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Abstract

Structural, cellular, and neurochemical evidence implicates the two 

major neurotransmitters in the central nervous system, y-aminobutyric acid 

(GABA) and glutamate, in the pathophysiology o f mental illnesses, such as 

unipolar depression. Proton magnetic resonance spectroscopy ( ’H-MRS) is a 

novel method for the measurement o f these neurotransmitters in the human 

brain in-vivo. In this thesis, several studies were performed to investigate the 

validity and reliability o f  a novel double quantum filter 'H-M RS method for 

the measurement o f GABA and a novel method for the detection and removal 

o f  outliers in the measurement o f  glutamate and myo-inositol (a glial marker). 

The GABA measurement demonstrated strong intra- and intersession 

reliability, while the glutamate and myo-inositol measurements demonstrated 

strong intrasession but w eaker intersession reliability with little benefit derived 

from the removal o f outliers. The reliable measurement o f GABA, glutamate, 

and wv’o-inositol will aid in understanding the role o f these neurotransmitters 

in the pathophysiology o f  mental illness.
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Chapter 1. Introduction

1

Several lines o f research investigate the pathophysiology o f  mental and 

neurological illnesses. Recently, increasing emphasis has been placed on the 

role o f  the two primary neurotransmitters in the central nervous system (CNS), 

y-aminobutyric acid (GABA), and glutamate. One disorder in which GABA 

and glutamate have been particularly implicated is unipolar depression.

Unipolar depression affects 8-10% o f the population at some point in 

their lives. Depression in women occurs at approximately twice the rate for 

men. It is characterized by symptoms o f sadness, guilt, loss o f  interest and 

pleasure in usual activities, abnormal sleep patterns, abnormal appetite, and 

cognitive features such as difficulty concentrating and memory loss. Unipolar 

depression has a profound impact on an individual’s personal, social and 

occupational functioning. It also severely impacts the social and emotional 

well-being o f  family members and caregivers (Tomb 1999).

Researchers have identified evidence for the presence o f  multiple 

neural pathologies in unipolar depression. Researchers have found volumetric 

changes in structures involved in the regulation o f emotion and higher 

cognitive functions (i.e., hippocampus, amygdala, basal ganglia, and prefrontal 

cortex (PFC) and its subregions: orbitofrontal cortex, anterior cingulate gyrus, 

dorsolateral PFC) in depressed patients. Post-mortem analysis o f the brains o f 

those who suffered from depression reveals cellular pathologies. Also, 

dysregulation o f the monoamine neurotransmitters serotonin, dopamine, and 

noradrenaline has been widely implicated in depression, and the most common 

antidepressant medications target these neurotransmitters.

GABA and glutamate have been implicated in every aspect o f research 

on the pathophysiology o f  depression. They have been related to cell death and 

survival, implicating them in the volumetric and cellular changes seen in
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depression. They have been associated with chronic stress and the 

hyperactivity o f the stress response system commonly seen in depression. They 

also play a reciprocal role o f regulation and coactivation with the monoamines.

Because o f  this increasing interest in the role o f  GABA and glutamate 

in depression and other mental and neurological illnesses, several methods 

have been developed to measure these neurochemicals in humans. The first 

methods, including analysis o f brain tissue obtained from post-mortem and 

biopsy samples and analysis o f plasma and cerebrospinal fluid (CSF) samples, 

have been criticized in their ability to provide valid and precise measures or 

reflections o f these neurochemicals in the human brain in-vivo.

More recently, nuclear magnetic resonance techniques have provided 

the ability to directly measure GABA and glutamate levels in the human brain 

in-vivo. Proton magnetic resonance spectroscopy (1 H-MRS) is a form o f 

nuclear magnetic resonance technology used to detect and quantify signals 

from several neuro chemicals in-vivo. W hile this technology has a long history 

o f use in the field o f  chemistry, only recently has it advanced to the stage o f 

use in humans. Because o f its novelty, the development o f techniques for 

detecting neurochemicals o f  interest (i.e., GABA and glutamate) is ongoing, 

and the results are not always clear-cut. Determining the validity and reliability 

o f the detection and measurement o f  these chemical signals is crucial to the 

interpretation o f  the results obtained from these techniques, improving the 

ability to draw conclusions from these studies and to compare results across 

studies. Precise and valid measurement o f brain GABA and glutamate 

concentrations in-vivo will hopefully add to the understanding o f  the role of 

these neurochemicals in depression and other mental illnesses.
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Pharmacology o f GABA and Glutamate

3

GABA and glutamate are closely related in their pharmacology and 

function in the brain, both holding two major functions in the CNS. First, they 

are, respectively, the main inhibitory and excitatory neurotransmitters in the 

CNS, and second they both act as intermediates in energy metabolism in the 

cell (Erecinska and Silver 1990; M artin and Rimvall 1993). Also, the 

production o f glutamate occurs along the same metabolic pathway as that for 

GABA. In the main pathway which links the two amino acids, glutamine is 

catabolized by glutaminase to form glutamate, which is then catabolized by 

glutamic acid decarboxylase (GAD) to form GABA (Erecinska and Silver 

1990; Martin and Rimvall 1993). The other major pathway o f glutamate 

formation occurs by the transamination o f  a-ketoglutarate (a byproduct o f 

glycolysis) and a free amino acid via an aminotransferase (Feldman 1997).

Glutamate is present in very high concentrations in the cerebral cortex 

which are estimated to be approximately 6 to 10 pmol/g from post-mortem and 

biopsy studies (Table 1: Korpi et al 1988; Perry et al 1971a; Perry et al 1971b; 

Perry et al 1981) and 'H-M RS studies (Table 2: Geurts et al 2004; Flurd et al 

2004; Michaelis et al 1993; Pouwels and Frahm 1997; Pouwels and Frahm 

1998). It is located mostly intracellularly in the nerve terminal o f excitatory 

pyramidal neurons. Here it is packaged into vesicles that fuse with the 

presynaptic membrane to release glutamate into the synapse, a process that is 

dependent on calcium and adenosine triphosphate (Erecinska and Silver 1990). 

Once in the synapse, extracellular glutamate binds to post-synaptic glutamate 

receptors, o f which there are two types: ionotropic and metabotropic. The 

ionotropic receptors include the a-amino-3-hydroxy-5-methyl-4-isoxazole 

proprionic acid (AMPA) receptor, the N-methyl-D-aspartate (NMDA) receptor, 

and the kainate receptor. These receptors are coupled to ligand-gated ion 

channels that are selective for sodium, potassium and, in the case o f the 

NMDA receptor, calcium. Activation o f  these receptors induces excitatory
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currents in the post-synaptic cell. The metabotropic receptors (m G luRl-7) are 

coupled to G-proteins that activate cellular second messenger systems 

(Feldm an 1997). Its extracellular levels are tightly regulated by several uptake 

m echanisms, which occur primarily through neurons and glia (Erecinska and 

Silver 1990). Its main uptake mechanism uses high-affmity sodium- and 

chloride-dependent transporters on astrocytes. Once taken up into astrocytes, it 

is catabolized by glutamine synthetase into glutamine which is then released 

back into the synapse. The glutamine is then reabsorbed into neurons where it 

is reconverted into glutamate and GABA (Erecinska and Silver 1990; Newman 

2003). Glutamate can also be catabolized by glutamate dehydrogenase to yield 

a-ketoglutarate (Feldman 1997).

GABA is present in much lower quantities than glutamate in the 

cerebral cortex, estimated to be from 0.5 to 2 pmol/g (Table 1) from post

m ortem and biopsy studies (Korpi et al 1988; Perry et al 1971a; Perry et al 

1971b; Perry et al 1981) and 'H-M RS studies (Choi et al 2005a; Choi et al 

2004; McLean et al 2002; Petroff et al 1998; Shen et al 2002). It is released 

from the nerve terminal o f GABAergic neurons, which include multiple types 

o f  GABA intemeurons and inhibitory projection neurons, and binds to GABA 

receptors. There are two types o f  GABA receptors, the ionotropic GABA-A 

receptor and the metabotropic GABA-B receptor, while a possible third 

receptor, GABA-C, is being investigated. The GABA-A receptor is attached to 

a ligand-gated ion channel which is specific for chloride, and thus activation o f 

this receptor induces inhibitory currents in the post-synaptic cell. The GABA- 

B receptor, which is coupled to G-proteins, activates cellular second messenger 

systems. This receptor may play a role in slower cellular hyperpolarization and 

its presence on the presynaptic cell terminal may indicate a role in GABA 

autoregulation (Feldman 1997). GABA and GAD, the enzyme responsible for 

its formation from glutamate, regulate each others availability and activity, 

GABA by inhibiting the activity o f  GAD, and GAD by regulating GABA 

supplies via its two forms: GAD 6 7 , which likely supplies GABA for steady
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Method Study Technique Tissue GABA HCarn Glu Gin

Post-
Mortem Korpi et al. 88a Chromatography Frontal Cortex 1.5 6.5 3

Perry et al. 71a a Chromatography Occipital+Temporal+Frontal Cortex 2.2 0.6 9.5 4

Biopsy Perry et al. 71b a Chromatography Occipltal+Temporal+Frontal Cortex 0.4 0.2 6 5.8

Perry et al. 81 a Chromatography Cerebellar+Temporal+Frontal Cortex 0.9 0.3 10.2 5.9

GABA + HCarn Intersession CV (%)

1 H-MRS McLean et al. 02b DQF, 1.5 T Occipital Cortex 1.4 38

Petroff et al. 9 8 c J-subtraction, 2.1 T Occipital Cortex 1.2 7

Shen et al. 02c DQF, 2.1 T Occipital Cortex 1.2 23

Choi et al. 0 4 c MQF, 3 T Frontoparietal Cortex 0.7 --

This Study0 DQF, 3 T Prefrontal Cortex 1.0 14.2

Table 1. Post-mortem, biopsy measures o f GABA, homocamosine (HCam), glutamate and glutamine 

concentrations, and 1 H-MRS measures o f GABA and homocamosine concentrations and intersession 

coefficients o f variation (CVs) in different areas o f the human brain, a, pmol/g wet weight; b, mM; c, 

mmol/kg.
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Method Study Parameters (ms) Voxel Size Voxel Location tNAA NAA tCr Cho mlno Glu Gin

1.5 T
STEAM Brooks et al. 99 TE 30-288, TR varied, TM 13.7 8 ml frontal GM - 11 8.4 1.7 3.9 - - -

Geurts et al. 04 TE 20, TR 6000, TM 10 12 ml parietal GM 7.4 - 5.4 0.9 3.7 7.3 4.3

Glx GABA

PRESS Sim ister et al. 03 TE 30, TR 3000 79 ml posterior-frontal 7.2 4.3 4.3 1 3.1 6.9 1.4

cortex

2 T Glu Gin

STEAM M ichaelis et al. 93 TE 20, TR 6000, TM 30 2.7-18 ml parietal W M 11.2 - 6.1 1.8 4.7 8.1 -

parietal GM 11.7 - 8.2 1.4 6.2 12.5 - -

Pouwels and TE 20, TR 6000, TM 30 4.1-6.4 ml frontal W M 9.6 8.1 5.7 1.8 3.8 7 1.8
Frahm 97, 98 4.1-6.4 ml parietal W M 10.6 8 5.7 1.7 3.1 6.7 1.5

4.1-6.4 ml occipita l W M 10.4 7.8 5.5 1.6 4.1 6 2.2

8-12 ml frontal GM 8.4 7.7 6.4 1.4 4.3 8.5 4.4

8-18 ml parietal GM 8.7 8.2 6.5 1.1 4.3 8.2 3.8

8 ml occipita l GM 10.6 9.2 6.9 0.9 4 8.6 3.9

3 T
PRESS Hurd et al. 04 TE 35-352, TR 2000 8 ml parietal W M 7.4 - 5.6 1.7 - 7.1 1.7

8 ml parietal GM 9.5 - 7.2 1.2 - - 11.7 3.2

Schubert et al. 04 PRESS/MQF 20 ml ACC PRESS — 13.7 9.6 2.2 — 11.6 2.5

TE 80, TR 2800 20 ml ACC MQF - - - - - 11.5 4.6

12 ml HC PRESS - 11.6 9.7 2.2 - 10.9 2.2

12 ml HC MQF - - - - - 8.7 4.3

Table 2. Metabolite concentrations from 1 H-MRS studies using different techniques (results in mmol/kg). ACC, anterior 

cingulate cortex; HC, hippocampus; GM, grey matter; WM, white matter, other abbreviations in text.
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GABA pools in the CNS; and GAD65, which likely regulates short term 

changes in GABA quantity (Martin and Rimvall 1993). Similar to the uptake 

o f  glutamate, extracellular GABA is regulated by uptake into neurons and 

astrocytes through high affinity sodium- and chloride-dependent transporters 

(Gadea and Lopez-Colome 2001), where it is catabolized into succinic 

semialdehyde and glutamate by GABA-transaminase (Martin and Rimvall 

1993).

The Role o f GABA and Glutamate in Depression

W hile GABA and glutamate have been implicated in several mental 

and neurological illnesses, the current knowledge o f the pathophysiology of 

unipolar depression provides several examples o f  the wide-reaching role that 

GABA and glutamate play in neural function and the room for dysregulation of 

these neurochemicals to influence the neural dysfunction that underlies many 

brain-related illnesses.

GABAergic and Glutamatergic Interactions with the Monoamines

The monoamines, serotonin, dopamine and noradrenaline, have long 

been implicated in depression, and the m ost effective and widely used 

antidepressant drug therapies target monoamine dysregulation. Monoaminergic 

pathways (described in detail in Nieuwenhuys 1985) project dorsally from 

deep brainstem nuclei to subcortical and cortical regions. The noradrenaline 

and serotonin pathways are diffuse, while the dopamine pathway is less so 

(Figure 1). W hile all three monoaminergic pathways project to neocortex, they 

terminate in different areas and appear to balance each other in their prefrontal 

distribution (Stuss 1986). The medial and rostral (i.e., PFC) frontal regions 

receive the highest dopaminergic innervation, while the lateral and caudal (i.e., 

primary motor) cortex receives the lowest. In contrast, the caudal frontal 

regions receive the highest serotonergic innervation while the rostral receive

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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the lowest. And while noradrenaline projects to all neocortex, its projections 

are imbalanced, likely allowing it to contribute to the regulation of the other 

monoaminergic systems (Stuss 1986). Further, all three monoaminergic 

systems regulate each other at the level of their brainstem nuclei, which are 

intricately interconnected (Nieuwenhuys 1985).

.ingulate GymsFjpntal
L o b e / P osterior

, Rostral \  
'C au d a te ] C audate

Pubamen*

ThalamusGlobut

>allidu<

lalamus sn oR al R aphe Nucleus 

L o cu lC o eru leu s

Superior Central Nucleus
Temporal 
y Lobe I

amygdala

N o ra d re n a lin e : Dorsal Noradrenergic Bundle 

S e ro to n in : Ventral Ascending pathway 

D o p am in e : Mesostriatal and Mesocortical pathways

Figure 1. Monoamine pathways relevant to cortical function. The dorsal 

noradrenergic bundle (blue) projects from the locus coeruleus to thalamic, 

limbic subcortical, and cortical areas. The serotonergic ventral ascending 

pathway (red) projects from the dorsal raphe nucleus and the superior central 

nucleus to thalamic, limbic subcortical (i.e., amygdala and hippocampus: HC), 

basal ganglia, and cortical areas. The dopaminergic mesostriatal pathway 

(green) projects from the substantia nigra (SN) to the basal ganglia and some
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frontal areas, and the dopaminergic mesocortical pathway (green) projects 

from the ventral tegmental area (VTA) to subcortical limbic and frontal 

cortical areas. Grey areas represent the basal ganglia. (Adapted from multiple 

figures and text in Nieuwenhuys, 1985).

In addition to the mutually dependent regulation o f the monoamine 

pathways, GABA and glutamate also have important regulatory interactions 

with the monoamine systems. Preclinical evidence demonstrates that GABA 

holds a reciprocal role o f activation and inhibition with dopamine in the brain, 

which depends on dopamine receptor subtype. Activation o f  D2-type receptors 

has typically been shown to decrease GABA activity (Floran et al 1997; 

Harsing and Zigmond 1997; Seamans et al 2001; W ang et al 2002), while 

activation o f  D l-type receptors has been shown to increase GABA activity 

(Floran et al 1997; Harsing and Zigmond 1997; Seamans et al 2001; W ang et 

al 2002). Further, inhibiting GABA function has been shown to increase 

dopamine levels (Jones et al 1988), while increasing GABA by blocking its 

catabolism using vigabatrin (a GABA-transaminase inhibitor) is also thought 

to increase dopamine (Ring et al 1992). Activation o f  5HT-1 receptors has 

been associated with inhibition o f  GABAergic neurons (Bagdy et al 2000), 

while activation o f 5HT-2 receptors has been associated with activation o f 

GABAergic neurons (Abi-Saab et al 1999; Liu et al 2000). Also, GABA 

activation in the dorsal raphe nucleus has been shown to inhibit serotonin 

release in the striatum, hippocampus and PFC (Nishikawa and Scatton 1983; 

Nishikawa and Scatton 1985), and GABAergic drugs have been shown to 

decrease 5HT release and 5HT-2 receptor function in the frontal cortex, 

possibly through activation o f a presynaptic GABA-B receptor (Gray and 

Green 1987; Gray et al 1986). Finally, noradrenaline has been shown to 

increase GABA release via the op adrenoreceptor, and in the presence o f  op 

adrenoreceptor blockade noradrenaline decreases GABA release via the op 

adrenoreceptor (Ferraro et al 1993). GABAergic drugs have been shown to 

decrease noradrenergic binding sites in the cortex and hippocampus (baclofen
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and 4,5,6,7-tetrahydroisoxazolo[5,4-c]pyridin-3-ol, THIP: Suzdak and

Gianutsos 1985) and increase noradrenergic turnover (fengabide: Scatton et al 

1987; progabide: Scatton et al 1982).

Also, GABAergic drugs, such as benzodiazepines, have been suggested 

to have antidepressant effects (Petty et al 1995b), although this appears to 

reflect a reduction in anxiety, which often occurs comorbid with depression 

(Furukawa et al 2001). Further, mood stabilizers such as valproate and lithium, 

and various antidepressants such as selective serotonin reuptake inhibitors 

(SSRIs), serotonin and noradrenaline reuptake inhibitors (tricyclics), and 

monoamine oxidase inhibitors (MAOIs), have been shown to increase GABA 

levels and alter GABA activity through changes in GABA receptors and 

enzymes in human and animal studies (reviewed in Brambilla et al 2003).

Similar to their interactions with GABA, monoaminergic efferents also 

modulate glutamate secretion differently dependent on neural location and 

receptor subtype (reviewed in Pralong et al 2002). While the function o f  the 

monoamine receptors discussed below is more complicated than what is 

mentioned, some generalizations can be made about the different role the 

receptor subtypes play in the activation o f glutamate. W ith noradrenaline, a- 

adrenergic receptors appear to mediate decreases in glutamate activity, while 

(3-adrenergic receptors appear to mediate increases in glutamate activity. 

Different serotonin receptors also seem to affect glutamate function differently. 

5HT-1A and 5HT-3 receptors appear to mediate decreases in glutamate 

activity, while 5HT-2 receptors appear to mediate increases in glutamate 

activity. And finally, D1 dopamine receptors appear to m ediate increases 

glutamate activity, while D2 receptors appear to mediate decreases glutamate 

activity (Pralong et al 2002). Effective antidepressants such as SSRIs, 

tricyclics, and dopamine reuptake inhibitors (SDRIs), decrease NMDA 

receptor activation in areas such as the PFC and hippocampus by indirectly 

decreasing the number o f  NMDA receptor coagonist binding sites (e.g., the

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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glycine-B site) (Krystal et al 2002) and decreasing ligand binding to the 

NMDA receptor (Drevets et al 1998). Also, monoaminergic neurons co-release 

glutamate with monoamines and express vesicular glutamate transporters 

(VGLUT1-3) although it is not clear whether this occurs in a developmental or 

activity-dependent manner (Trudeau 2004). Further, antagonists o f  glutamate 

activity have been suggested to have antidepressant effects (reviewed in 

Sanacora et al 2003b), which could be related to glutamate’s role in 

m onoamine function (Stewart and Reid 2002).

UFA Axis Dysfunction

W hile the interaction between the monoamine and amino acid 

neurotransmitter systems provides some insight into the role o f  GABA and 

glutamate in depression, this role extends further. A respected observation in 

unipolar depression is the presence o f a hypercortisolemic state, noted in 

approximately half o f  unipolar depressed patients (Carroll et al 1976a; Carroll 

et al 1976b; Plotsky et al 1998), which has been attributed to dysfunction of 

the hypothalamic-pituitary-adrenal (HPA) axis.

The HPA axis mediates the body’s response to stress by regulating the 

release o f  cortisol from the adrenal glands. There are two stress responses: the 

primary rapid stress response to an acute stressor, and the secondary slower 

stress response to chronic stressors (Checkley 1996). Both responses involve 

differential activation o f  the HPA axis. The primary stress response involves 

what is considered to be a normal response o f  the HPA axis. Cells in the 

paraventricular nucleus o f  the hypothalamus secrete corticotropin releasing 

factor (CRF) and arginine vasopressin (AVP) which stimulate release of 

adrenocorticotropic hormone (ACTH) from the pituitary into the blood. ACTH 

travels through the blood to the adrenal glands where it stimulates the release 

o f corticosteroids (e.g., cortisol). Corticosteroids provide a negative feedback 

onto this system at the level o f the pituitary and the hypothalamus. This
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feedback can be divided into fast feedback which results from the activation of 

corticosteroid receptors in the hippocampus in response to sudden rises in 

corticosteroids, and delayed feedback which results from chronically high 

levels o f  corticosteroids (Checkley 1996). In the secondary stress response to 

chronic stressors (thought to be involved in the pathophysiology o f  depression) 

it appears that the negative feedback systems are dysfunctional, with decreased 

corticosteroid receptors in the hippocampus and the pituitary. Other 

adaptations such as increased secretion o f CRF, AVP, decreased pituitary 

response to CRF and increased adrenal response to ACTFI have also been 

hypothesized in depression (Checkley 1996; N em eroff 1988; Parker et al 2003). 

Each o f  these mechanisms o f HPA dysfunction would ultimately lead to an 

overstimulation o f the HPA axis and excess release o f  corticosteroids.

Hypercortisolism has been suggested to have a correlation with 

neuronal atrophy, especially in the hippocampus. However, even though 

hippocampal atrophy has been demonstrated in several stress-related illnesses 

such as post-traumatic stress disorder and depression, only in Cushing’s 

disease have cortisol levels been directly correlated with hippocampal volume 

(Starkman et al 1999). Nevertheless, in relation to neuronal atrophy, 

hypercortisolism is also associated with dendritic atrophy, inhibition of 

neurotrophic factors, and neurotoxicity (Sapolsky 2000). In all three o f these 

neurodegenerative processes, excess glucocorticoids influence the actions o f 

glutamate by increasing synaptic levels o f glutamate (Sapolsky 2000) and 

increasing the amount and mobility o f  calcium in the cytoplasm (Lee et al

2002). The role o f hypercortisolism in cell loss could be mediated by 

glutamate, possibly through an extreme cell death process termed 

excitotoxicity (Choi et al 1987), but more likely through glutamate’s role in the 

expression o f  neurotrophic factors (Manji et al 2003). Activation o f the AMPA 

subtype o f  glutamate receptors has been shown to increase brain-derived 

neurotrophic factor (BDNF) levels and activate mitogen-activated protein 

(MAP) kinases, which can activate downstream neurotrophic events (Manji et
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al 2003). GABA levels are also affected in conditions o f  stress. In the rodent, 

reduced GABA concentration and reuptake has been demonstrated in acute and 

chronic stress conditions (Acosta et al 1993; Acosta and Rubio 1994). GABA 

is also involved in the neural response to animal models o f depression, 

including learned helplessness (Petty and Sherman 1981), social isolation 

(Insel 1989), and the behavioral despair test (Borsini et al 1986).

Structural Pathologies

The interaction o f the monoamines and the HPA axis with GABA and 

glutamate infers a role for all three systems in the pathophysiology o f 

depression. The dysfunction o f  these systems in depression implies 

dysfunction at the structural and cellular level. GABA and glutamate have 

been implicated in the function o f  several structures involved in the regulation 

o f  cognition and emotion. Most o f  these structures are integrated into temporal 

limbic, basal ganglia and PFC subregions.

M RI findings

Evidence exists for damage to many o f the temporal limbic, basal 

ganglia and prefrontal structures implicated in depression. M agnetic resonance 

imaging (MRI) has been used to investigate gross structural alterations in 

depression. Early MRI studies in unipolar depression investigated a more 

simple measure o f  volumetric changes, ventricle to brain ratio (reviewed in 

Beyer and Krishnan 2002). However, with improvements in MRI technology 

the focus turned to specific regions o f  the brain thought to be involved in 

depression.

Temporal limbic structures such as the hippocampus and amygdala 

were among the first to be investigated in depression using MRI. In addition to 

their intense interconnections with the basal ganglia and the PFC, the
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individual and interacting functions o f the hippocampus and amygdala 

contribute to their strong role in cognition and emotion. The hippocampus has 

a prim ary role in the formation and retrieval o f  memories (Zola-Morgan and 

Squire 1990), and the amygdala is traditionally thought o f as the core limbic 

nuclei involved in emotional, especially fear, responses. Their close 

connectivity yields a combined role in regulating emotional memory and 

attention, attaching previously formed emotional significance to new events 

(Gallagher and Chiba 1996).

Hippocampus. MRI studies using volumetric methods to investigate the 

hippocampus and amygdala individually and combined as one structure in 

unipolar depression have yielded varying results. Despite the variability in the 

demographic features o f  patients investigated for change in hippocampal 

volume in depression, MRI data, especially that arising from more recent 

studies, demonstrate a trend o f  at least unilateral and perhaps bilateral 

hippocampal atrophy in depression (Bell-McGinty et al 2002; Bremner et al 

2000; Frodl et al 2002b; MacQueen et al 2003; Sheline et al 1999; Sheline et al 

1996). In general, negative correlations between severity and duration o f 

depression and hippocampal volumes can also be deciphered (Ashtari et al 

1999; Axelson et al 1993; Bell-M cGinty et al 2002; MacQueen et al 2003; 

Sheline et al 1999; Sheline et al 1996; Vakili et al 2000).

Amygdala. In contrast to the hippocampus, the amygdala appears to 

have an increased volum e in unipolar depression (Bremner et al 2000; Frodl et 

al 2002a; Mervaala et al 2000), although one study found a decreased volume 

o f the core nuclei o f the amygdala in depressed patients (Sheline et al 1998). 

The role o f an enlarged amygdala in depression has not been elucidated, 

although an increase in left amygdala activity in depressed patients with a 

family history o f depression (Drevets et al 2002; Drevets et al 1992) offers 

some further understanding o f what is occurring in this structure during 

depression.
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Basal Ganglia. The basal ganglia are closely interconnected with 

prefrontal and subcortical limbic structures. Much emphasis has been placed 

on the role o f the basal ganglia in the regulation o f emotion because o f their 

intense connections with limbic prefrontal subregions in the frontal-subcortical 

circuits (Mega and Cummings 1994). The dysfunction o f  these circuits has 

been associated with disorders involving the disruption o f  normal emotional 

and higher cognitive functioning, which are symptoms commonly seen in 

depression (Duffy and Campbell 1994).

Some groups have found reductions in caudate (Parashos et al 1998) 

and putamen (Husain et al 1991; Parashos et al 1998) volumes in depressed 

patients compared with healthy controls, while other groups have not (Lacerda 

et al 2003; Lenze and Sheline 1999; Pillay et al 1998). However, negative 

findings o f  volume loss within the basal ganglia in depressed patients 

compared with healthy controls have often been accompanied by more 

complicated results. Negative correlations were found between depression 

severity and length o f  illness and left caudate (Pillay et al 1998), putamen, and 

globus pallidus (Lacerda et al 2003) volumes in depressed patients. In addition, 

a negative correlation between left putamen and caudate volumes and subject 

(healthy or depressed) age was noted (Husain et al 1991; Lacerda et al 2003; 

Parashos et al 1998). In general, nuclei o f the basal ganglia, primarily the left 

caudate and putamen, appear to be involved in the pathophysiology of 

depression.

The involvement o f  the basal ganglia in depression has been supported 

by evidence for correlations between strokes involving the basal ganglia and 

the development o f depressive symptoms. Lesions involving, but not contained 

to, the different nuclei o f left basal ganglia structures, including the head o f the 

caudate nucleus (Beblo et al 1999; Starkstein et al 1988), the putamen (Beblo 

et al 1999; Hermann 1995), and the globus pallidus (Hermann 1995;
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Lauterbach et al 1997) are positively correlated with post-stroke depression, 

while lesions in the corresponding right hemisphere regions are not (Hermann 

1995; Lauterbach et al 1997; Starkstein et al 1988), although these laterality 

effects have been disputed (Vataja et al 2001). Also, reports o f isolated lesions 

o f specific nuclei o f  the basal ganglia have been associated with symptoms 

similar to those characterizing unipolar depression. These include a case report 

o f  apathy and amotivation after bilateral lesions to the globus pallidus due to 

rapid high-altitude induced hemorrhage (Strub 1989), and apathy, disinhibition 

and affective disturbances following isolated lesions o f  the caudate nuclei, 

irrespective o f  laterality (Mendez et al 1989). Further understanding o f  the 

relationship between basal ganglia volumes and age as well as length and 

severity o f depression is needed to make any definitive conclusions about these 

findings. However, these findings remain especially interesting because o f  the 

elaborate anatomical and neurochemical connections between striatal and 

prefrontal structures, and the implication o f  this interconnected system in 

depression.

Prefrontal Cortex. Perhaps the most interesting recent results o f 

volumetric studies in unipolar depression come from studies o f the PFC. The 

PFC demonstrates an intimate connection with several limbic structures (Mega 

and Cummings 1994). While an overall decrease in frontal (Brambilla et al 

2002; Pantel et al 1997) and prefrontal volume (Kumar et al 1998; Kumar et al 

1997; Nolen 2002) has been observed, it was functional imaging studies that 

implicated the involvement o f subregions o f  the PFC in unipolar depression 

(Drevets 2000). Drevets and colleagues (1997) first pointed to the involvement 

o f the subgenual PFC (an area o f the anterior cingulate gyrus) in unipolar 

depression when they observed a decrease in glucose metabolism and blood 

flow, as well as a 48% decrease in volume o f the left subgenual PFC in 

unipolar and bipolar depressives compared to healthy controls. Another group 

found similar results, though noting only a 19% decrease o f left subgenual 

PFC volume (Botteron et al 2002), while two found no changes in this region
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(Brambilla et al 2002; Bremner et al 2002). Three studies have shown 

decreased volume o f the orbitofrontal cortex (gyrus rectus), an area o f the 

medial PFC that lies just inferior to the subgenual area (Bremner et al 2002; 

Lacerda et al 2004; Lai et al 2000). The structural evidence for prefrontal 

changes in depression is supported by evidence from functional imaging 

studies, which demonstrate a change (both hypo- and hyperactivity) in anterior 

cingulate, orbitofrontal, and dorsolateral PFC function after transient negative 

m ood induction in healthy subjects (Drevets 2000; Rogers et al 1998).

Post-mortem findings

Gross findings o f volume loss in PFC, basal ganglia, and limbic 

structures in depression implicate a level o f  cellular loss and possibly 

dysfunction in these areas. Cellular evidence linking structural damage with 

neurotransmitter dysfunction in depression comes from post-mortem analysis 

o f  the brains o f people with a history o f  depression.

Neurons. In the hippocampus an increase in cell density, but a decrease 

in cell body size o f  neurons has been noted. However, in PFC subregions the 

neuronal changes are more complicated, occurring in a laminar-specific 

manner. Small cell body neurons (expressing GABA), are typically found in 

layer II o f the neocortex, while large cell body pyramidal neurons (expressing 

glutamate) are found in layers III, V and VI (Rajkowska 2002). A decrease in 

the density o f large cell body neurons and an increase in the number o f small 

cell body neurons were found in layers II, III and VI in dorsolateral PFC and in 

layer VI o f the anterior cingulate cortex, while a decrease in neuron density 

was noted in layer II o f the orbitofrontal cortex (Cotter et al 2001; Rajkowska 

2002; Rajkowska 2003).

Glia. Decreased glial cell number, density, and size have been reported 

in the subgenual and supracallosal regions o f  the anterior cingulate gyrus,
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anterior PFC, dorsolateral PFC, and orbitofrontal cortex (Rajkowska 2002; 

Rajkowska 2003). Also, evidence for reduced levels o f glial fibrillary acidic 

protein, an astrocytic marker, is noted in all PFC subregions. In the deeper 

lim bic structures, an increase in glial cell density was seen in the hippocampus, 

w hile a decrease was seen in the amygdala (Rajkowska 2002; Rajkowska 

2003).

The loss o f inhibitory GABAergic neurons in the orbitofrontal cortex, 

which receive input from serotonergic neurons arising from the dorsal raphe 

nucleus, and the loss o f  excitatory glutamatergic neurons in the dorsolateral 

PFC and anterior cingulate cortex, which receive input from dopaminergic 

neurons arising from the ventral tegmental area (Rajkowska 2002), further 

implicates the interaction o f  monoamine and amino acid neurotransmitter 

systems in the neuropathology o f  depression. Also, damage to glial cells could 

reflect dysfunction o f these neurotransmitter systems. Glia have been shown to 

express receptors for m any o f  the transm itter systems found in neurons, 

including the monoamines and amino acids, aiding in the regulation o f these 

transmitters in the synapse (Cotter et al 2001; Newman 2003; Rajkowska

2003). As discussed above, astrocytes have been particularly implicated in the 

regulation o f glutamate and GABA in the synapse (Gadea and Lopez-Colome 

2001; Newman 2003). Other major roles o f  astrocytes include the provision of 

energy to neurons and the release o f neurotrophic factors such as brain-derived 

neurotrophic factor and nerve growth factor (Cotter et al 2001; Newman 2003). 

All o f  these functions play a crucial role in the maintenance o f neuronal health 

in the CNS, and, if  disturbed, could influence the survival and function of 

GABAergic and glutamatergic cells and the pathogenesis o f depression.

Fleightened glutamate activity in depression is evidenced by its 

excessive chronic stress-induced release, impairment o f its m ajor uptake 

system through loss o f  astrocytes, and damage to its regulatory 

neurotransmitter system, GABA. The effects o f this excess release on cell
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death processes could explain the volume loss and neuronal and glial 

pathologies seen in the neural structures implicated in the neuropathology of 

depression. This theory would point to an increase in glutamate and a decrease 

in GABA levels in at least lim bic structures and possibly the whole brain in 

depression. However, other common roles o f GABA, glutamate, and glial cells 

include energy production and regulation o f the expression o f neurotrophic 

factors. The loss or dysfunction o f  these three contributors to these processes 

could offer other possible mechanisms o f  the cellular and structural damage 

seen in depression, and would point to a decrease in both glutamate and GABA 

levels in depression. Ongoing improvements in methods to determine the 

levels o f these two neurotransmitters allow for refinement o f etiological 

mechanisms in depression.

Methods for the M easurement o f  GABA and Glutamate

Several methods have been developed to investigate concentrations o f 

GABA and glutamate in the hum an brain. Earlier studies looked at the levels 

o f these neurotransmitters in post-mortem and biopsy tissue, as well as plasma 

and CSF, while 'H-M RS is a technology that now allows us to assess levels of 

these neurochemicals in the brain in-vivo. Each o f these methods has been 

applied to the study o f depression, and each has received criticism for the 

validity and reliability in m easuring these two neurochemicals. The summary 

o f  these findings and the criticism o f  these methods are discussed below.

Post-mortem and Biopsy M ethods

Post-mortem and biopsy studies use chemical analysis techniques such 

as immunohistochemistry and chromatography to assess neurochemical levels 

in brain tissue o f  deceased people. Post-mortem neurochemical analysis is 

subject to several variables which, if  not tightly controlled, can affect the 

resulting chemical concentrations (reviewed in Hynd et al 2003). These centre
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mainly around ante- and post-mortem variables including conditions o f illness, 

death, and tissue handling in the post-mortem period. Perry and colleagues 

(1971b) demonstrated significantly increased concentrations o f several 

neurochemicals, including GABA and glutamate, in autopsied cerebral cortex 

compared with biopsied cerebral cortex. Further studies suggest that some 

neurochemical levels are subject to change over the post-mortem or, in the case 

o f biopsy studies, post-collection period if  tissue is not immediately frozen 

(Hynd et al 2003; Perry et al 1981). For example, GABA concentrations rise 

significantly in biopsy tissue after only 30 minutes at 35°C, a result that also 

possibly occurs in autopsy tissue after 24 hours at only 4°C (Perry et al 1981). 

However, glutamate does not appear altered by tissue incubation up to 4 hours 

at 35°C or up to 120 hours at 4°C (Perry et al 1981).

Post-mortem and biopsy find ings in depression

One study demonstrated decreased GABA levels in the biopsied cortex 

o f depressed patients (Honig et al 1988). However, another study found no 

change in GABA levels in five areas in the autopsied brains o f  suicide victims, 

but did find decreased glutamine levels in the hypothalamus o f the same 

sample (Korpi et al 1988). Further evidence for the involvement o f glutamate 

and GABA in depression comes from more recent post-mortem analysis o f 

neurochemical markers in the brains o f  people who suffered from depression. 

Decreases in markers for GAD6 5 , the AMPA and kainate glutamate receptors 

and glucocorticoid receptors were seen in the PFC, while location-dependent 

changes in markers for dopamine receptors were seen in the PFC and 

hippocampus o f  people who suffered from depression compared with controls 

(Knable et al 2002; Torrey et al 2005).
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Plasma and CSF Methods

Another method measures GABA and glutamate content in plasma, 

blood and CSF. However, these methods do not necessarily reflect brain 

neurochemical content. In animal studies, plasma GABA levels have not been 

well correlated with brain GABA levels, while CSF GABA levels have 

(Bohlen et al 1979). And although the argument can be made that plasma 

GABA originates from central sources (Petty et al 1987), it is probably not true 

as it does not pass the blood-brain barrier and there are clear peripheral sources 

(Bohlen et al 1979; Grove et al 1982; Qume and Fowler 1996). Further, plasma, 

blood and CSF measures are subject to the handling concerns similar to those 

faced in analyzing brain tissue samples (Bohlen et al 1978; Ferkany et al 1978).

Plasma and CSF findings in depression

GABA. Lower plasma and CSF GABA levels have been widely 

demonstrated in depressive illnesses. In plasma, lower GABA levels < 1 0 0  

pmol/ml (compared with > 100 pmol/ml) were found in a subset 

(approximately 40%) o f  unipolar depressed patients (Petty et al 1992) that did 

not normalize with time or recovery at a four year follow-up (Petty et al 1995a). 

Indeed, CSF GABA levels also appear to be significantly reduced in unipolar 

and bipolar depressed patients compared with controls, with no indication o f 

specificity o f this effect to a subset o f  unipolar depressed patients, and no 

differences between unipolar and bipolar subgroups or between men and 

women (Gemer et al 1984; Gemer and H are 1981; Gold et al 1980; Kasa et al 

1982). Two studies found a negative correlation o f  CSF GABA levels with age 

(Gemer et al 1984; G em er and Hare 1981), although one found no correlation 

with age (Kasa et al 1982).

Glutamate. Changes in plasma, serum, and CSF glutamate and 

glutamine levels have also been investigated. Three groups have demonstrated
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increased glutamate levels in plasma (Altamura et al 1993; Mauri et al 1998) 

and serum (Kim et al 1982) in depressed patients compared with healthy 

controls. However two o f these studies had difficulty separating the effects 

from antidepressant use (Altamura et al 1995; Kim et al 1982). One group 

found no relative increase in serum glutamate levels compared with controls, 

but did find a reduction in serum glutamate after five weeks o f treatment with 

an SSRI (Maes et al 1998). Finally, few studies o f  glutamate and glutamine in 

the CSF have been reported, but one group has found decreased glutamine in 

the CSF o f depressed patients compared with healthy controls (Levine et al 

2000).

1H -M RS Methods

1 H-MRS utilizes the ability o f electrons to become magnetized (the 

electron spin) to obtain a signal from the molecule that houses the hydrogen 

proton to which the electron is attached. In a clinical nuclear magnetic 

resonance scanner a constant magnetic field is present and its strength is 

indicated by the unit Tesla (T). Changes in the magnetic field (induced by 

pulses o f electricity through transmitter/receiver coils placed around or near 

the region o f interest), causes electrons to gain and release energy, which is 

where the 'H-MRS signal or resonance is derived from. The release o f  energy 

is termed relaxation and occurs in two steps: the transverse relaxation (T l) and 

the longitudinal relaxation (T2). This signal can be recorded and converted, 

using a variety o f mathematical techniques, into the 'H-MRS output, the 

spectrum. The time for T l and T2 to occur is different for each electron and 

depends on several factors, mainly associated with the chemical environment 

o f that electron (e.g., the molecule it belongs to and the concentration o f  that 

molecule in the region o f  interest). Therefore, every molecule with hydrogen 

atoms will produce a different signal, or perhaps several signals, which are 

represented by peaks at different locations on the spectrum. The x-axis on the 

spectrum is in units o f parts per million (ppm), which indicate the frequency
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that each signal resonates at as compared with the frequency o f  a reference 

chemical (whose signal is given the value o f 0 ppm). Several peaks appear at 

different ppm on the 'H-MRS spectrum, and it is not uncommon for signals 

from different chemicals, or even from the same chemical, to overlap. 

Therefore, sequences o f pulses through the transmitter/receiver coils alter the 

magnetization o f the electrons into different orientations on a three 

dimensional plane and can be tuned to different frequencies o f the chemicals o f 

interest. These sequences are designed to isolate and optimize certain signals. 

Two commonly used pulse sequences in 'H-M RS are point-resolved 

spectroscopy (PRESS), which uses one 90° pulse followed by two 180° pulses, 

and stimulated echo acquisition m ode (STEAM), which uses three 90° pulses. 

However, other more complicated pulse sequences are being developed in 

order to isolate resonances from chemicals that are more difficult to detect. The 

pulses o f each sequence are timed to obtain an optimal signal from the 

chemical o f  interest. There are two or three timings that are calculated for each 

pulse sequence, including the echo time (TE), which is the time for the electron 

spins to produce a signal, the mixing time (TM), which is only used in STEAM 

sequences and is the time between the two last 90° pulses in the sequence, and 

the repetition time (TR) which is the time for the basic sequence to be repeated 

(summarized from Salibi and Brown 1998).

When 1 H-MRS is applied in humans in-vivo , several preparation steps 

are required to ensure optimization o f  the target signal. A series o f  images o f  

the tissue area being studied (e.g., the brain) are obtained. Then, a region o f 

interest is selected by positioning a voxel within those images. In order to 

obtain signals from the region o f  interest (voxel) only, a series o f  pulses are 

performed for voxel selection and out-of-volume signal suppression. A 

technique termed shimming is performed in order to ensure that the magnetic 

field is uniform throughout the selected voxel. Several other steps including 

water suppression, eddy current correction, phase optimization, and frequency 

drift correction (that will not be discussed) are performed to ensure that the

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



24

signal acquired after the pulse sequence is applied is optimized and free from 

background noise. Once the signal is acquired, it is processed to give the 'H - 

MRS spectrum. The areas o f the peaks o f interest are then measured and a 

quantification technique (discussed below) is used to determine the 

concentration o f  the chemical o f  interest (usually expressed in mmol/kg) 

within the voxel. All o f  these factors (magnetic field strength, voxel selection, 

voxel size, pulse sequences and timings, shimming, water suppression, etc.) 

play a role in the detection o f the target signals and the quality o f the spectrum, 

and therefore also the validity and reliability o f the signal measurements 

(summarized from Salibi and Brown 1998).

As the technology o f  'H-M RS is still developing, its ability to measure 

certain chemicals is limited. M ost chemicals o f m ajor interest in the 

pathophysiology o f  depression remain extremely difficult to measure due to 

complex chemical structures, overlapping signals from other chemicals, and 

the low quantities present in specific subregions o f the human brain. For 

example, currently no method has been developed to measure the monoamines 

in-vivo using 'H-M RS techniques. However, in recent years much research has 

been devoted to the development o f techniques for measuring brain glutamate, 

GABA, and m yo-inositol (mlno, a glial marker), which are present in higher 

concentrations than the monoamines and are therefore easier to measure. 

Nevertheless, several difficulties are still faced when measuring these 

chemicals. One o f  the major difficulties is overlapping resonances, and it is for 

this reason that reports on glutamate usually describe measures o f the 

glutamate/glutamine/GABA complex (Glx) rather than glutamate or GABA 

alone (Auer et al 2000; Simister et al 2003). Because o f  these difficulties, few 

studies have investigated GABA and glutamate levels in the specific 

subregions involved in depression. However, the studies that have successfully 

measured these chemicals offer interesting results.
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GABA. Sanacora and colleagues (1999) demonstrated a decrease in 

GABA in the occipital cortex o f  moderately depressed patients compared with 

healthy controls, which they later reproduced in a larger sample (Sanacora et al

2004). The same group also demonstrated an increase in occipital cortex 

GABA after five weeks o f SSRI treatment (Sanacora et al 2002), and an 

increase in occipital cortex GABA after successful treatment with 

electroconvulsive therapy (ECT) (Sanacora et al 2003a) in unipolar depressed 

patients. Occipital cortex GABA was also increased by a single intravenous 

dose o f  an SSRI in healthy people (Bhagwagar et al 2004).

Glutamate. Auer and colleagues (2000) demonstrated decreased levels 

o f  Glx in the anterior cingulate grey matter o f  medicated unipolar depressives 

compared to healthy controls, while no difference was observed in the parietal 

white matter in the two groups (Auer et al 2000). In response to this novel 

finding, Pfleiderer and colleagues (2003) looked at Glx levels in the left 

anterior cingulum o f severe unipolar depressed patients, who had gone through 

a 5 day medication washout period, before and after ECT treatment. They 

found that pre-ECT treatment, left anterior cingulum Glx levels were reduced 

by 70% in patients relative to healthy controls. After ECT, responders to the 

treatment showed a marked (70%) increase in Glx levels from baseline, 

bringing their Glx levels to the level o f controls. Two o f the ECT responders’ 

Glx levels were retested after full remission and remained stable. ECT non

responders, however, showed no increase in Glx levels after ECT treatment 

alone, although they did show a significant increase in Glx after successful 

combined ECT-venlafaxine treatment (Pfleiderer et al 2003). The same group, 

using some o f the same patients, reproduced these results in dorsolateral PFC 

(Michael et al 2003). In contrast, Sanacora and colleagues (2004) demonstrated 

increased glutamate in the occipital cortex in depressed patients compared with 

controls (Sanacora et al 2004).
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Myo-inositol. Mv'o-inositol, an intermediate in the phosphoinositol 

second messenger system (Downes 1989), is considered to be a glial marker 

because o f  its abundance in astrocytes (Lee et al 2002). Several studies have 

assessed the mlno signal using 1 H-MRS in depression, with conflicting results. 

Three studies have found decreased mlno (Coupland et al 2005; Frey et al 

1998; Gruber et al 2003), one study found increased mlno (Kumar et al 2000) 

w hile others have found no change in mlno (Auer et al 2000; Vythilingam et al

2003) in depressed patients compared with healthy controls.

Issues in the measurement o f  neurochemicals using 1 H-MRS

The ’H-MRS techniques used to measure GABA, glutamate and mlno 

in the brain are still being developed, and their validity and reliability are o f 

concern, especially when they are used to measure changing chemical 

concentrations over time. The issue o f overlapping resonances and the ability 

o f  different magnetic field strengths and ]H-MRS methods to distinguish the 

chemical properties o f the neurochemical o f  interest brings into question the 

validity o f these measurements. Further, instabilities in the measurements due 

to incomplete suppression o f interfering resonances, either internal or external 

to the region o f interest, inhomogeneities o f  the magnetic field and subject 

movement effects brings into question the reliability o f these measurements. 

Reliability is especially important in the investigation o f state-dependent 

changes in the concentrations o f  neurochemicals, as unstable measures could 

nullify minute but clinically relevant changes and force a type II error. Below, 

several o f the issues faced in the acquisition and measurement o f these 

chemical signals using ’H-MRS will be discussed.
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Quantification

An issue in the measurement o f  any neurochemical using ’H-MRS is its 

quantification. Normally, absolute quantification o f  a signal uses knowledge o f  

that chem ical’s T l and T2 relaxation times. Because o f  the above-mentioned 

difficulties in the acquisition o f  the GABA signal (i.e., its relatively low 

concentration in the brain and the electron coupling within the molecule), 

relaxation times are impractical to measure. Most studies quantify GABA in 

relation to other metabolites, predominately creatine, by comparing the relative 

peak heights or areas o f  the two signals, and assuming a value o f  creatine 

determined from post-mortem or biopsy tissue or from 1 H-MRS analysis, for 

example 7-8 mmol/kg for occipital cortex (Hetherington et al 1998; Rothman 

et al 1993) and 9 mmol/kg for frontal cortex (Brooks et al 1999a; Schubert et 

al 2004). This method is also commonly used in the quantification o f  signals 

from Glx and mlno, or the signals from these chemicals (obtained in 

institutional units [IUs]) are simply expressed as ratios to the signals from 

other metabolites (such as creatine or n-acetyl-aspartate [NAA]). The method 

o f quantifying one metabolite relative to another raises the issue o f reliability 

and stability o f  the reference peak. In healthy people, this method is considered 

reliable as, i f  no illness is present, theoretically there should be no gross 

fluctuation in the easily identified reference peaks (those from NAA, creatine 

and choline are the most commonly used). However, i f  this method is used in 

people suffering from illness, or the reference peak is affected by drugs, this 

could result in instability o f the reference peak. The dysfunctional process 

thought to underlie the disturbance in the chemical in question could be easily 

affecting the other metabolites.

Several studies have assessed the issue o f  metabolite changes in 

depression. W ith different variables including voxel location (basal ganglia 

and cortex, white matter and grey matter) and patient variables (young and 

elderly), studies demonstrate conflicting results. In most studies, the major
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metabolites NAA, creatine and choline appear to remain unaltered in 

depression (Auer et al 2000; Kumar et al 1997; Michael et al 2003; Pfleiderer 

et al 2003; Sanacora et al 2004). However, one study has demonstrated an 

increase in absolute creatine (Gruber et al 2003), and studies have shown 

increases (Kumar et al 2000; Vythilingam et al 2003) and decreases in choline 

relative to creatine (Ende et al 2000) in depressed patients relative to controls. 

W hile no study has reliably demonstrated changes in NAA levels in depression, 

and NAA is one o f  the clearest and most stable peaks in the ’H-MRS spectrum, 

NAA is not used as a reference peak for other metabolites because it is 

primarily concentrated in neurons and thought to be a neuronal marker 

(Baslow 2003; Griffin et al 2002) and neuronal damage has been demonstrated 

in depression (Cotter et al 2001; Rajkowska 2002; Rajkowska 2003). In 

contrast, creatine has been relatively unaltered in most studies o f depression 

and is the most commonly used reference peak for quantification of 

metabolites in this disorder and in healthy people. Also, quantification relative 

to the water signal is developing as a preferred method for the measurement o f 

metabolites (Wellard et al 2005) as the water signal is expected to be the most 

stable over time and under varying conditions.

Issues in the measurement o f  GABA

There are several factors related to the physiological and chemical 

properties o f GABA, which render its signal difficult to acquire and measure 

using ’H-MRS. GABA’s chemical structure is NH2-CyH2-C*3H2-CaH2-C02H. 

The signal obtained with 'H-MRS is derived from the hydrogen atoms in the 

methylene groups C“"y which resonate at 2.3, 1.9, and 3.0 parts per million 

(ppm) respectively. These resonances are small, compared with those from 

other metabolites, for several reasons. The main reason is the very low 

concentration o f GABA, relative to other chemicals, in the brain. For example, 

in the cerebral cortex, glutamate concentrations are approximately 10 to 20 

times that o f GABA (Table 1). This low concentration means a low signal to
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noise ratio o f the GABA resonance, requiring several hundred acquisitions to 

separate the GABA signal from background noise. The second is that the 

hydrogen atoms on the Ca'Y methylene groups demonstrate strong electron 

coupling, which diminishes the signal from any single group. This coupling 

effect is especially noticeable between the Cp and CY methylene groups. 

Thirdly, these resonances are overlapped by those from several other 

metabolites. The C|5 hydrogen resonance at 1.9 ppm is overlapped by the large 

NAA peak at 2.0 ppm (Bielicki et al 2004) and the macromolecule peak at 1.7 

ppm (Behar et al 1994). The Ca hydrogen resonance at 2.3 ppm is overlapped 

by the glutamate resonance at 2.35 ppm (Hanstock et al 2002). The CY 

hydrogen resonance is overlapped by the large creatine peak, the 

macromolecule signal, from large molecules such as proteins and lipids, and 

the smaller resonances o f  glutathione, aspartate and homocamosine around 3.0 

ppm (Choi et al 2005a).

Because o f  these complicating factors, the detection o f  GABA in-vivo 

requires the use o f  special editing techniques. Several 'fl-M R S editing 

techniques have been used to acquire signals from GABA in the cortex. The 

two most commonly used techniques are J-subtraction or difference editing 

and multiple quantum filtering. J-difference techniques target the C7 hydrogen 

resonance at 3.0 ppm (de G raaf and Rothman 2001; Henry et al 2001; 

Hetherington et al 1998; Keltner et al 1996; Rothman et al 1993; Shen et al 

1999; W eber et al 1999). In this technique, two spectra are acquired, one with 

inversion pulses applied at 1.9 and 4.1 ppm to null the coupling o f  the C*5 and 

CY hydrogen resonances and produce an uncoupled GABA signal at 3.0 ppm, 

and another with an inversion pulse applied around 1.7 ppm to null the signal 

from macromolecules. The signal from creatine at 3.0 ppm is also easily nulled 

by the inversion pulses. These two spectral data sets are mathematically 

subtracted to reveal a GABA signal at 3.0 ppm that is unaffected by electron 

coupling, creatine, or macromolecule contamination.
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The second major GABA acquisition technique is multiple quantum 

filtering, which also primarily targets the Cy hydrogen resonance at 3.0 ppm. 

M ultiple quantum filtering techniques are usually double selective, targeting 

two signals with a single pulse, and are therefore commonly referred to as 

double quantum filtering (DQF) (Choi et al 2005a; Choi et al 2004; Du et al 

2004; Keltner et al 1997; McLean et al 2002; Shen et al 2002; Wilman and 

Allen 1995). Double quantum filtering uses the combination o f  three main 

pulses (two 90° pulses and one 180° doubly-selective pulse) and two specially- 

tuned filter gradients to acquire the Cy GABA signal at 3.0 ppm. Compared 

with the J-difference methods, DQF techniques edit the coupling effects 

between C“ and Cy hydrogen resonances and signals from creatine, glutathione, 

aspartate, and macromolecules in a single pulse sequence, and therefore do not 

require any mathematical subtraction.

Both o f these techniques have fallen under criticism (Hanstock et al 

2002). The J-difference technique is vulnerable to subtraction errors caused by 

m inute differences in the frequency offset that can occur in the acquisitions of 

the two spectra due to many variables, including subject movement and out of 

voxel artifacts. On the other hand, the intense editing o f the DQF technique 

typically produces a lower yield o f the GABA signal (as low as 25%) 

compared with the J-difference technique (around 50%), although 

modifications to the DQF technique can make the yields more comparable 

(Choi et al 2005c; Wilman and Allen 1995). Other methods for acquiring the 

GABA signal at different resonances have been developed (Choi et al 2005d; 

Hanstock et al 2002; Ke et al 2000), however the J-difference and DQF 

techniques remain the m ost common.

Another issue in the measurement o f  GABA is the contribution o f 

homocamosine to the GABA signal at 3.0 ppm. Homocamosine is a 

constituent o f  total brain GABA, formed by the binding o f free GABA and 

histidine via homocamosine synthetase and reconverted to free GABA via
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homocamosinase (Petroff et al 1998). It is present in the cerebral cortex in 

concentrations o f  0.2 to 0.6 mmol/kg (Perry et al 1971b; Petroff et al 1998). In 

'H-M RS, homocamosine produces measurable resonances at 7.05 and 8.02 

ppm (Petroff et al 1998), in addition to its small, immeasurable resonance 

which contributes to the Cy GABA signal at 3.0 ppm (Choi et al 2005a). The 

presence o f  homocamosine could reflect self-regulation o f the GABA system, 

providing a mechanism o f maintaining pools o f readily available, but not free, 

GABA (Jackson et al 1994). W hile the mechanisms o f action o f 

homocamosine in the CNS remain unclear, after the standard dose (50 mg/kg) 

o f  vigabatrin, a GABA-transaminase inhibitor, homocamosine levels are 

increased, possibly to a greater degree than free GABA, and are correlated 

with the clinical effectiveness o f  vigabatrin treatment in epilepsy patients 

(Ben-Menachem 1989; Petroff et al 1999; Petroff et al 1998; Pitkanen et al 

1988). W hether the increase in the GABA signal at 3.0 ppm after 50 mg/kg 

vigabatrin reflects a steady increase in both homocamosine and free GABA or 

a greater increase in homocamosine than free GABA, the signal represents 

total GABA and reflects changes in the availability o f GABA in the brain.

One o f  the main criticisms o f  the 1 H-MRS methods developed to 

measure GABA is that all have assessed GABA levels in the occipital cortex, 

which is not a region specifically implicated in mental illness. Until recently, 

few groups have performed a successful measure o f GABA in the PFC. Our 

group has developed a technique for the measurement o f  GABA in the medial 

PFC (Choi et al 2005a), which should provide more valid and precise 

assessments o f  the role o f  GABA in depression and other mental illnesses.

Issues in the measurement o f  glutamate and myo-inositol

The signals from the Glx complex and mlno are much larger than that 

from GABA and therefore have proven somewhat less difficult to measure. 

Several groups have reported on these measures in various brain areas
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including the PFC (Table 2). However, issues o f  overlapping resonances and 

electron coupling also interfere with the acquisition o f these signals.

Myo-inositol. Mvo-inositol produces a multiplet on the spectrum at 3.54 

to 3.62 ppm. This signal is overlapped by signals from taurine, glutamate, 

glutamine, macromolecules and w ater and is affected by electron coupling to 

other signals, which makes its absolute quantification difficult (Coupland et al

2005).

Glutamate. Glutamate produces three main resonances on the spectrum, 

at approximately 2.35, 2.6, and 3.75 ppm. The signal at 2.35 ppm is produced 

by the Cy methylene group, and overlaps with signals from glutamine and 

GABA (with which it is commonly measured as the combined Glx signal). 

This resonance is coupled to a second resonance from the Ca methylene group 

at 3.75 ppm, near the mlno resonance. M ost methods target the signal at 2.35 

ppm. Although the measurement o f  glutamate alone (separated from the 

overlapping signals o f glutamine and GABA) has required editing techniques 

similar to those used for the acquisition o f  the GABA signal (Schubert et al

2004), the measurement o f the Glx signal is less complicated.

The methods for measurement o f  signals from Glx and mlno are less 

complicated than those for GABA. Nevertheless, disturbances in the 

acquisition o f these signals, such as those from incomplete out-of-voxel signal 

suppression, magnetic field inhomogeneities and subject movement, continue 

to interfere with obtaining reliable and reproducible results. In this study an 

acquisition method allowing for the analysis and removal o f  outliers (discussed 

below in Chapter 2: Methods) w ithin each scan was used and the reliability o f 

the resulting measurements was compared with measurements from the 

complete data set and other studies’ results. The removal o f  outliers is expected 

to increase the reliability o f the results.
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Overview o f Studies Performed

The validity o f our 'H-M RS technique for measuring GABA in the 

PFC was assessed using the GABA enhancing drug y-vinyl-GABA 

(vigabatrin), a GABA-transaminase inhibitor. Baseline GABA measurements 

were obtained from healthy volunteers after which vigabatrin was administered 

and a second GABA measurement was obtained. GABA measurements were 

expected to increase significantly after vigabatrin administration in all 

volunteers, indicating that the sequence used for acquiring the GABA signal is 

a valid method.

The reliability o f  our 'H-M RS technique for measuring GABA and our 

’H-MRS techniques for measuring glutamate and mlno in the PFC were 

assessed under two conditions. The first determines intrasession reliability, the 

precision o f the measurement if  it is made two times in succession without 

introducing any variability factors into the conditions o f the scan or the 

volunteer. The second determines intersession reliability, the precision o f the 

measurement if  it is made two times on two separate occasions, introducing 

variability factors in the conditions o f the scan and the volunteer that occur 

when the volunteer is removed from the scanner and returns at a different time 

or date. In the intersession condition, several variability factors are introduced, 

such as changes in the conditions o f the volunteer (e.g., fatigue level, comfort, 

food consumption), changes in the placement o f  the volunteer’s head within 

the scanner and head coil, changes in the placement o f the voxel, and minute 

changes that can occur in the machine settings and performance. These 

variability factors do not occur, or occur to a much smaller extent, within a 

single session when the subject is not removed from the scanner between scans. 

While both inter- and intrasession reliability are expected to be high, because 

of the introduction o f  these variability factors, the intersession reliability is 

expected to be lower than the intrasession reliability.
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All studies were approved by the Biomedical Research Ethics Board o f 

the University o f Alberta. Subjects were informed o f  all aspects and risks of 

the study in which they were involved before giving written consent to 

participate. Subject allocation into the different studies can be seen in Table 3.

Study n
gender

female male
age (yrs) 

range mean

Vigabatrin 8 0 8 19-44 31.5

GABA reliability
Intrasession 14 7 8 19-44 31.5

Intersession 7 5 2 19-44 31.5

GABA: Male vs Female 21 12 9 19-44 31.5

Glx/mlno reliability
Intrasession 10 5 5 19-38 28.5
exc luded  (m ln o ) 4 2 2
exc luded  (glx) 0 0 0

Intersession 9 2 7 19-38 28.5
exc luded  (m ln o ) 2 0 2
exc luded  (g lx) 2 1 1

Table 3. Allocation o f subjects into study groups.

GABA M easure Validity: Vigabatrin

Eight healthy volunteers, all male, aged 19 to 44 years were recruited 

through poster advertisement at the University o f  Alberta and surrounding 

community between September 2003 and June 2004. All volunteers were 

healthy, with no history o f mental illness or major medical illness, no current 

or recent use o f  CNS active medications and no history o f  head injury with loss 

o f consciousness.
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Volunteers were interviewed over the phone to screen for history o f and 

current mental illness, alcohol consumption over 14 standard drinks per week 

for males and seven glasses per week for females, current physical ailments, 

use o f prescribed and over-the-counter medications, and contraindications to 

having a MRI scan (i.e., presence o f  metals in their bodies or other devices that 

may be affected by magnetic fields). If  eligible for the study, volunteers were 

invited for a structured interview to rule out a lifetime history o f anxiety and 

mood disorders, using the Anxiety Disorders Interview Schedule version IV 

(Brown et al 2001). Basic demographic information and medical history was 

gathered and a basic physical examination was completed by a practicing 

physician to assess sound physical health. Volunteers were asked to abstain 

from consumption o f alcohol for 72 hours before the scan, consumption o f 

caffeine for 4 hours before the scan, and use o f  nicotine for 2 hours before the 

scan. Volunteers then returned on two separate days for the 'H-MRS sessions. 

On day one, the first scan was administered to obtain baseline GABA 

measurement in the medial PFC. Immediately following the scan, volunteers 

were given an oral dose o f 50 mg/kg o f vigabatrin. On day two, volunteers 

returned to complete a second post-vigabatrin scan, which was administered at 

exactly the same time o f day as the first scan. W ithin each 1.5 hour session, 

two sequences optimized for GABA were administered in succession.

Vigabatrin has been demonstrated to be a safe (Acharya et al 2005; 

Butler 1989) and effective method for significantly increasing GABA levels in 

the brain (Petroff et al 1999; Petroff et al 1996; Rothman et al 1993; Weber et 

al 1999) and CSF (Ben-Menachem 1989; Petroff et al 1998; Pitkanen et al 

1988) o f patients with epilepsy and healthy volunteers. A standard single dose 

o f 50 mg/kg significantly increases brain GABA levels, which maximize by 24 

hours post-administration and slowly decline to normal by 8 days post

administration (Petroff et al 1996).
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GABA Measure Reliability

For the intrasession reliability, fourteen volunteers, seven female and 

eight male, aged 19 to 44 years, were recruited through poster advertisement at 

the University o f  Alberta and surrounding community between April and 

A ugust 2004. All volunteers were healthy, with no history o f  mental illness or 

m ajor medical illness, no current or recent use o f CNS active medications and 

no history o f head injury with loss o f  consciousness.

Volunteers were interviewed over the phone and were then brought in 

for further interviewing and a basic physical, and asked to abstain from use o f 

alcohol, caffeine, and nicotine, as described above. Volunteers then returned 

on a separate day for the 'H-MRS session. W ithin the 1.5 hour session, two 

scans optimized for GABA were adm inistered one after the other.

For the intersession reliability, five volunteers, three male and two 

female, aged 19 to 44 years, were recruited by word o f mouth in May 2005. 

All volunteers complied with the criteria for the fourteen intrasession 

volunteers in that they were healthy, had no history o f mental illness or major 

medical illness, no current or recent use o f  CNS active medications and no 

history o f head injury with loss o f  consciousness and were asked to abstain 

from use o f alcohol, caffeine, and nicotine, as described above. These 

volunteers returned for two ’H-MRS sessions. Within each one hour session, a 

single scan optimized for GABA was administered. For the male volunteers, 

the two scans were performed on two separate days at approximately the same 

time o f  day for each scan (morning or afternoon) with a minimum o f one and a 

maximum of 2 days between the scans. For the female volunteers, the two 

scans were performed on the same day, administered with a two hour break 

between them, to ensure that cyclical changes in hormone levels were not a 

factor.
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The average GABA measurements from 12 healthy men and 9 healthy 

women who were involved in the above reliability and validity studies were 

compared.

Glx and M yo-inositol M easure Reliability

Twelve healthy volunteers, five female and seven male, aged 19 to 28 

years, were recruited through posters at the University o f A lberta and 

surrounding community between February 2004 and March 2005. All 

volunteers were healthy, with no history o f  mental illness or m ajor medical 

illness, no current or recent use o f  CNS active medications and no history o f 

head injury with loss o f  consciousness.

Volunteers were interviewed over the phone and were then brought in 

for further interviewing and a basic physical, and asked to abstain from use of 

alcohol, caffeine, and nicotine, as described above. Volunteers returned on two 

or three separate days for the 'H-M RS sessions.

In total, intrasession data was obtained from ten volunteers (five female, 

five male) and intersession data was obtained from nine volunteers (two female, 

seven male), with some overlap between the groups. Three volunteers (all 

female) completed two sessions in which only intrasession reliability was 

assessed. In one session, two Glx-optimized scans were performed and in the 

other, two mlno-optimized scans were performed. Also, two volunteers (both 

male) completed two sessions in which only intersession reliability was 

assessed. In each scan, one Glx- and one mlno-optimized scan were performed. 

The remainder o f the volunteers (two female, five male) completed three 

sessions each in which both intra- and intersession reliability were assessed. In 

the first two sessions, either two Glx- or two mlno-optimized scans were
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performed for assessment o f  intrasession reliability. In the third session, one 

Glx- and one mlno-optimized scan were performed and compared with the 

results o f  the first two scans for assessment o f intersession reliability.

For each volunteer, all sessions took place at the same time o f day to 

control for factors that could fluctuate over the course o f  a day and influence 

glutamate and mlno levels (e.g., cortisol levels).

’H-MRS M ethods

GABA

Volunteers were placed in a supine position in an 80 cm bore magnet at 

3 Tesla (Magnex Scientific) interfaced to a SMIS console (Surrey Medical 

Imaging Systems Ltd.). The subject’s head was positioned in a 28 cm diameter 

quadrature birdcage transmitter/receiver coil. A series o f  T l-w eighted images 

were obtained in sagittal, axial and coronal orientations so that the voxel could 

be placed in the medial PFC. A 25x30x30 mm3 voxel was centered along the 

midline of the PFC, just anterior to the genu o f the corpus callosum (Figure 2). 

Although tissue segmentation data were not obtained for this study, typical 

values for a voxel o f  the same dimensions in this location are approximately 

grey matter (GM) 69%, white m atter (WM) 19%, and CSF 12% (Choi et al 

2005b). Shimming for the selected region was carried out using fast, automatic 

shimming technique by mapping along projections, FASTMAP (Gruetter 

1993).
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Figure 2. Placement o f a 25x30x30 mm voxel in the medial prefrontal cortex 

for acquisition and measurement o f  the GABA signal using a double quantum 

filter 'H-MRS method.

The acquisition o f the GABA signal at 3.01 ppm was carried out using 

a double quantum filter (DQF) method (Figure 3: Choi et al 2005a). A single 

slice-selective 3.1 ms 90° excitation pulse is followed by a 28.6 ms 180° 

doubly selective refocusing pulse. This pulse serves two functions: its long 

duration allows for almost complete macromolecule suppression; and its 

selectivity refocuses the resonances at 3.01 ppm and 1.89 ppm while 

completely suppressing the resonances at 2.28 ppm (from GABA) and 1.7 ppm 

(from macromolecules). The second slice-selective 3.1 ms 90° pulse converts 

the two resonances at 3.01 ppm and 1.89 ppm to double quantum coherence 

which is encoded by a 9 ms gradient pulse. A third frequency-selective 9 ms 

90° pulse changes the system back to single quantum coherence and 

suppresses overlapping signals from glutathione and aspartate, bringing about 

the final GABA doublet at 3.01 ppm. A final 7.7 ms 180° pulse and decoding 

gradient reset the resonances for re-excitation. The duration o f  a single pulse 

sequence is 87 ms (TEj = 49 ms, TM = 9 ms, TE2 = 29 ms) with relaxation 

time, TR = 2400 ms, and a spectral width o f 5 kHz. A series o f 512 pulses are 

averaged to give a measurable GABA doublet at 3.01 ppm. A point-resolved 

spectroscopy sequence (TE = 82 ms) was applied every 64 averages to allow
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for correction o f frequency drift and to obtain a creatine measurement as an 

internal standard. The GABA doublet at 3.01 ppm is quantified relative to an 

assumed creatine level o f  9 mmol/kg (Brooks et al 1999a; Schubert et al 2004). 

W hile this method suppresses the unwanted signals from creatine, glutathione, 

aspartate and macromolecules, it does not completely suppress the signal from 

homocamosine, which is estimated to contribute approximately 20% to the 

GABA peak at 3.01 following the DQF sequence (Figure 4: Choi et al 2005a). 

Homocamosine is the major bound form o f GABA in the CNS, formed by the 

binding o f GABA to histidine. The GABA measurement obtained by this 

method therefore reflects a measure o f  total GABA or GABA+homocamosine 

as compared to free GABA.

A
90 90 180180

D180

TE, .......... *    TE2

B

6 5 4 3 2 1 0

chemical shift (ppm)
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Figure 3. A. Diagram o f the double quantum filter pulse sequence. A single 

slice-selective 3.1 ms 90° excitation pulse is followed by a 28.6 ms 180° 

doubly selective refocusing pulse. The second 90° pulse converts the signals to 

double quantum coherence which are registered by the 9 ms gradient encoding 

pulse. A third 9 ms 90° pulse changes the system back to single quantum 

coherence bringing about the final GABA doublet at 3.01 ppm. A 7.7 ms 180° 

pulse and decoding gradient reset the resonances for re-excitation. The 

duration o f  a single pulse sequence is 87 ms (TEi = 49 ms, TM = 9 ms, TE 2 = 

29 ms) with relaxation time, TR = 2400 ms, and a spectral width o f 5 kHz. B. 

Diagram o f  a GABA doublet peak around 3 ppm (in hatched lines) obtained 

using the double quantum filter technique in (A) in a single subject in-vivo. -  

Both figures adapted from Choi and colleagues, 2005a.

Figure 4. Diagram of the contribution o f homocamosine to the GABA signal at 

3.0 ppm obtained using the double quantum filter technique (see Figure 3). 

A,B,C. GABA, homocamosine, and GABA+homocamosine spectra obtained 

from a phantom solution. D. GABA+homocamosine signal obtained from a

m
Homocamosine

Prefrontal 
in vivo

3 .2  3.0 2 .8

Chemical shift (ppm)

25x30x30 m m 3 voxel in the medial prefrontal cortex o f  a single subject in-vivo. 

Adapted from Choi and colleagues, 2005a.
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Glx and Myo-inositol

Volunteers were placed in a supine position in an 80 cm bore magnet at 

3 Tesla (Magnex Scientific) interfaced to a SMIS console (Surrey Medical 

Imaging Systems Ltd.). The subject’s head was positioned in a 28 cm diameter 

quadrature birdcage transmitter/receiver coil. A series o f T l-w eighted images 

were obtained in sagittal, axial, and coronal orientations, so that the voxel 

could be placed in the medial PFC. A 30x30x20 m m 3 voxel was centered along 

the midline o f the PFC, just anterior to the genu o f the corpus callosum (Figure 

5a). The voxel is oriented on an angle within the medial PFC so that the voxel 

can be placed entirely in the PFC without involving the genu o f the corpus 

callosum and at the greatest distance from the eye sockets which create 

inhomogeneities in the magnetic field because o f  the high incidence o f bone- 

air interfaces. The voxel was composed o f approximately 60% GM, 25% WM, 

and 15% CSF (see results section, Table 6). Shimming for the selected region 

was carried out using FASTMAP (Gruetter 1993).

For acquisition o f each metabolite signal as well as acquisition o f the 

water signal for eddy current correction, stimulated echo acquisition mode 

(STEAM) sequences were used with different echo times, mixing times, and 

repetition times for each. These were performed under the following conditions: 

mlno, 384 averages, (TE, TM, TR) = (160, 40, 3000) ms (Kim et al 2005); Glx, 

384 averages, (TE, TM, TR) = (240, 27, 3000) ms (Hanstock et al 2002); water 

(for quantification, not performed in this study), 16 averages, (TE, TM, TR) = 

([20, 30, 40, 65, 100, 200, 500, 1500], 30, 12000) ms. After each mlno or Glx 

sequence, sequences for eddy current correction were performed. The 

acquisition o f Glx and mlno signals was performed in 12 sub-spectra o f  32 

averages each. The division o f  the acquisition o f  384 averages into 12 sub

spectra allows for the correction o f  frequency drift to the reference peak o f 

NAA and the identification o f  outliers within the scan. Spectra (Figure 5b)
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were analyzed and summed using the Linear Combination o f  Metabolite basis 

spectra program (LCModel: Provencher 1993). LCModel basis spectra 

included NAA, N-acetyl-aspartyl-glutamate, creatine, choline, glutamate, 

glutamine, GABA, m lno, glycine, taurine, aspartate and lactate which were 

numerically fitted between 1.0 and 3.9 ppm (see Hanstock et al 2002).

A

1 H-MRS Spectra from
Glutamate-optimized Sequencemyo-lnositol-optimized Sequence

4.0 18 36 14 32 10  28  26 21  2-? 20 1.8

Chemical Shift (ppm) Chemical Shift (ppm)

Figure 5. A. Placement o f a 30x30x20 mm voxel in the medial prefrontal 

cortex for acquisition and measurement o f the glutamate and rayo-inositol 

signals using a STEAM ’H-MRS method. B. Sample spectra obtained from the 

application o f  the wyo-inositol- and Glx (or glutamate)-optimized sequences to 

the medial prefrontal cortex (A) in a single subject in-vivo. Cho, choline; Cre, 

creatine; NAA, n-acetyl-aspartate; Glx, glutamate+glutamine+GABA; mlno, 

myo-inositol
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Segmentation was carried out to determine GM, WM, and CSF 

composition o f  the voxel. The segmentation procedure (described in detail in 

Coupland et al 2005; Hanstock and Allen 2000) used a PRESS-selected 

volum e (TE = 1 2 0  ms, TR = 9000 ms) and estimated T1 values for GM, WM, 

and CSF (GM: 1070 ± 60 ms, WM: 720 ± 30 ms, CSF: 4440 ± 50 ms).

M etabolite measures were obtained from LCModel in institutional units 

(IUs), which is a unit that is specific to each machine and therefore cannot be 

compared between machines or institutes. No quantification was performed for 

the Glx and mlno measurements. The signal from water was acquired from the 

Glx- and mlno-optim ized scans, however this method was not prepared in time 

for use in this study. Quantification o f metabolite measures is not required 

when comparing measurements that were acquired using the same machine 

and the same sequence and machine parameters. However, in order to compare 

results across studies and obtain estimates o f  metabolite concentrations in 

regions o f  interest, quantification and preferably absolute quantification (using 

accurate T1 and T2 times for individual chemicals) is necessary.

Final results w ere corrected mathematically for total tissue content in 

the voxel ([GM+W M]/100), as metabolites are not present in the CSF. Outliers 

were identified in a two-step process. Results from individual sub-spectra were 

analyzed in order to identify outliers within each scan first numerically then 

visually. Numerical outliers were identified as those sub-spectra representing 

measures o f  NAA (chosen because it represents the most stable peak in the 'H- 

MRS spectrum) greater than two standard deviations from the mean measures 

o f  NAA in the sub-spectra within that scan. Those sub-spectra identified as 

numerical outliers were then examined visually. Visual criteria for the 

exclusion o f  sub-spectra included extremely distorted baseline and spectra, 

including high background noise and doubled peaks (due to subject motion). If 

these sub-spectra were identified as visual outliers the remaining sub-spectra
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w ithin that scan were examined visually as well to check for similar distortions. 

All sub-spectra identified as visual outliers were excluded from the analysis. 

LCM odel was rerun on the remaining sub-spectra and a mathematical 

correction for the reduced number o f  averages used to obtain the final output 

spectrum o f that scan was applied. Reliability tests were performed on all 

results including complete data sets and those excluding outliers in order to 

assess the effect o f  identifying and removing outliers in this manner.

Statistics

Reliability o f  the intra- and intersession scan measures was assessed 

using within-subject coefficients o f  variation (CV) and intra-class correlation 

coefficients (ICC). The CV is calculated as the standard deviation divided by 

the square root o f  the mean for each individual’s scans. This is then averaged 

to obtain a group CV. The ICC is calculated as ([Between groups MS -  W ithin 

groups MS]/[Between groups MS + W ithin groups MS]), where MS = mean 

square from a two-way mixed ANOVA. For the vigabatrin study, a paired t- 

test was used to determine the statistical significance o f  differences between 

pre- and post-vigabatrin GABA levels were different. For the comparison o f 

GABA levels between healthy female and male volunteers, an independent t- 

test was used. Paired t-tests were used to determine if  any differences in voxel 

composition existed between sessions. A significance level o f p < 0.05 was 

used throughout.
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GABA Measure Validity: Vigabatrin

All eight healthy male subjects completed both scans. The only side 

effect reported after a single oral dose o f  50 mg/kg o f vigabatrin was mild 

drowsiness. GABA levels increased in all eight subjects after taking vigabatrin 

and the pre- to post-vigabatrin change in GABA levels was highly significant 

(Figure 6: mean GABA level pre-vigabatrin = 0.96 ± 0 . 1 7  mmol/kg, mean 

GABA level post-vigabatrin = 1.33 ± 0.15 mmol/kg, mean relative increase = 

39 ± 28%; t = -5.37, d f = 7, p = 0.0001).

A

Pre VGB Post VGB

3

5 4 3 5 4 3

B
GABA concentrations Pre- and Post-Vigabatrin (50 mg/kg)

1.8
^ ■ i  Pre-VGB 
mm  Post-VGB

2 3 4 5 6 7

S ub jec t

8 mean
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Figure 6. A. Sample spectra obtained using the double quantum filter 

technique for GABA signal acquisition in a single subject pre- and 24 hours 

post-vigabatrin (VGB) administration. B. Individual results and group mean o f 

GABA measurements obtained pre- and post-VGB in 8 healthy males.

GABA Measure Reliability

Intrasession Reliability

Within a single session, the first GABA scans obtained a mean GABA 

level o f 1.01±0.22 mmol/kg and the second scans obtained a mean GABA 

level o f 0.99±0.22 mmol/kg, which were not significantly different (Figure 7a: 

t =  0.97, d f  = 13, p = 0.56). Intrasession GABA levels demonstrated strong 

reliability with a CV o f  8% and ICC o f 0.89 (p < 0.0001, 95% C.I. = 0.68 to 

0.96).

Intersession Reliability

As expected, intersession GABA measurements were less reliable than 

intrasession measurements. However one extreme outlier was present. The 

outlier represented a 250%  increase in GABA between session 1 and session 2, 

while all other subjects represented a mean 19% decrease in GABA between 

session 1 and session 2. With the outlier included in the analysis, the CV was 

21% compared to 14% when it was removed. However, the ICC was low and 

not significant even with the outlier removed (Figure 7b: ICC = 0.07, p = 0.44, 

95% C.I. = -0.72 to 0.78). See Table 4 for summary o f  reliability results. In 

fact, the decrease in GABA measurement between sessions 1 and 2 was 

consistent across five o f  the six remaining subjects, and the mean decrease o f 

19% for these six subjects was significant (t = 3.26, d f = 5, p  = 0.02).
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Figure 7. A. Individual results and group mean intrasession GABA 

measurements for 14 healthy volunteers. B. Individual results for 7 healthy 

volunteers and group mean (for 6 o f 7 volunteers). Notice subject 4 represents 

an extreme outlier and was removed from the end reliability analysis. (* t = 

3.26, d f  = 5, p -  0.02)
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study n CV ICC p-value
Intrasession 14 8.0% 0.89 <0.0001
Intersession 6 14.2% 0.07 0.44

Table 4. Summary o f reliability statistics from GABA intra- and intersession 

studies. CV, coefficient o f variation; ICC , intraclass correlation coefficient.

Gender Effects

W hile males had slightly higher GABA levels than females (males: 

0.97 mmol/kg; females: 0.90 mmol/kg) this difference was not significant 

(Figure 8: t = 0.86, d f  = 19, p = 0.4).

GABA concentrations, male vs female

1.2  -]----------------------------------------------------------------------------------------------------------------------------------------------------------------------------

m ale fem a le

Figure 8. GABA concentrations in male (n = 12) and female (n = 9) volunteers.

Glx and Myo-inositol Measure Reliability

Sample spectra from the Glx and mlno-optimized scans are displayed 

in Figure 5 (methods). Results are outlined below and complete results for
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reliability o f  creatine, choline, NAA, Glx and mlno measures are displayed in 

Table 5.

Removal o f  Outliers

As determined by numerical and visual analysis o f individual sub

spectra from each scan, four scans (from four different subjects) had individual 

sub-spectra (ranging from one to five sub-spectra per scan) removed. In these 

cases, spectra were refitted using LCModel and the reduced total number of 

averages was corrected for mathematically. Six scans were removed 

completely due to extremely poor quality o f the spectra. One o f these scans 

was from the Glx-optimized sequence and four were from the mlno-optimized 

sequence. Further, one scan was rem oved from the analysis due to an error in 

the machine power setting. Therefore the total loss o f scans represented a loss 

o f two intersession data sets for the Glx-optimized sequence (reducing the 

group size from n = 9 to n = 7), a loss o f  four intrasession data sets for the 

mlno-optimized sequence (reducing the group size from n = 10 to n = 6) and a 

loss o f two intersession data sets for the mlno-optimized sequence (reducing 

the group size from n = 9 to n = 7).

Regardless o f these reductions in group sizes, the removal o f outliers 

did not significantly worsen or improve the reliability results. All data reported 

below are corrected for voxel composition and outliers, as discussed above in 

methods. Complete results including those for complete data sets and data sets 

with outliers removed are displayed in Table 5.

Intrasession Reliability

The intrasession measurements o f  all metabolites from all sequences 

showed good reliability.
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Glx

Coefficients o f  variation ranged from 5.7% (NAA) to 17.6% (Glx) and 

ICCs ranged from 0.97 (NAA) to 0.84 (Glx).

Mlno

Coefficients o f  variation ranged from 2.1% (NAA) to 26.8% (mlno) 

and ICCs ranged from 0.99 (NAA) to 0.62 (choline), with an ICC o f 0.79 for 

mlno.

Intersession Reliability

The intersession measurements were notably less reliable than the 

intrasession measurements.

Glx

Coefficients o f  variation ranged from 15.9% (NAA) to 22.8% (Glx) 

and ICCs ranged from 0.29 (Glx) to -0 .18  (choline). None o f  the ICCs were 

significant at p < 0.05.

Mlno

Coefficients o f  variation ranged from 9.9% (NAA) to 14.5% (creatine), 

with a CV o f 12.5% for mlno. Intraclass correlation coefficients ranged from 

0.6 (NAA) to -0 .05  (creatine), with an ICC o f 0.51 for mlno. None o f  the ICCs 

were significant at p < 0.05.
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scan metabolite

CV (%) 
Complete 

data
Outliers
removed

ICC
Complete

data p-value
Outliers
removed p-value

intrasession glx Cho 11.07 11.04 0.93 <0.0001 0.93 <0.0001
Cre 8.93 8.55 0.95 <0.0001 0.96 <0.0001
NAA 5.83 5.72 0.97 <0.0001 0.97 <0.0001
Glx 17.64 17.56 0.83 0.001 0.84 0.001

myo- inositol Cho 9.18 8.96 0.8 0.001 0.62 0.07
Cre 8.84 5.92 0.7 0.01 0.92 0.002
NAA 3.03 2.12 0.99 <0.0001 0.99 <0.0001
mlno 28.8 26.76 0.68 0.01 0.79 0.02

intersession glx Cho 16.32 12.47 -0.18 0.68 -0.18 0.68
Cre 29.08 22.42 0.08 0.42 0.08 0.42
NAA 15.38 12.44 0.11 0.39 0.11 0.39
Glx 23.18 20.85 0.29 0.23 0.29 0.23

myo- inositol Cho 9.38 16.51 0.44 0.12 0.34 0.2
Cre 14.18 13.18 0.16 0.34 -0.05 0.55
NAA 9.77 7.13 0.56 0.06 0.6 0.06
mlno 15 13.7 0.43 0.12 0.51 0.1

Table 5. Summary of reliability statistics from Glx- and m lno-optim ized intra- and intersession 
studies. CV, coefficient o f variation; ICC, intraclass correlation coefficient; Cho, choline; Cre, 
creatine; NAA, n-acetyl-aspartate; Glx, glutamate+glutamine+GABA; mlno, myo-inositol.
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Voxel Composition

M ean voxel grey matter to total brain tissue volume (GM/[GM+WM]) 

did not differ across the three sessions (session 1 = 0.66, session 2 = 0.66, 

session 3 = 0.71; sessions 1 and 2: t = -1.91, d f = 10, p = 0.09; sessions 1 and 3: 

t = -1.41, d f  = 6, p = 0.21; sessions 2 and 3: t = -0.98, d f  = 6, p = 0.36). The 

CV across all three sessions was 9.4%. One outlier was present in the 

segmentation analysis. In subject 7, the voxel grey m atter to total brain tissue 

dropped from 74% in the first session to 39% in the second session, 

representing a 36% grey matter decrease, a 24% w hite matter increase and a 

14% CSF increase in total voxel composition from session 1 to session 2. This 

is considered to be an error in the segmentation procedure rather than a 

misplacement or change o f the voxel location for two reasons: 1) voxel 

placement is verified visually via MRI scout images taken at the beginning o f  

each session and no significant subject movement was noted with this 

volunteer during either session (voxel location would have to shift laterally by 

approximately 2 cm to incur such significant compositional changes); 2) 

significant changes in the voxel composition should be reflected in the 

metabolite measurements (due to differing concentrations o f metabolites in 

grey and white matter) and the intersession reliability measures for this subject 

should be significantly lower than other subjects, but this was not the case. 

Similar measurement errors were noted during the development o f the method 

if  the radiofrequency (RF) power o f  the transmitter/receiver coil was set too 

low. With subject 7 removed from the segmentation analysis, the CV 

decreased to 6.3%. However, the ICC was low and not significant (ICC = 0.4, 

p = 0.11, 95% C.I. = -0.23 to 0.79). Average voxel composition was GM 57%, 

WM 27%, and CSF 16% (Table 6).
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Tissue session 1 session 2 session 3 average

GM 55.71 56.5 60.01 57.41
WM 29.13 26.39 24.9 26.81
CSF 15.15 17.11 15.08 15.78

GM/(GM+WM) 0.66 0.68 0.71 0.68

Table 6. Segmentation results from a 30x30x20 m m 3 voxel in the medial 

prefrontal cortex over three sessions. Results are expressed in percentages o f 

total voxel composition. GM, grey matter; WM, white matter; CSF, cerebral 

spinal fluid.
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The research aim was to obtain reliable and valid in-vivo measurements 

o f  GABA, glutamate (or Glx), and mlno in the PFC of healthy people in order 

to ensure these methods can be applied to research investigating the 

neuropathology o f  a variety o f neurological and psychiatric illnesses, including 

depression.

The results o f  the vigabatrin test are similar to those seen in other 

studies. Quantification o f  the GABA signal to creatine (9 mm ol/kg in frontal 

cortex) reflects values recorded in other 'H-M RS studies o f  occipital cortex 

GABA, and post-mortem and biopsy studies (Table 1 in Chapter 1: 

Introduction). Also, after administration o f  vigabatrin (50 mg/kg), a 38% 

increase o f the GABA signal was seen in this study, which is in line with 

increases o f 40% to 100% seen in healthy people and patients with epilepsy in 

other studies (Petroff et al 1999; Petroff et al 1998; Petroff et al 1996; Pitkanen 

et al 1988; Rothman et al 1993; W eber et al 1999). These results support our 

DQF technique (Choi et al 2005a) as a valid method for the measurement o f 

prefrontal GABA.

Few studies have reported reliability statistics on their GABA 

measurement techniques. However, the reliability results from this study 

compare favorably with those reported from other studies o f  GABA (Table 2, 

Chapter 1: McLean et al 2002; Petroff et al 1998; Shen et al 2002) and o f other 

metabolites (Table 7). The one exception was the low and non-significant ICC 

o f the intersession GABA measurements. In fact, GABA levels decreased 

significantly (by 19%) between session 1 and session 2 once the extreme 

outlier was removed. This was not expected and could be due to several factors. 

It could represent a practice effect, by which the volunteers become more 

comfortable and relaxed with the scan each time it is performed. However, 

several of the volunteers had been scanned on several occasions prior to the
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first session o f this study, so any practice effect should be accounted for by this 

experience. Also, the decrease could be a coincidental trend in the data, due to 

small group size, that could be eliminated by including more subjects.

The reliability o f  the intrasession measurements o f Glx, m lno, and 

other metabolites obtained from the Glx- and mlno-optimized scans also 

compares well with the reliability reported in other studies (Table 7: Brooks et 

al 1999a; Brooks et al 1999b; Chard et al 2002; Geurts et al 2004; Li et al 2002; 

Schirmer and Auer 2000), especially with the results from studies which tested 

voxels in frontal GM (Brooks et al 1999a). However, the reliability o f the 

intersession measurements was generally worse than that reported in other 

studies (Table 7).

Intrasession results were generally more reliable than intersession 

results obtained from all o f  the methods. This was expected as several different 

variables come into play when measures from different days are compared. 

W hile metabolites should remain relatively stable over time, several factors 

can alter metabolite levels in healthy people, including normal m ood changes 

(Jung et al 2002) and hormone levels, especially in women (Epperson et al 

2002; Rasgon et al 2001). Also, repositioning o f  the volunteer in the magnet 

and repositioning o f  the voxel can cause changes in the external (magnetic 

field) and internal (physiological) environment in which the signals are 

acquired.

However, one result was inconsistent with this expectation. The CV for 

mlno was considerably higher in the intrasession scans than in the intersession 

scans. However, the ICC clearly shows lower reliability for this measure in the 

intersession compared w ith the intrasession scans. The reason for this result is 

clarified when individual subject results are inspected. For three subjects, the 

results o f the two intrasession mlno measures (from scans 1 and 2) differed by
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Study Method Voxel Size Voxel Location tNAA tCr Cho mlno Glx

Intrasession CVs <%)
Li et al. 02 1.5 T PRESS 0.75 ml striatum 14.4 14.8 15.3 - -

TR = 1600 ms, TE = 135 ms 5.25 ml 8.3 9.5 9.7 -- -

Brooks et al. 1.5 T STEAM 13 ml occipital- 3.3 4.3 5.3 8.1
99b TR = 2000 ms, TE = 30 ms parietal WM

Brooks et al. 1.5 T STEAM 8 ml frontal GM 7 8 16 20
99a TR = dependent on TE, TE = 30-288 ms

This Study 3 T STEAM 18 ml (Glx) frontal GMa 5.8 8.9 11.1 17.6
TR = 3000 ms, TE = 160, 240 ms (Ino.Glu) 18 ml (mlno) 3 8.8 9.2 28.8 -

18 ml (Glx) frontal GMb 5.7 8.6 11 - 17.6
18 ml (mlno) 2.1 5.9 9 26.8 -

Intersession CVs (%)
Chard et al. 02 1.5 T PRESS (1H-MRS imaging) 2.3 ml multiple sites 11.4 9.9 12.3 18.5 15.8

TR = 3000 ms TE = 30 ms

Schirmer and 1.5 T PRESS 8 ml parietal WM 3.8 6.4 4.9 7.7 11.9
Auer 00 TR = 2000 ms, TE = 35 ms

Geurts et al. 04 1.5 T STEAM 12 ml parietal GM 4.6 5.5 8.7 4.5 8.6
TR = 6000 ms, TE = 20 ms, TM = 10 ms 6 ml HC 7.7 11.9 7,4 7.8 37

7 ml Thalamus 4.7 5.8 6.9 9.5 21

This Study 3 T STEAM 18 ml (Glx) frontal GMa 15.4 29.1 16.3 23.2
TR = 3000 ms, TE = 160, 240 ms (Ino.Glu) 18 ml (Ino) 9.8 14.2 9.4 15 -

18 ml (Glx) frontal GMb 15.9 26,7 16.4 - 22.8
18 ml (Ino) 9.9 14.8 13.2 12.5 -

Table 7. Intra- and 

intersession coefficients 

o f variation (CVs) for 

metabolite

measurements obtained 

from several studies 

using different 

techniques. For this 

study: a, complete data 

set; b, outliers removed. 

PRESS, point-resolved 

spectroscopy STEAM, 

stimulated echo 

acquisition mode; other 

abbreviations as in text.
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greater than 100%, with within-subject CVs as high as 71%. However for the 

intersession CV, the two intrasession measures are averaged prior to 

comparison with the measure from scan 3 (performed on a different day). In all 

three cases, the means o f the two intrasession measures more closely 

approximated the measures obtained from the intersession scans, rendering 

their individual intersession CVs and therefore the group mean intersession CV 

m uch lower. A similar result was seen in one subject’s intrasession Glx 

measure, with a within-subject CV o f 65%.

A possible explanation for these large intrasession variations could be 

changes in voxel location due to subject movement or changes in machine 

parameters (e.g., RF power) over the course o f  the session. However, the other 

metabolite measures obtained simultaneously with those in question had CVs 

in a more normal range (1 to 19%). The reason for these large discrepancies in 

intrasession measures cannot be determined with certainty, and the method for 

outlier detection and removal (which attempted to identify errors in the spectra 

due to subject movement and increased background noise) did not identify all 

o f  these abnormal cases.

In fact, the method for outlier detection and removal did not offer any 

considerable improvement in reliability results. The visual inspection o f 

individual sub-spectra is a time intensive process and, as there was no 

significant improvement in the results, is neither practical nor effective in 

optimizing reliability outcomes.

Intraclass correlation coefficients were, with one exception, highly 

significant for the intrasession data. The only ICC that was not significant in 

this data set was that for the choline measure obtained from the mlno- 

optimized scan. In fact, this is where the outlier detection and removal 

procedure had its greatest effect, but in the direction opposite to what was 

intended, rendering the ICC for this choline measure (0.62) non-significant as
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compared with the ICC obtained from the complete data set (0.8). However, 

none o f  the ICCs for the intersession data were significant, with only the NAA 

measure obtained from the m lno-optim ized scan approaching significance 

(ICC = 0.6, p = 0.06 from the outlier corrected data).

While metabolite measures from the Glx- and mlno-optimized scans 

are adjusted for voxel tissue composition prior to statistical analysis, reliability 

o f  intersession voxel placement was also demonstrated in the Glx- and mlno- 

optimized scans, and is not likely to negatively affect the reliability o f the 

intersession metabolite measures in these studies.

With strong validity and reliability o f  the GABA measurement and 

good reliability o f the Glx and mlno measurements demonstrated in healthy 

volunteers, these measures would prove useful in the study o f  various normal 

and disease conditions. However, because o f  the lower intersession reliability 

o f the Glx and mlno measurements, any results from test-retest conditions 

should be interpreted with caution.

One study currently underway investigates the effects o f  normal 

hormonal fluctuations, due to menstrual cycling and menopause, on prefrontal 

GABA. GABA is known to be affected by female hormones and their 

metabolites (Dubrovsky 2005). GABA levels are increased in the occipital 

cortex in the follicular phase relative to the luteal phase o f the menstrual cycle 

in healthy volunteers, an effect which is contradicted in women with pre

menstrual dysphoric disorder (Epperson et al 2002). The demonstration of 

fluctuations in prefrontal GABA levels with the menstrual cycle would affect 

the timing o f scans in future studies so that differing hormone levels would not 

be a factor in the analysis o f results for women who could be assessed for 

changes in prefrontal GABA before and after treatment for depression or other 

mental illnesses. Another study currently underway investigates the effects o f  

exogenous hydrocortisone administration on prefrontal glutamate levels. And
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finally, an ongoing study investigates prefrontal glutamate and m lno levels in 

patients suffering from severe depression. Future studies could be aimed at 

investigating prefrontal GABA levels in depressive and other mental illness. 

Also several studies could elucidate variables involved in the variation o f 

metabolite measurements between healthy volunteers. The effects of 

consumption o f  coffee or alcohol prior to the scan and maintaining alert versus 

resting or sleeping states during the scan on metabolite measures could 

contribute to the understanding o f  factors affecting the normal regulation o f 

neurochemicals o f interest.

Summary

The sequence used to acquire the GABA signal was a valid method for 

the detection o f  GABA in the prefrontal cortex. The GABA, Glx, and mlno 

measurement techniques used in this study obtained reliable results that were 

mostly consistent with the results o f other studies that performed different ’H- 

MRS techniques on similar areas o f  the brain. For all o f  the reliability 

measures except one, the prediction that intrasession reliability would be 

higher than intersession reliability was correct. The intersession results for the 

Glx- and mlno-optimized scans demonstrated lower reliability data as 

compared with other studies, and the method developed for the detection and 

removal o f outliers from individual Glx- and mlno-optimized scans did not 

produce an obvious improvement in the reliability o f  these measurements. 

While the reliability for these measurements was comparable with that o f 

another study that attempted to measure mlno and other metabolites in frontal 

grey matter (Brooks et al 1999a), caution should be exercised when 

interpreting the measurements o f Glx and mlno in test-retest conditions. 

Flowever, these 'H-MRS methods have proven to be reliable in both intra- and 

intersession conditions and can be applied to the investigation o f  the role of 

these neurotransmitters in various healthy conditions and mental illnesses such 

as depression.
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