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Abstract 

Background: The cerebrospinal fluid (CSF) biomarkers amyloid-beta 42 (Aβ42), total tau (T-tau) and 

phosphorylated tau (P-tau) are considered to reflect core pathological features of Alzheimer’s 

disease (AD), and have consistently been reported to have high diagnostic accuracy for discriminating 

patients with AD from healthy elderly controls. Yet there are limitations to their use, and little is 

known about alternative proteins in CSF, as well as in blood. The failure of Aβ immunotherapy has 

forced AD research to examine additional factors, particularly in the early stages of disease. The 

APOE ε4 allele is the major genetic risk factor for sporadic AD, and data suggest that ApoE may alter 

Aβ clearance and/or metabolism during the disease process. Another apolipoprotein associated with 

Aβ metabolism is clusterin (ApoJ), suggested to prevent aggregation and also be involved in 

clearance of Aβ. Moreover, angiotensin-converting enzyme (ACE) is a protease known to mediate 

cleavage of Aβ in vitro, and there is some indication that the ACE gene may be a risk factor for AD, 

depending on the insertion/deletion (I/D) genotype. Neurofilament-light (NF-L), like tau, is a 

neuronal cytoskeletal protein. In this pilot study, levels of ApoE, clusterin, ACE and NF-L in CSF and/or 

blood have been investigated in patients with early AD and healthy elderly individuals, and 

comparisons made with ACE and APOE ε4-allele genotype.  

Aims: To assess whether levels of these proteins altered significantly in early AD compared to levels 

in elderly control individuals healthy for their age, whether additional information could be obtained 

from comparisons with ACE and APOE polymorphisms, and to assess their potential diagnostic value 

as early-stage biomarkers for AD compared to Aβ and tau protein.  

Methods: Commercial ELISA kits were used to analyze and compare the levels of Aβ42, Aβ40, T-tau, 

P-tau, ApoE, clusterin, ACE and NF-L in CSF and/or plasma or serum samples from 20 patients with 

early AD and 20 age-matched individuals healthy for their age. Real-time polymerase chain reaction 

was performed on genomic DNA purified from samples of whole-blood from all participants to 

determine the ACE I/D polymorphism. Comparison was also made regarding APOE ε4-allele status. 

Results: Despite the low number of samples, a high diagnostic accuracy in the discrimination 

between patients with early AD and elderly control individuals was obtained with concentrations of 

Aβ42 and tau in CSF. No significant differences were found between patients with early AD and 

controls regarding levels of ApoE in serum, clusterin in CSF or plasma, or ACE in CSF or serum. There 

was no pathological relationship regarding ACE genotype and allele distribution. The APOE ε4-allele 

was associated with lower levels of serum ApoE, irrespective of diagnosis. CSF NF-L levels were 

significantly higher in patients compared to controls.  

Conclusion: No disease-specific alterations were found in relation to ApoE, clusterin or ACE. Although 

NF-L in CSF showed a fairly good potential to distinguish the patients with early AD from elderly 

individuals healthy for their age, the diagnostic accuracy was below that of Aβ and tau protein, and it 

did not seem to provide improved discrimination as a biomarker. Thus, none of these proteins are 

likely candidates as biomarkers for early AD. 
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Abbreviations 

Aβ = amyloid-beta 

ACE = angiotensin-converting enzyme  

ACE = angiotensin-converting enzyme gene 

AD = Alzheimer’s disease 

aMCI = amnestic mild cognitive impairment 

ApoE = apolipoprotein E 

APOE = apolipoprotein E gene 

ApoJ = apolipoprotein J 

APP = amyloid precursor protein 

AUC = area under the curve 

BACE1 = β-site APP cleaving enzyme-1 

CSF = cerebrospinal fluid 

EDTA = ethylene-diaminetetraacetic acid 

ELISA = enzyme-linked immunosorbent assay 

FDG = [18F]-fluorodeoxyglucose  

HRP = horseradish peroxidase 

IWG = International Working Group 

MCI = mild cognitive impairment 

MMSE = mini mental state examination 

MRI = magnetic resonance imaging 

naMCI = non-amnestic mild cognitive impairment 

NF-L = neurofilament-light 

NIA-AA = National Institute on Aging and the Alzheimer Association 

PCR = polymerase chain reaction 

PET = positron emission tomography 

PiB = [11C]-Pittsburgh compound B 

PS = presenilin 

P-tau = phosphorylated tau 

P-tau181 = tau phosphorylated at threonine 181 

P-tau231 = tau phosphorylated at threonine 231 

ROC = receiver operating characteristic 

T-tau = total tau 
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1 1 Theoretical background 

1 Theoretical background 

1.1 Alzheimer’s disease is a progressive neurodegenerative disorder 

Alzheimer’s disease (AD) is a devastating brain disorder and the most common form of dementia, 

impacting on daily living through loss of cognitive ability. Being a neurodegenerative disease, AD is 

characterized by a series of abnormalities in the brain that selectively affects and irreversibly 

damages neurons in specific regions, causing extensive neuronal dysfunction and cell death.  As 

neurons and the connections between them are progressively lost, drastic personality changes occur. 

Structures critical for declarative memory are often the first affected. Hence, impairment in the 

ability to form recent memories is usually an early clinical symptom of AD (Greene et al., 1996). 

Gradually, memory is lost along with other cognitive abilities such as language, proper judgement, 

decision-making, orientation and attention, leading to psychological and behavioural alterations that 

may include confusion, anxiety, depression, hallucinations, apathy and irritability (Purandare et al., 

2000). In the final stages patients are generally incapacitated with severe to total loss of verbal skills, 

leading to complete dependence for basic functions of daily life, and premature death. The 

progression from mild forgetfulness to fatal, widespread brain impairment takes place slowly over 

several years. 

In addition to neuronal and synaptic loss in the brain, AD is pathologically characterized by extensive 

amounts of extracellular deposits of dense, insoluble material commonly called amyloid plaques, and 

insoluble twisted protein strands that build up inside neurons called neurofibrillary tangles. Neuronal 

and synaptic loss, amyloid plaques and neurofibrillary tangles are considered the classical 

neuropathological hallmarks of AD, and were first described in 1907 by Alois Alzheimer (Alzheimer 

1907, Translation 1987). 

AD is classified according to age of onset, referred to as early- and late-onset AD. The division is at 65 

years of age. Late-onset AD makes up more than 95% of cases (Lill and Bertram, 2011). Among the 

less common early-onset cases, there are rare familial forms of AD, caused by autosomal dominant 

mutations. Late-onset cases are mainly sporadic, and their cause remains unknown (Bertram et al., 

2010). Other than the fact that familial AD is clearly hereditary and manifests at an earlier age, it is 

largely clinically indistinguishable from sporadic late-onset AD (Lopera et al., 1997). 

The greatest known risk factor for AD is increasing age. AD is not part of normal aging, but the 

incidence of the disease significantly increases with increasing age (Launer et al., 1999). The 

prevalence of AD is approximately 11% in individuals aged 65 and older, and 32% in individuals above 
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the age of 85 (Thies and Bleiler, 2013). As the global population continues to age, the number of 

individuals at risk will also increase. In 2010, more than 35 million people were estimated to suffer 

from dementia worldwide. The frequency is expected to double  by 2030 and triple by 2050 because 

of population growth and the anticipated increase in life expectancy (Prince et al., 2013).   

Accounting for approximately 70% of dementia cases (Reitz and Mayeux, 2014), AD represents a 

major public health problem. At present, there are no available treatments that delay disease onset 

or prevent, reverse or stop the progression of AD. Medications available today only temporarily 

relieve symptoms in some patients. However, research and evaluation of potential therapeutic 

targets are ongoing (Citron, 2010). If interventions could delay disease onset and progression, even 

by a few years, this would greatly reduce the global burden of AD (Brookmeyer et al., 2007). The 

social and economic impact of AD worldwide is already enormous, and will grow even greater in the 

years to come if the disease is left untreated.  

1.2 Risk factors for AD have been identified 

Besides aging, a large number of factors have been associated with increased risk of AD. 

1.2.1 Environmental risk factors and the concept of brain reserve 

Consistently reported are cardiovascular risk factors, including hypertension, coronary heart disease, 

atherosclerosis, high cholesterol, stroke, diabetes, smoking and obesity, summarized in a recent 

review by Mayeux and Stern (2012). Furthermore, several epidemiological studies have shown that 

traumatic brain injury could be a potential risk factor for AD (Jellinger, 2004). Decreased reserve 

capacity of the brain is another proposed risk factor. The concept of brain reserve accounts for the 

differences in susceptibility to the effects of pathology, whereby some people can tolerate higher 

levels of brain injury than others without displaying clinical symptoms (Stern, 2009). Epidemiological 

studies suggest that individuals with intellectually enriched lifestyles that increase their brain reserve 

capacity have a reduced risk of expressing AD pathology clinically. For example, higher education has 

consistently been shown to have protective influence on the risk of developing clinical AD, also in 

Norway (Sando et al., 2008a). 

1.2.2 The APOE ε4 allele is the major genetic risk factor for sporadic AD 

The rare familial form of AD has a clear genetic background, affecting individuals that bear autosomal 

dominant mutations of specific genes. Although environmental factors might increase the risk of the 

more common sporadic AD, this form of the disease also has a significant genetic background. A large 

twin study estimated the extent of heritability for sporadic AD to be nearly 80% (Gatz et al., 2006). 

The most important genetic risk factor discovered in sporadic late-onset AD is possession of the ε4 

allele of the apolipoprotein E (ApoE) gene (APOE) (Corder et al., 1993, Strittmatter et al., 1993). ApoE 
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has multiple functions including involvement in transport, redistribution and metabolism of 

cholesterol and other lipids, also after tissue injury, and will be discussed in more detail in section 

1.10.1. APOE shows a genetic polymorphism where ε4 is one of three common alleles; ε2, ε3 and ε4 

(Utermann et al., 1977), giving rise to six different genotypes, and three different isoforms of the 

protein (ApoE2, ApoE3 and ApoE4). Although the three common isoforms only differ by one or two 

of the total 299 amino acids, they significantly differ in structure and function (Mahley et al., 2006). 

The frequencies of the three APOE alleles vary in different populations. On a global scale, the ε3 

variant of APOE is the most frequent, constituting 60-90% of the allelic variation, whereas the range 

is 0-20% for ε2 and 10-20% for ε4 alleles, with some exceptions (Singh et al., 2006, Corbo and 

Scacchi, 1999). However, the ε4 allele frequency is dramatically increased in patients with AD (Farrer 

et al., 1997). APOE ε4 acts in a dose-dependent manner, regarding both risk and age of onset; 

homozygous subjects have a higher risk and earlier onset of AD than heterozygous subjects. Carrying 

APOE ε4 seems to lower age of onset both in sporadic AD (Sando et al., 2008b, Corder et al., 1993) 

and familial AD (Pastor et al., 2003). Even though having the APOE ε4 allele increase the risk for AD, it 

is neither sufficient nor necessary to develop AD, even when present in the homozygous form, ε4/ε4 

(Myers et al., 1996). In contrast to the APOE ε4 allele, carrying the APOE ε2 allele appears to be 

protective towards the development of AD, by lowering the risk and delaying the age at onset (Lovati 

et al., 2010). How the different ApoE isoforms contribute to AD pathogenesis is not clear, but will be 

discussed further in section 1.4.2.2. 

1.3 The diagnosis of AD relies on specific criteria 

To enable clinicians and researchers to  maintain consistency in the diagnosis of AD, a uniform set of 

criteria was established in 1984 by the NINCDS-ADRDA1 workgroup (McKhann et al., 1984). According 

to these criteria, a diagnosis of AD made during life can only be probabilistic, and is made purely on 

clinical grounds, without verification of neuropathological or biomarker evidence of the disease. For 

a probable AD diagnosis to be made, onset of dementia has to be established by clinical examination 

and neuropsychological testing, and other causes of dementia have to be excluded. Individuals 

meeting criteria with other ilnesses that may contribute to dementia are diagnosed with possible AD. 

A definite diagnosis of AD, however, requires postmortem conformation of the clinical diagnosis via 

the histological quantification of brain amyloid plaques and neurofibrillary tangles (McKhann et al., 

1984). As will be discussed in section 1.8, proposals for new criteria have now been presented. 

                                                           
1 National Institute of Neurological and Communicative Disorders and Stroke and the Alzheimer disease and Related 

Disorders Association 

 



 
4       

1.4 Pathophysiological changes in the AD brain 

The most conspicuous changes in the AD brain are the three lesions described by Alzheimer more 

than 100 years ago, known as the classical hallmarks of AD; neuronal and synaptic loss, amyloid 

plaques and neurofibrillary tangles. Almost 80 years went by from Alzheimer’s first description of 

plaques and tangles until their molecular composition was revealed (Glenner and Wong, 1984, 

Masters et al., 1985, Grundke-Iqbal et al., 1986), and their biochemical basis has now been well 

characterized. As discussed in section 1.6.1, the pathological changes in the AD brain begin years 

before the substantial neurodegeneration that accompanies dementia (Price and Morris, 1999). 

1.4.1 Neuropathological hallmarks of AD 

1.4.1.1 Amyloid plaques 

The extracellular amyloid deposits appear in a variety of morphological forms, including diffuse 

plaques and plaques containing elements of degenerating neurons, termed neuritic plaques (Figure 

1.1), summarized in a review by Selkoe and Schenk (2003). Neuritic plaques contain a core of amyloid 

fibrils surrounded by dystrophic neurites (swollen axons and dendrites), together with reactive 

astrocytes and activated microglial cells. The less dense, diffuse plaques invariably accompany 

neuritic plaques, and are not associated with dystrophic neurites, activated microglia or reactive 

astrocytes. These plaques are a common 

finding in the brain of cognitively intact 

elderly people (Katzman et al., 1988, Delaere 

et al., 1990, Dickson et al., 1992), leading to 

the suggestion that the diffuse plaques may 

be the precursors to pathogenic dense 

plaques (Selkoe and Schenk, 2003). Amyloid 

plaques also occur in the walls of cerebral 

blood vessels in the AD brain in the form of 

cerebral amyloid angiopathy (Rensink et al., 

2003), illustrated in Figure 1.1. 

Although associated with a range of deposited proteins, the main component of amyloid plaques is 

the amyloid-beta (Aβ) peptide (Masters et al., 1985). Aβ peptides are natural products of metabolism 

(Haass et al., 1992), and part of a group of peptides produced by proteolytic cleavage of the larger 

transmembrane amyloid precursor protein (APP) (Kang et al., 1987). APP is ubiquitously expressed in 

mammalian cells, and can undergo amyloidogenic or non-amyloidogenic processing via cleavage by 

different secretases (Ling et al., 2003), as illustrated in Figure 1.2. The non-amyloidogenic APP 

Figure 1.1 Immunohistochemistry image of a diffuse 
plaque (D), a dense-core (neuritic) plaque (C), and 
cerebral amyloid angiopathy (A) in the frontal lobe 
(Wippold et al., 2008). 
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processing pathway involves sequential 

proteolytic cleavages by α- and γ-secretases 

resulting in the generation of a soluble secreted 

form of APP (sAPPα in Figure 1.2) which, in 

contrast to Aβ, may be neuroprotective by 

promoting neurogenesis and survival (Furukawa 

et al., 1996). Proteolysis leading to Aβ production 

results from the alternative amyloidogenic APP 

processing pathway. APP is first cleaved by β-

secretase, allowing its large ectodomain (sAPPβ) 

to be shed into the extracellular fluid. In the brain, 

β-site APP cleaving enzyme-1 (BACE1) has been 

found to be the main β-secretase (Vassar et al., 1999). The 99 amino acid long C-terminal stub left in 

the membrane is subsequently cleaved by ɣ-secretase, causing different isoforms of Aβ to be 

released, depending on the exact point of cleavage. The ɣ-secretase protein complex is member of a 

family of unusual proteases that are able to perform intramembrane cleavage of peptide bonds. The 

multipass transmembrane proteins called presenilin 1 (PS1) and 2 (PS2), are part of the ɣ-secretase 

protein complex, of which they possess the active site (Wolfe et al., 1999, Steiner et al., 2002).  

The Aβ isoforms only differ in the length of their C-terminal, and the two species that have received 

the most interest are those that are 40 and 42 amino acids long (Aβ40 and Aβ42). Monomers of the 

Aβ40-species are more abundantly produced than Aβ42, but the longer Aβ42 is more hydrophobic 

and far more prone to spontaneous self-aggregation (Jarrett et al., 1993). Aβ42 is therefore the 

predominating form of Aβ in amyloid plaques. The pathogenic mechanisms that allow Aβ monomers 

to self-aggregate are largely unknown, but it is clear that Aβ can exist as monomers, dimers, trimers, 

oligomers, fibrils and the fibrillar aggregates of amyloid plaques (Walsh and Selkoe, 2007), as 

illustrated in Figure 1.3.  

 

Figure 1.3 Misfolded amyloid-beta (Aβ) peptides self-aggregate into oligomeric and ultimately polymeric 
structures (Hampel et al., 2010). 

Figure 1.2 Proteolytic processing of the amyloid 
precursor protein (APP) and the resulting cleavage 
products. Figure modified from LaFerla et al. (2007). 
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1.4.1.2 Neurofibrillary tangles 

Neurofibrillary tangles are primarily composed of abnormally hyperphosphorylated forms of the 

protein tau (Grundke-Iqbal et al., 1986). Tau is a microtubule-associated protein normally located to 

the axon. By binding to tubulin in the axonal microtubules, tau promotes microtubule assembly and 

stability, which is important for axonal function and transport. Tau is a phosphoprotein, with more 

than 30 potential phosphorylation sites, regulated by the balance between multiple kinases and 

phosphatases (Iqbal et al., 2005). In AD, tau is translocated to the somatodendritic compartment and 

undergoes hyperphosphorylation, misfolding, and aggregation, giving rise to neurofibrillary tangles, 

as illustrated in Figure 1.4.  

   

Figure 1.4 Microtubule-bound soluble tau supports axonal transport. In Alzheimer’s disease, tau is 
hyperphosphorylated which in turn leads to misfolding, aggregation, and ultimately neurofibrillary tangles. 
Figure modified from Citron (2010). 

In its hyperphosphorylated state, tau also loses its ability to bind to the microtubules, causing them 

to become unstable and disassemble, thereby collapsing the neuron’s transport system, and 

disrupting structure and function in neurons which can be fatal (Iqbal et al., 2005). 

Hyperphosphorylated tau is also found in dystrophic neurites of the neuritic plaques. Figure 1.5 

shows neurofibrillary tangles and neuritic plaques in the hippocampus. 

 

Figure 1.5 Neurofibrillary tangles (N) and neuritic plaques (P) in the hippocampus (Wippold et al., 2008). 

Tau pathology has a rather stereotypical and predictable progression. The first neurofibrillary tangles 

seem to consistently appear in neurons in the transentorhinal region. Subsequently, the 

neurofibrillary tangles spread to the hippocampus and amygdala, and later to the neocortical 

association areas, relatively sparing primary sensory, motor and visual areas (Braak and Braak, 1991).  
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1.4.1.3 Neuronal and synaptic loss 

The neurodegeneration that characterizes AD is initially manifested by decreased neuronal function 

with subsequent synaptic loss and neuronal death, ultimately leading to extensive atrophy. 

Knowledge of brain regions selectively vulnerable to AD was initially obtained from examination of 

post-mortem brain tissue (Brun and Gustafson, 1976, Braak and Braak, 1991), and could later be 

visualized in vivo by the means of neuroimaging, such as structural magnetic resonance imaging 

(MRI) (Bobinski et al., 2000, Dickerson et al., 2009). A symmetric pattern of cortical atrophy, with 

widening of the sulci and enlarged ventricles is typical. The atrophy is widespread, yet to a great 

extent confined to specific areas. As illustrated in Figure 1.6, the tissue loss in the hippocampus and 

entorhinal area is particularly profound, and often the first regions affected. Extensive degeneration 

also affects the cholinergic innervations to the neocortex, and the neocortex itself. However, primary 

motor and sensory cortices are often preserved even in advanced AD, and stand out as appearing 

almost normal in contrast to severe atrophy of frontal, parietal, and temporal association cortices.  

 

1.4.2 Disease mechanism 

Besides the hallmarks, several other pathophysiological changes occur in the AD brain such as 

depletion of neurotrophins and neurotransmitters, abnormal lipid metabolism, oxidative stress and 

mitochondrial failure, and activation of inflammatory processes (Querfurth and LaFerla, 2010). 

Ultimately, the biochemical processes involved in the development of AD converge upon widespread 

death of neurons, likely through apoptosis. However, a major challenge consists in determining the 

role of a given pathological finding linked to the disease process; whether it is a cause, consequence, 

or just a neutral bystander. To be able to develop disease-modifying treatments, a detailed 

understanding of the disease process is necessary. Although the disease mechanism remains unclear, 

recent research progress has given a considerable amount of knowledge on the molecular basis of 

AD. There has been an intense search for the initial trigger(s) of the pathological cascade leading to 

neurodegeneration and cognitive decline, and several theories have been proposed.  

Figure 1.6 On the left is a section of the hemibrain of a 70-
year-old patient with Alzheimer’s disease, showing severe 
atrophy. On the right, a brain section from a healthy  
individual of similar age (Wippold et al., 2008).  
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1.4.2.1 The cholinergic hypothesis was the first theory of the cause of AD 

In addition to other hallmarks, AD is characterized by a profound loss of cortical cholinergic 

innervation, attributed to degeneration of cholinergic projection neurons in the nucleus basalis of 

Meynert, the major source of cholinergic innervation of the cerebral cortex (Arendt et al., 1983). The 

cholinergic depletion was discovered during the heyday of neurotransmitter research in the 1970s, 

when the molecular basis of AD was still unknown (Davies and Maloney, 1976). The cholinergic 

hypothesis of AD became the dominant theory, stating that AD, including the clinical symptoms and 

neuropathological lesions, is caused by a deficiency in the production of the vital neurotransmitter 

acetylcholine. AD was claimed to be a cholinergic disease in the same way that Parkinson’s disease is 

often described as a dopaminergic disease (Coyle et al., 1983), and all the first-generation anti-

Alzheimer medications were based on this theory. These medications work to preserve acetylcholine 

by inhibiting acetylcholinesterases, enzymes that break down acetylcholine, but only serve to treat 

symptoms in some patients, and neither halt nor reverse the disease. Even though it may contribute 

to the severity of the cognitive and behavioral deficits (Mesulam, 2004), the cholinergic lesion is a 

result of neuronal degeneration, which today is known to happen later in the disease process (Jack et 

al., 2010, Perrin et al., 2009). It is therefore no longer viewed as the initial event in AD pathogenesis.  

More recent hypotheses are centred on the effects of the proteins of plaques and tangles. AD and 

many other neurodegenerative disorders share common pathogenic mechanisms that are linked to 

the misfolding and progressive aggregation of otherwise soluble proteins. The protein abnormalities 

are thought to initiate pathological cascades involving downstream processes such as inflammation 

and oxidative stress, which in turn contribute to energy failure and synaptic dysfunction, and 

ultimately, neurodegeneration (Soto, 2003). Since the revelation of the molecular composition of 

plaques and tangles in the mid-1980s, a great amount of research has been done to further elucidate 

their role in the disease process.  

1.4.2.2 The amyloid cascade hypothesis is the leading theory of AD 

The amyloid cascade hypothesis suggests that accumulation of Aβ in the brain is the primary 

influence driving AD pathogenesis. An imbalance between production and clearance of Aβ, causing 

increased levels of Aβ42, is thought to initiate a series of pathogenic events (illustrated in Figure 1.7), 

including tau phosphorylation and formation of neurofibrillary tangles, ultimately leading to synaptic 

and neuronal dysfunction, and degeneration with subsequent cognitive disturbances (Hardy and 

Selkoe, 2002). Support for the amyloid hypothesis is largely based on genetic studies. Major clues 

came from families suffering from the autosomal dominantly inherited form of the disease. The first 

identified mutation causing familial AD was found in the gene encoding APP on chromosome 21 

(Goate et al., 1991). Mutations in the PS1 and PS2 genes were also found in affected people, and 

http://en.wikipedia.org/wiki/Acetylcholine
http://en.wikipedia.org/wiki/Acetylcholinesterase
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account for most cases of familial disease (Sherrington et al., 1995, Levy-Lahad et al., 1995). The 

familial form of AD is thus caused by mutations in genes both for the substrate (APP) and the enzyme 

(presenilin) for Aβ generation, which in turn lead to increased production of Aβ, in some cases 

specifically Aβ42, or an increased tendency of Aβ to aggregate (St George-Hyslop, 1999). Moreover, 

AD-like neuropathology is invariably seen in Down’s syndrome (trisomy of chromosome 21) (Olson 

and Shaw, 1969, Motte and Williams, 1989), where triplication of the APP gene leads to increased 

APP expression and consequent higher levels of Aβ throughout life. Combined with the observation 

that duplication of the APP locus on chromosome 21 caused early onset AD and/or cerebral amyloid 

angiopathy in five unrelated families (Rovelet-Lecrux et al., 2006), the genetic data clearly point out 

the processing of APP and the production of Aβ peptides as a central part of the disease process.  

Another supportive factor for the amyloid hypothesis is the fact that Aβ assemblies are neurotoxic. 

Synthetically produced Aβ42 monomers have been shown to be harmless to cultured neurons, but 

become neurotoxic upon self-aggregation (Pike et al., 1991). Initially, the neurotoxicity, and 

ultimately neurodegeneration, were attributed to the insoluble fibrils of the amyloid plaques, despite 

conflicting evidence. The major weaknesses included the fact that amyloid plaque burden correlates 

poorly with AD severity (Terry et al., 1991), and that a number of cognitively normal elderly 

individuals also display significant amounts of amyloid plaques (Katzman et al., 1988). Additionally, in 

some transgenic and cell culture models, pathological changes are observed before the onset of 

amyloid plaque accumulation (Billings et al., 2005). Later discoveries showed that fibrils are not the 

only toxic form of Aβ, and probably not most significant for AD pathogenesis.  

Aβ oligomers are considered the primary toxic species 

It now appears that soluble oligomeric forms of Aβ are the primary toxic species in AD (Kirkitadze et 

al., 2002). Findings suggest that soluble, oligomeric Aβ assemblies cause substantial neuronal 

dysfunction before the appearance of amyloid deposits (Klein et al., 2001). It has even been 

suggested that deposition of Aβ into fibrillar forms may serve as a protective mechanism against the 

more neurotoxic Aβ oligomers (Lee et al., 2004, Selkoe, 2002). With their smaller size, and because 

they are relatively soluble and diffusible, Aβ oligomers are more able to exert a toxic effect on the 

neuronal plasma membrane.  Varying in morphology and toxicity, Aβ oligomers have been reported 

to range in size from 2 to 20 monomers, as reviewed by Glabe (2008). Aβ oligomers exert their 

toxicity through binding at synapses, and it has been suggested that AD may be primarily a disorder 

of synaptic failure (Selkoe, 2002). Oligomers have been found to rapidly inhibit long-term 

potentiation, enhance long-term depression and reduce dendritic spine density in normal rodent 

hippocampal slices (Lambert et al., 1998, Shankar et al., 2008).  Shankar et al. (2008) also showed 

that insoluble plaque cores from AD cortex did not impair long-term potentiation unless they were 
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first solubilized to release Aβ dimers, strengthening the idea that amyloid plaques are largely inactive 

but sequester Aβ dimers that attack synapses. In light of the findings made about toxic Aβ oligomers, 

the early clinical symptom of memory loss can be attributed to oligomer-induced disruption of 

synaptic plasticity, while later stages of dementia may be attributed to oligomer-induced cellular 

degeneration and death (Ferreira and Klein, 2011). 

In both familial and sporadic AD, soluble Aβ is thought to undergo a conformational change that 

makes it prone to aggregation into soluble oligomers and the larger insoluble fibrils found in plaques. 

The underlying mechanisms leading to this conformational change are not well understood. Although 

an increase of either total Aβ, or the Aβ42 isoform, is well established in familial AD, the Aβ 

dysregulation in sporadic AD is less well understood. It is debated as to whether abnormal processing 

or impaired clearance of Aβ42 causes the Aβ accumulation (Mawuenyega et al., 2010). 

 

Figure 1.7 The amyloid cascade hypothesis. According to the hypothesis, the initiating event in AD is an 
imbalance between Aβ production and clearance in the brain, causing increased levels of the peptide, ultimately 
leading to neurodegeneration and dementia. Aβ oligomers directly inhibit hippocampal long-term potentiation 
(LTP) and impair synaptic function, while aggregated and deposited Aβ cause inflammatory and oxidative 
stress. Tau pathology with tangle formation is regarded to be a downstream event, contributing to neuronal 
dysfunction (Blennow et al., 2010). 
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The role of ApoE in AD pathology 

Even though the ε4 allele of APOE is the major genetic risk factor for sporadic AD, the underlying 

mechanism for the increased risk is not clear. APOE ε4 has been associated with several biochemical 

disturbances characteristic of AD, including Aβ deposition, tangle formation, oxidative stress, loss of 

synaptic plasticity, and cholinergic dysfunction, suggesting that ApoE is a key player in the 

pathogenesis of AD (summarized in the review by Cedazo-Minguez (2007)). ApoE is one of several 

proteins present in amyloid deposits, and it has been reported that Aβ deposition in the form of 

amyloid plaques is more abundant in APOE ε4 carriers than non-ε4 carriers (Schmechel et al., 1993). 

Despite numerous attempts to elucidate the role of ApoE in AD, exactly how the different ApoE 

isoforms contribute to disease pathogenesis has not been agreed upon. However, prevailing 

evidence suggests that the differential effects of ApoE isoforms on Aβ aggregation and/or clearance 

may play a major role, as reviewed by Kim et al. (2009). Suggestions have been made in which ApoE 

acts as an amyloid catalyst, enhancing Aβ aggregation, with ApoE4 being the strongest promoter of 

Aβ polymerization. An alternative hypothesis is that ApoE serves to clear Aβ from the brain, with 

ApoE4 being less efficient in this function compared to ApoE3 and E2 (Potter and Wisniewski, 2012). 

1.4.2.3 Some have claimed that tau pathology is the initial disease trigger 

While most investigators believe Aβ aggregation to be the key initial trigger of AD, some argue that 

hyperphosphorylation of tau plays the initial role. Neuropathological studies of cognitively normal 

individuals have shown that neurofibrillary tangles are fairly ubiquitous in the entorhinal cortex and 

other limbic structures by middle age, and precede amyloid disease in most people (Braak and Braak, 

1991, Price and Morris, 1999). These observations, in addition to the fact that tangles have been 

reported to correlate more closely with the severity of AD compared to plaques, led some to suggest 

that tau-related pathology represents the origin of AD (Terry, 1996). Price and Morris (1999) noted 

that although tau disease progressed very slowly in cognitively normal individuals without amyloid 

disease, the severity and rate of accumulation of neurofibrillary tangles was markedly increased in 

individuals with accompanying Aβ disease, and concluded that age-related accumulation of 

neurofibrillary tangles is insufficient to cause significant neurodegeneration (Price and Morris, 1999). 

Biomarker data provide direct support for the hypothesis that altered Aβ metabolism precedes tau-

related pathology and neurodegeneration (Buchhave et al., 2012). As summarized by Musiek and 

Holtzman (2012), findings suggest that tau deposition begins early in life and accumulates slowly with 

age, whereas the appearance of amyloid pathology occurs later in life, and acts as the key that 

triggers a cascade of events leading to AD. It seems that Aβ interacts with tau in a way that serves to 

accelerate tau disease and induce neurodegeneration (Bloom, 2014). Indeed, neuritic plaques, which 
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contain both hyperphosphorylated tau and Aβ fibrils, correlate more closely with neuronal loss and 

dementia in AD than either tangles or plaques alone (Tiraboschi et al., 2004). 

Based on the prevailing evidence, the amyloid cascade hypothesis remains a robust model of AD 

neurodegeneration, and retains significant support among researchers. Yet the etiology of AD 

remains uncertain, and the possibility that there could be even earlier changes involved, should not 

be excluded (Pimplikar et al., 2010). Advances in the understanding of molecular mechanisms 

underlying AD pathology have provided new insight for interventions to modify disease progression. 

Many trials in the development of disease-modifying treatments for AD deal with Aβ-targeting 

compounds, such as secretase inhibitors or Aβ immunotherapy (Citron, 2010). So far, Aβ 

immunotherapy trials in humans involving clearance of Aβ from the brain have not improved 

cognition in patients with mild-to-moderate AD (Holmes et al., 2008, Doody et al., 2014, Salloway et 

al., 2014). BACE1, the first enzyme cleaving APP in the production of Aβ, is a major therapeutic target 

for the development of inhibitor drugs, and several promising BACE1 inhibitors have recently entered 

human clinical trials (Yan and Vassar, 2014). 

1.5 Biomarkers for AD 

In the broadest definition, a biomarker is any measurable biologic feature that can be used to 

diagnose or predict a physiologic or pathologic condition.  

 

Biomarkers have many valuable applications in monitoring of health status and detection of disease. 

They can be used for disease diagnosis and prognosis, that is identify patients with disease, or 

indicate the future course of a disease, respectively. Biomarkers can also be used as a tool for staging 

of the disease, monitoring a response to targeted treatment, or providing a basis for the selection of 

candidates for clinical trials (BDWG, 2001). The ideal biomarker for AD should reflect or indicate AD 

pathology and be validated by autopsy-confirmed cases; be measurable as early as possible in the 

course of the disease, ideally at preclinical stages; and it should be precise in terms of sensitivity and 

specificity (>80%) (defined in section 3.4). Additionally, a good biomarker for AD should be non-

invasive, simple to perform, inexpensive, reliable and suitable for large-scale screenings (The 

“A biomarker can be defined as a physiologic, biochemical, or anatomic 

parameter that can be objectively measured as an indicator of normal biologic 

processes, pathologic processes, or responses to a therapeutic intervention.” 

   - Biomarkers Definitions Working Group 2001 
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RNRRIAA & NIA Working group, 1998). A candidate biomarker also needs to be validated by further 

studies, in which the results must be reproduced by other researchers (Humpel, 2011).  

Current laboratory and neuroimaging procedures can identify AD pathology, and can therefore serve 

as in vivo biomarkers of AD. The biomarkers can constitute a biological signature that indicates 

specific pathological features characterizing AD. In other words, biomarkers can function as 

surrogates for pathophysiological lesions in AD. Biomarkers for AD have been described using a range 

of tools, including neuroimaging, genotyping of genetic polymorphisms known to be associated with 

disease risk (e.g. APOE ε4), and quantification of the abundance of specific proteins in cerebrospinal 

fluid (CSF) or in blood. At present, the most widely studied and well-established AD biomarkers are 

the brain imaging measures amyloid positron emission tomography (PET), [18F]-fluorodeoxyglucose 

(FDG)-PET, and structural MRI, in addition to the CSF proteins Aβ42 and tau. Together, these markers 

are considered the five major biomarkers of AD at present (Jack, 2012), and will be further discussed 

in the following sections.  

1.5.1 Neuroimaging biomarkers 

Neuroimaging provides a non-invasive set of methods for obtaining visual information about the 

topography and extent of brain pathology in AD. Two types of imaging biomarkers can be 

distinguished; pathophysiological and topographical markers (Dubois et al., 2010). The first category 

corresponds to specific pathological changes (amyloid plaques, neurofibrillary tangles) characterizing 

AD, and includes amyloid PET. Topographical markers are used to assess the less specific changes, 

measuring neuronal dysfunction and brain atrophy, particularly in regions that are the most 

vulnerable to the pathophysiological process. These include FDG-PET and structural MRI.  

1.5.1.1 Structural MRI: imaging brain atrophy as a biomarker for AD neurodegeneration 

Structural MRI is the most widely used neuroimaging technique to investigate in vivo structural 

changes and neurodegeneration associated with AD. As mentioned in section 1.4.1.3, structural MRI 

can provide measures of cerebral atrophy in AD, reflecting loss of neurons and synapses (Bobinski et 

al., 2000). Atrophy shown on MR images is not specific for AD, and does not reveal the underlying 

pathology. Yet, because distinct regions of the brain are primarily affected, whereas other parts of 

the brain are spared at least at the early stages, the specific patterns of atrophy are consistent with 

AD. As reviewed by Jagust (2006), many studies have shown that MRI measurements of hippocampal 

atrophy can distinguish AD patients from cognitively normal elderly controls with 80-90% accuracy. 

1.5.1.2 FDG-PET: imaging brain glucose uptake as a biomarker for synaptic dysfunction 

FDG is an analog of glucose, with the positron-emitting radioactive isotope fluorine-18 substituted 

for a normal hydroxyl group in the glucose molecule. After injecting this metabolic tracer into a 
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patient, a PET scanner can form images of cerebral glucose metabolism, known to be closely coupled 

to neuronal function. Although cerebral glucose metabolism clearly involves many neural and glial 

functions, FDG-PET measures have been suggested to predominantly indicate synaptic activity 

(Attwell and Laughlin, 2001). Synaptic and neuronal dysfunction lead to a reduced energy demand, 

reflected by reduced glucose metabolism in the affected parts of the brain. FDG-PET studies in AD 

patients show a typical pattern of reduced glucose uptake in the parietal and temporal association 

cortices, particularly in the region of the posterior cingulate cortex, a pattern often distinct from 

normal aging and other dementias (Minoshima et al., 1997, Silverman et al., 2001, Herholz et al., 

2002, Langbaum et al., 2009). More impaired AD patients also show hypometabolism in the frontal 

lobe and prefrontal cortex relative to less impaired patients and healthy elderly individuals (Mosconi, 

2005). Combined imaging and autopsy studies have demonstrated good correlation between ante-

mortem FDG-PET diagnosis of AD and post-mortem confirmation (Hoffman et al., 2000). For 

distinction of AD patients from healthy individuals by FDG-PET measurements, a sensitivity and 

specificity of 93% have been reported (Herholz et al., 2002). 

1.5.1.3 Amyloid PET: imaging fibrillar Aβ as a biomarker for AD plaque deposition 

The radioactive tracer named [11C]-Pittsburgh compound B (PiB) can be used in PET scans to image 

Aβ deposition in vivo. PiB crosses the blood-brain barrier rapidly after intravenous administration, 

and binds with high affinity and high specificity to insoluble, fibrillar Aβ in neuritic plaques (Klunk et 

al., 2004, Ikonomovic et al., 2008). AD patients typically show increased retention of PiB compared 

with normal elderly controls (Klunk et al., 2004, Rowe et al., 2007), illustrated in Figure 1.8. 

 

The retention of PiB in brains of AD patients shows a regional distribution that is very similar to the 

distribution of Aβ deposits observed post-mortem, supporting the validity of PiB-PET imaging as a 

method for in vivo evaluation of Aβ plaque burden (Ikonomovic et al., 2008). In addition to PiB, 

several other PET tracers have been developed and used to image amyloid in AD patients, such as 

[18F]-florbetapir (Clark et al., 2011). The 11C-labeled compounds such as PiB have limitations for use in 

the clinic because of their short half-life. 18F-labeled tracers have a longer half-life, and are therefore 

more suitable for clinical use, and to make amyloid PET imaging more broadly available (Nordberg et 

al., 2010).  

Figure 1.8 Amyloid imaging in AD. High retention of [
11

C]-
Pittsburgh compound B (PiB) recorded in a 79-year-old 
with Alzheimer’s disease (right), while a 67-year-old 
healthy control subject (left) exhibited low retention of the 
radioligand. Standardized uptake values (SUV) are 
expressed in a colour scale, with red indicating high 
retention (Klunk et al., 2004). 
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1.5.2 Core CSF biomarkers for AD 

CSF is a translucent bodily fluid that occupies the subarachnoid space and the ventricular system 

around the brain and spinal cord. Separating the ventricles from the nervous tissue of the brain is a 

single-cell layer epithelium of ependymal cells called the ependyma. By the means of modified tight 

junctions between these cells, the ependyma behaves like a selectively permeable sieve that allows 

fluid exchange between the CSF and nervous tissue of the brain (Del Bigio, 1995). As a result, 

biochemical changes in the brain may be reflected in the CSF, making it a relevant source of AD 

biomarkers. Moreover, CSF can be obtained by lumbar puncture, and though invasive the risk of 

complication is low (Zetterberg et al., 2010). Potential CSF biomarkers for AD have been extensively 

studied. The most consistent findings have been obtained with the measurement of CSF 

concentrations of Aβ42, total tau (T-tau), and phosphorylated tau (P-tau), reflecting core 

pathophysiological features of the disease. AD patients characteristically display significantly low 

concentrations of Aβ42 and high concentrations of T-tau and P-tau in CSF (Blennow, 2004).  

1.5.2.1 T-tau in CSF reflects the degree of neuronal and axonal degeneration 

Enzyme-linked immunosorbent assays (ELISA) have been developed that measure the total levels of 

tau in CSF, independently of phosphorylation (Blennow et al., 1995, Mori et al., 1995). Numerous 

publications have consistently found that the CSF concentration of T-tau is increased approximately 

300% in AD patients compared to levels in cognitively normal elderly subjects (Blennow et al., 2001). 

The increased levels could be due to the release of tau from degenerating neurons and its 

subsequent diffusion into the CSF (Mandelkow and Mandelkow, 1998), as illustrated in Figure 1.9. 

Since tau is a normal axonal protein, the increased levels are thought to reflect the degree of 

neuronal and axonal degeneration (Blennow et al., 1995). This suggestion is supported by several 

findings. First, a marked transient increase in CSF T-tau is found after acute ischemic stroke, which 

causes neuronal damage and death. A positive correlation between CSF T-tau and infarct size has 

also been reported (Hesse et al., 2000). Secondly, the degree of increase in CSF T-tau is higher in 

disorders with more extensive or rapid neuronal degeneration, as is the case in patients with 

Creutzfeldt-Jakob disease (Otto et al., 1997). A moderate to marked increase is found in AD with less 

intense neurodegeneration (Andreasen et al., 1999), while normal levels are found in patients with 

depression, where there is limited or no degeneration (Blennow et al., 1995). 

CSF T-tau has consistently been found to have a high sensitivity and specificity, often 80-90%, for 

distinguishing AD from elderly healthy controls (Blennow et al., 2001). However, CSF T-tau has a 

limited potential to discriminate AD from other dementias, or neurodegenerative disorders in 

general, something that is not surprising given that the biomarker is thought to reflect the degree of 

neuronal damage (Hulstaert et al., 1999). 
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1.5.2.2 P-Tau is thought to reflect tangle pathology 

Several different methods have been developed for measuring levels of tau phosphorylated at 

different amino acids, including ELISA. CSF concentration of P-tau has been found to be increased in 

AD using all of these different methods, with levels around 200% of controls, as summarized in a 

review by Blennow (2004). The most common ELISA assays for P-tau in CSF use antibodies specific for 

either tau phosphorylated at threonine 181 (P-tau181) or threonine 231 (P-tau231) (Kohnken et al., 

2000, Vanmechelen et al., 2000). Whether there are any phosphorylation sites that are specific to AD 

and hence not found in other tauopathies, is not certain. At a specificity level of 91%, the mean 

sensitivity of CSF P-tau to discriminate AD from elderly controls is about 81% (Blennow, 2004). This 

marker is considered to be more specifically associated with AD, given the central role of tau 

hyperphosphorylation in the formation of neurofibrillary tangles. Indirect evidence suggests that the 

CSF level of P-tau probably reflects the phospohorylation state of tau, and thus possibly the 

formation of neurofibrillary tangles in the AD brain (Figure 1.9). Elevated CSF P-tau levels measured 

ante mortem have been shown to correlate with neurofibrillary tangle load post mortem (Buerger et 

al., 2006). Moreover, in contrast to a very marked increase in T-tau after acute stroke and in 

Creutzfeldt-Jakob disease, P-tau levels in these conditions are normal and remain largely unchanged 

(Hesse et al., 2001, Riemenschneider et al., 2003). It therefore seems that P-tau in CSF is not simply a 

marker for neuronal degeneration or damage, but that it specifically reflects the phosphorylation 

state of tau, and thus possibly the formation of neurofibrillary tangles. Potentially, CSF P-tau is 

thereby a more specific biomarker for AD than CSF T-tau, and may be useful in differential 

diagnostics compared to other dementias (Genius et al., 2012). 

  

Figure 1.9 The cerebrospinal fluid biomarkers total tau (T-tau), phosphorylated tau (P-tau) and amyloid-beta 42 
(Aβ42) reflect the core pathologic features of Alzheimers’s disease; axonal, tangle and amyloid pathology, 
respectively. Figure modified from Rosen and Zetterberg (2013). 
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1.5.2.3 CSF Aβ42 reflects amyloid pathology 

A decrease in the concentration of CSF Aβ42 to about 50% of the level in cognitively normal elderly 

subjects has been regularly reported in AD patients (Blennow, 2004). No major change has been 

detected in CSF Aβ40; some studies report unchanged Aβ40 levels, while other have demonstrated 

slightly increased levels in AD patients (Shoji et al., 1998, Mehta et al., 2000). However, a marked 

decrease has been observed in the Aβ42/Aβ40 ratio (Mehta et al., 2000, Hansson et al., 2007). The 

reduction in Aβ42 is thought to reflect the deposition of the peptide in plaques, with lower levels 

diffusing to the CSF. This is supported by the finding of an inverse relationship between in vivo 

amyloid brain load and CSF Aβ42. The greater the amyloid load, the lower the concentration of CSF 

Aβ42 (Fagan et al., 2006). Furthermore, the number of amyloid plaques at brain autopsy has been 

found to inversely correlate with CSF Aβ42 concentrations both post mortem (Strozyk et al., 2003) 

and ante mortem (Tapiola et al., 2009). As summarized by Blennow (2004), the mean sensitivity of 

CSF Aβ42 to discriminate between AD and healthy elderly controls is 86%, at a specificity level of 

89%. Normal CSF Aβ42 is also found in depression, and in some chronic neurological disorders. 

However, a mild to moderate reduction in CSF Aβ42 is found in some patients with other dementias, 

indicating that the biomarker is somewhat unspecific for AD. Nevertheless, the combination of two 

or the three core biomarkers results in increased diagnostic performance compared with any one of 

them alone (Johansson et al., 2011). 

1.6 Staging and progression of pathophysiological changes 

1.6.1 The pathophysiological process starts long before clinical symptoms 

Clinicopathological and biomarker studies have revealed that AD pathology can be detected more 

than a decade before the first symptoms appear, demonstrating that the pathological processes start 

long before the clinical onset of dementia (Price and Morris, 1999, Thal et al., 2002, Bateman et al., 

2012). These findings suggest that dementia is a late stage of the disease process, and that there is a 

long preclinical phase before the presentation of cognitive decline. During this preclinical phase the 

pathological changes gradually accumulate in affected brain areas, and at a certain (currently 

undetermined) threshold the first symptoms appear, most often as impaired episodic memory (Small 

et al., 2000).  

1.6.2 Biomarkers as a framework for in vivo staging of the disease 

Advances in neuroimaging, and CSF biomarkers provide the ability to detect evidence of the AD 

pathophysiological process in vivo. Based on the idea that these processes may be temporally 

ordered, several biomarker-based models illustrating progression from normal ageing to AD have 

been proposed (Jack et al., 2009, Perrin et al., 2009, Jack et al., 2010, Jack et al., 2013). Figure 1.10 
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shows a hypothetical model of changes in CSF biomarkers in relation to the time course of 

pathological and clinical stages. During the asymptomatic, preclinical phase, plaques, and 

subsequently tangles, accumulate and there is a gradual neuronal loss. The accumulation of 

neurofibrillary tangles drives neurodegeneration during and just before the clinical phase. Only when 

substantial neuronal and synaptic loss have taken place do the earliest clinical symptoms become 

apparent. At this stage patients do not fulfil the criteria for dementia and may be diagnosed with 

mild cognitive impairment (MCI), which will be further discussed in section 1.7.2. When dementia is 

diagnosed, neuronal integrity is already severely compromised after years of gradual degeneration. 

 

Figure 1.10 Proposed changes in biomarkers in relation to time course of pathological and clinical stages in 
Alzheimer’s disease (AD). In the preclinical phase, plaques, and subsequently neurofibrillary tangles, accumulate 
for many years before the synaptic and neuronal loss manifest as cognitive decline. The clinical stages of AD are 
associated with abundant amyloid plaques (red line), gradual accumulation of neurofibrillary tangles (blue line), 
and synaptic and neuronal loss in certain brain regions (green line). Figure modified from Fagan and Holtzman 
(2010). 

Jack et al. (2013) propose an expanded model that incorporates the five major AD biomarkers (Figure 

1.11). The model describes the temporal evolution of AD biomarkers in relation to each other and to 

the progression of clinical symptoms. The five biomarkers are suggested to become abnormal in a 

temporally ordered manner. As illustrated in Figure 1.11, biomarkers reflecting Aβ deposition 

(amyloid PET and CSF Aβ42 measures) become abnormal first, before neurodegeneration and clinical 

symptoms occur. Biomarkers of neuronal injury, dysfunction, and neurodegeneration (CSF tau, FDG-

PET and structural MRI) become abnormal later in the disease course, and correlate with clinical 

symptom severity. Jack and co-workers themselves acknowledge that the temporal courses in the 

figure may be modified as new data are available. 
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Figure 1.11 Hypothetical model of dynamic biomarkers of the Alzheimer’s disease pathological cascade. The 
horizontal axis expresses time. Cognitive impairment is illustrated as a zone (light-green-filled area) with low-
risk and high-risk borders (Jack et al., 2013). 

This model takes several aspects into account; (1) the fact that time from disease onset to end, and 

the specific age of disease onset, vary among individuals, and (2) the fact that individuals respond 

differentially to pathological features of AD. As illustrated in Figure 1.11, the cognitive impairment 

curve is shifted to the left in time for people with at high risk of cognitive impairment due to AD 

pathology, meaning that they might carry more genetic risk alleles, have low cognitive reserve, or 

have other simultaneous pathological changes in the brain. On the contrary, low-risk individuals can 

display substantial AD pathology and still maintain cognitive function (Jack et al., 2013). 

1.7 Characterizing the early stages of AD 

1.7.1 Early detection of AD is crucial for early intervention 

The acknowledgment that the pathophysiological process starts long before dementia has important 

implications for the development of AD therapeutic and diagnostic strategies. According to the 1984-

criteria, AD can only be diagnosed clinically if a patient meets the criteria of having dementia. Based 

on preliminary findings from clinical trials that have failed to improve cognition (Holmes et al., 2008, 

Salloway et al., 2014, Doody et al., 2014), concerns have been made that anti-amyloid approaches in 

patients that have progressed to dementia might be “too little too late”, owing to severe neuronal 

and synaptic loss at this stage of disease. Disease-modifying therapies are more likely to be effective 

if initiated during the early stages of AD, before significant neurodegeneration has occurred (Caselli 

and Reiman, 2013). Thus, there is an urgent need for methods to accurately identify individuals 

affected by AD in the pre-dementia stage (prodromal AD), or even in the asymptomatic phase of the 

disease (preclinical AD). 
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1.7.2 MCI as a prodromal condition for AD 

In general, MCI refers to individuals who have some cognitive impairment but of insufficient severity 

to interfere with daily life or independent function, and thus do not meet diagnostic guidelines of 

dementia. As many patients will progress to dementia, MCI can be regarded as a transitional stage 

between normal aging and dementia. However, MCI is a heterogeneous syndrome and may be 

caused by several different disorders in addition to AD and other forms of dementia. People can also 

have a stable form of MCI, and some even return to normal over time. Several different subtypes of 

MCI exist; amnestic MCI (aMCI) and non-amnestic MCI (naMCI) each with single and multidomain 

subclasses. The amnestic subtype, involving a memory impairment, has a particularly high risk of 

progression to AD, and may be considered as the prodromal condition for AD (Petersen, 2004).  

So far, there is no definite method to differentiate who will convert from MCI to AD dementia, but 

studies indicate that biomarkers can serve as tools to determine true prodromal AD cases. CSF 

biomarkers have been demonstrated to predict incipient AD with much higher accuracy than other 

established risk factors including age, sex, education and APOE genotype (Hansson et al., 2006). 

Studies with long clinical follow-up periods have shown that the combination of high CSF levels of T-

tau and P-tau, and low levels of Aβ42, has sensitivity and specificity levels of about 80-90% for 

identifying cases of prodromal AD in individuals with MCI (Hansson et al., 2006, Buchhave et al., 

2012, Hertze et al., 2010). Buchhave et al. (2012) performed an extended follow-up of the cohort 

from the Hansson et al. (2006) study, and showed that approximately 90% of patients with aMCI and 

pathologic CSF biomarker levels at baseline developed AD within 9 to 10 years. Imaging biomarkers 

have also proven to be very useful in the detection of early stages of AD. For instance, studies have 

shown that MRI measurements of hippocampal atrophy and reduced glucose metabolism detected 

by FDG-PET can predict conversion from aMCI to AD with high accuracy (Nordberg et al., 2010, 

Frisoni et al., 2010). 

1.7.3 Preclinical AD is the long asymptomatic stage preceding cognitive impairment  

The preclinical state of AD refers to the long asymptomatic period during which the 

pathophysiological process is progressing, but is not yet severe enough to affect cognition. 

Biomarkers can provide in vivo evidence of early AD. Individuals with biomarker evidence are at 

increased risk for developing cognitive decline and progression to AD dementia, but this does not 

mean that they necessarily will (Sperling et al., 2011). Two preclinical states of AD can be 

distinguished; “asymptomatic at-risk for AD” and “presymptomatic AD”. Asymptomatic at-risk for AD 

refers to individuals with biomarker evidence of AD pathology, whereas presymptomatic AD is 

designated to individuals who will develop AD because they carry familial genetic autosomal 

dominant mutations (Dubois et al., 2010). Based on current knowledge, it is hypothesized that the 
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earliest detectable pathological change is in the form of Aβ accumulation. Some studies have 

investigated whether CSF biomarkers may be useful to predict AD in the preclinical stage. Findings 

showed a significant reduction in CSF Aβ42 (in cognitively normal elderly that later developed 

dementia), but no significant change in CSF T-tau or P-tau (Gustafson et al., 2007, Skoog et al., 2003). 

Another clinical study also found that CSF Aβ42, but not T-tau and P-tau, predict cognitive decline in 

healthy elderly individuals (Stomrud et al., 2007). However, it is possible that Aβ accumulation is 

necessary, but not sufficient, to produce the clinical manifestations of AD (Sperling et al., 2011). In 

contrast to the model by Jack et al. (2013), findings suggest that early synaptic changes may be 

detected by PET even earlier than evidence of amyloid accumulation using currently available 

amyloid markers. FDG-PET measurements in young adults have revealed a pattern of reduced 

cerebral glucose metabolism that is topographically similar to FDG-PET patterns of AD itself but less 

severe, particularly in individuals carrying  APOE ε4 (Reiman et al., 2004). 

The preclinical stage provides a critical opportunity for therapeutic intervention. However, treating 

asymptomatic individuals because they might one day develop AD is challenging in many ways, not 

least of all ethical, and first demands a better understanding of the link between the appearance of 

any specific biomarker in asymptomatic individuals and the subsequent emergence of clinical 

symptoms (Sperling et al., 2011, Caselli and Reiman, 2013). Even though the preclinical phase of AD is 

currently not easily detected, the identification of pathological changes that have already taken place 

prior to the onset of aMCI must have occurred during the preclinical period. Identification of 

parameters that have altered during and prior to the prodromal period is therefore essential for 

future preventive therapy. 

1.8 AD is more than dementia: revising research criteria for AD diagnosis 

and restating the definition of AD 

According to the 1984-criteria, AD cannot be diagnosed clinically before the disease has progressed 

to dementia. This means that the symptoms must be severe enough to significantly interfere with 

daily life, such as work and social activities. For many years, research into AD focused on dementia as 

this was integral to the 1984-criteria. In the past three decades, there has been an exceptional 

growth of scientific knowledge and the understanding of the genetics, pathogenic events and course 

of AD has advanced greatly. The developments have led to the need for updated research criteria. 

Two sets of criteria and guidelines for the diagnosis of AD have been proposed; one set from the 

International Working Group (IWG) published in 2007 (Dubois et al., 2007) and revised in 2010 

(Dubois et al., 2010), and one set published by the National Institute on Aging and the Alzheimer 

Association (NIA-AA) (McKhann et al., 2011).  
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Both sets of new criteria emphasize that the AD pathophysiological process precedes clinical 

dementia by years or decades, and that biomarkers can be used to detect underlying AD pathology. 

With the means of biological biomarkers, the diagnosis can be made on the basis of both clinical and 

in vivo biological evidence, with a very high level of sensitivity and specificity. The criteria constructed 

by Dubois et al. (2007) are based on a clinical core of early and significant episodic memory 

impairment (amnestic syndrome of the hippocampal type), together with the detection of one or 

more abnormal biomarkers, including MRI, PET, and CSF biomarkers. The presence of dementia will 

no longer be required. Important for the new proposed criteria are the fact they are not restricted to 

the dementia syndrome, but also capture the prodromal stage of AD. The revised criteria would 

allow diagnosis when symptoms first appear, thus supporting earlier intervention.  

The new diagnostic framework proposed by Dubois et al. (2007) stimulated debate about the 

definition of AD and related conditions. In 2010, the International Working Group therefore 

published a new lexicon for AD, intended to clarify and restate the definition of AD and related 

states. They proposed to consider AD as a clinical symptomatic entity that encompasses both 

prodromal and dementia phases, where the diagnosis relies on both clinical and biological evidence, 

and the clinical phenotype can be typical or atypical (Table 1.1).  

Table 1.1 Comparative features of the different conditions described in the lexicon according to the new 
research criteria framework (Dubois et al., 2010). 

 
AD 
diagnosis 

Presence of 
impairment on 
specific memory test 

Evidence of 
biomarkers in 
vivo 

Additional requirements 

Prodromal AD Yes Required Required Absence of dementia 

AD dementia Yes Required Required Presence of dementia 

Typical AD Yes Required Required None 

Atypical AD Yes Not required Required Specific clinical presentation 

Mixed AD Yes Required Required Evidence of comorbid disorders 

Preclinical AD 

   Asymptomatic at risk for AD 
 
   Presymptomatic AD 
 

No 
 
No 

Not present 
 
Not present 

Required 
 
Not required 

 
 
Absence of symptoms of AD 
 
Absence of symptoms of AD and 
presence of monogenic AD 
mutation 

 

Typical AD represents individuals with the classic clinical phenotype of AD characterized by an early 

episodic memory loss, and who also have one or more positive biomarkers of AD pathology (Dubois 

et al., 2010). There are also less common, but well defined clinical phenotypic variant presentations 

of AD that do not follow the typical pattern, but still occur with AD pathology. These patients present 

with symptoms such as disturbances of language, spatial skills, vision and visual perception (Alladi et 
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al., 2007), and are therefore characterized as having an atypical form of AD. Moreover, some AD 

patients may exhibit a “frontal” behavioural picture which can be mistaken for frontotemporal 

dementia. These atypical presentations, where amnesia is not the prominent symptom, are 

frequently referred to as “focal” presentations of AD (Alladi et al., 2007, Snowden et al., 2007). 

Studies have suggested that 10-25% of patients will not follow the classic AD pattern of cognitive 

deficits (Lopez et al., 2000, Snowden et al., 2007). The International Working group also introduced 

the designation mixed AD, referring to patients who fulfil the diagnostic criteria for typical AD, but 

additionally present with clinical or biological evidence of other comorbid disorders (Dubois et al., 

2010). 

Because there are some substantial differences between the two proposed sets of research criteria 

published by the IWG and NIA-AA, efforts to harmonize the diagnostic criteria for AD have recently 

been made by a group in which both the IWG and NIA-AA were represented (Morris et al., 2014). 

New diagnostic criteria will in time replace the current criteria from 1984. The group recommended 

defining AD as a brain disorder regardless of clinical status, and to refer to the clinically expressed 

disorder, including its prodromal stages, as symptomatic AD. It was also suggested to allow non-

amnestic, atypical presentations to be included as symptomatic AD, especially when supportive 

biomarker evidence exists. Lastly, the group recommended that the use of biomarkers in diagnosis 

should be considered after standardization of CSF and imaging biomarkers has been accomplished. 

1.9 Biomarker discovery is a rapidly advancing area of AD research 

In light of the suggested revisions to the diagnostic criteria for AD, biomarkers will become 

increasingly important in research, clinical trials, and clinical practice. Efforts to discover novel 

biomarkers that may aid in the early diagnosis of AD are ongoing. Among many promising candidate 

markers, none has so far fully met the criteria for an ideal AD biomarker. 

1.9.1 CSF and neuroimaging biomarkers are most well-established, but there are 

limitations for clinical screening 

Established biomarkers of AD from CSF (Aβ42, T-tau and P-tau) and neuroimaging (amyloid PET, FDG-

PET, and structural MRI) meet several of the criteria for ideal AD biomarkers. Not only do they reflect 

key pathological changes characteristic of AD, but also compare well with results from studies 

performed on patients in which the diagnosis of dementia was confirmed at autopsy (Clark et al., 

2003, Koopman et al., 2009, Shaw et al., 2009). They provide high diagnostic accuracy both for AD 

with dementia and to predict prodromal AD, and have been incorporated (once they are validated) 

into the suggested revision of the diagnostic guidelines for AD. Combining different biomarker 

modalities, such as imaging techniques and CSF analysis, provides even more accurate early and 
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differential diagnosis (Walhovd et al., 2010), and new biomarkers may support their diagnostic 

performance.  

Even though the established CSF and neuroimaging biomarkers show the most promise, barriers for 

clinical applications exist. There has been a lack of standardization in the field of biomarkers, 

including methods for standardized extraction of quantitative information from images (Jack, 2012), 

and the application of standardized “cut-off” values for fluid-based biomarkers. As reviewed by 

Blennow et al. (2010), CSF biomarker levels between laboratories and studies vary, which could be 

due to variations in analytical procedures and/or batch-to-batch variation in the biomarker assays. 

Different assays often correlate but give different absolute concentrations of the protein, preventing 

the use of global reference limits and diagnostic cut-off values. Effort to establish standardized CSF 

biomarker measurements is ongoing (Carrillo et al., 2013). Furthermore, CSF measurements are 

time-consuming, and thereby expensive to perform. In addition, lumbar puncture is an invasive 

practice and impractical for screening populations at increased risk. Neuroimaging is also expensive 

to perform routinely, and there is a limited availability of PET scanners in many clinical settings. Thus, 

CSF and brain imaging biomarkers have limitations concerning application for large-scale screening. 

(Hampel et al., 2008, Henriksen et al., 2013). The remaining need for a reliable, minimally-invasive 

and inexpensive biomarker makes the possibility of finding biomarkers for AD in more easily-

available fluids tempting. 

1.9.2 Blood-based biomarkers are attractive 

Because blood collection is simple and inexpensive, some researchers have suggested that blood-

based biomarkers should be the first step in a multistage screening and diagnostic process for AD, to 

be followed by neuroimaging of the brain or CSF protein assessments (Schneider et al., 2009, 

Henriksen et al., 2013). The measurement of biomarkers for AD in blood is complicated by the 

presence of the blood-brain barrier, which limits the transportation of proteins between the brain 

and the blood. The small amounts of brain proteins that may enter the blood are diluted in the large 

plasma volume, and are exposed to degradation by proteases and clearance in the liver or kidneys. 

Thus, the obstacles to the identification of blood-based biomarkers for AD are many, and so far, no 

blood-based biomarkers have been validated (Henriksen et al., 2013).  

1.9.3 Biomarker candidates in CSF and blood 

Several candidate CSF and blood biomarkers have been investigated, but so far findings have often 

been difficult to verify in independent studies (Blennow et al., 2012). As reviewed by Blennow et al. 

(2010), plasma Aβ has been the most extensively studied peripheral biomarker for AD, but the 

findings are inconsistent. The variation in results might be due to the hydrophobic nature of Aβ, 
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increasing its binding to several plasma proteins (Kuo et al., 1999). Besides, Aβ is produced in the 

periphery by blood platelets (Chen et al., 1995), and there seems to be no correlation between 

plasma levels of Aβ40 or Aβ42 and CSF levels (Mehta et al., 2001). Some recent studies have found 

panels of multiple plasma biomarkers that successfully differentiated between AD patients and 

controls (Ray et al., 2007, Doecke et al., 2012) or were associated with MCI or AD (Hu et al., 2012). 

Although promising, some of these findings have been difficult to reproduce across studies 

(Bjorkqvist et al., 2012).  

Because oligomeric forms of Aβ are suggested to be critical in the pathological cascade, there is 

ongoing work to develop CSF and plasma assays for Aβ oligomers. Attempts to measure oligomers in 

CSF have successfully been made with several methods, but with inconsistent results 

(Georganopoulou et al., 2005, Klyubin et al., 2008, Fukumoto et al., 2010). CSF level of Aβ oligomers 

have been demonstrated to be very low and thereby very difficult to quantify in a reliable manner. 

Also, in the wide range in size from dimers to protofibrils, it is important to determine which 

oligomers are pathologically relevant, and studies therefore need to be specific when addressing 

what species have been measured to make comparison of data between different research groups 

possible (Benilova et al., 2012). It has been suggested that the 43 amino acid Aβ species, Aβ43, is in 

addition to Aβ42, a pivotal species in the early pathogenesis of AD (Zou et al., 2013), and might 

therefore serve as an additional candidate CSF biomarker. Another potential CSF biomarker for AD is 

the cytoskeletal protein neurofilament-light (NF-L), further discussed in section 1.10.4. 

APOE ε4 is the only firmly established genetic susceptibility marker for sporadic AD, but because it is 

neither sufficient nor necessary to develop AD, it has no diagnostic value as a biomarker. However, 

because APOE ε4 can affect the activity or level of expression of other biomarkers, it is included as a 

co-variable in many biomarker studies (Hampel et al., 2008). Results also indicate that peripheral 

blood levels of ApoE may reflect disease status, suggesting plasma or serum ApoE as a potential 

biomarker for AD (Wang et al., 2014). Another apolipoprotein that has been linked to the 

pathogenesis of AD, and proposed as a candidate biomarker, is apolipoprotein J (ApoJ), also called 

clusterin (Bhamra and Ashton, 2012). The list of potential candidates for genetic risk factors for AD 

besides APOE ε4 is long, and one of those suggested is the gene for angiotensin-converting enzyme 

(ACE). A potential relationship between ACE and AD was first suggested by a study reporting that an 

insertion(I)/deletion(D) polymorphism within intron 16 of the ACE gene was associated with AD 

(Kehoe et al., 1999). ApoE, clusterin, ACE, and NF-L levels in CSF and blood will be discussed in the 

following section. 
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1.10 CSF and serum or plasma levels of proteins implicated in the 

pathophysiology of AD 

1.10.1 Apolipoprotein E and levels in blood 

Various organs express ApoE, though the highest expression is found in the liver, followed by the 

brain where it is mostly synthesized by astrocytes (Mahley, 1988). ApoE exists mainly as a 

component of particles called lipoproteins, into which a variety of lipids can be packed for 

transportation in the blood or CSF (Roheim et al., 1979), as illustrated in Figure 1.12. ApoE is one of 

several different classes of apolipoproteins providing lipoprotein particles with stability, and directing 

their transport, delivery, and distribution from one tissue to another. ApoE serves as a ligand for low 

density lipoprotein receptors initiating endocytosis of lipoprotein particles (Mahley, 1988). Brain 

ApoE is believed to play a role in the redistribution of lipid and cholesterol during membrane repair 

and synaptic plasticity (Mauch et al., 2001). 

 

Figure 1.12 Apolipoproteins and phospholipids together form particles called lipoproteins. Lipoprotein particles 
function to package insoluble lipids for transportation in the blood or cerebrospinal fluid. Figure from: 
https://www.mabtech.com/knowledge-center/applied-research/apolipoproteins. 

The strong effect of APOE alleles on the risk of developing AD has led many to investigate if ApoE 

protein levels are altered in AD. As summarized in a review by Kim et al. (2009), studies of CSF ApoE 

levels in humans remain inconsistent. The majority of studies reported on plasma or serum ApoE 

levels in AD patients have demonstrated lower levels than healthy controls, supported by a recent 

meta-analysis (Wang et al., 2014). When APOE genotype has been taken into consideration, studies 

have shown that APOE ε4 carriers were found to be associated with lower plasma ApoE levels 

whereas ε2 carriers were associated with higher levels (Soares et al., 2012, Gupta et al., 2011). It has 

also been demonstrated that APOE ε4 carriers have lower CSF Aβ42 and show more PiB binding on 

PET than do non-ε4 carriers (Prince et al., 2004, Head et al., 2012).  
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1.10.2 Clusterin and levels in CSF and blood 

Clusterin is a ubiquitous glycoprotein that interacts with a wide variety of molecules and has multiple 

functions. Like ApoE, clusterin is present in lipoprotein particles and regulates cholesterol and lipid 

metabolism. The suggested main function of clusterin is to act as a chaperone molecule, primarily in 

the extracellular space but also in cytoplasmic and nuclear compartments during cellular stress (Wu 

et al., 2012). Important functions of chaperones are to stabilize stressed protein structures, and 

prevent both newly synthesized polypeptide chains and assembled subunits from aggregating into 

non-functional structures. As reviewed by Nuutinen et al. (2009), the expression of clusterin is up-

regulated by a wide variety of stress and cellular injuries as well as cellular growth and 

differentiation. Increased expression of clusterin has repeatedly been observed in the brains of AD 

patients, and extensive literature has linked clusterin to the pathogenesis of AD (Figure 1.13). 

 

Figure 1.13 The major functions of clusterin in Alzheimer’s disease. BBB=blood-brain barrier, CAA=cerebral 
amyloid angiopathy, CSF=cerebrospinal fluid. Figure from Nuutinen et al. (2009). 

As reviewed by Nuutinen et al. (2009), clusterin has, like ApoE, been demonstrated to be co-

deposited in amyloid plaques in the brain of AD patients. Studies have reported that clusterin can 

bind Aβ peptides and prevent their aggregation and fibril formation. Clusterin also enhances 

clearance of Aβ peptides, either by facilitating their transport across the blood-brain barrier or via 

local endocytosis and degradation within glial cells. Furthermore, clusterin is a complement inhibitor 

and can suppress the complement activation observed in AD. Activation of the complement system 

plays a key role in the normal inflammatory response to injury, but may cause substantial damage 

when activated inappropriately. In addition, intracellular clusterin can bind to proteins to inhibit 

neuronal apoptosis and reduce oxidative stress. In light of these findings, clusterin has been 

hypothesized to play a protective role in AD and neuroinflammation, but it is apparently unable to 

prevent the progressive neuropathology in AD (Nuutinen et al., 2009).  
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Studies have shown increased clusterin protein levels in affected areas of the AD brain (Oda et al., 

1994, Bertrand et al., 1995, Lidstrom et al., 1998). Reports on levels of clusterin in CSF, however, 

have been inconclusive (Harr et al., 1996, Lidstrom et al., 2001, Nilselid et al., 2006).  Plasma clusterin 

has been found to be both elevated (Schrijvers et al., 2011) and unchanged (Liao et al., 2007) in AD. 

1.10.3 Angiotensin-converting enzyme polymorphism and levels in CSF and blood 

ACE is a proteolytic peptidase normally expressed by endothelial, epithelial and neuronal cells. As 

reviewed by Coates (2003), ACE plays a key role in the renin-angiotensin system which controls blood 

pressure by regulating the volume of fluids in the body. By catalyzing the formation of the potent 

vasoconstrictor angiotensin II from its vasoinactive precursor angiotensin I, and degrading the 

vasodilator bradykinin, ACE causes blood vessels to constrict and thereby increase blood pressure 

(Coates, 2003). This activity can be blocked by ACE-inhibitors, which have thereby become one of the 

standard treatments for hypertension. The most well-documented polymorphism in the ACE gene 

involves the presence (insertion, I) or absence (deletion, D) of a sequence of DNA in intron 16 (Rigat 

et al., 1990), forming three possible genotypes: II, ID or DD. The researchers that first reported the 

polymorphism, also found that it contributed to the variability in circulating ACE levels. Serum ACE 

levels in DD carriers were approximately twice as high compared to the observed levels in II carriers, 

while subjects with genotype ID had intermediate levels (Rigat et al., 1990). 

ACE has been implicated in AD, but the enzyme’s role in AD pathophysiology remains controversial. 

The level and activity of ACE within the cerebral cortex tissue are generally found to be elevated in 

AD (Barnes et al., 1991, Miners et al., 2008). Findings concerning levels and activity of ACE in CSF are 

inconsistent (He et al., 2006, Nielsen et al., 2007, Miners et al., 2009). As suggested by Miners et al. 

(2010), increased activity and level of ACE in the cerebral cortex would be expected to increase 

production of angiotensin II, which could intensify cognitive dysfunction in AD because of its 

proinflammatory, anticholinergic and vasopressor effects. This indication is supported by studies 

showing that ACE-inhibitors and angiotensin receptor blockers, which inhibit binding of angiotensin II 

to its specific receptors, were associated with reductions in the incidence and rate of cognitive 

decline in MCI and AD (Hajjar et al., 2008, Rozzini et al., 2008, Li et al., 2010, O'Caoimh et al., 2014). 

Results are however, inconsistent. Some researchers reported that ACE-inhibitors, but not 

angiotensin II receptor blockers, were associated with an increased risk of mortality in patients with 

AD (Kehoe et al., 2013).  

Furthermore, ACE has been shown to mediate cleavage of Aβ in vitro (Hu et al., 2001, Hemming and 

Selkoe, 2005, Oba et al., 2005). It has been demonstrated that ACE promoted degradation of both 

Aβ40 and Aβ42 in a cell model, and the reaction was reduced by the presence of an ACE-inhibitor 
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(Hemming and Selkoe, 2005). These findings are supported by mouse and human brain homogenates 

in which ACE was found to convert Aβ42 to the less aggregation-prone Aβ40 (Zou et al., 2007). These 

results suggest that ACE could have a role in AD via direct proteolysis of the Aβ peptide, modulating 

Aβ levels within the brain. Thus, it seems possible that patients taking ACE-inhibitors to treat 

hypertension could have a higher risk for increased Aβ deposition in the brain. In fact, ACE-inhibitors 

have been demonstrated to enhance brain Aβ deposition in an animal model (Zou et al., 2007). 

A number of studies have investigated the association between ACE I/D polymorphism and AD. The 

study by Kehoe et al. (1999) first reported a positive association between the presence of the I-allele 

and AD, indicating an increased risk of AD. However, subsequent research results slightly vary or are 

even completely contradictory to the previous results, such as a large meta-analysis from 2005 

(Lehmann et al., 2005), concluding that the D-allele gave a small reduced risk for AD. Zhang et al. 

(2012) investigated the relationship between ACE I/D polymorphism and serum ACE activity, and 

found that serum ACE level significantly differed among the three genotypes (DD > DI > II) in both 

patients with aMCI and healthy controls. 

1.10.4 Neurofilament-light and levels in CSF 

NF-L is one of the three subunits forming neurofilaments, neuron-specific intermediate filaments 

that together with microtubules and microfilaments constitute the main components of the neuronal 

cytoskeletal system. Neurofilaments provide mechanical strength, and help maintain neuronal shape 

and rigidity. Highly expressed in axons, a major function of neurofilaments is to maintain axonal 

calibre (Hoffman et al., 1987). In a similar fashion as described for the microtubule-associated tau 

protein, neuronal damage releases neurofilament proteins into the interstitial fluid from where they 

diffuse into, and can be detected in, the CSF (Van Geel et al., 2005). The concentration of NF-L in CSF 

may therefore reflect the degree of axonal degeneration and be a convenient marker of neuronal 

damage.  

Since neurofilaments are particularly abundant in large calibre, myelinated axons (Friede and 

Samorajski, 1970), it is suggested that elevated CSF levels of NF-L probably reflect subcortical axonal 

injury and degeneration of white matter (Rosengren et al., 1996, Rosengren et al., 1999). Supportive 

of this is the fact that elevated levels of CSF NF-L have been demonstrated in patients with the 

demyelinating disease multiple sclerosis (Lycke et al., 1998), and CSF NF-L has been shown to 

correlate with increasing degrees of white matter changes in the brain (Sjogren et al., 2001). Elevated 

levels of CSF NF-L have also been found in patients with neurodegenerative disorders, including 

amyotrophic lateral sclerosis (Rosengren et al., 1996), frontotemporal dementia and AD (Sjogren et 

al., 2000, Norgren et al., 2003). In a meta-analysis from 2007 (Petzold et al., 2007), Petzold and 
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colleagues reviewed seven studies that compared 172 subjects with mild to severe AD dementia and 

166 healthy age-matched controls, and found that overall CSF NF-L values were higher for AD 

subjects than controls. 

As mentioned, CSF NF-L is suggested to be primarily a marker of subcortical axonal degeneration. AD 

is more commonly associated with cortical degeneration, but subcortical pathology has been 

reported to be present at a very early stage in the course of AD (Geula et al., 2008). CSF NF-L might 

therefore add to the diagnostic performance of the core CSF biomarkers in early stages of AD. 
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2 Aims and hypotheses of the study 

2.1 Aims 

There is an urgent need for biomarkers that can accurately detect AD in its earliest stages, preferably 

before symptoms appear. ApoE, ACE, clusterin and NF-L are proteins that in different ways have 

been implicated in AD pathology through an association with Aβ and tau, the main components of 

amyloid plaques and neurofibrillary tangles, respectively. This study was designed to assess: 

 whether levels of these proteins altered significantly in early AD compared to levels in elderly 

control individuals healthy for their age, 

 whether additional information could be obtained from comparisons with ACE and APOE 

polymorphisms, 

 and consider their potential diagnostic value as early-stage biomarkers for AD compared to 

Aβ and tau protein. 

2.2 Hypotheses 

 If core biomarkers in CSF showed patterns typical for AD and healthy controls, other results 

could be considered more reliable even though this is a small pilot study.  

 The kind of difference that a good biomarker will show between patients and controls means 

that high p-values, even in a small study, will indicate the substance under study to be a poor 

candidate biomarker. 

 Even results that do not suggest suitability as a biomarker are useful to extend the 

characterization of the Trønderbrain material and contribute to the quality of the study. 
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3 Materials and methods  

3.1 Subjects included in the study  

3.1.1 Patients and controls from the SAMBA sub-study 

The patients and controls included in the present study were participants of the SAMBA study, a 

longitudinal study begun in 2009 as a part of the TrønderBrain project (Genetic and metabolic studies 

of dementia) which has been in progress since 2003. The purpose of the SAMBA project is to develop 

AD biomarkers in CSF and/or blood. Patients diagnosed with amnestic mild cognitive impairment 

(aMCI) or probable AD, were recruited to the study, and samples taken every six months over a two-

year period. The diagnosis of aMCI was made in accordance with criteria given by Winblad et al. 

(2004) and the diagnosis of probable AD according to the NINCDS-ADRDA criteria (McKhann et al., 

1984). All participants were diagnosed by the same neurologist. Both patients and controls were 

ethnic Norwegians between 50-85 years of age. At each visit, patients underwent clinical 

examination, blood and CSF sampling, and a number of neuropsychological tests, of which only the 

mini mental state examination (MMSE) is considered in the present work. The MMSE is a simple test 

to roughly assess a number of different cognitive abilities, including a person’s memory, attention 

and language (Folstein et al., 1975). The MMSE consists of a series of questions and tasks, each of 

which scores points if answered correctly. If every answer is correct, a maximum score of 30 points is 

possible (see Appendix 1). AD patients included in the present study did not have MMSE-scores 

below 20 (with one exception), because of the desire to study the early phases of the disease.  

Age- and gender-matched healthy volunteers without first-degree relatives with dementia were 

assigned as control individuals. Like the patients, healthy controls underwent neurological 

examination including MMSE, but they provided blood and CSF samples only once, at baseline. Both 

patients and controls underwent MRI at inclusion and at the end of the two year follow-up period. In 

the present study, the clinical material consisted of a total of 40 individuals; 20 patients and 20 

control individuals (Table 3.1). 

Table 3.1 Subjects included in the present study. 

 

 

20 patients with early AD

20 healthy control individuals 
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Twelve of the patients had a diagnosis of probable AD at inclusion, whereas eight were initially 

diagnosed with aMCI. During the two year follow up-period, the eight aMCI patients all progressed to 

AD dementia. Therefore, the total 20 patients are designated as having “early AD”. 

3.1.2 Sampling of CSF and blood 

CSF samples were provided by lumbar puncture, and collected directly into Corning Cryovials made 

of polypropylene. Polypropylene is a type of plastic that reduces adhesion of hydrophobic proteins to 

the walls of the tube. CSF collection was usually performed early in the morning. While being sent for 

storage, the CSF samples were kept on ice. The tubes were frozen within 30 minutes of lumbar 

puncture, and stored at -80°C until analysis. 

Parallel blood samples were collected in tubes treated with the anticoagulant agent ethylene-

diaminetetraacetic acid (EDTA) that prevents blood clotting. Some of the EDTA-blood was stored as 

whole blood for DNA isolation, and the rest was centrifuged (1500 g at room temperature for 10 

minutes) and stored as plasma.  In addition to the EDTA-tubes, blood was collected in gel glass tubes 

where blood is allowed to clot and then centrifuged (1500 g at room temperature for 10 minutes) to 

obtain serum. During centrifugation, the gel material incorporated in the tube forms an impermeable 

barrier between the serum and clot. Blood samples were kept at room temperature while being 

prepared, and subsequently stored at -80°C until analysis. 

3.2. Ethical considerations 

Written, informed consent was obtained from all patients and control individuals. The research 

project and biobank have been approved by the Regional Committee for Medical Research Ethics in 

central Norway. 

3.3 Analysis of CSF and blood 

3.3.1 Measuring levels of proteins in CSF, plasma and serum by ELISA 

Levels of the proteins studied in this project in CSF, serum and plasma from patients and controls 

were determined using a technique called sandwich ELISA. Sandwich ELISA, one of several different 

types of ELISA, is a biochemical method that uses antibodies and colour change to detect and 

quantify a specific protein in a sample. The ELISA technique is widely used, including for the analysis 

of biomarkers for AD in CSF and blood (Blennow et al., 2010).  

The analyses were performed using commercially-available ELISA kits. Table 3.2 lists the different 

proteins, the type of fluid they were analysed in, and the manufacturers of the ELISA kits. For the 

analyses in blood, plasma or serum was used dependent of the kit requirements. 
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Table 3.2 Eight different proteins in CSF and/or serum or plasma from patients and controls were determined 
using commercially-available ELISA kits. Some of the assays required dilution of the samples prior to analysis. 

Protein Fluid analysed  Manufacturer Note/ dilution prior to assay onset 

Aβ42 CSF 
Plasma 

Innogenetics®  

Aβ40 CSF 
Plasma 

IBL® CSF diluted 1:500 
Plasma diluted 1:50 

T-tau CSF Innogenetics® Measures all tau isoforms irrespective 
of phosphorylation status 

P-tau181 CSF Innogenetics® Measures tau phosphorylated at 
threonine 181 

ApoE Serum Abcam® Serum diluted 1:400 

ACE CSF  
Serum 

R&D Systems® Serum diluted 1:10 

Clusterin CSF 
Plasma 

BioVendor Research 
and Diagnostic Products 

CSF diluted 1:100 
Plasma diluted 1:3000 

NF-L CSF UmanDiagnostics NF-
light® 

CSF diluted 1:2 

Prior to running of the assays, all samples were put in ice-water to thaw gently over time. As listed in 

Table 3.2, some samples required dilution before analysis. The assays were performed according to 

the manufacturers’ instructions. Each ELISA kit had a slightly different procedure (see Appendices 2A-

H for further details), but the general principle was the same, illustrated in Figure 3.1.  

 

Figure 3.1 Sandwich ELISA assays use antibodies and colour change to detect and quantify a specific protein in a 
sample. The cartoon illustrates the general principle behind the method, step by step. Although not illustrated 
here, between each step the wells are washed to remove unbound material. Figure modified from 
http://www.epitomics.com/products/products/c-Jun-antibody-6111-1.html#. 
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The assays were performed in 96-well microtiter plates, in which the bottom of each well was coated 

with monoclonal antibodies specific for the protein to be measured. Samples were incubated in the 

wells allowing the target protein to bind to the antibodies, after which unbound sample material was 

washed away. To detect the bound antibodies, a secondary antibody was then added, which binds to 

a different epitope on the immobilized target protein. After an incubation period the wells are again 

washed to remove unbound material. The target protein is now “sandwiched” between two 

antibodies, hence the name of the assay. The secondary antibody was labelled with biotin, which 

provides an attachment point for the horseradish peroxidase (HRP)-streptavidin conjugate, which is 

added after another washing. HRP is an enzyme that can metabolize colourless substrates into 

coloured products. After the last washing step, the final addition of substrate gave an enzyme-

catalysed colour development proportional to the amount of target protein in the sample. After a set 

time, the enzyme reaction was stopped by adding a stop solution, and absorbance of the resulting 

product was measured spectrophotometrically at a specific wavelength (Figure 3.2).  

   

Figure 3.2 The colour of the product changes from blue to yellow when stop solution is added to the 96-well 
microtiter plate. The picture to the right shows the spectrophotometric plate reader used to measure the 
absorbance of the yellow product.  

The absorbance is proportional to the concentration of the target protein, and therefore a measure 

for the amount of protein in the sample. A standard curve was constructed for each analyte on every 

plate by plotting absorbance values against concentrations of standards, and the concentration of 

unknown samples was automatically calculated using this standard curve. The dilutions performed 

prior to running of the assays yielded concentrations that fitted well into the standard curve.  

To reduce analytic variance between samples from controls and patients, both were included on 

each ELISA plate. All samples, standards and blanks were run in duplicate. An example of a plate 

chart can be seen in Appendix 3. The analyses were carried out blinded to the diagnosis of 

individuals. 
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3.3.2 Isolation of DNA from whole blood 

DNA isolation from whole blood was performed using the QIAamp DNA Blood Mini Kit (cat.no 

16 107-50) from QIAGEN®, together with the spin protocol provided in the QIAamp® DNA Mini and 

Blood Mini Handbook (2010). The spin procedure is illustrated in Figure 3.3. 

 

Figure 3.3 QIAamp Spin Procedure for DNA isolation. Figure modified from QIAamp DNA Mini and Blood Mini 
Handbook 2010, p. 13: http://www.scribd.com/doc/56625169/QIAamp-DNA-Mini-and-Blood-Mini-Handbook. 

In short, extraction of DNA from whole blood involves digestion of proteins in the blood by a 

protease, cell lysis to expose the DNA, precipitation of DNA using ethanol, binding of the DNA to a 

membrane, washing for removal of residual contaminants, and finally the purified DNA is eluted in 

water. In between many of these steps are rounds of centrifugation using different centrifuge 

programs (Figure 3.3). 

The DNA isolation was performed according to the procedure presented in Appendix 4. In step 1, it 

was optional to use either QIAGEN protease or protein kinase K, and the latter was chosen. Step 10 

in the protocol was an optional, extra centrifugation, and was included in order to eliminate the 

possibility of carry-over from wash buffer “AW2”. In step 11, distilled water was added for the 

elution of the DNA, and not the optional “Buffer AE”. The purified DNA was transferred to 2 mL 

Corning Cryovials, and stored at -80°C. 

3.3.3 ACE genotyping with the LightCycler® Real-time polymerase chain reaction 

system 

3.3.3.1 The theoretical principle behind the method 

Real-time polymerase chain reaction (PCR), also called quantitative PCR, is a gene analysis technique 

used for a broad range of applications, including genotyping. Whereas traditional PCR requires post-

PCR processing using agarose gel electrophoresis for separation and analysis of PCR products, real-

time PCR measures DNA amplification as it occurs by quantifying reaction products for each sample 

in every cycle. To manage this, real-time PCR systems rely upon the detection and quantification of a 
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fluorescent reporter, whose signal increases in direct proportion to the amount of PCR product in a 

reaction (Reece, 2004). SYBR® Green I is a commonly used fluorescent DNA-specific dye that binds to 

all double-stranded DNA (Wittwer et al., 1997). As the SYBR Green dye binds to double-stranded 

amplicons, it undergoes a conformational change and emits fluorescence at a greater intensity. Thus, 

as a PCR product accumulates, the fluorescence increases. Figure 3.4 illustrates the general principal 

behind SYBR Green I-based real-time PCR. 

 

Figure 3.4 The cartoon illustrates how SYBR® Green I can be used in real-time PCR for template DNA 
quantification. The figure has been made on the basis of the SYBR Green I-based qPCR technical animation by 
Sigma-Aldrich®: http://www.sigmaaldrich.com/life-science/molecular-biology/pcr/quantitative-pcr/sybr-green-
based-qpcr.html. 

When monitoring the real-time PCR reaction continuously, the reaction progress can be plotted, 

illustrated in Figure 3.5. During heating to the denaturation temperature, fluorescence drops to zero 

as the double-stranded PCR products separate. Fluorescence increases during cooling as PCR 

products and primers anneal and extend, synthesizing more double-stranded DNA. 
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Figure 3.5 To the left, a temperature versus time plot displaying the temperatures of the characteristic three 
steps of each PCR cycle: denaturation (~94°C), annealing (~60°C) and extension (~72°C). To the right, 
fluorescence versus time is plotted, showing fluorescence accumulating over time. Plots obtained from the 
Wittwer Lab for DNA Analysis: https://dna.utah.edu/LightCycler/Top_LightCycler.html.  

The LightCycler instrument performs rapid PCR with real-time detection and/or quantification of 

target DNA, as well as post-PCR analysis of the amplified DNA by melting curve analysis. The system 

allows a wide range of detection formats such as the DNA binding dye SYBR Green I, or fluorescently 

labelled hybridization probes. The instrument consists of a thermal cycler to drive DNA amplification, 

a photometer for excitation of the fluorescent dyes in the samples, detection of the emitted 

fluorescent light, and specialized software to collect and analyse the quantitative data generated. 

The PCR reaction is performed in glass capillaries, which give a high surface-to-volume ratio. The 

result is that a PCR cycle is finished in less than 30 seconds, and a complete run can be done in 

approximately 45 minutes (Roche, 2005). 

The temperature at which double-stranded DNA melts (separates) when heated, varies greatly 

depending on a number of factors such as the sequence, length of the fragment, and GC content. The 

melting temperature (Tm) is defined as the point at which half the DNA is denatured, meaning that 

half of the dye is released. Because all double-stranded DNA fragments have a specific melting 

temperature (Tm), melting profiles can be used to identify and genotype DNA products (Roche, 2005). 

This is a lot faster and more precise than characterizing a PCR product by size on an agarose gel.  

The melting point analysis is performed after the last PCR cycle, when the amplification of the target 

DNA is complete. The LightCycler instrument steadily increases the sample temperature while 

monitoring its fluorescence.  During heating, sample fluorescence decreases as the double-stranded 

DNA separates and SYBR Green I molecules are released. Final results are visualized as a melting 

curve chart with one melting curve for each sample, displaying sample fluorescence versus 

temperature. The chart shows the downward curve in fluorescence for the samples as the double-

stranded PCR-products separate. The melting curves are automatically converted into melting peaks 

by plotting the negative derivative of fluorescence versus temperature. Each peak represents the 

https://dna.utah.edu/LightCycler/Top_LightCycler.html
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melting temperature (Tm) of the individual samples. The following figure illustrates a melting curve 

chart with a melting peak chart below, from a melting temperature analysis. 

 

Figure 3.6. Final results from a melting temperature analysis performed by a LightCycler
®
 Real-time PCR 

instrument.  The top chart displays melting curves for each sample, and the bottom chart displays peaks 
representing the individual samples melting temperature (Tm). 

After DNA amplification, a heterozygous sample contains two different DNA sequences, each with a 

different size, which therefore melt at different temperatures. Heterozygous samples are thus 

indicated by a two-peak curve in the melting peak chart, whereas homozygous samples display only 

one peak. 

In a LightCycler run, a negative control is always run with the samples, in which template DNA is 

replaced with pure water. If the negative control is positive, the system is contaminated. Positive 

controls with known genotypes can also be included. The melting points of the unknown samples can 

then be compared with the controls, and the presence of the sequence of interest can be confirmed 

or disproved. 

3.3.3.2 Specifics for the present study 

Preparation of a LightCycler run 

The experimental protocol for the LightCycler® 2.0 Instrument was used and the samples were run 

with Software 3.5. The programming of the LightCycler and the development of the experimental 

protocol for ACE genotyping had been developed in advance of the present study (Tronvik et al., 

2008). The LightCycler carousel has a capacity for 32 samples. A negative control and two positive 



 

 
 

41 3 Materials and methods 

controls (control ACE genotype I/D and control I/I) were included. Thus, a maximum of 29 unknown 

samples were analysed in each run. 

DNA samples were thawed at room temperature, and reagents were thawed in a precooled cooling 

block. 32 disposable glass capillary tubes were placed in centrifuge adapters in the cooling block. The 

PCR reaction mix was then prepared using the Roche LightCycler® FastStart DNA Master SYBR Green I 

kit (cat.no. 3 003 230). The kit was designed specifically for real-time PCR assays using the SYBR® 

Green I detection format on the LightCycler® Carousel-Based System. The kit contained all the 

reagents needed for real-time PCR (Taq DNA polymerase, reaction buffer, deoxynucleotide 

triphosphate mix, SYBR® Green I dye, and MgCl2), except the DNA samples and PCR primers. A set of 

two primers optimized for the ACE gene was provided from MedProbe AS: 

- DCP1 deletion F:  5’ – CTG-GAG-ACC-ACT-CCC-ATC-CTT-TCT – 3’ 

- DCP1 deletion R: 5’ – GAT-GTG-GCC-ATC-ACA-TTC-GTC-AGA-T – 3’ 

The Master SYBR® Green I was prepared according to kit instructions (see Appendix 5). Reagents for 

the PCR reaction mix, listed in Table 3.3, were pipetted into a 1.5 mL microcentrifuge tube that was 

placed in the cooling block. 

Table 3.3 Reagents for PCR reaction mix for a full LightCycler® Carousel (32 samples). To make sure there was 
enough PCR reaction mix for a full carousel, volume for one additional reaction was prepared. 

Reagents Volume for 32 samples + 1 For each reaction 

PCR-grade H2O  409.2 µL 12.4 µL 

MgCl2, stock 24 mM 52.8 µL 1.6 µL 

Primer DCP1 deletion F 33.0 µL 1.0 µL 

Primer DCP1 deletion R 33.0 µL 1.0 µL 

LightCycler FastStart DNA Master SYBR Green 66.0 µL 2.0 µL 

 

After gentle mixing and a short spin, 18 µL of the reagent mix was pipetted into the plastic reservoir 

at the top each of the 32 capillaries placed in the cooling block. 2 µL of the DNA samples, H2O 

(negative control) and positive control samples, was then added. Each capillary was sealed with a 

plastic stopper using the LightCycler capping tool. With the help of the centrifuge adapters, the PCR 

reaction mix inside the capillaries was spun down using a standard benchtop centrifuge. The 

capillaries were only briefly centrifuged, and then placed in the LIghtCycler® Sample Carousel, 

keeping the capillaries in an upright position. The carousel was placed in the LightCycler instrument, 

and the run was started. 
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Interpretation of data 

After the run was finished, which included amplification of a fragment of the human ACE gene and a 

melting point analysis, Tm peaks had to be registered manually. The melting temperatures can each 

be interpreted into two different ACE alleles (I=Insertion and D=deletion), giving three different ACE 

genotypes (Table 3.4). 

Table 3.4 ACE genotypes and the corresponding melting temperatures (Tm) for the different alleles. 

Genotype Melting temperature (Tm) 

Homozygote wild type I/I  Ca 91.8 °C 

Homozygote polymorphic D/D Ca 84.5 °C 

Heterozygote I/D Ca 91.8 °C and 84.5 °C 

 

3.3.4 APOE genotyping 

Information about the APOE genotypes was already obtained for all patients and control individuals 

according to the method described by Berge et al. (2014). 

3.4 Statistical analysis 

The statistical analysis was performed using the commercially available software program SPSS® 

Statistics Version 21 from IBM®. The distributions of the variables were investigated and found to be 

asymmetrical (not normally distributed), and outliers (defined below) were frequent. Given the 

asymmetry and presence of outliers, in addition to the small sample size, non-parametric statistical 

methods, which make fewer assumptions about the distributional shape, was considered to be the 

most appropriate statistical approach for the experimental data in the present study.  In this 

approach, the actual values are replaced by rank scores from low to high, and the analyses are based 

on the distribution of ranks. 

The Kruskal-Wallis test was used when comparing more than two groups, and the Mann-Whitney U-

test was used when comparing two groups of independent samples. The Spearman correlation 

coefficient (rs) was calculated. The association between two categorical variables was tested using 

the Χ2- test. Quantitative variables are presented as the median and range. All reported p-values are 

two-sided with a significance level of 0.05, so p<0.05 was considered statistically significant. In 

addition, 0.05<p<0.10 was considered a trend. 

Boxplots are useful for visualization of how data are distributed and therefore frequently used for 

graphic presentation of results in the present study. The horizontal line in each box represents the 

median value. The top of the box corresponds to the upper quartile (75th percentile), whereas the 
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bottom of the box corresponds to the lower quartile (25th percentile). This means that 50% of cases 

have values that lie within the box. The T-bars that extend from the boxes are called whiskers. These 

extend to the minimum or maximum values, not including outlying values (Figure 3.7).  

 

Figure 3.7 Boxplot visualizing the distribution of experimental data. 

Outliers are values that seem to differ by a substantial amount from the rest of the data in the 

sample, and can be defined as a value x such that either  

x > upper quartile + 1.5 x (upper quartile – lower quartile) or 

x < lower quartile – 1.5 x (upper quartile – lower quartile). 

Extreme outlying values represent cases that have values more than three times the height of the 

boxes, and are defined by the same equations as outliers, except that the factor 1.5 is replaced by 3 

(Rosner, 2011). These values are identified on the box plot as cases below or above the end of each 

whisker. Boxplot outliers are marked by a ring and extreme outliers are marked by a star. In the 

present study, boxplot outliers have a number attached to them, referring to a sample’s order in the 

database. 

To evaluate the diagnostic performance of CSF protein levels in identifying AD patients, receiver 

operating characteristic (ROC) curve analyses were employed. A ROC curve is a plot of the sensitivity 

(true positive rate) versus 1- specificity (false positive rate) for different cut-off values used to 

designate test-positive (Rosner, 2011). Each point on the ROC curve represents a 

sensitivity/specificity pair corresponding to a particular decision threshold. The diagnostic accuracy of 

the test is measured by the area under the curve (AUC), and depends on how well a parameter 

separates the group being tested into those with and without the disease in question. The AUC 

corresponds to the probability that for a randomly selected pair of patients and controls, the test will 

correctly distinguish between the two diagnostic groups. When comparing two diagnostic tests for 

the same disease, the test with the higher AUC is considered the better test, unless some particular 
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level of sensitivity or specificity is especially important in comparing two tests (Rosner, 2011). An AUC 

of 1 represents a perfect test, while an area of 0.5 represents a worthless test. 

The different coordinate points, or cut-off values, on the ROC curve are associated with a certain 

level of specificity and sensitivity. The selection of cut-off points depends to a large extent on how 

important sensitivity is versus specificity. If they are equally important, one should try to find the 

score that will maximize both sensitivity and specificity. Sensitivity, also called the true positive rate, 

measures the percentage of sick people who are correctly identified as having the condition. 

Specificity, also called true negative rate, measures the percentage of people who are correctly 

identified as not having the condition. Mathematically, sensitivity and specificity can be expressed as 

follows (The RNRRIAA & NIA Working group, 1998, Rosner, 2011): 

 Sensitivity = P(disease|test is positive) = true positive cases/ (true positive cases + false 

negative cases) 

 Specificity = P(no disease|test is negative) = true negative cases/ (true negative cases + false 

positive cases) 

In terms of biomarkers for AD, sensitivity is often defined as the capacity of a biomarker to identify a 

substantial percentage of patients with the disease, while specificity refers to the capacity of a 

biomarker to differentiate AD patients from controls of the same age, other causes of cognitive 

disorders, and other forms of dementia (The RNRRIAA & NIA Working group, 1998). 
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4 Results  

4.1 Demographic data 

Descriptive statistics on gender, age, years of education, MMSE score and APOE genotype are 

presented in Table 4.1. The Mann-Whitney U-test was used for comparing age, years of education 

and MMSE score between patients with early AD and controls. No significant difference in age was 

found between patients and controls (p=0.698). However, MMSE scores were significantly reduced in 

the patient group compared to the control group (p<0.001), and years of education were significantly 

higher in the control group compared to early AD (p=0.024). The Χ2- test was used for testing if the 

distribution of women and men was equal between groups, and no significant difference was found 

(p=0.507).  

Table 4.1 Patient and control group characteristics.  

 Controls (n=20) Early AD (n=20) p-value 

Gender, Women/Men (n, %) 12/8 (60/40) 14/6 (70/30) 0.507 

Age (y, median and range) 64.5 (57-77) 64 (57-78) 0.698 

Years of education (median and range) 16 (8-21) 12 (8-18) 0.024* 

MMSE score (median and range) 30 (28-30) 24.5 (14-28) <0.001* 

APOE ε4 carriers (n, %) 8 (40) 15 (75) 0.025* 

        Heterozygote 8 (40) 9 (45)  

        Homozygote 0 6 (30)  

*Significant difference between controls and patients with early AD 

Data concerning APOE genotypes showed that none of the control individuals were homozygous for 

APOE ε4, but 40% were heterozygous carriers of one ε4 allele. For patients with early AD, carrier 

frequencies for the ε4 allele were much higher; 30% were homozygous and 45% were heterozygous 

for the APOE ε4 allele. Thus, a total of 75% of all patients with early AD carried one or two APOE ε4 

alleles. Results from the Χ2- test showed that there was a significantly higher occurrence of the APOE 

ε4 allele among patients with early AD compared to the control group (p=0.025). 

4.2 Levels of proteins in CSF and blood 

4.2.1 Aβ42, Aβ40, T-tau and P-tau in CSF 

Results for the analysis of Aβ42, Aβ40, T-tau and P-tau, presented as the median and range, are 

shown in Table 4.2. Data were missing for one control individual. The Mann-Whitney U-test was used 

to compare levels of Aβ42, Aβ40, T-tau and P-tau between the controls and patients with early AD.  
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Table 4.2 CSF levels of Aβ42, Aβ40, T-tau and P-tau (pg/ml) presented as the median (range). 

 Aβ42 Aβ40 T-tau P-tau 

Controls 

(n=19) 

942.1 

(499.8-1317.3) 

17486 

(11152-40852) 

268.2 

(147.4-1314.1) 

49.4  

(33.9-135.3) 

Early AD 

(n=20) 

476.1  

(206.3-895.9) 

14170  

(6964-30851) 

815.0  

(153.7-1739.0) 

106.7  

(38.3-157.6) 

p-value <0.001* 0.149 <0.001* <0.001* 

*Significant difference between patients and controls 

Patients with early AD had significantly decreased levels of CSF Aβ42 compared to controls (p<0.001). 

Boxplots illustrating CSF Aβ42 levels for controls and patients are shown in Figure 4.1. Two control 

samples (#4 and #18) were outliers with levels near the observed median among patients. One 

patient sample (#29) was an outlier with levels towards the observed median among controls. 

 

Figure 4.1 Boxplots of CSF Aβ42 levels in controls and patients with early AD. 

No significant difference in CSF Aβ40 was found between controls and patients with early AD 

(p=0.149). Boxplots illustrating CSF Aβ40 levels for controls and patients with early AD are shown in 

Figure 4.2. One control sample (#4) was an extreme outlier with the highest observed Aβ40 level 

among controls and patients. One patient sample (#23) was also an outlier with a substantially higher 

Aβ40 level than the rest of the patients with early AD. 
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Figure 4.2 Boxplots of CSF Aβ40 levels in controls and patients with early AD. 

Patients with early AD had significantly increased levels of CSF T-tau compared to controls (p<0.001). 

Boxplots illustrating CSF T-tau levels for controls and patients with early AD are shown in Figure 4.3. 

One control sample (#4) was an extreme outlier with a T-tau level well above the upper quartile of 

the levels for patients with early AD.  

 

Figure 4.3 Boxplots of CSF T-tau levels in controls and patients with early AD. 
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Patients with early AD had significantly increased levels of CSF P-tau compared to controls (p<0.001). 

Boxplots illustrating CSF P-tau levels for controls and patients with early AD are shown in Figure 4.4. 

One control sample (#4) was an outlier with a P-tau level above the upper quartile of the levels for 

patients with early AD. 

  

Figure 4.4 Boxplots of CSF P-tau levels in controls and patients with early AD. 

4.2.1.1 Correlations between CSF Aβ42, Aβ40, T-tau and P-tau  

Spearman’s correlation coefficient (rs) was calculated between CSF biomarker levels in the control 

and patient groups. Values of rs are presented in Table 4.3. 

Table 4.3 Spearman’s correlation coefficient (rs) between CSF Aβ42, Aβ40, T-tau and P-tau (pg/ml) in the control 
and patient groups. 

 Controls Patients with early AD 

 Aβ40 T-tau P-tau Aβ40 T-tau P-tau 

Aβ42 0.258 - 0.072 0.074 - 0.074 - 0.338 - 0.186 

Aβ40  0.744** 0.591*  0.374 0.567* 

T-tau   0.872**   0.905** 

*   p<0.01 
** p<0.001 
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A significant, positive correlation was found between the levels of CSF Aβ40 and P-tau in both control 

(rs=0.591, p=0.008) and patient groups (rs=0.567, p=0.009), illustrated in Figure 4.5. 

 

Figure 4.5 Scatter plot showing relation between CSF levels of Aβ40 and P-tau in controls and patients with 
early AD. A best-fit line has been added to the specific subgroups. 

In the control group, Aβ40 was also found to positively correlate with T-tau (rs=0.744, p<0.001), 

illustrated in Figure 4.6. This correlation was lost in the patient group. 

 

Figure 4.6 Scatter plot showing the relation between CSF levels of Aβ40 and T-tau in controls. A best-fit line has 
been added. 
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Levels of P-tau and T-tau in CSF were strongly, positively correlated in both control (rs=0.872, 

p<0.001) and patient samples (rs=0.905, p<0.001), as can be seen in Figure 4.7. 

 

Figure 4.7 Scatter plot showing the relation between CSF levels of T-tau and P-tau in controls and patients with 
early AD. A best-fit line has been added to the specific subgroups. 

4.2.1.2 Diagnostic performance of the core CSF biomarkers Aβ42, T-tau and P-tau 

To evaluate the diagnostic performance of CSF Aβ42, T-tau, P-tau, and the ratios T-tau/Aβ42 and P-

tau/Aβ42 as biomarkers for early AD in the present material, ROC curves were generated (Figure 

4.8).  

 

Figure 4.8 Receiver operating characteristic (ROC) curves for the performance of the core CSF biomarkers 
(pg/ml) in distinguishing between patients with early AD and controls. 
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Levels of sensitivity and specificity vary depending on the selected cut-off values. As can be seen in 

the ROC curves, there is a trade-off between sensitivity and specificity. Cut-off values maximizing 

sensitivity and/or specificity were selected from the ROC curves, and are presented in Table 4.4. 

Table 4.4 Area under the ROC curves (AUC), cut-off values and corresponding sensitivity and specificity levels for 
the core CSF biomarkers (pg/ml) in differentiating between patients with early AD and healthy controls. 

 AUC* Cut-off (pg/ml) Sensitivity Specificity 

Aβ42 0.942 830.1 

698.1 

95% 

85% 

79% 

84% 

T-tau 0.861 470.0 85% 90% 

P-tau 0.879 72.3 

77.7 

90% 

85% 

79% 

84% 

T-tau/Aβ42 0.913 0.762 

0.402 

90% 

95% 

90% 

84% 

P-tau/Aβ42 0.924 0.141 90% 95% 

*All p<0.001 

Table 4.4 shows that the AUC was close to 0.9 or above for all of the core biomarkers and for ratios 

between them, meaning that they had a very good or excellent capability to correctly distinguish 

patients with early AD from healthy controls in the present study. The level of Aβ42 gave the highest 

AUC, and therefore had the highest diagnostic precision among the biomarkers. An AUC=0.942 

means that there is a 94.2% probability of correctly distinguishing a person with early AD from a 

healthy age-matched individual based on the CSF level of Aβ42 in the present study. Figure 4.9 shows 

scatter plots visualizing the combination of T-tau and Aβ42, and P-tau and Aβ42. 

 

Figure 4.9 Scatter plots showing the combination of T-tau and Aβ42 (left), and P-tau and Aβ42 (right) 
concentrations. Horizontal and vertical dotted lines represent the cut-off values; 830.1 pg/ml for Aβ42, 470.0 
pg/ml for T-tau and 72.3 pg/ml for P-tau. 
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4.2.2 Aβ42 and Aβ40 in plasma 

No results for Aβ42 in plasma were obtained as levels were below the detection limit of the assay. 

More sensitive kits are therefore needed to obtain this information. Plasma Aβ40 was measured in 

samples diluted 1:50 as suggested by the manufacturer, but many samples were subsequently 

measured to be below the concentration of lowest standard, and some samples registered no value 

at all. These results are therefore unreliable and not shown. 

4.2.3 Apolipoprotein E in serum 

Results for the analysis of ApoE in serum, presented as the median and range, are shown in Table 

4.5. The assay used for the analysis was not isoform-specific, but measured the total amount of ApoE 

in the serum samples. The Mann-Whitney U-test was used to compare levels of serum ApoE between 

controls and patients with early AD, and no significant difference was found (p=0.341). 

Table 4.5 Serum levels of ApoE presented as the median and range. 

 
 
 
 

 

 

 

a
No significant difference between controls and patients with early AD 

Boxplots illustrating serum ApoE levels for controls and patients with early AD are shown in Figure 
4.10. 
 

 

Figure 4.10 Boxplots of serum ApoE levels in controls and patients with early AD. 

 ApoE serum (µg/ml) 

Controls (n=20) 63.8 (50.4-94.8) 

Early AD (n=20) 59.0 (38.8-108.4) 

p-value 0.341a 
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4.2.3.1 Serum ApoE level in relation to APOE genotype 

APOE genotype frequencies and concentrations of serum ApoE in relation to the different genotypes 

are presented in Table 4.6 for the control and patient group. 

Table 4.6 APOE genotype frequencies and corresponding serum ApoE levels given as the median and range for 
controls and patients with early AD. 

 APOE genotype 

ε2/ε2 ε3/ε3 ε4/ε4 ε2/ε3 ε2/ε4 ε3/ε4 

Controls       

     Frequency (n, %) 0 12 (60) 0 0 1 (5) 7 (35) 

     ApoE serum (µg/ml) - 
69.6 

(56.0-94.8) 
- - 63.2 

56.4 
(50.4-68.4) 

Early AD       

     Frequency (n, %) 0 5 (25) 6 (30) 0 0 9 (45) 

     ApoE serum (µg/ml) - 
98.0 

(89.6-108.4) 
47.8 

(38.8-50.8) 
- - 

62.0 
(41.6-74.0) 

 

Figure 4.11 shows boxplots illustrating the ApoE serum level in relation to APOE genotype for the 

controls and patients with early AD. 

 

Figure 4.11 Boxplots of serum ApoE levels versus APOE genotype for the controls and patients with early AD. 

The Kruskal Wallis test was used to compare levels of serum ApoE for individuals with different APOE 

genotypes in the controls and patients with early AD. A significant difference was found in the 

patient group (p=0.001), and a trend was observed in the control group (p=0.07). Pairwise 

comparisons were performed for the patient group. Patients with APOE genotype ε3/ε3 had 

significantly higher levels of serum ApoE than those with APOE genotype ε4/ε4 (p<0.001) and ε3/ε4 

(p=0.001).  
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The levels of serum ApoE for APOE ε4 carriers and non-ε4 carriers are illustrated by boxplots in 

Figure 4.12. The boxplots indicate that APOE ε4 carriers tend to have a lower concentration of serum 

ApoE than non-ε4 carriers. 

 
Figure 4.12 Boxplots of serum ApoE levels for APOE ε4 carriers and non-ε4 carriers for the controls and patients 
with early AD. 

The Mann-Whitney U-test was used to compare serum ApoE level between APOE ε4 carriers and 

non-ε4 carriers. APOE ε4 carriers had significantly lower levels of serum ApoE compared to non-ε4 

carriers in both the control (p=0.025) and patient (p<0.001) groups. 

4.2.3.2 CSF Aβ42 in APOE ε4 carriers and non-ε4 carriers 

The levels of CSF Aβ42 for APOE ε4 carriers and non-ε4 carriers are illustrated by boxplots in Figure 

4.13. From the boxplots, there is no apparent difference between level of Aβ42 in CSF and APOE ε4 

carrier status. This was confirmed by the Mann-Whitney U-test which showed no significant 

difference in CSF Aβ42 and APOE ε4 carrier status either among controls (p=0.902) or the patients 

with early AD (p=0.612). 

 

Figure 4.13 Boxplots of CSF Aβ42 levels for APOE ε4 carriers and non-ε4 carriers for the controls and patients 
with early AD. 
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4.2.3.3 Correlations between serum ApoE and other proteins in CSF and blood 

Spearman’s correlation coefficient (rs) was calculated between serum ApoE levels in the control and 

patient groups and other proteins in CSF and blood. No significant correlations were found between 

serum ApoE and Aβ40, Aβ42, T-tau, P-tau, NF-L, clusterin or ACE in CSF, between serum ApoE and 

plasma clusterin, or between serum ApoE and serum ACE, either for controls or patients with early 

AD (- 0.4<rs < 0.3, all p>0.1). 

4.2.4 Clusterin in CSF and plasma 

Results for the analysis of clusterin in CSF and plasma, presented as the median and range, are shown 

in Table 4.7. Data were missing for one patient. The Mann-Whitney U-test was used to compare 

levels of CSF and plasma clusterin between controls and patients with early AD. No significant 

difference was found in CSF, but a trend towards higher levels of clusterin in plasma was observed in 

patients (p=0.074).  

Table 4.7 CSF and plasma levels of clusterin presented as the median and range. 

a
No significant difference between controls and patients with early AD 

Boxplots illustrating CSF clusterin levels for controls and patients with early AD are shown in Figure 

4.14. Samples from two controls (#4 and #13) and two patients (#21 and #26) had outlying values 

with higher levels of CSF clusterin than the others in their respective group. 

 

Figure 4.14 Boxplots of CSF clusterin levels in controls and patients with early AD. 

 Clusterin CSF (ng/ml) Clusterin plasma (µg/ml) 

Controls (n=20) 2799.1 (1982.4-4137.3) 79.1 (69.8-93.4) 

Early AD (n=19) 2850.3 (2269.2-3747.5) 84.6 (72.2-98.2) 

p-value 0.461a 0.074a 
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Figure 4.15 shows boxplots illustrating plasma clusterin levels in samples from controls and patients 

with early AD, where a trend towards higher levels in patients can be observed. 

 
Figure 4.15 Boxplots of plasma clusterin levels in controls and patients with early AD. 

4.2.4.1 CSF and plasma clusterin in APOE ε4 carriers and non-ε4 carriers 

The levels of CSF clusterin for APOE ε4 carriers and non-ε4 carriers are illustrated by boxplots in 

Figure 4.16. From the boxplots, there is no apparent difference between the level of clusterin in CSF 

and APOE ε4 status. This was confirmed by the Mann-Whitney U-test which showed no significant 

difference in CSF clusterin and APOE ε4 carrier status either for controls (p=0.181) or the patients 

with early AD (p=0.754). 

 
Figure 4.16 Boxplots of CSF clusterin levels for APOE ε4 carriers and non-ε4 carriers for the controls and patients 
with early AD. 

The levels of clusterin in plasma for APOE ε4 carriers and non-ε4 carriers are illustrated by boxplots in 

Figure 4.17. From the boxplots, there seems to be a lower level of plasma clusterin among non-ε4 
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carriers in the control group. This was confirmed by the Mann-Whitney U-test which showed a 

significant difference in plasma clusterin and APOE ε4 carrier status among controls (p=0.039). No 

significant difference in plasma clusterin and APOE ε4 carrier status was found in the patient group 

(p=0.559). 

 
Figure 4.17 Boxplots of plasma clusterin levels for APOE ε4 carriers and non-ε4 carriers for the controls and 
patients with early AD. 

4.2.4.2 Correlations between clusterin and other proteins in CSF and/or blood 

Spearman’s correlation coefficient (rs) was calculated between CSF clusterin and levels of various 

proteins in CSF and/or blood, and between plasma clusterin and levels of various proteins in CSF 

and/or blood, in the control and early AD group. The only significant correlations were found 

between CSF clusterin and CSF cytoskeletal proteins, and between CSF clusterin and the level of ACE 

in CSF. These values are presented in Table 4.8.  

Table 4.8 Spearman’s correlation coefficient (rs) between CSF clusterin (ng/ml) and the CSF core biomarkers 
(pg/ml), CSF NF-L (pg/ml), and ACE in both CSF and serum (ng/ml). 

 Clusterin CSF 

Controls Early AD 

Aβ42 CSF 0.147 0.305 

Aβ40 CSF 0.416* 0.407* 

T-tau CSF 0.604** 0.521** 

P-tau CSF 0.746*** 0.577** 

NF-L CSF  0.502** 0.307 

ACE CSF  0.781*** 0.446* 

ACE serum  -0.129 -0.051 

*     p<0.1 (trend) 
**   p<0.05 
*** p<0.001 



 
58       

A significant, positive correlation was found between the levels of CSF clusterin and CSF T-tau in both 

controls (rs=0.604, p=0.006) and patients with early AD (rs=0.521, p=0.022), illustrated in Figure 4.18.  

 

Figure 4.18 Correlation between CSF levels of clusterin and T-tau in controls and patients with early AD. A best-
fit line has been added to the specific subgroups. 

A significant, positive correlation was found between the level of CSF clusterin and CSF P-tau in both 

controls (rs=0.746, p<0.001) and patients with early AD (rs=0.577, p=0.010), illustrated in Figure 4.19. 

 

Figure 4.19 Correlation between CSF levels of clusterin and P-tau in controls and patients with early AD. A best-
fit line has been added to the specific subgroups. 
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A significant, positive correlation was found between the levels of CSF clusterin and CSF NF-L in the 

control group (rs=0.502, p=0.029), illustrated in Figure 4.20. 

  

Figure 4.20 Correlation between CSF clusterin and CSF NF-L in the control group. A best-fit line has been added. 

A significant, positive correlation was found between the levels of CSF clusterin and CSF ACE in 

controls (rs=0.781 p<0.001), and a trend towards a significant, positive correlation was found in 

patients with early AD (rs=0.446, p=0.056), illustrated in Figure 4.21. 

 

 

Figure 4.21 Correlation between CSF levels of clusterin and ACE in controls and patients with early AD. A best-fit 
line has been added to the specific subgroups. 
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4.2.5 Angiotensin-converting enzyme in CSF and serum  

Results for the analysis of ACE in CSF and serum are listed in Table 4.9. The Mann-Whitney U-test was 

used to compare levels of CSF and serum ACE between controls and patients with early AD, and no 

significant difference was found in either CSF or serum.  

Table 4.9. CSF and serum levels of ACE presented as median and range. 

a
No significant difference between controls and patients with early AD 

Boxplots illustrating CSF and serum ACE levels for controls and patients with early AD are shown in 

Figure 4.22. One patient sample (#26) had outlying values in both CSF and serum. Patient sample #35 

also had an outlying, higher value of serum ACE than the other patients. In addition, two controls 

samples (#3 and #5) were outliers with higher levels of serum ACE than the other controls.  

  

Figure 4.22 Boxplots of ACE levels in CSF (left) and in serum (right) in controls and patients with early AD. 

4.2.5.1 ACE genotypes 

DNA was isolated from control and patient blood samples, and ACE genotypes were obtained by 

means of the LightCycler instrument. The LightCycler melting analysis report obtained from the first 

LightCycler run is displayed in Appendix 5. ACE genotypes and allele distributions among controls and 

patients are presented in Table 4.10. Although it is quite clear from Table 4.10 that the distribution of 

ACE genotypes and alleles was rather similar among the controls and patients, the Χ2- test was used 

 ACE CSF (ng/ml) ACE serum (ng/ml) 

Controls (n=20) 3.7 (2.0-6.9) 133.7 (109.2-197.8) 

Early AD (n=20) 3.9 (2.7-6.0) 138.2 (105.8-260.0) 

p-value 0.925a 0.327a 
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to test the association. As can be seen from the p-values listed in Table 4.10, no significant 

differences were found between controls and patients with regard to ACE genotype or allele 

distribution. 

Table 4.10 ACE genotype and allele distributions among controls and patients with early AD. 

 
ACE genotypes Alleles 

DD (%) ID (%) II (%) D (%) I (%) 

Controls (n=20) 5 (25%) 9 (45%) 6 (30%) 19 (47.5%) 21 (52.5%) 

Early AD (n=20) 5 (25%) 6 (30%) 9 (45%) 16 (40%) 24 (60%) 

p-value 1.000a 0.327a 0.327a 0.549a 0.549a 

a
No significant difference between controls and patients 

4.2.5.2 Relation between ACE genotype and ACE level in CSF and serum 

Table 4.11 presents CSF and serum ACE in control and patient samples according to ACE genotype. 

The Kruskal Wallis test was used to compare levels of CSF and serum ACE between individuals with 

the different ACE genotypes, separately for the controls and patients with early AD. No significant 

differences were found in the CSF ACE level between individuals with the different ACE genotypes in 

the controls or the patients with early AD. However, a significant difference in serum ACE level was 

observed between control individuals with different ACE genotypes. No significant difference was 

found in serum ACE between patients with different ACE genotypes. 

Table 4.11 CSF and serum levels of ACE presented as median and range for controls (n=20) and patients with 
early AD (n=20) according to ACE genotype. 

 ACE CSF (ng/ml) ACE Serum (ng/ml) 

ACE genotype Controls Early AD Controls Early AD 

DD 5.0 (2.6-6.9) 4.1 (3.1-4.7) 136.4 (116.1-197.8) 174.7 (125.8-246.8) 

ID 3.8 (2.6-5.0) 3.9 (3.0-6.0) 139.9 (125.4-182.4) 142.0 (105.8-260.0) 

II 3.6 (2.0-6.0) 3.9 (2.7-4.3) 117.2 (109.2-121.7) 127.6 (107.5-183.6) 

p-value 0.518 0.331 0.009* 0.101 
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The ACE levels in CSF according to ACE genotype are illustrated by boxplots in Figure 4.23 for controls 

and patients with early AD. Levels of serum ACE in relation to ACE genotype can be seen in Figure 

4.24. 

  
Figure 4.23 Boxplots of ACE levels in CSF according to ACE genotype for controls and patients with early AD. 

 
Figure 4.24 Boxplots of ACE levels in serum according to ACE genotype for controls and patients with early AD. 

Pairwise comparisons for the control group were performed, and a significantly lower level of ACE in 

serum was found in II-carriers compared to ID-carriers (p=0.001). No significant difference was found 

between ID- and DD-carriers (p=0.947), but a trend towards a significantly lowered level in II-carriers 

was observed when compared to DD-carriers (p=0.068). 
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4.2.5.3 Correlations between CSF and serum ACE and other proteins in CSF 

Spearman’s correlation coefficient (rs) was calculated between CSF ACE and levels of other proteins 

in CSF, between serum ACE and levels of other proteins in CSF, and between CSF ACE and serum ACE, 

in the control and patient groups. Significant correlations are presented in Table 4.12. 

Table 4.12 Spearman’s correlation coefficient (rs) between CSF ACE (ng/ml) and Aβ, tau and NF-L in CSF (pg/ml), 
and between CSF and serum ACE (ng/ml). 

 ACE CSF 

Controls Early AD 

Aβ42 CSF 0.175 - 0.218 

Aβ40 CSF 0.679*** 0.595** 

T-tau CSF 0.699*** 0.436* 

P-tau CSF 0.805*** 0.618** 

NF-L CSF 0.368 0.202 

ACE serum 0.014 0.522** 

*     p<0.1 (trend) 
**   p<0.05 
*** p≤0.001 

A significant, positive correlation was found between the levels of CSF ACE and CSF Aβ40 in samples 

from both controls (rs=0.679 p=0.001) and patients with early AD (rs=0.595, p=0.006), illustrated in 

Figure 4.25.  

 

Figure 4.25 Scatter plot showing the correlation between CSF levels of Aβ40 and ACE in controls and patients 
with early AD. A best-fit line has been added to the specific subgroups.  
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A significant, positive correlation was found between the levels of CSF ACE and CSF T-tau in controls 

(rs=0.699 p=0.001), and a trend towards a significant, positive correlation was found in patients with 

early AD (rs=0.436, p=0.055), illustrated in Figure 4.26. 

 

Figure 4.26 Correlation between CSF levels of ACE and T-tau in controls and patients with early AD. A best-fit 
line has been added to the specific subgroups. 

A significant, positive correlation was also found between the levels of CSF ACE and CSF P-tau in 

samples from both controls (rs=0.805 p<0.001) and patients with early AD (rs=0.618, p=0.004), 

illustrated in Figure 4.27. 

 

Figure 4.27 Correlation between CSF levels of ACE and P-tau in controls and patients with early AD. A best-fit 
line has been added to the specific subgroups. 
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A significant, positive correlation was found between the levels of ACE in CSF and serum for the 

patients with early AD (rs=0.522, p=0.018), illustrated in Figure 4.28. 

 

Figure 4.28 Correlation between ACE in CSF and serum for patients with early AD. A best-fit line has been added. 

4.2.6 Neurofilament-light in CSF 

Results for the analysis of NF-L in CSF, presented as the median and range, are shown in Table 4.13. 

Data were missing for one control. The Mann-Whitney U-test was used to compare levels of CSF NF-L 

between controls and patients with early AD. Patients with early AD had significantly increased levels 

of CSF NF-L compared to controls (p=0.002). 

Table 4.13 CSF levels of NF-L presented as the median and range. 

 
 
 
 
 
 
 

*
Significant difference between controls and patients with early AD 

 
 

Boxplots illustrating CSF NF-L levels for controls and patients with early AD are shown in Figure 4.29, 

where a significantly higher level can be observed among patients. Two control samples (#13 and 

#18) and two patient samples (#21 and #28) had outlying values that were substantially higher than 

the levels in the rest of their respective group. 

 NF-L (pg/ml) 

Controls (n=19) 1351.4 (662.3-4496.5) 

Early AD (n=20) 2303.0 (1320.9-7436.6) 

p-value 0.002* 
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Figure 4.29 Boxplots of CSF NF-L levels in controls and patients with early AD. 

4.2.6.1 Diagnostic performance of NF-L 

To evaluate the diagnostic performance of the CSF level of NF-L as a potential diagnostic biomarker 

for early AD in the present study, a ROC curve was generated (Figure 4.30). A ROC curve for the ratio 

NF-L/Aβ42 is also presented in Figure 4.30, and the ROC curve for Aβ42 was added for comparison. 

 

Figure 4.30 Receiver operating characteristic (ROC) curves for the performance of CSF Aβ42, NF-L and the ratio 
NF-L/Aβ42 for distinguishing between patients with early AD and healthy controls. 
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Cut-off values that maximized sensitivity and specificity were selected from the ROC curves, and are 

presented in Table 4.14. 

Table 4.14 Area under the ROC curves (AUC), cut-off values and corresponding sensitivity and specificity levels 
for CSF Aβ42, NF-L and the ratio NF-L/Aβ42, for differentiating between patients with early AD and healthy 
controls. 

 AUC p-value Cut-off (pg/ml) Sensitivity Specificity 

Aβ42 0.942 <0.001 
830.1 

698.1 

95% 

85% 

79% 

84% 

NF-L 0.787 0.002 1716.9 90%  68% 

NF-L/Aβ42 0.903 <0.001 
3.418 

3.923 

85% 

80% 

78% 

83% 

 
Table 4.14 shows that NF-L had a fairly good capability to distinguish between patients with early AD 

and healthy controls in the present study, but its diagnostic precision was well below the 

performance of Aβ42. However, the ratio between NF-L and Aβ42 differentiated very well between 

patients with early AD and healthy controls, with an AUC=0.903. The results indicate that NF-L had 

high sensitivity, but lower specificity than the core biomarkers. Figure 4.31 shows a scatter plot 

visualizing the combination of NF-L and Aβ42.  

 

Figure 4.31 Scatter plot showing the combination of NF-L and Aβ42 concentrations. The horizontal dotted line 
represents the cut-off value for Aβ42 (830.1 pg/ml), and the vertical dotted line represents the cut-off value for 
NF-L (1716.9 pg/ml). 
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4.2.6.2 Correlations between NF-L and core biomarkers in CSF  

Spearman’s correlation coefficient (rs) was calculated between CSF NF-L and CSF Aβ and tau, in the 

control and patient group. Data are presented in Table 4.15.  

Table 4.15 Spearman’s correlation coefficient (rs) between CSF NF-L and levels of Aβ and tau in CSF (pg/ml). 

 NF-L (CSF, pg/ml) 

Controls Early AD 

Aβ42 - 0.088 - 0.153 

Aβ40 0.364 0.176 

T-tau 0.676** 0.759*** 

P-tau 0.521** 0.708*** 

**   p<0.05 
*** p<0.001 

 

A significant, positive correlation was found between the levels of CSF NF-L and T-tau in both control 

(rs=0.676, p=0.002) and patient samples (rs=0.759, p<0.001), illustrated in Figure 4.32. 

 

Figure 4.32 Correlation between CSF levels of NF-L and T-tau in controls and patients with early AD. A best-fit 
line has been added to the specific subgroups. 
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A significant, positive correlation was found between the levels of CSF NF-L and P-tau in both control 

(rs=0.521, p=0.027) and patient samples (rs=0.708, p<0.001), illustrated in Figure 4.33. 

 

Figure 4.33 Correlation between CSF levels of NF-L and P-tau in controls and patients with early AD. A best-fit 
line has been added to the specific subgroups. 
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5 Discussion 

The CSF biomarkers Aβ42, T-tau and P-tau, reflecting core pathological features of AD, have 

consistently been reported to have a high diagnostic accuracy in the discrimination between patients 

with AD and healthy elderly controls, also in early phases of the disease. This was also true in the 

present pilot study in which, despite the low number of samples, the core CSF biomarkers identified 

early AD with high levels of sensitivity and specificity. For decades, considerable efforts have focused 

on Aβ and tau, the main components of amyloid plaques and neurofibrillary tangles, respectively. 

Misfolding, accumulation and aggregation of the Aβ peptide have all been proposed to be the key 

events that initiate the pathological cascade leading to AD. Aβ has thereby been considered to be 

upstream of tau in AD pathogenesis and supposedly triggers the conversion of tau from a normal to a 

toxic state (Bloom, 2014). The putative key role of Aβ in pathogenesis of AD led to 

immunotherapeutic strategies to reduce levels of Aβ in the brain. Although successful in this respect, 

the clearance did not prevent progressive neurodegeneration or improve cognitive performance 

(Doody et al., 2014, Salloway et al., 2014). Therefore it is possible that Aβ accumulation is necessary 

to initiate, but not to maintain, progressive neurodegeneration. Although Aβ and tau undoubtedly 

play important roles in AD, little is known about the influence of other proteins, and we need to 

expand and look beyond these two molecules regarding the etiology of AD and development of new 

therapeutic strategies. Ultimately, it would be best to stop the disease process as early as possible 

before large numbers of neurons have been destroyed. This requires studying and understanding the 

earliest pre-dementia, and even pre-symptomatic phases of the disease. This will require biomarkers 

in addition to the CSF Aβ and tau species. This project sought to study, in CSF, and plasma or serum 

as suitable, a series of potentially useful additional substances.  

5.1 Apolipoprotein E 

The frequency of the APOE ε4 allele, the major genetic risk factor for sporadic AD, has consistently 

been shown to be dramatically increased in patients with AD (Sando et al., 2008b, Lovati et al., 2010). 

This was also true in the present study, in which 75% of the patients carried one or two APOE ε4 

alleles, compared to the control group where 40% were carries of one APOE ε4 allele. The level in the 

control group was somewhat higher than found in a large study of the Trønderbrain material (Sando 

et al., 2008b), and probably an effect of studying a small group.  Besides the genetic polymorphism, 

ApoE levels in plasma and serum have also been suggested to reflect disease status, and may 

therefore have potential as a diagnostic blood-based biomarker for AD (Wang et al., 2014). In the 

present study, no significant difference in serum ApoE was found between patients with early AD and 

healthy controls. However, in accordance with previous studies (Soares et al., 2012, Gupta et al., 
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2011, Slooter et al., 1998), APOE ε4 carriers were found to have significantly lower levels of serum 

ApoE compared to non-ε4 carriers in both patients and controls, indicating that the serum ApoE level 

differs according to APOE genotype rather than the disease itself. If the serum ApoE level in fact 

depends on the distribution of APOE genotype irrespective of diagnosis, it would still be reasonable 

to expect lower levels of total ApoE in AD patients due to the higher percentage of APOE ε4-positive 

individuals. Although not statistically significant, the average level of serum ApoE was indeed lower 

in early AD patients compared to controls in the present study. The lack of significance may be 

attributed to the comparatively high frequency of the APOE ε4 allele in the control group in this 

material. Furthermore, the majority of previous studies have demonstrated significantly lower levels 

of serum or plasma ApoE in AD patients compared with controls, supported by a recent meta-

analysis (Wang et al., 2014). The factors that influence ApoE levels in plasma and serum are 

unknown, but it has been suggested that the lower levels result from a more effective breakdown of 

lipoproteins in the liver of APOE ε4-positive individuals (Smit et al., 1988).  

ApoE has been suggested to be fundamentally involved in the metabolism of Aβ (Potter and 

Wisniewski, 2012). In line with this notion, it has been demonstrated that APOE ε4 carriers have 

lower CSF Aβ42 and show more PiB binding on PET than non-ε4 carriers, indicating a greater burden 

of Aβ deposition in the brain of APOE ε4 carriers (Prince et al., 2004, Head et al., 2012). This seems to 

support the hypothesis that ApoE may act as a “pathological chaperone” that catalyzes Aβ 

aggregation, with ApoE4 being the strongest promoter of Aβ polymerization, or that ApoE serves to 

clear Aβ from the brain, with ApoE4 being less efficient in this function compared to the other 

isoforms. However, such indications could not be drawn from the present results where no 

significant difference was found between CSF Aβ42 and APOE ε4 carrier status. Although the number 

of participants might be too low in the present study to detect any statistically significant differences, 

this result has since been confirmed in a larger sample from the Trønderbrain study (unpublished 

results from Camilla Lauridsen). Since no direct disease-specific change in serum ApoE level was 

found, the present study does not support serum ApoE as a potential biomarker for early AD. 

5.2 Clusterin (apolipoprotein J) 

Nevertheless, because APOE ε4 has such a strong role as a risk factor for AD, it seems important to 

continue studying levels of ApoE in CSF in relation to other molecules that may have similar 

functions. Clusterin is another apolipoprotein that has demonstrated chaperone functions related to 

Aβ metabolism, and has also been linked to AD pathogenesis (Nuutinen et al., 2009). Studies have 

shown elevated levels of clusterin in affected areas of the AD brain (Lidstrom et al., 1998, Bertrand et 

al., 1995, Oda et al., 1994), and since the interstitial fluid of the brain is associated with the CSF, the 
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increased level of clusterin in AD brain tissue might also have been reflected in the CSF. However, 

initial small scale studies did not find altered levels of CSF clusterin in AD patients compared to 

healthy controls (Lidstrom et al., 2001, Harr et al., 1996). Considering the fact that clusterin is a highly 

glycosylated protein and the level of glycosylation can change, Nilselid et al. (2006) hypothesized that 

this might hamper the binding to clusterin antibody and thereby interfere with the quantification of 

clusterin in CSF. Based on this assumption, they performed a pilot study, wherein elevated clusterin 

levels in AD were found in deglycosylated samples, but not in native samples. When expanding the 

material of AD patients and controls, the CSF clusterin level was found to be significantly increased in 

AD, in both native and deglycosylated samples, indicating that the deglycosylation was not essential 

to demonstrate an elevated level of CSF clusterin in AD patients in a larger material (Nilselid et al., 

2006). In accordance with previous reports on small scale material, no significant difference in CSF 

clusterin was found when comparing controls and patients with early AD in the present study. In light 

of the report by Nilselid et al. (2006), it seems that a larger patient material is needed to find any 

statistically significant differences regarding clusterin in CSF. However, even if differences were 

found, they would probably be too small to consider clusterin as a reliable biomarker. 

Recently, there has been interest in the evaluation of levels of clusterin in plasma as a biomarker for 

AD. In the present study, plasma levels of clusterin in patients with early AD were not significantly 

different from levels in healthy controls, but a trend towards higher levels in patients was observed. 

There was also a small, but significant reduction in plasma clusterin in controls not carrying the APOE 

ε4 allele. Plasma levels of clusterin have previously been reported to be unchanged in AD patients 

compared to controls (Liao et al., 2007), but because only ten AD samples were included in this 

study, its reliability is questionable. However, a large study has demonstrated that patients with AD 

had significantly higher levels of plasma clusterin than controls (Schrijvers et al., 2011). Schrijvers et 

al. (2011) also reported that plasma clusterin levels were higher in more severe cases of AD, and that 

increased levels of clusterin did not precede the clinical onset of dementia. Based on these findings 

and the fact that the expression of clusterin is known to be up-regulated in a wide variety of cellular 

stress and injury, the elevated levels of clusterin in AD may represent a failed neuroprotective 

attempt triggered by the progressive neurodegenerative changes, rather than a preclinical event. 

This notion would be in agreement with the fact that CSF clusterin correlated positively with T-tau 

and P-tau in both control and patient groups in the present study, given that T-tau and P-tau in CSF 

are thought to reflect degree of neuronal degeneration or damage. Consequently, these findings 

altogether do not support clusterin as a potential biomarker for early AD, but rather suggest that 

clusterin should be considered as a non-specific cellular response to a wide variety of tissue insults.  
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5.3 Angiotensin-converting enzyme 

ACE is a protease whose major function is to increase blood pressure by converting angiotensin I to 

angiotensin II, which causes blood vessels to constrict. ACE has also been demonstrated to mediate 

cleavage of Aβ in vitro, and there is some indication of an association between ACE I/D polymorphism 

and AD. In the present study, no significant differences were found between patients with early AD 

and controls concerning levels in CSF and serum, nor with regard to ACE genotype or allele 

distribution. However, the results seemed to indicate a relationship between ACE I/D polymorphism 

and level of serum ACE irrespective of diagnosis, where the I-allele was associated with lower serum 

levels of ACE whereas the D-allele associated with higher levels. Although not presented in the 

present study, this was recently tested in a larger study material where the association was even 

more evident (Camilla Lauridsen, unpublished results). This agrees with results from Zhang et al. 

(2012) who found that serum ACE level was significantly elevated according to D-allele-dose among 

the three genotypes (DD > DI > II) in both patients with aMCI and healthy controls, thus indicating 

that the increase is related to genotype rather than to the disease process. 

Two patients in this study took ACE-inhibitors against high blood pressure and had the highest serum 

ACE levels (outliers in Figure 4.22). The proposed ability of ACE to mediate cleavage of Aβ suggests 

that reduced ACE activity, either by genetic mechanisms or pharmacological inhibition, could 

increase cerebral levels of Aβ deposition. Moreover, this could increase the risk of developing AD 

and/or contribute to its progression. This might seem to contradict the fact that ACE-inhibitors, with 

the aim of reducing ACE activity and thereby presumably increasing Aβ deposition, have been found 

to be associated with reductions in the incidence and rate of cognitive decline in AD (O'Caoimh et al., 

2014). This is probably because patients with advanced AD usually have mixed pathology 

demonstrating vascular features (Kalaria and Ballard, 1999). Pharmacological reduction of such 

features may be beneficial in some patients regardless of Aβ deposition.  

ACE did not demonstrate any disease-specific effect in the present study, and is therefore not 

considered to have potential as a biomarker for early AD. However, the potential of ACE-inhibitors 

for increasing deposition of Aβ suggests that elderly patients requiring control of blood pressure 

should be given angiotensin receptor blockers, rather than ACE-inhibitors (Hemming and Selkoe, 

2005).   

In accordance with its name, ACE is most often considered in terms of its effect on angiotensin and 

its role in blood pressure regulation. However, ACE is present in most tissues and bodily fluids, and 

can catalyse the hydrolysis of a wide distribution of peptides (Skidgel and Erdos, 1987), suggesting 

that it might have a variety of physiological roles other than those related to blood pressure 
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regulation. In the present study, ACE in CSF demonstrated positive correlations with several other 

proteins in CSF of both the control and patient groups (significant correlations or strong trends), 

including T-tau, P-tau, Aβ40 and clusterin, supporting the possibility that ACE has a broad substrate 

specificity. The absence of correlation with Aβ42 can probably be explained by its aggregation-prone 

features; oligomeric species of Aβ42 may not be a suitable substrate. 

5.4 Neurofilament-light 

As previously demonstrated in numerous studies (reviewed by Blennow et al. (2012)), highly 

increased levels of CSF T-tau and P-tau in AD patients compared to healthy individuals were found 

also in the present study. The elevated levels of tau in AD suggest that levels of other neuronal 

structural proteins like NF-L would show a similar pattern, and potentially improve the ability to 

distinguish patients from healthy individuals, and perhaps patients with early disease from such 

controls. 

As expected, a significantly higher level of CSF NF-L was found in patients with early AD compared to 

age-matched healthy individuals, a finding in agreement with results for patients with mild to severe 

AD dementia in a meta-analysis (Petzold et al., 2007). Moreover, NF-L correlated positively with T-tau 

and P-tau in both patients and controls, although more strongly in the patient group. CSF NF-L 

demonstrated a fairly good capability to distinguish between patients with early AD and healthy 

controls, but its diagnostic precision was well below that of P-tau, T-tau, and especially far behind 

that of Aβ42. Although NF-L demonstrated a similar level of sensitivity as the other core biomarkers, 

the specificity level of CSF NF-L was comparatively lower than for the core biomarkers. It has been 

suggested that the destruction of myelinated axons is likely to contribute more to elevated CSF NF-L 

levels than breakdown of nerve cell bodies. In AD, the degeneration of cortical neurons dominates, 

whereas the subcortical white matter changes are less severe. Therefore, NF-L is probably more 

suitable as a biomarker for a disease like multiple sclerosis where there is greater destruction of 

myelinated axons (Lycke et al., 1998), than neurodegenerative diseases like AD. In addition, white 

matter changes are also observed in asymptomatic older healthy individuals (Fazekas et al., 1996), 

and may account for the low specificity of CSF NF-L in the present study. Nevertheless, the ratio of 

NF-L/Aβ42 differentiated very well between patients with early AD and healthy controls, and of the 

proteins tested in the present study, showed the best potential as a biomarker. However, it seems 

unlikely that NF-L will replace tau as a core biomarker for AD as it does not reduce the overlap 

between healthy controls and patients with early AD. 
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5.5 Aspects concerning methodology and future developments 

The present study has both strengths and weaknesses. Due to the small sample size, the reliability of 

the study can be questioned. Given the low number of samples, asymmetric distributions of the 

variables and frequent presence of outliers in the material, non-parametric statistical tests were 

used. Making fewer assumptions about the distributional shape of the variables, non-parametric 

tests have generally less power than their parametric counterparts. A study with low statistical 

power has a reduced chance of detecting a true effect, but low power also reduces the likelihood 

that a statistically significant finding actually reflects a true effect (Button et al., 2013). However, the 

present study was intended as an exploratory pilot study, deliberately testing a low number of 

samples in order to evaluate the usefulness of further, more comprehensive investigation of certain 

proteins. Even non-significant trends were therefore considered worth reporting, as a trend in a 

small material may turn out to be significant in a larger material. Conversely, results that show high 

p-values are not likely to reach significance even in a much larger study, thus saving research time 

and resources.  

Since the core biomarkers for AD distinguished the twenty patient samples from the twenty control 

samples so convincingly even in this small study, this supports the plausibility of the other results 

despite the size of the study. Even results that are not significant can provide useful information, and 

improve the quality of the Trønderbrain material overall. 

Another major strength of the present study is the fact that all participants were clinically assessed 

and diagnosed by the same, experienced neurologist, who is specialized in dementia. This provides 

standardization within and between groups. However, the possibility that there might be presence of 

non-symptomatic AD patients among the controls cannot be excluded. In fact, one control individual 

in the present study was found to present with a typical “AD biomarker profile” in CSF, that is, low 

levels of Aβ42 and high levels of P-tau and T-tau (outlier #4 in Figure 4.1, 4.3 and 4.4). This indicates 

that the healthy individual included as a control, nevertheless might have been in a preclinical phase 

of AD at the time of sampling and may develop AD in time. The contract-based agreement with all 

study participants states that no feedback is to be given regarding results of biochemical testing, and 

there is therefore no contact with control individual #4 in this connection. Nevertheless, such 

samples may be extremely valuable for the future, because they may provide a means for studying 

the preclinical stage of AD. 

If effective disease-modifying therapies become available in the future, diagnostic tools allowing 

early detection of AD in the general population will be essential for the prevention of the illness. 

Compared with CSF, blood analysis can be accessed with minimal discomfort to the subjects, making 
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it more suitable for screening of large populations. However, it is still unknown how the 

concentration of analytes in the blood directly correlates with pathological changes in the brain, 

especially in AD, and the results of the present study did not provide support for any of the proteins 

studied here as candidate blood-based biomarkers for AD.  
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6 Conclusion 

No significant differences were found between patients with early AD and elderly control individuals 

regarding levels of ApoE in serum, clusterin in CSF or plasma, or ACE in CSF or serum. Nevertheless, 

the results indicated that levels of serum ApoE and ACE differ according, respectively, to APOE and 

ACE genotype. Since no disease-specific alteration was found in relation to ApoE, clusterin or ACE, 

this study does not support their potential as biomarker candidates for early AD. Patients with early 

AD demonstrated significantly higher levels of NF-L in CSF compared to the control group. However, 

as the diagnostic accuracy was well below that of Aβ and tau protein, it does not seem to provide 

improved discrimination as a biomarker. No candidate biomarkers for early AD were therefore 

identified in the present study. However, the data in the study seem to be robust and can improve 

the quality of the Trønderbrain material overall. 
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Appendix 1. Mini mental state examination (MMSE) 
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Appendix 2. ELISA test procedures 

Appendix 2A. Test procedure for CSF and plasma Aβ42 analysis 

 

80324 INNOTEST® β-AMYLOID(1-42)/ 25685 v18/ KEY-CODE: INX67497.  
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Appendix 2B. Test procedure for CSF and plasma Aβ40 analysis 
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Appendix 2C. Test procedure for CSF T-tau analysis 

 

80323 INNOTEST® hTAU Ag/ 25684 v16/ KEY-CODE: INX99156.  
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Appendix 2D. Test procedure for CSF P-tau analysis 

 

80317 INNOTEST® PHOSPHO-TAU(181P) / 24898 v16/ KEY-CODE: INX27352.  
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Appendix 2E. Test procedure for serum ApoE analysis 

 

Apolipoprotein E Human ELISA kit ab108813 
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Appendix 2F. Test procedure for CSF and serum ACE analysis  

 

Quantikine® Human ACE Immunoassay, Catalog Number DACE00 
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Appendix 2G. Test procedure for CSF and plasma clusterin analysis 

 

Human Clusterin ELISA - Cat. No.: RD194034200R 
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Appendix 2H. Test procedure for CSF NF-L analysis 

 

UmanDiagnostics NF-light® (Neurofilament light) ELISA. Cat. No.: 10-7001 
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Appendix 3. ELISA plate chart 
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Appendix 4. Protocol for DNA isolation from whole blood 
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Appendix 5. Preparation of Master SYBR® Green I 

 

LightCycler® FastStart DNA Master SYBR Green I Instructions Version 18, page 9: 
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Appendix 6. LightCycler Melting Analysis Report 
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