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ABSTRACT

This thesis concerns the investigation of mild cognitive impairment (MCI) and
Alzheimer's disease (AD) using single photon emission computed tomography
(SPECT) and quantitative electroencepholography (qEEG).

In study I, qEEG values were cross-sectionally compared between AD, MCI and
controls. AD had decreased global field power (GFP) and more anterior
localization of three-dimensional dipole source in alpha and beta frequency. The
results of longitudinal investigation of MCI showed a decreased alpha GFP and a
more anterior localization of sources of theta, alpha and beta frequency in
progressive mild cognitive impairment (PMCI), as compared to stable mild
cognitive impairment (SMCI). EEG values showed a moderate diagnostic accuracy
in the study of AD and MCI.

In study II & III, the baseline regional cerebral blood flow (rCBF) and
neuropsychology were investigated in PMCI and SMCI. PMCI had decreased
regional cerebral blood flow (rCBF) in posterior cingulate and parietal lobe as well
as increased brain perfusion in prefrontal cortex compared to SMCI at baseline.
The cognitive functions of PMCI were lower than SMCI with respect to episodic
memory, visuospatial and general cognitive function represented by Mini-Mental
State Examination (MMSE). Both SPECT and Neuropsychological test had
moderate discriminant function between PMCI and SMCI at baseline and
combining the two methods could improve the diagnostic accuracy. 

In study IV, the longitudinal rCBF changes of PMCI and SMCI were investigated.
SPECT data were analyzed with statistical parametric mapping (SPM) and BRASS
program. No significant findings were detected using SPM. The results of BRASS
showed a significant rCBF longitudinal reduction of PMCI in superior parietal
lobe, parieto-temporal association cortex and medial temporal lobe and a
significantly decreased general cognitive function represented by MMSE. 

To summarize, SPECT and EEG could provide promising markers for the early
diagnosis of dementia and track the disease progression. Combining imaging
investigation with neuropsychological testing may increase the diagnostic accuracy
of preclinical dementia. 
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ABBREVIATIONS

AACD Age-associated Cognitive Decline 

AAMI Age-associated Memory Impairment

AD Alzheimer's Disease 

CDR Clinical Dementia Rating Scale 

CERAD Consortium to Establish a Registry for Alzheimer's Disease 

CIND Cognitive Impairment no Dementia 

CSF Cerebrospinal Fluid 

DSM-IV Diagnostic and Statistical Manual, 4th edition 

ERP Event-Related Potential 

FFT Fast Fourier Transformation 

GDS Global Deterioration Scale 

GFP Global Field Power 

HMPAO Hexamethylpropyleneamine Oxime

MCI Mild Cognitive Impairment 

MMSE Mini-Mental State Examination 

MRI Magnetic Resonance Imaging 

NIA/AARP National Institute on Aging and the American Association of Retired Persons

NINCDS-ADRDA National Institute of Neurological and Communicative Disorders and Stroke-

Alzheimer's Disease and Related Disorders Association 

PET Positron Emission Tomography

PMCI Progressive Mild Cognitive Impairment

qEEG Quantitative Electroencephalography

rCBF Regional Cerebral Blood Flow 

ROC Receiver Operating Characteristic

SCI Subjective Cognitive Impairment

SGRC Stockholm Geriatric Research Center

SMCI Stable Mild Cognitive Impairment

SPECT Single Photon Emission Computed Tomography

SPM Statistical Parametric Mapping

VOI Volumes-of-Interest

WAIS-R Wechsler Adult Intelligence Scale-Revised
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INTRODUCTION

Concept of mild cognitive impairment (MCI)

Individuals who ultimately develop a degenerative dementia such as Alzheimer's disease (AD)

will pass through a period of mild stage. MCI is termed to depict this transitional zone between

normal aging and dementia (Almkvist et al., 1998; Jacobs et al., 1995; Morris et al., 2001;

Petersen et al., 2001; Petersen et al., 1999). Elderly individuals with MCI have clinically

significant memory impairment, often accompanied by the functional deficits in attention,

language, visuospatial and psychomotor function, but do not fulfill the current criteria for

dementia (Chen et al., 2001; Petersen et al., 2001). The field of MCI research is currently

focusing on identifying the risk factors of disease progression for the purpose of early

therapeutical intervention, which may in turn delay or even prevent the onset of disease process.
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Concept of dementia

Dementia is essentially a disease of older people. In DSM-IV (American Psychiatric

Association., 1994), dementia is characterized by multiple cognitive defects that include

impairment in memory, language, learning, orientation, attention and concentration, general

intelligence, problem solving, perception and judgement. A person's personality could be

affected. Social or occupation functioning significantly declines as compared to the previous

level of functioning. There is no impairment in consciousness. Patients with the impairment of

consciousness are suspected to have delirium. The most common type of dementia is

Alzheimer's disease (AD), followed by vascular dementia. Other common causes of dementia

include Parkinson's disease, lewy body dementia, pick's disease and Huntington's disease etc. 

Alzheimer's disease (AD)

AD is a progressive neurodegenerative disorder, which accounts for 55% of all dementias (Dugu

et al., 2003). It has an insidious onset with symptoms of mild cognitive impairment and the

earliest cognitive domain affected is consistently reported in episodic memory (Almkvist and

Backman, 1993). The clinical diagnosis is mainly made by National Institute of Neurological

Disorders and Communicative Disorders-Alzheimer's Disease and Related Disorders Association

(NINCDS-ADRDA) criteria (McKhann et al., 1984) and the Diagnostic and Statistical Manual,

4th edition (DSM-IV) criteria (American Psychiatric Association., 1994). Structural MRI studies

and the functional investigations of PET and SPECT showed brain atrophy, typically medial

temporal lobe atrophy as well as rCBF and glucose metabolism reduction in parieto-temporal

association cortex, parietal cortex and posterior cingulate in early AD (Bobinski et al., 2000;

Davis et al., 1995; Dewan and Gupta, 1992; Erkinjuntti et al., 1993; Jagust and Eberling, 1991;

Minoshima et al., 1994; Postiglione et al., 1993; Scheltens et al., 1992; Waldemar, 1995;

Waldemar et al., 1997). Cholinergic deficits were consistently reported, which are correlated

with the dementia severity (Bierer et al., 1995; Coyle et al., 1983). Cerebrospinal fluid (CSF)

level of microtubule associated tau-protein was found to elevate and β-amyloid is reduced in AD

(Arai et al., 1995; Jensen et al., 1995; Jensen et al., 1999; Riemenschneider et al., 1996).
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Pathologically, AD is characterized by neuron and synapse loss, senile plagues and

neurofibrillary tangles, which mostly start from the transentorhinal region to limbic structures

and finally spread to the associative neocortical areas (Braak and Braak, 1991). The pathological

diagnostic criteria of AD is mainly made by National Institute on Aging and the American

Association of Retired Persons, which is known as NIA/AARP criteria or Khachaturian criteria

(Khachaturian, 1985) and Consortium to Establish a Registry for Alzheimer's disease (CERAD)

criteria (Mirra et al., 1991), which are based on the use of age-related senile plaque scores to

establish a neuropathological diagnosis. The recent consensus from the National Institute on

Aging/Reagan Institute Working Working Group, so called NIA/Reagan Institute

recommendations concerns the both the number of plaque and tangles in the neocortex, limbic

and paralimbic regions (Hyman and Trojanowski, 1997). 

Natural history of MCI

MCI is a heterogeneous group with variety of clinical outcomes (Petersen et al., 2001). Most of

the MCI subjects will progress to dementia and are at-risk of higher rate of death (Bennett et al.,

2002; Palmer et al., 2003). The most common converting type of dementia is AD and the annual

converting rate is 10% to 15% in subjects with MCI, which is ten times more than in normal

aging (Petersen et al., 2001). Moreover, recent studies suggest a time-dependent evolution of

MCI to dementia. The persons with cognitive impairment have a higher risk of progressing to

dementia over a period of up to 3 years, but the risk starts to decrease after this point (Palmer et

al., 2003). However, some MCI may never progress to any significant extent (Petersen et al.,

2001). This MCI sub-group includes the subjects who undergo functional memory impairment

induced by psychological disorders such as depression, anxiety or somatic disorders and the

cognitive function of those patients could improve after several months´ follow-up (Daly et al.,

2000; Devanand et al., 1997; Hanninen et al., 1995; Helkala et al., 1997; Palmer et al., 2002;

Wahlund et al., 2003; Wolf et al., 1998). It is also possible that MCI is overlapping with healthy

subjects who will not progress to dementia at this point (Petersen et al., 1999). 
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Diagnostic criteria of MCI

There is no established formal diagnostic criteria for MCI. The diagnosis is mainly based on the

neuropsychological tests, however, it varies from investigator to investigator and is modified

over time. 

The criteria commonly used in Mayo Clinic is Petersen's Criteria (Petersen et al., 1999). The

diagnosis of MCI is made if the patients have 1) memory complaint, 2) normal activity of daily

living, 3) normal general cognitive function, 4) abnormal memory for age, 5) not demented.

However, other types of MCI were later proposed which are MCI with multiple domains slightly

impaired and MCI with impaired single non-memory domain. Moreover, some other studies use

global deterioration scale (GDS)=3 and/or clinical dementia rating scale (CDR)=0.5 as the

diagnostic criteria of MCI (Hughes et al., 1982; Reisberg et al., 1982).

In our clinic, Subjects who are diagnosed as MCI performed at least 1.0/1.5 SD below average

for their age on at least one neuropsychological test, but do not fulfill the diagnostic criteria for

dementia according to DSM-IV criteria (American Psychiatric Association., 1994) and do not

Model the Progression of MCI

Time

PMCI

SMCI

C
og

n
it

iv
e 

fu
n

ct
io

n

Dementia

years

MCI

ImproveImprove



Chaorui.Huang
_____________________________________________________________________________________________

8

have evidence of impairment in social or occupational functioning. For the research purpose, we

define the MCI subjects who progress to dementia during the follow-up as progressive mild

cognitive impairment (PMCI) and the subjects who do not progress to dementia in the

observation time as non-progressive mild cognitive impairment or stable mild cognitive

impairment (SMCI).

Other definitions of mild cognitive impairment

Other concepts have been used to describe the cognitive status that lies between normal aging

and mild dementia, for example, age-associated memory impairment (AAMI), age associated

cognitive decline (AACD), cognitive impairment no dementia (CIND), questionable dementia. 

AAMI refers to healthy persons over 50 years of age who have subjective memory complaint

and perform at least one standard deviation below the norms for young adults in memory test, are

not demented and have no other medical or psychiatric condition that can account for this

memory decline (Crook et al., 1987; Larrabee and McEntee, 1995). AAMI is generally viewed as

a phenomenon of normal aging (Koivisto et al., 1995). However, some researchers questioned

that it might be on a continuum with AD (Brayne and Calloway, 1988). 9% AAMI subjects were

reported to develop dementia during  3.6 year follow-up (Hanninen et al., 1995). Bartres-Fas et

al.´s study showed that the subjects who fulfilled both the AAMI and MCI criteria presented a

neuropsychological and genetic profile closer to that previously related to AD than those who

fulfilled the AAMI criteria only (Bartres-Faz et al., 2001).  Frontal lobe dysfunction and

hippocampal atrophy have been reported in AAMI (Golomb et al., 1994; Hanninen et al., 1997;

Soininen et al., 1994). However, the structural changes of  hippocampus in AAMI was not

confirmed in a following study (Laakso et al., 1998).

The concept of AACD encompasses multiple domains of cognitive decline, which is based on

scoring the normal elderly people (Levy, 1994). The criteria is developed by a working group of

the International Psychogeriatrics Association (Wilmette, Illinois) and the World Health

Organization (Geneva, Swizerland), which concerns a gradual decline in any one cognitive area
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of at least six months duration and performance at least 1 SD below norms for age on relevant

neuropsychological tests. The prevalence of AACD was estimated as 19.3% in the general

population and the conversion rate to dementia was reported to be 28.6% during 3 year follow-up

(Ritchie et al., 2001).

CIND is defined as a score one standard deviation below the age and education matched MMSE

in the Kungsholmen Project in Sweden and one third of the subjects progress to dementia during

the 3-year follow-up (Palmer et al., 2002). The Canadian study of CIND reported 42% of all the

subjects classified as CIND at the baseline developed dementia in the following 5 years (Hogan

and Ebly, 2000).

Questionable dementia is defined with a CDR score of 0.5. 19% to 41% of the subjects with

questionable dementia were reported to convert to dementia during 2.5 to 3 year follow-up (Daly

et al., 2000; Devanand et al., 1997). 

Neuropsychological assessment of MCI

Cognitive deficits in multiple domains could be detected in MCI. Episodic memory, especially

delayed recall, is found to be the most common cognitive manifestation years before the onset of

dementia (Bennett et al., 2002; Celsis, 2000; Elias et al., 2000; Small et al., 2000; Tierney et al.,

2000). The impairment in other cognitive domains involves verbal function, visuospatial

processes, attention, executive function as well as abstract reasoning and retention (Celsis, 2000;

Chen et al., 2001; Fabrigoule et al., 1998; Hanninen et al., 1997; Nielsen et al., 1998; Tierney et

al., 1996; Wolf et al., 1998). Recent studies showed that considering non-memory cognitive

domains could significantly improve the predictive value of the future development of AD

(Masur et al., 1994). Mini-Mental State Examination (MMSE) has also been reported to be a

useful test in predicting future onset of AD (Small et al., 1997; Tierney et al., 2000). It would be

desirable for the clinical application if the finding could be further confirmed, since the test is

easy to perform. Procedural memories, as well as sensory and motor abilities are consistently

shown to be relatively well preserved in the early stage of AD (Howieson et al., 1997; Small et
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al., 1997; Tierney et al., 2000). Moreover, recent research indicated that MCI subjects with a

single non-memory domain deficit are more likely to go on to develop another

neurodegenerative disease, such as progressive aphasia, vascular dementia or lewy body

dementia (Petersen et al., 2001).

Neuropathology of MCI

Recent studies showed that neurofibrillary tangles and neuritic plague occur in the limbic

structure and neocortex in MCI (Morris et al., 1991; Price et al., 1991; Price and Morris, 1999;

Troncoso et al., 1996). The initial formation of tangles was reported to be separated from that of

plagues (Price and Morris, 1999). Tangles are firstly formed in the limbic structures, whereas,

plaques are preferentially formed in the neocortex (Price and Morris, 1999). High density of

neurofibrillary tangles in MCI, as compared to the normal aging, has been found in entorhinal,

transentorhinal and perirhinal cortex, hippocampus, basal magnocellular complex as well as

antero-dorsal nucleus of thalamus, but with lower numbers of tangles in the neocortex (Braak

and Braak, 1991; Price and Morris, 1999). Whereas, both diffuse plaques and neuritic plaques

distribute widely throughout the cerebral cortex, mainly in temporal and orbital cortex in MCI,

but the limbic areas have relatively fewer plaques than the neocortex (Morris et al., 1996; Price

and Morris, 1999). Little or no neuronal loss is found in aging, however, there is substantial

neuronal loss in entorhinal cortex, especially in layer II and in CA1 sector of hippocampus in

very mild AD (Gomez-Isla et al., 1996; Price et al., 2001). 

Magnetic Resonance Imaging (MRI) in MCI

Hippocampal and entorhinal cortex atrophy are consistent findings in MCI (Bottino et al., 2002;

Convit et al., 1995; Convit et al., 1997; De Santi et al., 2001; Dickerson et al., 2001; Du et al.,

2001; Killiany et al., 2000; Killiany et al., 2002; Visser et al., 1999; Xu et al., 2000). Equivalent

discriminant values have been reported between MCI and normal controls by measuring the

volume of hippocampus and entorhinal cortex (Xu et al., 2000). However, the visualization of
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entorhinal cortex on MRI is more difficult as the boundaries can be obscured by anatomic

ambiguity or image artifact. Hippocampal volumetry may be more preferable (Juottonen et al.,

1999; Xu et al., 2000). Cingulate cortex and precuneus are interesting regions in preclinical

dementia, which have been reported to be atrophic (Chetelat et al., 2002; Killiany et al., 2000).

The posterior cingulate atrophy is also found in the mutation carriers at the presymptomatic stage

of dementia (Fox et al., 2001; Scahill et al., 2002). Moreover, pronounced grey matter loss of

parietal lobe, insular cortex, thalamus and caudate nucleus and white matter lesions as well as

unexpected global atrophy were reported to be linked with the increased risk of dementia

(Chetelat et al., 2002; Du et al., 2001; Fischl et al., 2002; Foundas et al., 1997; Kabani et al.,

2002; Rombouts et al., 2000; van der Flier et al., 2002; Van Der Flier et al., 2002).   

PET & SPECT imaging in MCI

Functional imaging studies of positron emission computed tomography (PET) and single photon

emission computed tomography (SPECT) show that parieto-temporal association cortex, parietal

lobe and cingulate cortex are the earliest regions affected in MCI (Grady et al., 1988; Haxby et

al., 1990; Johnson et al., 1998; Kennedy et al., 1995; Kogure et al., 2000; Minoshima et al.,

1997; Okamura et al., 2002). Healthy apolipoprotein E4 carriers are also found to have glucose

metabolic reduction in parieto-temporal association cortex and posterior cingulate cortex

(Reiman et al., 1996). Moreover, the functional alterations of posterior cingulate have been

shown to precede the changes in parieto-temporal association cortex in predromal AD (Kogure et

al., 2000; Minoshima et al., 1994). 

Hippocampus and entorhinal cortex were also reported to be affected in preclinical dementia (De

Santi et al., 2001; Johnson et al., 1998; Kogure et al., 2000; Ohnishi et al., 1995). However,

despite the medial temporal lobe has the earliest structural alterations measured by MRI and

pathological abnormalities in AD, it may not have the earliest functional changes examined by

PET and SPECT (Kitayama et al., 2001; Kogure et al., 2000). A recent longitudinal study with

serial MRI and SPECT demonstrated a considerable discordance between area of regional

atrophy and areas of regional brain hypoperfusion in early AD, which showed a more
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pronounced grey matter volume loss compared to cerebral blood flow (rCBF) changes in medial

temporal lobe, but more extensive rCBF alterations in posterior cingulate, precuneus and

associative parietal cortex than the grey matter volume reduction (Matsuda et al., 2002). 

Electroencephalography (EEG) in MCI

There are not many studies concerning MCI and EEG. MCI was found to be intermediate

between normal aging and dementia in EEG with considerable overlap (Grunwald et al., 2001;

Jelic et al., 1996). An increased theta activity, accompanying a decrease of beta activity are

found in the early stage of dementia and followed by a decrease of alpha frequency and an

increase in delta activity in severe stage (Coben et al., 1985; Dierks et al., 1991). 

Concerning the prediction of the future development of dementia in MCI using EEG, combined

alpha, theta relative power and mean frequency were found to be predictive markers in subjects

with MCI using conventional frequency analysis (Jelic et al., 2000). An event-related potential

(ERP) study found the predictive value of a word repetition paradigm ERP effect for the future

development of AD in subjects with MCI (Olichney et al., 2002). 

Summary

MCI is an operational diagnostic term developed to describe the preclinical stage of dementia.

The rate at which MCI subjects convert to AD each year is ten times more than the rate for

normal subjects (Petersen et al., 1999). Identification of PMCI versus SMCI and tracing the

progression of PMCI are currently of theoretical interest and practical importance. Early

therapeutical interventions are more likely to be effective and the improvement of clinical

outcome may significantly reduce the heavy economic and social burden. Therefore, it is of

utmost importance to establish effective screening and diagnostic tests which will be simple and

inexpensive to perform as well as accurate. Imaging methods have been shown to be useful for
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the dementia diagnosis. It would be interesting to explore the predictive values of imaging

markers for the future development of dementia in MCI subjects.
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AIMS

The general aim of this study was to look for imaging markers of future development of

dementia in subjects with MCI. 

The specific aims were:

Study I: In the cross-sectional part of this study, we aimed to describe a profile of magnitude and

localization of equivalent EEG generators in patients with AD, MCI and controls and explore the

variables which have the best classification accuracy among the respective groups. In the

longitudinal part of this study, we followed MCI subjects for 2 years on average in order to

investigate which of the baseline EEG variables were the best predictors of the future

development of AD.

Study II and III: We aimed to detect the differences of brain perfusion and compare the patterns

of cognitive function among PMCI, SMCI and age matched controls in order to identify the

subjects at risk for the future development of dementia. We also correlated the rCBF and the

neuropsychological tests to explore the relation between the brain perfusion and cognitive

function. 

Study IV: We aimed to evaluate the rCBF progression and cognitive changes of PMCI and

SMCI during follow-up. Both voxel-based SPM and VOI-based BRASS were applied for the

SPECT quantification and the two methods were compared. 
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STUDY POPULATION

All patients were selected from those individuals consecutively investigated for suspected

dementia at the Geriatric Clinic, Huddinge University Hospital. The control subjects were

recruited through advertisements in the press, the Swedish Pensioner Society and a Driving and

Aging project. Descriptive statistics for the study samples from paper I to IV are given in Table

1. The MCI subjects in study II and IV are overlapping and all the MCI subjects we have

investigated were included in study III.

All subjects underwent general medical, neurological, psychiatric and neuropsychological

evaluation, as well as neuroimaging diagnostic procedures SPECT, MRI and EEG. 

In study I, the MCI subjects performed at least 1 SD below average for their age on

neuropsychological tests representing one or more areas of cognition, but did not fulfill the

diagnostic criteria for dementia according to DSM-IV criteria. Patients with AD were diagnosed

according to the NINCDS-ADRDA criteria (McKhann et al., 1984). 

In study II-IV, the diagnosis of MCI was made when the subject performed at least 1.5 SD below

average for their age on at least one neuropsychological test, but did not fulfill the diagnostic

criteria for dementia according to DSM-IV criteria (American Psychiatric Association., 1994)

and did not have evidence of impairment in social or occupational functioning. Other medical

conditions likely to explain the cognitive impairment were excluded during the clinical

examination. In study IV, subjective cognitive impairment (SCI) was selected as reference

group. The subjects have memory complaints, but performed normal in neuropsycological and

medical exams. 

For all studies, PMCI and SMCI are retrospective diagnostic terms based on the clinical follow-

up. PMCI refers to the MCI subjects who converted to dementia according to the DSM-IV
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criteria during the follow up. Whereas, SMCI was defined as the subjects who still did not fulfill

the criteria for dementia according to DSM-IV during the observation time.

Table1. Descriptive statistics of the study populations.

Subjects N F/M Age 

(years)

MMSE

(baseline)

MMSE 

(follow-up)

Follow-up time

(months)

Study I

AD 38 21/17 62.7 (7.1) 23.2 (2.5) - -

MCI 31 16/15 61.2 (8.0) 26.7 (2.2) - 25.5 (8.7)

Controls 24 15/9 63.4 (9.8) 29.0 (1.2) - -

Study II

PMCI 17 9/8 63.6 (7.3) 26.2 (2.0) - 26.6 (19.0)

SMCI 37 24/13 60.3 (8.5) 27.0 (2.3) - 29.7 (16.6)

Study III

PMCI 28 15/13 63.4 (7.6) 25.7 (2.1) - 23.6 (17.1)

SMCI 54 30/24 59.6 (9.7) 26.9 (2.3) - 27.7 (15.5)

Controls 20 13/7 61.3 (8.0) 29.4 (0.8) - -

Study IV

PMCI 19 11/8 62.2 (6.8) 25.7 (2.5) 23.2 (4.1) 20.3 (10.9)

SMCI 23 14/9 58.7 (9.5) 27.2 (1.9) 26.6 (2.6) 18.5 (9.0)

SCI 12 6/6 57.3 (8.8) 29.0 (0.94) 29.0 (1.05) 19.6 (8.3)

AD: Alzheiemer's disease; MCI: mild cognitive impairment; PMCI: progressive mild cognitive impairment; SMCI:

stable mild cognitive impairment; SCI: subjective cognitive impairment; m: male; f: female; values in parenthesis

represent standard deviation (SD).
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METHODS

EEG

Data acquisition

All EEGs were recorded referred to the linked mastoids on a computer-based system (Bio-Logic

Brain Atlas) from 20 electrode locations, according to the 10/20 system. All investigations were

done in a resting awake condition with the eyes closed. Vigilance control was ensured by

continuous monitoring of subjects to detect and avoid changes in alertness such as drowsiness.

Before AD-conversion, the EEG was filtered analogous with a band pass of 1.0-30.0 Hz. Overall

amplification was 20 000 times.  

Data analysis

The first fifteen successive 2-second samples were selected, a total of 30 seconds, and edited off-

line by visual inspection so as to exclude artifacts. Frequency analysis was performed for 6

frequency bands: delta (1-3.5 Hz), theta (4-7.5 Hz), alpha (8-11.5 Hz), beta 1 (12-15.5 Hz), beta

2 (16-19.5 Hz). 

1) Fast Fourier Transformation (FFT) approximation

The method of FFT Dipole approximation was developed to estimate the conventional three-

dimensional source, which is considered as the center of gravity of the brain electrical activity.

Global Field Power (GFP), which corresponds to the generalized EEG amplitude, was calculated

for the 6 frequency bands mentioned above and logarithmically transformed in order to

normalize data distribution. Localizations of the generators of each frequency band were

calculated in the antero-posterior (Loc-X), left-right (Loc-Y), and superior-inferior (Loc-Z)
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dimensions. The localizations are expressed as distance in mm from the middle point of a

spherical head model (zerovalue: 10% level in the 10/20 system). 

2) Conventional FFT

Frequency analysis was performed in a conventional way using a FFT algorithm with a Hanning

window (Bendat et.al,1971). Absolute and relative power were calculated in the above

mentioned conventional frequency bands from 8 scalp bipolar derivations: left and right fronto-

central (F3-C3, F4-C4), left and right temporal (T3-T5, T4-T6), left and right centro-parietal

(C3-P3, C4-P4), and left and right temporo-occipital (T5-O1, T6-O2). Prior to statistical

analysis, the absolute power values were transformed using the natural logarithm transform.

SPECT

Acquisition

Each subject was injected with 1000 Mbq Tc-99m hexamethylpropyleneamine oxime (HMPAO)

(Ceretec, Amersham Ltd) in a quiet surrounding with eyes closed. Acquisition started 30 minutes

after injection. Data were collected in 64 projections evenly spread through 360 degrees with a

single headed rotating gamma camera (Siemens Diacam) with a total acquisition time of 32

minutes. Tomographic slices were reconstructed using an iterative algorithm (Hosem, Nuclear

Diagnostics AB, Sweden) with Chang attenuation correction (Attenuation coefficient: 0.12cm-1).

Data were formatted as a 3D dataset with 64x64x64 cubic voxels with 3.5 mm sides. The

resolution in a tomographic slice was measured to be 10.2mm full width at half maximum

(FWHM). The reconstructed data sets were post-filtered with a Butterworth filter, cutoff 

1.0 cm-1. 
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Registration and quantification

1) BRASS analysis

In study II-IV, Image registration and quantification were performed with the BRASS software

developed by Nuclear Diagnostics, London, England (Radau et al., 2000; Radau et al., 2001).

The patient datasets were iteratively registered using 9 parameter linear registration to a normal

template using normalized mutual information as similarity function. The software uses a map of

46 volumes-of-interest (VOIs) that encompass the entire brain. The template and regionmap are

shown in Figure 1. The relative rCBF in the selected regions were calculated as cerebellar ratios

(Mean count per voxel of region/mean count per voxel of bilateral cerebellar cortex) or global

rCBF ratio (Mean count per voxel of region/mean count per voxel of global region).

2) Statistical Parametric Mapping (SPM) analysis

In paper II and IV, SPECT registration and quantification was performed using SPM99

(Welcome Department of Cognitive Neurology, University College, London) running on Matlab

6.0 (Mathworks Inc., Sherborn, MA). Images were firstly converted from the interfile 3.3 to the

Analyze format using a freeware medical image conversion program MedCon. The images with

analyze format were transformed to SPM 99. Data were spatially normalized to a Talairach

based template of regional rCBF using a 12 parameter affine transform, non-linear

transformations and trilinear interpolation. The resultant voxel size was 2x2x2 mm. The

normalized data were then smoothed using a Gaussian kernel at FWHM=10mm. Global

normalization was performed using proportional scaling by setting the global value as

50ml/min/dl and grey matter threshold of 0.8. The SPM{T}maps were obtained at a height

threshold of p=0.001, corrected for the multiple comparisons. Differences between groups were

analyzed by ‘Single subject, conditions and covariates’ model. The longitudinal rCBF changes

were investigated by ‘paired T-test’. Correlations analyses between rCBF and

neuropsychological tests were performed using ‘Single subject, covariates only’ model.

Contrasts were defined to examine both positive and negative effects.
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Figure 1. Template and regionmap in BRASS program. 

T: template, RM: regionmap, A: anterior, P: posterior, L: left, R: right. The selected slice numbers sleeted to represent the template and regionmap are slice 36

for sagittal & coronal slices and slice 31 for transverse slices.

                 Sagittal 36                                            Coronal 36                                            Transverse 31

A
P

P                       A                                   R                        L
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Neuropsychological tests

All subjects were examined by an experienced psychologist in five cognitive domains using nine

psychological tests. The five cognitive domains evaluated were episodic memory, semantic

memory, visuospatial function, attention and general cognitive function. The nine psychological

tests included four subtests (Information, Similarities, Block Design and Digit Symbol) from the

Wechsler Adult Intelligence Scale-Revised (WAIS-R) (Wechsler, 1981), Trail Making Test A

and B, Recognition words test from the Stockholm Geriatric Research Center (SGRC) (Backman

and Forsell, 1994) and MMSE (Folstein et al., 1975).



Chaorui.Huang
_____________________________________________________________________________________________

22

RESULTS

Study I: Quantitative EEG in AD and MCI

The results of cross-sectional group comparison among AD, MCI and controls showed that AD

had increased delta and theta GFP and reduced alpha GFP when compared to the controls. A

decrease of alpha and beta GFP was found in AD patients when compared to the MCI subjects.

With respect to topography in the antero-posterior direction, sources of alpha and beta activity

shifted more anteriorly in AD patients compared to both the controls and MCI subjects. No

significant difference was found between SMCI and controls. Combined alpha and theta

frequency were the best discriminating variables between AD vs controls and AD vs MCI

subjects. 

Concerning the longitudinal study of MCI, PMCI had decreased alpha GFP and a more anterior

localization of sources of theta, alpha and beta frequency at baseline. A linear discriminant

analysis was applied on baseline values of the two MCI subgroups. The best predictor of future

development of AD was found to be antero-posterior localization of alpha frequency. 

FFT dipole approximation and frequency analysis performed by conventional FFT showed

comparable classification accuracy between the studied groups. 

Study II and III: SPECT study of baseline MCI

The baseline rCBF and neuropsychology were compared between PMCI and SMCI. PMCI had

decreased rCBF in posterior cingulate and parietal lobe as well as increased brain perfusion in

prefrontal cortex compared to SMCI at baseline. 



Mild Cognitive Impairment
_____________________________________________________________________________________________

23

Both PMCI and SMCI had deficient functions in all the tested cognitive domains compared to

controls at the initial investigation. However, the cognitive functions of PMCI were lower than

SMCI with respect to episodic memory, visuospatial and general cognitive function represented

by MMSE. Semantic memory and attention were negatively correlated with left prefrontal

relative rCBF among the study population.

Both SPECT and neuropsychological test had moderate discriminant function between PMCI

and SMCI at baseline with the area under the receiver operating characteristic (ROC) curve of

75%-77%. The combination of these two methods improved the diagnostic accuracy with the

area under the ROC curve of 82%-84% (Table 2). 

Study IV: Longitudinal SPECT study of MCI

rCBF and neuropsychology status of PMCI, SMCI and SCI were investigated at both baseline

and follow-up. SPECT data were analyzed with SPM and BRASS program. No significant

findings were detected using SPM. The results of BRASS showed that PMCI had a significantly

decreased rCBF in superior parietal lobe, parieto-temporal lobe and posterior cingulate cortex

compared to SMCI at baseline. rCBF in superior parietal lobe, parieto-temporal association

cortex and medial temporal lobe was significantly decreased in PMCI during follow-up (Figure

2). Concerning the neuropsychological examination, PMCI performed significantly worse on

episodic memory, visual spatial function and general cognitive ability assessed by MMSE as

compared to SMCI at baseline and MMSE was significantly decreased in PMCI during the

follow-up.
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Table 2. Estimates and Confidence Interval of Logistic Regression and ROC Analysis of rCBF and neuropsychology between PMCI and SMCI at baseline. 

Model I Model II Model III Model IV Model V

Parietal Lobe rCBF -31.82 (-49.47, -14.18) - - -33.03 (-52.75, -13.30) -31.10 (-50.37, -11.84)

Recognition Words test - 0.32 (0.01, 0.65) - 0.34 (-0.02, 0.71) -

MMSE - - -0.26 (-0.50, -0.03) - -0.26 (-0.53, 0.01)

Block Design - -0.08 (-0.15, -0.01) -0.07 (-0.14, <-0.01) -0.08 (-0.16, 0.01) -0.07 (-0.15, 0.01)

ROC (Sen, Spe) 75% (63%, 78%) 77% (81%, 72%) 75% (73%, 73%) 84% (81%, 76%) 82% (85%, 71%)

Table is based on Study III. ROC (Sen, Spe): represents the area under the ROC curve and the sensitivity and specificity of the selected optimal cut-off point. 

Figure 2. Longitudinal rCBF defects of PMCI. 

               Sagittal 33                                                                Coronal 32                                                             Transverse 32
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DISCUSSIONS

Predicting dementia in MCI

This thesis aimed to predict the future development of dementia in MCI using imaging methods.

The results demonstrated that the discriminative factors between PMCI and SMCI at baseline

involve SPECT, EEG and cognitive function. It is important to emphasize that in the clinical

diagnostic procedure at baseline, both PMCI and SMCI fulfilled MCI criteria, and could not be

separated without follow-up data. 

In the SPECT studies, we found selective rCBF changes in PMCI with reduced blood flow in

parietal lobe, parieto-temporal association cortex and posterior cingulate as well as enhanced

brain perfusion in prefontal lobe compared to SMCI two years before the onset of dementia. The

reduced rCBF in medial temporal lobe was detected in the longitudinal investigation of PMCI.

Concerning the EEG study, PMCI had decreased alpha GFP and a more anterior localization

source of theta, alpha and beta frequency, as compared to SMCI at baseline. Reduced cognitive

function was found as compared to SMCI at baseline investigation with respect to the cognitive

domains of episodic memory, visuo-spatial function and general cognitive function represented

by MMSE. 

A moderate discriminant accuracy of PMCI and SMCI at baseline was found using SPECT, EEG

and neuropsychological tests. Combined parietal rCBF and neuropsychological tests of episodic

memory, visual spatial function and MMSE increased the diagnostic accuracy with the area

under the ROC curve of 82-84%. 
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Longitudinal changes of MCI

In the longitudinal SPECT study of MCI, decreased rCBF in posterior cingulate was found in

PMCI as compared to SMCI at the initial investigation, but no significant changes were detected

during the follow-up. The vanishing phenomenon was also reported by Kogure et al., who

explained it as a technical problem (Kogure et al., 2000). In contrast, no significant baseline

rCBF reduction was detected in medial temporal lobe in PMCI as compared to SMCI, but the

rCBF decreased during the two year follow-up before the onset of the disease. The incontinuous

findings in posterior cingulate and medial temporal lobe could be induced by the low resolution

of SPECT, which is not sensitive enough to detect the rCBF differences in limited regions and

trace the slight progression of the disease. However, it is also possible that the MCI may not

have exactly the same rCBF patterns throughout the disease process. 

Clinical outcome of SMCI

SMCI is a subgroup of MCI, however, it is heterogeneous. A few SMCI subjects may go on to

develop dementia if the follow-up time is long enough. Some subjects may never progress to any

significant extent. Subjects with functional memory impairment induced by psychological

disorders such as depression or might improve after several months´ follow-up. It would be

desirable to have longer follow-up time and further studies on the subsets of SMCI is needed. 

Neuronal network and disconnection hypothesis

The explanation of the posterior cingulate hypoperfusion in PMCI is not clear. This region shows

the earliest function alteration, but not the earliest structural pathological changes in AD.

Anatomical studies indicated the main components of the episodic memory that hippocampus

projects to thalamus via fornix, mamillary bodies and mamillothalamic tract, thalamus connected

to prefrontal cortex and indirectly linked to the parahippocampus through the association with

area 29 of the posterior cingulate gyrus (Aggleton and Brown, 1999; Quirk et al., 1992; Vogt et

al., 1992). This neural network system interacts at different levels, engages in memory storage
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and is critical for the recall of new episodic information. The early pathological damage of

medial temporal lobe and thalamus in AD may result in the disruption of this neuronal network

which subsequently causes the disassociation with posterior cingulate cortex (Figure 3). Such

kind of effects could either directly cause the brain hypoperfusion of posterior cingulate or

induce the decreased capacity of posterior cingulate for the memory signal processing, which

subsequently result in the reduction of posterior cingulate rCBF and anterograde amnesia. 

Figure 3. Disconnection hypothesis in AD

Prefrontal lobe involvement in PMCI

Baseline prefrontal rCBF was found to increase in PMCI at resting stage, as compared to SMCI,

which has not been shown in previous studies. However, the finding of prefrontal lobe

hyperperfusion seems robust and the relative global CBF calculation does not support the

assumption that the prefrontal lobe relative rCBF was falsely elevated by global normalization.

One explanation for the elevated prefrontal rCBF might be an increased rCBF at the resting state

as a compensation mechanism related to decreased attention capacity as indicated by the

negatively correlative findings between prefrontal rCBF and attention test. Moreover, it is

T

H/P

PG

PG:  posterior cingulate
H/P: hippocampus &
        parahippocampus
T:     thalamus
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interesting to mention that the involvement of prefrontal lobe in the process of AD might be

earlier than previously appreciated, which is also supported by a recent PET study showing the

glucose metabolic reduction in prefrontal cortical area during the follow up of PMCI (Drzezga et

al., 2003). 

BRASS and SPM

Our studies included both an automated volumes-of-interest (VOI) based analysis and a voxel-

based analysis of SPM. The VOI based analysis of BRASS program is designed to map

significant regional changes at an individual level with predefined anatomical VOI. The voxel-

based analysis of SPM give the possibility to find more anatomically discrete changes. However,

the feasibility of SPM for analyzing the subjects at individual level is limited. The results of our

longitudinal SPECT study of MCI indicated that VOI-based BRASS analysis might be more

sensitive to detect the significant differences in preclinical dementia, since the early rCBF

changes might be characterized by the slightly decreased brain perfusion in larger regions. 
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CONCLUSIONS

SPECT and EEG could provide promising markers for the early diagnosis and tracing the

progression of dementia. Combining imaging investigation with neuropsychological testing may

increase the diagnostic accuracy of preclinical dementia. 
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FUTURE DIRECTION

There are no established diagnostic criteria of MCI, which might cause different findings and

introduce difficulties to compare the results in different studies. It is currently important to have

consensus concerning the clinical diagnosis of MCI.

MRI is needed to evaluate the structural changes of MCI and correct the potential partial volume

effect of SPECT measurements. The sensitivity and specificity of MRI, SPECT/PET or

combined MRI/SPECT(PET) for the early diagnosis of dementia need to be investigated.

It is interesting to combine the biological and imaging markers and evaluate the diagnostic

accuracy of future development of dementia in MCI subjects.

Pathological studies need to carry on and it is interesting to explore the relation between the

imaging findings and pathological changes in MCI.
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