected by the degree of PRESS asymmetry 

at a given TE. However, with appropriate choice of TE, strongly coupled systems may 

exhibit substantial variation as TE1 (first echo time) and TE2 (second echo time) are 

varied. The technique utilizes a constant echo time with two (or more) different TE1 and 

TE2 values chosen to optimize the signal variation. In this manner, subtracting the two 
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signals results in a spectrum with only the metabolites that display these signal 

modulations along the chosen constant TE, therefore removing singlets and other 

resonances. An addition spectrum can also be produced that retains all spectral 

information from singlets and weakly coupled spins. The advantages of this editing 

approach lie largely in its simplicity and effectiveness. Unlike TE-averaged techniques, a constant 

TE is used throughout making the secondary addition spectrum a pure echo time; unlike most 

difference spectroscopy, there is no spectrally selective pulses needed so the whole spectrum is 

maintained, and unlike general multiple quantum filter techniques, unedited species can be 

recovered in the addition spectrum. The method can be applied to any strongly coupled spin 

system that exhibits significant signal modulation in TE space. This work investigates 

the discrimination of the strongly coupled metabolites of Glu and Gin and detection of ml 

using constant echo time difference spectroscopy in simulation as well as phantom and in 

vivo experiments. Additionally, analytical simplifications of these spin systems are 

introduced to provide a more general interpretation of the technique at any field strength. 

3.2 Methods 

3.2.1 Theory 

3.2.1.1 Numerical Simulations 

Theoretical simulations were performed to determine metabolite response to a standard 

PRESS sequence. The sequence was modeled using an in-house numerical spin system 

program developed by Thompson (17). The program segments the sequence into 

individual Hamiltonians characterized as a delay, radiofrequency (RF) pulse or gradient, 

calculates the density matrix after each segment, and produces a final free induction 

decay (FID). RF pulses (based on experimental sine pulses, 256 points, 5 lobes, 2500 Hz 
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selective bandwidth for a 2 ms pulse length) were modeled along with corresponding 

slice selection gradients to simulate points in space. 

The program was run for a range of TE1 and TE2 values (10-200 ms each, 5 ms 

increments, totaling 1600 FIDs per metabolite) for Glu, Gin and ml. For each spectrum 

produced, peak area and height calculations were performed for each spin group of each 

metabolite, resulting in area maps illustrating signal modulation in TE space. In order to 

identify possible parameters for Glu/Gln discrimination, a constant TE line that 

maximizes the Glu variation while simultaneously minimizing Gin variation must be 

isolated. Once the optimized constant TE line was identified, two sets of time points 

(TE1, TE2) were chosen to maximize the Glu signal variation. At these particular echo 

times, simulated spectra were produced to show Glu/Gln signal variation, assuming a 

relative physiological concentration of 3:1 Glu:Gln (18,19). Each spectrum was 

broadened using a 3 Hz exponential filter to better approximate experimental data. 

3.2.1.2 Analytical Approximations 

The complexity of the Glu and Gin AMNPQ and ml AM2N2P systems inhibit 

construction of simple analytical product operator solutions to completely understand 

spin evolution during the PRESS sequence. However, it may be possible to model some 

of the spins individually to investigate signal trends due to PRESS asymmetry by 

focusing on the strongest J-couplings since weakly coupled spins will not be affected. In 

the case of Glu and Gin, both AMNPQ systems, the largest effects due to strong coupling 

should be realized in the PQ and MN groups. These groups are very strongly coupled at 
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clinical field strengths, and all couplings to other spins in the molecule are much weaker. 

Specifically, the MN group of Glu has a J-coupling constant of -14.85 Hz, and a 

chemical shift frequency difference between the M and N spins, A, of 0.08 ppm, or 16 Hz 

at 4.7 T, resulting in A/J =1.1. The couplings between M and N and other spins in the 

molecule are much weaker, and therefore we consider the MN group separately and 

neglect the weaker couplings to all other spins. Similarly, the PQ group is considered 

separately. Therefore, the PQ and MN groups individually have solutions equivalent to 

the strongly coupled AB group, with variation in signal (S) in terms of TE1 and TE2 

given by (20): 

. (3.1) 

2 

^P-sm(eTE)sm(/rJTE) + 2(7rJ)2cos(®TE)cos(7rJTE) 

2 2 
+ 7rJ^sm(xJTE)(sm(GTEl) + sm(&TE2)) + ~cos(xJTE) 

where 

(3.2) 
® = -^A2+(2nJ)2. 

2 

The frequency difference between the A and B spins, COA - COB, is denoted by A (rad/s), 

and J (Hz) is the coupling constant. Further simplification of Eqn. (3.1) can be made to 

elucidate TE1 and TE2 effects on the signal by truncating all terms that do not involve 

TE1 or TE2 explicitly. The resulting truncated signal, St, incorporates the variable terms 

only (Eqn. (3.3)) 

M 2 (3-3) 
S = ^~sm(xJTE)(sm(®TEl) + sm(®TE2)). 

1 2®5 
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By evaluating Eqns. (3.1) and (3.3) the effects on the signal in TE space can be 

investigated for a strong AB system under PRESS excitation. Comparison of these 

results to the simulation calculations of the actual spin representation for each metabolite 

provides further insight into J, A, and TE1 and TE2 dependence. 

3.2.2 Experimental 

3.2.2.1 Phantom Experiments 

Constant TE difference spectroscopy experiments were performed to validate the theory 

used to describe possible Glu/Gln discrimination. Both the analytical and simulation 

results were used to find the best constant TE line in TE space, and choose timings for the 

pair of experiments. As shown in the results section, the optimized timings used for 

phantom experiments were (TE1, TE2) = (125, 30) ms subtracted from (TE1, TE2) = (80, 

75) ms, keeping the total echo time constant at 155 ms. These timings proved to have the 

greatest signal variation along a constant TE line and also a relatively simple lineshape 

allowing cleaner subtraction. 

A cylindrical, pH-balanced phantom was constructed with dimensions of 22 cm length 

and 8 cm diameter containing in vivo physiological ratios of six metabolites (N-

acetylaspartate (NAA), Glu, Gin, ml, creatine (Cr) and choline (Cho)). The phantom was 

placed at isocentre and the same voxel position was used for all experiments. 

Localization was produced by the PRESS sequence with WET (Water suppression 
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Enhanced through Tl effects) water suppression (21), using four Gaussian shaped pulses 

of 20 ms length, each selecting a 50 Hz range centered on the water resonance, followed 

by crusher gradients. The two sets of asymmetric PRESS timings used were interleaved 

into one sequence, with alternating FIDs acquired to minimize frequency drift and 

sequence specific abnormalities that may occur when subsequently acquiring two 

complete averaged FIDs at different asymmetries. Other sequence parameters included a 

10 mm x 10 mm x 10 mm voxel size, 256 averages, sine pulse lengths of 3 ms (1660 Hz 

bandwidth) and a repetition time (TR) of 1500 ms, resulting in a total acquisition time of 

12 min, 48 s. As stated above, the echo times used were (TE1, TE2) = (80, 75) ms and 

(125, 30) ms, maintaining a total TE of 155 ms. All interleaved FIDs were individually 

phased, and then averaged, using the Cho resonance as a reference. In addition, two 

supplementary phantoms, containing Cho+Glu and Cho+Gln were constructed to 

investigate amounts of Glu and Gin remaining after subtraction to determine efficacy of 

Glu/Gln discrimination using this technique. The inclusion of Cho in the phantoms was 

valuable in evaluating the accuracy of the subtraction by minimizing residual signal at the 

Cho frequency. 

3.2.2.2 In Vivo Experiments 

In vivo experiments performed on 3 healthy volunteers with informed consent were 

conducted to verify the theoretical predictions. The PRESS sequence used was similar to 

the phantom case, except 512 averages and a 1.5 cm x 1.5 cm x 1.5 cm voxel were used. 

The voxel was placed in parietal grey matter to ensure maximal Glu concentration. The 

90° RF pulse power was calibrated by adjusting the flip angle until a maximum water 
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signal was achieved in the unsuppressed spectrum. All experiments were performed 

using a 4.7 T Varian INOVA (Palo Alto, CA) whole body MRI system, equipped with a 

4 kW RF amplifier, a maximum gradient strength of 35 mT/m and maximum slew rate of 

117 T/m*s. A quadrature, 16-element birdcage head coil (27 cm diameter) was used for 

transmission and reception. 

3.3 Results 

3.3.1 Glutamate/Glutamine Discrimination 

The signal variation in TE space for Glu and Gin at 4.7 T is such that this particular 

method produces a spectrum with only the Glu MN multiplet (2.06-2.14 ppm) visible 

while other resonances are removed or substantially reduced, including Gin MN and 

glutamate/glutamine (Glx) PQ (2.35-2.47). Consequently, Glu can be quantified by the 

unobstructed signal from the MN group. In addition, the M2N2 multiplet of ml (3.5-3.7 

ppm) is preserved for the specific timings used, with overlapping signals removed. 

Signal variation in TE space for Glu MN produced by the simulator is illustrated in Fig. 

3-la. As stated previously, the simulator incorporates the entire AMNPQ system and is 

therefore a precise representation of the TE space variation. All area maps are 

normalized to the case approximating the pulse acquire experiment (TE1 = TE2 =10 ms). 
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Figure 3-1: TE space analysis for the MN group ofGlu and Gin. Area maps are shown 
as a function of TE1 and TE2 for a) Glu MN and b) Gin MN. The dotted white line 
denotes a constant TE line of 155 ms with maximum signal variation, c) Fractional yield 
as a function ofTEl/TEfor Glu MN (top traces) and Gin MN (bottom traces) along the 
constant TE line of 155 ms. Dashed lines are the fractional yields computed from the 
analytical approximation in Eqn. (3.1). The two points used for the subtraction 
experiments are highlighted by vertical dotted lines. All TE maps are normalized to the 
area occurring at TE1 = TE2 = 10 ms, and relaxation effects are not considered. 
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Note the large variation in signal along the TE = 155 ms line (highlighted). The 

corresponding TE space map for Gin MN is shown in Fig. 3-lb. Along the same constant 

TE line of 155 ms, the signal variation is negligible compared to the Glu MN case, 

allowing a difference experiment to discriminate between the two metabolites. 

Specifically, by choosing the time points (TE1, TE2) = (80, 75) ms and (TE1, TE2) = 

(125, 30) ms, difference spectroscopy yields a large Glu MN area and negligible Gin MN 

area. The graph of normalized areas along TE = 155 ms further illustrates the extreme 

differences between signal variation of Glu MN and Gin MN (Fig. 3-lc). The time 

points chosen to maximize the signal variation in Glu and minimize the variation in Gin 

are shown. Using the analytical approximation from Eq. (3.1), the signal variations along 

TE = 155 ms have also been computed (dashed lines in Fig. 3-lc), illustrating similar 

trends to the complete numerical simulation. Simulated spectra for Glu (solid lines) and 

Gin (dashed) using the optimized time points for the subtraction experiment are shown in 

Fig. 3-2. 
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Figure 3-2: Simulated spectra for Glu (solid) and Gin (dashed) at timings ofTEl = 80 
ms and TE2 = 75 ms (top) and TE1 = 125 ms and TE2 = 30 ms (middle). The resultant 
subtractions are shown in the bottom spectra. 

Note the large remaining signal in the MN region (2.0-2.3 ppm) and minimal Gin, as well 

as a large reduction in the Glx PQ multiplet (2.3-2.5 ppm). In the bottom spectra, 

calculated areas reveal a 96% contribution of Glu MN to the overall Glx MN peak, 

validating the time points chosen for Glu/Gln discrimination. Figure 3-3 shows phantom 

(left panel) and volunteer (right panel) spectra acquired at the same time points as in Fig. 

3-2. Both subtraction spectra exhibit similar lineshapes in the Glx MN range, displaying 

a strong and remnant Glu MN resonance. In addition, the myo-inositol peak at 3.58 ppm 

maintains a large signal in the subtraction spectra, and therefore has variation patterns in 

TE space that produce reasonable results at the same time points. 
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Figure 3-3: Phantom (left) and volunteer (right) spectra taken at time points of TE1 = 
80 ms and TE2 = 75 ms (top) and TE1 = 125 ms and TE2 = 30 ms (middle). The bottom 
spectra show the resultant subtraction. The subtraction spectra have been magnified in 
the phantom and in vivo cases by 3 and 6 times, respectively. The shaded area shows the 
target Glu/Gln MN region. The large resultant ml peak is also labeled. 

3.3.2 Analytical Approximations 

The utility of the analytical approximation has already been demonstrated for Glu and 

Gin above. Considering the M2N2 group of ml as a further example, the signal variation 

in TE space based on St in Eqn. (3.3) is illustrated in Fig. 3-4a. The illustration only 

shows trends in TE space and not absolute values for the extrema. The spacing of the 

extrema is very similar to the full AM2N2P treatment presented in Fig. 3-4b, showing a 

large signal variation along a constant TE line of 155 ms. 
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Figure 3-4: Myo-inositol M2N2 TE space signal map using a) truncated AB 
approximation (Eqn. (3.3)) and b) full simulation. The constant TE line with greatest 
signal variation is shown by the dotted line (TE = 155 ms). 

The extrema are regularly spaced at 1/J intervals (J = 9.8 Hz) in both the TE1 and TE2 

directions. Figure 3-4 also displays a high degree of symmetry, as TE1 and TE2 values 

can be interchanged along a constant TE line with no discernable change in the result. 

The symmetry is also apparent in the full simulation maps (Figs. 3-la and 3-lb), and is 

derived from the similar sine terms in Eqn. (3.3). The equation is useful to predict the 

frequency of the signal variation in TE space, although other strong coupling effects 

present in the full equation may conceal the underlying signal variation. 
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Considering the AB system more generally, we can determine the importance of A and J 

using Eqn. (3.1) for production of adequate yield in difference spectroscopy using PRESS 

asymmetry. For each combination of A and J, TE space area maps can be calculated to 

reveal any signal variation and asymmetric PRESS timings along the constant TE line 

exhibiting the largest variation chosen. To determine values suitable for a difference 

spectroscopy experiment, yields for multiple combinations of A and J were calculated in 

Fig. 3-5, where the amplitude is the signal difference between two optimal time points 

along the constant TE line that exhibits greatest variation for a specific A and J. 

10 20 30 40 50 60 
Frequency Difference (Hz) 

Figure 3-5: Maximum signal variation along the optimal constant TE line for a strongly 
coupled AB system as a function of the coupling constant and frequency difference. The 
dotted tine denotes parameter sets to produce favorable subtraction spectroscopy 
experiments. Bright areas indicate greater signal variation, and therefore greater yield. 
The percentage yield (colorbar) is normalized to the maximum produced from 2 averages 
of a pulse acquire experiment. 

The y- and x-axis denote the coupling constant and frequency difference (A) in Hz, 

respectively, between the A and B spins. The region of greatest signal variation occurs in 

the neighborhood of the line: 
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r (3-4) 
- = 0.6, J>6Hz. 
A 

Subtraction spectroscopy experiments with parameters conforming to the above equation 

will yield the best results for an AB system. Using this approximation, certain field 

strengths are preferable for certain metabolites. In terms of the metabolites studied in this 

work, Glu MN (A = 16 Hz, J = -14.85 Hz) has a resulting J/A magnitude of 0.93, and Gin 

MN (A = 4 Hz, J = -14.45) has a ratio of 3.61 at 4.7 T. Therefore, we expect a 

subtraction spectroscopy experiment involving Glu and Gin to have reasonable variation 

in Glu MN, and minimal variation in Gin MN, as shown in Fig. 3-2. The yield for Glu at 

4.7 T was calculated to be 53%. In addition, the J/A ratio for the myo-inositol M2N2 

multiplet (3.5-3.7 ppm) is (A = 16 Hz, J = 9.8) 0.61 at 4.7 T. Consequently, we expect a 

large signal variation in TE space for this particular resonance that has also been 

observed (Fig. 3-3), with a corresponding calculated yield of 75%. For specific spin 

groups, the required field strength for achieving favorable subtraction spectroscopy 

experiments can also be calculated from Eqn. (3.4). The optimal field for the typical Glu 

PQ target is calculated to be -18.8 T, supporting the results in this work of utilizing the 

MN group for subtraction spectroscopy. Table 3-1 lists other possible metabolites and 

their optimized field strengths for viable difference spectroscopy based on Eqn. (3.1) 

using the common fields of 1.5, 3, 4, 4.7, and 7 T (22). The table only includes the best 

field for a particular group; however, other field strengths may produce satisfactory 

results. Metabolites with spin groups possessing optimal fields greater than 7 T have 

been excluded. The yield is also included, and is calculated as a percentage of the yield 

available for 2 averages of a pulse acquire experiment. Figure 3-6 shows the yield 
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variation relative to the field strength for selected metabolites. The graph correlates well 

with the results for Glu MN and ml discussed above. 

Table 3-1: Optimal field strengths for subtraction spectroscopy for strongly coupled 
metabolites, based on the AB approximation in Eqn. (3.1). 

Metabolite 

Aspartate (ABX) 

Glutamate (AMNPQ) 

Myo-inositol (AM2N2P) 

N-acetylaspartate (ABX) 

Taurine (A2B2) 

Citrate (AB) 

N-acetylaspartylglutamate 

(ABX, AMNP2) 

Group 

AB 

MN 

MN 

AB 

AB 

AB 

AB 

MN 

A (ppm) 

0.13 

0.08 

0.08 

0.18 

0.17 

0.14 

0.20 

0.16 

J (Hz) 

17.6 

-14.85 

9.8 

15.5 

6.7 

15.4 

-15.9 

-14.0 

Optimal 
Field (T) 

4.7 

7 

4.7 

3 

1.5 

4.7 

3 

4 

Yield 
(%) 
72 

74 

75 

71 

53 

73 

74 

69 
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Figure 3-6: Calculated yields as a percentage of 2 averages of a pulse acquire 
experiment based on the AB approximation (Eqn. (3.1)) for selected spin groups. 

3.4 Discussion 

These results show that at a constant TE of 155 ms, the large signal variation in Glu MN 

and much lower Gin MN variation due to varied PRESS echo asymmetry allows 

discrimination between the two metabolites using subtraction spectroscopy at 4.7 T (Fig. 

3-3). Phantom and simulation produced a yield of 53% for Glu and total contribution of 

96% Glu to the Glx MN (2.0-2.3 ppm) signal upon subtraction. In addition, based on the 

analytical approximation, reasonable results for a similar Glu/Gln experiment at 3 T 

should be obtainable as signal variations are comparable to those at 4.7 T. The general 

analytical approach predicted best results for subtraction spectroscopy of ml (75% yield) 

at a field strength of 4.7 T (Fig. 3-6), with phantom and in vivo data (Fig. 3-3) supporting 

this conclusion. 
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Typically, the Glx PQ peak is the target for most in vivo studies, because of the greater 

amount of signal available compared to the MN peak. However, similar simulations 

performed for Glu and Gin PQ groups did not yield the necessary signal variation to 

perform subtraction spectroscopy. Based on the analytical equations, the variation 

required for subtraction of Glx PQ does not occur until a static field strength of 18.8 T 

(800 MHz) is obtained. The proximity of the NAA A3 to the Glx MN peaks can also be 

problematic in in vivo experiments because of the larger linewidths. Therefore, regions 

in the brain that are difficult to shim may suffer more subtraction errors than those with 

higher field homogeneity. 

The analytical equations can also be used to identify other systems with AB 

configurations that may display similar signal variations in TE space, as illustrated in Fig. 

3-5. The plot is applicable to all field strengths, and therefore, the optimal field can be 

chosen to conduct subtraction experiments. Notable metabolites (and their optimized 

field strengths) conforming to the J/A ratio as in Eqn. (3.4) are: aspartate (4.7 T), myo

inositol (4.7 T), NAA (3 T), taurine (Tau, 1.5 T), citrate (4.7 T), and N-

acetylaspartylglutamate (NAAG, 3 T and 4 T) (Table 3-1). The results for citrate are 

supported by previous work (16) that calculated an optimal field in the range of 3 - 4.7 T. 

It is also apparent that 4.7 T is close to the optimal field for myo-inositol as the 

subtraction spectrum in Fig. 3-3 shows good signal yield. It is possible that other fields 

for the previously mentioned metabolites may work for subtraction spectroscopy, 

although optimal yields will not be obtained. For example, in the current investigation of 

Glu and Gin, the optimal field strength for Glu subtraction as based on Figs. 3-5 and 3-6 
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and Table 3-1 is 7 T, with adequate results at 3 and 4.7 T. In order to determine sequence 

timings, full simulations incorporating the entire spin structure of the specific metabolite 

need to be performed, as was the case for Glu/Gln in this study. 

Subtraction spectroscopy is of particular interest when other resonances overlap the 

signal of interest, which is the case with the Glu/Gln MN and NAA A3 peak. This type of 

technique may also prove useful to remove the glycine contamination from the myo

inositol resonance around 3.54-3.62 ppm, as well as removing Cho from the Tau 

spectrum. Other possibilities for overlap removal include NAAG, NAA, citrate, and 

aspartate in the 2-3 ppm region. In comparison to other editing techniques, most notably 

multiple quantum filtering (4), no spectral information of singlets is lost, as the addition 

spectrum contains all singlet and non-varying coupled spin data. A recent study 

incorporated the constant TE approach in two-dimensional spectroscopy (S-PRESS, (23)) 

which provided valuable results in detecting the strongly coupled citrate system at 3 T. 

Similar to our experiment, the optimization of the total echo time is needed for each 

target metabolite, although sequence times in the 2D case may be longer to acquire the 

necessary SNR. Difference spectroscopy at constant TE also does not require a priori 

knowledge of relaxation parameters or application of spectrally selective pulses. 

Therefore, in conjunction with the addition spectrum, it is possible the subtraction 

spectrum may improve the confidence of automated spectral fitting programs for 

quantification. 
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In conclusion, this work illustrates the discrimination of Glu and Gin by subtraction 

spectroscopy of the MN groups and detection of ml in simulation, phantom and in vivo in 

human brain. The possibility of further exploration in subtraction spectroscopy for other 

metabolites at multiple field strengths is also discussed from an analytical point of view 

based on a strongly coupled AB system. The signal variation in TE space for strongly 

coupled spin groups provides a simple spectral editing technique based on subtraction 

spectroscopy. This technique is straightforward and requires no changes to the common 

PRESS sequence except for inter-echo times, and is therefore readily available for 

clinical use with some prior knowledge of coupled spin signal variation. 
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Chapter 4 

Spectral Editing of Weakly Coupled Spins Using Variable Flip Angles in PRESS 

Constant Echo Time Difference Spectroscopy 

4.1 Introduction 

The utility of Magnetic Resonance Spectroscopy (MRS) in quantifying brain chemical 

metabolites and investigating disease has been shown in previous studies. At standard 

clinical field strengths in proton MRS, the relatively narrow bandwidth of visible 

metabolites can be problematic as it can lead to overlapping of resonances, and therefore, 

difficulty in quantification. Coupled spin systems may suffer more drastic quantification 

problems, as coupling patterns produce complex spectra in addition to signal overlap with 

strong singlet resonances. Due to these hindrances, the quantification of coupled spin 

systems typically requires more advanced spectroscopy methods for spectral editing. 

One metabolite in particular, y-aminobutyric acid (GABA), has been investigated using 

many types of spectrally edited MRS. In the human brain, GABA acts as an inhibitory 

neurotransmitter, and its quantification aids in understanding many neurological 

disorders. GABA is a six-spin, weakly coupled system (A2M2X2) at 4.7 T, with resonant 

frequencies occurring at chemical shifts of 3.01, 1.89 and 2.28 ppm. Detection via proton 

MRS is inhibited due to spectral overlap with other metabolites. Specifically, the X2 

peak at 2.28 ppm is obscured by glutamate, glutamine, and N-acetylaspartate (NAA) 

resonances, the A2 resonance at 3.01 ppm is overshadowed by the strong singlet peak of 
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creatine (Cr), and fat and other macromolecule contamination primarily affects the M2 

multiplet at 1.89 ppm with secondary contamination due to the NAA A3 peak at 2.01 ppm 

in poorly shimmed samples. A typical target for spectral editing of GABA is the A2 

group, which only has one strong overlapping resonance. Several spectral editing 

techniques have been proposed including multiple quantum filtering and application of 

spectrally selective pulses (1-4). These methods improve previous quantification 

schemes, but may be difficult to implement clinically due to complex sequence design. 

A new spectral editing method, based on constant echo time (TE) difference spectroscopy 

in PRESS (Chapter 3, (5)), relies on signal variation between two time points along a line 

of constant TE. In Chapter 3, a method for implementing this technique was illustrated 

for strongly coupled spin systems, which exploited the signal variations in TE space due 

to strong coupling in a molecule. This particular implementation of the technique does 

not apply to weakly coupled systems, as the necessary signal variation is not achieved in 

TE space. Rather, we propose a modification of the constant TE difference spectroscopy 

technique by inclusion of variable flip angles for the refocusing pulses. By changing the 

flip angle of one of the 180° pulses, it is possible to introduce enough signal variation 

between two time points with the same TE to allow difference spectroscopy experiments. 

The method is described theoretically using numerical simulation, as well as in 

preliminary phantom experiments to detect the A2 resonance of GABA while minimizing 

the contribution of the overlapping Cr peak. In addition, an analytical explanation is 

provided assuming weak coupling parameters, to illustrate the effects of flip angle change 

to the density operator. It should be noted that the PRESS sequence uses no spectrally 
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selective pulses as in previous difference spectroscopy (6), and maintains spectral 

information in the addition spectrum of non-varying singlet and coupled spin systems 

which are removed in the difference spectrum. 

4.2 Methods 

4.2.1 Theory 

A two spin system, with spins labelled A and X, coupled via hyperfine interactions (J-

coupling) can be classified by the Hamiltonian, Hy. 

HJ=2nJAX{A.X) ( 4 1 ) 

= InJ^ (AXXX + AYXY + AZXZ), 

where A and X are the vector product operators of the two spins, and JAX is the coupling 

constant between them. When the system is deemed to be weakly coupled, the transverse 

components of Eqn. (4.1) are negligible and the Hamiltonian reduces to: 

HJ=2nJAX(AzXz). <4-2) 

This definition of the coupling operator is used exclusively to describe weakly coupled 

systems in the analytical approximations. The full simulations use the entire Hamiltonian 

as described in Eqn. (4.1) regardless of coupling strength. 

4.2.1.1 Numerical Simulations 

Constant TE difference spectroscopy relies on signal variations in TE space (TE1, TE2) 

along lines of constant TE. As stated previously, these variations are not produced for 

weakly coupled systems using the standard 90°-180°-180° PRESS sequence, unless one 

of the refocusing pulse flip angles is changed. For each weakly coupled system, signal 
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variations in TE space were calculated by a numerical spin simulation program developed 

by Thompson (7). The program segments the sequence into individual Hamiltonians 

characterized as a delay, radiofrequency (RF) pulse or gradient, calculates the density 

matrix after each segment, and produces a final free induction decay (FID). RF pulses 

(based on experimental sine pulses, 256 points, 5 lobes, 2500 Hz selective bandwidth for 

a 2 ms pulse length) were modeled along with corresponding slice selection gradients to 

simulate points in space. In the case of soft pulses, they were divided into many sections 

with each section encompassing a small time interval with a complementary Hamiltonian. 

The small time interval for each pulse section allows the continued use of time-

independent Hamiltonians. 

The program was run for a range of TE1 and TE2 values (10-200 ms each, 5 ms 

increments, totaling 1600 FIDs per metabolite). In addition, the same number of FIDs 

were acquired for each flip angle adjustment to a refocusing pulse according to a PRESS 

scheme of 90°-180°-a, where a was varied from 90° to 180° in increments of 5°. For 

each spectrum produced, peak area and height calculations were performed for each spin 

group of each metabolite, resulting in area maps illustrating signal modulation in TE 

space. In the case of the GABA experiment, the maps were used to determine the largest 

signal difference along a constant TE line, and therefore, the optimal value for the flip 

angle, a. Two time points from the optimal a map were chosen to simulate constant TE 

difference spectroscopy. The simulated spectra were broadened using a 3 Hz exponential 

filter, and GABA and Cr were combined using a parietal gray matter physiological 

concentration ratio of 5:1 (8). 
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4.2.1.2 Analytical Approximations 

Although metabolites typically investigated in MRS spectroscopy are simple biological 

units compared to proteins and other complex molecules, the spin characteristics can be 

difficult to explain analytically. Consequently, this approach outlines the simplest weak 

coupling interaction between two spins in a PRESS sequence with variation of one of the 

refocusing pulse flip angles. In weakly coupled systems, this approach is feasible as a 

pair of coupled spins can be treated independent from the entire system. 

In the case of GABA, it is weakly coupled at 4.7 T, with coupling between the A and M 

groups as well as between the M and X groups. This particular coupling of AM and MX 

can be modeled as a weak coupled system. The product operator solution of a weakly 

coupled system with coupling constant J and resonant frequencies coA and cox under 

PRESS excitation has been developed previously, with corresponding signal S: 

S oc 2 cos^J^TEl + nJ^TEl) ( 4 3 ) 

= cos(xJAXTE), 

where TE1 and TE2 are the first and second echo times in the PRESS sequence, 

respectively and TE1+TE2 = TE. The addition of a variable final refocusing pulse flip 

angle introduces greater complexity in the solution: 

(4.4) 

S o c -
2 

l + c o s ( - A 7 E 2 j ] ( c o s ( ^ J ^ 7 ; ^ ) - c o s ( ^ J / t f 7 ^ 1 ) ) [ c o s 2 a - l j 

+ (cos(7ry^xZ£'))(l —cosa), 

where A = OOA - cox, and ot is the flip angle of the final refocusing pulse. In the case when 

a is equal to 180°, Eqn. (4.4) reduces to the standard PRESS equation (4.3). Equation 
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(4.4) can be used to investigate any weakly coupled spin system. In the case of GABA, 

the signal computed from the above equation for the AM coupling is compared to the 

more accurate approach given by the simulator, which incorporates the entire spin 

structure. 

4.2.2 Phantom Experiments 

Both the analytical and simulation results were used to find the best constant TE line in 

TE space as well as the optimal flip angle, and to choose timings for the pair of 

experiments. The optimized timings used for phantom experiments were (TE1, TE2) = 

(120, 10) ms subtracted from (TE1, TE2) = (20, 110) ms, keeping the total echo time 

constant at 130 ms. 

Two cylindrical, pH-balanced phantoms were constructed with dimensions of 22 cm 

length and 8 cm diameter containing 1) 100 mM GABA and 2) 100 mM Cr and 100 mM 

GABA. The first phantom was used to demonstrate the lineshape obtained at the 

particular TE. The second phantom contained double the in vivo CnGABA ratio (10:1) 

(8) to test the sequence under rigorous conditions. In each case, the phantom was placed 

at isocentre and the same voxel position was used for all experiments. Localization was 

produced by the PRESS sequence with WET (Water suppression Enhanced through Tl 

effects) water suppression (9), using four Gaussian shaped pulses of 20 ms length, each 

selecting a 50 Hz range centered on the water resonance, followed by crusher gradients. 

The two sets of asymmetric PRESS timings used were interleaved into one sequence, 

with alternating FIDs acquired to minimize frequency drift and sequence specific 
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abnormalities that may occur when subsequently acquiring two complete averaged FIDs 

at different asymmetries. Prior to alternating between echo times, the FIDs were grouped 

into 8 average bins to allow for CYCLOPS (CYCLically Ordered Phase Sequence, 

(10,11)) phase cycling. Other sequence parameters included a 15 mm x 15 mm x 15 mm 

voxel size, 512 averages, pulse lengths of 3 ms (1660 Hz bandwidth) and a repetition 

time (TR) of 1500 ms, resulting in a total acquisition time of 25 min, 36 s. Each 

spectrum was phase corrected using Cr as the reference, or in the absence of Cr, the 

GABA resonance at 3.01 ppm. The spectra were also frequency corrected to increase the 

subtraction accuracy. 

All experiments were performed using a 4.7 T Varian INOVA (Palo Alto, CA) whole 

body MRI system, equipped with a 4 kW RF amplifier, a maximum gradient strength of 

35 mT/m and maximum slew rate of 117 T/m*s. A quadrature, 16-element birdcage head 

coil (27 cm diameter) was used for transmission and reception. 

4.3 Results 

4.3.1 Analytical Calculations 

Based on Eqn. (4.4), TE space maps were produced for a coupling constant of 7.3 Hz, 

and a chemical shift difference of 226 Hz, equivalent to the AM coupling in GABA at 4.7 

T. The effects of reduced flip angle on this weakly coupled system is shown in Fig. 4.1b 

with a = 120°, and compared to the case when a = 180° (Fig 4.1a). The constant TE line 

with greatest signal variation occurs at TE = 1/J (136 ms), and with a repeating pattern 

proportional to 1/J. The signal along this line decreases steadily as the TE2 time is 
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increased, due to incomplete refocusing. Rapid fluctuations in the TE2 direction are 

caused by the chemical shift difference, A, and are spaced every 2/A*1000 ms. The 

introduced signal variation due to the decreased flip angle will allow difference 

spectroscopy experiments to discriminate between coupled spins and singlets, which do 

not experience the same signal variations in TE space. 

50 100 150 200 50 100 150 200 
TE2 (ms) TE2 (ms) 

Figure 4-1: TE space area maps calculated by Eqn. (4.4) for the A spin of a weakly 
coupled AX system with parameters of J = 7.3 Hz and A = 226 Hz and a final refocusing 
flip angle of a) a = 180°, and b) a = 120°. 

The maximum available signal for a PRESS sequence with a = 180° for a two spin 

system is based on Eqn. (4.3), and decreases with flip angle according to Eqn. (4.4). At a 

value of a = 120°, the maximum available signal is 1.5. Therefore, the reduction in flip 

angle produces a 25% loss in the yield due to incomplete refocusing. In a difference 

spectroscopy experiment, the theoretical maximum yield without flip angle reduction is 4 

compared to a maximum of 3 (75 %) at a = 120°. The obvious choice for TE1 and TE2 

based on Fig. 4-1 is near either axis to maximize the signal difference. The optimization 

of the flip angle will be a combination of reducing losses due to decreased flip angle and 

maximizing the signal variation in TE space by flip angle reduction. Eqn. (4.4) predicts 
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an optimized flip angle of 90° for the second refocusing pulse (Figure 4-2). The figure is 

computed from two points on the constant TE line with maximum variability for a 

particular a that produce the largest signal upon subtraction. It should be noted that in 

the case of GABA which involves more spins than the simple AX system, the full 

simulation should be used for optimization of the flip angle and timing parameters. The 

preceding results illustrate how a weakly coupled system is affected by reduced flip angle 

of one of the refocusing pulses. 
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Figure 4-2: Maximum difference spectroscopy yield based on a two spin system with J = 
7.3 Hz and A = 226 Hz. 

The maximum theoretical yield for the GABA weakly coupled system difference 

spectroscopy experiment is 30 % at a = 90°. At a = 120°, the maximum yield is 23%. In 

addition, the values of J and A contribute to the amount of yield available for a difference 

spectroscopy experiment. In the case of a weaker system, such as an AX approximation 

of Lac, with J = 6.93 Hz and A = 556 Hz (12) there is a mild signal increase of 2 %. 

However, weak approximations of strongly coupled systems, for example the PQ group 
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of Glu (J = -15.5, A = 2.8 Hz) show signal losses of 7 % compared to the GABA 

modeling case. 

4.3.2 Simulations 

Figure 4-3 illustrates TE space area maps for the A2 multiplet of GABA. The values are 

normalized to the case when TE1 = TE2 = 10 ms, and relaxation effects are not 

considered. In a), a = 180°, resulting in a symmetric pattern in TE space. The period 

between two similar points in the map is 1/J (J = 7.3 Hz) or 137 ms in either the TE1 or 

TE2 direction, similar to the analytical description. The optimal flip angle for signal 

variation along a line of constant TE was determined to be a = 120°, to provide sufficient 

signal while maximizing the signal variation. The TE space map for GABA A2 is shown 

in b) for this particular case. 

50 100 150 200 
TE2(ms) 

100 150 
TE2(ms) 

Figure 4-3: TE space area maps produced by the simulator at 4.7 Tfor the A2 group of 
GABA under PRESS excitation and flip angles of90°~180°-a with a) a = 180°, and b) a 
— 120°. The dotted line denotes the line of constant TE with greatest signal variation (TE 
= 131 ms). 

The period along the TE1 direction remains 1/J as in a) due to complete refocusing, but is 

altered along the TE2 direction. The dotted white line shows a constant TE line with 
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good asymmetry (TE = 131). Two time points from this line were chosen to simulate 

difference spectroscopy. Similar TE space maps were constructed for the A3 singlet of 

Cr, and no signal variation was observed in the simulations, as expected. Figure 4-4 

shows spectra from the subtraction simulation for GABA (solid lines) and Cr (dashed). 

The spectrum in a) shows the full Cr A3 signal obscuring the relatively small GABA 

signal at 3 ppm at timings of TE1 = 120 ms, TE2 =11 ms. Timings for spectra in b) and 

c) are taken from the map in Fig. 4-3b as mentioned above. The subtraction spectra are 

shown in d). 

.5 3 2.5 2 1.5 
ppm 

Figure 4-4: Spectra from the subtraction simulations with a = 120° at timings of a,b) 
TE1 = 120 ms, TE2 = 11 ms, and c) TE1 — 21 ms, TE2 = 110 ms. The subtraction 
spectra are shown in d). The Cr peak has been truncated in b and c. 

Note the large signal variation between GABA spectra in b) and c), producing a large 

remnant in the difference spectrum. The Cr signal does not have attributable variation in 

TE space, and is therefore negligible in d). Analysis of the GABA A2 areas in b) and c) 
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result in a 30% GAB A yield in the subtraction spectrum compared to the equivalence of 

two pulse acquire experiments. 

4.3.2.1 Phantom Experiments 

The feasibility for GABA detection at 4.7 T has been established above, and is tested in 

vitro in phantom experiments. The spectra for the phantom containing only GABA is 

shown in Fig. 4-5. Fig. 4-5a shows the two spectra obtained at identical time points to 

the simulation, while 4-5b shows the difference spectrum. A short echo (TE = 24 ms) is 

shown in Fig. 4-5c for comparative purposes, and is not drawn to the same scale as 4-

5a,b. 
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Figure 4-5: Spectra acquired with a phantom containing only GABA. a) Both timings 
used in the difference spectroscopy experiment: TE1 = 120 ms, TE2 = 11 ms (solid) and 
TE1 = 21 ms, TE2 = 110 ms (dashed), b) Resultant subtraction spectrum, c) A short 
echo spectrum (TE = 24 ms) for lineshape comparison. All spectra were line broadened 
using a 1 Hz exponential filter. Note a) and b) are to the same scale, c) is not. 
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The timings chosen have the effect of maximizing the central peak of the A2 (3.01 ppm) 

and X2 (2.28 ppm) resonances, which reduces the outer wings of the multiplets, compared 

to the multiplets in 4-5c which are broad and contain large wings. This type of in-phase 

shape will have less overlap with other, contaminating peaks and also lends in the 

subtraction process. In the subtraction spectrum, the major A2 peak is larger than in 

either spectrum in a), resulting in an overall increase in yield to 45 % compared to that 

calculated in the simulation and analytical approaches. 

Spectra from the phantom containing both GABA and Cr are shown in Fig. 4-6. Similar 

to Fig. 4-5, a) contains spectra at both timings, b) the subtraction spectrum, and c) a short 

echo spectrum. The subtraction and short echo spectra from 4-5 are overlayed in 4-6 as 

well. 
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Figure 4-6: Spectra acquired from the phantom containing GABA and Cr. a) Spectra 
from both timings used in the experiment: TE1 = 120 ms, TE2 = 11 ms (black) and TE1 
= 21 ms, TE2 = 110 ms (red), b) Resultant subtraction spectrum (black) with the results 

from the GABA only phantom (red), c) A short echo spectrum (TE = 24 ms) for 
comparison with the similar spectrum from the GABA only phantom in red. All spectra 
were line broadened using a 1 Hz exponential filter. 
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In Fig. 4-6a, the GABA signal at 3.01 is completely obscured by the strong Cr peak at 

both timings, rendering quantification difficult. The subtraction spectrum in 4-6b shows 

many similarities to the subtraction spectrum from 4-5b, although there is some residual 

contamination in the 3.04 - 3.10 range from the Cr signal. However, the dominant peak 

in the A2 GABA multiplet is not entirely affected by the Cr residual, and affords the 

possibility of quantification. The height of this particular peak is very similar to that of 

the GABA only phantom spectrum, and therefore it is most likely that this peak is 

composed almost entirely of GABA signal. The spectra in 4-6c are also very similar in 

shape, and the strong Cr peak envelopes the GABA signal, except for a lesser A2 peak 

outside of the Cr range. The remainder of the spectrum matches well with the GABA 

only spectrum. 

4.4 Discussion 

These results show that it may be possible to detect GABA at 3 ppm via constant TE 

difference spectroscopy at 4.7 T, by varying the flip angle of the second refocusing pulse 

and producing signal asymmetries in TE space. This technique is simple to implement 

with a standard PRESS sequence, and is therefore available for clinical use. The same 

results are obtained if the first refocusing pulse is varied, although the asymmetries are 

flipped in TE space. The addition spectrum maintains all spectral information resulting 

in a method with no lost information, as can be the case in multiple quantum filtering. 

The analytical approximations provided a useful starting point in analyzing the effects of 

reduced refocusing pulse flip angles in the PRESS sequence, proving useful in the 
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optimization of the flip angle and timings. However, the full simulation method used for 

GABA incorporates the entire spin structure, and confirmed some results obtained from 

the analytical model, although deviated in the percent yield and optimal flip angle 

calculations. The simulator also incorporates soft pulses, which increase the inherent 

signal loss due to pulse imperfections, which could account for the discrepancies in 

optimal flip angle calculations with the analytical method. Further simulations have 

illustrated that an A2X2 spin system better approximates the effects of flip angle reduction 

in case of GABA than a simple AX. The AX approximations shown here are useful in 

describing the basic properties in TE space due to reduced flip angle, but cannot fully 

describe the entire A2X2 interactions in GABA and therefore should not be used as a 

direct comparison. 

The most sensible target for this type of difference spectroscopy experiment is the GABA 

A2 peaks, although it may be possible that overlapping resonance due to glutamate, 

glutamine and aspartate could be removed from the M2 multiplet range, as these strongly 

coupled spin systems respond differently to the flip angle reduction. Preliminary TE 

space investigations of glutamate have shown a favourable outcome for this approach. 

Another target for the experiment is the lactate resonance at 1.31 ppm, which is primarily 

contaminated by macromolecule and fat resonances. Fat is typically modeled as a 

number of CH2 constituents forming a long chain, with strong coupling (A2B2) between 

protons on adjacent carbon atoms. These strongly coupled signals could be removed by 

the proposed method, and could help in lactate quantification in stroke and neurological 

disease. 
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This method for GABA detection requires small linewidths for successful subtraction. In 

this particular experiment, linewidths of 2.8 Hz were achieved after a 1 Hz exponential 

filter was applied. Linewidths produced by difficult to shim areas will cause 

contamination of the GABA A2 signal as the Cr peak broadens. Also, to prevent 

unnecessary line broadening, a rigorous frequency correction method is needed to align 

each spectrum acquired. It is possible that narrower linewidths could be achieved by 

reduction of the number of FIDs needed for phase cycling, as frequency mismatches 

within the bins tend to broaden the lines artificially. 

In addition, the signal to noise ratio (SNR) is the major drawback for future in vivo 

investigations. The inherent losses in a subtraction spectroscopy experiment coupled 

with the small GABA concentration in the human brain (1.4 - 2.2 mM (8)) result in more 

required averages for substantial SNR. However, in these studies, the large 

concentrations and number of averages produced ample SNR, and therefore, a 

comparable scanning time (~25 min) may produce viable results at 4.7 T in vivo. Also, a 

larger voxel could be used to increase SNR, although the linewidth would also increase 

and may be a detriment to the experiment. As stated previously, the yield is dependent 

on J and A, and other metabolites may produce better subtraction results than GABA 

For precise quantification, the macromolecule contribution to the GABA signal needs to 

be measured (13). A recent study identified a multiple quantum filtering technique for 

quantifying macromolecules in the human brain (1), but the sequence did not maintain 
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any spectral information other than the macromolecule targets and GABA resonances. 

The number of averages were also comparable to those employed in this experiment. 

Recently, a study investigated the use of an optimized STEAM sequence without 

spectrally selective pulses or multiple quantum filtering for the simultaneous detection of 

GABA, glutamate and glutamine in the range of the GABA X2 resonance (2.28 ppm) 

(14). The overall contamination of the targeted metabolites by nearby resonances is 

substantial, even after optimization of the timing parameters to reduce GABA, glutamate 

and glutamine overlap. This may be partially due a combination of larger voxel sizes 

(1.9 x 1.9 x 2.0 cm3) and the voxel chemical shift artefact (15). Also, the SNR is 

relatively small which may increase quantification discrepancies. However, the study 

produced valuable results for a standard spectroscopy experiment applied in vivo. 

In conclusion, difference spectroscopy of weakly coupled spin systems with reduction of 

refocusing flip angle provides a new technique for GABA detection. The method 

requires no spectrally selective pulses and maintains all spectral information. The 

technique is simple to use with a standard PRESS sequence, and is therefore available for 

clinical use. 
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Chapter 5 

Determination of Optimal PRESS Timings for Discrimination of Glutamate and 

Glutamine at 1.5 T, 3 T and 4.7 T 

5.1 Introduction 

Nuclear magnetic resonance spectroscopy (MRS) is a valuable tool to investigate the 

metabolic properties of the human brain non-invasively. Within spectrometer limits, 

many different metabolites are NMR visible and provide insight into the functional 

pathways of metabolism. One of the primary goals in current research of spectroscopy is 

to increase the accuracy of metabolite quantification. Typically, an automated program 

such as LCModel (1,2) or AMARES (3) is used to fit a measured spectrum to a series of 

basis spectra describing the individual metabolites at the experimental parameters. The 

confidence of the reported metabolite concentrations from the program generally depends 

on spectral quality parameters including linewidth and signal to noise ratio (SNR) (4), as 

well as baseline macromolecular contributions. Most in vivo metabolites are coupled 

spin systems, and display a degree of spectral complexity, with phase and multiplet 

height dependent on timing parameters. In addition, the small range of metabolite 

Larmor frequencies inherent to clinical field strengths for proton spectroscopy results in 

resonance overlap between metabolites. This large number of intricacies present in 

spectroscopy makes the quantification of coupled spin systems problematic. Specifically, 

the similar chemical compositions of glutamate (Glu, an important neurotransmitter) and 

its inactive form, glutamine (Gin) result in similar resonance frequencies and spectral 
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patterns, and a large overlapping region at standard, short echo timings and clinical field 

strengths. This overlap tends to decrease the accuracy of the fitting method, with a 

corresponding decrease in concentration accuracy (5). 

Many spectral editing methods have been proposed to aid in quantification of coupled 

spin systems, such as multiple quantum filtering (6,7), subtraction spectroscopy 

(Chapters 3 and 4, (8,9)) and J-resolved methods (10). With the exception of difference 

spectroscopy, these editing techniques require specialized pulse sequences deviating from 

the standard PRESS and STEAM, which can affect their utility in clinical situations. In 

addition, multiple quantum filtering in general does not maintain all spectral information, 

and consequently the quantification of other metabolites can be affected. Difference 

spectroscopy requires rigorous post-processing schemes to correct for frequency drifts, 

suffers from low SNR, and is susceptible to dynamic spectrometer errors which reduce 

the accuracy of the subtraction. The simplest editing technique involves manipulating the 

timing parameters of the particular spectroscopy sequence (TE1, TE2 - PRESS; TE,TM -

STEAM) to produce different J-coupling evolutions and reduce spectral complexity 

and/or overlap for the target metabolite. No spectral information is lost and this method 

can be used with standard sequences and processing schemes. In terms of the Glu/Gln 

resonances, this method has been explored to a limited extent at multiple field strengths 

using the STEAM sequence (11,12), and at 3T using the PRESS sequence (13). 

The Glu and Gin spin systems are both strongly coupled (AMNPQ), with the PQ 

resonance (Glu: 2.33-2.35 ppm, Gin: 2.43-2.45 ppm) typically being the target for 
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quantification in vivo. The MN peaks (2.03-2.13 ppm) are predominantly obscured by 

the strong NAA singlet resonance originating at 2.01 ppm, and the comparable resonant 

frequencies of the A peaks (~3.75 ppm) strongly hinders Glu/Gln discrimination. The 

overlap between the Glu and Gin PQ resonances is expected to decrease at higher field 

strengths, as the chemical shift difference (Hz) increases. Therefore, the quantification of 

Glu and Gin at higher field strengths should display a lower degree of uncertainty. 

However, the chemical shift difference between P and Q spins will also increase, 

resulting in a less intense signal as the various peaks in the PQ multiplet split apart. It is 

not certain how prevalent this effect is for the PQ spins of Glu and Gin at the investigated 

field strengths, as they are very strongly coupled with a chemical shift difference of ~2 

ppm and a J-coupling constant of —15 Hz. The achievable shim will also play a role in 

the spectral overlap in Glu and Gin, and may detract from any gains made at higher field 

strengths. 

In this study, we explore the optimization of timing parameters using a standard PRESS 

sequence in an effort to eliminate spectral overlap between Glu and Gin at field strengths 

of 1.5 T, 3 T and 4.7 T. The parameters were investigated first using a spin simulation 

program, with supporting in vivo experiments at 1.5 T and 4.7 T. 

5.2 Methods 

5.2.1 Numerical Simulations 

Numerical simulations were performed to determine the response of Glu and Gin to a 

standard PRESS sequence, using an in-house spin simulation program (14) that 
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incorporates chemical shifts, coupling constants, and strong coupling effects for each 

metabolite. The program segments the sequence into individual, time-independent 

Hamiltonians characterized as a radiofrequency (RF) pulse, gradient, or time delay. In 

the case of amplitude modulated soft pulses, the pulse was further divided into minute 

segments with individual Hamiltonians to maintain time independence. The sine pulses 

used in the simulation were based on experimental specifications (256 points, 5 lobes, 

2500 selective bandwidth for a 2 ms pulse). Following each segment, the density matrix 

was calculated and used as the starting point in subsequent segments, with the production 

of a free induction decay (FID) as the endpoint. 

The program was run for various values in TE space with TE1 (first echo time) and TE2 

(second echo time) ranging from 5 - 200 ms, totalling 1600 FIDs per metabolite. For 

each time point, spectra for Glu, Gin and Glx (Glu + Gin) were produced, with the Glx 

spectrum comprised of a 3:1 Glu:Gln physiological concentration ratio (1,15). TE space 

area maps were produced for the PQ resonances of Glu and Gin to determine the regions 

of maximum signal yield. At short TE, each PQ resonance is comprised of a multiplet 

with decreasing peak amplitude from its center. Therefore, in order to minimize the 

overlap, time points were investigated to reduce the amplitude of adjacent Glu and Gin 

outer wings for each multiplet - essentially collapsing the multiplet into a singlet (12) -

by examining TE space area maps for individual PQ peaks. At these time points, the 

contributions of Glu and Gin to the total Glx signal was calculated in the 2.0 — 2.6 ppm 

range, as well as the total amount of overlap in set regions determined by the frequencies 

of the collapsed Glu and Gin. Based on these criteria, the optimal SNR and non-
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overlapping time point was chosen. The entire process was repeated for 1.5 T, 3 T and 

4.7 T. Short echo time spectra were also calculated for Glu and Gin (TE = 30 ms) to 

compare to the optimized results, and demonstrate the metabolite overlap at field 

strengths of 1.5 T, 3 T, 4.7 T and 7 T. 

5.2.2 In Vivo Experiments 

Single voxel experiments were performed on healthy volunteers with informed consent 

using the optimized PRESS timings chosen from the simulation at 1.5 T and 4.7 T. A 2 

cm x 2 cm x 2cm voxel was placed in parietal grey matter to maximize the Glu 

concentration, with the power calibrated to produce maximum signal from the water peak 

for the voxel. Other sequence parameters included 256 averages, and a repetition time of 

1500 ms, resulting in a total acquisition time of 6 min, 24 s. 

The 4.7 T experiments were performed using a Varian INOVA whole body MRI system, 

equipped with a 4 kW RF amplifier, a maximum gradient strength of 35 mT/m and 

maximum slew rate of 117 T/m*s. A Siemens Sonata equipped with a 15 kW RF 

amplifier, 40 mT/m gradient set and slew rate of 200 T/m*s was used for the 1.5 T 

experiments. Both employed a quadrature, 16-element birdcage head coil for 

transmission and reception. 
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5.3 Results 

5.3.1 Optimized Timings 

Figure 5-1 displays the Glu and Gin short echo time (TE = 30 ms) simulation spectra for 

1.5 T, 3 T, and 4.7 T (a-c). At 1.5 T, Glu and Gin cannot be resolved as both the MN and 

PQ groups display a high degree of overlap. Discrimination between Glu and Gin in the 

3 T and 4.7 T spectra may be possible, as both Glu and Gin multiplets include non-

overlapping peaks in the PQ region (2.3-2.6 ppm). At 4.7 T, the PQ peaks suffer only 

minimal overlap. In Fig. 5-ld, the same spectra are shown for a field strength of 7 T, for 

comparison purposes, illustrating the near complete resolution of the Glu/Gln PQ 

multiplets. It should be noted that the linewidths used in the simulations may not be 

obtainable in vivo and the spectra are for comparison only. 
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Figure 5-1: Simulated short echo time (TE = 30 ms) spectra ofGlu (solid line) and Gin 
(dashed) at field strengths of a) 1.5 T, b) 3 T, c) 4.7 T, and d) 7 T. All spectra were line 
broadened to 3 Hz. Relaxation effects are not included. The spectra are not to scale. 
The simulated Glu and Gin spectra at the optimal timings determined are shown in Figure 

5-2a-c for 1.5 T, 3 T and 4.7 T, respectively. Each plot contains the Glu (blue) and Gin 

(red) spectrum, and the resultant Glx (black). The shaded regions correspond to the PQ 

regions calculated from the simulation to be predominantly Gin (red box) and Glu (blue 

box). The signal composition was then calculated in these two regions to determine the 

extent of Glu/Gln discrimination. Table 5-1 shows the percentage yield for each 

metabolite comprising the total Glx signal in each of the highlighted regions. 
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Figure 5-2: Simulated spectra at optimized timings for Glu (blue line), Gin (red line) 
and the resultant Glx (black) for a) 1.5 T, b) 3 T and c) 4.7 T. The shaded region denotes 
the area where the overlap between Glu and Gin is computed, with Glu and Gin PQ 
ranges determined prior to the calculation (blue and red outlined boxes, respectively). 
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Table 5-1: Calculations of percent metabolite area composition for Glu and Gin at 1.5 T, 

Region Type 

Blue (Glu region) 

Red (Gin region) 

1.5 T 

Glu Gin 

83.5 16.5 

31.0 69.0 

3T 

Glu Gin 

89.6 10.4 

22.0 78.0 

4.7 T 

Glu Gin 

98.8 1.2 

4.2 95.8 

* Values presented are expressed as a percent of the total Glx area 

In 5-2a, the optimal timings for the PRESS experiment were calculated to be TE1 = TE2 

= 55 ms for 1.5 T. Considering the appearance of the short TE spectra in 5-la, the 

optimization of the timing parameters have offered a drastic improvement in resolution. 

Gin has the most contamination from Glu at this field strength, with 31 % of the total 

signal composed of Glu in the Gin region. The intersection at 2.4 ppm of Glu and Gin 

almost extends to the baseline, and may improve the accuracy of a fitting routine. At 3 T 

(Fig. 5-2b), the timings as determined from the simulation were TE1 =30 ms, and TE2 = 

85 ms. These simulations show an improvement in signal composition in the two regions, 

although the intersection of of the Glu and Gin lines is not as sharp as at 1.5 T. The 

overlap has virtually been eliminated at 4.7 T, with Glu and Gin percent compositions of 

98.8 and 95.8 in their respective regions. The timings for the 4.7 T simulations were 

determined to be TE1 = 20 ms and TE2 = 90 ms. The results indicate that the best 

reduction in signal overlap should occur at 4.7 T, with minimal contamination. 
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5.3.2 In Vivo Experiments 

The in vivo data is shown in Fig. 5-3 for a) 1.5 T and b) 4.7 T using the optimized timing 

parameters. The theoretical line shapes for Gin (red) and Glu (blue) are also shown. 

Figure 5-3: In vivo spectra acquired at optimized timings determined from the 
simulation at a field strength of a) 1.5 T (TE1 = TE2 = 55 ms), and b) 4.7 T (TE1 = 20 
ms, TE2 = 90 ms). The simulated spectra for Glu and Gin are shown in blue and red, 
respectively. Other sequence parameters included a voxel size of 8 cm3 voxel size, TR = 
1500 ms, and 256 averages. 

The resolution shown for the simulated spectra in 5-2a is not apparent in the in vivo 

spectra, due to the large linewidth, and therefore the expected possibility of 

discrimination is not realized. The increased resolution in the 4.7 T experiment allows 
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the overlap to be minimized similar to the simulations. The theoretical lineshapes agree 

with the in vivo spectrum, and therefore cross-contamination between the two is expected 

to be minimal as predicted. 

5.4 Discussion 

This study investigates the optimization of timing parameters for the reduction of overlap 

between the Glu and Gin resonances in the PQ region (2.3-2.6 ppm) at 1.5 T, 3 T, and 4.7 

T. The timings were chosen to collapse the outer wings of each PQ multiplet, and also 

reduce the contamination of Glu in the Gin region and vice versa. The overlap was 

calculated to be the least at 4.7 T, with only a 1.2 % and 4.2 % cross-contamination for 

Glu and Gin respectively. The broad lines in the 1.5 T in vivo studies prevented the 

possibility of resolving Glu and Gin. Although the amount of spectral overlap in the 

simulated spectra at 1.5 T was greater than that at 3 T, the 1.5 T lineshape may prove 

useful if the line broadening can be reduced further. The excellent resolution at 4.7 T 

showed good lineshape agreement between the simulator and experiment. The optimized 

timings also provide less spectral overlap than those at standard, clinical short echo times 

(Fig. 5.1), even triple the linewidth (9 Hz). 

In addition to the reduction in spectral overlap, the quantification of Glu and Gin also 

requires accounting for macromolecular contamination (16), which has been shown to 

decrease the reliability of reported concentrations (17). Other metabolites may also 

overlap Glu and Gin at the optimized timings, particularly y-aminobutyric acid (GABA) 

with Glu (2.28 ppm) and aspartyl resonances with Gin (2.5-2.65 ppm). A similar 
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investigation including all overlapping metabolites in the Glu/Gln range could be 

performed to increase the in vivo applicability. The simultaneous detection of Glu, Gin 

and GABA was previously reported for a STEAM sequence at 4 T (11), with marginal 

SNR. 

A similar experiment using the STEAM sequence (12) investigated timings at 3 T, 4 T, 

4.7 T, 7 T and 9 T. The single voxel experiments at 4.7 T were limited to rat brain, and 

therefore a direct comparison of lineshapes between the PRESS and STEAM sequence is 

not possible. Both STEAM single voxel experiments (3 T in vivo, 4.7 T rat brain) have 

low Glu/Gln SNR compared to that shown above, however the spectroscopic imaging 

sets present promising data. PRESS optimization at 3 T (13) illustrated good Glu SNR, 

with a large uncertainty in the Glu concentration. 

In conclusion, the optimized parameters for 4.7 T illustrate the best discrimination 

between Glu and Gin and least spectral overlap in the simulations. This was supported 

by the 4.7 T in vivo experiments, as broad lines hindered resolution at 1.5 T. This 

preliminary experiment needs to be extended to include quantification schemes and 

evaluate the accuracy of automated fitting programs between short TE acquisitions and 

those with optimized timings. 
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Chapter 6 

Conclusion 

The work conducted during the course of the thesis focused on two main goals. The 

primary goal of the research was the production of simple editing techniques for weak 

and strong coupled spin systems. The two variants of difference spectroscopy, with and 

without flip angle variation (Chapters 3 and 4, respectively), accomplished this task 

without major changes to the standard spectroscopy sequence. In addition, the 

optimization of timings in the spectroscopy sequence, without the aid of difference 

spectroscopy was also investigated (Chapter 5). Though both approaches were aimed at 

specific metabolites for targets, the generality of the techniques have also been explored 

for other viable metabolites. 

The second goal of the thesis explored field strength issues and the response of coupled 

spin systems to different fields. The prevalence of the radiofrequency field effect at 

higher static fields and the resulting effects on quantification was discussed and 

investigated in spectroscopic imaging of coupled and uncoupled spin systems (Chapter 2). 

Also, the optimal field strength for strongly coupled spin systems detected via difference 

spectroscopy was investigated for a variety of metabolites (Chapter 3). Finally, the effect 

of field strength on an optimally timed spectroscopy sequence was also explored (Chapter 

5). 
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6.1 Constant Echo Time Difference Spectroscopy 

The relatively low SNR and consequentially long scan times inherent in proton 

spectroscopy coupled with the difficulty of detection of many important brain metabolites 

has limited its application clinically. In an effort to detect metabolites, many editing 

strategies have been developed, which typically add a degree of complexity to the pulse 

sequence and/or post-processing. The constant TE difference spectroscopy technique 

was developed to alleviate the need for specialized pulse sequences while maintaining all 

spectral information. 

The first application (Chapter 3) was based on strong coupling properties, with Glu, Gin 

and ml used as examples. The signal variation in TE space at 4.7 T allowed a difference 

spectroscopy experiment to differentiate between Glu and Gin using the MN resonance in 

the 2.04-2.14 ppm range, while maintaining a strong ml signal at 3.55 ppm. The total 

Glx signal in the MN region was calculated to be 96 % Glu in the simulations, which 

agreed well with the phantom experiments. The total yield compared to a similar 

experiment without difference spectroscopy was calculated to be 53 %. The signal yield 

calculated for ml was 73 %. The signal yield calculated from the analytical equations 

was dependent on field and coupling strength, and based on the equations the technique 

was extended in general to eight metabolite spin systems to investigate the performance 

of difference spectroscopy at multiple field strengths. 

The second application extended the treatment to weakly coupled spin systems (Chapter 

4), by changing the flip angle of the final refocusing pulse in the PRESS sequence to 
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introduce signal variations in TE space (90°-180°-120°). The detection of the obscured 

A2 resonance (3.01 ppm) of GABA was used as an example, with a yield of 30 % 

predicted by the simulator after subtraction. The signal yield was determined to also be 

dependent on coupling properties and field strength, although these effects were not 

investigated fully. 

The primary limiting factor of the constant TE difference spectroscopy technique is the 

low SNR. This is especially apparent in the GABA study. The low concentration of 

GABA in vivo (1.4 - 2.2 ppm, (1)) and the additional signal loss due to the subtraction 

experiment (30 % maximum yield) can reduce the GABA signal to the noise level, 

rendering it undetectable. The Cr peak also needs to be reduced by roughly a factor of 10 

to be of the same order of magnitude as GABA. 

A second drawback of constant TE difference spectroscopy is the dependence of the 

subtraction results on frequency drift. In order to produce accurate results and minimize 

unnecessary line broadening, the number of points in each spectrum needs to be increased 

by interpolation (10 times the number of points are used in this research) before 

frequency correction. In addition, the phase of each spectrum must also be the same to 

reduce subtraction errors, requiring a robust automated scheme. Some of the frequency 

drifts during measurement of the FIDs cannot be corrected, if phase cycling is used. In 

order to apply a phase cycling scheme, a number of spectra (8 for CYCLOPS) need to be 

binned together during acquisition. In this work, eight spectra were acquired in 

succession at one of the chosen time points, followed by another set of eight at the second 
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time point, and repeated until the number of averages required is obtained. Therefore, the 

frequency drift within a set of FIDs cannot be accounted for - only the overall drift for 

the set is measured, causing an overall broadening in a specific set. Subtraction errors are 

introduced if the second set of FIDs has different individual frequency drifts, resulting in 

a different amount of line broadening. 

6.2 Static Field Considerations 

The effects of different static magnetic field strengths were studied concurrently with the 

other projects. A higher field strength in theory should provide greater SNR and better 

resolution in the frequency domain. The achievable linewidths in vivo as measured in 

this thesis were 3 Hz (1.5 T), 5 Hz (3 T), and 8 Hz (4.7 T) for an 8 cm3 voxel located in 

parietal grey matter. In terms of the ppm scale, this translates to 0.05 ppm (1.5 T), 0.04 

ppm (3 T) and 0.04 ppm (4.7 T). Therefore, only a minimal decrease in linewidth was 

realized at higher field (in ppm). Also, the J-coupling constant is not field dependent, and 

therefore at higher fields the multiplets produced via J-coupling will appear more 

compact on the ppm scale. This phenomena in combination with the relatively poor 

linewidths observed in the experiment at 1.5 T and greater SNR at high field result in 

superior results for 4.7 T as shown in Chapter 5. 

A higher field strength also produces more RF inhomogeniety, and can decrease the 

accuracy of spectral quantification. The RF interference effect results in a reduction of 

flip angle from optimal for voxels located near the edge of the brain in spectroscopic 

imaging experiments. At 4.7 T, this reduction is 50 % of the maximum observed in the 
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center of the brain, whereas it is only 20 % at 3 T and negligible at 1.5 T (2). In Chapter 

2, these high field effects were explored in spectroscopic imaging for coupled and 

uncoupled spin systems. The destructive interference pattern resulted in a 70 % reduction 

in Glx yield compared to a 42 % reduction in Cho for voxels located on the edges of the 

spectroscopic imaging grid. Therefore, if these differences in response to the RF 

inhomogeniety are not addressed, it is advantageous to perform quantitative 

spectroscopic imaging studies at lower field. 

All experiments performed in the thesis rely heavily on numerical simulation to predict 

the response of spins to the PRESS sequence. TE space analysis and line shape 

investigation require a rigorous spin simulation program. This type of a priori knowledge 

may not be available to all researchers, and is therefore a general limitation in this work. 

6.3 Future Investigations 

The first area of future exploration should be the quantification of the various edited 

metabolites investigated as examples in this work (Glu, Gin, ml, GABA) via an 

automated fitting program such as LCModel (3). Much of the theory and utility of the 

techniques have been shown in this thesis, and therefore the actual effect of editing 

should be quantified and compared directly to the results shown in other studies (4-7). 

The supporting in vivo work should also be investigated more thoroughly for Chapter 3, 

4 and 5 using a quantification scheme. Once the quantification has been established, a 

clinical study involving one of the metabolites (Glu in particular) could be explored to 
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study the function of coupled spins in disease using these techniques, and improve upon 

the accuracy of previous quantification methods. 

Chapter 3 provided the optimal field strengths for the detection of eight common in vivo 

spin systems using constant echo time difference spectroscopy, based on analytical 

approximations; only two of those were investigated in this thesis. The dependence of 

yield on the coupling constant and field strength requires more clarification in Chapter 4 

in order to calculate optimal field strengths for various weakly coupled systems. The 

optimization of timings for Glu and Gin detection presented in Chapter 5 should also 

account for other resonances in the targeted ppm range, namely NAA, GABA, and 

macromolecular contributions. The technique can also be extended to other metabolites 

of interest by analysis of TE space and overlapping resonances, and could include 

multiple field strengths. 

In conclusion, the techniques described in this thesis offer a simple approach to spectral 

editing of coupled spin systems, with application to many interesting in vivo metabolites. 
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Appendix 1 

Spin Matrices for a Two Spin System 

In a two spin system, with spins labeled I and S, spin matrices have dimensions 4x4 , and 

can be calculated from the 2 x 2 one spin matrices by taking the direct product of the 

corresponding one spin matrix with the identity matrix, as shown in section 1.2.2. In 

each case, it is important to preserve the order of the direct product. To calculate an 

arbitrary I spin matrix, In, the format is Ios,n x 1, where 1 in this case is the identity 

operator, and the subscript OS denotes the one spin representation of In. The method to 

calculate an arbitrary Sn matrix is similar, with differing order of multiplication: 1 x Sos,n-

In this manner, the necessary matrices for the I and S spins in the 2 spin system can be 

determined. The Iz and Sz matrices in the two spin system were calculated as an example 

in section 1.2.2. 

h = 

Y 2 

0 0 1 0 

0 0 0 1 

1 0 0 0 

0 1 0 0 

0 0 - 1 0" 

0 0 0 - 1 

1 0 0 0 

0 1 0 0 

(Al.l) 

(A1.2) 
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(A1.3) 
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(A1.4) 

(A1.5) 

(A1.6) 

The raising and lowering operators can be determined from these matrices by using the 

relation: 

I±=IX± UY and S±-Sx± iSY. 

Consequently, the matrix forms for the raising and lowering operators are: 

/ , = 

0 0 1 0 

0 0 0 1 

0 0 0 0 

0 0 0 0 

(A1.7) 

(A1.8) 



/ = 

s = 

s = 

0 0 0 0 

0 0 0 0 

1 0 0 0 

0 1 0 0 

"0 1 0 0" 

0 0 0 0 

0 0 0 1 

0 0 0 0 

"0 0 0 0" 

1 0 0 0 

0 0 0 0 

0 0 1 0 
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(A1.9) 

(ALIO) 

(ALII) 
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Appendix 2 

Product Operator Transformation Tables 

The transformations for the common Hamiltonians found in spectroscopy experiments 

are shown below, with the two interacting spins labeled I and S. The transformations are 

shown using both the Cartesian operator system and the raising and lowering operator 

approach, with the Hamiltonian transforming the operator shown above the arrow. The 

transformations apply to weakly coupled systems only. 

A2.1 Transformations in Cartesian Coordinates 

A2.1.1 Radiofrequency Pulses 

h ~W >Ix 
(A2.1) 

Ir ~mxt >IYcos(rB1t) + Iz s in( /5 , / ) 

Iz ~rB'lx' >IZ c o s ( ^ f ) + IYsm(yBxt) 

lx -w )Ix C0^rBxtyIz sin(rBlt) 
j -rBjyt j 
ly Tly 

lz -rw yjzcos(YBxt) + Ixsm(yBxt) 

(A2.2) 
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A2.1.2 Chemical Shift 

Ix —*&-^ I x cos(a>jt) + IY sm(a)jt) 

IY ~6>,Izt >IYcos(a>It)-Ixsm(co[t) 

12 ~°"IZ' >IZ 

A2.1.3 Weak Coupling 

Ix
 2*JW >IX cos(xJt) + 2IySz sm(xJt) 

IY
 2nJl7<s?J >IYco&(7cJt)-2IxSzsm(nJt) 

A2.2 Raising and Lowering Operator Transformations 

A2.2.1 Radiofrequency Pulses 

(A2.3) 

2 ~^>lZ 

1XC>X >1XCiX 

J C 2nJlzSzi v r r. 
lxZY ^ ^ y 

IXSZ
 lnJhSzt >IXSZ cos(TrJt) + -IY&in(xJt) 

IySy ^ l ^ >IySy 

IYSZ
 l7tJhS* >IYSZcos{TcJt)--Ix&m(nJt) 

j r- 2nJlzSzt j r, (A2.4) 
1z^z >1zCiz 

j _^IMJSL^-\I_(1 + cos(yBlt)) +1+ (1 + cosiyBj))]-ilz s i n ^ f ) 

4 " r W ) ^ ( / + - / - ) s i n ( r ^ ) + / z c o s ( r A 0 

(A2.5) 



I+ -rW > 1 [ / + (! + c o s ( y ^ / ) ) - / _ ( 1 - c o s ( r ^ ) ) ] - i l z s i n ( y ^ ) 

/_ - ^ V > ! [ / (i + c o s t ^ ) ) - 7 + (1 - c o s ( ^ ) ) ] - i l z s i n ( / 5 / ) 
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(A2.6) 

A2.2.2 Chemical Shift 

Jz 7 J z 

A2.2.3 Weak Coupling 

7+
 2 * J W >/+ cos(^rJ?) - 2//+Sz s in(^J/ ) 

/_ 2nJIzSz' > /_ cos (nJi) - 2iI_Sz sin (nJt) 
r 27lJIzSzt . r 

J Z r J Z 

I+S+^IM2M^J+S+ 
2nJlzSzt 

j o 2nJlzSzt v r o 

7 ^ 2^/z5z/ > 7 ^ C 0 S ( ^ - - / + s in(^J/ ) 

/ s^ 2*JI7S7, > / ( ^ C0S(xJt) + 1 / sin(^r^) 

r Q 2nJlzSzt v r rt 
^ ^ Z * Y Z ° Z 

(A2.7) 

(A2.8) 
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Appendix 3 

Product Operator Transformation Tables for a Strongly Coupled Two Spin System 

Some common transformations listed in Kay and McClung (Ref. 61, Chapter 1) for the 

commuting strongly coupled Hamiltonians using the spherical angular momentum 

operators are listed below for an AB system. The Hamiltonians are defined as: 

(A3.1) 
'!•> %>=®(Az + Bz) + 27tJAzBz 

H1=SQ)(AZ-BZ) + 2KJ(AXBX + AYBY), 

where 800 = (GOA-COB)/2, a = {coA + a>B )/2 and A = ^(Sco)2+(xJ)2 . J is the coupling 

constant between the A and B spins. 

2hL ±e~m (A+ cos (nJt) - 2iA+Bz sin(^rJjf)) 

B+
 K' >e~m (B+ cos(>Jt) + 2iB+Az sm(nJt)) 

2A+BZ
 Kt >em(2A+BZcos(xJt) + iB+ s i n ^ ) ) 

2B+AZ
 Kt >e~>m (2B+AZ cos(n Jt) + iA+ sm(xJt)) 

AZ-^AZ 

(A3.2) 
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A+—^A+(cos(At)-i—sm(AtU + 2iAzB+—&m(At) 

f ?\ \ T 
B+—&-+B+\ cos(At) + i—sm(At)\ + 2iBzA+—sm(At) 

v A J A 
f X \ T 

2A+BZ^^2A+BZ\ cos(Af)-z—sin(A/) + ifl+—sin(Af) 
v A J A 

2B+Az—^2B+Az\cos{At) + i—sm(At)) + iA+—sm(At) (A3.3) 
V A J A 

AZ+BZ^^AZ+BZ 


