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Abstract

The poor resolution of in-vivo one-dimensional nuclear magnetic resonance
spectroscopy (NMR) has limited its clinical potential. Currently, only the large singlet
methyl resonances arising from N-acetyl aspartate (NAA), choline, and creatine are
quantitated in a clinical setting. Other metabolites such as myo-inositol, glutamine,
glutamate, lactate, and 7-amino butyric acid (GABA) are of clinical interest but
quantitation is difficult due to the overlapping resonances and limited spectral resolution.

To improve the spectral resolution and distinguish between overlapping
resonances, a series of two-dimensional chemical shift correlation spectroscopy
experiments were developed for a 1.5 Tesla clinical imaging magnet. Two-dimensional
methods are attractive for in vivo spectroscopy due to their ability to unravel overlapping
resonances with the second dimension, simplifying the interpretation and quantitation of
low field NMR spectra. Two-dimensional experiments acquired with mix-mode line
shape negate the advantages of the second dimension. For this reason, a new experiment,
REVOLT, was developed to achieve absorptive mode line shape in both dimensions.
Absorptive mode experiments were compared to mixed mode experiments with respect to
sensitivity, resolution, and water suppression. Detailed theoretical and experimental
calculations of the optimum spin lock and radio frequency power deposition were
performed. Two-dimensional spectra were acquired from human bone marrow and
human brain tissue. The human brain tissue spectra clearly reveal correlations among the
coupled spins of NAA, glutamine, glutamate, lactate, GABA, aspartate and myo-inositol
obtained from a single experiment of 23 minutes from a volume of 59 mL.

Thesis Supervisor: Daniel S. Williamson
Title: Instructor of Radiology, Harvard Medical School
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Chapter 1 : Background

1.1 Significance and Purpose of the Investigation

In vivo proton Nuclear Magnetic Resonance (NMR) spectroscopy, while

promising, has failed to achieve wide acceptance as a clinical diagnostic tool as a result

of its inherent poor sensitivity and limited resolution. Poor sensitivity and limited

resolution have largely restricted quantitation efforts to the large singlet methyl

resonances arising from N-acetyl aspartate (NAA), choline, and creatine (1). Other

metabolites such as inositol, glutamine, glutamate, lactate, and y-amino butyric acid

(GABA) may also be detected, but quantitation is difficult due to the poor sensitivity,

limited spectral resolution, and overlapping resonances (2).

A recent proton NMR study of pediatric brain (3) and an associated commentary

(4), point out the difficulty of assigning and quantitating resonances in vivo. For

instance, two new unassigned resonances in the spectrum of a child with Sanfillipo

syndrome were seen but no attempt was made to assign them due to a lack of spectral

detail. In addition, the point is made that inositol and glutamate have overlapping

chemical shifts at 1.5 Tesla, making a quantitation of either difficult (4). The inability to

assign peaks directly in in vivo proton NMR spectra, results from the limited chemical

shift dispersion at low fields (< 2 Tesla), line broadening due to magnetic field

susceptibility, and overlapping chemical shifts. If clinical inroads are to be made with

proton NMR spectroscopy, the information contained in the spectra must be increased.

The problem of overlapping resonance was also encountered in high field NMR

as larger and more complex molecules were studied. The problem of overlapping

resonances was circumvented with three different approaches. The first approach is to

increase the main magnetic field, since the chemical shift frequency is directly

proportional to the magnetic field strength. The second approach is spectral editing (5).

Spectral editing techniques selectively excite and detect only the resonances of interest.

The third approach is multi-dimensional NMR spectroscopy, which was introduced by

Jeener in 1971 (6). Multi-dimensional NMR spectroscopy creates correlations between
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resonances based upon a variety of interactions such as scalar coupling or chemical

exchange. These correlations simplify spectral interpretation by providing additional

information, which may distinguish overlapping resonances.

In vivo Magnetic Resonance Spectroscopy (MRS), due to its inherent poor

sensitivity, is capable of detecting molecules in millimolar concentrations or greater.

These molecules, if detected separately, yield simple spectra that are easily interpreted

with 1D spectroscopy. However, MRS observes resonances from many molecules

simultaneously, yielding a complex overlapping 1D spectrum. The problem of

overlapping resonances is further exacerbated by line broadening due to variations in

magnetic susceptibility throughout the heterogeneous tissue. In order to circumvent the

problem of overlapping resonances and limited resolution, we adapted and extended

multi-dimensional high-field NMR spectroscopy techniques to a low field (1.5 Tesla)

clinical imaging system.

1.2 Challenges of In Vivo 2D Spectroscopy

The development of multi-dimensional high field NMR spectroscopy techniques

on a clinical Magnetic Resonance Imaging (MRI) system presents several challenges:

" acquisition times must remain short to insure a patient's comfort
" water suppression must be implemented to overcome the limited dynamic range

of the Analog to Digital converter
" volume localization is necessary to restrict the signal to the volume of interest.

The difficulty of overcoming these challenges is further increased by the limitations

imposed by current clinical hardware:

" clinical magnetic field strengths of 1.5 Tesla limit sensitivity
" radio frequency (RF) inhomogeneity results in improper flip angles over

the volume of interest
" limited gradient amplitudes and slew rates lead to sensitivity losses as a

result of relaxation.

All of these challenges must be addressed while adhering to the Food and Drug

Administration's (FDA) guidelines with respect to magnetic field strength, gradient

switching time, and radio frequency power deposition.
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The amount of time available for in vivo multi-dimensional MRS is limited by the

patient's ability to remain motionless throughout the exam, which is typically less than an

hour. Since an MRS exam will be in addition to a normal MRI exam, the acquisition

time available for an MRS exam is expected to be less than half an hour.

Short acquisition times limit the amount of signal averaging. Limitations on

signal averaging and the inherent poor sensitivity of MRS require that in vivo multi-

dimensional MRS experiments be as sensitive as possible. Maximizing the sensitivity

per repetition time provides theoretical guidelines as to the type of useful in vivo multi-

dimensional NMR experiments; for example, TOtal Correlation SpectroscopY (TOCSY)

has the advantage of higher sensitivity compared to COrrelation SpectroscopY (COSY)

(7). Short acquisition times also limit the use of many of the techniques used in high-

field multi-dimensional NMR spectroscopy; for example, phase cycling is commonly

used in high-field NMR spectroscopy experiments as a means of eliminating unwanted

signals. Extensive phase cycling dramatically increases the overall acquisition time and

may result in acquisitions lasting several hours, which is unacceptable for in vivo

experiments.

Water suppression is absolutely necessary for MRS experiments with the possible

exception of lipid spectroscopy of bone marrow and fatty tumors. The concentration of

water in tissue is on the order of 110 Molar, while the metabolites of interest exist in

millimolar concentrations. Suppressing the water by three orders of magnitude is

acceptable for 1 D MRS experiments. However, this degree of water suppression is

inadequate for 2D MRS experiments. Instabilities during the experiment result in

fluctuations in the degree of water suppression. Stability of the water suppression in ID

MRS experiments is not as critical as in 2D MRS since the fluctuations are averaged

together. In 2D MRS, however, unstable water suppression results in substantial t1 noise,

which can obscure the cross peaks of interest. For this reason, 2D MRS experiments need

to suppress the water by at least four orders of magnitude.

Volume localization is the third and final reason why 2D MRS is difficult to

implement on a clinical scanner. While surface coils are often used for volume

localization, they have some inherent disadvantages. Large surface coils have poor RF

field inhomogeneity that results in a spread of flip angles over the excited volume. Small
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surface coils have difficulty exciting volumes of interest deep below the skin's surface.

Volume coils are the preferred method for in vivo volume localization, since they are able

to uniformly excite volumes of interest deep below the skin's surface. However, the use

of volume coils introduces a new challenge. Since 2D MRS experiments use a

combination of slice selective pulses for volume localization and hard pulses for spin

preparation, great care must be taken to avoid the refocusing of unwanted echoes and

outer volume signals.

1.3 In Vivo 2D Spectroscopy

Many forms of 2D NMR spectroscopy exist, however, currently only proton

homonuclear experiments provide the sensitivity and spectral information necessary for

in vivo applications. There are two approaches to create a chemical shift correlation: in-

phase coherence transfer methods, TOCSY, and anti-phase coherence transfer methods,

COSY. As previously mentioned, TOCSY has a theoretical sensitivity advantage over

COSY. However, a recent publication, has reported observing similar sensitivity for

TOCSY and COSY in human bone marrow (8). We will explore this unexpected result

in detail in Chapter 2. To help resolve this counter intuitive observation, three pulse

sequences will be used: VOSY-HOHAHA and VOSY-COSY, which were published by

Brereton et al. (8), and a new sequence, VOLT, VOlume Localized TOCSY developed

as part of this thesis work. Comparing the sensitivity of these three experiments both in

vitro and in vivo provides an explanation for the counter intuitive observation.

All three of the above experiments rely on gradients to select a specific coherence

pathway while simultaneously achieving volume localization. This results in spectra that

can only be displayed in magnitude mode, which severely reduces resolution and

sensitivity. Chapter 3 presents REVOLT, REfocused Volume Localized TOCSY, a new

pulse sequence developed as part of this thesis. REVOLT relies on in-phase coherence

transfer and acquires both coherence pathways while simultaneously achieving volume

localization. The acquisition of both coherence pathways allows the spectra to be

displayed in absorptive mode, resulting in increased resolution and sensitivity. The
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improvement in resolution and sensitivity achieved with REVOLT will be demonstrated

both in vitro and in vivo with spectra obtained from bone marrow brain tissue.

A challenge of in-phase coherence transfer is to keep the RF power deposited into

the patient to less than 3 Watts per kilogram of tissue (9). In Chapter 4 we will show

both theoretically and empirically that the in-phase coherence transfer method developed

in this thesis does not exceed the FDA guidelines for RF power deposition.

The holy grail of proton MRS has been to obtain spectra from cerebral tissue.

Cebral tissue and tumors contain a variety of metabolites that have potential clinical

significance: N-acetyl aspartate (NAA), choline (Cho), creatine (Cre), glutamine (Gln),

glutamate (Glu), lactate (Lac), y-amino butyric acid (GABA). The resonances arising

from the methyl groups on NAA, Cho, and Cre are the easiest to detect in vivo and

therefore have been the focus of many MRS studies. An excellent literature review of

developments and applications of in vivo magnetic resonance spectroscopy has been

written by Cox (2).
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Chapter 2 : Mixed Mode Correlation Spectroscopy

2.1 Introduction

There are two common approaches to 2D chemical shift correlation spectroscopy:

COSY (10,11), and TOCSY (12,13). These approaches differ in their method of

coherence transfer. COSY uses anti-phase coherence transfer while TOCSY and

HOHAHA use in-phase coherence transfer. The method of coherence transfer, whether

anti-phase or in-phase, describes the resulting multiplet structure. As recently pointed out

(14), the use of in-phase coherence transfer for 2D NMR has significant sensitivity

advantages when compared to anti-phase methods. This is due to the propensity for

destructive interference of anti-phase multiplets in the presence of line broadening.

TOCSY based experiments with their in-phase cross peaks, makes them attractive for in

vivo studies, since the in-phase multiplets will constructively interfere in the presence of

line broadening.

Brereton, et al (8), have recently demonstrated STimulated Echo Acquisition

Mode (STEAM) (15) based COSY and HOHAHA experiments and compared their

relative sensitivity in vivo in human bone marrow. These experiments have been named

VOSY-COSY and VOSY-HOHAHA to indicate volume localization, where VOSY is an

acronym for VOlume SpectroscopY. Somewhat unexpectedly, VOSY-COSY performed

comparably to VOSY-HOHAHA. As part of this thesis, this counterintuitive result will

be shown to result from the apodization function applied to the 2D data sets prior to

Fourier transformation (FT) to remove the dispersive line shape contribution. In addition,

a new version of VOlume Localized TOCSY, VOLT, was developed as part of this thesis

that achieves a higher sensitivity than a similarly performed COSY experiment prior to

the application of an apodization function.

The VOLT experiment is a modified DRY-STEAM (16) experiment. DRY-

STEAM provides a convenient method of volume localization and superior water

suppression when compared to STEAM. To improve the water suppression of the
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original VOSY-COSY and VOSY-HOHAHA by an order of magnitude, additional water

suppression pulses of DRY-STEAM were incorporated into both experiments. An

unfortunate side effect of both STEAM and DRY-STEAM is the requirement of

acquiring mixed mode line shape due to the acquisition of single shot phase modulated

data in fl. This results from the coherence transfer selection gradients also serving as

outer volume crushers. In order to obtain useful 2-D spectra with minimal baseline

distortion, severe echo shaped weighting functions must be applied to remove the

dispersive component of the line shape. Since this type of apodization resembles a

matched filter for anti-phase data, maximum sensitivity enhancement is achieved. The in-

phase cross peaks, however, are attenuated by an echo shaped apodization function. The

severe apodization required to remove the dispersive component is the source of the

relatively poor performance of in-phase coherence transfer methods with mixed mode

line shape.

While all three yield comparable spectra in human bone marrow, the application

of water suppression for human brain spectroscopy reveals differences in stability among

the three experiments. VOLT, which mixes longitudinal polarization, allows for more

efficient suppression of outer volume and water signal due to the residence of the spins

residing along z both before and after isotropic mixing. Despite the single shot nature of

all three experiments, a four-step phase cycle is required to remove signal generated from

unwanted echoes (Section 2.5.3).

2.2 Experimental Design

The VOSY-HOHAHA, VOSY-COSY and VOLT pulse sequences are shown in

Figure 2-1. Crusher gradients are applied to allow dephasing of spins outside the

localized volume during the DRY-STEAM portion of the sequences. Since these are 2D

experiments, coherence transfer pathway selection must be performed either by phase

cycling, a spectral difference method, or through the use of gradients. Gradient based

coherence transfer selection methods are convenient since the RF inhomogeneity of the

mixing scheme generates a moderate amount of unwanted outer volume excitation.

These coherence transfer selection gradients must be placed on either side of the
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coherence transfer pulse in any 2D experiment. Here, the coherence transfer pulse is

either the isotropic mixing scheme in VOLT or VOSY-HOHAHA or the final hard n/2

pulse in the VOSY-COSY experiment.

The VOSY based experiments place the volume localization scheme prior to the

coherence transfer portion of the experiments. The gradients for the localization scheme

are identical to those used in any DRY-STEAM experiment, and the timing is such that

the stimulated echo forms at the onset of the first coherence transfer selection gradient.

The mixing pulse is either a hard n/2 pulse for VOSY-COSY or an MLEV- 17 hard pulse

spin lock for VOSY-HOHAHA. The net rotation of MLEV-17 is n radians which leads

to less unwanted outer volume signal than the hard n/2 pulse of VOSY-COSY. The

unwanted signal of both experiments is removed by applying a crusher gradient after the

mixing pulse. An identical crusher gradient was applied prior to mixing to allow the

signal of interest to be refocused. This balanced pair serves to select the coherence

transfer pathway of interest in the usual fashion (17).
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Figure 2-1: VOLT, VOSY-HOHAHA, and VOSY-COSY pulse diagrams.
Pulse sequence diagram for VOLT (upper figure) and VOSY-HOHAHA and VOSY-COSY (lower figure).
Coherence transfer is achieved by MIX pulse. The MIX pulse is an isotropic mixing pulse for VOLT and
VOSY-HOHAHAH. For VOSY-COSY the MIX pulse is a hard 7r/2 pulse. Slice select gradients are drawn
on the Gs channel. Gradients on the Gc channel crush the outer volume signal as well as signal arising from
the P-coherence pathway
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In the VOSY experiments, the finite duration of the gradients require that the

stimulated echo form at the onset of the first coherence transfer selection gradient. This

introduces unavoidable phase errors. These phase errors are easily removed with a

magnitude calculation at the expense of resolution. Small to moderate deviations from

pure in-phase multiplet structure are also encountered due to J evolution during the delay

following the final 7t/2 pulse of the DRY-STEAM sequence. Any J evolution during the

first interpulse delay is removed by the z-filter behavior of the DRY-STEAM sequence.

The approach taken in the VOLT experiment is to combine the volume

localization and coherence transfer selection gradients, reducing the time spent in the

transverse plane and, hence, the deleterious effects of T2 relaxation. This is possible

because the form of the DRY-STEAM localization scheme allows easy integration into a

z-filtered TOCSY experiment such as those described by Rance (18) and Bazzo and

Campbell (19). This approach mixes longitudinal polarization instead of transverse

coherence. Since the spins of interest relax by T1 before and after the isotropic mixing

scheme in VOLT, more time is available for application of crusher gradients to manage

outer volume signal generated by the mixing scheme.

Water suppression is achieved in all three experiments with two CHEmical-Shift-

Selective pulse packets (20). A CHESS packet consists of three frequency selective

excitation pulses with unbalanced gradients as shown in Figure 2-2. Three pulses are used

instead of one to compensate for imperfect flip angles over the entire volume. The flip

angle of the third pulse is adjusted to minimize the water signal and compensate for

relaxation prior to acquisition. The gradients are unbalanced with respect to their

orientation and duration to avoid the formation of gradient echoes of the water resonance.

The gradient durations are in the ratio 5:3:1 with respect to a common duration.
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Gi

G 2

G 3

Figure 2-2: A CHESS Pulse diagram.
The durations of the crusher gradients are staggered in the ratio 5:3:1
to avoid the refocusing of water signal. The flip angle of the last
pulse of the second CHESS packet is manually adjusted while
observing the residual water signal until the water signal at the onset
of acquisition is a minimum. The second CHESS packet rotates the
orientation of the gradients with respect to the first CHESS packet
such that (G 13 ,G12,G23 ) rotates to (G 23,G 13,G12 ).

Superior water suppression is achieved when time between the last CHESS pulse

and the onset of acquisition is constant for every t increment. The placement of the

evolution delay between the first and second 7t/2 pulse results in phase errors that can not

be removed with simple post processing methods. To remove potential phase errors, a

magnitude calculation is performed on the VOLT data in a similar fashion to the VOSY

experiments. If absorptive mode data is desired, large non-linear phase corrections may

be used during post-processing. However, such a simple approach results in severe

baseline distortion.

For all three pulse sequences, the size, shape, and location of the voxel of interest

were determined with a series of imaging experiments acquired without water

suppression. These imaging experiments used the same pulse sequences shown in Figure

2-1 except a gradient is turned on during acquisition and the receiver bandwidth is set to

16 kHz. This allows a projection of the voxel of interest to be acquired along the axis of

18



the applied gradient. By measuring the projection along three orthogonal axes, the size,

shape, and location of the voxel of interest can be determined. A rewinder gradient must

be inserted prior to the read out gradient so the gradient echo will form at the center of

the acquisition window. An additional delay is added between the final volume

localization pulse and the onset of the first coherence transfer selection gradient to allow

for simultaneous formation of the inhomogeneity and imaging gradient echoes.

2.3 Theory

Examining the evolution of a simple AX spin system during VOLT illustrates

how the outer volume crusher gradients of a DRY-STEAM experiment also serve as

coherence selection gradients. The evolution of an AX spin system may be described

with product operators, as described by Sorenson, et al, (21). For illustration purposes,

the product operators become intractable after a few rotations. For this reason, only the

operators arising from spin 1 are traced through VOLT. An exchange of spin labels

generates the corresponding expression for spin 2. Assuming that spin 1 is at equilibrium,

the first nT/2x pulse rotates the spins into the transverse plane,

O- = -Iy = (I] - I,). 2.1
2

The spins evolve under their chemical shifts and scalar couplings during the evolution

period, t1. In addition, the spins experience a coherence selection gradient with area, G,

before the second 7c/2x pulse:

U 3 = - -e~i(rGr+t) cos(rit,) I,_ + e-(rGr+t, n) sin(zTJt]) 1- 2z +2 2.2
Se+i(rGr+it,,) cos(i i2t,) I,+ + e sin(J J t, ) I+12z
2

where y is gyromagnetic ratio, r is proton's location, and On is the chemical shift

frequency of spin n. After the second rT/2 pulse, (y will be transformed to longitudinal

polarization, zero order coherence, first order coherence, and second order coherence,

19



U3 -+ U4 oc - 1+ 2-I 2.3
I_, I+, II:2-, 'l'2+}

I I2-, 1+ 2+ 1.

The terms of interest are the longitudinal polarization terms I. By application of crusher

gradients after the mixing scheme for time A, the anti-phase terms and double-quantum

components of the two-spin coherence terms are dephased. Only the longitudinal

polarization terms and the zero-quantum component of the two-spin coherence terms

remain. If the mixing scheme generates the isotropic mixing Hamiltonian, the

longitudinal polarization is transformed to (22):

IIZ -- I (+ co s(2 ir J r,,)) 2.4
2 -

+ I(12 - cos(2f Jr,,,))

+ (1+12- 12+ sin(2r J ,)I

Since nT/2 pulses are inefficient at exciting zero-quantum coherence, terms 3 and 4

of Equation 2.4, representing anti-phase zero-quantum coherence, are ignored in future

calculations. (Terms 3 and 4 of Equation 2.4 have been labeled with the corresponding

number below a horizontal curly bracket.) Following the isotropic mixing scheme, the

density operator has the following form,

- (yG r+11 2 1) ++(y(;r+tQl)
= 2( 2 cos(7ril') 2.5

(ii. (1 + cos(2r J r,,,))+ 12z (1- cos(2 J r,. ))

Application of the third /2, pulse yields:
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= Ie-i(Gr+1101) + e i(rGr+1101) cos& Jt)

2( 2.

(1 - ,,_ + cos(27 J r,,)) + (I2+ - 2 ))(1- cos(2r J r,,,))

The spins experience the second coherence selection gradient and evolve under their

current coherence order,

- -"101 +i(2yGr+t, Q ,)
0-64 ( = -) cos~x Jt,)(l+ cos(2ic Jz,,,)) I,

i C' + +e+ cos(zJt,)(i+ cos(2r Jz,,,)) I,

2.7
.- , +i(2yGr+11 i jjoGri)i-co(uJri) 2+ + C11+ icos(ir J t, )(I - cos(2,T Jr,,, )) 2-4( 2

i C ( r~~i f2) e+1 ~icos(gc Jt,)( - cos(2/7 J r,J))I2_
4( 2

Because of the difference in coherence order, the gradient only refocuses half of the

available magnetization, i.e. the terms that are independent of G. Discarding half of the

magnetization is one of the well-known disadvantages of STEAM based experiments.

Discarding half of the available signal has severe repercussions concerning the resolution

of the resulting 2D spectrum. Illustrating the effect of maintaining one coherence

pathway on the spectrum's resolution is postponed momentarily until the final expression

for the density operators is generated. The spins evolve under their chemical shifts and

scalar couplings during the detection period, t2 , resulting in:

U-6 = +"' 1 cos( J t,)(1+cos(2 J ,. e~ f2 rcos(f J t2 )I_ +2 sin(f J t2 )1-2z

1 2 2.8

+ Ie, i"l cos(ir Jt)(I- ,,) e-" cos( Jt2 )2_ + 2 sin(fr J t2 )I2-Iz{

where only the terms involving L are detectable due to the demodulation of the signal at

the time of acquisition and the phase of the receiver has been adjusted to remove a factor
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of -i. (The terms of Equation 2.8 have been labeled with the corresponding number below

a horizontal curly bracket.) Here, the third term represents in-phase coherence of spin 2

that precessed at the chemical shift of spin 1 during the evolution delay. These terms will

contribute to in-phase cross peaks in the 2D spectrum. Since the onset of acquisition is

not instantaneous due to the gradient rise and fall times and the selective pulse lengths,

some, albeit small, anti-phase evolution will occur following the third n/2 pulse prior to

onset of acquisition.

From the final expression for the density operator, a6 , the effect of maintaining

only one coherence pathway on the spectral line shape is now illustrated. The

fundamental problem is the well known mixing of absorptive and dispersive line shapes

when phase modulation of the signal occurs in fl. This problem is identical for coupled

and uncoupled spins. For simplicity, the problem is illustrated for an uncoupled spin by

setting the scalar coupling constant equal to zero. This simplifies Equation 2.8 to

s(tI02)= -e+i"l'21' 21 r(t, t2), 2.9
4

where s(tI,t 2) is the detected signal of an uncoupled spin, and relaxation, which up until

now has been ignored, has been reintroduced with the decay function r(tl,t 2). All

subsequent calculations assume that the decay function is a monotonically decaying

exponential in both dimensions with a transverse relaxation time of T2. A complex

Fourier transform in both dimensions yields,

S(IIw2 ) =-(A(coi,Q)+i D(co,Q,))(A(0 2,Q 2)+iD(02,0 2 )), 2.10

where A is the absorptive component of a Lorentzian line shape,

At imai= c 2 2.11

7/2+(2 r~on - Qn))2

the imaginary component is the corresponding dispersive component,
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D(o,Q)= 2 "T " . 2.12

+ T (2;r(2Con )

Expanding Equation 2.10 yields,

1
S(CO1,o 2 )= ((A, A2 - DD 2)+i(AD 2 + D, A2 )). 2.13

4

The notation has been simplified for clarity. The line shapes have equal contributions of

both absorptive and dispersive components that can not be separated by phasing. For this

reason, spectra that are phase modulated in the indirect dimension are often displayed

after a magnitude calculation. This severely diminishes the resolution of the spectrum.

Looking at a 1 D Lorentzian line reveals that a spectrum's resolution is severely

degraded by the mixing of absorptive and dispersive line shapes. The full width half

maximum (FWHM) for the absorptive component alone is

1
VA, = 2 2.14

If the spectrum is displayed in magnitude mode, the FWHM for the magnitude peak is

VA, 2 2.15
'N2;r T2

The increase in the FWHM is a result of including the long tails of the dispersive

component in the spectrum. The loss of spectral resolution is further exacerbated at

lower maximums as is illustrated in Table 2-1. The inclusion of the dispersive

component decreases the spectral resolution. This loss of spectral resolution is extremely

important for in vivo applications. In vivo cross peaks have very small intensities

compared to the large diagonal peaks. If the dispersive component is retained in the

spectrum, the tails of the larger diagonal resonances often obscure the smaller cross

peaks.
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Amplitude Absorptive Magnitude Ratio
1/2 1.00 1.73 1.73
1/4 1.73 3.87 2.24
1/8 2.65 7.94 2.99

Table 2-1: Line width comparison.
The relative line width of the absorptive and magnitude components of a damped
exponential sinusoid to the FWHM of the absorptive component. The Ratio column is the
ratio of the magnitude component to the absorptive component. The Full Width Half
Maximum (Amplitude = 1/2), Full Width Quarter Maximum (Amplitude = 1/4), and Full
Width Eighth Maximum (Amplitude = 1/8) are in the first, second, and third rows
respectively.

The dispersive component results in severe broadening of spectral lines. This

broadening may obscure correlation peaks, and therefore, must be removed prior to FT.

The dispersive component may be removed by weighting the data with a function in the

time domain such that the data envelope resembles an echo. Applying an echo shaped

apodization function such as the pseudo-echo (23,24), the Lorentz to Gauss

transformation (25), or shifted sine2 bell transformation (26) results in severe attenuation

of the cosine modulated diagonal peaks. These same apodization functions have less

pronounced effect on the sine modulated correlation peaks since they resemble a matched

filter. These echo shaped apodization functions are routinely applied to COSY data since

the correlation peaks are sine-modulated by J during both acquisition times. In TOCSY

experiments, the diagonal and cross peaks both exhibit a cosine modulation by J during

evolution, and therefore, are attenuated by an echo shaped apodization function.

The Results section in this chapter will show that the raw signal-to-noise ratio of

isotropic mixing based experiments is indeed higher than VOSY-COSY but that the

apodization function negates this advantage. The signal loss observed in VOLT and

VOSY-HOHAHA is due to poor pulse sequence design. The full SNR may be recovered

by directly avoiding the detection of the dispersive component. This new approach is

introduced in detail in Chapter 3.
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2.4 Methods

All NMR experiments for this thesis were performed on a 1.5 Tesla General

Electric Signa imaging system. The described pulse sequence was incorporated into the

version 5.4 PROBE® spectroscopy software package. This package allows for placement

of an arbitrary voxel over the region of interest via a graphical prescription interface. The

voxels were prescribed from 2 cm thick single axial images (256 x 128) obtained with a

single gradient recalled echo sequence TR 100 ms, TE 3 ms and 1 shot per phase encode.

All localized voxels were 59 mL in volume (5.2 x 4.2 x 2.7 cm). Manual shimming was

performed with linear gradients. Imaging, voxel localization, shimming and parameter

optimization typically requires 15 minutes. The standard linear extremity coil was used

for the corn oil and bone marrow studies, and the standard quadrature head coil was used

for the water-suppressed studies. In both cases, the coils were used for both transmission

and reception. The transmitter was placed in the center of the spectrum for mixing and

acquisition, avoiding the need for linear phase modulation of the mixing scheme. All

dephasing gradients were applied at 0.9 G/cm. Processing and data acquisition

parameters are given in the figure legends.

All pulse sequences presented in this thesis were evaluated in four different

samples: a 2 liter bottle of corn oil, human bone marrow, a 3 liter spherical 17 mM NAA

phantom, and human brain tissue. Corn oil is commonly used as the model for human fat

and yields similar spectra to that of human bone marrow. Lipid spectroscopy on corn oil

and human bone marrow was done to test the sequences without the complications

associated with water suppression. The NAA phantom was used to test and optimize the

sequences with water suppression. Spectra acquired from human brain tissue tested the

sequences' sensitivity and resolution under in vivo conditions.

The mixing scheme consisted of six WALTZ-4 cycles in the VOLT and two

MLEV-17 cycles in the VOSY-HOHAHA experiments, respectively. Both utilized an RF
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field strength of 463 Hz for a total mixing time of 71.3 ms for VOSY-HOHAHA and

64.8 ms for VOLT. All experiments utilized 96 ti increments in the indirect dimension

allowing the coherence transfer echo to be adequately sampled in the VOSY-COSY

experiments. The spectral width was 750 Hz for all studies allowing for an optimal

acquisition time of approximately 1/J for the VOSY-COSY experiment. The phase of the

first n/2 pulse and receiver were incremented by 180 degrees with every ti increment to

force the axial peaks to the edge of the spectra in the indirect dimension (27).

2.5 Results

2.5.1 Corn Oil Experiments

Volume localization is achieved by the intersection of three orthogonal slice

selective pulses in all three experiments: VOLT, VOSY-HOHAHA, and VOSY-COSY.

In VOSY-HOHAHA and VOSY-COSY, volume localization is placed prior to the

coherence transfer and is independent of the coherence selection gradients. The

coherence selection gradients of VOLT are also used for outer volume suppression. This

forces VOLT to acquire only the N-coherence pathway.

All three experiments obtained projections of the voxel of interest from the corn

oil phantom without phase cycling along all three axes. This was done to ensure that the

acquired signal was arising from the voxel of interest and not from the outer volume.

These projections were normalized after Fourier Transform and displayed in Figure 2-3.

All three methods yield single shot volume localization as is evident from the lack of

outer volume signal in the identical profiles.
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Figure 2-3: Volume localization experiments.
Overlapping projections of the voxel of interest obtained with VOLT, VOSY-HOHAHA, and VOSY-
COSY in a corn oil phantom. There is no distinquishable difference between the projections obtained with
the three experiments. Volume localization is achieved with three orthogonal 7c/2 pulses, which are
identical in all three experiments. Projections along X, Y, and Z were 1.2, 1.2, and 2.3 centimeters
respectively.
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Figure 2-4 normalizes the projections along a particular axis with respect to the

VOLT projection and plots them separately. The amplitudes of these projections provide

some insight into the available signal contained in the voxel for each experiment. The

VOSY-COSY projections have the largest amplitudes among the three pulse sequences

because VOSY-COSY has the shortest time between the first 'T/2 pulse and acquisition.

VOSY-COSY has the largest available signal despite the fact that half of the available

magnetization is discarded with the mixing pulse. The signal available with VOLT is

less than that of COSY. This is due to the fact that the spins relax during the isotropic

mixing scheme. The VOSY-HOHAHA experiment provides the least amount of signal

for spectroscopy. Volume localization in VOSY-HOHAHA requires the same amount of

time as the VOSY-COSY experiment, the additional loss of signal in VOSY-HOHAHA

occurs during the isotropic mixing scheme.
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Figure 2-4: Normalized projections of VOLT, VOSY-HOHAHA, & VOSY-COSY.
Normalized magnitude projections of VOLT (first column), VOSY-HOHAHA (second column), and
VOSY-COSY (third column) are plotted. Voxel projections were obtained along X (first row), Y (second
row), and Z (third row) directions. These projections each were acquired without phase cycling.
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To confirm that the signal lost during VOLT and VOSY-HOHAHA is a result of

relaxation, the isotropic mixing scheme in both experiments was replaced with a 480 ps

delay and a 480pts hard 7r pulse, respectively. Figure 2-5 shows the normalized

projections with respect to the VOLT projections. With the long isotropic mixing

schemes removed, VOLT has the shortest time between excitation and acquisition. This

results in the VOLT projections being slightly greater than VOSY-HOHAHA. The

available signal with VOSY-HOHAHA is greater than the VOSY-COSY experiment by a

factor of two. VOSY-COSY uses a hard 7r/2 pulse in order to transfer coherence.

Therefore, the coherence selection gradients on either side of this pulse eliminates half of
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Figure 2-5: Normalized projections without isotropic mixing.
Magnitude projections of VOLT (first column), VOSY-HOHAHA (second column), and VOSY-COSY
(third column) are plotted. Voxel projections were obtained along X (first row), Y (second row), and Z
(third row) directions. All projections were scaled in relation to the normalized VOLT projections. Each
projection was acquired without phase cycling. Isotropic mixing in VOLT and VOSY-HOHAHA was
replaced with a 480 microsecond delay and a hard 480 microsecond n pulse, respectively.
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the available signal.

The projections of the voxel of interest reveal that all three experiments achieve

single shot volume localization, which is essential for in vivo spectroscopy experiments

(Section 3.5.3). In addition, the projections reveal that all three experiments excite the

same voxel with respect to shape and location. The amplitudes of the projections differ

among the three experiments as a result of relaxation due to differences in timing.

VOSY-COSY has superior sensitivity in imaging mode compared to the other two

experiments because it has the shortest time between excitation and acquisition.

However, this sensitivity advantage is not realized in spectroscopy mode because the

VOSY-COSY anti-phase cross peaks destructively interfere with each other.
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For reference, Figure 2-6 shows a schematic diagram of a triglyceride molecule

above a ID spectrum of the corn oil phantom used for the in vitro studies. The proton

assignments are provided.

HCC-H _ -(CH)-HaC-CH-CH-CH-CH-CH'

H-C-0-C-CHi CHh-CH-CH-CH'

HcC-0-C-CHe-CHg-(CH -CH
-n

h

g9
a

b d e
C

10 8 6
ppm

4 2 0

Figure 2-6: 1D Corn Oil Spectrum
A schematic molecule of triglyceride is shown above a single voxel 1 D spectrum of the
corn oil phantom. The upper side chain is diunsaturated, the central side chain is mono-
unsaturated and the lowest is fully saturated. The resonance assignments in the ID
spectrum reflect the labeling of the proton sites given in the molecular schematic.
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To illustrate the removal of the dispersive wings by an apodization function, 2D

spectra were acquired from corn oil with VOLT, VOSY-HOHAHA, and VOSY-COSY.

The left column of Figure 2-7 shows a direct comparison of VOLT, VOSY-HOHAHA

and VOSY-COSY applied to a phantom of corn oil. The 2D data are the result of 2D FT

following zero filling from 96 x 192 to 512 x 512 complex points. No apodization was

applied and all spectra are magnitude calculated. The traces along the top are taken

parallel to F2 at the location indicated in the 2D spectra below by a dashed line. Several

cross peaks appear at appropriate locations, consistent with previously published proton

assignments (28). It is apparent that the signal-to-noise ratio (SNR) of the three

experiments is similar in the favorable susceptibility environment of the oil phantom.

The right column of Figure 2-7 shows the same spectra following apodization

with non-shifted sine2 bell functions in ti and in t2 . Marked improvement in the 2D

spectral quality is achieved by minimization of the dispersive contribution to the line

shape, but at the expense of the cross peak SNR in the VOLT and VOSY-HOHAHA

experiments. Even though the cross peaks intensity of all three experiments were

comparable in the unweighted data, the cross peak intensities of the apodized spectra

show that the sensitivity of VOSY-COSY is approximately twice that of VOLT and

VOSY-HOHAHA, confirming that the sensitivity loss is due to the apodization function.
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Figure 2-7: VOLT, VOSY-HOHAHA, and VOSY-COSY corn oil spectra.
VOLT, VOSY-HOHAHA, and VOSY-COSY corn oil spectra are shown in the first, second, and
third rows, respectively. The left column is the raw data of each spectrum, which was zero filled to
512 in both dimensions followed by 2D Fourier transform. The right column shows the apodized
spectra. Apodization function consisted of a 0-degree shifted sine squared bell which was applied in
both dimensions prior to zero filling and Fourier transform. Contour levels were drawn the same for
all three experiments. The contour levels in the right column are drawn 8 times lower than the
contour levels in the left.
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Axial peaks in a 2D spectrum should be minimized in order to avoid

contamination of the peaks of interest. This is primarily accomplished by minimizing the

time between first excitation and acquisition. Figure 2-8 compares VOLT, VOSY-

HOHAHA, and VOSY-COSY with and without phase cycling as a means of comparing

the intensity of the axial peaks. The spectra in the left column were acquired without

phase cycling and the spectra in the right column were acquired with a two-step phase

cycle by phase alternation of the first 7t/2 pulse. Axial peaks are clearly seen at the edges

of the indirect dimension of the spectra acquired without phase cycling. The axial peaks

could be further suppressed by increasing the final coherence selection gradient.

However, this would result in sensitivity loss for the signal of interest as a result of

additional relaxation.

VOLT and VOSY-COSY have the smallest and largest contribution of axial

peaks, respectively. The axial peaks in VOSY-HOHAHA and VOSY-COSY are larger

than VOLT because of the additional delay to acquisition. VOSY-COSY has larger axial

peaks than VOSY-HOHAHA because the 7/2 mixing pulse excites additional signal that

does not see the first 7r/2 pulse.
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Figure 2-8: Phase cycling experiments.
Corn oil spectra were obtained with VOLT (top row), VOSY-HOHAHA(middle row), and VOSY-COSY
(bottom row). The spectra displayed on the left were acquired without phase cycling. The spectra on the right
were acquired with a two step phase cycle by alternating the phase of the first pulse and receiver by 180
degrees. The number of averages per t1 increment is identical for each data set. All data sets have been
weighted by a n/8 shifted sine squared bell in both dimensions, zero filled to 512 points, Fourier transformed,
and magnitude displayed.
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2.5.2 Human Bone Marrow Experiments

Human bone marrow is a good sample to test the sequences under in vivo

conditions for two reasons. First, water suppression is not necessary because all of the

experiments provide excellent volume localization. And second, the heterogeneity of the

bone marrow results in severe line broadening due to magnetic susceptibility. Human

bone marrow, therefore, is an excellent sample to illustrate the additional information

provided by 2D spectra when severe line broadening is present. The location of the voxel

of interest is chosen with respect to a gradient localizer image (Figure 2-9). For all human

bone marrow experiments, a lOx10x20 millimeter voxel was prescribed. Measuring the

FHWM of the projections (not shown) revealed that signal was detected from a

11.8x11. 8x22.5 millimeter voxel. Bone marrow spectra obtained from the selected 3.1

mL voxel with VOLT, VOSY-HOHAHA, and VOSY-COSY are shown in Figure 2-10.

The total acquisition time for each spectrum was 24 minutes.

36



-80

-60

-40

E
E

-0

20

40

-40 -20 0 20 40 60 80
Position [mm]

Figure 2-9: Gradient localizer image for bone marrow
studies
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Figure 2-10: Tibial bone marrow spectra.
VOLT (top row), VOSY-HOHAHA (middle row), and VOSY-COSY (bottom row) 2D spectra of tibial
bone marrow. The unweighted and weighted data are presented in the left and right column, respectively.
Raw data was zero filled to 512 points prior to applying a 2D Fourier transform. The weighted spectra were
processed with a it/8-degree shifted sine squared bell applied in both dimensions prior to zero filling.
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The cross peak signal intensity for VOLT and VOSY-HOHAHA is slightly larger

than that obtained with VOSY-COSY in the unweighted spectra. Large dispersive wings

are present in all three experiments. In order to remove the dispersive component and

obtain absorptive mode spectra, a n/8 degree shifted sine square bell was applied in both

dimensions prior to zero filling to 512 points and Fourier transforming. The cross peaks

in the VOSY-COSY data retain much more of their intensity than the isotropic mixing

experiments. This is a result of applying a matched filter to the anti-phase cross peaks.

The signal intensity of the VOSY-COSY data is comparable to the VOLT and VOSY-

HOHAHA data as demonstrated by Brereton et. al. (8). Comparing chemical shift

correlation patterns reveals that VOLT is superior in sensitivity when compared to

VOSY-HOHAHA.

2.5.3 NAA Phantom Experiments

The NAA phantom was used to evaluate the water suppression in all three

experiments. In order to evaluate the water suppression for a series of 2D experiments in

a reasonable amount of time, the bandwidth in the indirect dimension was decreased to

125 Hz and only 16 t, increments were acquired. This shortened the acquisition time to

approximately 3 minutes for each experiment while the last ti increment remained at 96

milliseconds. Decreasing the bandwidth in the indirect dimension resulted in aliasing

along that direction. Taking a maximum intensity projection along the indirect dimension

eliminated the effect of aliasing. This operation collapsed each 2D spectrum to a ID

Maximum Intensity (MI) spectrum. Spectra acquired with VOLT, VOSY-HOHAHA, and

VOSY-COSY are shown in Figure 2-11 through Figure 2-13 respectively. These short

acquisition time experiments were repeated with different phase cycling conditions and

displayed as stacked spectra in each figure. The MI spectra are shown from front to back

with phase cycling first and third 7t/2 pulse, phase cycling first 7/2 pulse, phase cycling

third 7E/2 pulse, and no phase cycling at all, respectively. In addition to phase cycling, the

MI spectra were acquired with different coherence selection gradient durations: 2

millisecond (top row) and 6 millisecond (bottom row).
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Figure 2-11: Phase cycling experiments with VOLT.
1D Maximum Intensity Projection spectra displayed in stacked plot format. Spectra were
obtained with 2 millisecond coherence selection gradients (top row) and 6 millisecond
coherence selection gradients (bottom row). Four different phase cycles were used when
acquiring the spectra. From front to back: phase cycling first and third 7c/2 pulse, phase cycling
first 7t/2 pulse, phase cycling third n/2 pulse, and no phase cycling at all. The right column
displays the same spectra as the left column except focused around the water resonance.
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Figure 2-12: Phase cycling experiments with VOSY-HOHAHA.
ID Maximum Intensity Projection spectra displayed in stacked plot format. Spectra were obtained with 2
millisecond coherence selection gradients (top row) and 6 millisecond coherence selection gradients (bottom
row). Four different phase cycles were used when acquiring the spectra. From front to back: phase cycling
first and third 7r/2 pulse, phase cycling first n/2 pulse, phase cycling third n/2 pulse, and no phase cycling at
all. The right column displays the same spectra as the left column except focused around the water resonance.

41

10 0



10 5 0 8 7 6 5 4
ppm ppm

10 5 0 8 7 6 5 4
ppm ppm

Figure 2-13: Phase cycling experiments with VOSY-COSY.
ID Maximum Intensity Projection spectra displayed in stacked plot format. Spectra were obtained with 2
millisecond coherence selection gradients (top row) and 6 millisecond coherence selection gradients (bottom
row). Four different phase cycles were used when acquiring the spectra. From front to back: phase cycling
first and third 7E/2 pulse, phase cycling first 7E/2 pulse, phase cycling third 7r/2 pulse, and no phase cycling at
all. The right column displays the same spectra as the left column except focused around the water resonance.

Comparing the residual water signal acquired with VOLT, VOSY-HOHAHA, and

VOSY-COSY reveals that VOLT has superior water suppression. Residual water signal

may further be suppressed by phase cycling the first and third 7n/2 pulse. Increasing the

coherence selection gradients from 2 milliseconds to 6 milliseconds helps to suppress the

residual water signal in both VOSY experiments.

These experiments reveal that VOLT has superior water suppression compared to

the VOSY experiments. VOLT's superior water suppression is due to the placement of

the ti increment between the two CHESS packets. Locating the ti increment between the

two CHESS packets improves the stability of the water because the time between the last

CHESS and acquisition is constant. In addition, VOLT's superior water suppression is
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demonstrated by the need for only 2 millisecond coherence selection gradients as

opposed to 6 millisecond coherence selection gradients needed by the VOSY

experiments.

Figure 2-14 shows the 2D spectra of the NAA phantom obtained with VOLT,

VOSY-HOHAHA, and VOSY-COSY. Each spectrum was acquired with the optimum

four-step phase cycle. The VOLT experiment used 2 ms crusher gradients while VOSY-

HOHAHA and VOSY-COSY required 6 ms crusher gradients to adequately suppress the

water signal. The need to use 6 millisecond crusher gradients in vivo for the VOSY

experiments will be shown in the next section. The differences in the coherence transfer

pathways between VOLT and VOSY-HOHAHA compared to VOSY-COSY are clearly

seen by comparing cross peak patterns. The visible cross peaks in the NAA spectra show

that the NAA phantom has degraded over a period of eight months. The cross peaks at

2.65 ppm in the indirect dimension and 4.0 ppm in the direct dimension are due to

aspartate.
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Figure 2-14: NAA spectra acquired with VOLT, VOSY-HOHAHA, VOSY-COSY
NAA spectra acquired with VOLT (top row), VOSY-HOHAHA (middle row), and VOSY-COSY (bottom
row). VOLT spectra were acquired with 2 millisecond coherence selection gradients, while VOSY-
HOHAHA and VOSY-COSY both used 6 millisecond coherence selection gradients. Unapodized and
apodized spectra are displayed in the left and right columns, respectively. A 7r/8 shifted sine squared bell
was used for the weighting function.
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2.5.4 Human Brain Experiments

Brain spectroscopy is the ultimate test for 2D chemical shift correlation

experiments. Water must be suppressed by five orders of magnitude, sensitivity per

acquisition must be maximized to detect metabolites in millimolar concentrations, and RF

power deposition must be within FDA guidelines. The typical setup time including

volume selection, shimming, and optimizing the water suppression is 10 minutes. Figure

2-15 is a typical gradient localizer used for defining the voxel in human brain

spectroscopy. The voxel of interest has been placed in the parietal lobe unless otherwise

indicated.
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Figure 2-15: Gradient localizer for human brain
spectroscopy.
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Figure 2-16: In vivo crusher gradient comparison
In vivo spectra were acquired from brain tissue with VOSY-HOHAHA (top row) and VOSY-
COSY (bottom row). All spectra were weighted by a n/8 shifted sine squared bell. The coherence
selection gradients were 2 milliseconds for the spectra in the left column and 6 milliseconds for
the spectra in the right column. The horizontal and vertical traces were taken through the NAA
methyl resonance.

To illustrate the need to use 6 millisecond coherence selection gradients for water

suppression, in vivo human brain spectra were acquired with VOSY-COSY and VOSY-

HOHAHA. 2D brain tissue spectra were obtained from a 59-mL voxel with the

coherence selection gradients at 2ms and 6ms. The spectra were acquired with 96 t

increments with a 1.8-second repetition time. The optimum four-step phase cycle was

used when acquiring the data, which resulted in a total acquisition time of 12 minutes per

spectrum. Acquisition times were kept short since additional signal averaging would not

have a drastic effect on the degree of water suppression. Figure 2-16 shows the spectra

obtained with VOSY-HOHAHA and VOSY-COSY with a coherence selection gradient

46

2 0

40

0

A;

C

,.~z~-wA'~4#~x.' JL~ A



duration at 2ms and 6ms.. The t1 noise in the spectra acquired with 2ms coherence

selection gradients is unacceptable for in vivo spectroscopy. The vertical traces reveal an

artifact of unknown origin when the coherence selection gradients were increased to 6ms.

This artifact also appeared in VOLT spectra when the coherence selection gradients were

increased to 6 milliseconds (spectra not shown). The artifact may be due to eddy currents

since it is universal across all three experiments at that gradient timing.

To determine the sensitivity of magnitude correlation experiments, in vivo human

brain spectra were acquired from a 59 mL voxel with the coherence selection gradients at

2ms for VOLT and 6ms for VOSY-HOHAHA and VOSY-COSY. The optimum four-

step phase cycle was used when acquiring the data. The spectra were acquired with 96 ti

increments with a 1.8-second repetition time. Two phase cycles were averaged together

for each t1 increment, for a total of eight acquisitions per t1 increment. Total acquisition

time for each experiment was 23 minutes. Figure 2-17 shows spectra obtained with

VOLT, VOSY-HOHAHA, and VOSY-COSY. As demonstrated earlier, VOLT has

superior water suppression compared to both VOSY-HOHAHA and VOSY-COSY.

However, the sensitivity of all three experiments fails to convincingly reveal expected

correlations. This is due to the inclusion of the dispersive line shape in the unweighted

spectra and sensitivity losses due to apodization in the apodized spectra.
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Figure 2-17: 2D human brain spectra
2D brain spectra obtained from a 59 mL voxel with VOLT (top row) , VOSY-HOHAHA
(middle row), and VOSY-HOHAHA (bottom row). The unweighted and weighted spectra
are displayed in the left and right columns, respectively. A 7t/8 shifted sine squared bell
was used for the weighting function of all three pulse sequences.
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2.6 Discussion

The improved sensitivity of the correlation peaks of VOSY-HOHAHA and VOLT

compared to VOSY-COSY is apparent from inspection of the unweighted human bone

marrow data in Figure 2-10. In the experimental design, the acquisition time in ti was

deliberately kept at 128 ms, which is 1/J for a typical coupling value of 7.8 Hz. The

mixing times of the VOLT and VOSY-HOHAHA experiments was held as close to 1/(2J)

as possible, i.e. 64 and 72 ms respectively. The mixing times were not identical as

WALTZ-4 and MLEV-17 were used due to the superior performance of these schemes

for mixing of longitudinal polarization and transverse coherence, respectively. The

difference in mixing times resulted from a desire for the RF field strength of both mixing

schemes to be the same. Accounting for the different mixing times, the performance of

VOLT, VOSY-COSY and VOSY-HOHAHA is comparable in terms of cross peak signal

intensity prior to apodization when the mixing times are similar. The problem with mix

mode line shape spectroscopy is the need to display the spectra in magnitude mode.

Clearly, if the line shape could be displayed in absorptive mode without the use of severe

apodization functions the sensitivity advantage of in-phase coherence transfer methods

could be realized.

The ability of in-phase coherence transfer to drive maximum coherence,

independent of the t1 interval, allows for shorter acquisition times in ti. The optimal

resolution per t1 acquisition time appears to be in the range of 48 to 64 ti increments for a

spectral width of 750 Hz. This is clear in the corn oil and bone marrow data, but is less

convincing in the brain spectra. This is simply due to the fact that the sensitivity of the

methods is too poor to allow good quality brain spectra to be acquired in a reasonable

amount of time on a reasonable volume size. In Chapter 3, a new method of obtaining

absorptive mode spectra will be presented which obtains quality 2D spectra of the brain

in under 24 minutes on similar volumes.

The form of VOLT allows for stable water suppression due to the placement of

the evolution time prior to the final CHESS packet. This allows for consistent preparation

of the z-component of the water prior to the final n/2 pulse in the sequence. This added

stability is essential for the absorptive mode experiments.
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The mixing of longitudinal polarization is known to be suboptimal under a

WALTZ mixing scheme. Flip-flop based sequences such as FLOPSY-8 allow more

efficient coherence transfer (29,30), but their rather long cycle times do not allow a

reasonable comparison with MLEV-17 (50 ms vs. 36 or 72 ms). Despite this, the use of

WALTZ was adequate for demonstration of the desirable features of in-phase coherence

transfer using VOLT. A comparison of WALTZ to FLOPSY will be undertaken in

Chapter 3.

The investigations of phase cycling and crusher gradient strength requirements

reveal that a likely decrease in sensitivity of VOSY-COSY and VOSY-HOHAHA results

from the 6 ms gradient crushing required for adequate water suppression stability. The

lines shape disturbance at the longer crushing times are of uncertain origin. Artifacts

induced by vibration are unlikely, since placement of the phantom upon a vibration

isolation cantilever did not remove the artifact. The artifact may be due to eddy currents

since it is universal across all three experiments at that gradient timing.
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Chapter 3 : Absorptive Mode Spectroscopy

3.1 Introduction

In Chapter 2, in-phase coherence transfer methods were shown to have a

sensitivity advantage over anti-phase coherence transfer methods. However, the use of

coherence transfer selection gradients in VOLT, and the VOSY-based experiments

introduces an unavoidable mixing of absorptive and dispersive line shape. The removal

of the dispersive component by a severe apodization function negates the sensitivity

advantage obtained with in-phase coherence transfer. To retain the sensitivity advantage

of in-phase coherence transfer, the dispersive component must be removed from the

spectra without the use of apodization functions; this may be accomplished if both

coherence pathways are acquired.

As discussed by Brereton, et. al. (8), the VOSY-HOHAHA experiment is capable

of acquiring both N and P type coherence pathways with some minor modifications.

While possible, in light of VOLT's superior water suppression, the experiments

developed in this chapter will mix longitudinal magnetization, allowing the variable t1

increment to be placed between the two periods of water suppression. This approach

yields the most stable and sensitive 2D chemical shift correlation experiment of all

proposed methods.

The form of the experiment is that of a z-filtered TOCSY experiment followed by

a PRESS sequence for volume localization. This approach allows both coherence

pathways to be acquired in an amplitude-modulated data set. A second amplitude-

modulated data set is acquired by shifting the phase of the first pulse by 90 degrees.

Applying a hypercomplex Fourier Transform (FT) to these two amplitude-modulated data

sets, as described by States, Haberkorn and Ruben (31), results in absorptive mode

spectra. A side benefit of the z-filtered form of the experiment is the ability to suppress

the water signal by at least four orders of magnitude. The z-filtered absorptive mode
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experiment developed as part of this thesis obtains high quality 2D spectra from the

human brain in 24 minutes from a 59 milliliter volume.

In the previous chapter, the isotropic mixing scheme, WALTZ-4, transferred

coherence among coupled spins in the VOLT experiment. However, WALTZ-4 is not

the optimal choice for longitudinal polarization transfer. Simulations and experimental

data of FLip-flOP SpectroscopY (FLOPSY) (29,30), a more efficient isotropic mixing

scheme, will be presented in this chapter.

3.2 Experimental Design

A new pulse sequence capable of obtaining volume localized near absorptive line

shape in both dimensions is shown in Figure 3-1. (The VOLT pulse sequence is reprinted

in Figure 3-2 for the reader's convenience.) Following application of the first CHESS

packet, a hard n/2 pulse excites the spins. These spins then evolve under their chemical

shift and scalar coupling during the evolution period, ti. The spins are then returned to the

z-axis by the second hard n/2 pulse except for a small amount of orthogonal anti-phase

coherence, which evolved during the evolution period. These orthogonal terms are

purged by the z-filter (32). The resulting z-magnetization is amplitude modulated as a

function of t1 . The central 7c pulse is of practical utility because of the unacceptable

amount of first order phase error during the relatively long hard pulses (240 pis 7r/2

pulse). This 7n pulse refocuses the chemical shift during these delays allowing a true first

t1=0 increment. This pulse sequence has been named REVOLT, REfocused VOlume

Localized TOCSY, to indicate the refocusing of the chemical shift.
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Figure Figure 3-1: REVOLT pulse diagram.
REVOLT is a modified VOLT experiment. The insertion of the 7t pulses allows both coherence pathways to
be maintained throughout the experiment. This allows near absorptive mode spectra in both dimensions to
be reconstructed using the States, Haberkorn, Rueben(3 1) method. Volume localization is achieved with a
PRESS sequence after the isotropic mixing.

7E/2 ti T/2 TE/2
4 10

RF - CHESS H . . CHESS -Mi

Gs
X Z Y Z Y

Gc -
Xy,&Z Z XY,& X,Y,or Z

Signal

Figure 3-2: VOLT pulse diagram.
VOLT is a modified DRY-STEAM experiment. Coherence transfer is achieved by isotropic mixing after
the second CHESS packet. The t1 increment is located between the first and the second n/2 pulse. Slice
select gradients are drawn on the Gs channel and their direction is as indicated. The slice select refocusing
gradients of the second and third 7r/2 pulses require that the N-coherence pathway be selected. Gradients on
the Gc channel crushes the outer volume signal. The last crusher gradient is rotated among the X,Y, and Z
for each t1 increment.
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Figure 3-3: Q-REVOLT pulse diagram.
Q-REVOLT is a modified REVOLT experiment. The slice selective pulses on both sides of the isotropic
mixing scheme achieve volume localization. Q-REVOLT reduces the phase distortions due to scalar coupling
by minimizing the time between the third n/2 pulse and acquisition. Outer volume signal generated from the
last spin echo is removed by phase alternation of the first 7r/2 pulse.

A modified REVOLT experiment is shown in Figure 3-3. To minimize phase

errors due to scalar coupling, the time between the third n/2 pulse and acquisition is

minimized. This is accomplished by performing volume localization both before and

after the isotropic mixing scheme, thus eliminating the need for the last slice selective 7C

pulse in the standard PRESS. This experiment has been dubbed Q-REVOLT for Quick

REVOLT, since the time between the third c/2 pulse and acquisition is shorter than in

REVOLT. The tradeoff is the unavoidable formation of a spin echo from the last two

pulses, which excites outer volume signal. Phase cycling is necessary to remove the

unwanted outer volume signal. As will be shown later in this chapter, single shot volume

localization is necessary for in vivo spectroscopy. In addition, the increased delay time

between the first and second n/2 pulse results in a loss of sensitivity due to T2 relaxation.

While Q-REVOLT is inferior to REVOLT, Q-REVOLT is included in this thesis because

it demonstrates the instabilities introduced by non-single shot experiments.

An additional feature of the five experiments presented in this thesis (VOLT,

VOSY-HOHAHA, VOSY-COSY, REVOLT, and Q-REVOLT) is the recovery of signal
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from coupled resonances bleached by the water suppression. These resonances are

recovered because coherence is transferred from spins that are unaffected by the water

suppression to spins that are completely suppressed. The recovery of these bleached

resonances is only possible if the water suppression occurs before the mixing pulse.

These recovered resonances are only observable in vivo with REVOLT due to its

absorptive mode line shape and improved sensitivity. Even though Q-REVOLT acquires

absorptive mode spectra, it is unable to observe these recovered resonances because of

inferior water suppression and ti noise.

3.3 Theory

REVOLT does not use coherence selection gradients to obtain frequency

discrimination in the indirect dimension. The product operator analysis of VOLT in the

previous chapter provided insight into VOLT's sensitivity and resolution limitations. A

similar analysis is done for REVOLT, which is identical to VOLT except for the absence

of coherence selection gradients. Therefore, the product operator analysis of VOLT may

be reused for REVOLT with the area of the coherence selection gradients, G, set equal to

zero:

-6= - + e cos(7 Jt)( + cos(2ffJrx)) I,+4 2

- +re' )cos(;rJt,)(i + cos(2 ;rJ r,,, )) I-4 2

+ i- "Q e 1fi cos(, J t)(1- cos(2/ Jr,,,))2 I.1
4 2 3.1

+ ~"' + e,JcsfJt 1 )l-co(f, ) 2

- (e-"'f~ + e" i~i2I cos(rJtl)(1-cos(2rJri,))'2-
4 2

The spins then evolve under their chemical shifts and scalar couplings during the

detection period, t2 , yielding,
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6- + e+h 1cos(irJt, )(I+ cos(2 J r,,,))
4( 2

(e-120 (cos(r Jt 2 )-i- 2 sin(iJt2) I1122))

3.2

cos(ir J t, )(I - cos(27r Jr,
4 2

(e-22 (cos( Jtt2)'2- +2 sin(rJt 2)I 2 J 1z)).

Since both coherence pathways are maintained, the sensitivity is immediately

improved by a square root of two for the t1=O increment. As the ti increment is increased

on subsequent scans, the z-magnetization will acquire an amplitude modulation due to the

chemical shift. The hypercomplex method of States, Haberkorn, and Ruben (31) uses two

amplitude modulated data sets to recover the spins' precession frequencies in the indirect

spectral dimension and achieve pure absorptive mode line shapes in both dimensions.

This will be demonstrated for an uncoupled spin system (i.e. J = 0). Under this

simplification Equation 3.2 reduces to,

s( , = -te I t2) Je~"2Q' r(t, It 2 )
3.3

= -cos(t, 2,)e "2 , r(tI t2)
2

where s(tI,t 2) is the detected signal of an uncoupled spin, relaxation has been reintroduced

with the decay function r(tA,t2 ), and the phase of the receiver has been adjusted to remove

a factor of -i. Taking the complex Fourier transform of the signal in both dimensions

yields,

S(o, I C2= (A(co+,Q,)+iD(cv+,K,) - Aw,,-i~iQ)
2 3.4

(A((t2,I 2) +iD(OJ2,02))

where the superscripts indicate an inability to determine the sign of the resonant

frequency in the indirect dimension. In addition, this 2D spectrum has phase twisted line

shapes. In order to obtain pure absorptive lines in both dimensions, a second data set
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phase shifted from the first by 90 degrees must be acquired and stored separately. This is

accomplished by incrementing the phase of the first n/2 pulse by 90 degrees yielding a

sine modulated data set,

s,(t, ,t 2 )= e"2 r(t, ,t2)

212

= -sin s(t, Q, )e -2' r(t, , t 2 )2

Taking the Fourier transform of Equations 3.3 and 3.5 with respect to t2 results in two

amplitude modulated data sets,

S(tI, C2)= -cos(t, Q,)r(t,)(A2 +iD2),2
3.6

s,(ti,,0 2 )= -sin(t, Q )r(t, )(A2 +i D2)2

Discarding the imaginary component from both signals and combining them yields,

Re{s (tI I 2 ) + is.,(tI ,2 )1= (cos(t, Q,)+i sin(t, Q,))r(t,)(A2) 3.7

Finally, taking the Fourier transform in the indirect dimension and discarding the real

component produces a pure absorptive line shape in both dimensions,

S(IIw 2)= Im{(A, +i D,)A 2  3.8

The advantage of retaining only the absorptive component is seen in Figure 3-4. The full

width eighth maximum is 3 times larger when the dispersive component is included in the

line shape.
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Figure 3-4: Two-Dimensional Line Shapes
Pure absorptive line shape in both dimensions (left column), pure dispersive line shape (middle
column), and magnitude calculated line shape (right column). All contours are plotted at the same
level in the positive contour plots.

3.4 Methods

Experiments were conducted under identical conditions as described in the

Methods section of Chapter 2 with the exception of the isotropic mixing scheme. An

isotropic mixing scheme based on WALTZ is not optimum for mixing longitudinal

polarization. This will be shown experimentally by comparing the coherence transfer

obtained with WALTZ-4 to FLOPSY-8. Both isotropic mixing schemes used a 463 Hz

B1 field, which resulted in a isotropic mixing time of 48.0 milliseconds and 50.9

milliseconds for WALTZ-4 and FLOPSY-8, respectively.
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3.5 Results

3.5.1 Corn Oil Experiments

To confirm that spectra acquired with REVOLT and Q-REVOLT are not

contaminated by outer volume signal, voxel projections were obtained from the corn oil

phantom and are shown in Figure 3-5. Each projection was acquired with phase cycling

and has been normalized to unity. The projections from the three pulse sequences were

superimposed on each other along the corresponding read out directions. The

superposition of these projections illustrates that all three pulse sequences are exciting the
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Figure 3-5: Overlapping normalized projections.
Voxel projections were obtained along X, Y, and Z directions for each pulse sequence with phase cycling of
the first it/2 pulse by 180 degrees. The projections from VOLT, REVOLT, and Q-REVOLT have been
overlayed to illustrate that all three sequences excite similar voxels.

59

1I

0.4 -



same voxel of interest in both size and location. The width of each projection was

determined by measuring it's Full Width Half Maximum (FWHM). The X and Y FHWM

projections were measured at 11.8 millimeters and are identical for all three-pulse

sequences. The width of Q-REVOLT at 19.6 millimeters is 2.9 millimeters less than

either VOLT or REVOLT. These projections reveal that spectra acquired with all three

pulse sequences are not contaminated with outer volume signal.

Plotting the projections separately reveals the potential sensitivity of VOLT,

REVOLT, and Q-REVOLT (Figure 3-6). REVOLT projections have been normalized

and are used as reference for each axis. The excitation profiles of VOLT are

approximately half that of REVOLT. The VOLT experiment, since it is a modified

DRY-STEAM experiment, only retains half of the available magnetization for t1=0. Both

REVOLT and Q-REVOLT refocus the lost magnetization, thereby, doubling the

available signal contained in the voxel of interest. Q-REVOLT projection profiles are

slightly less than that of REVOLT as a result of relaxation during the extra time between

the first and second 7/2 pulse.
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Figure 3-6: Voxel projections obtained with phase cycling.
These voxel projections are identical to 3-5 except for the normalization. The projections have been
normalized to the REVOLT profile along a given direction. The X, Y, and Z direction are plotted along the
first row, second row, and third row, respectively.
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To determine if an experiment is compatible with single shot acquisition, the

projections were acquired without phase cycling. The excitation profiles of VOLT and

REVOLT are identical to their corresponding phase cycled projections, which is

consistent with single shot volume localization. Q-REVOLT, however, does not obtain

single shot volume localization. The last n/2 and n pulse form a spin echo with the outer

volume signal along the Y direction. Other combinations of slice selection were

investigated, but the choice of slice select gradient combination used for these studies

gave the minimal amount of outer volume echo formation. The outer volume signal and

the resulting distortion in the X and Z directions are effectively removed by phase

cycling. As will be demonstrated later in the Q-REVOLT water suppression experiments,
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Figure 3-7: Voxel projections obtained without phase cycling.
Voxel projections obtained without phase cycling. The projections have been normalized to the REVOLT
profile along a given direction. The X, Y, and Z direction are plotted along the first row, second row, and
third row, respectively. The scaling of the amplitude along the Z-direction (third row) has been plotted from
0 to 2 to accommodate the outer volume signal obtained with Q-REVOLT.
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single shot volume localization is essential for water suppression stability. The water

suppression achieved with Q-REVOLT is unacceptable for in vivo applications, and

therefore, such experiments were not performed.

Previous VOLT experiments used WALTZ-4 for coherence transfer. WALTZ-4

has been shown to be an inefficient method of coherence transfer for high field

spectroscopy. Many alternative methods for isotropic mixing exist: WALTZ (33), MLEV

(34), and FLOPSY (29,30). Among these, FLOPSY has been optimized to maximize

longitudinal coherence transfer. Figure 3-8 plots the expected coherence transfer

efficiency for WALTZ-4 and FLOPSY-8. The high field simulation shows that

FLOPSY-8 obtains almost 100 percent coherence transfer at 70 ms. WALTZ-4 only

obtains a maximum of 20 percent longitudinal coherence transfer. At low fields, the

coherence transfer efficiency for a simple AX spin system becomes degenerate.
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Figure 3-8: Coherence transfer efficiency simulation.
The WALTZ-4 and FLOPSY-8 isotropic mixing schemes were simulated for an 11 Tesla high field
spectrometer (left column) and 1.5 Tesla low field clinical imaging magnet (right column). The Bi field
strength for the high field and low field simulations were I OkHz and 462 Hz, respectively. The I and S spin
were assumed to be 3 ppm apart with a 7 Hertz J coupling. The transmitter was assumed to be located in
between the two spins and relaxation was ignored. The coherence transfer efficiency of In to Sn is plotted
in the top row as a function of the isotropic mixing time, where n may be either X (squares), Y(diamonds),
or Z (circles). The bottom row is a comparison of WALTZ-4 (circles) and FLOPSY-8 (squares).
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Isotropic mixing schemes like WALTZ and FLOPSY are a series of phase

modulated hard pulses. These hard pulses act in combination with each other to increase

the excitation bandwidth of the B1 field and compensate for pulse imperfections. Because

the number of hard pulses is fixed for a single isotropic mixing cycle, the isotropic

mixing time is fixed for a given B, field strength. For example, the isotropic mixing time

for a single cycle of WALTZ-4 and FLOPSY-8 with a B1 field strength of 463 Hz is

12.96 ms and 50.88 ins, respectively. Isotropic mixing cycles may be concatenated

together to increase the isotropic mixing time. For example, two, three, and four single

cycles of WALTZ-4 would have an isotropic mixing time of 25.92ms, 38.88ms, and

51.84ms, respectively. This accounts for the poor time resolution of FLOPSY-8 in

comparison to WALTZ-4, as seen in Figure 3-8. The low-field simulation of an AX spin

system reveals that FLOPSY-8 does not provide a coherence transfer advantage over

WALTZ-4. However, experience has shown that FLOPSY-8 does increase the coherence

transfer efficiency for a variety of spin systems.

Figure 3-9 is a comparison of WALTZ-4 to FLOPSY-8 in corn oil. Sets of 2D

spectra were acquired with VOLT for different isotropic mixing times using WALTZ-4

and FLOPSY-8. The amplitude of the diagonal vinyl peak, the a-d cross peak, and the a-f

cross peaks are plotted as a function of the isotropic mixing time for WALTZ-4 and

FLOPSY-8. The amplitude of the diagonal vinyl peak decreases monotonically as a

function of isotropic mixing time. The coherence transfer into the a-d cross peak by

either WALTZ-4 or FLOPSY-8 is essentially identical. The coherence transfer into the a-

f cross peak reveals that FLOPSY-8 is approximately 100% superior to WALTZ-4 at 52

Ms.
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Figure 3-9: Coherence transfer efficiency of WALTZ-4 and FLOPSY-8.
Peak amplitudes of corn oil were plotted as a function of isotropic mixing time for WALTZ-4 (circles) and
FLOPSY-8 (diamonds) . The vinyl diagonal peak is plotted in the top row, the a-d cross peak is plotted in
the middle, and the a-f cross peak is plotted on the bottom.
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For sensitivity and resolution comparisons, 2D corn oil spectra were obtained

with VOLT, REVOLT, and Q-REVOLT and are displayed in Figure 3-10. The VOLT

spectra are displayed in magnitude mode. Since REVOLT and Q-REVOLT maintain both

N and P type coherence pathways, they are displayed in phase-sensitive absorptive mode.

The contour levels for the unweighted spectra are identical in all three experiments. The

contour levels for the apodized spectra are plotted at half the intensity of the unweighted

spectra.

The advantages of absorptive mode line shape are clear from the unweighted

spectra. The dispersive line shape contained in the VOLT spectra obscures the cross

peaks of interest. These cross peaks are visible in the REVOLT and Q-REVOLT spectra.

To remove the dispersive line shape in the VOLT spectra, a n/8 shifted sine square bell

was applied in both dimensions. The removal of the dispersive, as was shown in the

previous section, attenuates the cross peaks. The cross peak intensity of the apodized

VOLT spectrum is approximately half the cross peak intensity of both REVOLT and Q-
REVOLT apodized spectra. Since the dispersive line shape is not contained in the

REVOLT or Q-REVOLT spectra, only mild apodization is necessary to enhance

sensitivity.
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Figure 3-10: VOLT, REVOLT, & Q-REVOLT corn oil spectra.
VOLT (first row), REVOLT (second row), and Q-REVOLT (third row) corn oil spectra were obtained
from a 3.1 mL voxel with phase cycling. The left column contains the unweighted spectra and the
right column contains the apodized data. The VOLT spectrum was weighted with a 7/8 degree shifted
sine squared bell in both dimensions to remove the dispersive component. A Lorentz to Gauss
apodization function (tj: 1,4; t2 :1,2) was applied to the REVOLT and Q-REVOLT spectra. The
horizontal trace reveals the intensity of the vinyl cross peaks. The vertical trace shows the diagonal of
each spectrum.
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Axial peaks are minimized in volume localized 2D experiments by minimizing

the time between the first excitation pulse and start of acquisition, and by using a single

shot experiment. When a single shot experiment is not used, the axial peaks arise

primarily from the unmodulated outer volume signal. To illustrate the importance of

single shot volume localization for in vivo experiments, phase cycling experiments were

conducted with VOLT, REVOLT, and Q-REVOLT. Two-dimensional spectra were

obtained with and without phase cycling for each of the three pulse sequences. Figure 3-

11 shows the weighted corn oil spectra without phase cycling (right column) and with

phase cycling (left column). VOLT and REVOLT, since they are single shot volume

localization experiments, have only small axial peaks contained at the edge of the spectra

in the indirect dimension. The axial peaks of REVOLT are greater than the axial peaks of

VOLT because REVOLT maintains both coherence pathways by having balanced

gradients on both sides of the isotropic mixing scheme. Axial peaks generated by VOLT

are effectively removed by the crusher gradient after the third 7[/2 pulse.

The signal at the edge of the spectrum, obtained with Q-REVOLT without phase

cycling, contains both axial peaks and outer volume signal. Both of these contributions

are easily removed with phase cycling. However, removing a large amount of signal with

phase cycling is undesirable in vivo. Small instabilities, occurring between acquisitions,

result in imperfect removal of the undesired signal. These instabilities are minor while

acquiring spectra from a stationary phantom without water suppression. When phase

cycling is required to remove the residual water signal from the outer volume, these

instabilities result in t1 noise, which obscure cross peaks.
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Figure 3-11: VOLT, REVOLT, & Q-REVOLT phase cycling experiments.
Phase cycling experiments were conducted with VOLT (top row), REVOLT (middle row), and Q-REVOLT
(bottom row) on a corn oil phantom. Four acquisitions were acquired for each t increment. The spectra in
the left column were acquired without phase cycling. The spectra in the right column were acquired with a
two step phase cycle of the first n/2 pulse. Identical weighting functions were applied to the data acquired
with and without phase cycling. A shifted sine squared bell (t:7Ei/8; t2:7r/8) was applied to the VOLT
spectra and a Lorentz to Gauss weighting function (t:1,5; t2 :1,2) was applied to the REVOLT and Q-
REVOLT spectra.

70

-2-

0

4

6

9 6 4 2 0 -2

ppm

4 5____

f

(V

f

6



I
I

pp 2

ILI

4,

6 5

#

4 3

ppm
2 I

5-

2 0'

6 5 4 3 2 1 0
ppm

Figure 3-12: VOLT vs. REVOLT Bone Marrow spectra. (24 minutes; 3.1 ml.)
Bone marrow spectra obtained with VOLT (top row) and REVOLT (bottom row). The unweighted data is
in the left column and the apodized data is in the right column. To remove the large dispersive component
completely from the unweighted VOLT spectra, a n/8 degree shifted sine squared bell (t:ir/8; t2:7t/8) was
applied in both dimensions. A Lorentz to Gauss weighting function (ti:1,9; t2:1,6) was applied to the
REVOLT data.

3.5.2 Human Bone Marrow Experiments

To compare the sensitivity and resolution of VOLT to REVOLT, human bone

marrow spectra were acquired from a 3.1-mL voxel in 24 minutes (Figure 3-12). The

number of averages per t1 increment was the same for both experiments. The VOLT and

REVOLT spectra are displayed in magnitude and absorptive mode respectively. Note the

superior line shape and flatter baseline of the REVOLT spectrum. The dispersive wings

contained in the VOLT spectra obscure the cross peaks at this contour level. The
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dispersive line shape was partially removed at the expense of sensitivity by applying a

7c/8 shifted sine squared bell in both dimensions. Even after applying such a severe

apodization function, the ti noise from the large methyl peak is still present and obscures

one of the cross peaks into the vinyl protons. The REVOLT spectrum is superior to

VOLT with respect to both resolution and sensitivity.

As an illustration of REVOLT's superior sensitivity, bone marrow spectra were

acquired from a 1.4 mL voxel in 12 minutes (Figure 3-13). Only a two step phase cycle

was used when acquiring these bone marrow spectra. The dispersive line shape in the

unweighted spectrum obscures the cross peaks in VOLT. When the dispersive line shape

is removed with the application of a shifted sine squared bell in both dimensions the cross

peak intensities become almost imperceptible. The cross peaks in REVOLT are easily

seen.

Truncating the current REVOLT data to only 48 ti increments simulated a

REVOLT experiment acquired in 5 minutes 21 seconds. This truncated data set has been

reconstructed in an identical fashion to the 96 t, increment REVOLT data. The

resolution and intensities of the cross peaks show very little distortion. The truncation of

the data set results in a truncation artifact off the methyl peak, which obscures a single

cross peak. This simulated short acquisition time experiment reveals that truncation

artifacts caused by insufficient sampling in the indirect dimension is currently a major

limitation of REVOLT.
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Figure 3-13: VOLT vs. REVOLT Bone Marrow spectra. (12 minutes; 1.4 ml.)
Bone marrow spectra acquired with 96 tj increments from a 1.4 mL voxel in 11 minutes 42 seconds. VOLT
spectra are in the top row, REVOLT spectra are in the middle row, and a truncated REVOLT spectra are in
the bottom row. The truncated REVOLT spectra has an equivalent acquisition time of 5 minutes, 21
seconds. A n/8 shifted sine squared bell (tl:7r/8,t2:7t/8) was applied to the VOLT data in both dimensions.
A Lorentz to Gauss weighting function (tl:1,3;t2:1,2) was applied to the REVOLT data.
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3.5.3 NAA Experiments

Phase cycling is necessary to maximize the degree of water suppression. To

determine the optimum phase cycle needed to accompany water suppression for VOLT,

REVOLT, and Q-REVOLT, a series of 2D experiments with different phase cycles was

acquired. For each pulse sequence, four different phase cycles were tested. Phase cycling

consisted of alternating the phase of the first and/or the third n/2 pulse by 180 degrees. A

total of 4 acquisitions were averaged per ti increment regardless of the choice of phase

cycle. Each 2D experiment was acquired with 16 t1 increments and a spectral width of

125 Hz. This resulted in aliasing in the indirect dimension. This aliasing was effectively

removed by taking a maximum intensity projection along the indirect dimension. Each

ID spectrum shown in Figure 3-14 through Figure 3-16 is a maximum intensity

projection (MIP) of the limited spectral width experiments. These 1D spectra are plotted

in a stacked plot format.

The ID MIP spectra obtained with VOLT are plotted in Figure 3-14. Spurious

water peaks at 5.5 ppm can be seen in the ID MIP spectrum obtained without phase

cycling. . These spurious peaks are effectively removed by all three methods of phase

cycling. The degree of water suppression may be judged by comparing the remaining

water signal to the NAA methyl peak.
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Figure 3-14: Phase cycling experiments with VOLT.
Maximum intensity projections of short 2D data sets are plotted as stacked plots. The spectra
displayed were acquired with different phase cycling combinations, from front to back: phase cycling
of the first and third 7c/2 pulse, phase cycling of the third 7r/2 pulse, phase cycling of the first 7r/2 pulse,
and no phase cycling at all. Spectra on the left show the degree of water suppression obtained with
respect to the NAA methyl peak. Spectra on the right are close up of spectra on the left to clearly
illustrate the effects of phase cycling.

75

10 5
ppm

8



5
PPM

7 6 5 4
ppm

Figure 3-15: Phase cycling experiments with REVOLT.
Maximum intensity projections of short 2D data sets are plotted as stacked plots. The spectra displayed were
acquired with different phase cycling combinations, from front to back: phase cycling of the first and third
7r/2 pulse, phase cycling of the third 7/2 pulse, phase cycling of the first n/2 pulse, and no phase cycling at
all. Spectra on the left show the degree of water suppression obtained with respect to the NAA methyl peak.
Spectra on the right are close up of spectra on the left to clearly illustrate the effects of phase cycling.he
phase cycling of the first iT/2 pulse clearly removes the axial water peak from the spectrum. Small spurious
water peaks are removed by phase cycling the third p/2 pulse by 180 degrees. These experiments show that a
four step phase cycle is necessary to minimize artifacts in the spectrum when water suppression is required.

Figure 3-15 shows the identical experiment just described acquired with

REVOLT instead of VOLT. The degree of water suppression obtained with REVOLT is

less than that of VOLT. The residual water contained in the ID MIP spectrum without

phase cycling is equal to the NAA methyl peak. A substantial portion of this residual

water signal is from axial peaks contained in the volume of interest. These axial peaks

are removed by phase cycling the first 7/2 pulse. This results in a decrease in the residual
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Figure 3-16: Phase cycling experiments with Q-REVOLT.
Maximum intensity projections of short 2D data sets are plotted as stacked plots. The spectra displayed
were acquired with different phase cycling combinations. Spectra on the left show the degree of water
suppression obtained with respect to the NAA methyl peak. Spectra on the right are close up of spectra
on the left to clearly illustrate the effects of phase cycling.he upper left figure shows the spectrum
acquired without phase cycling the first 7r/2 pulse. The front spectrum is a two step phase cycle with the
third nT/2 pulse and the back spectrum is acquired with no phase cycling. The residual water signal is so
large that the NAA is not visible in either spectrum. The lower left from front to back shows the spectra
obtained with the complete four step phase cycle and a two step phase cycle alternating the first n/2
pulse. The spectra on the right is a blow up of the spectra on the left around the water resonance at 4.75
ppm.

water signal by a factor of five. Small spurious water peaks downfield from the water

resonances are removed by phase cycling the third 7/2 pulse.

Figure 3-16 shows the 1 D MIP spectra acquired with Q-REVOLT. A large water

signal is present in the 1 D MIP spectra when the first iT/2 pulse is not phase cycled. The

residual water signal is so large that the NAA resonances are imperceptible. This residual

water signal is from the outer volume excited by the final spin echo combination. The

stability of the Q-REVOLT experiment allows the residual water signal to be removed by

77



phase cycling the first Tn/2 pulse. Once the outer volume signal, in addition to the water

axial peaks, is removed by phase cycling, the NAA resonances are visible.

Full 2D spectra were acquired from the NAA phantom using VOLT, REVOLT,

and Q-REVOLT. The data are presented in Figure 3-17. The voxel size was measured

from the voxel projections to be 59 mL. The spectral width in both dimensions was 750

Hz. The acquisition time in the indirect dimensions was 128 ms resulting in a total of 96

ti increments. Eight averages were acquired for each t increment. All three pulse

sequences used FLOPSY-8 for isotropic mixing. The VOLT spectrum has the greatest

degree of water suppression. In addition, the lack of ti noise at the water resonance

implies that water suppression is stable throughout the entire indirect acquisition time.

Comparing the residual water peak in REVOLT to the NAA methyl peak shows that

REVOLT is capable of suppressing the water by a factor of 6000. The degree of water

suppression varies slightly for each ti increment resulting in t, noise along the indirect

dimension. This ti noise is contained to the line width of the residual water signal.

Removing a large water signal with phase cycling in Q-REVOLT results in a significant

increase in the t, noise. The line width of the residual water signal in Q-REVOLT is an

order of magnitude larger than either the residual water signal in VOLT or REVOLT

because of incomplete removal of the outer volume water signal with phase cycling. This

broad residual water signal and t1 noise begins to obscure the cross peak resonances of

NAA. The instabilities, which resulted in the t, noise, only become worse in vivo. For

this reason Q-REVOLT was not used to acquire in vivo spectra.
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Figure 3-17: VOLT, REVOLT, & Q-REVOLT NAA spectra.
VOLT (first row), REVOLT (second row), and Q-REVOLT (third row) corn oil spectra were obtained from
a 59 mL voxel with phase cycling. The left column contains the unweighted spectra and the right column
contains the apodized data. The VOLT spectrum was weighted with a n/8 degree shifted sine squared bell to
remove the dispersive component. A Lorentz to Gauss apodization function (t1 :1,9; t2 :1,6) was applied to
the REVOLT and Q-REVOLT spectra. The horizontal trace reveals the intensity of the vinyl cross peaks.
The vertical trace shows the diagonal of each spectrum.
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The dispersive line shape of the VOLT spectra obscures the cross peaks at 4.5

ppm. The dispersive line shape was removed by a n/8 shifted sine squared bell

apodization function. This severe apodization function obliterates the amino cross peak

resonance, as well as attenuating the 4.5 ppm cross peaks. The REVOLT spectrum not

only improves the resolution but also the sensitivity post-apodization. An additional cross

peak is observed at 8 ppm in the indirect dimension and 4.5 ppm in the direct dimension.

This low intensity cross peak is unable to survive the apodization function necessary to

remove the dispersive line shape of VOLT.

This cross peak is not present in the Q-REVOLT experiment. The broad line

shape of the amino cross peak at 4.2ppm in the indirect dimension (F1) and 8ppm in the

direct dimension (F2) is an indication that it has a short transverse relaxation time. Q-
REVOLT, as has already been discussed, has a longer transverse time between first

excitation pulse and acquisition, which also leads to an increase in the amount of

chemical exchange between the amino protons and the saturated water protons.

As in corn oil, FLOPSY-4, FLOPSY-8 and WALTZ-4 were compared with

respect to the coherence transfer efficiency of the mixing scheme. Figure 3-18 shows the

data from a series of 2D experiments in which the PCH 2-aCH and xCH-NH 2 cross peaks

in the VOLT spectra were monitored with traces parallel to F2. It is apparent that both of

the FLOPSY schemes achieve more efficient coherence transfer into the aCH-NH 2

correlation, with essentially identical efficiency in the PCH 2-aCH cross peak. FLOPSY

was used for the remaining studies due to its slight coherence transfer efficiency

advantage.
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Figure 3-18: Coherence transfer efficiency of WALTZ-4, FLOPSY-4, FLOPSY-8.
Peak amplitudes of the NAA phantom were plotted as a function of isotropic mixing time for WALTZ-4
(circles), FLOPSY-4 (squares), and FLOPSY-8 (diamonds). The diagonal peak is plotted in the top row,
the PFCH2-aCH cross peak is plotted in the middle, and the aCH-NH 2 cross peak is plotted on the bottom.

3.5.4 Human Brain Experiments

Figure 3-19 compares spectra obtained in human brain using VOLT and

REVOLT with identical volume sizes and the same total acquisition times. The volume

size was 59 mL. FLOPSY-8 was used for isotropic mixing with an isotropic mixing time

of 50.88 milliseconds. The optimum four step phase cycle was used to acquire each ti

increment. Each phase cycle was averaged twice for a total of 8 averages per ti

increment. 96 ti increments were acquired with a TR of 1.8 s resulting in a 23 minute

acquisition time. The data was truncated to 192 data points in the direct dimension.

The F2 trace is taken at the location of the NAA PCH2 (Figure 3-20). Clearly, the

REVOLT spectrum exhibits an increased sensitivity and resolution post-apodization.
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The number of correlation peaks are also significantly increased.

stability of water suppression is superior in VOLT.

As expected, the
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Figure 3-19: VOLT & REVOLT Brain spectra.
Human brain spectra obtained with VOLT (top row) and REVOLT (bottom row). The unweighted data is
shown in the left column and the apodized data in the right column. To remove the large dispersive
component from the unweighted VOLT spectra, a n/8 degree shifted sine squared bell (tl:7c/8; t2 :7t/8) was
applied in both dimensions. A Lorentz to Gauss weighting function (t1:0.1,9; t2:0.2,6) was applied to the
REVOLT data.
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Figure 3-20: REVOLT NAA trace.
A schematic diagram of the NAA molecule is shown in the upper left. The spectrum on the left is a weighted
spectrum of a brain phantom. The spectrum on the right is the REVOLT spectrum of human brain. A 1D
horizontal trace through the NAA cross peaks at 2.6 ppm is plotted above each 2D spectrum. A Lorentz to
Gauss apodization function (t:0.1,13; t2:0.2,5) was applied to both spectra. The contour levels of each
spectrum were drawn independent of each other to best illustrate the cross peaks of interest.

Figure 3-21 and Figure 3-22 show F2 traces at the location of the

glutamine/glutamate aCH proton, and the GABA y-P cross peaks, respectively. Data are

shown for both the in vivo brain spectrum and a REVOLT spectrum of a phantom

containing the major brain metabolites at 17 mM concentration. Included in the phantom

are NAA, glutamate, glutamine, choline, creatine, lactate, glucose and y-aminobutyric

acid (GABA).
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Figure 3-21: REVOLT Glu/Gln trace.
A schematic diagram of a Glutamate molecule (upper left) and a Glutamine molecule (upper right). The
spectrum on the left is a weighted spectrum of a brain phantom. The spectrum on the right is the REVOLT
spectrum of human brain. ID F2 horizontal traces through the Glu/Gln cross peaks at 3.7 ppm is plotted
above each 2D spectrum. A Lorentz to Gauss apodization function (t,:0.1,13; t2:0.2,5) was applied to both
spectra. The contour levels of each spectrum were drawn independent of each other to best illustrate the
cross peaks of interest.
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Figure 3-22: REVOLT GABA trace.
A schematic diagram of the GABA molecule is shown in the upper left. The spectrum on the left is a
weighted spectrum of a brain phantom. The spectrum on the right is the REVOLT spectrum of human
brain. A ID horizontal traces through the GABA cross peaks at 3.0 ppm is plotted above each 2D spectrum.
A Lorentz to Gauss apodization function (t:0.1,13; t2:0.2,5) was applied to both spectra. The contour levels
of each spectrum were drawn independent of each other to best illustrate the cross peaks of interest.
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3.6 Discussion

REVOLT is the best method for obtaining chemical shift correlation spectra in

vivo on a clinical scanner at 1.5 Tesla. The data acquired with REVOLT demonstrates

that not only can 2D NMR spectroscopy be performed in vivo, but that it can be done in a

reasonable amount of time on clinically useful volume sizes. The ability to extract flat

baseline subspectra of lactate, Glu/Gln, and NAA demonstrates the utility of the method.

If done in combination with non-Fourier analysis of the subspectra, a fully automated,

unambiguous measurement of the major brain metabolites may be possible.

Potential for clinically relavant analysis is tremendous. For example, the presence

of lactate is directly related to the grade of primary CNS neoplasms (35). Overlapping

lipid or macromolecular resonances often obscures this peak. The ability to measure the

intensity of the cCH cross peak should allow for an unambiguous method for the

quantitation of this molecule.

Glutamine and glutamate have great importance to cerebral amine metabolism.

The importance of monitoring the relative amounts of these metabolites, as well as their

combined total, has particular relevance to the study of hepatic encephalopathy (36).

GABA levels have only recently been measured with ID editing techniques (37).

This inhibitory neurotransmitter plays a role in disorders as widely divergent as seizures

(38) and depression (39,40). Its measurement is becoming important not only to the study

of these disorders but in the evaluation of their pharmacological manipulation.

Although the raw data of VOLT exhibits a slight correlation peak sensitivity

advantage, the superior line shape of the REVOLT spectra allows for much more spectral

information to be derived following apodization. Indeed, the REVOLT spectra in bone

marrow and brain are clearly superior in quality to the VOLT data presented.

The gradients utilized for these studies were operating at 0.9 G/cm. For this

reason, moving to a system with higher gradient strength would reduce losses due to

phase evolution during the PRESS section of REVOLT by reducing the required gradient

lengths.
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Extension of the basic REVOLT or VOLT sequence to heteronuclear applications

is also possible. The excellent water suppression may allow indirect detection

experiments, such as Heteronuclear Multiple Quantum Coherence (HMQC) (41), to be

performed in vivo.

Finally, REVOLT functions well as a stable 1D single voxel experiment with

recovery of the saturated resonances. The use of REVOLT in combination with spectral

editing pulses might allow for clean editing of 1D spectra for detection of brain

metabolites.
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Chapter 4 : RF Power Deposition

4.1 Introduction

As shown, chemical shift correlation experiments that rely on in-phase coherence

transfer are superior to those that rely on anti-phase coherence transfer. However,

improvement in sensitivity with in-phase coherence transfer is accompanied by an

increase in RF power deposition to the patient. While this increase is significant

compared to other methods of in vivo spectroscopy, the amount of RF power deposited

does not exceed the Food and Drug Administration (FDA) regulations.

These regulations are defined in terms of the Specific Absorption Rate (SAR),

which is the amount of energy deposited into a kilogram of tissue per unit time. The

FDA Center for Devices and Radiological Health (CDRH) has determined that if the

SAR exceeds

4 Watts/kilogram averaged over the whole body for any period of 15 minutes; or

3 Watts/kilogram averaged over the head for any period of 10 minutes; or

8 Watts/kilogram in any gram of tissue in the head or torso, or 12 Watts/kilogram
of tissue in the extremities, for any period of 5 minutes,

then that particular pulse sequence poses a significant risk with respect to RF

power deposition (9). The safety of in-phase coherence transfer methods will be

demonstrated theoretically and empirically according to the formalism of Bottomley et

al.(42, 43). The SAR deposited by REVOLT will be derived for a sphere and a cylinder.

A relationship relating the temperature increase to the SAR will also be derived. These

theoretical calculations will be tested empirically by measuring the temperature increase

in a spherical phantom. The amount of RF power deposited by REVOLT will be

compared to a 2D Fast Spin Echo (FSE) sequence. This comparison will reveal that the

SAR of REVOLT with 48 milliseconds of isotropic mixing is less than the SAR of FSE

by 46 percent. This comparison is significant since FSE is routinely used for standard

clinical imaging.
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4.2 Theory

Theoretical estimates of the SAR for a homogenous sphere and cylinder of tissue

were derived according to the formalism of Bottomley et al.(42,43) The sphere and

cylinder are assumed to be oriented axially with a circularly polarized RF magnetic field.

The RF power deposited in the tissue is assumed to arise solely from joule heating

generated by the electric fields induced by an oscillating magnetic field. The peak

specific absorption rate, SARpeak, occurs at the surface of a sphere or a cylinder, with

radius R, and is defined as

SAR = E 02 s Watts 4.1
peak(P O3) _kilogram

where Erms is the amplitude of the electric field, p is the tissue density, Q is the tissue

resistivity, and s is the specific gravity of tissue. The electric field associated with an

oscillating magnetic field may be calculated from Faraday's Law,

ddI
P- ds = - 13' , 4.2

dt

where ds is the differential element of the contour to be integrated over, and cIB is the

magnetic field flux. The magnetic field flux is defined in terms of the magnetic field,

D B,(t)= ffr(t) -d . 4.3

Here, Brf is the oscillating magnetic field strength, and dA is a differential element of the

surface area. Solving Equations 4.2 and 4.3 for the amplitude of the electric field given a

current loop with radius, R, reveals that

1 dBr1d(t)
E R . 4.4

2 dt

The oscillating magnetic field strength may be rewritten in terms of an amplitude, Baf , an

amplitude modulation function, f(t), and a time dependent oscillating component.

The frequency selective pulses used in MRS require that an amplitude modulation

function be included in SAR calculations. For a hard pulse, f(t) is unity for the duration
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of the pulse. The oscillating magnetic field for a quadrature coil is a circularly polarized

magnetic field. The time dependent oscillating magnetic field is

Br.(t) = Bd f (t) e""'. 4.5

The electric field induced by an oscillating magnetic field may be rewritten as,

E = B- B,.i2/T v f(t) e(' +f'(t) R . 4.6
2

The root mean square (RMS) of the electric field for a single cycle is

E,,,, = K E 2 dt 4.7

The amplitude modulation function, f(t), complicates this calculation. To proceed with

the calculation of Erms, the amplitude modulation function, f(t), is assumed to be slow

compared to the oscillating component, which is always true in NMR. With this

assumption, the derivative of the amplitude modulation may be set to zero and f(t) may

be extracted from the integrand when calculating the root mean square of the electric

field over a single oscillation,

Er,,, = )vv B, R f (t). 4.8

Integrating Equation 4.12 with respect to time over the entire pulse width removes

the time dependence of the envelope function, f(t). The time independent Erms is

Er,,,,= Bd R If(t)| 2 dtj. 4.9

Substituting the amplitude of the electric field, Erms, into the definition for SAR, results in

Sp r2 R2 B 2 (t)dt
SAR peak - .S 4.10
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For convenience, the B1 field strength is better written in terms of the flip angle,

0, and pulse width, t, of the RF pulse. For a quadrature coil, the B1 field is equal to the

Brf field. The relationship between the flip angle, 0, and the B1 field strength for an

amplitude modulated RF pulse is

Bj = B, = 0
2;T y f f(t) dt

4.11

Performing the appropriate substitutions and simplifying yields an expression for

the peak SAR of an arbitrary amplitude modulated RF pulse,

SAR ea ( I ) ( ,r v2 R2 ' 2p 4py 2 Qsr2-

f2(t)dt

fI(t)dt

The peak SAR in Equation 4.12 represents the RF power deposited by a single

pulse. To determine the average SAR during a given TR period, Equation 4.12 should be

multiplied by the duty cycle, D,

SA Re ( , ) 2 j 2  2peak 4 pl2 QSI2

ff2(t)dt

f[(t)dt
(RH)

4.13

_( 1 12 R2L WJ D
4p02 ) Os ) A 2g
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The integration over f(t) has been represented by Weff, for the effective width, and Aeff for

the effective area. Since Equation 4.13 is dependent upon the radius, repetition time, and

tissue characteristics, comparing the RF power deposited by different pulse sequences

can be cumbersome. Eliminating the dependence on external conditions would provide a

convenient way to compare the RF power deposition among different pulse sequences.

A convenient method to calculate the SAR of a given pulse sequence is to convert

all RF pulses to an equivalent number of standard pulses, Nstd, where Nstd is independent

of external parameters. The total SAR can then be calculated from the SAR deposited by

a standard pulse according to

SARar = Nsd SAR,,i. 4.14

A standard pulse is defined as

( I v2 R2 02 Wff D
N -SAR., 4r y2 Q S12 A2

svd SARstd 1 r2 R2 'W2f,sdD

4p p 2  Q srI IA2 i,
\7 eeffstd

eff} 4.15
02n

2D
std )Pi

std ff

The total SAR deposited is equivalent to the SAR deposited by a standard hard

pulse multiplied by the equivalent number of standard pulses in the sequence. A standard

hard pulse is defined as a hard 1-millisecond 7t pulse. The amplitude modulation function,

f(t), is unity for the duration of the standard pulse. The maximum SAR deposited by a

standard hard pulse on a clinical 1.5 Tesla magnet (63.86 MHz) is
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SARpeak, sta = 2
4 pl Q sz- T

4.16

=5.6 R
ST?

The specific gravity and tissue resistivity was approximated as 1.0 and 1.0 Ohms

per meter, respectively (42). Equation 4.16 is the peak SAR at radius R for a single

standard pulse. The FDA guidelines are written in terms of an average SAR. To

determine the average SAR deposited in a sphere or a cylinder, the peak SAR must be

integrated over the respective volume. Both volumes are integrated in cylindrical

coordinates. A cylindrical coordinate system was chosen because the B1 field is constant

for a given radius, R, and along a given length, z. Integrating Equation 4.16 over the

volume of a sphere yields

3rR r 22
SAR peak, sphere = 4 1z R3 1/?! --z T f SAR peak r dodOdz

4 zrR _, _1? 0
4.17

2
- -SARpeak

5

over the volume of a cylinder yields

SAR peak, cylinder = 2 L f SAR peak r do dOdz
-T R L _ 2_ 0

4.18

= -SARpeak
2 p

In order to empirically test the validity of Equations 4.16 through 4.18, an

expression that relates temperature to SAR is needed. As RF power is deposited into a

phantom, the phantom's temperature increases. The temperature of the phantom

continues to increase until a steady state is achieved. A lumped system analysis approach

was used to derive the relationship between temperature and the average SAR (44). A
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lumped system analysis assumes that the temperature of the sphere is uniform. An energy

balance equation may be written where the control volume is the surface of the phantom,

dT(t) .1
Qin - Q,,, = PCPV , 4.19

where Qin is the energy deposited into the phantom by RF, Qout is the heat losses, p is the

density of the fluid, cp is the specific heat of the fluid, and V is the volume of the sphere.

The phantom is assumed to lose all of its heat through convection to the surrounding air.

QOUt may be expressed according to Newton's Law of Cooling as,

Q,,,I = A h (T, - T(t )), 4.20

where A is the surface area of the phantom, and h is the heat transfer coefficient. Solving

the differential equation for temperature yields

T(t)= (I - e- ')+ T, 4.21
Ah

where

k Ah 3h
pcV pc, R

At steady state the energy deposited into the phantom by RF and the heat lost through

convection are equal to each other,

T(oo)= T, = ' (I -e-+' , 4.22
Ah

therefore,

Qn =Ah(T. - T) 4.23

The average SARavg is equal to Qi' divided by the mass of the phantom,
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SARvg= "4
m 4.24

Equation 4.24 may be used to relate a change in the temperature of the phantom to the

SAR if the heat transfer coefficient, h, is known.

4.3 Materials and Methods

To establish the safety of REVOLT, two experiments were conducted. The first

experiment measured the RF power deposited by REVOLT and FSE, which allowed

direct comparison of the two pulse sequences. Both pulse sequences were determined to

be safe, since neither induced a significant temperature increase in a saline phantom.

Because there was an insignificant temperature change in the first experiment, estimating

the RF power deposited with Equation 4.24 is extremely inaccurate. Increasing the RF

power deposited by REVOLT and repeating the experiment allowed for an accurate

estimate of the RF power deposited.

A sphere with an outer diameter of 9 centimeters was used in all RF power

deposition experiments. The sphere's wall thickness and thermal properties were ignored

in all subsequent calculations. The sphere was filled with a 145 millimolar solution of

NaCl. All temperature measurements were done with a single junction copper/constantan

thermocouple and a battery powered thermocouple reader (Bailey Instruments, Clinton,

NJ, model T-8). The phantom was placed inside a quadrature head coil. The position of

the phantom with respect to the coil was not altered throughout the experiments.

Temperature measurements were also made on a spherical control phantom filled with

the same solution with a radius of 3.4 centimeters placed 0.45 meters from the front edge

of the head coil. A smaller spherical phantom was used as the control because it was

readily available. The position from the edge of the head coil was chosen such that the

control would remain in the bore during the experiment but be far enough away from the

coil to be unaffected by the RF pulses. The repetition time for all experiments was 1.8
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seconds. The thermocouple was removed from the phantoms during irradiation to insure

that the thermocouples would not interact with the RF, resulting in additional heating.

4.3.1 REVOLT and FSE Temperature Comparison

The phantom was placed in the bore of the magnet at the central imaging plane.

The FSE sequence was calibrated with an automated prescan immediately after the

phantom was placed inside the bore. This was done so that the RF power deposited

during the calibration would not contribute to an increase in temperature. Temperature

measurements were made on both phantoms every ten minutes by temporarily extracting

the phantom from the bore. After the temperature measurements were made, the

phantoms were returned to the bore. The phantoms remained in the bore for an hour

before imaging began with FSE. FSE images of the phantom were acquired continuously

for ten minutes. Temperature measurements were taken from the phantoms after the FSE

sequence had completed. Immediately after the temperature was measured from both

phantoms, they were returned to the bore and imaged again by the FSE. This process

continued for a total of two hours.

After FSE temperature experiment was completed, the REVOLT sequence was

calibrated. Temperature measurements were taken on the phantom every ten minutes for

a total of thirty minutes with the B1 field turned off. After the thirty minutes, spectra

were acquired with REVOLT every 12 minutes from the saline phantom. Temperature

measurements were obtained from both phantoms for a total of two hours in between

REVOLT experiments.

4.3.2 RF Temperature measurements

Another experiment was conducted with REVOLT to corroborate Bottomley's

theoretical derivation of the SAR for a sphere. Under the previous experimental

conditions the average SAR predicted by Bottomley is 0.6 Watts per kilogram. Previous

experiments have shown that the heat transfer coefficient in the bore is on the order of 5

Watts per C per meter squared. The predicted temperature increase is only 3.0 degrees C

at steady state. Temperature fluctuations inside the bore of the magnet have been

observed to vary between 2 to 3 degrees over several hours. To ensure that the
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temperature increase in the phantom is due to RF power deposition and not fluctuations

in the ambient bore temperature, the RF power deposited by the isotropic mixing scheme

was increased 7.6 times. This was accomplished by increasing the B1 field strength by a

factor of two and increasing the length of the mixing scheme from 51 milliseconds for

FLOPSY-8 to 97.2 milliseconds for WALTZ-4. Since each isotropic mixing scheme is a

phase modulated hard pulse, the choice of isotropic mixing scheme is irrelevant with

respect to RF power. Only the entire isotropic mixing scheme's pulse width and B1 field

strength contributes to the SAR. Doubling the isotropic mixing scheme's B1 field

strength and pulse width resulted in a REVOLT experiment with a SAR 6.5 times above

normal. The expected temperature increase at a SAR of 3.4 Watts per kilogram is 19.5

degrees assuming the same heat transfer coefficient.

4.4 Results

4.4.] Number of Standard Pulse Calculations

Table 4-1 calculates the number of standard pulses in REVOLT with a FLOPSY-

8 isotropic mixing scheme. The CHESS pulses were assumed to be 7/2 pulses for this

calculation.

N Aeff We't' Nstd Total %[deg] [ms] Nstd
CHESS Pulses 6 0.2398 0.20118 90 50.00 0.017 0.105 0.2%
Hard r/2 pulse 2 1 1 90 0.24 1.042 2.083 3.9%

Hard I pulse 1 1 1 180 0.48 2.083 2.083 3.9%
IsotropicMixing 1 1 1 8480 50.88 43.621 43.621 82.4%

Soft T/2 pulse 1 0.2398 0.1922 90 1.80 0.464 0.464 0.9%
Soft npulse 2 0.1534 0.1411 180 2.60 2.306 4.612 8.7%

Total 52.97 100.0%
Table 4-1: Number of Standard Pulses in REVOLT.
The number of standard pulses contained in REVOLT with a 50.1 millisecond isotropic mixing scheme.
The CHESS pulses were assumed to be n/2 even though the flip angle of the last CHESS pulse was
adjusted to minimize the water signal. N is the number of occurrences of a particular pulse, Nstd is the
number of standard pulses for a particular pulse, and Total Nstd is equal to N*Nstd. The remaining
column headings match the definitions in the text.
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The following calculations were based on TR of 1.8 seconds and assumed that the

average radius for a human head and torso is 0.092 meters and 0.17 meters respectively

(42). Approximating the human head as a sphere, the SARpeak,head is 0.026 Watts per

kilogram. Since REVOLT, with a single cycle of FLOPSY-8, has an equivalent of 52.97

standard pulses, the SARpeak,head is 1.4 Watts per kilogram and the SARavg,head is 0.6 Watts

per kilogram. A similar calculation for the human torso, approximating it as a cylinder,

reveals that SARpeak, torso is 4.8 Watts per kilogram, and the SARavg,torso is 1.9 Watts per

kilogram.

Table 4-2 calculates the number of standard pulses for an FSE sequence with 32

echoes and 3 slices per TR period.

N Aeff Wef0 Nstd TotalN ___A___ We_ [deg] [ims] Nstd *

Soft n/2 pulse 3 0.251 0.201 90 3 0.266 0.799 1.0%
Soft 7t pulse 96 0.25 1 0.201 180 4 0.799 76.727 99.0%

Total= 77.53 100.0%
Table 4-2: Number of Standard Pulses in 2D FSE.
The number of standard pulse is calculated for a 2D FSE sequence with 32 echoes and 3 slices per TR
period. N is the number of occurrences of a particular pulses, Nstd is the number of standard pulses for a
particular pulse, and Total Nstd is equal to N*Nstd. The remaining column headings match the definitions
in the text.

The total number of standard pulses for this FSE sequence is 77.5, which is

equivalent to an average SAR of 0.77 Watts per kilogram. The standard REVOLT

sequence, as calculated in the previous section, has 53.0 standard pulses. Thus, a typical

FSE sequence deposits 46 percent more RF power into a patient than REVOLT. An

experiment was conducted to confirm that both, FSE and REVOLT, with equivalent

SARs, would increase the temperature of a spherical phantom by the same amount. The

isotropic mixing scheme used in REVOLT was increased from 50.1 millisecond with

FLOPSY-8 to 77.8 milliseconds with WALTZ-4. By increasing the isotropic mixing

scheme, both REVOLT and FSE had a SAR of .77 Watts per kilogram.
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4.4.2 REVOLT and FSE Temperature Comparison

Figure 4-1 plots the temperature versus time of both saline phantoms for FSE and

REVOLT. The apparent temperature increase in both experiments is a result of a small

increase in the bore temperature over four hours.
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Figure 4-1: FSE vs. REVOLT Temperature Comparison.
Upper left, temperature vs. time plot of a spherical phantom exposed to RF generated by FSE (circles) and
a control phantom (squares). Upper right, the corresponding plot for REVOLT. The temperature
measurements made before and including 0 minutes was the time allowed for the phantoms to establish
equilibrium. The plot in the bottom row is a time vs. temperature plot of FSE (circle) and REVOLT
(square) with the corresponding control temperature subtracted from the temperature measurements. This
plot reveals no significant increase in the temperatures of the phantom for either sequence.
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4.4.3 RF Temperature measurements

The phantom was placed in the bore of the magnet and allowed to come to

equilibrium for an hour and a half. Spectra were then collected from the phantom with

REVOLT for 10 hours with temperature measurements taken from the phantom and the

control every 15 minutes (Figure 4-2).

The temperature data for the phantom exposed to the RF was fitted to Equation

4.22 with a Levenberg-Marquardt algorithm (45) after the control temperature was

subtracted. The ambient bore temperature, To, was 22 C, which was the the average bore

0 Control
RF

(V

31X

~i)

rcc6

Figure 4-2: Steady State Temperature Measurements with REVOLT.
The temperature of two spherical phantoms was measured over a period of 11 hours. The flat solid line is the
mean temperature of the control phantom over the entire 11 hours. The exponential growing curve was
determined by non-linear fitting the data to Equation 4.13 with the initial temperature, To, being the average
temperature of the control phantom.
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temperature during the ten hour experiment. The nonlinear fitting of the temperature data

revealed that the steady state temperature, T., of the phantom is 38.5 ± 0.25 degrees

Centigrade. The temperature rate constant is 3.0e-3 ± 1.0e-4 per second. This results in a

heat transfer coefficient of 6.3 ± 0.02 watts per Centigrade per meter squared.

4.5 Discussion

The theoretical estimates for the SAR reveal some important insights into the

safety of REVOLT. The SAR deposited into the head is 0.6 Watts per kilogram, which is

5 times lower than the current guidelines established by the FDA for RF exposure. The

FDA guidelines assume that as a result of blood circulation, the RF power deposited is

distributed evenly throughout the patient. To account for the body acting as a heat sink,

the SAR is scaled by the ratio of the mass of the patient's head to the entire mass of the

patient. This reduces the SAR 20 times for the average human. (The mass of the average

human head body was assumed to be 3.5 kilograms and 70 kilograms, respectively).

With this assumption the SARvg,head is reduced to .03 Watts per kilogram, which is two

orders of magnitude below the FDA's guidelines.

The torso SAR does not provide the same margin of safety. The length of the

body coil contained in the GE Signa system is approximately 110 centimeters. The

height of a standard human is 152 centimeters. The SARavg,torso should be about 72%

lower than was previously calculated or 1.4 Watts per kilogram. While this amount of

RF power deposited into the patient is acceptable, it does not provide an adequate margin

of safety. For this reason, we have restricted the use of the REVOLT sequence to the

head coil and extremity coil configuration. This has significant implications in terms of

sensitivity.

We have elected to use volume coil excitation instead of a surface coil to ensure

uniform flip angles over the volume of interest and for easy volume localization. Volume

coils, however, do not have the sensitivity that surface coils have when receiving the

signal. The ideal coil configuration would be a volume coil excitation with a surface coil

receive. The GE Signa is capable of achieving this hardware configuration using the

body coil for excitation and a surface coil to receive the signal. Because of SAR
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restrictions using the body coil for excitation, this coil configuration has not been used

with REVOLT even though sensitivity improvements are expected.

Comparing REVOLT to a 2D FSE reveals that the SAR of REVOLT is less than

the SAR of FSE. This comparison is compelling evidence that REVOLT is safe since

FSE is a pulse sequence that is commonly used in standard clinical imaging. Figure 4-1

plots the temperature versus time of both saline phantoms for FSE and REVOLT. The

apparent temperature increase in both experiments is a result of a small increase in the

bore temperature.

To accurately determine the SAR deposited by REVOLT a similar experiment

was conducted with a SAR 6.5 times greater than the current experiment. These empirical

temperature measurements reveal a SARavg of 3.5 watts per kilogram. Bottomley's

equation for the SAR of a sphere predicts a SAR of 3.6 watts per kilogram. The empirical

average SAR and theoretical average SAR agree well. This agreement allows us to

safely use Bottomley's equations to estimate the SAR.

4.6 Conclusion

The safety of REVOLT has been demonstrated both theoretically and empirically.

Temperature measurements in a spherical phantom have shown the validity of

Bottomley's SAR equations. These equations have revealed that REVOLT has an

average SAR for a sphere of 0.6 Watts per kilogram, which is 46 percent less than a

standard FSE imaging sequence. The average SAR deposited into a person with the

quadrature head coil, accounting for the effective mass of the person, is two orders of

magnitude below the guidelines established by the FDA. This margin of safety proves

that REVOLT is not only safe for research but also for potential clinical applications

when small volume coils are used for excitation.
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Chapter 5 : Recommendations & Future Clinical Directions

5.1 Recommendations

Poor sensitivity, limited resolution, and resonance overlap restrict 1D in vivo

NMR spectroscopy from quantitating all but the simplest resonances: NAA, choline, and

creatine. Prior to REVOLT, 2D NMR experiments lacked the resolution and sensitivity

necessary for clinical applications. With the development of REVOLT, sensitivity has

been improved by a factor of 20 while removing the dispersive line shape. REVOLT is

currently able to detect millimolar concentrations of GABA in vivo in 23 minutes from a

59-milliliter volume while adhering to FDA guidelines on RF power deposition. The

resolution and sensitivity achieved by REVOLT, while unprecedented for 2D in vivo

spectroscopy, are still insufficient for most clinical problems. This may change with

improvements in hardware, volume localization, and post processing. With these

improvements, REVOLT may move from a clinical novelty to a powerful diagnostic tool.

Increasing the magnetic field strength will improve the sensitivity. Theoretical

calculations and empirical measurements reveal that REVOLT deposits one hundredth of

the RF power allowed by the FDA. Since the RF power deposited scales as the square of

the magnetic field strength, REVOLT may be used on a 3 Tesla scanner without violating

RF power deposition guidelines. Assuming that the SNR is proportional to the ratio of

magnetic field strengths raised to the 3/2 power (46), REVOLT's sensitivity would

improve by a factor of 3. Higher field strength would not only improve sensitivity but

would also increase the range of chemical shift dispersion. However, magnetic

susceptibility line broadening depending on the tissue geometry is expected to increase

with magnetic field strength, which would result in a loss in resolution. Only future

experiments will reveal under what conditions and increase in the magnetic field strength

is favorable for in vivo spectroscopy.

Volume coil excitation offers the greatest flip angle uniformity and flexibility in

volume localization. The use of small volume coils, such as the head coil, also limit the
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amount of RF power deposited in the patient. While volume coils have these advantages,

they do not have the same sensitivity as surface coils when receiving the signal. The

optimum coil configuration for all in vivo spectroscopy experiments is volume coil

excitation with a surface coil receive. Imaging experiments using a surface coil to both

transmit and receive showed that the SNR could be improved by a factor of 10 near the

brain's surface (47) when compared to images acquired with a quadrature head coil. The

sensitivity improvement decreased with depth, such that, at 9 centimeters from the coil,

there was no improvement in the SNR. A weighted average reveals that the SNR would

improve by a factor of 4.

Increasing the sensitivity may also be achieved by improving the method of

volume localization. Currently, REVOLT achieves volume localization with PRESS.

This restricts the volume of interest to a cube. In order to avoid partial volume effects,

the cube must be contained entirely in the tissue or pathology of interest. A cubic volume

severely limits the amount of potential signal. Incorporating methods for arbitrary volume

localization, such as outer volume suppression (48-50), has the potential of improving

sensitivity. For instance, let us assume that the pathology of interest has a spherical

geometry. A cubic volume only acquires signal from 67 percent of the pathology.

Acquiring signal from the spherical tumor would result in a 33 percent increase in the

SNR.

REVOLT was developed on a standard 1.5 Tesla clinical scanner. The scanner

was equipped with 1 Gauss per centimeter gradients with a maximum slew rate of 500

microseconds. In order to suppress unwanted signals adequately, each transverse crusher

gradient had a total pulse width of 3 milliseconds. Doubling the maximum gradient

strength while decreasing the slew rate by a factor of two would decrease the time

between the third n/2 pulse and acquisition by 25 percent. A back of the envelope

calculation predicts that a 25 percent reduction in the transverse time can lead to a 6

percent improvement in the SNR for metabolites with short T2 (i.e. 100 ms).

Combining the sensitivity improvements achieved with improved gradients, a

larger magnetic field, and outer volume suppression, the SNR could be improved up to a

factor of 17, which would directly translate into an increase in detectability and improved

quantitation. In addition, it may now be possible to see the x and P correlations of
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glucose. However, while this sensitivity improvement is impressive and necessary, for

REVOLT to be used in a clinical setting, further improvement in sensitivity and

detectability can be obtained with post-processing.

Data processing methods that rely on the Fourier transform are not optimum for

processing in vivo spectroscopy data since they do not bias the data based upon available

prior knowledge. The interpretation of the human brain spectra incorporated prior

knowledge by comparing the spectra to a phantom containing similar metabolites. This

comparison helped to distinguish cross correlation peaks from ti noise and truncation

artifacts. Incorporating this type of prior knowledge into the post-processing should offer

significant sensitivity advantages over a simple 2D Fourier Transform data. Such

methods are starting to appear in the 1D spectroscopy literature (51,52) with some

success.

5.2 Future Clinical Direction s

Proton NMR spectroscopy has long been applied to the study of human brain.

The major metabolites such as GABA, glutamate, glutamine, lactate and NAA have all

been utilized to study congenital and acquired diseases involving the mood, neoplasia,

cerebrovascular disease and infection, just to name a few. Of the major brain metabolites,

GABA has the widest role as a physiological modulator. This is due to its function as an

inhibitory neurotransmitter. Alterations in its concentration have been implicated in the

seizure disorders (38) and the pathogenesis of bipolar (manic) depression (39,40). Only

recently have editing techniques been proposed to allow unambiguous measurement of

GABA in the human brain (37).

5.2.1 Mood Disorders

It has long been hypothesized that GABA plays a role in the modulation of mood

since GABA ergic tone inhibits metabolism of norepinephrine and serotonin (39), both of

which are pharmacologically manipulated in conventional anti-depressive therapy. In

addition, low plasma GABA levels have been shown to correlate with the presence of
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bipolar disorder (38). It has been proposed that the measure of plasma GABA levels

could form the basis of a screening test for populations at risk for mood disorder based on

family history (53). One curiosity is the relative lack of change in plasma GABA levels

when GABA agonists are used with success to treat mood disorders (54). Several avenues

of investigation become apparent.

It would be quite valuable to measure the GABA concentration in human brain

within populations at risk for, or suffering from, mood disorders. Correlation of brain

and plasma levels in these patients would help to support or refute the hypotheses put

forth regarding measurement of plasma GABA levels. As the successful pharmacologic

therapy of mood disorders does not appear to normalize plasma GABA in most cases, it

would be of great interest to follow the brain GABA levels in these patients. The ability

to unambiguously measure GABA with the REVOLT experiment, simultaneously with

the other major metabolites makes such studies now possible on widely available clinical

imaging systems.

5.2.2 Seizure

As pointed out in a recent review, seizure is the most common complication of

low-grade glioma (55). In addition, high levels of glycine, serine and ethanolamine have

been identified in the periphery of cerebral cavernous angiomata (56). These are benign

vascular lesions with a high rate of seizure. It has been shown that the seizure disorder

abates following removal of the angiomata, and it has been postulated that the elevated

levels of serine, glycine and ethanolamine may mediate the seizure due to NMDA

receptor activation and/or alteration of the blood-brain barrier. In the non-neoplastic

seizure, vigabatrin, a GABA analogue, has been shown to have a significant anti-epileptic

effect in infants (57).

Due to the ability to assign the coupling networks of spin systems such as found

in the amino acids, REVOLT would be a powerful tool for investigation of brain

metabolite levels in the neoplastic or non-neoplastic setting. The ability to measure

GABA within a low grade glioma might lead to support for therapy with vigabatrin in

this population.
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5.2.3 Osteomyelitis

Infection of the bone, or osteomyelitis, remains a common and difficult clinical

problem among all ages (58), particularly in the diabetic population (59). The most

common approach to diagnosis of this disorder is performance of radiographs, 99mTc-

methylenediphosphante, 67Ga and 99m Tc-DTPA (diethylenetriamine pentaacetic acid)

labeled white blood cell scintigraphy, or MRI (60). With such a battery of tests available,

the correct diagnosis of osteomyelitis can remain difficult. This is due to the length of

time required for radiographic evidence to develop (7-10 days), and the lack of specificity

of increased radiopharmaceutical deposition in bone. While promising, the role of MRI

is still debated. Recent clinical publications demonstrate that the presence of bone

marrow edema, quite pronounced on inversion recovery images of infected bone, is also

part and parcel of any abnormality of bone marrow (61). These include stress-related

increases in blood flow due to soft tissue injury, fracture, abnormal weight bearing or

neoplasm. In particular, the neuropathy of the diabetic foot, resulting in loss of sensation,

allows repeated injury to the diabetic foot to go unnoticed by the patient. Such patients,

also at high risk for osteomyelitis due to chronic hypoperfusion related skin ulcers, often

present with a markedly abnormal radiograph due to healing fractures. These fractures

mimic the radiographic findings of osteomyelitis: soft-tissue swelling, decreased bone

mineralization and periosteal new bone formation.

The lack of specificity of these methods raises the possibility that MR

spectroscopy could play a key role in diagnosis of osteomyelitis. To date, such a study

has not been reported. There are, however, a few publications demonstrating the utility

of MR spectroscopy in human brain abscesses in vivo (62-64). It has been shown that

the PRESS and STEAM spectra of human brain abscesses demonstrate the presence of

high levels of acetate both in vivo and ex vivo. In addition, one report showed that several

amino acids could be identified in brain abscesses, not present in cystic neoplasms (65).

The proof of the assignment of the 1.92 ppm methyl peak to acetate and the unusual

amino acid resonances required the performance of 2D COSY experiments in this study.

Because of the apparent specificity of the spectral findings in brain abscesses, it

seems reasonable to pursue the application of MR spectroscopy to the diagnosis of

osteomyelitis. One of the imaging findings in osteomyelitis is the presence of an
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enhancing soft tissue rind surrounding the osseous abscess cavity (66). This "penumbra

sign" represents highly vascular granulation tissue surrounding the area of dead bone and

abscess. The fact that a non-enhancing central area of fluid and necrotic bone is present

histologically, allows the possibility of MR spectroscopic evaluation of this fluid for the

characteristic infection related resonances. The use of REVOLT type experiments would

allow the assignment of the amino acid resonances in an unambiguous manner, obviating

the need for ex vivo spectroscopy.
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