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Abstract

The work conducted in this thesis is the first part of a research programme to 

develop the tools and procedures to introduce dynamic measurements o f neurotransmitter 

metabolism into collaborative projects with psychiatrists and neurologists on patients 

with brain disorders or diseases. Carbon-13, 13C, magnetic resonance spectroscopy

1 3 *(MRS) is a valuable tool in the determination o f metabolic flux rates. Because C is 

only 1.1% naturally abundant, infusing 13C labelled substrates into a subject allows the 

time courses of 13C label incorporation into metabolic products such as neurotransmitter 

glutamate, and hence a key metabolic flux rate to be measured. Carbon-13 is challenging

13 1 •to measure directly, and therefore methodologies that involve both the C and H nuclei, 

known as double resonance techniques, are employed to enhance specificity and 

sensitivity. Such techniques exploit the heteronuclear scalar coupling that exists between 

13C nuclei and the bonded 'H nuclei to take advantage of the higher sensitivity o f 'H 

spins.

The objectives o f this thesis were to enhance the volume range, sensitivity and 

specificity o f dynamic 13C measurements. The first two were addressed by the design, 

construction, and testing of a dual-tuned open radiofrequency coil. The advantage of this 

coil is that as a single-unit it provides uniform radiofrequency fields at both 13C and 'H  

frequencies over a larger territory o f brain than the coil commonly used in l3C studies. 

The final, and most substantial objective (specificity) involved the incorporation of 

homonuclear 'H  coupling as well as heteronuclear ( ‘H -I3C) coupling in the NMR model. 

Homonuclear ’H coupling has been uniformly neglected in the literature. The result o f its
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inclusion, demonstrated both theoretically and experimentally, was that it can lead to 

quantification errors o f the order o f several tens o f percent and in some cases to less than 

optimal sequence design. The inclusion o f 'H  homonuclear coupling was evaluated in a

• 13number o f direct (three in all) and indirect (two in all) techniques for measuring C 

spectra from a localized volume.
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Chapter 1

Introduction

1.1 Introduction to the Thesis
Nuclear magnetic resonance (NMR) provides a non-destructive, and non-invasive 

method for studying human tissues in vivo. Magnetic resonance imaging (MRI) is the 

most common diagnostic application o f NMR, and it has a wide variety o f uses clinically. 

MRI uses the NMR signal from water protons to form an image. It has achieved its 

clinical standing because of its non-destructive nature (no ionizing radiation is used) and 

because o f the ability to modulate the NMR signal intensity with numerous 

measurements that are reflective of pathology.

Magnetic resonance spectroscopy (MRS) applied in vivo, allows for the regional 

and temporal measurement of local steady-state metabolite concentrations, thereby 

enabling the evaluation of metabolism’s steady state and its modification by pathology 

and therapy. MRS o f the brain has been shown to be useful in the study of diseases and 

disorders such as Parkinson’s disease (1-4), multiple sclerosis (5-9), stroke (10,11), brain 

tumours (12-14), epilepsy (15-18), Alzheimer’s disease (19-21), bipolar disorder (22-24) 

and schizophrenia (25-27). It has also been utilized in drug studies (28). Furthermore, 

!H, 31P, 15N, and 13C MRS have been used to monitor temporal changes of metabolites 

over the course o f minutes or hours in cases o f sensory stimulation, exercise, ischemia, 

seizure, and pharmacological manipulations. However, due to the difficulties that are 

encountered in acquiring and analyzing spectra, MRS is still not employed routinely in 

the clinical domain. The main limitation of an in-vivo NMR spectroscopy experiment is 

the low signal to noise ratio (SNR) o f the resulting spectrum, because the concentrations 

o f the metabolites being detected are only on the order of mmols (mM) (compared to a 

water concentration o f « 55 M). The SNR can be improved by signal averaging (SNR cc 

VN, where N = number o f averages); however, one has to comply with a time-window for 

the experiment that is determined by patient tolerance. In addition, it is often 

complicated to analyze metabolite spectra because unlike the water spectrum which is a

1
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single resonance, most metabolites exhibit homonuclear (e.g. 1H-1H) and heteronuclear 

(e.g. 'H -^C ) scalar coupling which causes the resonances to split into multiplets (see 

§1.3.2). In particular, this is a problem in proton (]H) spectra, where the whole spectrum 

occupies a narrow frequency range, and gives rise to a significant overlapping o f peaks 

from different metabolites. Moreover, at clinical field strengths such as 1.5-3.0 T, many 

o f the metabolites exhibit strong homonuclear coupling which further complicates 

spectra. The scalar coupling also causes the final signal intensity and lineshape of the 

spin responses to be dependent on parameters such as the pulses and the intervals 

between them involved in the pulse sequences employed for spatial localization. 

Therefore, for accurate quantification and interpretation of spectra it is essential to be 

able to predict the response o f a given spin system to a given pulse sequence.

Despite the obstacles preventing MRS from being part o f a routine clinical 

setting, the use o f MRS in research has led to significant insight into the etiology of 

disease. Proton MRS has been commonly used to determine differences in steady state 

metabolite concentrations between normal and patient populations. Although such 

differences can be used as an indicator for a disease, the mechanisms that give rise to the 

steady-state concentrations are still not clear. Deeper insight into the functioning o f the 

various pathways that give rise to the steady-state concentrations can be obtained,
13 * • 13nevertheless, by exploiting the low natural abundance of C. By infusing a C-labelled 

substrate into a subject and monitoring the rate o f 13C label incorporation into the various 

metabolite pools, dynamic measurements o f metabolism can be made. Specifically, the
IT • • 1Tuse of C MRS following an infusion of glucose with its Ci 99% enriched m C has 

enabled the determination o f important brain metabolic rates such as the tricarboxylic 

acid (TCA) rate and the rate of the glutmate-glutamine cycle in both humans and rats (29- 

36). Moreover, the changes in these rates have been investigated under conditions of 

visual stimulation (37,38), increased neuronal activity (39,40), and under diseased 

conditions, for example in patients suffering from Alzheimer’s disease (41) or hepatic 

encephalopathy (42).

The topics included in this thesis pertain to in-vivo methods o f 13C NMR 

spectroscopy. There are two methods o f observing signal from 13C nuclei. The signal 

can be observed directly, or indirectly through the protons coupled to the 13C nuclei by

2
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exploiting the scalar coupling that exists between them. Often the scalar coupling is also 

exploited in direct 13C observation in order to enhance the detected 13C signal. In either 

approach, enhanced direct 13C detection or indirect 13C detection, the pulse sequences
1 13employed usually involve pulses at both the frequencies o f H and C, and are thus 

referred to as double resonance pulse sequences. Such experiments require a
1 13radiofrequency (RF) coil that operates at both the frequencies of H and C. There were 

three main objectives of this thesis. The first was to design, construct, and test a half 

volume dual-tuned single-unit (1H/13C) RF coil (chapter 2), that has the advantage o f 

providing an adequately uniform RF field at both frequencies at depths that are of greater 

neurological interest compared to a commonly used design which involves three separate 

surface coils (43).

The second objective was to develop and to use a numerical method of analysis
1 13(outlined in chapter 3) to calculate the responses of heteronuclear (specifically H- C) 

spin systems to a given pulse sequence. Previously it has been assumed that the only 

interaction taking place in such sequences is the heteronuclear coupling. Our numerical 

method incorporates both the effects o f proton homonuclear coupling and proton-carbon 

heteronuclear coupling. The method was employed in this thesis (chapters 4-7) to 

illustrate, using glutamate (Glu) at 3.0 T as an example, the effect o f simultaneous strong 

homonuclear ( ’H-'H) and heteronuclear (’H -i3C) scalar coupling on the spin evolution 

during a number o f pulse sequences used in both direct and indirect C detection. In 

chapter 4, the effect o f simultaneous strong homonuclear ('Ft-1!!) and heteronuclear ('H- 

13C) scalar coupling on the spin response was calculated for the spatial localization 

sequence Point RESolved Spectroscopy, PRESS (44), the Proton Observe Carbon Edited,
i -j

POCE (45), sequence (an indirect C detection method), and the PRESS sequence 

incorporating POCE (46). It was demonstrated how neglecting to take into account the 

proton homonuclear coupling can lead to quantification errors in 13C labelling on the 

order o f tens o f percent.

The third objective o f this thesis was to develop single-shot pulse sequences for 

both direct and indirect 13C observation. The commonly used sequences, POCE in 

indirect 13C detection and proton localization using Image-Selected In-vivo Spectroscopy 

(ISIS) (47) in localized direct 13C detection, rely on the subtraction or addition of scans

3
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which makes them susceptible to motion artifacts and errors due to hardware instabilities. 

Chapters 5 and 6 describe alternative sequences that acquire the desired data in a single 

scan. Chapter 5 shows how the PRESS sequence can be combined with the gradient 

enhanced Multiple Quantum Coherence technique, ge-HMQC (48), to allow indirect 

detection o f 13C signal from three dimensional volumes in a single scan, while chapter 6 

demonstrates how PRESS can be combined with the Distortionless Enhancement by 

Polarization Transfer (DEPT) method (49) to achieve the same for direct 13C detection. 

The effects o f concurrent proton homonuclear coupling and heteronuclear coupling on 

the outcome o f these two sequences was also investigated, and again it was shown how 

neglecting to take into account the proton homonuclear coupling can lead to significant 

errors in signal quantification. The PRESS sequence was chosen since it is used in many 

laboratories because o f its single-shot nature and because maximum signal from 

uncoupled spins can be obtained by it. Chapter 7 deals with a modified version of the 

Insensitive Nuclei Enhanced by Polarization Transfer (INEPT) sequence (50) and 

demonstrates once more the significance o f not taking into account proton homonuclear 

coupling.

The numerical method utilized in this thesis can be employed to plan and design 

^C /'H  double resonance pulse sequences and to predict the response o f spin systems to 

such sequences. It is important to note that the calculations in this thesis were carried out 

assuming ideal conditions (e.g. homogeneous RE fields). These assumptions are fair for 

in-vitro experiments such as the ones conducted on small phantoms in this thesis to verify 

the calculations. However, when predicting spin responses in vivo the effects due 

inhomogeneous RF fields and relaxation need to be taken into account to make the 

simulations realistic; spectra from appropriately designed phantoms can provide the 

complementary information required.

1.2 Physical Principles of NMR

1.2.1 Nuclear magnetic moments

For a nucleus to be NMR viable, it must possess a nuclear magnetic moment. The 

nuclear magnetic moment is denoted by a vector quantity fj. which is related to the total

4
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angular momentum of the nucleus, J ,  by a constant y (ju = y J ), known as the 

gyromagnetic ratio of the nucleus, and is specific for different nuclei (e.g. yH = 4.26 x 10 

T ’s'1, and yc &yH / 4 , where yH is the gyromagnetic ratio o f a 'H  nucleus, and yc is that

o f a l3C nucleus). J  is related to a dimensionless angular operator I , by J  = t i l , where

h is Planck’s constant divided by I n . The magnitude o f /  is given by yjl{I  + 1), where

I is the spin quantum number and can be either an integer, or a half-integer. Since this 

thesis deals with 'H and 13C nuclei, both o f which have I = 1/2, all further descriptions 

will be limited to nuclei of spin 1/2 .

1.2.2 Interaction of nuclear magnetic moments with a static field

The NMR experiment involves placing magnetic nuclei in a strong static field, 

Bo , which is conventionally taken to be pointing along the z-axis. The interaction energy 

of the field with the magnetic moment is given by Eq. (1.1).

5 = -fu.B0 - - y h l .B o  (1.1)

Since B0 , only has a z-component, the Hamiltonian (operator form) o f the interaction 

energy can be written as

H , = - y h B J z . (1.2)

From the time-independent Shrodinger equation (1.3), the energy eigenvalues, E, o f the 

system can be calculated for the energy eigenstates T  .

Hb '¥ = E x¥  (1.3)

The eigenvalues o f the operator I z are 1/2 and -1/2 (when 1=1/2) and correspond to the

spin being aligned either parallel (energy eigenstate denoted by | a ) )  or antiparallel

(energy eigenstate denoted by | /?)) to the magnetic field, respectively. Thus, there exist 

two energy eigenvalues, namely, E  = ±yhB0 / 2 , as illustrated in Fig. 1.1. The energy 

separation (Zeeman splitting) can be written as ha>0, where co0 -  yB0, and is called the 

Larmor frequency; transitions between the two states results in a characteristic spectral 

line at this frequency.

5
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Energy
Eigenvalue

y f iB J 2

-yh B o/2  

Bo= 0  B0> 0

Figure 1.1: Energy levels of a spin 1/2 nucleus in a static field B0. The state | a)  corresponds to the spin 

being parallel to Bg while | (3) corresponds to the antiparallel state. The energy separation of the two 

states is hd)o, where (Og is the Larmor frequency of the nucleus and equals yBo .

To be precise, the magnetic moment itself is not parallel or antiparallel to the 

field, but because of its magnitude and its z-component, it forms an angle o f 54.74° to it, 

and it precesses at the Larmor frequency on the surface of a cone, as shown in Fig. 1.2. 

Quantum mechanically, at any instant, the spin has a finite probability o f being in the 

| a )  or the | J3) state; that is it can be represented by a general wavefunction given in Eq. 

(1.4), where the two states are orthonormal to each other, that is (a  \ a )  = {(3 \ ft)  = 1, and 

{a | /?) = (/? | a )  = 0 , and the probability o f it being in the | a )  state is | ct |2, and 

similarly, the probability o f it being in the | (3) state is \ci \2.

4 ' = ct |a> + cJ / ?>  (1.4)

Energy
Eigenstate

■  \P>

= hyBi'Zeeman

6
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z, B,

parallel

54.74'
H\= yhyjl (I  + \ ) = y h S l 2

V z = - 7 niz = - y h l 2 antiparallel

Figure 1.2: Orientations of a spin 1/2 nucleus when placed in a static field B0 pointing in the z-direction. 
Strictly speaking, it is the z-component of the magnetic moment which is either parallel or antiparallel to 
the field.

In reality, the NMR experiment involves a macroscopic number o f nuclei. In the 

absence of a magnetic field, these nuclei are all randomly oriented; however, when they

are placed in the static field, B0 , they align themselves to yield a net magnetization, M 0, 

pointing in the direction o f the field (the more favourable state). The random 

precessional phases of the spins results in a zero net component in the plane 

perpendicular to the field (the xy plane, or the transverse plane). The magnetization M 0 

can be written as

(1-5)

where vVt and N^ represent the number o f spins aligned parallel and antiparallel to Bo,

respectively, and are related to the probabilities of finding the spins in a state | a)  or | J3) 

through the coefficients in Eq. (1.4). From the Boltzman relationship, where T is the
'y *5

temperature o f the spin system, k is Boltzman’s constant (1.38 x 10' J/K), and

AE -  ytiB0 «  kT

1
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and from the fact that N, + N l = N s (the total number o f sp ins), we obtain

N + - N ,  = N sr M 0
2kT

and therefore (51),
y  h B0N S 

4kT

(1.7)

(1.8)

If we assume we are working with protons at 1 T at a temperature o f 300K, Eq. (1.7) 

yields ^  = 3 x 10'6, implying that only 3 in a million protons are responsible for
N s

the NMR signal.

1.2.3 The NMR experiment

1.2.3.1 Classical overview

If an RF field, B\(t) , is applied such that it rotates around Bo in a plane

orthogonal to it, as shown in Fig. 1.3, then the magnetization M 0 will experience a torque

causing it to move away from the z-axis in a spiralling manner. If B\(t) is turned off after

a certain time, called a 90° pulse, and defined such that M 0 will have relocated in the xy 

plane, the nuclear system is said to be in an excited state.

z ,k
B.

5,(0
x,i

y j

Figure 1.3: Directions 
of applied fields in an 
NMR experiment.

i , j ,  and k  represent 
unit vectors in the x,y, 
and z directions, 
respectively. The 
oscillating RF field is 
applied perpendicular 
to the static field.
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The magnetization will now experience a torque due to B0, which will cause it to precess 

around Ba in the xy plane according to Eq. (1.9) at its Larmor frequency, 0)o. For nuclei 

with positive y ,  the precession is in a negative sense (clockwise). Note that for 

excitation to take place the applied RE field must oscillate close to the Larmor frequency 

o f the nuclei and in the same precessional sense as the nuclei.

—  = rM x f? 0 (1.9)
dt

To detect the NMR signal an RF coil is required. The same coil may also be used 

to produce the desired B\(t) field. The NMR signal is received by the fact that the 

rotating magnetization induces an electromotive force, emf, in the coil according to 

Faraday’s law o f electromagnetic induction. Due to spin-spin and spin-lattice 

interactions that the nuclear moments experience while precessing around B0, the 

magnetization, will relax back to its equilibrium state (parallel to Ba ) with an exponential 

time constant (see §1.2.4). The resulting signal is a decaying sinusoidal emf, known as 

the free induction decay (FID), shown in Fig. 1.4(a). In frequency space this em f can be 

viewed as a broadened delta function at a>0. Such a representation is called a spectrum, 

and the area under it is proportional to the number of nuclei that contribute towards it.

>- time

Figure 1.4a: Induced emf in the time domain.

9
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spectrum

*- frequency
®o

Figure 1.4b: Induced emf in the frequency domain.

1.2.3.2 The rotating frame

The stationary frame o f reference used in the previous section is named the 

laboratory frame. To simplify conceptually the effects of RF pulses, a rotating frame of 

reference is often used. The transverse plane of this frame rotates with the B\ field in a 

synchronized manner, that is, it rotates in a negative sense at a>, the angular frequency of

the B\ field. The new coordinate system is given with respect to the laboratory frame by 

the transformations in Eqs. (1.10a-1.10c) (51), where i , j , and k  are defined in Fig. 1.3.

ip -  cos(cot)i -  sin(cot)j (1.10a)

j  -  sin(ft)t)/ + cos(ryf) j  (1.10b)

k p = k  (1.10c)

In this frame of reference, the combined effects of B 0 and B\ (t) on the nuclei can be 

described by the equation o f motion (1.11) where the effective field, Bef f , is defined in 

Eq. (1.12), and M P is a vector consisting o f the three orthogonal components o f the 

magnetization in the rotating frame.

^  = y M Px B eff  (1.11)

Beff =B]ip +(B0 +o) /y )kp (1-12)

These equations tell us that in the rotating frame, M  p will precess on the surface o f a

cone whose central axis is Beff at an angular frequency a>eff = yBeff. The situation is

illustrated in Fig. 1.5.
10
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A

B0+o}/y -  ^  Beff y p, j
M P /  S 1

Figure 1.5: Precession of M P around Beff in the rotating frame.

If B\(t) is rotating in a negative sense at the Larmor frequency o f the nuclei, yBo, Eq. 

(1.12) reduces to B eff = Bx ip , and the cone of precession flattens to the zpy p plane. This 

is called the resonance condition and M p will rotate in the zpy p plane around B\ at an

angular frequency cox = yBx. If B 1 is turned off after a time t, such that t -  n  /(2yBx) ,  the 

magnetization vector will be placed along the y p axis. Such a pulse is referred to as a 

90° excitation pulse. If the RF pulse is left on for twice as long, the result would be a 

180° inversion pulse that would align M P with the -z  axis.

1.2.3.3 The quantum mechanical Hamiltonian for the application o f an RF pulse

The RF pulse Hamiltonian can be written in the rotating frame o f reference as

where Bx (t) is the amplitude o f the RF pulse envelope, cp is the phase of the pulse relative 

to the x-axis of the rotating frame, and I x and I Y are transverse spin operators such that

(52,53)

HRF=yhBx(t)[(cos<p)Ix +(sin <p)IY], (1.13)

11
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[lx , /y,] — ilz , [lY, I z ]=iIx , and [lz , I x ] = UY . I X, I Y, and Iz are termed Cartesian 

operators.

1.2.4 Relaxation

Although the solution to Eq. (1.9) appears to imply that after excitation, the 

nuclear magnetization precesses endlessly in the transverse plane, in reality it returns 

back to its thermal equilibrium state, at a rate governed by two relaxation times, the 

longitudinal and the transverse relaxation time constants, known as Ti and T2, 

respectively. While Ti concerns relaxation of the longitudinal magnetization, M z , T2 

concerns that of the transverse magnetization, M  . Each can be considered separately. 

The Bloch equation given below takes into account relaxation.

j g  = y f f x 5 . - j j £ L +^ _  < " ■ - * .> *  ( i . 14)
dt T2 Tx

1.2.4.1 Longitudinal relaxation

Longitudinal, or Ti, relaxation is caused by the randomly fluctuating magnetic 

fields within the environment (lattice) the nucleus experiences, and thus is sometimes 

referred to as spin-lattice relaxation (53). The recovery of Mz can be taken to be 

determined by the first order rate equation (1.15), the solution of which is given by Eq. 

(1.16).

dM z{t) 1
dt 7]

[Mo - M z(t)\, (1.15)

M z (0  = M 0 + [Mz (0) -  M o ] exp(- y )  (1.16)
- '1

1.2.4.2 Transverse relaxation and the concept o f a spin echo

The microscopic fields created by neighbouring dipoles is one o f the sources that

causes the field at the nucleus to become time dependent (53). The total local field can

be expressed as

B = Bo + b(x ,y , z , t ) (1.17)

12
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and thus individual spins experience precession frequencies coprecess which fall in the 

range

Mprecess (*> Z> 0  = ®0 + Q (X> Z» 0> C1 •1 8)

where Q (x ,y ,z , t )  can add or subtract from the resonance frequency, <a0, causing the 

coherent magnetization vector to dephase as shown in Fig. 1.6. This dephasing leads to 

an irreversible decay o f M  back to its equilibrium value o f zero. For a fluid medium,

this decay can also be modelled as a first order equation (1.19), the solution to which is

( 1.20).

dM„  1
^  = - - [ 0 - M , « ) ]  (1.19)

^ W  = ^ ( 0 ) e x p ( - i )  (1.20)
2

'preccss ^  W,

•precess ^

Figure 1.6: Dephasing of spins in the transverse plane of the rotating frame.

Further variations in the precessional frequencies arise due to imperfections in the main 

magnet design resulting in the static field not being perfectly homogeneous. This extra 

field variation can be denoted as 0(x ,y , z )  and can be added to Eq. (1.17) to yield

B = B0 +b(x ,y ,z , t)  + 0(x,y ,z) . ( 1.21 )

13
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The effect o f this additional term is to increase the rate o f dephasing and shorten the 

relaxation time to a new value called T2*. However, while the effects due to the time 

dependent local fields are irreversible, those due to static field inhomogeneities can be 

reversed by implementing a standard spin echo sequence (54), shown in Fig. 1.7.

90x° 180x° acquisition

+ time

T T
Figure 1.7: A spin echo pulse sequence consists of a 90° excitation pulse followed by a delay x (half the 
echo time), a 180° pulse and the same delay. The pulse subscripts denote the phase of a pulse. For 
example, a phase of x implies that the B| field in the rotating frame is along the xp axis.

After the 90x° pulse, the spins are aligned along the y p axis o f the rotating frame as

illustrated in Fig. 1.8(a). Considering only static field homogeneities, during the delay t , 

the spins dephase (Fig. 1.18(b)). The 180x° pulse causes the spins to flip around the xp

axis (Fig. 1.8(c)), causing both sets of spins to move towards the - y  axis and to

eventually refocus at the end of the second delay r  (Fig. 1.8(d)) along - y  . Note that if

the 180° pulse had been applied with a phase o f y, the spins would have refocused along 

the y  axis. The time 2r is conventionally called the echo time, TE.

14
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Slower spins

^ Faster spins

z

Slower spins

Faster spins

Figure 1.8: Illustration of spin refocussing in the rotating frame of reference by the application of a spin 
echo pulse sequence. The 90x° excitation pulse results in a coherent magnetization vector as shown in (a). 
During the delay, t, the spins dephase (b). The 180x° causes the spins to rotate 180° about the x-axis of the 
rotating frame as illustrated in (c). The spins now move towards each other to eventually refocus a time t 
later (d).

1.3 Phenomena of Chemical Shift and Scalar Coupling in MRS
The analytical power o f NMR spectroscopy stems from two interactions 

experienced by the nuclei, namely, chemical shielding, and indirect scalar coupling, also 

referred to as J-coupling.

15
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1.3.1 Chemical shift

From the equation for the Larmor frequency, co0 = yB0, it would appear that all

nuclei o f the same species, for example all 'H  nuclei, resonate at the same frequency in a 

given static field. This, however, is not the case. Nuclei in different chemical 

environments experience slightly different magnetic fields, due to the imbalanced orbital 

currents that are induced in their surrounding electron clouds by the static field B0 . This 

current imbalance produces a small local magnetic field at the site o f the nucleus that is 

directly proportional to Ba , but opposite in direction. Hence, the resonance frequency for 

a specific nucleus can be written can as Eq. (1.22) where a  is known as the chemical 

shielding, and is dependent on the electronic structure, and where yBocr is the chemical 

shift frequency.

=  Y B o ( l ~ ( 7 )  (L22)

It is the metabolite specific chemical shift pattern that allows us to distinguish 

between different metabolites and even between different atoms in a metabolite molecule. 

Chemical shifts are usually expressed in dimensionless units o f ppms (parts per million). 

Thus a specific peak will always have the same chemical shift value in terms of ppm 

regardless o f the field strength. 'H and 13C chemical shifts are measured with respect to 

the proton and carbon resonances, respectively, o f the molecule tetramethylsaline (TMS), 

(CH3)4Si.

The chemical shift rotating frame Hamiltonian is given by Eq. (1.23) where, <yflis 

the chemical shift offset frequency.

^chem ical shift ~  (1 •2 3 )

1.3.2 Indirect scalar coupling (J-coupling)

Scalar coupling involves neighbouring nuclear spins interacting with each other 

via electrons in the bonds joining the nuclei. This phenomenon arises from the hyperfine 

contact interaction between a nucleus and an s-electron, which has a finite probability of
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existing at the nucleus (53). Consider two nuclei bonded to each other via an electronic 

covalent bond. The electron near a nucleus favours an anti-parallel alignment to the 

nucleus. The Pauli exclusion principle states that the two electrons in the covalent bond 

must have opposing states; this implies that the second electron in the covalent bond will 

favour an alignment antiparallel to the first electron (parallel to the original nucleus). 

The second nucleus “senses” the spin state of the first nucleus by the polarization o f its 

nearby electron. Therefore, by the hyperfine contact interaction and the electrons’ 

compliance with the Pauli exclusion principle an indirect coupling between the two 

nuclear spins exists. Because this interaction is sensitive to the various orientations o f the 

nuclei, it causes individual chemically shifted peaks in a spectrum to split into multiplets. 

The amount o f the splitting is given by the scalar coupling constant, J, in units o f Hz. 

The scalar coupling Hamiltonian between two spins fi and I2 is given by

^ ■ s c a l a r c o u p l i n g  ~  ^  J \ 2  I \  - I 2  • ( 1- 24)

The majority o f brain metabolites exhibit scalar coupling.

1.3.2.1 Weak coupling

Perturbation theory shows that when the chemical shift difference o f the two 

nuclei is much larger than the scalar coupling constant ( J  / AS « 1), the scalar coupling 

Hamiltonian can be approximated as (52)

^ sc a la r  coupling = 2 n J n I z I Zj. (1.25)

In general, in a weakly-coupled spin system, if  a nucleus o f intrinsic spin 1 = 1 /2

is coupled to n equivalent nuclei o f spin 1/2, the resonance will split into n +1 lines, with

relative intensities given by the binomial distribution. Weak coupling is usually denoted 

by labelling the nuclei with letters far apart from each other in the alphabet, for example 

an AX spin system represents two nuclei that are weakly-coupled.

1.3.2.2 Strong coupling

In strongly-coupled spin systems, the difference in the resonance frequencies of 

the two nuclei is o f the same order o f magnitude as the coupling constant and the 

complete Hamiltonian given by Eq. (1.24) must be used. There is no general rule for the 

multiplicity structure o f strongly-coupled spins. Strong coupling is usually denoted by
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labelling the nuclei with letters close to each other in the alphabet, for example an AB 

spin system represents two nuclei that are strongly-coupled. Note that because the 

chemical shift difference between two spins, A S , increases with increasing field strength 

(see Eg. (1.2.2)), the degree to which two spins are strongly coupled decreases as the 

field strength increases.

1.3.2.3 Homonuclear counling

Homonuclear coupling refers to scalar coupling existing between two nuclei of 

the same species, for example, 'H -’H homonuclear coupling. At clinical field strengths, 

such as 3.0 T, the majority o f brain metabolites, for example, glutamate (Glu), glutamine 

(Gin), myo-inositol (MI), and aspartate (Asp) all exhibit strong homonuclear coupling. 

Fig. 1.9 shows the molecular structure o f Glu and its numerically calculated proton 

spectrum at 3.0 T illustrating the complex splitting due to the homonuclear coupling its 

protons exhibit. The protons of Glu can be represented as an AMNPQ spin system, 

where the MNPQ protons are strongly coupled to each other and the A proton is weakly 

coupled to the MN protons. Table 1.1 lists the chemical shifts (at a pH o f about 7) and 

homonuclear scalar coupling constants o f the proton spin system of Glu.

Chemical shift (ppm)

Figure 1.9: Calculated proton spectrum of Glu (molecular structure shown on the left) at 3.0 T
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Table 1.1: Chemical shift and scalar coupling values o f the protons o f glutamate.

Chemical Shifts (ppm)
Spin 1 Spin 2 Spin3 Spin4 Spin5

A M N P Q

3.78 2.14 2.06 2.37 2.36

Scalar Cou pling Constants (Hz )
M N P Q

A 4.67 7.33
M -14.85 6.43 8.47

N 8.39 6.89

P -15.89

1.3.2.4 Heteronuclear coupling

Heteronuclear coupling refers to scalar coupling between nuclei of different 

species, for example, coupling. Heteronuclear coupling is always weak because

the chemical shift difference between the two nuclei is on the order o f MHz. The effect 

o f heteronuclear coupling is not apparent in Fig. 1.9 due to the low natural abundance of 

13C (« 1.1 %). Fig. 1.10 shows a calculated 13C spectrum o f a CH3 molecular group, 

where Jch = 130 Hz (the scalar coupling between the carbon and each proton). As can
13 13be seen the C peak is split into a quartet because o f the scalar coupling between the C 

nucleus and its three *H neighbours. The three protons in the CH3 molecular group all 

have the same chemical shift and are known as magnetically equivalent (52). These 

protons do not exhibit any homonuclear coupling between themselves.

JCH = 130 Hz

JCH = 130 Hz

Figure 1.10: Calculated 13C spectrum of a CH3 molecular group.
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1.4 Spatial Localization

1.4.1 Linear magnetic field gradients and slice selection

Superimposing a gradient field on the static field, B0, renders the net magnetic 

field spatially dependent. Eq. (1.26) gives the resulting field at any point r  from the 

origin of the gradient (usually coincident with the origin o f the sample), where | G | is the 

gradient strength, usually measured in G/cm or mT/m. The purpose o f the gradient is to 

make the resonant frequency o f the nuclei spatially dependent as shown in Eq. (1.27).

B - B 0+ G.r (1.26)

=> co = coo+yGr  (1.27)

The direction o f the gradient field is always along the ±z -axis, but its direction of 

variation can be along any axis. The rotating frame gradient Hamiltonian is

n gradient=-yhG7rlz . (1.28)

A band-limited RF pulse is usually an amplitude modulated pulse (soft pulse), 

that has an excitation profile over a range of frequencies, coo ± A co . Applying such a

pulse in conjunction with a linear magnetic field gradient causes excitation within a 

selected slice in the sample. A soft pulse is defined by its duration (which is inversely 

proportional to its bandwidth) and its amplitude modulating envelope, which usually is 

some form of a sine function (sinc(t) = s in (t)/t)  because the Fourier transform of a sine 

pulse is a rectangle. Thus the excitation profile is uniform across a range o f frequencies 

that lie within the desired slice and zero outside that range. The required pulse 

bandwidth, BW, can be calculated from Eq. (1.29), where Ax is the desired slice 

thickness.

BW  = yGAx  (1.29)

In reality, the sine pulses cannot be infinite and therefore need to be truncated. To 

perform smooth truncation, often apodizing functions are applied to the RF pulse. One 

example is filtering the sine pulse with a Gaussian function (sinc-Gaussian pulse). 

Moreover, because o f the finite pulse duration, the pulse excitation profile deviates from 

the ideal case where nuclei are uniformly excited within the slice and completely 

unperturbed outside it; a more realistic calculated slice profile is shown in Fig. 1.11.
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Roll-off region

Figure 1.11: Distribution of in- 
phase IY magnetization of a 
single uncoupled spin after the 
application of a 180° slice 
selective refocusing pulse in a 
spin-echo sequence. The 2.75 
ms pulse was applied in 
conjunction with a gradient of 
strength 3.6 mT/m in order to 
excite a 1 cm slice. As can be 
seen the realistic slice profile 
(solid line) deviates from the 
desired ideal profile (dashed 
line).

■1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1

Position in gradient (cm)

1.4.2 Other applications of magnetic field gradients

The influence o f a gradient pulse can also be thought o f as spatially dependent

phase accumulations, where spins at position r accumulate a phase in the transverse

rotating frame according to

^gradient = (1.30)

If a gradient pulse o f a certain amplitude is left on for an appropriate time, the net sum of 

the transverse magnetization over the sample will approach zero. At this stage, it is said 

that the magnetization is completely dephased. Therefore, gradient pulses can be used to 

destroy, or spoil, unwanted signal. In reality, there is a rise time (hundreds of 

microseconds) associated with the switching on and off of gradient pulses and thus Eq. 

(1.30) can be written more precisely as,

= - r  SG-rdl, (1.31)
0

where At is the gradient duration.

Gradient pulses can also be used in coherence selection; this will be further 

discussed in §1.5.5.

Normalized 
units 06
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1.4.3 Three dimensional (3D) single voxel localization

In in-vivo NMR experiments, it is desirable to localize signal to a specific spatial 

region. This can be done by the application o f three slice-selective pulses each in 

conjunction with a gradient whose direction o f variation is mutually orthogonal to that of 

the other two. Three important 3D-localization sequences are described below. The first 

two, namely, PRESS (Point RESolved Spectroscopy) (44) and STEAM (Stimulated Echo 

Aqcuisition Mode) (55), are single-shot sequences, that is they perform localization in a 

single scan, whereas the third, ISIS (Image-Selected In-vivo Spectroscopy) (47), requires 

eight acquisitions to perform localization.

1.4.3.1 PRESS

Figure 1.12 displays a basic PRESS localization sequence. Essentially, it is a 

double spin echo with three slice-selective pulses applied in conjunction with mutually 

orthogonal gradients. The negative gradient applied after the slice-selective excitation 

pulse is termed a refocussing lobe and it has an area equal to one half o f that of the main 

slice selection gradient. Its purpose is to rephase phase accumulations that take place 

during the excitation pulse. The gradients around the 180° refocussing pulses are referred 

to as spoiler gradients and their purpose is to dephase any signal that may arise as a result 

o f imperfect 180° pulses.

180y° 1 8 0y °

RF

Acquisition

TEj/2 V V TE,/2+TE2/2

time

gradiei

slice selection
gradient legend:

Figure 1.12: Basic PRESS localization sequence.

3 coherence 
|  selection

time
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1.4.3.2 STEAM

A schematic diagram of the STEAM localization sequence is displayed in Fig. 

1.13. The STEAM sequence consists of three 90° slice-selective pulses applied in 

conjunction with mutually orthogonal gradients and is based on the formation of a 

stimulated echo, not a spin echo as in PRESS. In principle, the STEAM signal loses half 

o f the maximum signal available because o f the nature o f the stimulated echo. The 

coherence selection gradients are there to ensure the production o f a “clean” stimulated 

echo. A more detailed, intuitive explanation of the STEAM sequence is given in Ref.

(56).
RF

Acquisition

time

TE/2TE/2 TM

z-gradients^nts

x-gradients

y-gradients

time

time

time

|  refocussing
Coherence

gradient legend: MB  slice selection ||j selection

Figure 1.13: Basic STEAM localization sequence.

1.4.3.3 ISIS

The basic ISIS localization sequence is illustrated in Fig. 1.14. It consists o f three

slice-selective inversion pulses, each again applied with gradients mutually orthogonal to

each other. In order to achieve localization over a 3D volume, eight acquisitions are

required. Each acquisition consists of a different combination of one or more o f the RF

pulses being on, and the final localized signal is a linear combination o f all eight

acquisitions, each either being added or subtracted to yield the desired signal. A

summary o f the eight acquisitions is given below (47).
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Acquisition # x-selectivepulse y-selectivepulse z-selectivepulse contribution
1 off off off + 1
2 on off off -1
3 off on off -1
4 on on off + 1
5 off off on -1
6 on off on + 1
7 off on on + 1
8 on on on -1

180° 180° 180° VO O 0

Acquisition

RF A A
gradients

Gv

time

gradient legend: L j j g  = slice selection gradients

Figure 1.14: Basic ISIS localization sequence.

1.4.4 The voxel shift effect

The voxel shift effect arises because different spins have their own specific 

chemical shift. For example, if  two spins with a chemical shift difference o f A8  are 

being excited by a slice-selective pulse, then the signal obtained will not be from the 

same slice for each spin, but rather from slices offset by an amount AS /(yG) , where G is 

the gradient strength. For coupled spins, the situation is made worse because spins on the 

same molecule are not experiencing the pulse in the same regions o f space. Extending to 

3D localization, it can be understood that the desired signal from a coupled spin system 

will only come from that region of space in which the three orthogonal slices overlap for
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the coupled spins. Reference (57) demonstrates how this excitation band shift seriously 

affects the response of lactate (Lac) to the PRESS sequence.

slice offset

Normalized
units 0

0.6

0.2

0.4

Figure 1.15: Distribution of 
in-phase IY magnetization 
of two uncoupled spins 
after the application of a 
180° slice selective 
refocusing pulse in a spin- 
echo sequence. The 2.75 
ms pulse was applied in 
conjunction with a gradient 
of strength 3.6 mT/m in 
order to excite a 1 cm slice. 
The two slices are offset 
from each other by an 
amount dependent on their 
chemical shift difference.

-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8

Position in gradient (cm)

1.5 Some Theoretical Aspects of NMR

1.5.1 Matrix representation of spin operators

For a system of n spins, the general wavefunction, | y/{t) ) , is a sum of product 

spin functions,

where ci(t) are time dependent complex coefficients and s, are the single spin functions 

which represent the Zeeman eigenstates. For a one spin system, s, =| a )  or j ( i ) . For a 

system of two interacting spins, for example, through scalar coupling, 

s,sm =\aa) , \a j3) , \pa) ,  or | p p ) .

An operator, A, can be expressed in matrix form as

(1.32)

A =

(ax\ A \ a x) (a, | A \ a2) .. 
(a2 1 A | ax) {a2 \ A \ a2) ..

(1.33)
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where an represent the energy eigenstates. For a single spin, ai - \ a ) ,  a2 -  | fi) ■

I z | a )  = 1 / 2 1 a ) , and / z | /?) = -1  / 2 1 /?) (52). Thus the operator Iz can be expressed as

"1 0 '

0 -1
I z =  1 / 2 (1.34)

From the definitions for the raising and lowering operators (spherical operators), 

I += I X + iIY and I _ = I X -  iIY, respectively, and from the relations

I + | (5) =| a ), /_ | a )  =| /?), I + | a)  =/_ | /?) = 0 , matrix forms for the operators I x and I Y

can be derived.

^0 r
I x =  1/2

I y = i / 2

1 ° . 

0 -1  

1 0

Similarly, for two interacting spins,

' l 0 0 o ' ' l 0 0 0

0 1 0 0 0 -1 0 0
1/2 , / z = 1 /2

0 0 -1 0 ’ Z2 0 0 1 0

0 0 0 -1 0 0 0 -1

(1.35)

(1.36)

(1.37)

I v = 1/2

' 0 0 1 o ' ' o 1 0 o '

0 0 0 1 1 0 0 0

> ! x
=  1 / 2

1 0 0 0
9 2

0 0 0 1

0 1 0 0 0 0 1 0 _

, and (1.38)

'0 0 -1 0" '0 -1 0 o '
0 0 0 -1 1 0 0 0

i / 2 , Iy = i l 2
1 0 0 0 ’ 2 0 0 0 -1

0 1 0 0 0 0 1 0_

(1.39)

1.5.2 The density matrix, the density operator, and the concept of coherence 

The expectation value o f an observable associated with the operator A, is given by

(A) = \A  | if/{t)) . (1.40)
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If we consider a single spin with a wavefunction stated in Eq. (1.4), we obtain the 

following expression for the expectation value o f A,

(A(t)) = c^cr ( a \ A \ a )  + cjc4 (a  \ A \ ft)  + c^cT </? \ A | a )  + cjc4</? M l/? ) (1.41)

= Tr <a| A \ a) (a A \ P )

_ct ct ■ cl cl _ <0\ A \ a ) (/? A  /?>_
(1.42)

where Tr is the trace of a marix (the sum of its diagonal elements), and the * denotes a 

complex conjugate. In reality, we have more than a single spin, and thus an ensemble

average needs to be taken as well, that is we wish to calculate (A ( t ) ) .

( A O )  = Tr
(a A | a) (a AP )~ \

[(P A \ a ) (P A P ) \
(1.43)

The left hand matrix in the product is termed the density matrix and its elements can be

derived from a density operator, p , such that (a \  p \ a )  = c,c^,(a \ p \  P ) -  c, ct ,

( P \ p \ a )  = ct c , , and (/? | p  | /?} = c, c , . It can be shown that

(A{t)) = Tr(pA). - (1.44)

Using the high temperature approximation of the Boltzmann distribution and the 

conservation o f probability, the density operator at thermal equilibrium can be calculated 

to be

p  = 1 /  + Z B L J  
q 2 d 2kT  z ’

(1.45)

where k  is Boltzmann’s constant, T is the temperature in Kelvins, and I d is the identity 

matrix. The identity matrix is a static term and can be discarded; in most calculations the

proportionality constant is also dropped leaving us with
2kT

Pe. Iz- (1.46)

It is apparent from Eq. (1.43) that every density matrix element can be expresses as a 

product c*cfl, , where the coefficients are complex numbers, therefore

Cl Ca• =1 II Ca' I ^ P O ^ ,  ~M ))- ( ] -47)
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From the above relation, it is clear that in order to have a finite value for a density matrix 

element, there must exist a statistical correlation, or coherence, between the states | a)

and | a') so that exp(i(0a - 0a,)) *  0. For diagonal elements, where a = a ',  caca, =| ca |2 

which is always a real quantity and therefore coherence is not necessary to obtain finite 

diagonal elements. In fact, the diagonal elements give the probability o f finding the spin 

in state | a) . The off-diagonal elements, which if finite, imply coherence between the 

| a )  and | /?) states for a single spin and are called single quantum coherences, SQCs.

1.5.3 The density matrix for two interacting spins and the concept of 

multiple quantum coherence (MQC)

For a system of two coupled spins, the general form of the density matrix is

\ a a ) 1 afi) | f ia) i m

| a a )
* *

cn cn
*

c4,tcff cu ctt
\a{5)

*
cttcn cu cu cn cu cwcu

| J3a)
*

cn cit
*

ct4.c;t cUcit

\ m cn cu cu cw c!tcW cu cu

(1.48)

with the diagonal elements again corresponding to the populations of each state, and off- 

diagonal elements corresponding to coherences between states. If the two spins, one with 

frequency cox, the other with frequency co2 (in the rotating frame o f reference), are

weakly-coupled (a>l -co2 » 2 n J ) ,  then the rotating frame Hamiltonian is

Ji -  -h{o)J7 + <y2/  -  2nJIz I z )̂ . Putting this Hamiltonian in matrix representation

allows the energies o f each state to be calculated. Figure 1.16 shows the energy level 

diagram for the four states. The difference o f the quantum numbers associated with the 

energy levels involved in a transition defines the order o f the coherence (either zero, 

single, or double quantum coherence). Note that the double quantum coherence (DQC) 

transition involves the sum of the chemical shift frequencies, whereas the zero quantum 

coherence (ZQC) transition involves their difference. Both ZQCs and DQCs are termed 

multiple quantum coherences (MQCs). Only SQCs can directly induce observable 

magnetization. To obtain SQCs, a single RF pulse is required to perturb the spin system
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from thermal equilibrium, whereas to produce MQCs, at least two RF pulses are required 

with a delay between them. For an N-spin system, the maximum possible coherence 

order is N.

m

WP)

Pec)

a a )

Quantum number 

1
Single quantum transitions 
Ai = Eu ~ En  =Ha>\+nJ)

A2 = e u ~ e ^  = K co2+7cJ )
A3 = En  - E ^  -h(o)2 - 7 t J )

A4
Double quantum transition

Eu ~ En =n^ +0)P
Zero quantum transition

En ~ = WK®i ~co2)2 +( 27tJ f ]

Figure 1.16: Energy level diagram of two weakly-coupled spins in a static field B0.

The matrix below shows which elements in the density matrix are associated with the 

different coherence orders. The subscripts 1 and 2, correspond to spin 1 and spin 2, 

respectively, and Popn. refers to population.

| a a )  | aP)  \ P a )  \ PP)

| a a )  Popn. SQC2 SQCX DQC
| ap )  SQC2 Popn. ZQC SQCX (1.49)

| p a )  SQQ ZQC Popn. SQC2

| PP) DQC SQCX SQC2 Popn.

While the single-spin density operator can be expressed as a linear combination of 

four basis operators ( I X, I Y, I Z, and Id), the two-spin system basis consists o f 16

operators, namely, four longitudinal operators: / Z[, I z^, I Z[I Zj, and Id , four transverse in-

phase operators: I x , I Xi, I Y, and I Y , four transverse anti-phase operators:

I x I Zi, I YI ZiJ z I Xi, and I zJ y2 > a°d four multiple quantum operators: IX 1 Xi, I Y I Ŷ I x I  Yi,
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and I YJ x 2 ■ The first two longitudinal terms represent the thermal equilibrium

magnetizations, and for a two spin system the density operator at thermal equilibrium is 

the sum of these two operators. The third longitudinal term is rarely produced in an in- 

vivo NMR experiment, and the identity matrix is discarded because it is a static 

contribution. The transverse in-phase and anti-phase coherences are all SQCs because 

they represent coherence between states that have quantum numbers that differ by 1. The 

in-phase terms are responsible for observable magnetization; the anti-phase terms while 

not directly observable, can evolve into in-phase magnetization. The difference between 

the two types o f coherence can be illustrated by their matrix representations.

" o 0 1 o ' ' 0 0 1 o '

0 0 0 1

2 I X I Z  = -A \ 2 2

0 0 0 - 1

1 0 0 0 1 0 0 0

_ 0 1 0 0 0 - 1 0 0

The finite elements represent coherences corresponding to the transitions A, and A4 in

Fig. 1.16. The negative values in the matrix 2Ix I Zi indicate a 180° phase shift between

the two transitions, and thus the coherence is termed anti-phase. For I x both the

transitions are in phase and thus it is termed an in-phase coherence. The phase difference 

evolves under the influence of scalar coupling.

The ZQC contribution has real ( ZQCx ) and imaginary ( ZQCY) components;

ZQCX = I X I X2+ I YIy2, and ZQCY = I x I Y - I YJ X̂ . The ZQC represents a transition

between the | a/3) and the | /3a) states. The transition associated with the ZQC is

directly undetectable. Similarly, the DQC has real and imaginary components;

DQCX = I X I X ~ I yJ y 2 > and DQCy = I x I y + I YI X . The DQC represents a transition

between the states | a a )  and | [3[3) , which differ by a quantum number o f 2, and like the 

ZQC transition, it is not directly detectable.

1.5.4 Evolution of the density operator

Equation (1.46) gives the density operator at thermal equilibrium while Eq. (1.44)

indicates how the expectation value o f an operator at a certain time can be calculated if
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the density operator at that time is known. Therefore, if the evolution of the density 

operator can be tracked throughout a pulse sequence, then so can the expectation values 

o f any operators o f interest. The Liouville-von Neumann equation stated below allows us 

to do this.

= « ( ') ] ,  (1-51)
ot n

where H  is the Hamiltonian including the effects of all interactions (chemical shift, scalar 

coupling, RF and gradient pulses). This relation arises from the time dependent

Schrodinger equation, ih— y/(t) = Ti i//(t). When Ti is time-independent, the solution to
dt

Eq. (1.51) is

p(t) = Qxp(- iHt/h)p(0)exp(iHt/f i) ,  (1-52)

where p ( 0) is the initial condition o f the density operator. By breaking up a pulse 

sequence into a number of segments, each with its own time-independent Hamiltonian, 

the density operator can be calculated for each segment. Using Eq. (1.52) transformation 

tables have been derived for two-spin weakly-coupled systems illustrating how operators 

transform under the influence of the Zeeman interaction, scalar coupling, and RF pulses. 

This method of manual spin evolution calculation is called the product operator approach 

and is useful for systems consisting of one or two spins (58). These transformation tables 

are given in Appendix 1. Similar tables have been derived for spin systems with two 

strongly-coupled spins (59). Appendix 2 illustrates the more complicated evolution o f a 

strongly-coupled spin pair compared to that of a weakly-coupled pair.

For spin systems such as glutamate that contains four strongly-coupled spins, it is 

quite impractical to rely on the product operator approach, and numerical methods of 

analysis need to be utilized. The numerical method o f analysis used in this thesis is 

described in detail in chapter 3.

1.5.5 Gradients for coherence selection

Equation (1.31) applied to a coherence of order 1. For a coherence of order p, the 

phase accumulation can be given by
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8gradient = -P y \G .rd t .  (1.53)
0

Appendix 3 gives the transformations under the influence o f a gradient. Because 

coherences o f different order accumulate phases differently in the presence of a magnetic 

field gradient, gradients with specific ratios can be used to dephase and subsequently 

rephase only desired signal. For example, if  a gradient with area A is applied to dephase 

an SQC and a DQC, the DQC will accumulate twice the phase as the SQC, and if an RF 

pulse is then applied to transform the DQC into an SQC, a gradient o f area 2A will be 

required to rephase the term which originally existed as a DQC. This gradient will not, 

however, rephase the original SQC. This method o f selectively retaining only certain 

coherences is known as gradient filtering, and is useful, for example, in eliminating signal 

from uncoupled spins which cannot exist as MQCs. Pulse sequences that choose specific 

coherence levels are known as multiple quantum filters.

1.6 RF Probes (Coils)
As was mentioned in §1.2.3, the role of the RF coil is to provide the rotating field 

B\ (t) and to receive the NMR signal. Ideally, the RF coil should transmit a transverse, 

circularly polarized magnetic field that is uniform over its volume so that nuclei in 

different regions respond in the same manner to the RF field. The principle o f reciprocity

(60) states that if  a unit o f direct current applied to the coil produces a field B\ at a 

certain location in the sample, then the induced em f in the coil by the precessing excited 

magnetization will be proportional to the created field. This implies that if  a coil 

efficiently excites nuclei at a certain location in space then it will also efficiently receive 

signal from them.

An RF coil can be thought o f a resonating LC circuit tuned to the Larmor

frequency o f interest. There are two main categories o f RF coils, namely, surface coils,

and volume coils. Surface coils are relatively small and can be placed directly over the

region o f the body from which signal is desired. However, they do not produce

homogeneous fields and are only sensitive within a fraction of their diameter along the

axial direction. Surface coils are usually desirable for receiving only because their small

field o f view limits the amount o f noise picked up from the subject. In the case that a
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surface coil is being employed for reception only, a larger coil, a volume coil, is used for 

transmission. The birdcage coil (61) is the most widely used volume coil and it is known 

for its field homogeneity.

1.6.1 Surface coils and linear excitation

Figure 1.17 shows a diagram of a surface coil placed around a sample (which if 

not a subject, is referred to as a phantom). The capacitor C is selected to resonate with 

the inductance L provided by the loop wire, at the desired resonance frequency a>o.

C

Figure 1.17: Simple diagram of an RF surface coil. The coil axis is into the page.

If a sinusoidally varying current is passed through the coil as shown in the figure, a 

linearly polarized field B(t) will be produced along the coil’s axis as shown in Fig. 1.18. 

At any instant of time, this field can be broken into two counter-rotating components of

constant amplitude ^  B . The nuclei will only couple with the component rotating in a

negative sense like the nuclei (if y > 0); in other words, one o f the counter-rotating 

components is the effective 5, (t) required to excite the spins. The other component only 

contributes to losses and by reciprocity to noise during reception.
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Figure 1.18: A linearly polarized field can be broken up into two counter rotating components each of 
constant amplitude B/2. The nuclei only interact with the component rotating in the same sense of them. 
This means the negative sense for nuclei with positive y. The static field strength direction is into the page.

1.6.2 Birdcage coils and quadrature excitation

The birdcage coil design is based on the fact that a uniform transverse magnetic 

field can be created by a longitudinal current density confined to the surface o f an 

infinitely long circular cylinder with a sinusoidal dependence on the azimuthal angle 

(62). The birdcage coil employs N equally spaced current carrying conductors (termed 

the legs o f the coil) on the surface o f a cylinder and an LC ladder network in order to 

create the required current distribution (61). Figure 1.19 shows the structure o f a 

birdcage coil and its LC ladder network elements. For a birdcage coil o f N legs, the 

current in each leg at time t = 0 is given by

/„ = I a cos( ln  ̂  [« -1 ]) , or I n = I o s in ( 2 ^ ^ [ « - l ] ) ,  (1.54)

where n denotes the leg number and M the mode number; the two solutions represent two 

degenerate modes of the coil. The mode M =l, where the total phase shift around the coil 

is equal to 2n , is the useful mode for NMR. Because the birdcage coil has two 

degenerate modes, it has the capability o f producing a purely circularly polarized field by 

quadrature excitation. Quadrature excitation refers to exciting the coil at two points 

physically 90° apart on the surface o f the cylinder with currents that are 90° out o f phase 

with each other. The result is a circularly polarized Bx field that rotates in the xy plane.

The advantage o f quadrature operation over linear operation is a V2 enhancement in
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sensitivity and a factor o f 1/2 reduction in required power because there is no “wasted” 

counter-rotating component (63).

a)
B.

leg

end ring

I

Figure 1.19: a) The general structure of a birdcage coil, b) A section of the ladder network which consists 
of the same pattern repeated N times and joined at the ends to form the circular structure in (a). The 
inductors represent the inductances of the copper strips or wire used to form the legs. Although not shown 
in the figure, the end rings are also formed by copper strips and have some inductance associated with 
them. The leg currents are related to the mesh currents by In = J n+1 —Jn,n = 0,1, ,..(jV — 1).

1.6.3 Impedance matching

To ensure maximum power transfer to and from the coil, and to prevent wave 

reflections, it is required to match the impedance of the coil to that o f the characteristic 

impedance o f the coaxial cable (usually 50 Q ). This is done by using discrete capacitors
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and inductors. Often the matching network is configured so that it transforms an 

unbalanced voltage, such as that with a coaxial cable, where one conductor is always at 

ground potential, to a balanced voltage, where the signals on the two conductors of the 

balanced transmission line are equal and opposite in sign relative to the ground potential, 

and vice versa (64,65). The benefit o f balancing the RF coil is that the maximum voltage 

to ground is reduced, thereby reducing dielectric losses.

1.6.4 The quality factor

An important measurement o f a coil is its quality factor, Q, which gives the ratio 

o f the maximum energy stored at resonance to that o f the energy dissipated per cycle. 

The quality factor is usually measured by

where BW is the 3 dB width of the resonance curve. The Q of a coil is an indicator o f its

situation o f no load, and loaded refers to the introduction of a magnetically lossy sample 

such as saline in the vicinity o f the coil) should be as high as possible because this 

indicates that sample losses dominate those of the coil itself.

1.6.5 The SNR of an NMR experiment

The emf induced in the coil during signal reception is given by Faraday’s law of 

electromagnetic induction

performance; in particular, the ratio ^ ■unloaded

■loaded

(the subscript unloaded describes the

(1.56)

where </> is the magnetic flux.

dt
(1.57)

= -iMco0 exp{-icoot) 

= - iM yB 0 exp(~ia>0t)
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Combining Eqs. (1.6) and (1.56) we see that the detected NMR signal (assuming a 90° 

excitation pulse was applied) is proportional to the square o f the static field strength and 

to the cube o f the gyromagnetic ratio o f the nucleus. The NMR signal is also 

proportional to 77, the coil filling factor which is a measure o f the sample volume to the 

total coil volume (66). The signal is also proportional to the “reception quality” o f the 

coil, which by reciprocity can be thought o f as the amount o f transverse BT produced by 

the coil for a unit current. Thus we can write the following proportionality relation for 

the signal voltage

(1.59)

It is apparent from the above relation that the higher the filling factor, the larger the 

signal voltage and thus coils that have been carefully tailored to the part of the anatomy 

being studied are expected to yield a higher SNR (67).

Noise in the NMR experiment mainly arises from noise generated by the thermal 

excitation of charge carriers in the body and in the coil itself. The amplitude o f this noise 

is described by the standard deviation o f the noise voltage (68)

= (1-60)

where k is Boltzmann’s constant, T is the absolute temperature, and Af is the receiver 

bandwidth. R, is the resistance o f the receiver coil and the resistance o f the sample as 

seen by the coil. We can consider these two resistances as series resistors, Rc0ji and 

R sam pie- Moreover, the resistance is proportional to the power dissipated for a unit current 

into the coil and thus

= >  K o ise  X  4 A K T Co i A f P Coil +  4 K T amp, e k f P mmp,e • C1 '6 1 )

For a good conductor, the skin depth (penetration depth o f an electromagnetic field) is 

given by (69)

8 = ] — , (1.62)
\  juaco

where co is the frequency of operation, ct is the conductivity, and \x is the magnetic

permeability o f the conductor. The resistance o f a conductor, Rc0nd, is equal to — ,
a  A

where / is the length o f the conductor, and A is the cross sectional area o f conduction and
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is proportional to 8 . This implies that R oc — , which results in Rcoil <x Pcml cc yfco . The
S

power dissipated in the sample, on the other hand, is proportional to E2 (62), where E is 

the magnitude of the electric field produced by the coil. From Faraday’s law,

E  cc cc - — exp(~ico0t) ; this implies that E  oc a>0. Therefore, Psample °c <±>2o . 
dt dt

Vsignal CO
2

^  oc (1.63)
Koise yjaa>l' 2 + b a >20

where a and b contain factors such as coil and sample geometries and temperatures (70). 

Although for bz-vivo NMR at field strengths above a fraction o f a tesla where sample 

noise dominates and thus

(1.64)
noise

proper coil design is still essential for optimal SNR. For example, ensuring that the field 

of view o f the coil is limited to the region o f interest of the sample will minimize the 

amount noise acquired.

1.7 'H MRS and 13C MRS
The ’id nucleus is the most commonly used nucleus in in-vivo MRS because it is 

100% naturally abundant and has the largest magnetic moment of the nuclei in the body, 

thus giving the greatest SNR compared to other nuclei. However, there are complications 

that arise with 'h  MRS in vivo. One complication is the large water concentration (about 

55M) present compared to metabolite concentrations which are on the order o f mM. This 

results in a large water peak that is about 104 times larger than metabolite peaks, making 

it necessary to include water suppression techniques in any experiment in order to 

observe the metabolites. The residual water signal after suppression may still affect the 

determination o f other signal intensities (71). Another problem is the fact that most of 

the metabolite information in an in-vivo ]H spectrum lies in a narrow chemical shift range 

o f about 5 ppm (72). Thus a 'H  spectrum contains many overlapping peaks from many 

metabolites often complicating the interpretation o f results. Also, certain metabolites, for 

example, glutamate (Glu) and glutamine (Gin) have very similar chemical structures
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which results in them having very similar multiplet spectral structures, thereby making it 

difficult to distinguish between the two (73). Furthermore, the majority o f key 

metabolites are strongly coupled which introduces further complications to the 

interpretation o f in-vivo proton spectra (73).

Carbon-13, which is only 1.1% naturally abundant, is the only NMR viable 

isotope o f carbon. An advantage of 13C NMR is that the signals occupy a wide range of 

chemical shifts (about 200 ppm) (74) and hence spectral resolution is much better than 

that obtained with !H NMR, as shown in Fig. 1.20.

In addition, the absence o f a strong water peak removes the problems associated 

with water suppression, and the effects o f the residual water signal on the resulting 

spectrum. However, the sensitivity o f 13C is less than that o f ’H because yc &yH / 4 .  

The low sensitivity o f 13C in conjunction with its low natural abundance results in an 

SNR factor o f «1600 less than that obtainable with *H. Although the low natural 

abundance may appear to be a disadvantage at first sight, it can be turned to advantage by 

incorporating 13C enriched and labelled substrates into the body and measuring time 

courses o f the 13C label into the products o f metabolism. Figure 1.21 shows a simple 

illustration o f how this labelling occurs when infusing the most commonly used enriched 

substrate, 99% [ l-13C]-glucose (glucose that is 99% 13C enriched at its C\ carbon site). 

By acquiring 13C spectra at regular intervals during the time course of an infusion study, 

the rates o f increase of the carbon peaks can be observed and thus measures for the rates 

o f associated cycles can be determined.
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H4 Glx H3 Glx

H2 Glx

2.03.04.0
Chemical Shift (ppm)

C2 Glu, Gin

C3 Glu, Gin

C4 Glu, Gin

25.045.0 35.055.0

Chemical Shift (ppm)

Figure 1.20: The top spectrum 
is a proton spectrum of a 
phantom consisting of 200 mM 
Glu and 200 mM Gin 
(collectively termed Glx) 
obtained at 3.0 T (« 128 MHz). 
H2, H3j and H4 refer to the 
protons bonded to the C2, C3, 
and C4 carbons, respectively 
(the A, MN, and PQ protons in 
Fig. 1.9, respectively.). 
Observe the strong overlap 
between the Glu and Gin peaks. 
The bottom spectrum is a 13C 
spectrum of the same solution 
obtained at 3.0 T. The larger 
13C chemical shifts allows 
better discrimintion of Glu and 
Gin.
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1-13C glucose

X
3-13C Pyruvate

4-13C glutamine

Figure 1.21: Infusion of [1-13C]
glucose leads to 13C label 
accumulating in the products of the 
tricarboxylic acid cycle. On the first 
round of the cycle, the C4 of Glu is 
labelled and conversion of Glu to Gin 
via the Glu/Gln cycle in the astrocytes 
leads to label accumulation on the C4 
site of Gin.

/
2-13C Acetyl Co A

4-13C glutamate

0

4-13C a-Ketoglutarate

II

O f particular interest are the rates o f the tricarboxylic acid (TCA) cycles in 

neurons and in astrocytes and the rate of the Glu/Gln cycle and how these rates change 

under diseased conditions. Glutamate is a major excitatory neurotransmitter and any 

excess amounts o f it in the synaptic cleft are rapidly taken up by astrocytes, preventing 

over-activation of Glu receptors. In the astrocytes, Glu is converted to Gin, an inert 

metabolite, which is then transported back to the neuron where it can be converted to Glu 

(75). Only naming a few diseases, abnormalities in the levels o f Glu or Gin have been 

reported in mood disorders (76,77), schizophrenia (26,78), amyotrophic lateral sclerocis 

(ALS) (79,80), and Alzheimer’s disease (81,82). Although proton MRS has played a 

valuable role in determining differences in concentration levels o f relevant metabolites 

between normal and diseased brains, being able to measure the rates o f the cycles that 

yield these end-point concentration provides much deeper insight into the mechanisms 

involved in the disorders. Thus the power of 13C NMR in conjunction with the infusion 

of 13C enriched substrates is apparent. A number of 13C studies have been carried out to 

measure the rates of the TCA cycle and the Glu/Gln cycle both in humans and in rats (29-

36).
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1.8 Double Resonance
Double resonance NMR experiments involve two nuclear species and hence 

utilize two radiofrequency (RF) channels. The channel which transmits at the frequency 

o f the “observe” nucleus, i.e. the species which is responsible for the observed signal, is 

known as the observing channel. The other channel, which excites the other nuclear 

species and decouples the two species, is known as the decoupling channel. For example, 

in a direct 13C experiment, 13C is the observe nucleus and 'H  is the decoupling nucleus. 

This relationship is often denoted as 13C {’H}, where the decoupling nucleus is placed 

between brackets. In an indirect 13C experiment (see §1.8.3), the 13C signal is observed 

indirectly by detecting signal from protons coupled to the 13C nuclei o f interest, and in 

such a situation, *H would be the observe nucleus, and I3C the decoupling nucleus, 

represented by ^ { ^ C } .

1.8.1 Proton decoupling during acquisition

The scalar coupling between 13C and *H nuclei causes individual chemically 

shifted 13C peaks in a spectrum to split into multiplets (see §1.3.2), thereby complicating 

the spectrum and making it more difficult to interpret. Proton decoupling involves 

irradiating at the proton frequency during the 13C signal acquisition period o f the 

experiment. To be effective, this field (usually termed B2) requires an amplitude such

that yHB2 »  n J , where J is the heteronuclear scalar coupling constant, and n is the

number o f lines in the multiplet (83). Proton decoupling eliminates the spectral effects of 

scalar coupling between 13C and 'H  and therefore a structurally distinguishable 13C atom 

produces only a single resonance peak whose area is equal to the sum of the area under 

the scalar coupled multiplet peaks. Usually, the proton irradiation is carried out using the 

WALTZ-16 decoupling scheme which is a cycle consisting of 90°, 180°, 270°, and 360° 

hard pulses, where each pulse is 180° out o f phase with the previous one (84). Figure 

1.22 demonstrates the effect o f proton decoupling.
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Figure 1.22: The spectrum on the left is a 3.0 T 13C spectrum of the CH3 molecular group of a 10 M acetic 
acid phantom. The splitting between the peaks is equal to the heteronuclear scalar coupling constant 
( «  130 Hz). The spectrum on the right is a WALTZ-16 proton decoupled spectrum of that on the left. The 
multiplets have collapsed into a singlet, thereby simplifying the spectrum and enhancing the SNR.

1.8.2 Polarization transfer

To obtain greater increases in SNR than that provided by broadband decoupling,
1 1 2  • •H polarization can be transferred to the C signal by exploiting the scalar coupling

between 'H  and 13C. Two such polarization transfer sequences are the Insensitive Nuclei

Enhanced by Polarization Transfer (50), and the Distortionless Enhancement by

Polarization Transfer (49) sequences, termed INEPT and DEPT, respectively. To give

some insight into the mechanism of polarization transfer, the DEPT sequence will be

further discussed here. Figure 1.23 shows a diagram of the DEPT sequence. To

understand how the sequence works, consider a CH molecular group, which can be
13represented as an IS  spin system, where I represents the proton, and S the C nucleus. 

The evolution o f the spin system can be followed by using the product operator approach 

(see Appendix 1). At thermal equilibrium the density operator equals y ,I z + ysS  z (the y

factor is usually not included; however it is included here to demonstrate the source of 

signal enhancement). Upon application of the proton excitation pulse,

YiIz+ Y ss z —90v~(/> > ~Y 1 A- + Ys $ z > and following the delay r  which is set to l/2Jis, 

- r rI Y+ r sSz — U2J'S > Yi 2Ix Sz + Ys^z > forming proton antiphase magnetization. The 

180° pulses are there to refocus any chemical shift evolutions. The 180° pulses will be 

ignored in the analysis because the pulses are assumed to be on resonance. The 13C 

excitation pulse forms a multiple quantum state and in-phase transverse magnetization for

uncoupled 13C nuclei, y ,21XSZ +ysSz — »- y , 2 I XS Y - ysS Y. Following the delay and
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application o f the 9 pulse, which is set to 90° for optimal signal from a CH group, 

- r ^ ^ S y  - y sSY —90> </) >YI2I7Sy - y sSY, resulting in a 13C antiphase coherence. After 

the final delay, y ,2 Iz S y - y sSY— V2J,S >- y fSx - y sSY. To eliminate signal from 

uncoupled 13C nuclei, the phase o f the last proton pulse is alternated between ± y  and the
13 • 1two scans are subtracted. This yields only signal from C nuclei that are H coupled. 

The factor o f yt indicates that the resulting signal is y , l  y s K 4 times greater than the

• • 13signal that would be observed by direct excitation of the C nuclei.

WALTZ-16 
1 Decoupling

180'

Decoupling 
Channel (!H) time

Acquisition
+ X

180'

Observe 
Channel (13C). tim e

T X X

Figure 1.23: The DEPT pulse sequence, where r  = 1 / 2 JCH .

The intensity o f the final signal is actually trigonometrically dependent upon the 

flip angle 0 and upon the molecular group (49). For example, CH molecular groups have 

a resulting signal intensity given by yH / yc sin 0  . Hence CH groups will be maximally 

enhanced by a factor o f yH t y c « 4 when 0 = 90°. CH2 molecular groups are also 

maximally enhanced by a factor o f yH/ yc but when 0 = 45° because the signal intensity 

is given by yH / yc sin(2$ ) . CH3 molecular groups have signal intensities of

0.75(yH/;Kc ){sin(3#)+sin(#)}, and hence their signals exhibit a maximum of 1.15yH / yc 

when 0 = 35.26°.

1.8.3 Indirect 13C detection
• 13Direct C detection means that the signal observed during acquisition is from the

1 3 *  13C nuclei themselves. Indirect C detection refers to observing signal from protons
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j ~ 1 3 *
coupled to C nuclei. The scalar coupling that exists between protons and C nuclei 

results in the appearance of satellite peaks on 'H  NMR spectra. These peaks are not 

detectable in 'H  in-vivo NMR spectra because o f the low natural abundance o f 13C
13 13(1.1%). However, when a C enriched and labelled substrate (for example [1- C] 

glucose) is administered to the subject being studied, the metabolic products o f the 

substrates become 13C enriched at various carbon atoms, causing the corresponding 

satellite peaks on the 'H spectrum to grow. The rate at which the peaks increase is 

proportional to the rate of appearance o f the 13C label on the coupled 13C nuclei. The 

main advantage o f indirect 13C detection over direct 13C detection is the higher sensitivity 

o f the 'H nucleus, resulting in a signal gain o f y), / y 3c ~ 64. This higher signal allows for 

improved temporal resolution as less signal averaging is required to obtain sufficient 

SNR for each data point in 13C label incorporation time courses.
13 •A common pulse sequence for indirect C detection is the Proton Observe 

Carbon Edited, POCE, pulse sequence (45). The basic sequence is displayed in Fig. 1.24. 

The 13C inversion pulse is applied 1/2J CH seconds prior to acquisition on alternate scans

which are then subtracted. The inversion pulse inverts signal only from 13C-coupled 

protons so that upon subtracting the two POCE scans, any signal from protons not 

coupled to 13C nuclei is eliminated, while the desired signal is retained. In chapter 4, it is 

shown that this holds true only when the 13C-coupled protons are not strongly coupled to 

any other protons, an issue that has not been previously addressed.

90°x 180°y Acquisition

+x
Observe 
Channel (!H)

time

decoupling180'

Decoupling 
Channel (13C) time

1 /(2 J ch)

Figure 1.24: The POCE sequence. The 13C inversion pulse is applied on every alternate scan. Subtracting 
the scans from each other yields only signal from l3C-coupled protons. 13C decoupling can be applied 
during acquisition in order to simplify the spectrum.
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1.8.4 RF coils for double resonance

It is apparent that in a 13C{'H} or 'H I^C } double resonance experiment, a coil 

system that resonates at both the frequencies o f *H and 13C is required. If  two separate 

coils are being used for each frequency, it is important that both coils have similar areas 

o f sensitivity, but that they display no electromagnetic interaction with each other. It is 

also desirable that a sensitive receiver coil is employed and that an efficient 

homogeneous coil is used for decoupling. The acquisition part o f a pulse sequence is on 

the order o f hundreds o f milliseconds, and thus when decoupling, care must be taken to 

ensure that the power deposited in the patient is minimized and that SAR (Specific 

Absorption Rates) values are within FDA (Food and Drug Administration) guidelines.

The SAR is defined as the energy per unit volume per unit time that is delivered to a 

subject, and is an indicator of how much sample heating can occur during an NMR pulse 

sequence (62). The current FDA guidelines prevent the use o f any NMR sequence that 

has a SAR greater than 4 W/kg averaged over a body part other than the head for a period 

o f 15 minutes or longer, or a SAR greater than 3 W/kg averaged over the head for a 

period of 10 minutes or longer. The SAR must also not exceed 8 W/kg in any gram of 

tissue in the head or torso, or 12 W/kg in any gram of tissue in the extremities, for a 

period of 5 minutes or longer (85). An inhomogeneous decoupling coil may satisfy the 

average SAR criteria but may exceed local SAR requirements, particularly in regions in 

close proximity to the coil.

An efficient coil design that meets the above criteria and that has become popular 

in ^C l'H } studies is the half volume coil designed by Adriany and Gruetter (43). This 

coil has been used in a number o f brain (29,33,34,37,42,84) and leg studies (86). The
13coil involves two orthogonal proton surface coils operating in quadrature and a single C 

sensitive surface coil for both transmission and reception as illustrated in Fig. 1.25.

Figure 1.25: Schematic diagram of the 
half volume coil designed by Adriany 
and Gruetter. The coil consists of two 
proton surface coils operating in 
quadrature to reduce power 
requirements and to produce a more 
uniform decoupling field. A single 
13C surface coil is used for both 
transmission and reception.

1 TC surface coil

Acrylic former

!H coils
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Chapter 2

A Dual-Tuned Transceiver for ^C^H} MR 
Spectroscopy: Two Open Coils in One

2.1 Introduction
For the application of ^C ^H } NMR spectroscopy, it is clear that a coil system 

that resonates at both the 13C and 'H  frequencies is required. Often two separate coils are 

used, one operating at the 13C Larmor frequency and the other at the *H frequency. In 

such a coil system, it is important that the two coils have the same field o f view, but that 

they do not experience any electromagnetic interaction with each other. In addition, it is 

essential for the 13C coil to be sensitive and for the *H coil not to produce local hot spots 

during proton decoupling. It is, moreover, particularly important for the coil system to 

produce homogeneous fields at both frequencies, so that the spins are excited uniformly 

and thus behave in a predictable manner to the pulse sequence being applied. Previous 

solutions have included (e.g. (1-4)), a surface coil for both transmission and reception at 

the 13C frequency, together with a larger surface coil concentric with the 13C coil for 

proton irradiation; however, this configuration is not efficient for decoupling 13C-proton 

interactions because the inner 13C coil blocks the proton flux, and degrades the 

decoupling power. Furthermore, such a congifuration does not create uniform RF fields
13 *at either frequency. The design o f Roussel et al. (5) where a linear C birdcage coil is 

placed inside a slightly larger ’H linear birdcage coil provides homogeneous RF fields for
1 -5 1 ,

both C and H. Nevertheless, this arrangement requires careful onentation o f the two

coils with respect to each other in order to avoid electromagnetic coupling; moreover,

because a larger volume contributes to the noise when using a birdcage coil for reception,

the signal to noise ratio (SNR) suffers. The dual-tuned volume coil transmission line
1 ̂design of J.T. Vaughan (6) has been used previously for the indirect detection o f C 

during a labelled glucose infusion study (7); however this coil implementation is labour- 

intensive because the coil currents in each leg need to be individually adjusted. The most 

popular solution has been a design of Adriany and Gruetter (8) which was reported to
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have overcome some o f the aforementioned problems. Their design consists o f two 

orthogonal proton surface coils operating in quadrature to provide a uniform circularly 

polarized RF field (see Fig. 2.1) together with a I3C surface coil for transmission and 

reception. The Adriany-Gruetter system has been employed in 13C{'H} leg (9) as well as 

a number o f brain studies (10-12). The strategy of this design is that by placing the two 

'if  RF surface probes orthogonal to each other and feeding them with currents that are 

90° out o f phase with each other (achieved by the quadrature hybrid), a circularly 

polarized Bi will be produced. As was mentioned in §1.6.2, the advantage o f quadrature 

operation over linear operation is a >/2 enhancement in sensitivity and a factor of 1/2 

reduction in required power (13). The 13C part of this RF system consists o f a single 

surface coil used for both reception and transmission and was placed above the two
13proton loops as was shown previously in Fig. 1.25. This design, however, has limited C 

RF homogeneity and spatial range, the latter restricting its application to the occipital 

lobe region o f the brain. For the study of neurological disorders, deeper areas o f the brain 

are the principal regions of pathology. In addition, the three coils o f this design need to 

be positioned in a meticulous manner in order to minimize interactions between them.

To
quadrature
hybrid

To
quadrature 
hybrid ^

Figure 2.1: The proton quadrature surface RF probe design used by Adrainy and Gruetter to provide the
decoupling field.

The objective of the work reported in this thesis was to investigate an alternative 

design, namely, that o f a dual-tuned coil which would be able to excite and detect signal
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from deeper regions of the brain with acceptable sensitivity while providing adequately 

uniform fields at both frequencies. The solution is based on the open half birdcage 

design, that has been shown to provide acceptable field homogeneity (14,15), and was 

made for operation at 3.0 T («128 MHz for 'H, and 32 MHz for 13C). In order to make 

the open dual-tuned transceiver, it was designed as a low-pass network with eleven legs, 

each alternate leg contributing to resonance at one or other o f the two frequencies (six o f 

the legs contributed to the proton frequency). Isolation of the two frequencies was 

achieved by placing a trap circuit in every leg, such that it resonated at the unwanted 

frequency in that leg. A coil based on the design o f Adriany and Gruetter (8) was also 

constructed, and the performance of the dual-tuned half-birdcage was compared to the 

performance of the published design, in terms of field homogeneity, 13C sensitivity, 

isolation between the two frequencies, and proton decoupling power requirements. The 

efficacy of the half birdcage design in vivo was verified on the human calf.

2.2 Theory

2.2.1 An open coil design

The proposed design can be thought o f as a half-birdcage coil (see §1.6.2 for a 

description o f the birdcage configuration). Schematic diagrams o f low-pass and high- 

pass open networks are shown in Fig. 2.2, their difference being the location o f the 

capacitors (15). Since we based our coil on the low-pass network design, it will be 

discussed further. The most useful mode for producing a uniform Bi field in a full 

birdcage RF probe is the M = 1 mode (15). The same is true for an open coil. However, 

whereas for a full birdcage this mode produces a full-wavelength standing wave around 

the ladder network, in a half birdcage, the result is still a standing wave but o f integral 

half-wavelengths. Figure 2.3 displays a low-pass ladder network. The current 

distribution in the legs for this mode is sinusoidal with the current being maximum in the 

first and Nth legs, and zero in the (N+l)/2th leg, if  N is odd (14).
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legs

end rings

Figure 2.2: Structure of a) a high-pass open network and b) a low-pass open network. The capacitors are 
denoted by C and the end rings and the legs are usually made of copper strips that provide the inductance of 
the coil.
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Figure 2.3: Representation of a low-pass network. L and L' denote the inductances of the coil legs and end
rings, repectively.

The mesh current amplitudes, In, are given in Eq. (2.1), where A is a constant, n is the

mesh number, and N is the total number o f legs. Note that these solutions are not 

degenerate as they are with a full birdcage. Equation (2.2) relates the current in each leg 

to the mesh currents (14).

I n = Asm{nn IN )  (2.1)
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(2 .2)

2.2.2 The dual-tuned open birdcage design

Figure 2.4 displays a schematic diagram of the dual-tuned half-birdcage coil.

Alternate legs containing the capacitors Ci and the Li*Ci trap circuits tune the RF probe

to the proton frequency at 3 T, 128 MHz (the lowest resonating frequency mode in a low-

pass open coil). The capacitors Ci tune the proton legs o f the coil and Li Ci form

parallel resonating LC circuits at the carbon frequency, 32 MHz, thus blocking any

current flow at that frequency in the proton legs. Similarly, the capacitors C2 tune the
, ♦ ♦

resonance created by the remaining legs to that o f the carbon frequency, while L2 C2 

form parallel resonating LC circuits at the proton frequency thus blocking any proton 

currents in the carbon legs. The decoupling by the trap circuits makes the open coil, in 

essence, two independent open coils (one for each frequency) integrated together. As 

shown in Fig. 2.4, the coil was matched and fed at each frequency at the end leg (14) for 

that frequency. Variable capacitors were placed parallel to the tuning capacitors at the 

opposite end legs for fine tuning at each frequency.

!H leg I3C leg ‘H leg I3C leg !H leg 13C leg

1  |  j j \  I?

matching 
and input, 
for ' h

matching 
and input 
for I3C

Ci I I

Figure 2.4: Schematic diagram of the half-birdcage circuit. The legs termed “13C leg” refer to those legs 
forming the resonance at the l3C frequency and similarly the “*H legs” are those creating resonance at the 
'H frequency.
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2.3 Experimental methods
All experiments were carried out in an 80 cm bore, 3.0 T magnet system (Magnex 

Scientific PLC, Abingdon, UK), using a SMIS spectrometer (Surrey Medical Imaging 

Systems PCL, Guildford, UK). All fixed capacitors were purchased from American 

Tachnical Ceramics (Jacksonville, FL) and the variable capacitors were purchased from 

Polyflon (Norwalk, CT).

2.3.1 RF probe design and construction

2.3.1.1 The dual-tuned half-birdcage design

The half-birdcage circuit was constructed on an acrylic piece of cylinder 16 cm in 

diameter and was made o f eleven legs 10.5 cm in length, all equally spaced around a semi 

circle. Six o f the legs contribute to the proton frequency while the remaining five are 

responsible for the 13C frequency as shown in Fig. 2.5. Each proton leg (a 0.95 cm wide 

copper strip) consists o f a 2.2 pF capacitor for tuning, corresponding to Ci in Fig. 2.4, 

and a trap circuit, a 330 pF capacitor in parallel with a 75 nH inductor (corresponding to 

Ci* and Li* in Fig. 2.4 and resonating at the 13C frequency). Similarly, each I3C leg (also 

a 0.95 cm wide copper strip) consists of an 82 pF capacitor for tuning (C2 in Fig. 2.4) and 

a trap circuit, a 27 pF capacitor in parallel with a 58 nH inductor (C2* and L2* in Fig. 2.4 

resonating at the 'H  frequency). The end rings were made from copper strips 1.27 cm in 

width. The coil was matched to 50 Q, the characteristic impedance o f the coaxial cable, 

at each frequency at the “input leg” as shown in Fig. 2.6. Variable capacitors were 

placed parallel to the tuning capacitors at the opposite end legs for fine tuning at each 

frequency.

16 cmH input

H fine tuningacrylic former
8 cm

C input
C fine tuning

•  = !H leg 
o = 13C leg

Figure 2.5: A schematic diagram of the dual-tuned open coil, illustrating the positions of the legs and the
dimensions of the coil.
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a) 'H input leg b) 13C input leg

75 nH
330 pF

r\\T
4.7 pF

4.7 pF

51 pF

coaxial cable

58 nH
27 pF

164 pF 

164 pF

coaxial cable

Figure 2.6: A representation of the legs through which RF at each frequency is fed. In each case, the tuning 
capacitor was split into two series capacitors. It was found that this balanced the coil better. A matching 
capacitor was then added in series with the coil and the coaxial cable. For the 'H leg, a 51 pF matching 
capacitor was used, while two 22 pF capacitors in parallel were employed for the 13C frequency.

2.3.1.2 Adriany-Gruetter design

The proton part consisting of two surface coils placed orthogonal to each other 

was made o f two identical loops, each constructed from copper strips 0.635 cm in width 

on acrylic plastic loops 14.25 cm in diameter. Five 18 pF capacitors were distributed 

around the loops to tune them to the *H frequency. A half-wavelength cable then 

connected each loop to a tune/match box (see Fig. 2.7) that contained two variable 

capacitors, one for tuning and the other for matching. The amount o f overlap of the coils 

(see Fig. 2.1) was determined by using an HP 4396A analyzer (Hewlett Packard, Palo 

Alto, CA). When two loops resonating at the same frequency are brought close to each
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other, the resonances split due to the mutual inductance between them. By overlapping 

the two loops appropriately, the mutual inductance between them can be minimized (16). 

This amount of overlap was determined by altering the positions o f the two coils with 

respect to each other until no frequency splitting was observed on the resonance peak 

displayed by the network analyzer.

The 13C RF probe was also made from copper strips 0.635 cm in width and was 

made as a 10x10 cm square. Four 270 pF capacitors were distributed around the circuit 

to tune it to the 13C frequency, and it was matched with a 47 pF capacitor in a similar 

manner to that shown in Fig. 2.6(b). To eliminate the need for meticulous positioning of 

the 13C coil with respect to the proton coils in order to minimize electromagnetic 

interactions between them, we improved on the design of Ref. (8) and placed a trap 

circuit resonating at the 'H  frequency in the 13C coil (the trap consisted o f a 27 pF 

capacitor in parallel with a 58 nH inductor). This idea was implemented independently 

by Klomp et al. (17).

2.3.2 Performance testing

2.3.2.1 Imaging

We previously carried out field mapping by using the double angle method (18) to 

compare the performance o f two birdcage coils o f different cross sectional shapes (19) 

and to compare the field homogeneity in vivo and in phantoms (20). In this work, we 

employed the same method of field mapping on an oil filled cylindrical phantom to 

compare the field homogeneities o f the two coils at the proton frequency. Two spin-echo 

proton images were acquired using excitation flip angles a\ = 45° and a-i = 2ct\ — 90° 

respectively. Acquisition o f the two images was interleaved to eliminate registration 

problems. Using repetition times longer than five times the longest Ti, the flip angle at

coaxial
cable

■matching

tuning

coil

Figure 2.7: The tune and match circuits used for each of the proton surface coils.
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each image pixel was calculated from ct\ = arccos(/2/2/i), where I\ and h  are the 

corresponding image intensities at each pixel. All acquisitions had the following 

parameters: An echo time (TE) o f 20 ms, a field o f view (FOV) o f 30 cm, a repetition 

time (TR) of 2 s, a slice thickness of 5 mm, 128 phase encode points, and 256 frequency 

encode points. The two images were obtained by Fourier transformation o f the acquired 

data zero-padded to 256x256. The a\ distribution was calculated from the above 

relation. Field amplitude contours at 10% intervals o f the maximum were overlaid on the 

resulting image.

For in-vivo imaging, images o f a human calf were obtained using a spin echo 

imaging sequence with TE = 1 5  ms, FOV= 20 cm, TR = 3 s, a slice thickness o f 7 mm, 

128 phase encodes, and 256 frequency encode points.

2.3.2.2 13C f 1H1 spectroscopy

To verify the functioning of the coil at both frequencies, and to determine the 

decoupling power requirements in vivo, WALTZ-16 (21) proton decoupling was applied 

during acquisition (duration of which was 0.2048 s) following the application o f a simple 

500 ps 13C excitation pulse to detect the signal from the lipids in a human calf. A 

repetition time o f 3 s was employed. For detection of the more demanding glycogen, the 

same sequence was used but the repetition time was reduced to 1.5 s to enable signal 

averaging within a practical time (the duration o f the acquisition period of the sequence 

was also reduced to 0.1024 s to keep power deposition during proton decoupling within 

SAR limits).

2.3.2.3 Measuring the quality factor

The quality factor was defined in §1.6.4. To measure the quality factor, Q, o f a 

frequency mode o f the RF probe, it was connected to the transmission port o f the network 

analyzer (HP 4396A analyzer, Hewlett Packard, Palo Alto, CA) and a pickup loop was 

used to measure the coil’s frequency response. The quality factor measured from this 

resonance response ( Q measured = resonance frequency/3 dB bandwidth) is affected by the 

loading due to the connections to the analyzer and the presence o f the pick-up loop. 

Therefore, Q measured is less than the actual quality factor o f the RF coil, Q COii, which,
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however, can be determined from Eq. (2.3) (22). The value K can be obtained from the 

reflection coefficient, p , by Eq. (2.4) if  the coil is overcoupled (coil matching improves 

with the introduction o f more sample losses), or by Eq. (2.5) if  it is undercoupled (coil 

match worsens with increasing losses) (22). The reflection coefficient can be determined 

by an Sii measurement.

Q co il =  ( K  +  ^ Q m e m u r e d  ( 2 - 3 )

K  = ]- ^ - >  1 (2.4)
1 - p

K  = l- ^ <  1 (2.5)
1 + p

2.3.2.4 Port isolation

For the RF probe to function as efficiently as possible, it is essential to minimize 

the coupling between different coil ports. The isolation between any two ports was 

measured by an S21 measurement with the network analyzer.

2.4 Results

2.4.1 Quality factors and isolation

Bench measurements of the quality factor, Q, of each coil were made under

loaded and unloaded conditions. To simulate the loading effect o f a human leg a 1 litre

bottle o f 100 mM saline was used. The results are summarized in Table 2.1. 

Measurements were also carried out to determine the degree o f isolation between all coil 

ports at each o f the two frequencies; these measurements are listed in Table 2.2.

From the measurements reported in the tables, it is apparent that a desirable 

isolation (>15 dB) between all coil ports has been achieved at each o f the two frequencies 

with both coils. All Q u/ Q i  values are greater than two, corresponding to an efficiency of 

at least 50% (efficiency = 1 - Q i / Q u) ,  which although not outstanding, is an acceptable 

standard. The ratios Q u/ Q i  are very similar for both coil designs, indicating that the dual

tuned open coil is just as efficient as each o f the surface coils. However, experimentally 

it is expected that the open coil will require approximately twice the power for proton
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decoupling because it is operating in a linear mode as opposed to the two surface coils 

which will be driven in a quadrature mode of operation.

Table 2.1: Summary of RF probe quality factors. Qu represents the quality factor under the condition of no 
load and Qi represents the quality factor when the coil was loaded with a 1 litre saline bottle that loads the 
coil like a human leg. Ha and Hb are the two orthogonal proton surface loops.

Dual-tuned open birdcage design
c H

Qu Qi Qu/Qi Qu Qi Qu/Qi
130 56.7 2.3 105 43.6 2.4

Adriany-Gruetter design
13c 1 Ha n

Q u Qi Qu/Qi Qu Qi Qu/Qi Qu Qi Qu/Qi
186 71.1 2.6 124 49.2 2.5 178 77.8 2.3

Table 2.2: Coil port couplings at each of the two frequencies.

Dual-tuned open coil design
32 MHz (1JC) 127.7 MHz (’ H)

-18 dB -26 dB
Adriany-Gruetter design

and ’ Ha 13C and ’’Hb ’ Ha and ’ Hb
32 MHz 

(13C)
127.7 MHz 

(1H)
32 MHz 

(13C)
127.7 MHz 

(1H)
127.7 MHz 

(1H)
-34 dB -30 dB -34 dB -25 dB -17 dB

2.4.2 homogeneity at the proton frequency

As was explained in §1.8.4 it is important to have a homogeneous RF field at the 

' h  frequency in order to be sure that power deposition into the subject during proton 

decoupling does not exceed FDA (Food and Drug Administration) guidelines. An 

inhomogeneous decoupling field may satisfy the average SAR (Specific Absorption 

Rates) criteria but may exceed local SAR requirements, particularly in regions in close 

proximity to the coil. To compare the ’H RF field homogeneity o f the half-birdcage open 

coil to that o f the Adriany-Gruetter design, the RF field mapping technique described in 

§2.3.2.1 was used to map the ’H RF field o f both RF probes in three orthogonal planes. 

The results are shown in Fig. 2.8. It can be seen that the half-birdcage design provides a 

more homogeneous field in all three planes. The axial and sagittal contour diagrams
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obtained with the half-birdcage exhibit a less rapid decay o f signal intensity with 

increasing distance from the coil elements. Specifically, along the central vertical cut of 

the axial image obtained with the half birdcage, the approximately linear rate o f decay of 

the flip angle was calculated to be about 0.66 degrees/mm compared to a corresponding 

rate of about 1 degree/mm for the quadrature surface coil. Very similar values were 

obtained from the vertical central cuts o f the sagittal images. This indicates that the half

birdcage coil would be more efficient in exciting deeper mid-brain structures which are 

of relevance in the study of neurological disorders. Also calculated along the central 

vertical lines o f the axial and sagittal were the fractional standard deviations (fSTD = 

standard deviation/mean) of the field values. It was found for the half birdcage that the 

fSTD (for both the axial and sagittal images) was about 80% that o f the Adriany-Gruetter 

design, indicating that the open half-birdcage coil provides a more homogeneous field in 

the axial and sagittal planes. From the coronal contour diagrams, it is apparent that the 

half-birdcage also provides a more uniform field in the central region o f interest. The 

improved RF homogeneity will allow more control on the outcome o f experiments 

because the spins will behave more predictably.
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DUAL-TUNED OPEN COIL

p h an to m  outline

p h an to m  ou tline p h a n to m  outline

coronal axial sagittal

R QUADRATURE SURFACE COIL
T ( B °

I p h an to m  ou tline

p h an to m  outline  p h a n to m  ou tline

/  /

Figure 2.8: Proton RF field maps of the two RF probes. A cylindrical oil phantom of length 19.4 cm and 
diameter 13.7 cm was used. The maps display normalized Bi amplitude and contours at 10% intervals of 
maximum. As can be seen the half-birdcage (dual-tuned open coil) exhibits better uniformity than the 
Adriany-Gruetter coil design (quadrature surface coil). The surface loops are about 14 cm in diameter, 
whereas the legs of the half-birdcage are 10.5 cm in length; therefore a larger length of the phantom is 
‘seen’ by the surface coils in the coronal and sagittal directions.
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2.4.3 In-Vivo decoupling power requirements

Natural abundance 13C spectra from a human calf were acquired using the method 

described in §2.3.2.2. Figure 2.9(a) shows the fat spectrum acquired using the dual tuned 

half birdcage, whereas 2.9(b) shows the same spectrum but proton decoupled. The 

specific absorption rate (SAR) can be calculated from

SAR = Pinput x D C x (  1 -  Qloaded / Qunloaded) / mass, (2.3)

where DC = duty cycle o f proton decoupling pulses and Pinpul = input power.

The expression takes into account the efficiency of the coil. Assuming the mass of the 

volume seen by the RF probes is about 2 kg, the SAR for proton decoupling using the 

half birdcage was about 3.2 W/kg, which is within the 4 W/kg FDA guidelines for NMR 

studies o f extremities (DC = 6.8%, P j nput = 160 W, and Q io ad ed /Q u n io ad ed  = 0.42). The 

corresponding SAR value using the Adriany-Gruetter design was calculated to be 

approximately 2.2 W/kg (DC = 6.8%, P i nput = 110 W, and Q io ad ed /Q u n io ad ed  = 0.42). The 

power required for proton decoupling was lower using the quadrature coil design, as was 

expected however, only by 30% rather than the theoretical 50%. This can be explained 

by the fact that the two loops were not exactly orthogonal to each other; the optimum 

angle for minimizing coupling between the coils was about 110°. Therefore, a perfectly 

circularly polarized field was not achieved.

Although the SAR when employing the half birdcage was just above what is 

allowed for brain studies (3 W/kg), it can be brought within the guidelines by reducing 

the acquisition time, either by increasing the spectral width or by reducing the number of 

data points acquired during acquisition.
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Figure 2.9: (a) l3C lipids spectra acquired from a human calf by a single 13C excitation pulse with the dual
tuned half birdcage, (b) Proton decoupling was applied during acquisition. All spectra were acquired in 32 
averages. The efficiency of the decoupling can be observed from the CH3 signal. The four l3C peaks of the 
CH3 groups observed in (a) with intensities of ratio 1:3:3:1 are clearly decoupled in (b), where a singlet 
with a relative height intensity of about 8 is observed (sum of the four multiplets).

2.4.4 Sensitivity and homogeneity at the 13C frequency

To obtain 13C sensitivity profiles o f both RF probes, DEPT enhanced spectra from 

a 2.5 cm diameter sphere containing 10 M natural abundance acetic acid were obtained 

with the phantom placed at different points along the coils’ vertical axis. The separation 

between the phantom and the surface of the coil was increased in 1 cm increments, and 

the power o f the pulses was recalibrated at each new phantom location to yield maximum 

signal. Figure 2.10 shows the variation o f the SNR along each coil’s vertical axis. The 

high sensitivity o f the 13C RF surface probe rapidly decays with increasing separation 

between the phantom and the coil surface. At about one radius (5 cm) separation, both 

designs exhibit a sensitivity o f about 32% of the maximum sensitivity obtained with the 

13C surface coil. Because the l3C half-birdcage design exhibits a more linear decay o f 

sensitivity, it is more sensitive at greater depths. Specifically, when the separation 

between the RF probe and the phantom is 7 cm, the half-birdcage is 37% more sensitive
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than the surface probe (in other words, the surface coil is only about 73% as sensitive as 

the half-birdcage coil at that depth). The sensitivity profiles also reflect field 

homogeneity of the coils, illustrating that the half-birdcage coil provides a more uniform
13C RF field, down to a depth of about 8 cm, a region of greater neurological interest.

SNR of 13C 
1$

0.9

0.8

0.7

0.6

0.5

0.4

0.3

0.2

0.1

0

Adriany-Gruetter design

❖
Half-birdcage design

0

Depth (cm)
Figure 2.10: SNR of 13C DEPT enhanced spectra obtained with each coil from a 2.5 cm diameter sphere 
containing 10 M 13C natural abundance acetic acid. All values were normalized to the maximum intensity 
obtained, which was when the separation between the phantom and the 13C surface coil was 1 cm.

2.4.5 Efficacy of the dual-tuned half birdcage in vivo

To verify the efficacy of the coil in vivo experiments were conducted on a human 

calf muscle. Figure 2.11 shows coronal and axial proton images of a human calf obtained 

with the half birdcage using the imaging parameters stated in §2.3.2.1. The signal to
1 3noise ratio o f the Ci resonance of glycogen, acquired with the open half birdcage
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together with the sequence parameters quoted in §23.2.2 was approximately 14. This 

spectrum is shown in Fig. 2.12.

Figure 2.11: Axial (a) and coronal (b) spin echo images of a human calf obtained with the half-birdcage

coil.

lipid carbon double bonds

*20 g lycogen (13C i)

glycerol (13C2 )

glycogen (13C i)

130 100
Chemical shift [ppm]

70

Figure 2.12: Natural abundance 13Ci glycogen spectrum obtained from the human calf of a normal 
volunteer. The spectrum was obtained in 1500 averages.
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A localized spectrum from a 3x3x7 cm3 volume of the human calf was also 

acquired with the same coil, see Fig. 2.13, where the natural abundance 13C peaks of 

creatine (Cr) and of choline (Cho) were detected.

Cr

Cr + Cho

3555 45
chemical shift (ppm)

Figure 2.13: Natural abundance 13C spectrum acquired from a 3x3x7 cm3 voxel of a human calf of a normal 
volunteer using the sequence of Fig. 6.3 (TE! = TE2 = 30 ms, 1600 acquisitions) and the dual-tuned open 
coil. The spectrum shows peaks from the creatine methyl group at 37.5 ppm, and from the creatine 
methylene and choline methyl groups at 54.8 ppm.

2.5 Discussion
We have demonstrated in this chapter that an open half birdcage can be made to 

resonate at two frequencies by designing it as a low-pass network and by tuning it in such 

a way that each o f the two resonant signals arise from an alternate set o f birdcage 

conductors. In order to isolate the two frequency modes, trap circuits resonating at the 

frequency to be blocked were placed in every leg. Such a dual-tuned half-birdcage 

^C /’H transceiver was constructed for operation at 3.0 T and was designed for ^ C l ’H} 

studies o f either the human calf or the head. A half-volume coil based on the design of
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Adriany and Gruetter (8) was also constructed in order to compare the performance of the 

two designs. A desirable isolation (>15dB) between the two coil ports at the two 

frequencies was achieved with the open half-birdcage, and it was shown to provide a 

more homogeneous RF field than the Adriany-Gruetter design. Although the Adriany- 

Gruetter system required about 68% of the power required by the half-birdcage (the 

benefit o f quadrature operation), proton decoupling with the open coil can be achieved 

within FDA SAR guidelines. The major advantage of the half birdcage over the Adriany- 

Gruetter design is that it is a single unit that provides improved RF homogeneity at both 

frequencies. This is a significant advantage because an inhomogeneous field can change 

the distribution of spin coherences which will affect the outcome o f any experiment with 

coupled spins. The half birdcage was also shown to be more sensitive at the 13C 

frequency compared to the 13C surface coil at points further than 5 cm (along its axis) 

from the coil surface. Moreover, the half birdcage is designed in such a manner that it 

can be modified to be used for 13C transmission only, while employing a separate 13C 

surface probe for reception if a higher sensitivity is desired for regions close to the coil 

surface. The use o f two separate coils (one for transmission and the other for reception) 

can be achieved by using a passive decoupling approach where fast switching diodes are 

placed in both the transmitter and receiver coils (23,24). Because the half birdcage has 

certain legs that are assigned for 13C operation placing the diodes in them should not 

affect operation at the *H frequency.

2.6 Conclusion
We have described in this work a single-unit coil based on the half-birdcage 

design that can be employed in 13C{lH} studies as an alternative to the three coil 

Adriany-Gruetter design (8). The advantage o f this RF probe is that it provides a more 

uniform field than a surface coil at depths (greater than 7 cm) that are o f neurological 

relevance. Although the coil was employed for ^ C l ’H} experiments, the same coil 

concept can be employed for ^ { ^ C }  studies and should prove to be valuable in studying 

regions o f the brain that are deeper than the occipital lobe.

73

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



2.7 References
1. Beckmann N, Seelig J, Wick H. Analysis o f glycogen storage disease by in vivo 

13C NMR: comparison of normal volunteers with a patient. Magnetic Resonance 
in Medicine 1990;16:150-160.

2. Shulman GI, Rothman DL, Jue T, Stein P, DeFronzo R, Shulman RG. 
Quantitation o f muscle glycogen synthesis in normal subjects and subjects with 
non-insulin-dependent diabetes by 13C nuclear magnetic resonance spectroscopy. 
The New England Journal o f Medicine 1990;322:223-228.

3. Taylor R, Price TB, Rothman DL, Shulman RG, Shulman GI. Validation o f 13C 
NMR measurement of human skeletal muscle glycogen by direct biochemical 
assay o f needle biopsy samples. Magnetic Resonance in Medicine 1992;27:13-20.

4. Taylor R, Price TB, Katz LD, Shulman RG, Shulman GI. Direct measurement of 
change in muscle glycogen concentration after a mixed meal in normal subjects. 
American Journal of Physiology: Endocrinology and Metabolism 1993;265:224- 
229.

5. Roussel R, Carlier PG, Robert JJ, Velho G, Bloch G. 13C/13P NMR studies o f 
glucose transport in human skeletal muscle. Proc Natl Acad Sci USA 
1998;95:1313-1318.

6. Vaughan JT, Hetherington HP, Pan JW, Noa PJ, Pohost GM. A high frequency 
double tuned resonator for clinical NMR. Proceedings Annual Meeting SMRM, 
1993, p306.

7. Pan JW, Mason GF, Vaughan JT, Chu W-J, Zhang Y, Hetherington HP. 13C 
editing o f glutamate in human brain using -refocused coherence transfer 
spectroscopy at 4 .IT. Magnetic Resonance in Medicine 1997;37:355-358.

8. Adriany G, Gruetter R. A half-volume coil for efficient proton decoupling in 
humans at 4T. Journal o f Magnetic Resonance 1997;125:178-184.

9. Carey PE, Halliday J, Snaar JE, Morris PG, Taylor R. Direct assessment of 
muscle glycogen storage after mixed meals in normal and type 2 diabetic subjects. 
American Journal of Physiology: Endocrinology and Metabolism 2003;284:688- 
694.

10. Bliiml S, Moreno-Torres A, Ross BD. [1-13C] glucose MRS in chronic hepatic 
encephalopathy in man. Magnetic Resonance in Medicine 2001;45:981-993.

11. Gruetter R, Seaquist ER, Kim S, Ugurbil K. Localized in vivo 13C-NMR of 
glutamate metabolism in the human brain: initial results at 4 tesla. Developmental 
Neuroscience 1998;20:380-388.

74

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



12. Shen J, Petersen KF, Behar KL, Brown P, Nixon TW, Mason GF, Petroff OAC, 
Shulman GI, Shulman RG, Rothman DL. Determination o f the rate o f the 
glutamate/glutamine cycle in the human brain by in vivo 13C NMR. Proc Natl 
Acad Sci USA 1999;96:8235-8240.

13. Chen CN, Hoult DI, Sank VJ. Quadrature detection coils-a further improvement 
in sensitivity. Journal of Magnetic Resonance 1983;54:324-327.

14. Ballon D, Graham M, Miodownik S, Koutcher J. A 64 MHz Half-Birdcage 
Resonator for Clinical Imaging. Journal of Magnetic Resonance 1990;90:131-140.

15. Jin J. Electromagnetic Analysis and Design in Magnetic Resonance Imaging. 
Boca Raton: CRC Press; 1999.

16. Roemer PB, Edelstein WA, Hayes CE, Souza SP, Mueller OM. The NMR Phased 
Array. Magnetic Resonance in Medicine 1990;16:192-225.

17. Klomp DW, Kentgens AP, Heerschap A. Loss-less blocking circuits to combine
1 T 1local quadrature C coils with quadrature H decoupling coils for human head at 

3T. Proceedings Annual Meeting ISMRM, Toronto, 2003, p2376.

18. Stollberger R, Wach P. Imaging the active Bi field in vivo. Magnetic Resonance 
in Medicine 1996;35:246-251.

19. De Zanche N, Yahya A, Vermeulen FE, Allen PS. Analytical approach to 
noncircular section birdcage coil design: verification with a cassinian oval coil. 
Magnetic Resonance in Medicine 2005;53:201-211.

20. De Zanche N, Yahya A, Allen PS. Comparison of Bi field homogeneity in vivo 
vs. in uniform phantoms using a standard birdcage head coil. Proceedings Annual 
Meeting ISMRM, Toronto, 2003, p2388.

21. Shaka AJ, Keeler J, Freeman R. Evaluation of a New Broadband Decoupling 
Sequence: WALTZ-16. Journal of Magnetic Resonance 1983;53:313-340.

22. Ashley JR, Palka FM. Reflection coefficient measurement of microwave 
resonator Q factors. The Microwave Journal June 1971:35-39.

23. Edelstein WA, Hardy CJ, Mueller OM. Electronic decoupling o f surface coils for 
NMR imaging and spectroscopy. Proceedings Annual Meeting SMRM, 1985, 
pl084.

24. Hyde JS, Rilling RJ, Jesmanowicz A. Passive decoupling o f surface coils by pole 
insertion. Journal of Magnetic Resonance 1990;89:485-495.

75

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Chapter 3

Numerical Method of Spin Evolution Analysis

3.1 Introduction
Chapter 1, §1.5.4, explained how the evolution o f a spin system during an NMR 

pulse sequence can be followed by calculating the evolution o f the density operator o f 

that spin system. The evolution o f the density operator can be calculated by solving the 

Liouville-von Neumann equation (1),

- f p «  = f[P (0 ,W (0 ] (3.1)
at n

which arises from the time-dependent Schrodinger equation, Eq. (3.2), where 7i  is the 

Hamiltonian under which spin evolution takes place.

ih— '¥(t) = 'W ¥(t) (3.2)
dt

The solution to Eq. (3.1) is simple for cases where TL is time independent and is given by

p{t) = exp(-iH t / ft) p{ 0) exp(/7ft / ft), (3.3)

where p(0) is the density operator at time t = 0. The density operator at thermal 

equilibrium is given by Iz (see §1.5.2). In general, for an I = 1/2 spin system consisting

of N spins, the density matrix can be expressed at any instant as a weighted sum of 22N 

product operator basis terms (1). Since tracking the evolution o f these terms for a 

complicated five proton spin system such as that o f glutamate or glutamine is quite 

impractical manually, numerical methods o f analysis need to be employed. For the work 

presented in this thesis, an extension was made to the numerical framework originally 

implemented in MATLAB by R.B. Thompson (2-6) for density operator calculations of 

proton only spin systems. The extension was necessary in order to evaluate the 

heteronuclear evolutions taking place in i3C{'H} and ^ { ^ C }  double resonance 

experiments. The heteronuclear coupling involved proton spin systems that were 

internally strongly coupled and a typical evolution would be that during the application of 

a proton PRESS localization sequence.
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The next section of this chapter summarizes the algorithms involved in the

calculations, and describes the changes introduced to the program in order for it to
1 3incorporate a C nucleus.

3.2 Numerical Method of Analysis

3.2.1 The Hamiltonian for a proton spin system

To solve Eq. (3.3), a time independent Hamiltonian must be defined for each of 

the interactions in which the spins are involved, namely, those due to the static field, the 

RE field, the gradient field, as well as the chemical shielding and scalar coupling 

interactions. The rotating frame Hamiltonian is given by

K *  = '̂ 'chemicalshift + Kaiarcouple + Urf + KaRien, , where each o f the individual Hamiltonian 

terms are defined below.

URF = yhBx(t)[{cos(p)Ix  +(sin (p)IY], (3.4)

where (p is the phase o f the applied RF pulse with respect to the first pulse applied in the 

sequence, and Bi(t) is the amplitude o f the RF pulse envelope (7). The chemical shift 

Hamiltonian in the rotating frame is given by

^chem ical shift = ^l0 ) a ^ Z ’ ( 3  • 5  )

where a>a is the proton chemical shift. For the case o f a spin system consisting o f N

protons (denoted by I), Eqs. (3.4) and (3.5) can be written as
N  N  N

'^■chemical shift ^ R F  ~ + r M ; ( 0 [ ( c o s ^ ) X /x + ( s i n ^ ) ^ / K]. (3.6)
n=1 n=1 n=1

Similarly, expressions can be written for the N proton spin system for the scalar coupling 

and gradient pulse Hamiltonians. The scalar coupling Hamiltonian is given by Eq. (3.7), 

where J mn are scalar coupling constants between the spins Im and In (8).

' ^ ’scalar coupling 2  J m n ( I m - I n )  ( 3 ‘7 )
m=1 n=m+\

The gradient field varies spatially and involves only the I z operator. The gradient 

Hamiltonian for a rectangular gradient pulse is given by Eq. (3.8), where |G | is the
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gradient strength, r is the spatial position from the origin o f the linear gradient field, and 

x is the gradient pulse duration.

^ g r a d ie n t - r , h G - f f , I z .  0 < ( < r  ( 3 8 )

= 0 t > x

Adding Eqs. (3.6), (3.7), and (3.8) together gives the complete Hamiltonian with which 

we describe the nuclear-spin system at any instant in time.

3.2.2 Modifications made to incorporate a 13C nucleus

To incorporate a 13C nucleus into the proton-only numerical framework, it is 

necessary to modify the Hamiltonian equations. The inclusion o f a 13C nucleus in an N
tVi • 13proton spin system yields an N +l spin system with the N+l spin being the C spin. 

Denoting 13C by S, the four Hamiltonians can be modified as follows (9),

^ch em ic a lsh ift  =  +  ’ ( 3 - 9 )
n=1

1V N

n RF =YihBh {t)[{cos(pI) Y JIxn +(sm ^/ ) X / rJ + ̂ ^ 5 is(0[(co s ^ ) ^  + (s in ^ )^ K] ,(3.10)
n=1 n= 1

'^ 'scalar coupling
m=1 n=m+1 n=1

and

ĝradient = ~ T ih G .r^  ~ 7shG.rSz , (3.12)
n=1

13 13where cos is the C Larmor frequency, 5, (t) is the amplitude o f the C RF pulse 

envelope, and <ps is the phase of the 13C pulse with respect to the first 13C pulse applied

in the sequence. The chemical shift Hamiltonian represents the Zeeman terms frequency 

shifted from that o f the rotating frame and incorporates all chemically shifted protons and
13 13 •the Larmor frequency shifted C spin. The C frequency relative to the proton 

frequencies was set to an arbitrary large value, so that I„.S in Eq. (3.11) could be 

replaced by I z Sz (the heteronuclear coupling was explicitly defined as weak). During

acquisition, the terms HRF and 'Hgmdient in the Hamiltonian become zero. In the presence
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of 13C decoupling, all J nS values were set to zero in Eq. (3.11), whereas in the presence o f 

’if decoupling all J nS and J mn values were set to zero.

3.2.3 Algorithm for the calculations

Equation (3.3) is the fundamental equation that allows the calculation o f the 

evolution o f the density operator for a number of NMR pulse sequences. From it the 

density operator (and thus the expectation value o f any operator) can be obtained at any 

time point during the pulse sequence, and directly after it. Since every operator can be 

represented as a matrix, it is a practical way of representing them for numerical 

calculations. In order to simplify Eq. (3.3), it is desirable to transform the Hamiltonian 

into a diagonal matrix, because the exponential o f a diagonal matrix is simply a diagonal 

matrix whose elements are the exponentials o f the argument diagonal elements (8). The 

diagonal form of the Hamiltonian is given by Hdiag = UH U ~x, where U is a unitary 

operator and its columns are the eigenvectors o f H . The eigenvalues o f H  form the 

diagonal elements o f 'Hdia • In this new frame, p{0)djag = Up(Q)U~x, and

p (t)diag -  U p(t)U ~x. This transforms Eq. (3.3) into

p(t) = (J~[ exp(-iH diagt)U p (0 )lT l exp(iHdiagt)U  . (3.13)

In the numerical calculations, the number of spins, the chemical shift and scalar coupling 

constants are defined. The pulse sequence is then defined with all relevant parameters 

such as pulse flip angles, delay lengths, and gradient field strengths and durations. Each 

pulse sequence is treated as a series o f independent segments, where each segment is 

characterized by its own time independent Hamiltonian. For example, in a sequence 

where a hard 90° pulse is applied followed by a delay, the pulse represents one segment 

and the delay another. In this discrete method o f implementation Eq. (3.13) can be 

rewritten as

p n = U ;x exp(-iH diag t„)Unp n̂ U~x exp(iHdiagntn)U n, (3.14)

where Ti.diag is the diagonal Hamiltonian of the nth segment formed from the Hamiltonian 

o f that segment, Hn , defined by Eq. (3.15). Un is the unitary matrix o f that segment 

obtained from the eigenvectors o f 7in .
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K = n R F + n 'gradient,'scalar coupling,' hemical shift, (3.15)

By successive matrix multiplications according to Eq. (3.14), the density operator at the 

end of any segment can be evaluated.

For the gradient terms where there exists a spatial distribution o f terms, the 

segment representing the gradient pulse is broken into sub-segments (for different spatial 

positions), where each sub-segment is defined by a Hamiltonian for that position in 

space. These operators are all combined in a storage matrix that efficiently allows their 

effects to be combined (4). For shaped slice selective pulses applied in conjunction with 

a gradient, the Hamiltonian is no longer time independent. However, in this situation, the 

pulse can be broken up into smaller discrete time segments, during which a time 

independent Hamiltonian can be defined. The integrated effects o f the pulse over space 

can be combined into a transformation matrix that depends only on the characteristics o f 

the spin system and not on the density matrix present prior to pulse application (4). 

Multiplying this transformation matrix by the coefficients o f the density operator terms 

present prior to the pulse gives a matrix whose elements are the transformed coefficients 

o f the density operator terms, that is, the state o f the spin system after applying the slice 

selective pulse.

To calculate the final observable spectrum, the FID that is acquired during the 

acquisition period needs to be calculated. This is done by using the density operator at 

each of the discrete sample points, n A t , during the acquisition period to calculate the 

expectation value o f I+, the raising operator at each point.

3.3 A Double Resonance Example: Response of CH? to DEPT
To give an example o f using the numerical program to analyze a double 

resonance experiment, a CH2 molecular group and the application o f the DEPT (§1.8.2) 

pulse sequence (10) at 3.0 T is considered. First the three spins are defined by their 

chemical shift and scalar coupling constants. The proton Larmor frequency («128 MHz 

at 3.0 T) is also specified. Denoting chemical shift constants by cr, we let 

c?h =er/2 = 2  ppm, a s = 30  ppm (an arbitrary large value for the 13C frequency), and

M +(nAt) oc ( l+(nAt)} = Tr(I+p(nA t)) (3.16)
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J\s ~ J is  =135 Hz, a typical 'H /^C  heteronuclear scalar coupling constant. The density

13matrix at time t = 0 was set equal to p(0) = 7Z] + 7Zj ( Sz is excluded because only C

13 * *signal due to polarization transfer is of interest; experimentally any C signal arising 

from direct excitation by the 13C 90° pulse is eliminated by phase cycling). The response 

of the spins was calculated using the DEPT sequence displayed in Fig. 1.23, where r  was 

set to 3.7 ms. The pulse sequence shown in Fig. 1.23 can be broken into eight discrete 

segments. The first segment is for the 90° proton excitation pulse, the second is for the
13delay r ,  the third is for the 180° proton refocussing pulse, the fourth is for the C

13excitation pulse, the fifth is for the second r  delay, the sixth is for the C refocussing 

pulse, the seventh is for the proton editing pulse where 0 is set to 45° for optimal signal 

from a CH2 molecular group, and the last segment is for the final r  delay. Each o f the 

eight segments has its own time independent Hamiltonian that characterizes it. During 

the acquisition period, the Hamiltonian consists only o f the chemical shift and the scalar
1 Tcoupling Hamiltonians. Figure 3.1(a) shows the resulting C spectrum from the 

polarization transfer experiment. Three peaks with intensity ratios o f 1:2:1 are observed 

as expected with their separation being equal to Jch- Figure 3.2(b) shows the result of 

setting the scalar coupling Hamiltonian to zero during acquisition to implement the effect 

o f proton decoupling. Finally, the angle theta was varied between 0 and n  in increments 

o f n l 20 and the resulting peak height is plotted as a function o f theta in Fig. 3.2. The 

signal variation with theta matches the expected sin(2#) dependence (10).
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Figure 3.1: Calculated 13C spectra of a CH2 
molecular group in response to DEPT in 
the case where a) no proton decoupling is 
applied, and b) proton decoupling is 
applied (all heteronuclear scalar coupling 
constants were set to zero during the 
acquisition period).
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Figure 3.2: Calculated signal intensity of the decoupled peak of a CH2 molecular group in response to 
DEPT as a function of theta (the editing proton pulse in the DEPT sequence).
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Chapter 4

Indirect 13C Observation I: PRESS-Localized 
POCE1

4.1 Introduction
In vivo 13C NMR spectroscopy has been widely used to determine the rates of

• • 1 Tmetabolic fluxes in both human (1-4) and rat (5-10) brain. The time course o f C label 

incorporation into metabolic products has been carried out either by indirect 13C detection 

through 13C coupling to protons (1,5,8,10) or by direct 13C detection (2-4,6,7,9). The 

principal advantage of the indirect technique is the signal gain of Y’h I y ’c ~£>4 (11) over 

direct 13C detection.

Localized indirect detection has been exploited with one or other o f the ISIS (12) 

or the PRESS (13,14) localization schemes and may (1,10) or may not (15) have used the 

13C inversion pulse that characterizes the POCE (Proton Observe Carbon Edited) indirect 

observation strategy (16). However, at the typical field strengths used for human brain 

studies, such as 3.0 T, the less than optimal spectral resolution offered by the proton tends 

to limit what can be measured to the C3 and C4 signals of glutamate (Glu). Nevertheless, 

the C3 and C4 signals o f Glu were sufficient to measure aspects of neuronal oxidative 

metabolism such as the tricarboxylic acid (TCA) cycle rate from a PRESS localized 

volume without any 13C excitation (15), by observing the 13C-coupled sidebands on the 

protons coupled to C3 and C4. Extending the PRESS sequence to incorporate the POCE 

13C inversion pulse (1,17) was used at 4.0 T to measure changes in C4 Glu labelling, 

parallel to fMRI, during changes in neuronal activity in human brain (1).

When planning or interpreting the data from indirect detection methods, it has
1 1Tbeen convention to assume that the key interaction is the H- C heteronuclear scalar 

coupling. The focus o f this report is to demonstrate how the concurrent, strong- 

homonuclear proton scalar coupling that exists in many key brain metabolites affects the

1 A version of this chapter has been published. Yahya A, Allen PS. Effect of strong homonuclear proton 
coupling on localized l3C detection using PRESS. Magnetic Resonance in Medicine 2005; 54, 1340-1350.
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spectral response to the POCE sequence, and moreover, to demonstrate that even greater 

differences in spectral response are manifest when POCE is combined with PRESS, 

because o f the modification of the proton spin coherence distribution during proton- 

PRESS localization. Using Glu at 3.0 T as an illustrative example, the effects o f the 

simultaneous homo- and heteronuclear scalar couplings on the spectral evaluation of 

indirect 13C incorporation experiments are described. It is shown that when 

(homonuclear-coupling-induced) polarization transfer takes place between protons that 

are bound to 13C (and are therefore coupled) and those that are not, significant 

modifications o f the scalar-coupling evolutions occur for both categories of proton. 

These changes in the scalar-coupling evolution lead to changes in the proton multiplets 

that arise both from protons that are 13C-coupled and from those that are not. These
• 13multiplet lineshape and intensity changes ultimately affect the estimates o f C 

enrichment made by the indirect POCE method. An independent investigation o f the 

POCE sequence was recently presented at the annual meeting o f ISMRM in Miami by 

Dr. P-G Henry et al. (18).

4.2 Methods

4.2.1 Numerical method

The method o f numerical analysis used in this chapter was outlined in chapter 3. 

The chemical shift and scalar coupling constants used (19,20) are displayed in Table 4.1.

Table 4.1: Chemical shift and scalar coupling parameters for both the protons and the carbons of
glutamate. Since each of the protons can only be coupled to a single carbon, X can denote a 13C labelled 
C2, C3 or C4 carbon.

Chemical Shift (ppm)
A M N P Q X

3.78 2.14 2.06 2.37 2.36 arbitrarily large
Scalar Coup ing Constants (Hz)

M N P Q X
A 4.67 7.33 155 (X=C2)
M -14.85 6.43 8.47 135 (X=C3)
N 8.39 6.89 135 (X=C3)
P -15.89 135 (X=C4)
Q 135 (X=C4)
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4.2.2 Experimental methods

In the work reported, the PRESS sequence was used to provide spatial 

localization. To provide the sensitivity to 13C, the PRESS localization component, 

applied to protons, was followed by a POCE (16) sequence component to illustrate 

indirect 13C detection. The PRESS sequence consisted of a sinc-gaussian 90° slice 

selective excitation pulse o f length 2.6 ms (bandwidth =1500 Hz) followed by two slice 

selective 2.75 ms sine refocussing pulses (bandwidth =  1500 Hz) each applied in 

conjunction with 3.6 mT/m gradients in order to refocus a slice thickness o f 1 cm (a 

voxel size o f l x l x l  cm3 was achieved). The pulses were numerically optimized using the 

software MATPULSE (21) to minimize the spatial extent of the tip-angle transition 

region. The relatively short pulse lengths along with spoiler gradients o f length 1 ms 

allowed a minimum total echo time of 20 ms (TEi = TE2 = 1 0  ms) to be achieved. A 

preceding hyperbolic secant inversion pulse was employed to minimize water 

contamination at the appropriate inversion time. The sequence also employed a 

repetition time, TR, o f 3 s, and a WALTZ-16 (22) decoupling component for 13C

decoupling during acquisition.
1 ̂For indirect C detection, a POCE sub-sequence was incorporated into PRESS

• 1T(17) as shown m Fig. 4.1. The C inversion pulse, applied on alternate scans 1/2Jch
1 Tseconds prior to acquisition, inverted the C nuclear magnetization, thereby changing the 

sign of the heteronuclear antiphase coherences. This sign change enabled the 

heteronculear coupled protons to be differentiated from all other protons by the 

subtraction o f alternate scans. The I3C inversion pulse was a 400 ps pulse applied 3.7 ms 

(Jch  =135 Hz) prior to acquisition. The addition o f the POCE inversion pulse increased 

the minimum length o f TE2 to 15 ms, thereby yielding a minimum total echo time of 25 

ms.

All experiments were carried out in an 80 cm bore, 3.0 T magnet system (Magnex 

Scientific PLC, Abingdon, UK) using a SMIS spectrometer (Surrey Medical Imaging 

Systems PCL, Guildford, UK) with a home-built 7 cm diameter 'H  birdcage RF coil, and
1 -5

a 3.5 cm diameter C surface coil. To verify the numerical calculations, two 2 cm 

diameter aqueous-solution phantoms of pH =7 were made, one containing 35 mM Glu,
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with 13C in natural abundance and another containing 35 mM labelled Glu with the C3 

carbon enriched 99% in 13C (Sigma-Aldrich Canada). Although [1-13C] glucose yields 

labelled C4-G1u on the first round of the TCA cycle, the ideas we wish to convey can be 

illustrated by C3-labelled Glu which is readily available commercially. First o f all, the 

perturbation o f the ^C -'H  heteronuclear-scalar-coupling evolution brought about by the 

strong homonuclear coupling during a proton PRESS sequence was evaluated. Using 

both natural abundance and enriched 13C Glu at 3.0 T the difference in the proton 

response o f the Glu MNPQ spins was determined numerically and experimentally at a 

number o f different echo times. The same procedure was then repeated using enriched 

Glu for the PRESS sequence incorporating POCE.

180.180,

± x

timeH R F

TEi/2
decoupling

timeC RF

gradients

gradient legend: slice selection

time

spoilers

Figure 4.1: A localized POCE sequence for the indirect detection of 13C signals. The localization is 
brought about by a PRESS sub-sequence applied to the protons. The dashed rectangle represents the 13C 
inversion pulse (the POCE component) applied in each alternate scan.
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4.3 Results

4.3.1 Simultaneous strong homonuclear and weak heteronuclear coupling 

during PRESS

The purpose of this section is to demonstrate the interplay between homo- and 

hetero-nuclear coupling on the proton PRESS response. To demonstrate the 

consequences o f concurrent homonuclear and heteronuclear scalar coupling interactions 

involving the protons o f Glu, it was essential to be able to switch “on”, or “o ff’, one of 

the interactions in both the numerical analysis and in the experiment. This was done
13effectively by toggling the heteronuclear interaction, i.e., “o ff’ = natural abundance C, 

whereas “on” = 99 % 13C, at the C3 site bonded to the MN protons o f Glu. Figure 4.2 

shows the effect o f switching the heteronuclear coupling on and off for three different 

echo-time combinations of the PRESS sequence alone. The broad spectral regions o f the 

Glu MN and PQ multiplets which are delineated in Fig. 4.2, are both seen to change 

significantly as the 13C coupling to the MN protons is switched “on” or “o f f ’, even 

though the PQ spins are not coupled to a 13C spin. This is because the M, N, P, and Q 

protons are strongly-coupled to each other and thus in-phase coherence o f one pair o f the 

spins can transform into antiphase coherence of one of the other pair o f spins, and vice- 

versa (23). For example, when {TEi, TE2} = {20 ms, 10ms} and the “on” and “o f f ’ 

lineshapes are fairly similar, the PQ signal (integrated between 2.25 and 2.55 ppm) is « 

18 % less than when heteronuclear i3C-'H mn coupling is “on”, and the MN signal 

(integrated between 1.8 and 2.25 ppm) is » 27 % less in this same “on” state. This 

change in signal results from an alteration in the distribution o f single quantum 

coherences (SQCs) present at the onset of acquisition. Each SQC contributes its 

individual lineshape component to the overall measured lineshape in proportion to the 

amplitude o f that SQC, and hence changes in the SQC distribution give rise to changes in 

multiplet lineshape. Figure 4.3a shows the contributing lineshapes o f four P SQCs and 

how these SQCs can arise by polarization transfer, for example, from in-phase My 

magnetization (present directly after PRESS excitation) due to the strong coupling 

between the M and P protons.
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Numerical Experimental
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Figure 4.2: An illustration of the different response to a proton PRESS sequence by the MNPQ protons of 
Glu, depending on whether the C3 carbon (bonded to the MN protons) is labelled with l3C or not. The 
figure also demonstrates the variability of these responses to small changes in the echo times of PRESS. 
Both theoretical and experimental results are compared, where the OFF state for heteronuclear coupling is 
represented experimentally by natural abundance 13C, and the ON state by 99% 13C3 enriched Glu. For the 
phantom experiments, a total of 128 averages were acquired for each spectrum. Both numerical and 
experimental spectra were line broadened to 5 Hz. The small differences between theory and experiment 
are likely to be due to imperfect pulse calibrations. In particular the RF pulses involved in the 13C 
decoupling sequence were provided by a surface coil and therefore may not have excited all the spins 
uniformly in the selected voxel.
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Figure 4.3: The lineshapes of four P SQC terms, namely, Px, Py, 2MZPX, and 2MZPY, are shown illustrating 
how each SQC term, if present at the onset of acquisition, can contribute a net positive or negative area to 
the final signal. Considering only the MP strongly-coupled protons of Glu, the arrows show how these 
SQCs can arise by polarization transfer from in-phase MY magnetization present directly after the PRESS 
excitation pulse, through many pathways. The dashed arrows along with the terms above them indicate the 
indirect path through which the P SQC is yielded.
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In principle, 256 possible SQC terms arise for the four protons (M, N, P, and Q) 

o f the six spin AMNPQX system of Glu, when incorporating a single l3C spin. However, 

not all 256 SQC terms have a significant contribution to the MN and PQ multiplets o f the 

Glu proton spectrum. Figure 4.4 shows the distribution o f 17 MNPQ SQCs at the onset 

o f acquisition that significantly change in the presence and in the absence o f 

heteronuclear coupling (in response to PRESS, {TEi,TE2} = {20 ms, 10 ms}) and that 

affect the lineshape and intensity o f the resulting signal. Apart from the change in the 

levels o f 2NyPz, 2NyQz, 2PyMz, and 2PyNz, which cause an increase in signal (based on 

their sign, amplitude, and contributing lineshapes), the increased negativity o f the 

remaining antiphase coherences and the decrease in the in-phase coherences My, Ny, Py, 

and Qy are what is responsible for the overall reduction in signal intensity when the MN 

protons are 13C-coupled. This alteration in the SQC distribution can be explained by the 

proliferation of antiphase coherences involving 13C (some if which are included in Fig. 

4.4) that do not contribute to any signal under conditions o f 13C decoupling. Note the 

existence of such antiphase coherences for the P and Q protons even though they are not 

13C-coupled. This is a result of the polarization transfer that takes place between the 

strongly-coupled MN and PQ protons as illustrated below for a simple MPX spin system, 

where the MP protons are strongly-coupled, the M spin exhibits heteronuclear coupling 

with the X spin, and there is no coupling between the P and X spin.

(4.1)

(4.2)
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Figure 4.4: Distribution of 17 Glu M, N, P, and Q SQC terms present at the onset of acquisition for a 
PRESS sequence with TEi = 20 ms and TE2 = 10 ms, in the situation that no heteronuclear scalar coupling 
exists (solid bars) and in the situation where the MN protons are 13C-coupled (clear bars). The 17 
coherence terms are, respectively, Mx, 2MXPZ, 2MxQz, MY, Nx, NY, 2NYPZ, 2NYQZ, Px, 2PXMZ, 2PXNZ, 
PY, 2PyMz, 2PyNz, QX, 2QXMZ, and QY. The fifteen terms on the right side are some of the antiphase 
terms that arise as a result of the 13C-coupling, namely, 2MYXZ, 2NxXz, 2NYXZ, 2PxXz, 2PYXZ, 2QxXz, 
2QyXz, 4MxQzXz, 4MyQzXz, 4NxPzXz, 4NxQzXz, 4PxNzXz, 4PyMzXz, 4QxNzXz, and 4PYNZXZ, 
respectively.

4.3.2 Simultaneous strong homonuclear and weak heteronuclear coupling 

during POCE

The POCE sequence (16) was described in §1.8.3 and displayed in Fig. 1.2.4. 

The assumption upon which the action o f the POCE inversion pulse is based is that it will 

invert 100% of the multiplet from 13C-coupled protons, but none from any uncoupled 

protons. Subtraction o f scans with and without inversion is therefore assumed to give 

twice the 13C-coupled proton multiplet, but cancel the uncoupled signal. It is shown here 

that in situations such as that o f the MN or PQ protons of Glu where strong-coupling is
13involved, POCE does not completely eliminate signal from protons not coupled to C

1 3 *  •nuclei. This is because the POCE scan which involves application o f the C inversion
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pulse does not simply invert signal from 13C-coupled protons with respect to the signal 

from the other scan. Because of the strong proton coupling, it changes the intensity and 

the lineshape of the signal from both 13C-coupled and uncoupled protons so that when the
1 -j ,

two scans are subtracted, some residual signal from non- C-coupled protons remains. 

This is illustrated in Fig. 4.5, where the response o f the MN and PQ protons to the POCE 

sequence was calculated first for the case where the C3 carbon is a 13C nucleus, and then 

for the situation where the C4 carbon is a 13C nucleus. The shortest echo time, 2t, for the 

sequence o f Fig. 1.2.4 was used ( r  = l/2 J c H = 3 .7 m s )  and 13C decoupling during 

acquisition was assumed. The dashed lines represent the signal from the two individual
1 TPOCE scans, the one with the inverted peaks being from the scan where the C inversion 

pulse was applied. The solid line shows half the difference of the two scans. As can be
• IT •seen, because of a decrease in the intensity of the signal from non- C-coupled protons m 

the scan where the 13C inversion pulse was applied there remains some unsuppressed 

signal in the resulting POCE spectrum from protons that are not coupled to 13C nuclei. 

More precisely, by integrating the PQ proton peaks (2.25-2.55ppm) both o f the resultant 

POCE spectrum and of the unedited spectrum shown in Fig. 4.5(a) it was calculated that 

about 14% of the PQ signal remains unsuppressed. Similar calculations for the MN 

peaks (1.8-2.25ppm) in Fig. 4.5(b) yield that approximately 11% o f the MN signal 

remains after subtraction o f the two scans. In the situation that both C3 and C4 changes 

are being monitored and if simple integration is being used for quantification, these 

unwanted signals can cause errors in C3 and C4 fractional enrichment level estimates as is 

described in the following section where a more practical form o f the POCE sequence for 

human in-vivo application is considered and where the longer timings involved 

exacerbate the signal contamination.
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Figure 4.5: The response of Glu to the POCE sequence when a) the MN protons are 13C-coupled and b) 
when the PQ protons are l3C-coupled. The dashed lines are the response to the individual scans of the 
POCE sequence (the one with the inverted peaks is from the scan with the 13C inversion pulse). The solid 
lines represent the result of subtracting the two scans. All spectra were line broadened to 5Hz.

4.3.3 Simultaneous strong homonuclear and weak heteronuclear coupling 

during PRESS-localized POCE

In the PRESS-Localized POCE sequence of Fig. 4.1, an inversion pulse is applied 

to the 13C spins 1 /2 J ch prior to an acquisition at the same total echo-time as a PRESS- 

only sequence. Figure 4.6 displays the changes in SQCs that are brought about by the 

application o f the 13C inversion pulse. A total echo time o f 25 ms was used, i.e. {TEi, 

TE2} = {10 ms, 15 ms}, in order to be the closest we could achieve experimentally to the 

value o f 23 ms used by Chen et al (1) at 4.0 T. Although the M or N in-phase and anti

phase SQC with respect to P or Q spins change in sign, as expected, due to the
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application of a 13C inversion pulse 1/2JCh prior to the start o f acquisition, they also 

change in magnitude. Similarly, the P and Q anti-phase coherences with respect to M  or 

N spins also change in magnitude, but maintain their sign as expected. Equations (4.3- 

4.8) show the M  and N heteronuclear antiphase terms present 1/2JCh prior to acquisition 

(their expectation values are given in brackets) and what terms they evolve into after the 

1/2JCh delay. Inversion of those terms 1/2JCh prior to acquisition will invert the SQCs 

that evolve from them. Thus the drop in the levels o f the in-phase PQ coherences and the 

more negative amplitudes of the PQ antiphase coherences can be explained by

Expectation Value 
of the Coherence

1.0

0.8

0.6

0.4

0.2

0.0

- 0.2

-0.4

- 0.6

m  y  Q yMy Ny ,— L—j , y

Proton 
In-Phase SQC

POCE 13C Inversion Pulse OFF □  

POCE 13C Inversion Pulse ON □

2MxQz

2 ^ z^ 2 N x pZ2NxQz

2PyM z <■ 
x Z2PXNZ

i 2Q XNZ
2QXMZ

Homonuclear 
Anti-Phase SQC

Figure 4.6: A diagram showing the changes in a selection of glutamate SQC that illustrate the consequences 
of switching the POCE 13C inversion pulse on or off, in a PRESS-POCE indirect detection sequence. The 
diagram shows the SQC at the start of acquisition in a PRESS, (TE), TE2} = {10 ms, 15 ms}, localizing 
sequence and demonstrates the impact of applying a 13C inversion pulse 1 / 2 J Ch before that time.

95

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



the inversion o f the M and N heteronuclear antiphase coherences that give rise to the PQ 

SQCs by polarization transfer.

(0.76)2 M x X z

(0.73) M Y 

(-0 .05)2 M XPZ 

■><(-0.07)2 M XQZ 

(0.03)2 PXM Z 

(0.04)2QXM Z

(4.3)

1/2, (-0.23)2 M XPZ
(0A5)4Mx Pz X z +(0.25)4MYPZX Z 1/2** >| (QQ15)/,

f (-0.29) 2 M XQZ 
(0A7)4M x QzX z +(0.30)4M YQZX Z ^

(4.4)

(4.5)

{0.15)2Nx X z + (0AS)2NYX Z

(0.73) N Y 

(-0 .07)2 N XPZ 

(-0.06)2 N XQZ 

(0.04)2 PXN Z 

(0.03)2 QXN Z

1/2, (-0 .20)2 N XPZ
{QAQ)4Nx PzX z + (Q.24)4NYPZX Z ->^ QQ15)p

(0.09)4 N x QzX z +(0.23)4 N rQzX z \ / 2 J r
\ ( -0 A 9 )2 N x Qz

^1 (0 .01)0 ,

(4.6)

(4.7)

(4.8)

These changes in the relative magnitudes o f proton SQC, brought about by the 

action of the strong homonuclear proton coupling, lead to the changes in their respective
• 13lineshape contributions which prevent the doubling and the cancellation of C-coupled 

multiplets and 12C-bonded multiplets, respectively. The degree o f lineshape imbalance is 

demonstrated experimentally by Fig. 4.7 which shows the response of the MNPQ protons 

o f Glu at 3.0 T to the sequence shown in Fig. 4.1. with a total echo time o f 25 ms, i.e. 

(TEi, TE2} = {10 ms, 15 ms}. While demonstrating the close agreement between theory
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and experiment, Figs. 4.7(a) and (b) corresponding to 13C3 labelling, emphasise changes 

to both coupled and uncoupled multiplet structures. Subtraction o f the experimental 

spectra, with and without the POCE inversion, leaves a 22 % residual PQ signal (23 %
13numerically) instead o f zero. Figure 4.7(c) demonstrates the converse using C4

1 ̂labelling, namely, that when only the PQ protons are bonded to C, the residual MN 

proton signal after subtraction of alternate POCE scans (1.8 - 2.25 ppm) instead of going 

to zero, still constitutes « 19 % by area of the original, unedited MN multiplet. Figure 

4.7(d), also using 13C4 labelling, demonstrates the marked difference between the PQ 

multiplet of the unlabelled Glu spectrum and the “apparent PQ multiplet” obtained from 

100% 13C4 labelled Glu by subtraction o f alternate POCE scans, i.e., carried over from 

Fig. 4.7(c). Both magnitude and multiplet structure are different.
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Figure 4.7: A diagram showing the spectral consequences of the POCE inversion pulse on the MN and PQ 
multiplets of Glu, when either the C3 (bonded to the MN protons) or the C4 (bonded to the PQ protons) 
carbon is labelled with a UC carbon. In (a) and (b), the l3C3 case, the data confirm the close similarity 
between theory and experiment, and demonstrate marked deviation of half the difference-spectrum, 
labelled Diff./2, from the POCE expectation of a cancellation of the un-bonded (PQ) proton multiplet, and 
of a normal multiplet from the MN protons bonded to C3. In the 13C4 case, a similar perturbation of the 
bonded- and un-bonded-proton multiplets is illustrated in (c), and the half difference-spectrum is compared 
in panel (d) with a fully 12C labelled Glu proton signal. This final comparison emphasizes the changing 
response of the Glu protons to PRESS alone, as a Glu carbon is enriched. The effect is therefore enrichment 
dependent. Both numerically and experimentally acquired spectra were line broadened to 5 Hz.

98

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



4.3.4 Field strength dependence

Because the mechanism for these changes is the strong homonuclear proton 

coupling, their significance is magnetic field dependent. A measure o f this dependence 

can be seen from the numerical predictions o f the decrease, with increasing field strength, 

o f the residual PQ contamination arising from 13C3 labelled Glu responding to a PRESS- 

POCE sequence empolying hard pulses with {TEj, TE2} = {10 ms, 15 ms}. At 3.0 T 

(corresponding to the remainder o f this chapter) the integrated residual signal is ~ 24% of 

that of the PQ multiplet obtained from a PRESS only experiment. At 4.7 T, 7.0 T and 9.4 

T, the residual declines to ~ 14 %, ~ 9 % and ~ 6 % respectively, as shown in Fig. 4.8.

PQ MN
nr
PRESS only spectrum

POCE spectrum

x
2.5 2.4 2.3 2.2 2.1 2.0 1.8 

Chemical Shift [ppm]

PQ MN
nr

|  PRESS only spectrum
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Figure 4.8: Numerically calculated response of the MNPQ protons of 13C3-G1u to a hard pulse PRESS- 
POCE sequence with {TEi, TE2} = {10 ms, 15 ms} at four different field strengths. As the field strength 
increases, the residual PQ signal in the PRESS-POCE spectrum decreases as a result of the coupling 
between the MN and the PQ protons becoming less strong. All spectra were line broadened to 5 Hz.
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4.4 Discussion
It is clear from the preceding analysis that when metabolite protons are not only 

engaged in heteronuclear coupling with 13C spins, but are also participating in strong 

homonuclear coupling with their proton neighbours, the 13C measures derived from the 

indirect PRESS-POCE sequence is significantly altered by the proton homonuclear 

coupling. The strong homonuclear proton coupling indirectly links the 12C-bonded 

protons to the 13C spin, and in consequence causes a change in their MRS response. This 

is in addition to the changes that are seen in the response o f the 13C-bonded protons. As a 

result o f all o f these changes, the POCE strategy fails to produce either a complete 

elimination o f signal from protons not bonded to 13C nuclei, or a doubling of the signal 

from protons that are.

One example that demonstrates this was shown in Figs. 4.7(c) and (d), where, in 

Fig. 4.7(c) the individual POCE scans from 100% 13C4 Glu sample are shown, together 

with their subtraction. Not only is the integrated intensity of the 13C-bonded PQ multiplet 

after POCE subtraction only ~ 79% of that o f the doubled, no-inversion (PRESS only) 

scan, but a residual (19%) MN multiplet also remains in the PRESS-POCE subtraction 

spectrum. Figure 4.7(d) goes further, to demonstrate the 13C concentration dependence of 

the PRESS-derived Glu proton spectrum by showing that the 100% 13C4, subtraction, PQ 

multiplet bears a different lineshape and amplitude from the I2C-bonded, PRESS-only, 

PQ multiplet. If the in-vivo fractional enrichment o f Glu C4 were to be calculated 

assuming that the PRESS-POCE-derived 100%-labelled PQ multiplet were identical to 

that of the PQ multiplet o f Glu with natural abundance 13C, a significant underestimate o f 

enrichment would occur (« 30 %). A second practical consequence would manifest itself 

if  the relative enrichments o f 13C3 and 13C4 were being measured from the same sequence 

as a function of time following the start of venous administration of 13Ci labelled glucose.
1 -3

The contamination o f the labelled MN multiplet, bonded to C after the second circuit o f 

the TCA cycle, by the residual MN signal from the Glu molecules labelled with 13C4 on 

the first round, can be significant. Moreover, the contamination o f the PQ multiplet by 

build up o f 13C3 labelled Glu molecules will also occur. If the MN and PQ multiplet 

intensities during an enrichment experiment are determined by integration o f the 

observed lineshapes between fixed frequency limits, as in Ref. (1), the contamination of
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one multiplet by residue from the other can be as much as 30% for an equal number o f C3 

and C4 labelled molecules. Accurate relative fractional enrichments can really only be 

obtained by using spectral modelling, e.g., LC model (24), equipped with the precise 

basis lineshapes for all spins (as in Refs. (15) and (10)), both bonded and not bonded to a
1 TC nucleus.

4.5 Conclusion
By means of a numerical solution o f the equation o f motion o f the nuclear spin 

density matrix we have been able to predict, and then confirm through phantom 

experiments on aqueous 13C labelled and unlabelled glutamate solutions at 3.0 T, that 

when the proton spins o f a metabolite molecule are strongly scalar coupled (as they are 

for example in glutamate, glutamine, aspartate, myo-Inositol, etc.,) the interaction 

between the strong homonuclear proton coupling and the weak heteronuclear coupling 

causes a mutual perturbation that significantly alters the spectroscopic outcome of
1 Tstandard experiments (for example, PRESS-POCE indirect C detection) to determine 

the rates o f 13C incorporation from 13C labelled substrates in vivo. These spectral 

changes are dependent on molecular labelling site, on sequence timing parameters and on 

field strength, and can affect multiplet intensities by several tens o f percent.
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Chapter 5

Indirect 13C Observation II: Single-Shot PRESS- 
Localized ge-HMQC

5.1 Introduction
The previous chapter dealt with the POCE sequence which has been employed in 

a few brain studies (1-4). However, the POCE technique is a difference method (it relies 

on the subtraction of alternate scans) and thus is susceptible to motion artifacts and 

subtraction errors due to hardware instabilities. Moreover, as with most proton 

spectroscopy sequences, it requires additional pulses for water suppression and, therefore, 

proton resonances close to water such as the Hi glucose peak may also be suppressed 

along with water.
12Coherence selection gradients can be used to suppress signals from C-bonded 

protons in a single scan while maintaining signal only from protons coupled to 13C nuclei, 

and therefore can inherently suppress water while avoiding subtraction errors (5). The 

gradient-enhanced heteronuclear multiple quantum coherence sequence (ge-HMQC) has 

been successfully applied in vivo to obtain indirect 13C ID and 2D spectra o f a localized 

slice in cat brain by making the excitation pulse slice selective (6).

In this chapter, it is demonstrated that by combining the ge-HMQC technique 

with the PRESS sequence, indirect 13C spectra o f 3D volumes can be obtained in a single 

scan while suppressing resonances from 12C bonded protons. A summary o f this 

sequence has been previously presented (7). Using Glu at 3.0 T as an illustrative 

example, the effects of the simultaneous homo- and heteronuclear scalar couplings on the 

spectral response to the basic ge-HMQC and to the PRESS-localized ge-HMQC 

sequences is investigated. It is shown that when polarization transfer (through strong 

coupling) takes place between protons that are coupled to 13C and those that are not, 

significant changes occur to the proton multiplets that arise both from protons that are 

13C-coupled and from those that are not. These multiplet lineshape and intensity changes
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ultimately affect the estimates of 13C enrichment made by the indirect HMQC method, 

just as they did with the POCE technique (see previous chapter).

5.2 Theory

5.2.1 Ge-HMQC pulse sequence

5.2.1.1 General overview o f the sequence

Figure 5.1 displays the standard 2D ge-HMQC pulse sequence (8). In the 2D 

experiment, ti is varied in increments and data is collected at a number of different ti 

values. Since there is a 180° 'H  pulse in the middle of the sequence, proton chemical 

shifts are refocussed at the beginning o f acquisition and thus the effective chemical shift

evolution depends only on the 13C chemical shift during ti, namely, e~‘ri)c‘or e,a>‘‘
12 12 depending on the C coherence state during ti (coc is the chemical shift o f the C

nucleus in question). Thus the resulting *H spectrum is phase modulated as a function of 

this shift. The pulse sequence can be employed for ID experiments by keeping ti fixed. 

Appendix 4 contains a thorough product operator analysis o f the sequence for a simple 

CH spin pair using the product operator rules for a weakly coupled two spin system 

(appendix 1). A conceptual explanation is given in the following paragraph.

‘h  rf

13C RF

gradients

decoupling

time

time

time

gradient legend: spoilers
G 3

|  coherence
selection

Figure 5.1: Standard 2D ge-HMQC pulse sequence. All pulses are hard pulses.
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Consider a weakly coupled AX spin system where A and X represent a proton and 

its coupled 13C nucleus, respectively. Proton longitudinal magnetization is converted to 

in-phase transverse magnetization by the 90°x proton excitation pulse. The 1/(2J CH)

delay followed by the first 13C 90°x pulse generates both zero and double quantum states 

for protons coupled to 13C nuclei. The ratio o f the gradient strengths (assuming that their 

lengths are constant) Gi:G2:G3 determines what coherence pathway is selected for 

detection. The second 13C pulse along with the 1/(2 J c//) delay convert the coherence

states back to in-phase detectable proton magnetization. Any signal from protons not 

coupled to I3C nuclei are dephased by the coherence selection gradients. The spoiler 

gradients are there to eliminate any effects arising from an imperfect proton refocussing 

pulse. 13C decoupling may be applied during acquisition in order to simplify the 

spectmm.

5.2.1.2 Gradient ratios

For an AX spin system, the phase acquired during a rectangular gradient o f length 

x is given by the equation below (6), where p is the coherence order o f the individual 

nucleus and r is the nucleus position with respect to the origin o f the gradient.

<f> = (PAyA+ P x r x )GrT (5-1)

During the time interval ti, there exists the zero quantum and double quantum coherence 

terms A+X', A'X+, A+X+, and A'X'. The 180° proton refocussing pulse changes A+ to A' 

and vice versa, thus interchanging zero quantum and double quantum coherence terms. 

Therefore, during ti the effect of G] and G2 is a phase accumulation of <f>x for the double 

quantum to zero quantum pathway A+X+—» A'X+.

^  =  ( r  a  + y x ) G \ r T + ( - y A  + y x ) G 2 r T  ( 5 - 2 )

For the zero quantum to double quantum pathway (A+X‘—»A'X ) a phase accumulation o f 

<j)2 is acquired.

^2 = (rA - r x ) G f x + ( - r A - y x )G2r* (5-3)

In quadrature detection, only either the A'  or the A+ terms are detected (9). Assuming the

detector is tuned to detect only A ' terms, the pathways A'X* —> A +X* and A X '  —>A+X '

(that evolve during ti) will not be considered, and only those terms containing K  will be
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considered during the last time interval where the effect of G3 is to introduce a phase 

accumulation given by Eq. (5.4).

3̂ = - r AG3rr  (5.4)

For rephasing of the desired signal, the sum of the accumulated phases must be zero.

= = > 0 ' A  +rx)Gi + ( - r A + y x ) G 2 - 7 a G 3 =  0  ( 5 -5 a )

(rA ~rx ) G1 + (~/A ~7x)g2 ~ y AGi = 0 (5-5b)

Equations (5.5a) and (5.5b) yield eight different gradient combinations that can be used

to rephase the desired signal (8). Table 5.1 summarizes these different combinations.
1The gradient ratios are calculated for the case o f a C nucleus coupled to a H nucleus, 

where yA « 4yx .

Table 5.1: Gradient ratios in a ge-HMQC sequence for rephasing of selected pathways

Pathway that is rephased Ratio of G 1 CG2 JG3

A+X+—»A'X+->A' 2 :2:1

A+X’—»A'X‘—»A' 2 :2 :-l

A+X+—»A'X+—>A‘ 0:4:-3

A+X‘—»A"X"—»A" 4:0:3

A+X+—»A’X+—»A~ 4:0:5

A+X‘->A'X '->A' 0:4:-5

A+X+—»A‘X+—»A‘ 3:5:0

A+X'—»A'X‘—»A‘ 5:3:0

All of the above gradient combinations will dephase any signal from protons not coupled 

to 13C nuclei and therefore only signal from 13C-coupled protons is detected. However, 

note that since only one o f the pathways that leads to observable signal is selected by any 

one of the gradient combinations, the ge-HMQC sequence suffers from a loss in signal by 

a factor o f two compared to non-gradient methods (8).
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5.2.2 Combining PRESS and the ge-HMQC technique

Figure 5.2 displays how the PRESS sequence can be combined with the ge- 

HMQC technique in order to obtain signal from 13C coupled protons from a three 

dimensional localized volume. The difference between this sequence and the ge-HMQC 

sequence is that the first hard proton excitation pulse is replaced by the PRESS single

shot localization sequence, so that by the end o f the PRESS part o f the sequence there 

exists in phase transverse proton magnetization in the voxel o f interest (the effects of 

proton homonuclear coupling during the echo times are ignored for now). This 

magnetization then evolves as described in §5.2.1 so that at acquisition only signal from 

13C coupled protons from the desired volume is acquired.

180° 180°

H RF 90°, acquisition

TEi/2 TEi/2+TE2/2 TE2/2
13c r f

time

decoupling
time

gradients

G! G2

■ l
time

gradient legend: H  slice selection |  spoilers |
coherence
selection

Figure 5.2: The combined PRESS and ge-HMQC pulse sequence. The shaped pulses represent slice 
selective pulses while the rectangular ones represent hard pulses. G3 = 0 in this case.

5.3 Methods
The method o f numerical analysis used in this chapter was outlined in chapter 3. 

The chemical shift and scalar coupling constants used are the same as those displayed in 

Table 4.1.

All phantom experiments were carried out in an 80 cm bore, 3.0 T magnet system 

(Magnex Scientific PLC, Abingdon, UK), using a SMIS spectrometer (Surrey Medical 

Imaging Systems PCL, Guildford, UK) with a home-built 7 cm diameter *H birdcage RF
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coil, and a 3.5 cm diameter I3C surface coil. The efficacy o f the pulse sequence was 

verified on a 2.7 cm diameter, 10 M natural abundance acetic acid phantom. To verify 

the numerical calculations, two 2 cm diameter aqueous-solution phantom of pH » 7 was
13made, one containing 35 mM labelled Glu with the C3 carbon enriched 99% in C 

(Sigma-Aldrich Canada), and the other containing 1.8 M natural abundance Glu.

The PRESS part o f the sequence consisted o f a sinc-gaussian 90° slice selective 

excitation pulse o f length 2.6 ms (bandwidth =1500 Hz) followed by two slice selective 

2.75 ms sine refocussing pulses (bandwidth =1500 Hz) each applied in conjunction with

3.6 mT/m gradients in order to refocus a slice thickness of 1 cm. The refocusing pulses 

were numerically optimized using the software MATPULSE (10) to minimize the spatial 

extent o f the tip-angle transition region. The relatively short pulse lengths along with 

spoiler gradients o f length 1 ms allowed a minimum total echo time o f 20 ms (TEj = TE2 

= 10 ms) to be achieved. A preceding hyperbolic secant inversion pulse was employed, 

when necessary, to minimize water contamination at the appropriate inversion time. To 

improve suppression of unwanted resonances the phase of the first 90° 13C pulse as well 

as that o f the receiver was alternated between ±x. For acetic acid 1 /2 J c h  = 3.85 ms, and 

for glutamate 1 /2 J ch  = 3.7 ms. A ratio o f Gi:G2 of 3:5 (G 3 = 0) was used for coherence 

selection and these gradients were applied in three orthogonal directions with a duration 

of 2 ms each. The total length of ft including post gradient delays, gradient lengths, and 

the ]H 180° pulse (500 p,s) was 5 ms. The 13C pulses were 150 ps long. All experiments 

employed a repetition time o f 3 s, and a WALTZ-16 segment (11) for 13C decoupling 

during acquisition.

5.4 Results

5.4.1 Verification of sequence efficacy

Figure 5.3 displays the results obtained with the acetic acid phantom described 

above. Figure 5.3(a) shows the PRESS spectrum of the acetic acid phantom with no 13C 

editing, while 5.3(b) shows the result of applying the sequence shown in Fig. 5.2, without 

the decoupling pulses. Symmetric echo times o f 10 ms were employed and no water 

suppression pulses were applied. The efficiency o f the sequence in suppressing signal
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from water as well as from protons bonded to 12C nuclei while maintaining only signal 

from protons coupled to 13C nuclei is clearly demonstrated. The two satellite proton 

peaks are 13C decoupled in Fig. 5.3(c). The protons on the methyl group are not J- 

coupled and therefore there is no loss in signal due to J-evolution during the echo times 

of the PRESS sequence. Since 13C is 1.1% naturally abundant and the ge-HMQC 

sequence involves a loss in signal by a factor o f two, the height o f each satellite peak in 

Fig. 5.3(b) should be 0.0028 times that o f the height o f the peak in Fig. 5.3(a), taking into 

account the extra reduction by a factor of 2 because no decoupling was applied. 

Experimentally the satellite peak heights were determined to be 0.0025 times that o f the 

peak obtained with PRESS which agrees well with theory.

a)

b)

c )

water

|  x200

1 _______
_l_

6.5 5.5 4.5 3.5
(ppm)

2.5 1.5

Figure 5.3: The top spectrum is a PRESS spectrum of the acetic acid phantom; the CH3 peak is from 12C- 
bonded protons, (b) is the spectrum obtained with the sequence shown in Fig. 5.2 but without decoupling,
showing the two satellite peaks, 
in 32 averages.

(c) is the same as (b) but with C decoupling. All spectra were acquired
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5.4.2 Comparing the efficiency of PRESS-localized ge-HMQC to that of 

PRESS-localized POCE

The sequences o f Figs. 4.1 and 5.2 were applied to the acetic acid phantom in 

order to compare the performances o f the two sequences in suppressing unwanted signal. 

The PRESS part o f the sequence was applied as described in the methods section with
• 13symmetrical echo times of 15 ms in order to allow time for the application o f the C 

inversion pulse 1/(2J CH) (about 3.85 ms) prior to acquisition in the localized POCE

sequence. Figure 5.4(a) shows the spectrum obtained using the difference POCE method 

while that of Fig. 5.4(b) shows the result o f applying the PRESS sequence combined with 

the ge-HMQC technique. The efficiency o f the latter sequence over the difference 

method in suppressing unwanted resonances is clearly demonstrated. However, as 

mentioned before the disadvantage of using the coherence selection gradients is a loss in 

signal by a factor o f two as can be seen in Fig 5.4.

C H

a) water

b)

I 1 1
6.5 5.5  4.5  3.5 2.5 1.5

(ppm)
Figure 5.4: (a) is a spectrum of the acetic acid phantom obtained using the localized POCE sequence of Fig. 
4.1, while (b) is the result of applying the PRESS sequence that incorporates the ge-HMQC technique. 
Both spectra were acquired in 32 averages.
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5.4.3 Effect of strong homonuclear proton coupling on the outcome of the 

basic ge-HMQC sequence

The ge-HMQC sequence is assumed to dephase any signal from 12C-bonded 

protons while retaining signal from only 13C-coupled protons (with a 50% yield) in a 

single application o f the sequence. It is shown here that in situations such as that o f the 

MN or PQ protons o f Glu at 3.0 T where strong-coupling is involved, ge-HMQC does not 

completely eliminate signal from protons not coupled to 13C nuclei, but because o f the
13 •strong proton coupling, some residual signal from non- C-coupled protons remains. 

This is illustrated in Fig. 5.5, where the response of the MN and PQ protons to the ge- 

HMQC sequence (Fig. 5.1) was numerically calculated first for the case where the C3
13 13carbon is a C nucleus, and then for the situation where the C4 carbon is a C nucleus. 

The delay 1 / 2 J c h  was set to 3.7 ms and coherence selection gradients o f length 2 ms were
13 • •assumed. Spectra were calculated under the condition o f C decoupling during 

acquisition. The dashed spectra show the response o f the MN and PQ protons to a single 

90° proton excitation pulse, while the solid spectra show the outcome o f applying the ge- 

HMQC sequence. As can be seen, there remains some unsuppressed signal in the
13resulting spectrum from protons that are not coupled to C nuclei. More precisely, by 

integrating the PQ proton peaks (2.25-2.55ppm) o f the ge-HMQC spectrum and o f the 

unedited spectrum shown in Fig. 5.5(a) it was calculated that about 11% of the PQ signal 

remains unsuppressed, and only 38% of the MN multiplet (1.8-2.25ppm) is retained 

(instead o f the expected 50%). Similar calculations for the peaks in Fig. 5.5(b) indicate 

that approximately 43% of the PQ signal remains, and although there is some 

unsuppressed MN signal, upon integration the net residual signal is negligible. Thus it is
13 •apparent that when the C-coupled protons are involved in strong homonuclear coupling,

• 13not only is the signal yield o f C-coupled protons less than expected, but there also 

remains some residual unsuppressed signal from 12C-bonded protons. In the next section, 

it is shown how these effects of strong proton coupling are exacerbated when ge-HMQC 

is combined with PRESS to allow for three dimensional localization.
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Figure 5.5: The response of Glu to the ge-HMQC sequence when a) the MN protons are l3C-coupled and b) 
when the PQ protons are 13C-coupled. The dashed lines are the response to a 90° excitation pulse. The 
solid lines are the responses to ge-HMQC. All spectra were line broadened to 5 Hz.

5.4.4 Effect of strong homonuclear proton coupling on the outcome of a 

PRESS-localized ge-HMQC sequence

Figures 5.6 and 5.7 show the peak intensities o f the MN and the PQ multiplets in 

response to the PRESS-localized ge-HMQC sequence as a function of the PRESS echo 

times. As can be seen there is a drop in signal with increasing echo times. Note the 

higher secondary intensity maximum for the PQ protons in the area o f TEi = TE2 = 60 ms 

than seen for the MN protons. This is due to the absence o f an interaction between the 

PQ protons and any other proton, similar to that between the MN protons and the A 

proton (bonded to C2) o f Glu. The drop in signal in general mirrors the decrease o f in- 

phase terms such as My and Ny (for 13C3 labelling) or Py and Qy (for 13C4 labelling) at the 

end of PRESS as the strong homonuclear coupling facilitates polarization transfer to 

other Glu protons (12). It is apparent that for optimal signal from both C3 and C4 labelled 

carbons it is desirable to minimize the echo times o f the PRESS sequence. Practical 

timings for a human in-vivo experiment would be symmetric echo times o f 10 ms. Figure 

5.8(a) shows the numerically calculated response o f natural abundance Glu to a PRESS 

sequence alone with those timings, while Fig. 5.8(b) illustrates the response when the ge- 

HMQC sequence is attached to PRESS for an equal number o f singly labeled 13C3- and 

i3C4-G1u molecules. Figure 5.8(c) shows experimental confirmation o f Fig. 5.8(b) using

114

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



the 1.8 M natural abundance phantom. The parameters described in the methods section 

were used in both the numerical and experimental situations.

MN multiplet intensity q2
1 0 0

0.20.180

0.40.2 0.2

0.2.0.3

111
H o -

<0.2
0.3

30 0.4
0.4 0.2;0.3

20
0.5

0.2

Figure 5.6: A map of the MN multiplet intensity in response to the PRESS-ge-HMQC sequence as a
function of PRESS echo times.
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Figure 5.7: A map of the PQ multiplet intensity in response to the PRESS-ge-HMQC sequence as a 
function of PRESS echo times. The recovery of the intensity at longer PRESS echo times is much broader 
and higher than that of the MN intensities shown in Fig. 5.6, a phenomenon due to the absence (for PQ 
protons) of the ‘A’ spin coupling experienced by the MN protons.
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Chemical shift [ppm]

2.8

(b) PRESS+ge-HMQC 
Numerical

2.6 2.4 2.2 2
Chemical shift [ppm]

(c) PRESS+ge-HMQC 
Experimental
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Figure 5.8: The response of natural abundance Glu to the PRESS sequence alone, TE, = TE2 = 10 ms, is 
shown in (a), while (b) shows the response when PRESS is combined with ge-HMQC. Panel (c) shows 
experimental confirmation of the lineshape of (b) using the 1.8 M natural abundance Glu phantom 
(acquired with 256 averages). All spectra were line broadened to 6 Hz. The MN and PQ multiplets of the 
spectrum shown in (b) are about 28% and 38%, by area, of the corresponding multiplets in (a), respectively.
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The natural abundance spectrum of Fig. 5.8(b) shows the response when there are 

an equal number o f C3 and C4 singly-labelled Glu molecules. Figure 5.9 shows the 

contribution from C3 and C4 labelled Glu molecules individually. Note that the PRESS 

spectra in Fig. 5.9 are not the same as the one in Fig. 5.8(a) where the natural abundance 

situation was considered (essentially no heteronuclear coupling). In Fig. 5.9(a), the 

response of a C3-labelled Glu molecule to the PRESS sequence and to the PRESS- 

localized ge-HMQC sequence is calculated. Approximately 30% of the MN signal is 

retained (instead of the ideal 50%) and about 8.5% of the PQ peak remains (instead of 

zero) compared to the PRESS spectrum. Experimental verification o f the spectra in Fig. 

5.9(a) are shown in Fig. 5.9(b). Figure 5.9(c) shows the expected response o f a C4- 

labelled Glu molecule, where about 30% of the PQ peak is retained and about 9% of the 

MN peak remains unsuppressed.

5.5 Discussion
The objective o f this work was to explore an alternative technique that yields 

indirect 13C spectra from three dimensional volumes and that does not rely on the 

subtraction o f alternate scans, thereby reducing its susceptibility to motion artifacts and

subtraction errors. The superiority o f the sequence over that o f the PRESS-localized
12POCE sequence (topic of the previous chapter) in suppressing unwanted signal from C- 

bonded protons was demonstrated on a 10 M natural abundance acetic acid phantom. 

The effects o f strong homonuclear coupling on the outcome o f this sequence was also 

investigated. If it is assumed that the only interaction taking place during the PRESS- 

localized ge-HMQC sequence is the heteronuclear coupling then the sequence suffers 

from a loss in signal by a factor o f two compared to the POCE technique because the 

coherence selection gradients can only select one of two possible coherence pathways 

that lead to observable signal. This still renders the sequence twice as sensitive as a 

direct 13C detection sequence with polarization transfer (enhances 13C signal by about 

yHl y c ~ 4). Moreover, there is the additional sensitivity that comes from the proton 

multiplicity (often two or three protons are coupled to the same 13C nucleus).
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Figure 5.9: The numerical response of a C3-labelled Glu molecule to the PRESS sequence (TEi = TE2 = 10 
ms) and to the PRESS-localized ge-HMQC is shown in (a). Experimental confirmation of (a) using the 
35mM 13C3-labelled Glu phantom is shown in (b) where the MN peak constitutes about 28% of the PRESS 
spectrum (30% numerically in (a)), and a 7.5% residual PQ peak remains (8.5% numerically in (a)). Both 
experimental spectra were acquired with 128 averages. The numerical response of a C4-labelled Glu 
molecule is shown in (c), where the PQ peak of the edited spectrum is about 30% that of the PRESS 
spectrum and the residual MN peak is about 9%. All spectra were line broadened to 5 Hz.
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We illustrated in this chapter that when the 13C-coupled protons are also involved 

in strong homonuclear coupling the signal yield o f the basic ge-HMQC sequence is less 

than the expected 50%, and furthermore not all the signal from 12C-bonded protons 

involved in strong coupling with the 13C-coupled protons is eliminated (as was the case 

with the POCE sequence discussed in chapter 4). It was also demonstrated that when the 

PRESS sequence is combined with the ge-HMQC sequence, the resulting signal is highly 

dependent on the echo times of the PRESS part of the sequence and the temporal 

variation is different for the MN and the PQ protons. In particular, for the MN protons 

(because o f the additional coupling it exhibits with the A proton), there is a sharp drop in 

signal with increasing echo times. Therefore, for maximum signal it is desirable to 

minimize the echo times o f PRESS. Practical short timings are TEi = TE2 = 10 ms. At 

these timings, it was shown in Fig. 5.9 that the 13C4-G1u PQ peak is about 30% that o f the 

PRESS spectrum, while a residual 9% MN signal remains unsuppressed. Similar signal 

yields were obtained with 13C3-G1u. The loss in signal o f 13C-coupled protons is a result 

o f the proton scalar coupling evolution that takes place during PRESS and then during
13ge-HMQC itself which is quite significant. For example, using the same C4-GIU 

example above but shortening the coherence selection gradient lengths from 2 ms to 1 ms 

results in an increase o f PQ signal by approximately 13%.

The variations of the MN and PQ signal yields can be used to advantage, for 

example, if  only the rate o f C4-GIU labelling is o f interest, then instead o f employing 

short echo times, alternative timings that retain a significant amount of PQ signal while 

eliminating most of the MN signal can be employed. One example is {TEi, TE2} = {70 

ms, 30 ms}. From Figs. 5.6 and 5.7 it can be seen that the signal yield for the PQ peak at 

these timings is about 75% of that when TEi = TE2 = 1 0  ms, while the MN signal yield is 

minimal. The calculated response of natural abundance Glu to the sequence at these 

timings is shown in Fig. 5.10(a) and its experimental confirmation is illustrated in Fig. 

5.10(b).
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Figure 5.10: The calculated response of natural abundance Glu to the PRESS-localized ge-HMQC 
sequence with {TE,, TE2} = {70 ms, 30 ms} for the PRESS part of the sequence. The spectrum shows a 
PQ peak that reflects C4 labelling and that is uncontaminated by signal from the 13C3-coupled MN protons. 
Experimental confirmation of the spectrum is shown in (b), acquired with 256 averages. All spectra were 
line broadened to 6 Hz.

5.6 Conclusion
• 12The PRESS-localized ge-HMQC sequence offers better suppression o f C- 

bonded protons because of its ability to filter through signal from 13C-coupled protons in 

a single application of the sequence without needing to rely on the subtraction o f scans. 

However, the ge-HMQC sequence suffers from a loss in signal by a factor o f two. 

Furthermore, the strong homonuclear coupling present in many of the metabolites 

detected by I3C NMR at clinical field strengths such as glutamate and glutamine causes a
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further loss in signal that further reduces the improvement in SNR expected with indirect
t -5 1 ^

C detection. The strong homonuclear coupling also indirectly links the C spin to 

protons attached to the neighboring 12C nucleus, so that there is incomplete elimination of 

signal from the 12C-bonded protons. If integration between fixed frequency limits is 

being used as the method of quantifying 13C fractional enrichments then it is likely that 

overestimations will take place and a more accurate method o f quantification would be to 

use a spectral fitting routine like LC model (13) with correct basis lineshapes (1,14).
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Chapter 6

Direct 13C Observation I: PRESS Combined with 
a Modified DEPT Sequence1

6.1 Introduction
. 1 3 *Chapters 4 and 5 described techniques used in the indirect detection o f C signal 

(monitoring 13C labelling through the protons coupled to the 13C nuclei o f interest). 

Although indirect 13C detection offers more sensitivity, it suffers from poor spectral 

resolution, particularly at the relatively lower field strengths, such as 3.0 T, used 

clinically. Direct 13C NMR spectra, on the other hand, exhibit much better spectral 

resolution and eliminate the problems associated with water suppression. Moreover, the 

signal-to-noise ratio (SNR) of the 13C spectra can be improved by using polarization 

transfer techniques such as DEPT (1), Distortionless Enhancement by Polarization 

Transfer, and INEPT (2), Insensitive Nuclei Enhanced by Polarization Transfer, where 

there is a transfer o f polarization from the more sensitive protons to their less sensitive 

coupled 13C nuclei (enhances signal by about yH / yc « 4). Since in in-vivo experiments it 

is desirable to obtain signal from a spatially well defined region, DEPT and INEPT have 

been combined with proton localization techniques, whereby localization is performed on 

the protons in the region of interest and polarization transfer is then used to transfer the
1 Tmagnetization to the coupled C nuclei. This clever technique not only allows for 

enhancement o f the 13C signal but also reduces the otherwise large chemical shift
1 Tdisplacement errors associated with localizing directly on C. Though the feasibility of 

combining INEPT with one-dimensional ISIS (3) and with PRESS (4) has been 

demonstrated, the INEPT sequence does distort the line intensities o f the 13C multiplets 

and the refocused INEPT sequence (5) requires more RF pulses than DEPT does. DEPT 

has also been combined with one-dimensional ISIS (6), and then later the full three 

dimensional ISIS localization sequence (7) was incorporated with DEPT at 4.0 T and was

1 Part of this chapter has been published. Yahya A, Allen PS. Effect of strong homonuclear proton 
coupling on localized 13C detection using PRESS. Magnetic Resonance in Medicine 2005; 54, 1340-1350.
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used to obtained localized natural abundance 13C spectra of the human brain (8). More 

recently, the latter sequence was applied to rat brain (9) with some modifications to the
o

DEPT part. Dephasing gradients were applied around both the proton and carbon 180 

refocussing pulses in order to eliminate any off-resonance effects due to imperfect 

refocussing pulses. The incorporation o f these gradients removed the need to rely on a 

phase cycling scheme, which mitigated the sequence’s vulnerability to motion artifacts. 

However, the ISIS technique itself requires eight separate add/subtract scans in order to 

localize signal from a voxel, and thus such a sequence is still susceptible to motion 

artifacts and subtraction errors.

In this work, we demonstrate at 3.0 T that 13C signal from a three dimensional 

localized volume can be obtained in a single scan by combining the single shot 

localization PRESS sequence with a similarly modified DEPT sequence. A summary of 

this sequence has been previously presented (10). Furthermore, in this report, we show 

using glutamate (Glu) at 3.0 T as an illustrative example, how the strong homonuclear
i  "2 .

proton coupling gives rise to a reduction in the C signal enhancement from a basic 

DEPT sequence, and how this enhancement is further reduced when PRESS is combined 

with DEPT. The reduction in signal enhancement is a sensitive and non-monotonic 

function of the PRESS echo times and it does not have the same temporal dependence for
13each o f the carbon positions in Glu. This latter difference would complicate relative C 

incorporation measurements on different carbon sites that might be made from the same 

carbon spectrum. The outcome o f a sequence combining PRESS and refocussed INEPT 

is also examined and compared to that of the PRESS-DEPT sequence.

6.2 Theory

6.2.1 INEPT

6.2.1.1 The basic INEPT sequence

Figure 6.1(a) shows a diagram of the basic INEPT pulse sequence. To understand 

the mechanism of the sequence, consider an IS spin system, where I represents the 

proton, and S the coupled 13C nucleus. Using the product operator approach (Appendix 

1), the evolution o f the spin system can be followed. At thermal equilibrium the density
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operator equals Yjlz + ysS z (the y  factor is usually not included; however it is included 

here to demonstrate the source of signal enhancement). Upon application of the proton 

excitation pulse, yII z +ysSz — 90/(0 >- y II Y+ysS z , and following the delay l/2JiS, 

- y , I Y+ysSz —1/2J— > y, 21XS7 + ysS7 , forming proton antiphase magnetization. The 

proton 180° pulse is there to refocus any chemical shift evolutions, while the 

simultaneous 13C 180° pulse allows the formation o f antiphase heteronuclear coherence. 

The 13C excitation pulse forms a multiple quantum state and in-phase transverse

magnetization for uncoupled 13C nuclei, Y,2IxSz + y sSz 9°:; >- y ,21XSY - y sSr . The 

proton 90° pulse transforms the coherences as follows, 

- y , 2 I x SY- y sSY—9°v(/) >y l 2IzS Y- y sS Y, resulting in a 13C antiphase coherence state 

which has benefited from a yr I y s ~ 4  enhancement in signal. To eliminate signal from 

uncoupled 13C nuclei, the phase of the last proton pulse is alternated between ± y  and the 

two scans are subtracted.

The enhanced antiphase 13C signals, however, have line intensities that are 

distorted. Signal from a CH group have line intensities of 1:-1, while those from a CH2 

group have the ratios 1:0:-l, and those from a CH3 group have ratios o f 1:1 :-l :- l , instead 

of the standard 1:1, 1:2:1, and 1:3:3:1 ratios, respectively (11). Furthermore, proton 

decoupling cannot be applied during acquisition because this would simply collapse the 

multiplets causing the enhanced antiphase signals to cancel out. In order to allow 

decoupling the enhanced antiphase signals must be refocussed so that they are brought 

back into phase. This is done by attaching a spin echo to the sequence, yielding the 

refocussed INEPT sequence.

6.2.1.2 The refocussed INEPT sequence

The refocussed INEPT sequence is shown in Fig. 6.1(b). For CH molecular 

groups, the delay r for optimal in-phase 13C signal is 1/2Jch, yielding signal enhanced by 

y , / y s ~ 4 .  For CH2 molecular groups, the delay r  needs to be 1/4JCh for maximum

signal enhancement which again is y l / y s x  4 . For CH3 molecular groups, the optimal
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signal enhancement is 1.15^ ! y s « 4 .6 , and is achieved when r  is equal to 

cos' 1 {4li2>)l{nJCH) ~  0 .2 t J CH (12).

(a) Basic INEPT
90x

R.F. 1H

180.

1/4Jch . d_ 1/4 Jch180x

R.F. 13C

90,

90x

Time

Acquisition
Time

(b) Refocussed INEPT

90x 180x

R.F. 1H

90y 180x J

Decoupling Time

M4Jch M4JCh I
C 180x 90x 180x |

R.F. 13C
I Acquisition 
I Time

 x
r / 2  r / 2  1

Figure 6.1: The basic INEPT sequence is displayed in (a), while the refocussed INEPT sequence with 
proton decoupling during acquisition is shown in (b).

6.2.2 DEPT

6.2.2.1 The basic DEPT sequence

Figure 1.23 displays the basic DEPT pulse sequence and a description of the 

mechanism of the sequence is given in §1.8 .2 .

6.2.2.2 The modified DEPT sequence

The figure below shows the additional spoilers added to the basic DEPT
o

sequence. The purpose o f the spoiler gradients around both the proton and carbon 180 

pulses in DEPT is to eliminate any off-resonance effects due to imperfect refocussing 

pulses (9). The additional 90° 13C pulse at the end o f the sequence has the same phase as
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the 13C excitation pulse and transforms any 13C signal that is directly excited by the 13C 

excitation pulse into unobservable longitudinal magnetization. Conventionally, this 

signal is eliminated by phase cycling the final proton pulse between ± y and subtracting 

alternate scans. The modified DEPT sequence does not need to rely as heavily on phase 

cycling in order to eliminate 13C signal not arising via polarization transfer from the 

coupled protons.

Decoupling 
Channel (*H)

Observe 
Channel (13C).

gradients

9 0 ° v 180° 0 v
i_

a
Decoupling
iIi

= L time

9<j)c 1 8 p °y 9Q°X
Acquisition

1 /2 J ch 1 /2 J ch

time
1/2JCH

-► time

Figure 6.2: The modified DEPT sequence.

6.2.3 PRESS combined with modified DEPT

Figure 6.3 illustrates the PRESS sequence combined with the modified DEPT 

sequence. Localization is performed on the protons in the voxel o f interest by PRESS; 

DEPT polarization transfer is then used to transfer the magnetization to the coupled 13C 

nuclei in that voxel. To illustrate the single-shot nature o f this sequence, let us revisit the
13 •IS (I is a proton, and S the coupled C nucleus) spin system. The refocussing pulses are 

there to refocus any chemical shift evolution which shall be ignored in the following. At 

the end o f PRESS, there exists transverse proton magnetization Iy which after the first 

1 /2 J c h  time interval transforms into antiphase proton magnetization with carbon 2IXSZ. 

The carbon excitation pulse converts this coherence state into a multiple quantum state, 

namely, 2IxSy. The excitation pulse also creates outer volume signal Sy. The antiphase 

state is then transformed into antiphase carbon magnetization with proton, 2IzSy, by the 

proton theta pulse which would be set to 90° for maximum signal from a CH molecular
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group. The final delay yields transverse carbon Sx magnetization which is not influenced 

by the final 13C 90°x pulse. Any outer volume carbon Sy magnetization, however, will be 

converted back to unobservable longitudinal magnetization by the final carbon 90°x 

pulse. Thus we see that by combining PRESS with this modified DEPT sequence, 13C 

signal can be acquired from a localized volume in a single scan without the need to rely 

on any phase cycling scheme or on the addition or subtraction of alternate scans.

90°* 180° 180°

!H
tA?— vAf  § A

TE, * TEi+TpJ TE2
13

c

gradients

180c 0 y Decoupling

I -► time

90°x 180°y 90°x Acquisition

H m  n
1 /2 JCH

a ►
1 /2JCh

time
< ►!
1 /2JCh!

-► time

slice selective pulses

slice selection gradients

spoiler gradients

Figure 6.3: Schematic diagram illustrating the PRESS sequence combined with DEPT, where essentially 
the 90° proton excitation pulse of the DEPT sequence has been replaced by PRESS.

6.3 Methods
The method of numerical analysis used in this chapter was outlined in chapter 3. 

The chemical shift and scalar coupling constants used are the same as those displayed in 

Table 4.1.

All experiments were carried out in an 80 cm bore, 3.0 T magnet system (Magnex 

Scientific PLC, Abingdon, UK) using a SMIS spectrometer (Surrey Medical Imaging 

Systems PCL, Guildford, UK). Two sets of experiments were conducted. One set was to 

verify the efficacy of the sequence and the other was to investigate the effects o f proton 

homonuclear coupling on the outcome of the sequence. The experiments verifying the
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efficacy o f the sequence employed a dual-tuned ^C /'H  open coil (see chapter 2 for 

details) and a phantom consisting o f a 6 cm diameter sphere containing 10 M acetic acid 

immersed in a container o f canola oil, as shown in Fig. 6.4. The PRESS sequence 

consisted o f a sinc-gaussian 90° slice selective excitation pulse followed by two slice 

selective pulses o f length 5.5 ms (bandwidth « 750 Hz) and applied in conjunction with

0.9 mT/m gradients in order to refocus a slice thickness o f 2 cm (a voxel o f 2x2x2 cm 

was achieved). The pulses were numerically optimized using the software MATPULSE 

(13) to minimize the spatial extent o f the tip-angle transition region. The 90° proton and 

carbon DEPT pulses were respectively 500 ps, and 400 ps in length and the 6 ° pulse was 

set to 45° for optimal detection of CH2 molecular groups. The spoilers in the DEPT part 

o f the sequence were 2 mT/m in strength and were applied simultaneously for 1 ms in 

three orthogonal directions. A sixteen step phase-cycling scheme shown to be efficient 

for DEPT (14) was also incorporated into the sequence (see Table 6.1). The delay 1 /2 J ch 

was set to 3.85 ms and all experiments employed a repetition time, TR, o f 3 s, and a 

WALTZ-16 (15) decoupling component for 'H  decoupling during acquisition. To 

achieve optimal signal it is important that the phase of the DEPT 0° pulse be orthogonal 

to that o f the PRESS excitation pulse. Since spatial localization changes the relative 

phases o f the two pulses (16-18) a phase calibration routine on the water peak from the 

desired voxel was carried out initially using the proton-only part o f the sequence (see Fig. 

6.5). In this routine the tip angle o f the last DEPT pulse was set to 0 = 90° and the phase, 

a , of the PRESS excitation pulse was varied until the signal from the water peak reached 

a maximum. At this point orthogonality had been reached between the phase of the 

excitation pulse and that of the last proton pulse. This phase was then employed when 

applying the dual-frequency PRESS-DEPT combination.
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10M acetic acid

2x2x2cm'Ai

6cm

ir
*•14cm

Figure 6.4: Phantom
used to verify the 
efficacy of the PRESS- 
DEPT sequence.

90° Acquisition

‘H

gradients

4 TEi+TeJ

v̂ /  = slice selective pulses

time

time

= spoiler gradients

slice selection gradients

Figure 6.5: Sequence used to calibrate the relative phases of the PRESS excitation pulse and the final
proton hard pulse.

The efficacy o f the sequence was verified in vivo on a 3x3x7 cm3 voxel of a 

human calf using all the parameters above, except that the localization gradient strengths 

were reduced to 0.6 mT/m. The phase calibration routine was not as efficient in vivo 

because o f the large amount outer volume signal, and an improvement could be made by 

employing the method of Choi et al. where two additional 180° slice-selective pulses are 

appended to the end o f the calibration routine shown in Fig. 6.5 (19).

To investigate the effect o f strong homonuclear coupling on the outcome of the 

sequence, the two PRESS refocussing slice selective pulses were reduced to 2.75 ms in 

length (bandwidth —1500 Hz) and each was applied in conjunction with 3.6 mT/m 

gradients in order to refocus a slice thickness o f 1 cm (a voxel o f l x l x l  cm3 was used).
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The relatively short pulse lengths along with spoiler gradients o f length 1 ms allowed a 

minimum total echo time of 20 ms (TEi = TE2 = 10 ms) to be achieved. The 90° proton 

and carbon DEPT pulses were respectively 200 ps, and 150 ps in length and the 0° pulse 

was again set to 45° for optimal detection of CH2 molecular groups. A home-built 7 cm 

diameter 'H  birdcage RF coil, and a 3.5 cm diameter 13C surface coil were employed for 

these experiments along with two 2 cm diameter aqueous-solution phantoms of pH =7, 

one containing 1.8 M Glu, with 13C in natural abundance and another containing 35 mM 

labelled Glu with the C3 carbon enriched 99% in 13C (Sigma-Aldrich Canada).

Table 6.1: Phase cycling scheme implemented for the DEPT part of the sequence.

Phase of DEPT 
1H 180° pulse

Phase of DEPT 
1H 6 °  pulse

Phase of DEPT 
,3C 180° pulse

Receiver
phase

X y X X

y y X -X

-X y X X

-y y X -X

y -y X X

X -y X -X

-y -y X X

X -y X -X

X y -X X

y y -X -X

-X y -X X

-y y -X -X

y -y -X X

X -y -X -X

-y -y -X X

X -y -X -X
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6.4 Results

6.4.1 Efficacy of the sequence

To verify the efficacy of the sequence shown in Fig. 6.3 it was applied to the
13phantom displayed Fig. 6.4. Figure 6 .6(a) shows the result o f applying a single C hard 

pulse (no decoupling pulses were applied during acquisition). Large signal from the CH2 

groups o f oil is visible as are the smaller peaks from the CH3 group o f the acetic acid 

solution. The spectrum shown in Fig. 6 .6(b) was obtained from a 2x2x2 cm voxel o f the 

acetic acid phantom by a single-application o f the PRESS-DEPT sequence o f Fig. 6.3 (no 

signal averaging). It is clear that in one application of the sequence almost all o f the 

outer volume oil signal is suppressed. The spectrum in Fig. 6 .6(c) displays the result o f 

signal averaging and phase cycling.

CH3 acetic acid

b)

1040 30 20
Chemical shift (ppm)

Figure 6.6: The spectrum in (a), acquired in 64 averages, shows the result of applying a single 13C hard 
pulse to the phantom shown in Fig. 6.4. The result of a single application of the sequence of Fig. 6.3 (TE, 
= TE2 = 30 ms); a 2x2x2 cm3 voxel in the acetic acid phantom was chosen. It is clear that the sequence 
efficiently eliminates nearly all outer volume signal. The spectrum in (c) shows the effect of signal 
averaging (64 averages) and phase cycling. No proton decoupling during acquisition was applied in any of 
the cases.
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6.4.2 Feasibility of applying the sequence in vivo

To demonstrate the feasibility o f applying the sequence of Fig. 6.3 in vivo, it was 

applied to a human calf. Figure 6.7 shows the natural abundance 13C peaks o f creatine 

(Cr) and choline (Cho) obtained from a 3x3x7 cm3 volume from a human calf muscle.

Cr

Cr + Cho

45 3555
chemical shift (ppm)

Figure 6.7: Natural abundance 13C spectrum acquired from a 3x3x7 cm3 voxel of a human calf using the 
sequence of Fig. 6.3 (TEi = TE2 = 30 ms, 1600 acquisitions). The spectrum shows peaks from the creatine 
methyl group at 37.5 ppm, and from the creatine methylene and choline methyl groups at 54.8 ppm.

6.4.3 The effect of strong homonuclear proton coupling on the outcome of 

the sequence, illustrated with glutamate at 3.0 T

At 3.0 T, Glu can be represented as a strongly-coupled AMNPQ proton spin 

system (see Fig. 1.9). When one o f its carbons is 13C-labelled, it can be denoted as an 

AMNPQX spin system, where X is the 13C nucleus (see Table 4.1). It is demonstrated in
1 -j

this section that the PRESS localization is not benign and that it affects the localized C 

outcome through its influence on the coherence distribution o f the localized protons, 

upon which the polarization transfer is dependent. There are therefore two coupling-
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dependent processes affecting the intensity o f the localized 13C spectrum. One is the 

efficiency of the DEPT enhancement and the other is the PRESS-govemed coherence 

distribution o f the localized protons.

Under the substantially simplified conditions o f an unlocalized DEPT 

enhancement in which the strong homonuclear proton coupling in Glu is switched “o f f ’, 

the Glu in-phase SQC, My and Ny (for 13C3 labelling) or Py and Qy (for 13C4 labelling), 

would, at the end of DEPT, each contribute 0.5 towards the expectation value of unity for 

Xx (corresponding to a factor o f y,, / yc ~ 4 enhancement), but nothing to that for Xy. In

contrast, under strong proton homonuclear coupling, although there can in principle be up 

to 256 MNPQ Glu SQC terms at the start o f DEPT (when preceded by PRESS), only 

eight (for 13C3 labelling) or six (for 13C4 labelling) are significant in producing in-phase 

13C magnetization at the end of DEPT, in addition that is, to the dominating, My and Ny 

(for 13C3 labelling) or Py and Qy (for 13C4 labelling). Table 6.2 summarizes these
1 Tsignificant SQC and quantifies their maximal ability to contribute to the C yield under 

the proton homonuclear coupling in Glu during DEPT. The maximal ability is governed 

by the evolutionary pathways followed during DEPT, and the pathways o f the 10
13 1 3 *significant terms for C3 labelling, are listed in Fig. 6 .8 . The simple C Lorentzian 

resonance lines, when proton decoupling is applied during acquisition, enables us to 

isolate the impact o f strong homonuclear proton coupling on the 13C enhancement, 4 , due 

to an unlocalized DEPT sequence. The enhancements were reduced from the often 

assumed, £, =Yh/Yc ==4, to £, =3.6 =0.88 x 4, for C3 and C4 , and to £, =3.9 for C2 .
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Figure 6.8: It was determined that in the PRESS localized DEPT sequence of Fig. 6.3, that primary 
responsibility for yielding in-phase observable 13C signal for 13C3-G1u rests with 10 proton SQCs that are 
present following PRESS localization. The diagram above shows the dominant coherence pathways taken 
by those 10 SQCs during the DEPT part of the sequence. The expectation value of each term is placed 
beside it in brackets. To simplify calculations, it was assumed that the 13C pulses were on resonance and 
thus no chemical shift evolution was occurring at the carbon frequency. Similar pathways can be 
calculated for the eight SQC terms that yield 13C4 in-phase observable signal.

The maximal contributions to the 13C yield will not, however, be realized in a 

PRESS-localized-DEPT sequence. This is because by the start o f DEPT the amplitude of 

each of the coherence terms will governed by its evolution during PRESS. In essence, 

the strong homonuclear proton coupling modulates the amplitude of each of the 

significant SQC as a function o f the PRESS echo times, and therefore pre-ordains the
13distribution of coherences at the start o f DEPT. This is the principal source o f the C

1 Tyield variations illustrated in the contour diagram of Fig. 6.9(a) for C3 labelling. The 

remainder stems from the continued affect of coupling on the coherence distribution 

throughout the DEPT sub-sequence. The strong influence o f PRESS evolution is borne 

out by the echo-time symmetry of Fig. 6.9(a), which is strongly reminiscent of that
1 Tobtained for protons in Glu with natural abundance C (20). The deviation from a 

monotonic dependence o f yield on echo time is clarified in Fig. 6.9(b), which shows the 

intensity change along a diagonal cut (TEi = TE2) o f symmetric PRESS. Figure 6.9(b) 

includes two intensity cuts, one calculated for PRESS with selective pulses, and the other 

calculated with all hard pulses. Their difference emphasizes that the additional evolution 

going on during the selective pulses cannot be ignored. The experimental points 

displayed in Fig. 6.9(b) were obtained using hard-pulse PRESS in order to reflect more 

clearly the transverse relaxation o f the MN protons, which was not included in the 

numerical analysis. A  T2Mn —300 ms was estimated for the MN protons in the Glu 

phantom solution. The 13C yield variations for 13C4 labelling, shown in Figure 6.10, are
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significantly different in amplitude from Fig 6.9(a), although similar in temporal 

symmetry. The secondary intensity maximum in the region o f TEi = TE2 —60 ms is both 

higher and wider than that seen for 13C3. This is due to the absence of an interaction 

between the PQ protons and any other proton, similar to that between the MN protons 

and the A proton (bonded to C2) of Glu.

Table 6.2: A list of proton SQC terms that, when present at the end of the PRESS part of the PRESS-DEPT 
combined sequence, yield in-phase 13C magnetization for the C3 and C4 carbons of Glu through DEPT 
polarization transfer. The expectation values of the in-phase 13C terms Xx or XY are given in brackets.

C3-labelled Glu C4 -labelled Glu
SQC 13C yield SQC 13C yield

My Xx (-0.44) Py X x (-0.44)

N y Xx (-0.44) Qy X x (-0.44)

2M \A z Xx (-0.05)

2MxPz Xx (-0.09) 2PxMz X x (-0.09)

2MxQz Xx (-0 .11) 2PxNz Xx (-0 .11)

2NXAZ Xx (-0.07)

2NxPz Xx (-0.11) 2QxMz Xx (-0 .11)

2NxQz Xx (-0.09) 2QxNz Xx (-0.09)

2PyXz XY (0.09) 2MyXz X Y (0.09)

2QyXz XY (0 .10) 2NyXz XY (0.09)
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Figure 6.9: A clarification of the effect of the proton localization sequence, PRESS, on the 13C response to 
a proton-PRESS-DEPT 13C observation sequence. Panel (a) maps the 13C3 peak intensity as a function of 
the PRESS echo times when the three PRESS pulses are spatially selective. A cut along the TE, = TE2 
diagonal is shown in panel (b) and compared with the equivalent cut through a contour plot derived 
assuming hard PRESS pulses. The data points, from a hard pulse PRESS experiment, confirm the temporal 
variation determined numerically and also reflect the signal loss due to transverse relaxation. The error 
bars are half the peak-to-peak noise.
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Figure 6.10: The corresponding contour plot for 13C4 carbon, again using selective PRESS pulses, is 
illustrated. The recovery of the 13C intensity at longer PRESS echo times is much broader and higher than 
that of 13C3 shown in panel (a), a phenomenon due to the absence (for PQ protons) of the ‘A’ spin coupling 
experienced by the MN protons.

The INEPT sequence is much shorter than the DEPT sequence. A refocussed 

INEPT sequence for a CH2 group is about 5.55 ms (using Jch = 135 Hz), compared to a 

DEPT length o f 11.1 ms. The effect o f proton homonuclear coupling during an 

unlocalized refocussed INEPT sequence on the 13C signal enhancement was calculated to 

be negligible. However, if  PRESS is combined with a refocussed INEPT sequence, then 

the 13C enhancement is again highly dependent on the PRESS echo times. The intensity 

contour plots for PRESS-refocussed INEPT are very similar to those presented for 

PRESS-DEPT (see Fig. 6.11). The shorter INEPT sequence (than DEPT) gives rise only 

to differences in fine detail.
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Figure 6.11: The 13C3 and 13C4 intensity contour plots for a PRESS sequence combined with a refocussed 
INEPT sub-sequence. The contour plots are very similar to those shown in Figs. 6.9(a) and 6.10 for the 
PRESS-DEPT sequence.
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6.5 Discussion
This work demonstrates that by combining the single-shot PRESS localization 

sequence with a modified DEPT sequence, 13C signal can be obtained from a three 

dimensional volume in a single scan without the need to entirely rely upon phase cycling 

or upon the subtraction and addition of alternate scans. This sequence would be less 

susceptible to motion artifacts and subtraction errors than a sequence that involves the
1 -5

ISIS localization technique. However, we showed that the C enhancement o f a PRESS- 

DEPT sequence is significantly modulated as a consequence o f the proton coherence 

evolution taking place during the PRESS localization, as well as suffering a minor 

reduction due to the further coherence evolution that takes place during the short period 

o f the DEPT sub-sequence (« 10%). Unless the role o f proton homonuclear coupling is
Iaccurately accounted for, quantification errors in C incorporation into Glu can easily 

arise using either technique.

The biggest challenge to the direct 13C detection method using the PRESS-DEPT 

combination is the sharp loss o f enhancement as the PRESS TE] and TE2 increase. This 

loss mirrors the decrease o f in-phase terms such as My and Ny (for 13C3 labelling) or Py
1 -3

and Qy (for C4 labelling) as the strong homonuclear coupling facilitates polarization 

transfer to other Glu protons. The rapid decrease o f Glu in-phase SQC involving M,N,P 

and Q spins during a PRESS sequence was previously reported in Ref. (20). Because the 

contour diagrams (see Figs. 6.9(a) and 6.10) for 13C3 and !3C4 labelling are not identical 

(as is also the case for 13C2), it becomes necessary to correct for the differences in 

enhancement between label positions, if  identical PRESS sequences are used to measure 

both fractional enrichments, even though the different label positions may both be 

methylene groups. For example, to efficiently employ the PRESS-DEPT sequence, it is 

apparent from the contour plots that a short PRESS echo time, e.g. {TEi = TE2 = 1 0  ms}, 

would be the wisest choice for the simultaneous detection of C3 and C4 labelling o f Glu. 

At these timings the 13C enhancement is about 84% and 74% for the 13C4 and 13C3 

carbons o f Glu, respectively (see Fig. 6.12 for experimental confirmation). If it was 

assumed that the 13C3 yield is identical to that o f 13C4, then all 13C3 fractional enrichments 

would be underestimated by about 12% (for those specific PRESS timings).
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Figure 6.12: 13C spectrum from a lx lx l cm3 volume of the 1.8 M natural abundance Glu phantom obtained 
using the PRESS-DEPT sequence (TEi = TE2 = 10 ms, 128 averages). The ,3C3 peak intensity is about 
86% that of the 13C4 peak (agrees well with the 88% obtained numerically). The 13C2 peak is lower in 
intensity because for optimum signal from a CH molecular group, the 9° proton pulse needs to be set to 
90°, here it was set to 45° (which is the optimal setting for CH2 molecular groups).
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Chapter 7

Direct 13C Observation II: Modified INEPT

7.1 Introduction

13C NMR spectroscopy has proven to be a powerful method of determining
• 13metabolic flux rates in both human and animal brain. Time courses of C label 

incorporation into metabolic products have been acquired either by directly observing the 

13C signal, or by indirectly detecting the 13C-coupled protons in order to benefit from the 

higher sensitivity o f the *H nucleus. The Insensitive Nuclei Enhanced by Polarization
13Transfer (INEPT) pulse sequence (1) allows for the detection o f enhanced C signal, and 

also forms the building block of the Heteronuclear Single Quantum Coherence (HSQC) 

indirect detection sequence (2). In INEPT (see §6.2.1 in the previous chapter), the 13C 

inversion pulse responsible for heteronuclear proton antiphase magnetization forming 

immediately prior to the polarization transfer pulses (1 /2Jch  seconds after proton 

excitation), is applied simultaneously with the proton refocussing pulse. Both the INEPT 

and the HSQC sequences have been modified to allow three dimensional localization by 

replacing the proton hard pulses with slice selective pulses (3,4). These pulses along with 

their gradients were incorporated into the sequence by separating the 13C inversion pulse 

and the ’H refocussing pulse in time which allowed the proton echo time to be longer 

than 1/2JCh (~ 3.7 ms for the C 3 and C 4 of Glu). The pulses were separated based on 

product operator calculations which ignored proton homonuclear coupling. The results 

indicate that whether the 13C inversion pulse is placed 1/4Jch (Jch is the heteronuclear 

scalar coupling constant) after the first proton pulse or 1/4JCh prior to the third proton 

pulse (the proton echo time) of the modified INEPT sequence, optimal heteronuclear 

coupling evolution will occur for polarization transfer (3,4).

The purpose o f this report is to use glutamate (Glu) at 3.0 T to illustrate, both 

numerically and experimentally, how concurrent strong homonuclear proton coupling

affects the heteronuclear scalar coupling evolution that takes place during the preparatory
1 ̂period o f such a modified INEPT sequence. It is demonstrated how the C signal
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obtained by a refocussed INEPT sequence (5) incorporating the modifications o f Ref. (3)
1 3 *  • •is echo time dependent and is significantly different when the C inversion pulse is 

applied towards the beginning o f the proton spin echo compared to when it is applied 

towards its end, with the signal from the former case being higher. This shows the 

relevance of taking homonuclear proton coupling into account when modifying or 

designing new ^C l'H }  pulse sequences, as failure to do so can lead to sequences that
1 7yield less than optimal C signal.

7.2 Methods

7.2.1 Numerical method

At 3.0 T, four o f the five protons of Glu are strongly-coupled and the molecule 

can therefore be represented as an AMNPQ spin system, where A, MN, and PQ, are the 

protons bonded to the C2 , C3 and C4 carbons, respectively. The numerical analysis was 

carried out in MATLAB after extending a program that carries out density matrix
1 7calculations for proton only systems (6-8) to incorporate a C nucleus, denoted by X to 

indicate weak coupling to the protons, into the Hamiltonian operator and thereby predict 

the composite effects o f both homonuclear and heteronuclear scalar coupling on the spin 

responses (9). The Hamiltonian operator involves all the interactions under which spin 

evolution can occur, namely, those due to the static field, the radiofrequency (RF) fields, 

the gradient field, as well as the chemical shielding, and the scalar coupling interactions. 

The numerical method o f evaluating the response of the spins to a particular pulse 

sequence, evaluates the time dependent density matrix by solving the Liouville-von 

Neumann equation. A more detailed description of the numerical method o f analysis (see 

chapter 3) along with the chemical shift and scalar coupling constants used (Table 4.1) in 

the calculations are given in Ref. (9).

7.2.2 Experimental methods

Figure 7.1(a) displays the basic INEPT sequence. Heteronuclear proton antiphase 

coherence formed 1/2Jch after proton excitation, is converted into enhanced 

heteronuclear 13C antiphase coherence by the simultaneous 90° pulses on both channels.
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The timing modifications introduced to the INEPT sequence by Watanabe et al (3) in 

order to allow slice selective pulses to be incorporated is shown in Fig. 7.1(b). Figure 

7.1(c) illustrates the refocussed version of the sequence of 7.1(b) optimized for a CH2
IT ♦molecular group (10). The extra delay is required to allow the formation of C in-phase 

magnetization and thus proton decoupling during acquisition can be applied. In the work
• 1 3 *  •reported here, the sequence o f Fig. 7.1(c) was implemented, once with the C inversion 

pulse applied 1/4Jch after proton excitation, and once with it applied 1/4JCh prior to the 

echo time, TE, for the purpose of demonstrating that when strong proton homonuclear 

coupling exists along with heteronuclear coupling, the final signal yield depends on the
• 1Tlocation of the C inversion pulse and on the TE employed. Since this was the sole 

objective of this report, no localization was incorporated into the numerical and 

experimental analysis, and all pulses used were hard pulses. The sequences employed 

200 ps and 150 ps, 'H and 13C 90° pulses, respectively. The delay 1/4Jch  was set to 1.85 

ms (Jch ~ 135 Hz for C 3 and C 4 of Glu), and a repetition time, TR, of 3 seconds was used. 

WALTZ-16 proton decoupling was applied during acquisition (11), and to eliminate off- 

resonance effects, a 16 step phase cycling scheme shown in Table 7.1 was implemented 

( 12).

All experiments were carried out in an 80 cm bore, 3.0 T magnet system (Magnex 

Scientific PLC, Abingdon, UK) using a SMIS spectrometer (Surrey Medical Imaging 

Systems PCL, Guildford, UK) with a home-built 7 cm diameter 'H  birdcage RF coil, and
1 Ta 3.5 cm diameter C surface coil. To verify the numerical calculations, a 2 cm diameter 

aqueous-solution phantom of pH *7 was made, containing 35 mM labelled Glu with the 

C 3 carbon enriched 99% in 13C (Sigma-Aldrich Canada). Although [1-13C] glucose 

yields labelled C4-GIU on the first round of the TCA cycle, the idea we wish to convey 

can be illustrated by C3-labelled Glu which is readily available commercially.
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Table 7.1: Phase cycling scheme implemented in the modified INEPT sequence.

Phase of first ’H 
180° pulse

Phase of l3C 
90° pulse

Phase of second 
XH 90° pulse

Phase of second 
13C 180° pulse

Receiver
phase

X y y X X

X -y y X -X

-X y y -X X

-X -y y -X -X

X -y -y X X

X y -y X -X

-X -y -y -X X

-X y -y -X -X

X -y y y X

X y y y -X

-X -y y y X

-X y y y -X

X y -y -y X

X -y -y -y -X

-X y -y -y X

-X -y -y -y -X
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Figure 7.1: The basic INEPT sequence is shown in (a), while (b) illustrates the timing modifications 
introduced to the sequence in order to allow replacement of all proton hard pulses with slice selective 
pulses (3). Reference (3) states that the 13C inversion pulse can be placed at either of the two indicated 
positions in time but experimentally the pulse was applied 1/4J Ch  prior to the third proton pulse as shown 
by the solid lines. A refocussed INEPT sequence incorporating the timing modifications is shown in (c), 
where essentially a delay of 1/4JCH (optimum for CH2 molecular groups) is added to the end of the 
sequence of (b) to allow 13C heteronuclear antiphase coherences to evolve into in-phase magnetization. 
The two versions of this sequence (corresponding to the two l3C pulse locations) were implemented for the 
work presented here.
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7.3 Results

The response o f 13C3-G1u to the sequence of Fig. 7.1(c) was numerically calculated 

at a number o f echo times within the practical range o f 10-30 ms, first when the 13C 

inversion pulse was applied 1/4Jch after the first proton pulse, and then when it was
1 -j # #

applied 1 /4JCh prior to the third proton pulse. The simple C Lorentzian resonance lines 

acquired under conditions of proton decoupling, made it simple to compare relative 

intensities. The results o f the analysis are displayed in Fig. 7.2, with all intensities 

normalized to the maximum intensity (TE = 1 0  ms, solid curve). The calculations were 

experimentally verified by applying the two sequences to the 99% 13C3-G1u phantom at 

five different echo times. These experimental data points are displayed in Fig. 7.2. Apart 

from the fact that the 13C signal decreases with increasing echo time, it is interesting to 

observe that at every echo time, the signal is lower when the 13C inversion pulse is

applied 1 /4 J ch prior to third proton pulse. For example, at TE = 30 ms, the resulting
1 ̂signal drops by more than 50% when the C inversion pulse is moved towards the end of 

the sequence.
1 ̂The intensity o f the C signal is governed by the amount o f heteronuclear proton 

antiphase coherence, 2MxXz and 2NxXz, present immediately prior to the two 90° pulses 

responsible for polarization transfer. From Fig. 7.3, it can be seen, as expected, that the 

expectation values o f these two coherences follow the same trend o f the curves in Fig. 

7.2. The decrease in these anitphase coherences with increasing echo time can be 

explained by loss o f signal to other Glu protons via polarization transfer as a result of 

strong homonuclear coupling (9,13). What is not so intuitive is why the signal is lower at 

a given echo time when the 13C inversion pulse is applied 1 /4 J Ch prior to the third proton 

pulse. This also is a result of strong coupling between the MN and PQ protons. In the 

absence o f this coupling, only the terms My and Ny formed by the proton excitation pulse 

are responsible for the creation o f antiphase coherences 2MxXz and 2NxXz at the echo 

time. Although in the presence o f strong coupling, My and Ny are still major contributors 

to the formation of these antiphase coherences, the two in-phase terms Py and Qy also add 

a significant contribution as shown in Fig. 7.4.
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Figure 7.2: The two curves demonstrate how the l3C signal varies as a function of the echo time of the 
sequence of Fig. 7.1(c). Moreover, the significant reduction in signal yield when the 13C inversion pulse is 
applied towards the end of the spin echo is apparent. The data confirm the temporal variation determined 
numerically. The error bars are half the peak-to-peak noise.

Figure 7.4 shows the expectation value of 2MxXz at different echo times arising from the 

evolution o f My, Ny, Py, and Qy. The curves for <2NxXz> are quite similar. The 

contribution from the 13C-coupled MN protons is the same whether the 13C inversion 

pulse is applied towards the beginning of the echo time or towards its end; however the 

situation is different for the non-13C-coupled PQ protons. Considering the situation
13where no C inversion pulse is applied, the in-phase terms Py and Qy evolve during the 

echo time and form some positive amount o f 2MxXz at the echo time by polarization 

transfer as a result o f strong coupling with the MN protons (9). When the 13C inversion 

pulse is applied 1 /4 J Ch ~ 1.85 ms after the proton excitation pulse, Py and Qy have not 

evolved much during this short delay and thus their evolution over the echo time is only 

slightly perturbed by the 13C pulse, as is illustrated in Fig. 7.4 by the dashed curve.
13However, if  the C pulse is applied 1.85 ms before the third proton pulse, then by this
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time Py and Qy have evolved into some heteronuclear terms which will be affected by the 

13C inversion pulse. The inversion o f these terms causes the net amount o f 2MxXz that is 

formed at TE to drop in comparison to the previous situations. Therefore, because Py and 

Qy contribute more to the amount of 2MxXz (as shown in Fig. 7.4) and 2NxXz when the

13C inversion pulse is applied towards the beginning o f the sequence (because it perturbs
1 ^  • the evolution less), the C signal is higher in this situation.

Expectation Value
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0.7

0.6

0.5

0.4

0.3
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13C inversion pulse applied 1/4Jqh a fte r 1st proton pulse H i

13C inversion pulse app lied 1 /4 J Ch before 3rd proton pulse Q

Figure 7.3: A diagram showing the expectation value of the two critical antiphase coherences, 2MxXz and 
2NxXz, immediately prior to the third proton pulse in the sequence of Fig. 7.1(c). These coherences are 
responsible for the generation of 13C signal by polarization transfer. The expectation value of each 
coherence is shown at five different echo times, and how their values change depending on echo time and 
on the location of the 13C inversion pulse.
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Figure 7.4: The curves show the contributions of the in-phase terms My, Ny, Py and Qy, present immediately 
after the excitation pulse, to the formation of the heteronuclear proton antiphase term 2MxXz at the echo 
time, TE, of the sequence of Fig. 7.1(c). My and Ny form the same amount of 2MxXz regardless of the 
location of the 13C inversion pulse. However, Py and Qy, contribute a larger positive amount when the 13C 
pulse 1/4Jch after the first proton pulse.

7.4 Discussion

The preceeding analysis has demonstrated that when 13C-coupled protons are also 

involved in strong coupling with other protons, the expected 13C responses derived from 

calculations that consider only the heteronuclear coupling are significantly altered. This 

is because the strong homonuclear proton coupling indirectly links the 12C-bonded 

protons to the 13C spin. We illustrated this by evaluating the response o f 13C3-G1u at 3.0 

T to a refocussed INEPT sequence incorporating the timing modifications made by 

Watanabe et al (3), shown in Fig. 7.1(c). Product operator calculations excluding proton
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homonuclear coupling show that whether the 13C inversion pulse o f INEPT is placed 

1 /4 J Ch  after the first proton pulse or 1 /4 J c h  prior to the third proton pulse, the desired 

proton heteronuclear antiphase coherences for polarization transfer will be formed at TE. 

We numerically calculated and experimentally verified that the 13C3-G1u signal intensity 

is not the same in the two situations. In fact, over the range of echo times 10-30 ms, the 

signal is lower when the 13C pulse is applied towards the end o f the sequence. This is 

because the Py and Qy terms contribute (by being strongly-coupled to the MN protons) 

less to the formation o f the critical antiphase cohemeces for polarization transfer, 2MxXz 

and 2NxXz, in this situation. Reference (3) implemented the modified sequence at 2.0 T 

with a TE = 20 ms and chose to place the 13C inversion pulse 1 /4 J Ch prior to the third
l

proton pulse. Our numerical calculations show that had the C pulse been placed 1 /4 J c h

IT ITafter the first proton pulse instead, the signals from C3-GIU and from C4-GIU would 

have been approximately 31 % and 26% larger, respectively. This is a significant 

improvement in signal and is larger than the 15% improvement at 3.0 T for the same echo 

time (see Fig. 7.2) because at 2.0 T the protons o f Glu are more strongly-coupled. The 

higher signal again results from the larger positive contributions to 2MxXz and 2NxXz 

from Py and Qy (for 13C3-G1u) and to 2PxXz and 2QxXz from My and Ny (for 13C4-G1u) at
1 TTE when the C inversion pulse is applied towards the beginning o f the pulse sequence.

7.5 Conclusion
We have shown by means of a numerical solution of the equation o f motion o f the 

nuclear spin density matrix, and through phantom experiments on an aqueous 13C- 

labelled glutamate solution at 3.0 T, that when the proton spins o f a metabolite molecule 

are strongly scalar coupled (for example in glutamate and glutamine) the interaction 

between the strong homonuclear proton coupling and the weak heteronuclear coupling
13causes a perturbation that alters the expected C response. By specifically addressing a 

modified INEPT sequence, we have shown how a consequence of sequence design that 

fails to incorporate the effects of strong homonuclear proton coupling can be a loss in 

signal that could otherwise be avoided.
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Chapter 8

Concluding Remarks

The research conducted in this thesis is the first part of a research programme the 

aim of which is to develop the means to acquire dynamic measurements of 

neurotransmitter metabolism by 13C MRS. These techniques o f measuring the dynamics 

of metabolism will then be employed in collaborative projects with psychiatrists and 

neurologists on patients with brain disorders or diseases. Two objectives o f this thesis 

were to enhance the volume range and sensitivity o f dynamic 13C measurements by 

designing, constructing, and testing a dual-tuned 13C/1H RF coil based on the half

birdcage design. The advantage of this design is that it provides uniform RF fields at
13 1both the C and H frequencies over deeper regions of the brain, relevant in the study of 

neurological disorders, than the commonly used RF probe design. The third objective of 

this thesis was to improve the specificity of dynamic 13C measurements by calculating 

numerically and experimentally verifying the effect o f simultaneous strong homonuclear
13 1proton coupling and weak heteronuclear coupling on the outcome of a number of C/ H 

double resonance sequences, two of which we designed to be single-shot sequences. 

Previously, when implementing and predicting spin responses to these sequences, it has 

been assumed that the only interaction taking place is the heteronuclear coupling.

8.1 A 13C/1H Dual-Tuned Half-Birdcage Coil
The commonly used RF coil system in 13C studies is the design of Adriany and

1 TGruetter (1) which consists of three separate surface coils (one resonating at the C 

frequency and the other two operating in quadrature at the *H frequency). This RF probe 

is efficient primarily over the occipital region o f the brain. Because the deeper midbrain 

area is the region o f interest for the study o f neurological disorders, we investigated an 

alternative RF coil design that would be able to excite and receive signal from regions 

deeper than the occipital lobe, namely, a dual-tuned, half-birdcage coil. The half 

birdcage was designed and constructed as a low-pass network and it was tuned in such a
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way that each of the two resonant modes arise from alternate birdcage conductors. The 

two frequency modes were isolated by placing trap circuits resonating at the frequency to 

be blocked in every leg. The Adriany-Gruetter design was also implemented and the 

performance o f the two coils was compared. It was found that the half-birdcage provided 

a more uniform field at both frequencies, which is an important feature because it allows 

control over the spin dynamics. Specifically, from proton axial and sagittal images o f an 

oil phantom obtained with the half-birdcage it was found that the approximately linear 

rate of decay o f the field was reduced to « 66% of that of the Adriany-Gruetter design.
2 i 3The half birdcage was also found to be more sensitive than the (10x10 cm ) C surface 

coil at depths greater than 5 cm, i.e. regions deeper than the occipital lobe that are of 

neurological relevance. For example, the SNR of a spectrum obtained with the half- 

birdcage from an acetic acid phantom located 7 cm above the coil surface (along its axis) 

was « 37% higher than the corresponding SNR obtained with the 13C surface coil.

8.2 The Effect of Simultaneous Strong Homonuclear Proton 

Coupling and Heteronuclear Coupling on Spin Responses
13 •To enhance the specificity o f dynamic C measures, the effect o f simultaneous 

strong homonuclear proton coupling and heteronuclear coupling on spin responses to a 

number of ^C /'H  double resonance pulse sequences, both direct and indirect, was 

numerically calculated using glutamate at 3.0 T as an illustrative example. Although the 

metabolites detected by 13C MRS such as Glu and Gin exhibit strong homonuclear proton 

coupling at clinical field strengths, this interaction has previously been neglected in the
IT 1analysis of C/ H double resonance sequences. In the work presented in this thesis, it 

was found that when the 13C-coupled protons are also involved in strong homonuclear

coupling with adjacent protons possibly bonded to 12C, the presence o f the 13C spin is
12  • conveyed to those C-bonded protons through the strong homonuclear interactions. This

inter-proton communication manifests itself in both ‘direct’ and ‘indirect’ experiments to

observe 13C. In indirect 13C detection (where the 13C-coupled protons are observed), this

linkage between 12C-bonded protons and the 13C spin was found to result in incomplete

elimination o f signal from 12C-bonded protons and a reduction in signal from 13C-coupled
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protons. For example, the response o f 13C4-G1u to a PRESS-localized POCE sequence, 

TE] = 10 ms, TE2 = 15 ms, yielded « 79% PQ signal with a residual 19% MN signal.
1-3 1 •j

Thus the multiplets that change during C incorporation are not specific to the C 

incorporation sites, and lack of anticipation o f this can lead to potential cross-
IT ITcontamination on the order o f several tens o f percent between Glu C4 and C3 

measures. To determine neurotransmitter cycle rates accurately this cross-contamination 

resulting from the effects o f strong proton coupling needs to be incorporated into the 

kinetic model.

For direct, but polarization-transfer-enhanced detection o f 13C, e.g. using DEPT (2), 

it was shown that the consequence of the proton homonuclear coupling was a reduction in 

signal enhancement. Although the enhancement factors o f the basic DEPT sequence for 

13C3- and 13C4-G1u are only reduced by w 10%, this reduction in enhancement is 

exacerbated when DEPT is combined with PRESS localization on protons. The 

enhancement factors then become strong functions o f the PRESS echo times, TEi and 

TE2, and are reduced for 13C2-, 13C3-, and 13C4-G1u, but not equally. For example, the 

signal yield o f 13C3-G1u to the PRESS-localized DEPT sequence with TEi = TE2 = 10 ms
IT •is approximately 74% whereas that o f C4 -GIU is about 84%. To avoid quantification 

errors in I3C fractional enrichments the different enhancement factors for the individual 

13C sites need to be taken into account.

8.3 Future Directions
The research programme initiated by the work reported in this thesis will be 

extended in order to reach our ultimate objective o f providing the appropriate tools for 

conducting patient studies of brain diseases in collaboration with psychiatrists and
1 Tneurologists. To date C MRS has been primarily exploited to evaluate the metabolism 

of normal brain. In the hands o f the spectroscopy group at Yale University it has been 

extremely successful in providing metabolic data that has within the last decade totally 

changed our understanding o f amino acid neurotransmitter metabolism and the 

synergistic role o f neurons and astrocytes (3-8). Often the region o f study has been 

restricted to the occipital lobe by the use o f surface coils. For brain diseases, however, 

the areas o f interest are the midbrain region and the prefrontal cortex, for the study of
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neurological disorders and psychiatric disorders, respectively. The half-birdcage coil 

design described in this thesis can be extended to a three-quarters birdcage in order to 

further improve uniformity and sensitivity to relevant interior brain structures, while still 

remaining patient friendly.

To further comply with patient tolerance, experiment durations will need to be 

constrained to less than one hour as opposed to experiments conducted on normal 

volunteers that can last approximately two hours in length in order to encompass steady 

state measurements. Brian Ross’s group at the Huntington Medical Research Institutes in 

Pasadena have also recognized the patient-tolerance time constraint (9-11). Our aim is to 

identify unambiguous dynamic measures of metabolic abnormalities within the pre- 

steady-state enrichment phase. Such an identification will likely be sought through an 

evaluation o f the coupled simultaneous equations o f the neuron-astrocyte metabolic 

model (4).

For the localized detection of the 13C signal by either indirect or direct means, 

optimal pulse sequences will need to be designed to mitigate the effects o f strong 

homonuclear proton coupling discussed in this thesis. The numerical quantum 

mechanical methods employed in this thesis will be utilized to manipulate the RF pulse 

designs and the time intervals between them so that the most desirable coherence
• • • 1Tdistribution can be created at the onset of acquisition. For indirect C detection, the 

localization sequences will need to be optimized to mitigate non-incorporation-site 

specific contamination due to strong proton coupling, in addition to separating target 

peaks from any contaminating background peaks, particularly Glu from Gin (12-14). For 

the direct detection o f 13C, loss of polarization transfer enhancement will need to be 

reduced by investigating alternative (single-shot) localization sequences that suffer less 

degradation of in-phase single quantum coherences than PRESS. For example, one 

possibility is the LASER (15) sequence which exploits adiabatic pulses and minimizes 

inter-pulse intervals to limit strong coupling evolution.
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Appendix 1

Transformation Tables for Two Weakly-Coupled 
Spins

Precession in B»

The Zeeman Hamiltonian is given by H z = -yh B oI z = -hcofI z . For a single spin state Ia , 

where a  = x, y, or z, solutions to the equation exp(~iHzt / h)Ia exp{iHzt / h) are given by 

the transformation table below.

I x — co,t'1 > I x cos(a>,t) + 1y sin(co,t)

I y — m,!lz ■->I y cos(cojt) -  I x sin(eo,t) (A l.l)

I z a<â I z

Rotation by RF pulses

The solutions to exp(—iHRFt /h ) I a exp(iHRFt / h ) ,  where H RF = - y h B J x = -h c o jx , and 

A = x,y, or z, are given by the following table where p  = -o)xt.

I y pi> -> Iy cos(P) + I z sin(P)

I z p I I z cos(/?) -  Iy sin(/?)

(A1.2)

I x p,f -+ I x cos(P) -  I z sin(/?)

I z pi>' > I z cos(/?) + I x sin(/?)
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Evolution under J  Coupling

If we have two weakly coupled spins I and S, then the spin system can be in the 

following states,: A = I a,Sa,2 IaSx, or 2SaI x where a  = x,y, or z and A = x, y, or z. The

scalar coupling Hamiltonian is given by H j - h J ISI zSzt I In .  Solutions to

exp( - iH jt  / ft) A exp(iHjt / ft) are given by the table below.

h  co s(^J/s0  + 2l ySz sin(n J Isi)

Iy I y COS( n J [St) -  2I XS2 sin(nJ ,st)

J y J

2l xSz > 2I XSZ cos(n J Ist) + I y sin( n J lst)

21 ySz ~ J»' v' -> 2I ySz cos{7tJ,st) -  I x sin(7tJ!St)

212S2 — l5£idALL-+2IzS2

2IxSx ?zJ:f' S!-> 2 IxSx 

2IxSy — IdLbsl&L-  ̂2 IxSy 

21 ySy 2«J'sIA ‘̂ 2 IySy
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Appendix 2

The Difference in Evolution between Strongly- 
Coupled spins and Weakly-Coupled Spins

To illustrate the difference in spin evolution between a weakly-coupled spin pair 

and a strongly-coupled spin pair we first consider the response o f an uncoupled spin I to a 

simple spin-echo sequence with total echo time TE. Relaxation is ignored in all o f the 

following analysis. Figure A2.1 illustrates that the expectation value o f in-phase 

transverse magnetization for the spin, I  , will be unity for any choice o f sequence timing.

Figure A2.1: The response of an 
uncoupled spin I to a simple spin- 
echo experiment at a number of 
different echo times. Because the 
spin experiences no scalar 
coupling interactions, the 
expectation value for in-phase 
transverse magnetization, I  , is

unity for any choice of echo time. 
Relaxation is ignored.

0 20 40 60 80 100 120 140 160 180 200

TE (ms)

If we now consider a weakly-coupled AX spin system, 

J  ax = 15 A H z ,S 1 -  2.54ppm , and S2 = 30ppm / 8  « 0.004 where 8  is the chemical 

shift difference o f the two spins) then the response o f the spins varies sinusoidally as a 

function o f TE and depends on the scalar coupling constant as illustrated in Fig. A2.2, 

where for simplicity only the response of spin A is displayed. The variations can be 

understood by referring to the transformation tables in Appendix 1.
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Figure A2.2: The response of 
the A spin of a weakly-coupled 
AX spin system to a simple 
spin-echo experiment at a 
number of different echo times.
In phase A and antiphase

2 AxX z magnetization oscillate
periodically. The in-phase term 
is maximized at TEs that are 
integral multiples of l/JAx, and 
the antiphase term is maximized 
at TEs that are half integrals of 
1 / J a x -

Finally, the evolution o f a strongly-coupled AB spin system, 

J AB = \5.AHz ,SX = 2.5Appm , and d2 = 2 J 9 p p m ( J AX Id  « 0.5 where S  is the chemical

shift difference o f the two spins) is calculated. This time the response is much more 

complicated because for strongly-coupled spins, in-phase terms o f one spin can evolve 

into antiphase terms o f the other spin and vice versa. Because o f the polarization transfer 

that takes place between the two spins, the magnetization can evolve into many different 

coherences. The pattern of evolution is no longer easy to predict and the response 

depends on both the scalar coupling constant and the chemical shift difference between 

the two spins.

Figure A2.3: The response of the 
A spin of a strongly-coupled AB 
spin system to a simple spin-echo 
experiment at a number of 
different echo times. In-phase 
Ay magnetization oscillates;

however, it never regains its 
maximum intensity because it not 
only evolves into anitphase 
2AxBz (shown by the dashed
line) but also into B in-phase and 
antiphase terms shown in the next 
two figures.
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Figure A2.4: The evolution of in-
phase Bx and anitphase 2 AZBX
magnetization terms of a strongly- 
coupled AB spin system with 
increasing echo times of a spin 
echo experiment. These terms 
evolved by polarization transfer 
from the A spin via the strong 
homonuclear coupling.
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Figure A2.5: The evolution of in- 
phase By and anitphase 2 AzB
magnetization terms of a strongly- 
coupled AB spin system with 
increasing echo times of a spin 
echo experiment. These terms 
evolved by polarization transfer 
from the A spin via the strong 
homonuclear coupling.
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Appendix 3

Transformation Under the Influence of a 
Gradient Pulse

The gradient Hamiltonian is given by H Crad = -yhG .rIz , where G is the gradient

strength, and r the displacement vector measured from the origin o f the linear gradient 

field. It is simplest to write the transformation equations in terms o f the raising and 

lowering operators, 7+ and /_.

I, — yGrtL‘ > I  exp(-iyG.rt)
+ W  (A3.1)

/  rG"!; _>/_ expOyG.it)

As an example if  we consider a double quantum coherence term of a homonuclear spin 

system I_S_, we see that the gradient pulse encodes the coherence according to its order.

I  S_ rGr" - ^  rGr,s~ ^I_S_  exp(2iyG.Pt) (A3.2)
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Appendix 4

Evolution of an IS Heteronuclear Spin System 
during the ge-HMQC Sequence

Using the transformation tables given in Appendices 1 and 3, the evolution o f an IS spin 

system (I denotes a *H spin and S denotes a 13C spin) to the basic ge-HMQC sequence 

shown in Fig. , with G3 set to zero, can be followed. The initial density operator is given
1-5 1 -j

by I z + Sz. Since C spins directly excited by the C pulse will be dephased by the

coherence selection gradients, the term Sz will be ignored. The length of the gradient is

r.

^  9 0 ’ 1 /2 J IS ^  2 / ^  ( A 4  ^

2 I xSy 90-<(l3U- > - 2  i xs y (A4.2)

-2 1  J i ,  = ^ '-(I,S, -  I,S_ + I_S, -  I_S_) (A4.3)
2 2i 2i

- I ,S .  + I .S ,  - 1.S . ) - S - >  exp( - i r . G f  -  iysGxv)
21 21

-  I+S_ exp{-iy ,G xT + iysG,r) (A4.4) 

+ I_S+ Qxpii/jG.T -  iysGxr)
-  I_S_ exp (iyjG^r + iysG{t)\

—j-[/+S+ exp{-iy,Gxr -  iysG<u) -  I +S_ exp{-iy,Gyr + iysG,r)
21

+ I_S+ exp{iyfiyc -  iysG{u) -  I_S_ exp{iyfiyu + iysGxr)\ - 

-^-[/_S+ exp(-z>,G,r -  iysG,r) -  I_S_ exp(-/y7G,r + iysGxt ) 

+ I +S+ e x p O y ^ r  -  iysG(t) -  I +S_ exp(iy,G<r + iysG,r)]

(A4.5)
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—j-[/_S+ exp(-/y/G1T -  iysGxr) -  I_S_ exp{-iy ,Gxx + iysGxt )
21

+ I +S+ exp{iy,Gxr -  iysGxr ) -  I +S_ exp( i / f t r  + iysGxr)] °2 >

—k /_ S + Qxp(-iyrGtT -  iysGxr + iy,G2r -  iysG2r) (A4.6)
21

-  I_S_ exp{-iy fiyx  + iysGxz + iy fiyu  + iysG2t )

+ I +S+ exp (iyfipc -  iysGyu -  iy,G2r -  iysG2r)

-  I +S_ exp{iyfiyu + iysG j  -  i y f i 2T + i y f i 2r )]

Letting a = yjG{u,b = ysGxr,c  = y,G2T,and d  = / sG2r , the right hand side o f Eq. (A4.6) 

can be rewritten as

—  [I_S+ exp{-ia -  ib + ic -  id)
2 i

-  I_S_ exp (-ia  + ib + ic + id ) (A4.7) 

+ 7+5+ exp(ih -  ib -  ic -  id)

-  I +S_ exp (ia + ib -  ic + id)]

— [I_S+ exp (-ia  -  ib + ic -  id) -  I_S_ exp (-ia  + ib + ic + id)
2 i

+ I +S+ exp (ia -  ib -  ic - i d ) -  I +S_ exp(/b + ib -  ic + id)] —90j:( C) >

—  {/_ [— (S_ + S+) + iSz ] exp (- ia  -  ib + ic -  id)
2 i 2

1 (A4.8)
- 1_ [— (S_ + S+) -  iSz ] exp(-ia + ib + ic + id)

+ 1+ [-  ̂(S_ + S+ ) + iSz ] exp (ia -  ib -  ic -  id)

- 1+ (S_ + S+ ) -  iSz ] exp (ia + ib -  ic + id)}

If a + b - c  + d = 0 then the middle two terms on the right hand side o f the above 

equation will be dephased, whereas if a - b - c - d  = 0 then the first and last terms will

be dephased. Solving a + b - c  + d  = 0 , implies that yfiyu + y sGxr - y,G2T + y sG2r = 0 .

^ Y t - Y s  
G2 Yj + Ys

G2 ~ 5
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Similarly solving a - b - c - d  = 0 yields = > - « - .  The analysis will be pursued with
G2 3

G 3=> —L « —, and by considering only the terms involving Sz which will contribute to 
G2 5

observable magnetization.

—-  {d_S, exp(-m  -  ib + ic -  id)
2 i

+ H+S2 exp (ia + ib -  ic + id)} — U2J,S ->

^ { / ( 2 iSJ_)S ,  + i ( - 2 i S  I +)S } (A 4.10)
21

21

^ f L + L ^ z L .
2/ 2 2 2

1 TThus the outcome of the sequence is half the signal from C-coupled protons. Any
i 'y

signal from C-bonded protons will be dephased by the gradients.
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