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Abstract 

Clinical investigation into the causes of mental illness would benefit from the 

precise determination of in-vivo cerebral metabolite levels. Short echo 'H 

magnetic resonance spectroscopy may be used to measure in-vivo levels of 

twelve metabolites. However, precise quantification of these spectra remains 

problematic at 1.5 Tesla (T) due to low signal to noise ratio, low resolution, and a 

variable spectral baseline from uncharacterized macromolecule resonances. 

The object of this work was to increase the measurernent precision associated 

with in-vivo short echo 'H spectroscopy. New software was developed for the 

non-interactive quantification of spectra in the time dornain. Using this software, 

an approach to spectral quantification was developed at 1.5 T that optimized 

measurement precision. This optimized technique was applied in clinical studies 

of schizophrenia and obsessive-compulsive disorder at 1.5 T. The effect of field 

strength on quantification precision was also deterrnined using data acquired at 

1.5 T and 4.0 T. 

The modeling of macrornolecule resonances, the fitting of resonances adjacent 

to the spectral region of interest, and the elirnination of time domain filtering, 

were al1 components of a quantification strategy that lead to increased in-vivo 

measurement precision. The acquisition of data at 4.0 T also increased 

measurement precision due to the increased signal to noise ratio and chemical 

shift dispersion compared to 1.5 T. The quantification strategy developed was 

used to obtain reliable rneasures of N-acetylaspartate, glutamate, glutamine, 

phosphocreatine and creatine, and choline containing compounds from 4.5 cm3 
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voxels at 1.5 T and from 1.5 cm3 voxels at 4.0 T. The reduction of voxel volume 

to 1.5 cm3 at 4.0 T significantly reduced partial volume sampling. 

Clinical studies at 1.5 T using this technique found increased levels of glutamine 

in the left medial prefrontal cortex of never treated schizophrenic patients 

compared to controls, and decreased levels of N-acetylaspartate in the left 

corpus striatum of obsessive compulsive patients compared to controls. 

These findings illustrate that short echo 'H magnetic resonance spectroscopy is 

a valuable technique for clinical research. Future improvements in rneasurement 

precision, especially at higher field strengths, will enable the detection of subtle 

metabolite level differences in srnall patient groups. 
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Chapter 1 

lntroduction 

7.0 Introduction to in-Vivo MR Spectroscopy Quantification and Thesis 

Outline 

1.0.1 lntroduction to In-Vivo MR Spectroscopy in Mental Illness 

Since the early experiments in nuclear magnetic resonance (NMR) in the late 

1940's by Bloembergen, Purcell, and Pound (A), the use of NMR for in-vivo 

imaging and spectroscopy has achieved wide usage for the investigation of many 

different illnesses (2). In-vivo magnetic resonance (MR) spectroscopy is the only 

investigational technique that can be used to gain quantitative in-vivo chernical 

information non-invasively with no known significant long term or short term side 

effects (3). Since the observed NMR signal from a particular nucleus is directly 

proportional to the concentration of that nucleus within the sample, NMR 

spectroscopy can be used to measure in-vivo metabolite concentrations. 

Therefore NMR spectroscopy can be used to study in-vivo metabolic changes 

which occur following drug treatments or as a result of disease states in muscles, 

interna1 organs (for example liver and heart), and the brain. 

The study of mental illness by NMR spectroscopy is appealing due to the high 

incidence rate and the lack of knowledge about these diseases. For example. 

the lifetime risk of developing schizophrenia is -1 % (4). Most patients live long 



lives, despite the onset of mental illness in early adulthood. Often these patients 

require medical attention including hospitalization for extended periods of tirne. 

Therefore, these illnesses cost North Americans billions of dollars annually in 

direct health care costs and lost productivity (5, 6). Unfortunately, current 

medications are only partially successful in treating the symptorns of these 

illnesses and may have severe side effects. In an effort to irnprove current 

medications and develop a cure for these illnesses more research is needed. 

Both 3 ' ~  and 'H NMR spectroscopy have been used in the past to study patients 

with various mental illnesses, including schizophrenia (7. 8, 9, 10) and 

obsessive-compulsive disorder (OCD, 11 ), although significant findings have 

been variable with respect to location and metabolite changes. 3 1 ~  spectroscopy 

measures levels of adenosine triphosphate (ATP), phosphocreatine (PCr), and 

inorganic phosphate (Pi), as well as components of membrane metabolisrn such 

as mobile phospholipids (MP), phosphomonoesters (PME) and phosphodiesters 

(PDE) (7). Unfortunately, due to the low sensitivity of the 3 ' ~  nucleus (6.6% that 

of 'H), volumes studied using this technique must be quite large (27 cm3) to 

obtain data with sufficient signal to noise for reliable quantification in a 

reasonable amount of time. Long echo 'H spectroscopy measures levels of N- 

acetylaspartate (NAA), phosphocreatine and creatine (PCriCr), and choline 

containing cornpounds (Cho). The high sensitivity of the 'H nucleus and 

sirnplicity of the long echo spectnim have made this technique popular; 

especially for metabolic imaging studies (12). Short echo ( S  30 ms) 'H MR 

spectroscopy (13) has been used less extensively due to the complexity of the 

acquired spectnim and resulting quantification difficulty. However, short echo 'H 

MR spectroscopy is ideally suited for the study of mental illness due to the variety 



of interesting cerebral metabolites that can be measured (14, 15). Measurable 

metabolites include N-acetyl-aspartate (NAA), glutamate (Glu), glutamine (Gln), 

y-amino-butyric acid (GABA), aspartate (Asp), N-acetyl-aspartyl-glutamate 

(NAAG), taurine (Tau), glucose (Glc), choline containing compounds(Cho), 

phosphocreatine and creatine (PCrICr), scyllo-inositol (Syl), myo-inositol (Myo), 

and macromolecules at 3.00 ppm (M 3-00), 2.29 ppm (M 2.29). and 2.05 ppm (M 

2.05) (1 6). The amino acids glutamate and glutamine are particularly important 

because glutamate is the principle excitatory neurotransmitter in the brain (1 7), 

and glutamine its precursor (18). Therefore, monitoring the levels of these amino 

acids may provide important information regarding the pathophysiology of mental 

illness. 

Previous long and short echo 'H MR spectroscopy studies (8, 9, 10, 1 2, 1 3) of 

schizophrenia have not yielded reproducible results or shown expected 

differences in metabolite levels. There are several possible explanations for this. 

First, mental illnesses such as schizophrenia and obsessive-compulsive disorder 

likely involve several regions of the brain which have yet to be positively 

identified and rnay Vary slig htly between individuals. Second, the metabolic 

changes that may be present and responsible for these illnesses are likely small 

compared with the normal biological variation present between subjects. Third, 

the acquisition and quantification of spectroscopic data is limited by several 

factors (which are discussed in detail in chapters 1-3) that effect the accuracy 

and precision of metabolite measures. To investigate mental illnesses such as 

schizophrenia and obsessive-compulsive disorder data must be collected from 

srnall (less than 5 cm3) volumes of interest (such as the anterior cingulate and 

striatum) to limit the partial volume effect associated with sampling multiple brain 



regions that are involved in different functions. Since the tirne for data acquisition 

must be limited to 10-12 minutes per spectrurn to reduce patient motion artifacts, 

and since many regions of the brain likely involved in mental illnesses have poor 

magnetic field homogeneity (near the skull), spectra are acquired with low signal 

to noise ratio and resolution. These limitations ultimately determine the 

sensitivity of the NMR experiment. Unfortunately, due to the limited quality of 

short echo ' H in-vivo MR spectra, the measurement precision of many 

metabolites has been low in the past, meaning that subtle metabolite level 

differences which may exist between normal and diseased tissue have not been 

observed. Therefore, to improve the sensitivity of in-vivo short echo 'H 

spectroscopy experiments to study small metabolite level changes, 

improvernents to the acquisition and quantification of spectroscopic data were 

necessary. 

1.0.2 Acquisition of MR Spectroscopy Data 

Nuclei that possess angular momenturn (Le. 'H, 3 1 ~ ,  "N) have an associated 

magnetic dipole moment (1 9). When placed within a magnetic field these dipole 

moments tend to align either parallel or anti-parallel to the magnetic field (1 9). 

Due to quantum mechanical restrictions, the magnetic moments can not align 

perfectly with the direction of the field, instead they orient at an angle (dependent 

on the angular momenturn of the nucleus) with respect to it (19). Therefore, the 

main magnetic field (Bo) exerts a torque on each dipole moment causing this 

moment to precess about the main field at a frequency given by the Larmor 

relation (1 9) as shown by equation 1-1. 



Where: o = the angular frequency 

y = the gyromagnetic ratio 

B = the magnetic field experienced by the nucleus 

Since spins that are aligned parallel to the magnetic field are at a [ower energy 

than spins aligned anti-parallel to Bo, there will be an excess of spins aligned in 

the parallel state causing a net magnetization Mo in the direction of Bo as shown 

in Figure 1-1 (Bo is along the z-axis). 

In the NMR experirnent, a radio frequency coi1 is placed around the sample in the 

rnagnet. For the current discussion we will assume a Iinear coi1 oriented along 

the y-direction as shown in Figure 1-1. 



Figure 1-1 : Orientation of RF Coil 

A linear RF coi1 may be placed along the y-axis to produce a magnetic field BI 

which perturbs the net rnagnetization Mo and to detect the component of the net 

magnetization Mo which exists in the transverse (xy) plane. In the situation 

depicted above, no signal is induced in the coi1 since the magnetization is 

pointing along the z-axis and has no cornponent in the transverse plane. 

Using this coi1 a temporary rnagnetic field 8i can be generated which oscillates at 

the precession frequency of the individual magnetic moments. This oscillating B1 

field can be represented as two rotating vectors; one rotating at the frequency 

oo, and the other rotating at the frequency -oo. The B1 vector which rotates at - 
oo has a negligible effect on the spin system. The Bi vector which rotates at wo 

is rotating at the same frequency as the individual magnetic moments. 

Therefore, it appears stationary from the frame of reference of the spins (Y, y', z', 

called the rotating frame) (1 9). This BI field exerts a torque on the net 

magnetization causing this vector to nutate away from the z-axis (Figure 1-2) at a 

frequency CO, = yBi (analogous to equation 1-1). 



Figure 1-2: Nutation of Mo into the Transverse Plane 

In the rotating frame (x', y', 2)  a constant B1 magnetic field is applied which 

causes Mo to nutate. After some time T, the net magnetization Mo will lie along 

the positive y-axis. In this figure, only the component of BI rotating with 

frequency  CO^ is shown. 

Following the application of the B1 magnetic field for the appropriate time s, the 

Mo vector will lie along the y'-axis (90 degree pulse). If we now move back to the 

laboratory reference frame (x, y, z), we see that the vector Mo is only influenced 

by the main magnetic field Bo after B1 has been turned off. Therefore, Mo will 

precess about Bo at approximately the Larmor frequency wo (its exact frequency 

is determined by the chernical environment of the nucleus). This rotating 

magnetization vector Mo will induce a sinusoidally varying voltage in the linear RF 

coi1 (Figure 1-3) that will decay in the xy-plane with time constant T2 (assuming a 

perfectly homogeneous sarnple) due to a loss of coherence, and regrow along 

the z-axis with a time constant Tl (1 ). In-vivo, the T2 of water and measured 

metabolites is less than the T1(20, 21 ). In practice, the signal induced in the RF 



coi1 decays with relaxation time constants Tl and T2*. The time constant T2* 

includes the effect of signal loss due to spin dephasing as a result of Bo field 

inhomogeneities. The vector Mo oscillates at a frequency on the order of 64 MHz 

at 1.5 Tesla. However, it is common practice to demodulate this signal using a 

standard reference frequency. In the case of 'H spectroscopy, this reference 

frequency is set to the precession frequency of water (H20) within the sarnple. 

Tmie (points) 

Figure 1-3: Time Domain NMR Signal 

The NMR signal induced by the net magnetization in the receiver coi1 following 

demodulation with the reference frequency. In this example, the signal amplitude 

is unity, and the signal is oscillating at a frequency of 5 Hz. There is no phase 

offset or time delay between the instant when the BI field is turned off (Mo 

reaches the y'-axis) and the acquisition of data. The signal decays with time 

constants Tl and T2. 

The fast Fourier transform (22) of this signal produces a single peak at a 

frequency of 5 Hz. 
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Figure 1-4: Frequency Domain NMR Signal 

The signal shown in Figure 1-3 following fast Fourier transform. 

Although seemingly different, the data displayed in Figures 1-3 and 1-4 contain 

the same information. Historically, NMR data of this type has been Fourier 

transformed prior to quantification because spectral information is more intuitively 

visualized in the frequency domain. In the frequency domain, the area under the 

spectral peak is proportional to the concentration of the nucleus under 

investigation (this is equal to the value of the point at time O in Figure 1-3). 

Similarly the full width at half maximum (FWHM) of the peak in Figure 1-4 is 

related to the rate of signal damping in Figure 1-3, and the position of the peak in 

Figure 1-4 is related to the oscillation frequency of the signal in Figure 1-3. 

1.0.3 Spin Echoes and Stimulated Echoes 

The formation of echoes (23) is another means of observing the NMR signal. 

Echo generation can be used in conjunction with localization techniques to obtain 



spectra from small localized tissue volumes. as described in Section 1.2.2. An 

echo is formed when spins which have lost phase coherence. due to differences 

in precession frequency and constant Bo variations within the sarnple. are 

refocused and regain phase coherence. One method of generating a spin echo 

is to apply a 90 degree excitation pulse, allow the spins to dephase, and then 

apply a 180 degree refocus pulse as illustrated in Figure 1-5. 

Acquire 

Figure 1-5: Spin Echo Formation 

Following the application of a 90 degree excitation pulse, the net magnetization 

vector is nutated to the x'y' plane. Spin vectors begin dephasing due to 

differences in precession frequency, and magnetic field inhomogeneities. A 180 

degree pulse flips the spins so that they begin to refocus. Spins a and e, which 

were precessing fast relative to spin c, will continue to precess fast and in the 

same direction as prior to the 180 degree refocusing pulse. Therefore. al1 spins 

will realign at the tirne TE (echo time) and form a spin echo. 



Additional 180 degree pulses can be added to generate more echoes. For 

exarnple, a spin echo is also generated following a 90 - TE/4 - 180 - TE/2 - 180 

- TU4 - Acquire sequence. Another type of echo, called a stimulated echo can 

be generated by applying a 90 - TE12 - 90 - TM (mixing t h e )  - 90 - TE/2 - 

Acquire sequence which is described in more detail within the context of spatial 

localization in Section 1.2.2. The difference between spin echoes and stimulated 

echoes is in how magnetization information is stored prior to echo formation. In 

the case of spin echoes, information is stored in the transverse plane, while 

information leading to stimulated echoes is stored partly in the transverse plane 

(during TE12 periods) and partly along the z-axis (during the TM period). 

Therefore, the intensity of the echo maximum is determined by the transverse 

relaxation time, T2, for spin echoes and by Tl and T2 for stimulated echoes. 

Consequently, echoes that are formed in a short echo tirne (i.e. 0-20 ms) suffer 

little attenuation due to T2 losses. while echoes formed at later times (Le. 270 ms) 

are more severely attenuated. TA losses during the stimulated echo TM period 

are usually negligible. One disadvantage of stimulated echoes is that they only 

have half the signal to noise ratio of spin echoes, although stimulated echoes 

generally have shorter echo times. 

Another important consideration in the formation of echoes is the effect of 

homonuclear scalar coupling. Scalar coupling is described in more detail in 

section 1.1 .l. Homonuclear scalar coupling prevents complete refocusing of the 

NMR signal during echo formation and results in spectral peaks that have 

different phase (Figure 1-6). The degree of phase discrepancy is proportional to 

the scalar coupling constant and the amount of time elapsed prior to echo 

formation (echo time). Therefore resonances from metabolites with coupled 



nuclei becorne significantly reduced and distorted due to scalar coupling at long 

echo tirnes. In this study the echo tirne of 20 ms reduced the effect of scalar 

coupiing and T2 relaxation losses. 

Acquire 

Figure 1-6: Spin Echo Formation with Scalar Coupling 

In this example, spins b, c, and d are dephased due to differences in precession 

frequency and magnetic field inhomogeneities as shown in Figure 1-5. Spins a 

and e are coupled. Following the 180 degree refocus pulse, the precession 

direction of coupled spins is inverted so that these spins continue to dephase. 

Discussions regarding spectroscopic quantification apply equally to NMR data 

collected immediately following a 90 degree excitation pulse or following echo 

formation. The entire problern of spectroscopic quantification can be sirnplified to 

the accurate and precise determination of the peak area for al1 peaks that rnay be 



present in a spectrum. This is a trivial problem for a spectrum such as the one 

shown in Figures 1-3 and 1-4. However, in-vivo spectra are more complex and 

contain overlapping components making it difficult to resolve individual 

meta bolites. 

1.0.4 A Short History of In-Vivo Quantification Strategies and Data Acquisition 

Methods of analysis for in-vivo spectra have changed over the past 20 years to 

manage data of increasing complexity. The fundamental goal of MR spectral 

quantification is to accurately and precisely determine the area under each 

spectral peak. This area is directly proportional to the concentration of the 

nucleus from which the peak arose. When spectra are acquired from in-vitro 

solutions, spectral peaks are well resolved (Figure 1-4 or 1-8) and it is sufficient 

to measure peak height to detemine concentrations (24) assuming al1 peaks 

have the sarne linewidth. A variation of this method, which accounts for 

differences in peak linewidth, is to calculate peak area using computer integration 

(24). Although peak integration is still occasionally used today for the 

quantification of in-vivo spectra, this method is generally not useful for short echo 

'H MR spectra because it requires a large degree of user interaction and can 

only be used for well resolved resonances. Figure 1-7 shows a typical4.0 T in- 

vivo brain spectrum and illustrates the degree of overlap of many components. 

Simple peak integration will not produce accurate or precise metabolite levels 

estimates from such a spectrum. 
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Figure 1-7: 4.0 Tesla In-Vivo Spectrum 

A typical4.0 Tesla in-vivo brain spectrum is shown to illustrate the overlap of 

resonance information. The metabolites Glu, Gln, and GABA al1 have 

resonances in the range 2.0-2.4 ppm, (the pprn scale is explained in section 

1.1 0) however it is impossible to isolate individual peaks from each metabolite. 

NAA. PCrICr, and Cho produce more distinct spectral cornponents. 

Spectral overlap can be avoided, if data acquisition is iimited to a single 

rnetabolite by employing one of the many spectral editing techniques described 

in the literature (25. 26. 27, 28). These techniques select only the metabolite of 

interest. thereby simplifying quantification since it is possible to use integration to 

determine metabolite levels. However, some of these techniques suffer from low 

signal to noise ratio in-vivo due to the method of editing, which necessitates data 



collection from large volumes. Therefore, these techniques can only be used 

when looking for changes in a specific metabolite from a large volume. 

When information regarding multiple metabolites is desired. computer peak fitting 

can be used as the means of extracting spectral peak areas with increased 

precision. Many approaches to computer fitting have been atternpted including 

lineshape modeling using linear (29) and non-linear (in the time (30) or frequency 

(1 4) domain) fitting techniques (31 ), principle component analysis (32). Prony 

method (33), and wavelet analysis (34). The two rnost comrnonly used 

techniques for spectral fitting incorporate lineshape modeling with linear or 

nonlinear minirnization (14, 15, 29, 30). Both of these techniques are discussed 

in detail in Section 1.3 and Appendices C and D. Spectral fitting based on linear 

minimization is performed in the tirne domain and does not include prior 

knowledge about the metabolites contained within the spectrum. On the other 

hand spectral fitting using non-linear rninimization, which can be perforrned in 

either the time or frequency domain, does include prior knowledge regarding 

signals within the spectnim. Both techniques have been applied to in-vivo 

spectroscopy with some success. However. the cornplexity of short echo 'H 

spectra necessitates the use of prior knowledge about metabolites within the 

spectrum in order to obtain physiologically meaningful results. Several groups 

(14, 15) have incorporated prior knowledge with non-linear fitting for the 

quantification of short echo 'H spectra. One recent approach by Provencher (1 5) 

in the frequency domain utilized digitized metabolite spectra as prior knowledge. 

and handled baseline macromolecules (discussed in detail in Section 1.3.8) by 

fitting a smooth lineshape to the baseline that was also consistent with the data. 

The advantage of this approach is that prior knowledge regarding metabolite 



spectra are digitized, not parameterized. therefore no lineshape is assumed a 

priori. The disadvantage relates to the method of baseline modeling, which 

always produces good looking fits but may not be correct. Stanley et al (14) also 

proposed a method of data analysis in the frequency domain which utilized 

parameterized prior knowledge. The main disadvantage of this approach was 

the rnodel function used was limited in that it did not incorporate phase or delay 

tirne as parameters to be fit. Therefore, user interactive phasing of data was 

required prior to analysis. 

When attempting complex spectral analysis utilizing prior knowledge. several 

important factors must be considered which ultimately determine the amount of 

user interaction employed. These factors include the domain used for fitting, the 

method of prior knowledge modeling, the arnount of pnor knowledge incorporated 

into the rnodel, the method of handling the signal from a largely unknown and 

variable spectral baseline (16). and the method of handling spectral components 

other than the metabolites of interest (including residual water signal). These 

issues are considered in more detail in Chapters 2 and 3. 

The magnetic field strength used for data collection also affects in-vivo spectral 

quantification. The acquisition of in-vivo spectroscopic data has traditionally 

occurred at low field strength (0.5 - 1.5 Tesla) due to the availability of these 

types of clinical MR scanners, the technical limitations and costs involved in 

producing higher field MR scanners, and the unknown risks associated with 

magnetic field exposure at higher fields. Recently however. research systems 

have been built for human use at fields of up to and surpassing 4.0 Tesla. The 

acquisition of human in-vivo data at high field strengths (Le. 4.0 T vs. 1.5 T) may 



increase the precision and accuracy of metabolite measures from in-vivo spectra 

due to the increase in signal to noise ratio and chemical shift dispersion with field 

strength. These issues are described in more detail in Section 1.1 -4. 

1.0.5 Thesis Objectives 

The acquisition of short echo 'H spectra with low SIN and resolution has resulted 

in low measurement precision for a number of metabolites using past 

quantification strategies. Therefore, subtle metabolite level differences between 

patients with mental illnesses and controls which may be present within the brain 

may go undetected. Therefore, the objectives of this thesis were to: 

1) Develop a quantification strategy for short echo 'H MR spectroscopy data that 

would increase the quantification precision of al1 measured metabolites. This 

included the following specific goals: 

a) To develop non-interactive software for the quantification of spectroscopic 

data in the time domain and frequency domain. 

b) To develop a feasible quantification strategy accounting for spectral 

baseline contributions and other resonances within the spectrum 

c) To determine whether quantification precision increases for data acquired 

at high field strength (4.0 T) compared to low field strength (1.5 T). 

2) To apply the optimized quantification strategy to the measurernent of 

metabolite levels from in-vivo data with low SIN and resolution. Data were 

collected from schizophrenic patients, obsessive compulsive patients. and 



healthy control subjects to determine if metabolite level differences were 

detectable between these groups. 

1.0.6 Hypotheses 

The following hypotheses were made: 

The use of fully automated software in the time domain would improve the 

quantification precision of metabolites such as glutamate and glutamine by 

removing user bias. 

That accurate information regarding macromolecule signals and resonances 

outside the spectral region of interest rnust be included as prior knowledge for 

optimal quantification precision. 

The acquisition of data at 4.0 Tesla would Iead to increased quantification 

precision cornpared to 1.5 Tesla due to increased S/N and chernical shift 

dispersion. 

Metabolite level differences would be detectable in the media1 prefrontal 

cortex of schizophrenic patients indicating abnormal glutarnatergic 

neurotransrnission. 

Metabolite level differences would be detectable in the striatum of obsessive- 

compulsive patients indicating reduced neuronal density in this region. 

1.0.7 Thesis Outiine 

The remainder of Chapter 1 contains important background information for 

material discussed in Chapters 2 and 3 regarding in-vivo spectroscopy, data 

acquisition, spectral processing , and metabolite quantification. 



Chapter 2 contains a manuscript written by Robert Bartha entitled, "Factors 

Affecting the Quantification of Short Echo In-Vivo 'H Spectra: Prior-Knowledge. 

Peak Elimination, Filtering." This manuscnpt was CO-authored by Dick J. Drost 

and Peter C. Williamson and has been accepted for publication ir? NMR in 

Biomedicine. This manuscript outlines a strategy for the quantification of short 

echo 'H MR spectra in the time domain that optimizes metabolite measurement 

precision. The quantification software used for data analysis was written and 

developed by John Potwarka and myself. 1 developed the quantification strategy 

and prior knowledge template described within this paper, as well as collected. 

processed, and analyzed (including statistical comparisons) al1 the data 

presented. 

Chapter 3 contains a manuscript written by Robert Bartha entitled, "Quantification 

and Precision of Short Echo 'H Spectra at 1.5 and 4.0 Tesla." This manuscript 

was CO-authored by Dick J. Drost. Peter C. Williamson, and Ravi S. Menon and 

is in preparation for submission to NMR in Biomedicine. This manuscript outlines 

the advantages and disadvantages of high field in-vivo short echo 'H 

spectroscopy. Metabolite measurement precision is compared between spectra 

acquired at 1.5 and 4.0 Tesla. In addition overall experimental reproducibility at 

4.0 Tesla is determined. 1 optimized the sequence used for data collection at 4.0 

Tesla (originally written by Ravi Menon) to achieve optimal water suppression 

and minimal eddy current distortion. 1 collected, processed, and analyzed 

(including statistical comparisons) al1 data presented within this paper. 

Chapter 4 contains a brief introduction to the in-vivo applications presented in 

Cha pters 5 and 6. Specifically, the illnesses of schizophrenia and obsessive- 



compulsive disorder are discussed in relation to the basal-ganglia- 

thalamocortical neuronal circuit. This neuronal circuit may be involved in both 

mental illnesses. 

Chapter 5 contains a manuscript written by Robert Bartha entitled, "Measurement 

of Glutamate and Glutamine in the Medial Prefrontal Cortex of Never Treated 

Schizophrenic Patients and Healthy Controls by Proton Magnetic Resonance 

Spectroscopy." This manuscript was CO-authored by Peter C. Williamson, Dick J. 

Drost, Ashok Malla, Tom J. Cam, Len Cortese, Gita Canaran, Jane Rylett. and 

Richard W.J. Neufeld, and is published in the Archives of General Psychiatry I 

Volume 54, October 1997. In this study, spectra from the left media1 prefrontal 

cortex were acquired and quantified from a group of never-treated schizophrenic 

patients and matched control subjects. 1 collected, processed, and analyzed 

(including statistical comparisons) al1 spectroscopic data presented within this 

paper. 

Chapter 6 contains a manuscript written by Robert Bartha entitled, "A Short Echo 

'H Spectroscopy and Volumetric MR lmaging Study of the Corpus Striatum in 

Patients with Obsessive-Compulsive Disorder and Healthy Comparison 

Subjects." This manuscript was CO-authored by Murray B. Stein, Peter C. 

Williamson, Dick J. Drost, Richard W. J. Neufeld, Tom J. Carr, Gita Canaran, 

Maria Densmore, Geri Anderson, and Abdur R. Siddiqui, and is published in the 

American Journal of Psychiatry / Volume 155, November 1998. In this study, 

spectra frorn the left striatum were acquired and quantified from a group of 

obsessive-compulsive patients and matched control subjects. I collected. 

processed, and analyzed (including statistical comparisons) al1 spectroscopic 



data presented within this paper. The volumetric measurernents reported in this 

study were made by Maria Densmore. 

Chapter 7 contains a general summary and discussion of future work. 

Ap pendix A contains a detailed description of a post-processing technique (ECC 

correction) that corrects temporal phase distortions. 

Appendix B contains a detailed description of a post processing technique 

(QUALITY deconvolution) that corrects temporal and spatial phase distortions 

and restores the Lorentzian lineshape. 

Appendix C contains a detailed description of the use of singular value 

decomposition for the removal of residual water signal. 

Appendix D contains a detailed description of the Levenberg-Marquardt 

Algorithm used in the spectral quantification. 

Appendix E describes the quantification of a series of simulated in-vivo 'H short 

echo spectra over a range of signal to noise ratios. 

Appendix F contains proof of ethics approval for the studies involving human 

su bjects. 

Appendix G contains copyright release information. 



1.1 In-Vivo Spectroscopy 

To describe the improvements made to the quantification of short echo in-vivo 'H 

MR spectra a few basic concepts must be introduced which describe a typical 

MR spectnirn of this type. This section outlines the important features of a 

spectrum and why they occur. 

1.1.1 The In-Vitro Short Echo 'H Spectrum 

Typically the frequency of a spectral peak is measured relative to a reference 

peak (35). Throughout this thesis trimethyl-silyl propionic acid (TSP) was used 

as the chemical shift reference when in-vitro spectra were acquired, and defined 

as O Hz frequency. Therefore, al1 in-vitro resonance frequencies were measured 

relative to this reference. Another common practice is the normalization of the 

frequency scale by the absolute frequency of the reference (usually 

approximated by the spectrorneter reference frequency) to the 6 scale. The 6 

scale has units of parts per million (ppm) and facilitates the comparison of 

spectra acquired at different field strengths (1 9). 

Where: 6 = the chernical shift in pprn 

v i = the chemical shift of resonance i in Hz 

v ~ s p  = the chemical shift of the TSP reference in Hz 

The essential features of a spectrum were described in Section 1.0.2 (Figure 1- 

4). That spectnirn consisted of a single peak arising from a single species of 



magnetically equivalent 'H nuclei. Most molecules however contain more than 

one magnetically distinct hydrogen nucleus, each resonating at a slightly different 

frequency. Equation 1-1 states that the precession frequency of a particular 

group of spins depends on the strength of the rnagnetic field experienced by the 

nucleus. However, the local field experienced by the nucleus will be different 

from the main magnetic field Bo due to the effect of the surrounding electrons. 

This effect is known as electronic shielding (19). The presence of the static 

magnetic field Bo causes the electron cloud surrounding the nucleus to circulate 

in such as way as to reduce the magnetic field seen by the nucleus (diamagnetic 

effect) (36). This electronic shielding is dependant on the electronic structure 

and symmetry of a particular nucleus and is therefore characteristic for nuclei 

within different molecules (19). Therefore the magnetic field seen by the nucleus 

c m  be written as equation 1-3. 

Where o = shielding constant 

Therefore equation 1-1 can be modified to equation 1-4. 

This implies that nuclei from different molecules, or even within the sarne 

molecule, but at different positions will precess about Bo at a characteristic 

frequency. Consider a molecule that contains two magnetically distinct 

hydrogen nuclei Hg and HA as shown at the top of Figure 1-8. 
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Figure 1-8: Short Echo 'H MR Spectrum of Two Different Nuclei 

The spectrum obtained following demodulation when the molecule shown above 

(with two different spin groups: nucleus A (HA) and nucleus B (He)) is dissolved in 

water along with the chemical shift reference TSP (arbitrarily defined as O 

frequency). For the purpose of this illustration we will assume that both nuclei 

labeled Hg are equivalent. The resonance line due to He has twice the area as 

that due to HA since it is a signal induced by two nuclei rather than one (HA). 

Figure 1-8 illustrates how nuclei with different shielding constants (o) appear as 

lines at different positions in the NMR spectrum (assuming no scalar coupling 



interaction between nuclei). Therefore, nuclei from different regions within a 

molecule may be identified. 

The NMR spectrurn is further complicated by the interaction which occurs 

between spin 1/2 nuclei in the same molecule, provided these nuclei are 

separated by three bonds or less (1 9). The term used to describe this through 

bond interaction is scalar coupling or J-coupling. J-coupling also exists between 

nuclei separated by more than three bonds. however the effect of this is not 

visible except in very high resolution spectroscopy. This interaction is mediated 

through the electron cloud surrounding both nuclei. J-coupling is dependent only 

on the structure of the molecule, therefore, it is independent of the molecular 

orientation or the field strength at which the NMR experiment is performed. 

In the example shown above, nucleus A would be J-coupled to nuclei B and vice- 

versa. If nuclei A and B are aligned anti-parallel with respect to one another, 

then the overall energy of the system is lower than if they are aligned parallel. In 

an ensemble of spins, both situations will anse in an equal number of molecules. 

This leads to a splitting of the spectral line from nucleus A by an amount Jns. 

Typical values for J are in the 2-1 0 Hz range for homonuclear proton coupling 

(1 9). Consider again the molecule shown in Figure 1-8, except now, we will 

introduce the effect of J-coupling on peak splitting assuming JAB = 5 HZ. This 

would give rise to the spectrum shown in Figure 1-9. Peak phase modulation 

due to J-coupling is not shown in Figure 1-9, however this effect can be seen in 

Figure 1-10. This type of phase modulation is dependent on echo time and the 

magnitude of the J-coupling constant. 
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Figure 1-9: Short Echo 'H MR Spectrum of Two Different Nuclei with J- 

Coupling 

The spectrum obtained from the molecule shown in Figure 1-8 with two different 

T 

-- 

-- Nucleus A 

-- TSP 

f 1 # I I f 1 
1 I 1 I I I I I 

spin groups, nucleus A (HA) and nucleus B (He). For the purpose of this 

illustration we will assume that both nuclei labeled He are equivalent. The line 

from nucleus A is split into a triplet due to J-coupling with nucleus B, while the 

line from nucleus B is split into a doublet due to J-coupling with nucleus A. In 

both cases, Jm = 5 HZ. J-coupling phase modulation effects are not shown. 

The resonance line from HA is split twice; once from the first He, each resulting 

line is then split again by the second He. This results in a triplet with area ratios 

: 2 : 1  Similarly. the resonance line from He is split once by HA to form a doublet 

with area ratios 1 :1. The total area under the peaks is preserved. If we imagine 

that noise is also present on the spectral baseline, peaks which are split due to J- 

coupling becorne more diffcult to observe relative to the noise. The high degree 

of J-coupling in the 'H NMR spectrum of molecules such as glutamate (Figure 1 - 
10) and glutamine make these metabolites difficult to quantify in-vivo. 



Figure 1-10: Short Echo 'H MR In-vitro Spectrum of glutamate at 1.5 Tesla 

and 4.0 Tesla 

The in-vitro spectrum of glutamate is shown at 1.5 Tesla and 4.0 Tesla illustrating 

the effects of J-coupling. The TSP reference standard is visible on the right side 

of both spectra. The splitting of the a, P, and y multiplet structures is due to J- 

coupling. The molecular structure of this amino acid is shown between the two 

spectra. The p multiplet has the most peaks since it is coupled to both the a, and 

y protons. Phase modulation effects are visible, especially in the y-multiplet 

resonances. 

It is interesting to note the increased chemical shift dispersion of the y and P 

multiplet structures at 4.0 T compared to 1.5 T (Figure 1-1 0). However, peaks 

within each multiplet retain the same splitting at both field strengths since they 

arise due to J-coupling. It is also possible to observe the phase modulation of 



peaks within a multiplet (y multiplet) due to homonuclear J-coupling. This phase 

modulation anses because the data in Figure 1-1 0 was acquired from an echo. 

Phase modulation is field strength independent although it is more visible on the 

4.0 T spectrum in Figure 1-1 0 because this spectrum has hig her resolution. 

Figure 1-1 0 illustrates that the in-vitro spectra of individual metabolites are easy 

to interpret at either field strength because of good signal to noise ratio and good 

resolution yielding visually separated peaks. The excellent resolution obtained 

in-vitro is due to the homogeneity of the in-vitro sample. Unfortunately, this 

homogeneity is significantly reduced when the data acquisition is repeated in- 

vivo. 

1.1.2 The In-Vivo Short Echo 'H Spectrum 

The in-vivo spectrum is complicated by several factors. First. the magnetic field 

homogeneity within the body is reduced compared to a phantom or in-vitro 

sample due to the presence of structures with different magnetic susceptibility 

(soft tissue, bone, air). Therefore, the resolution of an in-vivo spectrum is 

decreased (usually on the order of 500-1 000%) compared to an in-vitro spectrum 

(comparing the full width at half maximum of the water resonance). Second, the 

in-vitro spectrum is composed of resonances from multiple metabolites, many of 

which overlap (there are at least twelve detectable metabolites in a short echo ' H 

MR spectrum). Third, unknown components on the spectral baseline (likely 

arising from macromolecules) overlap with metabolite resonances. And fourth, 

since it typically takes 10-15 minutes to acquire adequate signal to noise ratio for 

reliable quantification of in-vivo spectra. spectra are susceptible to further 

distortion due to subject motion. These factors make the quantification of short 



echo 'H spectra dificuit at best, and have resulted in a high level of uncertainty 

for many quantified metabolites. 
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Figure 1-1 1 : Short Echo 'H MR In-vivo Spectrum at 1.5 Tesla 

The short echo in-vivo 'H spectrurn at 1.5 Tesla shows several distinct peaks 

including NAA at 2.0 pprn, PCr/Cr at 3.0 ppm and Cho at 3.2 ppm. Metabolic 

information relating to Glu and Gin is mostly contained within the range 2.0-2.4 

ppm, although no distinct peaks are present. Distinct peaks from glutamate and 

glutamine are not visible due to severe J-coupling within, and overlap between. 

these metabolites 

1 .1.3 In-Vivo Spectroscopy: The Problems 

Unlike 'H MR in-vitro chemistry, human 'H MR in-vivo studies suffer from several 

problems related to the nature of the experiment. Ultimately, each problem 

complicates the acquired data and results in a loss of quantification precision. 

There are three distinct problems which are encountered when doing human in- 



vivo experiments: low signal to noise ratio (SIN), low spectral resolution, and the 

presence of spectral artifacts caused by the use of magnetic field gradients for 

Iocalization. 

Three factors contribute to the low SIN typical of human in-vivo spectroscopy 

studies. First, due to safety regulations (and technical/financial problems in 

building high field whole body magnets), hurnan experiments must be conducted 

at low field strength compared to chernical or animal studies. Typical 

experiments are performed at 1.5 Tesla (7) (37, 38, 39, 40) although 4.0 T is now 

used for clinical research (41,42). This contrasts with field strengths in excess of 

10 T (43, 44) available for in-vitro chernical and biochemical studies. As the SIN 

of the in-vivo NMR experiment is approximately linearly proportional to the 

magnetic field strength (45), in-vivo spectroscopy is at an imrnediate 

disadvantage. Second, in-vivo studies must be kept short to reduce the effects 

of patient motion and discornfort. Typical in-vivo spectra are acquired in 6-15 

minutes (1 3, 37, 38, 39) depending on the volume from which data is acquired. 

Spectra acquired for longer periods suffer a loss of resolution due to subject 

motion. This contrasts with in-vitro studies that can be run indefinitely to take 

advantage of signal averaging until the desired SIN is achieved. Third, due to 

large in-vivo sample sizes (head, body) large volume coils are used to acquire 

data. Since thermal noise from within the subject is the dominant factor 

contributing to noise in an in-vivo spectrum (45), the noise seen by the coi1 

comes from a much larger volume than that from which spectroscopie data is 

collected. Therefore, the large coils necessary for in-vivo spectroscopy 

irnmediately increase the noise content of the spectrum compared to small in- 

vitro coils. Also, in-vivo studies must be done at body temperature, while in-vitro 



chemistry studies can be done at lower temperatures (using liquid nitrogen to 

cool the sarnple) to reduce thermal noise. In these in-vitro studies noise from the 

coi1 and other electronics become the dominant noise source rather than the 

sample studied. 

Two factors contribute to the low resolution of in-vivo spectroscopy studies. First, 

due to the size of the magnet bore required to accommodate human subjects, 

magnetic field homogeneity is significantly less than that found in high resolution 

spectrorneters. Typical optimized magnetic field homogeneity (using room 

temperature shim sets) for a 1.5 T whole body magnet is 5 Hz FWHM across a 

20 cm spherical phantom. Second, magnetic field homogeneity decreases when 

a living subject is studied due to differences in magnetic susceptibility between 

substances within the organisrn (i.e. bone, soft tissue, air). In contrast, chemical 

studies are conducted on homogeneous samples and use spectrometers that 

have many room temperature shims that can be adjusted for an indefinite length 

of time to achieve optimal rnagnetic field homogeneity within the sample. 

Regardless of the reason, the decreased resolution of in-vivo spectra compared 

to in-vitro spectra results in the severe overlap of spectral components to the 

point where individual resonances can not be resolved. This has necessitated 

the development of quantification strategies specifically for in-vivo data. 

The presence of spectra artifacts is discussed in more detail in section 1.3. 

Generally, because in-vivo subjects are large, spectroscopic data is only 

acquired from a specific tissue volume (usually 5-30 cm3) (1 3, 37, 38, 39,40). 

The acquisition of data from localized regions within the sample requires using 

pulsed magnetic field gradients (46) which are described in Section 1.2.2. 



Althoug h necessary for localization, pulsed rnagnetic field gradients produce 

spectral artifacts. These artifacts are described in detail in Sections 1.3.1-1.3.4. 

In contrast, high resolution in-vitro spectroscopy requires no localization since 

samples are typically only a few rnilliliters in volume (43). 

Despite these limitations, in-vivo spectroscopy is an invaluable research tool 

since it can be used to non-invasively measure many important metabolites. 

1.1 -4 Field Strength Considerations 

As already mentioned, in-vivo spectroscopie data can be acquired at a variety of 

field strengths (0.5 T - 4.0 T) (41 ,42,47). Each field strength has advantages 

and disadvantages as described in detail in Chapter 3. Generally speaking 

higher field strengths are advantageous because SIN scales proportional to field 

strength (45) and Larmor precession frequency (equation 1-1) is directly 

proportional to field strength resulting in increased chernical shift dispersion 

(peak separation). 

The signal to noise ratio of a spectroscopy experiment scales directly 

proportional to field strength and sample size (48, 49). Therefore, the increased 

signal to noise ratio at higher field strengths can be traded for a reduced sample 

size while still maintaining adequate signal to noise ratio for reliable 

quantification. Since partial volume effects (gray/white matter) are a concern in 

neuro-spectroscopy, any reduction in volume size reduces partial volume 

contamination and may lead to more precise results. 



The second advantage to high field spectroscopy relates to the increase in 

chemical shift dispersion. This is due to the increased absolute frequency 

difference between resonances as field strength increases (equation 1-1 ). 

However, this increase in peak separation does not apply to peaks that arise due 

to J-coupling (which is field strength independent). Therefore, the separation of 

multiplet structures increases (Figure 1-10) on an absolute scale while the same 

is not true for the lines within a multiplet stmcture. This may lead to an increase 

in quantification precision because multiplets from different molecules (glutamate 

and glutamine) which are overlapped at low field strengths may now be resolved. 

There are also several disadvantages to high field spectroscopy that will only be 

briefly mentioned. First, the increase in field strength will cause an increase in 

rnagnetic field distortion at boundaries between substances with different 

magnetic susceptibilities (air, bone, tissue). lncreased field distortion rnay even 

occur at the microscopic level within tissue leading to an overall decrease in 

magnetic field homogeneity within the volume studied (50). Reduced magnetic 

field homogeneity results in reduced spectral resolution (line broadening), 

aithough this effect may be partially offset by increased chemical shift dispersion 

and reduced sample sized at the higher field strength. 

The second major disadvantage is related to eddy current effects (51, 52) 

induced by gradient coi1 vibration (Section 1.3) caused by the application of 

magnetic field gradients for spectral localization. These eddy current effects 

which lead to spectral distortions and an overall reduction in SIN are described in 

detail in Section 1.3 and Chapter 3. 



7.2 Data Acquisition 

1.2.1 Introduction to Data Acquisition and Localkation 

Data for the studies described in this thesis were acquired on either a Siemens 

1.5 Tesla SP4000 magnetom (Chapters 2. 5, and 6). a Siemens 1.5 Tesla Vision 

(Chapter 3). or a SiemensNarian 4.0 Tesla hybrid (Chapter 3). Data acquisition 

parameters are given in each chapter as required. The study of specific brain 

structures required the localization of data acquisition to within particular cerebral 

volumes. There are a number of different methods available for spectral 

localization, for example. surface coi1 methods (53). image selective 

spectroscopy (ISIS) (54), projection presaturation (55), point resolved 

spectroscopy (PRESS) (56). and stimulated echo acquisition mode (STEAM) 

(57). Surface coi1 methods have been used to study cerebral tissue near the 

skull; however they are not effective for the localization of structures deep within 

the brain. ISIS has been used mainly for 3 1 ~  spectroscopy since there is very 

little delay time between excitation and data collection. This is important for 3 ' ~  

spectroscopy where signal decay times are rnuch less than that seen in 'H 

spectroscopy (T2* - 15-20 ms for 3 1 ~  metabolites versus T2* - 45-60 ms for 'H 

metabolites). ISIS is a subtraction technique and thus is more sensitive to 

motion artifacts than either PRESS or STEAM. PRESS and STEAM are both 

used extensively for localized proton spectroscopy. Both have advantages and 

disadvantages. although as will be explained in the next section. STEAM 

localized spectroscopy may have advantages over PRESS, especially at high 

fields. 



1 -2.2 Stimulated Echo Acquisition Mode (STEAM) Localized Spectroscopy 

In order to localize data collection to a particular volume within the brain. the 

spins within that volume must be uniquely excited compared with spins outside 

the volume of interest. This can be achieved using rnagnetic field gradients 

combined with frequency limited radio frequency (RF) pulses. The combined 

action of a rnagnetic field gradient and frequency limited RF pulse excites a slice 

of spins within the sample - slice selective excitation (48). Typically sinc shaped 

RF pulses are used giving an approximately rectangular excitation frequency 

range (48). 

When placed within the static rnagnetic field Bo, al1 spins within the sarnple 

experience the same magnetic field, assurning a perfectly hornogeneous Bo field 

throughout the sample and no electronic shielding. A rnagnetic field gradient 

rnay be applied along any direction within the sample using gradient coils 

causing spins within the sample to precess at frequencies determined by their 

spatial localization. Therefore, a frequency selective RF pulse c m  be used to 

excite a slice whose thickness is determined by the strength of the magnetic field 

gradient and the bandwidth of the RF pulse (48). 

A specific volume within the sample rnay be excited by repeating this slice 

selection three times in orthogonal directions. Only a cube at the intersection of 

al1 three slices will experience al1 three excitations (Figure 1-1 2). The selective 

excitations illustrated in Figure 1-1 2 are ideal. In practice, slice selection profiles 

are not perfectly rectangular resulting in selected volumes that are not exactly 

cubic (58). 



Figure 1-12: Volume Selection 

A specific volume of tissue can be excited by repeated slice selection in three 

orthogonal directions. Following the third slice, only a cube at the intersection of 

al1 three slices experiences al1 RF pulses and is refocused. 

Any sequence that uses three selective RF pulses to generate a measurable spin 

signal may be used in conjunction with slice select gradients to localize data 

acquisition. Both PRESS and STEAM sequences meet these requirements. 

PRESS consists of a 90 - TEf4 - 780 - TE12 - 180 - TEf4 - Acquire sequence 

which generates a spin-echo at time TE. STEAM consists of a 90 - TH2 - 90 - 

TM - 90 - TEf2 - Acquire sequence, which generates a stimulated echo at tirne 

TE. The values 90 and 180 in the above sequence descriptions represent the flip 

angle irnparted to the irradiated spins. 

Another complication of in-vivo 'H spectroscopy is the signal from water within 

the volume studied. Since the concentration of water in the sample is -1 0000 

times the concentration of most metabolites, the water signal must be 



suppressed to avoid problems associated with the dynamic range of the receiver 

and overlap of the water signal with metabolite signals. The method of water 

suppression used in this thesis is called CHESS (59). This method of 

suppression involves selective excitation of the water resonance (using a 

Gaussian shaped pulse) followed by crusher gradients to destroy the signal in 

the transverse plane. The process of selective excitation followed by gradient 

crushers can be repeated multiple times. 

CHESS Water Suppression l STEAM Sequence 

Gradient 2 A A - - 

Figure 1-13: Schematic of STEAM sequence used at 4.0 Tesla 

The STEAM sequence used for in-vivo data acquisition at 4.0 Tesla. The initial 

part of the sequence uses three frequency selective Gaussian pulses and half 

sine cnisher gradients for water suppression. The second part uses three 7 lobe 

sinc frequency selective pulses for localization. TE was 20 ms and TM was 30 

rns for studies conducted in this thesis. 

Studies perforrned within this thesis used the STEAM method of localized 

spectroscopy. STEAM has several advantages over PRESS, although it also 

has one major disadvantage - a factor of two decrease in SIN (omitting 

relaxation effects). First, slice selection profiles are better with STEAM 



cornpared to PRESS. This is because 90 degree excitation pulses are used for 

localization in STEAM, which produce less off resonance distortion (48) 

compared to the 180 degree pulses used in PRESS. Second, since 90 degree 

pulses and associated rewind gradients are typically shorter than 180 degree 

pulses, the echo times (TE) achievable using STEAM are leçs than those 

achievable using PRESS. This allows data collection with reduced T2 weighfing 

and J-coupling phase modulation effects (Section 1.0.3). 

1 -2.3 Typical Experimental Protocol 

Typical experimental protocols for in-vivo experiments involved the following 

general steps: global shim, acquisition of localizer images, local shim. and data 

acquisition. Localizer images were used to position the volume from which 

spectroscopic data were collected. A typical tirneline is presented in Figure 1-14. 



Subject placed within the magnet 

T h e  (Minutes): O 
7 

12 
17 
25 
30 

Usually not 
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Global shun 
Localizer images acquired 
Location of 1st volume positioned 
Local shim 
Sequence parameters optimized 

1st spectnim acquired J 
3D volurnetric images acquired 

Section A repeated for second location 

Section A repeated for third location 

Figure 1-14: In-vivo Experirnental Timeline 

Timing requirements for a typicai in-vivo experiment. 

1.3 Da ta Quantification 

1 -3.1 Lineshape Distortion 

Spectroscopic data may contain lineshape distortions. These distortions are 

either caused by temporal or spatial fluctuations in Bo (52, 60, 61). This section 

describes artifacts that cause temporal Bo fluctuations. Artifacts caused by 



spatial Bo fluctuations are described in section 1.3.2. Generally, the precession 

frequency of each resonance in a spectrurn is given by equation 1-5. 

Where oj(r,t) = frequency of resonance j at position r and tirne t 

Y = the gyromagnetic ratio 

Bo, j(r,t) = rnagnetic field felt by resonance j at position r and 

tirne t 

The acquisition of data from localized brain regions in these studies was 

accomplished using a frequency selective localization technique: STEAM. 

Localization was achieved by combining frequency selective RF pulses with 

pulsed magnetic field gradients as described in section 1.2.1. One drawback of 

such a technique is that the rapid switching of rnagnetic field gradients induces 

eddy currents in conductive structures within the magnet (bore and cryostat) by 

induction (Lenz's Law) (36). Rapid switching of magnetic gradient pulses also 

leads to gradient coi1 vibration (due to the torque and thrust experienced by the 

gradient coii from the main magnetic field). Both induced eddy currents and 

gradient coi1 vibration are regionally specific and can last for more than several 

hundred milliseconds. Artifacts produced by gradient coil vibration increase with 

field strength as the forces on the gradient coi1 increase resulting in more 

vibration. Both induced eddy currents and gradient coil vibration produce 

characteristic artifacts which rnodulate the magnetic field term of equation 1-5 as 

described by equation 1-6. 



Where 80 = average magnetic field strength across sample - Bo drift cause by eddy currents 

A B o ,  = BO vibration caused by gradient coi1 motion 

ABogs = Bo spatial dependence (section 1.32) 

= time 

= position 

= decay constant of Bo drift 

= frequency of Bo vibration 

E phase offset of Bo vibration - decay constant of Bo vibration 

E shielding constant of peak j 

For the time being (until section 1.3.2) we will assume a homogeneous Bo field 

within the sample, therefore ABoVs(r) = O in equation 1-6. The effects of ABomo and 

ABovv on spectral lineshape are shown in Figures 1-1 5, 1-1 6, and 1-1 7. 
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Figure 1 -1 5: Eddy Current Lineshape Distortion 

The effect of Bo drift on spectral lineshape. This is a sirnulated unsuppressed 

water peak with no noise. The distortion shown above is the result of a 10 Hz Bo 

drift with a decay constant of 5 Hz as described by equations [l-51 and 11-61. 

Frcqucncy (P) 

Figure 1-16: Gradient Coil Vibration Lineshape Distortion 

The effect of gradient coi1 vibration on spectral lineshape. This is a çimulated 

unsuppressed water peak with no noise. The distortion above is the result of a 

100 Hz vibration with a decay constant of 5 Hz as described by equations [1-51 

and [l-61. 



Figure 1-17: Combined Eddy Current and Gradient Coil Vibration Lineshape 

Distortion 

The combined effect of Bo drift and gradient coi1 vibration as described in Figures 

1-1 5 and 1-1 6 on a simulated unsuppressed water spectrum with no noise. 

These artifacts are also present on the in-vitro creatine spectrum shown in Figure 

1-18. 

1.3.2 Post-Processing using Eddy Current Correction (ECC) 

The spectral distortions described above are severe and if left uncorrected would 

render a typical spectrum unquantifiable. However, several groups have 

described eddy current correction techniques that can be used to remove the 

above artifacts (51 , 52, 62, 63). All are based on the acquisition of a reference 

spectrum that contains a single peak on resonance. Therefore, any observed 

tirne dependent phase changes present within this reference signal can be 

attributed to eddy currents. Since the same eddy currents which cause distortion 

of the reference spectrum also cause distortion of the water suppressed data 



spectnirn, the phase of the reference peak can be subtracted from the phase of 

the data spectrum to rernove any time dependent phase distortions. This 

process is described in detail in Appendix A. 

Figures 1-1 8 and 1-1 9 show 4.0 Tesla in-vitro spectra of creatine before and after 

eddy current correction using the method described above. 
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Figure 1-18: in-Vitro Spectrum with Eddy Currents at 4.0 Tesla 

Creatine (Cr) in-vitro spectnim at 4.0 Tesla before eddy current correction. Both 

Bo drift and gradient coi1 vibration artifacts are visible on each peak. 
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Figure 1-19: In-vitro Spectrum Following Eddy Current Correction at 4.0 

Tesla 

Creatine (Cr) in-vitro spectrum at 4.0 Tesla following eddy current correction. 

60th Bo drift and gradient coi1 vibration artifacts have been removed. 

1 -3.3 Post-Processing using QUALIN Deconvolution 

Althoug h simple and effective, the eddy CU rrent correction described above 

removes only time dependant variations in offset frequency. Another source of 

lineshape distortion arises from spatially dependant variations in offset frequency 

ABoBs(r). A simple method of removing spatially dependant (as well as time 

dependant) variations in offset frequency, called QUALITY deconvolution, has 

been developed by De Graaf et al. (60). Following this correction process. which 

is fully described in Appendix B, spectral lines are purely Lorentzian. 



Restoration of the Lorentzian lineshape is important when processing spectra if 

Lorentzian functions are used to mode1 peaks during quantification. Therefore. it 

would seem that the QUALITY deconvolution is the optimal method for correction 

of spectral artifacts. However, this method also suffers from one significant 

problem. Typically unsuppressed water is used as the reference spectrum for 

these corrections. However, the T2 of water is significantly shorter (-80 ms) (64, 

65) than that of rnost metabolites (-200400 rns) (21.66). Therefore the time 

domain reference data decays to noise prior to the water suppressed data which 

contains the metabolite information. Consequently, the application of the 

QUALITY deconvolution leads to a 'division by zero' near the end of the time 

domain data causing a corruption of these points. This is not usually a problem 

in-vitro where signals remain intact for > 1 second however is a considerable 

problern in-vivo as shown in Figure 1-20. To contrast this, Figure 1-21 shows the 

same data in the time domain following ECC correction. 



Figure 1-20: In-vivo Time Domain Signal following QUALITY Deconvolution 

at 4.0 Tesla 

4.0 Tesla in-vivo tirne domain data showing the corruption of points near the end 

of the tirne domain signal following QUALITY deconvolution. Corrupted points 

occur between approximately 230-300 ms. 

Figure 1-21 : In-vivo Time Domain Signal following Eddy Current Correction 

at 4.0 Tesla 

4.0 Tesla in-vivo time domain data following ECC correction. There is no 

evidence of corrupted data points similar to those shown in Figure 1-1 9 near the 

end of the time dornain signal. 



1.3.4 Combined ECC and QUALlTY Deconvolution 

As described in section 1.3.6. spectroscopic data is modeled using a Lorentzian 

function. Therefore it is critical that al1 time and spatial dependent Bo fluctuation 

artifacts be removed from the data prior to quantification. For this purpose the 

QUALlTY deconvolution is the superior technique. However as described in 

section 1.3.3, when this technique is applied to in-vivo data, often points near the 

end of the time domain signal become compted. This is not true of the eddy 

current correction technique described in section 1.3.2, although consequently, 

this technique does not correct spatially dependent Bo fluctuation artifacts. 

A better approach is to combine these two techniques by applying a QUALITY 

deconvolution to the initial portion if the time domain signal, followed by a simple 

eddy current correction for the remaining points. In this way, data is partially 

restored to the Lorentzian lineshape and data at the end of the time dornain 

signal is uncornipted. The point at which the quality deconvolution ends and 

eddy current correction begins is somewhat arbitrary, although this point should 

be chosen to rnaximize the restoration of the Lorentzian lineshape while 

minimizing data corruption. Additional details regarding this technique are given 

in the Methods section of Chapter 3. The time domain signal shown in Figure 1- 

22 has been processed by combined QUALlTY deconvolution and ECC 

correction: 



Figure 1-22: Time Domain Signal after Combined QUALITY Deconvolution 

and Eddy Current Correction 

4.0 Tesla time domain data following the use of combined QUALITY 

deconvolution and ECC correction. QUALITY deconvolution was used for the 

initial 100 ms of signal followed by ECC correction for the remaining data. 

1 -3.5 Su btraction of Residual Water 

Following the spectral post-processing described in sections 1 -3.2-1.3.4, the 

residual water signal must be removed frorn the spectrum (67). This is important 

as the wings of the residual water signal can extend beneath the region of the 

spectrum that contains important metabolite information. If left within the 

spectrum and unaccounted for, this area from the water peak could cause 

metabolites that overlap with it to be overestimated. In the past, water has not 

always been removed prior to quantification. In these experiments spectra were 

manually phase corrected in the frequency domain to reduce the effect of the 

water wings (14). This process is highly user interactive and can reduce 

metabolite quantification precision. In an attempt to remove operator interaction 

from the fitting procedure, al1 spectra in these studies had residual water 



removed using an automated linear fitting routine which required no prior 

knowledge (30, 29, 68). This automated procedure incorporates a singular value 

decomposition of the data as described in Appendix C. 

Using tnis technique, each spectrum was fit to a series of damped exponential 

functions, each with independent amplitude, frequency. phase, and exponential 

damping. The residual water component was also fit since it is contained within 

the spectrurn. Since no restrictions are imposed on peak parameters, multiple 

peaks can be used to fit the residual water peak resulting in excellent agreement 

between data and fit results (even in the case of irregular lineshapes). The 

results of this fit were used to subtract the residual water signal prior to 

metabolite quantification by subtracting resonances between 4.5-5.5 ppm (water 

- 4.7 ppm). The result was a spectrum without residual water as illustrated in 

Figures 1-23 and 1-24. 
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Figure 1-23: ln-vivo Residual Water at 4.0 Tesla 

4.0 Tesla in-vivo spectrum showing residual water peak at -4.7 ppm. This 

spectrum has been filtered with a 2 Hz exponential filter in the time domain prior 

to Fourier transform. 

Figure 1-24: ln-vivo Residual Water Removed at 4.0 Tesla 

The 4.0 Tesla in-vivo spectnim shown in Figure 1-22 following the subtraction of 

residual water. This spectrurn is also filtered by a 2 Hz exponential filter in the 

time domain prior to Fourier transforrn. 



1 -3.6 Metabolite Quantification 

Following the subtraction of the residual water, metabolite levels were quantified 

using equation 2-1 in Chapter 2. As quantification was done in the time domain, 

the Fourier transforrn was never applied to the data except when viewing results, 

as it is more visually intuitive to view results in the frequency domain. The model 

function used contained both exponential and Gaussian damping terms, which 

may be exploited to obtain the best spectral fits. Gaussian damping was used to 

mode1 macromolecule resonances as described in Section 1.3.8 and Chapter 2, 

despite the restoration of Lorentzian lineshapes following QUALITY 

deconvolution. The simplicity of the Gaussian model function in the time domain 

is perhaps the most compelling reason to quantify data in this domain. The 

Fourier transform of the Gaussian damping term has a closed form only when the 

function exists from negative infinity to positive infinity in the time domain 

(analogous to collecting the NMR signal from an entire echo). Usually, only a 

portion of an echo is sampled (Le. the second half), or data is obtained as a FID. 

In this case. the shape of the Gaussian damping curve is easily modeled in the 

tirne domain by incorporating a parameter for delay time (to) into the model 

function (see equation 2-1 ). However, when applying the Fourier transform to 

the Gaussian function, the incorporation of the parameter is equivalent to 

integrating from to to infinity. The solution does not have a closed form and is 

solved numerically using the error function (69). This will increase the time 

required for fitting since the model function and its partial derivatives must be 

calculated numerically. 

Quantification of metabolite levels was achieved using a Levenberg-Marquardt 

non-linear minimization algorithm (70) incorporating prior knowledge about 



metabolite resonances (14, 15, 66). In contrast, the linear technique described in 

section 1.3.5 for water subtraction, which gives excellent looking fits, does not 

incorporate prior knowledge and yields physiolog ically meaning less results. This 

is due to the nature of the in-vivo spectnirn which is composed of multiple 

overlapping resonances. Without the incorporation of prior knowledge into the 

fitting process, it would be impossible to resolve the contribution made by 

individual metabolites to the spectnirn. The Levenberg-Marquardt minirnization 

technique is described in detail in Appendix D. 

Following the application of the Levenberg-Marquardt rninirnization, a set of 

parameter estimates were obtained which yielded the amplitudes, damping 

constants, phase, delay time, and frequencies of each metabolite in the 

spectrum. The values of the amplitude parameters are directly proportional to 

the concentration of the metabolite they represent. 

Since initial values rnust be given for each parameter at the start of the fitting 

routine, the final outcome is somewhat dependant on the initial guesses. 

Therefore, it is wise to choose initial guesses which are reasonably close to the 

expected values, or else the fitting routine may become 'stuck' in a local 

minimum of pararneter space and yield sub-optimal results. 

1.3.7 Metabolite Prior-Knowledge 

Due to the complexity and low resolution of in-vivo short echo 'H spectra, reliable 

metabolite quantification is only possible if prior-knowledge regarding individual 

metabolite lineshapes is utilized. Without such prior-knowledge it is impossible to 



distinguish individual metabolites in the spectrum, which is necessary to 

determine the concentration of each metabolite. Prior-knowledge for 

quantification was obtained by acquiring a "high resolution" short echo 'H in-vitro 

spectrum of a solution of each metabolite using the same acquisition sequence 

that was used to collect in-vivo data. This was repeated at 1.5 Tesla and 4.0 

Tesla. Each solution was adjusted to an in-vivo pH of 7.04 using HCI and NaOH 

and contained TSP as a reference for chernical shift and exponential damping. 

Prior-knowledge was obtained regarding twelve metabolites which are 

observable in the short-echo in-vivo 'H spectnim. These included: N- 

acetlyaspatate (NAA), glutamate (Glu), glutamine (Gln). y-amino-butyric acid 

(GABA), aspartate (Asp), N-acetylaspartyl-glutamate (NAAG), taurine (Tau). 

glucose (Glc), choline (Cho), creatine (Cr), scyllo-inositol (Syl), and myo-inositol 

(Myo). Sample in-vitro spectra are shown in Figures 1-1 O and 1-25 for glutamate 

and glutamine at 1.5 and 4.0 Tesla. Chapter 2 also contains the 1.5 Tesla in- 

vitro spectrum of N-acetylaspartate (Figure 2-1). 
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Figure 1-25: In-vitro Spectra of glutamine (ûln) at 1.5 and 4.0 Tesla 

In-vitro spectrum of glutamine at 1.5 Tesla (top) and 4.0 Tesla (bottom). The 

chemical structure of glutamine is show between the two spectra. The TSP 

reference standard is visible on the right side of both spectra. Resonances from 

the a, p, and y multiplet structures are indicated. 

1 -3.8 Macromolecule and Baseline Prior-Knowledge 

Uncharacterized resonances on the spectral baseline present the single rnost 

significant barrier to reliable quantification (1 6) of short echo ' H spectra. These 

resonances have been attributed to signals arising from macromolecules within 

the cell. Most likely, these signals corne from amino acids (Le. glutamate and 

glutarnine) which have been incorporated into larger slow moving molecules such 

as proteins (1 6). Macromolecule resonances can Vary largely between 

individuals and may contribute significant area to a spectrum. Therefore failing to 



account for area they represent in a spectrum will lead to the overestirnation of 

other metabolites. 

Two approaches may be taken to account for macromolecule resonances: 

baseline fitting, or modeling. Baseline fitting has been attempted by Provencher 

(1 5) in the frequency domain with some success. However, this approach is 

somewhat arbitrary, and leads to fits which look good but may not be correct. 

Therefore modeling macrornolecules was considered a more rigorous approach. 

When modeling macromolecules, two routes may be taken. The first consists of 

measuring the macromolecule contribution to a spectrum with a separate data 

acquisition. This method was proposed by Behar et al (1 6) and requires the 

addition of an inversion pulse prior to the acquisition sequence. When applied at 

an appropriate tirne prior to the sequence, the metabolite signal is nulled leaving 

only macromolecule signal. However, this experiment has three drawbacks. 

First, the longitudinal relaxation rates of each metabolite Vary (1.1 5 s and 1.29 s 

for Cho at 1.5 T and 4.0 T respectively vs. 1.55 s and 1 -72 s for Cr at 1 -5 T and 

4.0 T respectively (50, 57)). Therefore the tirne chosen to apply the inversion 

pulse will not result in the complete nulling of al1 rnetabolite signals. Second, the 

rnetabolite nulled spectrum requires an acquisition tirne at least equal to that of 

the original spectrum. This effectively doubles the data collection time (from 

approximately 10 minutes to 20 minutes). Third, because a subtraction of one 

spectrum from another is required, this technique is sensitive to patient motion. 

Due to the above limitations another approach was attempted. This approach 

exploited the information obtained by Behar et a1 (1 6) regarding the chemical 

shifts of these broad metabolite resonances. These shifts were then used to 



model the macromolecules using Gaussian lineshapes (as described in Chapter 

2). Using this approach we were able to measure metabolite levels which were 

consistent with concentrations previously reported in the fiterature. Therefore, 

this approach was used to quantify in-vivo spectra for clinical applications 

(Chapters 5 and 6). 

1.3.9 Prior-Knowledge Constraints 

In-vitro metabolite spectra were modeled using Lorentzian lineshapes. These 

rnetabolite lineshape models were then used for in-vivo fitting. Metabolite shifts 

and widths were fixed relative to each other by relating thern back to the TSP 

reference peak in each in-vitro spectrum. Only metabolite amplitudes were 

unconstrained. Two assumptions were made using this approach, first, the in- 

vitro chemical shifts, darnpings, and amplitudes of metabolites are the same in- 

vitro and in-vivo, and second, that rnetabolite lineshapes are Lorentzian. 

Therefore, the fitting routine varied the individual metabolite amplitudes, and the 

overall shift, width, phase, and delay time of the metabolite lineshapes to 

rninimize the difference between the "estimated" spectrum and the original data. 

The constraining of metabolites and underlying assurnptions are described in 

more detail in Chapters 2 and 3. 

1.3.1 0 Absolute Metabolite Quantification 

Rather than normalizing metabolite levels relative to a component of the 

spectrurn (such as PCrfCr and Cho), rnetabolite levels were normalized relative 

to the concentration of interna1 water from the same region studied (71, 72). 



The use of PCrICr andlor Cho levels for normalization has two major 

disadvantages. First. there is no guarantee that the level of these metabolites is 

consistent between individuals, especially between individuals exhibiting 

symptoms of illness and control subjects. Second, there is always some 

uncertainty in the quantified level of these metabolites. This is especially true for 

short echo 'H spectroscopy which has -10% coefficient of variation (CV) for 

PCrfCr and Cho. Therefore, normalization of other metabolites to the Ievels of 

PCrICr or Cho increases the error in the ratio. 

The use of intemal water as a quantification standard is advantageous because 

the concentration of water is approximately 10000 times greater than that of most 

metabolites. Therefore it can be quantified with greater precision. However. the 

MR signal from water within a voxel may change between individuals due to 

partial volume of graylwhite matter and CSF. Also, water relaxation times (Ti 

and T2) or concentration rnay change in some disease states and cause incorrect 

metabolite normalization. However, this would cause a systematic increase or 

decrease of al1 metabolite levels in a particular subject group. Therefore, such 

changes could be easily identified. Metabolite levels were not corrected for 

metabolite relaxation times (Ti and T2) or concentration differences in graylwhite 

matter since the correction factors required are not known for al1 metabolites. 
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Chapter 2 

Factors Affecting the Quantification of Short Echo In-Vivo IH 

Spectra: Prior-Knowledge, Peak Elimination, e il te ring' 

By Robert Bartha, Dick J Drost, Peter C Wiliamson 

With short TE (20 ms) 'H in-vivo brain MR spectroscopy (MRS), biologically 

important metabolites such as glutamate, glutamine, and y-aminobutyric acid can 

be detected with minimal distortions due to J-coupling effects (1 ). Differences in 

the levels of these metabolites, as well as others (1, 2, 3, 4), may help determine 

the pathophysiology involved in illnesses like schizophrenia, obsessive 

compulsive disorder, and Alzheimer's disease. However, the quantification of 

many of these metabolites has been difficult resulting in coefficients of variation 

(CV, metabolite standard deviation divided by mean metabolite level x 100 %) 

ranging from 10 - 50% and sometimes even larger (2, 3, 4). Sources of variance 

1 A version of this chapter has been accepted for publication 

Bart( R, Drost DJ, Williamson PC. Factors Affecting the Quantification of Short Echo In- 
Vivo H Spectra: Prior-Knowledge, Peak Elimination, Filtering. NMR in Biomedicine (in 
press). 



include, voxel placement (partial volume error), the stability of the data 

acquisition (eddy currents and frequency drift). the rnethod of correcting for 

lineshape distortions, incorrect prior knowledge (especially regarding the spectral 

baseline), the method of referencing (to water or metabolite), patient motion, 

patient mental activity, and normal biological variation. The low precision of 

metabolite measures means that subtle metabolite level differences that rnay 

exist between patients and matched controls can go unnoticed. Therefore, 

improvements in the precision of current quantification techniques are required to 

observe subtle changes in brain chemistry between patients and controls and to 

monitor metabolite level changes over time due to disease progression or drug 

treatments. This work is an extension of the quantification methodology 

previously developed in Our lab for short echo 'H MRS data (2). Both techniques 

utilize prior knowledge frorn parameterized in-vitro metabolite spectra. However, 

current improvements include the development of data quantification in the time 

dornain (vs. frequency domain), the elimination of user interactive zero and first 

order phasing (phase and delay tirne are incorporated as fit parameters in the 

model function), the elimination of Lorentzian-to-Gaussian resolution 

enhancement, the inclusion of macrornolecule resonances in the prior 

knowledge, and the modeling of resonances outside the spectral region of 

interest. 

Short TE in-vivo 'H MR spectra are difficult to quantib precisely at low field (1.5 

Tesla) for several reasons. The rnost obvious is that the chemical similarity of 

rnetabolites like glutamate, glutamine. and y-aminobutyric acid lead to broad, 

overlapping resonances which are difficult to distinguish. Historical methods 

such as area integration or simple cuwe fitting (5) do not work because these 



methods are unable to resolve overlapping metabolites. Linear prediction 

algorithms which incorporate Lorentzian model functions have been used in an 

attempt to improve the accuracy and precision of metabolite level estirnates (6, 7. 

8, 9) in simple spectra. However, these algorithms are unable to include prior 

knowledge to help resolve overlapping resonances with low signal to noise ratio 

(SIN) making them inappropriate for the quantification of short echo 'H MR 

spectra. In contrast, non-linear iterative fitting procedures (1 0, 1 1, 12, 13) can 

incorporate prior knowledge to aid in the distinction of overlapping resonances. 

Therefore, the use of a non-linear iterative procedure can lead to more accurate 

and precise metabolite level estimates, provided the included prior knowledge is 

correct. 

Non-linear algorithms can be implemented in either the time (measurement) 

domain or the frequency domain (after Fourier transform). Quantification of short 

TE spectra using prior knowledge from in-vitro metabolite spectra has been 

demonstrated in the frequency domain by several groups with varying degrees of 

success (2, 3). Quantification in the time domain has also been demonstrated 

(14, 15), and will give the same results as quantification in the frequency domain 

if both are done correctly (15, 16). However, one significant advantage to time 

domain quantification is the simplicity with which a Gaussian damping 

component that incorporates phase and delay time as fit parameters can be 

added to the mode! function to create the Voigt function (1 7). Such a function 

can only be approximated in the frequency domain (1 6, 17, 18) or must be 

calculated by numerical integ ration. This limitation makes the inclusion of a 

Gaussian damping component (with delay time as a fit parameter) impractical in 



the frequency dornain model fùnction, therefore we chose to do quantification in 

the t h e  domain. 

Prior knowledge for the quantification of multi-subject data sets must include 

information describing al1 resonances present in the in-vivo spectrum. Failure to 

represent al1 metabolites in the spectrum model (prior-knowledge) will reduce the 

quantification accuracy and precision of the included metabolites. Factors such 

as the domain used for fitting or whether in-vitro spectra are used outright (3) 

rather than first mathematically modeled (1, 2) to obtain prior knowledge are 

secondary to the completeness of the spectrum model. The spectrum model 

must accurately represent al1 resonances both inside and adjacent to the spectral 

region of interest (SRI) which extended from 1.9 - 3.5 ppm (with NAACHB 

referenced to 2.01 ppm) in this study. This region was chosen to avoid spectral 

distortions occasionally visible in spectra acquired near tissuelbone interfaces (at 

frequencies greater than 3.5 ppm), and to avoid uncertainty in the spectral 

baseline outside this region due to inadequately characterized macromolecule 

resonances. Previous short echo quantification has failed to include specific 

information about macromolecule resonances in the in-vivo spectral model 

leading to misfitting. These macromolecule resonances have been partially 

characterized by Behar et al (1 9 )  using extracts from human cytosol. In addition, 

resonances adjacent to the SRI must be accounted for unless they are well 

separated from the SRI (20). Failing to model outside resonances which overlap 

with the SRI will lead to the overestimation of resonance areas within the SRI by 

an amount proportional to the degree of overlap. 



The objective of this study was to detemine whether rnodeling both 

macromolecule resonances inside the SRI and resonances outside the SRI, 

using various rnodel functions and following the application of different filters, 

would improve in-vivo quantification precision. Metabolite precision was used to 

compare fitting strategies instead of accuracy, since 'correct' absolute metabolite 

levels are unknown. To this end, in-vivo repeated data from a single individual 

were quantified to eliminate inter-subject variability. Therefore, the variance 

observed in these measurernents can be attributed to the quantification 

techniques. and not inter-subject metabolite level differences, although some 

variance also anses from subject motion, possible changes in brain function, and 

hardware drift. 

2.1 Experimental 

2.1.1 Data Acquisition 

Prior knowledge was deterrnined from water suppressed (256 averages) and 

unsuppressed (80 averages) in-vitro metabolite data (2. 3, 14, 21 . 22) acquired 

on a Siemens SP4000 Helicon 1.5 Tesla magnet using a stimulated echo 

acquisition mode (STEAM) sequence (23) (TR=1500 ms. TE=20 ms, TM=30 ms. 

4096 complex points, 250 ps dwell tirne). Solutions of N-acetyl-aspartate (NAA) 

(Figure 2-1 ), glutamate (Glu), glutamine (Gln), y-aminobutyric acid (GABA), 

taurine (Tau). rnyo-inositol (Myo), glucose (Glc), aspartate (Asp), N- 

acetylaspartyl-glutamate (NAAG), and scyllo-inositol (Syl) were prepared as 

described in detail elsewhere (2). Each metabolite solution contained sodium 3- 

trimethylsilyl-propionic acid (TSP) as a reference for chemical shift (a) and 



Lorentzian damping (a) (24). In-vitro spectra (NAA is shown in Figure 2-1) had 

sufficient resolution (c 1 Hz full width at half maximum (FWHM) for unsuppressed 

water) to accurately detennine pnor knowledge about the relative chemical shifts 

(a), relative Lorentzian dampings (a), and relative amplitudes (c) of individual 

metabolite resonances. The chernical shift (ak) and Lorentzian damping (uk) of 

each resonance was calculated relative to the TSP resonance (mTSp, C L T ~ ~ )  before 

being added to the template of prior knowledge (Figure 2-1). This allowed the 

chemical shifts (ak) and Lorentzian dampings (ak) of al1 metabolites to be fixed 

relative to a comrnon 'spectrum' parameter (a, a), while relative resonance 

amplitudes (ck) were fixed relative to a cornmon 'metabolite' parameter (CNAA). 

Gaussian widths (P) were set to zero for al1 metabolites. Phase and delay tirne 

were also constrained by a comrnon 'spectrum' parameter (&-,, to respectively). 

Eight in-vivo water suppressed (25) STEAM spectra (TR=1500 ms, TE=20 ms. 

TM=30 rns, 4096 complex points, 250 ps dwell time, 200 averages) were 

acquired from a 2 x 2 x 2 cm3 vûlume in the media1 parietal lobe (containing 

mostly white matter) of a single subject without repositioning the subject between 

acquisitions. Following the acquisition of each water suppressed spectnim a 

water unsuppressed spectrum (30 averages) was also obtained. Prior to data 

collection, magnetic field homogeneity was optirnized manually over the entire 

head using linear (X, Y, and Z) and z2 shirn sets, and within the volume studied 

using the linear shims. The medial parietal region was chosen because of its 

homogeneity yielding in-vivo spectra with good resolution (4.34 I 0.02 Hz, 

FWHM for unsuppressed water). 



Constraints: 

Figure 2-1: In-Vitro Spectrum of NAA and Template of Prior Knowledge 

NAA portion of the template of prior-knowledge. The top of this figure illustrates 

the in-vitro NAA spectrum (light trace) along with the resulting fit (dark trace) and 

individual metabolite components (numbered 1-5) and TSP reference peak. The 

residual is shown beneath. The bottom of this figure illustrates the constraint of 

prior knowledge regarding NAA (described in text). 



2.1.2 Spectral Processing and Fitting 

lnitial pre-processing of al1 data consisted of either a QUALIN deconvolution 

(26) or an eddy current correction (27) to rernove eddy current distortions and in 

the case of the QUALITY deconvolution. to restore the Lorentzian lineshape. 

When QUALITY was used, data was also exponentially filtered with the decay 

constant set equal to the Lorentzian damping of the unsuppressed water 

resonance to restore the original linewidth of the spectrum which is reduced by 

QUALITY deconvolution. Any rernaining unsuppressed water was then removed 

from each spectrurn using a Hankel Lanczos Singular Value Decornposition 

(HLSVD) (7. 15) which required no pnor knowledge. Resonances between 4.1 

and 5.1 pprn (water - 4.7 ppm) as detemined by the HLSVD algorithm were 

subtracted from the data. 

A Levenberg-Marquardt non-linear minimization routine (28. 29) was then 

employed to fit the lineshapes incorporated in the template of prior knowledge 

(detailed in the next section) to the data. Initial parameter values were set so 

that the template of prior knowledge closely resembled the data to be fit. The 

model function shown in equation 2-1 was used in the time domain. 



j ( n )  = Sampled points along the estimated time domain signal at points n (n = 

'ly 2, . . . y  N). 

= Maximum number of resonances. 

= Maximum number of discrete sarnples. 

3 Resonance index (k = 1,2, ..., K). 

3 Chernical shift (frequency) of resonance k. 

= Amplitude of resonance k. 

= Lorentzian damping of resonance k. 

= Gaussian damping of resonance k. 

= Phase of resonance k (allows peaks outside the SRI to have 

independent phase). - Delay time (tirne between center of stimulated echo and first readout 

point). 

= DweIl time. 

Following the completion of the minimization routine (tolerance = 0.001 %), 

estimated metabolite levels were scaled using the unsuppressed water as an 

intemal standard (30, 31, 32). This yielded relative metabolite level estimates in 

arbitrary units. A further adjustrnent for Ti and T2 relaxation effects and partial 

volume would be necessary to convert metabolite levels to units of mMIL. This 



was not done since TA and T2 values were not easily available for each 

metabolite nor is there a consensus as to the relative rnetabolite levels present in 

white and gray matter for al1 the metabolites measured in this study. The 

estimated concentration of intemal H20 (55.12 MIL) was corrected for the 

cerebral spinal fluidfgray matterlwhite matter partial volume (using equation 2 in 

reference 2) assuming a ratio of 2%118%180%, prior to metabolite scaling. 

2.1.3 Prior Knowledge 

Prior knowledge (2, 3, 10, 12, 21, 22) obtained from the in-vitro metabolite 

samples was incorporated into the non-linear fitting routine to increase the 

degrees of freedom (number of points modeled minus total number of 

parameters) when in-vivo data were fit. This information stabilized the fitting 

routine and reduced fitting times. By using prior knowledge obtained from in-vitro 

samples it was assumed that in-vitro metabolite resonances had the same 

chemical shifis (a), relative Lorentzian dampings (a), and relative amplitudes (c ), 

as corresponding in-vivo metabolite resonances. 

In-vitro metabolite spectra had sufficient resolution for the manual identification of 

individual resonances (Figure 2-1). Accurate parameterization of each 

resonance (used to construct the spectrum template) was obtained by fitting the 

manually identified resonances to the in-vitro spectrum using a non-linear 

Levenberg-Marquardt minimization (4096 points and no exponential filter). Initial 

parameter values were manually chosen so that each modeled resonance 

closely resembled its counterpart in the in-vitro spectrurn. The high resolution of 

each in-vitro spectnirn enabled most resonances to be fit with separate chemical 



shift (a), amplitude (c ), and Lorentzian damping (a) parameters. However, when 

fitting most in-vitro spectra including myo-inositol, glucose. glutamate and 

glutamine, some low amplitude resonances were forced to have the same 

Lorentzian damping as nearby higher amplitude resonances to ensure 

convergence of the fit. This restriction was imposed on resonances that did not 

converge when initially fit with a separate Lorentzian damping constant. The 

zero order phase (9,) and delay time (b) of al1 resonances in a spectrum were 

each forced to have the same value. The Gaussian darnping (B) was set to O Hz 

for al1 in-vitro rnetabolite resonances because including the Gaussian damping as 

an additional parameter did not significantly irnprove in-vitro metabolite fits. 

The information describing resonance characteristics obtained frorn the individual 

in-vitro metabolite spectra was used to constrain metabolite lineshapes in the 

template of prior knowledge (Figure 2-1). First the chemical shift and Lorentzian 

darnping of each resonance in a metabolite spectrum was determined relative to 

the TSP (24) resonance. Peak amplitudes were also calculated relative to the 

largest resonance in the spectrum. These relative values were then used as 

offsets to relate each resonance's chemical shift and Lorentzian damping to the 

common 'spectrum' parameters o and a, while resonance amplitudes were fixed 

relative to a common 'rnetabolite' parameter such as c ~ m  in Figure 2-1. Zero 

order phase and delay tirne were also each constrained by the common 

'spectrum' parameters cp,and to, while Gaussian damping was fixed at O Hz for 

each peak. Metabolite amplitude parameters were not fixed relative to other 

meta bolites since relative meta bolite levels Vary between individuals and su bject 

groups. Constraining metabolites in this way, the fitting routine only varied one 



pararneter for Lorentzian damping, phase, delay time, and chemical shift. as well 

as a separate parameter for the amplitude of each metabolite when minirnizing 

the difference between the data and lineshapes within the template of prior 

knowledge. Resonances representing Cho and PCr/Cr were easily resolved in- 

vivo; therefore, the chemical shifts and Lorentzian dampings of these two 

metabolites were not constrained relative to the other metabolites. In clinical 

cases where Cho and PCr/Cr have low levels and are not easily resolved. the 

chernical shifts and Lorentzian dampings of these metabolites should be 

constrained using prior knowledge as descnbed above. 

Prior knowledge regarding macrornolecule resonances was also incorporated 

into the template of prior knowledge. Behar et a1 (19) have partially 

characterized these macromolecules and found distinct resonances to occur at 

2.05 ppm (M 2-05), 2.29 ppm. (M 2.29), and 3.00 ppm (M 3.00), within the 

spectral region of interest. The dampings of these resonances were determined 

experimentally in the time domain by fixing resonances at the three chemical 

shifts listed above and leaving both the Lorentzian and Gaussian dampings 

unrestricted. The resonance at 3.00 ppm was fit most reliably: therefore, al1 

macromolecule widths were based on its results. Its Lorentzian damping term 

was fit as O Hz in more than 50% of spectra and therefore set to zero, while its 

Gaussian damping t e n  averaged to 22.4 Hz. These damping values (a = O Hz. 

p = 22.4 Hz) were fixed in the template of prior knowledge for each 

rnacromolecule. 

Finally, the ternplate of prior knowledge was made to reflect the manner in which 

resonances outside the SRI were handled. When required, resonances outside 



the SRI were modeled using six resonances with shifts less than 1.9 ppm and 

four resonances with shifts greater than 3.5 ppm. All parameters describing 

these resonances (including Gaussian damping, and phase) were unconstrained 

except for delay time (b), which was forced to have the same value as 

metabolites within the SRI. 

2.1.4 Optimization of Fitting Strategy 

Repeated in-vivo data were used to determine the optimum fitting strategy. A 

cornparison was made between data post-processed using ECC correction and 

QUALITY deconvolution to detenine whether such post-processing could affect 

quantified metabolite levels. 

The optimum method for handling resonances adjacent to the SRI was then 

detenined using the first 512 ms (1 -2048 points) of data (there was no signal 

rernaining after 512 ms) with no exponential filter. Two distinct methods were 

tested: the first involved the removal of these resonances concurrent with the 

removal of residual water using the results of a fit with HLSVD; the second 

entailed modeling these resonances using Lorentzian, Gaussian, or Voigt 

lineshapes as described in the section on prior-knowledge. 

Since the total amplitude that macromolecule resonances contribute to the in- 

vivo spectrum has yet to be determined, metabolite level estirnates following the 

modeling of macromolecules using Lorentzian and Gaussian lineshapes were 

compared to metabolite level estimates made without macromolecule 

resonances included in the spectrum template. 



Finally. exponential and rectangular filters were applied to the data prior to 

quantification to assess the effect of these filters on metabolite level estimates. 

Seven different exponential filter strengths (dampings, D) (m ms, 637 rns. 31 8 

ms, 212 ms, 159 ms, 106 ms, and 64 ms) were applied at each of five 

rectangular filter strengths (widths) (1 024 ms. 51 2 ms. 256 ms. 128 ms, and 64 

ms). The following function was used to apply the exponential filter in the tirne 

domain: 

Where f(n) 3 applied exponential filter 

n = point index (n = 1, 2, .. ., N) 

D s exponential filter damping 

~t E Dwell time. 

In these tests, Gaussian macrornolecule resonances were included in the 

spectrum template, and resonances outside the SRI were modeled concurrently 

with resonances inside. 

In al1 experirnents. metabolite levels were compared using two-tailed t-tests 

(assuming equal variances) and two-tailed paired t-tests. Metabolite variances 

were also compared using one-tailed f-tests. When making multiple comparisons 

at the 0.05 level, a significant result will be found in 5% of comparisons by 

chance. Although considered conservative (33). the Bonferroni correction 



reduces the risk of finding a significant result due to chance by multiplying the 

significance level obtained for a test (t-test, f-test, correlation (34)) by the number 

of tests. Therefore, in this study p-values of less than 0.05 following the 

appropriate Bonferroni based correction (for 15 comparisons) were considered 

significant for al1 statistical tests. However, it must be recognized that increasing 

Type-1 error protection (by Bonferroni correction) decreases Type-2 error 

protection. 

2.2 Results 

Table 2-1 shows the results of fitting repeated in-vivo data from the parietal lobe 

in the time domain following QUALITY deconvolution (26) (Figure 2-2a) and ECC 

correction (27). The SIN of this data was 6.0 t 0.4 calculated as the NAA 

amplitude divided by the root mean square of the noise in the time domain signal. 

Metabolite level estimates (Table 2-1 ) were within expected limits based on 

previous metabolite level reports (2, 3.4). Paired t-test showed a significant 

increase in NAA and Cho following ECC correction compared with QUALITY 

deconvolution (pc0.05, DF=7) after Bonferroni correction. There were no 

significant differences in variance. 
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Post-Processinq Method 
Metabolite QUALIN ECC 

NAA 13.7 + 3.5%€ 14.2 r 3.4%Q 
Glu 

Gln 

GABA 

A ~ P  
NAAG 

Tau 

Glc 

Cho 

PCrICr 

S Y ~  

My0 
M 3.00 

M 2.05 

M 2.29 

Table 2-1 : Metabolite Levels Following QUALITY Deconvolution and ECC 

Correction 

Relative metabolite levels (arbitrary units) f CV for repeated (N=8) in-vivo data 

acquired on a single subject. Data were analyzed in the time domain following 

post-processing using QUALITY deconvolution and ECC correction as listed. 

Resonances outside the spectral region of interest (SRI) and macromolecules 

were modeled using Voigt and Gaussian lineshapes respectively. Data was fit to 

51 2 rns (1 -2048 points) with no exponential filter in al1 cases. Superscript letters 

indicate significant difference (paired t-test, pc0.05 following Bonferroni 

correction, DF=7) from Q (QUALITY post-processed data), or E (ECC post- 

processed data). 



Chernical Shift (ppm) 

Figure 2-2: In-Vivo 1.5 Tesla Spectra and Fit Results 

The results of fitting in-vivo data in the time domain (512 ms. 1-2048 points) 

following QUALITY deconvolution, modeling macromolecules with Gaussian 

lineshapes, and resonances outside the SRI (dotted lines) with Voigt lineshapes. 

Data is shown in the frequency domain for interpretation. Figure 2-2a shows the 

raw data (light trace) with corresponding fit result (dark trace), the individual 

metabolite components (described within the text), and the residual. Figure 2-2b 

shows the raw data (light trace) following su~traction of resonances outside the 

SRI with corresponding fit (dark trace) and residual (shown beneath). 



Figure 2-2a shows the results of fitting a single spectrum when resonances 

outside the SRI were modeled with the Voigt lineshape, while Figure 2-2b shows 

the same data and corresponding fit result after resonances outside the SRI were 

first subtracted. Fit metabolite spectra are shown in the following order. The first 

line shows NAA (N-acetyl-aspartate) followed by Glu (glutamate), Gln 

(glutamine), GABA (y-amino-butyric acid), Asp (aspartate), PCrICr 

(phosphocreatine fcreatine), Cho (choline), Tau (taurine), Syl (scyllo-inositol). 

M yo (rnyo-inositol), NAAG (N-acetyl-aspartyl-glutamate), macromolecu les (M 

3.00 and M 2.29). and finally the resonances fit outside the SRI. Glc (glucose) 

and M 2.05 (macromolecule) are not shown in Figure 2-2 as they were both 

quantified with a value of zero. Examination of the residuals produced after 

fitting each spectrum suggests that both methods of handling resonances outside 

the SRI produced reasonable looking fits. However, some differences in average 

metabolite levels and CV were observed as a consequence of the different 

methods of handling resonances outside the SRI (Table 2-2). Paired t-tests 

(p<0.05. DF=7) showed numerous differences (following Bonferroni based 

correction) between metabolite levels when different lineshapes were used to 

model resonances outside the SRI. Unpaired t-tests (p<0.05, DF=14) also 

showed significant differences (following Bonferroni based correction) in Tau. 

Myo, and M 3.00. when comparing modeling techniques with the elimination 

technique. M 2.05 showed a significant decrease in variance following 

Bonferroni based correction (pc0.05, DF=7) when outside resonances were 

subtracted, accompanied by a drarnatic shift in value frorn 0.4 to 7.3 arbitrary 

units. 



Model Function used Outside SRI 
Metabolite Lorentzian Gaussian Voigt Subtracted 

NAA 13.4 r 3.3%' 
Glu 

Gln 

GABA 

A ~ P  
NAAG 

Tau 

Glc 

Cho 

PCrlCr 

S Y ~  

My0 
M 3.00 

M 2.05 

M 2.29 

Table 2-2 : Effect of Model Functions for Region Outside the Spectral 

Region of lnterest 

Relative metabolite levels (arbitrary units) + CV for repeated (N=8) in-vivo data 

acquired on a single subject following use of different functions to model 

resonances outside the spectral region of interest (SRI). All data was fit to 512 

ms (1-2048 points) in the time domain with no exponential filter. Lorentzian 

refers to the Lorentzian mode1 function, Gaussian refers to the Gaussian model 

function, Voigt refers to the Voigt model function, and Subtracted refers to the 

case when outside resonances were subtracted (using the results from an 

H LSVD fit) prior to quantification. Superscripts indicate sig nificant difference 

(paired t-test, pc0.05 following Bonferroni correction, DF=7) from G (Gaussian), 

V (Voigt), S (subtracted), or L (Lorentzian). 



Table 2-3 summarizes the results of fitting the repeated in-vivo data when 

rnacromolecules within the SRI were fit with Gaussian lineshapes, Lorentzian 

lineshapes, or not modeled. The results showed large changes in estimated 

metabolite levels (>30 %) for several metabolites including GABA, Asp, Glc, 

PCrICr. and Myo. 



Model Function Difference 
Metabolite Gaussian Lorentzian None 

NAA 
Glu 

GIn 

GABA 

A ~ P  
NAAG 

Tau 

GIc 

Cho 

PCrlCr 

S Y ~  

My0 
M 3.00 

M 2.05 

M 2.29 

Table 2 3  : Modeling of Macromolecule Resonances in the In-Vivo 

Spectrurn Template 

Relative metabolite levels (arbitrary units) f CV for repeated (N=8) in-vivo data 

acquired on a single subject following various methods of modeling the 

macrornolecules within the SRI. Macromolecule chernical shifts were fixed at 

2.05 ppm (M 2.05). 2.29 pprn (M 2.29). and 3.00 pprn (M 3.00)'~, while dampings 

were fixed at 22.4 Hz (based on experimental results). 60th Lorentzian model 

functions (Lorentzian) and Gaussian model functions (Gaussian) were attempted 

as well as the cornplete omission (None) of any macromolecule resonances from 

the template of prior knowledge. Superscripts indicate significant difference 

(paired t-test, pc0.05 following Bonferroni correction, DF=7) from G (Gaussian), L 

(Lorentzian), or N (none). 



To determine whether the macromolecules interacted significantly with 

overlapping metabolite resonances bivariate correlations were calculated for 

metabolite measures following quantification with resonances outside the SRI 

modeled using the Voigt lineshape and macromolecule resonances inside the 

SRI modeled using a Gaussian lineshape. There were no significant correlations 

following Bonferroni based correction. Correlations were distributed both 

positively and negatively. 

Figure 2-3 describes the observed changes in metabolite levels and standard 

deviations as a function of exponential filter strength for five of the quantified 

metabolites (NAA, Glu, Gln, Cho, PCrICr) using a rectangular filter which 

extended to 512 ms. Although not shown here, other metabolites showed similar 

trends. These results indicate that metabolite levels change as a function of 

exponential filter strength, although some change substantially more than others 

(Gln level changed by -90 % following application of a 64 ms exponential filter, 

while NAA level changed only - 5 %). Figure 2-3 (bottom) also shows a general 

increase in the standard deviations of metabolite level estimates proportional to 

the applied exponential filter (inversely proportional to the total exponential 

damping). Similar changes in metabolite levels and standard deviations were 

observed when the experiment was repeated using different rectangular filter 

strengths. 
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Figure 2-3: Effect of Exponential Damping on Metabolite Quantification 

Absolute metabolite levels (arbitrary units, top plot) and standard deviations 

(arbitrary units, bottom plot) are shown for the metabolites NAA, Glu, Gln. Cho. 

and PCr/Cr as a function of total exponential damping (natural damping of 

unsuppressed water plus applied exponential filter in ms). Data were fit in the 

time domain to 51 2 ms (1 -2048 points) following QUALITY deconvolution, 

modeling rnacromolecules (Gaussian lineshape) and resonances outside the SRI 

(Voigt lineshape). Although not shown here, other metabolites also changed 

significantly with exponential filter. 



Figure 2-4 describes the observed change in metabolite levels and standard 

deviations as a function of rectangular filter strength for five of the quantified 

metabolites (NAA, Glu, Gln, Cho, PCrfCr) using data with no additional 

exponential filter applied (natural damping = 73.3 ms). Although not shown here, 

other metabolites showed similar trends. These results indicate that metabolite 

levels rernain constant after applying a rectangular filter until the filter begins to 

truncate real signal (instead of noise). In this data set signal truncation first 

occurred using a rectangular filter with a width of 256 ms. Figure 2-4 (bottom) 

also shows an increase in the standard deviation of metabolite level estimates 

following severe rectangular filter, especiaily for the metabolites Glu and Gln. 

Similar changes in metabolite levels and standard deviations were observed 

when this experirnent was repeated following the application of additional 
1 

exponential filtering. 
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Figure 2-4: Effect of Rectangular Filter on Metabolite Quantification 

Absolute metabolite levels (arbitrary units, top plot) and standard deviations 

(arbitrary units, bottom plot) are shown for the metabolites NAA, Glu, Gln. Cho, 

and PCrICr as a function of rectangular filter width (rns). Data was fit in the time 

domain with no additional exponential filter applied following QUALITY 

deconvolution, modeling macromolecules (Gaussian lineshape) and resonances 

outside the SRI (Voigt lineshape). Although not shown here, other metabolites 

also changed significantly as a function of rectangular filter. 



2.3 Discussion 

Prior knowledge to fit in-vivo data can be obtained by modeling and 

parameterking in-vitro metabolite data (2). or using the in-vitro data directly (3). 

In either case the in-vitro data must be free from artifacts and lineshape 

distortions. In this study, in-vitro data were modeled with Lorentzian lineshapes, 

while macromolecules and resonances outside the SRI were modeled with 

Lorentzian, Gaussian, or Voigt lineshapes. Since al1 model functions 

incorporated phase and delay tirne as fit parameters there was no operator 

interaction when quantifying spectroscopic data, which was necessary with some 

past analysis techniques (1, 2.4, 32, 35). 

With regard to resonances outside the SRI, optimal results (lowest standard 

deviations) were obtained in 13 of 15 metabolites when resonances adjacent to 

the SRI were included in the spectrum model as opposed to removing these 

resonances using HLSVD prior to quantification. When included in the spectral 

model, resonances adjacent to the SRI were fit concurrently with resonances 

inside the SRI allowing both groups to interact and reach the best fit. Three 

different lineshapes were used to fit resonances outside the SRI (Gaussian, 

Lorentzian, and Voigt). The use of the Gaussian lineshape caused almost al1 

metabolite levels to be quantified with values slightly higher than what was 

obtained using Lorentzian or Voigt lineshapes. In many cases, this was 

significant following Bonferroni correction (Table 2-2). Both the Gaussian and 

Voigt lineshapes resulted in lower metabolite CVs for 1 1 of 1 5 metabolites 

compared to the Lorentzian lineshape. Since the use of the Voigt lineshape did 

not significantly change the precision of metabolite estimates compared to the 



Gaussian lineshape, it may be the best choice for in-vivo modeling of resonances 

outside the SRI as it allows the maximum lineshape Rexibility. 

The inclusion of rnacrornolecule resonances in the spectrum mode1 was based 

on work by Behar et al (1 9). This rnethod was attempted because it is not 

practical to reduce the effects of macromolecules by not fitting the initial part of 

the FID. This is because the macromolecules are only about 6 Hz broader than 

rnost metabolites (T2z 44 ms (19) vs. T2 3 300 ms (35)). Therefore, in this data 

set, to eliminate rnacromolecule contributions (assuming macromolecule T2* P 36 

ms and waiting 5 x T2* for signal to decay) would require that the initial -1 80 ms 

of data be ignored. This would decrease metabolite SIN by a factor of (1 - e- 

'80'"5) = 0.80 (assuming metabolite T2* P 115 ms) for most metabolites, which is 

a significant arnount of signal for metabolites that are already at the limit of S/N 

for reliable quantification. The macrornolecule at 3.00 ppm was consistently fit 

with CV < 30% (Table 2-3). The omission of these macromolecules in the 

quantification led to significant changes in most metabolite areas. Most notable 

was the increase in area to GABA (247%) and PCrlCr (32%) which overlap with 

M 3.00. Comparing the ratios of GABA : Cho and PCrICr : Cho (Cho remains 

relatively constant regardless of how the macrornolecules are modeled) to 

estimates made by others (2, 3,4), it is clear that the omission of the 

macromolecules leads to an overestimation of GABA and PCrfCr. Further 

evidence for the overestimation of GABA cornes from the ratio of Glu : GABA 

which is -1.7:l when macromolecules are omitted. However, biochemical 

studies have shown the ratio of Glu : GABA to be closer to 4-5:l (36,37). The 

increase in GABA levels to account for spectral area previously occupied by M 

3.00 will influence the estimated level of other amino acids in the 2.05 to 2.40 



ppm range. The two other macromolecules at 2.05 ppm and 2.29 ppm had 

smaller areas and were not quantified as consistently as M 3.00 in this data set. 

Since there were no significant correlations between metabolite and 

macromofecule levels, the inclusion of the macromolecule resonances did not 

cause inconsistent rnisfitting of other metabolites, which would be indicated by 

significant negative correlations. 

Exponential filtering of data produced changes in metabolite level estimates and 

a decrease in precision (Figure 2-3). It was expected that exponential filtering 

would not affect metabolite level estimates, as this type of filtering does not alter 

rnetabolite amplitudes in the spectrum. However, for in-vivo spectra where there 

is heavy overlap between metabolites, the lost resolution after filtering ieads to a 

decrease in the ability of the fitting algorithm to resolve each rnetabolite. This 

was observed (Figure 2-3, top) as a progressively worsening misfit of metabolite 

amplitudes proportional to the applied exponential filter strength. This result 

suggests that caution rnust be taken when comparing results obtained from 

spectra with different resolution (due to shim), and stresses the importance of 

good in-vivo shims. It was also expected that some exponential filtering of the 

data would increase precision due to an increase in SIN following the filter 

application. However, the failure to produce this result suggests that where 

peaks are heavily overlapped, the negative effect of decreasing resolution from 

filtering outweighs the benefits in SIN gain. 

Rectangular filtering of data also produced changes in metabolite level estimates 

and a decrease in precision (Figure 2-4). although the changes tended to be less 

dramatic than those observed with exponential filtering. Metabolite levels were 



mostly affected following severe rectangular filter (64 rns, and 128 rns). although 

the same trends that were seen following exponential filter (Figure 2-3, top) were 

visible. This is not unexpected as rectangular filtering also reduces spectral 

resolution. Metabolite precision was optimal when using a rectangular filter of 

512 ms or 1024 rns, and decreased following heavier rectangular filtering. In this 

in-vivo data set, signal extended past 256 ms suggesting that to achieve optimal 

precision the rectangular filter imposed on the data should be minimized to the 

point where signai truncation begins. 

Two further observations can been made as a result of these comparisons. Fint, 

with regards to the use of ECC correction vs. QUALITY deconvolution: our 

results showed little difference in metabolite levels (except for NAA and Cho) and 

precision between techniques. Since NAA and Cho are dominated by single 

peaks, this result suggests there rnay have been a lineshape distortion present in 

the spectrurn which was uncorrected by the ECC procedure. Although QUALITY 

deconvolution may theoretically be the best technique for eddy current correction 

because it also restores the Lorentzian lineshape, in our experience ECC rnay be 

the preferred technique on data with low resolution and SIN. This is because 

data points rnay become compted ("blow up") at the end of the time domain 

signal following QUALITY deconvolution due to the division of this signal by noise 

at the end of the reference signal. To reduce the effect of these corrupted points. 

extra exponential filtering can be used. However, we have shown that 

exponential filtering changes estirnated metabolite levels, therefore this should 

be avoided. As ECC does not divide one signal by another, this problem never 

occurs and an extra filter need never be applied. Therefore, ECC may be 

considered a better technique for data with low SIN when lineshape distortion is 



not a dominant concem. In the future, it rnay be possible to combine these two 

techniques by applying QUALITY deconvolution to the initial part of the time 

domain signal. followed by ECC correction to the last part. Data processed in 

this way would have partially restored Lorentzian lineshapes and avoid data 

corruption at the end of the time domain signal. 

Second. although the use of HLSVD to subtract resonances adjacent to the SRI 

was not as reiiable as fitting these resonances as discussed above, this 

technique may be a valuable tool for handling more severe spectral distortions. 

The residual of the HLSVD fit to the resonances adjacent to the SRI was small, 

indicating an accurate fit. but because there were no restrictions on peak 

parameters during HLSVD fitting, the values obtained for phase and delay time 

parameters may not make physical sense. This unrestricted fitting of peaks 

resulted in erroneous subtraction of resonances adjacent to the SRI corrupting 

resonances within the SRI. However, during the course of clinical research in 

our lab (38) (using the method described in this paper), cases have arisen in 

which spectra contained large distortions in the region from 0.75 - 1.75 ppm most 

likely due to susceptibility artifacts. It was found that these distortions were 

difficult to model with Lorentzian or Gaussian lineshapes concurrent with the 

fitting of data within the SRI. However the use of HLSVD to remove these 

distortions prior to fitting allowed these spectra to be reliably quantified. 

This time domain quantification technique has been successfully irnplemented in 

a clinical study of schizophrenia (38). In this clinical study in-vivo data from the 

medial prefrontal cortex (4.5 cm3) was quantified following ECC correction 



showing differences in Gln levels between never treated schizophrenic patients 

and controls. 

2.3.1 Limitations 

The precision and level of metabolite estimates is highly dependent on the 

accuracy of the prior knowledge used by the quantification technique. The 

relative parameter values found in-vitro were assumed valid in-vivo since in-vivo 

pH conditions were simulated. Although this assumption is probably valid in 

terms of chernical shift, phase, and relative resonance amplitudes, it may not be 

a good assumption in terms of relative Lorentzian dampings. Recent work (39) 

has shown a large discrepancy in apparent T2 values obtained from metabolites 

in-vitro, and in-vivo, especially at high field strengths. Therefore, the relative 

Lorentzian darnpings of one metabolite may not be correct cornpared to the 

relative Lorentzian dampings of other metabolites in the prior knowledge causing 

small systematic errors in quantification. An atternpt was made to leave the 

Lorentzian darnpings of some in-vivo metabolites unrestricted, however this 

resulted in erroneous metabolite level estimates and increased standard 

deviations. Future improvernents to the prior knowledge should include 

unconstraining the zero order phase of individual resonances within a metabolite 

during in-vitro fitting to account for J-coupling phase modulations. 

2.4 Conclusion 

The quantification of short echo 'H MR spectra was optimized in the time domain 

exploiting the simplicity of the Gaussian damping term in this domain to model 



macromolecules and resonances outside the spectral region of interest without 

operator interaction. Optimal precision was achieved when rnacromolecules 

within the spectral region of interest were modeled with the Gaussian lineshape 

and resonances adjacent to the spectral region of interest were modeled with the 

Gaussian or Voigt lineshape. When processing data prior to fitting, data 

truncation and exponential filtering should be rninimized. Using this approach 

reliable metabolite level estimates were obtained without the need for arbitrary 

baseline fitting . 
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Chapter 3 

Quantification and Precision of Short Echo 'H Spectra at 1.5 and 

4.0 Tesla 

By Roberf Bartha, Dick J Drost, Ravi S Menon, and Peter C Williiamson 

3.0 Introduction 

Short echo 'H in-vivo magnetic resonance spectroscopy (MRS) can be used to 

measure a variety of biologically important metabolites including N- 

acetylaspartate, glutamate, glutamine. phosphocreatine and creatine. choline 

containing compounds, and myo-inositol. Clinical investigation of a number of 

illnesses (1). especially mental illnesses (2, 3), would benefit from the precise 

determination of in-vivo levels of cerebral metabolites. especially glutamate and 

glutamine. Glutamate and glutamine are involved in the cycle of excitatory 

neurotransmission (4), however the severe overlap of multiplet resonances from 

these metabolites (as well as y-arninobutyric acid, and macromolecule 

resonances) at 1.5 Tesla (T) has limited their precise quantification (5, 6 .  7). 

Despite this limitation a previous study by our group at 1.5 T found elevated 

levels of glutamine in the media1 prefrontal cortex of schizophrenic patients (2). 

lmproving the precision of glutamate and glutamine quantification, as well as 

other metabolites, may result in the detection of more pronounced metabolite 

level differences between normal and diseased tissue leading to new findings 



and facilitating the observation of statistically significant differences in studies 

with limited participants. 

The acquisition of short echo 'H data at high fields (4.0 T) has two immediate 

advantages over acquisition at lower fields (1.5 T). First, the signal to noise ratio 

(SIN) of the magnetic resonance experiment increases approximately linearly 

with field strength (8). The extra signal to noise at higher fields may be used to 

reduce the volume from which data is coliected while still maintaining adequate 

SIN for reliable quantification. This is a significant advantage for the study of 

specific cerebral structures (Le. caudate, putamen, thalamus), which often have 

volumes under 1.5 cm3, since typical in-vivo 1.5 T volumes range from 4.5 - 8 

cm3 (2, 3, 5, 6, 7) . Second, chernical shift dispersion increases with field 

strength (9) (although resonances split by J-coupling are unaffected). Therefore, 

multiplet groups will be better resolved in spectra acquired at high fields 

compared to spectra acquired at low fields, which should increase the 

quantification precision of overlapped metabolites such as glutamate and 

glutamine. 

There are also potential problems with high field in-vivo spectroscopy that could 

negate the gains described above. First, although eddy currents induced directly 

by the dB/& of the gradients will be the same at both field strengths, an 

additional mechanism for causing eddy currents is gradient coi1 motion. In 

addition to eddy currents on the cryostat, gradient coi1 motion rnay also result in 

time dependant fluctuations of zero order and higher order magnetic fields in the 

sample if the room temperature shim coils are placed inside the gradient coil. At 

high field strengths, increased torque and thrust on the gradient coi1 increases 



gradient coi1 motion leading to more severe spectral artifacts from this 

mechanism compared to low field strengths. Although spectral postprocessing 

may be used to rernove the spectral distortion caused by dBldt (10, 11 ) and 

gradient coi1 motion artifacts. postprocessing will not recover lost SIN from signal 

dephasing caused by these processes. Second, magnetic field homogeneity 

within the sample will decrease at high fields because magnetic susceptibility 

differences between tissue, bone. air. and blood will be augmented (1 2). This 

will reduce SIN in the frequency domain and T2* (1 2) and cause spectral line 

broadening (decrease resolution) partially offsetting the gain in resonance 

dispersion described in the paragraph above. Third. Tl relaxation times increase 

for some metabolites at high fields (12). therefore, to maintain the same level of 

saturation the acquisition repetition time (TR) must be lengthened, increasing 

total acquisition times or decreasing signal averaging in the same total 

acquisition time. Fourth. T2 relaxation tirnes may decrease for sorne metabolites 

at high fields (12), reducing SIN. Fifth. the RF voltage required to produce a 90 

degree tip increases linearly with field strength (assuming a constant length 

pulse) (8). consequently RF power and specific absorption ratio (SAR) increase 

as a function of the field strength squared. This is less of a concern for in-vivo 

stimulated echo acquisition mode (STEAM) or point resolved (PRESS) 

spectroscopy compared to imaging due to the small number of RF pulses applied 

during these localized spectroscopy sequences (13, 14,15). The STEAM (1 3) 

sequence used at 4.0 T for this study had an estimated SAR equal to 0.14 WIKg 

(assuming a 5 Kg head). Finally, when frequency selective localization is used to 

acquire data from specific tissue volumes, the chernical shift artifact (1 6) is 

directly proportional to the spectrometer field strength (assuming a fixed gradient 

strength). Therefore, if all other variables are held constant, the chernical shift 



artifact can only be maintained at higher fields by using larger gradients, which 

will increase spectral artifacts due to eddy currents and gradient coi1 motion. 

Despite these problems, we hypothesized that the quantification precision of al1 

metabolites (especially glutamate and glutamine) would increase at 4.0 T due to 

increased chemical shift dispersion and SIN. The purpose of this study was to 

provide a direct comparison of metabolite quantification precision between data 

collected at 1.5 T and 4 T. and to determine the reproducibility of data acquired 

from 1.5 cm3 volumes in the left anterior cingulate and left thalamus at 4.0 T. 

These regions are being investigated in Our lab for their possible involvement in 

schizophrenia. 

Direct comparison of spectra acquired at two different field strengths on two 

different systerns can be difficult due to a large number of subtle differences 

between systerns. We have endeavored to reduce differences by studying the 

same brain region on both systems with similar hardware (gradient coils, gradient 

drivers, and shirn sets), using voxels of the same size and same total acquisition 

time. and STEAM sequences which use the same mixing time (TM) and echo 

time (TE). Parameters such as repetition time (TR) and receiver bandwidth were 

optimized at each field strength. 



3.1 Experirnen tal 

3.1 .O Data Acquisition 

In-vitro data (for the prior knowledge template) and in-vivo data were acquired 

separately at 1.5 T (Siemens Vision) and 4.0 Tesla (VarianlSiemens Unity 

Inova). At 1.5 T, data were acquired using a stimulated echo acquisition mode 

(STEAM) (13) sequence (TR=1500 ms, TE=20 ms, TM=30 ms, 1 K complex 

points. 1000 ps dwell time, 1 KHz receiver bandwidth). At 4.0 T, data were also 

acquired using a STEAM sequence (TR=2000 ms, TE=20 ms, TM=30 ms, 3K 

cornplex points, 500 ps dwell tirne, 2 KHz receiver bandwidth). Sequence 

repetition tirne (TR) and receiver bandwidth were optimized at each field strength 

(1 KHz was the narrowest bandwidth available at 1.5 T). A repetition tirne of two 

seconds was chosen at 4.0 T following the acquisition of data from two 

individuals with repetition times ranging from 0.5 s to 5.0 s keeping total 

acquisition time constant. The results showed optimal signal to noise for the 

metabolites N-Acetylaspartate. phosphocreatine and creatine, and choline 

between two and three seconds. Although the same shielded gradient set was 

used by both systems, the sequences differed slightly in terrns of gradient 

amplitudes and RF pulse shapes. At 1.5 T fixed 3 mTlm slice selection gradients 

were used while the RF pulse bandwidth was adjusted to achieve a desired slice 

thickness (RF pulse duration was fixed at 5.12 ms). In contrast, at 4.0 T. fixed 

bandwidth RF pulses were used (3 ms, 7 lobe sinc pulse) while gradient 

amplitudes were varied to achieve a desired slice thickness. The slew rate for 

the gradients at 4.0 T was 5.7 mTImlms, compared to 3 mTImlms at 1.5 T, 

therefore, increased eddy current artifacts were expected at 4.0 T. Water 

suppressed (17) and unsuppressed data were collected for each acquisition. 



Three CHESS pulses were used at both fields for water suppression (1 7). Water 

unsuppressed data were acquired by setting the RF amplitude of the CHESS 

water suppression pulses to zero. Shim settings were optimized for each in-vitro 

and in-vivo spectnim. The global shim settings were obtained by automated 

MAP shim (18) at 1.5 T using al1 linear and second order shims and manually 

using linear and z2 shims at 4.0 T. Local shim settings were optirnized manually 

using only linear shirns at 1.5 T and 4.0 T. 

Spectroscopie data acquired at 1.5 and 4.0 T were compared in terms of SIN, 

spectral resolution, and quantification precision. For these comparisons eight 

spectra were acquired consecutively from a 2.0 x 2.0 x 2.0 cm3 volume in the 

parietal lobe of one subject using the sequences described above at 1.5 T (200 

averages) and 4.0 T (150 averages) within the same total acquisition time (5 

minutes/spectrum). 

Metabolite quantification test-retest reproducibility was determined at 4.0 T, using 

spectra acquired on 10 different subjects. For this characterization, spectra were 

coiiected twice frorn 1.5 x 1 .O x 1 .O cm3 volumes (transverse orientation) in the 

left anterior cingulate (rnostly gray matter) and left thalamus (gray matter) of each 

subject (Figure 3-1). Subjects were completely removed from the magnet 

between acquisitions. To separate the biological variance from the quantification 

variance in these measures two additional data sets with similar SIN were 

acquired, each consisting of eight consecutive spectra from the parietal lobe of 

one individual. The first set of eight spectra was obtained using a 2.0 x 2.0 x 2.0 

cm3 volume (1 6 averages) while the second set was obtained using a 1.5 x 1.0 x 

1 .O cm3 volume (256 averages). 



Figure 31 : Anatomical Regions used for 4.0 T Reproducib 
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3.1.1 Spectral Post Processing 

Raw spectroscopie data contains artifacts caused by temporal and spatial 

variations in Bo, which must be corrected prior to quantification. Variations in Bo 

can be grouped into three distinct categories; those which are time dependent 

but spatially invariant (Bo(t), time varying Bo offset which could be compensated 



by a Bo coil), those which are spatially dependant but time invariant (ABo(x, y, z), 

magnetic field inhornogeneities). and those which have both temporal and spatial 

dependence (ABo(x, y, z, t), motion of shim coils and diffusion). Signal 

dephasing during echo formation and data acquisition due to ABo(x, y, z. t) will 

lead to reduced S/N. while dephasing due to Bo(t) will lead to a frequency 

dependant phase shift at the echo maximum. Signal dephasing caused by 

ABo(x, y, z) will be refocused at the tirne of echo formation, but will reduce SIN 

during data acquisition. All three categories will cause signal distortion during 

data acquisition. 

However. raw spectroscopic data can be processed using information from a 

single peak reference spectrum that has undergone the same pattern of 

distortions. In 'H spectroscopy it is convenient to use the unsuppressed water 

spectrum for this purpose. Two methods of post processing are widely used in 

the literature today, eddy current correction (ECC, 10) and QUALITY 

deconvolution (1 1). QUALITY deconvolution involves dividing the data by the 

single peak reference spectrum in the time domain. This technique is effective 

for removing spectral distortions caused by al1 three types of field variation and 

restoring the Lorentzian peak lineshape, although lost SIN is not recovered. 

However spectra processed using this technique may contain corrupted data 

points near the end of the time domain signal because the water reference signal 

used for the correction has a shorter T2 than most metabolites (1 1) leading to a 

'division by zero' at the end of the time domain data. On the other hand the 

simple ECC correction involves subtracting the phase of the reference spectrum 

from the phase of the data in the time domain. This technique avoids corruption 

of data points near the end of the time domain signal, but only corrects lineshape 



distortions caused by Bo(t). Data collected at 4.0 T in this study deviated 

significantly from the Lorentzian iineshape following simple ECC correction. This 

is an important consideration if resonance lines are rnodeled with Lorentzian 

lineshapes (1 9). Therefore, in this study, data were processed using a hybrid 

approach that exploits the advantages of both techniques, leaving the time 

domain signal without corrupted data points and mostly restored to the 

Lorentzian lineshape. QUALITY deconvolution was performed on the initial time 

domain points (1 00 ms at 1.5 T and 4.0 T) followed by the ECC correction on the 

remaining points. 

The division of the data signal by the reference signal in the tirne domain 

following QUALITY deconvolution reduces the linewidth of the data by the 

linewidth of the reference. This requires exponential filtering by an amount equal 

to the Iinewidth of the reference to restore the original spectral linewidth (1 1, 19). 

The reference linewidth is usually estimated by the full width at half maximum 

(FWHM) of the reference peak. However, severe spectral distortions on the 

reference caused incorrect linewidth estimation resulting in discontinuities at the 

junction between the QUALITY and ECC corrected signal. An alternative 

approach is to estirnate the magnitude of the exponential damping constant (LB) 

according to equation 3-1 following the application of the cornbined correction to 

the reference signal using itself as the reference. Acquisition delay time ( to )  must 

be accounted for in the estimate of the exponential damping (LB). 



FLD(t, ) e 
-îr .LB.(p,.At+r,( 

= FID (t ,  ) 

Where FID(&) = value of the last point used in QUALITY 

FID(tb) = value of the first point used in ECC 

LB = exponential line broadening (filter) 

At = dwell time 

f O = delay time 

pq = number of points where QUALITY has been applied 

Following this correction, the remaining unsuppressed water was removed from 

each suppressed water spectmm using a Hankel Lanczos Singular Value 

Decomposition (HLSVD) (20, 21, 22, 23) which requires no prior knowledge. 

Resonances between 4.1 and 5.1 ppm (water - 4.7 ppm) as determined by the 

HLSVD algorithm were subtracted from the data. 

3.1.2 Spectral Fitting and Prior Knowledge 

Spectra were fit in the time domain using a Levenberg-Marquardt minimization 

routine (24) incorporating prior knowledge as described below. There was no 

operator interaction necessary for zero or first order phase correction as the zero 

order phase and delay time were incorporated as parameters in the spectral 

fitting (1 9). There was also no baseline correction required since the 

rnacromolecule resonances on the baseline were modeled using Gaussian 

functions (1 9, 25). Modeling of macromolecule resonances with Gaussian 

instead of Lorentzian lineshapes increased the precision of other metabolites as 



described elsewhere (19). Spectra were fit using the first IO24 (0.5 second) and 

51 2 (0.5 seconds) points at 4.0 T and 1.5 T respectively as signal had fully 

decayed into the noise by this time. Metabolite levels were normalized to the 

unsuppressed water amplitude within the voxel (26,27, 28). Group means were 

corrected for the gray matterlwhite matterkerebral spinal fluid content within the 

volumes stiidied (5) estimated as 15%180%/5% in the parietal lobe, 70%/25%/5% 

in the anterior cingulate, and 95%/3%/2% in the thalamus. Therefore normalized 

metabolite values represent absoiute levets uncorrected for TI and T2 relaxation 

in both the metabolites and the unsuppressed water. 

High resolution (< 1 Hz FWHM) in-vitro spectra for prior knowledge determination 

(5, 6, 7, 19, 23) were acquired separately at each field strength from solutions of 

N-acetyl-aspartate (NAA), glutamate (Glu), glutamine (Gln), y-aminobutyric acid 

(GABA), taurine (Tau). myo-inositol (Myo), glucose (Glc), aspartate (Asp), N- 

acetylaspartyl-glutamate (NAM),  scyllo-inositol (Syl), creatine (Cr), and choline 

(Cho). The methodology for the acquisition of prior knowledge is described in 

detail elsewhere (1 9). It was assumed that prior knowledge obtained from in- 

vitro metabolite samples had the same chernical shifts (a), relative Lorentzian 

dampings (a), relative amplitudes (c), and phase modulations (0, due to J- 

coupling) as corresponding in-vivo metabolite resonances. In this study, 

resonances within the spectral region of interest (SRI, defined as 1.9-3.5 ppm 

with NAACHJ referenced to 2.0 ppm) were constrained as described elsewhere 

(1 9). Metabolite information outside these limits was included in the fit although 

this information was not constrained to resonances within the SRI except for 

delay time (Figure 3-2). Myo was the only exception; its shift, amplitude, phase. 

and width were also appropriately constrained to resonances within the SRI. 



Myo was treated this way because the inclusion of its dominant resonance. which 

lies outside the SRI (- 3.6 pprn), resulted in a significant increase in the precision 

associated with this metabolite. Prior knowledge regarding rnacromolecule 

resonances (25) was also incorporated into the fitting template as described 

elsewhere (19). Two additional peaks were added at 3.15 ppm and 2.6 pprn to 

account for the presence of area in the spectrum not due to other metabolites 

contained in the template of prior knowledge. The phase and delay time of these 

macromolecule resonances were fixed relative to al1 other metabolites. Initial 

guesses for al1 parameters were determined by visual inspection. 

Finally, seven resonances less than 1.9 ppm and four resonances greater than 

3.5 ppm were added to the template of prior knowledge to account for other 

resonances outside the SRI (19). These resonances were unlinked to 

resonances inside the SRI except for delay time. The resonances outside the 

SRI described above and the macromolecules described by Behar et al (25). are 

sometimes fit by other groups as a separate 'baseline' component of the 

spectrum (6). 

3.1.3 Statistical Analysis 

The average SIN ratio for a particular spectrurn was calculated as the NAA fitted 

intensity divided by the RMS noise in the frequency domain. Metabolite precision 

values were compared using F-tests and corrected for multiple comparisons 

using the Bonferroni based correction (29), which is considered conservative but 



maintains Type-1 error protection (see section 2.1.4). Test-retest reliability at 4.0 

Tesla was established using repeated measures analysis of variance. 

3.2 Resuits 

Figure 3-2 shows the results of fitting in-vivo data from the parietal lobe in the 

time dornain at 1.5 T and 4.0 T. lndividual metabolite cornponents are also 

shown for the 4.0 T data. The first line of metabolite components shows NAA (N- 

acetyl-aspartate) followed by NAAG (N-acetyl-aspartyl-glutamate), Glu 

(glutamate), Gln (glutamine), GABA (y-amino-butyric acid), Aspartate (Asp), 

PCrICr (phosphocreatine lcreatine), Cho (choline), Tau (taurine), Myo (myo- 

inositol), Syl (scyllo-inositol), macrornolecules (at 2.05, 2.29, 2.58, 3.00 and 3.1 5 

ppm), and finally the resonances fit outside the spectral region of interest (SRI). 

Glc (glucose) is not shown in Figure 3-2 as it was quantified with a value of zero. 

The SIN ratio (NAA fitted signal intensity divided by RMS noise - to 0.5 s in the 

time domain) and FWHM (unsuppressed water) for al1 data at 4.0 T and 1.5 T are 

summarized in Table 3-1. The third column of Table 3-1 contains the SIN ratio of 

al1 experiments normalized to a voxel size of 2.0 x 2.0 x 2.0 cm3, total acquisition 

time of 5.0 minutes, while the fourth column includes normalization to a FWHM of 

8.0 Hz. The FWHM normalization involves scaling the SIN of the data by the 

ratio of the FWHM of data to the FWHM of the reference (30). These results 

show a factor of 2.5 gain in SIN ratio at 4.0 T compared to 1.5 T for the 8 cm3 

and 1.5 cm3 voxels respectively. Comparison of FWHM shows a 1.5 fold 

increase at 4.0 T; however, this is still less than the 2.7-fold increase in spectral 

dispersion. 



4.0 T P a r i e t a l  L o b e  - 8 c m 3  h 

1.5 T P a r i e t a l  L o b e  - 8 c m 3  h 

l t i l l l  l t l l l i l l l 1 l i , t l ~ 1 l l t I t l l l l l l l l i l l l l l l I t , l l l l l  

5 4 3 2 1 O 
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Figure 3-2: 4.0 T and 1.5 T Parietal Lobe Data used for SIN Cornparison 

The results of fitting 1.5 T and 4.0 T in-vivo data from an 8 cm3 volume the 

parietal lobe. Although displayed in the frequency domain for interpretation. data 

was fit in the time domain (0-500 ms) following cornbined QUALITY 

deconvolution / ECC correction and subtraction of residual water. 4.0 T data 

(light trace) with corresponding fit result (dark trace) are shown at the top, 

followed by the individual metabolite components (described in the text) and 

residual. 1.5 T data (light trace) with corresponding fit result (dark trace) and 

residual are shown at the bottom. 



FWHM Norm 
RAW N o m  Norrn W H M  FWHM 

Acquisition SIN SIN SIN (Hz) (Hz) 
Mean I SD Mean + SD Mean f SD Mean + SD Mean k SD 

1.5 T : Parietal Lobe 30.0 k 3.5 30.0 13.5 19.5 It 2.8 5.2 k0.1 5.2 I 0.1 
(8 cm3. 300 s) 

N=l, n=8 
4.0 T : Parietal Lobe 75.4 18.9 75.4 t 8.9 75.4 + 8.9 8.0 t 0.5 3.0 k 0.2 

(8 cm3, 300 s) 
N=l, n=8 

4.0 T : Parietal Lobe 27.9 13.4 85.4+ 10.4 76.9 + 9.4 7.2 k0.1 2.7 + 0.04 
(8 cm3. 32 s) 

N-1, n=8 
4.0 T : Parietal Lobe 18.4 I 1.4 75.1 k5.7 75.1 25.7 8.0 0.1 3.0 a 0.04 

(1.5 cm3. 512 s) 
N=l, n=8 

4.0 T : Cingulate (Trial 1) 17.3 I 4.0 70.6 k 16.3 65.3 k 15.1 7.4 I 0.9 2.7 t- 0.3 
(1.5 cm3. 512 s) 

N=10, n=l 
4.0 T : Cingulate (Trial 2) 16.6 I 3.8 67.8 + 15.5 63.6 + 14.5 7.5 I0 .6  2.8 I 0.2 

(1.5 cm3. 512 s) 
N=1 O, n=l 

4.0 T : Thalamus (Trial 1) 17.3 13.3 70.6 +- 13.5 82.1 k 15.7 9.3 t 2.3 3.4 + 0.9 
(1.5 cm3. 51 2 s) 

N=lO, n=1 
4.0T:Thalamus(Trial2) 16.013.8 65.3I15.5 87.3k20.7 10.7+0.9 4.020.3 

(1.5 cm3. 512 s) 
N=10, n=l 

Table 3-1: Signal to Noise and Resolution at 1.5 and 4.0 Tesla 

The first column lists specific details regarding data acquisition including the 

volume and total acquisition time in brackets. N refers to the number of 

individuals studied, while n refers to the number of spectra acquired per 

individual. The second colurnn lists the signal to noise ratio (fitted NAA signal 

intensity divided by RMS noise in the frequency domain) and standard deviation. 

The third column represents the signal to noise ratio normalized to a total 

acquisition time of 5 minutes, and a volume size of 8 cm3. The fourth colurnn 

represents the SIN ratio normalized to an average FWHM (T**-') of 8.0 Hz. The 

fifth colurnn gives the average full width at half maximum (FWHM) for the 

unsuppressed water spectra, while the sixth column gives the FWHM values 

normalized to the spectral dispersion at 1.5 T. 



Table 3-2 contains the results of the cornparison of quantification precision at 1.5 

T (column a) and 4.0 T (column d) in the parietal lobe. The same total 

acquisition time was used at both field strengths. The results indicate that the 

coefficients of variation (CV) were less for metabolites quantified at 4.0 T 

compared to 1.5 T (Table 3-2). Notable improvements included Gln. which 

decreased to 9.3% CV from 39%, and GABA, which decreased to 22% CV from 

88%. 

Figure 3-3 illustrates typical spectra and fits obtained from 1.5 cm3 volumes in the 

left parietal lobe (top), lefi thalamus (middle) and left anterior cingulate (bottom). 

Mean metabolite levels used to determine the overall experimental reproducibility 

at 4.0 T (trial 1 and trial 2) are reported in Table 3-3 for the anterior cingulate and 

Table 3-4 for the thalamus. The unsuppressed water area was 18% higher in the 

thalamus than the cingulate. Repeated measures analysis of variance showed 

no significant differences before or after Bonferroni based correction. 



1.5 Tesla 4.0 Tesla 4.0 Tesla 4.0 Tesla 
8 cm3 1.5 cm3 8 cm3 8 cm3 

Metabolite Averages = 200 Averages = 256 Averages = 16 Averages = 150 
SIN = 30.0 SIN = 18.4 SIN = 27.9 SIN = 75.4 

FWHM = 5.2 FWHM = 8.0 W H M  = 7.2 FWHM = 8.0 
(a) (b) (c) ( d ) 

NAA 11 -9 t 4.9% 14.9 4 2.8% 14.9 + 5.6% 16.0 i 3.9% 

Glu 7.6 19.6 9.0 t 13.7 10.0 t 14.8 10.1 t 6.8 

Gln 3.2 I 38.8 3.9 + 42.8d 4.0 i 21 -3 4.8 t 9.3b 

GABA 1.4 I 87.5 1.0 + 106 3.0 + 51.4 3.1 I 22.0 

ASP O t O  3.7 k 55.4 2.6 +. 85.1 3.3 t 26.0 

NAAG 1.5 I 27.0 1 -9 t 43.2 2.1 2 25.6 2.5 t 13.7 

Tau 0.8 a 54.1 5.6 k 23.0 2.2 I 50.6 2.9 + 39.9 

Glc O I O  0.2 i~ 3 7 . 0 ~  0.4 + 1 32b 0.8 + 62.0~ 

Cho 2.0 + 8.9 2.3 4 8.0 3.2 t 4.9 3.3 + 5.2 

Table 3-2: Quantified Metabolite Levels and Precision at 1.5 and 4.0 Tesla 

The first column lists the metabolites and macromolecules that were quantified. 

Columns 2, 3,4, 5 are labeled a, b, c, d respectively. These columns give mean 

metabolite levels normalized to the unsuppressed water resonance and CV 

(100% x standard deviationlmean) for the acquisitions described in the first row. 

Superscript letters indicate the column from which the reported variance is 

significantly different (one-tailed F-test) following Bonferroni based correction 

(29)- 



4.0 T Parietal  L o b e  - 1.5 c m 3  d 

4.0 T Cingula te  

Figure 3-3: 4.0 T Short Echo 'H Spectra from 1.5 cm3 Voxels 

The results of fitting 4.0 T in-vivo data (1.5 cm3 volume) following combined 

QUALITY deconvolution 1 ECC correction and subtraction of residual water. 

Although data is displayed in the frequency domain for interpretation. spectra 

were fit in the time domain (0-500 ms). Data (light trace) with corresponding fit 

result (dark trace) and residual from the left parietal lobe, left anterior cingulate, 

and left thalamus are shown at the top, middle, and bottom of this figure 

respectively. 



4.0 Tesla Cingulate 
Trial 1 Trial 2 Repeated 
SIN = 17.3 SIN = 16.6 ~ e a s  u res 

Metabolite (Mean * CV) (Mean I CV) p-value 
NAA 14.1 f 16.8% 14.2 I 11.7% 0.97 

Glu 13.4 + 10.3 14.3 + 13.7 0.1 1 

Gln 7.7 t 35.1 7.4 f 19.5 O -78 

GABA 1.7k 112 1.4 t 84.5 0.71 

NAAG 0.7 f 111 0.6 ': 129 0.73 

Tau 4.5 st 61.6 6.9 i 38.3 0.1 O 

Glc 0.5 + 162 0.2 1: 124 0.27 

PCrICr 12.4 f 9.2 12.9 + 5.0 0.31 

Cho 3.5 + 9.7 3.3 1: 12.9 0.08 

Table 3-3: Cingulate Test-Retest Reliability at 4.0 Tesla 

Column 1 lists the metabolites that were quantified from spectra (1.5 cm3 volume, 

8.5 minute acquisition) in the left anterior cingulate of a group of 10 normal 

subjects. Columns 2 and 3 give the mean metabolite levels and CV (1 00% x 

standard deviationlmean) for trials 1 and 2 respectively. Repeated measures p- 

values are shown in coiumn 4 for each metabolite. 



4.0 Tesla Thalamus 
Trial 1 Trial 2 Repeated 

SIN = 17.3 SIN = 16.0 Measures 
Metabolite Wan kCV) (Mean k CV) p-value 

NAA 18.9 + 8.9% 18.1 + 8.6% 0.41 

Glu 14.4 _S 17.3 14.7 + 8.7 0.71 

GABA 1.5 + 106 2.9 f 46.9 0.07 

NAAG 0.9 * 105 1.2 + 64.0 0-56 

Tau 6.0 + 44.1 6.2 I 20.1 0.81 

Glc 1.1 I l 7 1  0.2 I 1 05 0.20 

Cho 3.7 + 25.8 3.4 i- 9.0 0 -37 

Table 3-4: Thalamus Test-Retest Reliability at 4.0 Tesla 

Column 1 lists the metabolites that were quantified from spectra (1.5 cm3 volume. 

8.5 minute acquisition) in the left thalamus of a group of 10 normal subjects. 

Columns 2 and 3 give the mean metabolite levels and CV (1 00% x standard 

deviationlrnean) for trials 1 and 2 respectively. Repeated measures p-values are 

shown in column 4 for each metabolite. 



3.3 Discussion 

The use of combined QUALITY deconvolution and ECC correction to partially 

restore the Lorentzian linewidth, and avoid corrupted data points at the end of the 

tirne domain signal, was implemented successfully. This method of spectral 

post-processing is an effective compromise between these two techniques. The 

point at which QUALITY deconvolution ends and ECC correction begins is 

somewhat arbitrary, however, this point should be chosen to maximize the 

Lorentzian lineshape restoration and minimize data point corruption from 'division 

by zero' errors. 

The increase in FWHM at 4.0 T was expected due to increased susceptibility 

within the tissue at higher Bo (12), and decreased T2 (12). However, the increase 

in FWHM was a factor of 1.8 less than the increase in chernical shift dispersion. 

Therefore, there is a net gain of multiplet resolution (Table 3-1, column 5), 

although the resolution of fine structure within multiplets due to J-coupling is 

decreased. The FWHM of data acquired in the anterior cingulate was lower than 

that acquired in the parietal lobe or thalamus. It is not surprising that the 

thalamus would have a shorter T2* mrnpared to regions within the cortex due to 

an increased concentration of iron (31). however we expected the anterior 

cingulate to have a greater FWHM than the parietal lobe due to its proximity to 

the skull and orbital bone. Also surprisingly, decreasing the voxel size in the 

parietal lobe from 8 cm3 to 1.5 cm3 at 4.0 T did not result in an improvernent in 

FWHM. This suggests that decreased T2 may contribute substantially to the 

increased FWHM observed at 4.0 T. 



There are several obvious discrepancies in absolute metabolite levels: the 

increased level of NAA, PCrICr, and Cho in the parietal lobe (white matter) at 4.0 

T compared to 1.5 T; the increased level of Glu, Gln, and PCrICr in the gray 

matter volumes (anterior cingulate and thalamus) compared to the white matter 

volume (parietal lobe); and the increased level of NAA in the thalamus compared 

to the anterior cingulate at 4.0 T. These issues will be addressed separately. 

First, the increased level of NAA and other rnetabolites in white matter volumes 

at 4.0 T cornpared to 1.5 T may be the result of decreased signal saturation. Ti 

values reported by Posse et al (12) at 4.0 T and Frahm et al (32) at 1.5 T suggest 

that the chosen TR of 2.0 s at 4.0 T would have reduced signal saturation by 

11 % for NAA and PCrICr and 8% for Cho compared to a TR of 1.5 s at 1.5 T. 

This corresponds to the observed increases. 

The increased level of Glu, Gln, and PCrICr in the gray matter compared to white 

rnatter at 4.0 T is not unexpected. Previous reports have indicated that Glu and 

Gln (5, 7) , as well as PCr/Cr (1, 5, 7) are increased in gray matter compared to 

white matter. Stanley et al (5) reported a 20% increase in both glutamate and 

glutamine, and a 7% increase in PCr/Cr corresponding to a 20% increase in 

voxel gray matter content. This would suggest a 70-80% increase in Glu and 

Gln, and a 25% increase in PCrICr should be expected in our study due to the 

increased specificity for gray and white matter within the voxels studied. This 

was observed. Cornparison of NAA and Cho levels in the white matter and gray 

matter showed no differences, although NAAG levels were increased in gray 

matter as expected (7). 



The minor increase of Glu. Gln. and PCrICr in the thalamus compared to the 

cingulate can be attributed to increased gray matter content within the voxel. 

The larger increase in NAA likely represents a true regional difference, however 

anomalous relaxation effects can not be discounted. The unsuppressed water 

signal from the thalamus showed a significant increase in Iinewidth suggesting 

decreased T2 or T2* probably resulting from increased iron content in this region 

of the brain (31, 33). lncreased iron content rnay also be responsible for a 

decrease in the Tl of NAA and consequently reduced saturation of NAA 

accounting for the increase in measured NAA levels. 

The cornparisons made between short echo 'H spectroscopy data collected at 

1.5 T and 4.0 T for the same voxel size and same total acquisition time indicate 

that quantification precision is higher at 4.0 T as anticipated. The average 

decrease in relative error is 47% for al1 metabolites, excluding glucose because it 

was quantified with a value of zero at 1.5 T. This is important for the detection of 

subtle metabolite level differences that may exist in diseased tissue or following 

drug treatments. There are two possible explanations for this increased 

precision. The first is that the SIN ratio of the data collected at 4.0 T is greater 

(factor of 2.5 for data collected from the 8 cm3 voxels in the parietal lobe) 

compared to similar data acquired at 1.5 T. Comparing the CV of metabolite 

estirnates from colurnns b, c, and d in Table 3-2, it is clear that metabolite 

precision increases as a function of SIN for most metabolites. The second 

reason is the increase in chemical shift dispersion, which spreads multiplet 

resonance groups out along the frequency axis. Presumably this increase in 

chemical shift dispersion may allow multiplets which are mostly overlapped at 1.5 

T (y-multiplets of Glu and Gln) to be resolved at 4.0 T. Comparison of columns a, 



b, and c in Table 3-2 would indicate that this may also be a factor. The 4.0 T 

data presented in columns b and c of Table 3-2 have a similar SIN ratio than the 

1.5 T data in column a, however the precision of some metabolites (glutamine 

and y-aminobutyric acid) is higher than at 1.5 T. This suggests that multiplet 

resolution (FWHMI field strength) is also an important factor in spectral 

quantification. 

Tite increased SIN ratio obtained at 4.0 T enabled data collection from 1.5 cm3 

volumes placed in the gray matter of the left anterior cingulate and left thalamus. 

lt is worth noting that data acquisition was also attempted from a 1.5 cm3 volume 

at 1.5 T however no peaks were visible. The spectra obtained at 4.0 T were 

consistently good quality. Test-retest reproducibility results indicated that 

metabolite levels were reproducible between trials (no significant differences in 

repeated measures ANOVA before or after Bonferroni based correction). 

Cornparison of the precision between group measures (Tables 3-3 and 3-4) and 

measures made on a single subject at a comparable SIN ratio (Table 3-2 - 

column b) indicate that the CV associated with measurements on a single 

individual are usually less for the metabolites NAA, Cho, and PCrlCr. However. 

this is not true for most other metabolites suggesting the precision is limited by 

the quantification process and low SIN, not biological variation or voxel 

placement. 

3.3.0 Limitations 

The SIN comparisons between 1.5 T and 4.0 T were sensitive to the quantified 

level of NAA, which may be affected by differences in prior-knowledge and Tl 



andior T2 relaxation. lncreasing the acquisition TR at 4.0 T from 1.5 s to 2.0 s 

may have reduced Tl saturation effects but at the cost of less averaging. Fully 

relaxed unsuppressed water global FlDs acquired on the same phantom at both 

field strengths showed a 2.7-fold increase in SIN as expected. However, 

localized spectra had reduced SIN due to signal dephasing caused by gradient 

coi1 vibration and dBidt eddy currents from gradient switching. 

The frequency selective nature of the STEAM saquence results in frequency 

dependent localization errors (1 6). The severity of this displacement is directly 

proportional to the field strength, assuming a constant gradient strength is 

applied. The 1.5 T sequence used in this study used fixed gradient amplitudes (3 

mTim) and varied the bandwidth of the RF pulse to achieve the desired slice 

thickness. This resulted in a fixed chemical shift artifact of 0.5 mm for peaks 

separated by 1 ppm (or 64 Hz). The 4.0 T sequence used in this study used 

fixed RF pulses (3ms. 7 lobe sinc) and varied the gradient strength to achieve the 

desired slice thickness. In this case the chemical shift artifact is a function of the 

slice thickness: 0.6 mm for a 1 cm slice and 1.2 mm for a 2 cm slice. The use of 

slightly different RF pulse shapes at the two field strengths may cause some 

difference in slice selection profiles. However, this would have minimal effect on 

SIN measures unless out of volume NAA levels were significantly different than 

within volume levels. Since the 8 cm3 voxel used for cornparisons was placed in 

the center of the parietal lobe white matter, this possibility is unlikely. 

Data collected from volumes smaller than 1.5 cm3 rnay be possible at 4.0 T. 

However, data from smaller volumes may not have adequate SIN for the 

quantification of metabolites like Glu and Gln with precision that will facilitate 



observation of metabolite level differences between normal and diseased tissue. 

The measurement of NAA, Cho, or PCr/Cr would be possible from volumes less 

than 1.5 cm3. However an acquisition sequence with a longer TE should be used 

to eliminate short T2 signals from the spectral baseline (macromolecule signals), 

reduce the signal from highly J-coupled metabolites (Glu and Gln), and reduce 

eddy current distortions. 

3.4 Conclusion 

Increased SIN and chemical shift dispersion at 4.0 T compared to 1.5 T resulted 

in metabolite level estimates with higher precision (47% increase on average for 

al1 metabolites excluding glucose) for in-vivo data collected from the sarne 

volume size (8 cm3) in the same total acquisition time. Specifically, 12 

metabolites including GABA and NAAG were quantified with CVs <: 30% in data 

from a single individual. Data acquired from 1.5 cm3 volumes in the anterior 

cingulate and thalamus of multiple subjects were quantified successfully (CV 5 

35% consistently for 6 metabolites including Glu and Gln) which is not possible at 

1.5 T. Therefore, the acquisition of in-vivo data at 4.0 T is advantageous over 

1.5 T because volume size may be decreased to reduce partial volume 

contamination while maintaining adequate SIN ratio for reliable quantification. 
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Chapter 4 

'H Magnetic Resonance Spectroscopy in Mental Illness 

4.0 Clinical Application of Short Echo ' H  MRS to Mental lllness 

4.0.1 A Neurochemical Basis for Mental Illness? 

Magnetic resonance spectroscopy (MRS) can be used to rneasure levels of in- 

vivo metabolites (1, 2, 3), information which is unobtainable using other imaging 

techniques such as positron ernission tomography (PET) (4) or single photon 

emission computed tomography (SPECT) (5, 6). Therefore it is natural to 

consider MRS as a tool for studying illnesses within the brain which likely have a 

neurochemical basis. Proton ('H) MRS is particularly useful as it provides 

information about several metabolites such as glutamate and glutamine (7, 8 )  

which are involved in the process of neurotransmisçion (9). 

The concept of mental iliness has evolved over the past several decades. It is 

now believed that most mental illness like schizophrenia and obsessive- 

compulsive disorder (OCD) are caused by neurochemical (1 0, Il) andlor 

structural (1 2) abnormalities within the brain. However, brain chernistry. 

structure, and physiology is cornplex, making it difficult to determine the exact 

location of such abnormalities in each illness. In fact, each mental illness likely 



involves the interaction of multiple brain regions (1 3), and patients may have 

abnormalities in one or more regions each leading to a similar symptomatology. 

Within this thesis, subjects with symptoms of two different mental illnesses were 

investigated; schizophrenia and obsessive-compulsive disorder. Several 

hypotheses have been made regarding the causality of each illness (1 1, 14, 15, 

16). These will not be discussed. However, one possible explanation for both 

illnesses is the malfunctioning of specific neuronal circuits within the basal 

ganglia - thalamocortical pathway (1 7). 

4.0.2 The Basal-Ganglia Thalamocortical Pathway 

The basal-ganglia thalamocortical pathway describes a group of neuronal 

circuits, which connect several anatomically and functionally distinct regions 

within the brain, as shown in Figure 4-1. 
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Figure 4-1 : Basal Ganglia - Thalamocortical Neuronal Circuit 

A schematic representation of the connections within the basal ganglia - 

thalamocortical neuronal circuits, adapted from the paper by Alexander et a1 (1 7). 

Boxes indicate functionally distinct reg ions within the circuit. The das hed lines 

indicate excitatory projections while the dotted lines indicate inhibitory 

projections. The basic functioning of this circuit is described within the text. 

This circuit acts as a feedback loop controlling the degree of cortical activity 

gated by the thalamus. The activity of the thalamus is tonically inhibited by 

projections from the intemal component of the globus pallidus. Two competing 

pathways to the intemal globus pallidus, which originate in the striatum. modulate 

the degree of inhibition of the thalamus. Excitatory projections from specific 

areas within the cerebral cortex, which are rnodulated by the thalamus, regulate 

the activity of each striatal channel. Many other regions within the brain also 

participate in the modulation of activity within this circuit. Perhaps of note is the 



effect of dopaminergic input to the striatum from the ventral tegmental area and 

the interaction between the hippocarnpus and cortical regions. 

Many imaging and post-mortem studies have shown differences between 

schizophrenic patients and controls in the prefrontal cortex (1 8, 19, 20). 

Schizophrenia has also been associated with abnormalities in cognition (21). an 

activity that involves the dorsolateral prefrontal and medial prefrontal cortex (1 7). 

However, the prefrontal cortex does not act in isolation. It receives afferent 

connections from the thalamus and hippocampus, and sends efferent 

connections to the striaturn. Therefore, it is possible that the abnormalities 

observed in schizophrenia in this region may result from a rnalfunction of one or 

more basal ganglia thalamocortical circuits (22). 

Similarly, previous studies of OCD have shown abnormalities in the striatum and 

prefrontal cortex, as well as abnormalities in sensorimotor gating (23) an activity 

involving the thalamus. These regions are al1 components of the basal ganglia 

thalamocortical circuits. Therefore it is also reasonable to suspect the 

involvement of this circuitry in OCD. 

Therefore, 'H MRS was used to determine whether differences in metabolite 

levels were measurable within one or more components of the basal ganglia - 

thalamocortical neuronal circuit in schizophrenic patients, OCD patients, and 

control subjects. Specifically, the left medial prefrontal cortex and left striatum 

were studied in both subject groups and controls. The results of the investigation 

of the lefi medial prefrontal cortex showed an increase in glutamine levels in 

never treated schizophrenic patients compared to controls (Chapter 5) which was 



not observed in obsessive-compulsive patients. The results of the investigation 

of the left striatum showed a decrease in NAA in obsessive-compulsive patients 

compared to controls (Chapter 6 )  which was not observed in the schizophrenic 

patients. 

4.1 Physiological Interpretation of 'H  Magnetic Resonance Spectroscopy 

4.1 -1 Physiological l nterpretation of Measured Metabolites 

The use of 'H MRS to study and interpret in-vivo physiology is based on the 

measurernent of several different metabolites which are listed in Section 1.0.1 of 

Chapter 1. The relevance of each metabolite is described in this section. An in 

depth account of the processes in which each metabolite is involved is omitted; 

instead a brief description is given of the main role that each metabolite has 

within the brain. 

Some metabolites are localized within neurons or glial cells making them 

convenient markers of neuronal or glial integrity. For exarnple, the most 

prominent in-vivo peak arises from the second rnost abundant arnino acid in the 

brain (24), N-Acetylaspartate, which is almost exclusively localized within 

neurons (24, 25). Therefore A/-acetylaspartate levels indicate neuronal density 

within the volume studied (24, 25). This metabolite may also be involved in rnany 

specific cellular functions although these have not been positively identified and 

are the subject of some debate (25). Some possible functions include 

osmoregulation and the storage of acetyl groups for myelin synthesis (25). 

Another metabolite, N-acetylaspartyl-glutamate, is a precursor of N- 

acetylaspartate and glutamate and is also present in neurons (24, 26). However 



the concentration of this metabolite is small, and its resonances severely overlap 

with other higher concentration metabolites (N-acetylaspartate. glutamate. 

glutamine), making Kacetylaspartyl-glutamate difficult to quantify precisely in- 

vivo (3). In contrast to Kacetylaspartate, both myo-inositol and scyllo-inositol 

(sugar alcohols) are contained mostly within astrocytes and therefore are 

considered astrocytic markers (1 ). These sugars are involved in many metabolic 

pathways (27) and may also be breakdown products of myelin (1 ). 

Three metabolites involved in energy metabolism can be detected using 'H MRS: 

glucose, creatine and phosphocreatine. Glucose. the major source of energy for 

the brain, is broken down in the formation of adenosine triphosphate (ATP). This 

process ensures that adequate energy (in the form of high energy phosphate 

bonds) is present in the brain for normal functioning (28). ATP may also be 

formed by the direct phosphorylation of ADP; a reaction catalyzed by the enzyme 

creatine kinase. The energy and inorganic phosphate for this reaction corne from 

the breakdown of PCr. Therefore measurement of glucose, phosphocreatine, 

and creatine can yield important information regarding cerebral energy 

metabolism. Phosphocreatine and creatine (PCr + Cr). which are 

indistinguishable in the in-vivo 'H MR spectrum at low field strengths may also 

fluctuate in concentration in response to osmotic changes (levels increase in 

hyperosrnolar states) (1 ). Phosphocreatine levels are also extremely sensitive to 

oxygenation levels and may oe involved in regulating mitochondrial activity (28). 

Several measurable metabolites are directly or indirectly involved with the 

process of neurotransmission: glutamate, glutamine, y-arninobutyric acid, 

aspartate, and taurine. The amino acid y-aminobutyric acid is the principle 



inhibitory neurotransmitter in the brain (29, 30). Glutamate, the most abundant 

amino acid in the brain. is the principle excitatory neurotransmitter. It is found in 

two distinct compartments, one compartment is involved in neurotransmission. 

while a second compartment has more general functions including protein 

synthesis (31, 32). Although the concentration of glutamate in the brain is tightly 

controlled, the concentration of glutamine rnay fiuctuate (7). Glutamine is also an 

amino acid, and is both a precursor and breakdown product of glutamate. 

Together glutamate, glutamine, y-aminobutyric acid, aspartate, and taurine may 

provide important insights regarding abnormalities in neurotransmission related 

to mental illness (Figure 4-1). 

The resonance due to choline is composed of mainiy phosphorylcholine, 

glycerophosphocholine, and free choline (1). The concentration of choline is 

almost equal in white and gray matter and represents cornponents of membrane 

phospholipid metabolism (1 ). Therefore, increased levels of choline are 

expected following the breakdown of myelin as seen in multiple sclerosis. 

The in-vivo spectrum also contains a major contribution from macromolecule 

resonances. These macrornolecule signals likely arise from hydrogen atoms in 

glutamate, glutamine, and other amino acids that have been incorporated into 

medium sized protein molecules (33). 

Chapter 5 and Chapter 6 illustrate specific examples of the use of in-vivo 'H MRS 

to investigate mental illness. Chapter 5 reports the results of an investigation of 

the media1 prefrontal cortex in first episode, never treated schizophrenic patients, 

while Chapter 6 reports the results of an investigation of the striaturn in 



obsessive-compulsive patients. In both cases metabolite level differences were 

fou nd between the patient and control groups. Metabolite differences were 

consistent with previous findings and theories, yet provided unique information 

regarding these illnesses. 
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Chapter 5 

Measurement of Glutamate and Glutamine in the Medial 

Prefrontal Cortex of Never Treated Schizophrenic Patients and 

Healthy Controls by Proton Magnetic Resonance ~pectroscop # 

By Robert Bartha, Peter C Williamson, Dick J Drost, Ashok Malla, Tom J Car ,  

Len Cortese, Gita Canaran, R Jane Ryleft, Richard WJ Neufeld 

5.0 Introduction 

The media1 prefrontal and anterior cingulate cortical regions have been 

implicated in the pathophÿsiology of schizophrenia by a number of in vivo and 

post-mortem investigations. Recent in-vivo studies using positron emission 

tomography (PET) and single photon emission computed tomography (SPECT) 

have shown decreased cerebral blood fiow or glucose uptake in these regions in 

both medicated and unmedicated schizophrenic patients compared to controls (1, 

2 A version of this chapter has been published. 
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2, 3, 4, 5, 6). Other investigators have reported deficits only for patients with 

negative symptoms (7, 8) or have failed to confirm these findings (9, 10). 

lncreased cerebral blood flow in the right anterior cingulate cortex has also been 

observed in schizophrenic patients (1 1) with PET in association with verbal 

reports of auditory hallucinations. 

Post-mortem studies of schizophrenic brains have found abnormalities in cell 

populations including increased glutamate-immunoreactive vertical axons and 

decreased small interneurons and neurons (1 2, 13). Other post-mortem studies 

have found conflicting evidence implicating glutarnatergic function in 

schizophrenia. For example, studies have shown increased kainate receptor 

binding (1 4) (Brodmann's areas 9 and 1 O), decreased prefrontal glutamate (Glu) 

levels and N-acetyl-a-linked-acidic dipeptidase activity, and increased prefrontal 

N-acetylaspartyl-glutamate (NAAG) (1 5) suggesting reduced glutamatergic 

activity in schizophrenics, while other findings of increased binding of D-[~H] 

aspartate to glutamate uptake sites and [ 3 ~ ]  kainate to postsynaptic glutamate 

receptors (1 6) suggest an overabundant glutamatergic innemation in the same 

reg io n . 

The medial prefrontal cortex and anterior cingulate regions receive glutamatergic 

afferents from the thalamus as well as other cortical regions which have also 

been implicated in schizophrenia (1 7). Therefore, it would be of interest to 

examine levels of glutamate and its metabolites in the medial prefrontal region 

(including anterior cingulate) of living patients. Levels of Glu and metabolites 

such as glutamine (Gln), NAAG, and aspartate (Asp) can be measured 

sirnultaneously in-vivo using short echo 'H magnetic resonance spectroscopy 



(MRS) (1 8, 19, 20), which is not possible with PET or SPECT. Abnormalities in 

Gln have been observed with in-vivo short echo 'H MRS in other diseases (21, 

22). An earlier 'H MRS study of the dorsolateral prefrontal region by our group 

found increased Gln levels in chronic but not in never-treated schizophrenic 

patients compared to controls (23). However, a decrease in Gin was observed in 

these patients after neuroleptic therapy. As Gln is a precursor of the 

neurotransmitter Glu, this decrease in Gln suggests increased levels of 

glutamate available for neurotransmission after treatment with neuroleptics. 

We hypothesised that in the rnedial prefrontal and anterior cingulate region 

(including portions of Brodmann's areas 24, 32, and 9), schizophrenic patients 

would show altered metabolite levels suggesting decreased glutarnatergic activity 

compared to controls. In this study, we report prelirninary short echo 'H MRS 

rnedial prefrontal (including anterior cingulate) findings in ten never-treated 

schizophrenic patients compared to ten healthy controls of comparable age, sex, 

handedness, education and parental education levels. 

5. '1 Method 

5.1.1 Subjects 

Fourteen never treated, first episode schizophrenic patients and ten control 

subjects participated in the study which was approved by the Review Board for 

Health Sciences Research lnvolving Human Su bjects of the University of 

Western Ontario. Patients were referred for evaluation by their treating 

psychiatrist in the community who was aware of the study. All participants gave 



their infonned written consent. However, two subjects withdrew consent during 

the study and were not included. One patient was excluded due to the 

acquisition of data which was of insufficient quality for accurate quantification. 

Another was excluded because of the discovery of a large temporal lobe cyst on 

clinical MRI. Eight of the remaining ten were in-patients and two were out- 

patients. None of these patients participated in our previous study (23). Clinical 

information for subjects is provided in Table 5-1. Subject classification as 

schizophrenic patient (DSM-III-R criteria) or control was established by a 

psychiatrist (P.W.) and a psychornetrist (G.C.) using the Structured Clinica! 

Intewiew for DSM-I II-R (SCID) (24). Both interviewers had to agree with the 

diagnosis for the subject to be included. Six were classified as paranoid. and 

four as undifferentiated subtype. A follow-up SClD intewiew six months after the 

study by a psychiatrist (P.W.) confirrned the diagnosis of schizophrenia in eight 

patients (one had cornmitted suicide and one could not be located). Along with 

the SCID, schizophrenic patients were also evaluated immediately prior to the 

imaging procedure by a psychiatrist (P.W.) using the Scale for the Assessment of 

Negative Symptoms (SANS) (25) and the Scale for the Assessment of Positive 

Symptoms (SAPS) (26). based on symptoms experienced over the previous 

week. 



Group Controls Never-treated 

Schizophrenics 

(N = 10) (N = 10) 

Age (years) 26.3 + 6.4 24.4 + 5.1 
Gender 8 Male, 2 Female 8 Male, 2 Fernale 

Hand 9 Right, 1 Left 10 Right 

Education Level 2.7 t 0.7 2.7 t 0.9 

Parental Education Level 3.0 -t 0.8 2.5 t 0.9 

SANS nla 32.2 + 16-0 

SAPS nla 24.4 k 9.5 

Table 5-1 : Subject Characteristics 

Except for gender and hand, demographic data is given as rnean + standard 

deviation. N represents the number of participants in each group; SANS is Scale 

for the Assessment of Negative Symptoms (25); SAPS is Scale for the 

Assessment of Positive Symptoms (26). The age was that at time of MR 

spectroscopy examination. Handedness was rated by a questionnaire (27). 

Education levels are rated as 1, I grade 10; 2, grade 1 1  to grade 13; 3. 1 to 3 

years of college; 4, > 3 years of college. 

Schizophrenic patients ranged in age from 17 - 33 years with an average age of 

24 I 5 years. Eight of ten schizophrenic patients experienced their first positive 

symptoms one year or less before imaging. One schizophrenic patient had 

positive symptoms for seventeen months before imaging. One heard voices 

occasionally for seven years but did not develop other symptoms of 



schizophrenia until three months before imaging. Six schizophrenic patients 

received between 1 and 4 mg of lorazepam in the 24 hours before scanning. 

None of these subjects had been exposed to any antipsychotic rnedication prior 

to the MR exam. The education level of each subject was rated on a four point 

scale (1, a grade 10; 2, grade 11 - 13; 3, 1-3 years of college or university; 4 . 2  4 

years of college or university). Parental education ratings were also evaluated as 

above for the rnost educated parent. The handedness of each subject was 

defined by a handedness questionnaire (27). 

Ten control subjects were chosen from a pool of subjects recruited by 

advertisement. Subjects were chosen to minimize demographic differences 

behnreen the patient and control groups (Table 5-1). The criteria used included 

gender, age, education, parental education, and handedness assessed in the 

same manner as for patients. A SClD interview was also conducted on each 

control by the sarne two interviewers who conducted patient interviews; the 

absence of psychiatric symptorns in these subjects was confirmed by consensus. 

Five control subjects had participated in previous studieç which included a 

rnagnetic resonance imaging (MRI) and MRS exarn. 

No patients or controls had a history of head injury, drug or alcohol abuse, or 

serious rnedical illness based on the information provided during the SClD 

interview. As part of the MR study, routine clinical images were collected and 

viewed by a radiologist (T.C.) who detected no gross abnormalities on any scans 

of the twenty subjects who were included in the data analysis. 



5.1.2 'H MR Spectroscopy 

Each subject was positioned within a Siemens SP4000 Helicon 1.5 Tesla whole 

body MR imager and taped under the chin and across the forehead to reduce 

motion. The same Siemens circularly polarized head coi1 was used to obtain al1 

images and spectra. Every study began with an iterative cornputer algorithm (28) 

that directly set the currents in 12 resistive shim coils to improve rnagnetic field 

homogeneity over the entire head and thereby improve spectral quality. A series 

of sagittal and coronal images were then acquired for placing a 15 x 15 x 20 mm3 

volume of interest (VOI) in the medial prefrontal region of the brain (Figure 5-1). 

In Tailairach CO-ordinates (29), the VOI was placed to lie within the region 

between x = O to -1 5, y = 30 to 50, and z = O to 20. This volume encompassed 

parts of Brodrnann's areas 24, 32, and 9. After placing the Vol, a STEAM (30) 

localized manual shim was done to further increase magnetic field homogeneity 

within the VOI. Both water suppressed (31) and water unsuppressed 

spectroscopy data were acquired using a STEAM sequence (TR=I 500 ms, 

TE=20 ms, TM=30 ms, 4096 points, 250 ps dwell tirne, 550 and 30 suppressed 

and unsu p pressed averages respectively). 



Figure 5-1 : Coronal and Sagittal Localizer Images 

Coronal (a) and Sagittal (b) 'H MR images showing the placement of the volume 

of interest 0101) in one subject. The 15 x 15 x 20 mm3 VOI is outlined by a white 

box positioned in the left medial prefrontal cortex and anterior cingulate regions 

(Brodmann areas and Tailairach coordinates are specified in the text). The 

vertical dotted line in the coronal image gives the position of the sagittal slice. 

The vertical dotted line in the sagittal image gives the position of the coronal 

slice. The horizontal lines in both images give the position of a transverse slice 

also used for positioning but not shown here. 

5.1.3 Spectral Processing 

All spectra were processed identically without operator interaction using Our own 

software (32). Each spectrurn was eddy current corrected (33), using the water 

unsuppressed spectrum as a reference. Residual water was then subtracted 



using the results of an initial fit of the data in the time dornain (34) (0.0 - 0.512 

seconds) using a singular value decornposition algorithm. HLSVD (35). The 

resulting spectrum was then fit in the time domain (0.0 - 0.512 seconds) using a 

non-linear Marquardt algorithm (36) to a complete spectrum model composed of 

twelve metabolites (1 8, 19, 20) and three macromolecules (37) with resonances 

between 1.9 pprn and 3.5 ppm. The metabolites N-acetyl-aspartate (NAA), 

glutamate (Glu), glutamine (Gln), y-aminobutyric acid (GABA), taurine (Tau), 

myo-inositol (Myo), glucose (Glc), aspartate (Asp), N-acetylaspartyl-glutamate 

(NAAG), phosphocreatine + creatine (PCr + Cr), choline containing compounds 

including mostly phosphorylcholine, glycerophosphorylcholine, and free choline 

(20, 38) (Cho), and scyllo-inositol (Syl) were al1 modeled with exponentially 

damped sinusoids. Macromolecule resonances at 3.00 pprn (M 3.00). 2.29 pprn 

(M 2.29), and 2.05 pprn (M 2.05) (37) were modeled with Gaussian damped 

sinusoids. The full width half maximum (FWHM) of these macromolecule peaks 

was fixed at 24 Hz. Six resonances with shifts < 1.9 pprn and four resonances 

with shifts > 3.5 pprn were included in the spectrum model to account for minor 

baseline distortions and resonances adjacent to Our spectral region of interest 

(1.9 - 3.5 pprn with NAACHB referenced to 2.01 ppm). These ten resonances 

were unrestricted in amplitude, shift, width, and phase, and independent of the 

modeled metabolites except in delay time which was linked. 

By adjusting the amplitude parameters of each metabolite as well as the overall 

width, shifi, zero order phase, and delay time, the computer fitting algorithm 

minimized the difference between the complete spectrum model and the original 

data. Metabolite amplitudes were then scaled by the total NMR visible water (39) 

obtained from the unsuppt2ssed water spectrum (corrected for 3% cerebral 



spinal fluid (18) (CSF)), and the approximate concentration of water in the VOI 

([H20] = 55.12 rnMlml, corrected for 41 % gray matter and 56 % white rnatter) 

(1 8), to yield relative metabolite ievels in arbitrary units. This measure 

represents the average metabolite level in the volume studied uncorrected for the 

NMR relaxation parameters T1 and T2 (since these parameters are unavailable 

for each metabolite in each individual). 

5.1 -4 Statistical Analysis 

AI1 statistical tests were performed using SPSS (SPSS Inc.) release 6.0 (40). 

The subject characteristics age, education level. and parental education were 

comparable between subject groups according to a hivo tailed t-test (p > 0.1 0). 

These variables were covariates for al1 statistical comparisons to reduce the 

extraneous variance in error terms, without removing genuine group effects (41, 

42). 

Although there were twelve rnetabolites and three macromolecules modeled for 

each data set, some rnetabolites and macromolecules had very large standard 

deviations. Therefore, we decided that only metabolites and macromolecules 

with CV of less than 75 % should be included in between group comparisons. As 

Glu and Gin comprised the focus of hypothesized differences, values of these 

rnetabolites were compared using analysis of covariance (ANCOVA); the 

remaining metabolites were compared using multivariate analysis of covariance 

(MANCOVA). P-values of s 0.05 were considered statistically significant. 



To establish if estimated metabolite levels were correlated (due to physiology or 

quantification artifact), bivariate correlations were made between al1 metabolites 

included in the analysis as well as between each metabolite and the SANS and 

SAPS scores for the schizophrenic patients. These correlations were carried out 

on each subject group independently. P-values for significance were determined 

using a Bonferroni based correction (42,43) as no prior hypotheses were made. 

5.2 Res ults 

A typical spectrum (after water removal) from one subject is shown in Figure 5-2. 

It is displayed in the frequency domain after Fourier transform although al1 

quantification was done in the time domain. Metabolite components are shown 

in the following order. The first line shows NAA (N-acetyl-aspartate, solid), PCr + 

Cr (phosphocreatine and creatine, dotted), and Cho (choline containing 

compounds, dashed). The second line shows NAAG (N-acetyl-aspartyl- 

glutamate, solid), Glu (glutamate, dashed), and Glc (glucose, dotted). The third 

line shows Gln (glutamine, solid), Asp (aspartate, dashed), Tau (taurine, dotted). 

The fourth line shows GABA (y-amino-butyric acid, solid), Myo (myo-inositol, 

dashed), and Syl (scyllo-inositol, dotted). The fifth line shows the 

macromolecules, while the sixth line shows the resonances fit outside the 

spectral region of interest (4 -9 ppm and > 3.5 ppm). The average SNR (32) for 

al1 data prior to preprocessing was 20I5 : 1. The average FWHM of the 

unsuppressed water spectra was 5.74 k 1 .O2 Hz. 
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Figure 5-2: In-vivo Spectrum and Components from Left Medial Prefrontal 

Cortex 

Typical in vivo 'H data is shown after water subtraction in top trace (light line) 

with corresponding fit result superimposed (dark line). The difference between 

the two is shown beneath (residual). The individual metabolite components 

(described within the text) are displayed beneath the residual. This spectnim was 

fit in the time domain but is shown in the frequency domain for interpretation. 



Five of the twelve quantified metabolites (NAA, Glu, Gln, PCr + Cr, and Cho ) 

had CVs less than 75 % and were included in the statistical analysis. Figure 5-3 

shows the average estimated metabolite levels + standard deviation for each 

group. These metabolite levels represent average resting levels from the entire 

volume under investigation and are uncorrected for the NMR relaxation 

parameters Tl and T2, or changes in CSF, gray matter, and white matter ratios. 
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Figure 5-3: Mean Metabolite Levels 

Mean metabolite levels are given in arbitrary units after normalization to total 

NMR visible water for the medial prefrontal cortex (encompassing portions of 

Brodmann's areas 24, 32, and 9) of healthy control subjects (N=10) and never 

treated schizophrenic patients (N=10). Errors represent k one standard 

deviation. NAA represents N-acetyl-aspartate, Glu represents glutamate, Gln 

represents glutamine, Cho represents choline containing compounds 

(phosphorylcholine, glycerophosphorylcholine, and free choline (20, 38)). and 

PCr + Cr represents phosphocreatine and creatine. Single asterisks mark 

statistically significant ANCOVAs @ values shown on plot), covariates 

comprising age, education, and parental education. 



A significant increase was observed in the level of Gln among never treated 

schizophrenic patients as compared to controls (7.2 f 3.7 vs. 3.7 t 2.0 arbitrary 

units, N=10, DF=15, F=6.1, p = 0.026), while no differences were observed in 

Glu. The MANCOVA on the three remaining rnetabolites did not show a 

statistically significant difference between never treated schizophrenic patients 

and controls (p = 0.420). The ANCOVA's on individual metabolite groups gave 

the p-values shown in Figure 5-3. Never treated schizophrenics showed a trend 

towards higher PCr + Cr levels (1 1.3 t 1.7 vs. 9.9 + 1 .l arbitrary units, N=10, 

DF=15, F=3.4, p = 0.085) compared with controls. Patients on (N = 6) and off (N 

= 4) lorazepam had Gln levels of 6.0 t 4.1 and 9.1 k 2.5 arbitrary units 

respectively, and PCr + Cr levels of 10.9 I 1.7 and 1 1.9 t 1.7 arbitrary units 

respectively. These metabolite levels were not significantly different between 

patients on and off lorazepam using a 2-tailed t-test (p0.21 and p=0.40 for Gln 

and PCr + Cr respectively; the power of this test was necessarily low, but the 

direction of differences was contrary to lorazepam being the agent of elevated 

patient values). 

Bivariate correlations between measured metabolites and clinical symptorns 

(SANS (25) and SAPS (26)) were done separately for healthy controls and never 

treated schizophrenic patients. P-values < 0.020 and < 0.014 were considered 

statisticaily significant for the healthy control and never treated schizophrenic 

groups respectively. One significant positive correlation was found between the 

rnetabolites Gln and Cho in the control group (r = 0.753, p = 0.012). Pearson 

correlation coefficients for the correlation of clinical symptoms with metabolite 

levels are summarized in Table 5-2. No significant correlations were found 

between estimated metabolite levels and SANS scores. SAPS scores correlated 



negatively with NAA levels @ = 0.016) however, this correlation was not 

significant after Bonferroni correction. 

Metabolite SANS SAPS 

Pearson Correlation Pearson Correlation 

NAA 0.304 -0.730" 

Glu 0.358 0.104 

Gln -0.261 -0.507 

Cho -0.334 -0.037 

PCr + Cr -0.345 0.181 

* p = 0.016, not significant after Bonferroni-based correction 

Table 5-2: Metabolite Correlations with Symptom Scores 

The following abbreviations are used in Table 5-2: SANS represents the Scale 

for the assessment of negative symptorns (25), SAPS represents the Scale for 

the assessment of positive symptorns (26), NAA represents N-acetyl-aspartate, 

Glu represents glutamate, Gln represents glutamine, Cho represents choline 

containing compounds (phosphorylcholine, glycerophosphorylcholine, and free 

choline (20, 38)). PCr + Cr represents phosphocreatine + creatine. Correlations 

were performed based on the results from al1 10 never treated schizophrenic 

subjects. The significance of al1 correlations were above the 0.05 level except 

the correlation of NAA with SAPS @ = 0.016). However, this was not significant 

after Bonferroni based correction. 

5.3 Comment 

Although these results must be considered preliminary, this study showed a 

significant glutamine increase in the medial prefrontal cortex (encompassing 



portions of Brodmann's areas 24. 32. and 9) of never treated schizophrenic 

patients compared to healthy controls. It has been estirnated that 80% of 

stimulus released glutamate is derived from glutamine (44). In this cycle, 

stimulus released glutamate is taken up by astrocytes and converted to 

glutarnine which is transported back to the presynaptic neuron and reconverted 

to glutamate (45,46). This small neurotransmitter pool of glutamate does not 

equilibrate quickly with a larger pool of cellular glutamate (44.47). 

Our obsewation of increased glutarnine in schizophrenic patients may indicate an 

abnormality in the cycle of conversion of glutarnine to glutamate. This would 

decrease the glutamate available for signal transduction while the overall level of 

glutamate would appear unchanged since the larger pool of cellular glutamate is 

unaltered. Thus. higher glutamine levels could suggest decreased glutamatergic 

activity in the rnedial prefrontal region of schizophrenic patients. Conversely, 

increased glutamine could indicate increased glutamatergic activity in keeping 

with increased D-I~H] aspartate binding (1 6) (although caution must be taken 

when comparing the results of this study to previous postmortern studies, since 

the volume studied here includes several distinct regions of cortex). This 

possibility seems unlikely as most functional imaging studies have shown 

decreased metabolic activity in this region (1, 2, 3,4, 5, 6) and the increase in 

receptor sites found on post-mortem analysis could be interpreted as a 

compensatory effect of decreased glutarnatergic activity. lncreased glial cell 

volumes could also account for increased glutamine levels in schizophrenic 

subjects since 'H MRS measures glutamine for both neurons and glial cells (48), 

but recent post-mortem studies have not found increased glial cell volumes in the 

prefrontal cortex (49). 



As sorne patients received lorazepam in the 24 hours before assessment, there 

is a possibility that this medication could have affected glutamine levels in 

patients, accounting for the difference from controls. However, this does not 

appear to be the case as glutamine levels tended to be lower in the patients who 

had received lorazeparn compared to the patients who had not received 

lorazepam. 

If the finding of increased glutamine levels reflects decreased glutamatergic 

activity, this would be consistent with N-methyl-D-aspartate (NMDA) receptor 

hypofunction which has been hypothesized in schizophrenia (50, 51). Olney and 

Farber (50) suggest that any mechanism that impairs the functional status of 

NMDA receptors of GABAergic neurons could result in widespread darnage to 

the limbic system. This damage would be expected to be associated with 

decreased NAA levels in the medial prefrontal region in keeping with reports of 

decreased NAA levels in the temporal regions of schizophrenic patients (52, 53). 

No differences were observed but neuronal loss by this process could be subtle 

and not detectable by this technique. Differences in levels of y-aminobutyric acid 

cannot be ruled out as this metabolite is poorly resolved at this field strength. 

The anterior cingulate cortex receives inputs from many parts of the brain so it is 

impossible to determine the origin of glutamatergic projections which could 

account for the increase in glutamine in patients. However, it is of note that the 

anterior cingulate cortex receives glutamatergic afferents from the thalamus via 

basal ganglia-thalamocortical pathways (54. 55). It is possible that excitatory 

glutamatergic thalamic afferents to the anterior cingulate and medio-orbital cortex 



could be darnaged early in brain developrnent. Early neurodevelopmental lesions 

to the rnediodorsal thalamus (56) or ventral hippocampus (57) in rats results in 

behaviors associated with dopaminergic supersensitivity in the nucleus 

accumbens at maturity, by a rnechanism likely involving glutamatergic afferents 

to the medial prefrontal region. Our findings of increased glutamine in never- 

treated patients could result from either type of neurodevelopmental lesion. 

'H MRS measures total PCr + Cr (58) although the ratio of PCr:Cr is close to 1 :1 

in the brain (20). The trend towards an increase in PCr levels in never treated 

schizophrenics could be the result of an increase in PCr or Cr. The trend to 

increased PCr + Cr levels could indicate reduced metabolic activity which has 

been demonstrated with functional imaging studies (1, 2, 3, 4, 5, 6) since PCr is 

an energy reserve used to produce ATP. However, rneasurements of PCr with 

3 ' ~  magnetic resonance spectroscopy have not shown increased PCr levels in 

never treated schizophrenic patients in frontal regions (59, 60, 61). Buckley et al 

(62), the only other 'H MRS study in the prefrontal region that we are aware of, 

did not find differences in PCr + Cr levels between schizophrenic patients and 

controls. However, differences in patient rnedications, brain region studied, data 

acquisition pararneters, and quantification technique, makes it dificult to 

compare these results with those presented here. 

lncreased Gln and PCr + Cr levels in never-treated schizophrenic patients would 

be expected to be associated with functional deficits in the cingulate cortex. This 

region is believed to be important in the regulation of affect, motivation, selective 

attention. social interactiveness, and rational thought processes, functions which 

are impaired in schizophrenic patients (63). Although none of the metabolite 



levels were significantly correlated with syrnptom scores, SAPS scores were 

inversely correlated with NAA levels before Bonferroni correction. While NAA 

levels did not differ between groups in this study, patients with positive symptoms 

may have a change in neuronal integrity in this region reflected in NAA levels. 

However, a larger study is necessary to confimi this correlation. 

5.3.1 Limitations 

Although the volume used was small (4.5 cm3) and positioning was done with the 

aid of images to place the volume in gray matter, there was still a significant 

amount of white matter present in each volume which could decrease the 

sensitivity of measurements. To exclude partial volume effects as the cause of 

metabolite level changes, the partial volume must be equal in controls and 

schizop hrenics. Studies comparing metabolite levels in gray and white matter 

have generally shown increased PCr + Cr and Glu, and decreased Cho levels in 

gray matter compared to white matter (18, 20,38). Although a trend towards 

increased PCr + Cr levels was observed, this increase was not accompanied by 

a corresponding increase in Glu, and decrease in Cho. Therefore, it is unlikely 

that the changes reported here are the result of increased gray matter in the 

schizophrenic volume. 

Changes in NMR relaxation properties can not be ruled out as the cause for 

increased glutamine levels. For exarnple, decreased T1 or increased T2 

relaxation for glutamine would result in an increased level of this metabolite in the 

spectnim. However, this would still indicate an abnomality related to glutamine 

and implicate glutamatergic transmission in this brain region. Altered water 



relaxation would cause a change in al1 metabolite levels, not a specific increase 

in glutamine level. 

The inclusion of prior knowledge reduced the uncertainty of metabolite level 

estimates, but the overiapping resonances in the region of the spectrum 

containing Glu, Gln, and GABA were difficult to resolve. This lack of resolution 

lead to metabolite estimates with high standard deviations for some metabolites 

(Le. - 53% for Gln); although the standard deviations of other metabolites (NAA 

-14%, Glu -21 %) were comparable to those obtained from post-rnortem analysis 

(NAA -20%. Glu -40%) (15) and larger volume spectroscopy studies 

(NAA+NAAG -9%, Glu -14%) (19). Future studies may show more pronounced 

results due to improvements in equipment and quantification which lead to 

decreased rnetabolite standard deviations. Although one positive correlation 

between Gln and Cho was observed in the control group, the lack of negative 

correlations between Gln and any other rnetabolite. as well as PCr + Cr and any 

other rnetabolite in either subject group suggests that the changes seen in these 

metabolites are not the result of misfitting one or more of the other metabolites. 

5.4 Conclusion 

lncreased levels of glutamine were observed in the medial prefrontal and anterior 

cingulate regions (including Brodmann's areas 24, 32, and 9) of never treated 

schizophrenic patients compared to controls. These findings rnost likely reflect 

reduced glutamatergic activity in this part of the brain in schizophrenic patients. 
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Chapter 6 

A Short Echo 'H Spectroscopy and Volumetric MR lrnaging 

Study of the Corpus Striatum in Patients with Obsessive- 

Compulsive Disorder and Cornparison subjects3 

By Robert Battha, Murray 8 Stein, Peter C Wiliamson, Dick J Drost, Richard WJ 

Neufeld, Tom J Car, Gita Canaran, M Densmore, Geri Anderson, Abdur R 

Siddiqui 

6.0 ln troduction 

Obsessive-compulsive disorder (OCD) is a prevalent, serious neuropsychiatric 

disorder (1) of unknown etiology. Several lines of investigation into the cause(s) 

of OCD have suggested that it is characterized by dysfunction within a basal 

ganglia-thalamocortical neuronal circuit (2, 3). In particular, the corpus striatum 

has shown abnorrnalities in OCD patients compared to cornparison subjects in 

3 A version of this chapter has been published. 
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several imaging studies (4. 5. 6). Positron emission tomography (PET) and 

functional magnetic resonance imaging (fMRI) studies (7, 8) during symptom 

provocation have revealed activation within the corpus striatum (specifically in 

the caudate) along with other brain regions (medial orbitofrontal cortex, anterior 

cingulate. amygdala). Studies of OCD patients following treatment with either 

pharmacotherapy or behavior therapy indicate that functional abnormalities in the 

corpus striatum normalize as a correlate of symptom reduction (5, 6). Additional 

support for the involvement of the basal ganglia-thalamocortical neuronal circuit 

in OCD comes from the finding of neurosensory "gating" abnorrnalities in patients 

with OCD. These gating deficits are consistent with dysfunction within this 

neuronal circuit (9, 10). 

Several investigators have attempted to delineate a neuroanatornic abnormality 

in OCD by measuring the size or assessing the structural integrity of presumably 

critical central nervous systern (CNS) structures. In particular, the corpus 

striatum has been the focus of a series of computerized tornographic (CT) and, 

more recently structural MRI studies (1 1, 12. 13, 14, 15, 16). These studies have 

been remarkably inconsistent with some finding reduced caudate size, (13. 16) 

another finding increased caudate size (12) and some finding no differences (14, 

15). 

Short echo proton magnetic resonance spectroscopy ('H-MRS) can be used to 

obtain information about several metabolites which are highly relevant to Our 

understanding of the mechanisrns of dysfunction within neuronal circuits in OCD 

and other neuropsychiatrie disorders (1 7, 18). N-acetylaspartate (NAA) which is 

readily measured using 'H-MRS, has become a well accepted neuronal marker 



(1 7, 18, 19, 20). In fact, it is believed that N-acetylaspartate may decline in 

neuronal tissue prior to neuronal loss being detectable using conventional MRI 

morphometric methods (21,22). Glutamate (Glu) and glutamine (Gln) which are 

also reliably measured using short echo 'H-MRS are involved in the cycle of 

excitatory neurotransmission (1 7, 18) and as such rnay yield additional 

information regarding OCD. 

In this study of patients with OCD and matched cornparison subjects, 'H-MRS 

and volumetric MR imaging were used to further delineate a role for corpus 

striatum dysfunction in the pathophysiology of OCD. Maintaining a tolerable total 

study time for these subject (1 5-2 hours) precluded the acquisition of data from 

the left and right striatum. We elected to focus on the left side because previous 

studies had shown bilateral abnormalities, and for comparison to data acquired in 

never treated schizophrenic patients on the left side. We hypothesized that OCD 

patients and comparison subjects would show different N-acetylaspartate levels 

in the left corpus striatum based on previous reports of volurnetric and functional 

anomalies in this region. To the best of our knowledge this is the first study to 

combine short echo 'H-MRS and volurnetric imaging of the caudate in OCD. 

Caudate volumes were measured in these same subjects in the hope that the 

simultaneous examination of these volumes and N-acetylaspartate levels might 

shed light on the inconsistent volumetric findings which have emerged from prior 

studies. 



6.7 Method 

6.1.1 Subjects 

Thirteen patients with DSM-IV OCD and 13 healthy cornparison subjects were 

studied. Patients with OCD were recniited from arnong persons seeking 

treatment at either the Department of Psychiatry, St. Boniface General Hospital. 

Winnipeg, Manitoba (N=1 O), or the Departrnent of Psychiatry, London Health 

Sciences Centre, London, Ontario (N=3). Comparison subjects were chosen 

from a pool of subjects recniited from the London area by advertisement. 

Subjects were chosen in such a way as to rninimize demographic differences 

(gender. age, education, parental education, and handedness) between the 

patient and cornparison groups (Table 6-1 ). 

Subjects with OCD were diagnosed by an experienced clinician-researcher 

(MBS) using a semi-structured interview (SCID) (23). Cornorbidity, family history, 

and other illness pararneters (e.g., age at onset) were assessed at this time as 

part of the clinical interview, as was the patient's medical and prior treatment 

history. This same experienced interviewer (MW) determined the severÏty of 

OCD symptomatology using the Yale-Brown Obsessive-Compulsive Scale 

(YBOCS) (24,25), Clinical Global Impression Scale (CGI) (26) and the National 

l nstitute of Mental Health Obsessive Compulsive Scale (N IM H-OCS) (27). One 

patient had clinical depression at the time of the study. AI1 OCD subjects were 

outpatients and had no other current comorbidity including tics. 



Group Age Gender Hand Education Parental 
Level Education 

(years) Level 
Cornparison 32.4 f 9.7 7 Male, 12 Right, 3.0 + 0.7 2.3 k 1.1 
Sub jects 6 F d e  1 Left 
(N=13) 
OC Patients 34-9 + 8.8 7 Mde, 10 Right, 3.0 + 0.8 2.5 -C 1.1 
(N=13) 6 Femde 3 L& 

Group YBOCS YBOCS YBOCS CG1 N'IMH- 
Obsessive Compulsive Total OCS 

Comparison n/a n/a n/a n/a n/a 
Sub jects 
(N=13) 
OC Patients 11 -6 + 4.0 14.3 t 2.8 25.9 15.2 4.9 + 1.0 9.5 I 1.8 
(N=13) 

Table 6-1 : Subject Demographics 

Except for gender and hand, data are given as mean k SD. N represents the 

total participants included in a group; YBOCS is the Yale-Brown Obsessive- 

Compulsive Scale (24, 25), CG1 is the Clinical Global Impression Scale (26). and 

NIMH-OCS is the National lnstitute of Mental Health Obsessive Compulsive 

Scale (27). The aga was that at time of MR spectroscopy examination. 

Handedness was determined by questionnaire (28). Education levels are rated 

as 1,s grade 10; 2, grade 11 to grade 13; 3. 1 to 3 years of college; 4, r 4 years 

of college. 

Subjects with OCD and healthy cornparison subjects were required to be 

medication free for a minimum of six weeks prior to the day of scanning (nine 

patients had never received antidepressant medication), to be othewise in good 

physical health, and to have no history of significant head injury or seizures. One 

subject had a history of neuroleptic exposure two years before this study. None 



of the OCD subjects were participating in formal behavior or cognitive therapy 

during the time of study participation, nor were they involved in any form of self- 

help cognitive or behavioral therapy for their condition. As part of the MR study, 

routine clinical images were collected for each subject and viewed by a 

radiologist (TC) who detected no gross abnormalities on any scans. In addition 

to the aforementioned criteria. healthy cornparison subjects underwent a routine 

clinical interview and were screened with the SClD by another experienced 

clinician-researcher (PCW) to ensure they did not satisw criteria for any Axis I or 

Axis II psychiatrie disorders. 

The education level of each subject was rated on a four point scale (1. 5 grade 

10; 2, grade 11 - 13; 3, 1-3 years of college or university; 4, 2 4 years of college 

or university). Parental education ratings were also evaluated as above for the 

most educated parent. The handedness of each subject was defined by a 

handedness questionnaire (28). The height and weight of each subject was also 

recorded so that these characteristics could be used as covariates in the 

statistical analysis of the volumetric data. 

After cornplete description of the study to each subject, written informed consent 

was obtained. This study was approved by the Faculty of Medicine Human 

Subjects Cornmittee of the University of Manitoba and the Review Board for 

Health Sciences Research lnvolving Hurnan Subjects of the University of 

Western Ontario. 



6.1 -2 'H MR Spectroscopy 

Spectroscopy data were acquired as described in detail elsewhere (29). Spectra 

were acquired from a 15 x 20 x 15 mm3 volume of interest (VOI) in the left corpus 

striatum (Figure 6-1). Although the images used to position the VOI were not 

transformed to Tailairach space (30) the VOI studied was approximately 

positioned within the volume defined by the following Tailairach coordinates: x = 

O to -15, y = -10 to 20, and z = O to 15. Both water suppressed (31) and water 

unsuppressed spectra were acquired using a stimulated echo acquisition mode 

(STEAM) (32) sequence (TR=1500 ms, TE=20 ms, TM=30 ms, 4096 complex 

points, 250 ps dwell üme, 550 and 30 averages respectively). 

6.1.3 Spectral Processing 

Spectral processing is also described in detail elsewhere (29, 33). Each 

spectrum was fit to a complete spectrum model composed of twelve metabolites 

(19, 29, 34, 35, 36) and three macromolecules (37) with resonances between 

1.9 ppm. and 3.5 ppm (NAACHI referenced to 2.01 ppm). The caption to Figure 

6-2 contains a complete list of the metabolites and macromolecules included in 

the spectrum model. 

Metabolite levels were normalized to the unsuppressed water signal following 

correction for the partial volume effect (29, 35) of cerebral spinal Ruid (CSF), gray 

matter, and white matter ratio (estimated as 1 %/60%/39%). Therefore, 

metabolite levels represent the average metabolite level (f SD) in the volume 



studied uncorrected for the NMR relaxation parameters Tl and T2, (since 

accurate values were unavailable for each metabolite). 

Figure 6-1: Location of Volume of lnterest in Left Corpus Striatum 

Sagittal and coronal 'H MR localizer images showing the placement of the 

volume of interest (Vol) in the left corpus striaturn. The projection of the 15 x 20 

x 15 mm3 VOI in the corpus striatum is outlined by the white rectangle in each 

slice. Approximate Tailairach CO-ordinates for this volume are given in the 

methods section. The vertical dotted lines in the coronal image give the position 

of the corresponding sagittal slice. The vertical dotted lines in the sagittal image 

give the position of the corresponding coronal slice. The horizontal lines in al1 

images show the position of the rnost inferior transverse slices that were also 

used for positioning but are not shown here. 



6.1.4 Volumetnc lrnaging 

The entire brain of each subject was imaged on the same MR scanner and same 

day as 'H-MRS data were acquired. Volumetric images consisted of 128 

contiguous 1.56 mm thick coronal slices (0.94 mm x 0.94 mm in plane resolution) 

acquired using a 3D FLASH (38) sequence (TR = 30 ms, TE = 10 ms). To 

measure consistent volumes of the head of the caudate nucleus ANALYZE 

software (39) was used to reformat the coronal slices into slices perpendicular to 

a plane joining the most inferior margin of the splenium with the most inferior 

margin of the genu of the corpus callosum. The head of the caudate nucleus 

bordered by a plane parallel to the anterior portion of the pons (1 3), a plane 

parallel to the anterior commissure, the frontal hom of the lateral ventrical, and 

the anterior limb of the intemal capsule (14) was segmented using a semi- 

automated histogram technique in Xstatpack (40). Ten subjects had volumes 

calculated twice on the same scan to determine test-retest reliability. AI1 volume 

measurements were perforrned by the same rater (MD) without knowledge of 

diagnosis or MRS measures. 

6.1.5 Statistical Analysis 

All statistical tests were performed using SPSS (SPSS Inc.) release 6.0 (41 ). 

The subject characteristics age, education level, parental education, height, and 

weight were comparable between subject groups according to a two tailed t-test 

@ > 0.50, DF=24). The use of these variables as covariates therefore allowed 

for the reduction of extraneous variance in error terms, without risking removal of 

genuine group effects (42,43). 



Althoug h twelve metabolites and three macromolecules were modeled for each 

spectrum only metabolites quantified with coefficient of variation (CV) < 75% 

were considered reliable and included in between group cornparisons. As N- 

acetylaspartate was the focus of hypothesized differences, values of this 

metabolite were submitted to analysis of covariance (ANCOVA); the remaining 

rneasures were analyzed using multivariate analysis of covariance (MANCOVA). 

Age. education, and parental education were used as covariates in these tests. 

P-values of 1 0.05 (two-tailed) were considered statistically significant. 

Caudate volume repeated measure stability was assessed with intra class 

correlation coefficients (44). Caudate volumes of OCD patients and comparison 

subjects were compared using ANCOVA. covarying for age, height, and weight. 

P-values of 1 0.05 (two-tailed) were considered statistically significant. 

To establish if estimated metabolite levels were related (due to physiology or 

quantification artifact), bivariate correlations were made between reliably 

quantified metabolites (CV < 75%). Bivariate correlations were also made 

between metabolites which showed group differences and caudate volumes, and 

between these metabolites and symptom scores (YBOCS, CGI, and NIMH- 

OCS). Correlations were made independently for each subject group. P-values 

for significance of al1 correlations were determined using a Bonferroni based 

correction (45) as no prior hypotheses were made. 



6.2 Results 

Spectra from al1 thirteen OCD patients and al1 thirteen comparison subjects were 

quantified. A typical spectrum (after water removal) acquired from the left corpus 

striatum of one OCD patient is shown in Figure 6-2. It is displayed in the 

frequency domain after Fourier transform although al1 quantification was done in 

the tirne domain. Individual metabolite spectra are also shown. The first line 

below the residual shows N-acetylaspartate (solid), phosphocreatine + creatine 

(dotted). and choline containing compounds including mostly phosphorylcholine, 

glycerophosphorylcholine, and free choline (19, 36) (dashed). The second line 

shows N-acetylaspartyl-glutamate (solid), glutamate (dashed). and glucose 

(dotted). The third line shows glutamine (solid), aspartate (dashed), taurine 

(dotted). The fourth line shows y-aminobutyric acid (solid), and myo-inositol 

(dashed). The fifth line shows the macromolecule resonances at 3.00 ppm (M 

3.00), and 2.29 ppm (M 2.29) (37). while the sixth line shows the resonances fit 

outside the spectral region of interest ( c l  .9 ppm and > 3.5 ppm). Scyllo-inositol 

and the macromolecule at 2.05 ppm are not shown in Figure 6-2 because they 

were fit with amplitudes of zero in this spectrum. The average signal to noise 

ratio (mean k SD) measured as the N-acetylaspartate area divided by the root- 

mean-squared noise level in the time domain was 8.6 + 1.2 : 1 (N=13) for 

comparison subject spectra and 8.0 k 1.6 : 1 (N=13) for OCD spectra. The 

average full-width at half-maxima (FWHM) of the unsuppressed water spectra 

(mean + SD) were 6.2 + 0.7 Hz for comparison subjects and 6.7 t 0.5 Hz for 

OCD patients. 
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Figure 6-2: In-vivo Spectrurn and Components from Left Corpus Striatum 

Typical in vivo 'H data from the corpus striatum (after water removal) for one 

OCD patient. Data (light trace) was fit in the time domain, but is shown here in 

the frequency domain along with the fit result (dark trace) for interpretation. The 

difference between the data and fit result is shown beneath (residual) followed by 

the individual metabolite components (described within the text). 



6.2.1 Spectroscopy Results 

Seven of the twelve quantified metabolites and two macromolecules had CVs 

less than 75% and were included in the statistical analysis. These included N- 

acetylaspartate, glutamate, glutamine, N-acetylaspartyl-glutamate, taurine, 

choline containing compounds, and phosphocreatine + creatine, as well as the 

macromolecules at 2.29 ppm and 3.00 ppm. The rnetabolites y-aminobutyric 

acid, aspartate, glucose, scyllo-inositol, myo-inositol, and the macromolecule at 

2.05 pprn were quantiied with CVs greater than 75%, and therefore considered 

unreliable and excluded from the statistical analysis. Figure 6-3 shows the 

estimated metabolite and macromolecule levels of the metabolites included in the 

statistical analysis for each subject group. Groups differed with respect to N- 

acetylaspartate which was significantly lower in OCD patients compared to 

comparison subjects (mean it SD, 14.7 t 1.6 vs. 16.1 + 1.1 arbitrary units, 

N=13/group. DF=(1 ,21), F=6.1, p = 0.022). The MANCOVA for the remaining 

six rnetabolites and two macromolecules Iisted above did not show an overall 

statistically significant difference between OCD patients and comparison subjects 

(N=l 3/group, DF=(8. 14), F= 0.22, p = 0.982). 
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Figure 6-3: Quantified Metabolite Levels from Left Corpus Striatum 

Box and whisker plot showing metabolite levels after normalization to total NMR 

visible water in the corpus striatum of healthy comparison subjects (N=13) and 

OCD patients (N=13). Whiskers indicate 5 and 95 percentiles, box indicates 10 

and 90 percentiles, notch indicates 25 and 75 percentiles, and line indicates 50 

percentile. Each box-whisker plot contains 13 metabolite measures (points), 

although some points are difficult to distinguish because they are CO-incident with 

other points. Letter 'a' indicates significant ANCOVA. 
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6.2.2 Volumetric lmaging Results 

lntra class correlation coefficients for test-retest reliability were 0.86 and 0.90 for 

left and right caudate volumes respectively. ANCOVA showed no differences 

between patients with OCD and comparison subjects in left (mean f SD, 4.6 f 

0.7 vs. 4.4 + 0.5 cm3, N=13/group, DF=(l, 21), F=1.76, p = 0.20 ) or right (mean 

+ SD, 4.8 f 0.7 vs. 4.6 I 0.4 cm3, N=IB/group, DF=(I, 21), F=0.95, p = 0.34) 

caudate volume. 

6.2.3 Bivariate Correlations 

Plots of each correlation (available from the first author) were visually inspected 

and showed no evidence of outliers or anomalies which could give rise to false 

correlations. The correlations reported here were significant after Bonferroni 

based correction (45). Metabolite correlations in the comparison subject group 

showed that glutamate was inversely correlated with glutamine (r = -0.703, 

DF=11. p = 0.007) and phosphocreatine + creatine was positively correlated with 

the macrornolecule at 2.29 ppm (r = 0.760. DF=11. p = 0.003). In the OCD group 

N-acetylaspartate was positively correlated with glutamate (r = 0.750, DF=I 1, p = 

0.003), phosphocreatine + creatine was positively correlated with choline (r = 

0.827, DF=11, p ~0.001) and with the macromolecule at 2.29 pprn (r = 0.763, 

DF=11, p = 0.002). There were no significant correlations between N- 

acetylaspartate levels and syrnptorn scores or left and right caudate volumes. 



6.3 Discussion 

We found decreased levels of N-acetylaspartate in the leff corpus striatum of 

OCD patients cornpared to comparison subjects without a corresponding 

decrease in caudate volume. Recently Ebert et a1 (46) have also independently 

reported decreased N-acetylaspartate levels in the righf striatum of OCD patients 

compared to comparison subjects. Reduced N-acetylaspartate levels are often 

reported in disorders such as Alzheimer's disease (47) which are associated with 

neuronal loss. In the absence of caudate volume differences between groups in 

this study, lower N-acetylaspartate levels in OCD patients may indicate a greater 

sensitivity of this metabolite cornpared to measurement of tissue volume for the 

detection of neuronal loss (21). Our finding would be consistent with this 

interpretation and might explain the discrepancy among prior studies in the 

detection of caudate volume differences in OCD patients, since srnall scale 

volume loss might not have been detectable. It remains to be determined if age 

at onset, severity and duration of illness, or etiology might explain this apparent 

heterogeneity in caudate volumes among subjects. If replicated. however. our 

findings would support the notion that reduced neuronal density in the corpus 

striatum - albeit of a magnitude which is not readily detectable using conventional 

imaging techniques - is a feature of many cases of OCD. 

Since N-acetylaspartate is found primarily within neurons in the brain (20), 

reduced N-acetylaspartate levels suggest decreased neuronal density within the 

volume studied. What pathophysiologic processes might lead to this state? One 

attractive hypothesis is that neuronal loss leading to reduced N-acetylaspartate 

levels could result from an excitotoxic process caused by an increase in activity 

of afferent glutamatergic neurons from the prefrontal cortex. A recent fMRl study 



showed increased activation in the corpus striatum during symptom provocation 

of patients with OCD (8). suggesting that increased afferent input to this region - 

much of which is glutamatergic (48) - may be an important factor in the 

pathophysiology of OCD symptomatology. However. previous PET and single 

photon emission computed tomography (SPECT) neutral state studies have not 

consistently shown increased activity in the corpus striatum (4. 5). In interpreting 

the functional brain literature in OCD, however, one must consider that the 

interpretation of relative differences in either blood flow or glucose utilization in 

the corpus striatum might be confounded by actual differences in neuronal 

density between patients and comparison subjects. In fact, if reduced corpus 

striatum N-acetylaspartate is replicated in other studies of patients with OCD. an 

argument could be made in favor of correcting for neuronal density in functional 

studies of the corpus striatum in OCD. 

There are undoubtedly several alternatives to a glutamatergic excitotoxic 

explanation for reduced corpus striatum neuronal density in OCD. Most 

promising among these explanations is the possibility that OCD may be caused 

by an auto-immune process (49, 50, 51, 52). Antibodies directed against B- 

hemolytic streptococcus cross-react with corpus striaturn neurons (53, 54). 

Damage to the corpus striatum caused by such a process could lead to 

decreased neuronal density and decreased N-acetylaspartate levels as were 

observed in this study. This damage, unless extensive, would not necessarily 

lead to volume changes that could be detected with conventional MR 

morphometry. 



6.3.1 Limitations 

There are a number of alternative explanations for Our findings, as well as a 

number of unanswered questions. It is possible, for example, that changes in 

OCD occur selectively or predominantly in particular striatal structures (e.g. 

caudate, putamen), (1 6, 55, 56) rather than generally throughout the corpus 

striatum. Our voxel size and positioning were such that both caudate and 

putamen were sampled, perhaps to differing degrees in different patients. leaving 

us unable to discem whether low N-acetylaçpartate levels were confined to one 

or both of these structures. This possibility bears more careful scrutiny in future 

studies. Another possible explanation for the variability in caudate findings 

across the literature, and for the reduction of N-acetylaspartate in our particular 

patient sample. may be that Our patients lacked tic syrnptoms (55, 57). As others 

have suggested (1 5), heterogeneity within and among samples for the presence 

of tic symptoms may lie at the heart of the inconsistent caudate volume findings 

in OCD. This issue could be resolved by conducting a study where two groups of 

patients with OCD are included: one group with, and one group without 

significant tic symptomatology. 

Ramifications of technical limitations must also be considered. Although the 

volume studied was small (4.5 cm3) and positioning was done with the aid of 

images to sample only the caudate (gray matter), al1 voxels contained partial 

volumes of interna1 capsule (white rnatter) and putarnen (gray matter). Since N- 

acetylaspartate levels measured by MR spectroscopy are slightly higher in gray 

matter than white matter a decrease in the ratio of gray matter to white matter 

within a VOI would result in a rneasured decrease of N-acetylaspartate level. As 

we observed no change in caudate volume in this group of subjects it is unlikely 



that decreased gray matter content within the VOI studied in OCD patients is the 

cause of observed differences in N-acetylaspartate levels. Furthermore , 

assuming N-acetylaspartate levels are 25% higher in gray rnatter compared to 

white rnatter (35), and that the average cornparison subject volume contained 

60% gray rnatter and 40% white matter, if partial volume were the sole reason for 

the observed decrease in N-acetylaspartate levels (9%) in OCD patients, the 

average OCD volume would have contained only 20% gray matter and 80% 

white matter, a highly unlikely scenario. 

6.4 Conclusion 

We found decreased levels of N-acetylaspartate in the left corpus striatum in the 

absence of volumetric changes of the left or right head of the caudate nucleus in 

OCD patients compared to cornparison subjects. These findings suggest there is 

decreased neuronal density within this region and support the view of OCD as a 

neuropsychiatrk disorder involving an alteration in neural architecture within one 

or more components of a basal ganglia-thalamocortical neuronal circuit. 

Subsequent studies using spectroscopic techniques which permit more precise 

regional localization will be required to determine whether or not specific corpus 

striatum structures are selectively involved in the disorder. Such studies would 

benefit from careful attention to diagnostic subtype classification (tics. farnily 

history. age of onset, autoimmune etiology) which may serve to reduce patient 

heterogeneity and improve the precision of metabolite measurernents. 
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Chapter 7 

Summary and Future Work 

7.0 Summary 

7.0.1 Acquisition, Processing, and Quantification 

1 H magnetic resonance spectroscopy - specifically short echo spectroscopy - is 

gaining in use and usefulness as a tool for the clinical investigation of cerebral 

disease processes (1 ). In the early 1 99OSs, this technique was used by our group 

to study cerebral volumes as small as 8 cm3 (2). However, to reduce the partial 

volume effect associated with sampling gray and white matter simultaneously, 

and because pathology is likely localized to volumes smaller than 8 cm3, data 

collection for this thesis was atternpted from volumes as small as 4.5 cm3 at 1.5 T 

and 1.5 cm3 at 4.0 T. But signal to noise ratio is directly proportional to volume 

(3), therefore data acquired from volumes less than 8 cm3 at 1.5 T were difficult 

to quantify using existing quantification techniques. As a result, the goals of this 

thesis were to irnprove data quantification and collection techniques so that 

reliable measures could be made from volumes smaller than 8 cm3. 

The first step in this process was the development of automated software for the 

post-processing and quantification of short echo 'H MR spectra. This has 

removed human interaction and bias from the spectral analysis. This software 



was then used to develop an optirnized approach to spectral fitting for use on 

clinical data using good quality data acquired from a single individual (Chapter 2). 

During the course of these experiments, several interesting observations were 

made. First, in regards to lineshape correction following data acquisition. it is 

best to combine the QUALITY deconvolution correction technique (4) with the 

simple eddy current correction technique (5) to yield data which is both lineshape 

corrected and free from corrupted data points at the end of the time domain 

signal. Second, the common use of exponential filtering to enhance signal to 

noise leads to a decrease in quantification precision and altered metabolite 

levels. Therefore for short echo 'H spectra. which contain heavily overlapped 

resonances, exponential filtering prior to data quantification should be avoided. 

The template of prior knowledge used for in-vivo spectral quantification must 

include accu rate prior knowledge a bout al1 meta bolites within the spectral reg ion 

of interest. This includes macromolecule resonances, which contribute a 

significant amount of signal to the short echo 'H spectrum (6). Also resonances 

outside the spectral region of interest must be included if they overlap with 

resonances inside the spectral region of interest. Failure to include outside 

resonances will lead to the overestimation of inside resonances. 

Finally, data acquisition and quantification was tested at 4.0 Tesla and compared 

to 1.5 Tesla in terms of quantification precision (Chapter 3). The reçults showed 

that there was an increase in the precision of metabolite quantification due to 

increased signal to noise ratio and increased chernical shift dispersion. This 

enabled the acquisition and quantification of glutamate and glutamine (with CV 



less than 35 %) from 1.5 cm3 volumes in the anterior cingulate and thalamus in a 

group of control subjects, which was not possible at 1.5 T. 

7.0.2 In-Vivo Application to Schizophrenia 

Short echo 'H magnetic resonance spectroscopy was used to stüdy a 4.5 cm3 

volume in the left medial prefrontal cortex of schizophrenic patients and matched 

control subjects (Chapter 5). The optimized approach to data quantification 

developed using data from a single individual was used to rneasure metabolite 

levels from al1 subjects. An increase in the amino acid glutamine was rneasured. 

As glutamine is a precursor of the neurotransmitter glutamate, this finding 

suggests abnormal glutamatergic transmission in this region. 

7.0.3 In-Vivo Application to Obsessive-Compulsive Disorder 

Short echo 'H magnetic resonance spectroscopy was used to measure a 4.5 cm3 

volume in the left striatum in obsessive-compulsive patients and matched control 

subjects using the same method described above (Chapter 6). A decrease in N- 

acetylaspartate was measured. Since in N-acetylaspartate is found only within 

neurons, decreased Kacetylaspartate suggests these patients may have a 

reduction in neuronal density in this region. 



7.1 Limitations 

7.1 -1 Quantification Limitations 

Three factors continue to limit the precision of in-vivo spectral quantification: poor 

spectral resolution, low signal to noise ratio, and unknown spectral baseline 

components. Spectral resolution is partially detemined by the hardware used 

and the location in the body that is being studied. However. some improvements 

by shimrning are possible. The system at 4.0 Tesla does not yet have an 

automated shimming package available (such as the one used at 1.5 Tesla (7)) 

which calculates the global shirns sets for al1 shims (including higher order shim 

sets). Such an autornated shimming package improved spectral linewidth 

consistency at 1.5 T and should do the same at 4.0 T when it is implemented. 

Signal to noise ratio is Iimited by the size of the volume studied and the total tirne 

of the experiment. Since it is desirable to acquire data from increasingly smaller 

volumes (to reduce partial volume effects), and data collection time does not 

increase, the signal to noise ratio of Our experiments is continuously decreasing. 

The acquisition of data at 4.0 Tesla partially alleviated both resolution and signal 

to noise problems. This is due to the gain in signal to noise ratio, as well as the 

increase in chemical shift dispersion, which occurs when data is collected at 

higher fields (8). The use of magnetic field strengths higher than 4.0 T may 

increase SIN and chemical shift dispersion and further improve quantification 

precision. 

Finally. the dominant factor that contributes to irnprecise metabolite quantification 

is the uncharacterized macrornoIecule resonances that occur on the spectral 



baseline. The main macromolecule cornponents (3.00 ppm, 2.15 ppm, and 2.05 

ppm) were rnodeled with Gaussian Iineshapes, however this characterization is 

only an approximation based on experimental results. Therefore, inaccurate 

characterization of these resonances will undoubtedly decrease the precision of 

other rnetabolites. 

7.1 -2 In-Vivo Application Limitations 

The in-vivo studies of schizophrenia and obsessive-compulsive disorder suffered 

from several limitations which must be ernphasized. First, due to the severe 

selection criteria which was placed on the patient groups -schizophrenic patients 

were first episode and never treated - the number of patients studied was small. 

Second, some metabolite levels were quantified with high standard deviations 

due to a combination of low SIN, poor resolution, and biological variation. 

Therefore care rnust be taken when these results are interpreted. 

Many rnetabolites also have multiple roles within the sampled tissue. For 

exarnple, glutamine is both a precursor and a breakdown product of glutamate. 

Therefore, there is an inherent arnbiguity in the physiological interpretation of 

changes in the level of this metabolite. Similady, changes in the PCrICr 

resonance can not be definitively attributed to changes in either PCr or Cr or 

both. Finally, changes in measured metabolite levels are usually attributed to 

changes in concentration. However, metabolite level changes will also occur due 

to changes in Ti andlor T2 relaxation. Therefore, in the absence of relaxation 

measurements, this possibility should be considered for the physiolog ical 

interpretation of results. 



7.2 Future Work 

7.2.1 Future Work in Short Echo 'H Quantification 

Two questions in regards to the quantification of short echo 'H spectra must be 

answered. First. would the acquisition of a metabolite nulled spectrum (as 

proposed by Behar et al (6) and described in Chapter 1, Section 1.3.8) in addition 

to the nomally collected spectnim significantly increase quantification precision 

and reproducibility? Since the collection of such a spectrum requires a 

considerable amount of time, the gain in quantification precision must be 

significant to warrant this approach for clinical studies. Second, spectral editing 

techniques have been proposed to measure several metabolites including 

taurine, glucose, ând y-aminobutyric acid (9, 10, 11). Editing techniques rnay 

improve the quantification precision of these metabolites by simplifying the 

acquired spectrum, although other metabolite information is lost. However, 

spectral editing techniques must be evaluated in vivo to determine whether this 

approach would lead to increased quantification precision for the edited 

metabolite compared to short echo 'H MRS. 

There are also potential signal to noise gains to be made through the use of 

other coi1 designs such as smaller head coils (since less noise would be 

detected), and phased array coils (12). Phased array coils rnay provide a 

significant advantage for the acquisition of data near the surface of the brain (Le. 

anterior cingulate). If such coils increased the signal to noise ratio of acquired 

data, this would improve quantification precision both at 1.5 T and at 4.0 T. 



The simultaneous acquisition of multiple spectra should also be considered. 

Chernical shift imaging (CSI, (13)) is one approach that could be used. The 

advantages of this technique are that multiple voxels could be acquired 

simultaneously from an oblique slice passing through the prefrontal cortex and 

subcortical regions (including the thalamus), and that voxel positions within the 

slice could be finalized following data acquisition. The disadvantages include 

signal bleedthrough (14) and inconsistent water suppression due to magnetic 

field inhomogeneity. Another approach would be the acquisition of multiple 

single voxels during the same repetition time (TR) interval. Since the in-vivo 'H 

MR signal at 4.0 T has decayed to the level of noise (due to T2* relaxation) by 0.5 

seconds, and the acquisition TR is 2.0 seconds, four different voxels could be 

excited during one TR interval. This would result in the acquisition of four 

spectra from different locations, without the signal bleedthrough effects present in 

CS1 techniques, during the same acquisition time that is currently used to acquire 

data from a single location. 

7.2.2 Future Applications to Schizophrenia and Obsessive-Compulsive Disorder 

The investigation of mental disorders such as schizophrenia and obsessive- 

compulsive disorder is an ongoing process which will likely continue for many 

years. The application of short echo 'H spectroscopy to the investigation of 

these illnesses has already contributed important information to the puzzle. 

However, this technique should be applied to other brain regions that have yet to 

be studied including the ventral tegmental region and the thalamus. 



Finally, future studies must be aimed at the replication of previous work. For 

example, the finding of increased glutamine in the left media1 prefrontal cortex of 

never treated schizophrenic patients must be replicated by other groups and by 

ourselves at 4.0 Tesla. 
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Appendix A: Post Processing by Eddy Current Correction 

Post processing of MR spectroscopy data by eddy current correction (ECC) 

utilizes a reference signal to determine time dependent phase shifts. In the 

experirnents descibed within this thesis. an unsuppressed water spectrurn was 

always used as the reference signal. The water suppressed time domain signal 

has the form given by equation A-1. 

Where j j  (t, r )  = Sampled points at time t and position r from resonance j. 

Ci = Amplitude of resonance j. 

a i  = Chemical shift (frequency) of resonance j. 

aj = Lorentzian damping of resonance j. 

(Pi = Phase of resonance j. 

Similarly, water unsuppressed data has the form given by equation A-2. 

Where j,(t, r )  = Sampled points at time t and position rfrom resonance W. 

C, = Amplitude of resonance W. 

0, = Chemical shift (frequency) of resonance W. 

a, = Lorentzian damping of resonance W. 

( P ,  = Phase of resonance W. 



If we make the assumptions that q x A B , D  << 1, q x ABovv << 1. Ba x q = O 

(reference is on resonance) and ABoVs(r) = O in Chapter 1 equation [l-61 then t h e  

reference precession frequency is described by equation A-3. 

O ,  (r, t )  = -y - . e-(tuD) + MOVY -sin(t - f,, +4,) -e-"av') 
IA-31 

These tirne dependent frequency shifts, which also exist in the suppressed 

signal, can be considered as time dependent phase shifts of a single frequency 

(the reference). Therefore a subtraction of the water reference signal phase 

removes the effects of AB,D and AB,,v from the suppressed data. 



Appendix B: Post Processing by QUALITY Deconvolution 

The signal acquired from the MR experiment can be written in the form of 

equation B-1. The symbols used are described in Appendix A. 

For the QUALITY deconvolution it is assurned that oj x ABoeo << 1. q x AB0,v << 1, 

and Bo x oj = O (reference is on resonance) for equation [l-61 in Chapter 1. 

However, it is not assumed that ABoeç(r) = O. Therefore the MR signal over the 

entire volume of interest is g iven by equation 6-2. 

Substituting equations 1-5 and 1-6 from Chapter 1 gives equation 8-3. 

The portion of the equation with dependence on r can be separated as follows 

assuming q x 1, oj x ABomv << 1. and cj x ABots << 1 : 



Now consider a reference signal that consists of a single peak on resonance: 

[B-51 

Following normalkation of the reference signal (divide by c,,,,) 

Now deconvolution of the data is done as a division in the time dornain. 

Therefore sirnpiy divide the data spectnrrn by the reference spectrurn, assuming 

the reference is on resonance (G, = 0) and the experirnent and reference signals 

have the same phase = 4,). 

Y 4) - ~ n i - y . < < ~ ~ ( i - c ~ , »  e l Q 1 "  
y, ( t )  = - -ci - e  .- 

Y ,  (O e-rraw.r 

Finally multiplication by the damping term of the reference restores the original 

spectral linewidth. 

The corrected signal has had al1 spatially dependant and time dependant 

variâtions in Bo removed and is therefore purely Lorentzian. 



Appendix C: Singular Value Decomposition of MR Spectra 

The linear fitting routine described in Chapter 1 employs a singular value 

decomposition of a data matrix and interprets the results assuming the data is 

composed of a series of exponentially damped sinusoids according to the 

following formulation in equation C-1 . 

Where k = 1, 2.. . K are defined as signal poles 

Ck = cornplex amplitude in which the phase has been 

absorbed 

bk = damping factors of sinusoid k 

mk = angular frequency of sinusoid k 

At = dwell time 

Equation C-1 can be rewritten in matrix form as given by equation C-2. 

Where ë = a row vector with entries equal to 1 

Z" - a K x K diagonal matrix with entries equal to Zk 

C = a column vector with entries equal to the amplitudes Ck 



The data may be arranged in matrix forrn as shown in equation C-3. 

This data rnatrix is decornposed into a left and right singular matrix by singular 

value decomposition (SVD). The SVD result is related to specific resonances by 

substituting equation C-1 above into equation C-3. 

This can be factored into two separate matrices as follows: 

The left matrix above has the special characteristic of a Vandermonde matrix: 

each row is equal to the previous one postmultiplied by 2. Therefore. we can 

write the relation C-6. 



Where Ub and Ut stand for the left rnatrix above where the bottom and top row, 

respectively. have been removed. Calculation and diagonalization of the matrix 

Z* using the left hand singular matrix following SVD of the data matrix for Ub and 

Ut yields the signal poles 2. This in tum yields the frequencies and damping 

factors of each resonance. The amplitudes and phases can then be determined 

directly from the first column of the right matrix in Equation C-5. 



Appendix D: Non-Linear Minimization 

The noise in the NMR signal is Gaussian distributed, therefore for purposes of 

minimization, we choose a ment function x2 defined by equation D-1 . 

Where = vector of parameters 

= variance at point i 

= data at point i 

Minirnization of this x2 merif function results in parameter values that are the 

most likely to occur given a particular data set. 

A Levenberg-Marquardt minimization routine employs two different approaches 

to minimize the x2 merit function depending on the distance of this function frorn 

its minimum. The first method, called the 'Method of Steepest Descent'. was first 

proposed by Cauchy in 1847. This method estimates the parameter values 

which give the minimum value of x2 based on the current parameter values and 

the gradient of the x2 function given in equation D-2. 



Where 

- 
a,, = Zi - const - VX2 (Ci) 

amin = value of the next guess of parameter a 

ai = current value of parameter a 

m2(ai) = value of the derivative of each parameter 

The second approach to minimization utilizes the Taylor Series expansion of the 

x2 merit function defined by equation D-1 . 

dx2 x'(z) = x2(0)+C--ai +- a i  -aj +.-- 
da, 

Which can be approximated as: 

Where c - x2(0) 

b - -vx2(ai) 

[A] d 2 x 2  
da, -daj 

Taking the derivative and setting equal to zero (at minimum) gives: 

[A]. à,, = b 



And at the current point we have: 

Subtracting equation D-6 from equation D-5 gives: 

Therefore, if the quadratic approximation is a good one. then the values of ai 

which yield the minimum x2value can be calculated using equation 0-7. 

Since the mode1 function and hence the derivatives of the mode1 function are 

known completely and input into the fitting routine, both equations [D-21 and [D-71 

can be used at will. Therefore, al1 that remains is to decide which one to use at 

any particular time. Marquardt proposed a method of varying between the 

"Steepest Descent Method' and 'Quadratic Approximation Method' based on a 

suggestion by Levenberg. Thus the Levenberg-Marquardt minimization routine 

seamlessly approximates the 'Steepest Descent Method' when far from 

minimum, and the 'Quadratic Approximation Method' when near the minimum. 



Appendix E: Quantification of Simulated 'H Short Echo Spectra 

In-vivo simulations were created (Figure E-1) to determine the accuracy and 

precision attainable when fitting in-vivo data utilizing prior knowledge of 

metabolite lineshapes obtained from in-vitro metabolite spectra. In-vitro spectra 

were acquired and fully parameterized as described in detail in Chapters one and 

two. Residual water and resonances outside the region 1.9-3.5 ppm were 

removed using results from a fit with HLSVD (see Chapter 1). These in-vitro 

metabolite spectra were scaled and combined (Figure E-1 column A) to create a 

simulated in-vivo spectrum (Figure E-1 column B) with the following relative 

metabolite levels (correct values obtained by separately fitting each metabolite 

spectrum): N-acetylaspartate - 6.0, glutamate - 3.38, glutamine - 1.69, y- 

aminobutyric acid - 1.88, aspartate - 0.78, N-acetylaspartyl-glutamate - 1.00. 

taurine - 0.44, glucose - 0.38, choline - 2.50, phosphocreatine - 3.00, scyllo- 

inositol - 1.00, rnyo-inositol - 0.1 9, macromolecule at 3.00 pprn - 1.00, and 

macromolecule at 2.05 ppm - 5.00. 

To further reproduce in-vivo conditions, the simulated spectrum was line 

broadened so that the NAACHI peak had a full width at half maximum of 6 Hz 

(using an exponential damping function in the time domain), simulating the 

overlap of resonance lines at 1.5 T. The signal to noise ratio (calculated as the 

intensity of the resonance (2.0 ppm) divided by the standard deviation of 

the noise in the frequency domain) of the simulated spectrum was 280:l. To 

create realistic in-vivo signal to noise ratios, in-vivo noise was acquired by setting 

the RF voltages to zero in the same acquisition sequence as that used to obtain 

al1 in-vitro and in-vivo spectra (STEAM, TE=20 ms, TM=30 ms) and added to the 

simulated spectrum. Eight different in-vivo noise representations were acquired 



(Figure E-1 colurnn C). Therefore, eight simulated spectra were created, each 

one containing identical metabolite information with different noise at a single 

signal to noise ratio (Figure E-1 colurnn D). This process was repeated for twelve 

different signal to noise ratios (280:1, 140:1, 120: 1, 107: 1 , 90: 1 , 78:1,69:1, 62: 1, 

52:1,41 :IV 29:1,23:1). The signal to noise ratio of data acquired in the clinical 

studies of chapter 5 and 6 were approxirnately 20:;. Quality deconvolution was 

done with a simulated unsuppressed water FlD. 

Twelve metabolites 
and two macromolecules 

A C -- -- -- + 
'w---wm- 

Cho A + -. 
c 

In - vivo 
In - vivo noise simulation 

P.' 
+ 

3 

Figure E-1: The Creation of In-Vivo Simulated Spectra 

In - vivo 
simulation -- 
(no noise) 

Known levels of in-vitro spectra were combined to create an in-vivo simulation. 

--- 
The resulting spectrum was line broadened to simulate conditions of in-vivo 

overlap. The simulated spectrum was added to eight in-vivo noise 

representations to create a series of eight simulations each containing identical 

metabolite information but different noise. 



The results of fitting these simulated spectra are summarized in Figure E-2. 

Each plot within this figure displays the average quantified level and standard 

deviation of one metabolite as a function of signal to noise ratio. along with the 

expected value. 

Quantified metabolite levels showed various levels of accuracy. The percent 

difference from expected values ranged from 0.3% for choline to 220% for myo- 

inositol, although the maximum deviation from the expected value was 0.5 

absolute units (N-acetylaspartyl-glutamate). N-acetylaspartate, glutamate, 

glutamine, and phosphocreatine + creatine were quantified with the following 

average % differences from expected values, 4.9%. 1.3%, -2.3%, and -4.9% 

respectively. The results were highly reproducible across al1 signal to noise 

ratios. As expected, metabolite level standard deviations increased as signal to 

noise decreased. At a signal to noise ratio of 23:1, which is typical of the clinical 

studies presented in Chapters five and six, N-acetylaspartate, glutamate, 

glutamine, phosphocreatine + creatine, and choline were quantified with the 

following CV (standard deviation divided by mean X 100%). 5.9%, 19.6%. 14.0%. 

5.6%, and 9.8% respectively. 
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Figure E-2: Results from the Quantification of In-Vivo Simulations 

Metabolite levels were quantified for each metabolite included in the in-vivo 

simulation. The results are summarized above. Each point represents the 

average metabolite level across eight simulated spectra at a single signal to 

noise ratio. The error bars represent one standard deviation. The dark solid line 

indicates the expected metabolite level. Al[ plots are shown on the sarne scale. 
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