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Abstract

The increase in the number of people living with Alzheimer’s disease (AD) and
the lack of treatment available for them advocate the need to develop diagnostic
tools for early and accurate diagnosis. Clinical testing offers high diagnostic accuracy
during the advanced stages of the disease, but its utility decreases in detecting
subtle cognitive changes during the early stage of the disease. Tests that require the
use of linguistic abilities have been proven to be reliable and replicable tools in
detecting dementia risk. One of the prominent early changes that can be tested
through language is semantic memory (SM). The first part of the study focused on
the neuropsychological debate of category specific impairment in early AD by the
assessment of living and non-living categories using the category fluency test (CFT)
and the second part of the study aimed to modify clinically standardised tests and
devise a new one to improve the assessment of the different components of SM,
executive functioning (semantic control) and automatic functioning (semantic
representation). The modified tests included the CFT, which had greater demand on
executive functioning than the standardised test, and confrontation naming test
(CNT) which assessed both the executive and automatic functioning. Key findings
suggest that semantic memory is degraded earlier on in the disease progression with
a greater impairment for living categories. This impairment is highly influenced by
word attributes with words higher in frequency being better preserved. Additionally,
a progressive degradation of semantic knowledge is observed from the early to the
late stages of AD but the pattern of living and non-living dissociation remains

qualitatively similar. Results from this thesis support the view that semantic memory

iv



tests are good measures to differentiate between healthy and early AD, as semantic
knowledge remains stable in healthy ageing, up until age 70. Performance between
different ages in the healthy group does not differ from one group to another except
for adults older than 70 years. A major finding was that the executive component of
SM is earlier impaired than the automatic functioning which could possibly be that
impairment threshold is reached when both the temporal and frontal areas
experience neurodegeneration. Compared to the standardised test, the novel ones
are more sensitive in detecting people at risk of developing the disease. These
results contribute to the understanding of the memory impairment present in early

AD and sets the foundation for future research regarding clinical diagnostic tools.
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Chapter 1:

Introduction



1.1 When ageing becomes a disability: healthy versus pathological ageing

More work and resources are being invested towards the maintenance of good health
and well-being of senior citizens, commonly referred to as ‘proactive ageing’ (llmarinen,
2012). This term is becoming increasingly popular as the global population distribution is
shifting towards older ages. Approximately, one-third of Europe’s population will be over
the age of 60 years, with a rapid increase in the number of people aged 80 years and over in
the next 10 years (Health, 2007). The figures of the rest of the world will be similar to the
European ones. With age, people become more experienced, better skilled and wiser, and
therefore healthy older people can be of great contribution to society, but unfortunately,
ageing is also accompanied by changes leading to diseases that impede one’s functioning;
this is when ageing becomes a social burden.

Alzheimer’s disease (AD) is one of the most common age-related diseases affecting
close to 44 million people worldwide (Alzheimer ’s Disease International, 2015) which makes
it the most prevalent form of dementia, accounting for 60-70% of all cases. It is mostly, but
not exclusively, known as the disease of old age since more than 95% of the patients are
over the age of 65. Recent studies have suggested a decrease in dementia prevalence
(Langa, 2015; Matthews et al., 2013; Schrijvers et al., 2012) but the number of people living
with AD is still high due to the global increase in the ageing population, and this number is
expected to increase exponentially with the growing age of the baby boomers. AD is an
irreversible, progressive neurodegenerative disease clinically characterised by a decline in
memory and other cognitive functions such as reasoning and language, and a change in
behaviour with the common presentation of anxiety, depression and apathy later on as the

disease progresses. Being a heterogeneous and insidious disease, AD symptoms are



manifested differently from one individual to another which poses a great challenge to

determine the underlying causes and mechanisms.

The main neuropathological characteristics of AD seem to be present in healthy
brains and become more abundant with age (Rodrigue et al., 2012; D. A. Snowdon & Nun,
2003; Wharton et al., 2011). AD lesions reduce the likelihood of healthy ageing especially
when this is paired with brain infracts (Rodrigue et al., 2012; Smith, Schneider, Wardlaw, &
Greenberg, 2012). With AD pathology becoming more common with increasing age it is
important to look at the association of healthy ageing and AD and what makes the ageing
brain more susceptible to AD pathophysiological changes. Results from a retrospective study
based on data from The Nun’s Study (Tyas, Snowdon, Desrosiers, Riley, & Markesbery, 2007)
reported that AD pathologies became more common with decreasing levels of healthy
ageing. This does not mean that AD is part of normal ageing as some nuns over the age of 90
years were classified as having excellent ageing and could function well, both cognitively
and physically (Tyas et al., 2007). The question remains, whether it is possible to

differentiate AD pathology from age-related changes.

Currently, there is a lack of accurate diagnostic instruments, markers and treatment
for this debilitating disease which makes it a global concern. AD is now at the forefront of
many scientific and medical research studies and the aim is to understand better the
cascade of pathology and eventually develop a cure or a disease-modifying drug that will
slow down the progression rate of the disease. The remainder of this chapter will highlight
the genetic understanding of the disease, the neuropathological changes and symptoms
presented by AD patients, it will outline the different stages of the disease and the criteria

and guidelines used to diagnose AD, the biological and cognitive AD-related changes, the



current markers used for both research and clinical purposes, and currently available

treatment.

1.2 The genetics of Alzheimer’s disease

AD is a genetically complex disease with the possibility of having a polygenic
architecture. There are two types of AD classified by the age of onset, early onset and late
onset AD (LOAD). Different genes are involved in the development of AD and their degree of
influence varies with the age of onset. Some studies consider AD as a highly heritable
disease with stronger genetic influence in cases with earlier onset, but the role of genetics
becomes less important with age and by the age of 85 years environmental factors plays a

stronger role than genetics (Pedersen, Gatz, Berg, & Johansson, 2004).

LOAD is the more common form of AD present in approximately 95% of the cases,
yet the genetic contribution is not well understood. The most established gene associated
with LOAD is the Apolipoprotein (APOE) gene on chromosome 19 (Bertram, 2011; Yildiz et
al., 2015). There are 3 alleles of APOE; the €4 allele is the gene copy mostly associated with
an earlier age of onset (Corder et al., 1993) and having at least one copy of this gene
increases the risk of getting the disease (Corder et al., 1993; Qiu, Kivipelto, Aguero-Torres,
Winblad, & Fratiglioni, 2004). In saying that, having a copy of the €4 gene does not confirm
AD. The most common allele is €3 which is thought to have no influence or even lessens the
risk of developing AD (Aboud, Mrak, Boop, & Griffin, 2012), while the €2 allele is a rare form
of the allele and might provide protection against AD (Qiu et al., 2004; Talbot et al., 1994).
Currently, APOE testing is used for research purposes only, as it is not accurate enough to be

used in clinics for LOAD since having a copy of the gene increases the risk but does not



confirm the development of the disease. Genome wide association studies have recently
identified 20 new genetic loci associated to LOAD. These genes are involved in cholesterol
metabolism, immune response and endocytosis (refer to review by Giri, Zhang, and Lu,

2016).

Early onset AD (EOAD) occurs before the age of sixty-five and can be of two types;
sporadic and familial. The latter is usually caused by a gene mutation on either of the
chromosomes 21, 14 or 1 (Goate et al., 1991; Levy-Lahad et al., 1995; Sherrington et al.,
1995). The single gene mutation on chromosome 21 results in the formation of abnormal
amyloid precursor protein (APP), which in turn generates harmful forms of amyloid plaques
(H. Zheng & Koo, 2011), a neuropathological hallmark of the disease. The mutation on
chromosome 14 causes abnormal presenilin 1 (PSEN1) and chromosome 1 mutation causes
the formation of abnormal presinilin 2 (PSEN2). Like mutations of APP, mutations of PSEN1
and PSEN2 genes also cause abnormal amounts of harmful beta-amyloid (Ap) fragments
which accumulate in the cerebral cortex due to the lack of ability of the gene to completely
digest AP} peptide (De Strooper, 2007). APP, PSEN1 and PSEN2 are the main genetic
mutations associated with EOAD and it is thought that unlike LOAD, genetic testing for the

prediction of developing the former type is appropriate.

1.3 Changes due to Alzheimer’s disease pathology

AD pathology can be divided into three main categories as the symptoms vary from
physiological changes to cognitive decline to changes in personality and behaviour. The
progress in AD research has revealed a considerable amount of new information about the

disease but the pathological mechanisms involved are more complex than the advancement

5



made. Currently, the greatest challenge is to elucidate the sequence of neuropathological
changes and what triggers the conversion from a healthy to a pathological brain.
Understanding these mechanisms and how these differentiate from those in healthy ageing
will aid in developing a more accurate diagnostic procedure and a potential disease-

modifying treatment.

1.3.1 Microscopic changes: Beta-amyloid

AD pathology includes microscopic alterations and macroscopic abnormalities. One
of the hallmark characteristics of AD pathology is the presence of the transmembrane
protein APP. Amyloid plaques are deposits of extracellular accumulation of AP peptide (1-
42) formed at the cortical level after the cleavage of APP by 3 and y—secretases. These
deposits of AP in the grey matter (GM) of the brain were first described by Blocq P. (1982),
but the association between the plaques and AD was first reported by Alois Alzheimer in his
case study of Auguste D. (Alzheimer, 1906). Being one of the main characteristics of AD,
there has been great interest in establishing its role in AD neuropathology and elucidating

the mechanisms by which AP is aggregated.

Two forms of plaques are found in the brain, the dense-core plaques and the diffuse
plagues. The former type consists of fibrillar, predominantly proteinaceous deposits of
AP and exhibits all classical properties of amyloid with a highly aggregated B-sheet structure
(Rak, Del Bigio, Mai, Westaway, & Gough, 2007). The dense-core plaques are usually the
amyloid type found in brains with AD pathology, especially those with neuritic dystrophies.
Diffuse plaques are amorphous deposits and more commonly found in brains of cognitively
intact older adults. The distinction between the occurrences of the different forms in brains

is not a clear cut one and requires further investigation.



There are two staging systems proposed for the topographic pattern of amyloid
plaques in AD. The first one was proposed by Braak & Braak (1991) and it consists of 3
stages. Amyloid deposits start accumulating mainly in the basal portions of the frontal,
temporal and occipital lobe. It then spreads to the isocortical association areas while the
hippocampal formation is only mildly involved and the primary sensory, motor and visual
cortices are devoid of amyloid. In the third stage, deposition of amyloid in the primary
isocortical areas and in some cases the appearance of amyloid deposits in the molecular
layer of the cerebellum and subcortical nuclei of striatum, thalamus, hypothalamus,
subthalamic nucleus, and red nucleus. The more recent staging system was proposed by
Thal et al., (2002) and consists of five stages which can be summarized in three: the

isocortical, allocortical/limbic and the subcortical.

The amyloid cascade hypothesis (J. Hardy & Allsop, 1991; J. A. Hardy & Higgins, 1992)
propose that the deposition of AP in the brain parenchyma is a central event in AD and it
initiates a sequence of events that lead to the disease. Hence, clinical trials have focused on
the removal of A} but these trials have been unsuccessful (Cummings, Morstorf, & Zhong,
2014). Therefore, it is reasonable to question if AB-directed therapeutics are actually the

right treatment for this disease.

Amyloid plaques are observed during the early stages of the disease (Ingelsson et al.,
2004; Jack et al., 2010) yet there are mixed views about AP} deposits being the trigger for
subsequent AD pathology (Jack et al., 2013; Karran, Mercken, & De Strooper, 2011).
Clinicopathological studies show poor correlation between the density of AP} plaques and
AD severity (Bouras, Hof, Giannakopoulos, Michel, & Morrison, 1994) and only a weak

association of amyloid deposition in the entorhinal cortex with cognitive performance is



reported (Giannakopoulos et al., 2003). It is also suggested that AP in its soluble oligomeric
form can facilitate synaptic plasticity and exhibit neuroprotective, antioxidant and trophic

properties (Giuffrida et al., 2009; Lublin & Gandy, 2010; Parihar & Brewer, 2010).

1.3.1.1 Neurofibrillary Tangles

The other main microscopic characteristics of AD are neurofibrillary tangles (NFT),
insoluble fibres found intracellularly, described by Alois Alzheimer as ‘intraneuronal
filamentous inclusions within the perikaryal region of pyramidal neurons’ (Serrano-Pozo,
Frosch, Masliah, & Hyman, 2011, p.4) The tangles consist mainly of aggregates of tau
protein. Tau forms part of a microtubule which aids in the transportation of important
substances such as nutrients from one cell to another. The function of normal tau is to
stabilise microtubules and promote their assembly (Mephon-Gaspard et al., 2016). In AD,
the hyperphosphorylated tau protein is abnormal which results in twisted strands called

tangles that disrupt the original transport system of nutrients and other substances.

The NFT spatiotemporal pattern is more predictable than that of AB. It starts in the
allocortex of medial temporal lobe (entorhinal cortex and hippocampus) and spreads to the
associative isocortex. Braak and Braak (1991) described this pattern of progression in six
stages that can be summarised in three: the entorhinal stage, the limbic stage and the
isocortical stage. The link between NFT and severity of AD is also stronger than that
observed with AP plaques (Nelson et al., 2007). NFT count in the hippocampus, entorhinal
cortex and middle frontal gyrus are predictive of cognitive status (Giannakopoulos et al.,
2003). Despite that AD pathology starts in the medial temporal structures the optimal
correlation between the count of tangles and premortem cognitive status is observed in the

cerebral isocortex (Nelson et al., 2007). The strong association between total tangle counts



with cognitive status and the lack of correlation with A plaques implies that cognitive

functioning starts declining when both lesions reach the isocortex.

1.3.1.2 Other neuropathology

Cerebral amyloid angiopathy (CAA), the build-up of B-amyloid peptide deposition on
the walls of arteries and sometimes veins of the central nervous system, is another
contributing factor to AD. Like the above mentioned pathologies, CAA is also present in
brains of healthy elderly people. The prevalence of CAA increases with increasing age (Love,
Nicoll, Hughes, & Wilcock, 2003; Vinters & Gilbert, 1983), but higher percentages are seen in
brains of people with AD (Esiri & Wilcock, 1986). Although there is no association between
APOE €4, the heritable gene that increases the risk of developing AD, and the presence of
CAA (Love et al., 2003) there is a strong association between neuritic AD pathology and CAA
severity (Attems, Quass, Jellinger, & Lintner, 2007). Most AD-related changes in the brain
start at the medial temporal lobe and progressively spread throughout the brain (H. Braak &
Braak, 1991), but CAA is mostly severe in the occipital lobe followed by the frontal region

and the hippocampus.

Granulovacuolar degeneration (GVD) is the vacuolar cytoplasmic lesions classically
observed mainly in the medial temporal lobe (Ball, 1978). It affects neurons in a hierarchical
sequence that can be divided into 5 distinct stages (Thal et al., 2011). Like the other positive
lesions mentioned above, GVD-affected neurons are present both in AD as well as in healthy
brain although GVD is more common in AD brains (Ball & Lo, 1977). GVD starts in the
hippocampal areas, in the CA1 and CA2 subiculum regions, it then spreads to the entorhinal
cortex and CA4 with the possibility of CA3 and the basal nucleus being slightly affected. In

the third stage affected neurons are present in the temporal neocortex and GVD then



spreads to the subnuclei of the amygdala and hypothalamus until it reaches the nuclei of
the brain stem and thalamus, and the neocortex of the frontal and parietal areas with
sparing of visual cortex (Thal et al., 2011). The topographical distribution of GVD correlates
well with the other neuropathies of AD, namely NFT and AP plaques. Additionally, a strong
correlation is observed with severity of the disease (Thal et al., 2011). The anatomical
distribution pattern corresponds to neural areas that are mostly related to chronic stress

response (Thal et al., 2011).

Hirano bodies are intracellular aggregates of filamentous-actin in neurons. Total
count in pyramidal layer of the hippocampus of AD patients and healthy people suggests
that Hirano bodies are common in the hippocampus at all ages, but are more frequent in
people over the age of sixty years. Furthermore, a study found that people with AD had
even higher amount of Hirano bodies than their healthy age-matched controls (Gibson &
Tomlinson, 1977). It is only now that research is exploring their physiological factors and
their interaction with tau and APP fragments. Results from both mouse and cell culture
models suggest that the formation of Hirano bodies might be a neuroprotective reaction
rather than another pathological process contributing to the disease pathology (Furgerson,

Fechheimer, & Furukawa, 2012; Spears et al., 2014).

1.3.2 Macroscopic changes

Neuroimaging data have unravelled a lot of information about the microstructural
composition and functional changes as a result of neuronal loss and synaptic dysfunction
present in AD. Structural magnetic resonance imaging (MRI) studies provide a characteristic
pattern of brain atrophy in brains with AD that deviates from that present in healthy ageing.

Cerebral atrophy is a prominent feature in AD and although this is also present in healthy
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ageing, brain shrinkage is greater in the former. A difference in the rate of atrophy is
observed from the beginning of the disease (Leung et al., 2013), but it accelerates further as
the disease progresses to more severe stages. Total brain atrophy is more than double in

brains with AD when compared to healthy individuals (Leung et al., 2013).

1.3.2.1 Cortical thinning and ventricular enlargement

Cortical thickness provides a full picture of structural abnormalities. Cortical thinning
occurs as early as the presymptomatic stage and it increases in association cortices once
dementia starts, with a 10-20% thinner cortex in early AD (Dickerson et al., 2009). Reduction
in cortical thickness has a phase and a region specific pattern (Im et al., 2008) which mirrors
neuropathological findings (Singh et al., 2006). Thickness of the cortex decreases
progressively from healthy ageing to the stage of mild cognitive impairment (MCl) to
dementia. The greatest difference between the three stages is observed in the medial and
lateral left temporal lobe regions which are close to the entorhinal cortex and the thinning

rate accelerates from the MCI to the AD dementia phase (Singh et al., 2006).

Thinning is observed in frontal, temporal, and medial occipital regions, and in the
posterior cingulate and precuneus areas (Dickerson et al., 2009; Im et al., 2008). These are
areas vulnerable to AD pathology. Primary motor and sensory cortices and occipital cortex
are spared (Singh et al., 2006). Cortical thickness strongly correlates with cognitive decline
and mirrors well global cognitive function, as measured by the mini mental state
examination (MMSE). The worse the cognitive performance, the more thinning is observed,
especially in the inferior frontal area, and inferior and medial temporal regions (Dickerson et

al., 2009). Cortical thinning is also associated with hippocampal atrophy in AD (Kim et al.,
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2012). Same as with cognitive decline, the largest difference is observed between MCl and

AD rather than MCI and healthy participants (Singh et al., 2006).

Enlargement of the ventricles due to brain parenchymal shrinkage is associated with
AD. This change is also present in healthy ageing and although the changes happen at a
slower rate, which can be distinguished from that present in AD, precaution needs to be
taken when looking at the lateral ventricles (Apostolova et al., 2012). During the early stages
of the disease, enlargement of the lateral ventricles is more pronounced in the posterior
aspect of the lateral ventricle and then spreads to the frontal horns with disease progression

(Apostolova et al., 2012).

1.3.2.2 Atrophy in medial temporal structures

Medial temporal structures are of major interest in early AD as these are the regions
where core pathological changes are observed. Furthermore, earlier on in the course of the
disease morphometric changes are most prominent in the entorhinal cortex, hippocampus
and amygdala (Lampert et al., 2014) and hence the importance given to the study of medial
temporal structures. The entorhinal cortex and hippocampus are structures vulnerable to
early AD pathology and volume reductions in both structures may be considered as an early

sign of AD pathology (Du et al., 2001; Velayudhan et al., 2013).

The rate of hippocampal atrophy is considered to be a good discriminator between
healthy people and early AD (Henneman et al., 2009). This is in parallel with histological
studies that report a decline in neuronal density in the hippocampus in AD brains most
particularly obvious in the CA1 and CA3 hippocampal areas (Padurariu, Ciobica, Mavroudis,
Fotiou, & Baloyannis, 2012), as well as a reduction in the total number of synaptic

connections which correlate highly with cognitive performance, including memory function,
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one of the earliest function to show impairment in AD (Scheff, Price, Schmitt, & Mufson,
2006). But the specificity of hippocampal atrophy is questioned as there is no difference in
the rate of hippocampal atrophy in presymptomatic individuals with a profile indicative of

AD and healthy individuals (Sabuncu et al., 2011).

Clinical studies suggest that atrophy of the entorhinal cortex is a better measure
than hippocampal atrophy to predict people who are at risk of developing the disease,
furthermore, structural changes in the entorhinal cortex precede those observed in the
hippocampus (Dickerson et al., 2001; Du et al., 2001; Stoub et al., 2005). Greater entorhinal
cortex shrinkage is not only a good predictor of cognitive abilities in patients with AD but
can also be a good predictor of worse memory performance in cognitively healthy people
(Rodrigue & Raz, 2004; Velayudhan et al., 2013). A longitudinal study that explored the
relationship of total brain volume, hippocampus volume and thickness of the entorhinal
cortex with cognitive performance to identify the optimal measure of cognitive decline
found that individuals with more shrinkage of the entorhinal cortex performed less well on
the neuropsychological tasks, had higher disease severity and predicted well subsequent
cognitive decline (Velayudhan et al., 2013). The entorhinal cortex together with the

hippocampus are important structures to consider for early diagnosis and interventions.

1.3.2.3 Functional changes

The functional organisation of a brain with AD pathology is altered from that of a
healthy one where segregated complex areas are interconnected by a dense network of
axonal pathways (Hagmann et al., 2008). AD is increasingly being considered as a
disconnection syndrome (Delbeuck, Van der Linden, & Collette, 2003) with supportive

evidence from neuroimaging and neuropsychological studies. Abnormalities in the
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organisation of the brain network and in the connections between segregated areas are
present in both late as well as in early AD (Chen et al., 2015; Medina et al., 2006; Petrella,
Sheldon, Prince, Calhoun, & Doraiswamy, 2011). Changes in functional connectivity include
longer path lengths (Pereira et al., 2016) mostly in the right hemisphere and in the
intrahemispheric connections between regions (Suckling et al., 2015). Longer and indirect
connections hinder the process of rapid transmission of information between neighbouring
neural areas and hence communication is less efficient resulting in poorer cognitive
performance (Shu et al., 2012). Other changes observed in AD are fewer connections
between neighbouring neural areas and the break-down of whole brain networks into larger
isolated components (Pereira et al., 2016). These changes result in a less efficient
communication system between immediate neural areas and a lack of integration of
information. Connectivity dysfunction is also associated with global cognitive impairment
(Liu et al., 2014; P. Wang et al., 2015). Extensive research has been done regarding
functional abnormalities in the default mode network (DMN), a set of interacting neural
areas activated during free, undirected mental states where a decrease in connectivity is
mainly reported. Connectivity reductions are observed in the medial temporal subsystem of
the DMN, including the right hippocampus, the precuneus and the right thalamus
(Montembeault, Rouleau, Provost, Brambati, & Alzheimer's Disease Neuroimaging, 2016; Y.
Wang et al., 2013). A decrease in strength of functional connections between posterior
DMN components (Liu et al., 2014) is also reported in AD. Alterations in the DMN
connectivity pattern are associated with clinical measurements of memory and clinical

dementia severity (Y. Wang et al., 2013).

14



Cortical hypometabolism is another feature present in AD which precedes the onset
of cognitive decline. It also correlates with clinical dementia severity and post-mortem
pathology severity of AD (Mosconi et al., 2009). It is unclear if the change in glucose
metabolism is a contributing factor to the disease or a consequence of the
neurodegenerative process that requires less glucose (Cunnane et al., 2011). The APOE €4
gene is associated with lower cerebral metabolic rate for glucose (Reiman et al., 2005) in all
the brain areas that exhibit hypometabolism in AD; these are the precuneus, posterior
cingulate, parietotemporal and frontal cortex (Bailly et al., 2015; Harwood et al., 2005;
Mosconi et al., 2006). Having more than one copy of the €4 allele, further decreases the
metabolic rate of glucose (Reiman et al., 2005). During the early stages of the disease, the
predementia phase, hypometabolism is present in the HC and, as the disease progresses to
full-blown dementia, abnormal metabolic rates for glucose become present in the cortical

regions.

1.3.3 Clinical symptoms

Due to the widespread atrophy and neuropathological changes described above, it is
expected that AD patients experience a range of cognitive decline. Cognitive functioning
becomes progressively worse as the pathology extends to various neocortical regions (E.
Braak et al., 1999; Jack et al., 2010) but the progression rate of the symptoms varies from
one person to another. AD pathology is initially mostly evident in the limbic area responsible
for memory function and indeed memory loss is a prominent feature of clinical AD.
Increasing forgetfulness or mild confusion are major complaints and also one of the main

criteria for early diagnosis (Petersen et al., 2001).
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Episodic memory (EM), the collection of context-rich personal experiences with a
specific time and place connected to the event, declines very early and is considered to be a
major clinical characteristic of AD with impairments present six years before clinical
diagnosis (Backman, Small, & Fratiglioni, 2001). But recently, a paradigm shift has been
suggested (Venneri, Mitolo, & De Marco, 2016) and EM impairment as a first symptom in
preclinical AD has been debated. As previously described (section 1.3.2.2) abnormalities are
observed in the parahippocampal gyrus before the hippocampus (Didic et al., 2011) and this
structure is responsible for semantic memory (SM), the part of long term memory that
stores context-free information about objects and concepts encountered in daily living. SM
provides names and meanings for everything encountered in life and it is required for daily
conversations. A mild impairment in SM will have less of a negative impact on patients
compared to the frustration of the inability to recall specific life events provided by EM
impairment. Hence, SM difficulties go unnoticed by patients and carers during the early
stages of the disease. Moreover, a decline in EM is also present in healthy ageing making EM
less sensitive in discriminating between the two types of ageing (Kinugawa et al., 2013).
Meanwhile age has no effect on SM and this remains stable later on in life (McGeown,

Shanks, Forbes-McKay, & Venneri, 2009).

Poorer performance in patients, including asymptomatic individuals at risk of
developing the disease, is detected on clinical language tasks that require SM functioning
such as naming objects, generating items from a given category and generating similarities
between two concepts (Arango-Lasprilla, Cuetos, Valencia, Uribe, & Lopera, 2007,
Wakefield, McGeown, Shanks, & Venneri, 2014). A decline in language abilities is indeed one

of the early impairments present in AD. Both analyses of natural speech as well as lab
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research suggest that language impairment is present decades before clinical diagnosis
(Berisha, Wang, LaCross, & Liss, 2015; Cuetos, Arango-Lasprilla, Uribe, Valencia, & Lopera,
2007; Garrard, Maloney, Hodges, & Patterson, 2005; Riley, Snowdon, Desrosiers, &
Markesbery, 2005). SM and language impairment will be discussed in further detail in

chapter 2.

The assessment of SM and EM skills might be a good tool to predict dementia
conversion (Molinuevo et al., 2011), but various studies have explored neuropsychological
performance extensively in a large group of patients to establish a clinical profile for AD and
its earlier and less severe forms (Molinuevo et al., 2011; Vliet et al., 2003). An accurate
profile will contribute to earlier identification of people at risk of developing the clinical
stage of the disease and those converting from one stage to another. Even in the mild
severity phase of the disease, the neuropsychological profile is different from that observed

in healthy ageing (Vliet et al., 2003).

Anterograde amnesia, the inability to learn and remember new information is
present as an early symptom (Weintraub, Wicklund, & Salmon, 2012). Patients with AD are
impaired in the consolidation and storage of new information (Weintraub et al., 2012). Later
on in the disease progression, as the pathology spreads throughout the brain, other
cognitive functions become impaired. At some point in the transition from mild to severe
dementia, patients perform poorly on tests that involve attention, visuospatial abilities and
abstract reasoning especially when a test is multicomponential and involves more than one

cognitive function to perform the task (Vliet et al., 2003).
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1.3.4 Neuropsychiatric symptoms and personality changes

Research on neuropsychiatric symptoms in AD is limited, but a high percentage of
patients develop psychological and personality changes at some stage during the duration
of the disease. Fifty percent of patients with mild impairment have a least one
neuropsychiatric symptom (Geda et al., 2008) and a higher prevalence of neuropsychiatric
problems is reported in the dementia stage with approximately 75% developing 1 or more
symptoms (Geda et al., 2008; Lyketsos et al., 2011). The most common symptom, which is
also the best distinguishable feature between healthy and pathological ageing, is apathy
followed by agitation, anxiety, irritability and depression while psychosis is rarely

encountered in early AD (Geda et al., 2008).

1.3.5 Biological vs clinical changes

It was thought that clinical symptoms were manifested according to the severity of
the neuropathology, but post-mortem studies have shown an overlap of pathological
alterations between healthy brain and demented brain (Thal, Del Tredici, & Braak, 2004;
Wharton et al., 2011). A study that has contributed to this discovery is the Nun’s study
(Snowdon,1986). The Nun’s study is a longitudinal research study that collected data on
early and middle-life risk factors for AD. Results showed that, even though AD
neuropathological features were present in the post-mortem brain, clinical symptoms were
not always present, while some nuns with severe brain pathology never experienced any
disease related cognitive decline (D. Snowdon, 2007). This resistance to the clinical
expression of the AD neuropathology has led to the inclusion of a new stage of AD in the
revised criteria for AD termed preclinical AD (figurel.1) (Jack et al., 2011; Sperling et al.,

2011).
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1.3.5.1 Brain and cognitive reserve

The theoretical concepts of cognitive reserve (CR) and brain reserve (BR) were
proposed by Stern (2009) to explain the discrepancy between the pathophysiological
changes and clinical manifestation of dementia. Both cognitive and brain reserve suggest
that the higher the reserve the more insults the brain can tolerate before it reaches its
threshold for the appearance of clinical symptoms. The brain is able to compensate for the
presence of pathology by relying and making use of additional brain areas or alternative
brain networks to perform a task for which the most appropriate neurobiological substrate
might have been impaired by AD pathology. Although these terms are sometimes used
interchangeably, CR and BR are different concepts and offer different explanations for the

lack of correlation between AD pathologies and clinical symptoms.

BR is explained as a passive effect and refers to the quantitative measures of the
brain such as neuronal count, brain size and measures of head circumference (Stern, 2009,
2012). The larger the brain the more AD-related insults it can sustain and therefore delay
the emergence of clinical symptoms. Brains with higher reserve have increased numbers of
dendrites and synapses, neurotrophic differences and improved neurovasculature and
neurometabolic coupling (Whalley, Deary, Appleton, & Starr, 2004). Neuronal density in the
brainstem is also related to the clinical onset of AD and the presence of accelerated
cognitive decline (Halliday et al., 1992). There are implications that the locus coeruleus
might be a structural component of brain reserve and might contribute to brain reserve
capacity given the evidence of an association between higher noradrenergic neuronal
density in the locus coeruleus and reduced cognitive decline (Wilson, Nag, et al., 2013). All

these features provide greater capacity for the brain to compensate for the neural damage
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caused by AD and, therefore, brain damage has to reach a higher threshold before any

symptoms are clinically manifested.

The CR theory is relevant for research in pathological ageing. CR is described as an
active model (Stern, 2009, 2012) and depicts the brain as a flexible and efficient organ that
makes use of pre-existing cognitive processes and is also able to establish compensatory
mechanisms to cope with neural damage. The main questions are whether clinical AD can
be prevented by enhancing CR and whether there are any specific factors and activities that
one can engage in to increase CR and therefore brain resilience. There is a relationship
between CR level and severity of the disease (Sobral, Pestana, & Paul, 2015), an increase in
CR level reduces the risk of clinical onset by 50% and this delay is irrespective of the severity
of neural atrophy (Soldan et al., 2015). CR does not modify the pathophysiological damage
as such but it modifies the way the disease is clinically manifested, individuals with higher
CR function at a higher clinical level than those with lower CR at any given level of neural

atrophy (Soldan et al., 2015).

1.3.5.2 Protective lifestyle factors

Several factors may modify the pattern and rate of cognitive decline in AD. The link
between social background and the prevalence of dementia dates back to the paper
published by Kittner and colleagues in 1986 suggesting that education needs to be
controlled for when investigating dementia. It was also noted that certain jobs such as
professional musicians and taxi drivers have a positive effect on brain structure and function
with differences in grey and white matter and hippocampal volumes (Gaser & Schlaug,

2003; Maguire, Woollett, & Spiers, 2006) that might enhance cognitive reserve. Since then
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the link between lifestyle factors and cognitive decline has been a new area of investigation

in dementia.

Education together with occupation makes up a large proportion of one’s life and if
these have an impact on cognitive performance it is important to explore and elucidate any
potential mechanisms through which these activities may modify late-life cognitive
functioning. The studies on education and AD provide support for the CR hypothesis. Higher
education plays a role in delaying the onset of clinical symptoms in AD (Jonaitis et al., 2013).
Less AP depositions are found in higher educated people (Yasuno et al., 2015) which leads
to the question whether education has a protective effect against amyloid deposition and if
this is the mechanism by which the onset of clinical AD is delayed. In a longitudinal study
that had a 20 year follow up and looked at the pattern and duration of cognitive decline
before dementia onset in high and low educated individuals it was found that highly
educated people achieved the threshold for dementia criteria after 15 years of preclinical
AD while low educated people required only 7 years (Amieva et al., 2014). This study
showed that the decline pattern differs between highly educated and low educated people.
In high educated people decline involves 2 successive periods of decline; it starts 15 years
before the onset of the disease with subtle impairment on some tests that require verbal
fluency and psychomotor speed but show no impairment in global cognition, cognitive
complaints or daily living problems. About seven years before dementia onset, global
abilities start to deteriorate together with the appearance of difficulties dealing with
complex daily living tasks, increase in self-perceived difficulties and depressive symptoms.
On the other hand, low educated people present a single period of decline lasting

approximately 7 years and the clinical course of the disease is characterised by decline
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concomitantly affecting specific and more global cognitive function along with alteration in
functional abilities (Amieva et al., 2014). Several studies support the view of education
acting as an active mechanism of compensation for neural damage due to AD. One
additional year of school for a 60-year old with ten years of education compensates for four

years of cognitive ageing (Adam, Bonsang, Grotz, & Perelman, 2013).

Occupational activity is associated with cognitive reserve and people who continue
working in a nonprofessional activity delay the onset of cognitive decline. The strength of
the association between nonprofessional activity and cognitive functioning depends on the
type of activity. The strongest association is when the activity involves attending education
or training courses (Adam et al., 2013), this can be interpreted that this sort of activity is
highly cognitive stimulating. Moderate association is seen with activities such as being a
member of a social or sports club and taking part in political/community-related
organisations and helping family or friends. No association is reported between stressful
situations and social isolation (Adam et al., 2013). This confirms the hypothesis that
cognitive decline is experienced when a person retires because he or she will be engaging in
less intellectual stimulating activities. Cognitive scores are in fact better in European

countries with higher ages of retirement (Adam et al., 2013).

The majority of the studies investigating lifestyle factors have looked at diet and
physical exercise (Di Marco et al., 2014) to evaluate their impact on the onset and
progression of AD. Major importance is being given to physical activity (PA) as stimulating
exercise can counterbalance the cognitive decline presented due to pathology and neural
damage in AD (Wilson, Boyle, et al., 2013). It is suggested that cognitively stimulating leisure

activities such as dancing, playing an instrument and engaging in board game sessions have
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a protective role against dementia (Verghese et al., 2003), especially if the activity is
practised frequently and over a long period of time. A positive impact of PA on cognitive
functioning is suggested on a molecular and a structural level. PA reduces the effect of age
on key biomarkers of AD pathophysiology. Active middle aged individuals at risk of
developing the disease show less age-related alterations in f—amyloid aggregations,
cerebral glucose metabolism, hippocampal volume, immediate memory and visuospatial
ability (Okonkwo et al., 2014). A randomized control trial with 120 healthy middle-aged and
older adults found that PA increases the size of the hippocampus which is accompanied by
improved memory function (Erickson et al., 2011), an early impairment in AD. Aerobic
exercise is also associated with a reduction in loss of grey and white matter in healthy
ageing (Colcombe et al., 2003). Mixed results on PA and dementia have been presented. A
study in which walking was used as an intervention found no difference in cognitive

performance in people with dementia (Eggermont, Swaab, Hol, & Scherder, 2009).

The way the above mentioned variables interact and affect cognitive performance is
still not well understood and it makes sense to assume that cognitive stimulating activity
delays the onset of the disease, but it cannot be excluded that cognitive inactivity promotes
neuropathological damage. Usually the higher the education, the better the job and
socioeconomic status and the more active the lifestyle, all permit a highly enriched
environment contributing to a high CR level. This is also observed in animal models where
mice living in enriched environments have greater numbers of dendritic density in the
hippocampus and increased number of glial cells (Beauquis et al., 2013) which affect

cognitive performance.
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Understanding CR will contribute to the slowing down of cognitive deterioration and
hence, delay the onset of the clinical phase of the disease. Certain lifestyle activities may
lessen normal age-related decline in cognitive functioning. The understanding of the
influence of lifestyle factors on cognitive performance has implications for clinical tests. It
will indicate that tests that require higher education levels and are more challenging and
appropriate for today’s population need to be developed, and it has implications for
interventions to understand what is most effective for slowing down the clinical progression

of the disease.

1.4 The AD spectrum

The scientific advancement in medicine and other health related matters have
increased knowledge about the relationship between clinical symptoms and
pathophysiology in the different stages of AD which in turn has led to the redefinition of
some concepts or to the introduction of new ones. This has also led to a revised version of
the guidelines and clinical criteria for diagnosing AD which were published in May 2011
(McKhann et al., 2011). Being the first revision since 1984 reflects the complexity and lack of
knowledge about the disease. These revised guidelines differentiate between the presence
of pathophysiology and the manifestation of clinical symptoms as recent converging studies
from clinically healthy individuals and cohorts at genetic risk suggest that the presence of
damage and other abnormal neurophysiological changes in AD brains begin between 10-20
years before the presence of any noticeable cognitive decline (Jack et al., 2010).
Additionally, the presence of AD neuropathology does not confirm full blown dementia. In

response to this temporal lag between the initiation of neuropathological characteristics
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and the manifestation of clinical symptoms, the new revised AD guidelines and criteria have
introduced a new stage to the AD spectrum in addition to the MCI (predementia,
prodromal) and the dementia stage which is referred to as the preclinical (presymptomatic)

stage.

1.4.1 The preclinical stage

The preclinical stage, also known as presymptomatic AD phase, is referred to as
‘clinically silent’” and characterised by the absence of clinical symptoms in the presence of
neuropathological changes. Preclinical AD is associated with an increased risk for future
cognitive decline (Vos et al., 2013) and it is common in people above the age of 65 and
carriers of the APOE &4 allele, but neither of these factors predict the rate of decline (Juva et

al., 2000; Rasmusson, Carson, Brookmeyer, Kawas, & Brandt, 1996).

Individuals at the preclinical stage have abnormal levels of AP and tau proteins in the
cerebrospinal fluid (CSF) as well as changes in ventricular volumes (Bertens, Knol, Scheltens,
Visser, & Alzheimer's Disease Neuroimaging, 2014). These seem to be the most sensitive
measures and the revised criteria and guidelines for AD propose an agenda to identify
markers that may detect any presymptomatic changes that could facilitate early diagnosis.
Although clinical impairment is not present at this stage, performance on cognitive tests is
poorer when compared with cognitively healthy people (Bertens et al., 2014) and there is
still the possibility of detecting such subtle cognitive decline, but this requires further

investigation and operationalisation.

Longitudinal studies that have assessed cohorts with clinical tasks over a long period
of time (9-16 years) report a change in cognitive function especially in the SM and working
memory domain which precedes decline in all other cognitive domains (Wilson et al., 2012).
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By the time they are given an established clinical diagnosis, patients would have already
experienced many years of accelerated cognitive decline with a marked increase in decline
speed 5-6 years before the clinical diagnosis of dementia (Wilson et al., 2012). Nine years
before diagnosis, global cognition, as measured by the MMSE score, was already lower in
people who progressed to AD compared to those who did not develop the disease (Amieva
et al., 2005). The cognitive decline present during this stage is not enough to affect or cause

disruption to one’s life and deficits are minimal enough to go unnoticed.

This stage has only been introduced for research purposes, to help research establish
whether there is a biological change caused by AD which can be detected through blood
tests, spinal fluid tests or neuroimaging. Research in this field is still in progress, however.
This stage is a long lasting and progressive one and hence it would be the ideal period to
identify individuals who will go on to develop full blown dementia as symptomatic
treatment and potential therapy that might delay the onset of dementia would be most

effective during this stage.

1.4.2 Mild cognitive impairment

MCI proceeds preclinical AD and is the transitional stage between healthy ageing and
dementia. With a few exceptions, the disease gets diagnosed at this stage. It is characterised
by mild impairment usually most obvious in memory functioning and linguistic abilities.
During this stage cognitive decline is more than that expected for the age and education
level which usually raises concern for the patient or the care giver. The clinical diagnosis for
this stage suggests an impairment in one or more cognitive domain but this does not affect
daily living activities and the person is still functioning well. At this stage the patient is

usually referred for a comprehensive neuropsychological assessment. If monitored, the
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cognitive performance of individuals at risk of developing dementia declines over time and
scores are 1-1.5 standard deviations below age adjusted means. Some patients (usually
those with mild deficits in multiple domains including memory) are given the diagnosis of
‘probable AD’. But this phase remains a grey area. Some people will go on to develop the
disease, but some others remain stable or even revert back to healthy cognitive function.
The heterogeneous evolution of MCI makes it challenging to predict who will convert to

dementia.

1.4.3 Dementia

The dementia stage is the final and most severe phase of the AD spectrum. Clinical
diagnosis requires an impairment in two or more cognitive domains that cannot be
explained by any other major psychiatric or organic disorder. Although a definite diagnosis is
not possible, at this stage clinical diagnosis is quite accurate but it is past the period when
current symptomatic treatment would be effective. During this stage impairment becomes
too severe and the person can no longer function well and struggles with daily living
activities. A change in behaviour is also common. Once dementia starts, the progress from
mild to severe AD varies from one person to another but usually the course of the disease
lasts about eight to ten years from the onset of clinical symptoms. Symptoms worsen with

disease severity across the spectrum.

The difference between clinical and preclinical phases is in the severity of the
disease. All stages have tangles, plagues, CAA and GVD but the preclinical stage shows less
pathology than the clinical stage (Thal et al., 2013). Tangles, CAA and GVD are also present

in cases that have no amyloid plaque pathology, which suggests that three pathological
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from preclinical AD to clinical AD (Thal et al., 2013).

Preclinical

e Asymptomatic

e Biological markers
already present

e Treatment will be
most effective at
this stage

Mild cognitive impairment

Mild cognitive
symptoms

Clinical
impairments begin
Disease modifying
treatment still
effective

Dementia

Severe cognitive
symptoms

Clinical impairments
fully manifested.
Disease modifying
treatment is least
effective

features precede amyloid plaque pathology and AP deposits might contribute to conversion

Figure 1.1 The AD spectrum. A summary of the three stages of AD according to the revised
criteria for AD by the national Institute of Ageing and the Alzheimer’s Association (McKhann
et al., 2011)

1.5 AD diagnosis

During the last 30 years, research on AD diagnosis has gained momentum and a lot
has been revealed but, due to the complex nature of this disease, the underlying
mechanisms and the sequence of symptom onset are still not well understood. This makes
criteria for accurate diagnosis difficult to identify, and in turn hinders the development of
effective disease modifying treatment. Definite diagnosis requires a post-mortem

histopathological analysis for AD features.

Being able to diagnose the disease accurately in the very early stage of progression
offers a number of advantages making early diagnosis highly critical. Presently, the only

treatment available is symptomatic and is mostly effective before too much irreversible
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damage occurs in the neural system. Having an early diagnosis will also allow patients to
plan and manage their disease better, including choosing a proxy consent. Most
importantly, early diagnosis will additionally aid in recruiting the right people for clinical
drug trials and, therefore, facilitate the process of developing a cure or a treatment that will

slow down, if not reverse, the progression of the disease.

There is a lot of ongoing research with the aim of establishing a marker that could
offer an early accurate diagnosis and shift from a ‘probable’ diagnosis to a ‘definitive’ one.
An effective marker should be able to fulfil a set of criteria, namely: able to diagnose the
disease with at least 80% sensitivity and specificity, able to detect the disease at the
preclinical stage, able to discriminate incipient AD from stable MCI, reflect the disease
progression, and monitor therapeutic efficacy (Wattamwar & Mathuranath, 2010). There
are no diagnostic or progressive markers presently used during clinical examination but
different forms of markers have been identified and are currently under study to develop an
appropriate one for clinical routine screening. The different forms of marker include those

based on the examination of cerebrospinal fluid, of brain scans and on blood tests.

1.5.1 Cerebrospinal fluid markers

A biological marker is a neurochemical signal that can be detected for diagnosis with
the possibility of measuring disease progression. Parameters derived from CSF are
promising markers due to the direct contact of the fluid with the extracellular space of the
central nervous system and its molecular composition that reflects the neurochemical
changes in the brain linked to the pathological hallmark of AD (Biagioni & Galvin, 2011). The
three main chemical markers in CSF that appear to have a high diagnostic performance in

research settings are total-tau (T-tau), phosphorylated-tau (P-tau) protein and A4
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(Andreasen, Vanmechelen, Vanderstichele, Davidsson, & Blennow, 2003; Fagan et al., 2006;
Mattsson & Zetterberg, 2009) with T-tau having the highest sensitivity and specificity
Zetterberg, Wahlund, & Blennow, 2003 (lbach et al., 2006; Zetterberg, Wahlund, &
Blennow, 2003). Increased levels of T-tau and P-tau and decreased levels of A4, are
detected at early and advanced stages of the disease (Jack et al., 2010; Liu et al., 2014;

Zetterberg et al., 2003) as well as before the onset of clinical AD (Andreasen et al., 1999).

All three measures identify incipient AD in patients with MCI prodromal to AD with
good accuracy (70-80% sensitivity) (Andreasen et al., 2003; Malnar et al., 2012) and
abnormal levels in two or more CSF biomarkers reliably predict MCI conversion to AD
(Parnetti, Lanari, Silvestrelli, Saggese, & Reboldi, 2006; Zetterberg et al., 2003). CSF markers
correlate with MRl measurements of brain and ventricular volumes. Lower levels of A4
correlate with smaller brain volumes and larger ventricular volumes. This reflects the stage
of the disease, having lower CSF levels as the disease progresses. Due to the markers being
abnormal before the onset of the disease and its sensitivity to identifying MCl patients that
will convert to AD, these markers are considered to be a good supplement to diagnostic
procedures in clinical routine. But CSF procedures have several disadvantages: collection of
CSF using lumbar puncture is invasive with possible side effects, screening patients and
following them up is difficult and therefore the question remains if it is worth using CSF and

whether it is practical for a fragile population.

1.5.2 Blood biomarkers
Despite the semi-permeable membrane between the brain and the bloodstream, it is
widely accepted that there is communication between the brain and the periphery tissue.

There are AD blood associated changes that can be detected. AD has recently been linked to
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metabolic dysfunctions, oxidative, inflammatory and biochemical pathways in peripheral
tissues such as blood and skin cells. Blood tests are also non-invasive which is better than
the previous mentioned methods for use in the older population. This has directed research

to explore and develop assays of peripheral AD markers.

Platelets could be a possible source for a peripheral AD marker. The limitation is the
challenge to reproduce AD-related plasma protein (Veitinger, Varga, Guterres, & Zellner,
2014). Patients have altered platelet APP (Borroni et al., 2002). Coated-platelets are a
subpopulation of platelets that are stimulated by two agonists, collage and thrombin. The
coated-platelets are found to be synthesized at a higher level in early AD and decline as the

disease progresses (Prodan, Ross, Vincent, & Dale, 2007).

There is also potential for blood expression to be an AD marker. Lunnon et al. (2013),
identified and validated an AD diagnostic gene expression marker that could distinguish
people with AD from healthy ones. Forty-eight genes have been identified that can
distinguish between healthy individuals and those that go on to develop the disease with a
75% accuracy. This was found in a small sample of 75 people and requires further

investigation.

1.5.3 Neuroimaging

Different neuroimaging techniques produce different information and depending on
this information they can be broadly classified into three categories: structural imaging,
functional imaging and molecular imaging. Brain imaging is popular in research as it provides
highly useful information with practical clinical implications. Imaging is useful for the
differentiation between healthy and early dementia when performance of memory tests is
similar to that of healthy ageing and for following up the progression of the disease, for the
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elimination of other types of dementia or reversible causes of dementia syndrome and for

differential diagnosis (Scheltens, 2009).

Structural imaging is currently used as a supplement to neuropsychological
assessment for clinical diagnosis. The most common form of structural imaging is based on
MRI technology. MRI uses radiofrequency energy emitted from hydrogen atoms of water
molecules to measure and provide a representation of the brain structure (Small, 2002).
Previous work using MRI has explored abnormalities/alterations in the medial temporal
structures, with most of the focus given to the hippocampus (Frisoni, Fox, Jack, Scheltens, &
Thompson, 2010). This is due to the fact that these structures are the first to be affected by

AD pathology.

Functional and molecular imaging has an important role in the neuroimaging of
dementia. Changes in function and molecular composition of brain tissue typically precede
atrophy detectable by structural imaging. Functional magnetic resonance imaging (fMRI) is
the most common form used to measure neural activity by calculating the changes in
cerebral blood volume. Brain areas that receive more blood flow during a cognitive task
produce a stronger MRI signal than other areas. Single photon emission computed
tomography (SPECT) and positron emission tomography (PET) are also common measures
and brain perfusion or metabolism abnormalities in AD-related regions are good predictors

of conversion from MCI to AD.

Pittsburgh compound B, the first substance to detect amyloid plaques in PET imaging
was created in 2001 (Klunk et al., 2001). The first person with Alzheimer’s disease was
tested a year later (Klunk et al., 2004). This laid down the foundation for the current
molecular agents. Since 2012 three molecular tracers have been approved by the U.S. Food
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and Drug Administration for in vivo amyloid imaging. These are: Florbetapir F1s (Amyvid),
Flutametamol Fig (vizamyl) and Florbetaben F1s (Neuraceq). All three tracers bind to and
reveal AB plaques in the brain during PET imaging. There is great interest in this marker due
to its direct measure of the hallmark of AD pathology, but plaques are currently not used to
diagnose the disease since their presence is not always suggestive of cognitive decline

(Nelson et al., 2012). All this makes amyloid imaging inappropriate for clinical purposes.

1.5.4 Clinical diagnosis

Currently clinical neuropsychological assessment is the optimal method of diagnosis.
The procedure involves a clinical examination based on physical and neurological
examination to eliminate any other possible disorder, extensive neuropsychological testing,
medical records, family history, and neuroimaging scans. Neuropsychological testing makes
use of standardised tests to examine various cognitive functions (for list of main tests see
Table 1.1). The test battery used in most clinics is the CERAD-Plus battery (produced by the
consortium to establish a Registry for Alzheimer’s Disease) that tests for various aspect of

cognitive functioning.

A relatively new test recommended for the assessment of amnestic MCI (of the
hippocampal type) is The Free and Cued Selective Reminding Test (FCSRT). The test consists
of three phases that evaluates verbal episodic memory. The first phase is an encoding phase
using words from different semantic categories, the second phase consists of free recall and
the final phase is a delayed recall one (performed 20 minutes later). This test has shown
good sensitivity and specificity for the prediction of AD conversion at 5 years, although the

predictive value is low (Auriacombe et al., 2010).
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Table 1.1: Example of a battery of tests and cognitive functions assessed that might be included in a

standard clinical assessment battery

Name of test

Function assessed

Mini mental state exam
Confrontational naming

Verbal paired associates

The pyramids and palm trees test
Rey’s complex figure test

Semantic fluency

Phonemic fluency

Digit span forward

Digit span backward

Raven’s progressive matrices
Stroop task

Digit cancellation
Visuoconstructive apraxia test
Token test

WAIS-similarities

Logical memory

Global cognitive function.

Linguistic abilities

New learning

Access to semantic representation.
Visuospatial abilities, memory, attention,
planning, working memory, executive
functioning.

Semantic memory, executive function &
language

Executive functioning

Short term memory

Working memory

Reasoning, problem solving

Attention

Attention

Visuospatial

Comprehension of language

Reasoning

Short/long term memory

Clinical diagnosis has an 80-90% accuracy when patients are examined thoroughly

with a multidisciplinary (i.e. clinical, neuropsychological, neuroimaging) approach.

Neuropsychological assessment has helped in tracking the disease by identifying and

establishing cognitive impairment throughout the progression of the disease with recent

research looking at the earliest subtle changes. The problem with clinical testing is that they

are not sensitive and specific enough to differentiate between normal age-related changes

and the subtle cognitive deficits due to AD in its earliest stage. Further refinement is needed

to improve clinical testing and be able to detect the earliest signs possible, preferably during

the preclinical phase.

Non-invasive, easy to administer and cost effective techniques are highly desirable

tools for AD early detection. Data generated from imaging studies are radically changing
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how we perceive the disease and this will influence future diagnosis criteria/guidelines and
treatment. A combination of diagnostic markers, imaging, CSF and clinical data is an

emerging strategy in diagnosing AD.

1.6 Differential diagnosis

Diagnosis gets more complicated when there are coexisting conditions or when the
pathologies and symptoms of other dementias overlap with those of AD such as is the case
with frontotemporal dementia (FTD) and vascular dementia (VaD). Early accurate diagnosis
is critical for the understanding and management of the disease as different types of
dementia require different care plans. The closest deterioration observed in other
neurodegenerative disorders are in semantic dementia (SD), a sub-type of FTD and VaD.
Clarifying the impairments in MCI due to AD will help with differentiating between these

disorders.

Although FTD is clinically different from AD, it is a challenge to distinguish FTD from
early AD. In fact, people with FTD meet the clinical criteria for probable or possible AD (Siri,
Benaglio, Frigerio, Binetti, & Cappa, 2001) even though it is also pathologically different. It is
even harder to distinguish between the two in a patient younger than 65 years when the
disease is in its earliest stage. The patterns of cortical atrophy differ in the two dementias.
There is a decrease in whole brain volume in both FTD and AD but the brain volume loss is
higher in FTD and this is noticeable even over a span of approximately 3 years (Whitwell et
al., 2008). In SD, shrinkage of the left anterior temporal lobe including the temporal pole

and association cortex is more accentuated than the right side (Garrard & Hodges, 2000).
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Ventricular expansion is observed in both dementias but again it is more so in FTD
although this measure is not good to differentiate between the two forms (Whitwell et al.,
2008). Hippocampal atrophy is more severe in AD but atrophy of the entorhinal cortex is
similar in the two types. In FTD more atrophy in the anterior part of the hippocampus is
observed while the posterior region is similar to that observed in healthy people (Laakso et

al., 2000).

Both dementia groups perform similar to each other on neuropsychological tasks
and an overlap in clinical performance in observed (Siri et al., 2001). A difference in
constructional abilities and calculations is observed between the two groups where FTD
patients perform better (Mendez et al., 1996). On the other hand Grossi et al., (2002)
explored a wide range of visuospatial and constructional abilities in patients with FTD and
they reject the clinical claim that these abilities are preserved in FTD and suggest that these
functions cannot reliably discriminate this patient population from AD. Temporal memory is
not affected by age, a task dependent on the hippocampus, and can discriminate patients
with AD from healthy controls and FTD patients with 87.5% sensitivity and 91.4% specificity

(Bellassen, Igloi, de Souza, Dubois, & Rondi-Reig, 2012).

A possible way of differentiating the two dementias is by monitoring cognitive
decline and functional behaviour because patients with FTD have a faster decline as well as
a greater deterioration of performance in activities of daily living which can be seen over a
year (Rascovsky et al., 2005). FTD patients also have slightly shorter survival from disease
onset till death compared to AD, approximately 8 years and 9 years respectively (Rascovsky

et al., 2005).
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In a meta-analysis to establish the optimal test that discriminates AD from FTD it was
reported that AD tend to do worse on tasks that assess orientation, memory and global
cognition while patients with FTD perform worse on verbal ability tests and semantic
memory assessments (Hutchinson & Mathias, 2007). They found a 32-48% overlap on the
optimal discriminating tasks between the two types of dementia. This suggests that
neuropsychological tests are not sensitive enough to discriminate between the two types of
dementia and differential diagnosis is not accurate enough. Clinical testing requires further

investigation to develop a reliable differential diagnostic measure.

VaD is the second most common type of dementia in the elderly after Alzheimer’s
disease. Both VaD and AD are progressive, insidious diseases making it difficult to
distinguish between the two dementias unless there is prior history of clinical strokes
available. Neuropsychological tests have low accuracy for differential diagnosis (Matioli &
Caramelli, 2010). Additional neuroimaging data and clinical information will help with the

diagnosis.

1.7. Treatment

Currently, there is no cure for AD but there are both pharmacological and
non-pharmacological treatments that help with the cognitive, behavioural and psychiatric
symptoms. Various clinical trials are looking for new treatments that would ideally alter or

even stop the course of the disease.
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1.7.1 Pharmacological treatment

Current treatment is based on the cholinergic hypothesis of AD which proposes that
neurochemical deficit in cholinergic neurons and the loss of cholinergic neurotransmission is
the responsible factor for the cognitive dysfunction experienced in the disease (Bartus,
Dean, Beer, & Lippa, 1982). The pharmacological treatment approved by the Food and Drug
Administration and licensed in the UK for clinical use are the acetyl cholinesterase inhibitors
(ACHEIs), donepezil, galantamine and rivastigmine, which are mostly beneficial during the
early stages of the disease although higher doses of donepezil are also being used for later
stages. Memantine, a NMDA receptor antagonist, is sometimes offered instead of the

ACHEIs or for patients in late stages of the disease (NICE, 2011).

Donepezil was the first to be introduced as a symptomatic treatment for AD,
followed by rivastigmine and galantamine (Deardorff, Feen, & Grossberg, 2015). All three
ACHEIs work by inhibiting the enzyme acetylcholinesterase and therefore prevent the
breakdown of acetylcholine. Although no major treatment difference is reported for the
three agents, it might vary from one patient to another and a change in drug agent could be
viable for some patients (Hwang, Ahn, Kim, & Kim, 2016). ACHEIs exert a beneficial effect on
cognition where it is sometimes preserved or even slow down the rate decline (Black et al.,
2007; Hwang et al., 2016; Rogers, Doody, Mohs, & Friedhoff, 1998). In a mouse model that
mimics early onset AD, galantamine also seem to lower the levels of amyloid plaques in the
hippocampus and the entorhinal cortex (Bhattacharya, Haertel, Maelicke, & Montag, 2014).
Positive effects on other core symptoms of AD such as language and attention are also
observed (Ferris & Farlow, 2013; Metzger, Ehlis, Haeussinger, Fallgatter, & Hagen, 2015).

Mixed results regarding beneficial effects of ACHEIs on behavioural and neuropsychiatric
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symptoms have been presented with most of the studies reporting a modest improvement
while others reported no difference (Rodda, Morgan, & Walker, 2009). Memantine is a drug
mostly offered for later disease stages. Being an NMDA receptor antagonist, it acts on the
glutamatergic system and functions by blocking NMDA receptor channels. Memantine
treatment is a safe drug and has shown positive effects on patients with moderate and
severe AD (Reisberg et al., 2006). Positive treatment effects of memantine are seen in
improved cognition, better engagement in activities of daily living and improvement in
behaviour especially in patients with agitation and aggression (Gauthier, Wirth, & Mobius,

2005; Reisberg et al., 2006; Tariot et al., 2004).

Despite the benefits offered by the current drugs, none of them can halt or at least
alter substantially the course of the disease and the effects are short lived. Clinical drug
studies are working on developing novel pharmacological treatments that work effectively
as disease modifying agents. Hence, the aim is to develop drugs that target the hallmarks of
the disease and have the ability to change the neuropathological patterns of amyloid and
tau proteins (Salomone, Caraci, Leggio, Fedotova, & Drago, 2012). New drug treatment is

being driven by the amyloid cascade hypothesis and the tau hypothesis (Sugino et al., 2015).

1.7.2 Non-pharmacological treatment

Several forms of non-pharmacological therapy have been recently proposed and
investigated in AD. One of the most promising forms of therapy that is beneficial for
cognitive functioning is cognitive stimulation training. Cognitive stimulation is an important
approach for patients during the early stages of the disease. It improves global cognitive
performance, decreases depression levels and improves neuropsychiatric symptoms

(D'Onofrio et al., 2015; Spector et al., 2003). The rate of cognitive decline is slower when
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cognitive stimulation is used in addition to pharmacological treatment (O. Matsuda, 2007).
Regular cognitive stimulation therapy seems to offer similar benefits to those produced by
pharmacological treatment (Spector et al., 2003). A positive factor of cognitive training is
that the therapeutic sessions can be tailored according to the disease. In a recent study by
De Marco and colleagues (2016), a one month computerised cognitive stimulating
programme was designed to train the DMN, a vulnerable structure in AD. Findings from the
study suggested that such training increased functional connectivity between the posterior
cingulate cortex and areas in the temporal and parieto-occipital regions. Cognitive decline
can also be slowed down or improved through Transcranial magnetic stimulation therapy

(Liao et al., 2015; Penolazzi et al., 2015).

Mindfulness training is a new technique being associated with neuroprotective
effects that could improve cognitive function in people with AD with the possibility of
slowing down the progression rate of the disease. Mindfulness is a type of meditation which
involves the psychological process of focusing one’s attention on the internal and external
experiences in the present moment. In a study on long term meditators it was reported that
age-related atrophy of the left hippocampal subiculum was reduced compared to people
with no meditation experience (Kurth, Cherbuin, & Luders, 2015). The authors suggest that
the positive effect could simply be due to the mental training required for meditation that
counteracts the GM loss or that meditation reduces stress and therefore reduces the
inflammatory process related to stress. A small pilot study using a six week mindfulness-
based training programme on older adults with sleep complaints found GM increase in the
precuneus (Kurth, Luders, Wu, & Black, 2014) while another pilot study based on an 8 week

mindfulness based stress related intervention reported an increase in GM in the
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hippocampus, posterior cingulate cortex, temporo-parietal junction and the cerebellum
(Holzel et al., 2011). These structures are associated with the functioning of learning and
memory. A pilot study on patients with MCl was also conducted and found an increase in
functional connectivity between the posterior cingulate cortex and the medial prefrontal
cortex and left hippocampus. Furthermore, a decrease in hippocampal volume atrophy was
also reported (Wells et al., 2013). Although the positive effects of mindfulness practise seem
promising for AD, the studies conducted were mainly on healthy people and all consisted of
a small sample size. Therefore, mindfulness based stress reduction programmes require

further investigation.

Patients with AD find it easier to recall memories from distant past than recently
formed ones and old memories can be retrieved and relieved through reminiscence therapy.
Reminiscence therapy is the retrieval of old memories to improve one’s mental health and
psychological well-being (Chiang et al., 2010; Moral, Terrero, Galan, & Rodriguez, 2015). This
form of therapy can be done in individual or group sessions by discussing, sharing and re-
living personal experiences. 