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1 Introduction 

Alzheimer’s Disease (AD), which is a progressive neurodegenerative disorder that 

affects millions of people worldwide, is currently incurable. With the advent of in vivo 

neuroimaging- and cerebrospinal fluid (CSF) biomarkers for its neuropathological 

hallmarks, beta-amyloid and tau depositions, and neurodegenerative consequences, 

considerable evidence has accumulated which indicates that disease progression 

begins many years before clinically relevant cognitive impairments show up. Thus, 

one possible reason for the recent failures of high-profile clinical studies is that the 

selected dementia patients are too advanced in AD progression, and the pathology 

and neurodegeneration for these patients are already irreversible. Therefore, the 

research focus of disease-modifying treatment for AD has shifted from dementia to 

populations at earlier stages of AD pathogenesis. Mild cognitive impairment (MCI), 

where performance of individual on objective neuropsychological tests is below 

average age-, gender- and education-adjusted performance, has been considered as 

the first clinical manifestation before converting to AD dementia. However, subjective 

loss of cognitive function may occur before lower performance on objective cognitive 

assessments becomes detectable, and is currently discussed as the earliest clinical 

symptoms of AD (Jessen et al., 2014a). Several nomenclatures were used to describe 

these subjective complaints, such as ‘subjective memory impairment’ (SMI) (Jessen 

et al., 2010), ‘subjective memory complaints’ (SMC) (Schmand et al., 1997)’, 

‘subjective cognitive impairment (SCI) (Stewart, 2012)’, or ‘subjective cognitive 

complaints/concerns’ (SCC) (Dufouil et al., 2005; Donovan et al., 2014)’. The lack of 

a consistent concept makes it difficult to compare findings across studies. To address 

this need, the term Subjective Cognitive Decline (SCD) and operational criteria for a 

research framework were conceived and standardized in 2014 by an international 

working group of researchers and clinicians to describe this condition (Jessen et al., 

2014a). The proposed criteria of SCD include ‘self-report persistent decline in 

cognitive abilities compared to his/her earlier performance level, despite the objective 

cognitive performance level still being within normal range’. Moreover, the subjective 

cognitive decline is not associated with physical or psychiatric conditions. Previous 

studies have shown that  individuals with SCD are at higher risk of developing MCI 

and AD compared to cognitive normal healthy older individuals (Reisberg et al., 2010; 

Jessen et al., 2014a). Especially, SCD in combination with proven AD pathology may 
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reflect the progression from stage 1 (asymptomatic) to stage 2 (transitional cognitive 

impairment) of the Alzheimer’s continuum, as defined in the 2018 National Institute on 

Aging and the Alzheimer’s Association (NIA-AA) research criteria for AD (Jack et al., 

2018). Therefore, to identify the earliest intervention stage in clinical trials and 

accelerate the development of new therapies, studies focusing on the characterization 

of early brain structural and functional profiles in SCD with AD amyloid pathology are 

highly needed.  

There are two interesting brain structures to investigate in the SCD stage. The first 

one is the basal forebrain (BF) since it is the main source of acetylcholine production, 

and its neurodegeneration is a consistent feature of clinical AD (Grothe et al., 2010; 

Kilimann et al., 2014). Three out of 4 currently approved medication (Donepezil, 

Rivastigmine, Galantamine) to slow down the cognitive deterioration in AD are 

acetylcholine esterase inhibitors (Ellis, 2005). Recent evidence suggests that atrophy 

of of the posterior Nucleus Basalis of Meynert, a subnucleus of the BF, is already 

detectable and even precedes the volume loss of the entorhinal cortex in individuals 

with preclinical Alzheimer’s pathology (Schmitz et al., 2016a). Thus, the cholinergic 

BF might be one of the earliest brain structures affected in AD. The second brain 

structure we will be interested in is the precuneus. Dysfunctions of the so-called default 

mode network (DMN), especially in its posterior core regions precuneus and posterior 

cingulate cortex (PCC), were consistently found in both AD and MCI patients and 

considered to be a key feature in AD (Greicius et al., 2004; Zhang et al., 2012; Long 

et al., 2016; Marchitelli et al., 2018). Interestingly, the precuneus, as an important hub 

region of the DMN, is one of the brain regions showing vulnerability for early amyloid 

deposition (Palmqvist et al., 2017; Mattsson et al., 2019). Therefore, previous studies 

suggest that there are causal relationships between the dysfunctions of DMN and 

earliest amyloid deposition in these brain regions, although the direction is not clear 

(Sheline et al., 2010b; Mormino et al., 2011; Palmqvist et al., 2017). Therefore, the 

aims of the three studies presented in this thesis were to investigate the structural and 

functional changes of these brain structures in SCD patients as an at-risk population 

for dementia of the Alzheimer’s type (DAD), especially in those with proven preclinical 

amyloid pathology. Study 1 include structural analyses of BF cholinergic system 

across the whole AD spectrum, including SCD and Healthy controls (HC). Moreover, 
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functional connectivity (FC) measures of the cholinergic BF and precuneus were also 

investigated in SCD (study 2 and study 3). 

The thesis is structured as follows: After a brief introduction on the clinical background 

and key concepts within the AD continuum, the general material and methods used 

for all experiments will be given in Chapter 2. The different studies are described in 

Chapter 3. Each subsection belonging to one study will contain a study-specific 

‘Material and Method’ section as well as its own ‘Discussion’ section. An overall 

‘Discussion’ is presented in Chapter 4. 

1.1 Alzheimer’s disease (AD): Definition and overview 

1.1.1 History and definition of AD 
AD was first reported as "A peculiar severe disease process of the cerebral cortex" by 

Dr. Alois Alzheimer, a German psychiatrist and neuropathologist, in 1906 (Hippius and 

Neundorfer, 2003). The patient was a 51-year-old woman, who already began to show 

memory impairment, poor language skills and behavioral deficits. Dr. Alzheimer 

performed an autopsy on the patient’s brain after she died, and observed extensive 

cortex atrophy (Alzheimer et al., 1995), along with distinctive plaques and 

neurofibrillary tangles in brain histology. The first academic paper about AD was 

published in 1907, and Kraepelin named this disease AD some years later (Moller and 

Graeber, 1998). The most common early symptoms of AD are memory problems of 

which short term memory impairments are most pronounced (Burns and Iliffe, 2009). 

As the disease develops, more and more cognitive domains become affected, 

including problems with language, spatial navigation. Step by step the personality 

changes, and patients lose ability to manage their daily life. Gradually, loss of motor 

ability appears such as difficulty in speaking, swallowing and walking, ultimately 

leading to death. Even though the speed of disease progression can vary, the typical 

life expectancy after dementia diagnosis is three to nine years (Querfurth and LaFerla, 

2010; Todd et al., 2013).  

In 1984, the National Institute of Neurological and Communicative Disorders and 

Stroke (NINCDS) and the Alzheimer’s Disease and Related Disorders Association 

(ADRDA) established the criteria of the clinical diagnosis of AD (McKhann et al., 1984). 

These criteria, commonly referred to as NINCDS-ADRDA criteria, suggest that AD is 

a clinical-pathological construct, and it is assumed that individuals with typical 
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amnestic symptoms would show AD neuropathological changes at autopsy. 

Specifically, AD dementia patients diagnosis criteria are quoted as follows (McKhann 

et al., 2011): “ AD dementia patients are diagnosed when there are cognitive or 

behavioral (neuropsychiatric) symptoms that: (1) Interfere with the ability to function at 

work or at usual activities; and (2) Represent a decline from previous levels of 

functioning and performing; and (3) Are not explained by delirium or major psychiatric 

disorder; (4) Cognitive impairment is detected and diagnosed through a combination 

of (1) history-taking from the patient and a knowledgeable informant and (2) an 

objective cognitive assessment, either a mental status examination or 

neuropsychological testing. Neuropsychological testing should be performed when the 

routine history and mental status examination cannot provide a confident diagnosis. 

(5) The cognitive or behavioral impairment involves a minimum of two of the following 

domains: 

       a. Impaired ability to acquire and remember new information-symptoms include 

[…]. 

       b. Impaired reasoning and handling of complex tasks, poor judgment symptom, 

inability to manage finances, poor decision-making ability–symptoms include […]. 

       c. Impaired visuospatial abilities–symptoms include […]. 

       d. Impaired language functions (speaking, reading, writing)–symptoms include 

[…]. 

       e. Changes in personality, behavior, or comportment–symptoms include […]. 

After meeting criteria for cognitive or behavioral symptoms described above, it has the 

following characteristics: 

(1) Insidious onset: Symptoms have a gradual onset over months to years, not sudden 

over hours or days; (2) Clear-cut history of worsening of cognition by report or 

observation; and (3) The initial and most prominent cognitive deficits are evident on 

history and examination in one of the following categories:  

a. Amnestic presentation: It is the most common syndromic presentation of AD           

dementia. The deficits should include impairment in learning and recall of 

recently learned information. There should also be evidence of cognitive 

dysfunction in at least one other cognitive domain, as defined earlier in the text.  

b. Non-amnestic presentations:  
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Language presentation: The most prominent deficits are in word-finding, but 

deficits in other cognitive domains should be present as well. 

Visuospatial presentation: The most prominent deficits are in spatial cognition, 

including object agnosia, impaired face recognition, simultanagnosia (inability 

to perceive more than one object at a time), and alexia. Deficits in other 

cognitive domains should be present.  

Executive dysfunction: The most prominent deficits are impaired reasoning, 

judgment, and problem solving. Deficits in other cognitive domains should be 

present. 

(4) The diagnosis of probable AD dementia should not be applied when there is 

evidence of one of the following aspects: (a) substantial concomitant cerebrovascular 

disease; (b) core features of Dementia with Lewy bodies other than dementia itself; (c) 

prominent features of behavioral variant frontotemporal dementia; (d) prominent 

features of semantic variant primary progressive aphasia or nonfluent/agrammatic 

variant primary progressive aphasia; or (e) evidence for another concurrent, active 

neurological disease, or a non-neurological medical comorbidity or use of medication 

that could have a substantial effect on cognition’’. 

However, these criteria were revised by the NIA-AA in 2009 and published in 2011 

(McKhann et al., 2011). There was cumulative evidence that the cognitive decline in 

AD occurs continuously over a long period (Resnick et al., 2010; Wilson et al., 2010; 

Monsell et al., 2014), and that the pathological changes start many years before the 

first clinical symptoms occur (Villemagne et al., 2011; Bateman et al., 2012; Benzinger 

et al., 2013; Villemagne et al., 2013; Fleisher et al., 2015). Accordingly, the updated 

NIA-AA criteria proposed that AD is a clinical-biomarker construct, where biomarkers 

are used to support a diagnosis of AD in symptomatic individuals, and that AD should 

be conceptualized as a progressive disease with three different stages (Jack et al., 

2011): This included a preclinical stage of AD (Sperling et al., 2011), MCI due to AD 

(Albert et al., 2011) and dementia due to AD (McKhann et al., 2011). In 2018, a NIA-

AA work group unified and updated the 2011 criteria for the different clinical stages, to 

consider AD as continuum in both biomarker and symptom aspects rather than 

defining three separate stages (Jack et al., 2018). Specifically, they developed a 

‘numeric clinical staging scheme’ that is applicable for individuals in the AD continuum, 

as defined by proven biomarker evidence for AD neuropathology (see chapter 1.1.3). 
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According to this scheme, the symptomatology of AD is classified into six stages that 

reflect the increasing severity of the disease, starting from asymptomatic individuals 

to MCI, mild dementia, moderate dementia, and finally to severe dementia (Table 1.1).  

Table 1.1: Six numeric clinical staging of AD continuum according the NIA-AA 
research framework. 

Stage 1 

Performance within normal range on objective tests; 
No evidence of recent cognitive decline or neurobehavior symptoms by report of an 
observer; 
Dose not report recent decline in cognition or neurobehavioral symptoms of concern. 

Stage 2 

Performance within normal range on objective tests; 
Subjective report of cognitive decline that is concern to the individual or Subtle 
objective cognitive decline (or both), but not meeting criteria for cognitive impairment. 
Recent onset of mild neurobehavioral changes-for example, changes in mood, 
anxiety, or motivation- may coexist or could be the primary symptom. 

Stage 3 
Objective cognitive decline to the level of impairment; 
Performs daily life activities independently, but cognitive difficulty may result in 
detectable but mild functional impact on the more complex activities of daily life. 

Stage 4 
Mild Dementia; Clearly evident functional impact on daily life; 
No longer fully independent/requires occasional assistance with daily life activities. 

Stage 5 
Moderate Dementia; Extensive functional impact on daily life;  
No longer independent and requires frequent assistance with daily life activities 

Stage 6 
Severe Dementia; Clinical interview not be possible; 
Complete dependency due to severe functional impact on daily life, including basic 
self-care 

This table is modified from Jack et al., (2018) 

1.1.2  Etiology and epidemiology of AD 
It is still not completely clear what causes AD, although various factors, including 

genetics, age along with environmental and lifestyle factors, may affect the prevalence 

of AD. There are two forms of AD: familial and sporadic AD (Piaceri et al., 2013). 

Familial AD is inherited, and it accounts for less than 5 % of all cases of AD. Three 

familial AD related genes have been discovered: the presenilin-1 (PSEN1), presenilin-

2 (PSEN2), and amyloid precursor protein (APP) genes (Papassotiropoulos et al., 

2006). The mutation in any one of these three genes will almost certainly cause familial 

AD. As compared to the sporadic form, its age of onset is lower roughly from 30 years 

to 65 years) (Bird, 1993), and will become manifest well below an age of 65 (Goldman 

et al., 2011). However, the most common form of AD is so-called sporadic AD.  

However, the most important risk factor is increasing age. The general age of onset of 

sporadic AD is above 65. The percentage of AD dramatically increase with age: 3 % 

of people age 65-74,17 % of people age 75-84 (Hebert et al., 2013). Above an age of 
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85 years, the percentage reaches nearly one-third (Alzheimer's Association, 2020). It 

is worthy to note that AD is not a part of normal aging (Nelson et al., 2011), and old 

age alone is not a direct cause of AD. The known genetic risk factors do not increase 

the risk as much as age does. So far, no single genetic cause for sporadic AD is 

known, even though the number of discovered genetic risk factors is steadily 

increasing. The largest genetic risk for AD is associated with alleles of the 

apolipoprotein E (APOE) gene. The APOE gene exists in three isoforms, APOE2, 

APOE3, and APOE4. The coded proteins differ only in two of 299 amino acids of the 

APOE, at positions 112 and 158 (Mahley and Rall, 2000). APOE plays a role in the 

transportation of cholesterol in the bloodstream (Huang and Mahley, 2014) and 

synapse formation (Mauch et al., 2001). It was first reported by Strittmatter and Roses, 

who showed that the frequency of APOE4 carriers is 0.16 in  healthy control people, 

while it is 0.4 in AD patients (Strittmatter and Roses, 1996). While the frequency of 

APOE4 carriers estimates vary across studies and ethnic backgrounds, APOE4 is 

typically present in more than 50 % of AD patients, but is found only in about 15 % of 

healthy older controls (Ward et al., 2012). Interestingly, APOE2 is protective: Only 

about 10 % of the patients with AD are APOE2 carriers vs. a twofold higher occurrence 

in the normal population (Rebeck et al., 2002). Several previous studies have further 

proven that the risk for AD is 2-3-fold higher in people with one APOE4 allele and 

about 12-fold higher in those with two APOE4 alleles (Corder et al., 1993; Roses, 

1996).  Moreover, APOE4 carriers have an earlier average age of AD onset by 10–15 

years compared to non-carriers (Jansen et al., 2015). However, several studies in 

Europe suggest that the effect of the APOE4 on dementia and mortality disappears in 

very old age (Sulkava et al., 1996; Juva et al., 2000). Even though the mechanisms 

underlying APOE4’s influence on AD risk are not fully understood, the roles of APOE4 

in exacerbating brain changes related to AD, increasing greater deposition of amyloid-

β, and resulting in increased aggregation of this pathological hallmark of AD, have 

been proposed (Huang et al., 2004; Caselli et al., 2009; Tai et al., 2013; Villemagne 

et al., 2013). As APOE may function as an Aβ binding protein, it has been 

hypothesized that the interaction between APOE and Aβ contributes to AD 

pathogenesis (Kim et al., 2009).   

Except for the two main risk factors, age and genetics, Recent evidence has shown 

that cardiometabolic related factors, including hypertension, obesity, and diabetes, 
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may contribute to the development to AD dementia (Alzheimer's Association, 2020). 

Several previous studies have shown that the hypertension in midlife had increased 

the prevalence of AD (Kivipelto et al., 2001; Kivipelto et al., 2002; Wu et al., 2003). A 

prospective longitudinal study based on 10276 individuals in their middle age 

evaluated the association between obesity and risk of dementia and found that obesity 

had a 74 % increase in the risk of developing dementia compared to individuals with 

normal weight (Whitmer et al., 2005). A meta-analysis with 15 prospective studies 

including more than 72000 subjects reported that obese people are associated with 

an increased risk of AD in mid-life (Anstey et al., 2011). A longitudinal study followed 

824 older subjects (age > 55 years) up to 9 years and found that compared to those 

without diabetes mellitus, individuals with diabetes mellitus had a 65 % increased risk 

of developing AD (hazard ratio, 1.65; 95 % confidence interval, 1.10-2.47) based on a 

proportional hazards model. The last but not least, it is gradually considered that 

higher education is a protective factor for developing of AD (Bickel and Kurz, 2009; 

Meng and D'Arcy, 2012). People with less years of education are reported to have a 

higher risk of AD than those with more years of education (Sando et al., 2008; Stern, 

2012). 

1.1.3 Neuropathology of AD 
As already noted, the two pathological hallmarks of AD, extracellular Aβ plaques and 

intracellular neurofibrillary tangles (NFT) in brain histology, were first described by 

Alois Alzheimer in 1907 (Braak and Braak, 1991). Aβ is the main component of 

amyloid plaques (Glenner and Wong, 1984; Masters et al., 1985). NFTs are composed 

of aggregates of microtubule-associated tau protein, which then becomes abnormally 

hyperphosphorylated tau (Kosik et al., 1986; Goedert et al., 1988). The 

neuropathology, including amyloid plaques and tau accumulation, could induce 

neuronal loss and synaptic dysfunction in the brain. The brains of AD dementia 

patients at the time of death weigh one-third less than the brain of age-matched, non-

demented individuals (LaFerla et al., 2007). Even though it appears that the key 

players, i.e. amyloid and tau, are known, the neuropathological mechanism is still 

largely unknown. In addition, neuroinflammation, activated by amyloid plaques and 

tau tangles, has also been considered to play a significant role in pathogenesis of AD 

(Zhang et al., 2013; Heneka et al., 2015).  
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The amyloid cascade hypothesis 
Over past 20 years, combining observations from neuropathology, genetics and 

biochemistry, a hypothesis known as the amyloid cascade hypothesis was formulated 

which is still dominating AD related research (Hardy and Higgins, 1992; Selkoe, 2000; 

Hardy and Selkoe, 2002; Citron, 2010). The core of this hypothesis is that the 

deposition of Aβ peptides in the brain triggers a cascade of disease-causing processes 

including induction of tau-tangle formation, synapse dysfunction and cell death as well 

as neurodegeneration which ultimately leads to AD. 

Aβ denotes peptides of 36 to 43 amino acids and it is the product of sequential 

cleavage of the APP. Previous studies have shown that Aβ peptide is released in its 

monomeric form, and monomeric Aβ peptides are able to assemble into progressively 

more aggregated forms, ranging from dimers and oligomers to fibrils (Hardy and 

Selkoe, 2002). Aβ oligomers are soluble and may exist throughout the brain, while Aβ 

fibrils accumulated as deposits in the extracellular space of the brain and its 

microvasculature (Chen et al., 2017). APP is an integral membrane protein related to 

neurite outgrowth, neuronal development and axonal transport (Kang et al., 1987). 

APP can be cleaved in two different ways. The so-called non-amyloidogenic pathway 

is the ‘normal’ pathway. Its end-product is soluble Aβ. The endpoint of the 

‘amyloidogenic’ cleavage is the deposition of insoluble amyloid.  

In the non-amyloidogenic pathway (Figure 1.1), APP is cleaved first by α-secretase 

which lies within the Aβ sequence and thus precludes Aβ formation. This cleavage 

yields secreted APP alpha (sAPPα) from the cell membrane and leaves the C-terminal 

fragment alpha (CTFα) in the plasma membrane. Subsequent cleavage of CTFα by γ-

secretase releases a soluble extracellular peptide (p3) and the APP intracellular 

domain (AICD). In the amyloidogenic pathway (Figure 1.1), APP is cleaved first by β-

secretase 1 (BACE-1) and produces soluble secreted APP beta (sAPPβ) and leaves 

C-terminal fragment beta CTFβ in the membrane. Then, the CTFβ was cleaved by γ-

secretase which yields AICD and Aβ monomers. The majority of Aβ peptides are 

secreted to the extra-cellular space, although a small amount can aggregate in-side 

neurons(Bu, 2009). Moreover, γ-secretase cleaves CTFβ at different sites and in 

multiple sequential steps, which ultimately produces mainly two species of Aβ, namely 

Aβ40 and Aβ42 (Zheng and Koo, 2011). The only difference between Aβ42 and Aβ40 

is the two additional C-terminal residues on Aβ42. Aβ40 comprises 90 % of all Aβ 
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produced species and Aβ42 comprises 10 %.  Although the Aβ40 comprises the 

majority of the Aβ species, Aβ42 is found to be the major component of amyloid 

plaques in AD brains (Iwatsubo et al., 1994; Mak et al., 1994; Gravina et al., 1995),  

while Aβ40 is only shown in a subset of amyloid plaques (Mak et al., 1994). These 

findings suggest that the Aβ42 deposition precedes Aβ40 deposition, however, the 

underlying mechanism that led to the preferential deposition of the Aβ42 is still not 

clear (Gu and Guo, 2013).  

 

Figure 1.1: Non-amyloidogenic and amyloidogenic pathway of APP processing 
(modified from Zhou et al., (2018)). The left side is the non-amyloidogenic pathway 
and the right side is the amyloidogenic pathway; Abbreviations：APP = Amyloid 
precursor protein; sAPPα = secreted APP alpha; sAPPβ = secreted APP beta; CTFα 
= C-terminal fragment alpha; CTFβ = C-terminal fragment beta; AICD = APP 
intracellular domain; p3 = Extracellular peptide. 

 

The main support for the amyloid hypothesis formed after the discovery of the 

dominantly inherited mutations that are responsible for the familial AD. Mutations in 

three genes, including APP, PSEN1 and PSEN2, are known to cause autosomal 

dominant AD, which generally manifests with an early-onset AD (St George-Hyslop 

and Petit, 2005). The commonality of the mutations in these genes is that they all affect 

the metabolism or stability of Aβ. In one common mutation of APP, the so-called 

Swedish mutation (APPswe),  a double amino-acid change leads to increased cleavage 

of APP by the β-secretase (Haass et al., 1995). In addition, Down syndrome, in which 

triplication of chromosome 21 (on which APP resides) occurs, leads to Aβ 

accumulation early in life (Gyure et al., 2001).  Moreover, two additional AD mutations 
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identified on PSEN1 and PSEN2 affect the location at which γ-secretase cuts APP 

(Levy-Lahad et al., 1995; Sherrington et al., 1995; Scheuner et al., 1996). The 

mutations lead to the production of longer variants of Aβ that clump together more 

readily, which induces the accumulation of Aβ into larger structures called oligomers. 

Further oligomers accumulation produces insoluble fibrils, which then aggregate into 

the amyloid plaques characteristic of AD. These mutations in APP and PSEN are 

closely correlated with the Aβ production process, providing rational evidence for the 

idea that Aβ production or Aβ amyloid fibril formation is one of the key steps in the 

genesis of AD. However, the formation of Aβ plaques is a necessary but not sufficient 

for the development of AD. Without amyloid deposition AD will not evolve – however, 

amyloid depositions not necessarily lead to AD, suggesting that additional factors have 

to be considered. Amyloid deposition is only weekly correlated with cognitive 

impairment and the degree of dementia (Murphy and LeVine, 2010; Nelson et al., 

2012). In addition, genetic mice studies have shown that the Aβ is deposited in the 

brain without NFT formation and neuronal loss (Bryan et al., 2009). Even though the 

amyloid cascade hypothesis is reviewed and challenged (Kepp, 2017), it is generally 

considered that Aβ only initiates the onset and progression of AD, and that a cascade 

of events, including tau aggregation and neuronal dysfunction, is the proximal trigger 

for the clinically significant cognitive impairments that characterize AD-related 

dementia. 

Temporal modelling of AD biomarkers 
A temporal biomarker model of AD which follows the amyloid cascade hypothesis of 

AD was proposed by Jack and colleagues (Jack et al., 2010). A key concept of this 

model is the temporal ordering of different biomarkers of AD across development from 

cognitively normal to AD (Figure 1.2). The biomarkers used in this model are several 

well-established measures of AD neuropathological and neurodegenerative 

alterations. The first biomarker in this model that is typically rising to abnormal levels 

is amyloid deposition, which can be measured e.g. by CSF levels of Aβ42 and by brain 

Aβ- positron emission tomography (PET) imaging. The next abnormal biomarker in 

this model is neuronal injury and dysfunction which can be measured by CSF tau (and, 

more recently, Tau PET) or fluorodeoxyglucose (FDG) PET. Compared to CSF total 

tau, CSF phosphorylated tau (ptau) seems to be more specific to AD (Buerger et al., 

2006). FDG-PET is used for measuring brain metabolism, which is considered to 
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indicate synaptic activity (Schwartz et al., 1979). Decreased brain metabolism in 

posterior cingulate, precuneus and lateral temporal-parietal pattern is commonly 

reported in FDG PET studies with AD dementia (Jagust et al., 2007). Interestingly, 

disruption of functional connectivity (FC) in similar brain regions as those showing 

reduced glucose metabolism was found in resting-state functional MRI (rs-fMRI) 

studies with AD patients (Greicius et al., 2004; Wu et al., 2011). Rs-fMRI, as a non-

invasive imaging technique, is also increasingly used in AD studies as an indirect 

measure of neuronal activity. The final biomarker becoming abnormal before the 

clinical symptoms show up is brain atrophy, which can be measured by structural 

magnetic resonance imaging (MRI). In general, the cognitive symptoms are directly 

correlated with neuronal injury or brain atrophy rather than the biomarkers of Aβ 

deposition (Jack et al., 2010).  

 

Figure 1.2: Dynamic biomarkers of the Alzheimer’s pathological cascade. The figure 
is taken from Jack et al.,(2010). The permission to be used this figure in this thesis 
was granted by Elsevier (RightsLink License number: 201027-000228) 

 
Although this biomarker model received a great attention in the field of AD research, 

and cumulative studies have been implemented according to the model, it doesn’t 

cover all temporal patterns of biomarker-based changes, as exemplified by the 

phenomenon of suspected non-Alzheimer disease pathophysiology (SNAP).  SNAP 
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refers to individuals with normal Aβ biomarker, however, the biomarkers related to 

neuronal injury or neurodegeneration are abnormal (Jack et al., 2016). About 23 % of 

clinically normal individuals with age older than 65 years present SNAP, and this 

proportion is about 25 % in mildly cognitively impaired individuals (Jack et al., 2016). 

Therefore, it is important to have a biomarker-based structure to classify SNAP as a 

non-AD form of pathological biomarker change. According to the 2018 NIA-AA 

research framework (Jack et al., 2018), AD is defined using a three-biomarker 

construct: Aβ (A), tau (T) and neurodegeneration (N). The scheme is called AT(N)-

scheme. ‘A’ refers to amyloid biomarkers (A) obtained CSF (i.e. Aβ42 or Aβ42/Aβ40-

ratio) or cortical-Aβ deposition accessed by PET, ‘T’ refers to tau pathology. The 

relevant markers are either the phosphorylated tau (ptau) derived from CSF or tau 

deposition as measured by tau-PET. Neurodegeneration (N) is defined either by 

elevated total tau (ttau) in the CSF, brain atrophy revealed by MRI, or proven 

hypometabolism in an 18F-fluorodeoxyglucose-PET scan. The addition of a 

normal/abnormal cut point for each AT(N) biomarker results in eight different AT(N) 

biomarker profiles (Table 1.2). According to this scheme, A positive (A+) and T 

negative (T-) are considered to indicate AD-associated pathological change. A+T-(N)+ 

may indicate additional SNAP; Both A+ and T+ together mark the progression along 

the AD continuum.  

Table1.2: AT(N) biomarkers and categories  
 

AT(N) Profile Biomarker Category 

A-T-(N)- Normal AD biomarkers 

A+T-(N)- AD Continuum-Alzheimer’s pathologic change 

A+T+(N)- AD Continuum-Alzheimer’s Disease 

A+T+(N)+ AD Continuum-Alzheimer’s Disease 

A+T-(N)+ AD Continuum-Alzheimer’s and concomitant 
suspected non-Alzheimer’s pathologic change 

A-T+(N)- 

Non-AD pathologic change A-T-(N)+ 

A-T+(N)+ 
         This table is modified from Jack et al., (2018). 
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1.2 Imaging findings in AD 

Complementary to postmortem and histopathological method, brain imaging has 

played an important role in understanding the characteristic brain changes in AD in 

vivo. MRI is a powerful and non-invasive technique for imaging of the human brain 

structure and provides functional brain responses with functional MRI (fMRI). More 

recently, Amyloid PET imaging has allowed the in vivo detection brain Aβ plaques in 

AD. These imaging modalities and related approaches offer opportunities to 

investigate structural decline (e.g. brain volume loss, cortical thinning), functional 

alterations (e.g. fMRI hyperactivity/ hypoactivity, altered network connectivity) and the 

underlying neuropathology related to amyloid aggregation in AD. 

1.2.1 Amyloid PET Imaging  
Amyloid-PET imaging can measure the cerebral Aβ deposition in the brain in vivo. 

Since cerebral amyloid deposition has been considered as a critical neuropathology 

biomarker to be detected even in an early stage of AD progression, PET scans with 

radiolabeled tracers that bind specifically to Aβ have been widely used in the AD 

studies. Amyloid PET imaging was first explored with [11C] carbon-based tracers such 

as Pittsburgh Compound B (PiB) (Klunk et al., 2004). However, the half-life for [11C] 

tracers is only about 20 minutes which makes radiopharmaceutical production and 

distribution demanding. The development of [18F] fluorine-based tracers, including 

[18F]-flutemetamol (Nelissen et al., 2009), [18F]-florbetapir (Wong et al., 2010), and 

[18F]-florbetaben (Barthel et al., 2011a) with an extended half-life of about 110 

minutes facilitated the wide use of amyloid PET imaging in AD-related studies 

(Marquez and Yassa, 2019). These 18F-labeled tracers are approved for “visualization 

of intracerebral amyloid β plaques in patients with cognitive impairment suspected of 

AD” (Matsuda et al., 2019).   

Considering that we used [18F]-florbetaben (FBB) PET imaging in one of the 

presented studies in this thesis, the studies introduced below focus on FBB-PET 

imaging.  Compared with healthy controls, the uptake of FBB was higher in frontal, 

temporal, parietal, occipital and cingulate cortices in AD patients, with the posterior 

cingulate cortex representing the best region for discrimination (Barthel et al., 2011a). 

Sensitivity and specificity of FBB for the distinction of AD from healthy controls were 

80 % and 91 % based on visual analysis, respectively (Barthel et al., 2011a; Barthel 

et al., 2011b). The uptake pattern of FBB has been reported to associate with 
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histopathologic distribution of Aβ, with sensitivity and specificity of 97.9 and 88.9 %, 

respectively (Sabri et al., 2015). One substantial advantage of amyloid imaging may 

come in the setting of the cognitively normal elderly. In accordance with previous 

autopsy findings, several [11C]-PiB PET studies have consistently found increased 

[11C]-PiB binding in normal older volunteers, with the proportion of these “amyloid-

positive” cases ranging from 10 to 30 %, depending on the age of the cohort and the 

threshold used to define [11C]-PiB positivity (Mintun et al., 2006; Pike et al., 2007; 

Aizenstein et al., 2008; Klunk et al., 2015). Therefore, detection of underlying cerebral 

Aβ deposition at this clinically “invisible” stage may give us the greatest insights into 

the very beginnings of AD. 

1.2.2 Structural brain imaging, with a special focus on basal forebrain 
Structural MR imaging provides clear anatomical detail and provides a good grey and 

white matter contrast. Brain atrophy can be easily visualized and quantified with 

structural MRI images. Because it is widely available, non-invasive, and part of the 

standard diagnostic routine in neurology and psychiatry, it has been extensively used 

to investigate neurodegenerative processes in AD on a macroscopic level. Previous 

studies have shown that the typical atrophy pattern in AD locates in the structures of 

medial temporal lobe, including the hippocampus, entorhinal cortex and 

parahippocampal gyrus (Henneman et al., 2009; Ledig et al., 2018). The entorhinal 

cortex is typically the earliest brain region showing atrophy, closely followed by the 

hippocampus and parahippocampus in the early stages of AD (Dickerson et al., 2001; 

Killiany et al., 2002). Meanwhile, a recent study suggests that volume loss of the NBM, 

a subnucleus of the cholinergic BF, already shows atrophy in preclinical AD and even 

precedes volume loss of the entorhinal cortex (Schmitz et al., 2016b).  

Apart from cerebral Aβ deposition, cholinergic BF neurodegeneration is also 

considered as an early event in the progression of AD (Whitehouse et al., 1981; Mann 

et al., 1984; Sassin et al., 2000). Acetylcholine, as neurotransmitter and 

neuromodulator in the brain, is widely distributed in the central nervous system and 

plays a critical role in modulating cognitive performance, learning and memory process 

(Schliebs and Arendt, 2006). The BF brain region is important in the production 

of acetylcholine and is then distributed widely to the cortical and limbic structures 

(Mesulam et al., 1983). Previous studies have shown that cholinergic synaptic 

conductance plays an important role in learning and memory (Deutsch, 1971). 
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Pharmacological studies have demonstrated that anticholinergic drugs impaired 

cognitive performance in young healthy patients to a level detectable in dementia, 

while enhancement of cholinergic function improved the cognitive performance of 

aged patients (Drachman and Leavitt, 1974; Drachman, 1977). The observation of 

cholinergic innervation of limbic areas, including the hippocampus, provides support 

to understand the critical role of cholinergic basal forebrain system in memory function. 

Previous animal studies have found the important role of acetylcholine in hippocampal 

long-term potentiation which may provide cellular mechanisms underlying the putative 

relationship of cholinergic pathways to memory (Tanaka et al., 1989; Auerbach and 

Segal, 1994). However, the findings of the exact relationship between the cholinergic 

system and memory are not consistent in previous studies, and the exact nature of 

this relationship continues to elude a clear description. For example, the selective 

lesion of cholinergic neurons in the BF leads learning and memory impairments in 

some experiments, but not in all rodent studies (Berger-Sweeney et al., 1994; Wenk 

et al., 1994; Galani et al., 2002). Even non-selective destructive lesions that include 

the cholinergic as well as noncholinergic components of the BF cause memory deficits 

in some primate experiments (Ridley et al., 1986), but not in others (Voytko et al., 

1994).  Despite the inconsistent findings regarding relationships between the 

cholinergic system and cognition in animal studies, BF cholinergic cell loss is a 

consistent feature of AD. The BF cholinergic neurodegeneration has been suggested 

to cause, at least partly, the observed cognitive deficits, and has led to the formulation 

of the cholinergic hypotheses of cognitive dysfunction (Whitehouse et al., 1982; 

Vogels et al., 1990). And one type of drugs to slow down the cognitive deterioration in 

AD, which have been proven clinically useful, is cholinesterase inhibitor (Summers et 

al., 1986). It increases the availability of acetylcholine at synapses in the brain, 

validating the BF cholinergic system as an important therapeutic target in AD.   

Using histochemical and immunohistochemical labelling for acetylcholinesterase 

(AChE) and choline acetyltransferase (ChAT) in macaque monkey, Mesulam et al., 

(1983) identified four overlapping magnocellular groups within the basal forebrain BF 

and described four cholinergic cell groups  Ch1–Ch4. Ch4 is the largest cholinergic 

cell groups in BF and can be further subdivided into several distinct subnucleis in the 

macaque monkey (Mesulam et al., 1983). According to findings from previous studies 

based on tracer experiments in the macaque monkey using the retrograde labeling of 
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cholinergic perikaryal, Ch1 and Ch2 provide the major cholinergic innervation for the 

hippocampal, Ch3 for the olfactory bulb, and Ch4 for the rest of the cerebral cortex 

and the amygdala (Mesulam et al., 1983; Mesulam et al., 1986). Accumulating 

evidence suggest that cholinergic BF dysfunction or degeneration have tight 

interactions with Aβ. Perry et al. found correlations between diminishing activity of the 

ChAT and increasing numbers of amyloid plaques in the post-mortem brains of 

patients with AD (Perry et al., 1978). It has been reported that AChE accelerates the 

assembly of Aβ into insoluble amyloid fibrils (Inestrosa et al., 1996). In amyloid 

precursor protein transgenic (APP23) aged mice, modest decreased cholinergic 

enzyme activity was reported compared to age-matched wild-type mice. Unilateral 

NBM lesions in adult APP23 mice after several months lead to a 38% reduction in 

ChAT activity and significant cholinergic fiber loss in the ipsilateral frontal cortex. 

Histopathologic studies on the relationship between amyloid deposition and 

cholinergic decline in AD brain specimens found increased cortical amyloid load to be 

associated with degeneration of cholinergic BF neurons (Arendt et al., 1985; Beach 

and McGeer, 1992) and reduced cortical ChAT activity (Perry et al., 1978; Ikonomovic 

et al., 2011). These findings could also be reproduced in nondemented elderly that 

showed AD pathology at autopsy (Beach et al., 1997; Potter et al., 2011). Therefore, 

the tight association between amyloid formation and dysfunction of cholinergic may 

reflect the vulnerability of cholinergic BF neurons to cerebral amyloidosis. This first 

cytoarchitectonic atlas of basal forebrain follows Mesulam’s nomenclature divides the 

BF into cholinergic nuclei the medial septal nucleus (Ch1), the vertical nucleus of the 

diagonal band of Broca (Ch2), its horizontal limb (Ch3), and the nucleus basalis 

Meynert (NBM, Ch4) with anterior lateral (Ch4al), medial (Ch4am), intermediate (Ch4i) 

and posterior (Ch4p) subregions. Due to their small sizes, Ch1 and Ch2 were 

combined into one ROI (Ch1/2), Ch4am and Ch4i into Ch4ai (Figure 1.3).  Whitehouse 

et al first reported 90 % NBM cell loss in a familial AD case compared to controls 

based on the autopsy findings (Whitehouse et al., 1981). Further histological studies 

have reported different magnitude of cell loss in the anterior, intermediate and 

posterior subdivisions of NBM in AD relative to controls, most prominently in the NBM 

(Whitehouse et al., 1982; Vogels et al., 1990). The underlying mechanism may be 

Ch4p providing cholinergic innervation to the temporal pole and superior temporal 

cortex (Mesulam et al., 1983), this correlates well with memory loss and language 

impairment in AD. Moreover, a severe loss of cholinergic innervation in the cerebral 
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cortex, especially temporal lobes including the entorhinal cortex, is considered to 

reflect the main characteristics of AD (Geula and Mesulam, 1989, 1996). Perry et al 

reported that the cholinergic denervation of the temporal lobe was present even in 

patients at the early stages of AD neuropathology (Perry et al., 1981).  A progression 

of abnormalities has been observed in the cholinergic neurons of the BF of non-

demented younger adults, non-demented elderly people, and people with mild or 

severe AD (Geula et al., 2008). These findings suggest that BF neuronal pathology 

emerges very early in the course of aging and AD. 

 
Figure 1.3: Illustration of the subregions of the cholinergic basal forebrain in 3D. 3D    
view of BF from the sagittal, coronal and axial view: L = left; R=right 

Since histological approaches do not allow for longitudinal observations, and post 

mortem studies are mainly suitable for advanced stage of AD, in vivo MRI studies of 

BF cholinergic system focused on high-risk AD individuals have significant practical 

implications in early detection of AD.  Combined the cytoarchitectonic atlas of the BF, 

high-resolution structural MRI-based BF volumetry has been particularly used to study 

cholinergic BF degeneration in high-risk AD individuals. MRI-based in vivo studies 

have confirmed severe BF gray matter atrophy in patients with AD and revealed BF 

atrophy in MCI (Grothe et al., 2010; Kilimann et al., 2014). Using amyloid PET imaging, 

it was also shown that BF atrophy on MRI was linked with cortical amyloid deposition 

during pre-dementia phases of AD (Grothe et al., 2014). Moreover, BF volume, 

especially the volume of posterior NBM, was significantly more accurate on 

distinguishing amyloid positive and amyloid negative in cognitively unimpaired and 
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mildly impaired subjects (Teipel et al., 2014). A recent longitudinal study found that 

NBM volume, but not entorhinal cortex, showed progressive atrophy over a two year  

period in healthy individuals showing abnormal CSF biomarkers of amyloid-β 

accumulation (Schmitz et al., 2016a). 

1.2.3 Resting-state functional MRI  
fMRI is a noninvasive imaging technique to investigate brain activity. It provides an 

indirect measure of neuronal activity by measuring changes of the magnetic properties 

of the blood. The derived signals depend on local oxygenation - and perfusion – 

changes caused by regional brain activity changes. The contrast is called blood 

oxygen level–dependent (BOLD) contrast (Ogawa et al., 1990; Kwong et al., 1992). 

There is a growing interest to use rsfMRI to examine the neurophysiological 

mechanisms associated with AD owing to its noninvasive and task-free nature. 

Resting-state refers to spontaneous BOLD signal during a non-active state when the 

participant is lying quietly in the MRI scanner with the eyes closed or passively viewing 

a stimulus. The spontaneous BOLD signal in the resting brain had initially been 

thought to represent noise. In 1995, Biswal et al. (1995) found that BOLD signal in 

low-frequency (.01 to .08 Hz) fluctuations in resting brain were highly correlated across 

the hemispheres in the bilateral motor cortices. Subsequently, low-frequency 

fluctuations were shown to be of neural origin and specific to gray matter (Li et al., 

2000). FC analyses, using rs-fMRI to measure synchronous low-frequency brain 

activity fluctuations in spatially distinct brain areas, can be used to identify the spatial 

extent of temporally correlated brain networks within the brain (Damoiseaux et al., 

2006). The most straightforward method to investigate the FC of a particular brain 

region is to correlate the time-series of the prior defined brain region against the time-

series of all other remaining voxels in the brain, resulting in a voxel-based FC-Map 

(Biswal et al., 1997). This prior defined brain region is typically called seed and the 

method is called seed-based FC.  Previous studies have identified a set of regions, 

including precuneus, PCC, anterior cingulate cortex, parietal cortex, and the medial 

temporal lobe, which is known as DMN and shows the highest level of spontaneous 

activity during resting-state brain (Raichle, 2015). The DMN network is also active 

during directed tasks that require participants to remember past events or imagine 

upcoming events. Converging data have confirmed impaired intrinsic FC in the DMN 

during the resting state in AD (Greicius et al., 2004; Rombouts et al., 2005; Sorg et al., 
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2007; Rombouts et al., 2009; Koch et al., 2012). A meta-analysis about resting-state 

network dysfunction in AD found a strong tendency in the literature toward specific 

examination of the DMN (Badhwar et al., 2017). Interestingly, the brain regions in the 

DMN network, especially precuneus and posterior cingulate, overlap with those brain 

regions that show the highest amyloid burden (Klunk et al., 2004; Buckner et al., 2005; 

Sperling et al., 2009) (Figure 1.4) and hypometabolism (Foster et al., 1983; Reiman 

et al., 1996; Minoshima et al., 1997; De Santi et al., 2001) in AD patients. Moreover, 

there is growing evidence that FC alterations already emerge during the preclinical 

stages of AD, and are linked with brain amyloid accumulation (Sheline and Raichle, 

2013; Palmqvist et al., 2017): The involvement of DMN structures is of special interest 

here, as its hub regions like the PCC/ precuneus appear particularly vulnerable to 

amyloid accumulation, and are among the first brain structures that show increasing 

amyloid tracer uptake in early amyloidosis (Mattsson et al., 2019).   

     

Regional Homogeneity (ReHo) is a local FC measure that measures the functional 

coherence of resting-state series between one given voxel and its neighbor voxels 

(Zang et al., 2004). ReHo has been widely used in explore alterations of regional brain 

coherence in patients with AD and MCI. He and his colleagues found that the 

PCC/precuneus region showed decreased ReHo in AD patients compared to healthy 

controls, while increased ReHo was shown in the occipital lobule, including bilateral 

cuneus, left lingual gyrus and right fusiform gyrus (He et al., 2007). Several studies 

also consistently reported ReHo decreases in DMN regions in AD patients, especially 

in PCC/precuneus (Liu et al., 2008; Zhang et al., 2012; Marchitelli et al., 2018). The 

majority of previous studies reported decreased ReHo in PCC/precuneus in MCI 

patients (Bai et al., 2008; Zhang et al., 2012; Long et al., 2016; Ni et al., 2016; Yuan 

et al., 2016), while only one studies showed increased ReHo in precuneus (Wang et 

Figure 1.4: Convergence between 
default mode network and amyloid load 
(modified from Buckner et al. (2005)).  
The upper panel: brain regions of 
default mode network;  
The bottom panel: brain regions 
showing amyloid deposition in AD 
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al., 2015b). Parallel increases of ReHo in brain regions located in occipital and frontal 

lobule were also reported in the MCI patients (Bai et al., 2008; Liu et al., 2014; Yuan 

et al., 2016). A meta-analysis investigating ReHo alterations in MCI identified 

significant changes mainly in the DMN, executive control network, visual network and 

sensorimotor network (Zhen et al., 2018). These local FC changes may indicate the 

coexistence of functional decline and compensation adaptions in these brain networks 

in MCI patients.  

1.3 AD research framework and subjective cognitive decline (SCD) 
1.3.1 Characteristics of SCD  
The concept of SCD refers to elderly individuals who self-report persistent decline in 

cognitive abilities, despite their objective cognitive performance level still being within 

normal range. The basic concept of SCD came up more than 30 years ago, where 

Reisberg and colleagues developed the Global Deterioration Scale (GDS) for the 

clinical staging of dementia (Reisberg et al., 1982): Their scheme includes a stage 2 

that is characterized as complains or concerns memory deficit, no objective evident of 

memory deficits, which is in line with the term ‘pre-MCI-SCD’ proposed by the SCD-

Initiative in 2014 (Jessen et al., 2014a). Several nomenclatures and various forms of 

approaches to define SCD were used on this topic (Abdulrab and Heun, 2008) in the 

field, mainly including ‘subjective memory impairment (SMI)’ (Jessen et al., 2010), 

subjective memory complaints (SMC)’ (Schmand et al., 1997), ‘subjective cognitive 

impairment (SCI)’ (Stewart, 2012), ‘subjective cognitive complaints/concerns (SCC)’ 

(Dufouil et al., 2005; Donovan et al., 2014). Thus, a consistent concept for terminology 

and research framework regarding subjective experience of cognitive decline is 

needed. To address this need, the term SCD and criteria of research framework was 

standardized by an international working group of researchers and clinicians, known 

as the SCD-initiative (SCD-I) in 2014 (Jessen et al., 2014a).  “Subjective” refers to 

individual self-experience, regardless of objective performance on neuropsychological 

tests. The term “cognitive” rather than “memory” was used since the first symptoms of 

AD are not necessarily restricted only to the memory domain. Yet, subjective decline 

in the memory of an individual irrespective of decline in other cognitive domains is a 

“SCD plus” feature which is considered to increase the probability of preclinical AD in 

individuals with SCD (Jessen et al., 2014a). “Decline” refers to the idea of progressive 

deterioration or a change from the previous level of functioning and not just an isolated 
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complaint. Currently, there are two main criteria for SCD based on the standardized 

definition by SCD-I. First, a self-experienced persistent decline in cognitive capacity in 

comparison with a previously normal status and unrelated to an acute event. Second, 

normal age-, gender-, and education-adjusted performance on standardized cognitive 

tests. In addition, the subjective cognitive complains should be not explicable by a 

psychiatric or neurologic disease, medical disorder, medication, or substance use.  

1.3.2 Association of SCD with risk of cognitive decline and increased AD 
biomarker positivity 

Longitudinal studies have shown that SCD is a risk factor for future cognitive decline, 

and for the conversion into MCI and AD. Reisberg et al followed 213 subjects for a 

mean period of 6.8 years and found 14.9 % cognitive normal elderly and 54.2% SCD 

subjects declined to MCI or AD (Reisberg et al., 2010). Another study found that 3.7% 

of cognitive normal elderly converted to AD during four follow-up visits with 18-month 

intervals, while 6.2 % in in the SMI group (Jessen et al., 2014b). A meta-analysis 

including twenty-eight longitudinal epidemiological studies found that the overall 

annual conversion rate (ACR) was 2.33 % in those with SMC at baseline compared 

with 1% in those without SMC (Mitchell et al., 2014). This represents a twofold 

increased risk of developing dementia compared with non SCD healthy controls to 

SCD (Mitchell et al., 2014). Moreover, they found that the overall proportion of  SMC 

conversion to AD was 10.99 % over the follow-up period of about 5 years (Mitchell et 

al., 2014). In a recent multicenter study on 2987 SCD individuals and 1391 cognitive 

normal controls, they found an overall dementia incidence rate in individuals with SCD 

of 17.7 per 1000 person-years, compared to 14.2 in controls (Slot et al., 2019). In a 

study focusing on the trajectories of cognition and daily functioning in SCD, Verlinden 

et al found that dementia cases first reported memory complaints 16 years before 

diagnosis followed by the decline of overall cognition ability and daily function 

(Verlinden et al., 2016).  

In line with the increased conversion risk for SCD,a CSF AD profile was more often 

observed in patients with SCD (52 %), than in healthy controls (31 %) (Visser et al., 

2009).  Further support of the role of SCD within the clinical trajectory of AD is provided 

by imaging data. The subjective memory complaints were suggested to be an early 

indicator of AD pathology, since a significant relationship between cortical PiB binding 

and a subjective memory complaints composite score instead of objective cognitive 
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measures of memory and executive functions was found (Amariglio et al., 2012). 

Moreover, a significant APOE by SCD status interaction was found, showing that the 

APOE4/SCD exhibited the lowest cerebral metabolic rates for glucose of 

parahippocampal gyrus and the highest CSF ptau, and ptau/ Aβ42 levels as compared 

with all other subgroups (Mosconi et al., 2008). A longitudinal study investigated the 

relationships between [18F] florbetapir PET and concurrent/longitudinal cognitive 

performance in 107 SCD and found higher Aβ load in SCD from a memory clinic was 

associated with lower concurrent global cognition and faster rate of decline in a variety 

of cognitive domains (Timmers et al., 2019). Low Aβ42 was found to be the strongest 

predictor of clinical progression in patients with subjective complaints relative to total 

tau, and ptau (van Harten et al., 2013).  It was also reported in the literature that SCD 

atrophy in established brain regions can be found including, the medial temporal lobe, 

hippocampus or entorhinal cortex  (van der Flier et al., 2004; Jessen et al., 2006; 

Scheef et al., 2012; Perrotin et al., 2015; Hu et al., 2019; Scheef et al., 2019). One 

longitudinal study found an association between longitudinal changes in hippocampal 

volume in nondemented individuals with subjective reports of memory impairment in 

a population-based sample (Stewart et al., 2011). A recent study found initial evidence 

that cholinergic BF atrophy was already detectable in cohorts with subjective cognitive 

complaints (Scheef et al., 2019) and may be associated with a lower cognitive 

performance trajectory (Teipel et al., 2018b).    In summary, converging findings found 

that SCD is associated with AD biomarkers across a range of modalities and 

represents a higher risk to develop MCI or AD (Ronnlund et al., 2015; van Harten et 

al., 2018; Slot et al., 2019). Therefore, SCD patients are increasingly considered as 

at-risk for cognitive decline and eventual progression to AD, and SCD in preclinical 

AD may be a promising target population for AD prevention trials. 

Importantly, SCD or subtle cognitive decline in combined with proven AD pathology 

corresponds to stage 2 of the Alzheimer’s continuum according to NIA-AA Alzheimer’s 

research framework (Jack et al., 2018). There is a growing research interest to 

determine and provide evidence that SCD with additional AD-related biomarkers 

represents the late preclinical phase of AD compared to asymptomatic elderly with AD 

biomarker positivity. A longitudinal study found that SCD with Aβ positivity assessed 

by PET imaging showed deeper objective cognitive decline than individuals with either 

Aβ or SCD alone (Vogel et al., 2017). This finding suggests that the presence of both 
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SCD and Aβ contributes to the cognitive decline. Another longitudinal study also found 

that SCD with higher brain amyloid load showed cognitive decline at a higher rate 

(Timmers et al., 2019). This notion that SCD in combination with proven AD pathology 

may reflect a late preclinical stage of AD is also supported by a study which found 

higher hippocampal atrophy and lower cognitive performance in SCD with ApoE4, 

even though ApoE4 carriers is a risk factor for AD rather than a direct biomarker for 

amyloid pathology (Striepens et al., 2011). 

1.3.3 Functional connectivity findings based on resting-state functional MRI 
in SCD 

As a potential imaging biomarker in AD, FC alterations (especially in DMN areas) in 

individuals with SCD have also been investigated in a variety of studies (Hafkemeijer 

et al., 2013; Wang et al., 2013; Dillen et al., 2017). However, the FC of DMN findings 

in SCD are ambiguity. Hafkemeijer et al (2013) first reported that SCD individuals 

exhibited increased FC in the DMN and the medial visual network compared to the 

HC. In contrast, decreased FC within the DMN is also reported in individuals with SCD 

in comparison to HC (Wang et al., 2013). One study also found that decreased FC 

between the DMN and hippocampus in individuals with SCD (Dillen et al., 2017). 

Precuneus (or more generally: posterior DMN) based FC studies also showed both 

increased (Verfaillie et al., 2018; Viviano et al., 2019) or decreased FC (Yasuno et al., 

2015) patterns in SCD individuals compared to HC. Currently, no previous study has 

examined the ReHo alterations in SCD patients.  

1.4 Objectives  

As outlined above SCD is increasingly recognized as a concept to identify people who 

are at high risk of developing MCI or AD (Reisberg and Gauthier, 2008; Gifford et al., 

2014; Jessen et al., 2014b; Buckley et al., 2016). Even though SCD is not specific for 

AD, it might be one of the earliest warning signs of AD-related neurodegeneration 

within the AD trajectory. Following the NIA-AA research framework (Jack et al., 2018), 

SCD symptoms might reflect a progression from stage 1 (asymptomatic) to stage 2 

(transitional cognitive impairment) of the Alzheimer’s continuum. However, there are 

very limited data available so far to test this hypothesis. The main goal of this thesis is 

to provide neuroimaging evidence to support this assumption.  
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For this purpose, data will be analyzed that are derived from the German Center for 

Neurodegenerative Diseases Longitudinal Cognitive Impairment and Dementia 

(DELCODE) Study, which focuses on the characterization of SCD individuals recruited 

from memory clinics.  The first aim of this thesis is to investigate whether BF volume 

reductions might not only be detectable in the MCI and AD, but also in SCD, and 

examined its relationship with cognitive performance and CSF-Aβ pathology. In order 

to access the functional consequences of an early disturbance of the cholinergic 

system, functional connectivity of the NBM was accessed in SCD individuals in the 

second study. Considering that the precuneus is an important hub region of the DMN 

showing a high vulnerability for amyloid depositions, the third aim was to investigate 

how cerebral amyloid pathology relates to FC of the precuneus in SCD patients.  

2 Material and methods  

2.1 DELCODE project design 
The analyses presented in this thesis are based on cross-sectional data from the 

DELCODE project (Jessen et al., 2018). It is an ongoing observational longitudinal 

memory clinic-based multicenter study focusing on SCD in the context of AD. The 

participating DZNE sites include Bonn, Magdeburg, Berlin, Munich, Göttingen, 

Tübingen, Cologne, and Rostock/Greifswald. Apart from a SCD patient group, the 

DELCODE cohort includes individuals with MCI and AD, relatives of AD, as well as 

healthy control (HC) subjects. The examination items in the DELCODE project include 

extensive clinical and neuropsychological questionnaires, MRI and optional amyloid 

PET scans, as well as CSF biomarker collection through lumbar puncture. The clinical 

and neuropsychological tests are harmonized across all the DELCODE participating 

sites (Jessen et al., 2018). Each experimenter at all sites underwent training in order 

to guarantee high image and data quality based on the standard operation procedures 

(SOPs) (Jessen et al., 2018). The standard protocol was established at each site in 

an identical manner and underwent continuous quality control by the DZNE site 

Magdeburg.  

The DELCODE study protocol was approved by the institutional review boards of all 

participating sites. The PET sub-study was also approved by the national radiation 

authority (Bundesamt für Strahlenschutz [BfS]). All investigations were performed in 
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accordance with the relevant guidelines and regulations. All participants provided 

written informed consent in accordance with the Declaration of Helsinki. 

2.2 Clinical assessments and group definition of SCD, MCI and AD 
The clinical patient groups were recruited from the memory clinics of the participating 

sites. The grouping of SCD, MCI and AD patients was based on the clinical and 

neuropsychological test (NPT) assessments at the memory clinics. These clinical 

assessments used to define levels of cognitive impairment included the Mini-Mental 

State Examination (MMSE), Clinical Dementia Rating (CDR) as well as the 

Consortium to Establish a Registry for Alzheimer’s Disease (CERAD) 

neuropsychological test battery.   

The SCD group was defined if individuals caused concern but showed normal 

performance in the CERAD test battery, along with MMSE scores ≥ 26. MCI individuals 

were defined by MMSE score ≥ 24 and cognitive performance level being 1.5 standard 

deviations (SD) below the normal range in the delayed recall trial of the CERAD word 

list. While a delayed recall deficit was mandatory, however, the performance of MCI 

individuals in other CERAD tests could equally fall below -1.5 SD. Accordingly, MCI 

participants enrolled in DELCODE included single and multiple-domain amnestic MCI, 

but no non-amnestic MCI patients. Thus, the term ‘MCI’ within the presented studies 

of the thesis refers to amnestic MCI patients. DAD patients fulfilled the clinical 

NINDCS/ADRDA criteria of probable Alzheimer’s disease (McKhann et al., 2011). HC 

were recruited via public advertisement, and included if individuals showed cognitive 

performance in the normal range, and reported no, or only subtle subjective decline 

that caused no concerns.  

The general inclusion criteria for all groups were as follows: individuals 1) gave 

informed consent; 2) presence of an informant, who is willing to provide information 

on the participant throughout the study; 3) presence of an informant, who is not 

participating in the study and willing to provide information on the healthy control 

throughout the study; 4) fluent German language abilities; 5) age >/= 60 years. The 

exclusion criteria for all groups were as follows: individuals had 1) any condition that 

clearly interferes with participation in the study and interferes with the clinical and 

neuropsychological study procedures; 2) contraindications for MRI; 3) severe or 

unstable medical condition and current major depressive episode as well as psychotic 

disorder, bipolar disorder, substance abuse at present or in the past; 4) 
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neurodegenerative disorder other than AD and vascular dementia; 5) history of stroke 

with residual symptoms and current or past unstable malignant disease within the last 

two years; 6) chronic use of psychoactive drugs with sedative or anticholinergic effects 

and use of antidementia drugs in SCD, MCI and in control subjects; 7) investigational 

agents for treatment of dementia or cognitive impairment one month prior to study 

entry; 8) participation in a study using investigational medicinal products. 

2.3  Neuropsychological tests 
In addition to clinical standard measures like MMSE, CDR scale, and a modified 

version of the Alzheimer’s Disease Assessment Scale-Cognitive-Plus (ADAS-Cog-

13), the yearly study visits included an extensive NPT battery that was applied for all 

of the study participants to capture early and subtle cognitive changes (Jessen et al., 

2018). Confirmatory factor analysis was used to derive 5 cognitive factors from the 

various NPT dependent variables to reduce measurement error for each test and 

improve sensitivity to early AD-related changes: (1) learning and memory (MEM), 

comprising test scores from the Alzheimer's Disease Assessment Scale, Cognitive 

part (ADAS-Cog) Word List, The Free and Cued Selective Reminding Test (FCSRT) 

Free Recall, FCSRT Cue Efficiency, The Wechsler Memory Scale (WMS) Logic 

Memory, Figure savings, Incidental learning (SDMT), and Face Name Test; (2) 

language abilities (LANG), comprising tests of Verbal Fluency Groceries, Verbal 

Fluency Animals, Boston Naming Test (20 item version), and FCSRT Naming Part; 

(3) executive functions and mental processing speed (EXEC), comprising speed-

dependent executive functioning tests such as the Trail-Making-Test A and B and and 

Number Cancellation, Flanker Test; (4) working memory (WME), comprising tests 

such as Digit Span Forward and Backward, and FCSRT interference task; (5) visuo-

spatial abilities (VIS), comprising tests of figure copying, clock copying and clock 

drawing.  For a detailed description of the tests, and the procedure to derive the 5 

factors, please refer to Wolfsgruber et al. (2020).The extracted factor score estimates 

were scaled as z-scores for the performance of the complete sample. Lower scores 

represented worse performance. 

2.4 CSF biomarkers assessment  
About 50% of the participants underwent lumbar puncture. CSF biomarkers were 

analyzed according to vendor specifications: V-PLEXAβ Peptide Panel 1 (6E10) Kit 

(K15200E) and V-PLEX Human Total Tau Kit (K151LAE) (Mesoscale Diagnostics LLC, 
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Rockville, USA), and Innotest Phospho-Tau(181P) (81581; Fujirebio Germany GmbH, 

Hannover, Germany) (Jessen et al., 2014a). As recent studies suggested that CSF 

Aβ42/40 is a more accurate and sensitive biomarker for MCI and clinical AD compared 

to Aβ42 alone (Hansson et al., 2007; Janelidze et al., 2016; Lewczuk et al., 2017), we 

used the cutoff ratio (Aβ+: Aβ42/Aβ40 ratio < 0.09) or amyloid-negative (Aβ-: 

Aβ42/Aβ40 ratio ≥ 0.09)  to group participants as amyloid-positive (Aβ+: Aβ42/Aβ40 

ratio < 0.09) or amyloid-negative (Aβ-:  Aβ42/Aβ40 ratio ≥ 0.09) (Janelidze et al., 2016). 

2.5 APOE genotyping 
APOE genotyping was performed using a commercially available TaqMan® SNP 

Genotyping Assay (ThermoFisher Scientific) (Jessen et al., 2018). The analytical 

variable used in the thesis based on APOE genotyping is APOE4 carriers vs. non-

carriers.  

2.6 PET Methods 

2.6.1 [18F]-Florbetaben PET data acquisition  
DELCODE-PET is a substudy of DELCODE that only focused on the SCD population 

of the study, i.e. did not include healthy controls or clinically impaired patients, due to 

regulatory restrictions. PET data acquisition followed established standard procedures 

for FBB (NeuraceqTM: Life Radiopharma Berlin GmbH) scanning. In addition, to 

calculate attenuation correction maps, low-dose CT were collected. The acquired PET 

data were reconstructed iteratively according to the established PET brain protocols 

of the participating nuclear medicine sites. This included decay, random, scatter, dead 

time, normalization, and attenuation correction. 

2.6.2 [18F]-Florbetaben PET data analysis  
Qualitative visual analysis of PET scans: The clinical gold standard for interpreting 

FBB PET scans is visual reading, and it was used to classify the subjects in the third 

study as amyloid-positive (SCDAb+) or -negative (SCDAb-). According to manufacturer 

guidelines (Seibyl et al., 2016), visual readings of the FBB scans were conducted by 

two experienced readers. Specifically, four predefined ROIs, including frontal lobe, 

lateral temporal lobe, parietal lobe, and posterior cingulate/precuneus, were used by 

the readers to evaluate the cortical tracer binding. Across the majority of slices within 

any of the four predefined ROIs, the readers rated if significant cortical tracer binding 
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was found for each subject. If cortical tracer binding was observed in at least one of 

these four predefined ROIs, the subject was grouped as amyloid positive.  

Quantitative analysis of PET scans:  PMOD 4.004 (PMOD Technologies LLC, Zurich, 

Switzerland) was used to derive additional quantitative measures for the severity of 

amyloidosis, as indicated by cortical tracer binding. The motion-corrected of PET 

images and co-registered with a T1-weighted image of the participant were performed 

using the PNEURO Maximum Probability Atlas pipeline. The T1-weighted image of 

the participant was segmented using Unified Segmentation (Ashburner and Friston, 

2005). The AAL atlas template (Tzourio-Mazoyer et al., 2002) was warped into 

participants’ native PET space using the normalization parameters from above 

segmentation step. The transformed AAL regions of interest (ROI) were additionally 

binary masked by thresholded individual GM and CSF probability maps. A voxel was 

considered to belong to the GM fraction if a probability threshold of p=0.5 was 

exceeded, while additionally excluding voxels showing p>.5 for CSF. SUVR were 

calculated by averaging across voxels and time frames within each ROI in AAL. A 

global SUV ratio (SUVRFBB) for measuring global Aβ load was derived followed 

procedures suggested by Barthel et al (2011a) . In brief, a volume-weighted average 

of bilateral frontal, lateral temporal, parietal, and occipital and cingulate SUV was 

calculated.  Then, the SUV was scaled by tracer uptake in the cerebellar cortex as a 

reference region with low tracer binding to derive the SUVR score.  The regional 

SUVRFBB for the bilateral precuneus was calculated by the same procedure.  

2.7 MRI methods 
The main neuroimaging approaches that were used for the presented studies are 

morphometry of the cholinergic basal forebrain system, seed-based FC and ReHo 

analysis 

2.7.1 MRI data acquisition  
MRI data were acquired at nine scanning sites using identical acquisition parameters 

and harmonized instructions. Every site operated Siemens scanner, including three 

TIM Trio systems, four Verio systems, one Skyra system, and one Prisma system. 

The standard DELCODE protocol included a structural T1-weighted image and a 

resting state fMRI. As harmonization of imaging methods across participating sites in 

a multi-center study is a very important issue, we tried to eliminate several sources of 



 
 

 

38 

variance between sites even before starting the project. For quality assurance and 

assessment of MRI datasets, several steps were taken (Jessen et al., 2018). First, 

each DZNE site was qualified with a traveling head measurement by the DZNE 

imaging network (iNET). Second, the detailed SOPs for the implementation of project 

protocols were provided and instructed by DZNE iNET. Third, all technicians who were 

responsible for scanning MRIs in the project underwent centralized training according 

to the SOPs. The training included several aspects: 1) positioning subjects correctly 

in the MRI scanner; 2) preparing sequence steps of MRI scanning; 3) setting image 

angulation for the MRI scanning 4) Instructing participating for the MRI scanning; 5) 

testing the MRI sequences. Finally, to guarantee the MRI imaging quality during the 

whole project, an MRI-phantom was used to examine the performance of the MR 

systems in each site every week.   

High-resolution T1-weighted images were acquired using a magnetization-prepared 

rapid gradient echo sequence (MPRAGE) which was empirically optimized for optimal 

gray-white contrast, and standardized across scanners (TR: 2500 ms, TE: 4.37 ms, 

flip angle: 7°, IT: 1100 ms, 256 × 256 matrix, FOV: 256 x 256 mm2, slice thickness: 1 

mm, 192 sagittal sections without gap covering the whole brain; GRAPPA = 2).  

The resting state functional MRI (rs-fMRI) data were acquired axially using an echo-

planar imaging (EPI) sequence with the following sequence parameters: TR = 2580 

ms; TE = 30 ms, field of view = 224 × 224 mm2, matrix = 64 × 64 mm, flip angle: 80°, 

slices number = 47, slice thickness = 3.5 mm. The total 180 volumes   were acquired 

in approximately 8 min. During the examination, subjects were instructed to hold still, 

keep their eyes closed, not to fall asleep, and not to think of anything in particular. 

2.7.2 Morphometry of the cholinergic basal forebrain system 
Considering the small size of the BF nuclei and the limited spatial resolution and image 

contrast on the MRI scans, the different cell groups of the BF lack clear anatomical 

borders and are thus not accurately delineable. Recent studies have developed 

cytoarchitectonic maps of BF in human brain, based on combined post-mortem MRI 

and histological sections of post mortem brains, which provides new possibilities for 

in vivo automated morphometric analyses of the BF cholinergic system (Teipel et al., 

2005; Zaborszky et al., 2008). The availability of a detailed cytoarchitectonic maps of 

the BF combined with the automatic structural MRI processing stream allows for in 
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vivo volumetry of the cholinergic BF. The structural MRI processing steps followed the 

procedures (Figure 2.1) suggested by Kilimann et al. (2014) and processed using the 

Computational Anatomy Toolbox (CAT12) toolbox based on SPM12. Specifically, MRI 

scans were first automatically segmented into gray matter (GM), white matter and CSF 

partitions. The principle of this BF volumetry approach is to normalize the individual 

native space MRI scan into the Montreal Neurological Institute (MNI) space where the 

BF atlas is defined, and use this transform to calculate individual BF volumes. Thus, 

the next step after segmentation is to normalize GM partitions to the CAT12 default 

template (IXI555-MNI152), applying modulation for both linear and non-linear 

normalization. Considering the relatively small spatial extent of the BF and its nuclei, 

the BF morphometry critically depends on the accuracy of the spatial normalization 

procedure, aiming for a perfect fit of the native space scan to the normalization 

template. Best normalisation can be achieved by using high-dimensional nonlinear 

spatial registration algorithms, such as Diffeomorphic Anatomical Registration through 

Exponentiated Lie Algebra (DARTEL) algorithm. Non-linear normalization in this thesis 

was performed using the SPM12 DARTEL algorithm (Ashburner, 2007). The 

modulation refers to scale by how much a voxel was stretched during normalization 

step. The purpose of the modulation during normalization is to make the voxel intensity 

in modulated GM-images represent the volume of grey matter within the given voxel 

(Good et al., 2001). Finally, the volumes of BF and its subnuclei were obtained by 

summing up the values of modulated GM voxel within the cytoarchitectonic BF atlas. 

To adjust for head size differences between subjects, corrected BF volumes were 

calculated from the residuals of a least-square derived linear regression between raw 

volumes and total intracranial volume (TIV) (Voevodskaya et al., 2014). The TIV was 

obtained by summing up the volumes of GM, white matter, and CSF compartments 

(Malone et al., 2015).   



 
 

 

40 

 
Figure 2.1: Standard processing steps for morphometry of basal forebrain. BF: Basal 
Forebrain; GM: Grey Matter; WM: White Matter; CSF: cerebrospinal fluid; MNI: 
Montreal Neurological Institute; FWE: Family-wise error 
 

2.7.3 Seed-based functional connectivity and regional homogeneity  
BOLD signal changes at rest are sensitive to artifacts and measures of FC and ReHo 

highly depend on BOLD signal data processing. Therefore, the preprocessing steps 

for resting-state fMRI data is very important.  

Preprocessing steps for rs-fMRI data 
The general preprocessing steps for study 2 and study 3 of this thesis were as follows. 

Before the preprocessing, the first 5 volumes were discarded to avoid transient signal 
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changes and keep signal stability of the remaining fMRI time series. The remaining 

175 volumes were corrected for the intra-volume acquisition time delay (slice timing) 

and head motion (realign). Then, spatial normalization was conducted to the aligned 

functional data to a common stereotaxic space (MNI space).  To improve the precision 

and accuracy of normalization, DARTEL algorithm was used. After normalization, 

temporal band-pass filtering (0.01–0.08 Hz) was adopted to reduce the effect of low-

frequency drifts and high-frequency physiological noise. To reduce effects of 

confounding factors on BOLD signal in GM, the signal of WM and CSF as well as the 

24-parameter head motion profiles (Friston et al., 1996) were regressed out. Adopting 

24 head-motion parameters is considered as an efficiency strategy to control for head 

motion effects since it regresses out 6 head motion parameters, 6 head motion 

parameters one time point before, and the 12 corresponding squared items (Yan et 

al., 2013). Global signal regression was not performed considering that it is still a 

controversial preprocessing option in rs-fMRI studies (Murphy and Fox, 2017) and BF 

is proven to regulate the global signal (Turchi et al., 2018). To further minimize head 

motion effects on FC analyses in study 2, 4 individuals in each group were excluded 

because of excessive head motion (> 2.0 mm or > 2.0° in any direction), resulting in a 

final sample of 194 individuals in HC and SCD group (Zhang et al., 2016; Kang et al., 

2017b; Li et al., 2017). After these strategies, we consider that head motion effects 

were mitigated as much as possible for study 2. Considering that the sample size in 

study 3 is relatively small, a motion scrubbing regressor method (Power et al., 2012) 

was used for each bad time point (frame-wise displacement > 0.2 mm included as 

covariate) instead of excluding participants with excessive head motion. To ensure the 

data fulfill Gaussianity (Mikl et al., 2008), increase signal-to-noise ratio (SNR), and 

decrease remaining inter-subject anatomical variability (Triantafyllou et al., 2006; 

Pajula and Tohka, 2014), spatial smoothing step is conducted. Spatial smoothing is 

the averaging of signals from adjacent voxels. The standard method is to convolve the 

fMRI data with a 3D Gaussian kernel (filter) that averages signals from neighboring 

voxels with weights that decrease with increasing distance from the target voxel. The 

optimal Gaussian kernel size is disputed, depending on factors such as slice thickness 

and in-plane resolution and the need for spatial separation of small activation regions. 

According to previous studies, spatial smoothing was performed with a Gaussian 

kernel of 6 mm full-width at FWHM before FC calculation (Zou et al., 2008) in study 3 
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(Philip et al., 2013). The above preprocessing steps of the resting-state fMRI data  for 

study 2 was performed using GRETNA (Wang et al., 2015a) based on SPM12 

(www.fil.ion.ucl.ac.uk/spm). The rs-fMRI data preprocessing steps for study 3 were 

conducted using the Data Processing & Analysis for Brain Imaging (DPABI) toolbox 

(Yan et al., 2016). Both toolboxes were run in Matlab 2015a (MathWorks, Inc., Natick, 

MA).  

Seed-based FC calculation 
The seed regions selected in study 2 were Ch4 and Ch1-3, respectively. A recent 

study revealed that BF is functionally organized into two subdivisions that largely follow 

anatomically defined boundaries of Ch1-3 and Ch4 (Fritz et al., 2019). To keep comp 

arable with previous studies and improve the reliability of our fMRI data analysis (Li et 

al., 2017; Zaborszky et al., 2018; Fritz et al., 2019), we used the BF map from the ten 

human post mortem brains instead of from one human post mortem brains (Teipel et 

al., 2005; Kilimann et al., 2014). Therefore, the two seed brain regions in study 2, Ch4 

and Ch1-3, were derived from a stereotaxic map of the BF that contains the 

magnocellular cholinergic corticopetal projection (Zaborszky et al., 2008). The 

stereotaxic map of the BF is provided as follows: 1) Ten human post mortem brains 

underwent T1-weighted imaging and then made into histological serial sections; 2) the 

histological sections were stained by silver; 3) the positions and the extent of each 

magnocellular cell group of the BF was delineated microscopically, 3D reconstructed 

and warped to the reference space of the MNI brain (Zaborszky et al., 2008). The seed 

region Ch1-3 was defined from the BF map including the septum (Ch1-2) and the 

horizontal limb of the diagonal band (Ch3). The seed region Ch4 was defined from the 

BF map.  FC analysis of the two seed regions were conducted in voxel-wise manner. 

The two seed regions were defined and warped to MNI space, in correspondence with 

the normalized rs-fMRI data. For each seed region, voxel-wise FC map were 

calculated by correlating voxel-wise the mean time series across a certain BF 

subnucleous with all time-series across the brain. To assure the normality of FC 

correlation coefficient maps, the correlation coefficients were converted to z values 

using Fisher’s transformation. The obtained z-maps were smoothed with a 5-mm full 

width at half maximum (FWHM) isotropic Gaussian kernel.  

The seed region in study 3 was the bilateral precuneus. FC analysis of the bilateral 

precuneus was conducted in voxel-wise manner. The seed region was generated from 
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the AAL atlas, and restricted to GM voxels by multiplying the ROI with the individual 

GM mask, derived during the preprocessing steps. A voxel was considered to belong 

to the GM fraction if a threshold of 0.2 was exceeded. A voxel-wise FC map was 

calculated using the correlations between the mean time series of the seed region and 

remaining voxels within the brain. Again, the correlation coefficients were converted 

to z values using Fisher’s transformation. Below is an example of voxel-based FC-

map of precuneus showing correlated voxels based on a seed in the precuneus 

(Figure 2.2).  

 

Figure 2.2: Illustration of precuneus-based Functional Connectivity (FC). Warms color 
in the FC map represents voxels with positive correlation with precuneus, while cold 
colors represent voxels with negative correlation with precuneus. 

ReHo calculation 
We used DPABI to obtain each subject’s ReHo map by calculating Kendall’s 

coefficient of concordance for a given voxel time series with its nearest 26 neighboring 

voxels in study 3. This analysis was based on the unsmoothed preprocessed rs-fMRI 

data (Zang et al., 2004). Following the procedure by Zang and colleagues, the ReHo 

maps were z transformed and spatially smoothed with a 6 mm FWHM Gaussian kernel 

(Zang et al., 2004). 
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3 Results 

3.1 Study 1: Basal forebrain atrophy along the Alzheimer’s disease spectrum 
and its relevance for subjective cognitive decline 

3.1.1 Introduction 
Recent imaging data suggest that individuals with preclinical Alzheimer’s pathology 

already show atrophy of the posterior NBM and that this even precedes the atrophy of 

the entorhinal cortex (Schmitz et al., 2016a).  Even though direct amyloid biomarker 

evidence is often used to evaluate preclinical AD pathology status, there are also other 

complementary approaches for identifying at-risk patients for developing to AD 

dementia. One of these approaches is the clinical examination of individuals with SCD 

(Jessen et al., 2014a; Studart and Nitrini, 2016). One aim of this study was to 

investigate the cholinergic BF system across the whole clinical AD spectrum, including 

SCD as a putative late stage of preclinical AD, and HC. The hypothesis is that the 

atrophy of the basal forebrain increases with progressing AD stage, starting in the 

NBM, and spreading until the whole system is affected in later AD stages. It is also 

hypothesized that BF atrophy is observed even before other well-established regions 

showing early AD-related neurodegeneration, such as the hippocampus and the 

entorhinal cortex. Moreover, the interplay between CSF amyloid status and structural 

changes especially in SCD and HC were further explored, which has not been covered 

in previous studies. While SCD itself is not an AD stage, SCD combined with AD 

pathology may reflect a progression from stage 1 (asymptomatic) to stage 2 

(transitional cognitive impairment) of the Alzheimer’s continuum according to the NIA-

AA research framework (Jack et al., 2018), and should therefore present a stronger 

progression of AD-related BF atrophy. With respect to the HC and SCD groups, it was 

hypothesized that the amyloid positive subgroups would show a reduced BF volume 

when compared to the amyloid negative subgroups in SCD, but not in HC. Moreover, 

BF volume is reduced when comparing amyloid positive SCD with amyloid positive 

HC. These effects were mainly expected in the posterior part of the BF.  

3.1.2 Study-specific materials and methods 
To test these hypotheses, we analyzed cross-sectional data of 135 HC, 110 SCD, 60 

MCI and 36 DAD from an interim data release of the DELCODE baseline dataset who 

had undergone structural MR imaging, neuropsychological testing and APOE 

genotyping. Because the lumbar puncture to obtain the amyloid status was optional, 
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and not always successful, the amyloid-related analysis was performed only in a 

subgroup of the study population (Figure 3.1). 

 

Figure 3.1: Flow chart of number of participants with lumbar puncture in HC, SCD, 
MCI and AD. HC, Healthy Control; SCD, Subjective Cognitive Decline; MCI, Mild 
Cognitive Decline; DAD, Dementia due to Alzheimer’s Type. 

MRI data processing and BF volume calculation 
Refer to 2.7.3 in material and methods of the presented studies (page 38).  

Confirmatory structural analysis 
To test for the regional specificity of observed BF changes, the volumes of two 

additional structures in direct vicinity of the BF were analyzed: the bilateral caudate 

nucleus and subgenual cingulate cortex (Brodmann Area 25).  The caudate ROIs were 

taken from the Harvard-Oxford atlas (Makris et al., 2006), and the BA25 from an atlas 

that is part of the DPABI software package (Yan et al., 2016). Following the same 

procedure as for the BF, the ROI volumes were obtained by summing up the 

modulated GM voxel values. All volumes were adjusted for TIV as described in section 

2.7.2.  

Analysis of ‘typical’ AD-regions 

To explore potential concurrent alterations in established regions showing early AD-

related neurodegeneration, additional analyses focused on the hippocampus (total 

volume, CA1-subfield) (Perrotin et al., 2015; Hu et al., 2019) and the entorhinal cortex 

(Schmitz et al., 2016a). The ROIs were generated using the ‘SPM Anatomy Toolbox’ 
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(Eickhoff et al., 2005) following the same procedure as for the BF and exploratory 

analysis.  

Statistical analysis 
All statistical tests were performed two-tailed. The statistical significance levels were 

set at p < 0.05 (Bonferroni-corrected), except for exploratory partial correlation 

analyses where an uncorrected threshold of p<0.05 was chosen. Missing data were 

treated using pairwise deletion. All statistical analyses were performed using SPSS 

Statistics v22.0 (IBM, Armonk, NY, USA).  

Demographic, clinical and neuropsychological characteristics 

Kruskal-Wallis non-parametric tests were used to test group differences in 

demographic and clinical data for continuous measures, and chi-square tests for 

dichotomous measures. Univariate analyses of covariance (ANCOVA) was used to 

test significant differences of the 5 five cognitive factors among the four groups, 

controlling for age, gender, education in years and APOE status. Pair-wise post hoc t-

tests were performed to evaluate cognitive differences between subgroups.  

Effects of diagnosis on basal forebrain volumes and relationships with NPT 
ANCOVA was used to test for significant differences with respect to the total BF 

volume and the subnuclei volumes among the four groups, controlling for potential 

covariates including age, gender, and years of education, APOE4 effects and MRI 

scanners (dummy-coded). Pair-wise post hoc tests were performed to evaluate 

volume differences between subgroups.  

Controlling for the above covariates, partial correlations were used to explore group-

wise relationships between BF total and subnuclei volumes, respectively, and the 5 

cognitive factor scores.  

Effects of amyloid status on the BF volume in SCD and HC  
An ANCOVA was used to investigate the main effect of amyloid-β status factor 

(Aβ+/Aβ-), diagnostic group factor (HC, SCD) and their interaction on the BF volumes, 

controlling for covariates described above. Pair-wise follow-up comparisons were 

evaluated for the four contrasts of interest: SCD+ vs SCD-, HC+ vs HC−, HC+ vs 

SCD+ and HC− vs SCD-. The within-subgroup relationships between the regional BF 

volumes, continuous Aß42/40 ratio, and the 5 cognitive factors, respectively, were 

investigated by partial correlations analysis, controlling for covariates as above.  
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Confirmatory structural analysis: Effects of amyloid status in SCD and HC on 
additional regions 
ANCOVA, controlling for potential covariates (see above), was used to test the main 

and interaction effects of amyloid status (Aβ+/Aβ-) and diagnostic group (HC/SCD) on 

the caudate/BA25, hippocampus (total volume, CA1-subfield) and entorhinal cortex 

volumes. Follow-up pairwise comparisons included: SCD+ vs SCD-, HC+ vs HC−, HC+ 

vs SCD+ and HC− vs SCD-.  

Exploratory analysis: Effects of amyloid status in MCI and HC on BF volume 
The main and interaction effects of amyloid status (Aβ+/Aβ-) and diagnostic group 

(HC/MCI) on the BF volumes was also assessed the using an ANCOVA (covariates 

as above) to explore the role of amyloid status in the clinical samples. Follow-up 

pairwise comparisons included: MCI+ vs MCI-, HC+ vs HC−, HC+ vs MCI+ and HC− vs 

MCI-.  As expected, the DAD group - except one participant - was amyloid-positive, 

and therefore a further analysis for the DAD group was not conducted.   

3.1.3 Results 

Demographic, clinical and neuropsychological test characteristics 
Table 3.1 summarizes the demographic characteristics as well as the NPT results for 

all groups. The four groups showed significantly differences in age, gender, education, 

and APOE4 genotype. In addition, clinical measures, including MMSE, CDR-global, 

CDR-SOB, and the five cognitive factors differed significantly among the four groups. 

Age in HC group was significantly lower than in DAD and MCI groups. Years of 

education in DAD were significantly lower than in HC. The proportions of male 

participants in MCI was significantly higher than in HC. APOE4 carriers were 

significantly less frequent in HC than in MCI and DAD. HC were slightly younger and 

included significantly fewer APOE4 carriers compared to SCD. MCI and DAD showed 

significant lower scores on the MMSE and on all five cognitive factors, which 

corresponds to the inclusion criteria. The scores of CDR-SOB and the CDR-global in 

HC was significantly lower than in SCD (Table 3.1). 
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Table 3.1: Demographic and neuropsychological sample characteristics  
 HC  SCD  MCI  DAD  P value Post-hoc 

comparisons 

Age [years] 68.7 ± 5.2 71.3 ± 5.7 73.1 ± 5.0 73.3 ± 7.0 < 0.001a 
HC < AD*** 
HC < MCI*** 
HC < SCD** 

Gender (M/F) 55/80  53/57 38/22 16/20 0.03b HC < MCI* 

Education 
[years] 14.9 ± 2.8 14.6 ± 3.2 14.1 ± 3.2A 13.1 ± 3.2 0.009 a AD < HC* 

MMSE 29.4 ± 0.9A 29.2 ± 1.0 28.1 ± 1.6 23.6 ± 3.4 < 0.001a 

AD < MCI*** 
AD < SCD*** 
AD < HC*** 
MCI< SCD*** 
MCI< HC*** 

CDR-SOB 0.0 ± 0.1 0.3 ± 0.4 1.5 ± 1.2 4.8 ± 1.4 < 0.001a 

AD > MCI* 
AD > SCD*** 
AD > HC*** 
MCI > HC*** 
MCI > SCD*** 
SCD > HC*** 

CDR-global 0.0 ± 0.0 0.2 ± 0.3 0.5 ± 0.1 0.9 ± 0.2 < 0.001a 

AD > SCD*** 
AD > HC*** 
MCI > HC*** 
MCI > SCD*** 
SCD > HC*** 

MEM 
[min/max] 

0.6 ± 0.1 
[-0.8/1.3] 

0.4 ± 0.1A 
[-1.3/1.3] 

-0.6 ± 0.1 
[-1.9/0.7] 

-2.1 ± 0.1 
[-3.0/-1.4] < 0.001c 

AD < MCI*** 
AD < SCD*** 
AD < HC*** 
MCI< SCD*** 
MCI< HC*** 

LANG 
[min/max] 

0.5 ± 0.5  
[-0.6/1.9] 

0.3 ± 0.6A 
[-1.6/1.6] 

-0.6 ± 0.7 
[-2.2/0.8] 

-1.9 ± 0.7 
[-3.6/-0.8] <0.001c 

AD < MCI*** 
AD < SCD*** 
AD < HC*** 
MCI< SCD*** 
MCI< HC*** 

EXEC 
[min/max] 

0.5 ± 0.5 
[-0.9/1.8] 

0.3 ± 0.7A 
[-1.6/1.7] 

 
-0.5 ± 0.8 
[-2.6/0.8] 

 

 
-1.9 ± 0.9 
[-3.8/-0.3] 

 

<0.001c 

AD < MCI*** 
AD < SCD*** 
AD < HC*** 
MCI < SCD*** 
MCI < HC*** 

WME 
[min/max] 

0.3 ± 0.6 
[-0.9/1.9] 

0.3 ± 0.7A 
[-1.4/-1.7] 

-0.4 ± 0.8 
[-2.0/1.1] 

-1.5 ± 0.9 
[-3.5/0.3] <0.001c 

AD < MCI*** 
AD < SCD*** 
AD < HC*** 
MCI < SCD*** 
MCI < HC*** 

VIS 
[min/max] 

0.3 ± 0.4 
[-1.3/1.1] 

0.2 ± 0.5A 
[-1.4/1.1] 

    -0.3 ± 0.8 
     [-3.0/0.7] 

-1.5 ± 1.5 
[-6.7/0.2] <0.001c 

AD < MCI*** 
AD < SCD*** 
AD < HC*** 
MCI < SCD*** 
MCI < HC*** 

APOE(ε4/non-
4) 
 

23/109C 
(17.4%) 

36/72B 
(33.3%) 

21/39 
(35.0%)  

25/101  
(71.4%) <0.001 b 

HC < SCD* 
HC < AD*** 
HC < MCI* 
HC< SCD* 
SCD < AD*** 
MCI < AD** 

Values are represented with mean ± standard deviation. Supscripts with capital letters denote number 
of missing values: A = 1 missing value; B = 2 missing values; C = 3 missing Values.  min = minimum; 
max = maximum; a Kruskal-Wallis Non-Parameter Test; b Chi-Square Test. c ANCOVA Test controlling 
for age, gender, years in education and APOE4 status. Post hoc Bonferroni-corrected p-value: * p-
value < 0.05, ** Bonferroni-corrected p-value   < 0.01, *** p-value <0.001. 
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Effects of diagnosis on basal forebrain volumes and relationships with NPT  
The comparison of volumes of the BF and its subnuclei across 4 groups showed 

significant differences (Figure 3.2). Compared to subjects with MCI and SCD as well 

as HC, all volumes of BF subnucleus in the DAD patients were significantly lower.  In 

the MCI group, the total BF and Ch4p as well as Ch4al regions showed a significant 

volume reduction compared to SCD and HC. There were no significant differences for 

total BF volume and any of the subnuclei between SCD and HC. In addition, all 

subregions of BF in AD showed negative percentage change compared to HC, with 

the most severe change (-32.01 %) in Ch4p (Table 3.2). The most severe change in 

MCI (-14.88 %) and SCD (-4.55 %) is also Ch4p compared to HC (Table 3.2). 

Significant correlations between total BF volume and MEM (r=0.433, p=0.002) and 

LANG (r=0.383, p=0.007) in the MCI group was found in the partial correlation 

analyses, but not in the DAD group. The same findings emerged with regard to Ch4p 

and Ch4al. Specifically, significant correlations for Ch4p and Ch4al volumes with MEM 

(Ch4p, r = 0.443, p = 0.001; Ch4al, r = 0.354, p = 0.013) as well as LANG (Ch4p, r = 

0.428, p = 0.002; Ch4al, r = 0.345, p = 0.015) were found only for the MCI group. For 

SCD, a correlation between Ch4ai and visuo-spatial cognition was observed, but only 

at a trend level (r = 0.19; p = 0.063). 

Figure 3.2: Basal forebrain volumes and its subregions across HC, SCD, MCI and DAD. 
The Volumes of the bar are estimated marginal means ± standard error; *** Bonferroni-
corrected p-value < 0.001; ** Bonferroni-corrected p-value < 0.01.  
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Table 3.2: Percentage changes of basal forebrain volumes and its subregions 
across in SCD, MCI and AD compared to HC 

 
HC 

 
SCD  

[Percentage Change] 

MCI  
[Percentage 

Change] 

AD  
[Percentage 

Change] 
BF (mm3) 605.35 590.95 [-2.38%] 558.52 [-7.74%] 496.91 [-17.91%] 
Ch1/2 (mm3) 83.49  83.78 [0.35%] 79.56 [-4.71 %] 73.81 [-11.59%] 

Ch3 (mm3) 152.45  149.08 [-2.21%] 144.11 [-5.47 %] 129.55 [-15.02%] 

Ch4ai (mm3) 146.00  139.91 [-4.17%] 135.55 [-7.16%] 118.08 [-19.12%] 

Ch4al (mm3) 114.83  114.02 [-0.71%] 106.12 [-7.59%] 100.36 [-12.60%] 

 Ch4p (mm3) 102.29  97.69 [-4.50%] 87.07 [14.88%] 69.55 [-32.01%] 

 
Values are represented with mean volumes of each BF subregions. Percentage Change = (V2- 
V1)/V1*100. V1 represents the volumes of BF and its subregions in HC. V2 represents the volumes of 
BF and its subregions in SCD, MCI and AD.  

Effects of amyloid status in SCD and HC on BF volume 
Only HC and SCD participants with both structural scans and CSF biomarker were 

used for this analysis. 38% (16 of 42) participants of SCD and 27% (13 of 48) 

participants of HC were categorized as Aβ+ (Aβ42/40 < 0.09). As shown in Figure 
3.3, ANCOVA revealed a main effect of CSF amyloid status (Aβ+/Aβ-: F1,74 = 4.676, p 

= 0.034) on Ch4p volume and significant interaction effects between amyloid status 

and SCD status (F1,74 = 4.186, p = 0.044). The Ch4p volume was significantly smaller 

in amyloid-positive SCD participants in comparison with amyloid-negative SCD 

(Ch4pSCD+ = 92.18 ± 3.04 mm3, Ch4pSCD- = 103.17 ± 2.21 mm3; F1,74 = 7.964, p = 0.006, 

partial h2 = 0.097). Importantly, the Ch4p volume in the SCD+ group was even 

significantly smaller than in the amyloid-positive control group (Ch4p, HC+ = 101.48 ± 

2.95mm3, F1,74 = 4.791, p=0.032, partial h2 = 0.06), while no significant difference 

between amyloid-positive and amyloid-negative HC (Ch4p, HC- = 102.25 ± 1.86 mm3; 

F1,74 = 0.049, p = 0.83, Partial h2 = 0.001). No significant main or interaction effects of 

amyloid status for either total BF volume or the volumes of the other subnuclei of BF 

were found.   

  A significant correlation between the Aβ42/40 ratio and the Ch4p volume was shown 

in the SCD subsample with CSF measures, but not in the HC (rSCD = 0.365, p = 

0.044; rHC = -0.041, p = 0.805; Figure 3.4). There is no significant partial correlation 

between Ch4p and any of the 5 cognitive factors in SCD subsample (all p > 0.371). 
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Figure 3.3: Interaction effect of 
amyloid status factor (Aβ+/Aβ-) and 
group factor (HC, SCD) on Ch4p 
volume.  
 
Displayed are the estimated marginal 
means of the Ch4p volume;  
* p-value = 0.032; ** p-value = 0.006 
HC-Aβ-: amyloid negative HC;  
SCD-Aβ-: amyloid negative SCD;  
HC-Aβ+: amyloid positive HC;  
SCD-Aβ+: amyloid positive SCD.        

Figure 3.4: Partial correlations 
between Ch4p volume and 
Aβ42/40 ratio in HC and SCD 
group. 
 
The dotted area is the 95% 
confidential interval. Ch4p 
volume shown here is after 
correcting for TIV.  

Confirmatory structural analysis: Effects of amyloid status in SCD and HC on additional 
regions 

Explorative ROI analyses did not reveal any of significant main effects of SCD status 

or amyloid status. Moreover, no significant interaction effects between CSF amyloid 

status and SCD status were found (Table 3.3).  
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Table 3.3: Interaction effect of amyloid status factor (Aβ+/Aβ-) and group factor (HC, 
SCD) on the exploratory structural brain regions.  
 

 HC- 
[mm3] 

HC+  
[mm3] 

SCD-  
[mm3] 

SCD+  
[mm3] 

Interaction 
Effect 

Post-hoc 
comparison 

Entorhinal 

Cortex 
2888 ± 54 2806 ± 85 2851 ± 64 2685 ± 88 F (1,74) = 0.43; 

 p = 0.52 
ns 

CA1-HIP 1623 ± 25 1577 ± 40 1593 ± 30 1547 ± 42 F (1,74) < 0.001; 
 p = 0.995 

ns 

HIP 6450 ± 89 6407 ± 141 6398 ± 106 6291 ± 146 F (1,74) = 0.069; 
 p = 0.79 

ns 

Caudate 2871 ± 78 2808 ± 123 2821 ± 92 2898 ± 127 F (1,74) = 0.45; 
p = 0.50 

ns 

BA25 5367 ± 65 5388 ± 103 5373 ± 78 5262 ± 107 F (1,74) = 0.56; 
p = 0.46 

ns 

 
Values are estimated marginal values after removing age, gender, years of education, APOE4 and 
MRI scanners. Displayed are mean ± standard error. ns: not significance; HIP: Hippocampus; BA: 
Brodmann area; HC-: amyloid negative HC; SCD-: amyloid negative SCD; HC+: amyloid positive 
HC; SCD+: amyloid positive SCD. 
 

Exploratory analysis: Effects of amyloid status in MCI and HC on BF volume 

60% (18 of 30) of the MCI were categorized Aβ+ (Aβ42/40 < 0.09). A significant main 

effect of MCI status on Ch4p and Ch4al subregions was found (Ch4p: F1,64 = 10.61, p 

= 0.002; Ch4al: F1,64 = 4.15, p = 0.046) (Table 3.4). There was no significant main 

effect of amyloid status observed for the total BF volume or the volumes of the other 

subnuclei. No significant interaction effects of amyloid status and MCI status were 

found for either total BF volume or the volumes of the other subnuclei (Table 3.4). 

Partial correlation analyses showed no significant correlations between the Aβ42/40 

ratio and the Ch4p volume (r = - 0.15; p = 0.53) or between the Aβ42/40 ratio and the 

Ch4al volume (r = - 0.36; p = 0.11) in the MCI subsample with CSF measures. We 

only found a significant trend positive correlation between the Ch4p with MEM (r = 

0.38; p = 0.09), whereas the correlation was not significant in other four cognitive 

factors (all p > 0.36). There is no significant partial correlation between Ch4al and any 

of the 5 cognitive factors in MCI subsample (all p > 0.49) 
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Table 3.4: Interaction effect of amyloid status factor (Aβ+/Aβ-) and group factor (HC, 
MCI) on BF regions 
 

 
HC- 

[mm3] 

HC+  

[mm3] 

MCI-  

[mm3] 

MCI+  

[mm3] 

Main 
Effect 

(Group) 
Interaction 

Effect 

BF 606 ± 9       600 ± 14     570 ± 16 583 ± 13 F (1,64) = 
3.16; 

p = 0.08 

F (1,64) = 
0.48; 

p = 0.49 

Ch1/2 85 ± 2 84 ± 2 83 ± 3 83 ± 2 F (1,64) = 
0.40; 

p = 0.53 

F (1,64) = 
0.11; 

p = 0.74 

Ch3 151 ± 3 151 ± 5 145 ± 5 152 ± 4 F (1,64) = 
0.34; 

p = 0.57 

F (1,64) = 
0.81; 

p = 0.37 

Ch4ai 144 ± 3 143 ± 5 142 ± 5 139 ± 4 F (1,64) = 
0.45; 

p = 0.51 

F (1,64) = 
0.06; 

p = 0.81 

Ch4al 116 ± 2 113 ± 4 104 ± 4 110 ± 3 F (1,64) = 
4.15; 

p = 0.046 

F (1,64) = 
1.97; 

p = 0.17 

Ch4p 102 ± 2 102 ± 2 90 ± 3 92 ± 3 F (1,64) = 
10.61; 

p = 0.002 

F (1,64) = 
0.21; 

p = 0.65 
   
Values are estimated marginal values after removing age, gender, years of education, APOE4 and 
MRI scanners. Displayed are with estimated marginal mean ± standard error. HIP:  Hippocampus; 
BA: Brodmann area; HC-: amyloid negative HC; MCI-: amyloid negative MCI; HC+: amyloid positive 
HC; MCI+: amyloid positive MCI.  
 

3.1.4 Discussion 
This study compared BF volumes of HC, SCD, MCI and DAD patients based on a 

large multi-center dataset. A significant effect of diagnosis on BF total and subnuclei 

volumes was found, with the most pronounced effect in Ch4p. In patients with DAD, 

almost all BF subnuclei presented volume reductions, whereas in MCI patients, the 

volume reduction was confined to Ch4al and Ch4p. Moreover, a significant correlation 

between Ch4p volume and cognitive performance measures (MEM and LANG) was 

found in the MCI group.  In the MCI subsample with CSF information, also a significant 

main effect of diagnosis on both the Ch4p and Ch4al was observed, but no significant 

interaction effects with amyloid status, neither for total BF volume nor the volumes of 

the other subnuclei. For the SCD group, a volume reduction was observed only after 

taking the amyloid status into account, as indicated by a significant interaction between 

diagnosis (SCD vs. HC) and CSF amyloid status: The Ch4p volume was reduced in 

amyloid-positive SCD compared to amyloid-positive HC and amyloid-negative SCD. 
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The Ch4p volume was also correlated with the Aβ42/40 ratio in the SCD subgroup, 

but not in HC subgroup.  

The findings reported here are in good agreement with the literature. The BF volume 

reduction in DAD patients is consistent with post mortem studies and  in vivo MRI 

morphometric studies (Whitehouse et al., 1982; Vogels et al., 1990; Grothe et al., 2012; 

Kilimann et al., 2014; Machado et al., 2020). In addition, BF volume loss was most 

pronounced in the Ch4p subregion in DAD which is consistent with histopathological 

findings from DAD patients showing neuronal loss is most severe in Ch4p (Mesulam, 

2004a). Previous histological studies in DAD patients suggest that the BF neuronal 

loss is most pronounced in the posterior NBM and less severe in the rostral parts of 

BF (Arendt et al., 1985; Vogels et al., 1990; Liu et al., 2015). Several in vivo MRI 

studies in DAD also confirmed previous histological findings and found the strongest 

volume reduction located in the Ch4p region (Teipel et al., 2005; Teipel et al., 2011; 

Kilimann et al., 2014). Confirming earlier in vivo MRI studies in MCI patients (Grothe 

et al., 2010), volume reductions of Ch4p and Ch4al were also found in the MCI group, 

which may indicate that the atrophy of cholinergic BF subregions occurred sequentially 

during earlier stages of AD progression. The findings in AD and MCI, combined with 

previous results, showed the strongest and earliest effects located in the Ch4p region. 

The possible reason is that Ch4p mainly provides cholinergic innervation to the  

superior temporal gyrus and temporal pole, key targets of the cholinergic projections 

from Ch4p (Mesulam et al., 1983; Mesulam and Geula, 1988), which correlates well 

with memory loss and language impairment (Liu et al., 2015). This explanation is 

further supported by the significant positive correlations between the Ch4p volume 

and MEM as well as LANG for the MCI group. The associations between volume loss 

of Ch4p and decline in memory and language performance in MCI group is partially 

consistent with a previous study that found significant correlations between total BF 

volume with memory and executive test scores, respectively (Grothe et al., 2016). 

However, interpolation should be cautious due to the uncorrected significance 

threshold. Moreover, there was no significant correlation between the BF volumes and 

any of the 5 cognitive factors in DAD patients. The lack of complementary correlations 

in DAD patients is not consistent with a recent study investigating DAD patients under 

cholinesterase inhibitor treatment, which found significant correlations between total 

BF volume and global cognition, as well as memory and executive functions (Teipel et 
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al., 2018a). A possible reason for this inconsistency is that current sample of AD 

patients (n = 34) was much smaller than that in Teipel’s study(n = 124), limiting the 

statistical power of the present analyses. 

Consistent with the idea that BF atrophy may already begin during the preclinical stage 

of AD, the present findings extend this BF atrophy pattern to SCD individuals with 

amyloid pathology. It was found that Ch4p was the only subregion showing volume 

reduction in SCD amyloid positive, which may suggest Ch4p appears to be most 

vulnerable to amyloid pathology. Two recent longitudinal studies in a large cohort of 

age-matched older adults ranging from cognitively normal to AD (Schmitz et al., 2016a; 

Fernandez-Cabello et al., 2020) found that NBM atrophy precedes and predicts 

greater neurodegeneration in entorhinal and perirhinal cortices, whereas entorhinal 

volumes predicted degeneration in the medial temporal cortex. These two studies 

suggest that BF atrophy is an upstream event of entorhinal and neocortical 

degeneration and a very early BF involvement in AD pathogenesis. The present 

findings further supported this view by showing that Ch4p volume reductions are 

present in amyloid-positive SCD, while no atrophic changes were detectable in the 

entorhinal (and also hippocampal) areas. It seems that no significant atrophic changes 

in hippocampal and entorhinal cortex were not consistent with the findings from 

several previous studies (van der Flier et al., 2004; Jessen et al., 2006; Scheef et al., 

2012; Perrotin et al., 2015; Hu et al., 2019; Scheef et al., 2019). One possible 

explanation is that SCD in majority of previous studies corresponded to subjective 

decline in the memory function, which is SCD plus feature currently (Jessen et al., 

2014a). The other possible reason is that analytical method in our study is different 

(i.e. ROI vs voxel-wise analysis) with the study of Hu, Teunissen et al., (2019).  More 

importantly, Ch4p volume reductions were only present in amyloid-positive SCD, while 

no atrophic changes were detectable in amyloid-positive HC or amyloid-negative SCD. 

Therefore, these results suggest that the simultaneous presence of SCD plus CSF 

amyloid pathology was linked with NBM atrophy.  In contrast, SCD or CSF amyloid 

pathology alone were not associated with NBM atrophy. This interpretation is 

supported by Vogel et al. (2017) who assessed whether SCD and brain Aβ contribute 

unique information to cognitive decline and suggested that brain Aβ and SCD 

contribute to the prediction of cognitive decline in a complementary manner. This is 

also consistent with a previous study showing increased hippocampal atrophy and 
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lower cognitive performance in SCD with APOE4 genotype (Striepens et al., 2011), 

even though APOE4 is a risk factor rather than a direct biomarker for amyloid 

pathology. Taken together with findings that Ch4p volume loss precedes entorhinal 

atrophy and mediates longitudinal memory loss (Schmitz et al., 2016a), the findings 

may suggest that amyloid-positive SCD represent a very early clinical manifestation 

of an AD-related cholinergic BF atrophy. In this stage, amyloid positive SCD 

individuals cannot fully compensate downstream neurotoxic effects of amyloid 

aggregates anymore, therefore showing first symptoms of incipient cognitive decline.   

Regarding linear associations between BF volume and amyloid pathology, a 

significant positive correlation between the Ch4p volume and Aβ42/40 ratio was found 

in the SCD subsample.  Both animal models (Beach, 2008; Bohnen et al., 2018) and 

post mortem studies in humans  (Arendt et al., 1985; Potter et al., 2011) found 

correlations between cortical amyloid accumulation and cholinergic system. A recent 

study determined associations between BF volume from ante mortem MRI brain scans 

and post mortem assessment of neuropathological features and found that BF atrophy 

was associated with Thal amyloid phases instead of amyloid plaques or neurofibrillary 

tangles within itself (Teipel et al., 2020). This finding suggests that the mechanism of 

BF atrophy was associated with cortical amyloid load, but not with amyloid plaque load 

in the BF itself (Teipel et al., 2020). Therefore, the strong association between Ch4p 

atrophy and Aβ42/40 ratio in individuals with SCD in our study may reflect downstream 

neurotoxic effects of cortical amyloid aggregates (Bloom, 2014) and vulnerability of 

Ch4p cholinergic cells to amyloid-related neurodegeneration, which may trigger 

incipient functional impairments in innervated brain regions (Scheef et al., 2019). This 

is compatible with previous findings showing that Ch4p volume reductions in SCD 

correlated with reduced glucose metabolism in the precuneus (Scheef et al., 2019). 

Reduced precuneus glucose metabolism has previously been suggested to constitute 

a highly sensitive biomarker for AD (Minoshima et al., 1997; Minoshima et al., 1999), 

and in MCI, it is associated with a conversion rate toward DAD of more than 90% 

within two years (Chetelat et al., 2003; Drzezga et al., 2003). The other possible 

direction for this correlation between Ch4p volume and amyloid pathology is that BF 

degeneration may contribute to increased accumulation of amyloid pathology due to 

altered amyloid processing and clearance mechanisms subserved by cholinergic 

signalling (Kar et al., 2004; Kolisnyk et al., 2016; Kolisnyk et al., 2017). Future 
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longitudinal in vivo studies investigating the respective biomarkers may help to 

understand the directionality of the interactions between cholinergic BF atrophy and 

amyloid pathology in the human brain. Regarding the correlation analysis between 

Ch4p volume and 5 cognitive factors in SCD subsample, we found no significant 

correlations. The non-significant correlations between Ch4p volumes and cognitive 

domain scores in  HC and SCD groups is consistent with an earlier study in healthy 

elderly that observed no correlations with specific neuropsychological tests, except for 

a positive association with a global intelligence score (Wolf et al., 2014; Grothe et al., 

2016). 

The present findings are consistent with the formulated hypothesis that BF atrophy 

already starts in amyloid-positive SCD instead of in amyloid positive HC. Notably, the 

fact that amyloid-positive HC subjects did not show Ch4p atrophy compared to the 

amyloid-negative HC subjects is consistent with a recent study (Cantero et al., 2020). 

Therefore, BF atrophy pattern preferentially starts in Ch4p and subsequently spreads 

across the whole brain with AD progression. Non-significant Ch4p atrophy in amyloid-

positive HC individuals suggests that they represent an earlier AD disease stage (NIA-

AA stage 1) and BF atrophy emerges only in a late preclinical stage (as represented 

by amyloid-positive SCD) where individuals already have the subjective experience of 

subtle cognitive decline (NIA-AA stage 2).  

To have a systematic understanding the amyloid status effect on BF volume across 

the AD spectrum, its effect was also explored in the later stage of AD, i.e. MCI patients. 

Interestingly, we only observed reduced volumes of Ch4p and Ch4al in MCI compared 

to HC. There is no significant interaction between CSF amyloid status and MCI 

diagnosis, neither for the volume of Ch4p, nor for the other BF subnuclei. Although it 

seems surprising at  first view,, a missing association between amyloid load and BF 

volumes in MCI was also reported by other groups (Kilimann et al., 2017). Taken 

together the significant interaction findings of amyloid status and SCD diagnosis on 

Ch4p volume, non-significant interaction findings in MCI may suggest that the amyloid 

deposition is the driving force for the BF atrophy at the earlier SCD stadium, whereas 

at MCI stage, the atrophy is more likely driven by other factors than amyloid. However, 

future studies that include tau and other biomarkers would be needed to further prove 

our hypothesis.  
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3.2 Study 2: Distinct alterations of functional connectivity in the basal 
forebrain subregions in Subjective Cognitive Decline 

3.2.1 Introduction 
The BF is the primary source of cholinergic inputs to the entire cortex and is 

considered as a major neuromodulatory hub for brain regions supporting cognition due 

to its broad projections (Ballinger et al., 2016; Bell and Shine, 2016; Gritton et al., 2016; 

Markello et al., 2018). Distinct projections of BF subregions have been revealed in 

nonhuman rodents and primates with Ch12 to the hippocampus (Swanson and Cowan, 

1979; Hedreen et al., 1984), Ch3 to the olfactory bulb and Ch4 to the cortex and 

amygdala (Mesulam et al., 1983; Bloem et al., 2014). While a plethora of publications 

on BF have demonstrated divisions in the neuromodulatory projections of BF using 

direct axonal tracing technique in rodents and primates available (Kim et al., 2015; 

Golden et al., 2016; Kim et al., 2016; Kondo and Zaborszky, 2016; Li et al., 2018), only 

very limited human data investigated how the BF may functionally differentiate given 

that direct axonal tracing studies are not feasible in humans. One method to study the 

interplay between the BF, cortical and subcortical structures in human data are FC 

analyses. Over the last years, FC analysis of rs-fMRI data has emerged as a powerful 

in vivo method to investigate interconnected neuronal systems and subcortical–

cortical interactions in the human brain (Roy et al., 2009; Englot et al., 2017). This 

method has previously been used to characterize the FC profile of the NBM using a 

seed region derived from a cytoarchitectonically-defined stereotactic atlas of BF nuclei 

(Li et al., 2017; Zaborszky et al., 2018). More recently, FC differences between BF 

subdivisions were explored using rs-fMRI data from young adults (Markello et al., 2018) 

and in an older population (Fritz et al., 2019). The study in the older population found 

that BF is functionally organized into two subdivisions that largely follow anatomically 

defined boundaries of Ch1-3 and Ch4 (Fritz et al., 2019). Moreover, decreased FC of 

Ch4 has been found in MCI compared to the healthy control group (Li et al., 2017; 

Meng et al., 2018), while increased FC of the NBM was found in patients with AD after 

treatment with a cholinesterase inhibitor. However, the question whether altered FC 

of the BF emerges already in SCD patients remains unclear.  

This study investigated if any indicators for functional abnormalities of the BF can be 

found in SCD and examined the relationship between observed alterations and 

neuropsychological measures. Available CSF biomarker information for a substantial 
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subgroup of this sample allowed to explore the interplay between CSF amyloid status 

and BF FC in SCD and HC. The first hypothesis was that reductions of Ch4 FC and 

Ch1-3 FC can already be observed in SCD patients, as compared to HC. The second 

hypothesis was that Ch4 and Ch1-3 showed a distinct patterns of FC alterations in 

SCD when compared to HC.  

3.2.2 Study specific materials and methods 

Participants included in this study 
Cross-sectional data of 194 individuals with SCD and 194 HC who had undergone 

structural MR imaging, neuropsychological testing, and APOE genotyping, were 

analyzed.  Seventy-three individuals out of the 194 HC and 84 individuals out of 194 

SCD also had information about CSF amyloid status available.  

Preprocessing of resting-state fMRI data and seed-based FC 
Refer to MRI Methods in 2.7.3 (page 40). 

Neuropsychological tests 
Refer to Materials and Methods in 2.3 (page 35).  

Calculation of total intracranial volume, grey matter and Ch4/Ch1-3 volume  
Previous studies suggested that FC results could potentially be influenced by 

structural grey matter differences among groups (Oakes et al., 2007; Wang et al., 

2011). To check this possibility, it was explored whether there were total intracranial 

volume (TIV), grey matter (GM) and Ch4/Ch1-3 volume differences between HC and 

SCD groups. For the processing steps and volume calculations refer to 2.7.2 in 

general material and methods of the presented studies  

Statistical analyses 

Statistical analyses were performed with SPM12 (Wellcome Department of Cognitive 

Neurology, London) and SPSS 22.0 (IBM Corp.: Armonk, NY). 

Demographic, clinical and neuropsychological characteristics 
Group differences were assessed using independent two-sample t-test, Mann-

Whitney U-test, or chi-squared test (p<0.05) for demographic and clinical 

characteristics of the sample. Univariate analyses of covariance (ANCOVA) were used 

to test significant differences of the NPT tests between the two groups, controlling for 

age, gender, education in years and APOE4 genotype. 
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Total intracranial volume, grey matter and Ch4/Ch1-3 volume  
Group differences were assessed using independent two sample t-tests (p<0.05) for 

total intracranial volume, grey matter and Ch4/Ch1-3 volume, controlling for age, 

gender, education in years, dummy variables for the MRI scanners and APOE4 

genotype.  

Significant group differences on seed-based FC and relationships with NPT 
To check potential confounding influences on Ch4-based FC and Ch1-3-based FC, 

additional covariates, including age, gender, years of education, APOE4 genotype, 

and MRI scanner (dummy coded) were entered into the regression model in SPM12.  

Covariates were considered to have significant influences on seed-based FC at p< 

0.1, FWE-corrected at cluster level, based on a voxel-level threshold p<0.01. It was 

observed that all covariates in the regression model had significant influences on the 

Ch4-FC and Ch1-3 FC, except for APOE genotype. Therefore, controlling for 

covariates that had significant effects (including age, gender, years of education and 

MRI scanner), a second-level two-sample t-test was performed on the individual z 

maps of Ch1-3 FC and Ch4 FC between HC and SCD, respectively. The results were 

considered significant at p<0.05, FWE-corrected at cluster level, based on a voxel-

level threshold p<0.01. To further explore linear relationships between the brain 

regions showing significant group differences on Ch4-FC/ Ch1-3-FC with the 5 

cognitive factors, Pearson correlations were calculated between peak z-FC values in 

clusters showing significant groups differences and 5-cognitive factor scores in HC 

and SCD groups, respectively, with the same covariates as in the two-sample t-tests.  

Effects of amyloid status in SCD and HC on seed-based FC 
To investigate whether there are any main effects of group or amyloid status, or group 

´ amyloid status interaction on Ch4-based FC and Ch1-3 based FC, the full-factorial 

2-way (group and amyloid status) were used controlling for covariates above. The 

results were considered significant at p<0.05, FWE-corrected at cluster level, based 

on a voxel-level threshold p<0.01.  

3.2.3 Results 

Demographic, clinical and neuropsychological characteristics 

Descriptive statistics of background characteristics for the HC and SCD samples are 

shown in Table 3.5. The two groups differed significantly in age, gender, APOE4 
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genotype, clinical measures including CDR-global, CDR-SOB, as well as the five 

cognitive factor scores derived from the NPT battery, including MEM, LANG and EXEC. 

The HC group (mean age ± standard deviation: 68.81 years ± 5.32) was significantly 

younger than the SCD group (mean age ± standard deviation: 70.98 years ± 5.80). 

APOE4 carriers were significantly less frequent in HC (41 APOE4 [21.6 %]) than in 

SCD (61 APOE4 [32.1 %]). Male proportion in SCD (103 males [53.1 %]) was 

significantly higher than in HC (80 males [41.2 %]). The CDR-SOB and the CDR-global 

score in SCD was significantly higher than in HC. Moreover, the scores of MEM, 

LANGE and EXEC in HC was significantly higher than in SCD, which indicate better 

cognitive performance in HC group compared to SCD. 

Table 3.5: Demographic, clinical and neuropsychological tests characteristics 

 HC (194) SCD (194) Test Statistics P value 

Age (yrs) 68.81 ± 5.32 70.98 ± 5.80 t (386) = -3.84 < 0.001 

Gender (F/M) 114/80 91/103 χ2 (1) = 5.47 0.02 

APOE (ε4/non-4) 41/149B 61/129B 5.36 0.02 

Education (yrs) 14.82 ± 2.78 14.80 ± 3.07A t (385) = 0.05 0.96 

MMSE 29.44 ± 0.85 29.26 ± 0.97 U (386) = 39693 0.05 

CDR-global 0.00 ± 0.00 0.23 ± 0.25C U (380) = 28660 < 0.001 

CDR-SOB 0.04 ± 0.13A 0.39 ± 0.60C U (380) = 28850 < 0.001 

MEM  0.62 ± 0.38 0.35 ± 0.47 F (1, 363) = 21.05 < 0.001 

LANG  0.53 ± 0.40 0.35 ± 0.49 F (1, 363) = 5.93 0.02 

EXEC  0.53 ± 0.43 0.33 ± 0.54 F (1, 363) = 6.03 0.02 

WME  0.40 ± 0.48 0.31± 0.61 F (1, 363) = 0.12 0.73 

VIS  0.36 ± 0.41 0.28 ± 0.48 F (1, 363) = 0.55 0.46 

 
Values are represented with mean ± standard deviation. Superscript capital letters denote number of 
missing values: A = 1 missing value; B = 4 missing values; C = 5 missing values. HC, Healthy Control; 
SCD, Subjective Cognitive Decline; MMSE, Mini-Mental State Examination; CDR: Clinical Dementia 
Ratings; CDR-SOB: CDR sum of boxes score; Factor scores: MEM for learning and memory); LANG 
for language abilities; EXEC for Executive function and processing speed; WM for working memory 
performance; VIS for visuospatial performance; The higher value of 5 cognitive scores indicate better 
cognitive performance. 
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Total intracranial volume, grey matter and Ch4/Ch1-3 volume  
No significant differences were found on TIV, GM and Ch4/Ch1-3 volume between 

HC and SCD (Table 3.6).  

Table 3.6: Grey matter, TIV and BF volume differences between HC and SCD 
groups 

 HC (194) SCD (194) Test Statistics P value 

GM Volume 585.67 ± 50.02 587.86 ± 53.47 F (1,362) = 1.62 0.20 

TIV 1494.42 ± 148.08 1529.35 ± 156.68 F (1,362) = 2.46 0.12 

Ch1-3 186.38 ± 21.10 183.23 ± 22.41 F (1,362) = 0.36 0.55 

Ch4 288.12 ± 29.67 279.46 ± 33.84 F (1, 362) = 0.89 0.35 

 GM= Grey Matter; TIV = Total intracranial Volume 

Significant group differences on seed-based FC and relationships with NPT 
Voxel-wise Ch4-FC analysis revealed three clusters in the SCD group that showed 

significantly decreased FC with Ch4 compared to HC (Table 3.7, Figure 3.5). The first 

cluster mainly includes the left dorsal precuneus and superior parietal gyrus; The 

second and third clusters include bilateral superior, middle occipital gyrus and left 

cuneus. 

Table 3.7: Brain regions showing decreased Ch4-based FC in the SCD group 

Clusters Cluster 
Size 

Brain Regions peak MNI Coordinate peak t-value 

x y z 

Cluster 1 484 
Dorsal_precuneus_L -14 -58 54 3.52 

Parietal_Sup_L -30 -50 50 3.47 

Cluster 2 916 

Occipital_Mid_L -18 -92 12 5.05 

Occipital_Sup_L -20 -78 26 4.44 

Cuneus_L -10 -90 28 3.96 

Cluster 3 699 
Occipital_Sup_R 26 -74 24 4.20 

Occipital_Mid_R 34 -88 8 3.78 

Abbreviations: L: Left; R: Right; FC: Functional Connectivity; Sup: Superior; Mid: Middle. 
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Figure 3.5: Brain regions showing decreased Ch4-based FC in the SCD.  
 

The partial correlation analysis only revealed that the FC in the peak voxel (34 -88 8) 

of right middle occipital gyrus was significantly negatively correlated with the VIS score 

in SCD (r = - 0.19; p = 0.015) (Figure 3.6), but not in HC (r = -0.11; p = 0.15), without 

a significant difference between the correlation coefficients for the two groups (z = -

0.8, p = 0.21).  Moreover, there was a trend level negative correlation between the z-

FC value in the peak voxel (-14 -58 54) of left precuneus and MEM score in SCD group 

(r = -0.13; p = 0.09), whereas the correlation in the HC group was not significant (r = - 

0.03; p = 0.68). The correlations coefficients for the two groups is not significant (z = -

0.98; p = 0.16). 

Voxel-wise FC of Ch1-3 analysis revealed no significant group differences. When a 

more liberal statistic criterial by increasing the voxel-level threshold from p < 0.01 to 

p<0.05 was used, three clusters showed significantly decreased FC with Ch1-3 in SCD 

(Table 3.8, Figure 3.7). The first cluster mainly includes the right ventral precuneus 

and lingual gyrus as well as left parahipocampal gyrus and hippocampus. The second 

cluster includes the left superior and middle temporal gyrus. The left superior frontal 

gyrus left medial superior frontal gyrus and left supplementary motor area were 

covered by the third cluster.  
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Figure 3.6: Partial correlations between VIS and z-score of functional connectivity in 
the peak voxel of right middle occipital gyrus in SCD group. VIS: factor score of 
visuospatial; The dotted area is the 95% confidential interval 
 

Table 3.8: Brain regions showing a decreased Ch1-3 based FC in the SCD 
compared to HC 

Clusters 
Cluster 

Size 
Brain Regions 

Peak MNI Coordinate 
Peak T Value 

x y z 

 

Cluster 1 

 

1120 

Ventral_Precuneus_R 12 -50 16 3.74 

Parahipocampal_L -32 -38 -12 3.35 

Lingual_R 8 -48 4 3.14 

Cluster 2 1890 
Temporal_Mid_L -60 -46 -10 3.67 

Tempral_Sup_L -60 4 -16 3.65 

 

 Cluster 3 

 

2162 

Frontal_Sup_Medial_L -10 34 34 4.50 

Supp_Motor_Area_L -8 24 54             3.96 

Frontal_Sup_L -16 54 32 3.77 

Abbreviations: L: Left; R: Right; FC: Functional Connectivity; Sup: Superior; Mid: Middle. 
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Figure 3.7: Brain regions showing a decreased FC with Ch1-3 in SCD.  

Effects of amyloid status in SCD and HC on seed-based FC 
All HC and SCD participants with rs-fMRI scans and CSF biomarker available were 

used for this analysis, including 73 individuals in HC group and 84 individuals in SCD 

group. There were 34% (25 of 73) HC and 41% (34 of 84) SCD being categorized as 

Aβ+ (Aβ42/40 < 0.09). Regarding the Ch4 FC, the full-factorial analysis revealed a 

significant main effect of groups. The pattern of brain regions showing decreased FC 

with Ch4 in SCD compared to HC in this analysis was similar to the above-mentioned 

finding based on the larger sample whole group comparison of HC and SCD (Figure 

3.8). No significant amyloid status main effect and interaction between group ́  amyloid 

status was found in the full-factorial analysis.  
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Figure 3.8: Overlay patterns of brain regions showing decreased FC with Ch4 in SCD 
compared to HC. Red color: brain regions showing reduced Ch4 FC in SCD from the 
large sample comparisons. Blue: brain regions showing reduced Ch4 FC in SCD from 
the factorial analysis. 

 

Regarding the FC of Ch1-3, the full factorial analysis revealed no significant main 

effects of groups and amyloid status as well as no interaction effect between group ´ 

amyloid status at p<0.05, FWE-corrected at cluster level, based on a voxel-level 

threshold p<0.01. When a comparative liberal statistic criterial of p<0.05, FWE-

corrected at cluster level, with a voxel-level threshold p<0.05 was used, the full 

factorial analysis revealed significant main effect of groups. The pattern of brain 

regions showing decreased FC with Ch1-3 in SCD compared to HC in this analysis 

was similar to above finding based on the larger whole group comparison of HC and 

SCD (Figure 3.9).  

 

 
Figure 3.9: Overlay patterns of brain regions showing decreased FC with Ch1-3 in 
SCD compared to HC. Red color: brain regions showing reduced Ch1-3 FC in SCD 
from the large sample comparisons. Blue: brain regions showing reduced Ch1-3 FC 
in SCD from the factorial analysis. 

3.2.4 Discussion 

The study provided in vivo evidence for alterations of whole-brain FC of BF subregions 

in SCD individuals compared to HC group. The connectivity between Ch4 and the left 

dorsal precuneus, superior parietal gyrus and bilateral superior and medial occipital 

gyrus were reduced. The FC between Ch4 and middle occipital gyrus was negatively 

correlated with VIS score in the SCD group. Moreover, there was also a trend level 

correlation of the connectivity strength between Ch4 and the precuneus and the MEM 

score in SCD group. An exploratory analysis using Ch1-3 as seed region showed 

decreased connectivity with the parahippocampal gyrus, the hippocampus, the ventral 
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precuneus, the middle and inferior temporal gyrus as well as the medial superior 

frontal gyrus in the SCD group. The further full-factorial analysis including the amyloid 

status as a second grouping factor revealed a significant main effect of group, but 

neither a significant main effect for the amyloid status nor a significant group ́  amyloid 

interaction.  

Severe atrophy of Ch4 and an ensuing reduction of cholinergic innervation of the 

cortex are considered to be a part of the pathophysiological cascade in progressive 

AD (Grothe et al., 2012; Schmitz et al., 2016a; Fernandez-Cabello et al., 2020). 

Recent in vivo fMRI studies using seed-based FC analysis revealed decreased Ch4-

FC in MCI patients (Li et al., 2017; Meng et al., 2018). The decreased Ch4-FC in MCI 

group was located in extensive brain regions, including bilateral occipital lobes, the 

limbic regions, bilateral superior and medial temporal gyri compared with healthy 

control participants (Meng et al., 2018). Moreover, they found that decreased Ch4-FC 

in late MCI was mainly located in precuneus, parietal and occipital lobules compared 

with early MCI (Meng et al., 2018). The pattern identified in MCI was in line with 

previous studies showing reduced acetylcholine activity in multiple brain regions by 

using PET imaging techniques (Kuhl et al., 1999; Herholz et al., 2004). The findings 

provide an important addition to the previous literature by showing decreased Ch4-FC 

in SCD compared to HC mainly in occipital lobule, dorsal precuneus, and superior 

parietal cortex.  Taken together with the more extensive brain regions showing 

decreased Ch4-FC in MCI, the specific brain regions showing decreased Ch4-FC in 

SCD may support the progressive nature of cholinergic dysfunction. Previous animal 

studies have reported that the parietal cortex receives cholinergic innervation from 

subfields of Ch4 (Mesulam et al., 1983). ChAT activity in the precuneus was lower in 

AD than in healthy controls (Ikonomovic et al., 2011). Moreover, lower glucose 

precuneus metabolism has previously been reported to be a highly sensitive and early 

marker for the development of AD (Minoshima et al., 1997), and correlated with 

volume reduction in the posterior part of Ch4 in SCD (Scheef et al., 2019). This 

correlation may suggest that there is a close link between the reduced glucose 

metabolism of precuneus and reduced cholinergic innervation of Ch4. Therefore, in 

the present study, the findings of reduced Ch4-FC in superior parietal and precuneus 

in the SCD group may provide more direct evidence to support cholinergic denervation 

of Ch4 to parietal cortex in SCD individuals.  
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The superior/middle occipital gyrus, as parts of the visual cortex, is involved in visual 

spatial processing. The grey matter volume of atrophied visual cortices in AD and MCI 

subjects were found to be correlated to the deterioration of overall cognitive status and 

to object recognition functions (Derflinger et al., 2011; Deng et al., 2016). Cortical 

thinning in the occipital lobe was also reported in AD recently (Hartikainen et al., 2012; 

Eskildsen et al., 2013). In a resting-state fMRI study combined with ReHo method, AD 

patients were found to show significant decreases of regional spontaneous neuronal 

synchronization in the precuneus but increases neuronal synchronization in the 

occipital lobes compared with the healthy controls (He et al., 2007). In addition, a 

previous study combined both regional gray matter volume and resting-state functional 

characteristics, to discriminate patients with AD from healthy controls. They found that 

occipital, default mode network and subcortical regions were the most discriminative 

features for classification of the AD and healthy controls. All the above-mentioned 

findings and visual spatial dysfunction in AD (Possin, 2010) may suggest the 

involvement of visual cortex during the progression of AD. Two previous FDG-PET 

studies have shown that the cholinesterase inhibitor treatment increased glucose 

metabolism in the middle occipital gyrus, precuneus and inferior parietal lobule in AD 

patients (Smith et al., 2009; Tepmongkol et al., 2019). These two studies suggest that 

middle occipital gyrus may be an important brain region involving neurochemical 

pathways of acetylcholine innervation in cholinesterase inhibitor treatment of AD 

(Smith et al., 2009; Tepmongkol et al., 2019). Acetylcholine, which is released in the 

visual cortex predominantly by cholinergic projections from the Ch4, is an important 

neurotransmitter for the regulation of visual attention (Herrero et al., 2008). An early 

study (Hodges et al., 1991) demonstrated that lesioned BF rats do not process 

visuospatial information relevant to the solution of a radial arm maze task. In this study, 

FC between Ch4 and middle occipital cortex was significantly correlated with VIS 

score in SCD, which indicates that functional synchronization between Ch4 and 

occipital gyrus associates with visual spatial ability in SCD individuals. Interestingly, 

the direction of the above-mentioned correlation was negative in the current study. A 

possible explanation for this negative correlation is that functional synchronization 

between Ch4 and the occipital gyrus is increased to overcome the cholinergic 

denervation from Ch4 to occipital gyrus in order to keep visual spatial ability normal in 

SCD individuals. 



69 
 

 

Even though the initial analysis did not reveal an alteration of the Ch1-3 connectivity, 

by lowering the statistical threshold slightly, a reduced connectivity of the BF with key 

structures was observed. In the SCD group the BF-connectivity was reduced for the 

hippocampus, the middle and inferior temporal gyrus, the ventral precuneus, as well 

as the medial superior frontal gyrus. Especially the findings in the medial temporal 

lobe fit very well with animal research and recent human data. In rodents and 

nonhuman primates, Ch1 and Ch2 have the major cholinergic projections to the 

hippocampus (Mesulam et al., 1983; Hedreen et al., 1984). In humans, recent studies 

supported these findings, proving this connectivity between BF and the hippocampus 

using fMRI (Fritz et al., 2019; Yuan et al., 2019). Although reduced FC between Ch1-

3 and hippocampus showed up in SCD compared to HC, the present study showed 

no significant correlation of the FC between Ch1-3 and hippocampus and MEM in SCD. 

Although Ch1-3 provides the main cholinergic innervation for the hippocampus, a brain 

structure which is considered to be a core structure for episodic memory, previous 

findings of correlation between volume of Ch12 and memory were inconsistent (Butler 

et al., 2012; Wolf et al., 2014; Scheef et al., 2019). Butler et al., showed the volume of 

this region is predictive for memory performance in healthy adults (age range: 21-62 

years) (Butler et al., 2012).Wolf et al. showed a stronger correlation between Ch2 

volume and memory task performance than other BF subregions in healthy adults (age 

range: 60-85), but the correlation is not significant (Wolf et al., 2014). Scheef et al. 

could also not replicate the previously reported correlations between Ch12 volume 

and memory decline in SCD individuals (Scheef et al., 2019). Interestingly, Scheef et 

al., found it was Ch4p, instead of Ch12, that showed a significant correlation with 

reduced glucose metabolism in the precuneus for the SCD group (Scheef et al., 2019). 

These findings suggest that Ch12 atrophy does not fit well with AD-related 

neurodegeneration processes. Therefore, the lack of correlation between FC of Ch1-

3 and hippocampus with memory is partially supported by previous findings. A possible 

explanation is that the FC of Ch4 in SCD (r = -0.13; p = 0.09) is more closely related 

to memory than FC of Ch1-3 and hippocampus. Previous animal studies have reported 

that precuneus received cholinergic innervation mainly from anterior parts of the BF 

(Mesulam, 2004b; Parvizi et al., 2006) and spontaneous activity of the anterior parts 

of the BF was positively associated with several cortical regions, including ventral 

precuneus, posterior cingulate cortex, parahippocampal, the superior and middle 

temporal gyrus, the middle and inferior frontal gyrus (Yuan et al., 2019). Therefore, 
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the decreased FC pattern of Ch1-3 in SCD group in the current study appeared to 

follow well-established cholinergic projections and functional networks, which 

indicates that FC alterations of Ch1-3 in SCD reflect early dysfunction of cholinergic 

projections of Ch1-3.  

The main effect of amyloid status and the interaction of amyloid ´ group were not 

significant, neither in Ch4-FC nor in Ch1-3 FC in the current study. A recent study 

evaluated the association between the global fibrillary amyloid pathology using PET 

measurements and the BF-FC at rest in subject memory complaints. They found no 

significant correlations between the FC of the anterior BF and global SUVR values, 

whereas these global SUVR values were found to be negatively correlated with FC 

between posterior of BF and the hippocampus and the thalamus (Chiesa et al., 2019). 

The non-significant interaction between amyloid ´ group on FC of Ch1-3 was 

supported by this study (Chiesa et al., 2019). However, the finding regarding Ch4-FC 

is inconsistent. One possible reason for the inconsistency is that the search space for 

the voxelwise analyses in Chiesa’s study were only restricted to the significant positive 

FC of BF maps. However, the statistical analyses in our analysis is based on whole 

brain voxel wise analyses. The other possible reason for the inconsistency is that the 

current sample of SCD patients (n = 84) was much smaller than that in Chiesa’s 

study(n = 276), limiting the statistical power of the present analyses. Therefore, the 

decreased FC pattern in Ch4/Ch1-3 in SCD individuals in the present study is 

independent from amyloid effects and may be related to cholinergic neurochemical 

dysfunction.  Previous studies have shown that cholinergic system could regulate APP 

metabolism (Nitsch et al., 1992; Pittel et al., 1996; Kar et al., 2004). Therefore, these 

FC alterations may indicate cholinergic pathway of BF might be impaired at SCD stage. 

The conclusions here need to be proven by further large sample size.  
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3.3 Study 3: Aberrant precuneus functional connectivity in subjective 
cognitive decline depending on cerebral amyloid status 

3.3.1 Introduction 
Disruption of FC within the DMN is a key feature in AD which is likely due to amyloid-

beta plaque-associated neuronal toxicity or vice versa (Buckner et al., 2005; Myers et 

al., 2014; Badhwar et al., 2017). Previous studies have shown that Aβ accumulation 

preferentially starts in the precuneus, along with the medial orbitofrontal, and posterior 

cingulate cortex (Palmqvist et al., 2017; Mattsson et al., 2019). Moreover, dysfunction 

of FC in the DMN was also found in cognitively normal elderly subjects with amyloid 

burden (Hedden et al., 2009; Sperling et al., 2009; Mormino et al., 2011). ReHo, as a 

local FC metric, could complement the disruptions of large-scale FC networks from 

the functional segregation view (Lv et al., 2018). Previous studies in MCI and AD 

patients have found decreased ReHo mainly in DMN brain regions, even though 

parallel increases in the occipital and frontal regions were also observed (He et al., 

2007; Bai et al., 2008; Zhang et al., 2012; Long et al., 2016; Yuan et al., 2016). 

However, the impact of amyloid depositions on precuneus FC is not well understood 

in SCD. Based on amyloid PET and rs-fMRI, this study specifically addressed the 

question how amyloid pathology relates to precuneus FC and regional functional 

synchronization in SCD patients. In this study, precuneus-based FC and ReHo were 

compared among 24 amyloid-positive SCD (SCDAb+) and 24 age- and sex-matched 

amyloid-negative SCD (SCDAb-) participants based on the visual ratings from amyloid 

PET examinations (Li et al., 2020). The hypothesis is that SCDAb+ group exhibits 

alterations of both precuneus-based FC and ReHo compared to SCDAb-. However, the 

direction of these functional alterations was not estimated due to the equivocal results 

in the previous SCD literature. In addition, it was explored whether the observed 

functional alterations correlated with the quantitative global and regional precuneus 

Aβ load, and whether they were correlated with the global level of cognitive function 

in these patients, which may help to interpret whether these FC changes reflect 

incipient decay or, alternatively, its functional compensation.  

3.3.2 Study-specific materials and methods 
All participants in this study were based on the PET sub-cohort of the DELCODE study 

(Li et al., 2020). Twenty-four SCDAb+ subjects with significant cerebral amyloid 
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depositions and valid rs-fMRI data, as well as 24 age- and sex-matched SCDAb- 

participants without significant cerebral amyloid depositions were selected.  

Neuropsychological tests 
Refer to Materials and Methods in 2.3 (page 35).  

[18F]-Florbetaben PET acquisition and analyses 
Refer to PET Methods in 2.6 (page 36) 

Rs-fMRI data preprocessing 
Refer to preprocessing steps for rs-fMRI data in 2.7.3 (page 40). 

ReHo and precuneus-based FC calculation 
Refer to Seed-based functional connectivity and ReHo in 2.7.3 (page 40). 

Statistical analyses 
SPM12 (Wellcome Department of Cognitive Neurology, London) and SPSS 22.0 (IBM 

Corp.: Armonk, NY) were used for the statistical analyses. Group differences were 

assessed using independent sample t-, Mann-Whitney U-, or chi-squared tests for 

background characteristics of the sample. The statistical significance threshold was 

set to p<0.05. For the imaging data, two-sample t-tests comparing SCDAβ+ and SCDAβ- 

were performed on the individual FC and ReHo maps in a voxel-by-voxel manner. The 

results were considered significant at p < 0.05, FWE-corrected at cluster level, after 

thresholding on a voxel level at p < 0.01. Based on these results, the mean FC value 

was extracted from significant clusters, and partially correlated with (i) the mean 

SUVRFBB of the precuneus and (ii) the global SUVRFBB, respectively.  

Finally, analogous partial correlations with performance of MMSE and ADAS-Cog   

were calculated in order to explore the potential functional relevance of FC group 

differences in these clusters. 

3.3.3 Results 
Sample characteristics and amyloid SUVRs 
Both groups, SCDAβ+ and SCDAβ- did not differ statistically in any background variable 

except for the fact that a higher proportion of APOE4carriers was found in the SCDAβ+ 

group (Table 3.9). The regional precuneus SUVRFBB and global SUVRFBB in the 

SCDAβ- group was significantly lower compared to SCDAβ+. Yet, the global SUVR 

values of several participants in both SCDAβ+ and SCDAβ- groups were borderline to 
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FBB SUVR cut-off definitions for amyloid positivity in the study of Barthel et al (Barthel 

et al., 2011a). N=5 SCDAβ- would be grouped into amyloid-positive, while only N=1 

SCDAβ+ would be classified amyloid-negative when we used SUVRglobal = 1.39 from 

Barthel et al. (Barthel et al., 2011a).  This result indicates moderate consistency of 

amyloid status classifications (>80%) when using global SUVR cut-offs compared with 

visual reading since several patients are located near the cut-off point.  

 
 
Table 3.9: Sample characteristics and regional amyloid tracer uptake for the 
amyloid-positive and -negative subgroups. 

 SCDAβ+ SCDAβ- Test Statistics P value 

Age (yrs) 74.54 ± 4.40 74.04 ± 4.13 t (46) = 0.41 0.69 

Gender (F/M) 9/15 9/15 χ2 (1) = 0.00 1 

Education (yrs) 14.42 ± 2.78 14.96 ± 3.36 t (46) = 0.61 0.55 

MMSE 29.13 ± 0.90* 29.00 ± 1.44* U (46) = 247.50 0.69 

ADAS-cog13 8.38 ± 3.68 7.25 ± 3.27 t (46) = 1.12 0.27 

 APOE(ε4/non-4) 17/6* 6/17* χ2 (1) = 10.52 0.001 

Global SUVRFBB 1.79 ± 0.25 1.32 ± 0.10 t (46) = 8.38 <0.001 

Precuneus SUVRFBB 1.92 ± 0.31 1.29 ± 0.07 t (46) = 9.74 <0.001 

*: Denotes 1 missing value. Abbreviations: SCDAß+ = Amyloid-positive subjective cognitive decline 
group, SCDAß- = amyloid-negative subjective cognitive decline group; U= Whitney U value; MMSE Mini-
Mental -State Examination; ADAS-cog13 Alzheimer’s Disease Assessment Scale—cognitive part; 
APOE: Apolipoprotein; SUVR=Standard Uptake Value Ratio with cerebellar cortex as reference region; 
FBB= [18F]-Florbetaben. Continuous data are presented as means ± standard deviations.  

 

Group comparison: ReHo and precuneus-based FC 

In SCDAβ+ significantly greater ReHo values were found in the bilateral precuneus and 

the adjacent superior parietal lobule when compared to the SCDAβ- group (Table 3.10, 
Figure 3.10). 
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Table 3.10: Brain regions showing increased regional homogeneity in amyloid-
positive compared to amyloid-negative SCD participants. 

Cluster 
Size 

p value 
(FWE) Brain Regions 

Peak MNI Coordinate Peak  

T Value x y z 

270 0.034 Right precuneus 6 -54 69 4.34 

Left superior parietal lobule -18 -54 72 3.75 

Right superior parietal lobule 15 -63 66 3.63 

Abbreviations: FWE – Family-wise error. MNI – Montreal Neurological Institute. 

 

 

Figure 3.10: Brain regions showing increased ReHo and precuneus-based FC in 
SCDAβ+ compared to SCDAβ-. The upper panel shows the regions with significant 
increased ReHo value in SCDAβ+ compared to SCDAβ- (p < 0.05, FWE cluster-level). 
The lower panel shows increased voxel-wise FC of the precuneus seed region with 
the cuneus and superior/middle occipital regions in the SCDAβ+ group (p < 0.05, FWE 
cluster-level). Abbreviations: ReHo: Regional Homogeneity; FC: Functional 
Connectivity; The color bar represents the heights of suprathreshold t-values. 
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Voxel-wise FC analysis revealed that the SCDAβ+ group showed higher FC between 

the precuneus mean time course and occipital regions, including the superior occipital 

gyrus and the bilateral cuneus (Table 3.11, Figure 3.10). 

Table 3.11: Brain regions showing increased precuneus-based functional 
connectivity in amyloid-positive compared to amyloid-negative SCD participants. 

Cluster 
Size 

p value 
(FWE) 

Brain Regions 
Peak MNI Coordinate Peak  

T Value x y z 

296 < 0.001 Right middle occipital gyrus 27 -75 30 3.95 

Right cuneus 12 -87 42 3.62 

Right superior occipital gyrus 27 -84 21 3.17 

Abbreviations: FWE – Family-wise error. MNI – Montreal Neurological Institute. 

Analysis of nuisance variables on the ReHo and precuneus-based FC findings 
In order to test for possible effects of different MR scanners and the differences in 

APOE genotype on both ReHo and precuneus-based FC, second-level two-sample t-

tests with APOE status (e4+/e4-) and MR scanners (dummy-coded) as covariates were 

performed. Regarding the ReHo result, the additional second-level two-sample t-tests 

with both MRI scanner and APOE status as covariates showed slightly weaker findings, 

which might be due to the reduced degrees of freedom. The left-sided group 

differences of ReHo between the two groups were still significant (Figure 3.11), which 

suggest that group differences of ReHo were not primarily influenced by APOE status 

or MRI scanner effects.  

 

Figure 3.11: Brain regions showing increased ReHo in SCDAβ+ compared to SCDAβ- 
with MR scanners and APOE status as additional covariates. 
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As for the precuneus-FC findings, we found no significant group differences with the 

additional second-level two-sample t-tests with both MRI scanner and APOE status 

as covariates. Since the significant group differences of precuneus-FC were still 

evident in a separate two-sample t-tests model controlling for MR scanners only 

(Figure 3.12), the nonsignificant findings indicate that confounding influence of APOE 

genotype cannot be excluded.  

 

 

Figure 3.12: Brain regions showing increased precuneus-based FC in SCDAβ+ 
compared to SCD Aβ- based on voxel-wise FC, with MRI scanner covariates only. 
 

Correlations between FC differences and quantitative amyloid load 
Given the above-mentioned observations, the correlation analyses between amyloid 

SUVR values and FC metrics in the significant clusters additionally controlled for 

APOE status and MR scanners. There were no significant associations between the 

global and/or local precuneus SUVRFBB and the mean z-score of the ReHo extracted 

from the precuneus cluster in the SCDAβ+ group (global SUVRFBB: rAβ+ = -0.14, p=0.60; 

precuneus SUVRFBB: rAβ+ = 0.05, p=0.85). Similarly, no significant associations were 

found in the SCDAβ- group (global SUVRFBB: -0.04, p=0.89; precuneus SUVRFBB: rAβ+ 

= 0.05, p=0.86). Regarding the global SUVR, there was positive partial correlation (rAβ+ 

=0.49, p=0.03) between the mean z-score of the FC extracted from the superior 

occipital gyrus and bilateral cuneus with global SUVR, but not in the SCDAβ- (rAβ-= 0.20, 

p=0.48) group. Moreover, there was a significant difference between the correlation 

coefficients for the two groups (z = 1.05, p = 0.15). As for the regional precuneus 

SUVRFBB, positive partial correlations between regional precuneus SUVRFBB and the 

mean z-score of the FC extracted from the superior occipital gyrus and the bilateral 

cuneus emerged in both SCDAβ+ (rAβ+= 0.45, p=0.05) and SCD Aβ- (rAβ-= 0.49, p=0.03) 
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group. However, the correlation coefficients for the two groups were not significantly 

different (z = 0.16, p = 0.44). The scatterplots of the above-mentioned significant 

correlations (for the raw values) are shown in Figure 3.13, which additionally 

visualizes the APOE status of the participants.  

 
Figure 3.13: Positive correlations between precuneus-occipital FC and global 
SUVRFBB and precuneus SUVRFBB. The mean Z-Score of the FC was extracted from 
significant cluster within the red circles. The scatterplots show raw data, additionally 
coded by APOE4 genotype to allow for visual inspection. Correlation coefficients 
represent partial correlations after controlling for APOE status and MR scanners.  
There are 23 datapoints in each group since one individual in each group lacked APOE 
information. The grey regions are 95% confidential intervals. Abbreviations: FC: 
Functional Connectivity; SCDAβ+ - amyloid-positive SCD; SCDAβ- - amyloid-negative 
SCD; SUVR=Standard Uptake Value Ratio (with cerebellar cortex as reference region).  
 
Correlations between FC differences and cognitive performance 
There were negative correlations between the zReHo values in the SCDAβ- group and 

MMSE (rAβ-= -0.74, p = 0.003). A moderate, but non-significant negative correlation 

was found between the zReHo values in the SCDAβ- group and ADAS-Cog-13 scores 

(rAβ-= 0.41, p = 0.13). As for the precuneus-occipital zFC, we only found weak and 

nonsignificant partial correlations (r < 0.25, p > 0.4) in SCDAβ- group. For both ReHo 

and precuneus-FC, the partial correlations for the SCDAβ+ group were weak and non-
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significant (rAβ-£ |0.1|, p³0.7). Yet, we found a moderate, but nonsignificant partial 

correlation between precuneus-occipital zFC and MMSE (r=-0.37, p=0.18). 

3.3.4 Discussion 

This study explored precuneus-based whole-brain FC and ReHo changes in two age- 

and gender- matched SCD groups that varied in their amyloid positivity status and 

tried to find a relationship between the rs-fMRI measures and global/ precuneus Aβ 

load. One key finding was an increased ReHo in the bilateral precuneus and adjacent 

superior parietal gyrus in the SCDAβ+ as compared to the amyloid negative group 

SCDAβ- group. Moreover, SCDAβ+ patients were characterized by an increased FC of 

the precuneus with occipital regions. As for the associations of precuneus-based FC 

and amyloid load, it was found that precuneus and occipital areas showed positive 

linear associations with global (SCDAβ+) as well as local precuneus amyloid load 

(SCDAβ+ and SCDAβ-). These correlations indicate that FC changes in SCD were related 

to incipient accumulation of amyloid pathology, while APOE genotype influences on 

these group differences cannot be excluded. 

As far as known, previous studies investigating ReHo alterations in SCD populations 

are lacking. Thus, it is novel that this study found higher ReHo in precuneus and 

superior parietal areas in SCDAβ+ as compared to SCDAβ-. The finding of higher ReHo 

in amyloid-positive SCD individuals indicates that this local FC marker is associated 

with amyloid deposition. However, this is not converging with the only study that 

investigated cognitively normal, i.e. asymptomatic, individuals depending on amyloid 

status (Kang et al., 2017a). In the study of Kang et al., they found that, compared to 

amyloid negative cognitively normal individuals, ReHo decreases in the left precuneus, 

and increases in the left fusiform gyrus in amyloid positive cognitively normal 

individuals (Kang et al., 2017b), which would represent the asymptomatic stage 1 of 

the NIA-AA clinical AD continuum. However, a possible reason for the inconsistent 

findings between the present and the previous study is that the control group was 

different, i.e. the reference for identifying potential functional alterations. While the 

present study recruited treatment-seeking SCD individuals from memory clinics with 

amyloid negative biomarker for AD, Kang et al. examined a cognitively normal group 

without reported subjective impairments (Kang et al., 2017b). It cannot be excluded 

that the SCDAβ- group in the present study is not completely comparable with the 

amyloid negative cognitively normal control subjects of the previous study. Therefore, 
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ReHo alterations in the SCDAβ- group due to other (i.e. non-amyloid) clinical factors 

may disguise latent impairments in the SCDAβ+ group, but this cannot be tested due to 

the lack of an amyloid-negative healthy control group.  Moreover, the individuals in the 

current study were older, included less female subjects, and had a higher educational 

level compared with those in the study of Kang et al., (2017b). All of the factors 

showing differences between the studies may influence resilience mechanisms 

against amyloidosis to some extent. Given these discrepancies, future studies on local 

ReHo alterations in biomarker stratified SCD samples are needed.  

The present results revealed greater FC of the bilateral precuneus seed with adjacent 

occipital areas in SCDAβ+, which is partially consistent with a study (Sheline et al., 

2010b) observing stronger precuneus-occipital connectivity in Aβ+ (as compared to 

Aβ-) cognitively normal participants. Moreover, using independent component 

analysis with dual regression, another study observed higher FC within the DMN and 

the medial visual network in patients with subjective memory complaints, as compared 

to healthy elderly without SCD symptoms (Hafkemeijer et al., 2013). However, in this 

study the group comparison was not informed by amyloid biomarker information. In a 

recent paper focusing on individuals with a family history of AD, an increased FC of 

the posterior DMN (PCC) with the medial temporal memory system was found in 

participants complaining about SCD compared to non-complainers (Verfaillie et al., 

2018). However, the SCD classification was only based on a single questionnaire item 

examining subjective worsening of memory, and AD biomarkers were again not 

available. In this context, it is noteworthy that this study has the amyloid pathology 

biomarker and found evidence for relationship with amyloid burden, drawing a closer 

link with AD pathology than previous SCD-related studies. 

The observed higher connectivity of the precuneus with the occipital gyrus significantly 

correlated positively with regional precuneus Aβ load. Interestingly, the positive 

correlation between precuneus-occipital FC and global SUVRFBB values was only 

found in the SCDAβ+ subgroup, while a positive correlation with the precuneus 

SUVRFBB also observed in the SCDAβ- subgroup. This result may indicate that these 

FC alterations are mainly due to incipient local amyloid accumulations, which are 

masked in the global composites scores. This explanation is also supported by a 

previous study (Palmqvist et al., 2017), which found that a positive correlation between 

the dynamic whole-brain connectivity measures and SUVR values in early Aβ 
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deposition regions, including the PCC and precuneus in the cognitively normal elderly 

(consisting of healthy controls and SCD) with negative amyloid PET. These 

relationships were not found between the SUVR values from entire DMN or global 

cortical mask with the dynamic FC.  

The observed higher FC in SCDAβ+ together with precuneal ReHo may correspond to 

a compensatory upregulation in preclinical AD (Mormino et al., 2011; Hafkemeijer et 

al., 2013; Verfaillie et al., 2018). This finding may indicate that the hyperconnectivity 

represents an indicator for a compensational process at preclinical stage of AD. This 

would fit very well to the existing literature showing elevated compensation in 

preclinical AD, where extra neuronal processing is needed to balance the brain 

workload, thereby, keeping normal cognitive functioning under the influence of 

increasing amyloid deposition (Mormino et al., 2011; Hafkemeijer et al., 2013; 

Verfaillie et al., 2018). The increased FC may indeed reflect a local compensatory 

mechanism at an early pathophysiological stage that helps to maintain normal 

behavioral performance in SCDAβ+. However, cautious is needed with this 

interpretation. The reason is that the only robust negative correlations with cognitive 

performance were observed in the amyloid-negative (not: -positive) group and would 

indicate that higher connectivity was associated with worse performance and, thus, 

favor a dysfunctional upregulation. SCD might be the first indication that the losses 

cannot be compensated any more. This would also be compatible with an alternative 

interpretation that assumes reverse causality. In a mechanistic sense, Aβ pathology 

may also be accelerated by increased metabolism and elevated intrinsic activity / 

connectivity (Greicius et al., 2004; Bero et al., 2011; Drzezga et al., 2011). Laboratory 

evidence exists that neuronal activity directly increases production of Aβ peptides 

(Cirrito et al., 2005). Considering that the precuneus is a prominent ‘hub’ in DMN and 

is metabolically highly active (Leech and Sharp, 2014), our finding of relatively higher 

connectivity and ReHo within this region might be also interpreted as being triggered 

by an increased (or amplified) Aβ production in SCDAβ+.   

One further aspect has to be discussed here, the higher rate of APOE4 carriers in the 

amyloid-positive group. This difference was not unexpected given the frequently 

observed association between APOE genotype and amyloidosis (Morris et al., 2010). 

It is not easy to differentiate the relative contributions of amyloid positivity per se and 

APOE genotype to FC group differences. The available small sample size in the 
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current study precluded further stratifications according to APOE status. While APOE 

genotype was shown to have independent effects on FC measures, even in individuals 

whose amyloid PET was negative (Sheline et al., 2010a; Hafkemeijer et al., 2012; 

Jones et al., 2016), its influence may also be indirectly mediated by its effect on 

amyloid accumulation. Future studies are needed to investigate independent effect of 

APOE genotype by examining whether these FC alterations are already present in the 

amyloid negative APOE4 carriers. 

4 Discussion 

4.1 Aims and main findings 
The main research objective of this thesis was to investigate SCD using different MRI-

techniques as well as Amyloid-PET to find earliest structural and functional changes 

in biomarker positive controls and SCD that might help to further elucidate the 

progression from stage 1 (asymptomatic) to stage 2 (transitional cognitive impairment) 

of the clinical Alzheimer’s continuum (Jack et al., 2018). Therefore, this thesis was 

focused on early AD-related structural and functional MRI markers, including 

cholinergic BF volume, resting-state FC of the BF, and precuneus resting-state FC in 

patients with clinical SCD symptomatology. Despite earlier studies, CSF biomarkers 

for AD pathology were available for a part of the cohort. To this end, three studies 

were conducted, based on datasets from the DELCODE project. The aim of the first 

presented study was to examine if cholinergic BF volume alterations in SCD patients 

could be found, and if so, how they could be related the CSF AD biomarker status. 

The most important finding was the interaction between diagnosis (SCD vs. Healthy 

control), CSF amyloid status and Ch4p volume reductions. A Ch4p atrophy was only 

emerging in amyloid-positive SCD, neither in amyloid-positive HC nor in amyloid-

negative SCD. In addition, the Ch4p volume was linearly correlated with amyloid 

burden assessed by the CSF-Aβ42/40 ratio. This effect was found in the SCD 

subgroup only, not in the controls.  

Considering BF plays an important neuromodulatory role in brain regions supporting 

cognition due to its broad cholinergic projections (Ballinger et al., 2016; Bell and Shine, 

2016; Markello et al., 2018), one of the aims of the presented second study was to 

examine whether altered resting-state FC for different BF subregions could be 

identified in SCD patients as compared to HC, and whether these patterns relate to 
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CSF amyloid pathology (Chapter 3.2). Decreased Ch4-FC in the left dorsal precuneus, 

superior parietal gyrus, and occipital gyrus was observed. The exploratory results 

showed a decreased FC of Ch1-3 with parahippocampal gyrus, hippocampus, ventral 

precuneus, middle and inferior temporal gyrus as well as medial superior frontal gyrus 

in SCD group compared with HC group. However, these FC alterations were 

independent from underlying CSF amyloid pathology.  

The aim of the third presented study was to investigate alterations of precuneus seed-

based FC and ReHo in SCD with proven cerebral amyloid pathology (Chapter 3.3). In 

this study, two groups of age- and gender-matched SCDAβ+ and SCDAβ- patients were 

selected according to visual [18F]-FBB-PET readings. We found that ReHo was 

significantly higher in the bilateral precuneus for the SCDAβ+ group. Moreover, 

relatively higher precuneus-based FC with occipital areas was observed in the SCDAβ+ 

group. In the latter regions, FC value between precuneus and occipital areas showed 

positive linear associations with both global (SCDAβ+) and local precuneus amyloid 

load (SCDAβ+ and SCDAβ-). 

4.2 Contributions of the studies to the field 
The presented three studies in this thesis provide additional neuroimaging evidence 

for SCD plus proven AD pathology as an advanced preclinical stage of the Alzheimer’s 

continuum, as it is now proposed in the NIA-AA research framework (Jack et al., 2018). 

Accumulative neuroimaging evidence supports that SCD patients show atrophy in 

established brain regions showing early AD-related neurodegeneration, including 

hippocampal and CA1-subfield and entorhinal cortex (Jessen et al., 2006; Perrotin et 

al., 2015; Hu et al., 2019; Scheef et al., 2019). An earlier study was able to show that 

the volume of the posterior part of the Ch4p was already reduced in a population of 

SCD patients, as compared to HC, and that the volume loss was significant correlated 

with a reduced glucose metabolism as measured by FDG-PET (Scheef et al., 2019). 

Even though the results were suggestive for a close relationship between structural 

damage of the cholinergic system and AD pathology (Scheef et al., 2019), however 

the study was lacking any biomarker based evidence for AD. Based on the DELCODE 

cohort, the present study 1 extended the investigation of the cholinergic system by 

stratifying the examined sample with respect to CSF-based AD biomarkers. We also 

could replicae to a large extent the findings reported in the literature with respect to 

MCI and AD. Previous post mortem and in vivo MRI studies showed a BF volume 
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reductions in AD (Whitehouse et al., 1982; Vogels et al., 1990; Grothe et al., 2012; 

Kilimann et al., 2014; Machado et al., 2020), with the most significant neuronal loss in 

Ch4p (Arendt et al., 1985; Vogels et al., 1990; Liu et al., 2015). Moreover, volume 

reductions of BF were already shown in MCI based on the in vivo MRI studies (Grothe 

et al., 2010; Teipel et al., 2014). Study 1 first found almost all BF subnuclei presented 

volume reductions in AD, whereas in MCI patients, the volume reduction was confined 

to Ch4al and Ch4p, which confirmed the earlier findings (Grothe et al., 2010; Teipel et 

al., 2014). Study 1 extended the previous findings with regard to SCD and found that 

Ch4p atrophy already emerged in SCD with positive AD biomarkers at an early stage 

of AD pathogenesis, which was not found in the SCD subgroup with a negative 

biomarker status. This finding consists well with the assumption that incipient BF 

atrophy already begins in individuals with preclinical AD pathology (Schmitz et al., 

2016a; Fernandez-Cabello et al., 2020) and indicates BF atrophy preferentially starts 

in Ch4p and subsequently spreads to other BF nucleus with progressing disease. The 

role of Ch4p in an early stage of AD was further supported by the finding that the Ch4p 

volume reductions was only found in amyloid-positive SCD, but not in amyloid-positive 

HC or amyloid-negative SCD. This result suggests that simultaneous presence of both 

SCD and CSF amyloid pathology associated with NBM. Even though it cannot be 

proven given the available data, the finding is highly suggestive for that the Ch4p 

atrophy may associate with the cognitive problems experienced by the participants. 

However, at least one can state that SCD and AD related-CSF pathology are highly 

associated with a beginning NBM degeneration. The notion is supported by Vogel et 

al. (2017) who found that brain Aβ and SCD contribute to the prediction of cognitive 

decline in a complementary manner. In the context of the recent NIA-AA Research 

Framework (Jack et al., 2018), the atrophy of cholinergic BF in amyloid-positive SCD 

and the absence of any volume reductions in the Aβ-positive HC suggests that these 

‘subjective cognitive decline’ symptoms reflect progression from stage 1 

(asymptomatic) to stage 2 (transitional cognitive impairment) of the Alzheimer’s 

continuum, indicating that a  BF neurodegeneration might  cannot be fully 

compensated any more. Therefore, SCD with CSF amyloid pathology seem to be a 

more promising target population for AD prevention/intervention trials than ‘pure’ 

amyloid-positive populations or SCD populations alone. The last but not least, a linear 

positive correlation was found with Aβ42/40 ratio in the SCD subgroup, but not in the 

HC. This finding is supported by AD-animal models (Beach, 2008; Bohnen et al., 2018) 
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and  post mortem studies in humans  (Arendt et al., 1985; Potter et al., 2011) showing 

correlations between cortical amyloid accumulation and cholinergic system. Combined 

with previous studies (Arendt et al., 1985; Potter et al., 2011), this finding suggests 

that the mechanism of BF atrophy was associated closely with the neurotoxic effects 

of amyloid aggregation. 

 

The second study focused on the functional consequences of the disturbance of the 

cholinergic system. Although the plethora of projections of the different BF subregions 

into different cortical and subcortical regions have been identified using direct axonal 

tracing technique in rodents and primates available (Kim et al., 2015; Ballinger et al., 

2016; Golden et al., 2016; Kim et al., 2016; Kondo and Zaborszky, 2016; Li et al., 

2018), very limited studies using rs-fMRI have investigated in human data how the BF 

may functionally differentiate since direct axonal tracing studies are not applicable in 

humans (Markello et al., 2018; Fritz et al., 2019). In MCI, a previous studies found a 

decreased FC of Ch4 compared to HC group (Li et al., 2017; Meng et al., 2018).  

However, it remains unclear whether FC alterations of BF subregions (Ch4 and Ch1-

3) already emerge in SCD compared to HC. Study 2 focused on this question. 

Moreover, CSF biomarker information for a substantial subgroup of this sample 

allowed to explore the interplay between CSF amyloid status and FC of BF changes 

in SCD and HC. Based on the DELCODE cohort, study 2 first found a decreased FC 

and a distinct pattern of FC alteration of Ch1-3/Ch4 connectivity in SCD individuals 

compared to HC. The brain regions with a reduced Ch4 connectivity were mainly 

located in left dorsal precuneus, superior parietal gyrus and bilateral superior and 

medial occipital gyrus. A previous study found more extensive brain regions showing 

decreased Ch4-FC in MCI (Meng et al., 2018). The latter fits well to PET data showing 

reduced acetylcholine activity in these regions in MCI (Kuhl et al., 1999; Herholz et al., 

2004). Study 2 extends these findings by showing that decreased Ch4-FC has already 

started in SCD. In addition, the found  reduced FC between Ch4 and superior parietal 

gyrus fits well to the finding that the parietal cortex receives cholinergic input from Ch4 

subfields (Mesulam et al., 1983). It is also known that ChAT  activity in the precuneus 

is  reduced in AD (Ikonomovic et al., 2011). Taking these points together, it appears 

to be reasonable to assume that the found reduced connectivity is likely to reflect the 

functional consequences of a cholinergic denervation in SCD. Even though the 

observed connectivity reduction of the cholinergic forebrain nuclei (except NBM) to 
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mainly temporal lobe regions was found only on an exploratory level, it fits well to 

known cholinergic projections of these nuclei (Mesulam et al., 1983; Hedreen et al., 

1984; Fritz et al., 2019; Yuan et al., 2019).  Even though the findings of study 2 fit well 

to the literature, it has to be noted that the reported FC alterations were not linked to 

the underlying CSF amyloid status. However, considering the inherently low statistical 

power of FC measures one cannot exclude that it may exists. But of course, before 

this has been explicitly shown, these findings have to be considered with caution. 

 

One of the most interesting regions in SCD related AD-research is the precuneus. The 

precuneus is one of the earliest brain regions harboring amyloid deposition and is a 

key hub region of the DMN. Abnormal connectivity in the DMN is thought to  be linked 

to amyloid-beta plaque-associated neuronal toxicity (Buckner et al., 2005; Badhwar et 

al., 2017). However, the links between cerebral Aβ accumulation and precuneus-

based FC in SCD were rarely investigated so far. Therefore, study 3 focused on the 

question how cortical amyloid pathology relates to precuneus FC on a large as well as 

on a regional scale. Study 3 revealed that ReHo was significantly higher in the bilateral 

precuneus for the SCDAβ+ group compared to SCDAβ- group.  This result suggests that 

amyloid deposition in the brain in this stage is already associated with the alterations 

of this local connectivity marker. On the large-scale analysis, it was found that the 

functional connectivity of the precuneus with the occipital cortex was increased in 

SCDAβ+ group, and positively associated with the cortical Aβ load. This finding is in line 

with a study (Sheline et al., 2010b) showing stronger precuneus-occipital connectivity 

in Aβ+ cognitively normal participants compared to Aβ-. An increased connectivity was 

also found in other SCD-cohorts – but unfortunately the cohorts reported on were not 

stratified with respect to AD biomarker status (Verfaillie et al., 2018; Viviano et al., 

2019). Taken together with the increased ReHo in precuneus, the observed 

hyperconnectivity of the precuneus may reflect a local compensatory mechanism that 

helps to maintain normal behavioral performance under the influence of increasing 

amyloid burden in SCDAβ+ patients (Mormino et al., 2011; Hafkemeijer et al., 2013; 

Verfaillie et al., 2018). However, this interpretation is needed to be cautious since we 

only found higher FC with worse cognitive performance in SCDAβ- group. In summary, 

these findings in study 3 may indicate early alterations of precuneal neural activity in 

the SCD stage with positive biomarker evidence for amyloid pathology (NIA-AA stage 

2 of the clinical AD continuum) and suggests resting-state FC to be a useful 
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neuroimaging biomarker for highlighting early brain functional consequences of AD 

pathology in SCD stage. 

4.3 Methodological limitations and future prospects 
Considering the small size of the BF nuclei, one methodological limitation is the limited 

spatial resolution of our imaging methods. In addition, the atlas used, is based on post 

mortem data from one single subject. However, the locations of the BF nuclei derived 

from this atlas are in good agreement with a cytoarchitectonical probability map 

derived from ten subjects (Zaborszky et al., 2008; Grothe et al., 2010; Kilimann et al., 

2014). The morphometric measures derived from MR seems to be robust enough to 

assess BF-alterations. In a pre-work, not shown here, I was able to show that the BF-

volumes reported in the literature using a similar processing stream are largely 

reproducible across cohorts and scanners. In addition, morphological changes were 

found in those subnuclei which were proposed by the literature – without taking this 

prior knowledge into account when extraction the information from the data.  Testing 

“nearby regions” (like the caudate nucleus or BA25) also supported that the observed 

changes were specific to the BF, and not based on global effects.  

When analyzing volumetry data derived from standard MR one has to keep in mind 

that this method is not suited to distinguish between cell death, glial or neural loss or 

reduction of extracellular space.  The words ‘atrophy’ or ‘volume loss’ are not used as 

histological or histo-pathological sense. MR-volumetry catches any structural changes 

altering the MR signal in a voxel. These can be changes on a microscopic or 

macroscopic level and are not specific of any tissue changes. Therefore, the wordings 

‘atrophy’ or ‘volume’ loss are only descriptive terms in this context. They describe the 

observation of a locally reduced probability to attribute a certain voxel to belong to the 

GM partition. This can be caused by any process that alters local signal intensity as 

well as morphological changes. However, considering the findings using this voxel 

based morphometry method across diseases reported throughout the literature, the 

findings are in good agreement with histological data, indirectly justifying using these 

terms. However, one always has to keep in mind that these terms (‘atrophy’, ‘volume 

loss’) are used as abbreviations and include already an interpretation for MRI signal 

changes but are not based on histological evidence. 

With regard to the reported PET-data, one has to note that the classification between 

visual reading and application of previously established global SUVR cut-offs was not 
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perfectly consistent. However, it is known that the consistency between visual reading 

and classification with global SUVR cut-offs is high (>85%), but not perfect (Bullich et 

al., 2017). Unfortunately, the number of cases showing these inconsistencies was too 

low to further investigate if these ambiguous cases share any AD-related feature 

leading to these inconsistencies. An additional draw back of the PET substudy is the 

lack of a proven AD-biomarker negative healthy control group. Therefore, it remains 

speculative if the observed hyperconnectivity of FC in SCDAβ+ reflects a true 

hyperconnectivity. However, for ethical and radiation protective reasons, the healthy 

control group did not undergo the PET procedure. 

There are two general limitations, one refers to the group sizes and one to the overall 

design. One important aspect of SCD research is the (sub)group stratification 

according to AD-biomarker. In the presented studies this leads to drastically reduces 

group sizes and -as a consequence – a reduction in statistical power. Even though the 

DELCODE cohort is large and this information is collected in a high percentage, only 

a limited number of probes were available, when the MR-analysis were conducted. 

For this reason, it was not possible to investigate the different roles of amyloid and tau 

in SCD. Even though information on CSF-tau was available, it was not further taking 

into account because it would have led to further split up the groups into very small 

groups (n<10). Therefore, a further subgroup analysis according to both amyloid and 

tau pathology was precluded. With respect to the overall design, it is a drawback of 

this study that only cross-sectional data were available. It would be very interesting to 

follow BF volume alterations and cognitive changes over time and try to associate 

these with certain aspect of the AD trajectory. However, this has to be explored in 

future studies, as the collection of follow-up data in DELCODE is still ongoing.  

4.4 Conclusion 
This thesis comprises three investigations of structural and functional MRI markers in 

individuals with SCD taking proven AD-biomarkers into account. The presented 

studies are based on the DELCODE project, but differ with respect to target brain 

regions, analysis techniques and research objectives. Taking the CSF-amyloid status 

into account a Ch4p volume reduction could be directly linked to AD pathology and 

SCD. These results clearly show that neither the existence of amyloid alone explains 

SCD nor that SCD is necessarily connected with AD. SCD in general is not a stage of 

preclinical AD by its own. But the presented data clearly show, that within the AD 
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continuum, SCD appears to be a hallmark on the AD-trajectory marking the point when 

neurodegenerative process begins to exceed a level that can’t be functionally 

compensated. It seems that SCD in amyloid positive individuals reflects the 

progression from stage 1 (asymptomatic) to stage 2 (transitional cognitive impairment) 

of the Alzheimer’s continuum. The cholinergic system, especially the posterior part of 

the NBM (Ch4p) seems to play a key role in this process – which affects not only 

memory processes but has also a ” long range effect”. The decreased Ch4-FC with 

left dorsal precuneus, superior parietal gyrus and bilateral occipital gyrus -even though 

independent of amyloid pathology- may directly reflect the functional consequences of 

the BF cholinergic denervation. The changes observed in the DMN connectivity 

related to cortical amyloid deposition further consolidated this “decompensation” 

hypothesis – however also raises the question if these changes might be not caused 

by a cortical amyloidosis but causing the accumulation of amyloid. Analyzing 

longitudinal changes and taking tau into account, might help to answer this question 

in the future. 
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5 Abstract 

Subjective Cognitive Decline (SCD) is increasingly recognized as an efficient concept 

to study in an early preclinical stage of Alzheimer’s disease (AD). It is marked by a 

perceived subjective worsening of cognitive function compared to the earlier 

performance level without noticeable impairments in standard neuro-psychological 

testing. Even though SCD individuals do not necessarily share the same underlying 

AD pathology, a variety of studies have identified an increased AD biomarker positivity 

and risk to develop clinical AD. SCD also show atrophy in regions that are known to 

be vulnerable to AD-pathology (i.e. hippocampus, entorhinal cortex, precuneus). 

Recent studies suggest that cholinergic basal forebrain (BF) volume loss even 

precedes degeneration of the entorhinal cortex.   

This thesis focusses on the question how BF-atrophy relates to amyloid pathology in 

SCD and healthy controls and tried to further investigate the functional consequences 

as assessable by resting state functional MRI. The three conducted studies are based 

on German Center for Neurodegenerative Diseases Longitudinal Cognitive 

Impairment and Dementia Study (DELCODE) project. Study 1 examined cholinergic 

BF volume alterations in SCD. A significant interaction between diagnosis (SCD vs. 

Healthy control [HC]) and CSF amyloid status was found, with posterior of NBM 

volume reductions only in amyloid-positive SCD. The observed volume reduction of 

the cholinergic BF in amyloid-positive SCD and the absence of any volume reductions 

in the amyloid-positive HC suggests that SCD plus amyloid pathology reflects an 

advanced stage of preclinical AD, revealing the beginning neurodegeneration on a 

macroscopic level. The second study revealed that the degeneration of the BF alters 

the functional connectivity to certain cortical brain regions. More or less the overall 

trend observed was a reduced connectivity. Based on a group stratification with 

respect to cortical amyloid deposition, the alteration of the functional connectivity of 

the precuneus was investigated in Study 3.  Compared to amyloid-negative SCD, 

significantly higher regional homogeneity within the precuneus was found for amyloid-

positive SCD  as well as a higher FC to occipital areas.  

Taking everything together, the presented data indicate that the cholinergic system, 

especially the posterior part of the NBM (Ch4p) seems to play a key role in the very 

early stage of AD. It affects not only memory processes but has also a ‘long range 

effect’ leading to decreased FC. SCD appears to be a hallmark on the AD-trajectory 
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marking the point when neurodegenerative process begins to exceed a level that can’t 

be functionally compensated, and therefore amyloid-positive SCD might reflect the 

progression from an asymptomatic stage (stage 1) to stage 2 of the Alzheimer’s 

continuum, where cognitive functions start to impairment.  
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