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Abstract

Background:

This study was performed to see what differences of brain activation there are
between two groups of mild cognitive impairment (MCI) patients and healthy controls
(HC) during a working memory task. MCl is a prodromal stage of Alzheimer’s disease
(AD). In order to make early diagnosis of dementia possible, it is important to find
diagnostic markers for AD and MCI.

Methods:

Eight MCI patients and eight HC underwent functional magnetic resonance imaging
(fMRI) while performing a verbal working memory task. They were shown five letters,
and had to memorize these letters, while a fixation cross appeared on the screen.
After this delay the subjects were shown a single letter, and they had to decide
whether this letter was among the previously shown group of letters. The answer was
given by response buttons, which the subjects held in their right and left hands.
Statistical parametric maps of brain activation were obtained in each group, and
group activation difference maps were generated.

Objective:

The goals of this study were to examine brain activation in patients with MCI and HC
while performing a verbal working memory task and to find differences in brain
activation between the two groups.

Results:

Activation was observed in dorsolateral-prefrontal, parietal, and temporal regions in
the HC, with left-lateralization, wich is typical for verbal materials. However, there
were also active regions in the right hemisphere, which indicates a certain level of
delateralization, which is typical in normal aging. The MCI group showed activation in
the same regions, but with less prominent delateralization. Interhemispherical and
interregional differences between the groups were found. The HC had higher
acitvation in frontal lobe regions, while the MCI group had higher activation in
temporal lobe regions. Areas were found in both groups that show higher activation
during the resting state compared to the task, the default mode network. The MCI
group showed higher deactivation compared to the HC during the delay stage, and
lower deactivation during the decision period.



Conclusion:

For each group, the brain activation during the different parts of the task were in
areas that were expected to show activation during a verbal working memory task.
Differences in activation patterns between the two groups could be shown. The main
difference was that the MCI group showed higher activation than the HC, which could
be due to compensation for neural degeneration and cognitive decline. The
compensatory process is present in all stages of the working memory task.



Deutsche Ubersetzung der Zusammenfassung

Hintergrund:

Diese Studie wurde durchgeflihrt, um Unterschiede in der zerebralen Aktivierung
zwischen zwei Gruppen von einerseits Patienten mit leichten kognitiven Stérungen
(LKS) und andererseits gesunden Kontrollpersonen (GK) wahrend eines verbalen
Arbeitsgedachtnistests zu untersuchen. LKS wird als Vorstufe der Alzheimer Demenz
angesehen. Um eine frilhe Diagnose der Demenz zu ermdglichen, ist es wichtig,
diagnostische Marker fur LSK und AD zu etablieren.

Methoden:

Acht Personen mit LKS wund acht GK haben sich einer funktionellen
Magnetresonanztomographie  unterzogen, wahrend sie einen verbalen
Arbeitsgedachtnistest durchflhrten. Sie bekamen finf Buchstaben gezeigt, die sie
sich nach der Einpragungsphase sechs Sekunden lang merken mussten,
wahrenddessen sie ein Fixierungskreuz sahen. Nach dieser Verzogerung wurde den
Probanden ein einzelner Buchstabe gezeigt, und sie mussten entscheiden, ob dieser
Buchstabe in der vorher gezeigten Gruppe von Buchstaben enthalten war. Die
Antwort erfolgte Uber Tasten in der rechten und linken Hand. Statistische
parametrische Karten des Gehirns, die die Gehirnaktivitat fir die jeweiligen Gruppen
zeigen, und Karten, die die Unterschiede zwischen beiden Gruppen zeigen, wurden
fur beide Gruppen erstellt.

Ziele:

Ziele der Studie waren, die Gehirnaktivierung von Patienten mit LKS und einer
Gruppe von GK wahrend eines verbalen Arbeitsgedachtnistests zu untersuchen, und
Unterschiede in der Aktivierung zwischen den beiden Gruppen zu finden.



Ergebnisse:

Gehirnaktivierung in der GK-Gruppe wurde in dorsolateral-prafrontalen, parietalen
und temporalen Gegenden beobachtet. Diese Aktivierungen wielden linksseitige
Lateralisierung auf, was fur verbale Aufgaben typisch ist. Trotzdem gab es auch
aktive Regionen in der rechten Hemisphare, was einen gewissen Grad von
Delateralisierung bedeutet. Dies wiederum ist ein typischer Prozess der normalen
Alterung. Die LKS-Gruppe wies Aktivierung in den gleichen Regionen auf, allerdings
mit einem geringeren Grad an Delateralisierung. Es gab sowohl interhemispharische
wie auch interregionale Unterschiede in der Aktivierung zwischen den Gruppen. Die
GK-Gruppe zeigte hohere Aktivierung in Regionen des Frontallappens, wahrend die
LKS-Gruppe hohere Aktivierung in Regionen des Termporallappens aufwies.

In beiden Gruppen fanden sich Regionen, die hohere Aktivierung wahrend der Ruhe-
Phase des Tests im Vergleich zu der tatsachlichen Aufgabe zeigten. Diese Regionen
werden ,Default’-Netzwerk genannt. Die LKS-Gruppe hatte eine ausgepragtere
,Deaktivierung’ als die GK-Gruppe wahrend der Wiederholungs-Phase des Tests,
und eine niedrigere ,Deaktivierung’ als die GK-Gruppe wahrend der Entscheidungs-
Phase.

Ausblick:

In beiden Gruppen war die Gehirnaktivierung wahrend der verschiedenen Teile der
Aufgabe in Gegenden, die wahrend eines verbalen Arbeitsgedachtnistests
typischerweise aktiviert werden. Es fanden sich Unterschiede in den
Aktivierungsmustern zwischen den beiden Gruppen. Der auffallendste Unterschied
war, dass die LKS-Gruppe hdhere Aktivierung als die GK-Gruppe hatte, was auf
Kompensierung fur neurale Degeneration und kognitiven Leistungsabfall
zuruckgefuhrt werden kann. Dieser Kompensationsprozess trat wahrend allen Teilen
des Arbeitsgedachtnistests auf.



Table of Contents

a2 =8 o 0 0
ABSTRACT ....ceeeireneennnnnssnannnssannsnnsssssssssasssssssssssssssssssssssssssnsssssssssssnssssssssssssssssssssssnnnnnnnnnnnnnnnnnnnnnn 4
DEUTSCHE UBERSETZUNG DER ZUSAMMENFASSUNG.........ccoceimiiecrcscssesssssssnssessssssssesssssssssans 6
TABLE OF CONTENTS ... ooieeeieeeeeeeeeteeeeeetteteeee e s e e s nensns e s nsasmsmsssssssssssssssssssssnsssssnsnsssssnssssssnsnsnnnnnnnnnnnn 8
LIST OF FIGURES........ o s s s s s s e e e e e e e e e e e e e e e e e e e e e e s 10
LIST OF TABLES ... s s e e e e e e e e e e e e e e s 12
1 INTRODUGTION ... s s s e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e nanan 14
1.1 INTRODUCTION .....evvceeeeetetceeeseteteas e seaeas s et esessesesesessesetesessesesesees et esessasesetessesesesesnsesesesnnasanns 14
1.2 MILD COGNITIVE IMPAIRMENT (MCI).....cucuvieeieiieieeceeeieeeeee e 14
1.3 ALZHEIMER'S DISEASE ........vvieeeteteeeeeeteeeee e tete e et es e tese s eseseasas e e seasesssesessesaaessasessseseanenanns 15
2 BRAIN MAPPING AND FUNCTIONAL MAGNETIC RESONANCE IMAGING...........ccccceeeennn. 21
2.1 BRAIN IMAPPING ......oevivtieeieteteeeeteteeee et tesesesesess s esesesseseseseasesesesesseseseseasesesessasenssesessesasessnns 21
2.2 MAGNETIC RESONANCE IMAGING (MRI) ......vuieiierceceieietceeee e en e 21
2.3 ANALYSIS TOOLS OF FIMRIDATA. ......eeeeieieeeeeeteteee ettt st es et eas s e sess s eaessaneseseseanenanns 25
3 LITERATURE REVIEW ... s s s s s s s s s s e e s s s s 38
3.1 ACTIVATION PATTERNS FOR WORKING MEMORY TASKS .......coeovveveeireieieeeeeeieieeseseeseeseseseseanen, 38
3.2 CHANGES IN LATERALIZATION PATTERNS IN AGING ......cucuvvevierieteseeseeeseseseeeseseesesesessesesesessesenns 40
3.3 CHANGES IN ACTIVATION PATTERNS INMCIAND AD.........ooviuiieeeeceeeeeieeceeee e 42
4 MATERIALS AND METHODS ... s e e e e e e e e 46
4.1 ESTU= = £ 46
4.2 WORKING MEMORY PARADIGM .........cveuiaeeeteeeseseseseeseseseeseseeesessesesesessesesessssesssesensasssessasesssesens 47
4.3 TEST PROCEDURE ......ovveueaeeeseaeesetesesseseseseasesesesessesesesessesesessssesesessasasesessssasesesensassseananasesesens 48
4.4 GROUP MATCHING .....oeevveteeeeeeteeeese e teee e e seas e aeseas et esese s esesess s esesessesseeseasesesesensassseseenasssesens 49
4.5 DATA ACQUISITION ......vveeeeeeteteseeseteseseseteseesetesessesesesessesesesessesesesessesssesesseseseseasessseseesesasessanns 49
4.6 DATA ANALYSIS ..ot teteeeseteseesesetesesetesess et esesessesesesessesesesesseseteseas et eseseanesssesessesasessnes 49
5 RESULTS ... s e e e e e e e e e e e e e e e e e e e e e e e e e e e nan 59
5.1 TASK PERFORMANGCE ........cueuvvetieeetetesessesesesesesesesessesesesessesesessssesssessssasasessssasssesessaseseanasssssesens 59
5.2 LOCALIZATION OF POSITIVE CEREBRAL ACTIVATION FOR HEALTHY CONTROL GROUP ................. 59
5.3 LOCALIZATION OF CEREBRAL ACTIVATION FOR MILD COGNITIVE IMPAIRMENT PATIENTS ............. 60
5.4 DIFFERENCES IN CEREBRAL ACTIVATION DURING THE DELAY STAGE ......cvoveveeerevereeeeereseesenenenns 61
55 DIFFERENCES IN CEREBRAL ACTIVATION DURING LETTER PERIODS .....ccoveveveeeiereseseeeseseesesesenns 62

5.6 DIFFERENCES IN CEREBRAL ACTIVATION DURING DECISION PERIOD.......cceiiiueeiieereeaeesesnnieeeeeeanns 63



5.7 LOCALIZATION OF ‘NEGATIVE’ CEREBRAL ACTIVATION FOR HEALTHY CONTROL GROUP .............. 64
5.8 LOCALIZATION OF NEGATIVE CEREBRAL ACTIVATION FOR MCI GROUP ........cccvvviiieeeeeieiiieieeenn, 65
6 1R 00 U 1S3 [0 114
6.1 L0 AV T S 114
6.2 WORKING MEMORY ACTIVATION IN HC ...ttt e e e e e 114
6.3 WORKING MEMORY ACTIVATION IN MCI ..ot e e e e e e 116
6.4 DIFFERENCE IN ACTIVATION OF OHC AND MCI ...t 117
6.5 DEFAULT MODE NETWORK ....ettuttttttteresesasunteeeeeaassaaaasnseseeeeaeessaasssssseeeeesssaaassssssseeesssamnsseseeees 119
A 0@ 1\ 0 I [0 121
8 =70 =] I T T 3 o I 123

9  LIST OF ABBREVIATIONS ...ttt sss s s s s sanssan s 129



10

List of Figures

FIGURE 2-1: MAIN MAGNETIC FIELD (Bj) ORIENTED ALONG THE AXIS OF A RESISTIVE OR SUPERCONDUCTING
MAGNETIC BORE (FROM [27]) 1 tttteeeietiieeeeetitte e e ettt e e e ettt e e e sitteaeesntteaeesnsteeeesnteeeeaasteeeeennsanaeeanseeaeeansees 29
FIGURE 2-2: A 90° EXCITATION PULSE (A) ROTATES LONGITUDINAL MAGNETIZATION INTO THE TRANSVERSE

PLANE, ALLOWING IT TO BE MEASURED (FROM [27])...cvtiteitiiiesieieieieiee ettt 30
FIGURE 2-3: RAPIDLY DECAYING TRANSVERSE MAGNETIZATION AND ITS MEASUREMENT (FROM [27]) ........... 31
FIGURE 2-4: LONGITUDINAL AND TRANSVERSAL SPIN RELAXATION (FROM [25]) ...cuvouieiieiiaiieiieieeieeie e 32
FIGURE 2-5: SELECTION OF TR AND TE VALUES FOR T1 CONTRAST (FROM [25]) ..veeeeviiieeeiiiieeesiiiee e 33
FIGURE 2-6: SELECTION OF TR AND TE VALUES FOR T2 CONTRAST (FROM [25]) ...eveviiviieeiiiiieesiiiee e 34
FIGURE 2-7: EFFECT OF VARYING TR ON TISSUE CONTRAST (FROM [271])...cveiueieieieienieieeie e 35
FIGURE 2-8: RECOVERING TIMES FOR DIFFERENT TISSUES (FROM [27]) ..c.viiviiieieieieieiieieeie e 36
FIGURE 2-9: CORTICAL REGIONS (FROM [42]) .. .veiieiiiiieeeiiiieeesieeee e ssieeeeesnteeeesnnsaeeeseneaeeessnsseeessnsseeesannneeas 37
FIGURE 4-1: SCHEME OF WORKING MEMORY PARADIGM .........civiieuieiienianietesiesteseesieseeseeseeseeseesessessessensennas 56
FIGURE 4-2: SETUP FOR FUNCTIONAL SCANNING ......ceuieuietiattatestestessesseseeeeseeseesessessessessessessensensesesssssessesses 57
FIGURE 4-3: RESPONSE BUTTONS ...cutittittiteitesteseeseseeseeseaseesesseasessessessessessessesessesssssesssssessensensensensansssesss 58

FIGURE 5-1: STATISTICALLY SIGNIFICANT ACTIVATION PEAKS IN HC DURING THE LETTER PERIOD COMPARED TO
S I L N 90
FIGURE 5-2: STATISTICALLY SIGNIFICANT ACTIVATION PEAKS IN HC DURING THE DELAY STAGE COMPARED TO
S I N 91
FIGURE 5-3: STATISTICALLY SIGNIFICANT ACTIVATION PEAKS IN HC DURING THE DECISION PERIOD COMPARED
IO 2N S =[N 92
FIGURE 5-4: STATISTICALLY SIGNIFICANT ACTIVATION PEAKS IN MCI DURING THE LETTER PERIOD COMPARED
TO REST PERIOD .. cu ittt et e e e et s e e s et e b e e e s e s e e e b s s ra s e s ebaaaas 93
FIGURE 5-5: STATISTICALLY SIGNIFICANT ACTIVATION PEAKS IN MCI DURING THE DELAY STAGE COMPARED TO
S I L N 94
FIGURE 5-6: STATISTICALLY SIGNIFICANT ACTIVATION PEAKS IN MCI DURING THE DECISION PERIOD COMPARED
TO REST PERIOD .. cu ittt e e e e e ea s e e s et e b s et e s e s ea e e b s e s e s e s ebaanas 95
FIGURE 5-7: STATISTICALLY SIGNIFICANT CLUSTERS OF HIGHER ACTIVATION IN MCI COMPARED TO HC DURING
THE DELAY STAGE ..oniiiiiiiii et e e e s e e b e e s b e e e ea e aaas 96
FIGURE 5-8: STATISTICALLY SIGNIFICANT CLUSTERS WITH NEGATIVE CORRELATION WITH AGE DURING THE
D G T 97
FIGURE 5-9: STATISTICALLY SIGNIFICANT CLUSTERS WITH POSITIVE CORRELATION WITH AGE DURING THE
D G T 98
FIGURE 5-10: STATISTICALLY SIGNIFICANT CLUSTERS WITH NEGATIVE INTERACTION OF AGE AND ACTIVATION
DIFFERENCE DURING THE DELAY STAGE .....cuiiiiiiiii s a e 99
FIGURE 5-11: STATISTICALLY SIGNIFICANT CLUSTERS WITH POSITIVE INTERACTION OF AGE AND ACTIVATION

DIFFERENCE DURING THE DELAY STAGE ... ottt e 100



11

FIGURE 5-12: STATISTICALLY SIGNIFICANT CLUSTERS OF HIGHER ACTIVATION IN MCI COMPARED TO HC
DURING THE LETTER PERIOD ...uiiniiiiiiiiei et s s e s e e e s e e e aas 101
FIGURE 5-13: STATISTICALLY SIGNIFICANT CLUSTERS OF HIGHER ACTIVATION IN HC cOMPARED TO MCI
DURING THE LETTER PERIOD ...uiiuiiiiiiiiiii et s e s s a s e e s e e b e aas 102
FIGURE 5-14: STATISTICALLY SIGNIFICANT CLUSTERS WITH NEGATIVE CORRELATION WITH AGE DURING THE
e I o 1 103
FIGURE 5-15: STATISTICALLY SIGNIFICANT CLUSTERS OF POSITIVE CORRELATION WITH AGE DURING THE
e I o 1 104
FIGURE 5-16: STATISTICALLY SIGNIFICANT CLUSTERS WITH NEGATIVE INTERACTION OF AGE AND ACTIVATION
DIFFERENCE DURING THE LETTER PERIOD .....cuiiiiiiiiiiicc s ea e 105
FIGURE 5-17: STATISTICALLY SIGNIFICANT CLUSTERS OF POSITIVE CORRELATION WITH AGE DURING THE
DL 1] [V g 15 106
FIGURE 5-18: STATISTICALLY SIGNIFICANT CLUSTERS OF HIGHER ACTIVATION IN HC cOMPARED TO MCI
DURING THE DECISION PERIOD ...uuuiitiiiiiiiiiiii it s e s s s s s e e e s e sae e eas 107
FIGURE 5-19: STATISTICALLY SIGNIFICANT CLUSTERS WITH NEGATIVE CORRELATION WITH AGE DURING THE
DL 1 [NV g 15 108
FIGURE 5-20: STATISTICALLY SIGNIFICANT PEAKS IN HC OF HIGHER ACTIVATION DURING THE REST PERIOD
COMPARED TO THE DELAY STAGE ...eiiuiiiiiiiiiiii s a s a e 109
FIGURE 5-21: STATISTICALLY SIGNIFICANT PEAKS IN HC OF HIGHER ACTIVATION DURING THE REST PERIOD
COMPARED TO THE DECISION PERIOD .....uuiuiiiiiiiiiiicii e e s e s e s e e e e 110
FIGURE 5-22: STATISTICALLY SIGNIFICANT PEAKS IN MCI OF HIGHER ACTIVATION DURING THE REST PERIOD
COMPARED TO THE LETTER PERIOD ...uiiiiiiiiiiie i s s e s a e e 111
FIGURE 5-23: STATISTICALLY SIGNIFICANT PEAKS IN MCI OF HIGHER ACTIVATION DURING THE REST PERIOD
COMPARED TO THE DELAY STAGE .. ettt a s ea e 112
FIGURE 5-24: STATISTICALLY SIGNIFICANT PEAKS IN MCI OF HIGHER ACTIVATION DURING THE REST PERIOD

COMPARED TO THE DECISION PERIOD .....uuiuiiiiiiiiiiiiii e s s e e s e s e e 113



12

List of Tables

TABLE 1-1. CRITERIA FOR AMNESTIC MILD COGNITIVE IMPAIRMENT (A-MCI) FROM [4] ...coiiiiiieeiiiiieeeiiieeeene 18
TABLE 1-2. CRITERIA FOR DIAGNOSIS OF AD (FROM [15]) ..eeteiiiiieiiiiiieeeiieiee e sitieeesseee e e e s snneeeessnneea s 19
TABLE 4-1. CERAD SCORES OF MCI PATIENTS .....ciiittieititesiteeeteeesteeesbeeesiteessseeesseessbeeesnseesabeessnseesnneeenns 52
TABLE 4-2. CERAD SCORES OF HEALTHY CONTROL GROUP ......cutiuieuiesiasieteetessesteseeseeseeseeseeseesessessessessennens 53
TABLE 4-3: TASK PERFORMANCE OF OHC SUBJECTS ...ceutiiiitiieiiieeiteesteeesiteesteessbeeesbe e sieeessbeeesnneesneeees 54
TABLE 4-4: TASK PERFORMANCE OF MCI PATIENTS ....cutiuiitiitiitiiiesiesiesieieeeseese et seessesaessesseseeneesessessennens 55

TABLE 5-1: STATISTICALLY SIGNIFICANT ACTIVATION PEAKS IN HC DURING THE LETTER PERIOD COMPARED TO
I T S I = 1 N 66
TABLE 5-2: STATISTICALLY SIGNIFICANT ACTIVATION PEAKS IN HC DURING THE DELAY STAGE COMPARED TO
I T S I 1 N 67
TABLE 5-3: STATISTICALLY SIGNIFICANT ACTIVATION PEAKS IN HC DURING THE DECISION PERIOD COMPARED
TO REST PERIOD .. cu ittt e e e e e e b e e e s ea e e b e e s e s ea e e b s e ra s e ebaaaas 68
TABLE 5-4: STATISTICALLY SIGNIFICANT ACTIVATION PEAKS IN MCI DURING THE LETTER PERIOD COMPARED TO
S I N 69
TABLE 5-5: STATISTICALLY SIGNIFICANT ACTIVATIONPEAKS IN MCI DURING THE DELAY STAGE COMPARED TO
S I N 70
TABLE 5-6: STATISTICALLY SIGNIFICANT ACTIVATION PEAKS IN MCI DURING THE DECISION PERIOD COMPARED
TO REST PERIOD .. cu ittt e et e e e ea e e e s et e b e r e s e e e b s e ra s e s ebaaaas 71
TABLE 5-7: STATISTICALLY SIGNIFICANT CLUSTERS OF LOWER ACTIVATION IN HC COMPARED TO MCI DURING
THE DELAY STAGE ..eniiiiiiii e a e e s e s b e e s e st e e e ea e anas 72

TABLE 5-8: STATISTICALLY SIGNIFICANT CLUSTERS OF NEGATIVE CORRELATION WITH AGE DURING THE DELAY

TABLE 5-10: STATISTICALLY SIGNIFICANT CLUSTERS WITH NEGATIVE INTERACTION OF AGE AND ACTIVATION
DIFFERENCE DURING THE DELAY STAGE .....cuiiiiiii i 75
TABLE 5-11: STATISTICALLY SIGNIFICANT CLUSTERS WITH POSITIVE INTERACTION OF AGE AND ACTIVATION
DIFFERENCE DURING THE DELAY STAGE .....cuiiiiiii i 76
TABLE 5-12: STATISTICALLY SIGNIFICANT CLUSTERS OF LOWER ACTIVATION IN HC COMPARED TO MCI DURING
THE LETTER PERIOD .. ettt et a e e s e e b e s e s b e s e st ea e anas 77
TABLE 5-13: STATISTICALLY SIGNIFICANT CLUSTERS OF HIGHER ACTIVATION IN HC COMPARED TO MCI DURING
THE LETTER PERIOD .. ettt et a e e s e s e s e s b e s e e e ea e anas 78
TABLE 5-14: STATISTICALLY SIGNIFICANT CLUSTERS OF NEGATIVE CORRELATION WITH AGE DURING THE
I 79
TABLE 5-15: STATISTICALLY SIGNIFICANT CLUSTERS OF POSITIVE CORRELATION WITH AGE DURING THE LETTER

g L 80



13

TABLE 5-16: STATISTICALLY SIGNIFICANT CLUSTERS WITH NEGATIVE INTERACTION OF AGE AND ACTIVATION
DIFFERENCE DURING THE LETTER PERIOD .....cuiiiiiiiiiiiiicin s s s a e 81
TABLE 5-17: STATISTICALLY SIGNIFICANT CLUSTERS OF POSITIVE INTERACTION OF AGE AND ACTIVATION
DIFFERENCE DURING THE LETTER PERIOD .....cuiiiiiiiiiiiicin e e 82
TABLE 5-18: STATISTICALLY SIGNIFICANT CLUSTERS OF HIGHER ACTIVATION IN HC COMPARED TO MCI DURING
THE DECISION PERIOD ... cuieiiiiiiii it e e s e s sa s e a s e e b e s e s b s s e s e s areaseaas 83
TABLE 5-19: STATISTICALLY SIGNIFICANT CLUSTERS OF NEGATIVE CORRELATION WITH AGE DURING THE
L0 1] [ N g 15 84
TABLE 5-20: STATISTICALLY SIGNIFICANT PEAKS IN HC OF HIGHER ACTIVATION IN THE REST PERIOD
COMPARED TO THE DELAY STAGE .. eiiiiiiiiiiiii e e e 85
TABLE 5-21: STATISTICALLY SIGNIFICANT PEAKS OF HIGHER ACTIVATION IN HC IN THE REST PERIOD
COMPARED TO THE DECISION PERIOD .....cuiuiiiiiiiiiiiiii s e e s s s e s e s e s e eas 86
TABLE 5-22: STATISTICALLY SIGNIFICANT PEAKS OF HIGHER ACTIVATION IN MCI IN THE REST PERIOD
COMPARED TO THE LETTER PERIOD ...uiiiiiiiiiii et e s s e e s e 87
TABLE 5-23: STATISTICALLY SIGNIFICANT PEAKS IN MCI OF HIGHER ACTIVATION DURING THE REST PERIOD
COMPARED TO THE DELAY STAGE .. eiiiiiiiiiiiii st s e 88
TABLE 5-24: STATISTICALLY SIGNIFICANT PEAKS IN MCI OF HIGHER ACTIVATION DURING THE REST PERIOD

COMPARED TO THE DECISION PERIOD .....uuitiiiiiiiiiiiiii s e e s s s s e s s e eas 89



14

1 Introduction

1.1 Introduction

Alzheimer’s Disease (AD) is the most prevalent cause of dementia in older patients.
Life span is increasing and therefore more people will be affected by AD. The
prevalence of AD in Germany ranges from 0.9% within the age group of 65 to 74
years up to 30% in women older than 84 years. The incidence gets also higher with
age, reaching a maximum of 6.6% within persons of 90 years and older [1].

The demographic development and rising life expectations will lead to a large
increase in AD. AD will place a large social and financial burden on society and the
families of the patients. The earlier the diganosis is made, the earlier treatment can
be started. It is expected that treatment at the early stages of the disease will be
more effective and that it will allow patients to maintain a higher level of cognition for
longer period of time [2].

Research about early diagnosis of AD has led to the diagnostic entity of Mild
Cognitive Impairment (MCI). Subjects with MCI have a higher risk to develop AD. The
progression rate from MCI to dementia is reported to be between 6% [3] and 12 % [4]
per year. This means after a 6 year follow-up, 50-80% of a group with MCI will have
converted to dementia [4].

1.2 Mild Cognitive Impairment (MCI)

MCI refers to a group of individuals who have cognitive deficits and who also present
a clinical syndrome that can be utilized to classify persons who do not fulfill a
diagnosis of dementia [2, 5]. There are various criteria for defining MCIl. The Key
Symposium in Stockholm, Sweden, about MCI as a diagnostic entity suggested to
proceed as follows: First it has to be determined that the person is neither normal nor
demented. MCI involves minimal impairment in functional activities of daily living, but
impairment in cognitive functions. After that the next decision involves assessing the
decline in cognitive function. If there is no additional impairment in functional
activities, the diagnosis of MCI may be entertained [2, 4, 6].

Petersen et al [4] have defined MCI as follows: (i) memory complaint, preferably
corroborated by an informant, (ii) objective memory impairment for age, (iii) relatively
preserved general cognition for age, (iv) essentially intact activities of daily living, and
(v) not demented (see Table 1-1).
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There are various subtypes of MCI. The initial cognitive impairment can be of an
isolated nature in cognitive domains such as memory, language, attention, executive
function or visuospatial skills. If only memory functions are impaired, it is classified as
amnestic MCI (a-MCI). Multiple domain MCI (md-MCI) subtype defines various
degrees of impairment in multiple domains such as language, executive functions,
visuospatial skills. If md-MCI involves memory impairment, it is called md-MCI +a (for
amnesia), or if no memory impairment is apparent, it is called md-MCI -a [2, 4].

Petersen et al [4, 7] suggest that especially the amnestic MCI with only one domain
(a-MCl) and multiple domain MCI with memory impairment (md-MCI +a) present the
earliest clinical manifestation of AD [4, 5, 7]. This is based on the presumption of a-
MCIl and md-MCI +a resulting from a degenerative aetiology, which would likely
represent a prodromal form of AD [4, 5]. A-MCI and md-MCI +a are also discussed to
have an underlying depression aetiology [4, 5]. The nonmemory types of MCI
emphasizing impairments in executive function and visuospatial skills may have a
higher likelihood of progressing to a non-AD dementia such as Lewy body dementia
or frontotemporal dementia [4, 8].

In general diagnosis of MCI is met when the subject scores 0.5 in the Clinical
Dementia Rating Scale (CDRS) [9], no matter of what sort the deteriorations are.
Memory deficits are a significant tool to predict whether a MCI patient will convert to
AD. The more similar the cognitive impairments are to AD, the more likely it is for the
subject to develop AD later on. This applies particularly for those patients whose
caregivers report impaired daily function [10].

Healthy persons, MCI and AD patients differ in the rates of change in diagnostic tests
like the Mini-Mental State Exam (MMSE), the Dementia Rating Scale (DRS) and the
Global Deterioration Scale (GDS). The scores for Controls remain stable, while for
MCI patients the average MMSE score drops by 1 point each year, the average DRS
by 2 and the average GDS by 0.4. For AD patients these average drops are higher
(3-4 for MMSE, 8 for DRS and 0.8 for GDR) [4].

1.3 Alzheimer’s Disease

Diagnosis of dementia is based on an acquired polysymptomatic pattern of
impairment of higher psychological functions, including memory and attention, and
excluding deteriorations of mind.
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Tools for diagnosis of dementia are for example the Diagnostic and Statistical Manual
of Mental Disorders (DSM) [11], the GDS [12], the Consortium to Establish a Registry
for AD (CERAD) [13] and the MMSE [14]. The shortest one of these is the MMSE,
where scores of 30 to 27 indicate no impairment, 26 to 24 mild impairment, 23 to 19
mild dementia, 18 to 12 middle stages of dementia and 11 to 0 severe dementia.

The National Institute of Neurological and Communicative Disorders and Stroke
(NINCDS) and the Alzheimer’s Disease and Related Disorders Association (ADRDA)
established The Work Group on the Diagnosis of Alzheimer's Disease and reported
criteria for diagnosis of AD [15]. These are summarized in the report of the NINCDS-
ADRDA Work Group under the auspices of the U.S. Department of Health and
Human Services Task Force on AD. The group states that the diagnosis of probable
AD can be made with confidence if there is a typical onset of dementia with
progression and if there are no other systemic or brain diseases that could account
for the progressive memory and other cognitive deficits. Their criteria for the
diagnosis of probable, possible and definite AD are given in Table 1-2 [15].

The Composite International Diagnostic Interview (CIDI) [16] can be used to assess
other mental disorders. This is important in excluding other deteriorations, which
could cause demential symptoms [1].

In general AD symptoms can be described by a differential impairment of the memory
systems. The deficits occur in long-term episodic memory, shown by weak
performance in free recall, cued recall and recognition, short-term memory and tasks
involving verbal fluency, vocabulary and sentence completion, which represent the
semantic memory. However, a high variability exists both in different interindividual
cognitive functions and within the same functions themselves [17].

Essentially, the main features of AD diagnosis are (i) memory impairment and (ii)
aphasia, and/or apraxia, agnosia or an impairment in executive function. Lately the
requirements for apraxia, agnosia and executive dysfunction have been substituted
with impairments in relevant cognitive domains such as language, attention/executive
function and visuospatial skills. In addition to these deficits there needs to be a
concomitant impairment in functioning either socially or occupationally. Other
psychiatric disorders or neurological explanations for the decline in function have to
be excluded [4].
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The central histopathological change in AD is the amyloid plaques. They are
extracellular protein sediments, which occur when the transmembranal amyloid
precursor protein (APP) is proteolyzed. The product of this proteolysis is Amyloid 3
(AB), 10% of which are not soluble and form the main component of the amyloid
plaques [1].

The second histopathological characteristic of AD is hyperphosphorylated Tau-
Peptide. The normal Tau-Peptide stabilizes the microtubuli. Hyperphosphorylated
Tau accumulates intracellularly and aggregates in paired helical filaments. These are
part of the neurofibrillary tangles, which cause neuronal dysfunction and
degeneration [1].

Neuronal functions are also altered in beginning AD, namely the loss of cellular
homeostasis, caused by a decrease in glucose and oxygen metabolism. This
imbalance can be found in all areas of the brain, but mainly in frontal and
parietotemporal cortex. Further stages of loss of neuronal functions are loss of
synapses and dying of neuronal cells [1].

Another finding in AD was a loss of cortical cholinergic markers and a decreased
activity of cholin-acetyltransferase (CAT), especially in temporal cortex, entorhinal
region and hippocampus. These findings led to the therapeutic regime of
acetylcholine enhancing drugs [1].

Neuronal degeneration begins in entorhinal cortex and hippocampus and spreads to
temporal and parietal lobe. Associated with these degenerations are short-term
memory deficits and deficits in verbal and visuo constructive abilities. Memory,
thinking, language, orientation, attention, visuoconstructive abilities, calculating,
practical abilities, recognizing and executive functions are the mainly affected
cognitive areas.



Table 1-1. Criteria for amnestic mild cognitive impairment (a-MCI) from [4]
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Memory complaint usually corroborated by an informant
Objectice memory impairment for age

Essentially preserved general cognitive function

Largely intact functional activities

Not demented
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Table 1-2. Criteria for diagnosis of AD (from [15])

Criteria for the clinical diagnosis of probable Alzheimer’s disease

Dementia established by clinical examination and documented by the Mini-Mental Test,
Blessed Dementia Scale or some similar examination, and confirmed by neuropsychological
tests

Deficits in two or more areas of cognition

Progressive worsening of memory and other cognitive functions

No disturbance of consciousness

Onset between ages 40 and 90, most often after age 65

Absence of systemic disorders or other brain diseases that in and themselves could account

for the progressive deficits in memory and cognition

The diagnosis of probable Alzheimer’s disease is supported by

Progressive deterioration of specific cognitive functions such as language, motor skills, and
perception

Impaired activities of daily living and altered patterns of behaviour

Family history of similar disorders, particularly if confirmed neuropathologically

Laboratory results of lumbar puncture as evaluated by standard techniques, normal pattern or
nonspecific changes in EEG, and evidence of cerebral atrophy with progression documented

by serial observation

Other clinical features consistent with the diagnosis of probable Alzheimer’s disease, after exclusion

of causes of dementia other than Alzheimer’s disease include

Plateaus in the course of progression of the illness

Associated symptoms of depression, insomnia, incontinence, delusions, illusions,
hallucinations, catastrophic verbal, emotional, or physical outbursts, sexual disorders, and
weight loss

Other neurologic abnormalities in some patients, especially with more advanced disease and
including motor signs such as increased muscle tone, myoclonus, or gait disorder

Seizures in advanced disease

CT normal for age

Features that make the diagnosis of probable Alzheimer’s disease uncertain or unlikely include:

Sudden, apoplectic onset
Focal neurologic findings such as hemiparesis, sensory loss, visual fiels deficits, and
incoordination early in the course of the illness

Seizures or gait disturbances at the onset or very early in the course of illness

Clinical diagnosis of possible Alzheimer’s disease:

May be made on the basis of the dementia syndrome, in the absence of other neurological,
psychiatric, or systemic disorders sufficient to cause dementia, and in the presence of

variations in the onset, in the pesentation or in the clinical course
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e May be made in the presence of a second systemic or brain disorder sufficient to produce
dementia, which is not considered to be the cause of the dementia
e Should be used in research studies when a single, gradually progressive severe cognitive

deficit is identified in the absence of other identifiable cause

Criteria for diagnosis of definite Alzheimer’s disease are:
e The clinical criteria for Alzheimer’s disease

e Histopathologic evidence obtained from a biobsy or autopsy

Classification of Alzheimer's disease for research purposes should specify features that may
differentiate subtypes of the disorder, such as:

e Familial occurence

e Onset before age of 65

e Presence of trisomy-21

e Coexistence of other relevant conditions such as Parkinson’s disease
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2 Brain Mapping and functional magnetic resonance
imaging

2.1 Brain Mapping

Functional magnetic resonance imaging (fMRI) is one of the tools to assess and
localize human brain function, research that is often termed “Brain Mapping”.
Previously research in this field had been limited to examination of brain lesions and
resulting deteriorations of cognitive functions. With non-invasive methods like
Positron Emission Tomography (PET) and fMRI methods have been established that
allow measurement of brain activity during cognitive tests and thus the function of
different regions can be investigated.

The basic principle of PET is detection of y-rays that are emitted by an incorporated
radiation source, most commonly "*fluor marked fluor-2-deoxy-2-D-glucose (®FDG).
Positrons (B*) are emitted, which react with electrons (annihilation), and as a result
emit two y-photons. These photons drift away from each other in an 180° angle, and
are registered by a PET-scanner only if they hit the scanner at the same time. "®FDG
is spread with the blood-flow, and is transported and incorporated into the brain cells
like normal glucose. Inside the brain cells, the '®*FDG is converted to 'FDG-
phosphate, which can’t be catabolized further and stays inside the cells. PET
measures the amount of "8FDG that is being accumulated into brain cells over a
period of 30 to 45 minutes [18].

The strengths of fMRI in contrast to PET are the substantially higher temporal and
spatial resolution, and the ability to measure brain activation without radioactive
agents. Limitations of fMRI are the high noise level, which makes it necessary for
subjects to wear hearing protection. The radio-frequency magnetic field oscillations
are non-ionising, but do generate internal body heat. However, there are guidelines
that secure a safe environment for the subject.

2.2 Magnetic Resonance Imaging (MRI)

2.2.1 Physics of MRI

In 1936 Pauling and Coryell discovered the magnetic properties of hemoglobin [19].
In 1990 researchers found in mice and rats that these properties can be used for
measuring brain activity without the help of any contrast agents, solely through the
change in oxygen concentration [20, 21]. Later, the same researchers were able to
apply this method for human studies [22].
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Functional Magnetic Resonance Imaging is a special method within the field of
Nuclear Magnetic Resonance Imaging. The advantages of MRI are the high spatial
resolution and contrast, lack of ionising radiation and its ability to make the images
sensitive for blood flow and blood composition, therefore providing a method to
measure neural function by virtue of their localized coupling to hemodynamics in
brain [23]. Its limitations are that persons with fresh iron implants, cardiac
pacemakers, metallic vessel clips or other magnetic acting objects have to be
excluded from examination. Also the limited space in the scanner makes it
sometimes impossible to examine claustrophobic persons [24].

To get an image based on NMR a large, fixed magnetic field (Bo) needs to be
applied. The strength of the field is 1.5 or 3 Tesla (T) in clinical scanners. A fraction of
the nuclei in the body of the subject lying in the scanner is lined up in the same
orientation of the large magnetic field.

The next step would be to apply an excitation pulse, which is applied by a transmitter
coil, to tip the magnetization vector downward from the longitudinal direction to the
transverse (see Figure 2-2) and change the net magnetization. Over the time the
direction of the magnetization rotates around the longitudinal axis, changes in the
magnetic field occur, which can be measured by an external receiver coil (see Figure
2-3). This detector acquires changes in the magnetic flux caused by the preccession
of the magnetization around the longitudinal axis [25].

The changes in magnetization generally only last a few seconds. The main
mechanisms for the relaxation are longitudinal and transverse relaxation (see Figure
2-4). When the transverse magnetization is gradually going back to the longitudinal
direction, the signal received by the coil decreases. The time constant that is
associated with the longitudinal relaxation process is called T4, and the process itself
is called T4 recovery. The relaxation time generally ranges around 1 second [23, 25,
26].

The transverse relaxation results from the initially coherent spins, which are
precessing around the main field vector at about the same phase in the beginning,
losing their coherence and becoming out of phase. This loss of coherence is caused
by spin-spin interaction. The time constant associated with this transverse relaxation
is called T, and the signal-loss that is caused by this mechanism is called the T,
decay. This type of relaxation takes only fractions of a second (up to around 100ms)
[23, 25, 26].
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The third mechanism of relaxation is caused by external field inhomogenities. These
inhomogenities affect the spin precession frequencies at their different spatial
locations. Those inhomogenity effects combined with spin-spin interactions lead to a
signal loss known as T,* decay, which is characterized by the time constant T,*. It is
always faster than the T, decay alone, because the additional factor of field
inhomogenity causes the T,* time constant to be smaller than T, [23, 25, 26].

The T4 and T, time constants are affected by tissue type and T,* by blood flow
changes. The T4 and T, contrasts are based on the number of protons in a voxel,
which differs across different tissue types [23, 26].

For a T4-weighted image, the TR has to be chosen at an intermediate repetition time
(TR). At a very short TR, there is no time for longitudinal relaxation, while at a very
long TR all kinds of tissue have recovered longitudinal magnetization. To minimize
the T, contrast, a very short echo time (TE) is needed. For an illustration see Figure
2-5[23, 25, 26].

For a T,-weighted image, data acquisition is at an intermediate TE, to maximize the
difference in transverse magnetization. The TR is chosen to be very long, so that the
longitudinal recovery is almost complete and T4 contrast is minimal. Figure 2-6 shows
an illustration of how TR and TE are chosen for a T, contrast [23, 25, 26].

Examples of these effects are shown in Figure 2-7, and a graph that explains how the
different tissues show different rates of longitudinal magnetization recovery (TR of
200, 600, 1200 and 2400msec) in Figure 2-8. In Figure 2-7 short TR (200 msec) lead
to little signal intensity and little contrast between the different tissues. For the TR of
600 msec substantial T, contrast between grey and white matter and cerebral fluid is
apparent. For longer TR (1200 and 2400 msec), the overall intensity increases, at the
cost of contrast decrease [27].

By applying a spin-echo pulse frequency we can get rid of the nuisance signal, which
can be caused by the equipment (an imperfect external field). After the excitation
pulse, at a defined point of time another echo-generating pulse is applied. This
reverses the dephasing and that part of it, which is caused by external field
inhomogenities, is cancelled out [23, 26].
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2.2.2 Functional MRI (fMRI)

Functional MRI (fMRI) can create images, which reveal localized neural activity in
human brains during sensory, motor, and cognitive activity. It is based on local blood
flow changes and blood oxygenation changes in response to neural activity. MRI can
detect these hemodynamic changes [23, 28, 29].

When neurons are processing information, their metabolic requirements increase.
Energy is provided through glucose and oxygen, the oxygen bound to hemoglobin
molecules. The differential magnetic properties of deoxygenated and oxygenated
hemoglobin can be used to measure images on blood-oxygenation-level dependent
(BOLD) contrast. This contrast is a consequence of a series of indirect effects. It
results from changes in the magnetic properties of water molecules, which in turn
reflect the influence of paramagnetic deoxyhemoglobin. The deoxyhemoglobin is the
physiological correlate of oxygen consumption, which itself is a correlate of a change
in neuronal activity evoked by cognitive processes [23, 25, 26].

The increase of blood flow and oxygen delivery flushes deoxyhemoglobin from blood
vessels. These deoxyhemoglobin have magnetic field gradients that alter the spins of
nearby diffusing hydrogen nuclei. When paramagnetic deoxyhemoglobin is present,
the MR signal intensity of the hydrogen nuclei decreases, caused by less dephasing
of hydrogen. The T,* decay changes allow the spin alterations caused by changes in
the composition of the local blood supply to be measured. When the
deoxyhemoglobin is displaced with oxygenated hemoglobin through increased blood
flow, a local increase in the T,* MR signal can be observed [23, 25, 26]. The increase
in cerebral blood flow overcompensates for the decrease in oxygen caused by
oxygen comsumption in neurons, delivering an oversupply of oxygenated blood. So
indirectly neural activity can be measured by T,* changes [23, 26].

To summarize, the BOLD response provides unprecedented visibility of the neural
activity in human brain. The BOLD signal has been shown to be correlated to the
presynaptic activity and local neuronal activity [30-32].

An fMRI experiment needs a series of anatomical scans, which are later on used to
relate the functional findings to known anatomical landmarks in the brain. The
anatomical scans provide the information to better localize the place of the activation
due to cognitive tasks [23].
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FMRI differs from conventional MRI by rapidly variating magnetic field gradients. By
applying a gradient of magnetic field across one spatial dimension, the resonant
frequency will change with position. Thus the NRM signal becomes a mixture of
signals of different temporal frequencies, which can be analyzed independently and
interpreted as functions of position. A three dimensional image can be created by
repeatedly applying magnetic field gradients in all three dimensions. This permits a
much more rapid acquisition of whole-brain volumes than in conventional MRI [25,
33].

There are two major design formats for fMRI experiments. The design of the task can
be block design, where a “steady state” of neuronal and hemodynamic change is set
up, and event-related design, where the hemodynamic response to each stimulus is
measured. The design has to include other tasks or a resting period as activation
results are based on comparing between two cognitive states [25, 33].

The signal modulation in fMRI is typically 0.5-5%. It is very important to minimize
head motion to be able to detect the actual signal. Applications of fMRI can be
retinotopy, modulatory effects of attention, emotional affects, cognitive processing
and clinical and preoperative use, for example to better understand neurological and
psychiatric disorders [33].

2.3 Analysis tools of fMRI data

2.3.1 High and low pass filtering

Using temporal filters, frequency components due to noise sources that are present
in the fMRI signal can be removed. The removal of those frequencies improves the
signal-to-noise ratio. There are low and high frequency components to the noise
signal. These components are due to physiological sources as breathing and pulse
and the scanner sources such as electronic noise. The low frequency components
often lead to near linear increases or decreases in absolute signal over the course of
a several-minute long experimental run. Thus the noise signal can be removed using
low and high pass filters, or by modeling the noise signal using linear regression [25].
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2.3.2 Slice time correction

The fMRI data from the brain is acquired in many slices over the TR period. All slices
are not acquired simultaneously, but there is a time difference in acquisition of each
slice. This sampling delay can influence the strength of the association between the
measured data and the experimental hypothesis. For the correction, temporal
interpolation was used. This method uses information from the entire time series to
estimate the amplitude of the MR signal at the onset of the TR. The time shift is
usually done with reference to the initial slice acquired [25].

2.3.3 Motion correction

Even though the subjects were requested to lay still during the scanning, and there
was padding to prevent head motion, movement did occur. Even if the movement is a
fraction of a millimeter, this causes additional variance in the fMRI-data. Therefore it
is necessary to correct the images for motion effects. To correct for motion effects, a
single image in the run is chosen as a reference image and all other images are
corrected for differences in position relative to the reference image. The second step
is to calculate the new images with the estimated motion parameters.

2.3.4 Smoothing

The measured signal is composed of the neurophysiological effects in response to
the cognitive task and of noise signal. The noise signal is composed of
neuropsychological effects such as motion due to breathing and heart rate and due
to electrical noise from the scanner. Spatial smoothing of the data improves the
signal to noise ratio. The disadvantage of spatial smoothing is that the spatial
specifity of the signal is decreased relative to the original measurement. This is a
small disadvantage relative to the advantage of increased signal to noise ratio from
spatial smoothing. Another effect of smoothing is that anatomical differences
between subjects are reduced.

2.3.5 Spatial Normalization

Due to differences in anatomy between subject, it is necessary to transform the data
into a standard reference frame. Through spatial normalization the data of the single
subjects were transferred into a standardized space defined by the MNI/ICBM
template [34]. This step assures compensation of individual differences of brain size
and geometry. This makes it possible to average the data across groups of subjects.



27

2.3.6 Classification of cortical areas

The brain can be subdivided into different anatomical regions. Anatomical regions
may be defined by the various lobes or gyri. In addition, the regions may be defined
on the basis of the cortical thickness, packing density and composition and size of
neuronal vells to distinguish between regions. These differences in cytoarchitecture
are mapped with the hope of differentiating function on the basis of structure. A
common cytoarchitectural map used in brain imaging is one developed by Brodmann,
who divided the cortex into 47 regions. These regions are now called Brodmann
areas (BA) and numbered from 1 to 47 [35]. An overview of the anatomical regions is
given in Figure 2-9.

2.3.7 Extraction of brain structures

This step removed all non-brain structures like bone and other tissues from the MRI
images. It was performed by the AFNI-programm 3DAutomask. Both in the structural
MPRAGE data as well as the functional data the non-brain structures were removed
to assure the co-registration of structural and functional data could be performed
correctly.

2.3.8 Statistical Analysis

The analysis of fMRI data is based on the General Linear Model (GLM). It is a class
of statistical test that assume that the experimental data are composed of the linear
combination of different model factors, along with uncorrelated noise [25]. The linear
model assumes that the observed data is equal to a weighted combination of several
model factors plus an additive error term. The model factors are a set of
hypothesized changes in BOLD activity associated with the manipulations of the
independent variables. There are also parameter weights that indicate how much
each factor contributes to the overall data. Calculating what combination of weights
serves to minimize the error term [25].

The linear model calculations with only one dependent variable can be extended to
include a larger number of dependent variables, through the general linear model.
The basic components are the empirical data, the design matrix, which is constructed
by the experimenter based on the study design, the parameter weights, and the
residual error, the latter two being calculated during the analysis [25].
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For fMRI analysis, the experimental data are represented as a two-dimensional
matrix that consists of the time points and the voxels. There is an independent
calculation for the values of the parameter weights and error term in each voxel. A
design matrix is created, which specifies how the model factors change over time.
The columns that are entered in the matrix should represent a prediction about how
hemodynamic activity would change should a voxel be associated with that factor.
The general linear model then calculates how much this hypothetical time course
contributed to the real data [25].

In general, the general linear model assumes that raw fMRI data can be modeled as
the sum of several separate factors, which may each vary independently across
voxels, along with additive noise that is also independently and identically distributed
[25].

There are two types of experimental factors, the covariates, which can take any of a
continuous range of values, where the value of the factor represents the amount of
some known quantity, and the indicators, factors that have integral values that
indicate a qualitative level, for example demographic conditions [25].

The ANCOVA (analysis of covariance) is a special case of the general linear model.
It is used to assess interaction between variables, to correct for confounding
variables, and to increase the precision when estimating the association of interest.
An ANCOVA analysis is conducted by fitting a regression model that contains not
only the study factors of interest, but also extraneous variables considered to be
important as independent variables. The goal of an ANCOVA is to determine what
effects the study factors have on the responsible variable, which has been adjusted
for the presence of the control variable [36-41].

The ANCOVA procedure for regression modeling involves a multiple regression
model. In this model the study factors of interest are all treated as nominal variables,
whereas the variables that are being controlled (the covariates, in this study age),
can be measurements on any measurement scale. The nominal variables are
incorporated into the regression models by means of dummy variables [41].
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Figure 2-1: Main magnetic field (B,) oriented along the axis of a resistive or superconducting

magnetic bore (from [27])
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Figure 2-2: A 90° excitation pulse (a) rotates longitudinal magnetization into the transverse

plane, allowing it to be measured (from [27])
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Figure 2-3: Rapidly decaying transverse magnetization and its measurement (from [27])
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Figure 2-5: Selection of TR and TE values for T1 contrast (from [25])
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Figure 2-7: Effect of varying TR on tissue contrast (from [27])
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3 Literature Review
FMRI along with PET have been extensively used to explore the functional

neuroanatomy of cognitive functions. These methods have been utilized for finding
which cortical regions are being activated when performing cognitive tasks. Various
studies have been conducted to assess the different types of memory, such as
explicit and implicit memory, long-term memory, short-term memory, and working
memory (WM). In addition, the different phases of memory tasks were also

examined: encoding, delay and retrieval.

Another utilization of fMRI and PET is to find differences in activation due to aging
and neurodegenerative diseases such as AD. One goal of this research is to find
patterns of activation that might indicate early stages of Alzheimer’s disease (AD).
These patterns might serve as markers for AD of also its discussed prodromal stages

like mild cognitive impairment (MCI).

3.1 Activation Patterns for Working Memory Tasks
Working memory refers to temporary storage and processing information while

cognitive tasks are performed. It consists of a limited capacity system responsible for
the storage and processing. Several studies have examined activation patterns in
healthy subjects who were performing WM tasks. WM is typically assessed through
delayed response tasks, N-back tasks and self-ordered response. During the delayed
response tasks, subjects are presented with items, which they hold in short-term
memory for a few seconds, and then respond to a probe. Tasks like this require
primarily maintenance operations, and the short-term memory store is emptied after

each trial [43]. This type of WM was examined in our study.

In the N-back tasks, subjects see a continuous stream of items and have to indicate
for each item if it matches an item that occured one, two, or more items back in the
series. These tasks involve short-term memory, but also constant updating, which is

an operation attributed to the central executive [43, 44].
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In self-ordered response tasks, subjects generate verbal or motor responses
following a rule (for example, response alternation) or avoiding repetition (for

example, self-order pointing, random generation) [43, 45].

WM is typically associated with increased activity in the prefrontal cortex, specifically
in left-lateralized Brodmann area (BA) 44 for verbal and numeric stimuli and in right-
lateralized BA 44 for spatial tasks. Verbal and spatial tasks have also been
associated with activity in BA 6, which is also in prefrontal cortex, for verbal and
spatial tasks. BA 6 is likely to be related to general WM operations. BA 9 and 46 in
the prefrontal cortex seem to be active only for certain kinds of WM like tasks that
require manipulation of WM contents, but not others [46]. Broca’s area was attributed
with two functions in another study that stated dorsal Broca’s area was sensitive for

performance, while ventral Broca’s area was sensitive to lexical status [47].

Other areas typically involved in WM tasks are parietal regions, particularily BA 7 and
40. Again, for verbal/numeric tasks, they show left-lateralization, suggesting they are
involved in linguistic operations. Parietal activation is thought to represent the
phonological store, while Broca’s area (BA 44) represents the rehearsal process [48,
49]. Anterior cingulate is also associated with WM, often activated in BA 32.
However, it seems to be related to task difficulty rather than to WM itself [47].
Cerebellar activation is common during verbal WM tasks that involve processing (for
example, holding letters) and that engaged Broca’s area [43]. Parahippocampal
regions, superior, middle, and inferior frontal gyri, parietal regions, anterior and
posterior cingulate gyrus, fusiform gyrus and basal ganglia have been found to be
activated during a visual WM task [50].

In a study examining the encoding and retrieval of pictures in long term memory,
activity was found for encoding in left hippocampal area, right dorsolateral and
inferior frontal regions. The more activity was found in these regions, the deeper the
encoding was, and the better the regions that support effective encoding and
successful retrieval could be identified. For retrieval, anterior middle temporal lobe

and prefrontal regions had greater involvement than for encoding [51].
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Clark et al. [62] showed in their study that verbal WM was associated with
dorsolateral-prefrontal and inferior parietal activation. They found that prefrontal
regions act as the executive control, linking the posterior representations of
anticipated target stimulus fo anterior representation of planned response. Their
proposal is, that updating the stimulus is mediated through a connection of middle
frontal gyrus and supramarginal gyrus. The supramarginal gyrus is seen as an
amodal region binding modal representations in posterior association cortex of the

word being retained [52].

The prefrontal cortex has been the interest of a study that examined the prefrontal
contributions to WM. The lateral prefrontal cortex is connected with those types of
cognitive operations that one performs when attempting to temporarily maintain and
manipulate information. It is also involved in encoding- and response-related
processes as well as memory and non-memory processes that are engaged during
the temporary maintenance of information. Lateral prefrontal cortex can therefore not
be described as a single, unitary cognitive domain, but contributes to working

memory through different paths [53].

3.2 Changes in lateralization patterns in aging
Changes in frontal lobe function, which seem particularly vulnerable to the effects of

aging, are often hypothesized to be the source of various cognitive deficits that occur
in older adults [54]. Dysfunctions in frontal lobe have been associated with age-
related impairments in long-term memory, attention and inhibitory processes [55].
Prefrontal cortex (PFC) is behaviourally engaged for a variety of cognitive operations
(for example, WM, episodic memory, inhibition, monitoring, strategic organization and
planning). In working memory, the dorsolateral prefrontal cortex had been identified

with executive processes [43, 56].

A variety of PFC regions showed both increases and decreases in activation during
WM and episodic memory in older subjects. The subjects’ performance is often
weaker when these changes occur [57-59]. Those PFC changes are suspected to be
compensatory, reflecting the recruitment of additional brain regions to augment the

task performance [60].
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It has been found that age-related deficits in WM and also episodic memory abilities
are related to changes in PFC. With age, reduction in the hemispheric specialization
of cognitive function in the frontal lobes occurs. Causes of this could be

dedifferentiation of function and/or reorganization and compensation [57].

Reduced lateralization in PFC has been found across WM and episodic memory
tasks with age. These laterality effects could result from functional compensation,
primary deficits in function, dedifferentiation, or a combination of these mechanisms.

Deficits in brain function with age are thought to result in decreases or absences in
activation in older subjects compared to young subjects. The successful or attempted
compensation of these deficits is reflected by the concomitant increases in activation.
The dedifferentiation theory explains the age-related changes in functional activation
by deficits in neurotransmission [61], which in turn cause decreases in signal-to-noise
ratio and less distinct neural representations. Increases in activity reflect generalized
spreading of activity, caused by reduced specialization of function. It is possible, that

this results form compensatory efforts, but not necessarily [57].

Age differences in frontal lateralization of verbal and spatial WM have been
investigated in another study. In the younger subjects, activation for verbal WM was
predominantly found in left hemisphere, and for spatial WM in right hemisphere. The
older subjects revealed a global pattern of anterior bilateral activation for both verbal
and spatial WM rehearsal. These effects have been explained by compensation for

neural declines in age [60].

A study about the age effects on neural correlates of successful memory encoding
also yielded differences in activation patterns in younger and older subjects. The
subsequent memory effect of the two groups was compared. This refers to activation
found for items that were later on in a recall test remembered by the subjects. The
younger subjects showed left lateralized activation in prefrontal cortex, hippocampal
formation, and inferior temporal cortex for the subsequently remembered words. The
older subjects in contrast showed bilateral activation in prefrontal cortex and

hippocampal formation [62].
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3.3 Changes in activation patterns in MCIl and AD
An important subject of functional brain research over the past years has been the

investigation of typical activation patterns of mild cognitive impairment (MCI) patients
and Alzheimer’s disease (AD) patients. Memory impairment is the most characteristic
hallmark of both MCI and AD. Therefore, a lot of emphasis has been put on
examining alterations in brain functions during memory tasks of MCl and AD patients

in comparison to older healthy subjects.

During a face encoding task that compared the BOLD signals of HC, MCI and AD,
differences in occipital regions could be shown. These differences could significantly
distinct between the three groups, when regressors of the early phase of the BOLD
phase were applied. The HC showed diminished BOLD signal compared to the MCI,
and the MCI showed diminished BOLD signal compared to the AD. The decreased
BOLD signal was restricted to occipital regions in MCI, while in AD it occured in more
widespread regions. This might be consistent with the idea that MCI is a transitional
state between healthy aging and dementia. Single standard hemodynamic response
[63].

Yetkin et al. [50] examined differences in healthy controls (HC), MCI and AD
subjects. For visual WM several regions have been identified that reveal activation
differences: AD and MCI subjects had greater activation than older healthy controls
(OHC) sujects in right superior frontal gyrus, bilateral middle temporal gyrus, middle
frontal gyrus, anterior cingulate gyrus, and fusiform gyrus. Within this, the MCI group
had greater activation than the AD groups in right parahippocampal gyrus, left inferior
frontal gyrus, bilateral cingulate gyrus, lingual gyrus, lentiform nucleus, right fusiform
gyrus, and left supramarginal gyrus. Both MCI and AD patients had shown an
increased extent of activation and recruitment of additional areas compared to OHC
[50].
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The cingulate gyrus was another region that revealed different activation patterns in
healthy subjects and patients in a visual working memory task. It revealed activation
in YC and in AD patients, but the temporal profile was different. In YC, the response
quickly reversed, while it maintained active throughout the task for the AD patients
[64]. A group of MCI patients and also a group of AD patients had greater activity in
bilateral anterior cingulate during a visual WM task than OHC subjects. The activation

in the MCI group was higher in the MCI group than in the AD group [50].

MCI subjects showed different patterns of activation in several studies. Visual
memory has been observed to activate parahippocampal, frontal and parietal regions
and cingulate gyri to a greater extent in the MCI group compared to the AD group.
The AD groups showed higher activity in temporal and parietal regions and in anterior
cingulate. The changes in activation were hypothesized to be compensatory for
neural loss and loss of synapses or neurotransmitters. The observed differences in
activation may result from a reserve of healthy tissue, which is available for

recruitment to compensate for decreased neural capabilities [50].

Medial temporal lobe was also an area of investigations’ interest. MCI and AD groups
showed lower activation in medial temporal lobe than an OHC group during a

memory encoding task [65].

Differences in activation of AD patients and older healthy controls (OHC) have been
found during performance of a face-name encoding and retrieval task. The OHC
group had greater activation in hippocampal region, while the AD group had higher
activation in medial parietal regions (precuneus), right posterior cingulate, and right
superior frontal cortex. The decline in hippocampal region in the AD subjects was
attributed to neuronal loss. The alterations in frontal and perietal regions was thought
to be caused by age-related changes in memory, as well as compensation for
impairments in other regions. The parietal regions in particular have been reported to
show decreased resting state metabolism and perfusion in AD, but increased

activation [66].
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In a study about intentional encoding in early stage AD patients and OHC, the AD
group had an activation deficit in medial temporal lobe and also fusiform gyrus. The
medial temporal lobe was being associated with explicit memory, which was said to
be impaired. The implicit memory in contrast, which is being assessed by priming
functions in lateral occipital, parietal, and frontal cortices, areas that haven’t been
showing decreased activity in this study, was thought to be intact in this early AD

stage patients [67].

Differences in hippocampal activation were found during visual encoding. This was
connected with better performance in those MCI patients compared to MCI subjects
with lower activation and weaker performance. Patients with greater clinical
impairment also showed a larger extent parahippocampal activations, probably based

on a compensatory mechanism [68].

The group of Bookheimer et al. [69] examined if there were differences in activation
for persons at risk for AD. The group with the risk for AD were carriers of the
apolipoproteine E allele ¢4 (APOE €4). This group showed higher activation in
hippocampal, parietal, and prefrontal regions during memory activation tasks, and
higher activation hippocampal region and a greater mean number of activated

regions for recall [69].

These studies provide evidence that it might be possible to use changes in activation
patterns while performing cognitive tasks. One group established an index of
synchrony in hippocampus for subjects that underwent a resting-state fMRI for
measurement of functional synchrony in the hippocampus. This index cross-
correlated spontaneous low frequency components between possible pairs of voxel
times courses in a brain region. This index of MCI subjects was significantly higher

than in AD patients, and significantly lower than in OHC [70].
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An increased extent of activation and recruitment of additional areas could also
potentially be used as marking OHC from MCI (increased activation) and AD
(activation higher than OCH, but lower than MCI) [50]. The results of [65] suggest the
extent of decrease in medial temporal lobe activation as specific marker of limbic
dysfunction due to neurodegenerative changes in AD [65]. Extent of prefrontal
activation has been suggested as a marker for differentiating between healthy older
subjects at high or low risk for AD: High risk subjects were those who reported
subjective memory impairment, in contrast to low risk subjects who did not have
subjective memory complaints. Both encoding and retrieval of an episodic memory
task yielded increased activation in prefrontal brain regions relative to a baseline
condition in the low-risk group. The high-risk group, in contrast, did not significantly
activate any prefrontal regions. This activation pattern might predict a subsequent

disease in persons with subjective memory complaint [71].



46

4 Materials and Methods

4.1 Subjects

The two groups of subjects were MCI (mild cognitive impairment) patients and
healthy control (HC). The eight MCI subjects were all in-patients at ward D2 of the
Psychiatric Clinic of Ludwig-Maximilians-University. Diagnosis of MCI was performed
by physicians of the ward using the criteria of Petersen et al. [4, 5]. Only patients with
a-MCl-single domain were included in our study. The age range of the patient group
was between 63 and 76 years with a mean age of 70.8 years and a standard
deviation of 5.23 years. There were 6 men and 2 women in the MCI group. The
CERAD scores of the MCI subjects are in Table 4-1.

The healthy volunteers for this study were recruited from Volkshochschule Minchen
Seniorenprogramm, a local education programm for older, and also from
acquaintances of patients and others involved in this study. The CERAD was
performed with every subject, as well as an intensive discussion about their state of
memory to assure they did not have memory impairment themselves.

If depression in the HC was suspected, the Hamilton Test was performed. Subjects
who had a score of 9 or higher in the Hamilton Test were excluded from the study,
because of possible depression in the subject. Exclusion of subjects with suspected
depression was necessary because of possible overlapping symptoms between
depression and dementia. MCI patients that were diagnosed with depression were
also excluded from the study.

The age of the healthy control group ranged from 60 to 71 with a mean age of 66.6
years and a standard deviation of 3.89 years. Five of the healthy control subjects
were male, 3 female. The CERAD scores for this group are shown in Table 4-2. Only
subjects without fresh metallic implants or cardiac pacemakers, without other
psychiatric and neurological conditions and with normal vision or corrected to normal
were included in the study.

The test was explained to all subjects prior to the examination. For that purpose each
subject was handed a standardized form, which explained the goals and process of
the study. All subjects gave their written informed consent to being a participant in the
study. The study was approved by the Ethics Commission of the Medical Faculty of
Ludwig-Maximilians-University Munich.
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41.1 CERAD

The cognitive profiles of the subjects were established with the CERAD Battery Test
[13]. The CERAD (The Consortium to establish a registry for Alzheimer’s Disease) is
a neuropsychological test battery to assess a subject’s cognitive impairment. It was
developed to standardize the assessment of AD, using brief and reliable clinical and
neuropsychological measures. Its advantages are the little time needed to perform
the test (about 30-40 minutes for patients, for healthy controls less), and also its high
reliability. It has a high consistency in administration and scoring of the
neuropsychological tasks [72, 73].

The CERAD adresses several cognitive aspects:

Verbal fluency — This test measures impairment in verbal production, semantic
memory, and language.

Boston Naming Test (modified) — The subjects are asked to name 15 objects
presented as line drawings.

MMSE - This is a well-known brief general cognitive battery that measures
orientation, immediate and delayed memory, concentration, language and praxis.

Word List Memory — This free recall task with 3 trials of learning words assesses the
ability to remember newly learned information.

Constructional Praxis — Four line drawings of figures of increasing complexity are
presented to the subject for copying.

Word List Recall — In this delayed memory test the subjects are asked to name the
ten words they previously had learned during the Word List Memory task.

Word List Recognition — This tests the recognition of the 10 words of the Word List
Memory task when presented among 10 distractor words.

4.2 Working Memory Paradigm

The task was explained to the subjects using examples on a paper and once
understood they were shown a short demonstration version of the task on a
computer.
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In the working memory task the subjects were presented simultaneously 5 capital
letters for 4 seconds, followed by a 6 second period in which they were required to
remember the 5 letters and could see a white fixation cross on the screen. After 6
seconds one single lower case letter appeared, for which the subjects were to decide
if it was among the 5 letters they had seen. If the letter was in the group of 5 letters,
the subject pushed a button with their right hand, if it was not in the group, he/she
pushed a button with their left hand. The exact design of the working memory
paradigm is shown in Figure 4-1.

Each subject performed three runs of the working memory task. Each run contained
3 blocks of working memory (50 seconds per block) and each block had 3 trials. Each
subject performed 27 trials. The working memory trials alternated with four resting
state blocks (20 seconds per block). Before each block, the subjects saw a short
instruction for 10 seconds.

4.3 Test procedure

The subjects were scanned in a 1.5T Siemens Vision System scanner (Siemens,
Erlangen, Germany). While lying in the scanner, the subjects saw a 1.5 x 1.5 meter
screen through a mirror that was attached to the head coil. The stimuli were projected
on this screen by a video projector. A computer equipped with VAPP (Visual and
Auditory Presentation Package, [74]) software for displaying visual images for
psychological studies was connected to the video projector. An illustration of the
scanning environment can be seen in Figure 4-2.

The subjects were instructed to press a button with the index finger of the right hand
(for letters that have been among the previously seen ones) or left hand (for letters
that have not been among the 5 previously seen ones). A picture of the response
device they utilized is in Figure 4-3.
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4.4 Group Matching

The subjects in the two groups were matched for performance. For each pair of
subjects, the number of runs and performance in each run were matched. The
difference in age was adjusted by including a covariate for age when comparing
differences between groups. All subjects performed three runs of the task. Some runs
have been excluded from the analysis, because the subjects’ performance in those
runs was not above chance (55.6 % or higher percentage of correct answers). Some
runs showed motion artefacts and also had to be excluded from the analysis. The
number of runs and performance for each group are shown in Table 4-3 and Table
4-4.

4.5 Data acquisition

Structural images were acquired first using a sagittal T4 weighted MPRAGE (3D
Magnetization Prepared Rapid Gradient Echo) sequence (repetition time [TR] =
620ms, echo time [TE] = 60ms, flip angle a = 90°, inversion time [TI] = 12ms, voxel
size = 0.9375 x 0.9375 x 5mm, field of view = 240 mm, matrix = 224 x 256,
rectangular field of view = 7/8, effective thickness = 1.25mm).

The acquisition of the functional data was conducted by an interleaved T,* weighted
echo-planar sequence (repetition time [TR] = 3.6 sec, echo-time [ET] = 60ms, flip
angle a = 90°, voxel size = 3.75 x 3.75 mm in-plane resolution) during which 87 sets
of 28 4-mm-thick axial images were acquired parallel to the anterior posterior
commissure plane. There was a 1mm gap between slices. Each functional run lasted
about 5.3 minutes.

4.6 Data Analysis

The data was analyzed off line on a computer with an Intel Pentium IIl CPU (San
Jose, California, USA) running Linux (Red Hat version 7.0, Red Hat Inc, Raleigh,
North Carolina, USA). AFNI [75] (http://afni.nimh.nih.gov/afni) and FSL (FMRIB
Software Library — http://www.fmrib.ox.ac.uk/fsl) software were used to analyze the
data.
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The analysis of the data was performed through an event-related design [38, 76-81],
which is able to extract only activity that is transient and associated with the event of
interest. The three different parts that were analyzed in this fashion were the letter
period, the delay period and the retrieval period. This design is in contrast to the
block design, which would have compared overall activity during the whole block
when the subjects performed the working memory task to overall activity during a
block when the subjects were in the resting state [82].

The initial step was to remove the initial T1 magnetic transients in the data by
deleting the first 4 volumes of each scan. Then the data were corrected for the timing
differences between each slice. The data were then corrected for motion effects, with
the reference volume being in the center of the run. The motion corrected data were
normalized to the Montreal Neurological Institute/International Consortium for Brain
Mapping 152 (MNI/ICBM) standard stereotaxic space using the MRI template [34], as
contained within the FSL software package. The data were then high pass filtered
with a cutoff at (1/100) Hz and smoothed (Gaussian filter at full width at half
maximum = 6 x 6 x 6 mm).

Each run for each subject was analyzed using a fixed effects general linear model.
Each model consisted of several regressors for each part of the task, the letter
period, the delay stage, and the retrieval period. For each part of the task, there were
regressors for the correct trials, regressors for incorrect trials. Additional regressors
were added for the instruction periods and the resting periods. The task and
instruction models were square wave-forms (on-off). They were convolved with a
standard double gamma hemodynamic response function.

Before comparing the cortical activities of both groups, a mask was created of only
those areas, which showed significant activation for either or both of the groups. This
makes sure only areas that have been significantly active in either group are
compared for differences.
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The group statistical analyses were done using a mixed effects model with a voxel
wise threshold of Z = 2.9 (p < 0.01) and each cluster was corrected for multiple
comparisons at the p < 0.05 level using Monte Carlo simulations. ANCOVA model
was used to determine the statistical significant differences in activation between
both groups. Because of the age difference of both groups, it was necessary to
examine what effect age had to either group had on the activation results that. Thus
the subjects’ age was added as an extra variable. The ANCOVA analysis consisted
of three parts: An analysis of linear correlation of the activation with age was
performed, which shows where significant activity was correlated with subjects’ age;
the actual analysis of differences in activation of HC and MCI patients; the analysis of
interaction between the age effect and the difference between the two groups.

The Talairach and Tournoux template [83] was used as reference for locating the
activation in the brain. The MNI/ICBM coordinates were converted to the Talairach
and Tournoux coordinates using a non-linear transformation developed by M. Brett
for transforming coordinate location between both stereotaxic spaces
(http://www.mrc-cbu.cam.ac.uk/Imaging/mnispace.html).

The structural images were first edited of non-brain tissue using BET [84]. Remaining
non-brain tissue were edited manually.
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Table 4-1. CERAD scores of MCI patients

Subject MMSE  Word Word Word List Verbal Boston  Constructive

[0-30] List List Recognition fluency = Naming Praxis
Memory Recall [0-10] Test [0-11]
[0-30] [0-30] [0-15]
1 27 15 4 10 20 15 11
2 26 13 4 9 13 14 11
3 28 19 7 10 20 15 11
4 29 22 8 10 19 13 11
5 26 13 1 8 18 15 11
6 25 14 1 8 24 15 11
7 26 17 3 4 18 14 11
8 26 14 2 6 16 13 11

@+SD  26.6%1.3 15.9£3.2 3.75+2.6 8.1+2.2 18.5+3.2 14.2+0.9 110
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Table 4-2. CERAD scores of healthy control group

Subject MMSE Word Word Word List Verbal Boston  Constructive

[0-30] List List Recognition Fluency = Naming Praxis

Memory Recall [0-10] Test [0-11]
[0-30] [0-10] [0-15]

1 30 19 8 10 18 14 9

2 30 21 9 10 18 15 11

3 30 26 9 10 19 15 11

4 30 26 9 10 25 14 11

5 30 26 10 10 16 15 11

6 30 24 9 10 22 15 11

7 30 23 8 10 19 14 10

8 30 19 6 10 21 15 11

@+SD 3040 23+3.0 8.5+1.2 1040 19.75+2.8 14.6£0.5 10.6+0.7




Table 4-3: Task performance of OHC subjects
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OHC
Subject Run No.

Adjusted
[% correct of 9 trials]

Performance Average

Response Time
[sec]

Standard
Deviation
Response Time
[sec]

2 01 77.8 1.97 0.29
3 01 66.7 1.63 0.13
02 66.7 1.58 0.21
03 77.8 2.33 0.73
5 01 77.8 1.59 0.46
02 100 1.60 0.29
03 100 2.10 0.40
1 01 88.9 1.62 0.50
02 88.9 1.44 0.31
6 01 77.8 1.51 0.46
02 77.8 1.51 0.35
7 01 88.9 1.44 0.66
02 77.8 1.34 0.47
4 01 100 1.54 0.44
02 88.9 1.46 0.50
03 100 1.39 0.48
8 01 88.9 1.50 0.32
02 88.9 1.41 0.23
03 77.8 1.36 0.21
%) 84.8 1.60 0.39
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Table 4-4: Task performance of MCI Patients

MCI
Subject Run No. Adjusted Performance Average Standard
[% correct of 9 trials] Response Time Deviation
[sec] Response Time
[sec]
1 01 77.8 1.41 0.29
2 01 66.7 3.41 0.58
02 66.7 4.49 1.43
03 77.8 2.89 0.86
3 01 77.8 1.78 0.49
02 100 1.47 0.33
03 100 1.60 0.55
4 01 88.9 1.82 0.32
02 88.9 1.60 0.25
5 01 77.8 1.31 0.13
02 77.8 1.40 0.29
6 01 88.9 1.63 0.68
02 77.8 1.38 0.34
7 01 100 1.48 0.17
02 88.9 1.51 0.46
03 100 1.51 0.35
8 01 88.9 1.43 0.25
02 88.9 1.76 0.62
03 77.8 2.86 3.22

%) 84.8 1.93 0.61
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Figure 4-1: Scheme of Working Memory Paradigm
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Figure 4-2: Setup for functional scanning
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5 Results

5.1 Task Performance

The performance had been matched for both groups. The response time showed no
statistically significant difference between both groups (t-test, p = 0.1).

5.2 Localization of positive cerebral activation for Healthy Control
Group

5.2.1 Cerebral Activation during Letter Period

The main cortical areas of the left hemisphere with statistically significant higher
activation during the letter period compared to the resting state were found in inferior
(BA 18) and middle occipital gyrus (BA 18, 37), fusiform gyrus (BA 19), superior
parietal lobule (BA 7), superior (BA 38, 22), inferior (BA 45) and medial frontal gyrus
(BA 6) as well as in the cerebellum, and in right hemisphere’s inferior frontal gyrus
(BA 46) and also cerebellum. An overview of the activation is shown in Table 5-1 and
Figure 5-1.

5.2.2 Cerebral Activation during Working Memory Period

During the working memory period for HC both statistically significant positive and
negative activation were found. The positive activation indicated activation during the
task compared to rest while the negative activation refered to higher activation during
the rest period compared to task period.

The positive activation peaks in the left hemisphere were in fusiform gyrus (BA 37),
supramarginal gyrus (BA 40), inferior parietal lobule (BA 40), postcentral gyrus (BA
2), paracentral lobule (BA 6), precentral gyrus (BA 4, 6), inferior frontal gyrus (BA 44)
and cingulate gyrus (BA 32).

The activation peaks in the right hemisphere were in fusiform gyrus (BA 37),
supramarginal gyrus (BA 40), inferior parietal lobule (BA 40), postcentral gyrus (BA
40, 4), paracentral lobule (BA 6), superior temporal gyrus (BA 38), precentral gyrus
(BA 4), medial frontal gyrus (BA 6), cingulate gyrus (BA 32), and cerebellum. Table
5-2 and Figure 5-2 show these peaks.
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5.2.3 Cerebral Activation during Decision Period

The analysis of statistically significant activation for HC during the decision period
also yielded positive and negative peaks.

The most significant positive peaks are listed in Table 5-3 and shown in Figure 5-3.
The main peaks were in left hemisphere’s middle occipital gyrus (BA 37),
supramarginal gyrus (BA 40), inferior parietal lobule (BA 5, 40), postcentral gyrus (BA
40), paracentral lobule (BA 4), middle (BA 21) and superior temporal gyrus (BA 22),
inferior (BA 44, 47) and middle frontal gyrus (BA 9), and in right hemisphere’s
supramarginal gyrus (BA 40), postcentral gyrus (BA 2), middle temporal gyrus (BA
21), and middle frontal gyrus (BA 8).

5.3 Localization of cerebral activation for Mild Cognitive
Impairment Patients

For the MCI group, positive activation peaks that present higher activation during the
task than during the resting state as well as negative activation peaks that present
lower activation during the task than during the resting state were found for all the
parts of the task.

5.3.1 Cerebral Activation during Letter Period

Table 5-4 and Figure 5-4 show the main peaks of statistically significant activation for
MCI patients during the letter period.

The main positive peaks in the left hemisphere were in inferior (BA 18) and middle
occipital gyrus (BA 37, 19), inferior parietal lobule (BA 40), postcentral gyrus (BA 3,
43), precentral gyrus (BA 4), middle frontal gyrus (BA 9, 46), medial frontal gyrus (BA
6), and cerebellum.

In the right hemisphere the significant positive peaks were in inferior frontal gyrus (BA
44) and cerebellum.

5.3.2 Cerebral Activation during Working Memory Period

The peaks found for the working memory period are shown in Table 5-5 and Figure
5-5.
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For the left hemisphere the main positive peaks were located in superior parietal
lobule (BA 7), postcentral gyrus (BA 40, 1), precuneus (BA 7), middle (BA 21, 42)
and superior (BA 22) temporal gyrus, precentral gyrus (BA 44), inferior (BA 45, 47),
middle (BA 6, 9), superior (BA 6) and medial (BA 6) frontal gyrus, and cerebellum.

The right hemisphere’s main positive peaks were in middle frontal gyrus (BA 4, 46),
and cerebellum.

5.3.3 Cerebral Activation during Decision Period

The statistically most significant positive activation peaks for the MCI patients while
performing the Decision period of the Working Memory task are listed in Table 5-6
and shown in Figure 5-6.

The statistically significant positive peaks of the left hemisphere were found in middle
(BA 21, 22) and superior (BA 22, 38) temporal gyrus, inferior (BA 44), middle (BA 6,
9, 46), superior (BA 6, 8) and medial (BA 6) frontal gyrus, and cerebellum.

The right hemisphere’s highest positive peaks were in postcentral gyrus (BA 40),
middle (BA 21) and superior temporal gyrus (BA 22, 38), inferior (BA 44, 47), middle
(BA 9), and superior (BA 8) frontal gyrus, and thalamus.

5.4 Differences in cerebral activation during the delay stage

5.4.1 Difference between groups

The analysis of the difference between the two groups during the working memory
period gave the following clusters with higher activation in MCI compared to HC:
lingual gyrus (BA 17), superior parietal lobule (BA 7), postcentral gyrus (BA 40),
precuneus (BA 7), middle temporal gyrus (BA 21), superior temporal gyrus (BA 22),
medial frontal gyrus (BA 6), inferior frontal gyrus (BA 45), middle frontal gyrus (BA 9),
and cerebellum of the left hemisphere; cuneus (BA 19), postcentral gyrus (BA 4),
medial frontal gyrus (BA 8), cingulate gyrus (BA 32), and cerebellum of the right
hemisphere. Table 5-7 and Figure 5-7 show these clusters.

There were no statistically significant clusters found with higher activation in HC
compared to MCI.
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5.4.2 Age Effect

Left hemisphere’s clusters with significant negative correlation for age effect during
the working memory period were in postcentral gyrus (BA 2), middle temporal gyrus
(BA 20), parahippocampal gyrus (BA 36), and inferior frontal gyrus (BA 47). These
clusters are listed in Table 5-8 and shown in Figure 5-8.

Clusters with positive correlation were found in left hemisphere’s middle occipital
gyrus (BA 18), cuneus (BA 19), supramarginal gyrus (BA 40), middle temporal gyrus
(BA 21, 39), and in right hemisphere’s cuneus (BA 19), lingual gyrus (BA 40), inferior
parietal lobule (BA 40), middle temporal gyrus (BA 39), superior temporal gyrus (BA
22), and cingulate gyrus (BA 24). They are listed in Table 5-9 and shown in Figure
5-9.

5.4.3 Interaction

Negative interaction was found in clusters in left hemisphere’s inferior parietal lobule
(BA 18), precuneus (BA 7), medial frontal gyrus (BA 6), and right hemisphere’s
lingual gyrus (BA 18), postcentral gyrus (BA 40), precuneus (BA 7), middle frontal
gyrus (BA 10), cingulate gyrus (BA 29), and cerebellum. These clusters can be
viewed in Table 5-10 and Figure 5-10.

Positive interaction clusters were located in middle temporal gyrus (BA 21), and
inferior frontal gyrus (BA 47) of the left hemisphere. They are listed in Table 5-11 and
shown in Figure 5-11.

5.5 Differences in cerebral activation during letter periods

5.5.1 Difference between groups

There was higher activation in MCI compared to HC in superior temporal gyrus (BA
22, 42) of the left hemisphere and in cuneus (BA 18) and cingulate gyrus (BA 30) of
the right hemisphere. See Table 5-12 and Figure 5-12 for a detailed listing.

Table 5-13 and Figure 5-13 display the statistically significant clusters of higher
activation in HC compared to MCI during the letter period. The main cortical areas
are precentral gyrus (BA 6), cingulate gyrus (BA 32) and cerebellum of the left
hemishpere and superior temporal gyrus (BA 38), and cerebellum of the right
hemisphere.
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5.5.2 Age Effect

There was statistically significant negative correlation of activation with age in left
hemisphere’s postcentral gyrus(BA 43) and superior temporal gyrus (BA 21), and in
right hemisphere’s postcentral gyrus (BA 43) and cerebellum. The values can be
viewed in Table 5-14 and Figure 5-14.

There was statistically significant positive correlation of activation with age in left
hemisphere’s inferior parietal lobule (BA 40) and precentral gyrus (BA 6), and in right
hemisphere’s precuneus (BA 7), middle temporal gyrus (BA 21), precentral gyrus (BA
6) and inferior frontal gyrus (BA 47). These results are also shown in Table 5-15 and
Figure 5-15.

5.5.3 Interaction

The clusters with statistically significant negative interaction between age and
activation were located in left hemisphere’s precentral gyrus (BA 6), and in right
hemisphere’s fusiform gyrus (BA 37), supramarginal gyrus (BA 40), superior parietal
lobule (BA 7), precentral gyrus (BA 4), middle frontal gyrus (BA 10) and in superior
frontal gyrus (BA 6). These clusters are listed in Table 5-16 and shown in Figure
5-16.

Statistically significant positive interaction between age and activation was found in
clusters in middle temporal gyrus (BA 21) and middle frontal gyrus (BA 11) in the left
hemisphere. The clusters are shown in Table 5-17 and Figure 5-17.

5.6 Differences in cerebral activation during Decision period

5.6.1 Difference between groups

There were no statistically significant activation clusters with greater activation for
MCI compared to HC in the decision period.

Clusters with statistically significant higher activation in HC than in MCI as results of
the analysis of the difference between the two groups were in left hemisphere’s
cuneus (BA 19), superior temporal gyrus (BA 42), medial frontal gyrus (BA 10) and
cerebellum, as well as in right hemisphere’s lingual gyrus (BA 18), inferior parietal
lobule (BA 40), transversal temporal gyri (BA 41), superior temporal gyrus (BA 38),
superior frontal gyrus (BA 11), medial frontal gyrus (BA 6), and cerebellum. These
clusters are listed in Table 5-18 and shown in Figure 5-18.
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5.6.2 Age Effect

During the Decision period, clusters with statistically significant negative age effect
were located in left middle temporal gyrus (BA 21), inferior frontal gyrus (BA 47),
medial frontal gyrus (BA 10), cingulate gyrus (BA 24, 32), and cerebellum, and right
cuneus (BA 18), inferior parietal lobule (BA 40), and postcentral gyrus (BA 2). Table
5-19 and Figure 5-19 show these clusters.

No clusters with statistically significant positive correlation with age were found for
the decision period.

5.6.3 Interaction

There were no statistically significant interactions between age and differences in
activation during the decision period.

5.7 Localization of ‘negative’ cerebral activation for Healthy Control
Group

The term ‘negative activation’ is used to describe activation that was higher during
the resting state than during the task.

5.7.1 Working Memory Period

Statistically significant negative peaks were located in left hemisphere middle
occipital gyrus (BA 19), cuneus (BA 17, 18, 19), lingual gyrus (BA 18, 19), inferior
parietal lobule (BA 19), middle temporal gyrus (BA 39), middle (BA 10) and medial
frontal gyrus (BA 9), cingulate gyrus (BA 32, 30) and cerebellum.

The right hemisphere statistically significant negative peaks were in cuneus (BA 18),
lingual gyrus (BA 18), middle (BA 21) and superior (BA 22) temporal gyrus, medial
frontal gyrus (BA 9, 10, 11), cingulate gyrus (BA 23, 24), and cerebellum. These
peaks are listed in Table 5-20 and shown in Figure 5-20.

5.7.2 Decision Period

Peaks with statistically significant negative activation for HC subjects were located in
fusiform gyrus (BA 37), medial frontal gyrus (BA 11), and cerebellum of the left
hemisphere and superior frontal gyrus (BA 11), and medial frontal gyrus (BA 10) of
the right hemisphere. These peaks are shown in Table 5-21 and Figure 5-21.
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5.8 Localization of negative cerebral activation for MCIl Group

5.8.1 Letter Period

Statistically significant negative peaks of activation in MCI were found in left
hemisphere medial frontal gyrus (BA 10), cingulate gyrus (BA 32), and in right
hemisphere superior temporal gyrus (BA 38), medial frontal gyrus (BA 11), and
cingulate gyrus (BA 32). These peaks can be viewed in Table 5-22 and Figure 5-22.

5.8.2 Working Memory Period

The statistically significant negative peaks in the left hemisphere were located in
medial frontal gyrus (BA 11), and in cingulate gyrus (BA 32), while the right
hemisphere statistically significant negative peaks were in superior temporal gyrus
(BA 38), inferior frontal gyrus (BA 47), and medial frontal gyrus (BA 11). Table 5-23
and Figure 5-23 show these peaks.

5.8.3 Decision Period

The highest statistically significant negative peaks in the left hemisphere for MCI
patients during the decision period were identified in cuneus (BA 19, 29, 17), lingual
Gyrus (BA 18), fusiform gyrus (BA 19), medial frontal gyrus (BA 9, 10), cingulate
gyrus (BA 32), and cerebellum. These peaks are listed in Table 5-24 and shown in
Figure 5-24.

Statistically significant negative peaks of activation in the right hemisphere were
located in cuneus (BA 17, 18), lingual gyrus (BA 17, 18), middle (BA 21), superior
(BA 38) temporal gyrus, inferior (BA 47), middle (BA 11) and superior (BA 10) frontal
gyrus, cingulate gyrus (BA 32), hippocampus and cerebellum. The main negative
peaks are also presented in Table 5-24 and Figure 5-24.
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Table 5-1: Statistically significant activation peaks in HC during the letter period compared to

the rest period

Region Side BA X Y Z Z-Value
Inferior Occipital Gyrus L 18 -38 -8 -9 9.51
Middle Occipital Gyrus L 18 -42 -85 10 9.68
L 37 -52 66 -7 9.56
Fusiform Gyrus L 19 48 -74 -11 954
Superior Parietal Lobule L 7 -26 61 60 10.14
L 7 36 -50 50 9.64
Superior Temporal Gyrus L 38 -50 10 -18  9.98
L 22 -65 -23 3 9.23
Inferior Frontal Gyrus R 46 40 41 7 9.69
L 45 -52 14 5 9.86
Medial Frontal Gyrus L 6 -4 1 57 9.97
Cerebellum R 11.43
R 11.34
R 9.27
L 9.33
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Table 5-2: Statistically significant activation peaks in HC during the delay stage compared to

the rest period

Region Side BA X Y Z Z-Value
Fusiform Gyrus R 37 52 -63 -12 5.93
L 37 46 -53 -12 6.77
Supramarginal Gyrus R 40 54 -47 28 4.74
L 40 -57 -50 28 7.04
Inferior Parietal Lobule R 40 59 -37 37 5.05
L 40 -40 -52 45 7.58
L 40 -57 41 40 7.49
L 40 46  -37 39 5.57
Postcentral Gyrus R 40 54 -22 18 6.09
R 4 63 -16 34 4.78
L 2 -50  -23 49 6.62
L 2 34  -19 45 5.95
Paracentral Lobule R 6 8 -13 47 5.25
L 6 -2 -11 50 5.61
Superior Temporal Gyrus R 38 46 9 -6 5.49
Precentral Gyrus R 4 42 -2 43 4.86
L 4 36 -19 54 5.87
L 6 50 2 35 512
L 4 -52 -2 43 4.86
Inferior Frontal Gyrus L 44 42 3 22 5.50
Medial Frontal Gyrus R 6 6 -13 58 5.99
R 6 10 5 51 4.81
Cingulate Gyrus R 32 8 12 38 5.87
L 32 -6 12 38 5.14

Cerebellum R 6 -41 -43 513
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Table 5-3: Statistically significant activation peaks in HC during the decision period compared

to rest period

Region Side BA X Y Z Z-Value
Middle Occipital Gyrus L 37 -46 -65 -10 6.15
Supramarginal Gyrus R 40 61 -43 37 6.94
L 40 -60 -43 30 8.36
Inferior Parietal Lobule L 5 -44  -40 59 6.77
L 40 -40 -54 43 6.35
L 40 -50 -50 50 6.28
Postcentral Gyrus R 2 57 -19 45 6.64
R 2 61 -20 23 6.62
L 40 -65 -24 20 6.96
Paracentral Lobule L 4 -6 33 72 6.28
Middle Temporal Gyrus R 21 59 -50 10 6.91
L 21 -57 -54 8 6.31
Superior Temporal Gyrus L 22 -65 -44 17 7.99
Inferior Frontal Gyrus L 47 -48 21 -10  7.09
L 44 -50 13 23 6.10
Middle Frontal Gyrus L 9 -52 10 36 6.75
Medial Frontal Gyrus R 8 4 33 39 6.05

32 -83 -26 8.15
30 -65 25 7.53
28 46 -21  7.51
4 -53  -14  7.37
6.87
32 -56 -39 6.40
-38 46 -26 8.78
22 42 -256 8.23
22  -60 -24 7.31

Cerebellum

r - 00X XX XX
N
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Table 5-4: Statistically significant activation peaks in MCI during the letter period compared to

rest period
Region Side BA X Y Z Z-Value
Inferior Occipital Gyrus L 18 28 92 A4 8.33
Middle Occipital Gyrus L 37 -54  -70  -10 7.90
L 19 -38 -89 38 7.52
Inferior Parietal Lobule L 40 46 -45 39 8.19
L 40 46 -44 54 8.14
Postcentral Gyrus L 3 -48 -11 &3 11.47
L 43 -53 3 15 8.85
Precentral Gyrus L 4 -54 10 37 9.30
L 4 46  -14 30 8.85
Inferior Frontal Gyrus R 44 40 5 26 8.66
Middle Frontal Gyrus L 9 -50 6 35 9.35
L 46 -40 -46 -21  8.66
L 9 -52 2 40 8.28
Medial Frontal Gyrus L 6 -6 -3 61 8.65
L 6 -4 3 53 8.46

18 -63 -20 16.33
36 -67 -25 11.36
38 -57 21 10.96
10.48
48 -64 -31 8.53
-40 -46 -21 8.66
-30 -83 -19 8.66

Cerebellum

L VR VI VI Vv
w
N
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Table 5-5: Statistically significant activationpeaks in MCI during the delay stage compared to

rest period
Region Side BA X Y Z Z-Value
Superior Parietal Lobule L 7 -38 -58 49 9.72
Postcentral Gyrus L 40 59  -24 25 7.68
L 1 -54 15 45 7.44
Precuneus L 7 -2 -712 46 7.54
L 7 -6 -62 51 7.28
Middle Temporal Gyrus L 21 -54 31 -2 7.70
L 42 -46 37 6 7.59
Superior Temporal Gyrus L 22 -57 10 1 7.80
Precentral Gyrus L 44 -48 14 7 10.31
Inferior Frontal Gyrus L 45 -54 20 19 8.99
L 47 -28 23 1 8.31
L 47 -55 8 -4 7.34
L 47 46 -61 -5 7.30
Middle Frontal Gyrus R 46 42 36 22 7.64
R 4 44 4 39 7.14
L 9 -50 4 37 14.45
L 6 40 6 48 8.88
L 9 -48 19 30 8.04
L 6 -32 -5 53 7.65
Superior Frontal Gyrus L 6 -4 6 48 8.80
Medial Frontal Gyrus L 6 -10 5 55 9.90
L 6 -4 -3 59 9.35
L 6 -2 20 43 8.01
Cerebellum R 30 -69 -25 8.68

py
N

-81  -21  8.27




71

Table 5-6: Statistically significant activation peaks in MCI during the decision period compared

to rest period

Region Side BA X Y Z Z-Value
Postcentral Gyrus R 40 38 -15 19 4.79
Middle Temporal Gyrus R 21 63 3 -10 3.7
L 21 -57 4 -7 4.09
L 21 -67 27 -4 3.72
L 22 -63 -6 64 2.98
Superior Temporal Gyrus R 38 42 11 -7 4.63
R 22 57 13 -4 4.07
R 38 52 21 -16 3.99
L 38 -54 15 -11 5.75
L 22 -63 -6 2 3.63
L 38 -36 20 20  3.19
Inferior Frontal Gyrus R 44 48 22 6 4.08

R 47 36 25 -6 3.36
L 44 -52 23 25 5.82
Middle Frontal Gyrus R 9 50 32 26 3.80
L 9 -46 21 32 3.99
L 9 -46 6 38 3.92
L 6 -48 6 46 3.28
L 46 -54 25 25 3.27
Superior Frontal Gyrus R 8 4 37 48 4.08

L 8 -2 28 52 5.15
L 6 -2 7 55 3.23
Medial Frontal Gyrus L 6 -4 16 45 4.23
Thalamus R 4 -13 12 5.24
Cerebellum L -48 63 -20 5.78
L 42 46 -20 4.04

L -46  -79 -18 3.23
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Table 5-7: Statistically significant clusters of lower activation in HC compared to MCI during

the delay stage

Region Side Volume BA X Y Z Z-Value
[ul]
Cuneus R 336 19 4 -82 28 3.27
Lingual Gyrus L 1528 17 -2 92 12 3.88
Superior Parietal Lobule L 560 7 -30 -44 o1 3.99
Postcentral Gyrus L 25464 40 -61 -24 25 6.37
Superior Parietal Lobule L 7 -38 -58 49 5.89
Postcentral Gyrus R 656 4 20 -34 61 3.95
Precuneus L 224 7 -0 -49 61 2.68
Middle Temporal Gyrus L 1008 21 52 -43 2 4.95

Superior Temporal Gyrus L 1032 22 -52 -57 18 4.35

Medial Frontal Gyrus L 51696 6 -6 18 43 6.48
Inferior Frontal Gyrus L 45 -46 37 6 5.97
45 -57 8 3 5.68
45 -34 26 4 4.70

Middle Frontal Gyrus L 9 -48 8 35 5.61
Medial Frontal Gyrus R 296 8 12 56 34 3.80
Cingulate Gyrus R 3120 32 12 -43 -1 5.18
Cerebellum L 4648 40 61 -17 6.45
Cerebellum L -40 -50 -23 534
Cerebellum L 712 -34 -84 -16  3.89
R 800 32 -39 32 547
R 1040 12 -81 -21 521
R 2712 28 711 -25 514
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Table 5-8: Statistically significant clusters of negative correlation with age during the delay

stage

Region

Side Volume BA X

Z-Value

Postcentral Gyrus

Middle Temporal Gyrus

Parahippocampal Gyrus

Inferior Frontal Gyrus

5.14

4.88

4.33

3.69
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Table 5-9: Statistically significant clusters of positive correlation with age during the delay

stage
Region Side Volume BA X Y Z Z-Value
[ul]

Middle Occipital Gyrus L 248 18 -16 -81 15 4.37
Cuneus L 856 19 -10 -92 29 4.12

R 1160 19 18 -88 25 3.71
Lingual Gyrus R 912 17 6 -85 3 3.90
Supramarginal Gyrus L 944 40 -63 47 26 3.68
Inferior Parietal Lobule R 224 40 50 -58 42 3.87
Middle Temporal Gyrus L 432 21 63 -47 -4 3.86

208 39 52 -65 25 2.91
R 272 39 36 -57 21 3.89

Superior Temporal Gyrus R 1320 22 65 -44 19 4.88

Cingulate Gyrus R 800 24 2 17 27 4.29
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Table 5-10: Statistically significant clusters with negative interaction of age and activation

difference during the delay stage

Region Side Volume BA X Y Z Z-Value
[ul]

Lingual Gyrus R 328 18 10 -64 5 3.34

Inferior Parietal Lobule L 376 40 -61 -53 25 4.52

Postcentral Gyrus R 368 40 63 -24 22 3.81

Precuneus L 424 7 -2 -74 44 3.63

R 624 7 18 -70 51 4.41

Medial Frontal Gyrus L 360 6 -8 -16 65 3.94
Middle Frontal Gyrus R 264 10 36 55 16 3.04
Cingulate Gyrus R 208 29 4 46 13 3.49

Cerebellum R 472 6 -75 -15  3.44
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Table 5-11: Statistically significant clusters with positive interaction of age and activation

difference during the delay stage

Region Side Volume BA X Y Z Z-Value
]

Middle Temporal Gyrus L 400 21 -85 -34 -10 4.10

Inferior Frontal Gyrus L 8096 47 -24 28 -15 5.26
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Table 5-12: Statistically significant clusters of lower activation in HC compared to MCI during

the letter period

Region Side Volume BA X Y Z Z-Value
(]

Cuneus R 504 18 3 -101 32 4.40

Superior Temporal Gyrus L 2184 22 7 -37 61 4.69
2408 42 8 -9 59 4.10

Cingulate Gyrus R 1144 30 12 -50 6 3.74
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Table 5-13: Statistically significant clusters of higher activation in HC compared to MCI during

the letter period

Region Side Volume BA X Y Z Z-value
(]

Superior Temporal Gyrus R 720 38 26 6 -34  5.06

Precentral Gyrus L 1544 6 -52 1 26 4.14
Cingulate Gyrus L 7864 32 12 41 -2 4.89
Cerebellum L 1256 -38 -81 -26 4.47

R 1192 42 -63 -47 3.78
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Table 5-14: Statistically significant clusters of negative correlation with age during the letter

period

Region Side Volume BA X Y Z Z-Value
[ul]

Postcentral Gyrus R 736 43 57 -1 17 4.83

L 616 5 30 -43 69 5.38
Superior Temporal Gyrus L 1120 21 61  -23 -1 5.24

Cerebellum R 944 38 -719  -25 4.25
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Table 5-15: Statistically significant clusters of positive correlation with age during the letter

period

Region Side Volume BA X Y Z Z-Value
(]

Inferior Parietal Lobule L 1072 40 42 56 43 4.90

Precuneus R 1000 7 10 -65 59 3.93
Middle Temporal Gyrus R 560 21 69 -10 13 424
Precentral Gyrus R 784 6 61 0 31 5.25

L 1144 6 40 4 35 4.41

Inferior Frontal Gyrus R 240 47 24 27 -11 3.61
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Table 5-16: Statistically significant clusters with negative interaction of age and activation

difference during the letter period

Region Side Volume BA X Y Z Z-Value
[ul]

Fusiform Gyrus R 232 37 60 -59 -16  5.00

Supramarginal Gyrus R 384 40 57 -45 35 3.45

Superior Parietal Lobule R 1032 7 2 -67 53 3.70

Precentral Gyrus L 560 6 40 4 35 4.19
R 1240 4 28 54 -5 5.07

Middle Frontal Gyrus R 760 10 34 59 12 3.85

Superior Frontal Gyrus R 384 6 28 5 62 4.83
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Table 5-17: Statistically significant clusters of positive interaction of age and activation

difference during the letter period

Region Side Volume BA X Y Z Z-Value
(]

Middle Temporal Gyrus L 720 21 -1 -10  -61 4.28
976 21 2 -37 -54 3.86

Middle Frontal Gyrus L 456 11 -24 36 -17  3.60
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Table 5-18: Statistically significant clusters of higher activation in HC compared to MCI during

the decision period

Region Side Volume BA X Y Z Z-Value
(]

Cuneus L 680 19 -10 -76 30 3.52

Lingual Gyrus R 968 18 4 -87 1 4.23

Inferior Parietal Lobule R 480 40 59 -36 28 4.35

Transversal Temporal R 1032 41 42 27 11 3.80
Gyri

Superior Temporal Gyrus L 296 42 44 21 7 3.89
432 42 -52 -28 18 3.87
R 464 38 48 16 -29 3.69

Superior Frontal Gyrus R 696 11 20 48 -14  3.81
Medial Frontal Gyrus L 1056 10 -6 48 -9 3.39

1072 10 -0 60 21 3.28
R 688 6 2 -13 52 5.42

Cerebellum L 7816 -4 -710 -5 3.92
768 -18 -36 -22 3.81

R 2712 30 -69 -15 3.81

1272 4 -51  -18 3.75

416 20 -49  -14  3.58
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Table 5-19: Statistically significant clusters of negative correlation with age during the decision

period
Region Side Volume BA X Y Z Z-Value
[ul]
Cuneus R 408 18 8 -101 11 4.60
Inferior Parietal Lobule R 272 40 52 -34 29 2.89
Postcentral Gyrus R 264 2 55 -22 23 4.30
Middle Temporal Gyrus L 344 21 48 -58 5 3.51
Inferior Frontal Gyrus L 256 47 -30 30 -17  3.53
Medial Frontal Gyrus L 408 10 -24 37 -9 3.14
Cingulate Gyrus L 448 24 -4 34 17 3.90
1704 32 -2 43 -2 3.63
Cerebellum L 1168 -16 -56 -29 4.33

360 -18 -64 -37 3.72
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Table 5-20: Statistically significant peaks in HC of higher activation in the rest period compared

to the delay stage

Region Side BA X Y Z Z-Value
Middle Occipital Gyrus L 19 24 -81 15 7.90
L 19 22 -93 16 5.57
Cuneus R 18 20 97 10 5.28
L 18 24 95 8 6.18
L 17 -18 99 0 6.03
L 18 -4 -83 17 5.74
L 19 -8 -82 26 5.67
L 19 -26 -88 28 5.40
L 18 -16 99 5 5.28
Lingual Gyrus R 18 72 -72 -8 7.07
L 19 -2 -60 -5 5.41
L 18 -18  -80 -9 5.37
Inferior Parietal Lobule L 19 -22 -7T4 42 6.35
Middle Temporal Gyrus R 21 44 6 -32 5.16
L 39 -52 65 24 5.40
Superior Temporal Gyrus R 22 50 -6 -5 5.60
Middle Frontal Gyrus L 10 -18 50 -6 6.33
L 10 -20 31 -10  5.21
Medial Frontal Gyrus R 10 14 52 -6 6.32
R 9 2 55 14 5.37
R 11 2 48 -11 5.21
L 9 -12 36 28 5.22

24 4 39 9 6.73
23 2 -42 24 6.06
30 -6 -53 21 8.27
32 -2 41 -5 5.46

Cingulate Gyrus

Y
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Table 5-21: Statistically significant peaks of higher activation in HC in the rest period compared

to the decision period

Region Side BA X Y Z Z-Value
Fusiform Gyrus L 37 -20 40 -12 469
Superior Frontal Gyrus R 11 12 48 -16 4.06
Medial Frontal Gyrus R 10 22 -37 -9 6.24

R 10 4 46 -8 4.61

L 11 -2 50 -16 513

Cingulate Gyrus L 24 -6 37 -4 4.70
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Table 5-22: Statistically significant peaks of higher activation in MCI in the rest period

compared to the letter period

Region Side BA X Y Z Z-Value
Superior Temporal Gyrus R 38 32 16 -33 4.53
Medial Frontal Gyrus R 11 8 52 -11 537

L 10 -4 48 -9 5.85
Cingulate Gyrus R 32 6 41 4 4.90

32 -10 41 -2 6.71

—
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Table 5-23: Statistically significant peaks in MCI of higher activation during the rest period

compared to the delay stage

Region Side BA X Y Z Z-Value
Superior Temporal Gyrus R 38 38 18 -36  4.89

R 38 34 20 31 4.78

R 38 28 8 -32 4.61
Inferior Frontal Gyrus R 47 26 24 -16 5.59
Medial Frontal Gyrus R 11 10 56 -16 4.68

L 11 -10 48 -13 494

Cingulate Gyrus L 32 -2 43 3 6.10
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Table 5-24: Statistically significant peaks in MCI of higher activation during the rest period

compared to the decision period

Region Side BA X Y Z Z-Value
Cuneus R 17 6 -83 8 4.09
R 18 8 -719 12 3.78
L 19 24 94 25 3.82
L 29 -4 -90 30 3.68
Gyrus Lingualis R 17 8 91 -1 4.39
R 18 20 -103 -5 2.72
L 18 -12 -80 -4 4.54
Fusiform Gyrus L 19 30 49 -6 3.76
Middle Temporal Gyrus R 21 40 6 -32 475
Superior Temporal Gyrus R 38 36 21 -38 4.53
R 38 48 12 -29 435
R 38 34 18 31 4.1
Inferior Frontal Gyrus R 47 26 24 -18  4.66
Middle Frontal Gyrus R 11 22 31 -12 495
Superior Frontal Gyrus R 10 20 44 12 5.51
R 10 22 49 -1 5.47
R 10 10 62 -8 4.75
Medial Frontal Gyrus L 10 -6 48 -9 5.16
Cingulate Gyrus R 32 6 40 -7 5.85
R 32 2 45 5 4.38
L 32 -16 43 5 4.31
Hippocampus R 30 -10 -15 3.65
Cerebellum R 6 -52 28 3.99

—

-20  -75 -13  3.91




90

ed; z (4.5to 11.4) = yellow

Figure 5-1: Statistically significant activation peaks in HC during the letter period compared to

rest period
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Figure 5-2: Statistically significant activation peaks in HC during the delay stage compared to

rest period



92

Figure 5-3: Statistically significant activation peaks in HC during the decision period compared

to rest period
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Colour legend: z (2.9 to 4.5) =red; z (4.5 to 16.3) = yellow

Figure 5-4: Statistically significant activation peaks in MCI during the letter period compared to

rest period
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Figure 5-5: Statistically significant activation peaks in MCI during the delay stage compared to

rest period



95

Figure 5-6: Statistically significant activation peaks in MCI during the decision period

compared to rest period
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Figure 5-7: Statistically significant clusters of higher activation in MCI compared to HC during

the delay stage
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Figure 5-8: Statistically significant clusters with negative correlation with age during the delay

stage
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Figure 5-9: Statistically significant clusters with positive correlation with age during the delay

stage
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Figure 5-10: Statistically significant clusters with negative interaction of age and activation

difference during the delay stage
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Figure 5-11: Statistically significant clusters with positive interaction of age and activation

difference during the delay stage
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Figure 5-12: Statistically significant clusters of higher activation in MCl compared to HC during
the letter period
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Figure 5-13: Statistically significant clusters of higher activation in HC compared to MCI during

the letter period
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Figure 5-14: Statistically significant clusters with negative correlation with age during the letter

period
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Figure 5-15: Statistically significant clusters of positive correlation with age during the letter

period
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Figure 5-16: Statistically significant clusters with negative interaction of age and activation

difference during the letter period
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Figure 5-17: Statistically significant clusters of positive correlation with age during the

decision period
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Figure 5-18: Statistically significant clusters of higher activation in HC compared to MCI during

the decision period
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Figure 5-19: Statistically significant clusters with negative correlation with age during the

decision period
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Figure 5-20: Statistically significant peaks in HC of higher activation during the rest period

compared to the delay stage
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Figure 5-21: Statistically significant peaks in HC of higher activation during the rest period

compared to the decision period
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Colour legend:

Figure 5-22: Statistically significant peaks in MCI of higher activation during the rest period

compared to the letter period
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Figure 5-23: Statistically significant peaks in MCI of higher activation during the rest period

compared to the delay stage
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Figure 5-24: Statistically significant peaks in MCI of higher activation during the rest period

compared to the decision period
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6 Discussion

6.1 Overview

Our study revealed active regions during the working memory task that were
consistent with our expectations. A wide network of regions including inferior parietal
and dorsolateral-prefrontal regions and cingulate gyrus was activated in the healthy
controls (HC) and also in the mild cognitive impairment (MCI) patients during the
task. These regions are typically engaged in working memory.

The comparison of both groups for difference in their activation yielded to higher
activation in the MCI group during the delay period, mainly in dorsolateral prefrontal
regions, but also in parietal and temporal regions. This is according to compensation
theories, which say that patients with cognitive impairment need to recruit additional
brain areas for task performance.

Another aspect we found in our analysis was the presence of a so-called default-
mode network, areas that were more active during the resting state than during the
task performance. In both HC and MCI mainly prefrontal regions and the cingulate
gyrus showed higher activation during the resting state than the task. In comparison
to the MCI group the control group in our study exhibited greater negative activation
during the delay part, but less negative activation during the retrieval period.

6.2 Working memory activation in HC

In HC, the strongest activity over the whole task was in dorsolateral-prefrontal cortex,
inferior parietal, and temporal regions. These regions form the typical network for
modality-independent working memory tasks [85].
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The HC group did not show strong left-lateralization as it was expected for a verbal
working memory task [57, 60, 61]. Activation was found in both hemispheres.
However, the clusters of activation were larger and had greater intensity values in the
left hemisphere. Activation in right hemisphere did occur in the same regions as in
the left hemisphere. Other studies have also found a general delateralization of
activity during working memory tasks for older subjects [57, 61]. This may be a
compensatory mechanism in older HC. The aging brain undergoes deleterious
changes in grey and white matter, such as atrophy, synaptic degeneration, blood flow
reductions, and neurochemical alterations [60, 86]. This loss of cognitive reserve
leads to the need of recruiting other cortical regions to be able to perform cognitive
tasks [87]. There is strong evidence that brain activity in old adults shows reduced
lateralization during cognitive processes. In verbal working memory, young adults
generally show left-lateralization, while old adults show activity in both hemispheres
[60]. In addition, Cabeza et al [87] found that high-performing older adults showed a
greater extent of delateralization than in low-performing older adults. The low-
performing older adults showed a lower extent of delateralization, and had activation
in additional areas of the left hemisphere.

The dorsolateral prefrontal cortex, which includes the inferior and middle frontal gyri,
is involved in the executive components of the WM task [88]. The dorsolateral
prefrontal cortex is thought responsible for initiating the controlled processing of
verbal working memory material [89-91]. They were active in all parts of this task, to a
higher extent during the letter period and the decision period than during the delay
stage.

We found that the anterior cingulate was activated in both groups. It is thought that
anterior cingulate gyrus and lateral prefrontal cortex operate together during tasks
that involve high levels of mental effort and control. Activation in extensive parts of
the posterior medial frontal cortex are discussed to be elicited when detection of
unfavourable outcomes, response errors, response conflicts, and decision
uncertainty occur during a task. These areas are thought to be involved in monitoring
of ongoing actions and performance outcomes, and subsequent adjustments of
behaviour and learning. The posterior medial frontal cortex is also interacting with the
lateral prefrontal cortex. Activity in posterior medial frontal lobe areas might serve as
a signal that engages regulatory processes in the lateral prefrontal cortex. This
connectivity is thought to be responsible for performance adjustments [92].
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Parietal regions and supramarginal gyrus that showed activity in all parts of our task,
with the highest extent during the letter period, reflect the stores affected by the
working memory updating process [52, 93-95]. Temporal regions in this study
showed mainly activity during the letter period, which indicates again, that the HC
started maintaining the letters already during the encoding period.

In addition to the previously mentioned regions there was also activity in occipital
regions, predominantly during the letter period. This was the part of the task with the
most visual stimulus. Other studies have also found occipital regions to be active
during memory tasks, although this activity has not been connected with the task
itself, but with the visual stimulation [54, 60, 88, 96, 97] as in the current study.

6.3 Working memory activation in MCI

In MCI, the dominating activity over the whole task was in dorsolateral-prefrontal
cortex, inferior parietal, and temporal regions. These regions form the typical network
for modality-independent working memory tasks [85]. The decision period showed
relatively little activation compared to the other parts of the task.

The working memory network of parietal, prefrontal and temporal regions [48, 50, 88,
97, 98] was active during the delay stage. The MCI group also showed activity of the
working memory network during the letter period, indicating that the subjects began
with maintaining the letters already during the encoding phase.

The delateraliztion in MCI was not as distinct as in the HC group. Especially in the
dorsolateral prefrontal area, which is considered responsible for storing tasks in
working memory and for updating processes, shows less delateralization in the MCI.
This can be due to neuronal changes, which prevent effective compensation in the
right hemisphere. As Cabeza et al [87] showed, high extent of delateralization is
associated with successful compensation for aging declines. The MCI group might be
at a stage of decline where this sort of compensation cannot be executed as
effectively anymore.

The dorsolateral prefrontal cortex, which is involved in executive components [88]
and initiating controlled processing [89-91], was more active during the letter period
than the delay stage. Activity in frontal areas during the decision stage was relatively
little, which means that the executive component added only to a minor part to the
activation during this stage.
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The anterior cingulate gyrus, which is considered to be involved in monitoring
ongoing actions and in subsequent adjusting of behaviour and responses [92], shows
no activity in the MCI group. This might indicate that MCI subjects have been utilizing
a different strategy or the same strategy as the HC group but partly using a different
network. The use of a different strategy is also a compensatory mechanism.

Parietal lobe regions and supramarginal gyrus showed activity in the MCI as well,
reflecting the stores that are affected by the memory updating process [52, 93-95].
Temporal lobe activity only occured during the delay stage and the decision period.
While the HC also had activity in temporal lobe regions in the letter period, the MCI
did not.

Occipital regions only had statistically significant activity in MCI during the letter
period. This again is due to visual stimulation and not connected to the working
memory process [54, 60, 88, 96, 97].

6.4 Difference in activation of OHC and MCI

6.4.1 Comparison of both groups’ activation

We found significant changes in brain activation across several regions after
performing statistical parametric mapping. The HC group had higher activation than
the MCI group during the letter period predominantly in frontal lobe regions. Areas
with higher activation in the MCI group were mainly in temporal lobe regions.

For the delay part of the task, there were no regions that revealed higher activation in
the HC, but only areas where the activation was greater in the MCI group:
dorsolateral prefrontal, inferior parietal regions, and cingulate gyrus. The greater
activation in MCI might reflect greater effort by the MCI group in maintaining the
group of letters in WM.

The retrieval part yielded only areas, which were more active in the HC than in the
healthy control group: dorsolateral prefrontal and inferior parietal regions.

The areas with different activation in both groups varied both interhemispherically as
well as intraregionally. These findings might reflect a process of reorganization due to
the decline in the brain reserve of the MCI group. Volumetric measurements of the
brain have not been conducted in our study, there was no evidence of significant
atrophy, infarcts or chronic microvascular changes was identified. However, subtle
atrophy might have been present at the early stage of our MCI subjects.
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Neuropathological changes in Alzheimer's disease initially start in the entorhinal
cortex at early stages of the disease. From there the declines spread to association
cortices. The middle temporal lobe has strong neural projections to all these areas
[99, 100]. The association cortices in the parietal, temporal, and frontal lobes are
connected to attention to complex stimuli, identification of relevant features of such
stimuli, recognition of related objects and planning of appropriate responses [101].
These areas predominantly have shown higher activity in our MCI group than in the
control group. The region that had the largest volume of higher activation in the MCI
group was the middle frontal gyrus, which is closely linked to the other regions of the
association cortices. Alzheimer's disease’s early neuropsychological manifestation
begins with episodic memory impairment, and is followed by the development of
other cognitive deficits [102]. Changes possibly result from reduced metabolic and
functional activity in these areas. In early stages like in our MCI subjects, the
increases in activation are suggested to result from compensation for decreased
neural efficiency [50].

6.4.2 Age effect and interaction with activated regions

Because the healthy control group and the MCI group showed significant difference
in age, we analyzed the data to see if and where there was activation correlated with
age. With these results, we could also detect if there was an interaction between the
age effect activation and the results of the group comparison. This is important for
proving that none of the activation in the group comparison was because of age
effect.

The regions with positive are effect activation were in frontal, parietal, and temporal
regions for the encoding period, and in parietal and occipital regions as well as
cingulate gyrus, for the delay stage.

Age effect activation peaks with negative value during the letter period were located
in postcentral and temporal regions, during the delay stage in postcentral and frontal
regions, and for the retrieval stage in cingulate gyrus and frontal regions.

Positive age effects mean that those regions are the more active the older the subject
is, while negative age effect activation indicates regions that are the more active the
younger the subjects are.
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There was no overlap between the clusters of activation differences between MCI
and OHC and the age effect. The activation peaks in the group comparison indeed
resulted from the subjects performing the working memory task and not from the age
effect.

6.5 Default mode network

Regions that show less activation during cognitive tasks than during the resting state
have been interpreted as belonging to a default-mode network.

The MCI group of our study had negative activation predominantly in cingulate gyrus
and frontal regions during all parts of the task.

The HC group had no regions that had negative activation during the encoding part.
Regions with negative activation during the delay period were occipital and frontal
regions and cingulate gyrus. The retrieval stage yielded in negative activation of
mainly frontal regions and cingulate gyrus.

The default-mode network is thought to be active during the resting state. This
network is suppressed when the subject performs a goal oriented task. Its function
could be attending to external environmental stimuli, attending to internal state and
emotions and retrieval of past memories [103-106]. The deactivation in the default-
mode network is likely to be based on reallocating processing resources to areas
involved in active task performance, and also due to suspension of spontaneous
semantic processing during a task that occur during resting state [107].

It has been found that the more difficult a task is, the more is the default network
deactivated. The amount of deactivation during a task in the default-mode network is
dependent on the amount of attention the task requires and of the amount of activity
present during the resting state [63].

The regions involved in default-mode network are middle frontal cortex, and cingulate
cortex [63, 106, 108], areas that had negative activation in our study as well.
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The more extensive negative activation in our healthy control group during the delay
stage could result from more available cognitive capacity. As previously described,
the healthy control group exhibits less positive activation during the delay part, which
indicates that the control group utilizes the respective areas performing the task more
effectively than the MCI group does. This again results in stronger suppression of the
default-mode network.

The retrieval part yielded different results. Here, the negative activation of the default-
mode network included more regions in the MCI group than in the healthy control
group, while contrary to the delay part, the OHC showed positive activation in more
regions than the MCI group.
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7 Conclusion

Differences in brain activation have been found between the healthy control group
and the mild cognitive impairment group. These differences predominantly occured in
dorsolateral prefrontal, parietal, and temporal regions. There were also differences
between both groups regarding the default mode network. These findings suggest
that it is possible to distinguish between HC and MCI using working memory
paradigms. This is the first study that compares differences in activation patterns in
HC and MCI during the different stages of a verbal working memory task.

A further goal of research could be the extending this study to other groups of
subjects, such as vascular dementia patients. If certain characteristic specific
changes in activation patterns in the MCI group could be found, those activation
patterns could eventually be used as a diagnostic marker for MCI. It is important to
find clinical markers for MCI, as MCI is currently considered a prodromal stage of
Alzheimer’s disease.

FMRI results, especially during memory tasks, might be of important use in early
diagnosis of dementia. Memory impairment is one of the earliest symptoms of AD.
These memory changes are associated with functional changes, which precede the
anatomical changes.

In this study, the subjects performed a working memory task. Another possibility for
further research would be to compare the brain activation in HC and MCI during both
working memory and long term memory tasks. This will show if the compensatory
activation patterns in MCI differ in WM and long term memory. Specific changes in
long term memory could also be used as a diagnostic marker.

The comparison of activation in working memory and long term memory, particularily
in MCI, could also give insight in how these two are connected. Especially when
using similar materials for the two types of tasks, the results might show, if similar
compensatory mechanisms are used. It also might be shown if the activation patterns
in MCI during working memory and long term memory and the compensation
patterns are similar.
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Differences of the DMN between HC and MCI could be shown in our study. To
possibly use those changes as a diagnostic marker, it is necessary to examine a
larger number of subjects. The default network is very interesting, because it is
involved in retrieval and manipulation of episodic memory and semantic knowledge. It
might be possible to detect changes in memory associated with early stages of
dementia through changes in the default mode network.

The results of this study are very promising to contribute to the early diagnosis of
dementia in general, and specifically Alzheimer's dementia.
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