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INTRODUCTION  
 

1H Magnetic Resonance Spectroscopic Imaging (MRSI) is the only non-

invasive technique capable of measuring chemicals within the body and can be 

performed on many conventional Magnetic Resonance Imaging (MRI) systems.  

MRSI exploits the principle that every chemically distinct nucleus in a compound 

resonates at a slightly different frequency, allowing the detection of a wide variety of 

proton signals on a given proton. In addition, the NMR signals from many 

compounds can be detected simultaneously in one MRS experiment and MRSI with 

phase encoding has the ability to obtain MRS signals from multiple regions 

simultaneously. 

1H MRSI detects N-acetyl aspartate (NAA), lactate, choline (Cho), creatine 

(Cr) phosphocreatine, and amino acids including glutamate, glutamine, aspartate, and 

taurine. NAA appears to be a neuronal marker not being found in mature glial cells.1 

Lactate provides information concerning bioenergetics. Choline provides information 

concerning lipid metabolism.  MRSI single volume localization techniques, using 

several pulses and gradients, offer the advantages of sharp spatial resolution and high 

sensitivity.  Spectroscopic imaging techniques (using phase encoding) have the 

important advantage that multiple regions are sampled simultaneously, at a cost of a 



 8 

less well-defined point spread function.  For clinical investigation, it is essential that 

MRSI is quantitated to provide reducible clinical data from specific tissue regions.2 

 

I. Alzheimer’s Disease and Mild Cognitive Impairment 

Alzheimer's Disease (AD), the most common cause of dementia, is difficult to 

diagnose (with any certainty) early in its course.3-7 Even when the patients become 

demented, the antemortem diagnosis of Alzheimer's Disease by most family 

physicians is imperfect and is variable depending on the examiners.  There is a need 

for improved objective and quantifiable tests for monitoring its progression and 

response to treatment. MRSI together with MRI has substantial promise as an 

objective non-invasive technique for screening, diagnosis and therapy monitoring. 

MRI is frequently used as a routine diagnostic technique and MRSI detects NAA (a 

neuron-specific marker) and other metabolites which are altered (possibly in a 

specific pattern) in Alzheimer's Disease. It is expected that MRSI will detect 

neuronal loss, and like 18Fluorodeoxyglucose-Positron Emission Tomography 

(18FDG-PET) will also detect metabolic changes in the hippocampus, temporal, 

frontal, and parietal cortices. It is expected that the anatomical pattern of these 

changes will correlate with specific cognitive impairments.  Therefore, the 

significance of the proposed work is that it will lead to:  
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(1) A greater understanding of the pathophysiology of Alzheimer's Disease, which 

may contribute to the development of improved therapy. 

(2) Improved clinically useful measures which provide sensitive and specific 

antemortem diagnosis for, and early screening of, Alzheimer's Disease. 

(3) Objective, quantifiable measures which can be used to stage patients for clinical 

trials, monitor the progression of dementia, and quantitate the effects of therapy for 

Alzheimer's Disease. 

     Although reasonably reliable antemortem diagnosis of Alzheimer's Disease is 

made by specialized Alzheimer's Disease centers, diagnosis by most family 

physicians is less certain.  No methods are available to screen for Alzheimer's 

Disease, or to quantitatively measure its progression.  Direct imaging of neuronal loss 

would overcome these problems.  Alzheimer's Disease accelerates loss of large 

projection neurons in the hippocampus8,9 which may precede and is more severe than 

neuronal loss in association of neocortex cortex.  Dementia severity correlates with 

synapse loss10.  Neuronal loss in Alzheimer's Disease, accompanied by variable 

hyperplasia,11 increases glia/neurons by 30%.8,9 Therefore, measurements of brain 

atrophy (attenuated by gliosis) under-estimate the extent of neuronal loss.  Although 

MRI is frequently used in the assessment of patients with dementia (to rule out mass 

lesions, strokes, etc.), the ability of neuroimaging methods to discriminate between 

normal aging, Alzheimer's Disease, and other dementias is limited by lack of 
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pathological correlation and overlap between groups.  CT and MRI studies of 

Alzheimer's Disease10-14 show generalized brain loss, reduction in gray matter (GM), 

ventricular enlargement, and changes in T2 signal intensity.11,12,15  Focal atrophy of 

the hippocampus occurs in normal aging,16 in non-demented subjects with mild 

cognitive impairments17 and to a greater extent in Alzheimer's Disease, which helps 

to differentiate Alzheimer's Disease from other dementias.18  The rate of lateral 

ventricle enlargement (measured longitudinally), highly correlates with impaired 

cognition but shows variable overlap with controls.13,19-21  Finally, white matter signal 

hyperintensities (WMSH) on T2 MRIs have been reported in Alzheimer's Disease in 

subcortical white matter (WM), but their incidence and diagnostic value remain 

uncertain.11,15,22,23  

Functional imaging using PET may currently be the most sensitive detector of 

cortical involvement in Alzheimer's Disease.14  Decreased glucose metabolism, 

oxygen consumption, and cerebral blood flow is found in the temporo-parietal cortex 

in Alzheimer's Disease,24-28 but most PET studies did not report major decreases in 

the hippocampal region.27  Some Alzheimer's Disease subjects also have  reduced 

frontal and subcortical regions. In contrast, the primary motor, sensory and visual 

cortices are relatively less affected. PET detects Alzheimer's Disease with a 

sensitivity of about 90% and a specificity of about 85%29 (dementia vs. controls). 

Mild Alzheimer's Disease, without impairment of visual-spatial and verbal functions, 
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is associated with significant right/left and frontal/parietal metabolic asymmetries 

(detected by PET) which initially do not correlate with neuropsychological 

discrepancies;24 this suggests that neocortical metabolic abnormalities, caused by 

neuronal loss, precede neuropsychological impairments.  Furthermore, as 

Alzheimer's Disease progresses, right/left and frontal asymmetries are directionally 

stable, and increase with time.  Right-sided hypometabolism is associated with 

visual-spatial abnormalities, left-sided hypometabolism is associated with language 

impairments,25 and frontal hypometabolism is associated with loss of mental 

control.26-29   

This proposal will determine the presence of these asymmetries with 1H 

MRSI. Importantly, correction of PET data for atrophy (using MRI) eliminates some, 

but not all, differences between controls and Alzheimer's Disease patients.30-34 In a 

PET study of subjects with mild memory complaints and a family history of 

Alzheimer's Disease. The subjects with the epsilon 4 allele of apolipoprotein 

(APOE4) (n=12) had greater parietal metabolic asymmetry than the subjects without 

APOE4 (n=19).7 This emphasizes the importance of measuring asymmetries by 1H 

MRSI. Furthermore, a recent PET study of eleven cognitively normal relatives of 

Alzheimer's Disease patients, homozygous for (APOE4), showed reduced brain 

metabolism on posterior cingulate, parietal, temporal and prefrontal regions, similar 

to Alzheimer's Disease.35 
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 By using 1H MRS and MRSI the magnitude of NAA changes reported in 

Alzheimer's Disease is like the magnitude of changes reported with FDG-PET. 

Similar to FDG-PET, NAA changes are non-specific, but the anatomical pattern of 

change may improve specificity.  For example, it should be expected (from 

pathological studies) that in AD NAA decreases would be greatest in the 

hippocampus, and parietal and temporal cortices. 

In summary, the effects of AD can be seen on functional and structural 

imaging of the brain. With MRI patients with AD often show global cerebral atrophy 

with sulcal and ventricular enlargement. The ratio of NAA determined with MRSI 

suggests that this technique may provide useful adjunctive information in diagnosis 

of AD when used in combination with standard clinical and neuropsychological 

evaluations. Moreover, MRSI may provide new insights into the pathogenesis of the 

disorder. Brain function, measured as glucose metabolism with PET, is selectively 

affected in frontal, parietal, and temporal association cortex with relative sparing of 

the primary cortex, basal ganglia and thalamus.  

 

II. EPILEPSY 

 Epilepsy is an episodic disorder of the nervous system, arising from the 

excessively synchronous and sustained discharge of a group of neurons. MRI 

provides the best anatomic detail of any imaging modality. It is clearly superior to all 
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other imaging modalities for the detection of mass lesions (neoplasms, vascular 

malformations) and currently is the principal imaging technique for evaluating 

patients with partial epilepsy.36,37  The anatomic detail provided by MRI has made the 

detection of most mass lesions straightforward. The importance of this capability for 

epilepsy surgery candidates cannot be overstated.  In patients with mass lesions 

detected by MRI, epilepsy surgery usually results in a good outcome.38  The 

difference in outcome between "lesional" and "non-lesional" patients is particularly 

noticeable for patients with extra-temporal foci; a recent multicenter survey showed 

that 67% of extra-temporal "lesionectomy" patients became seizure-free while only 

44% of "non-lesional" patients became seizure-free.39 In addition, MRI allows the 

nature of the lesion to be deduced preoperatively, enabling the surgeon to make 

directed plans.   

Mesial Temporal Sclerosis (MTS): The most common pathologic finding in 

mTLE is mesial temporal sclerosis, which involves a characteristic pattern of 

hippocampal neuronal loss and gliosis.  In MTS, the value of MRI in the assessment 

of patients with mass lesions is not a subject of  debate; however, most patients with 

medically refractory complex partial seizure (CPS) do not have gross structural 

lesions (50-70%).40,41 Recently, techniques for evaluation of the hippocampal 

formation have opened the door for MRI localization of epileptogenic tissue in 

patients without mass lesions. 
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The most common pathologic finding in patients with Mesial Temporal Lobe 

Epilepsy (mTLE) is mesial temporal sclerosis (MTS).42  Early MRI studies were 

notable for the low incidence of abnormal MRI findings in TLE patients with MTS.43 

  More recently, several series have been performed with high resolution MRI, 

obtaining thin coronal cuts through the mesial temporal structures.  Performed in this 

manner, the MRI frequently reveals focal hippocampal atrophy or, less frequently, 

increased hippocampal signal on T2-weighted images in MTS.44-47 

Both unilateral hippocampal atrophy and increased hippocampal signal are 

frequently concordant (i.e. within the same lobe) with the site of the epileptogenic 

tissue as determined by ictal EEG recordings.44,46  Additionally, the degree of atrophy 

correlates with the severity of the pathologic changes.48  Recently, computer 

programs have enabled hippocampal volume to be assessed quantitatively.45,46,48  

Although quantitative measurement of hippocampal volume provides little additional 

information in patients with visually apparent hippocampal atrophy, it may be helpful 

in patients with borderline findings or bilateral atrophy.  Performing quantitative 

measurements is quite time consuming and might best be performed in patients in 

whom visual analysis fails to provide concordance. 

MRI imaging of the hippocampal formation also provides important 

prognostic information for patients with temporal lobe epilepsy (TLE).  In patients 

with unilateral hippocampal atrophy or increased hippocampal signal, which is 
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concordant with the ictal EEG focus, there is a 95% chance of becoming seizure-free 

following temporal lobectomy. However, for patients with normal MRIs (i.e. non-

concordant), the prognosis for seizure-free outcome is approximately 50%.  As with 

all adjunctive tests, the data must not be viewed in isolation, since isolated 

hippocampal abnormalities contralateral (non-concordant) to the epileptogenic focus 

are noted in approximately 6% of all cases. In these patient’s prognosis for seizure-

free outcome is quite low (about 30%).45 

1H Magnetic Resonance Spectroscopic Imaging (MRSI) has been the most 

commonly used spectroscopic imaging technique in the evaluation of partial 

epilepsy. Protocols are commonly designed to allow for evaluation of NAA, choline 

(Cho), and Creatine (Cr) compounds. Several studies have confirmed the finding of 

decreased NAA in the epileptogenic, mesial-temporal structures. Cendes et al.49 

found that the neuronal loss as measured by NAA/Cr ratio correlated well with the 

hippocampal volume loss as viewed on MRI. Cho and Cr are found in both neurons 

and glia but predominately in the latter. Although studies have failed to show 

consistent changes in these metabolites in the epileptogenic region, some have 

demonstrated an increase in both Cr and Cho, perhaps due to the presence of these 

metabolites in gliotic tissue.50 

In temporal lobe epilepsy (TLE), PET scanning allows the in vivo 

measurement of substances labeled with positron emitting isotopes, and from these 
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measurements three dimensional images can be constructed.  Clinically useful PET 

paradigms include: the measurement of cerebral blood flow, oxygen and oxygen 

extraction, receptor binding, and glucose metabolic rates.  Clearly the measurement 

of localized cerebral glucose metabolism utilizing 18fluorodeoxyglucose (18FDG) has 

proved useful in the presurgical evaluation of patients with medically refractory CPS. 

 The most success with PET scanning has come from 18FDG imaging of TLE 

with the incidence of temporal lobe hypometabolism varying from 60% to 90%.51-53  

PET systems with higher spatial resolution appear to be more sensitive to detect 

regional hypometabolism.54  Despite the site of seizure origination in medial 

temporal lobe structures, most often the 18FDG scans reveal both ipsilateral medial 

and lateral temporal lobe hypometabolism. The lateral temporal areas appear to be 

more severely hypometabolic.52,55 Not infrequently, frontal, parietal, thalamic or 

basal ganglia hypometabolism is also seen ipsilateral to the temporal 

hypometabolism, although the temporal changes are almost always more severe than 

the extra-temporal hypometabolism. Why the lateral temporal region should be more 

hypometabolic than the mesial structures, and why non-temporal structures 

demonstrate hypometabolism distant from the sites of epileptogenesis, is not clear. 55 

 In a comparison of imaging techniques, 20 patients with TLE with normal CT 

scans were studied with MRI, 18FDG-PET and SPECT scans.  Eighty percent of the 

patients with normal MRI scans exhibited concordant hypometabolism on PET 
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scanning; whereas, SPECT showed concordant hypoperfusion in only 20%.  Patients 

with an abnormal MRI, PET and SPECT yielded 100% and 90% concordance, 

respectively. Thus, currently PET is the diagnostic procedure of choice with TLE 

without lateralizing MRI data. 52 

 In Neocortical Epilepsy (NE), 18FDG-PET scanning has been much less 

successful than it has in TLE.  Three patterns of scans have been seen in NE: 

(1) normal metabolism;  

(2) focal hypometabolism concordant with the epileptogenic zone;  

(3) diffuse hypometabolism seen over the entire hemisphere ipsilateral (i.e. same 

side, but not concordant to lobe) to the epileptogenic zone.  Occasionally areas of 

hypometabolism can be seen bilaterally but this is uncommon. 

 Normal glucose metabolism (i.e. non-concordance) is frequently seen with 

neocortical epilepsies 56-58 and there is not a clear relationship between the incidence 

of normal finding and the location of the focus.  In three series of patients with 

frontal foci, the incidence of normal (non-concordant) 18FDG-PET scans was 30-

40%.57,58 Most commonly these normal scans occurred in the context of normal MRI 

and/or CT scans. Indeed, hypometabolism is rarely found on 18FDG-PET scans in 

patients with frontal lobe epilepsy (FLE) with normal MRI and CT scans.  Similarly, 

discreet concordant MRI cortical abnormalities found in patients with NE are usually 

associated with discreet concordant areas of hypometabolism. 
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 Eighteen scans of seizure disorders arising from non-mesial temporal 

structures only rarely showed unilateral hypometabolism (i.e. concordance) in the 

absence of a focal neocortical abnormality on MRI.  While the region of abnormal 

metabolism will include the epileptogenic zone, the exact location and extent are not 

necessarily concordant.  In three patients with parietal lobe epilepsy, one patient with 

a normal MRI had bilateral hypometabolism which included the suspected parietal 

region, while another patient with a normal MRI had a normal 18FDG-PET scan.  The 

third patient had a focal cortical structural abnormality on MRI and had patchy 

metabolic changes in the parieto-occipital region on 18FDG-PET.59  Four of five 

patients examined by PET had occipital and temporal areas ipsilateral to the focus, 

with the hypometabolic zone including the region of ictal onset. In only one of these 

four cases was the hypometabolism quite diffuse, involving frontal and thalamic 

regions as well. 59 

In Summary, MRI is the cornerstone of providing the anatomical alterations in 

epilepsy patients. MRSI allows for evaluation of the resonance of NAA, Cr and Cho. 

MRSI sensitively detects diminished NAA within the epileptogenic region in 

epilepsy patients, suggesting that this technique may be useful as a tool for localizing 

the epileptogenic region in all patients with partial epilepsy. The greatest diagnostic 

sensitivity for temporal EEG abnormalities can be provided by PET measurement of 

metabolism using fluorodeoxyglucose. 
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AIM OF THE WORK 
 

I. Alzheimer's Disease and Mild Cognitive Impairment 

The goal of this thesis is to detect and monitor the changes which are caused 

by Alzheimer's disease. 1H Magnetic Resonance Spectroscopic Imaging (MRSI) 

detects changes of important brain metabolites in Alzheimer's Disease, especially 

decreased N-Acetyl Aspartate (NAA, a marker of neurons).  We developed short 

spin-echo (TE=30ms) 1H MRSI, obtaining spectra from the surface cortex (similar to 

PET) and the hippocampus. Recently 18fluorodeoxyglucose (FDG) PET was shown 

to detect metabolic abnormalities in cognitively normal subjects with APO E-4, 

suggesting that PET may identify subjects at high risk for development of 

Alzheimer's Disease.  Therefore, important goals of this thesis are to determine if 1H 

MRSI detects metabolic changes in brain regions most affected by Alzheimer's 

Disease (similar to PET), regional patterns of change specific for Alzheimer's 

Disease, and identifies cognitively impaired subjects who are at risk to develop 

Alzheimer's Disease.  The study population for this thesis consisted of three groups. 

The first were AD patients. The second were non-demented subjects with mild 

cognitive impairments. The third were age matched controls. All groups referred 

from the UCSF and Northern California Alzheimer's Disease Centers. My 

hypotheses are: 
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1. Regional metabolic changes: In Alzheimer's Disease antemortem 

metabolic changes (especially NAA) occur in hippocampus (detected 

by MRSI) and in temporo-parietal cortex (detected by PET).  This will be 

tested by comparing metabolite data from these regions between Alzheimer's Disease 

patients and control subjects. 

 

2. Anatomical-neuropsychological correlations: Metabolic changes 

detected by PET and MRSI in Alzheimer's Disease patients are 

associated with specific types of cognitive impairment.  This will be tested 

by correlating regional metabolic changes with neuropsychological data. 

 

3. Diagnosis of Alzheimer's Disease: 1H MRSI (Hippocampal NAA) and 

MRI (Hippocampal voluming), together with clinical measures provide 

more sensitive and specific diagnosis of Alzheimer's Disease than do 

MRI and clinical measures alone. This will be tested by determining the 

patterns of anatomical (detected by MRI) and metabolic (detected by MRSI) changes 

in Alzheimer's Disease. 

 

4. Measurement of hippocampal NAA and volume changes in 

nondemented subjects with mild cognitive impairment (MCI) using 1H 
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MRSI and MRI. These two modalities could  be used together to provide greater 

discrimination between mild cognitively impaired and normal subjects than with 

either measure alone. Furthermore, we sought to determine whether or not 

hippocampal NAA and volume are statistically independent. 

 

II. EPILEPSY 

The surgical outcome for medically refractory epilepsy is improved when 

there is concordance between video/EEG telemetry (VET)  and neuroimaging data 

(e.g. MRI, PET). The greater the number of tests implicating a region as the 

epileptogenic focus, the greater the probability that the patient will be seizure free 

post-operatively because these tests help the neurosurgeon to precisely locate the 

focus. MRSI is more sensitive to the epileptic focus than MRI, or SPECT, yielding 

100% concordance with VET. This proposal will test the hypothesis that MRSI, 

which detects decreased NAA resonance can  provide greater concordance with VET 

than MRI and/or PET and thereby improve the surgical outcome. This objective will 

be accomplished by investigating the following hypotheses:   

                

1. Lateralization of Temporal Lobe Epilepsy (TLE) with MRSI: Patients with 

medically refractory complex partial seizures (CPS) arising from the medial temporal 

lobes who have lateralized MRI findings concordant with VET will also have 1H 
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MRSI concordance. They will  demonstrate decreased NAA, with the lateralization 

(i.e. side) obtained by VET. 

 

2. Lateralization of Temporal Lobe Epilepsy (TLE) with MRSI: Patients with 

medically refractory CPS arising from the medial temporal lobes, with MRI findings 

which are non-localizing or discordant with VET, will have 1H MRSIs which provide 

greater concordance with VET than does 18FDG-PET. 

 

3. Metabolite changes in Neocortical Epilepsy (NE): Patients with medically 

refractory CPS arising from neocortical regions (especially frontal lobe epilepsy),  

without lesions on MRI, will have 1H MRSIs which provide no changes in 

hippocampal metabolites. 

 

4. MRSI as a Predictor of Surgical Outcome: patients with medically 

refractory complex partial seizures with concordance between VET and MRSI will 

have better surgical outcomes than patients with discordant data and MRSI 

concordance will be a more accurate predictor of a successful surgical outcome than 

will be PET or MRI.  
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REVIEW OF THE LITERATURE 
                                                                    

I. Anatomy of Brain: The following is schematic representation of the 

anatomy of the brain. 
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The Cerebral Hemispheres 

  The two cerebral hemispheres make up the largest part of the brain. They are 

highly convoluted masses of gray matter that are organized into a folded structure.  

The crests of the cortical folds (gyri) are separated by furrows (sulci) or deeper 

fissures.  The folding of cortex into gyri and sulci permits the cranial vault to contain 

a large area of cortex (nearly 2.5 square feet), more than 50% of which is hidden 

within the sulci and fissures.  The surfaces of cerebral hemispheres contain many 

fissures and sulci that separate the frontal, parietal, occipital, and temporal lobes from 

each other and from the insula which is s sunken portion of the cerebral cortex.  The 

lateral cerebral fissure (sylvian fissure) separates the temporal lobe from the frontal 

and the parietal lobes. The circular sulcus (circum insular fissure) surrounds the 

insula and separates it from the adjacent frontal, parietal and temporal lobes.  The 

hemispheres are separated by a deep median fissure, the longitudinal cerebral fissure. 

 The central sulcus (the sulcus of Rolando) arises at about the middle of the 

hemisphere, beginning near the longitudinal cerebral fissure and extending 

downward and forward to about 2.5 cm above the lateral cerebral fissure.     The 

central sulcus separates the frontal lobe from the parietal lobe.   

The parieto-occipital fissure passes along the medial surface of the posterior portion 

of the cerebral hemisphere and then runs downward and forward as a deep cleft.  The 

fissure separates the parietal lobe from the occipital lobe.  The calcarine fissure 
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begins on the medial surface of the hemisphere near the occipital pole and extends 

forward to an area slightly below the splenium of the corpus callosum.60 

 

The Corpus Callosum 

 The corpus callosum is a large myelinated bundle of fibers. It is the great white 

commissure that crosses the longitudinal cerebral fissure and interconnects large 

portions of the hemispheres. The body of the corpus callosum is arched; its anterior 

curved portion, the genu, continues anteroventrally as rostrum.  The thick posterior 

portion terminates in the curved splenium, which lies over the midbrain.60 

 

Frontal Lobe 

 The frontal lobe extends from the frontal pole to the central sulcus and the 

lateral fissure.  The precentral sulcus lies anterior to the precentral gyrus and parallel 

to the central sulcus.  The superior and inferior frontal sulci extend forward and 

downward from the precentral sulcus, dividing the lateral surface of the frontal lobe 

into three parallel gyri.  The orbital sulci and gyri are irregular in contour and 

location.  The olfactory sulcus lies beneath the olfactory tract on the orbital surface.  

Lying medial to the olfactory sulcus is the straight gyrus (gyrus rectus).  The 

cingulate gyrus is the crescent-shaped convolution on the medial surface between the 

cingulate sulcus and the corpus callosum.60 
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Parietal Lobe 

 The parietal lobe extends from the central sulcus to the parieto-occipital 

fissure.  Laterally it extends to the level of the lateral cerebral fissure.  The 

postcentral sulcus lies behind the postcentral gyrus.  The intraparietal sulcus is a 

horizontal groove that unites with the postcentral sulcus.  The superior parietal lobule 

lies above the horizontal portion of the intraparietal sulcus and the inferior parietal 

lobule lies below it.  The supramarginal gyrus is the portion of the inferior parietal 

lobule that arches above the ascending end of the posterior ramus of the lateral 

cerebral fissure.  The angular gyrus arches above the end of the superior temporal 

sulcus and becomes continuous with the middle temporal gyrus.  The precuneus is 

the posterior portion of the medial surface between the parieto-occipital fissure and 

the ascending end of the cingulate sulcus.60 

 

Occipital Lobe 

 The pyramid-shaped occipital lobe is situated behind the parieto-occipital 

fissure.60 

  

Temporal Lobe 

 The temporal lobe lies below the lateral cerebral fissure and extends back to 

the level of the parieto-occipital fissure on the medial surface of the hemisphere. The 
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lateral surface of the temporal lobe is divided into parallel gyri: the superior, middle, 

and inferior. These gyri are separated by the superior and middle temporal sulci.  The 

inferior temporal sulcus extends along the lower surface of the temporal lobe from 

the temporal pole to the occipital lobe. The transverse temporal gyrus occupies the 

posterior part of the superior temporal surface.  The fusiform gyrus is medial and the 

inferior temporal gyrus is lateral to the inferior temporal sulcus on the basal aspect of 

the temporal lobe.  The hippocampal fissure extends along the inferomedian aspect of 

the lobe from the splenium of corpus callosum to the uncus.  The parahippocampal 

gyrus lies between the hippocampal fissure and the anterior part of the collateral 

fissure.  Its anterior part, the most medial portion of the temporal lobe, curves in the 

form of a hook; it is known as the uncus.60 

 

Limbic System Components 

 The cortical components of the limbic system include the cingulate, 

parahippocampal, and subcallosal gyri as well as the hippocampal formation.  The 

parahippocampal gyrus lies adjacent to the sphenoid bone and petrous part of the 

temporal bone and is the intrical part of the limbic lobe.  The entorhinal cortex 

(Brodmann's area 28) is by far the largest cortical field of the parahippocampal gyrus 

and is continuous medially with the subicular part of the hippocampal formation.  

Posteriorly it merges with the lingual part of the occipital lobe near the anterior tip of 
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the calcarine fissure.  The anterior tip of the parahippocampal gyrus is formed by the 

primary olfactory cortex and receives the lateral olfactory stria.  The anterior and 

medial part of the medial temporal lobe is formed by the superficial nuclei of the 

amygdala (the cortical and medial nuclei and a transitional area between the posterior 

amygdala and the subiculum). The lateral border of the parahippocampal gyrus is 

formed by the perirhinal cortex (Brodmann's area 35).  In the human brain it forms 

the medial bank of the collateral sulcus intervening between the entorhinal cortex and 

the inferior temporal cortex (Brodmann's area 36).61   Sulcal landmarks of the medial 

temporal lobe include the rhinal sulcus anteriorly and laterally and the collateral 

sulcus posteriorly and laterally.  The uncal sulcus separates the uncus or uncal 

hippocampal formation from the parahippocampal gyrus anteriorly. The hippocampal 

sulcus or fissure separates the rolled up main body of the hippocampal formation 

from the posterior parahippocampal gyrus.  The shallow sulcus semianularis 

separates the entorhinal cortex from the cortical nuclei of amygdala.62   The verrucae, 

wart-like elevations on the surface of the entorhinal cortex, give it a corrupted 

appearance.63  These verrucae are cytochrome oxidase-rich modules formed by the 

superficial layers of the entorhinal cortex, whose neurons project powerfully to the 

hippocampal formation64  which is constellation of structures, including the subicular 

cortices (parasubiculum, presubiculum, and subiculum proper), the hippocampus 
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(CA1-CA3 pyramids), and the dentate gyrus, including its hilar neurons (called the 

CA4 sector).65 

 The medial temporal lobe is one of the end stations for cortical association 

neural systems and the cortical input is the major afferent for the amygdala 

hippocampal formation and parahippocampal gyrus.  These inputs are from cortical 

areas that form the limbic lobe, the association areas related to the visual, auditory, 

and somatic modalities and the multimodal association.66  In the case of amygdala, 

cortical projections are highly organized with selective limbic and association 

cortical areas projecting to selective amygdaloid nuclei.67 

 The hippocampal formation receives less direct input from the limbic and 

association cortices, but nearly all areas that project directly to the amygdala send 

direct cortical association axons to either the entorhinal cortex and/or the perirhinal 

cortex that surrounds it.  The latter then sends axons to the entorhinal cortex and the 

hippocampal formation.66,68,69  

 The entorhinal cortex output forms one of the largest cortical association 

pathways in the hemisphere, and is certainly the largest in the temporal lobe.  It is 

known as the perforant pathway because its axons course directly through, or 

perforate, the subicular cortices before ending on the distal parts of the apical 

dendrites of hippocampal and subicular pyramids and the distal two thirds of the 

dendrites of the dentate gyrus granule cells.70-74  In the latter, they occupy 80-85% of 
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the available postsynaptic space.  Small perforating axon bundles connect these 

locations throughout the anterior-posterior length of hippocampal formation.  This 

arrangement is necessitated by the fact that the entorhinal cortex is located anteriorly 

and medially in the temporal fossa.   

 The amygdala is impressive in output to limbic, association, and primary 

sensory cortical areas.75   Some of its output to anterior cingulate cortex is to cortical 

areas that give rise to corticospinal axons that end in the cervical and lumbar 

enlargements. Coupled with subcortical projections to the hypothalamus and 

parasympathetic centers of the brain stem, it is now clear that the amygdala 

influences somatic, endocrine, and autonomic effectors.76,77 

 The hippocampal formation also has extensive feedback projections to the 

cerebral cortex.71,78,79  These arise from its subicular and CA1 pyramids and end in 

many areas of the cortex of the limbic lobe, as well as the orbito-frontal, medial 

frontal, anterior temporal and posterior temporal association cortices.  Some of these 

are direct, but a distinct indirect parallel feedback system is mediated by the deep 

layers of the entorhinal cortex.  Together these provide powerful hippocampo-

cortical neural systems influencing both the limbic and association cortices.78 

 

II. Functions of the Medial Temporal Lobe 
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 Since Scoville and Milner's (1957)80 report of bilateral temporal lobe resection 

in humans, nearly all discussions of medial temporal lobe function begin with 

memory and end with memory, and indeed, at least the left or right hippocampus has 

to be intact for new learning to occur.  Immediate memory requiring the learning of 

small bits of new information can span short periods of time, usually less than one 

minute, but without repeated rehearsal, they are lost.81  Previously learned 

information is largely spared with medial temporal lobe damage, but it dates the 

injury because it is not embellished with new and related associations and 

vocabulary.  Many investigations have addressed the relative importance of various 

medial temporal lobe structures in memory and the conclusion has been reached that 

the amygdala does not play a definitive role in rule-learning requiring object 

recognition.  Not surprisingly, in view of their neuroanatomical interconnectivity, 

these abilities are much more impaired by lesions in the hippocampal formation or 

entorhinal cortex.82-84  Instead, the amygdala seems more intimately involved in fear 

conditioning and emotional learning.76,77 It is noteworthy, however, that medial 

temporal lobe structures do not seem essential for motor or skill learning.  Indeed, 

patients with even massive temporal pathology may not remember practicing a task, 

but still show clear evidence of a practice effect in the form of a learning curve.85  

Cognitive mechanisms involving recognition and recall may not be essential in such 
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activities because the activity itself, once underway, may generate these essential 

performance enhancers. 

 Finally, it should be noted that there is probably more to be learned about the 

role of the medial temporal lobe in memory.  For example, recent reports of research 

done on monkeys suggest that perirhinal cortex lesions may be more devastating to 

memory performance than entorhinal or hippocampal lesions.84,86,87  Although a 

deficit might be expected on the basis of neuroanatomy alone, this observation begs 

the issue of why it yields greater changes or deficits and suggests that the perirhinal 

cortex may contribute uniquely to this behavior.65 

 

III. Pathology 

A. Neuropathology of Alzheimer's Disease 

 Cerebral ß amyloidosis is a major pathologic hallmark in Alzheimer's disease 

(AD).  Deposition of insoluble fibrils of amyloid ß-protein in the neuropil and the 

vascular walls is the primary event in the cascade of Alzheimer’s Disease pathology. 

 The Neuronal degeneration with neurofibrillary tangle (NFT) formation, the 

progressive neuronal loss, and the atrophy of the affected brain structure appears to 

be a secondary phenomenon.  The effect of these chronic and progressive changes, 

which involve both the cerebral cortex and the basal ganglia, is dementia. 



 35 

 In the late stage of AD, plaques are ubiquitous in the whole cortical ribbon.  In 

demented patients, the numerical density of plaques in the frontal, parietal, insular, 

and temporal cortices is more than 40/mm2, and in the occipital cortex is about 

30/mm2.  The amount of ß-amyloid in plaques and vessels is a direct function of their 

apoE genotype.94  In brains of patients with the apoE4/4 genotype, plaque density is 

more than 50% greater than that of patients with the apo E3/3 genotype.89 

 In situ hybridization using a c-DNA clone encoding the ß-protein as a probe 

shows the presence of amyloid precursor mRNA in many cells within and outside the 

brain; however, the deposition of ß-amyloid is reported only in the brain. 

 Ultrastructural studies show that microglial cells produce amyloid in 

classical,90,91 primitive, and some diffuse plaques.92  Studies of the cortical vessels 

affected by amyloid angiopathy reveal that perivascular cells and perivascular 

microglial cells are the source of amyloid in capillaries and precapillaries.93  Recent 

studies of leptomeningeal vessels show that the smooth muscle cells secrete 

nonfibrillar ß-protein, and that conversion of nonfibrillar amyloid occurs in the 

environment of the basement membrane.94,95  The amount and morphology of 

amyloid is one of the most variable features of plaque.  Ultrastructural studies show 

defibrillation and degradation of amyloid both in cortical plaques96 and in the wall of 

the leptomeningeal vessels.95 
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 Morphological staging of AD based upon the number and distribution of ß-

amyloid plaques is impossible because of marked interindividual variations and 

varying density of plaques in brain structures in the course of AD.97-99  The basis for 

differentiation of stages of Alzheimer's related pathology is the pattern of distribution 

of neurofibrillary tangles and neuropil threads.  They show consistent and 

characteristic regional, laminar, and cell type specific distribution.100 

Brain Atrophy:  The effect of synapse and neuronal loss is the progressing 

atrophy of brain structures.  Atrophy of gray and white matter occurs to a comparable 

extent.101,102  Some brain regions and structures show selective vulnerability to AD 

pathology and atrophy.  Greater shrinkage is observed in the temporal lobe than in 

other cortical regions.103-105 The weight of the brain decreases in AD by 19%; 

however, the weight and volume of the amygdala are reduced by 47% and 45%, 

respectively106,107 and the volume of the nucleus basalis Meynerti complex decreases 

by 69%.108  The hippocampal changes are the earliest and the most severe pathologic 

findings detectable in the brain.  Approximately one-third of subjects older than 55 

years of age show evidence of hippocampal atrophy on radiographic examination,109  

and the prevalence of atrophic changes increases with age.109-113  Atrophy of the 

hippocampal formation is a function of the duration of pathologic changes in 

individual hippocampal structures. Structures with the earliest onset of neurofibrillary 

changes, especially the entorhinal cortex and CA1 sector of the cornu Ammonis, 
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exhibit the most severe atrophy in the end-stage of the disease - 67% and 68%, 

respectively.  The atrophy of structures affected later in the course of AD- the 

subiculum, sectors CA2 and CA3, and presubiculum - is 62%, 63%, 55%, and 57%, 

respectively.  The dentate gyrus, which is involved in AD pathology much later than 

are other structures of the hippocampal formation, is atrophied by 25%. The changes 

in hippocampal volume correlate with the stage and duration of AD.114 

           ß-Amyloid Fibrillogenesis: It appears that amyloid deposits are formed when  

(1) the cell produces ß -amyloid precursor protein (ßPP); 

2) the cell is able to undergo the proteolytic cleavage of ßPP with formation of 

fragments containing ß-protein, and further cleavage with production of 39-42 amino 

acid monomers; 

3) the factor, or factors, promoting fibrillogenesis are present in the area of ß-protein 

secretion.115  

 Recent studies showing that more than 60% of persons with one allele of 

apoE4 suffer from AD by the time they reach age 75 years of age and that more than 

90% of subjects with two copies have the disease by age 75 years of age88   strongly 

suggests that apoE4 may be an important pathologic chaperon protein in sAß 

fibrillization, tau phosphorylation, or both.116,117 

          Morphology and Development of Neuritic (Senile) and Diffuse (Pre-

Amyloid) Plaques: The structures known as neuritic (senile) plaques were first 
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observed by Blocq and Marinesco in 1892118  and were named by Simchowicz in 

1911.119  Many varieties of plaques have been described, but in general, the following 

types are recognized: 1) typical or classical plaques; 2) primitive or atypical plaques; 

and 3) compact or burned-out plaques. 

 Classical plaque consists of the central amyloid core, also called amyloid star, 

surrounded by dystrophic degenerating and regenerating neurites, wisps of amyloid, 

microglial cells, and astrocytes.  The core of classical plaque is comprised of densely 

packed amyloid fibrils.  Newly formed amyloid fibrils appear in the deep 

cytoplasmic membrane infoldings and channels of microglial cells.  Primitive 

plaques are those without a central core.  Owing to the presence of abnormal neurites, 

classical and primitive plaques are also called neuritic plaques. Much less numerous 

are the burned-out plaques, which are lesions made up of a central core of amyloid 

surrounded by few, if any, abnormal neurites and astrocytic processes.115 

Amyloid Angiopathy: In capillaries and precapillaries, ß-amyloid fibrils 

accumulate in the basal lamina.93,120  Progressing accumulation causes infiltration of 

the surrounding parenchyma, recalling the dyshoric angiopathy described by Morel 

and Wildi121 and the drusige Entartung described by Scholz.122  Ultrastructural 

studies show that ß-amyloid fibrils are produced by cells located in the vascular wall 

and passing through the wall.  Three types of amyloid-producing cells were 

distinguished: 1) perivascular cells enclosed within the basal lamina; 2) migrating 
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perivascular cells whose body is partially enclosed in basal lamina and partially 

located outside of the vessel perimeter; and 3)  perivascular microglial cells.123 

Neurofibrillary Pathology: In AD, neurofibrillary tangles and neuropil threads 

are the major contributors to dementia and neuronal death.  However, neurofibrillary 

changes are found in many pathologically unrelated conditions-AD, normal aging, 

Down's Syndrome, brain trauma, toxic brain injury, and viral infections.124-126  NFTs 

are composed of paired helical filaments and sometimes of 15-nm straight 

filaments.127-129  Tau in PHFs is abnormally phosphorylated.130,131  Accumulation of 

abnormally phosphorylated tau is one of the earliest changes leading to formation of 

neurofibrillary tangles.  Four stages in the development of neurofibrillary pathology 

in neurons are distinguishable.  Pretangle neurons (stage 0) are cells with scattered 

granular material that stain with mAB tau-1; this material is also seen in Bielchowsky 

stain.124  Neurons with tangles in the early stage (stage 1) reveal fibrillar and rod-

shaped, tau-1-positive material.  In mature (stage 2) NFTs, the cytoplasm of the 

neuron is partly or entirely filled with bundles of tau-1-positive material. The nucleus 

is dislocated, shrunken, or both.  Ghost tangles (end-stage, stage 3) are clusters of 

extracellular filaments.124,132 

 Braak and Braak100 distinguished six stages (I-VI) of Alzheimer-related 

pathology on the basis of the topography of neurofibrillary tangles and neuropil 

threads. The first two stages (trans-entorhinal stages) do not meet the conventional 
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criteria for neuropathologic diagnosis of AD.  They correspond to a clinically silent 

period, or a preclinical phase of AD. In stage I, alterations are confined to the 

superficial entorhinal cellular layer in the trans-entorhinal region.  The number of 

tangles and threads increases in this region in stage II, and they appear in the proper 

entorhinal region and in the CA-1 sector of the hippocampal formation.  Stage III and 

IV show mild to moderately severe personality changes and impairment of cognition. 

In these two stages (the limbic stages), neurofibrillary changes are severe in the 

superficial cellular layer in transentorhinal and entorhinal regions.  In stage IV, they 

also appear in the deep entorhinal layer.  The hippocampal formation and the 

adjoining temporal isocortex still remain only mildly affected.  Initial changes appear 

in some cortical nuclei of the limbic system. 

 The leading feature of stage V is marked aggravation of the changes in the 

isocortex.  Severe changes are seen in the CA-1 sector of the hippocampus. 

 At stage VI, high density of tangles and neurofibrillary threads is seen at the 

primary motor and primary sensory areas.  Neurofibrillary changes appear in addition 

to changes in the subcortical nuclei of the extra-pyramidal motor systems. 

 Severe neuronal loss is associated with synaptic loss and deterioration in 

function.10,104 Studies of brains of schizophrenic patients with Alzheimer-type 

pathology, patients with subacute sclerosing panencephalitis,124 and hydrocephalic 

brains133 show different individual susceptibilities to neurofibrillary pathology.115 
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B. Magnetic Resonance Spectroscopic Imaging of Alzheimer’s Disease 

           N-Acetyl-L-aspartate and other amino acid metabolites: NAA is believed to 

be present in significant amounts only in the nervous system134 and, more 

specifically, in neurons but not glia.135 Thus, it can be considered a putative marker 

for neurons.  It is not found in significant amounts in cerebrospinal fluid (CSF)136  or 

plasma,137 but it is present in small amounts in urine.138  The function of NAA is not 

known, but speculations include participation in fatty acid biosynthesis, formation of 

myelin, regulation of protein synthesis, acting as a storage form of aspartate or a 

breakdown product or precursor of the putative neuroactive endogenous dipeptide N-

acetyl-aspartyl-glutamate (NAAG).139 

 There is a significant decrease of Cho/Cr ratio in the white matter (WM) and 

AD patients. The decrease of Cho/Cr is consistent with biochemical data showing 

reduction of myelin components,140 a decrease of cerebrosides in the white matter but 

not in the cortex,141 and an increase of lipid peroxidation products as an indicator of 

myelin alterations in AD brains.142 Meyerhoff et al143  suggested that the increase of 

Cho supports the theory of increased phospholipid turnover or decreased 

glycerophosphocholine degradation, or both, in AD.144,145  The Cho levels reflect 

both membrane precursors (phosphocholine) and degradation products 

(glycerophosphocholine) as well as other contributors, possibly from mobile 

phosphatidylcholine.146,147  The exact nature of these changes may be different in 
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different brain regions and at different stages of the illness, and it is likely that 

changes in Cho/Cr, both as a decrease or as an increase, indicate alteration in 

phospholipid metabolism.  Constans et al.148 found that in the white matter of AD 

patients the increase of Cho correlated positively with the presence of white matter 

signal hyperintensities.149 

  

C. Positron Emission Tomography of Alzheimer's Disease 

 PET demonstrates that Alzheimer's disease impairs both the cerebral cortex 

and subcortical structures.  Early attempts to distinguish the clinical characteristics of 

different kinds of dementing disorders classified AD as a "cortical dementia."150-152  

This scheme has been questioned on the basis of studies of pathology and 

neuropsychological testing,153 but it is PET that has so vividly demonstrated that 

subcortical structures are also affected in AD, and that they may play a role in the 

development of some symptoms. 

 The cerebral cortex undoubtedly sustains the greatest damage in AD, but the 

thalamus and basal ganglia are also affected.  PET demonstrates that the largest 

decline in glucose metabolism in patients with AD is in the cerebral cortex, but 

significant declines are also seen in the thalamus, caudate, and putamen.154  The 

explanation for these declines is uncertain. The decline of glucose metabolism in the 

basal ganglia and thalamus may be due to deafferentation.155  Pathological changes in 
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the thalamus, caudate, and putamen in AD have been described only 

occasionally.106,156-158   Furthermore, glucose metabolism does not necessarily parallel 

microscopic pathological changes.  The metabolic rate of the brain reflects primarily 

the level of synaptic activity, in addition to any neuronal loss.159  On the other hand, 

PET studies with 18F-flourodopa in patients with AD exhibiting extrapyramidal 

symptoms have found no change in dopaminergic terminals in the basal ganglia.  

This suggests that previously unsuspected pathological changes in the basal ganglia 

may account for these symptoms.160 

 

D. The Neuropathology of Epilepsy 

 The epileptic seizure has been defined as a sudden alteration of central 

nervous system (CNS) function resulting from a paroxysmal high-frequency or 

synchronous low-frequency, high-voltage electrical discharge. This discharge arises 

from an assemblage of excitable neurons in any part of the cerebral cortex and 

probably in subcortical structures as well (and even in the brain stem and spinal 

cord).  However, it is the visible focal lesion in the cerebral cortex that has been the 

most thoroughly investigated.  Of course, there need not be a visible lesion.  Under 

the proper circumstances, a seizure discharge can be initiated in an entirely normal 

cerebral cortex, as when the cortex is activated by ingestion or injection of drugs, by 
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withdrawal from alcohol or sedative drugs, or by repeated stimulation with 

subconvulsive electrical pulses ( known as "kindling phenomenon").161  

Just why the neurons in or near a focal lesion discharge abnormally is not fully 

understood.  Some of the electrical properties of a cortical epileptogenic focus 

suggest that its neurons have been differentiated.  Such neurons are known to be 

hyperexcitable, and they may remain so chronically, in a state of partial 

depolarization, able to fire irregularly at rates of 700 to 1000 per second. The 

cytoplasmic membranes of such cells appear to have an increased ionic permeability, 

which renders them susceptible to activation by hyperthermia, hypoxia, 

hypoglycemia, hypocalcemia, and hyponatremia, as well as by repeated sensory (e.g. 

photic) stimulation and during certain phases of sleep (where hypersynchrony of 

neurons is known to occur).162 

 Epileptic foci induced in the cortex are characterized by spontaneous interictal 

discharges, during which the neurons of the discharging focus exhibit large, 

presumably Ca2+-mediated paroxysmal depolarizing shifts (PDSs), followed by 

prolonged after hyperpolarizations (AHPs).  The latter also are due to Ca2+-dependent 

K+ currents but are better explained by enhanced synaptic inhibition.  The AHPs 

correspond to the slow wave of the EEG spike-and-wave complex.162,163 

GABA and Epilepsy: The neurons surrounding the epileptogenic focus are 

hyperpolarized from the beginning and are GABAergic (GABA-gamma-amino 
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butyric acid), inhibiting the neurons within the focus.  Seizure spread probably 

depends on any factor or agent that activates neurons in the focus or inhibits those 

surrounding it.  The precise mechanisms that govern the transition from the 

circumscribed interictal discharge to the widespread seizure state are not understood. 

 A spontaneous discharge of a central pacemaker or a synchronous afferent volley are 

possibilities. 

 Biochemical studies of neurons from a seizure focus have not clarified 

the problem.  The levels of extracellular K are found to be elevated in glial scars near 

epileptic foci and a defect in voltage-sensitive Ca channels has been postulated.  

Epileptic foci are known to be sensitive to acetylcholine and to be slower in binding 

and removing it than normal cerebral cortex.  A deficiency of the inhibitory 

neurotransmitter GABA, increased glycine, decreased taurine, and decreased and 

increased glutamic acid have been variously reported in excised human epileptogenic 

tissue, but whether these changes are the cause or result of seizure activity has not 

been determined.  The interpretation of reported abnormalities of GABA, biogenic 

amines, and acetylcholine in the CSF of epileptic patients poses similar 

difficulties.164-168  

Autopsy and biopsy measurements of GABA are difficult to interpret because 

GABA synthesis continues during hypoxia while GABA catabolism ceases.169 

Glutamic acid decarboxylase, the enzyme responsible for the synthesis of GABA, has 
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several isoforms localized to synaptic terminals, neuronal perikarya, and glia.  The 

concentration and thus the synthetic activity of the synaptic isoform is inhibited by 

elevated GABA.170 

Animal models of epilepsy indicate that GABA synaptic function is decreased 

in many seizure states.171 A significant reduction in GABA concentrations in CSF 

from patients with various epileptic syndromes has been reported.172 

 

Electroencephalography and Epilepsy: Concurrent EEG recordings from an 

epileptogenic cortical focus and subcortical, thalamic, and brain stem centers have 

enabled investigators to construct a sequence of electrical and clinical events that 

characterize an evolving focal structure.  Firing of the involved neurons in the 

cortical focus is reflected in the EEG as a series of periodic spike discharges, which 

increase progressively in amplitude and frequency.  Once the intensity of the seizure 

discharge exceeds a certain point, it overcomes the inhibitory influence of 

surrounding neurons and spreads to neighboring cortical and subcortical regions via 

short corticocortical synaptic connections.  If the abnormal discharge remains 

confined to the cortical focus and the immediate surrounding cortex, there are 

probably no clinical symptoms or signs of seizures, and the EEG abnormality which 

persists during the inter seizure period reflects this type of confined abnormal cortical 

activity. 
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 If unchecked, cortical excitation spreads to the adjacent cortex and to the 

contralateral cortex via the inter hemispheric pathways and other anatomically and 

functionally related pathways to the subcortical nuclei (particularly the basal 

ganglionic, thalamic, and brain stem reticular nuclei).  This is when the first clinical 

manifestations of the seizure begin, the particular signs and symptoms depending 

upon the portion of the brain from which the seizure originates.  The excitor activity 

from the subcortical nuclei is fed back to the original focus and to the other parts of 

the forebrain, a mechanism that serves to amplify the excitor activity and gives rise to 

the characteristic high-voltage polyspike discharge in the EEG.  There is propagation 

downward to spinal neurons as well, via corticospinal and reticulospinal pathways.173 

Mesial and Neocortical Temporal Lobe Epilepsy: Temporal lobe seizures are 

known to arise in foci in the medial temporal lobe, amygdaloid nuclei, and 

hippocampus.  They may arise also in the convexity of the temporal lobe and 

propagate to the amygdaloid nuclei and hippocampus.  Electrical stimulation in these 

areas reproduces feelings of depersonalization, emotionality and automatic behavior. 

These are the characteristic features of psychomotor epilepsy.  The automatic 

behavior appears to be a direct effect of the temporal lobe discharge in some 

instances and a postexcitatory or inhibitory effect in others.  Loss of memory for the 

events of the episode may be due to the paralytic effect of the discharge on neurons 

of the hippocampus. 



 48 

 A discovery of theoretical importance is that a seizure focus, if active for a 

time, may establish, via commissural connections, a persistent secondary focus in the 

corresponding cortical area of the opposite hemisphere ( known as a mirror focus).  

The nature of this event is obscure; it may be similar to the "kindling" phenomenon 

mentioned above.  No morphologic change is visible in the mirror focus by light 

microscopy.  The mirror focus may be a source of confusion in trying to identify the 

side of the primary lesion by EEG, but there is little evidence that it can produce 

chronic seizures. Similarly, there are no data supporting a role for kindling in the 

diagnosis and management of patients with epilepsy.173 

 

E. Magnetic Resonance Spectroscopic Imaging of Epilepsy            

      Mesial and Neocortical Temporal Lobe 1H Spectroscopy: Temporal lobe 1H 

spectroscopy shows that prominent resonances include lactate, choline, creatine, N-

acetyl aspartate and inositol.  Other signals from amino acids including glutamine, 

glutamate, GABA, Alanine, aspartate, Taurine and glycogen are seen.174 

         Spectroscopic advances have permitted the noninvasive sampling of 0.5 ml 

voxels of human brain in vivo.  Measurements of voxels containing primarily cortex 

or white matter in the normal and epileptic temporal lobe have become possible.  

There is no significant difference in the anterior temporal concentrations of creatine, 

N-acetylaspartate, inositol, glutamate, glutamine, GABA, aspartate, alanine and 
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lactate between these two electrophysiologically and anatomically distinct groups of 

patients.  The N-acetyl aspartate/creatine mole ratio was lower in anterior temporal 

neocortex with mesial (0.66) than neocortical (0.80) temporal lobe epilepsy.174 

Neocortex and White Matter: The creatine and N-acetylaspartate content of 

cortex is clearly greater than that of white matter.  The N-acetylaspartate/creatine 

mole ratios are higher in anterior temporal neocortex than in the subadjacent white 

matter in mesial (0.66vs. 0.44) and neocortical (0.80 vs. 0.51) temporal lobe epilepsy. 

  There is no significant difference between neocortical and white matter inositol 

concentrations.  However, the inositol/creatine mole ratios are lower in anterior 

neocortex than in the subadjacent white  matter with mesial (0.96 vs. 1.22)  and 

neocortical (0.89 vs. 1.20) foci. Alanine concentrations are higher in the neocortex.  

Glutamate and GABA concentrations are significantly elevated in the neocortex, 

compared to white matter.  Glutamine concentrations are the same.  The 

glutamine/creatine mole ratios are lower in anterior neocortex than in the subadjacent 

white matter with mesial (0.40 vs. 0.49) and neocortical (0.42 vs. 0.51) foci.  

Similarly, the aspartate/creatine mole ratios are lower in anterior neocortex than in 

the subadjacent white matter with mesial (0.24 vs. 0.34) and neocortical (0.20 vs. 

0.27) foci.  Anterior temporal neocortex is enriched in GABA, N-acetylaspartate, 

glutamate, alanine and creatine.  Subjacent white matter is enriched in aspartate, 

glutamine and inositol.174 
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N-Acetylaspartate: N-acetylaspartate is a specific marker for healthy 

neuronal/axonal cytosol.169,175-177  N-acetylaspartate immunoreactivity is most intense 

in cortical pyramidal cells.178,179  The corticospinal tracts are N-acetyl aspartyl 

glutamate (NAAG) immunoreactivity.  In the hippocampus, N-acetylaspartate is 

ubiquitous, staining most pyramidal cells, granule cells and polymorphic cells.178  

Staining is most intense in the pyramidal cells of CA1 with moderate 

immunoreactivity in CA2-CA4 regions.179 Intense staining of the polymorphic cells 

of the dentate gyrus is reported.174 

N-Acetylaspartate and Wallerian Degeneration in Epilepsy: Temporal lobe 

epilepsy has been associated with atrophy of the involved hippocampus. Loss of 

volume and laminar architecture are often visible on high-resolution MRI. More 

generalized atrophy affecting the entire temporal lobe has been seen in 52% of 

cases.180 Temporal lobe epilepsy was associated with Wallerian degeneration of the 

hippocampal white matter tracts.181 Eighty percent of patients have abnormally 

prolonged T2 values in the affected hippocampus.180  Wallerian degeneration could 

easily explain the decrease in N-acetylaspartate affecting the extra-hippocampal 

temporal lobe in epilepsy. 181 

Creatine and Epilepsy: A modest elevation of creatine was reported in the 

epileptic temporal lobe compared with the temporal lobes of healthy control subjects. 

 This finding was ascribed to gliosis. 180,182 Wallerian degeneration has been shown to 
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involve hippocampal white matter tracts associated with the epileptic focus.181  

Wallerian degeneration has been associated with an increase in the T2 of water and 

tissue volume loss, primarily of white matter.180,182 The loss of white matter through 

Wallerian degeneration would explain the increased creatine, the prolonged T2, and, 

the atrophy reported in epileptic temporal lobes. Wallerian degeneration, defined as 

anterograde axonal loss, results in degeneration of the associated glia, both the 

myelin producing oligodendrocyte and the perinodal astrocyte.  The resultant atrophy 

affects the subcortical white matter more than the target neocortex.  The relative 

increased proportion of gray matter, with the higher creatine content within the VOI 

would explain the modest increase in creatine observed in the epileptic temporal lobe. 

 Seizures may be associated with low cerebral creatine. In one study, a child’s 

very low cerebral creatine and phosphocreatine levels were associated with severe 

developmental delay, hypotonia, hemiballistic dystonic extrapyramidal disorder and 

multifocal spike slow wave discharges by electroencephalography. This child's 

clinical condition, electroencephalographic findings, and abnormal signal intensities 

on cranial MRI improved following dietary supplementation with creatine.  Twelve 

weeks of creatine supplementation raised the cerebral creatine content to 50% of 

normal. 183 

         Glutamate and Epilepsy:  Elevated levels of CSF glutamate have been 

measured in some patients with epilepsy.184  Increasing extracellular glutamate is 
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associated with initiation of seizure discharges in human hippocampus measured in 

vivo by simultaneous depth electrode electroencephalography and microdialysis.185  

Biopsies of human epileptic cortex show increased glutamate levels.164-166 In vivo 

study of  occipital cortex, remote from the seizure focus, showes increased cerebral 

levels of glutamate in patients on conventional therapy (9.4 mmol/kg, n=5) compared 

with nonepileptic volunteers (8.8 mmol/kg, n=7).  Glutamate increases by 0.6 

mmol/kg in patients on conventional therapy (p<0.01) compared to nonepileptic 

volunteers.  Glutamate levels are the same in patients on conventional therapy and 

nonepileptic volunteers. Glutamate concentrations are elevated significantly in 

biopsied cortex as compared to subadjacent white matter. The white/gray matter ratio 

measured in volunteers in vivo is the same as the ratio in biopsied temporal lobes. 

The glutamate concentration of white matter is approximately one-third less.  In vivo 

measurements of glutamate concentration should be interpreted using the gray/white 

matter ratio in the interrogated voxel. 186 

 

F.  Positron Emission Tomography in Epilepsy 

 Interictal cerebral glucose metabolism imaged with FDG PET in adults and 

older children with the mesial temporal lobe epilepsy (TLE) syndrome, or in groups 

with partial epilepsies in which mesial TLE predominates, has been the most 

frequently reported PET study of epilepsy.187-194  These reports indicate a 60% to 



 53 

90% incidence of temporal lobe hypometabolism in medically refractory mesial TLE. 

 Differences in PET imaging technology, image analysis techniques, and in patient 

sections may explain variability in the reported incidence of temporal lobe 

hypometabolism in mesial TLE-. PET systems with higher spatial resolution appear 

to be more sensitive in detecting regional hypometabolism.  Additionally, some types 

of quantitative analysis may be more sensitive to regional hypometabolism than is 

qualitative analysis. Interictal metabolism may more often be normal in nonrefractory 

mesial TLE, as reported in one of the few studies of FDG PET in partial lobe 

epilepsy (predominantly TLE) to include patients with well controlled seizures.195 

 Qualitative analysis of interictal FDG PET most often reveals unilateral mesial 

and lateral temporal lobe hypometabolism in mesial TLE.  Interestingly, even when 

amygdalar or hippocampal electrophysiological ictal onsets are demonstrated on 

depth electrodes, many patients with mesial TLE have more severe lateral temporal 

than mesial temporal hypometabolism on qualitative image analysis. The unilateral 

lateral greater-than-mesial temporal hypometabolism pattern has also been reported 

in many mesial TLE scans quantitatively analyzed with visually placed geometric 

region of interests (ROIs)192  and anatomically configured ROIs.196  The basis for 

lateral temporal greater-than-mesial temporal interictal metabolic asymmetry in 

mesial TLE is unclear.  It is possible that severe hypometabolism of the epileptogenic 

amygdalo-hippocampal zones is partial-volume averaged with the normal 



 54 

metabolism of adjacent basal temporal areas (the parahippocampal gyrus and the 

fusiform gyrus). However, it has not been demonstrated that the parahippocampal 

gyrus and the fusiform gyrus are in fact normal. If they are normal, it is possible that 

the epileptogenic zone metabolism itself could actually be at least as decreased as is 

the metabolism of the lateral temporal neocortex ipsilaterally.  Localized neuronal 

loss is not the sole basis of regional interictal hypometabolism; severe lateral 

temporal hypometabolism preoperatively occurs in many patients whose lobectomy 

specimens have normal neocortical temporal neuronal cell counts.197  In general, the 

area of interictal hypometabolism is much larger than the area of mesial temporal 

sclerosis or other histopathologic lesions which have rejected  treatment of mesial 

TLE.189,198,199  The distribution and severity of hypometabolism outside of the 

resection margins may decline, at least in some cases of mesial TLE and other partial 

epilepsies, when pre- and post-operative FDG scans are compared.200-202  

 Regional hypometabolism in mesial TLE typically is diffuse with graded 

demarcations from adjacent areas of normal metabolism and with a relatively large 

area of hypometabolism.  The cortical portion of hypometabolic area is typically 

contiguous across temporal and any extra-temporal locations of hypometabolism.  

Frontal, parietal, thalamic or basal ganglial hypometabolism is frequently observed in 

mesial TLE, but only ipsilateral to temporal hypometabolism; the temporal 

hypometabolism is almost always more severe than any extra-temporal 
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hypometabolism. Occipital hypometabolism is rarely included in this single 

contiguous cortical hypometabolic area.203 Quantitative analysis greatly enhances 

detection of subcortical (thalamic or basal ganglia) hypometabolism,196,204,205 which is 

asymmetric and decreased on the epileptogenic side.  Cerebellar hypometabolism 

also occurs frequently but is bilateral and often quite symmetric; when asymmetric, 

the greater decrease in cerebellar metabolism is typically contralateral to the 

epileptogenic zone.206 

    

G. Surgery and Outcome  

Anterior Temporal Lobectomy (ATL) consists of excising 5 cm of lateral 

temporal cortex and amygdala and 3 cm of hippocampus and parahippocampal gyrus 

(more tissue is excised in the dominant hemisphere than in the non-dominant 

hemisphere). The outcome are classified as follows207: 

Class 1--seizure-free, with or without auras. 

Class 2--fewer than three seizures per year, or nocturnal seizures only. 

Class 3--80% or greater reduction in seizure frequency or worthwhile reduction in 

seizure severity. 

Class 4--less than 80% reduction in seizure frequency.   

The distinction between neocortical and amygdalo-hippocampal onset of 

temporal lobe seizures requires intracranial ictal electrophysiology.  This distinction 
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is essential to the study of pathophysiology of partial epilepsy.  Distinction of anterior 

neocortical and amygdalo-hippocampal ictal onset zones is probably unnecessary 

prior to anterior temporal lobectomies in which both of these areas are to be 

restricted.  Ictal onset in the temporal neocortex posterior to the intended margin of 

resection is less likely to be associated with improved seizure control following 

anterior temporal lobectomy. Neocortical ictal onset is unlikely to respond to 

amygdalo-hippocampectomy.208,209 Mesial temporal metabolism detected by (PET) 

and metabolites detected by (MRSI) correlate with response to surgery. Hippocampal 

and amygdaloid cell loss and gliosis are the most common pathologic substrate of 

temporal lobe epilepsy,208 and seizures usually begin in those structures.209 Some 

have suggested that metabolism is most depressed in the mesial temporal cortex in 

mesial temporal epilepsy.210 Mesial temporal sclerosis responds favorably to ATL, 

providing support to the logic of a connection between mesial temporal glucose 

consumption and outcome.208 
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MATERIALS AND METHODS 

 
 

Alzheimer’s Disease and Mild Cognitive Impairment 
 
     Two studies were performed to evaluate Alzheimer’s Disease and its relation to 

the impairment of cognition. 

Study 1: Alzheimer’s Disease  

     Patients and Control Subjects: Twelve patients (mean age + s.d. 74.3+8.0 years, 

range 55 to 82, 8 females, 4 males) with a diagnosis of AD (9 probable, 3 possible) 

according to the NINCDS/ADRDA criteria211 and with a mild or moderate level of 

dementia (Mini-Mental State Examination (MMSE)212 scores > 12), and seventeen 

cognitively normal subjects of similar age and sex distribution were studied.  The 

subjects were recruited from the UC San Francisco and the UC Davis Alzheimer 

Centers. They  were examined by a neurologist, and had the standard battery of blood 

and neuropsychological test at the Centers.  The seventeen control subjects had an 

evaluation similar to that of the AD patients and were judged to be normal in 

cognition and function.  MRI scans showed that none of the patients or controls had 

evidence of  stroke, cortical or subcortical infarctions, or other major abnormalities. 

The combined MRI/MRSI protocol was completed by all control subjects and by ten 

AD patients.  
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Two patients did not complete the MRI. 

 

     Diagnostic MRI: All studies were performed on a 1.5 Tesla Magnetom 

VISIONTM system (Siemens Inc., Iselin NJ) equipped with a standard quadrature 

head coil.  To minimize motion of the subject's head, a vacuum-molded head holder 

(Vac-Pac, Olympic Medical, Seattle WA) was employed to restrict head movements. 

 The MRI protocol consisted of sagittal T1-weighted localizer scans, oblique axial 

double spin echo (DSE) scans angulated parallel to the optic nerve as seen in the 

sagittal plane, and a volumetric (3D) magnetization prepared rapid gradient echo 

(MP-RAGE) acquisition angulated perpendicular to the DSE image planes, yielding 

T1-weighted coronal images estimated to be orthogonal to the long axis of the 

hippocampus.  The measurement parameters of DSE were TR/TE1/TE2=300/20/80 

ms, 1.0 x 1.4 mm2 resolution, and 48 to 51 contiguous 3 mm thick slices, covering 

the entire brain from the inferior cerebellum to the vertex.  The measurement 

parameters of 3D MP-RAGE were TR/TI/TE=10/250/4 ms, flip angle 15, 1.0 x 1.0 

mm2 resolution, and 1.4 mm thick partitions. 

 

     MRSI Analysis: 1H MRSI data sets were acquired using a spin-echo 2D MRSI  
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sequence at TR/TE=1800/135 ms with preselection of a region of interest (PRESS 

volume), requiring a total acquisition time of about 13 minutes. PRESS is point-

resolved  

spectroscopy. It consists of 90- 180- 180 sequence, with each RF pulse being a 

frequency-selective pulse applied in the presence of an orthogonal gradient.213 The 

PRESS volume was angulated parallel to the long axis of the hippocampi as seen 

from the sagittal scout images and positioned on the axial plane to cover both 

hippocampi in their entire length and adjacent sections of the midbrain and the 

temporal lobes as shown in Figure 1. 

  
 

 

Figure 1. Sagittal FLASH localizer shows the position of the PRESS box covering the 

hippocampus. 
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           The MRSI field of view was 210 x 210 mm and was sampled using a circular 

k-space scheme equivalent to a maximum of 24 x 24 phase encoding steps,214 

resulting in a nominal voxel resolution of 1.1 ml.  The spectral sweep width was 

1000 Hz.  Figure 2 shows axial T1-weighted MR images from an AD patient (a) and 

control subject (b) at the position of the hippocampus and the corresponding NAA 

images, restricted to the sensitive areas of the PRESS volume.  Also shown are 

representative 1H MR spectra selected from the hippocampal body of the AD patient 

and control subject (location and approximate size of the MRSI voxel is indicated by 

a circle in the corresponding MRI).  The three prominent resonances in the 1H MR 

spectrum are from NAA, creatine (Cr) and choline (Cho) containing compounds. 
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Figure 2. Axial T1-weighted image from AD patient (a) and control subject (b) at hippocampus 

and the corresponding NAA metabolite images and spectra. 
 

 

MRI Segmentation and Voluming: Tissue segmentation on the whole brain and 

voluming of the hippocampus were performed using semi-automated segmentation 

software. The semi-automated segmentation software uses both 3D T1-weighted MP-

RAGE (Figure 3D) and T2-weighted images (Figure 3A). The first pass 
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segmentation procedure  automatically removes the skull and meninges from the 

images (Figure 3B through 3E), coregisters the 3D T1-weighted images to each of 

the two interleaves of the spin-echo images using Wood's algorithm,215performs 3D 

inhomogeneity correction using a digital filter216and performs segmentation on the 

whole brain using K-Means cluster analysis via the SA FASTCLUS procedure.217  

For the cluster analysis, seeds for each tissue category, i.e. gray matter (GM), white 

matter(WM), and cerebrospinal fluid (CSF), are first defined on the basis of regions 

around the peaks in the T1 pixel intensity histogram. These regions represent 

conservative estimates of the approximate tissue category.  In second-pass 

segmentation, manual editing of the data to separate cortical from subcortical GM, 

ventricular CSF from sulcal CSF, and to reclassify pixels incorrectly classified as 

GM into a category of white matter signal hyperintensity (Figure 3F). The number of 

pixels for each tissue category is expressed as a percentage of total intracranial 

volume (TIV = total number of pixels). 

     Quantitative estimates of the volumes of right and left hippocampus were obtained 

using coronal T1-weighted MP-RAGE images, resliced perpendicular to the long axis 

of the hippocampus.  Boundaries of the hippocampus were drawn following 

specifically the guidelines of Watson et.al.218 The areas of all regions of interest were 

then automatically calculated and the total volume derived by multiplying that value 

by the slice thickness. To adjust for interindividual variations in head size, each 
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subject's hippocampal volume HV(s) was normalized to his/her intracranial volume 

index TIV/TIV(s), where TIV represents the mean total intracranial volume of the 

control group and TIV(s) is each subject's total intracranial volume, computed from 

the segmented images.  This procedure maintains the dimension of the normalized 

hippocampal volumes. The normalization by 1/TIV(s) and is justified as long as the 

mean TIV values of the study groups are not significantly different.  In this 

population, patients and control subjects had comparable TIV values (difference < 

1%, p < 0.96 by ANOVA), although others219 had a modest correlation between 

reduced TIV sizes and deficits of some cognitive functions. 
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      MRSI Analysis: After acquisition, the 1H MRSI data were zero-filled to a 

rectangular matrix of 32 x 32 x 1024 points, Fourier transformed, and phase and 

baseline corrected using computer software.220 Four Hz Gaussian line broadening 

was used in the spectral direction, and mild Gaussian apodization was applied along 

the spatial directions to reduce Gibbs ringing effects, resulting in an effective volume 

of the MRSI voxels of approximately 1.6 ml.  Voxels were selected from the head, 

body, and tail of the right and left hippocampus. The resonances from NAA, Cr and 

Cho were curve fit using NMR1TM software (New Research Methods Inc, Syracuse 

NY).  In order to estimate concentrations in mmol/l, integral values of the metabolite 

resonances were referenced to values obtained from a head-sized phantom, including 

corrections for coil loading, receiver gain, and metabolite T1 and T2 values from a 

previously reported 1H MRS study in healthy elderly subjects. It was assumed that 

metabolite relaxation rates were the same for AD patients and normal elderly 

subjects, and for gray and white matter. 221 

      To obtain atrophy corrected metabolite intensities and to verify that metabolic 

changes were not an artifact of partial voluming, all MRSI data in this study were 

analyzed for variations of voxel compositions in terms of GM, WM, and CSF using 

computer software .  This computation used the tissue segmented images 

coregistered with the MRSI data to estimate the composition of MRSI voxels and 

was performed with consideration of the MRSI point spread function, chemical shift 
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displacement effects, and signal sensitivity across the PRESS volume, which was 

determined experimentally on a head sized phantom.  Assuming that no metabolites 

are observed in CSF, the composition of each MRSI voxel can be characterized by 

the two parameters tissue content  =(GM+WM) and gray matter index f 

=GM/(GM+WM). Then, atrophy corrected metabolite intensities, i.e. of NAA, were 

computed according to NAA=NAAu * 1/, with NAAu being the uncorrected 

intensity and f  being the covariate for the statistical analysis to determine the extent 

to which tissue composition contributed to metabolic differences. 

     Typically, MRSI spectra obtained from the hippocampal body exhibited a better 

spectral resolution than spectra from the hippocampal head, which often suffered 

from poor B0-field homogeneities in this region. Furthermore, the voxels from the 

hippocampal head contained more GM than voxels from the tail, reflecting the brain 

anatomy in this region.  We observed that MR spectra from the hippocampal body 

would best be suited to measure metabolic changes in the hippocampus. 

 

      Statistical Analysis: Repeated measures analyses of variance (ANOVA, SATM 

Institute Inc, Cary, NC) were used to test group differences of hippocampal volumes 

and gross atrophy measures.  Analysis of covariance (ANCOVA, BMDPTM 

Statistical Solutions Inc., Ireland) with tissue composition f as covariate was used to 

test side by side differences of metabolite concentrations in right and left 
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hippocampus.  In order to determine the extent to which hippocampal NAA and 

volume were independent of each other, NAA was used as the independent variable 

and volume as the covariate and vice versa, to determine group membership by 

ANCOVA. Results are expressed as mean + standard error unless otherwise 

indicated. The level of significance for differences is p < 0.05. 

 
          MRI and FDG-PET: PET scans were performed with a CTI/Siemens 961 HR 

EXACT scanner with full width half-maximum (FWHM) resolution of 3.5 mm in 

plane and 4.0 mm transaxially.   A total of 14 slices were acquired simultaneously 

over a 15 cm field of view.  Subjects were placed in the scanner with their eyes open, 

ears unoccluded and heads held in place by a thermoplastic mask. Transmission 

scans were obtained for attenuation correction, and then a bolus of 5 mCi of 18 F-2-

deoxy-D-glucose was injected intravenously. Emission data were begun after a forty-

five minutes uptake period. Two interleaved scans were obtained parallel to and 10- 

100 mm above the inferior orbitomeatal line, resulting in a total of 14 slices. 

Regional cerebral metabolic rates for glucose (rCMRglu) were calculated from a 

modification222 of the operational equation of Sokoloff et al.223 PET images of ten 

AD patients and ten control subjects were analyzed using SID software. Figure 4 

shows that PET image (C) of an AD patient was coregistered to his MRI (A) using 

Wood’s Automated Image Registration Software. 224 The MRI mask image (B) 

outlining brain tissue not including CSF was used to define the brain boundary. 



 69 

Exclusion of CSF in the mask image helps to coregister PET and MRI images 

more accurately in the presence of atrophy because a CSF mask would 

overestimate the brain boundaries. Prior to obtaining emission data, a transmission 

scan was performed for attenuation correction.  For visual interpretation, axial, 

coronal and sagittal planes were reconstructed. PET studies were analyzed on a Sun 

Microsystems workstation using the PETVIEW program. Mean volumetric and 

metabolic values from the two groups were compared using the independent sample 

Student’s t-test. Spearman’s rho, a nonparametric correlation coefficient, was 

computed to examine the association between the CMRglu values and brain volumes, 

and the MMSE. Analysis of variance (ANOVA) was performed on the whole brain 

(rCMRglu) values. 

 

A B C

 
Figure 4. Coregistration of PET, MRI and MRSI.  
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Study 2: Mild Cognitive Impairment (MCI)                         
          

MCI and Control Subjects: Seven subjects (mean age  s.d., 72.8  10.0 

years, range 56 to 85, 4 females, 3 males) who were not demented according to the 

Diagnostic and Statistical Manual of Mental Disorders (DSM-IV) criteria225, 

presenting mild impairments of memory and/or cognitive functions, and having a 

Clinical Dementia Rating score  of 0.5 were selected for this study. Their data were 

compared to seven age-matched cognitively normal subjects with a similar sex 

distribution (5 females, 2 males). The MCI subjects were recruited from the UC 

San Francisco and UC Davis Alzheimer Centers, were examined by a neurologist, 

and had the standard battery of blood and neuropsychologic tests at the Centers. 

The seven control subjects had an evaluation similar to that of the MCI subjects 

and were judged to be normal in cognition and function. MRI scans showed that 

none of the patients or controls had evidence of stroke, cortical or subcortical 

infarctions, or other major abnormalities. 

  

          MRI/MRSI Examinations: All studies were performed on a 1.5 Tesla 

Magnetom VISIONTM system (Siemens Inc., Iselin NJ). The MRI and 1H MRSI 

protocols were performed as described above in Study 1 (page 56). 

         MRI Segmentation and Voluming:   Tissue segmentation on the whole brain 

and voluming of the hippocampus were performed as described above in Study 1 
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(page 59).  Quantitative estimates of the volumes of right and left hippocampus 

were obtained as described above in Study 1 (page 60). 

  

     Statistical Analysis:  The statistical analysis was performed as described above 

in Study 1 (page 64). 

II. Epilepsy 

               Five studies were performed using different methods to evaluate epilepsy 

patients:  

(1) In Study 1, we used EEG, MRI and MRSI on mTLE patients; 

(2) In Study 2, we used EEG, MRI, MRSI and PET on mTLE patients; 

(3) In Study 3, we used EEG, MRI and MRSI on NE patients; 

(4) In Study 4, we used EEG, MRI and MRSI on post- operative epilepsy patients; 

(5) In Study 5, we used EEG, MRI, multislice MRSI and PRESS MRSI on mTLE 

patients. 

 
Study 1: Lateralization of Mesial Temporal Lobe Epilepsy (mTLE) 
Using  
 
EEG, MRI and MRSI 
 

       Patients and Control Subject:  Sixteen patients (9 males, 7 females) with a 

unilateral temporal lobe seizure focus detected by EEG were studied. The age 

range was 21-49 years (mean age 35.9  2.2 years).  All patients were evaluated at 
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the Northern California Comprehensive Epilepsy Center, and none of the patients 

had clinical or EEG evidence to suggest a second seizure focus. The seizure focus 

was localized by scalp (including sphenoidal electrodes) and, as necessary, by 

subdural electrode recordings. Only patients whose ictal recordings demonstrated 

either localized voltage attenuation or rhythmic sharp activity preceding the onset 

of the clinical seizure were included. MRSI data were obtained from 16 healthy 

control subjects (11 male, 5 female, age range 23-56 years, mean age 33.3  2.0 

years).  

     Diagnostic MRI: All patients and controls had separate MRI scans. MRI exams 

were performed on a 1.5 T Magnetom VISIONTM system (Siemens Inc., Iselin NJ) 

equipped with a standard protocol, including 3-D gradient echo (TR=50 ms, TE=1 

min, flip angle 40, slice thickness 1.5 mm), coronal T2 gradient echo (TR=500 ms, 

TE= 15-34 ms, flip angle 20), and high resolution (512  512 matrix), coronal T2 

fast spin echo (T2-FSE) sequences. Initial sagittal T1-weighted images were ( 

TR=600 ms/TE= 1 min) through the hippocampus and temporal lobes; axial T2-

weighted images were (TR> 2000 ms, TE= 35/8 ms). Nine patients showed unilateral 

hippocampal atrophy. Four of these nine patients had a unilateral increased T2 signal 

within the hippocampus. No abnormalities were found in the MRIs of the other seven 

patients. 
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        MRSI Analysis:  In all cases acquisition and analysis of the 1H MRSI studies 

were performed without  knowledge  of  the lateralization of the seizure focus.   

The spectra were acquired on a 1.5 T Magnetom VISION (Siemens, Erlangen, 

Germany) using a standard circularly polarized head coil.  For reduced motion of 

the subject’s head, a vacuum-molded head holder (Vac-Pac, Olympic Medical, 

Seattle, WA) was employed.  For localization, 2D FLASH images in coronal, 

sagittal and oblique transverse orientation were acquired. The transverse images 

were angulated parallel to the long axis of the hippocampus, with the center slice 

positioned through the center of the hippocampus.  A 2D MRSI sequence with 

PRESS volume selection (average size of 72.597.715 mm3) was used with the 

volume angulated parallel to the transverse images and including both hippocampi. 

A MRSI field of view (FOV) of 210  210 mm was used with circular k-space 

sampling equivalent to a maximum of 24  24 phase encoding steps.214 Other 

measurement parameters included TR=1.8 s and TE=135 ms, resulting in a 

measurement time of 13 minutes. Figure 5a. shows a sagittal FLASH localizer 

image with the PRESS MRSI box superimposed. Corresponding oblique transverse 

FLASH localizer images with spectra from the left and right hippocampi of a 

healthy control, a mTLE patient with hippocampal atrophy, and a mTLE patient 

without hippocampal atrophy are shown in Figure 5b, 5c, 5d. 

 



 74 

  
 

 

Figure 5(a). Sagittal FLASH localizer shows the position of the PRESS box covering the 

hippocampus. 
 

 

 
 

 

Figure 5(b). Transverse FLASH localizer angulated parallel to the long axis of the hippocampus 

with PRESS box and spectra from the left and right hippocampi in a control subject.  The NAA 

signal dominates the signals from creatine and choline, and no left to right differences are 

apparent. 
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Figure 5(c). Transverse FLASH localizer from a mTLE patient with ipsilateral hippocampal 

atrophy and spectra from the left and right hippocampal region.  The NAA signal on the 

ipsilateral side (right anatomical side, left on MRI) is obviously decreased compared to the Cr 

and Cho signals in the same spectrum and to the NAA signal on the contralateral side. 
 

 

 

 

 

 
 

 

Figure 5(d). Transverse FLASH localizer from a mTLE patient without hippocampal atrophy 

and spectra from the left and right hippocampal region.  Again, the NAA signal on the ipsilateral 

side is obviously decreased compared to the Cr and Cho signals in the same spectrum, and also 

as compared to the NAA signal on the contralateral side. 
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      Quantitation: The un-suppressed water signal was used as an internal standard in 

MRSI examination. This quantitation method required correction of metabolite and 

water signals for T1 and T2 relaxation, additional correction of the water 

concentration (aqueous fraction), and correction of metabolite signals for the number 

of protons in the metabolite molecules.  Metabolite concentrations are reported in 

mmol/l.  For the detection of significant variations in the water signal and their 

influence on metabolite concentrations, metabolite and water signals were also 

corrected for coil loading.  This was done by normalizing the metabolite signal 

according to the transmitter reference voltage.226 

 

      MRSI Processing:  Post-processing of the MRSI data was done with software 

provided by SIEMENS (LUISE).  A k-space apodization resulting in an effective 

voxel size of approximately 4 cc and zero-filling to 32  32 k-space points was 

applied prior to the spatial Fourier transformation.  Zero-filling from 512 to 1024 

time domain data points and Gaussian multiplication corresponding to 0.6 Hz line 

broadening were carried out prior to the time domain Fourier transformation. 

Spectral phasing and a polynomial baseline correction were also performed.  

Voxels including primarily hippocampal gray matter were selected and the signals 

of NAA, creatine (Cr), and choline (Cho) were curve fit with LUISE assuming 

Gaussian lineshape.  The first 2 voxels from the anterior and posterior borders of 
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the VOI were avoided because the profile of the 180 selective pulse in this 

direction was sub-optimal in these voxels.  An average of 5 voxels (range from 2 to 

7) were selected from each hippocampal region. Figure 6 shows a sketch of the 

hippocampus and the positions of the voxels. 

 

                            

0Figure 6: Sketch of the hippocampus and voxel positions. 

 

          

          MRSI Lateralization: Lateralization using MRSI measures was performed 

in two different ways,  using the NAA/(Cr+Cho) ratio and  NAA concentrations 

[NAA] as determined from the absolute quantitation technique.227  The first type of 

comparison compares [NAA] and NAA/(Cr+Cho) from the ipsilateral hippocampal 

region with the contralateral side. This comparison is only based on intra-

individual asymmetry.   No statement about an absolute decrease of [NAA] or 

NAA/(Cr+Cho) can be made.   The side with the lower value is called ipsilateral.   

  The second type of comparison compares data from the ipsilateral hippocampal 
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region with normal control hippocampal data. Values more than one standard 

deviation below the mean of the controls were abnormal. In this way there are 

three possibilities for lateralization: unilateral, bilateral, or normal. 

 

     Statistical Analysis:  Statistical analyses of the MRSI data were done by 

ANCOVA and rmANOVA.  The Cr and Cho signals are often partially 

overlapping; this results in inaccuracy of the individual line fit for these 

metabolites, even though the sum of the fits for these two metabolites remains 

accurate. Thus, the primary ratio used in these analyses was NAA/(Cr+Cho). This 

ratio and [NAA] were analyzed with Bonferroni corrections for multiple 

comparisons and with Duncan’s Multiple Range Test.226 NAA/Cr ratios and 

NAA/Cho ratios, and the concentrations of choline and creatine ([Cho] and [Cr]), 

are presented in secondary analyses for descriptive purpose only and without 

statistical comparisons. 

 

Study 2: Lateralization of Mesial Temporal Lobe Epilepsy (mTLE) Using 

EEG, MRI, MRSI and PET 

      Patients and Control Subjects: Patients were selected for EEG, MRI, MRSI, and 

PET studies at the University of California at San Francisco. Scalp-sphenoidal video 

telemetry, subdural strip EEG (n=7), and stereotactic implanted depth electrode EEG 
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(SEEG) (n=3) were performed in all patients, as was Neuropsychometric 

examination. Patients were considered to have non-lesional unilateral mTLE if the 

following criteria were met: 

1.) The patient had no lesion on diagnostic MRI, excluding evidence for mesial 

temporal sclerosis (MTS); 

2.) The patient showed initial or delayed focal ictal temporal lobe patterns recorded 

with scalp/sphenoidal EEG,228 or mesial temporal seizure onset in patients requiring 

subdural or SEEG ictal recordings; 

3.) The patient had EEG recordings of at least three spontaneous seizures and no 

independent contralateral seizure onsets; 

4.) The patient exhibited clinical features with seizures of temporal lobe origin. 

       Twenty-five patients (12 male, 13 female, age range 14-65, mean 38 years) were 

included in this study.  Because examination with T2 relaxometry did not begin at the 

start of this study, only thirteen patients (6 male, 7 female, age range 14-56, mean 37 

years) were studied with all modalities. 

 

      Diagnostic MRI: All patients had separate MRI scans. MRI exams were 

performed on a 1.5 T Magnetom VISIONTM system (Siemens Inc., Iselin NJ) 

equipped with a standard protocol as described above in Study 1 (page 69). 
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      Hippocampal Volumetry (HV): All twenty-five patients and nineteen  healthy 

controls (5 female, 14 male, age range 23-56 years), had an MP-RAGE sequence 

(TR/TE 10/4 ms, flip angle 15, slice thickness 1.5 mm) acquired in the coronal plane 

orthogonal to the long axis of the hippocampus for HV in the same sitting as T2 and 

1H-MRSI exams. Volume measurements of the hippocampus were performed 

according to the method of Watson et al218 using reconstructed 3 mm slices.  

Processing of images and calculation of volumes were performed on a SPARC LX 

computer (Sun Microsystems, Palo Alto, CA) with a volumetric image display and 

analysis package (VIDATM, Division of Physiologic Imaging, University of Iowa). 

 

      T2 Relaxometry: Thirteen of the twenty-five patients and eleven healthy controls 

(2 female, 8 male, age range 23-56 years) had hippocampal T2 measured using a 

procedure similar to that reported by Jackson et al.229   A multi-spin echo sequence  

(16 echoes) with TR 2000 ms and TE 22.5, 45...360 ms from an 8 mm thick slice of 

the anterior hippocampus was performed.  Two circular regions of interest (ROI) 

were placed within the margins of the hippocampal body.  The average of the T2 

relaxation times for each pixel within the ROI was used as the final measurement for 

T2 of the corresponding hippocampus. 

          MRSI Analysis:   Twenty-four of the twenty-five patients and sixteen 

controls (5 female, 11 male, age range 12-56 years) were studied with 1H-MRSI. 
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Nuclear magnetic resonance spectra were acquired from the hippocampus proper 

according to the method discussed above in Study 1 (page 69).   Quantitation of the 

metabolites was based on use of the unsuppressed water signal. The details of 

MRSI post processing and the quantitation are the same as described above in 

Study 1 (page 73). Only voxels including hippocampal gray matter were selected 

for signal analysis of N-acetyl aspartate (NAA), creatine (Cr), and choline (Cho).   

Figure 7 shows an example of spectra obtained from single homotopic voxels 

within the hippocampus; the patient's coregistered FDG-PET is included for 

comparison. 

                                  

1
Cho

NAA

Cr

Cho Cr

NAA

Right Left

 

Figure 7.  1H-MRSI spectra from right and left homotopic voxels (one of five hippocampal 

voxels included for analysis).  Middle inset shows the voxel locations on MRI with coregistered 

FDG-PET.  This patient had left temporal lobe epilepsy with concordant hippocampal atrophy. 

All modalities provided correct lateralization. 
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       FDG-PET Analysis: PET scans were performed prior to implanted electrode 

recordings with a CTI/Siemens 961 HR EXACT scanner with full width half-

maximum (FWHM) resolution of 3.5 mm in plane and 4.0 mm transaxially.  A total 

of 47 slices were acquired simultaneously over a 15 cm field of view.  Subjects were 

studied in a resting condition with eyes open and ears unoccluded in a dimly 

illuminated room.  Emission data were accumulated forty-five minutes after IV 

injection of approximately 10 mCi of FDG.  Prior to obtaining emission data, a 

transmission scan was performed for attenuation correction.  For visual 

interpretation, axial,  coronal and sagittal planes were reconstructed.  The resolution 

of these images was sufficient to allow for interpretation of relative hypometabolism 

in regions of the temporal lobe. The PET images were interpreted for evidence of 

focal relative hypometabolism.  Five temporal lobes (T) -- (1) the temporal pole, (2) 

the anterior medial, (3) the posterior medial, (4) the anterior lateral and (5) the 

posterior lateral cortex -- were scored for presence of relative hypometabolism.  The 

sum of the hypometabolic regions was used to provide a qualitative measure of the 

degrees of temporal lobe hypometabolism. 

 

      Lateralization: With all quantitative MR measures, lateralization criteria were 

investigated with measurement of the percent concordance with ictal EEG as a 

function of the degree of asymmetry and absolute difference from control means. The 
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following asymmetry index (AI) was used to measure degree of asymmetry for HV, 

T2 mapping and 1H-MRSI: 

AI = (right - left) / ((right + left) / 2) x 100 (%) 

Criteria for best lateralization (maximal percent concordance and minimal percent 

discordance with ictal EEG) were determined for each modality.  The Student's t-

test for unmatched pairs was used to test the difference between right and left mean 

values in control studies. 

 

Study 3:  Neocortical Epilepsy (NE) Using EEG, MRI and MRSI.  

           Patients and control subjects:  Ten patients with medically refractory NE 

(based on seizure semiology and ictal EEG recordings) were studied.  The age 

range was 25-51 years (mean age 34.4 + 7.4 years).  All patients were evaluated at 

the Northern California Comprehensive Epilepsy Center, and none of the patients 

had clinical or EEG evidence to suggest a second seizure focus.  The seizure focus 

was localized by scalp (including sphenoidal electrodes) and, as necessary by 

subdural electrode recordings.  Only patients whose ictal recordings demonstrated 

either localized voltage attenuation or rhythmic sharp activity that preceded or 

coincided with the onset of the clinical seizure were included.  Four patients had 

their seizures arise from  the frontal lobe neocortex,  two from the occipital lobe 

neocortex,  one from the parietal lobe neocortex and three had their seizures arise 



 84 

from the lateral temporal lobe neocortex. The severity and frequency of seizures 

were similar in the NE patients and mTLE patients who were used for comparison. 

The comparison between NE and mTLE patients consisted of 23 unilateral 

medically refractory mTLE patients. The age range was 14-49 years (mean age 

35.0 + 9.7 years). Both NE and mTLE patients were compared to 16 healthy, age 

and sex matched controls (age range: 23-56 years; mean age: 33.3 + 7.9 years). 

 

      Diagnostic MRI and MRSI Analysis: All studies were performed according to 

the protocol described above in Study 1 (page 69). All of the NE patients had 

normal MRIs. Both hippocampi were normal in appearance, shape and volume. 

     In eight out of ten patients, absolute concentrations were calculated using the 

unsuppressed water resonance as a reference. The concentration calculations 

included corrections of metabolite and water signals for T1 and T2 relaxation, and 

corrections for the number of protons belonging to the metabolite resonances.227 

      EEG findings were used as the standard for localization and lateralization of 

the seizure focus. Lateralization by MRSI was performed in several ways: the 

NAA, Cho and Cr concentrations ([NAA], [Cho], [Cr]) and metabolite ratios 

(NAA/Cr, NAA/Cho, and NAA/(Cr+Cho)) were compared between left and right 

hippocampi of the patients. Furthermore, the patient’s values were compared to the 

control’s values. Asymmetry indices were calculated by (Mcontra-Mipsi) 
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/(Mcontra+Mipsi)  100 for patients and (Mleft-Mright)/(Mleft+Mright)  100   for 

controls, with the metabolite concentration or metabolite ratio designated by M. 

 

         Statistical Analyses:  Statistical analyses of the MRSI data comparing 

metabolite concentrations and ratios between NE and mTLE patients and controls 

were done using a one-tailed unpaired t-test. A probability value of p < 0.05 was 

considered significant for each analysis.    In order to detect smaller metabolite 

changes we did not correct for multiple comparisons. All data are presented as 

mean ± SD. 

 

Study 4:  Evaluation of Post-operative Patients Using EEG, MRI and 

MRSI 

         Patients and Control Subjects:  Ten patients with unilateral medically 

refractory mTLE  (based on seizure semiology and  ictal EEG recordings)  were 

studied before and after surgery.   A temporal lobe resection, including the anterior 

part of the hippocampus was performed on the ipsilateral side (defined by EEG 

telemetry, MRI and other clinical measures) in all patients.  The age range was 24 

– 49 years (mean age 34.6  9.1 years). Eight of the patients were seizure free after 

temporal lobectomy (class I according to Engel’s classification)39 and two patients 

had continued complex partial seizures following surgery (1 patient class II and 1 
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patient class III). Memory was evaluated using the Rey Auditory Early Learning 

Test (RAVLT), a widely used measure of verbal learning and memory.230 The 

patients were compared to sixteen healthy age and sex matched controls (age 

range: 23-56 years; mean age: 33.3  7.9 years). 

 

       MRI and MRSI Methods: All MRSI studies were performed on a 1.5 T 

Magnetom VISION, (Siemens Erlangen) as described above in Study 1 (page 

69). The follow-up measurements were performed using the same measurement 

protocol. In post-operative studies, the patients were carefully repositioned in the 

same orientation they had had prior to surgery.  The anterior border of the 

contralateral hippocampus was used pre- and post-operatively as a landmark for 

the positioning of the PRESS box. 

 

           MRSI Processing:  The MRSI data were processed as described above in 

Study 1 (page 73). An average of 6 voxels centered primarily on hippocampal gray 

matter were selected.  Metabolite concentrations were found to vary along the long 

axis of the hippocampus.231 Therefore, the same voxel positions were 

postprocessed pre- and post-operatively if the spectrum quality was enough at 

these positions. In addition, the selected voxels within the PRESS box were 

matched as closely as possible  to equivalent  positions  from  the  preoperative  
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scan. This post-processing procedure excluded the possibility of detecting 

differences due to changes in metabolite concentrations between the  anterior and  

posterior part of the hippocampus. 

      The quantitative data were calculated using the unsuppressed water signal as a 

reference. The corrections required for the quantitation – including corrections for 

the number of protons and relaxation times.232 Furthermore, in order to compare 

the water signal before and after surgery the concentration of metabolites was 

corrected for coil loading by multiplying the signal with the transmitter reference 

value.226 

 

      Statistics: Statistical analyses of the MRSI data comparing metabolite 

concentrations and ratios between patients pre- and post-operatively and between 

patients and controls were done using ANOVA (SAS™ Institute Inc., Cary, NC). 

The presented p-values were calculated using two-tailed paired t-tests and unpaired 

t-tests for comparisons between pre- and post-operative results and between 

patients and controls, respectively. However, when comparing the three groups 

(patients pre- and post-operative and controls) statistical significance was assumed 

only for probability values of p<0.05 using the Tukey’s test to examine all pairwise 

comparisons among means. All data are presented as mean ± SD. 
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Study 5: Mesial Temporal Lobe Epilepsy (mTLE) Using EEG, MRI and 

Combined Multislice and PRESS MRSI  

      Patients and Controls: Nine patients (8 males, 1 females) with unilateral 

mTLE (based on ictal semiology and EEG recording, which defined ipsilateral 

side) were studied. The age range was 26- 51 years (mean age 36.2  2 years). All 

patients were evaluated at the Northern California Comprehensive Epilepsy 

Center. The results of seven healthy control subjects of similar age and sex 

distribution were used for comparison with the results of epilepsy patients. 

 

                MRI and MRSI Methods and Processing: The MRSI studies were done 

on a 1.5 T Magnetom VISION™  (Siemens Erlangen) using a standard circularly 

polarized head coil. Multislice MRSI studies require excellent magnetic field 

homogeneity over a large region. Due to severe susceptibility to B0 shifts in the 

anterior temporal lobe and hippocampus, this region often requires a different shim 

than other brain areas. Therefore a separate PRESS volume-preselection 

experiment for the hippocampal region was performed using a separate shim.232 

The slice was angulated parallel to the long axis of the hippocampus, and circular 

k-space encoding of 24 points diameter was used (TR/TE=1800/140ms, nominal 

voxel size: 9915mm3). The Multislice experiment included two 15mm slices 

acquired using a global shimming with circular k-space encoding of 36 points 



 89 

diameter233 (TR/TE=1800/140ms, nominal voxel size: 8815mm3). Both slices 

were angulated parallel to the optic nerve with the lower slice just including the 

corpus callosum and the other slightly above the corpus callosum, Figure 8. Lipid 

removal was performed by a data post-processing procedure. 

      Statistical Analysis: Statistical analysis was performed as described above in 

Study 1 (page 75). 
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RESULTS 
 

As described above, two studies were performed to evaluate Alzheimer’s Disease 

and its relation to the impairment of cognition 

 

Study 1: Alzheimer’s Disease 
 
        Demographics:  The demographic data for this study are summarized in Table 

1.  Patients and elderly controls were compared in age (p > 0.5 by ANOVA) and had 

a similar gender distribution (67% vs. 82% females in the patient and control group, 

respectively).  The AD patients had a mean Mini Mental State Examination (MMSE) 

score 212 of (18.4 + 5.2 s.d.) with a range from 12 to 28, and a mean duration of 

symptoms of 4.2 years + 1.8 s.d.  Elderly control subjects had MMSE scores of at 

least 28 or better. 

  

MR Spectroscopic Imaging: Table 2 lists the results of atrophy corrected 

concentration of [NAA], [Cr] and [Cho] and the ratios of NAA/Cr and NAA/Cho 

from the left and right hippocampi in AD patients and control subjects.  Also listed 

are  (in percent of total voxel content) and f, revealing significant differences in the 

composition of MRSI voxels between the two groups. After correcting for atrophy by 

, NAA from right and left hippocampi in AD patients was reduced by 15.5% and by 
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16.2% (p < 0.003), respectively, compared to control subjects (see Figures 9 through 

14).   

Variations in tissue composition did not significantly contribute to the differences (p 

> 0.98).  Furthermore, both NAA/Cr and NAA/Cho were significantly reduced (p < 

0.02 and p < 0.03, respectively) in AD patients compared with elderly controls, 

providing additional evidence that reductions of NAA in AD patients cannot be 

entirely attributed to atrophy.  The concentrations of hippocampal [Cr] and [Cho] 

were not significantly different between AD patients and control subjects.  In both 

groups, [NAA], [Cr] and [Cho] concentrations were non-significantly higher in the 

left than in the right hippocampus (p > 0.7).    reveals that MRSI voxels from AD 

patients had an average 10% less tissue than control subjects, reflecting the increased 

atrophy in AD patients. Accordingly, the difference of hippocampal NAA between 

the groups without atrophy correction (which reflects both NAA and volume 

changes) was about 40% larger than those with atrophy correction.  This emphasizes 

the importance of correcting MRS and MRSI data for partial volume effects. 

  

      MRI Voluming and Segmentation:  Table 3 lists the normalized hippocampal 

volumes in AD patients and elderly controls, as well as percent volumes of cortical 

and subcortical GM, WM and ventricular and sulcal CSF.  As expected, AD patients 

had smaller hippocampi on both sides than control subjects, on the right 20.1% (p = 
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0.003) and on the left 21.8% (p < 0.001). The right hippocampus was slightly larger 

(2%) than the left, but this difference was not statistically significant (p > 0.5).  In 

AD, ventricular and sulcal CSF volumes were enlarged by 34.1% (p = 0.03) and by 

22.8% (p > 0.01), respectively, when compared to controls, and cortical GM and 

WM were reduced by 6.1% (p + 0.03) and by 7.3% (p < 0.01), respectively.  In 

contrast, subcortical GM (p > 0.6) and total intracranial volume (p > 0.96) were not 

significantly different between AD and control subjects. 

  

             Combinations of MRI and MRSI Measures:  Figure 15 depicts the 

distributions of hippocampal NAA, hippocampal volume and the percent ventricular 

size in AD and control subjects, separated by gender.  No measure alone achieves a 

complete separation of AD patients and control subjects.  In order to explore whether 

hippocampal NAA and volume provide complementary information which may aid 

group classification, we tested to what extent these two measures are independent of 

each other.  After controlling for group differences in hippocampal volumes by 

ANCOVA, significant differences of hippocampal NAA between the groups were 

still present (p < 0.002).  Similarly, after controlling for group differences in 

hippocampal NAA, volume losses in AD remained significant (p < 0.001).  Taken 

together, these results reveal that hippocampal NAA and volume each provide 

independent information relevant to the discrimination of AD patients from control 
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subjects.   Figure 16 shows the distribution of atrophy corrected hippocampal NAA 

(right and left averaged) from each AD patient and control subject as a function of 

his/her hippocampal volume (right and left averaged).  To determine the 

classification power of hippocampal NAA and volume when combined, we 

performed a stepwise linear discriminant analysis with hippocampal NAA being the 

first variable entered.  Alone, hippocampal NAA correctly classified 80% (eight out 

of ten) of the AD and 75% (twelve out of sixteen) of the control subjects.  When 

hippocampal volume combined with hippocampal NAA, these two measures 

increased classification of AD patients and control subjects to 90% (nine out of ten) 

and 94% (fifteen out of sixteen), respectively.  The addition of the percentage of 

ventricular CSF did not improve the classification of AD patients and decreased that 

of control subjects. 

 

        MRI and FDG-PET: The whole brain ventricular, sulcal and total CSF 

volumes were significantly increased (p < 0.01) in AD patients compared to 

controls (see Table 4). Compared to control subjects, in AD patients the total CSF 

was increased 43.4%, ventricular volume was increased 62.5% and sulcal CSF 

volume was increased 39.3%. In AD patients, regional Cerebral Metabolic Rate for 

glucose (rCMRglu) values, when uncorrected for brain atrophy (see Table 5), were 

significantly decreased compared to controls (values of 3.15 and 3.83 respectively, 
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P = 0.01). However, corrected rCMRglu values in AD patients were not 

significantly decreased compared to controls (values of 3.91 and 4.43 respectively, 

p = 0.11). In contrast, AD patients showed a highly significant decline in atrophy 

weighted total brain metabolism compared to controls (with values of 29.96 and 

39.09 respectively, p = 0.0008). AD patients also had significantly different 

absolute whole brain metabolic values compared to controls (with values of 37.24 

and 45.09 respectively, p = 0.014). All CSF volumes and metabolic values were 

compared to MMSE in patients with AD. No volumetric data correlated 

significantly with MMSE in our study. Significant correlations were noted between 

metabolic values and MMSE. Atrophy weighted total brain metabolism 

significantly correlated with MMSE (Spearman rho of 0.49 and 0.59 respectively). 

Absolute brain metabolism also correlated with MMSE. 

 

Table 1:  Clinical characteristics of patients with Alzheimer’s disease (AD) and control subjects. 

 
 

 AD Control 

Number of subjects 12 17 

Mean Age (yrs)* 74.1  8.3 72.2  5.6 

Age Range (yrs) 54 - 81 61 - 85 

Women / Men 8 / 4 14 / 3 

Mini-Mental State* 18.4  5.2 29.1  0.8 

Mini-Mental State Range 12 - 28 28 - 30 

Mean Duration of symptoms (yrs)* 4.2  1.8  

                               * mean value  standard deviation 
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Table 2:  Atrophy corrected metabolite concentrations of [NAA], [Cho], and [Cr], and NAA/Cr 

and NAA/Cho ratios from right and left hippocampi in AD patients and control subjects. Also 

listed are tissue content  (in percent of the MRSI voxel volume) and gray matter index f of the 

MRSI voxels positioned at right and left hippocampi, characterizing MRSI partial volume 

effects.  

 
 

 AD Control Difference (%) p-value 

[NAA] [mM] 

right 

left 

 

7.67  0.2 

7.80  0.3 

 

9.08  0.2 

9.31  0.3 

 

- 15.5 

- 16.2 

 

< 0.003 

 

[Cho] [mM] 

right 

left 

 

1.71  0.1 

1.97  0.2 

 

1.79  0.2 

1.90  0.1 

 

- 4.5 

  3.6 

 

n.s. 

[Cr] [mM] 

right 

left 

 

6.91  0.4 

8.24  0.4 

 

7.47  0.4 

7.82  0.4 

 

- 7.5 

  5.4 

 

n.s. 

NAA/Cr 

right 

left 

 

1.42  0.07 

1.25  0.06 

 

1.59  0.06 

1.56  0.06 

 

- 10.7 

- 19.8 

 

< 0.02 

NAA/Cho 

right 

left 

 

1.28  0.07 

1.21  0.09 

 

1.48  0.09 

1.46  0.09 

 

- 13.4 

- 17.4 

 

< 0.03 

Tissue content  [%] 

right 

left 

 

85  2 

88  2 

 

96  1 

97  1 

 

- 11.4 

-  9.3 

 

< 0.01 

Gray matter index f  

right 

 left 

 

0.44  0.02 

0.59  0.04 

 

0.52  0.02 

0.56  0.03 

 

- 15.3 

+ 5.3 

 

0.01 

> 0.5 

                          n.s. = not significant 
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Table 3: Normalized hippocampal volumes (HP-Volume) and volumes of cortical and 

subcortical gray matter (GM), white matter (WM), and sulcal and ventricular cerebrospinal fluid 

(CSF) as percent of total intracranial volume (TIV) in AD patients and control subjects. Also 

listed are mean TIV of AD and control subjects. 

 

 

 

AD Control Differenc

e (%) 

p-value 

HP-Volume 

[mm3] 

right 

left 

 

2416  141 

2364  104 

 

3021  111 

3025  99 

 

- 20.1 

- 21.8 

 

0.003 

0.001 

ventricular CSF 

[%] 
3.4  0.3 2.5  0.2 + 34.1 0.03 

sulcal CSF [%] 21.8  1.2 17.8  0.4 + 22.8 0.01 

WM [%] 33.4  0.8 36.1  0.5 - 7.3 0.01 

cortical GM [%]  39.5  1.0 42.1  0.5 - 6.1 0.03 

subcortical GM 

[%] 
1.1  0.08 1.2  0.08 - 5.9 n.s. 

TIV [cm3] 1344  31 1349  46 -0.4 n.s. 

                              n.s. = not significant 

 

 

 

Table 4. AD patients and controls total, ventricular and sulcal volume  

 

 Total CSF 

(mean  

s.d.) 

Ventricular 

CSF 

(mean  s.d.) 

Sulcal CSF 

(mean  s.d.) 

AD 

patients 
19.5  3.2  

 

3.9  1.9   15.6  3  

Controls 13.6  2.8 

 

2.4  1 11.2  2.9 

                             Significantly different than controls, p < 0.01 
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Table 5. The whole brain PET data for AD and controls 

 rCMRglu 

(uncorrected) 

(mean  s.d.) 

 

rCMRglu 

(corrected) 

(mean s.d.) 

Atrophy weighted 

total brain metab 

(mean  s.d.) 

Absolute 

whole 

brain metab 

(mean  s.d.) 

AD 

patients 

 

3.15  0.83 3.91  1.02 29.96  7.90 37.24  9.65 

Controls 

 

3.83  0.70 4.43  0.87 39.09  7.02 45.09  8.52 

Significantly different from controls, p = 0.01 
Not significantly different from controls, p = 0.11 
Significantly different from controls, p = 0.0008. 
Significantly different from controls, p = 0.014 

 

 
Figure 15.  Distribution of atrophy corrected hippocampal NAA, normalized hippocampal 

volume and percentage ventricular volume from AD patients (⚫) and control subjects (). NAA 

and volume are mean values of the right and left hippocampi. Values from male and female 

subjects are displayed in separate columns for each study group with the left column showing the 

values from males. The group mean values are indicated by a bar (⎯). 
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Figure 16. Atrophy corrected hippocampal NAA as a function of normalized hippocampal 

volume from each of the 10 AD patients (⚫) and 16 control subjects () with complete 

MRI/MRSI examination. NAA and volume are mean values of right and left hippocampi. 

 

 

 
Study 2: Mild Cognitive Impairment (MCI) 
 

Demographics:  The demographic data are summarized in Table 6. The MCI 

and control subjects were matched in age. They had an equivalent sex distribution 

and had comparable years of education. The mean Mini Mental State Examination 

(MMSE) score212 of the MCI subjects was (26.3 1.6 s.d), which was significantly 

lower than the mean MMSE score from control subjects who scored at least 28 or 

better.  
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        MR Spectroscopic Imaging: Table 7 lists the results of atrophy corrected 

NAA, Cr, and Cho, and NAA/Cr and NAA/Cho from left and right hippocampi in 

MCI and control subjects. After correcting for atrophy, the concentration of NAA 

 

 from right and left hippocampi in MCI was reduced by 10.2% and 13.9% (p < 

0.03), respectively compared to control subjects. Variations of the GM/WM 

composition (f) of MRSI voxels did not significantly contribute to the differences 

(p > 0.98). Furthermore, NAA/Cr from the right and left hippocampi in MCI 

subjects was significantly reduced by 14.5% and 14.1%, respectively. These data 

provide additional evidence that reductions of [NAA] in AD patients cannot be 

entirely attributed to atrophy. Both hippocampal [Cr] and [Cho] were not 

significantly different between the study groups, and NAA/Cho was not 

significantly lower in MCI subjects when compared with control subjects. Both 

study groups showed no evidence for right/left asymmetry of hippocampal NAA. 

Figure 17 shows bilateral decreased NAA resonance intensity in both hippocampi, 

multiple hypointensity foci in both hippocampi and a dilated lateral ventricle in 

MCI patient. The figure also shows bilateral decrease metabolite intensity in the 

metabolic image (b). Figure 18a depicts mean hippocampal NAA (average of right 

and left side) as a function of age for the MCI and control subjects, showing no 

age-related changes of NAA within the age range studied.  
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     MRI Voluming and Segmentation: Figures 18b to 18d show normalized 

hippocampal volumes (mean left and right sides values), percent ventricular CSF 

and sulcal CSF plotted versus age for MCI and control subjects. In MCI, 

hippocampal volume progressively decreases with increasing age (r = - 0.88, 

p<0.05), while this trend was less marked in the control group. Sulcal and 

ventricular CSF exhibited a tendency to increase with age in both groups. Table 8 

lists the mean values of hippocampal volumes, percent volumes of cortical and 

subcortical GM, WM, and ventricular and sulcal CSF. ANCOVA of hippocampal 

volumes against age showed that MCI subjects had insignificantly smaller 

hippocampi than controls with no evidence of lateral asymmetry. MCI subjects had 

significantly enlarged volumes of sulcal (+27.4%, p < 0.01) and ventricular CSF 

(+25.6%, p<0.03) and correspondingly, reduced subcortical GM (-17.2%, p=0.01) 

and WM (-11.1%, p=0.03) when compared to controls. Group differences of 

cortical GM and TIV were insignificant. 

  

         Neither MRI nor MRSI measures alone completely separated MCI from 

control subjects. To explore whether hippocampal NAA and volume provide 

complementary information which may aid group classification, we tested to what 

extent these two measurements are independent of each other. Figure 19 is a scatter 

plot of volume corrected hippocampal NAA as a function of normalized 
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hippocampal volumes.  After controlling for group differences in hippocampal 

volumes by ANCOVA, significant differences of hippocampal NAA between the 

groups were still present. Similarly, group differences of hippocampal NAA did 

not significantly contribute to differences of hippocampal volumes between MCI 

and control subjects. Taken together, these results reveal that hippocampal NAA 

and volume each provide independent information relevant to the discrimination of 

MCI from control subjects. 

 

 

Table 6: Clinical characteristics of nondemented subjects with mild cognitive impairments 

(MCI) and elderly control subjects. 

 

 

 MCI Elderly 
controls 

Significanc
e 

Number of subjects 7 7  

Mean Age (yrs)* 72.8  
10.0 

73.7  8.6 p > 0.86 

Age Range (yrs) 56 - 85 60 - 85  

Women / Men 4 / 3 5 / 2  

Education (yrs) 9.2  3.7 10.6  3.0 p > 0.1 

Mini-Mental State* 26.3  1.6 29.0  0.8 p < 0.01 

Mini-Mental State 
Range 

24 - 28 28 - 30  

                          *mean value   standard deviation. 
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Table 7:  Volume-corrected concentrations of NAA, Cho, Cr, and ratios of NAA/Cr and 

NAA/Cho from right and left hippocampi in MCI and control subjects. 

 

 

 MCI Control Difference 

(%) 

P-value 

[NAA] 

[mM] 

right 

left 

 

7.98  0.1 

7.89  0.2 

 

8.89  0.4 

9.17  0.3 

 

- 10.2 

- 13.9 

 

0.03 

 

[Cho] [mM] 

right 

left 

 

1.59  0.1 

1.81  0.1 

 

1.61  0.1 

1.80  0.2 

 

  - 1.4         

 < 1.0 

 

n.s. 

 

[Cr] [mM] 

right 

left 

 

7.86  0.3 

8.19  0.6 

 

7.15  0.4 

8.16  0.6 

 

  + 10.3 

  < 1.0 

 

 n.s. 

 

NAA/Cr 

right 

left 

 

1.30  0.04 

1.28  0.10 

 

1.52  0.11 

1.49  0.11 

 

- 14.5 

- 14.1 

 

0.03 

NAA/Cho 

right 

left 

 

1.36  0.06 

1.33  0.10 

 

1.56  0.12 

1.43  0.13 

 

- 10.9 

- 7.0 

 

 n.s. 

 

Table 8: Normalized hippocampal volumes and percent changes of cortical and subcortical gray 

matter (GM), white matter (WM), sulcal and ventricular cerebrospinal fluid (CSF), and total 

intracranial volumes (TIV) in MCI and control subjects.  

 

 MCI Controls Difference 

(%) 

P-

value 

Hippocampus [mm3] 

right 

left 

 

2722  115 

2767  125 

 

2862  96 

2911  39 

 

- 4.5 

- 4.9 

 

n.s. 

cortical GM  38.7  1.3 41.0  0.7 - 5.5 n.s 

subcortical GM 0.96  0.1 1.15  0.1 - 17.2 0.01 

WM 32.3  1.0 36.4  0.7 - 11.1 0.03 

sulcal CSF 22.4  1.2 17.6  0.9 + 27.4 0.01 

ventricular CSF 4.1  0.6 3.25  0.3 + 25.6 0.03 

TIV [cm3] 1361   43 1368  41 < - .01% > 0.90 
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                                   (a)                            

    

Axial image showing dilated venticle and 

areas of hypointensity in both hippocampi 

in MCI patient. 

    

 
                                     (b) 

NAA metabolite image showing reduction 

of  metabolite intensity in both sides 

 

                                    (c) 

Spectra  from the right hippocampus 

showing decreased NAA resonance 

intensity relative to Cr and Cho. 

 

 

                                  (d) 

Spectra from the left hippocampus 

showing decreased NAA resonance 

intensity relative to Cr and Cho. 

Figure 17. MRI and MRSI of an MCI patient show bilateral decreased NAA resonance intensity 

in both hippocampi, bilateral decreased metabolite intensity, multiple hypointensity in both 

hippocampi and dilated lateral ventricle in an MCI patient. 
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Figure 18: Scatter plot of volume corrected hippocampal NAA (2a), normalized hippocampal 

volume (2b), and percent ventricular (2c) and sulcal (2d) volumes in MCI (⚫) and control 

subjects () as a function of age.  
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Figure 19. Volume-corrected hippocampal NAA as a function of normalized hippocampal 

volume of MCI (⚫) and control subjects (). NAA and volume are mean values of right and left 

hippocampi. 

 

II. Epilepsy 
  
       As described above, five studies were performed using different methods to  

 

evaluate epilepsy patients.  
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Study 1:  Lateralization of Mesial Temporal Lobe Epilepsy (mTLE) by 

EEG, MRI and MRSI 

         Demographics and Metabolite measures which provide optimum 

lateralization:  In order to determine the best lateralization criteria, the 

concentrations of NAA, Cr and Cho ([NAA], [Cr] and [Cho]), as well as metabolite 

ratios of NAA/(Cr+Cho), NAA/Cr, and NAA/Cho were evaluated.  Table 9 includes 

the mean values for the control group and for the ipsilateral and contralateral sides in 

patients with and without hippocampal atrophy.  Statistical analysis showed no 

significant left to right differences in any metabolite concentrations or metabolite 

ratio in the control group. Within the control and patient groups, no age- or sex-

related differences were found (all p values > 0.05). 

 In the mTLE patients the NAA/(Cr+Cho) ratios and the NAA concentrations 

([NAA]) were found to be substantially decreased in the ipsilateral hippocampus. In 

addition, NAA concentration and NAA ratios were decreased in the contralateral 

hippocampus of mTLE patients compared with controls. 

 The concentrations of Cr and Cho ([Cr] and [Cho]) were not significantly 

changed in mTLE patients compared with the controls (p > 0.08).  However, a trend 

for decreased [Cr] was found, with the mean ipsilateral [Cr] in mTLE patients 10% 

less than in controls.  The metabolite signals were corrected for coil loading which 

yielded a slight increase in the ipsilateral Cho signal of 6.7% in patients, but no 
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statistical significance was found. Furthermore, although a decreased ipsilateral 

Cr/Cho ratio was found for the mTLE patients (ipsilateral mean Cr/Cho = 0.90, 

control mean Cr/Cho = 1.00), lateralization based on Cr/Cho failed in eight out of 

sixteen patients. 

 A summary of the demographic information, EEG lateralization, and MRI 

findings is given in Table 10  This table also shows MRSI lateralization based on 

[NAA] and NAA/(Cr+Cho); lateralization criteria included comparing left to right 

MRSI measures in mTLE patients and mTLE MRSI data compared with control 

data. 

 The NAA/(Cr+Cho) ratio provided concordance with EEG lateralization in left 

to right comparison in all mTLE patients.  In fifteen out of sixteen patients, ipsilateral 

[NAA] and NAA/(Cr+Cho) were more than 1 standard deviation below mean control 

values.  The [NAA] did not lateralize correctly in three patients without atrophy. 

However, it did show greater bilateral abnormalities (i.e., abnormalities in both the 

ipsilateral and contralateral hippocampi) in comparison with control [NAA] values 

than did NAA/(Cr+Cho) ratio.  The NAA/Cho ratio failed to lateralize one patient 

correctly, and NAA/Cr failed in three patients.  The NAA/(Cr+Cho) ratios and 

[NAA] values ipsilateral and contralateral in patients and left and right in controls are 

plotted in Figure 20. 
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 Relationship of Decreased NAA to Hippocampal Atrophy: Figure 20(b) shows 

that six out of seven subjects without hippocampal atrophy, as assessed by MRI, had 

decreased ipsilateral hippocampal [NAA].  These findings strongly suggest that 

decreased hippocampal NAA cannot be explained by atrophy alone. 

 Because the water signal was used for absolute quantitation, the magnitude of 

the hippocampal water signal was analyzed.  The mTLE patient groups showed 

slightly increased mean ipsilateral hippocampal water signals (mean increase in 

patients with hippocampal atrophy: 7.9%; without hippocampal atrophy: 4.4%).  This 

might be due to either increased cerebrospinal fluid water or increased T2 of water in 

the hippocampus.229,234 However, the mean ipsilateral water signal increase of 7.9% 

in mTLE patients with atrophy would account for only 6.5% of the 34.2% [NAA] 

decrease.  Furthermore, no negative correlation between the water and the NAA 

signal was found (correlation coefficient 0.26). 

         

       Bilateral Abnormalities: To determine the presence of bilateral hippocampal 

disease in mTLE, MRSI data from the contralateral hippocampus were compared to 

controls. Mean contralateral [NAA] was significantly reduced below controls 

(p<6105).  Compared with the control group, the contralateral [NAA] was less than 1 

standard deviation below the control mean in twelve out of sixteen (75%) mTLE 

patients (Figure 20b). The NAA/(Cr+Cho) (Figure 20a), NAA/Cr and NAA/Cho 
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ratios were below 1 standard deviation of the controls in eight out of sixteen (50%) 

mTLE patients. 

Table 9. Metabolite concentrations (in mmol/l) and metabolite ratios (mean ± standard 

deviation) in patients and controls. 

 [NAA] NAA/(Cr+Ch) NAA/Ch NAA/Cr [Ch] [Cr] 

controls (n=16) 11.6  1.3 0.81  0.06  1.63  0.18 1.66  0.16  2.6  0.3 9.7  1.3  
all mTLE 

patients (n=16): 

      

ipsilateral 8.1*  1.5 

-30.2% 

0.59*  0.10 

-27.2% 

1.14  0.27 

-30.1% 

1.29  0.20 

-22.3% 

2.6  0.4 

0% 

8.7  1.8 

-10.3% 

contralateral 9.4*  1.3 

-19.0% 

0.73  0.13 

-9.9% 

1.46  0.36 

-10.4% 

1.51  0.29 

-9.0% 

2.4  0.5 

-11.1% 

9.0 1.6 

-7.2% 

mTLE with 

hippocampal 

atrophy (n=9): 

      

ipsilateral 7.6*  1.5 

-34.5% 

0.59*  0.12 

-27.2% 

1.13  0.30 

-30.7% 

1.28  0.25 

-22.9% 

2.5  0.4 

-3.8% 

8.7  2.0 

-10.3% 

contralateral 9.7*  1.2 

-16.3% 

0.72  0.16 

-11.1% 

1.45  0.37 

-11.0% 

1.49  0.30 

-10.2% 

2.5  0.5 

-3.8% 

9.3  1.2 

-4.1% 

mTLE without 

hippocampal 

atrophy (n=7): 

      

ipsilateral 8.6*  1.4 

-25.9% 

0.61*  0.08 

-24.7% 

1.16  0.25 

-28.8% 

1.31  0.13 

-21.1% 

2.7  0.4 

+3.8% 

8.8  1.5 

-9.3% 

contralateral 8.9*  1.2 

-23.35 

0.73  0.10 

-9.9% 

1.46  0.38 

-10.4% 

1.53  0.30 

-7.8% 

2.4  0.6 

-11.1% 

8.6  2.0 

-11.3% 

*: significantly different from control mean at the 0.05 level using Duncan’s Multiple 
Range Test. 
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Table 10. Patient demographics and lateralization of the seizure focus 

 

Patient   Lateralizatio

n 

MRSI left to right MRSI mTLE to control 

No. Age Sex Path. EEG ratioa [NAA]a ratiob [NAA]b 

with 

Hippocampal 

Atrophy 

 

1 38 M MTS R R R R R 

3 24 F MTS L L L L L 

6 35 F N/A L L L B B 

7 33 F MTS L L L B B 

8 49 F MTS L L L L L 

10 28 M MTS R R R B B 

14 21 M N/A R R R B B 

15 26 M N R R R B B 

16 43 F N/A R R R N R 

without 

Hippocampal 

Atrophy 

 

2 49 F MTS L L R L R 

4 43 M MTS L L R B B 

5 28 M N L L L L B 

9 36 M N/A L L L B B 

11 41 F N/A L L R B B 

12 28 M MTS R R R R B 

13 44 M MTS R R R R B 
 

a lateralization based on left to right comparison, ratio = NAA/(Cr+Cho)  
b lateralization based on mTLE data  1 standard deviation below control mean 

MTS = mesial temporal sclerosis, N/A = not applicable, R = right, L = left, B = bilateral,  

N = normal 
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Figure 20: (a) Individual NAA/(Cr+Cho) ratios and (b) NAA concentrations ([NAA]). The 

ipsilateral side of patients with hippocampal atrophy () and the contralateral side of patients 

with hippocampal atrophy (). The ipsilateral side of patients without hippocampal atrophy (◼) 

and the contralateral side of patients without hippocampal atrophy (). The ipsilateral and 

contralateral sides of healthy controls (). The control mean and the mean - 1 standard deviation 

are indicated. 
 

 

 

 

Study 2: Lateralization of Mesial Temporal Lobe Epilepsy (mTLE) Using 

EEG, MRI, MRSI and PET 

           Demographics: No significant differences were present in control subjects 

between right and left hippocampi for any measure. Table 11 shows that the means 

of combined right and left hippocampal measures are: HV (38 hippocampi) = 3452 

mm3 (342), T2 relaxation time (22 hippocampi) = 113.9 msec (4.6), [NAA] (32 

hippocampi) = 11.61 mmol/l (1.30), and NAA/(Cr+Cho) (32 hippocampi) = 0.81 

(0.06).    The mean AI plus 2 s.d. for the respective controls are: HV=8.4%, 
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T2=9.1%, [NAA] = 20.9%, and NAA/Cr+Cho = 25.6%.    All but five patients had 

unequivocal unilateral focal temporal ictal patterns on scalp EEG.  Intracranial 

ictal recordings confirmed unilateral mesial onset temporal lobe seizures in each of 

the five patients (3 with and 2 without MRI evidence of MTS). 

 

Lateralization by MRI.  MRIs performed on all twenty-five patients 

revealed easily discernible relative hippocampal atrophy in fifteen patients (60%) 

and unilateral increase in hippocampal T2 signals in nine patients (36%).  In no 

case was T2 hyperintensity seen without hippocampal atrophy.  MRI-identified 

hippocampal atrophy was concordant with ictal EEG in all cases. 

    

Lateralization by Hippocampal volumetry (HV).  All twenty-five patients had 

HV exams.  An AI  8% was required to eliminate all discordance.  With this 

threshold seventeen out of twenty-five patients (68%) were lateralized.  Sixteen out 

of these seventeen had concordant hippocampal atrophy more than 2 s.d. below the 

mean of controls.  To determine if the yield for accurate lateralization could be 

improved, a requirement was added that HV be lateralizing only if hippocampal 

volumes were more than 2.0 s.d. below the mean of controls.  This decreased the 

percent discordance for all AI thresholds < 8%, but percent concordance was also 
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lower.  Thus, the optimum criterion for lateralization with HV was an AI  8% 

without any additional requirement for absolute abnormality.  

          Lateralization by T2 relaxometry:  To eliminate all discordance an AI  4% 

was required. With this threshold nine out of thirteen patients (69%) were 

lateralized.  If the requirement was added that T2 be lateralizing only if it was 

more than 2.0 s.d. above the mean of controls, discordance was eliminated at all AI 

values, but sensitivity was decreased to 54%. Thus, the optimum criterion for T2 

lateralization was an AI  4% without any additional requirement for absolute 

abnormality. 

           

Lateralization by 1H-MRSI: Both NAA/(Cr+Cho) and [NAA] included 

some discordant patients with relatively high asymmetry.  An AI  16% was 

required to eliminate all discordance with NAA/(Cr+Cho).  This threshold resulted 

in ten out of twenty-four patients (42%) lateralized. Adding the requirement that 

NAA/(Cr+ Cho) be lateralizing only if it was more than 2.0 s.d. below the mean of 

controls did not reduce the AI that was required to eliminate discordance.  With 

[NAA] lateralization, an AI  24% was required to eliminate all discordance, a 

threshold that resulted in a sensitivity of only 21%.  As with NAA/(Cr+Cho), 

adding the requirement that [NAA] be lateralizing only if it was more than 2.0 s.d. 

below the mean of controls did not reduce the AI that was required to eliminate 
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discordance. These data suggest that no optimum criteria for 1H-MRSI 

lateralization exist without including one or more cases discordant with ictal EEG. 

          

Because discordance is not necessarily an indication of false lateralization, we 

examined 1H-MRSI lateralization results in patients completely free of seizures 

(including auras or simple partial seizures) following surgery.  In this subgroup of 

fifteen patients, NAA/(Cr+Cho) discordance was present in four patients (with AIs 

of 11% in two, and 15% and 1% in the others).  None of the fifteen patients had 

discordant [NAA]. The mean AI of normal controls  2 s.d. was approximately 

20% for both 1H-MRSI measurements.  If the asymmetry threshold was based on 

this value, lateralization sensitivity was prohibitively low--27% with 

NAA/(Cr+Cho) and 47% with [NAA] (n=15).  Forced lateralization (choosing the 

side with the lowest value, regardless of degree of asymmetry) is unreasonable, 

even if only considering patients with abnormal values.  Thus, with 1H-MRSI 

measurement the decision of an optimized lateralization criterion remained 

arbitrary.  We chose an AI  12% as a reasonable threshold for 1H-MRSI 

lateralization because NAA/(Cr+Cho) lateralization is simply unreliable with an AI 

< 12% (regardless of whether only patients with abnormal values are included).  

With this threshold applied to all twenty-four patients studied with 

NAA/(Cr+Cho), sensitivity was 58%, with discordant lateralization in one patient. 
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 The sensitivity for [NAA] was 63%, with discordant lateralization in another 

patient. 

 

Lateralization by FDG-PET:  Twenty-four out of twenty-five patients had 

FDG-PET exams.  Because of the subjective nature of determining relative 

hypometabolism and the risk of false interpretation in the presence of asymmetric 

partial volume effects, several asymmetry thresholds were evaluated.  With low 

asymmetry thresholds (only 1 or 2 temporal lobe regions with relative 

hypometabolism required to define the exam lateralized), a sensitivity as high as 

92-96% could be obtained. PET to MRI coregistration was necessary to resolve 

lateralization in one patient.  Requiring three or more regions of relative 

hypometabolism was a conservative but consistently reliable threshold for 

lateralization that resulted in twenty-one out of twenty-four (87.5%) patients 

lateralized by FDG-PET, with no discordance. 

 

     Comparison of Lateralization: Comparison of lateralization can only be 

performed in those patients who completed all exams included in the evaluation. 

Table 12a lists the lateralization for the twenty-three patients who completed FDG-

PET, HV, and 1H-MRSI studies (from the total of twenty-five patients, one did not 

have PET, and in another the 1H-MRSI PRESS volume selection was displaced 
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above the plane of the hippocampi).  Using the criteria described above, 

lateralization sensitivity was 87% with FDG-PET, 65% with HV, 61% with 

NAA/(Cr+Cho), and 65% with [NAA].  Combining the HV and NAA/(Cr+Cho) 

results together lateralized 83% of patients, a sensitivity similar to PET.  No 

discordance was found with FDG-PET or HV. 1H-MRSI measurements were 

discordant in two patients; NAA/(Cr+Cho) was discordant in one patient and 

[NAA] was discordant in a second patient. Table 12b lists the lateralization in 

patients grouped according to the presence or absence of hippocampal atrophy 

defined by HV.  FDG-PET lateralized all but one (93%) out of the fifteen patients 

with hippocampal atrophy; each of the 1H-MRSI measures lateralized ten patients 

(67%) of this subgroup (Figure 21a).  NAA/(Cr+Cho) lateralization was discordant 

in one patient who became seizure free with surgery.  Of the eight patients without 

hippocampal atrophy, FDG-PET lateralized six (75%), NAA/(Cr+Cho) four (50%), 

and [NAA] three (38%) (Figure 21b). Table 13 shows the lateralization results of 

only the thirteen patients who underwent T2 relaxometry.  None of the patients 

with normal hippocampal volumes had lateralized or abnormal absolute T2 

relaxometry values.  Of the 4 patients with non-lateralized T2 (AI<4%), all four 

had lateralized FDG-PET and NAA/(Cr+Cho); one was lateralized with HV and 

[NAA]. Figure 22 shows mTLE patient with concordance between HV (atrophy of 

right hippocampus), PET (reduction in the activity in the right hippocampus) and 
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MRSI (reduction of NAA resonance intensity and decreased NAA intensity in the 

right hippocampus). Figure 23 shows discordance between HV (no atrophy in the 

right hippocampus), and PET (reduction in the activity in the right hippocampus) 

and MRSI (reduction of NAA resonance intensity and decreased NAA intensity in 

the right hippocampus).  Figure 24 shows discordance between PET (no apparent 

reduction in the activity in the right hippocampus), and HV (right hippocampal 

atrophy) and MRSI (reduction of NAA resonance intensity and decreased NAA 

intensity in the right hippocampus). 

        

       Detection of Bilateral Abnormalities: Abnormality was defined as 2.0 s.d. 

from the mean of controls (lower values for HV and 1H-MRSI, higher values for 

T2).  Of the twenty-four patients available for comparison with HV and 1H-MRSI, 

bilateral abnormalities were detected in four with HV (17%), eight with 

NAA/(Cr+Cho) (33%), and six with [NAA] (25%).  Of the thirteen patients 

available to compare T2 relaxometry, bilateral abnormalities were detected in three 

with HV (23%), six with NAA/(Cr+Cho) (46%), four with [NAA] (31%), and one 

with T2 (8%).  
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Table 11 : Control Data for each quantitative MR method    

 Mean (s.d.) AI mean ( +2 s.d.) 

HV          

 n=19 
3452(342) mm3 8.4 % 

T2            

 n=11 
113.9 (4.6) msec 9.1 % 

[NAA] 

 n=16 
11.61 (1.30) mmol/l 20.9 % 

NAA/(Cr+Cho)   

 n=16 
0.81 (0.06) 25.6 % 

 

 

Table 12a: Comparison of Lateralization (n=23) 

 

 concordant 

 

discordant non-

lateralized 

FDG-PET 

asymm. score = 3  

 

20  

 

0 

 

3 

HV 

AI = 8% 

 

15 

 

0 

 

8 

NAA/(Cr+Cho) 

AI = 12% 

 

14 

 

1 

 

8 

[NAA] 

AI = 12% 

 

15 

 

1 

 

7 

 

 

Table 12b:  Lateralization sensitivity in patients based on HV defined hippocampal atrophy  
 

 with atrophy 

n=15 

without atrophy 

n=8 

FDG-PET 14 (93%) 6 (75%) 

NAA/(Cr+Cho) 10 (67%)* 4 (50%) 

[NAA] 10 (67%) 3 (38%)* 

* includes one patient with discordant lateralization 
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Table 13: Comparison of Lateralization (n=13) 

 concordant discordant non-lateralized 

 

FDG-PET 

asymm. score  3 

 

12 

 

0 

 

1 

HV 

AI  8% 

 

10 

 

0 

 

3 

T2 

AI  4% 

 

9 

 

0 

 

4 

NAA/(Cr+Cho) 

AI  12% 

 

7 

 

1 

 

5 

[NAA] 

AI  12% 

 

7 

 

0 

 

6 

Fig. 21a: Comparison of Lateralization by PET and

NAA/(Cho+Cr) in Patients

with Hippocampal Atrophy
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Figure 21.  Lateralization achieved with PET and NAA/(Cr+Cho) is compared in patients with 

(a) and without (b) HV defined hippocampal atrophy. As can be seen in (a), PET lateralized 

14/15 patients with hippocampal atrophy as compared to 10/15 by NAA/(Cr+Cho).  In patients 
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without atrophy (b), PET lateralized 6/8 as compared to 4/8 with NAA/(Cr+Cho).                  
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Study 3:  Neocortical Epilepsy (NE) Using EEG, MRI and MRSI. 

       Demographics and Metabolite measures:  Table 14 shows the characteristics of 

patients with complex partial seizure as regards of age, sex and localization of focus. 
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In our previous studies of mTLE patients, [NAA] concentration and NAA/(Cr+Cho) 

ratios proved to be most predictive and therefore are mainly used in this study and 

presented in Table 15 for NE, mTLE and controls.  In addition, [Cr] and [Cho] were 

calculated.  The mean ipsilateral values for [NAA], [Cr], [Cho] in the NE patients 

were 12.3 + 1.9, 9.8 + 1.2, 2.9 + 0.7 respectively, and for the mTLE patients were 8.3 

+ 1.3, 8.6 + 1.6, 2.6 + 0.4 respectively. 

 The major finding of this study was that, in contrast to mTLE, NE patients 

showed no significant changes in any ratio or metabolite concentration compared to 

controls (see Table 15).  Figure 25 shows bilateral high NAA resonance intensity 

relative to Cr and Cho (the same finding in the controls).  In Figure 26 the ipsilateral 

and contralateral values of [NAA] and NAA/(Cr+Cho) ratios are plotted for the 

individual patients.  In nineteen out of twenty-three mTLE patients the ipsilateral 

[NAA] and NAA/(Cr+Cho) values were lower than the contralateral values.  In 

contrast there was no uniform tendency between ipsilateral and contralateral values 

for NE patients. 

A comparison of ipsilateral values of mTLE patients with those of controls 

shows that for mTLE, ipsilateral [NAA] and NAA/(Cr+Cho) ratios are significantly 

reduced (p < 0.001), whereas the ipsilateral NE values are not different from those of 

controls (Table 15). Furthermore, Figure 26 shows that mTLE patients also have 

significantly reduced values in the contralateral hippocampus.  The contralateral 
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[NAA] and NAA/(Cr+Cho) ratios in mTLE patients were reduced at least 1.0 s.d. 

below the control mean in sixteen patients (70% of all patients, p<0.001) and in 

thirteen patients (57%, p < 0.002), respectively. 

 The asymmetry index (AI) was calculated to determine the degree of 

asymmetry between ipsilateral and contralateral values of [NAA] and 

NAA/(Cr+Cho) in NE as compared to controls and mTLE (Table 16).  In contrast to 

mTLE, the asymmetry of the NE group did not differ significantly from controls.  To 

detect any asymmetry (independent of the location of the seizure focus) between the 

left and right side in patients, absolute asymmetry indices were also calculated (Table 

16).  Although these asymmetry values were slightly higher in NE than in controls, 

this difference was not significant, in contrast to the highly significant difference 

between mTLE and controls. 

 Figure 27 shows the ipsilateral values of [NAA] and NAA/(Cr+Cho) for NE 

and mTLE patients. Comparison of values for each single patient more than 2.0 s.d. 

from either group (NE or mTLE) were considered to be abnormal.  Ipsilateral [NAA] 

concentrations were reduced in thirteen out of twenty-three mTLE patients and 

NAA/(Cr+Cho) ratios were reduced in nine out of twenty-three mTLE patients more 

than 2.0 s.d. below the mean values of NE patients.  On the other hand, six out of 

eight NE patients had higher [NAA] and four out of ten NE patients had higher 

NAA/(Cr+Cho) ratios more than 2.0 s.d. above mTLE.  Therefore, despite the 
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overlap between the two groups, the metabolite values may help discriminate mTLE 

from NE.  While there appears to be a clustering of the neocortical patients 

NAA/(Cr+Cho) into two subgroups (i.e. low values similar to mTLE and slightly 

increased values), there were no clinical differences between these patients in terms 

of age, years seizing, seizure frequency or seizure types. 

  To see if the location of the focus influenced the NE metabolite values, the 

patients were divided into three groups based on the relationship of their seizure 

focus to the hippocampus (Figure 28).  Patients whose seizures arose from 

neocortical structures within ipsilateral temporal lobe but outside the hippocampus 

were classified as "same."  Patients whose seizures arose from the ipsilateral frontal 

lobe were looked at separately because of the rich, profuse and preferred pathways 

between the frontal lobe and the medial temporal lobe structures ("frontal").   All 

other patients were grouped together since the location of their seizure foci would be 

expected to have less influence on the hippocampus ("other"). No relationship 

between the distance of the seizure focus from the ipsilateral hippocampus (either 

anatomical or in terms of preferential pathways) was found for the metabolites 

(Figure 28).  The two patients without convulsions were not distinguishable from the 

others with respect to [NAA], or NAA/(Cr+Cho) ratios. Figure 29 shows T2-

weighted MR image at ventricular level in an NE patient.  This patient has an area of 

signal hyperintensity in the left occipital lobe. Corresponding spectra demonstrate 
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decreased NAA resonance intensity relative to Cr and Cho. This area appeared 

between the first and second MRI measurements. In future studies, we can use 

metabolite images to recognize decreased metabolite intensity in the neocortex of NE 

patients. 

 

Table 14: Patient characteristics 

 

Pt # 

 

Localization 

 

Age 

 

Sex 

Years  

seizing 

 

Seizure freq/week1 

Lifetime  

# of GTCS2 

1 Lt. neo temporal 38 M 13 1 CPS 2 

2 Rt. occipital 36 F 18 21 CPS 0 

3 Lt. neo temporal 27 F 11 7 CPS 25 

4 Lt. occipital 37 F 26 7 CPS 69 

5 Rt. parietal 51 M 31 2 CPS 0 

6 Rt. frontal 37 F 10 0.25 CPS, 0.5 GTCS 78 

7 Rt. neo temporal 29 F 24 5 CPS 1 

8 Rt. frontal 30 F 19 49 CPS 10 

9 Lt. frontal 37 M 26 28 CPS 3 

10 Rt. frontal 25 M 6 14 CPS, 1 GTCS 209 

1 CPS = complex partial seizure, GTCS = secondarily generalized tonic clonic seizure 
2 Estimate of the total lifetime number of GTCS experienced by the patient 
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Table 15: Ipsilateral and contralateral NAA concentrations and NAA/(Cr+Cho) ratios (mean  1 

SD) in the hippocampus of NE and mTLE patients in comparison with controls (p values 

compare patients with controls). 

 

   NAA [mM] NAA/(Cr+Cho) 

controls n=16  11.6±1.3 0.81±0.06 

NE n=8/10 ipsilateral 12.3±1.9 p = ns 0.79±0.11 p = ns 

  contralateral 11.4±2.7 p = ns 0.77±0.10 p = ns 

mTLE n=23 ipsilateral 8.3±1.3 p < 0.001 0.62±0.11 p < 0.001 

  contralateral 9.6±1.3 p < 0.001 0.72±0.11 p < 0.001 

 

 

 

Table 16: [NAA] and NAA/(Cr+Cho) asymmetry indices (mean  1 SD) of NE and mTLE 

patients in comparison with controls (p values compare patients with controls). 

 

 

 asymmetry  

NAA 

asymmetry 

 NAA/(Cr+Cho) 

abs. asymmetry 

NAA 

abs. asymmetry 

NAA/(Cr+Cho) 

controls -0.19±4.87 0.626.24 3.123.66 4.733.92 

NE -4.61±7.79 p = ns -1.158.05 p = ns 5.726.89 p = ns 6.763.95 p = ns 

mTLE 7.43±8.28 p<0.001 7.408.65 p<0.003 8.956.53 p<0.001 9.086.78 p<0.004 
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Figure 25. Transverse image angulated parallel to the long axis of the hippocampus with a 

typical localization of PRESS box superimposed. The spectra show high NAA resonance relative 

to Cr and Cho bilaterally (the same finding in control subjects). 
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Figure 26. Comparison of ipsi- and contralateral [NAA] and NAA/(Cr+Cho) for NE and mTLE. 

The dashed lines indicate normal mean  1 SD. The p values compare ipsilateral with 

contralateral sides. 
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Figure 27.   Comparison of ipsilateral [NAA] and NAA/(Cr+Cho) for NE and mTLE. The 

dashed  

lines indicate mean + 2 SD and mean - 2 SD  of mTLE and NE patients respectively. 
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Figure 28. Ipsilateral [NAA] and NAA/(Cr+Cho) of NE compared to the distance of the seizure 

focus from the hippocampus. The dashed lines indicate normal mean 1 SD. 
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Figure 29. T2-weighted MR image at ventricular level  shows area of signal hyperintensity in the 

left occipital region in an NE patient. The corresponding NAA metabolite image  shows decreased 

metabolite intensity in the same area. Spectra from the same area show decreased NAA resonance 

relative to Cr and Cho. 

 

Study 4: Evaluation of Post-operative Patients Using EEG, MRI 

and MRSI 

       Demographics and Effects of Ipsilateral Hippocampal Removal on 

Contralateral Hippocampal Metabolites:     Table 17 shows patient characteristics 

and the individual patient results of contralateral hippocampal [NAA], [Cr], [Cho], 
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NAA/(Cr+Cho), and water signal (corrected for coil loading) which was used for 

quantitation. 

     Group comparisons using ANOVA yielded that the contralateral hippocampal 

metabolite concentrations ([NAA]  (p<0.01), [Cr] (p<0.03)  and [Cho] (p<10-4), 

and the NAA/(Cr+Cho) ratio (p<0.001)) were significantly different among 

patients pre- and postoperative and controls.  In contrast the difference was not 

significant for the water signal (p>0.05).  Table 18 and Figures 30 (a) through (d) 

show grouped pre- and postoperative metabolite values of the contralateral 

hippocampus.  Pairwise comparisons using the Tukey’s test showed that prior to 

surgery, the contralateral hippocampal [NAA] in patients was significantly lower 

than [NAA] in controls (p<0.01). Following surgery, the contralateral hippocampal 

[NAA] increased in seven out of ten patients.   Mean contralateral hippocampal 

NAA rose non-significantly (Tukey’s test) from 10.1  1.0 to 11.3  1.1 and was 

no longer significantly different from controls (p=0.5).  Prior to surgery 

contralateral hippocampal [Cr] and [Cho] in patients were not different from 

controls (p=0.9 and p=0.1, respectively).  However, [Cr] rose in seven out of ten 

patients after surgery.  Mean [Cr] rose non-significantly (Tukey’s test) from 9.7  

0.9 to 11.0  1.5 and postoperative [Cr] was significantly greater than [Cr] in 

controls (p<0.04). Finally, in nine out of ten patients [Cho] also increased 

following surgery.  Mean [Cho] significantly rose (p<0.002) from 2.4  0.3 to 3.1 
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 0.5, which was significantly greater than the control value (p<0.01).  The NAA / 

(Cr+Cho) ratio of the contralateral hippocampus fell in nine out of ten after surgery 

from an initial mean value of 0.74  0.10 non-significantly (Tukey’s test) to 0.67  

0.09 after surgery, which was significantly lower than control (p<0.001).  The 

water signal increased in eight out of ten patients after surgery, but there was no 

significant difference between the coil corrected water signal of pre- and 

postoperative patients and controls (using pairwise comparisons by Tukey’s test).  

Nevertheless, the water signal was considerably higher in patients after surgery 

compared with controls (p<0.01, by t-test).  However, the metabolite signals, 

corrected only for coil loading and not referenced to water, showed the same 

significant findings, demonstrating that water signal intensity changes were not 

responsible for the measured metabolite changes. 

 

                         Relationship   Between   Metabolite   Changes,  Memory  Score,  

and Dominance of the Removed Hippocampus:     Comparing the RAVLT 

memory scores with MRSI results of all patients we found a significant 

relationship (R=0.68, p<0.03) between the preoperative contralateral [NAA] and 

the preoperative RAVLT memory score (Figure 31).  However, postoperatively the 

contralateral hippocampal metabolites were not correlated to the memory score, 
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and the metabolite changes from pre- to postoperative in contralateral 

hippocampus were also not correlated with changes in memory score for the group. 

      For further analysis we subdivided the patient group into patients with the 

dominant hippocampus (defined by Wada test) preserved after surgery (n=5) and 

patients with the dominant hippocampus resected (n=4). All patients with the 

dominant hippocampus preserved (i.e. non-dominant hippocampus resected) 

showed a postoperative increase in memory score, increasing from 43.4±1.5 before 

surgery to 53.0±5.4 (p<0.04) after surgery (see Table 19).  In contrast all patients 

who had their dominant hippocampus removed had a decrease in postoperative 

memory score.  Mean memory score in this patient group decreased from 51.0±8.1 

before surgery to 46.3±10.5 (p=0.05) following surgery. The alterations of memory 

score after surgery were significantly different between the two patient groups 

(p<0.005).  In patients who had their dominant hippocampus resected (decreased 

memory score following surgery), the contralateral hippocampal NAA/(Cr+Cho) 

ratio decreased significantly (p<0.04) by 27.3±15.1% from 0.81±0.09 before 

surgery to 0.62±0.10 after surgery (see Table 19).  In contrast, patients who had the 

dominant hippocampus preserved (increased memory score following surgery) the 

contralateral hippocampal NAA/(Cr+Cho) was not significantly changed after 

surgery (0.71±0.10 pre, 0.73±0.06 post surgery).  The decrease of the contralateral 

NAA/(Cr+Cho) ratio in patients with the dominant hippocampus resected was 
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significantly (p<0.03) greater than the change of the contralateral NAA/(Cr+Cho) 

ratio in patients with dominant hippocampus preserved.  The significant changes in 

NAA/(Cr+Cho) are better understood by examining the changes of the individual 

metabolites (Table 19).  In patients with the dominant hippocampus preserved, the 

postoperative contralateral [NAA] increase (14.1±13.4%, p=ns) was greater and 

the contralateral [Cho] and [Cr] increase (19.0±20.5±%, p=ns and 3.2±13.4%, 

p=ns, respectively) was lower when compared to patients with the dominant 

hippocampus resected (postoperative increases of metabolites were: [NAA] = 

3.3±11.5%, p=ns, [Cho] = 34.1±9.5%, p<0.02, [Cr] = 23.1±21.0%, p=ns).  

Although taken individually the absolute contralateral metabolite changes after 

surgery were not significantly different between the two patient groups, changes of 

these individual metabolites caused significantly different changes of contralateral 

NAA/(Cr+Cho) ratio. 

 

    Relationship Between Metabolite Changes and Other Clinical 

Measures: We found no significant relationship between metabolites and the time 

difference between surgery and MRS examination. 

      Because only two patients had recurrent complex partial seizures following 

surgery no correlation test between MRSI results and surgery outcome was  
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performed. However, the two patients with recurrent seizures after surgery showed 

metabolite increases similar to the other patients without seizures. 

        Figure 32 shows a transverse FLASH image of the epileptic patient pre and 

postoperatively and corresponding spectra from both operated (left hippocampus) 

and non-operated (right hippocampus). The spectra show increase in Cr and Cho 

resonance intensity relative to NAA in the remaining part of hippocampus. This 

increase in Cr and Cho resonances is due to reactive gliosis.  

 In Figure 33 a transverse FLASH image is displayed with an outline 

indicating the typical PRESS volume location. In addition, spectra from the 

unoperated side of the hippocampi pre- and postoperative are shown. The spectra 

show when the non-dominant hippocampus was removed, the contralateral NAA, 

Cr, and Cho resonances increased after surgery relative to NAA, Cr and Cho 

resonances before surgery. 
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Table 17:  Patient characteristics and individual patient results of the contralateral 

hippocampus pre- and postoperative. Concentrations are in mmol/l.  
 

Pt 

# 

Ag

e 

Se

x 

side 

of  

days 

after 

mem [NAA] [Cr] [Ch] NAA/(Cr+C

h) 
H2O  ref 

   surg. surgery diff. pre post pre post pre post pre post pre post 

1 27 F D 117 -1 11.0 12.7 10.7 10.4 2.2 3.4 0.78 0.74 164 139 

2 24 F D 529 -4 11.4 10.6 9.3 10.8 2.1 2.9 0.93 0.65 112 136 

3 43 M D 502 -8 9.7 11.0 8.0 12.0 2.7 4.1 0.72 0.53 138 142 

4 49 F D 341 -6 10.9 10.3 9.4 14.0 2.4 3.0 0.81 0.55 128 142 

5 28 M nd 215 nd 9.1 12.4 10.4 12.7 2.3 3.9 0.64 0.61 137 138 

6 28 M N-D 334 4 9.7 13.1 8.8 10.5 2.1 3.2 0.78 0.77 154 141 

7 45 M N-D 250 11 10.1 11.2 10.7 9.2 1.8 2.7 0.77 0.76 143 145 

8 26 M N-D 272 6 8.3 10.7 10.2 9.6 2.6 2.6 0.55 0.75 143 153 

9 38 M N-D 91 21 9.8 9.7 8.8 9.5 2.8 3.0 0.68 0.63 140 144 

 10 38 M N-D 320 6 11.1 11.5 10.3 11.5 2.5 2.7 0.75 0.73 132 157 

D and N-D denote the dominant and non-dominant hippocampus, respectively. 
nd denote hippocampus is not detected as a dominant or nondominant. 
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Table 18: Pre- and postoperative metabolite concentrations in [mmol/l] and NAA/(Cr+Cho) 

ratios in the contralateral hippocampus of mTLE patients and in the hippocampus of controls. 

The water values corrected for coil loading are also presented. P-values are given for a two-tailed 

paired (preoperative–postoperative) and unpaired (patients–controls) t-test. The * denote 

statistically significant differences using the Tukey’s test. 
 

 

 

Metabolite 

 

Surgery 

 

Patients 

p-value 

pre – post 

 

controls 

p-value 

pat – controls 

 

NAA 

pre 

post 

10.1  1.0 

11.3  1.1 

 

p<0.04 

 

11.6  1.3 

p<0.01 * 

p=0.5 

 

Cr 

pre 

post 

  9.7  0.9 

11.0  1.5 

 

p=0.053 

 

 9.7  1.3 

p=0.9 

p<0.04 * 

 

Cho 

pre 

post 

  2.4  0.3 

3.14  0.51 

 

p<0.002 ** 

 

 2.6  0.3 

p=0.11 

p<0.01 * 

 

NAA/Cr+Cho 

pre 

post 

  0.74  0.10 

0.67  0.09 

 

p=0.16 

 

 0.81  0.06 

p=0.08 

p<0.001 * 

 

H2O*ref 

pre 

post 

13.9  1.4 

14.4  0.7 

 

p=0.36 

 

13.36  1.07 

p=0.3 

p<0.01 
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Table 19: Pre- and postoperative memory scores using the RAVLT test. The table also shows contralateral 

hippocampal absolute metabolites and NAA/(Cr+Cho) ratios for patients, grouped with respect to their dominant 

hippocampus. P-values in bottom row for each measure compare pre- and postoperative values for each patient 

group. P-values in the right column compare the proportional changes after surgery between the two patient groups. 

 

 

 side of surgery  

 dominant removed dominant preserved p-value 

memory  pre 51.0±8.1 43.4±1.5  

 post 46.3±10.5 53.0±5.4  

 % change -11.0±8.9 14.2±6.0 <0.005 

 p-value 0.05 <0.04  

NAA  pre 10.8±0.7 9.8±1.0  

 post 11.1±1.1 11.3±1.2  

 % change 3.3±11.5 14.1±13.4 0.24 

 p-value 0.60 0.081  

Cr pre 9.3±1.1 9.8±0.9  

 post 11.8±1.6 10.1±1.0  

 % change 23.1±21.0 3.2±13.4 0.16 

 p-value 0.12 0.63  

Ch pre 2.4±0.3 2.3±0.4  

 post 3.3±0.5 2.8±0.3  

 % change 34.1±9.5 19.0±20.5 0.20 

 p-value <0.02 0.10  

NAA/(Cr+Ch) pre 0.81±0.09 0.71±0.10  

 post 0.62±0.10 0.73±0.06  

 % change 27.34±15.07 3.57±15.43 <0.03 

 p-value <0.04 0.65  
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Figure 30. Graphical comparison of pre- and postoperative contralateral hippocampal values for metabolite 

concentrations, the NAA/(Cr+Cho) ratio. Also indicated is the normal range (mean  1 s.d.). Filled circles represent 

increased values after surgery. The boundaries of the boxes indicate the 25th and the 75th percentiles. The line 

within the box marks the median. Error bars above and below the box indicate the 90th and 10th percentiles. P-

values compare patients before and after surgery using a two-tailed paired t-test. 
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Figure 31. Plot of preoperative contralateral hippocampal [NAA] versus lateralized memory score. The solid line 

represents a linear regression. 

 

 
Figure 32. Shows axial MR images and spectra from each side of epileptic patient pre and postoperatively. The 

spectra show increased Cho resonance post-operatively in the remaining part of hippocampus. 
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Figure 33. Demonstration of the typical localization of the MRSI measurement superimposed on an oblique 

transverse image angulated parallel to the long axis of the hippocampus. Spectra from contralateral hippocampal 

region pre and postoperative are shown. The spectra show contralateral increased NAA, Cr and Cho resonances after 

surgery relative to NAA, Cr and Cho resonances before surgery.  

 

Study 5: Mesial Temporal Lobe Epilepsy (mTLE) Using EEG, MRI and 

Combined Multislice and PRESS MRSI 

Demographics: The demographic data for this study are summarized in table 

20. This table shows age, sex, EEG lateralization and NAA/(Cr+Cho) ratio for each 

patient. 

 

PRESS and Multislice MRSI: In seven out of nine patients (78%), the 

lateralization by PRESS MRSI was concordant with EEG (see table 20).  
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Figures 34 and 35 show that NAA/(Cr+Cho) was significantly decreased in 

both ipsilateral and contralateral hippocampi compared to controls (p<0.005). 

Furthermore, the asymmetry between ipsilateral and contralateral regions was 

highly increased (p<0.001 compared to controls). Four patients (44%) had bilateral 

reductions in NAA/(Cr+Cho) more than 2 s.d. below control mean. These results 

confirm previous findings of reduced hippocampal NAA ipsilateral and 

contralateral to the seizure focus. 

Table 21 shows the mean values of spectra from different regions in both 

sides of the cortical slice and ventricular slice of controls. It also shows the mean 

values of ipsilateral and contralateral sides of cortical and ventricular slices of the 

patients.  The P-values of ipsilateral/control, contralateral/control and 

ipsilateral/contralateral are also displayed. 

Figure 36 summarizes the findings of the multislice study of different brain 

regions in the neocortex. A total of eighteen voxels in gray matter (nine different 

brain regions) were analyzed. Twenty-seven (ipsilateral-contralateral, ipsilateral-

control, contralateral-control) one tail t-tests without correction for multiple 

comparisons were performed. The results showed tendencies of reduced 

NAA/(Cr+Cho) in two voxels (AF, SC) on one side. However, there was no 

significance when corrected for multiple comparisons. Figure 37 shows cortical 
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slice and spectra from different regions of the neocortex in mTLE patient. The 

spectra  

show high NAA resonance intensity relative to Cr and Cho. Figure 38 shows 

ventricular slice and spectra from different regions of the neocortex in the same 

mTLE patient. The spectra show high NAA resonance intensity relative to Cr and 

Cho. These results demonstrate that the neocortex is not affected in mTLE patients. 

 Table 20. Patient demographics and lateralization of the seizure focus by EEG and PRESS MRSI 

 

Patient # Age Sex EEG Forced MRSI NAA/(Cr+Cho) 

   Lateralization Lateralization contralateral Ipsilateral 

1 38 M L L 0.75 0.67 

2 28 M L L 0.65 0.60 

3 51 M L L 0.65 0.62 

4 50 M L L 0.65 0.54 

5 26 M L L 0.65 0.59 

6 30 M R L 0.59 0.70 

7 40 M L L 0.68 0.58 

8 34 M R L 0.63 0.73 

9 29 F L L 0.72 0.60 
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Table 21: The mean values of spectra from both sides of cortical slice and ventricular slice of controls, the mean 

values of ipsilateral and contralateral sides of cortical and ventricular slices of patients, and the P-values of 

ipsilateral/control, contralateral/control and ipsilateral/contralateral. 

 

 

 Controls patients 
 

P-value 

  ipsilateral         contralateral 
 

ipsi/cont   contra/cont       ipsi/contra                 
                       

C1 1.08  0.13 0.93  0.13           0.98  0.16 0.014             0.078                0.24 

 

C2 1.060.11 1.010.09             1.010.11 0.17                0.18                  0.50 
 

C3 1.090.10 1.100.09             1.090.11 0.41                0.49                  0.40   
                        

C4 1.060.14 1.120.11             1.130.12 0.22                0.16                  0.39 
 

V1 0.940.08 0.940.10             0.980.12 0.49                0.22                  0.24 
 

V2 0.730.19 0.760.01             0.760.20 0.39                0.41                  0.50 
 

V3 0.990.09 0.980.11             0.940.09 0.43                0.15                  0.22 
 

V4 0.980.08 0.970.11             0.900.11 0.35                0.045                0.10 

 

V5 1.030.05 1.000.16             1.100.14 0.34                0.11                  0.11 
 

     p< 0.05 is statistically significant. 
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Figure 34. Graphical comparison of ipsilateral and contralateral hippocampal values for metabolite concentration. 

The NAA/(Cr+Cho) ratio is decrased ipsilaterally more than contralaterally in TLE patients. 
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Figure 35. Graphical comparison of hippocampal values for metabolite concentration (NAA/Cr+Cho) ratio in 

ipsilateral and contralateral sides of mTLE patients and right and left sides of the controls. NAA/(Cr+Cho) ratio is 

decrased ipsilaterally more than contralaterally in mTLE patients. There is no change in the NAA/(Cr+Cho) ratio 

between right and left hippocampi in the controls. 
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Figure 36. NAA/(Cr+Cho) ratios for various brain regions. ns: no significance found AF: anterior frontal 
lobe, PF: posterior frontal lobe, AP: anterior parietal lobe, PP: posterior parietal lobe, LF: lateral frontal 
lobe, CF: central frontal lobe, MC: motor cortex, SC: sensory cortex, PC: parietal cortex). 
p values are given for a one tail t-test, without correction for multiple comparisons, 
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DISCUSSION 
 

Study 1: Alzheimer’s Disease 

MRI, MRSI and HV:    There were several important findings in this study.  

First, atrophy corrected NAA concentration was significantly lower in the 

hippocampus of AD patients compared to control subjects of comparable age.  

Secondly, important finding was that MRI measured hippocampal volume was also 

lower in AD patients compared with control subjects.  Thirdly, reductions of atrophy 

corrected hippocampal NAA were not an artifact of partial volume effects.  Finally, 

reductions of hippocampal NAA and hippocampal volume loss provided independent 

information regarding the discrimination of AD patients from control subjects and 

when used together classified AD patients better than either measure alone. These 

findings suggest that measurement of hippocampal NAA by 1H-MRSI, when 

employed in conjunction with MRI, may provide improved discrimination between 

AD patients and control subjects, and ultimately may be useful to detect AD in early 

stages. 

 The first major finding in this thesis was that NAA was reduced in the 

hippocampus of AD patients compared with control subjects of comparable age.  

This result is consistent with a previous 1H-MRSI study in hippocampus of AD235 

which measured reduced hippocampal NAA/Cho and NAA/Cr, suggesting 
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diminished NAA levels.  However, in this thesis, we quantitatively measured 

absolute concentration of [NAA] in the hippocampus and furthermore combined 

[NAA] and volume measurements to improve discrimination between AD patients 

and normal elderly subjects.  There is a considerable body of evidence concerning 

reduced NAA in the brain of AD patients.  Kwo-On-Yuen et al,236 performing in vitro 

NMR measurements of AD brain tissue at post-mortem, demonstrated reduced NAA 

consistent with neuronal loss.  Since then, there have been several reports149,237-240 

including those from this laboratory143,241 indicating reduced NAA/Cr and NAA/Cho 

in AD and a few quantitative 1H-MRS measurements documenting unambiguously 

lower NAA in AD.221,242  Reports of reduced metabolite ratios have drawn the 

conclusion that the reductions of NAA/Cr and NAA/Cho cannot simply be attributed 

to volume loss, since simple atrophy would result in reductions of both NAA as well 

as Cho and Cr.  Most previously single volume 1H-MRS and 1H-MRSI studies of AD 

have been performed in supraventricular brain regions involving the frontal, parietal 

and occipital cortices, and white matter.  These studies did not include the 

hippocampus, even though it is a major site of AD pathology, including specifically 

neuronal loss.243  This is probably because of  technical problems including: (1) 

difficulties in obtaining sufficient homogeneity of the local static magnetic field; (2) 

the contamination from lipid resonances have complicated the acquisition of the local 

static magnetic field; (3) the contamination from lipid resonances have complicated 
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the acquisition of spectra from the medial temporal lobe and hippocampal regions.  

Our experience in obtaining 1H-MRSI spectra from the hippocampal regions in 

patients with temporal lobe epilepsy232,244 indicated that 1H-MRSI of the 

hippocampus was feasible. 

 The second major finding of this thesis is that hippocampal volumes were 

reduced in AD patients compared to control subjects of comparable age.  This finding 

is similar to several previous MRI reports which have shown volume reductions in 

AD patients of between about 22%112 and 48%245 when compared to normal elderly.  

In contrast to the initial MRI studies of hippocampal atrophy, which reported a 

complete separation between AD patients and control subjects,113 the present results 

are similar to those of others111,246 which found considerable overlap.  One possible 

explanation for this overlap is that neuronal loss in the hippocampus of AD patients 

is accompanied by reactive gliosis247 which attenuates tissue atrophy, resulting in an 

underestimation of volume loss by MRI and consequently, in the failure to 

discriminate between AD patients and normal elderly subjects. 

 The third major finding of this thesis is that reductions of hippocampal NAA 

corrected for atrophy are not an artifact of differences in tissue composition of the 

MRSI voxels between groups. An earlier study by MacKay et al248 from this 

laboratory, using a combined analysis of coregistered MRI and 1H-MRSI data, 

demonstrated that NAA differences measured in supraventricular regions of AD 
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patients and control subjects existed independent of variations of the tissue 

characteristic in MRSI voxels. The current results demonstrate that this observation 

can be extended to the hippocampus. The current analysis was made possible by the 

development of semi-automated segmentation and voluming software with accurate 

coregistration of the MRI and 1H-MRSI data.  There have been few attempts249,250 to 

quantitatively measure metabolic changes by 1H-MRSI with consideration of partial 

volume effects.  Aside from the previous reports by MacKay et al,248 there have been 

no attempts to statistically determine the extent to which metabolic changes in AD 

are independent from variations of the tissue characteristic in MRSI voxels. 

 The most important finding of this thesis is that hippocampal NAA and 

volume provide independent information regarding the discrimination between AD 

patients and normal elderly subjects.  This result led us to an attempt to utilize both 

measures to improve discrimination between AD patients and control subjects.  

Figure 16 depicts the distribution of hippocampal NAA as a function of hippocampal 

volume from each subject of the study population and demonstrates that the 

combination of the two measures provides better correct classification of AD patients 

and control subjects than either measure alone.  Overall, these results support our 

hypothesis that 1H-MRSI in combination with MRI may be helpful to provide 

improved diagnosis and early detection of AD. 
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MRI and FDG-PET: We compared MRI volumetric analysis, PET 

metabolism values and a combination of MRI and PET data to determine which of 

these approaches might best distinguish AD patients from control subjects. The MR 

volumetric data showed that AD patients had significantly increased CSF volumes in 

the sulci, the ventricles and the combination of sulci and ventricles (the increases 

were 39.3%, 62% and 43.4% respectively, p < 0.01). There were no correlations 

between CSF volumes and MMSE scores. There was significant expansion of the 

ventricles, (increased 62.5% compared to controls). This observation allows us to 

suggest that brain atrophy is the result of a long-standing process with significant loss 

of white matter.   when the whole brain CMRglu values (as determined by PET) were 

used, several interesting findings were noted comparing AD patients and controls. 

Whole brain CMRglu values (uncorrected for atrophy) were found to be significantly 

decreased compared to controls (3.15 and 3.83 respectively, p = 0.01). This contrasts 

with the results reported by Tanna et al251 group in which no significant difference 

was found.  In this study, we found no significant difference between AD patients 

and controls when comparing the atrophy corrected CMRglu values. This is in 

agreement with earlier reports by Tanna et al.251 Brain volume is significantly 

decreased in patients with AD. Similarly, there is a significant reduction in rCMRglu 

values (parietotemporal lobes and, to some extent, the frontal lobe) and to a lesser 

extent in the whole brain. However, when corrected for brain atrophy, CMRglu for 
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the average substance of the brain is not significantly different between AD patients 

and control subjects. Therefore, we measured the atrophy weighted total brain 

metabolism and absolute whole brain metabolism as a means of distinguishing the 

AD patients from control subjects. We suggest that metabolic abnormalities of the 

brain precede structural changes. By combining the anatomic data for the entire brain 

with the metabolic measures provided by PET, we may be able to determine the 

effects of the disease on the brain. To determine if a correlation existed between 

volumetric or metabolic values and severity of disease in AD patients, we compared 

these quantitative measurements with the MMSE scores. The CSF volumes showed 

no significant correlations with MMSE. Reports from other groups have been 

revealed inconclusive results regarding this correlation.252 However, all metabolic 

values obtained in this study showed a significant correlation with MMSE. This has 

also been shown by other investigators, particularly in the relationship between 

rCMRglu values in the parietal and temporal lobes and neuropsychological 

deficits.253 

 

Study 2: Mild Cognitive Impairment (MCI) 

The major finding of this study was that volume corrected NAA was 

significantly reduced in hippocampus of MCI compared to age matched control 

subjects. This result cannot be an artifact of MRSI partial volume effects, because 
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NAA was volume corrected and variations in the MRSI voxel composition did not 

significantly contribute to NAA differences. This finding is similar to previous 

results of reduced hippocampal NAA in patients with AD. It is interesting to note 

that the 10-14% reductions of hippocampal NAA in MCI are somewhat less than 

the 16-17% reductions previously found in AD by this laboratory. Similarly, 

Parnetti et.al.240 reported NAA metabolite ratios from occipital gray matter in Age 

Associated Memory Impairment (AAMI) using single volume 1H MRS, which 

were between AD patients and control subjects. 

The second major finding of this work is that there was no significant 

difference in hippocampal volume between the MCI and control groups, but 

hippocampal volume was closely related with age. There are numerous previous 

reports demonstrating reduced hippocampal volume in patients with AD.113,246 

          Furthermore, some studies have suggested reduced hippocampal volumes in  

non-demented subjects with mild cognitive impairments.17,240 However, another 

study254 of AAMI found no difference of mean hippocampal volumes when 

compared to cognitively normal subjects, but the volume of the right hippocampus 

and hippocampal volume asymmetry correlated with some memory deficits. In the 

present study the hippocampal volume loss of 4.5-4.9% were less than the NAA 

reductions of 10.2-13.9%, and the statistical significance of NAA reductions were 

much greater than the significance of volume loss. These results suggest that 
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hippocampal NAA may be a more sensitive marker of neuronal loss than 

hippocampal volume. This might be explained by the fact that in a wide variety of 

neurodegenerative diseases, including AD, neuronal loss is often accompanied by 

an increase of glial cells which partially replace the volume previously occupied by 

neurons, thus compensating tissue loss. Therefore, the finding that reductions of 

hippocampal NAA are greater in magnitude than volume reductions may be 

explained by reactive gliosis, causing atrophy measurements to underestimate 

tissue loss, while not affecting the measurement of NAA. As the disease progresses 

and additional neurons are lost, the growth of glial cells does not completely 

compensate for empty spaces of lost neurons, leading eventually to tissue atrophy 

effects measurable by MRI. 

 The third finding of the present study is that changes of hippocampal NAA 

were statistically independent from volume changes. This result is consistent with 

our previous results in patients with AD. This finding suggests that NAA may 

provide complementary information with regard to neurodegenerative processes in 

the hippocampal region which is not available from MRI. Therefore, hippocampal 

NAA measured by 1H MRSI and volume measured by MRI may be used together 

in clinical examinations to identify subjects who are at greater risk for the 

subsequent development of AD. 
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These results, suggest that measurements of hippocampal NAA by  1H MRSI 

and volume by MRI detect abnormalities in non-demented subjects with mild 

cognitive impairments. This raises the possibility that MRI and 1H MRSI may be 

useful in identifying subjects at risk for the subsequent development of AD.  

 

II. Epilepsy  

Study 1: Lateralization of Mesial Temporal Lobe Epilepsy (mTLE) by 

EEG, MRI and MRSI 

The results of this thesis confirm previous studies that 1H-MRSI measures can 

provide lateralization of the seizure focus in mTLE.  Significant decreases of [NAA], 

NAA/(Cr+Cho), NAA/Cho and NAA/Cr compared to controls were found in the 

ipsilateral hippocampus for patients with and without hippocampal atrophy.  The 

NAA/(Cr+Cho) ratio was found to be the most sensitive measure for lateralization in 

concordance with EEG.  Contralateral low [NAA] was detected in 75% of the 

patients.  This result was unanticipated. 

 

Metabolites which provide optimum lateralization: The NAA/(Cr+Cho) ratio 

was in complete concordance with EEG lateralization in left to right comparisons.  

The NAA/Cho ratio was not concordant in one case and NAA/Cr and [NAA] were 

discordant in three cases.  The differences in concordance between these measures 
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are suggestive of a greater reliability of the sum of Cr and Cho than either one alone, 

although not to a level with statistical significance.  All previous 1H-MRS studies of 

mTLE found decreased ipsilateral NAA, either as an absolute decrease of the NAA 

signal,244,255 a decreased NAA concentration,256  a decreased NAA/Cr49,257,258 or 

NAA/Cho.182,259,260  Unfortunately, no unique measure was entirely successful in 

lateralization in these previous studies.  For example, Breiter et al256 found ipsilateral 

decreased NAA concentration in all their patients but no significant NAA/Cr 

decrease.  Cendes et al49 preferred to use the NAA/Cr ratio as the criterion for 

lateralization whereas Ng et al260 found NAA/Cho to be the most sensitive measure. 

 Only a few studies have reported changes in Cr and Cho and these studies 

have reported contradictory results.  Layer et al255 reported ipsilaterally decreased Cr 

in mTLE, whereas Connelly182 and Gadian et al259 found a 15% increase.  Using the 

method of Connelly182 and Gadian et al259(that is, correcting the metabolite signal for 

coil loading), we did not find a significant change in the Cr signal in the seizure 

focus.  However, our results of the Cr concentration based on the water signal did 

show a trend for a decreased concentration, thus supporting the findings by Layer et 

al.255 

 The Cho signal was found to be increased in the seizure focus in previous 

studies.182,260 Connelly et al182 reported a 25% increase in the coil-loading corrected 

ipsilateral Cho signal in twenty-five mTLE patients compared to thirteen control 
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subjects.  We found a trend for an increased coil-loading corrected Cho signal of 

6.7% but no changes in the calculated Cho concentrations.  This small increase of the 

Cho signal might account for the difference between the lateralization based on 

NAA/Cho and NAA/Cr. 

 Absolute quantitation of metabolite concentrations in patients with mTLE has 

only been reported by Breiter et al,256 using water as an internal reference in single 

voxel spectroscopy from an 8 cm3 voxel which included temporal lobe gray and 

white matter and portions of the hippocampus.  They found the concentration of 

NAA reduced ipsilaterally in mTLE patients, in concurrence with our findings. 

          

Relationship of decreased [NAA] to hippocampal atrophy: The finding that 

NAA was also reduced in ipsilateral non-atrophic hippocampi and without a 

simultaneous decrease in Cr and Cho in all patients indicates that the reduced [NAA] 

is not due to atrophy alone.  The decrease of hippocampal [NAA] can be explained 

neither by atrophy alone nor can it be accounted for by the small increase in the 

hippocampal water signal.  These results suggest that MRSI detects neuron loss 

which, associated with gliosis, could prevent or reduce the appearance of atrophy.  

The finding that MRSI measures lateralized patients without atrophy or other 

abnormalities on MRI suggests that MRSI is a more sensitive marker of hippocampal 

abnormality in mTLE than MRI. 
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Bilateral abnormalities: The reduced [NAA] and NAA/(Cr+Cho) in the 

contralateral hippocampus of 75% and 50%, respectively, of patients with unilateral 

seizure foci suggests that bilateral hippocampal abnormalities are more common than 

was previously thought.  Contralateral abnormalities in proton spectra from the 

temporal lobe were also found by Connelly et al182 in 40% and Ng et al260 in 18% of 

their unilateral mTLE patients.  In a carefully performed autopsy study of mTLE, 

Margerison and Corsellis42 found structural abnormalities of both hippocampi in 30% 

of their patients. 

 

Study 2: Lateralization of Mesial Temporal Lobe Epilepsy (mTLE) Using 

EEG, MRI, MRSI and PET. 

Lateralization by MRI (Diagnostic and HV): Histopathologic studies of 

mTLE reveal that 30-40% of hippocampal specimens do not have classic MTS (at 

least 30-50% neuronal cell loss in hippocampal subfields CA1, CA3, and 

CA4).48,261  These specimens have either mild or limited neuronal loss and variable 

gliosis, or even no pathologic change.  MRI detects classic MTS (93% sensitivity 

and 100% specificity).48 

Hippocampal voluming lateralized two additional patients compared to 

visual analysis of MRI, an improvement in lateralization of 8%, which is similar to 
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that previously reported.46  These results emphasize that clinically significant 

relative hippocampal atrophy is obvious on optimized images gradient echo or 

inversion recovery T1-weighted sequences that provide high resolution and good 

contrast in a well aligned plane, orthogonal to the long axis of the hippocampus.  

Conversely, risk for false lateralization is present with subtle asymmetry and such 

data sets should not be interpreted to demonstrate relative hippocampal atrophy 

unless they are confirmed with whole hippocampal volume measurements using 

conservative lateralization criteria. 

               

      Lateralization by T2 Relaxometry: T2 relaxometry provided no additional 

lateralizing information to that of visual analysis or HV.  The interpretation of 

results with T2 is limited because the number of patients was small.  However, it is 

still important to note the finding that two patients with obvious atrophy had 

normal absolute T2 values and that none of the three without atrophy had 

lateralized asymmetry or abnormal T2 values.  Similar results with T2 relaxometry 

and HV were reported by Achten et al.262  Yet, a few rare patients with MTS have 

been reported who have prolonged hippocampal T2 in the absence of hippocampal 

atrophy.263  The value of T2 remains for both clinical and research purposes 

because it is simple to perform, is highly reliable (low variance in normal), and can 

be performed in any region of interest. 
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      Lateralization by 1H-MRSI: Our relatively low sensitivity with 1H-MRSI 

lateralization contrasts with the nearly 100% sensitivity reported in some studies.  

Most studies included only a small number of patients, controls, or almost 

exclusively patients with MRI evidence for MTS.  Some studies included patients 

suspected or proven to have bilateral independent mTLE, a finding used to explain 

discordant or nonlateralized MRSI results.260,264  The 1H-MRSI sensitivity (55-

65%) reported series by Connelly et al.182 and Cross et al.265 including some 

discordant lateralization, is nearly identical to our results. 

 Because of persistent findings of discordant lateralization, we emphasize the 

need for conservative 1H-MRSI lateralization criteria, even at the expense of 

sensitivity.  This may be less of an issue with [NAA], which we found to be highly 

reliable in predicting lateralization in patients who became completely seizure free. 

We could have decreased the [NAA] asymmetry threshold to an AI  4%, which 

would have yielded a sensitivity 87.5% (15 of 16 patients with and 6 of 8 patients 

without atrophy). Future 1H-MRSI studies should consider this potentially 

important difference in [NAA] and NAA/(Cr+Cho) measures. 

 Our method of averaging all voxels containing predominantly hippocampus 

to provide a single value is a potentially important limitation of our 1H-MRSI 

lateralization analysis.  Single large voxel techniques and summation of smaller 
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voxels can dilute regional hippocampal abnormalities that may be lateralized. 

Further, our sampling excluded not only extra-hippocampal temporal lobe regions, 

but also the most anterior extent of the hippocampus.  It may be possible to 

improve the sensitivity of 1H-MRSI by improving spatial resolution, employing 

MRI based tissue segmentation, and sampling the entire temporal lobe.  These 

issues are presently being addressed with higher field strength scanners 264 and 

development of multislice and fat suppression 1H-MRSI techniques.266 

 

Lateralization by FDG-PET : Previously, FDG-PET has provided evidence 

of lateralized metabolic abnormality for non-lesional mTLE patients.  However, 

the role of FDG-PET in the presurgical evaluation amongst presently available 

advanced MR techniques is unclear.  In particular, which imaging techniques 

reliably lateralize mTLE in patients without MRI evidence of MTS is unanswered. 

Even with conservative lateralization criteria, FDG-PET was the most sensitive 

imaging modality and correctly lateralized 87% of the patients.  This included 75% 

of patients without hippocampal atrophy.  These data confirm other evidence that 

recent generation FDG-PET cameras reliably detect lateralized metabolic 

abnormalities in unilateral mTLE patients with normal MRI.267 The absence of en 

bloc hippocampal surgical specimens precludes correlating our PET and other 

imaging findings with quantitatively defined MTS. We recognize this as an 
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important issue that must be addressed in future studies in order to further 

understand the basis of multimodality imaging findings in true cyrptogenic EEG 

defined mTLE.         

       

         Comparison of lateralization:  The most important finding from our data was 

the detection of lateralized abnormality with FDG-PET and 1H-MRSI in the 

absence of HV and other MRI evidence for MTS, including T2 relaxometry.  Our 

results comparing FDG-PET to HV independently replicate those published by 

Gaillard et al.267  These results, along with the finding that false lateralization with 

FDG-PET are extremely rare in mTLE,192,268 indicates that FDG-PET can be used 

to confirm lateralization when other imaging or clinical findings are equivocal. 

 Using 1H-MRSI lateralization data together with HV yielded a total MR 

lateralization sensitivity comparable to that of FDG-PET.  As a result, addition of 

1H-MRSI to presurgical MR protocols should add lateralizing data above that of 

only MRI. In the future, it should eliminate the need for a PET study in patients 

with cryptogenic mTLE. 

         

Bilateral Abnormalities: one reason that 1H-MRSI lateralization may be 

limited is its relatively high sensitivity in the detection of bilateral abnormalities. 

Because decreases in 1H-MRSI measures were often found on the contralateral 
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side, these reductions diminished the asymmetry resulting from ipsilateral 

reductions. Even with a strict definition of abnormality, the detection of bilaterally 

abnormal 1H-MRSI was twice that of HV. 

 The significance of bilateral abnormalities detected with 1H-MRSI in 

patients with unilateral epilepsy is not known.  It may be hypothesized that 

bilaterally abnormal NAA measures reflect the detection of bilateral hippocampal 

sclerosis, a diagnosis present in 18-54% of epilepsy patients with classic 

hippocampal sclerosis in at least one side.42  This hypothesis is based on the finding 

that NAA is almost exclusively found in neurons.  Since hippocampal sclerosis is 

defined by neuron loss, it is presumed to be related to the concentration of NAA 

measured with 1H-MRSI.  Our results demonstrate that NAA measures can be 

normal in atrophic hippocampi as well as abnormal in normal volume hippocampi 

(whether ipsilateral or contralateral to ictal EEG).  This suggests that measurement 

of NAA does not simply reflect neuronal loss.  One possible explanation is that 

repeated seizure activity impairs mitochondrial metabolism in the neurons of either 

hippocampi, resulting in diminished NAA concentration.269 

 

Study 3: Neocrtical Epilepsy (NE) Using EEG, MRI and MRSI    

         Neocortical epilepsy: NE is a more heterogeneous disorder than mTLE because 

the seizure focus may be anywhere in the neocortex, but seizures in these patients do 
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not originate from the hippocampus and frequently involve the brain in a diffuse and 

bilateral fashion. Our results show that, in contrast to mTLE, patients with NE do not 

have reduced hippocampal NAA, either ipsilateral or contralateral to the seizure 

focus.  The asymmetry between ipsilateral and contralateral was not significant and 

the absolute asymmetry index was not significantly different from controls.  

Furthermore, there was no correlation between the spectroscopic results and the 

distance of the seizure focus from the ipsilateral hippocampus.  In an MRI study, 

Cook et al270 reported unchanged hippocampal volume in NE patients, in contrast to 

the volume loss they detected in the hippocampus of mTLE patients. This is 

consistent with our finding of unchanged hippocampal [NAA].  Therefore, the 

current results, taken together with those of Cook et al,270 strongly suggest that 

seizures which arise from outside the hippocampus do not damage the hippocampus. 

 On the other hand, contralateral abnormalities have been repeatedly seen in 

several published studies of unilateral mTLE.42,182,271 In Study 1 we found reduced 

[NAA] and NAA/(Cr+Cho) in 50% of the contralateral hippocampi of unilateral 

mTLE patients, suggesting that bilateral hippocampal abnormalities are more 

common than was previously assumed.  Contralateral abnormalities in proton spectra 

from the temporal lobe were also found by Connelly et al182 in 40% and Ng et al260 in 

18% of their unilateral mTLE patients.  In an autopsy study, Margerison and 

Corsellis42 found structural abnormalities of both hippocampi in 30% of mTLE 
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patients.  The reason for these contralateral abnormalities is still not clear.  The 

pathological mechanisms that are producing the contralateral damage could be due to 

either the bilateral presence of mesial temporal sclerosis or damage to the 

contralateral hippocampus because of repeated seizure activity arising from the 

ipsilateral hippocampus, or both. 

 However, the finding that [NAA] is not reduced in the hippocampus of NE 

patients strongly suggests that repeated seizures do not cause secondary damage to 

the hippocampus. Alternatively, in mTLE patients because of the neuronal 

connection between the two hippocampi, seizures in one hippocampus cause 

secondary damage to the opposite hippocampus. 

 The MRSI measurements indicate that hippocampal NAA in mTLE is 

significantly lower than in NE; however, there remains substantial overlap between 

the two groups.  Notwithstanding this overlap, the finding that hippocampal NAA is 

not reduced in NE suggests that MRSI may help discriminate NE from mTLE. 

Another important clinical problem is to localize the seizure focus in NE.  Studies in 

this laboratory are in progress to determine if multislice MRSI which obtains spectra 

from cortical regions233,272 can be used to localize the seizure focus in NE. 

 
Study 4: Evaluation of Post-operative Patients Using EEG, MRI and 
MRSI 
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    There are two major findings of this study. First, following surgical 

removal of the ipsilateral hippocampus for intractable epilepsy, contralateral 

hippocampal [NAA], which had been reduced prior to surgery, also increased 

significantly above control values after surgery. Secondly, when the dominant 

hippocampus was removed, the memory function decreased and NAA/(Cr+Cho) 

decreased in the remaining non-dominant hippocampus.   These findings are 

compared to an increase in memory score and an increase or an absence of 

NAA/(Cr+Cho) changes in the remaining dominant hippocampus when the non-

dominant hippocampus was removed.  

 

     Effects of Ipsilateral Hippocampal Removal on Contralateral 

Hippocampal Metabolites:   The increase of [NAA] concentration in the 

contralateral hippocampus to equal control values following surgical removal of 

the ipsilateral hippocampus is consistent with other findings that demonstrate 

reversibility of NAA changes.269,273,274    Thus the [NAA] concentration following 

surgery might therefore be used as a marker for neuronal recovery  and could 

reflect recovery of impaired contralateral hippocampal neuronal function present 

prior to surgery. The neuronal recovery could be due to the phenomenon of 

neuronal plasticity (the capacity for being altered), as the contralateral 

hippocampus is more relied upon after resection of the ipsilateral hippocampus. It 
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could also be due to an increase in cell volume of previously diminished neurons, 

or to metabolic changes. Furthermore, contralateral [Cho] and [Cr] increases after 

surgery above control values might reflect diffuse gliosis as a compensatory 

hypertrophy of the contralateral hippocampus due to removal of the ipsilateral 

hippocampus. Although the mechanism of diffuse gliosis is not clear, there are 

several studies275-277 which report contralateral reactive gliosis after surgical 

removal of the ipsilateral hippocampus. Hence, the increased contralateral 

hippocampal [Cho] and [Cr] could possibly represent a non-specific consequence 

of the brain surgery. The density of glial cells is much higher than that of neuronal 

cells.186 Therefore, the neuronal recovery might be accompanied with an increase 

in glial cells. The detected changes of the NAA/(Cr+Cho) ratio can be caused by 

changes in any one of the metabolites, or a combination of the three metabolites. 

The reduction of the contralateral hippocampal NAA/(Cr+Cho) ratio after removal 

of the dominant hippocampus to a level below control values reflects a greater 

increase in [Cho] and [Cr] than increase in [NAA]. This emphasizes the 

importance of calculating absolute metabolites, rather than simply reporting ratios. 

However, the increase in [NAA], [Cr] and [Cho] may reflect a change in cell 

nature and/or metabolism in the contralateral hippocampus after surgery. This 

finding of a recovery of the contralateral hippocampus after removal of ipsilateral 

hippocampus may also help to explain the contralateral abnormalities found prior 
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to surgery. The findings of this study suggest that the contralateral hippocampus is 

affected by repeated seizure activity in the ipsilateral hippocampus, rather than the 

presence of bilateral mesial temporal sclerosis. These findings suggest that surgical 

removal of the ipsilateral hippocampus, which reduces seizure frequency and 

severity, leads to a rise in contralateral hippocampal [NAA]. The two patients with 

continued seizures also showed an increase in [NAA]; however, these patients also 

had a worthwhile improvement in seizure activity, which might be responsible for 

the increase of [NAA] concentration. 

     To examine the possibility that repeated seizures cause changes in the 

contralateral hippocampus, we previously studied patients with Neocortical 

Epilepsy who had seizures frequency and severity at least as great as those in 

mTLE. No metabolite differences were found in the ipsilateral and contralateral 

hippocampi of NE as compared to controls. These results suggest that repeated 

seizure activity in NE does not result in hippocampal damage. However, because 

of the proximity of the seizure focus to the contralateral hippocampus in mTLE, 

and because of neuronal connections through commissural fibers between 

ipsilateral and contralateral hippocampi, it is possible that repeated seizure 

activities arising from one hippocampus may affect the contralateral hippocampus 

in mTLE, while seizures arising from the neocortex do not affect hippocampal 

metabolism in NE. This result is consistent with the results of a PET study on 
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mTLE patients that detected contralateral changes after surgery in mesial temporal 

lobe cortex.278 Therefore, based on these results, we suggest that the neuronal 

connections between the two hippocampi may participate in the metabolic changes 

which occur in the contralateral hippocampus prior to surgery and  in the metabolic 

recovery which occurs in the contralateral preserved hippocampus following 

surgery. 

Relationship Between Metabolite Changes, Memory Score and Dominance 

of Removed Hippocampus:   In this study we found a significant relationship 

between preoperative contralateral [NAA] and memory score using the RAVLT 

test, when comparing all patients (Figure 31, page 132). After surgery, in patients 

who had the dominant hippocampus preserved, the memory score increased and 

the contralateral hippocampal NAA/(Cr+Cho) remained unchanged; whereas in 

patients with the dominant hippocampus resected, the memory score and the 

NAA/(Cr+Cho) ratio decreased.  The cause for the different changes in 

NAA/(Cr+Cho) was that patients with the dominant hippocampus preserved had 

contralateral [NAA], [Cr] and [Cho] increase after surgery compared to patients 

with the dominant hippocampus resected.  These individual changes were not 

statistically significant, and are therefore difficult to interpret.  However, the 

increase in contralateral [NAA] in patients with the non-dominant hippocampus 

removed might be related to the compensation for impairment of hippocampal 



 179 

function by the preserved dominant hippocampus.  In these patients the neuronal 

recovery of the contralateral hippocampus after surgery is greater than in patients 

with removal of the dominant hippocampus. The findings that preoperative 

contralateral [NAA] was correlated with the preoperative RAVLT and that patients 

with an increase in memory score after surgery had a significantly smaller change 

in contralateral NAA/(Cr+Cho) than patients with a decrease in memory score 

demonstrate that MRSI visible metabolites in the hippocampus show some 

relationship to cognitive functions.  On the other hand, we could not find any 

relationship between absolute postoperative metabolite values and memory scores, 

which may reflect our small number of patients. 

  

Study 5: Mesial Temporal Lobe Epilepsy (mTLE) Using EEG, MRI and, 

Combined Multislice and PRESS MRSI 

 
The results of the combined multislice and PRESS MRSI study confirm 

previous findings of reduced ipsilateral and, to a lesser extent, contralateral NAA 

in the hippocampus of mTLE patients. The finding that, in contrast to the 

hippocampus, other brain regions do not have reduced NAA suggests that the 

affected areas in mTLE are restricted to the hippocampus and the temporal lobe. 

 Previously, we showed that hippocampal NAA is not reduced in neocortical 

epilepsy (NE). Therefore, taken together, these results suggest that multislice 
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MRSI may be used to distinguish NE from mTLE, which is often a difficult 

clinical problem. These multislice 1H MRSI studies show that in mTLE metabolite 

changes are not detected outside of the hippocampus and the temporal lobe. 
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Conclusion 
  

Study 1: Alzheimer’s disease 

         Our results show reductions of volume corrected NAA, a measure of neuronal 

density, in the hippocampus of patients with AD compared to control subjects of 

comparable age.  These NAA reductions are statistically independent from 

hippocampal volume loss. NAA reduction taken together with hippocampal volume 

loss provides better discrimination between AD and controls than either measure 

alone.  These findings suggest that the measurement of NAA by 1H-MRSI provides 

complementary information about loss or damage of neurons in AD which is not 

available from measurements of atrophy by MRI. Ultimately, 1H-MRSI together with 

MRI may be helpful to provide improved diagnosis and early detection of AD. 

         Mean whole brain metabolism rates cannot distinguish AD patients from 

controls, but correlate well with the severity of the disease. Absolute whole brain 

metabolism correlates well with MMSE. Atrophy weighted total brain metabolism, 

which combines both volumetric and metabolic data is not only a very strong marker 

for distinguishing AD patients from control subjects, but also correlates highly with 

the severity of the disease. We suggest that atrophy weighted total brain metabolism 

might be the best marker for AD early in the course of the disease, before significant 

atrophy or hypometabolism occurs. Also, atrophy weighted total brain metabolism 
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might correlate very well with more specific neuropsychiatric parameters other than 

MMSE. Finally, as it becomes possible to determine regional brain volumes, absolute 

and atrophy weighted regional metabolic activity may prove quite useful not only for 

distinguishing AD patients from controls, but for helping to determine  the severity of 

the disease, as well as correlating with specific neuropsychiatric deficits. 

 

Study 2:  Mild Cognitive Impairment (MCI) 

         Measurements of hippocampal NAA by 1H MRSI and volume by MRI can 

detect abnormalities in nondemented subjects with mild cognitive impairments. 

This raises the possibility that MRI and 1H MRSI may be useful in identifying 

subjects at risk for the subsequent development of AD.  

 

II. EPILEPSY 

Study 1 and 2: Mesial Temporal Lobe Epilepsy (mTLE) Using EEG, MRI, 

MRSI and PET 

Our results show that: First, electroencephalography (EEG) is currently the 

gold standard for lateralizing the seizure focus in mTLE patients.  

Secondly, MRI is the most sensitive tool for demonstrating gross structural 

lesions in patients with partial seizure disorders. Even in patients with mTLE in 

whom MRI fails to demonstrate a mass lesion, high resolution studies provide 
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lateralizing information in most cases. Additionally, MRI provides prognostic 

information which aids in the preoperative counseling of patients with mTLE. 

However, a substantial fraction of mTLE patients have non-concordant MRIs, with 

less optimal surgical outcome.  

Thirdly, our MRSI results show that decreased [NAA] is not due solely to 

hippocampal atrophy, and that contralateral abnormalities are much more frequent 

than previously thought.   

Finally, our results also demonstrate that PET is the diagnostic procedure of 

choice in mTLE without lateralizing MRI data. Despite some limitations, our results 

also provide data for recommendations regarding the selective use of PET in the 

setting of available advanced MRI techniques.  For patients with hippocampal 

atrophy, PET provides essentially no new lateralization or outcome information.  

This study suggests that in patients without hippocampal atrophy, MRSI provides 

lateralization nearly equivalent to PET.  For patients with hippocampal atrophy 

discordant to ictal scalp EEG, we recommend PET and SEEG recording.  The use of 

MRSI lateralization to resolve discordance between ictal EEG and established 

imaging methods should wait until the issue of false lateralization is further 

investigated. 

 

Study 3: Neocortical Epilepsy (NE) Using EEG, MRI and MRSI  
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Our results show that: First, the hippocampus is not affected in NE patients 

suggesting that reduced contralateral NAA in mTLE reflects extension of mesial 

temporal sclerosis.  

Secondly, the hippocampal NAA measurements may help to clinically 

distinguish mTLE from NE. 

 

Study 4: Post-operative Patients Evaluation Using EEG, MRI and MRSI 

 Our findings emphasize the value of MRSI for the presurgical evaluation of 

epilepsy. The ultimate potential clinical value for lateralization and detection of 

bilateral abnormalities with neuroimaging is improvement of surgical outcome. 

Removal of the ipsilateral nondominant hippocampus for intractable 

epilepsy is associated with an increase of the memory score as well as an increase 

of [NAA], [Cr] and [Cho] above the normal range in the contralateral 

hippocampus, suggesting recovery of the contralateral hippocampal function after 

surgery. Although the mechanism of these changes is a subject of speculation, the 

results suggest that the neuronal connections between the hippocampi may be 

responsoble for metabolite changes in the preserved hippocampus after surgery. 

These findings demonstrate the role of spectroscopy in the evaluation and 

determining neurological effects associated with the epileptic process before and 

after surgery. 
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Removal of the dominant hippocampus is associated with decreased memory 

score and contralateral NAA/(Cr+Cho). 

 

Study 5: Mesial Temporal Lobe Epilepsy (mTLE) Using EEG, MRI and 

Combined PRESS and Multislice MRSI:  

Our results show that: First, PRESS and Multislice MRSI showed decreased 

ipsilateral and, to a lesser extent, contralateral NAA in the hippocampus of mTLE 

patients. 

Secondly, Multislice MRSI showed decreased NAA in the hippocampus only. 

Other brain regions do not have reduced NAA, indicating that the affected areas in 

mTLE are restricted to the hippocampus and the temporal lobe only. 

 

Thirdly, In the future, multislice and PRESS MRSI can be used together to 

distinguish NE from mTLE because our investigation shows that hippocampal 

NAA is reduced in mTLE patients but not in neocortical epilepsy (NE). 
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تشخيص حاالت الصرع ومرض الزهيمر بواسطة التصوير الطيفي للرنين 
المغناطيسي وكذلك بواسطة اإلنبعاث البزتروني المقطعي بإستعمال النظائر 

 المشعة
 ة لتشخيص األمراض حيث أنه: إن الرنني املغناطيسي الطيفي طفرة جديدة يف علم األشعة التشخيصي* 

مراض اليت تسبب تغيريات تشرحيية وكيميائية يف املخ  تشرحيي والكيميائي لأليعتمد على التشخيص ال -1

(Anatomical and functional diagnosis .) 

 ال حيتاج إىل حقن املريض مبواد كيميائية.  -2

 يتم عمله على جهاز الرنني املغناطيسي العادي.  -3

 يميائية ومن أهم هذه املواد الكيميائية: نني املغناطيسي الطيفي يكتشف التغيري يف املواد الك* إن الر 

 أستيل أسبارتات(: –)إن  -1

( وعند ضمور هذه اخلاليا العصبية Neuronأستيل أسبارتات( موجود بكثرة يف اخلاليا العصبية ) –)إن 

 يقل تركيز هذه املادة. 

 كرآتين:  -2

 يوية.يف أغشية اخلاليا العصبية لكى يستخدم يف الطاقة احل كرآتني يتم ختزينه

 كولين:   -3
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 كولني يتعلق بالتمثيل الغذائي للدهون يف اخلاليا العصبية. 

ومثل الرنني املغناطيسي الطيفي توجد طفرة أخرى يف علم الطب النووي وهى انبعاث  البزترون املقطعي 

ة  تسببها األمراض اليت يتم فيها ضمور اخلاليا العصبي ويستخدم الكتشاف التغيريات الكيميائية اليت

 اس:حيث أن استخدام انبعاث البزترون املقطعي يقوم بقي

 تدفق الدم باملخ.  -1

 األكسجني. -2

 معدل التمثيل احليوي للجلوكوز. -3

 وتوجد أمراض عديدة تسبب تغيريات تشرحيية وكيميائية ومن هذه األمراض داء الصرع ومرض الزهيمر.

( وباستخدام الرنني املغناطيسي الطيفي يتم  Dementiaإن مرض الزهيمر هو أهم سبب للعتاه الباكر )

إكتشاف التغيريات التشرحيية والكيميائية اليت يسببها هذا املرض كما أن إنبعاث البزترون املقطعي 

 اطق هى:يكشف التغيريات يف املناطق اليت فيها ضمور اخلاليا العصبية  باملخ وهذه املن

 القشرة املخية الصدغية -2                 قرن أمون                  -1

 القشرة املخية اجلدارية   -4                القشرة املخية اجلبهية       -3

إن داء الصرع هو مرض عصيب ناتج عن تغريات يف املواد الكيميائية يف بعض املناطق باملخ والرنني  

املغناطيسي الطيفي يقوم باكتشاف التغيريات يف هذه املواد الكيميائية خصوصا يف منطقة قرن آمون 
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ائية اليت يسببها داء  والقشرة املخية. كما أن انبعاث البزترون املقطعي يقوم باكتشاف التغيريات الكيمي

 الصرع.

 الهدف من عمل الرسالة

 وقد مت عمل هذه الرسالة الكتشاف التغيريات الكيميائية اليت يسببها داء الصرع ومرض الزهيمر.

 مرض الزهيمر: -1

كان اهلدف من عمل هذه الرسالة هو اكتشاف التغيريات اليت يسببها مرض الزهيمر وضعف اإلدراك 

 تات( أستيل إسبار  –)إن 

 قرن آمون باستخدام الرنني املغناطيسي الطيفي.   -أ

 القشرة املخية اجلدارة والقشرة املخية الصدغية باستخدام انبعاث البزترون املقطعي. -ب 

 داء الصرع:  -2

مت إستخدام الرنني املغناطيسي الطيفي وانبعاث البزترون املقطعي يف حتديد الفص الصدغي اليت توجد به 

الكيميائية الناجتة عن داء الصرع. كما أنه مت استخدام الرنني املغناطيسي الطيفي يف اكتشاف  التغيريات 

 التغيريات الكيميائية قبل وبعد إجراء عملية جراحية إلزالة اجلزء األمامي من الفص الصدغي.
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 نتائج البحث

 مرض الزهيمر: -1

 مر وضعف اإلدراك: نتائج استخدام الرنين المغناطيسي الطيفي في مرض الزهي   -أ

أستيل اسبارتات( يف  –إن من أهم نتائج هذه الرسالة هو اكتشاف قلة حجم قرن آمون وقلة تركيز )إن 

أستيل أسبارتات( يف قرن آمون ال يرتبط مع قلة حجم قرن آمون  –قرن آمون. مع العلم أن قلة تركيز )إن 

ني مرضى الزهيمر واألشخاص الطبيعيني  ولكن إضافة هذين النتيجتني معا ميكن بواسطتهما التمييز ب

أيضا ميكن بواسطتهما التمييز بني ضعف اإلدراك واألشخاص الطبيعيني حيث أن هاتني النتيجتني  

 تدالن على ضمور اخلاليا العصبية يف قرن آمون بسبب مرضى الزهيمر وضعف اإلدراك.

ة التي يسببها مرض  نتائج إنبعاث البزترون المقطعي الكتشاف التغييرات الكيميائي  -ب

 الزهيمر: 

متوسط معدل النشاطات احليوية يف املخ ال يفرق بني مرضى الزهيمر واألشخاص الطبيعيني ولكن   -1

 يرتبط خبطورة مرضى الزهيمر.

 إن نتائج النشاط احليوي املطلق ترتبط مع نتائج التحاليل النفسية. -2
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 يف املواد الكيميائية ال تفرق بني مرضى الزهيمر إضافة نتائج قلة حجم املخ كله على نتائج التغيري -3

واألشخاص الطبيعيني ولكن ترتبط مع خطورة املرض وميكن إستخدام هذه اإلضافة لالكتشاف املبكر  

 ملرضى الزهيمر قبل حدوث تغيريات كبرية يف حجم املخ أو يف تركيز املواد الكيميائية. 

 يريات الكيميائية ترتبط مع نتائج التحاليل النفسية.إضافة نتائج قلة حجم املخ مع نتائج التغ -4

ميكن استخدام إضافة نتائج قلة حجم بعض مناطق املخ مع نتائج التغيريات الكيميائية يف هذه   -5

 املناطق لكى تفرق بني مرضى الزهيمر واألشخاص الطبيعيني وحتديد خطورة مرض الزهيمر.

 داء الصرع: -2

ناطيسي الطيفي وانبعاث البزترون المقطعي الكتشاف نتائج استخدام الرنين المغ 

 التغييرات الكيميائية التي يسببها داء الصرع. 

إن مرمسة موجات املخ هى القاعدة األساسية لتحديد الفص الصدغي الذى حيدث فيه التغيريات   -1

 الكيميائية يف مرضى الصرع.

اليت تسبب داء الصرع )مثل األورام(   الرنني املغناطيسي العادي يكتشف التغيريات التشرحيية -2

والتغيريات التشرحيية اليت تنتج عن داء الصرع مثل )ضمور اخلاليا العصبية( حتديد الفص الصدغي الذى 

 يوجد به التغيريات التشرحيية املسببة للصرع.
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أستيل أسبارتات( يف قرن آمون ليس بسبب قلة حجم قرن آمون يف نفس الفص –قلة تركيز )إن  -3

أستيل أسبارتات( يف قرن آمون يف الفص الصدغي اآلخر  –الصدغي كما أنه مت اكتشاف قلة تركيز )إن 

 الذى ال يوجد فيه قلة احلجم.

انبعاث البزترون املقطعي هو الوسيلة الفريدة لتحديد الفص الصدغي الذى يوجد به التغيريات   -4

 املغناطيسي الطيفي.الكيميائية وميكن استخدامه يف حالة عدم وجود الرنني 

يف حالة اكتشاف قلة حجم قرن آمون باستخدام الرنني املغناطيسي العادي فإن انبعاث البزترون   -5

 املقطعي ال يعطي أي إضافة يف حتديد الفص الصدغي الذى توجد به التغيريات الكيميائية. 

زترون املقطعي يف حالة عدم الرنني املغناطيسي الطيفي يعطي نفس النتائج اليت يعطيها انبعاث الب -6

 التغيري يف حجم قرن آمون باستخدام الرنني املغناطيسي العادي. 

قرن آمون ال يتأثر يف مرضى الصرع الناشئ عن التغيريات الكيميائية يف القشرة املخية لذلك ميكن   -7

ات الكيميائية يف أستيل أسبارتات( للتفريق بني مرض الصرع الناشئ عن التغيري –استخدام قلة تركيز )إن 

 الفص الصدغي ومرض الصرع الناشئ عن التغيريات الكيميائية يف القشرة املخية.

أستيل أسبارتات( يقل فقط يف قرن آمون وال –استخدام طريقة تعدد الشرائح أثبتت أن تركيز )إن  -8

قط لذلك ميكن يقل يف القشرة املخية يف داء الصرع الذى يسبب تغيريات كيميائية يف الفص الصدغي ف

استخدام هذه الطريقة لكى تفرق بني مرضى الصرع الذى يصيب الفص الصدغي فقط ومرضى الصرع 

 الذى يصيب القشرة املخية فقط.
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نتائج استخدام الرنين المغناطيسي الطيفي الكتشاف التغييرات الكيميائية قبل وبعد إزالة  

 الجزء األمامي من الفص الصدغي 

أستيل   –غري مسيطر يصاحب بزيادة يف معدل الذاكرة وزيادة يف تركيز )إن إزالة قرن آمون ال -1

كولني( يف قرن آمون يف اجلانب اآلخر من املخ أكثر من املعدل الطبيعي وهذا   –كرآتني   –أسبارتات 

يدل على استعادة وظيفته بعد العملية اجلراحية لذلك ميكن استخدام الرنني املغناطيسي الطيفي يف 

 لتغيريات الكيميائية قبل وبعد عملية إزالة اجلزء األمامي من النص الصدغي.اكتشاف ا

أستيل أسبارتات على كولني  –إزالة قرن آمون املسيطر يصاحب بقلة يف الذاكرة وقلة نسبة )إن  -2

 وكرآنني(.

 

 

 

 

 

 
 

 

 

 


