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Abstract
The apolipoprotein E (APOE) ε4 allele confers an increased risk of developing
Alzheimer’s disease (AD). Findings regarding the relationship between APOE ε4 and
cognition in AD, mild cognitive impairment (MCI) and healthy controls (HC) have
been variable. The most consistent finding is that APOE ε4 carriage has a
detrimental effect on cognition. The diverse results reported reflect methodological
variations including recruitment, sensitivity of cognitive tests, and inclusion of
individuals at different stages of AD. Study 1 examined the relationship between
APOE ε4 and cognition in AD, MCI and HC groups using a large, well characterised
cohort and a sensitive cognitive battery. Results revealed no cross-sectional
differences between APOE ε4 carriers and non-carriers in either AD or HC groups. In
the MCI group, APOE ε4 carriage was associated with greater impairment of episodic
memory, but less impairment of executive function when compared to non-carriers.
This likely reflects the heterogeneity of MCI, and a Type-1 error cannot be excluded.
The lack of difference in the HC group may reflect ceiling effects for some cognitive
measures. Study 2 extended upon these findings and investigated the relationship
between APOE ε4 and cognition in HC without prodromal AD, testing the cognitive
phenotype vs. prodrome hypotheses. This refined sample of HC was determined
using longitudinal data and strict inclusion criteria, including only participants who
remained classified as HC and cognitively stable over 54-months, and who had low
beta-amyloid neuroimaging results. Further, additional cognitive measures with
purported greater sensitivity were included in the cognitive battery, in an attempt to
eliminate potential ceiling effects masking a relationship between APOE ε4 and
cognition. In this sample of HC without prodromal AD, APOE ε4 was not negatively
related to cognitive performance. These findings therefore support the prodrome
xiv

hypothesis and suggest that previously reported detrimental effects of APOE ε4 on
cognition are likely due to AD related processes.

xv

Chapter One: General Introduction
1.1

Dementia
In 2011, it was estimated that there were 266,574 people with dementia in

Australia, and this number is expected to increase to a projected 553,285 people by
2030, and 942,624 people by 2050 (Access Economics, 2011). In 2012, Australian
health ministers recognised dementia as the ninth National Health Priority Area, and
the Australian Government announced its intention to reform aged care. As part of
its $3.7 billion Aged Care Reform package, the Australian Government stated its
intention to allocate $268.4 million over five years to 'tackle' dementia. By far the
most common and best known of the dementias is Alzheimer’s disease (AD), which
accounts for approximately 60% to 80% of all cases of dementia (Nowrangi, Rao, &
Lyketsos, 2011; Reitz, Brayne, & Mayeux, 2011; Sosa-Ortiz, Acosta-Castillo, & Prince,
2012).
Dementia is a generic term used to characterise acquired cognitive
impairment, usually but not exclusively, resulting from pathological degeneration of
cortical and/or subcortical cerebral structures (Snowden, 2010). Vascular,
metabolic, demyelinating, and even infectious disorders also cause dementia.
Dementia is conventionally defined as the generalised impairment of intellect, with
the implication being that the dementia associated with different disorders should
be indistinguishable. However, this is far from the case, as degenerative diseases do
not affect the brain in an undifferentiated manner (Snowden, 2010). Rather, they
have predilections for certain brain regions and show relative sparing of others. As
a result, the different neurodegenerative diseases have different distinct profiles of
cognitive and behavioural impairment that can be identified with a high degree of
1

accuracy (Ballard & Bannister, 2010; Savage, 2010; Snowden, 2010). Along with
variations in cognition and behaviour, dementia also varies with respect to age of
onset, pathophysiology and progression (Boyle & Wilson, 2010; Fleisher & CoreyBloom, 2010). Dementia is not a normal consequence of normal ageing, although
some of the neuropathological changes in dementia occur in normal ageing and the
prevalence of Alzheimer’s disease increases significantly with age (Masters, 2010;
Villemagne & Rowe, 2010).

1.2

Neuropathology of Alzheimer’s disease
Alzheimer’s disease (AD) is a debilitating neurodegenerative disease

characterised pathologically by an accumulation of neurofibrillary tangles and
neuritic plaques (Samuel, Galasko, & Thal, 2002; Terry et al., 1991). Early in the
disease, neuropathological changes occur primarily in the hippocampus and
surrounding medial temporal lobe, with later changes occurring in the frontal,
temporal, and parietal association cortices, and eventually, atrophy in the limbic
regions and neocortex (Braak & Braak, 1991b; McKhann et al., 2011; Xu et al., 2000).
Neurofibrillary tangles develop when microtubules that transport messages
from the body of the nerve cell to the end of the axon become twisted (Boller &
Duykaerts, 2003; Braak & Braak, 1995; Delacourte et al., 1999). Tau is a protein
within neurons that stabilises and maintains the structure of microtubules, allowing
transport of vesicles and other products of neuronal cell bodies down the axon to
the synapse (Woodward, 2010). In AD, tau becomes hyperphosphorylated and this
disrupts the microtubules, resulting in tau eventually aggregating to create
neurofibrillary tangles (Woodward, 2010). Neurofibrillary tangles appear early in
2

the course of the disease in the entorhinal cortex, hippocampus, and other regions of
the temporal lobe (Boller & Duykaerts, 2003; Braak & Braak, 1995; Delacourte et al.,
1999). As the disease progresses the tangles appear increasingly in other
neocortical areas (with relative sparing of primary sensory and motor cortex) and in
specific brainstem nuclei. The density of the neurofibrillary tangles correlates with
dementia severity (Delacourte et al., 1999). Neurofibrillary tangles have also been
shown to be present in the autopsied brains of elderly non-demented individuals,
however in this case they are mostly confined to the hippocampal region and rarely
occur in the cortex (Crystal et al., 1993; Delacourte et al., 1999).
Amyloid plaques are extracellular by-products of neuronal degeneration
(Masters, 2010). Brain cells contain a large protein called the amyloid precursor
protein (APP) that is cleaved to form smaller proteins. It has been proposed that in
AD the APP is clipped at the wrong segment during metabolism, resulting in the
production and accumulation of an undesirable fragment, beta-amyloid (Aβ) (Skoog
& Blennow, 2001; Strange, 1992). Conversely it has also been proposed that it is not
the production of Aβ that leads to accumulation in AD, but rather an impairment in
the clearance of Aβ (Mawuenyega et al., 2010; Wildsmith, Holley, Savage, Skerrett, &
Landreth, 2013). It has been suggested that separation of Aβ into fibrillar forms may
even serve as a protective mechanism against oligomeric species, which may be the
more synaptotoxic forms of Aβ (Lee et al., 2004; Selkoe, 2002). Whether it is due to
over-production or impaired clearance, the net result is an excess of Aβ (Selkoe,
2000).
There are two forms of Aβ; Aβ40 and Aβ42, with the longer Aβ42 fragment
being more insoluble and potentially more neurotoxic than the short Aβ40 fragment
3

(Mesulam, 1999). These extra Aβ fragments aggregate into plaques which “act like
‘brain sludge’ and are understood to destroy the capacity of neurons to
communicate with one another” (Andreasen, 2001, p. 264), by damaging the
membranes of axons and dendrites (Lorenzo et al., 2000). These amyloid plaques
are most commonly seen throughout the cortex of AD patients but they also occur
subcortically, particularly in the thalamus, hypothalamus, and mammillary bodies
(Braak & Braak, 1991a). The majority of people who meet clinical criteria for AD
dementia accumulate amyloid plaques containing Aβ well before the onset of
cognitive or behavioural symptoms (Selkoe, 2000). Recent research has indicated
that Aβ levels are a good predictor of progression to AD dementia in healthy adult
populations with results showing that high Aβ increases the risk of progression from
healthy to mild cognitive impairment, and from mild cognitive impairment to AD
(Jack et al., 2009; Pike et al., 2011). Therefore, as depicted in Figure 1.1, the amyloid
hypothesis predicts that Aβ over-production or impaired clearance leads to
downstream events that cause neuronal dysfunction and death, manifesting as
clinical dementia.

4

Figure 1.1. The amyloid hypothesis and pathogenesis in Alzheimer’s disease, depicting both
the impaired clearance and over-production of Aβ . Figure adapted from Loy and colleagues
(2013).

Neuronal loss is another feature of AD (Frisoni, Fox, Jack, Scheltens, &
Thompson, 2010). It involves a large loss of neurons in the neocortex, with the
greatest loss in the temporal lobes and brainstem nuclei (Strange, 1992). It has also
been demonstrated that a loss of functional synapses in frontal and parietal areas
surrounding the temporal lobes is associated with AD (Frisoni et al., 2010). This
patterned loss of cortical function disconnects temporal lobe structures from the
rest of the cerebral cortex, thus making an important contribution to the prominent
memory disorders in this disease (Lezak, Howieson, Bigler, & Tranel, 2012; Storey,
Slavin, & Kinsella, 2002). The cortical degeneration also appears to disconnect

5

prefrontal from parietal structures (Braak, Del Tredici, Schultz, & Braak, 2000),
which may account for the early compromise of the capacity for divided and shifting
attention (Parasuraman & Greenwood, 1998).
1.3

Clinical and cognitive characterisation of Alzheimer’s disease
While a definitive diagnosis of AD can only be made post-mortem or by brain

biopsy, a clinical diagnosis of probable AD dementia is typically based on the
detection of episodic memory impairment and substantial impairment in other
cognitive

domains

such

as

executive

function,

attention,

language

and

visuospatial/constructional abilities (McKhann et al., 2011; Minati, Edginton, Grazia
Bruzzone, & Giaccone, 2009). In a neuropsychological assessment, impairment is
often defined as performance of two standard deviations below matched healthy
controls in at least two cognitive domains, as well as impairment in social and
occupational function (McKhann et al., 2011; Savage, 2010).
While AD dementia has been diagnosed as a clinical phenotype, over the past
two decades great progress has been made in identifying the AD-associated
structural and molecular changes in the brain and their biochemical footprints, and
these are referred to as biomarkers. These biomarkers include structural brain
changes visible on magnetic resonance imaging (MRI) with early and extensive
involvement of the medial temporal lobe (Barber & O'Brien, 2010), and positron
emission tomography (PET) with hypometabolism or hypoperfusion in
temporoparietal areas (Ebmeier, Filippini, & Mackay, 2010; Villemagne & Rowe,
2010), and changes in cerebrospinal fluid (CSF) biomarkers (Pantel & Hampel,
2010).

6

1.4

Neuropsychological assessment of Alzheimer’s disease
A wide range of neuropsychological tests have been applied in the

assessment of AD. Cross-sectional comparisons of cognitive function between nondemented elderly persons and those with AD dementia indicate that impairment in
episodic memory is the most frequently observed and pronounced deficit found
even in the mild stages of AD (McKhann et al., 2011; Minati et al., 2009). This is not
surprising, as the earliest neuropathological changes in AD usually occur in the
medial temporal lobe structures (e.g. hippocampus, entorhinal cortex) which are
critical for episodic memory function (Braak & Braak, 1991b). Although impairment
of episodic memory is considered the clinical hallmark of AD, impairment in
executive function, working memory, attention and psychomotor speed are also
common (Stopford, Snowden, Thompson, & Neary, 2008). Deficits in executive
function can occur early in the course of AD and present as difficulties in set-shifting,
self-monitoring, or sequencing, and when they occur in addition to a memory
impairment they predict subsequent progression to AD dementia (Albert, 1996;
Weintraub, Wicklund, & Salmon, 2012).
It is thought that the very earliest neuropsychological symptoms of a
dementia reflect the neuroanatomical systems that bear the load of the associated
pathology, but the relationship between the symptoms and the underlying disease is
less obvious (Weintraub et al., 2012), as seen in Figure 1.2. While an amnestic
dementia has the highest likelihood of being associated with AD pathology, early
aphasia, progressive visuospatial deficits, and changes in personality can also be
associated with AD pathology (Weintraub et al., 2012). As dementia progresses
from early to late stages, symptom domain boundaries become blurred and
7

distinctive profiles are difficult to discern. Thus neuropsychological profiles are
most informative in the early stages of dysfunction (Mesulam, 2000; Weintraub et
al., 2012).

Figure 1.2. The relationship between clinical symptoms and underlying neuropathology. The
thickness of lines connecting the clinical and neuropathologic levels represents the strength
of association between them. Figure adapted from Mesulam (2000).

1.5

Defining the preclinical stage of Alzheimer’s disease and mild cognitive
impairment
It is now widely accepted, within research settings, that a long transitional

phase between normal ageing and clinical AD exists, in which gradual decline in
cognitive function is accompanied by accumulation of AD-related pathology in the
brain (Albert, Moss, Blacker, Tanzi, & McArdle, 2007; Jack et al., 2009; Jack et al.,
2005). Once this subtle decline has become sufficiently large, it can be classified as
mild cognitive impairment (MCI). The degree of cognitive impairment in MCI is not
normal for age and, thus, constructs such as age-associated memory impairment and
age-associated cognitive decline do not apply (Albert et al., 2011). In MCI,
impairment in memory and other cognitive functions are detectable upon clinical
assessment although at a magnitude less than that observed in AD (Albert et al.,
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2011; Petersen, 2004; Winblad et al., 2004). For example, in MCI it has been
generally agreed that the arbitrary “cut off” score for performance on
neuropsychological tests to be classified as MCI is 1 or 1.5 standard deviations below
matched healthy controls, especially on tests of episodic memory and executive
function (Albert et al., 2007; Blackwell et al., 2004; Howieson et al., 2003). While
subtle cognitive impairments in older adults can reflect a variety of non-AD
processes (Maruff & Darby, 2006), the validity of the MCI diagnostic criteria has
been supported as patients who meet clinical criteria for MCI have also been
observed to develop AD at a higher rate than age-matched healthy controls who do
not meet these criteria (e.g. 10-15% per year versus 1-2% per year respectively)
(Albert et al., 2007; Mitchell & Shiri-Feshki, 2009; Petersen, 2004).
Recent attempts to define the preclinical stage of AD have proposed that
healthy older adults at risk of developing AD are biomarker positive and
demonstrate very subtle decline in cognition, although this decline is not large
enough for individuals to meet standardised criteria for a diagnosis of MCI (Sperling
et al., 2011). Several studies have demonstrated that in individuals who eventually
develop AD dementia (i.e., healthy older adults with AD biomarkers), mean levels of
cognitive performance are significantly worse than aged matched controls (i.e.,
individuals who remain cognitive unimpaired) many years before diagnosis
(Howieson et al., 2003; Johnson, Storandt, Morris, & Galvin, 2009). However, the
performance distributions on tasks of episodic memory, executive function and
speed of these two groups (healthy older adults and preclinical AD) overlap to a
large degree (Backman, Jones, Berger, Laukka, & Small, 2005). As diminished
cognitive function in older adults may be due to factors other than dementia (e.g.
demographic, educational, social, psychiatric, or metabolic factors), the classification
9

of cognitive impairment by itself is not sufficient to define preclinical AD (Backman
et al., 2005). Importantly, the effect sizes for impairment between healthy adults
and individuals with preclinical AD at this early assessment are generally small for
measures of episodic memory, and executive function (Bunce, Fratiglioni, Small,
Winblad, & Backman, 2004; Howieson et al., 2003; Johnson et al., 2009; B.J. Small,
Fratiglioni, Viitanen, Winblad, & Backman, 2000) indicating that it is unlikely that a
single neuropsychological test or even some combination of multiple tests will be
adequate for detecting preclinical AD in isolation (Collie & Maruff, 2000; Lim, Ellis,
Harrington et al., 2013).
In recognising the limitations of identifying AD dementia solely through
biomarkers or neuropsychological assessments, investigators have sought to
combine biological and neuropsychological data, suggesting that individuals with
preclinical AD may be better identified by understanding how these
neuropathological changes manifest in neuropsychological tests (Kantarci et al.,
2012; Mormino et al., 2009; Pike et al., 2007; Storandt, Mintun, Head, & Morris,
2009). To this end, investigators have explored the relationship between cognitive
performance on neuropsychological tests and Aβ burden (Jack et al., 2009; Jackson,
Maruff & Snyder, 2013; Kantarci et al., 2012; Mormino et al., 2009; Pike et al., 2011;
Rentz et al., 2010; Storandt et al., 2009), and between cognitive performance and
hippocampal volume (Fotenos, Mintun, Snyder, Morris, & Buckner, 2008; Jack et al.,
2008; Jack et al., 2009; Sexton et al., 2010). These studies show that individuals with
pathological levels of Aβ amyloid tend to perform worse on cognitive tests,
particularly on measures of episodic memory. The strongest relationships have
been observed in individuals who meet clinical criteria for MCI, although smaller but
significant relationships have also been observed in healthy older adults (Lim, Ellis,
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Harrington et al., 2013; Mormino et al., 2009). Similarly, episodic memory
impairment has been associated strongly with loss of hippocampal volume in
individuals with MCI and in healthy older adults who have not yet developed
clinically recognisable memory impairments (Buckner et al., 2005; Chételat et al.,
2012; Fotenos et al., 2008; Sexton et al., 2010).
An attempt to integrate the pathology, clinical and neuropsychological
changes that characterise AD over time has been proposed by Jack and colleagues,
where a long preclinical period precedes MCI, which in turn precedes progression
into AD (Figure 1.3) (Jack et al., 2010). Drawing on a range of biochemical, autopsy
and neuropsychological studies, this theoretical model proposes that abnormal Aβ
amyloid deposition (e.g. detected by PET amyloid imaging and CSF Aβ42 assay)
occurs first, followed by neuronal injury and degeneration (e.g. detected by CSF tau,
and anatomic MRI) closer to the time when individuals start to display clinical
symptomatology (Jack et al., 2010; Sperling et al., 2011). Following this, the model
proposes that cognitive impairment, particularly in memory, starts to become
evident in individuals who meet clinical criteria for MCI, and finally, functional
activities of living may only start to deteriorate closer to the time when a clinical
diagnosis of AD is warranted (Jack et al., 2010), as demonstrated in Figure 1.3.
However, the trajectory curves for cognitive impairment in this model are derived
from the findings of rates of neuropsychological impairment from cross-sectional
studies of individuals at varying stages of the disease. Recent studies which have
focused on cognitive decline have observed that measurable deterioration in
episodic memory is apparent very early in the disease, often years before individuals
meet any clinical criteria for MCI (Chételat et al., 2011; Darby et al., 2011; Lim, Ellis,
Ames et al., 2013; Lim, Ellis, Harrington et al., 2013; Lim, Pietrzak et al., 2013; Pike et
11

al., 2011; Small et al., 2012; Villemagne et al., 2011), suggesting that the detection of
decline, as opposed to impairment, may be more important in identifying cognitive
abnormalities in the very early stages of the disease.
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Figure 1.3. Model of dynamic biomarkers of the AD pathological cascade, including preclinical stage of AD. Figure adapted from Jack and colleagues (2010)
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1.6

Diagnostic Criteria for Alzheimer’s disease dementia
Up until recently, the most widely used and best validated diagnostic criteria

of AD were the National Institute of Neurological and Communicative Disorders and
Stroke and the Alzheimer's Disease and Related Disorders Association (NINCDSADRDA) criteria which were published in 1984 (McKhann et al., 1984). These
criteria were principally based on the exclusion of other conditions that may cause
dementia without reference to aetiologic or pathophysiologic processes. The
NINCDS-ADRDA criteria for defining AD have been briefly summarised as an
"acquired progressive cognitive, behavioural, and functional impairment with no
other obvious cause” (Frisoni, Winblad, & O'Brien, 2011). The criteria were also
developed before some other important causes of dementia, such as dementia with
Lewy bodies, had been fully described and characterized (Jack et al., 2011). Recently
a substantially revised version of these criteria was published, with the newly
proposed criteria reflecting the considerable advances that have been made
regarding disease pathophysiology over the last decade. In particular, the greater
knowledge regarding the molecular pathology of AD and the time course of such
pathology in relation to clinical symptoms and disease have been incorporated.
The revised criteria based on the recommendations from the National
Institute on Aging and Alzheimer's Association (NIA-AA) workgroup for clinical
diagnostic guidelines (NIA-AA-C) (McKhann et al., 2011), propose the recognition of
three stages of AD of increasing cognitive and functional severity: preclinical, MCI,
and dementia stage. For AD dementia, the NIA-AA-C has proposed the following
terminology to be used for classifying individuals with dementia caused by AD: (1)
Probable AD dementia, (2) Possible AD dementia, and (3) Probable or possible AD
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dementia with evidence of the AD pathophysiological process. Probable AD
dementia is diagnosed when an individual meets the criteria for “all-cause”
dementia as outlined in Table 1.1, as well as meeting all the core clinical criteria as
outlined in Table 1.2.
Table 1.1.
NIA-AA-C criteria for all-cause dementia: Core clinical criteria
1.

Interfere with the ability to function at work or at usual activities; and

2.

Represent a decline from previous levels of functioning and performing; and

3.

Are not explained by delirium or major psychiatric disorder;

4.

Cognitive impairment is detected and diagnosed through a combination of (1) historytaking from the patients and a knowledgeable informant and (2) an objective cognitive
assessment.
The cognitive or behavioural impairment involves a minimum of two of the following
domains
(a) Impaired ability to acquire and remember new information.

5.

(b) Impaired reasoning and handling of complex tasks, poor judgement.
(c)

Impaired visuospatial abilities.

(d) Impaired language functions (speaking, reading, writing).
(e)

Changes in personality, behaviour, or comportment.

NIA-AA-C: National Institute on Aging and Alzheimer’s Association workgroup for clinical
diagnostic guidelines.

This list of criteria for all-cause dementia is intended to encompass the
spectrum of severity, ranging from the mildest to the most severe stages of
dementia. Possible AD dementia is diagnosed when there is an atypical or mixed
presentation. Probable or possible AD dementia with evidence of AD
pathophysiological process is diagnosed when there is biomarker evidence to
increase the certainty that the dementia is due to AD.
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Table 1.2.
NIA-AA-C criteria for Probable AD dementia: Core clinical criteria
Meets criteria for all-cause dementia, and in addition has the following characteristics:
1.

Insidious onset.

2.

Clear-cut history of worsening of cognition by report or observation; and

3.

The initial and most prominent cognitive deficits are evident on history and examination
in one of the following categories:
(a)

Amnestic presentation.

(b) Non-amnestic presentation.
4.

The diagnosis of probable AD dementia should not be applied when there is evidence of:
(a)

Substantial concomitant cerebrovascular disease.

(b) Core features of Dementia with Lewy bodies other than dementia itself.
(c)

Prominent features of behavioural variant frontotemporal dementia.

(d) Prominent features of semantic or non-fluent/agrammatic variant primary
progressive aphasia.
(e)

Evidence for another concurrent, active neurological disease, or a non-neurological
medical comorbidity or use of medication that could have a substantial effect on
cognition.

NIA-AA-C: National Institute on Aging and Alzheimer’s Association workgroup for clinical
diagnostic guidelines.

The two major differences from the NINCDS-ADRDA AD criteria (McKhann et
al., 1984), as summarised above, are the incorporation of biomarkers of the
underlying disease state and formalisation of different stages of disease in the
diagnostic criteria. Given the vast amount of knowledge regarding the
pathophysiology of AD that has been accumulated since the 1984 criteria were
published, and that we are now able to use biomarkers to detect these
pathophysiological process in vivo, it seems appropriate for these to be included to
assist with improving diagnostic accuracy. The biomarkers to be included in the
NIA-AA-C criteria were divided into two major categories:
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(1) The biomarkers of Aβ accumulation: The abnormal tracer retention on
amyloid positron emission tomography (PET) imaging and low
cerebrospinal fluid (CSF) Aβ42.
(2) The biomarkers of neuronal degeneration or injury: The elevated CSF tau;
decreased fluorodeoxyglucose (FDG) uptake on PET in a specific
topographic pattern involving temporo-parietal cortex; and atrophy on
structural MRI again in a specific topographic pattern involving medial,
basal and lateral temporal lobe, and medial and lateral parietal cortices.
However, whilst the emergence of these biomarker techniques has allowed
investigators to observe and understand the neuropathology of AD at different
stages of the disease, AD dementia is fundamentally a clinical diagnosis, and to make
a diagnosis of AD dementia with biomarker support the core clinical diagnosis of AD
dementia must first be satisfied (McKhann et al., 2011). It has been emphasised that
the use of biomarkers is intended for research purposes only and at this point in
time is not recommended for use in a clinical setting and should be used with
caution (McKhann et al., 2011; Sperling et al., 2011). This is due to the fact that
there will be many individuals who satisfy the proposed biomarker criteria who may
not develop the clinical features of AD (Sperling et al., 2011). This may lead to
unnecessary concern and distress as there is currently insufficient information to
relate preclinical biomarker evidence of AD to subsequent rates of clinical
progression with any certainty (Chiu & Brodaty, 2013; McKhann et al., 2011;
Sperling et al., 2011). The use of biomarker techniques continues to be heavily
debated in the literature (Chiu & Brodaty, 2013; O'Brien, 2013). However the
overall view is that biomarkers do represent a potential advance but there are a
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number of issues that need to be addressed to make them appropriate for clinical
use and therefore they should only be used in research settings at this point in time
(Chiu & Brodaty, 2013; O'Brien, 2013). The NIA-AA-C criteria also does not include
genetic markers of AD. This is due to the fact that there is not a great deal of
understanding in this area and that further research into potential genetic markers
should be undertaken (McKhann et al., 2011).
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Chapter Two: Genetics and cognition
2.1

Autosomal dominant versus Complex disease genetics
When investigating the genetics of Alzheimer’s disease (AD) it is important to

note the difference between autosomal dominant diseases and complex diseases. A
autosomal, or single-gene, disease is due to a mutation in one of the 25 000 genes in
the nuclear genome (Iles, 2002; Loy et al., 2013). Since the known genes that cause
autosomal dominant AD have high penetrance, family trees for affected families
usually show many affected members in consecutive generations (Iles, 2002).
Although there are people who carry a mutation and do not develop AD dementia, in
general, people carrying pathogenic mutations have a 95% or greater lifetime risk of
dementia (Castellani, Rolston, & Smith, 2010; Loy et al., 2013). The exact risk varies
depending on the associated age of onset within the family and on penetrance of the
gene. Penetrance of a gene is defined as the probability that an individual who has
inherited a mutation of a disease gene, goes on to develop the disease phenotype
(Bertram, Lill, & Tanzi, 2010; Loy et al., 2013). People not carrying the mutations
would have the same risk of AD as the general population. In AD, the autosomal
dominant form of AD is often called “early onset” AD and is relatively rare; the
prevalence is approximately 5 per 100000 people for the 41-60 year old age group
(Campion et al., 1999), this type of AD is not the focus of this thesis.
A genetically complex disease is caused by genetic and environmental factors,
individually and in interaction with each other (Bertram et al., 2010; Loy et al.,
2013). The majority of AD cases fall in to this category, which is sometimes referred
to as sporadic or late onset AD. It is important to note that these genetic factors are
genetic variations present in the normal population and each genetic factor tends to
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increase or decrease disease risk but does not have a causative effect in isolation.
Diseases such as diabetes, hypertension and stroke are some other examples of well
known complex disease (Iles, 2002). Since both genetic variations with relatively
small effects in addition to environmental factors are needed to cause complex
disease, the pattern of inheritance is not as straightforward as in autosomal
dominant diseases (Iles, 2002). In autosomal dominant diseases, passing on of the
one genetic mutation to the offspring is sufficient to cause disease, and the parent–
child transmission can be clearly observed in the family tree (Iles, 2002; Price,
2010). An individual with a genetically complex disease is unlikely to pass on every
one of the many genetic variations to their offspring. However, because these genetic
variations are common, the offspring might also inherit other risk-conferring genetic
variations from the other parent. Consequently, genetically complex diseases can
skip a generation, and there can be people affected on both sides of the family (Iles,
2002; Price, 2010).

2.2

Autosomal dominant forms of Alzheimer’s disease: Early-onset AD
Autosomal dominant forms of AD are considered rare, however the key

elements that assist in separating autosomal dominant from genetically complex
forms of the disease are the multigenerational inheritance and a young age of onset
(Raux et al., 2005; Smith, 2010). Families with multigenerational young-onset AD are
the most likely ones to carry a pathogenic mutation in one of the recognised AD
genes. The three known causative genes for AD are amyloid precursor protein
(APP) on chromosome 21, the presenilin-1 (PSEN1) protein on chromosome 14, and
the presenilin-2 (PSEN2) protein on chromosome 1 (Price, 2010; Rocchi, Pellegrini,
Siciliano, & Murri, 2003; Smith, 2010). Based on findings that people with Down’s
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syndrome develop dementia with similar histopathological abnormalities to AD, and
supported by genetic linkage, APP was first proposed to be a candidate gene for AD
in 1987 (Tanzi et al., 1987). The mutations of APP occur at the cleavage sites in the
precursor protein at the beginning and end of the peptide (Cummings, Vinters, Cole,
& Khachaturian, 1998). The mutated APP gene affects the production of Aβ in
numerous ways, but appears to significantly increase the levels of the highly toxic
Aβ42 (Hardy, 1997). Both of the PSEN1 and PSEN2 mutations are very similar in
their structure and they both increase the production of Aβ, particularly Aβ42.
However, the autosomal dominant form of AD is not the focus of this thesis and the
subsequent discussion of AD is based on the genetically complex form of AD, or late
onset AD.

2.3

Genetically complex forms of Alzheimer’s disease: Late onset AD and
Apolipoprotein E
The majority of people with AD do not have autosomal dominant forms of the

disease but rather the complex form, with many other genetic variations that
contribute to disease risk. Among these, certain allelic combinations of
apolipoprotein E significantly increase the risk of AD. Apolipoprotein E (APOE) is a
gene that influences a plasma protein (ApoE) which when combined with a lipid is
responsible for carrying cholesterol and other fats through the bloodstream in order
for these molecules to be broken down (Rocchi et al., 2003). The ApoE protein has
also been associated with neuronal repair as it aids in the relocation of cholesterol
during neuronal growth and after injury (Mahley, 1988; Menzel, Kladetzky, &
Assmann, 1983). ApoE is synthesized primarily by the liver, neurons and astrocytes
in the brain, as well as macrophages (a type of white blood cell that destroys
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bacteria) and monocytes (Siest et al., 1995). The ApoE protein is found in amyloid
plaques and neurofibrillary tangles and it is believed that it has some regulatory
properties over their deposition and formation (Harris et al., 2003). Plaque
formation may even require the presence of ApoE before amyloid plaques become
toxic in the brain (Lahiri, Sambamurti, & Bennett, 2004).

2.4

APOE alleles
The APOE gene has three common allelic variations: epsilon 2 (ε2), epsilon 3

(ε3), and epsilon 4 (ε4). Every individual inherits one allele of APOE from each of his
or her parents. Therefore, there are six possible genotypes that can be inherited:
ε2ε2, ε2ε3, ε2ε4, ε3ε3, ε3ε4, and ε4ε4 (Lahiri et al., 2004). The ε3 variant occurs
most frequently throughout the general Caucasian population with an occurrence
rate of 79% (Lahiri et al., 2004). The ε2 and ε4 variations occur significantly less
with occurrence rates at approximately 8% and 14%, respectively (Cammen et al.,
2004; Seshadri, Drachman, & Lippa, 1995; B.J. Small, Rosnick, Fratiglioni, &
Backman, 2004). It is important to note that the APOE allelic distribution among
cognitively healthy individuals has been shown to be different across various ethnic
backgrounds resulting in imprecise prevalence estimates for the entire population
(Cammen et al., 2004).
Each of these allelic variations has been studied in their relation to risk of
onset of AD dementia. The APOE ε3 allele is the most common form found in the
general population and it is believed to play a neutral role in the development of AD
(Corder et al., 1996). In other words, it neither significantly increases nor decreases
the risk associated with the development of AD. The APOE ε2 allele is positively
associated with survival and longevity among older adults (Corder et al., 1996).
22

Therefore, APOE ε2 is considered a protective factor against developing AD;
however, it is the rarest allele of APOE on chromosome 19 (Corder et al., 1996).
The APOE ε4 allele is a powerful risk factor for the development of AD
(Bertram et al., 2010; Bertram, McQueen, Mullin, Blacker, & Tanzi, 2007; Bertram &
Tanzi, 2008; Caselli et al., 2011; Castellani et al., 2010; Farrer et al., 1997; Genin et
al., 2011; Lahiri et al., 2004; Loy et al., 2013; Parker et al., 2005; Raber, Huang, &
Ashford, 2004; Sando et al., 2008; Seshadri et al., 1995; Smith, 2010). The increased
risk for AD in the presence of the ε4 allele is the single most replicated finding in AD
genetics research (Cacabelos, 2003). It is believed that APOE ε4 affects the
development of AD because it has been found to increase the production of Aβ
(Gomez-Isla et al., 1996) and reduce the clearance of Aβ (Wildsmith et al., 2013)
which results in significantly increasing the number of neuritic plaques found in the
brain. However, it appears that APOE ε4 does not affect the level of neurofibrillary
tangles that are commonly associated with patients suffering from AD (Gomez-Isla et
al., 1996). In addition, APOE ε4 carriers have been shown to have smaller
hippocampal volumes than that of non-carriers (Cohen, Small, Lalonde, Friz, &
Sunderland, 2001; Mueller & Weiner, 2009), as well as greater white matter myelin
breakdown (Bartzokis et al., 2007), which are pathologies associated with AD.
Approximately 40%-60% of all people with AD possess the ε4 allele of APOE,
which is two to three times higher than is typically found in the general population
(Parker et al., 2005). One study assessed the risk associated with developing AD in
the presence of APOE ε4. The overall lifetime risk of developing AD increases from
14% to 29% in the presence of at least one APOE ε4 and reduced to 9% if no ε4 is
present (Seshadri et al., 1995). A meta-analysis of all the different variants of APOE
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indicated that heterozygous APOE ε4 (ε2ε4 or ε3ε4) carriers are 3 to 4 times more
likely to develop AD whereas homozygous APOE ε4 (ε4ε4) allele carriers are 10 to
12 times more likely to develop AD (Farrer et al., 1997). In addition, the ε4 allelic
variation was shown to be a significant risk factor across diverse ethnic populations
in both men and women, although women appear to be at a slightly higher risk
(Farrer et al., 1997). Although having only one copy of the APOE ε4 allele
significantly increases the likelihood that an individual will develop AD, many
people carry two copies of the ε4 allele and show no signs of AD. Therefore, the
presence of APOE ε4 is a risk factor, but is neither necessary nor sufficient to cause
the disease (Farrer et al., 1997).
2.5

APOE ε4 and cognition in Alzheimer’s disease
As the presence of APOE ε4 is associated with smaller hippocampal volumes

and increases the amount of Aβ in the brain (R. M. Cohen et al., 2001; Mueller &
Weiner, 2009), which are early hallmark signs of AD pathology, the relationship
between APOE ε4 and cognition has been studied. However, the findings regarding
the relationship between APOE and both cognitive decline and impairment in AD
patients has been far from conclusive. Table 2.1 summarises publications which
investigate the relationship between APOE ε4 and cognition in AD and MCI
populations. Of the 36 publications that involved AD patients, 19 (combined total of
2705 patients) reported that APOE ε4 has no effect on cognitive performance or rate
of cognitive decline, 10 (combined total of 1608 patients) found that possession of
APOE ε4 resulted in poorer cognitive performance or increased rate of cognitive
decline, and 7 (combined total of 962 patients) reported that APOE ε4 carriers had
better cognitive performance or decreased rate of decline when compared to noncarriers.
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Table 2.1. Studies reviewed that have investigated relationship between APOE ε4 and cognitive
performance/decline in AD and MCI samples
First Author
Year
Participant Group
Cognitive Measures
n
No difference between APOE ε4 carriers and non-carriers
Aerssens
2001
AD
ADAS-Cog
504
Asada
1996
AD
CDR, HDSR
70
Basun
1995
AD
MMSE
60
Bracco
2007
AD
MMSE, Cognitive battery
85
Chuu
2006
AD
MMSE
149
Dal Forno
1996
AD
MMSE, Cognitive battery
78
Ewers
2008
AD
MMSE
60
Farlow
1999
AD
ADAS-Cog
374
Foster
2013
AD
Cognitive battery
168
Growdon
1996
AD
Cognitive battery
66
Holmes
1996
AD
MMSE, BDRS
164
Jonker
1998
AD
CAMCOG
43
Juva
2000
AD
MMSE
197
Kleiman
2006
AD
MMSE, ADAS-Cog
366
Kurz
1996
AD
MMSE, CAMCOG
64
Lehtovirta
1998
AD
MMSE
31
Mori
2002
AD
MMSE, ADAS-Cog
55
Murphy
1997
AD
MMSE
86
Slooter
1999
AD
MMSE
85
Ewers
2008
MCI
MMSE
51
Foster
2013
MCI
Cognitive battery
131
Wang
2009
MCI
CASI
58
APOE ε4 carriers have increased rate of decline / perform worse when compared to non-carriers
Cosentino
2008
AD
MMSE, Cognitive battery
570
Craft
1998
AD
MMSE, DRS
201
Hirono
2003
AD
ADAS-Cog
64
Kanai
1999
AD
MMSE
33
Lam
2006
AD
MMSE, DRS
75
Marra
2004
AD
MMSE, Cognitive battery
41
Martins
2005
AD
MMSE, CAMCOG
218
Smith
1998
AD
Cognitive battery
157
van der Vlies
2007
AD
MMSE, cognitive battery
229
Wang
2006
AD
MMSE, CASI
20
Farlow
2004
MCI
MMSE, ADAS-Cog, CDR
494
Wang
2006
MCI
MMSE, CASI
58
Whitehair
2010
MCI
ADAS-Cog, Cognitive battery
516
APOE ε4 carriers have decreased rate of decline / perform better when compared to non-carriers
Frisoni
1995
AD
MMSE
62
Hashimoto
2001
AD
Cognitive battery
138
Hoyt
2005
AD
3MS
99
Stern
1997
AD
MMSE, cognitive battery
151
van der Vilies
2009
AD
MMSE
192
van der Vlies
2007
AD
MMSE, cognitive battery
229
Wolk
2010
AD
Cognitive battery
91
3MS = Modified Mini-Mental State Examination, ADAS-Cog = Alzheimer's Disease Assessment Scale-Cognitive
Subscales, BDRS = Blessed Dementia Rating Scale, CAMCOG = Cambridge Cognitive Examination, CASI = Cognitive
Abilities Screening Test, CDR = Clinical Dementia Rating Scale, DRS = Dementia Rating Scale, HDSR = Hasegawa
Dementia Rating Scale, MMSE = Mini-Mental State Examination
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There are several probable reasons for the inconsistencies within the
literature. One of the main reasons is that the majority of studies have used either
the Mini-Mental State Examination (MMSE) (Folstein, Folstein, & McHugh, 1975) as a
stand-alone measure of cognitive performance or decline, or they have used it in
combination with other similar global measures of cognition which, by design, lack
psychometric sensitivity. The MMSE was developed as a screening measure to
assess a restricted set of cognitive functions simply and quickly (Lezak et al., 2012),
such as orientation, concentration, memory, attention span, language and praxis. It
is a well established clinical screening tool and global measure of cognition, but is
not designed to sensitively assess cognition. As a result, the MMSE has limitations in
determining cognitive function in AD patients as it tends to be less sensitive to
changes in individuals with mild or very severe symptoms. Further, a 3-point
difference between 24 and 27 is not the same as a 3-point difference between 14 and
17, and therefore data will be ordinal rather than representative of a ratio (Plassman
& Breitner, 1996). Other factors which may explain the inconsistencies seen
between studies include relatively small sample sizes, the inclusion of patients with
variable times of disease onset, as well as type and duration of medical treatment
and rehabilitation therapy may also alter outcome.

2.6

APOE ε4 and cognition in mild cognitive impairment
There is some evidence to suggest that carriers of APOE ε4 may experience

accelerated clinical and cognitive decline compared to non-carriers and are at an
increased risk of progressing from MCI to AD when controlling for other risk factors
(Caselli et al., 2004; Devanand et al., 2005; Petersen et al., 2005; Tierney et al., 1996).
However, research investigating rates of decline of various clinical scales by APOE ε4
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status among those with MCI has so far proven to be inconclusive. Some studies
have shown APOE ε4 to be predictive of the progression from MCI to AD (Aggarwal,
Wilson, Beck, Bienias, & Bennett, 2005; Petersen et al., 2005), while others have
found APOE ε4 not to be predictive, by itself, in the progression of MCI to AD
(Devanand et al., 2005; Kryscio, Schmitt, Salazar, Mendiondo, & Markesbery, 2006).
To date there are very few studies that have investigated the relationship
between APOE and cognition in MCI populations, as the majority of literature divides
the population into non-dementia vs. dementia. We can see from Table 2.1 that of
the 6 studies that have been conducted with an MCI population, 3 (combined total of
240 patients) reported that APOE ε4 has no effect on cognitive performance or rate
of cognitive decline, and 3 (combined total of 1068 patients) found that possession
of APOE ε4 resulted in poorer cognitive performance or increased rated of cognitive
decline.
Farlow and colleagues (2004) investigated baseline results from a large
ongoing prospective study aimed at characterising the relationship between APOE
status, clinical findings and hippocampal volume in MCI participants. It was
reported that the differences between APOE ε4 carriers and non-carriers were
observed in total MMSE (p < .01), the Alzheimer's Disease Assessment Scalecognitive subscale (ADAS-cog) (p < .0001), and the Alzheimer’s Disease Cooperative
Study activities of daily living scale (ADCS-ADL) scores (p < .001), with APOE ε4
carriers performing worse than non-carriers. The ADCS-ADL (Galasko et al., 1997) is
a scale developed to assess activities of daily living and instrumental activities of
daily living, i.e. functional performance, of AD. As well as total ADAS-cog score,
individual items comprising the ADAS-cog showed differences across the genotypes,
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with carriers exhibiting poorer performance than non carriers on word recall,
delayed word recall word recognition and orientation tasks (all p <.001). Similar
sub-analysis of the ADCS-ADL items indicated that, as well as the total ADCS-ADL
score, items such as talking about current events (p = .003) and watching television
(p = .002) were associated with APOE ε4 after adjusting for gender, age and years of
education. Once again participants carrying the APOE ε4 allele exhibited poorer
performances on these activities of daily living.
Similarly Whitehair and colleagues (2010) examined the association of APOE
ε4 status on measures of cognitive and functional decline in 516 participants with
aMCI. Those individuals with one or more copies of the APOE ε4 allele experienced a
more rapid rate of global cognitive decline and deterioration than those without the
APOE ε4 gene. This was most apparent when examining the composite measures of
global cognitive function or dementia severity such as the Clinical Dementia Rating
(CDR) scale (Hughes, Berg, Danziger, Coben, & Martin, 1982), ADAS-cog, MMSE or
Global Deterioration scale (Reisberg, Ferris, de Leon, & Crook, 1982).
In contrast to these positive findings of an association, 131 participants
diagnosed with MCI were investigated as part of the Australian Imaging, Biomarkers
and Lifestyle Study of Ageing (Foster et al., 2013). This preliminary analysis of a
selected group of the AIBL study baseline cohort reported that on some measures
within the episodic memory domain, APOE ε4 carriers demonstrated poorer
performances than non-carriers. However, most measures examined indicated that
there was no difference between APOE ε4 carriers and non-carriers on task of
episodic memory, language, executive function, processing speed, visuo-spatial
ability, anxiety and depression.
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As there have only been a handful of studies investigating the relationship
between APOE and cognition in MCI populations, further exploration into this area is
needed. Future studies should also focus on using more detailed cognitive batteries,
including more sensitive tests as the majority of the literature to date has used
cognitive screening measures (i.e. the MMSE) which run the risk of having ceiling
effects and are therefore unlikely to detect subtle differences.

2.7

APOE ε4 and cognition in healthy older adults
The research into the relationship between APOE ε4 and cognition in AD and

MCI groups has lead researchers to investigate healthy older adult groups further.
Several studies have also investigated the effects of APOE ε4 on nonclinical
populations to evaluate the gene/cognition relationship. Table 2.2 shows a list of
publications investigating the relationship between APOE ε4 and cognition in
healthy older adult populations. Of the 71 publications, 36 (combined total of 17924
participants) reported that APOE ε4 has no effect on cognitive performance or rate
of cognitive decline, 32 (combined total of 34243 participants) found that
possession of APOE ε4 resulted in poorer cognitive performance or increased rate of
cognitive decline, and 3 (combine total of 596 participants) reported that APOE ε4
carriers had better cognitive performance or decreased rate of decline when
compared to non-carriers.
More specifically, studies have found that APOE ε4 carriers have difficulty
performing cognitive tasks pertaining to episodic memory functioning and executive
functioning (Wilson, Bienias, Berry-Kravis, Evans, & Bennett, 2002). In addition, no
significant differences were found for APOE ε4 carriers on tasks related to primary
29

memory or visuospatial functioning (Yip, Brayne, Easton, & Rubinsztein, 2002).
Regardless of these results, there remain large discrepancies in the literature
concerning the effect of APOE ε4 on cognitive performance. Some studies have
reported that APOE ε4 has a significant effect on cognitive performance among
cognitively impaired individuals, but not cognitively healthy individuals (Small,
Basun, & Backman, 1998). Other studies have observed significant effects of APOE
ε4-related difficulties among cognitively healthy older adults (Wilson et al., 2002).
One reason for this discrepancy is that some studies have failed to control for age in
comparisons of sub-groups (Small et al., 2004). This is a necessary control because
APOE ε4, as a risk factor for developing late onset AD, loses its potency with age
(Farrer et al., 1997).
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Table 2.2. Studies reviewed that have investigated relationship between APOE ε4 and cognitive
performance/decline in healthy older adult samples
First Author
Year
Participant Group Cognitive Measures
n
No difference between APOE ε4 carriers and non-carriers
Bathum
2006
HC
MMSE
Calhoun-Haney
2005
HC
DRS
Deeny
2008
HC
CAMCOG
den Heijer
2002
HC
MMSE
Dik
2002
HC
MMSE
Espeseth
2008
HC
Cognitive battery
Ewers
2008
HC
MMSE
Foster
2013
HC
Cognitive battery
Gilbert
2004
HC
MMSE
Hayden
2009
HC
3MS
Johnson
2006
HC
Cognitive battery
Jorm
2007
HC
Cognitive battery
Juva
2000
HC
MMSE
Kim
2000
HC
CERAD
Kim
2002
HC
MMSE, CERAD
Klages
2002
HC
3MS, BCRT
Kukolja
2010
HC
CERAD
Moffat
2000
HC
MMSE
Moore
2005
HC
DRS
Mosconi
2008
HC
MMSE, Cognitive battery
Newman
2000
HC
MMSE
Payton
2006
HC
AH4 part 1
Pendleton
2002
HC
AH4 part 1
Persson
2006
HC
MMSE
Plassman
1997
HC
Cognitive battery
Reiman
1996
HC
Cognitive battery
Reiman
1998
HC
MMSE
Salo
2001
HC
MMSE, FOME
Small
1998
HC
Cognitive battery
Small
2000
HC
Cognitive battery
Smith
1998
HC
Cognitive battery
Tagarakis
2007
HC
MMSE, DRS
Tohgi
1997
HC
MMSE
Wang
2009
HC
CASI
Welsh-Bohmer
2009
HC
Cognitive battery
Wishart
2006
HC
Cognitive battery

735
50
77
949
866
96
37
764
38
2957
64
6392
313
466
466
209
18
26
35
28
58
740
767
60
20
33
33
46
74
413
341
137
54
20
507
35

APOE ε4 carriers have increased rate of decline / perform worse when compared to non-carriers
Berr
1996
HC
Cognitive battery
1174
Blair
2005
HC
Cognitive battery
7895
Bondi
1999
HC
MMSE, Cognitive battery
133
Caselli
2004
HC
MMSE, Cognitive battery
180
Caselli
2007
HC
MMSE, Cognitive battery
214
Caselli
2009
HC
MMSE, Cognitive battery
815
Caselli
2011
HC
Cognitive battery
621
Deary
2002
HC
MMSE, MHT
466
Dik
2002
HC
MMSE
866
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Table 2.2. Continued
First Author
Year

Participant Group

Cognitive Measures

n

APOE ε4 carriers have increased rate of decline / perform worse when compared to non-carriers
continued.
Driscoll
2005
HC
MMSE, Cognitive battery
32
Flory
2000
HC
Cognitive battery
220
Helkala
1995
HC
Cognitive battery
912
Hofer
2002
HC
Cognitive battery
434
Honea
2009
HC
MMSE, Cognitive battery
53
Lehmann
2006
HC
KOLT
2117
Levy
2004
HC
Cognitive battery
176
Liu
2010
HC
Cognitive battery
2143
Nilsson
2006
HC
Cognitive memory battery
1390
Nilsson
2006
HC
MMSE, Cognitive battery
2695
O'Hara
1998
HC
Cognitive battery
83
Packard
2007
HC
MMSE
5544
Peavy
2007
HC
Cognitive battery
84
Reynolds
2006
HC
Cognitive battery
546
Riley
2000
HC
CERAD
241
Rosen
2002
HC
Cognitive battery
42
Rosen
2005
HC
Cognitive battery
40
Shadlen
2005
HC
CASI
2140
Swan
2006
HC
Cognitive battery
326
Tupler
2007
HC
MMSE
163
Wang
2006
HC
MMSE, CASI
20
Wilson
2002
HC
MMSE, CERAD
728
Yaffe
1997
HC
MMSE
1750
APOE ε4 carriers have decreased rate of decline / perform better when compared to non-carriers
Alexander
2007
HC
Cognitive battery
415
Carrion-Baralt
2009
HC
MMSE, CERAD
87
Thambisetty
2010
HC
Cognitive battery
94
3MS = Modified Mini-Mental State Examination, AH4 part 1 = Alice Heim Test Part 1-a fluid intelligence test, BCRT =
Buschke Cued Recall Test, BDRS = Blessed Dementia Rating Scale, CAMCOG = Cambridge Cognitive Examination, CASI =
Cognitive Abilities Screening Test, CERAD = Consortium to Establish a Registry for Alzheimer's Disease test, DRS =
Dementia Rating Scale, FOME = Fluid Object Memory Evaluation, KOLT = Kendrick Object Learning Test, MHT = Moray
House Test, MMSE = Mini-Mental State Examination

Small and colleagues (2004) conducted a meta-analysis of studies
investigating healthy older participants to reconcile the differences among these
studies. This analysis evaluated the effects of APOE ε4 on certain cognitive domains
while examining age as a possible modifying variable. The authors combined the
large array of psychometric tests into eight cognitive domains that comprised:
primary memory, episodic memory, visuospatial ability, perceptual speed, executive
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functioning, attention, verbal ability and global cognitive function. The results of the
meta-analysis indicated significant group differences between APOE ε4 carriers and
non-carriers across several domains of cognitive functioning. More specifically, the
presence of APOE ε4 was associated with poorer performance on tests of global
cognitive functioning, episodic memory, and executive functioning, but the effect
sizes were small (<0.10 of a standard deviation) (Small et al., 2004). In contrast, no
differences were found for APOE ε4 carriers on cognitive measures of primary
memory, attention, visuospatial skill, verbal ability, and perceptual speed. These
findings are consistent with previous literature that APOE ε4 may only affect specific
domains of cognitive functioning while others remain unaffected (R. M. Cohen et al.,
2001; Wilson et al., 2002). There remains some question as to whether APOE ε4
affects a carrier’s visual attention or working memory when compared to non-ε4
carriers (Parasuraman, Greenwood, & Sunderland, 2002). This meta-analysis found
that age had an inverse relationship with the magnitude of APOE ε4-related deficits
although the effect was very small. The authors argued that this is similar to that
observed in AD where APOE ε4 becomes less significant risk as a factor with
increasing age (Breitner et al., 1999; Farrer et al., 1997).
The meta-analysis conducted by Small and colleagues (2004) was performed
using data from 38 studies, representing over twenty thousand people. A second
meta-analysis was conducted by Wisdom and colleagues (2011) which extended the
original meta-analysis to include a total of 77 studies comprising over forty
thousand people. Reassuringly, the results from the second meta-analysis remained
similar to those described by Small and colleagues (2004). Dividing the test into the
same eight domains but almost doubling the sample size, it was observed that APOE
ε4 carriers scored significantly lower compared with the non-ε4 group for the tests
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of executive function, episodic memory and global cognitive function. These findings
mirrored the earlier meta-analysis results in terms of small group effect sizes (0.003
to 0.14 standard deviations). However, the studies did differ in two findings. Firstly,
the Wisdom study (2011) found an association with processing speed that was not
observed by the initial meta-analysis. This was likely to be the consequence of a
larger sample size, which increased the power to detect smaller effects. The second
difference between the two studies concerned the effect of age. Small and colleagues
(2004) found that as participants aged the effect size of the APOE ε4 variant became
smaller. In contrast, Wisdom and colleagues found that increasing age also
amplified the effect size between APOE ε4 and non-APOE ε4 groups for measures of
global cognitive ability and episodic memory. Wisdom (2011) argued that their
results were consistent with findings for the general population where an increase
in age results in greater pathological differences (Corder, Ghebremedhin, Thal, Ohm,
& Braak, 2008). The reason for these apparent differences remains unknown,
although a study conducted on participants (n=466) at age eleven and again at age
eighty found that the effects of APOE ε4 on cognition were only evident in the elderly
group, indicating that age is an important interacting factor (Deary et al., 2002).
Unfortunately, the age at which APOE ε4 has its most powerful effect remains
unclear. To assist in the resolution of this important question, ongoing longitudinal
studies need to be conducted.
Despite their differences, both meta-analyses are suggestive of a weak
association between the APOE ε4 allele and cognitive deficit. There also appears to
be a domain-specific effect for episodic memory, global cognitive function, executive
function and possibly processing speed, but not for several other domains. APOE ε4
certainly has greater adverse effects on brain regions such as the hippocampus
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(Mueller & Weiner, 2009) and white matter myelin breakdown (Bartzokis et al.,
2007) and this may go some way towards explaining the cognitive domain
specificity. However, an increased thinning of sub-regions of the hippocampal
complex (entorhinal cortex and subiculum) by as much as 13% in APOE ε4 older,
non-demented individuals does not necessarily equate to a greater loss of cognitive
abilities (Burggren et al., 2008).
There are also several limitations to both meta-analytic studies. Primarily,
they had to cope with extremely diverse measures, some of which tapped into
multiple cognitive domains and some of which had poor psychometric validity. The
majority of studies had used the MMSE to assess cognitive function, which was
originally designed as a screening tool for dementia (Folstein et al., 1975).
Unfortunately, the MMSE has marked ceiling effects, which means almost a quarter
of cognitively healthy participants score either 29 or 30 on the test (which has a
maximum score of 30) (Tombaugh & McIntyre, 1992). It is therefore difficult to
differentiate between medium and high performing people, which ultimately
impacts on statistical power. It is also likely that a certain degree of cognitive
dysfunction caused by APOE ε4 in older adults may have been the result of incipient
AD rather than its impact on normal ageing per se. As no studies in these metaanalytic studies followed up their participants with an assessment of dementia
status, the answer to this question is unknown.

2.8

Cognitive Phenotype versus Prodrome Hypothesis
Although there is substantial variability in the literature relating to the effect

of APOE ε4 on cognition in healthy older adults, the most consistent finding appears
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to be that of APOE ε4 having a negative impact on cognition. This has been heavily
debated and there are two key competing views regarding the influence of APOE ε4
status on cognition with each having different predictions as to the role that APOE ε4
has on cognition in the healthy older adult population. The two leading points of
view are that of the “cognitive phenotype” (Greenwood, Lambert, Sunderland, &
Parasuraman, 2005) and “prodrome hypothesis”(Smith et al., 1998). The idea
behind the cognitive phenotype position is that the presence of the APOE ε4
produces a cognitive profile which is different to individuals who do not carry the
allele. This position suggests that the differences in cognition resulting from APOE
status are the product of an interaction between APOE status and neuronal response
to insult (Greenwood & Parasuraman, 2003). The idea being that the presence of
APOE ε4 results in increased neuronal damage over time and as the individual ages,
the level of cognitive impairment increases. The “cognitive phenotype” view predicts
that APOE ε4 carriers would uniformly show deficits on cognitive tasks when
compared to non-carriers, independent of the development of AD.
The second view called the “prodrome hypothesis”, is that the presence of the
APOE ε4 serves only as a marker for the increased risk of developing AD or more
rapidly developing AD (Smith et al., 1998). The “prodrome hypothesis” suggests that
as there is more preclinical AD in healthy APOE ε4 carriers than non-carriers, any
differences in cognition between the two groups are due to a larger subgroup of
individuals among the carriers that are in the early stages of the AD process.
Therefore the presence of APOE ε4 increases the risk of developing AD, and it is the
disease process that has a negative effect on cognition. As a result the APOE ε4
related deficits that have been reported may be attributed to an overrepresentation
of persons in a prodromal phase of AD rather than reflecting a direct influence of
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genotype variation. Logically then, if preclinical AD is not present in a group of APOE
ε4 carriers then we should not see cognitive impairment in this group when
compared to non-carriers.
Investigating the direct relationship between APOE ε4 and cognition is
difficult and the majority of studies exploring this relationship may include
undetected prodromal AD which could have an impact on the presence of the APOE
ε4 related deficits. The ongoing difficulty that researchers are faced with
investigating the cognitive phenotype and prodrome hypothesis in APOE ε4 research
is that of obtaining a sample of individuals who will not develop AD. The only way to
be close to 100% certain that all of the participants in a study will not develop AD is
to follow them until death and confirm the lack of AD pathology at autopsy, and even
then there is always a chance that if they had lived longer they might have developed
AD later in life. For numerous reasons, this approach is very difficult to do and
would take a huge amount of time and funding to undertake. However, even if this
was possible the probability of obtaining sample size allowing enough power to
detect cognitive differences is low. Therefore the most viable option is by
conducting longitudinal studies with careful sample selection, regular follow up
assessments, and detailed and sensitive cognitive and clinical measures to monitor
progression, and markers of AD pathology.
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Chapter Three: The Current Study and General Methodology
3.1

General Aims of the Current Study
The aims of this thesis are to first explore the relationship between APOE ε4

and cognitive function in a well characterised group of older individuals, including
those with diagnosed AD, MCI and healthy older adults. Given the methodological
limitations of previous research into the relationship between APOE ε4 and cognitive
function, particularly in healthy older adult populations, the Australian Imaging,
Biomarkers and Lifestyle (AIBL) Flagship Study of Ageing cohort provides the
opportunity to investigate in detail this relationship due to its large number of
participants, comprehensive classification procedures, extended follow up period
and a detailed neuropsychological battery.
The second aim of this thesis was to investigate in more detail a group of
healthy older adults who are unlikely to develop AD to examine the “cognitive
phenotype” vs. “prodrome” hypotheses regarding the role APOE ε4 has in the
cognition of healthy older adults. The longitudinal nature, along with the
comprehensive AD biomarker analysis and cognitive testing, of the AIBL Study
provides this opportunity to classify a group of healthy older adults unlikely to
develop AD and as such free from prodromal AD disease pathology. Given that the
AIBL Study cognitive battery is understandably focused on episodic memory, and to
avoid ceiling effects on tasks measuring working memory and executive function,
additional measures with greater sensitivity were added, as part of the current
thesis, to the core battery to examine these domains in more detail.
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3.2

Context of the Current Study: The AIBL Study
This thesis was conducted within the context of the Australian Imaging,

Biomarkers and Lifestyle (AIBL) Flagship Study of Ageing (www.aibl.csiro.au). The
AIBL Study aims to improve the understanding of the causes and diagnosis of
Alzheimer’s disease (AD), examine lifestyle and diet factors that may influence the
onset of AD and help develop preventative strategies.

The AIBL Study is a

prospective longitudinal study of ageing that has fulfilled its initial aim of recruiting
a cohort of at least 1000 volunteers, comprised of patients with AD, mild cognitive
impairment (MCI) and healthy control (HC) volunteers (Ellis et al., 2009) and is
currently extending the recruitment to compensate for the loss to follow up of
individuals no longer able to participate in the study.
The AIBL Study was initiated as a collaboration cluster by the Commonwealth
Scientific Industrial and Research Organisation (CSIRO) Preventative Health
National Research Flagship. The study, launched on November 14 2006, is a joint
activity between the University of Melbourne, Edith Cowan University,
Neurosciences Australia, Mental Health Research Institute of Victoria, Austin Health,
National Ageing Research Institute and CSIRO. The AIBL Study is not only one of the
largest studies of ageing and AD in Australia, but it also takes a world leading
approach by integrating expertise in neuroimaging, biomarkers, neuropsychology,
and lifestyle interventions.
This thesis studies participant data from the first follow up period, and also
extended the cognitive assessment by introducing several additional
neuropsychological measures to examine further episodic memory, working
memory and executive function. I collected data as part of the standard AIBL battery,
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in addition to being responsible for the addition of three new tasks administered to
152 individuals. I conducted these latter assessments primarily through homebased assessments.

3.3

Participants

3.3.1 Recruitment
The original goal of the AIBL Study was to recruit and carefully characterise
1000 individuals from the following groups
1) At least 200 individuals with AD as defined by Neurological and
Communicative Disorders and Stroke and the Alzheimer’s Disease and
Related Disorders Association (NINCDS-ADRDA) criteria (McKhann et al.,
1984).
2) At least 100 individuals with MCI as defined by criteria proposed by Petersen
and colleagues (1999), as well as Winblad and colleagues (2004).
3) At least 700 healthy individuals without cognitive impairment. This group
included:
a) volunteers with at least one copy of the apolipoprotein (APOE) ε4 allele,
b) volunteers without a copy of the APOE ε4 allele,
c) volunteers who expressed subjective concern about their memory
function (“memory complainers”; these individuals may belong to either
group a or b above). Memory complaints were elicited by the response
to the question: “Do you have difficulties with your memory?”
The allocation of the volunteers into one of the three diagnostic groups and
exclusion of ineligible individuals was undertaken by a clinical review panel, details
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of which are outlined below. When individuals presented with a diagnosis of AD or
MCI that had already been made by a treating clinician, this diagnosis was reviewed
by the clinical review panel, in order to ensure that diagnoses were made in a
consistent manner according to internationally agreed criteria. The clinical panel
was provided with comprehensive reports prepared by the neuropsychology
research assistants responsible for the assessment, and I completed in excess of 30
reports for this panel in addition to attending a number of panel meetings as a
representative of the data collection team.

3.3.2 Telephone Screening
All volunteers underwent an initial screening questionnaire (see Appendix
A.) which included basic demographic information (contact details, age, gender),
details of certain aspects of medical history (diagnosed dementia, schizophrenia,
bipolar disorder, depression, Parkinson’s disease, cancer, cardiovascular disease
including stroke, diabetes, alcohol intake), and whether the volunteers had any self
perceived difficulty with their memory function. To assess mood the 15-item
Geriatric Depression Scale (GDS-15) (Brink et al., 1982; Sheikh & Yesavage, 1986;
Yesavage et al., 1982) was also completed. Based on the screening questionnaire,
individuals who were suitable for participation were invited to attend for
assessment. The exclusion criteria are outlined in table 3.1 below.
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Table 3.1.
Participation exclusion criteria used for the AIBL study
Diagnosed current or



Non-AD dementia

past history of:



Schizophrenia



Bipolar disorder



Parkinson’s disease



Cancer (other than basal cell skin
carcinoma) within the last two years

Current history of:



Symptomatic stroke



Uncontrolled diabetes



Obstructive sleep apnoea



Significant current (but not past) depression
(GDS score above 5/15)



Regular alcohol use exceeding two standard
drinks per day for women or four per day
for men

3.4

Procedure

3.4.1 Attendance at assessment session
The initial and subsequent follow up assessment sessions took place at one of
three locations in Melbourne and one of two locations in Perth. Before each
assessment session a detailed information pack outlining the study was sent to
participants. Upon arrival, all volunteers discussed the study in detail with a senior
member of the research team before signing informed consent. All assessment
sessions were conducted in the mornings, after an overnight fast. Weight, height,
abdominal girth, sitting blood pressure and pulse were measured, followed by the
drawing of 80 ml of blood for clinical pathology, biomarker analysis and storage in

42

liquid nitrogen. Participants were then provided with breakfast, followed by
cognitive and mood assessments, as described below.

3.4.2 Cognitive assessment
The cognitive and mood assessments were all performed by trained staff,
most of who were undertaking formal training in clinical neuropsychology or were
qualified neuropsychologists. Some of the tests administered were selected on the
basis of their internationally acknowledged utility and their ubiquity in the research
literature (e.g. the Mini-Mental State Examination (MMSE) and Geriatric Depression
Scale (GDS)). The neuropsychological battery was comprised of a number of
measures that together covered the main domains of cognition that are known to be
affected by AD and other dementias. All of the tests selected for the battery are
internationally recognised as having good evidence of their validity and reliability
(Strauss, Sherman, & Spreen, 2006). The tests were also chosen to allow the results
from the AIBL Study to be comparable to other similar large studies.

3.4.2.1 Core AIBL Study cognitive measures
The full AIBL battery and procedures are outside the scope of this thesis but
are outlined in Ellis et al (2009). The tests from the full AIBL Study cognitive battery
that were appropriate to meet the aims of this thesis were the MMSE (Folstein et al.,
1975), California Verbal Learning Test – Second edition (CVLT-II) (Delis, Kramer,
Kaplan, & Ober, 2000), Delis–Kaplan Executive Function System (D-KEFS) verbal
fluency subtests (Delis, Kaplan, & Kramer, 2001), Wechsler Test of Adult Reading
(WTAR) (Wechsler, 2001), Digit Span subtest of the Wechsler Adult Intelligence
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Scale – Third edition (WAIS-III) (Wechsler, 1997), and the Rey Complex Figure Test
(RCFT) (Meyers & Meyers, 1995).
The California Verbal Learning Test – Second edition
The CVLT-II (Delis et al., 2000) is a word list task designed to assess episodic
memory and includes an opportunity to analyse the use of semantic association as a
strategy for learning words. Each of the 16 words in the CVLT work-list belongs to
one of four semantic categories; vegetables, animals, ways of travelling and
furniture. The task requires the examiner to read out the 16 words of the first list
(List A) at a rate just over 1 per second. After the list is completed the participant is
required to recall as many of the words on the list in any order. List A is given 5
times and the total number of words recalled across each trial are used to generate
the Total Recall measure. Following five trials of List A, an interference List B is read
to the participant which they are also asked to recall. Two immediate recall trials of
List A are then obtained. The first of the two recall trials is “free” recall in which the
request for the participant to recall the remembered items from List A. Immediately
following the free recall trial the examiner administers the “cued” recall task and
asks the participant to recall items in each of the categories (vegetables, animals,
ways of travel, and furniture). After a minimum of 20 minutes the delayed recall
trials are administered in the same two conditions as the immediate recall “free” and
“cued”. For the purposes of this study we used the total recall of trials one to five of
List A (CVLT-II Total Recall), as well as the delayed free recall of List A (CVLT-II
Delayed Recall) as measures of verbal episodic memory .
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The Rey Complex Figure Test
The RCFT (Meyers & Meyers, 1995) delayed recall is a measure of visual
episodic memory. It is first administered as a copying task and requires the
participant to copy a complex figure onto a sheet of paper, as shown in Figure 3.1.
The figure is placed so that its length runs along the participant’s horizontal plane
and the participant is not allowed to rotate either the design or the paper. The
participant is then required, without forewarning, to reproduce the complex image
from memory after a thirty minute delay. The image is then scored according to
standardized scoring criteria and a total score out of 36 is produced. This score is
used as a measure of delayed visual episodic memory and for the purposes of this
study is termed “RCFT Delayed Recall”.

Figure 3.1. The Rey Complex Figure (Meyers & Meyers, 1995)

45

Digit Span Test
The digit span test is a subtest of the Wechsler Adult Intelligence Scale, 3rd
Edition (WAIS-III) (Wechsler, 1997). It is most commonly used as a measure of the
span of immediate verbal recall and verbal working memory. It comprises two
parts, both of which consist of strings of random number sequences that the
examiner reads aloud at the rate of one per second. In the first part the participants
are presented with a series, or string, of digits and they are required to immediately
repeat them back in the same order as presented. If they do this successfully they
are given a longer list. This continues until the participant is unable to recall the
digits in the correct order. The second part is identical to the first but instead of
repeating the digits in the same order, they are required to repeat them in reverse
order (i.e. if presented with the digits ‘5, 8, 2’ the correct response is ‘2, 8, 5’). Each
correct string or series is given a score of 1 and the total score of correct responses
is calculated, and represents the variable Digit Span in this study.
Delis-Kaplan Executive Function System
The D-KEFS (Delis et al., 2001) is a set of nine tests, each intended to stand
alone without a composite score. The AIBL battery uses the verbal fluency test
which is broken up into three measures; letter fluency, category fluency and
switching ability. All three of these tests have been found to be sensitive to frontal
lobe lesions and are considered measures of executive function (Lezak et al., 2012;
Strauss et al., 2006).
Letter fluency consists of three word naming trials using the set of letters FA-S. Participants are provided with each of the letters and asked to produce as many
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words that start with each letter as they can in one minute. They are also informed
not to produce any proper names, such as ‘Boston’ or ‘Bob’, as well as not providing
the same word with a different ending, such as ‘eat’ and ‘eating’. The total number of
words produce for each letter is added together to give a score of total letter fluency .
Category fluency is similar to the letter fluency tasks but instead of providing
the participant with letters, the participant is provided with two categories. The
categories provided are Animals and Boys Names. The participant is given a
category one a time and asked to produce as many items that fit into the category as
they can in one minute. The total number of items produce for each category is
added together to give a score of total category fluency and termed Category Fluency
in for the purposes of this study.
In the switching tasks, participants are provided with two categories and
asked to produce as many items as they can alternating between the two categories
in one minute. The categories provide are Fruit and Furniture and the participant is
required to correctly produce the name of a piece of fruit, followed by the name of a
piece of furniture, and continue in this manner until time has lapsed. The total
number of correct switches between the two categories is calculated and this is
termed Switching for the purposes of this study.

3.4.2.2 Additional cognitive measures
To further explore the areas of episodic memory, working memory and
executive function, additional neuropsychological tasks were added to the AIBL
Study cognitive battery to allow more in depth analysis of these domains. The
additional tasks included for this study included a visuospatial n-back task
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(Buschkuehl, Jaeggi, Kobel, & Perrig, 2007) to measure working memory, the
Wisconsin Card Sorting Test 64 computerized version (WCST-64) (Heaton & Goldin,
2003) as a measure of overall executive function, and the Behaviour Rating
Inventory of Executive Function – Adult version (BRIEF-A) (Roth & Gioia, 2005) selfreport measure as a measure of day-to-day executive function.
N-back Task
The visuospatial n-back task (Buschkuehl et al., 2007) provided a measure of
working memory and consisted of a sequential presentation of single blue squares at
one of eight different locations on a computer screen (stimulus length: 500ms;
interstimulus interval: 2500ms). The participant was required to respond by
pressing the “A” key on the keyboard when the current stimulus was in the same
location as the stimulus n (where n equaled 1, 2 or 3) positions back in the sequence.
Figures 3.2, 3.3 and 3.4 are examples of 1-back, 2-back and 3-back respectively.
Each block consisted of 20 + n trials. Three blocks were completed for n equaling 1,
2, and 3 for a total of nine blocks. Accuracy was calculated by subtracting the
percentage of false alarm responses from the percentage of correct responses, with
an error free score being equal to a score of 1.0. The accuracy scores were averaged
across the three trials at each level resulting in a total accuracy score for that level.
These scores were termed 1-back accuracy, 2-back accuracy, and 3-back accuracy
for the purposes of this study.

48

Figure 3.2. Example of the visuospatial n-back task: 1-back condition

Figure 3.3. Example of the visuospatial n-back task: 2-back condition

Figure 3.4. Example of the visuospatial n-back task: 3-back condition
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Wisconsin Card Sorting Test
The Wisconsin Card Sorting Test 64 card computerized version (WCST-64)
(Heaton & Goldin, 2003) is a widely used test of overall executive function because
of its reported sensitivity to frontal lobe dysfunction (Lezak et al., 2012). It was
administered on a computer where the participant was presented with a pack of 64
cards, with different shape (triangles, stars, crosses, and circles) and colour (red,
green, yellow, and blue) combinations on them, and four stimulus cards (Card 1 –
one red triangle, Card 2 – two green stars, Card 3 – three yellow crosses, Card 4 –
four blue circles). The participant was required to sort the pack of cards one by one
to one of the four stimulus cards according to a sorting principle that the participant
must deduce from the pattern of the computer programs responses to the
participant’s placement of the cards. After each card was sorted the computer
program provided auditory and visual feedback, “correct” if the participant was
sorting according to the correct sorting principle and “incorrect if the participant
was not sorting according to the correct sorting principle. The sorting principles
that the program followed were in the order of colour, shape and number. If the
participant sorted 10 successive correct cards the sorting principle would change to
the next sorting principle without warning. The task was completed after all of the
64 cards were sorted. The WCST-64 provides a number of measures of executive
function that were used in the present study, as outlined below in Table 3.2.
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Table 3.2.
WCST-64 measures with explanations used in the present study.
Measure

Explanation

Total Errors

Total number of errors made

Perseverative Responses

Response that have occur either when the participant
continues to sort according to a previously successful
principle.

Perseverative Errors

Incorrect responses that have occur either when the
participant continues to sort according to a previously
successful principle or, in the first series, when the participant
persists in sorting on the basis of an initial error.

Nonperseverative

Responses that do not involve perseveration on the previously

Responses

acquired set.

Conceptual Level

Consecutive correct responses occurring in runs of three or

Responses

more.

Categories Completed

The number of correct runs of ten sorts.

Trials to Complete 1st

The total number of responses to completed the first correct

Category

run of ten sorts.

The Behavioral Rating Inventory of Executive Function
The Behavior Rating Inventory of Executive Function – Adult version (BRIEFA) (Roth & Gioia, 2005) self-report measure is a measure of day-to-day executive
function. The participant is provided with a list of 75 statements and required to
respond by indicating how often (never, sometimes, always) the behavior applies to
them. For the present study, three index measures are recorded - the behavioural
regulation index (BRI), metacognition index (MI) and the global executive composite
(GEC). The BRI is a measure of the participant’s ability to maintain appropriate
regulatory control of their behaviour and emotional responses, including
appropriate inhibition of thoughts and actions, flexibility in shifting problem-solving
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set, modulation of emotional responses, and monitoring actions. The MI is a
measure of the participant’s ability to systematically solve problems via planning
and organization while sustaining these task-completion efforts in active working
memory. It relates directly to the ability to problem solve actively in a variety of
contexts. The GEC is an overall summary score that incorporates all of the clinical
scales of the BRIEF-A and is considerate a measure of overall executive function.

3.4.3 Brain imaging
Participants were also given the opportunity to participate in the brain
imaging component of the AIBL Study. This involved Magnetic Resonance Imaging
(MRI) and Positron Emission Tomography (PET) imaging with Pittsburgh
Compound B (PiB), an in vivo amyloid imaging agent. The full imaging component of
the AIBL Study has been described in detail by Rowe and colleagues (2010) in their
baseline imaging cohort paper. For the purposes of this thesis PiB imaging data was
analysed. Each participant who underwent PiB imaging received ~370 MBq of 11CPiB intravenously over 1 minute. A 30 minute acquisition of PET standardised
uptake value (SUV) data in 3D mode, consisting of 6 frames each of 5 minutes,
acquired 40-70 minutes post-PiB injection were summed and normalised to the
cerebellar cortex SUV, resulting in region-to-cerebellar ratio termed SUV ratio
(SUVR). These data will be referred to within this thesis, to classify individuals as
having high or low amyloid levels. Participants were classified dichotomously
according to their SUVR as either ‘low Aβ’ (SUVR < 1.5) or ‘high Aβ’ (SUVR ≥ 1.5) in
accordance with established criteria (Villemagne et al., 2011).
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3.4.4 Clinical Review and the diagnosis of AD or MCI
Monthly clinical review meetings were conducted to discuss the diagnostic
classification for all participants with a diagnosis of AD or MCI, and for those who
participated as healthy controls who required further investigation. This latter
group included healthy contorl participants who demonstrated any of the following:
an MMSE score less than 28/30, failure on the Logical Memory test, other evidence
of possibly significant cognitive difficulty on neuropsychological testing, a CDR score
of 0.5 or greater, a medical history suggestive of the presence of illness likely to
impair cognitive function, an informant or personal history suggestive of impaired
cognitive function, or who were consuming medications or other substances that
could affect cognition. A consensus diagnosis was assigned for each such
participant, which included consideration of diagnostic criteria (Diagnostic and
Statistical Manual of Mental Disorders, 4th edition (DSM-IV) diagnosis (American
Psychiatric Association, 1994) and the International Statistical Classification of
Diseases, 10th revision (ICD-10) diagnosis (World Health Organisation, 1992)) and
whether the participant violated any exclusion criterion. Where appropriate, the
ICD-10 dementia severity rating (World Health Organisation, 1992), NINCDS-ADRDA
AD diagnosis (probable or possible) and MCI classifications were applied. The
clinical review panel comprised old age psychiatrists, neurologists, geriatricians and
neuropsychologists. A quorum was formed by three members including at least one
medically qualified and at least one psychologist member. The panel conferred
monthly via telephone conference and most meetings were attended by five of more
participants.
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The diagnosis of MCI was made in accordance with a protocol based on the
criteria of Winblad and colleagues (2004) which are informed by the criteria of
Petersen and colleagues (1999). Consistent with the Winblad criteria, all
participants who were classified with MCI had a reported memory difficulty, either
through self report or through an informant. Participants who came into the study
with a pre-existing diagnosis of MCI by a clinician were additionally required to
demonstrate a score of 1.5 SD or more below the age-adjusted mean on at least one
neuropsychological task applied at the time of the AIBL assessment in order to be
retained in the MCI category. Those individuals who volunteered to take part as
healthy controls had to fulfil the stricter criterion of 1.5 SD or more below the ageadjusted mean on two or more cognitive tests, in addition to having reported
memory difficulties, to be classified as MCI. This greater stringency applied to
allocating the individuals presenting as healthy controls to the MCI category was
decided upon after extensive discussion, and is justified by the very changeable
nature of MCI diagnoses. All participants with a classification of MCI demonstrated
intact activities of daily living and exhibited no clear evidence of significant
impairment in their social or occupational functioning, as determined by participant
interview and informant reports.

3.5

Follow up assessments
The AIBL study assessments have been repeated at 18-, 36- and 54-month

follow up and have been or will be repeated again at 72 months. Figure 3.5 below
shows the total number of participants and their classifications across each time
point. Study 1 of this thesis utilises participant data from the 18 month follow up
assessment as demonstrated in Figure 3.6. Figure 3.7 shows the participants that
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underwent additional cognitive testing and that were included in the analysis of
Study 2 of this thesis.
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Figure 3.5. The number and classification of participants at each time-point for the Australian Imaging, Biomarkers and Lifestyle (AIBL) study of ageing. (HC)Healthy
Control, (MCI) Mild Cognitive Impairment, (AD) Alzheimer’s disease, PDD (Parkinson’s Disease Dementia), FTD (Frontotemporal Dementia), VDM (Vascular
Dementia), MCI-X (Mild Cognitive Impairment non-AD related).
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Figure 3.6.

Participant numbers at the 18 month follow up assessment utilised in Study 1.
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Figure 3.7.

Number and diagnosis history of participants utilised in Study 2.
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Chapter Four: Study 1
4.1

Introduction
Unlike autosomal dominant forms of Alzheimer’s disease, such as early-onset

AD, late onset AD is considered a complex disease with multiple genetic and
environmental factors that contribute to disease risk. The APOE ε4 allele is one of
the genetic risk factor that has been linked to an increased risk of developing AD,
however it is an imperfect predictor with some individuals who carry the genetic
risk factor not developing AD, while others who do not have the risk factor can
develop AD (Loy et al., 2013).
Findings regarding the relationship between APOE and cognitive impairment
in patients with AD have been variable. APOE ε4 carriers have been reported to
demonstrate both slower (Hoyt et al., 2005; van der Vlies et al., 2009) and faster
rates of decline (Cosentino et al., 2008; Lam et al., 2006; Marra et al., 2004), with
some studies reporting no difference in rates of decline (Bracco et al., 2007; Kleiman
et al., 2006). The most consistent finding for patients with mild AD is that APOE ε4
carriers perform worse on tasks of delayed recall on episodic memory measures
when compared to non-carriers (Lehtovirta, Soininen, Helisalmi et al., 1996; Marra
et al., 2004; van der Vlies et al., 2007; Wolk & Dickerson, 2010).
The literature on the relationship between APOE and cognition in mild
cognitive impairment (MCI), as well as in healthy older adults has likewise yielded
variable results. Some studies have found that APOE ε4 carriers had lower
performance or greater decline on cognitive measures when compared to noncarriers (Bondi et al., 1995; Haan, Shemanski, Jagust, Manolio, & Kuller, 1999; O'Hara
et al., 1998), while others have found no difference in level of performance or rate of
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decline between APOE ε4 carriers and non-carriers on cognitive performance (Kim
et al., 2002; Pendleton et al., 2002; B.J. Small, Graves et al., 2000). A number of
studies have also indicated that APOE ε4 carriers had better performance and slower
decline on some cognitive measures, including tasks of fluency, naming attention
and visuo-spatial ability (Alexander et al., 2007; Carrion-Baralt et al., 2009). Foster
and colleagues (2013) conducted a preliminary analysis on a subset of the baseline
AIBL data and found that there was no difference between APOE ε4 carriers and
non-carriers in the healthy control and AD groups on the majority of the tests,
however in the MCI group APOE ε4 carriers had lower performance on memory
measures. This preliminary analysis is extended here by investigating the entire
cohort at the first 18-month follow up period which allowed those individuals who
were borderline MCI/AD at baseline to be more reliably classified.
The diverse results observed in the literature could reflect methodological
variations such as the recruitment techniques used (e.g. epidemiological based
samples vs. samples with specific inclusion and exclusion criteria). Differences in
the sensitivity and specificity of tasks used to measure cognitive performance, with
some tasks potentially not being sensitive enough to detect subtle changes, may also
account for variable reports. It may be that some cognitive differences between
APOE ε4 carriers and non-carriers are only able to be observed in the early stages of
the disease process, before the cognitive effects of the pathological processes are
observed.
However, even though the evidence for impaired cognition in the presence of
APOE ε4 is mixed, the focus of the majority of research in this area has been on
episodic memory. This would seem logical as the earliest pathological changes
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observed in AD occur in the medial temporal lobe structures (e.g. hippocampus and
entorhinal cortex) (Braak & Braak, 1991), areas critical for episodic memory
function. Other cognitive abilities that decline with AD are unfortunately regularly
overlooked in the area of APOE ε4 research, despite the fact that abilities such as
working memory and executive function, in addition to episodic memory, have also
been shown to predict subsequent progression to AD (Weintraub et al., 2012).
The aim of this first study is to investigate the relationship between cognition
and APOE ε4. Examining data from the AIBL study cohort (Ellis et al., 2009)
provides an opportunity to explore cognitive function and APOE carriage in a well
characterised group of older individuals with varying risk factor profiles for AD
using a detailed neuropsychological test battery. Measures of working memory and
executive function have been included in the analysis, in addition to episodic
memory, to give a better overall picture of the relationship between APOE ε4 and
cognition. It was hypothesised that APOE ε4 carriers would perform worse than
APOE ε4 non-carriers, within the healthy control, mild cognitive impairment and
mild AD classifications on memory, working memory and executive function
measures.
4.2

Methods

4.2.1 Participants
Participants comprised 872 individuals enrolled in the AIBL Study at the first
follow up session (eighteen months after enrollment). The process of recruitment,
screening and diagnostic classification has been reported in Chapter Three. The
current sample included 692 healthy controls (HC), 82 individuals with a diagnosis
of MCI, and 98 individuals with a diagnosis of mild AD. The original 197 AD
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participants was reduced to a sample of 98 by including only those with mild AD,
classified as having a Mini-Mental State Examination (MMSE) (Folstein et al., 1975)
score of greater than 18, consistent with protocol used by Ihl and colleagues (Ihl et
al., 2012). This was done to eliminate the potential for “floor effects” on the cogntive
measures. Like the majority of cognitive tasks that are used to detect
neurodegenerative disease in healthy control participants, many of the tasks that
were used are unable to be completed by those individuals with later stage AD,
resulting in a significnat amount of missing data. By limiting the analysis to include
those with mild AD we consequently have only included individuals who have
completed all of the cognitive measure and eliminated the floor effects for these
tasks.
4.2.2 Cognitive assessment
All participants were assessed with a standardised neuropsychological
battery as previously described in Chapter Three. All tasks were administered
according to standard protocols by trained research assistants. To address our
hypotheses, we examined a number of episodic memory and executive functioning
tasks from this battery, namely the California Verbal Learning Test-Second edition
(CVLT-II) (Delis et al., 2000) to measure verbal episodic memory, Rey Complex
Figure Test (RCFT) delayed recall (Meyers & Meyers, 1995) to measure visual
episodic memory, Digit Span subtest of the Wechsler Adult Intelligence Scale, 3rd
Edition (WAIS-III) (Wechsler, 1997) to measure working memory, and the letter
fluency, category fluency and switching subtests of the Delis-Kaplan Executive
Function System (D-KEFS) (Delis et al., 2001) to measure executive function. All of
the tests selected are internationally recognised as having good evidence of their
validity and reliability (Strauss et al., 2006).
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4.2.3 Apolipoprotein E genotyping
During their initial visit, participants gave an 80ml blood sample, 0.5ml of
which was forwarded for APOE genotyping by a clinical pathology laboratory. The
APOE genotype was determined using polymerase chain reaction amplification and
restriction enzyme digestions (for more detail please see Hixson and Vernier, 1990).
Participants were classified as carriers (presence of an APOE ε4 allele) or noncarriers (absence of an APOE ε4 allele) consistent with standard procedures (Ferrari
et al., 2013; Rowe et al., 2010; B.J. Small et al., 2004; Wisdom et al., 2011).
4.2.4 Statistical Analysis
Independent samples t-tests were used to determine if there were differences
between APOE ε4 carriers and non-carriers within each of the three participant
groups in terms of demographic data and performance on cognitive measures. Given
that there were multiple comparisons being performed, results were considered
significant at the more strict level of p<.01 (Drachman, 2012). This was done to
balance the risk of false positive findings against identification of important
relationships. Furthermore, for each performance measure, the magnitude of
difference between carriers and non-carriers was expressed using Cohen’s d (J.
Cohen, 1992). This was used to guide interpretation about the meaningfulness of
results. Specifically, Type I errors would be suspected where comparisons were
statistically significant at the corrected level but where effect sizes were very small
(e.g. d < 0.20).
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4.3

Results
Demographic and clinical characteristics of the participants are shown in

Table 4.1. Independent samples t-tests revealed no significant differences in
demographic and clinical characteristics between carriers and non-carriers within
any of the diagnostic groups (all p>.01).
Independent sample t-tests were conducted for each cognitive measure within
each diagnostic group using APOE ε4 status as the independent variable, and results
are shown in Table 4.2. No significant differences were observed between APOE ε4
carriers and non-carriers within the HC or mild AD group (all p>.01). In the MCI
group, significant differences were found on the CVLT-II delayed recall and letter
fluency tasks, with APOE ε4 carriers performing worse than non-carriers on the
CVLT-II delayed recall, but better than non-carriers on the measures of verbal
fluency. Magnitudes of difference between APOE ε4 carriers and non-carriers for
each cognitive measure, within each diagnostic group are shown in Figure 4.1.
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Table 4.1.
Demographic means (SD) for age, premorbid IQ and MMSE score, percentage of females and years of education greater than 12, for overall and each APOE ε4 group.

HC

MCI

Overall

ε4 +

ε4 -

N

692

186

506

% Female

58.5

58.7

58.5

Years of Age
(SD)

69.7
(6.8)

69
(6.4)

Edu >12 yrs
(%)

54.6

Premorbid IQ*
MMSE Mean
(SD)

p

AD

Overall

ε4 +

ε4 -

82

32

50

.96

51.9

50

53.1

70
(6.9)

.94

74.5
(7.5)

75.1
(6.4)

50

56.3

.14

43.2

107.6
(8.4)

106.6
(10.7)

108
(7.4)

.06

28.7
(1.3)

28.6
(1.5)

28.9
(1.2)

.30

p

Overall

ε4 +

ε4 -

p

98

71

27

.79

58.6

58.3

59.3

.93

74.5
(8.5)

.73

76.3
(6.8)

77
(6.8)

76.2
(7.8)

.61

40.6

44.9

.71

43.4

40.3

51.9

.31

105.6
(10.1)

107.9
(10.4)

104.1
(9.7)

.10

103.8

104.6

101.5

(8.9)

(7.5)

(12)

.28

26.5
(2.3)

26.2
(2.1)

26.7
(2.4)

.32

22.2
(2.7)

22.5
(2.5)

21.2
(3.0)

.03

*Premorbid estimated IQ measured by the Wechsler Adult Test of Reading (WTAR) (Wechsler, 2001)
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1.2

*

0.8

Cohen's d

0.4

0

HC
MCI
Mild AD

-0.4

-0.8

*

-1.2

CVLT-II Total Recall CVLT-II Delayed
(M)
Recall
(M)

RCFT Delayed
Recall
(M)

Digit Span
(WM)

Letter Fluency
(EF)

Category Fluency
(EF)

Switching
(EF)

Figure 4.1. Magnitude of difference (Cohen’s d) on cognitive measures between APOE ε4 carriers and non-carriers within each classification group with confidence
intervals. Negative values indicating carriers performing worse than non-carriers, and positive values indicating carriers performing better than non-carriers. Error
bars indicate 95% confidence intervals. (M) indicating memory measures, (WM) indicating working memory measures, and (EF) indicating executive function
mares. * p < .01 level
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Table 4.2.
Comparison of cognitive test scores between APOE ε4 carriers and non-carriers.
Cognitive Tasks
HC

MCI

Mild AD

APOE e4
non-carriers

p

Cohen's
'd

M

(SD)

M

(SD)

CVLT-II Total Recall

50.82

(11.47)

50.73

(11.36)

.92

0.01

CVLT-II Delayed Recall

11.81

(3.18)

11.68

(3.14)

.63

0.04

RCFT Delayed Recall

16.53

(5.97)

17.27

(5.80)

.14

-0.13

Digit Span

17.23

(3.63)

17.25

(3.77)

.97

-0.01

Letter Fluency

42.49

(12.47)

42.94

(12.59)

.68

-0.04

Category Fluency

39.48

(8.16)

39.75

(8.89)

.71

-0.03

Switching

12.06

(2.87)

11.99

(3.20)

.81

0.02

CVLT-II Total Recall

26.34

(10.90)

29.55

(8.88)

.15

-0.33

CVLT-II Delayed Recall

2.44

(2.66)

4.33

(3.20)

<.01

-0.62

RCFT Delayed Recall

6.58

(5.17)

9.70

(5.72)

.02

-0.56

Digit Span

16.22

(3.48)

15.47

(4.27)

.41

0.19

Letter Fluency

40.13

(12.71)

31.63

(11.99)

<.01

0.69

Category Fluency

30.22

(7.06)

28.20

(7.15)

.22

0.28

Switching

8.41

(3.00)

8.27

(3.55)

.85

0.04

CVLT-II Total Recall

17.73

(9.21)

18.19

(9.60)

.83

-0.05

CVLT-II Delayed Recall

0.39

(0.98)

0.52

(1.42)

.62

-0.12

RCFT Delayed Recall

2.52

(3.86)

3.19

(4.35)

.47

-0.16

Digit Span

14.42

(4.38)

11.81

(4.53)

.01

0.59

Letter Fluency

26.27

(12.47)

23.59

(13.29)

.35

0.21

Category Fluency

21.83

(9.54)

20.37

(8.69)

.49

0.16

5.49

(3.60)

4.78

(2.49)

.35

0.21

Switching
* p < .01 level

4.4

APOE e4
carriers

*

*

Discussion
The hypothesis that APOE ε4 carriers would perform worse than APOE ε4

non-carriers on measures of memory and executive function was not supported.
Significant differences were found between APOE ε4 carriers and non-carriers but
only in the MCI group, and not in the HC or mild AD groups. Consistent with our
hypothesis, the MCI APOE ε4 carriers performed worse on the memory measures
when compared to MCI non-carriers. However, in contrast, the MCI APOE ε4 carriers
performed significantly better on the letter fluency executive function task. On
inspection of the magnitude of difference between APOE ε4 carriers and non67

carriers, an overall trend can be observed with APOE ε4 carriers performing worse
than carriers on episodic memory measures in the MCI group (Cohen’s d = -0.33 – 0.62) and the mild AD group (Cohen’s d = -0.05 – -0.16), but better on measures of
working memory and executive function in the MCI (Cohen’s d = 0.04 – 0.69) and
mild AD groups (Cohen’s d = 0.16 –0.59).
The lack of significant differences between APOE ε4 carriers and non-carriers
in the mild AD group may be expected, as the differences between APOE ε4 carriers
and non-carriers reduce as the disease process progresses due to global
deterioration of cognition associated with AD. It has previously been reported that
APOE ε4 has its greatest effects on cognition in the early stages of the disease and
this effect weakens as the disease progresses (Cosentino et al., 2008). It should also
be noted that although we attempted to account for potential floor effects on the
cognitive tasks, it appears that the CVLT-II Delayed Recall and RCFT Delayed Recall
tasks have lost their sensitivity to detect differences within the mild AD group, as
demonstrated by the very low mean performance on these tasks. The findings of an
overall trend in the magnitude of differences for APOE ε4 carriers to outperform
non-carriers on tasks of working memory and executive function, as well as the
inverse for the memory measures is somewhat of a surprise give that the majority of
the literature suggests that there either is no difference in these measures or that
APOE ε4 carriers will perform worse. However, these findings are not without
precedent, as Wolk and Dickerson (2010) demonstrated similar findings when
comparing mild to very mild AD APOE ε4 carriers and non-carriers. They found that
APOE ε4 carriers significantly outperformed non-carriers on a number of executive
function tasks including working memory and switching. Likewise, van der Vlies
and colleagues (2009) reported similar findings in which APOE ε4 non-carriers
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performed more poorly than carriers on naming, switching, attention and
concentration measures.
Consistent with the literature was the finding from the MCI group that APOE
ε4 carriers performed worse than non-carriers on the episodic memory measures.
This is demonstrated by a significant difference of moderate effect size for the
episodic memory measures between APOE ε4 carriers and non-carriers. This group
may represent the progress of the disease in a very early stage in some individuals
and thus would be consistent with previous reports of very mild AD APOE ε4
carriers performing worse than non-carriers on episodic memory measures (Farlow
et al., 2004; Marra et al., 2004; van der Vlies et al., 2007). As with the mild AD group,
the findings of an overall trend for APOE ε4 carriers outperforming non-carriers on
the executive function measures, with significant differences being demonstrated on
the verbal fluency task were again surprising. A number of studies have
demonstrated that in mild AD patients, APOE ε4 non-carriers perform worse on a
number of executive function measures including switching, sequencing and
working memory (Lehtovirta, Soininen, & Laakso, 1996; van der Vlies et al., 2007;
Wolk & Dickerson, 2010). It may be that, as the majority of largest effects were
found in the MCI group, these differences may only occur in the very early stages of
the disease process. Most of the studies that have measured executive function have
only used a clinically diagnosed AD sample, presumably after significant pathological
processes have taken place. This would result in the differences between APOE ε4
carriers and non-carriers not being detected, as was the result in our mild AD group.
The apparent dissociable effect between memory and executive function in
MCI may also be due at least in part to compensatory processes whereby the
69

individual who experiences difficulties with their memory enlists other cognitive
domain to compensate for these difficulties. Studies of non-demented older adults
using event-related fMRI paradigms have suggested that APOE ε4 carriers may more
strongly recruit task-related brain regions and/or may recruit additional brain
regions beyond task-related areas in order to compensate for preclinical AD
changes, to achieve the same global performance as non-carriers (Kukolja et al.,
2010). Preferentially recruited areas beyond task-related regions have frequently
been found to include frontal regions, responsible for executive function (Han &
Bondi, 2008); for example, when the memory of an APOE ε4 carrier with MCI is put
under stress, the brain recruits frontal areas in an attempt to compensate for the
loss. This increased activation of the frontal lobes is interpreted as encouraging
increased attention focus and more effective performance on executive function
measures (Han & Bondi, 2008). Such a compensatory process would cease to be
effective during the later stages of AD as the pathological processes extend globally
throughout the brain.
However, other than the possibility of Type I error, the most likely
explanation of the finding may be the result of the fact that MCI is a heterogeneous
entity. Within the MCI group in this study, APOE ε4 carriers perform worse on
memory measures and non-carriers perform worse on executive function measures,
and it may be likely that the carriers ultimately represent MCI cases who are in the
preclinical AD stages and are most likely to progress to develop AD dementia,
whereas non-carriers may represent a group of MCI who are most likely to develop
other types of dementias.
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For the HC group, we did not find any significant differences between APOE
ε4 carriers and non-carriers on memory or executive function tasks. This finding
however is contrary to the results of the large meta-analysis conducted by Wisdom
and colleagues. (Wisdom et al., 2011) which demonstrated that healthy control
APOE ε4 carriers performed worse on some memory and executive function
measures when compared to non-carriers. The difference in findings may be due to
the meta-analysis being based on extremely varied measures, some of which
measured multiple cognitive domains and some of which had poor psychometric
validity. For example, the majority of studies used in this meta-analysis used the
MMSE to assess cognitive function, which was originally designed as a screening tool
for dementia (Folstein et al., 1975). A further limitation of the meta-analysis was
that the classification and inclusion/exclusion criteria varied between the individual
studies, with some studies classifying their healthy control group as those without a
diagnosis of dementia. This creates the possibility of those with MCI being included
into the HC analysis and making it more likely to find a difference between carriers
and non-carriers. The large carefully selected sample of the present study and the
sensitive cognitive battery used provides confidence in the validity of reporting a
lack of significant difference in cognitive performance between groups of healthy
controls using a criterion of presence or absence of APOE ε4.
Nevertheless, as late onset AD is a complex disease, it has also been suggested
that APOE ε4 does not have a direct effect on cognition and that it is the interaction
between APOE ε4 and other genetic and environmental factors that result in the
onset of AD and early cognitive changes (Tuminello & Han, 2011). It has been
suggested that the findings of APOE ε4 carriers performing worse on cognitive
measures when compared to non-carriers in healthy controls can be accounted for
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by very early pathological changes associated with AD, such as the accumulation of
beta-amyloid (Kantarci et al., 2012). This raises the issue of trying to separate the
impact of prodromal AD from the impact on cognition of APOE ε4 per se, and then
determining whether APOE ε4 effects cognition independent of AD. One approach to
this issue is to exclude individuals who go on to develop AD from any further
investigation of the relationship between APOE ε4 and cognition performance. This
will be examined in study 2.
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Chapter Five: Study 2
5.1

Introduction
Although the relationship between APOE ε4 and cognitive performance in

healthy older adults is debated, the role of APOE ε4 as a predictor of AD in healthy
adults has been well established (Bertram et al., 2007). However, it should be noted
that carrying an APOE ε4 allele simply increases the risk but it does not necessarily
lead to developing AD (Laws, Hone, Gandy, & Martins, 2003). The clinical literature
provides many examples of individuals who do not possess the APOE ε4 allele and
develop AD, and likewise there are individuals who do possess the APOE ε4 allele
and do not develop AD (Khachaturian, Corcoran, Mayer, Zandi, & Breitner, 2004).
As well as the genetic risk factors for AD, there are a number of pathological
indicators that have been identified as markers of AD progression, and one of these
markers is beta-amyloid (Aβ). It has been observed that a great majority of patients
clinically diagnosed with AD dementia have pathological levels of Aβ, particularly in
the medial temporal and temporoparietal regions, thus suggesting that Aβ amyloid
biomarkers provide excellent sensitivity for detecting AD (Masters, 2010; Rowe et
al., 2007).
Recent research has indicated that Aβ levels are also a good predictor of AD
progression in healthy adult populations (Rowe et al., 2012) with results showing
that high Aβ increases the risk of progression from healthy to MCI, and from MCI to
AD. Even in the absence of disease progression it has been shown that healthy
adults with high Aβ levels show clinically meaningful decline in episodic memory
that can be detected over periods as short as 6 months (Lim, Pietrzak et al., 2013),
but more reliably at 18 months (Ellis et al., 2013; Lim, Ellis, Ames et al., 2013).
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Recent findings have shown that APOE ε4 does not increase the rate of Aβ
related cognitive decline in healthy controls (Aizenstein et al., 2008; Storandt et al.,
2009). However, cross-sectional studies suggest that there is some interaction
between APOE ε4 and Aβ. For example, Lim and colleagues (Lim, Ellis, Ames et al.,
2013) have reported that in healthy adults, Aβ is associated with lower episodic
memory performance, but only in those carrying an APOE ε4 allele. However, this
interaction is quite small and might be due to the fact that study may have been
underpowered (Lim, Ellis, Ames et al., 2013). Nevertheless, Kantarci and colleagues
(2012) also demonstrated an interaction between APOE ε4 and Aβ in a healthy older
adult population, and concluded that the presence of an APOE ε4 allele significantly
increases Aβ load and influences the relationship between Aβ load and cognitive
function in cognitively normal older adults. Their conclusion was based on a model
in which Aβ load is associated with greater cognitive impairment in APOE ε4
carriers, whereas non-carriers are less influenced by Aβ load, thereby suggesting the
view that APOE isoforms may modulate the harmful effects of Aβ on cognitive
function.
Taken together these observations raise an important point, as what effect, if
any, the APOE ε4 genotype has in healthy control populations who do not have
preclinical AD. Although there is substantial variability in the literature relating to
the effect of APOE ε4 on cognition in healthy controls, the most common finding
appears to be that of APOE ε4 having a negative impact on cognition. However
several factors may account for the heterogeneity of the results. Firstly, some
studies may include undetected prodromal cases of AD, which can have an impact
on the presence of the APOE ε4 related deficits. Because APOE ε4 is a risk factor for
AD, more individuals with this genotype will go on to develop AD, as compared with
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ε2 or ε3 carriers. Research also shows that AD-related cognitive deficits appear
many years before clinical diagnosis, especially impairments in memory functioning
(Backman, Small, & Fratiglioni, 2001; Lim, Pietrzak et al., 2013). As a result, the
APOE ε4 related deficits that have been observed may be attributable to an
overrepresentation of persons in a preclinical phase of AD rather than reflecting a
direct influence of genotype variation.
In this respect, there are two key competing views regarding the influence of
APOE ε4 status has on cognition with each having different predictions as to the role
that APOE ε4 has on cognition in the healthy older adult population. The first view is
that the presence of the APOE ε4 produces a “cognitive phenotype” (Greenwood et
al., 2005) which suggests that the differences in cognition resulting from APOE
status are the product of an interaction between APOE status and neuronal response
to insult (Greenwood & Parasuraman, 2003). This hypothesis suggests that the
presence of APOE ε4 results in increased neuronal damage over time and as the
individual ages, the level of cognitive impairment increases. Known as the
“cognitive phenotype”, this view predicts that APOE ε4 carriers would uniformly
show deficits on cognitive tasks when compared to non-carriers, independent of the
development of AD.
The second hypothesis about the nature of the APOE ε4 and cognition
relationship, suggests that the presence of the APOE ε4 serves only as a marker for
the increased risk of developing AD or more rapidly developing AD, and this is called
the “prodrome hypothesis” (Smith et al., 1998). The “prodrome hypothesis”
proposes that as there are more cases of preclinical AD in healthy APOE ε4 carriers
than non-carriers, and therefore any differences in cognition between the two
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groups are due to a larger subgroup of individuals among the carriers that are in the
early, preclinical stages of the AD process. According to this hypothesis , the
presence of APOE ε4 increases the risk of developing AD, and it is the disease
process, particularly high Aβ levels, that has a negative effect on cognition.
Therefore, it can be argued that if cases of preclinical AD are not present in a group
of APOE ε4 carriers, lowered cognitive performance should not be characteristic of
the APOE ε4 carriers when compared to non-carriers.
However, the ongoing difficulty that researchers are faced with investigating
the cognitive phenotype and prodrome hypothesis in APOE ε4 research is that of
obtaining a sample of individuals who will not develop AD. Clearly, the strongest
approach to determine that all of the participants in a study will not develop AD is to
follow up study participants until death and confirm the lack of AD pathology at
autopsy. For numerous reasons this approach is very difficult to undertake, not
least because it would take a significant amount of time and funding. Furthermore,
the probability of obtaining an adequate sample size allowing enough power to
detect cognitive differences is low. Therefore the most viable option is by
conducting longitudinal studies which closely monitor clinical phenotype and
progression. There have been a few researchers in the past who have tried to do
this by cognitively assessing participants at a number of different time points and
excluding participants from further analysis if they develop AD (for example, Bondi
et al., 1999; Foster et al., 2013).
In this current study we will also use this approach, but in addition we will
use the availability of longitudinal data indicating cognitive decline as well as
biomarkers to further eliminate or at least minimise likelihood of including
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individuals who will go on to develop AD at a later date. As the healthy control
cohort from the AIBL study has been followed for 54 months, it provides the
opportunity to address the question of the effect of APOE ε4 on cognition in healthy
adults. The aim of this study is to identify a group of healthy control participants
who have remained stably classified as HC over 54 months, whose episodic memory
has not declined over a 54 month period, and who also have negative amyloid PET
scans, and are therefore considered as being at very low risk of being preclinical AD
cases. Cognitive function will be compared between APOE ε4 carriers and noncarriers, and it is hypothesised that in this group of cognitively non-declining
healthy controls, with very low risk of developing AD, APOE ε4 carriers will be
associated with poorer cognitive function when compared to non-carriers.
Given that the AIBL Study cognitive battery is understandably focused on
episodic memory, and to avoid ceiling effects on tasks measuring working memory
and executive function, additional measures with greater sensitivity were added, as
part of this study, to the core battery to examine these domains in more detail.
5.2

Methods

5.2.1 Participants
Of the 718 volunteers enrolled in the AIBL study at the 54 month follow up
time point, 132 volunteers underwent additional neuropsychological assessment as
part of their 54 month follow up assessment. This allowed greater exploration of
working memory and executive function performance, in addition to the episodic
memory measures already in the AIBL battery. From this group further inclusion
criteria were added at three different criteria levels. Those participants who were
included at criteria level 1 were those who consistently received a classification as
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healthy control participants at each 18 month follow up assessment, as per the AIBL
classification process outlined in Chapter Three. A total of 107 participants met
criteria level 1. Criteria level 2 was composed of those participants who met criteria
level 1 as well as those who demonstrated a stable cognitive profile as measured by
the delayed recall measure of the California Verbal Learning Test-Second edition
(CVLT-II delayed recall) (Delis et al., 2000). To be classified as cognitively stable,
participant’s performance on the CVLT-II delayed recall measure needed to remain
within 1.5 standard deviations from their baseline to 54 month follow up
assessment. A total of 101 participants met criteria level 2. At the third and final
criteria level, criteria level 3, participants were required to meet those criteria for
level 1 and 2, as well as being classified as having a low Aβ PET neuroimaging result
(more details are provided below). This resulted in criteria level 3 comprising 65
participants who were considered very unlikely to be preclinical AD cases. Table 5.1
below summarizes the additional exclusion criteria for each level.
Table 5.1.
Inclusion criteria for each level.
Criteria

 Remained classified as ‘Healthy Control’

Level 1

according to AIBL criteria at each of the follow up
time points

Criteria



Meet the criteria at level 1

Level 2



Remained cognitively stable throughout the
follow up periods as demonstrated by
performance on the CVLT-II Delayed Recall
measure remaining within 1.5 SD of the mean

Criteria

 Meet the criteria at level 1 and 2

Level 3

 Classified as having a Low Aβ PET imaging result
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5.2.2 Cognitive assessment
All participants were administered the AIBL standardised neuropsychological
battery along with three additional tasks to expand measurement of working
memory and executive function, all of which have been previously described in
Chapter Three. For the purposes of this study a subset of the memory and executive
function tasks from the standardised AIBL battery were examined.

5.2.2.1 AIBL battery measures
The memory tasks included the California Verbal Learning Test-Second
edition (Delis et al., 2000) total recall from trials 1 to 5 (CVLT-II Total Recall) and
delayed recall (CVLT-II Delayed Recall) to measure verbal episodic memory and the
Rey Complex Figure Test 30 minute delayed recall (RCFT Delayed Recall) (Meyers &
Meyers, 1995) to measure nonverbal memory. The working memory and executive
function tasks included the Digit Span subtest of the Wechsler Adult Intelligence
Scale, 3rd Edition (WAIS-III) (Wechsler, 1997) to measure working memory, and the
following subtest of the Delis-Kaplan Executive Function System (D-KEFS) (Delis et
al., 2001) were use to measure verbal fluency and switching ability; letter fluency
(total number of words produced in one minute for each of the letters F, A and S),
category fluency (total number of words produced in one minute for each of the
categories of animals and boy’s names) and switching (total number of correct
switches when producing names of fruit and furniture alternatively). These tasks are
described in detail in Chapter Three and were all administered according to
standard protocol. All of these tasks are internationally recognised as having good
evidence of their validity and reliability (Strauss et al., 2006).
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5.2.2.2 Additional cognitive measures
The additional tasks included for this study included a visuospatial n-back
task (Buschkuehl et al., 2007) to measure working memory, the Wisconsin Card
Sorting Test 64 card computerised version (WCST-64) (Heaton & Goldin, 2003) as a
measure of overall executive function, and the Behaviour Rating Inventory of
Executive Function – Adult version (BRIEF-A) (Roth & Gioia, 2005) self-report
measure as a measure of participants’ day-to-day executive function. More detail
regarding these additional tasks is provided in Chapter Three. All of these tasks
selected for addition to the battery are internationally recognised as having good
evidence of their validity and reliability (Jaeggi, Buschkuehl, Perrig, & Meier, 2010;
Strauss et al., 2006).

5.2.3 Apolipoprotein E genotyping
As described in Chapter Three, during their initial visit, participants gave an
80ml blood sample, 0.5ml of which was forwarded for APOE genotyping by a clinical
pathology laboratory. The APOE genotype was determined using polymerase chain
reaction amplification and restriction enzyme digestions, for more detail please see
Hixson and Vernier (1990). Participants were classified as carriers (presence of an
APOE ε4 allele) or non-carriers (absence of an APOE ε4 allele).

5.2.4 Amyloid neuroimaging
PiB imaging methodology has been outlined in detail previously (Pike et al.,
2007; Rowe et al., 2010). Each participant who consented to undergoing
neuroimaging received ~370 MBq 11C-PiB intravenously over 1 minute. A 3080

minute acquisition of PET standardised uptake value (SUV) data in 3D mode,
consisting of 6 frames each of 5 minutes, acquired 40-70 minutes post-PiB injection
were summed and normalised to the cerebellar cortex SUV, resulting in a region-tocerebellar ratio termed SUV ratio (SUVR). Participants were classified
dichotomously according to their SUVR as either ‘low Aβ’ (SUVR < 1.5) or ‘high Aβ’
(SUVR ≥ 1.5) in accordance with established criteria (Villemagne et al., 2011).

5.2.5 Statistical Analysis
Independent samples t-tests were used to determine if there were differences
between APOE ε4 carriers and non-carriers within each of the three participant
groups in terms of demographic data and performance on cognitive measures. Given
that there were multiple comparisons being performed, results were considered
significant at the more strict level of p<.01 (Drachman, 2012). This was done to
balance the risk of false positive findings against identification of important
relationships. Furthermore, for each performance measure, the magnitude of
difference between carriers and non-carriers was expressed using Cohen’s d (Cohen,
1992). This was used to guide interpretation about the meaningfulness of results.
Specifically, Type I errors would be suspected where comparisons were statistically
significant at the corrected level but where effect sizes were very small (e.g. d <
0.20).
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5.3

Results

5.3.1 Demographics
Demographic information for all inclusion criteria levels, including age, gender,
years of education, premorbid estimated intelligence quotient (IQ) and MMSE score
is shown in Table 5.2. Independent samples t-tests revealed no significant
differences between APOE ε4 carriers and non-carriers at all inclusion criteria levels
in terms of demographic variables.

5.3.2 Inclusion Criteria 1.
Independent samples t-tests were conducted for each cognitive measure
using APOE ε4 status as the independent variable. No significant differences were
observed on the AIBL battery tasks, BRIEF-A, or for the n-back task accuracy on all
three levels of difficulty. For the WCST-64, significant differences were noted
between APOE ε4 carriers and non-carriers for the Number of Trials to Complete the
First Category, which are likely to be the result of Type I error. Further analysis of
the means indicated that APOE ε4 carriers required fewer trials to complete the first
category, when compared to non-carriers. Magnitudes of difference between APOE
ε4 carriers and non-carriers for each cognitive measure are shown in Table 5.3 and
Figure 5.1. Inspection of the magnitude of differences reveals an overall trend for
APOE ε4 carriers to outperform non-carriers on the majority of cognitive measures
(Cohen’s d = 0.00 –0.56).
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Table 5.2.
Demographic means (SD) for age premorbid IQ and MMSE score, percentage of females and years of education greater than 12,
for overall and each APOE ε4 group at each inclusion criteria level.

Inclusion
Criteria 1

N

% Female

Years of Age
(SD)

Edu >12 yrs
(%)

Premorbid IQ
(SD)*

MMSE Mean
(SD)

Overall

107

55.1

73.1 (6.2)

65.4

9.4 (5.8)

29.1 (1.0)

ε4 +

30

53.3

71.7 (5.2)

70.0

109.9 (4.8)

29.3 (0.7)

ε4 -

77

55.8

73.6 (6.5)

63.6

109.2 (6.2)

29.0 (1.1)

.82

.16

.40

.60

.16

p
Inclusion
Criteria 2

Overall

101

55.4

72.9 (6.3)

65.3

109.4 (5.9)

29.1 (1.0)

ε4 +

29

55.5

71.5 (5.1)

69.0

109.9 (4.9)

29.3 (0.7)

ε4 -

72

55.6

73.5 (6.7)

63.9

109.2 (6.3)

29.0 (1.1)

.97

.15

.41

.58

0.14

p
Inclusion
Criteria 3

Overall

65

53.8

72.3 (5.9)

60.0

108.7 (6.1)

29.1 (1.1)

ε4 +

13

53.8

70.6 (4.0)

69.2

107.7 (5.5)

29.3 (0.8)

ε4 -

52

53.8

72.7 (6.3)

57.7

108.9 (6.2)

29.0 (1.2)

.99

.26

.36

.50

.40

p

*Premorbid estimated IQ measured by the Wechsler Adult Test of Reading (WTAR) (Wechsler, 2001).
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Table 5.3.
Comparison of cognitive test scores between APOE ε4 carriers and non-carriers at inclusion
criteria 1 (those that have remained classified as healthy control across the 54 month follow
up period).
APOE ε4
carriers
Cognitive Tasks
AIBL Battery

WCST-64

N-Back

BRIEF-A

APOE ε4
non-carriers

M

(SD)

M

(SD)

p

'd

CVLT-II Total Recall

56.23

(8.5)

54.90

(10.9)

.50

0.13

CVLT-II Delayed Recall

12.63

(2.8)

12.38

(2.7)

.67

0.09

RCFT Delayed Recall

20.17

(6.0)

17.73

(5.5)

.05

0.43

Digit Span

19.43

(4.2)

18.36

(3.8)

.21

0.33

Letter Fluency

45.90

(12.9)

45.88

(10.6)

.99

0.00

Category Fluency

41.07

(8.7)

40.22

(7.9)

.63

0.10

Switching

12.90

(3.2)

11.84

(3.0)

.11

0.34

Total Errors

17.33

(7.3)

22.43

(12.4)

.01

0.45

Perseverative Responses

10.03

(6.3)

13.52

(11.4)

.12

0.34

Perseverative Errors

9.03

(5.1)

12.10

(10.9)

.14

0.32

Nonperseverative Responses

8.30

(4.0)

12.57

(14.5)

.12

0.34

Conceptual Level Responses

40.00

(12.5)

36.53

(15.4)

.28

0.23

Categories Completed

3.00

(1.4)

2.47

(1.5)

.09

0.37

Trials to Complete 1st Category

12.87

(3.8)

20.90

(16.5)

<.01

0.56

1-back accuracy

0.97

(0.1)

0.96

(0.1)

.93

0.02

2-back accuracy

0.79

(0.2)

0.73

(0.2)

.19

0.28

3-back accuracy

0.47

(0.3)

0.43

(0.2)

.46

0.16

BRI

39.53

(8.5)

43.03

(7.9)

.05

0.43

MI

58.53

(11.3)

59.00

(12.1)

.86

0.04

GEC
98.57 (18.0)
102.29
(17.4)
.33
0.21
* indicates that significant differences between carriers and non-carriers at the p < .01 level.
‘d = Magnitude of difference (Cohen’s d) negative values indicated carriers performing worse than
non-carriers, and positive values indicating carriers performing better than non-carriers. BRI =
Behavioural regulation index, MI = Metacognition index, GEC = Global executive composite.

5.3.3 Inclusion Criteria 2.
Independent samples t-tests were conducted for each cognitive measure
using APOE ε4 status as the independent variable. No significant differences were
observed on the AIBL battery tasks, BRIEF-A, or for the n-back task accuracy on all
three levels of difficulty. Likewise, for the WCST-64, significant differences were
noted between APOE ε4 carriers and non-carriers for the Number of Trials to
Complete the First Category, which are again likely to be the result of Type I error.
Magnitudes of difference between APOE ε4 carriers and non-carriers for each
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cognitive measure are shown in Table 5.4 and Figure 5.1. Inspection of the
magnitude of differences reveals an overall trend for APOE ε4 carriers to outperform
non-carriers on the majority of cognitive measures (Cohen’s d = -0.07 –0.54).
Table 5.4.
Comparison of cognitive test scores between APOE ε4 carriers and non-carriers at inclusion
criteria 2 (those that have remained classified as healthy control, as well as remained
cognitively stable across the 54 month follow up period).
APOE ε4
carriers
Cognitive Tasks
AIBL Battery

WCST-64

N-Back

BRIEF-A

APOE ε4
non-carriers

M

(SD)

M

(SD)

p

'd

CVLT-II Total Recall

56.38

(8.6)

55.25

(11.0)

.58

0.11

CVLT-II Delayed Recall

12.76

(2.8)

12.60

(2.7)

.79

0.06

RCFT Delayed Recall

20.21

(6.1)

18.11

(5.3)

.09

0.38

Digit Span

19.52

(4.3)

18.32

(3.8)

.17

0.31

Letter Fluency

45.14

(12.4)

45.88

(10.7)

.77

-0.07

Category Fluency

40.69

(8.6)

40.47

(8.0)

.90

0.03

Switching

13.00

(3.2)

11.82

(3.0)

.08

0.39

Total Errors

17.45

(7.4)

22.13

(12.3)

.06

0.42

Perseverative Responses

10.14

(6.4)

13.31

(11.3)

.16

0.31

Perseverative Errors

9.10

(5.2)

11.90

(10.9)

.19

0.29

Nonperseverative Responses

8.34

(4.0)

12.63

(14.9)

.13

0.33

Conceptual Level Responses

39.72

(12.6)

36.94

(15.2)

.39

0.19

Categories Completed

2.97

(1.4)

2.49

(1.4)

.12

0.34

Trials to Complete 1st Category

12.93

(3.8)

20.29

(15.9)

<.01

0.54

1-back accuracy

0.96

(0.08)

0.97

(0.07)

.72

-0.07

2-back accuracy

0.79

(0.20)

0.73

(0.19)

.20

0.28

3-back accuracy

0.46

(0.25)

0.43

(0.22)

.57

0.12

BRI

39.82

(8.0)

43.14

(8.0)

.03

0.41

MI

58.18

(11.6)

59.01

(11.9)

.84

0.07

GEC
98.00 (18.5)
102.43 (17.3)
.28
0.25
* indicates that significant differences between carriers and non-carriers at the p < .01 level.
‘d = Magnitude of difference (Cohen’s d) negative values indicated carriers performing worse than
non-carriers, and positive values indicating carriers performing better than non-carriers. BRI =
Behavioural regulation index, MI = Metacognition index, GEC = Global executive composite.

5.3.4 Inclusion Criteria 3.
Independent samples t-tests were conducted for each cognitive measure
using APOE ε4 status as the independent variable. No significant differences were
observed on the AIBL battery tasks, BRIEF-A, or for the n-back task accuracy on all
three levels of difficulty. Once again significant differences were noted between
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APOE ε4 carriers and non-carriers for the Number of Trials to Complete the First
Category on the WCST-64, which are once again are likely to be the result of Type I
error. Further analysis of the means indicated that APOE ε4 carriers required fewer
trials to complete the first category, when compared to non-carriers. Magnitudes of
difference between APOE ε4 carriers and non-carriers for each cognitive measure
are shown in Table 5.5 and Figure 5.1. Inspection of the magnitude of differences
reveals an overall trend for APOE ε4 carriers to outperform non-carriers on the
majority of cognitive measures (Cohen’s d = -0.22 – 0.52).
Table 5.5.
Comparison of cognitive test scores between APOE ε4 carriers and non-carriers at inclusion
criteria 2 (those that have remained classified as healthy control and remained cognitively
stable across the 54 month follow up period, as well as having a low Aβ neuroimaging scan at
their 54 month follow up assessment).
APOE ε4
carriers
Cognitive Tasks
AIBL Battery

WCST-64

N-Back

BRIEF-A

APOE ε4
non-carriers

M

(SD)

M

(SD)

p

'd

CVLT-II Total Recall

57.00

(7.8)

55.75

(11.0)

.64

0.12

CVLT-II Delayed Recall

12.77

(2.9)

12.46

(2.7)

.72

0.11

RCFT Delayed Recall

20.08

(4.7)

18.04

(5.6)

.23

0.37

Digit Span

17.46

(3.7)

18.10

(2.7)

.58

-0.22

Letter Fluency

42.00

(12.6)

45.27

(10.3)

.33

-0.30

Category Fluency

41.92

(9.9)

39.75

(7.4)

.38

0.27

Switching

13.38

(2.6)

12.00

(2.6)

.09

0.52

Total Errors

19.38

(8.9)

22.48

(13.4)

.43

0.24

Perseverative Responses

11.46

(8.2)

14.00

(12.7)

.50

0.21

Perseverative Errors

10.31

(6.7)

12.58

(12.5)

.53

0.19

Nonperseverative Responses

9.08

(5.1)

13.23

(17.1)

.39

0.26

Conceptual Level Responses

34.62

(14.6)

37.77

(15.5)

.51

-0.20

Categories Completed

2.92

(1.4)

2.56

(1.4)

.40

0.26

Trials to Complete 1st Category

13.92

(5.0)

19.73

(15.2)

.02

0.41

1-back accuracy

0.98

(0.1)

0.96

(0.1)

.42

0.25

2-back accuracy

0.73

(0.2)

0.74

(0.2)

.93

-0.03

3-back accuracy

0.42

(0.2)

0.42

(0.2)

.95

0.02

BRI

39.62

(8.3)

43.27

(8.8)

.18

0.41

MI

60.15

(11.9)

58.92

(11.4)

.73

-0.11

GEC
99.77 (19.4)
102.0 (18.8)
.71
0.12
* indicates that significant differences between carriers and non-carriers at the p < .01 level.
‘d = Magnitude of difference (Cohen’s d) negative values indicated carriers performing worse than
non-carriers, and positive values indicating carriers performing better than non-carriers. BRI =
Behavioural regulation index, MI = Metacognition index, GEC = Global executive composite.
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*

1.20
***

1.00
0.80
0.60

Criteria 1

0.20

Criteria 2

-1.00

AIBL Battery

WCST-64

N-Back

GEC

MI

BRI

3-back Acc

2-back Acc

1-back Acc

Trials to Complete 1st Category

Categories Completed

Conceptual Level Responses

Nonperseverative Responses

Perseverative Errors

Total Errors

Switching

Category Fluency

Digit Span

-0.80

Perseverative Responses

-0.60

Letter Fluency

-0.40

RCFT Delayed Recall

-0.20

CVLT-II Delayed Recall

0.00
CVLT-II Learning

Cohen's d

0.40

Criteria 3

BRIEF

Figure 5.1. Magnitude of difference (Cohen’s d) on cognitive measures between APOE ε4 carriers and non-carriers for each level of inclusion criteria
with confidence intervals. Negative values indicating carriers performing worse than non-carriers, and positive values indicating carriers performing
better than non-carriers. Error bars indicate 95% confidence intervals. * p < .01 level.
87

5.4

Discussion
The aim of this current investigation was to test the “prodromal” and

“cognitive phenotype” hypotheses by investigating a carefully selected group of
healthy control participants with very low risk of developing AD and examining their
cognitive performance on sensitive neuropsychological measures. The hypothesis
that APOE ε4 carriers will be associated with poorer cognitive function when
compared to non-carriers was not supported. In fact, the only significant difference
found between APOE ε4 carriers and non-carriers indicated that the carriers were
requiring less attempts of successfully completing the first trial of the WCST-64.
This however may possibly be the result of Type I error. On inspection of the
magnitude of differences between APOE ε4 carriers and non-carriers at each of the
three inclusion criteria levels, a relatively small overall trend can be observed with
APOE ε4 carriers performing generally better on several of the measures.
The result of APOE ε4 carriage not being associated with poorer cognitive
function is contrary to a large number of studies, including a large meta-analysis
conducted by Wisdom and colleagues (2011). One explanation for the different
findings between the current study and previous reports is that the current study
was able to sensitively select a group of individuals who were unlikely to develop AD
dementia by implementing a three level analysis approach. Foster and colleagues
(2013) demonstrated similar findings in their cross-sectional preliminary analysis of
baseline data from the AIBL Study, where it was shown that by removing those
individuals diagnosed with MCI from the “non-demented” group, no significant
differences were found between APOE ε4 carriers and non-carriers on a range of
cognitive measures.
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The current study has added to this finding by monitoring a group of
individuals over 54 months and, using strict classification criteria, excluded
individuals who initially presented with or developed MCI and/or AD at any of the
three follow up assessments at 18, 36 and 54 month timepoints. Additionally, to
further control for disease progression, further exclusion criteria were added to
include a decline equal to or greater than 1.5 standard deviations decline on the
CVLT-II between baseline and 54 month assessments, as well as high Aβ amyloid
neuroimaging results at the 54 month assessment. By imposing more stringent
inclusion/exclusion criteria at each level of analysis we considerably reduced the
likelihood of the sample including preclinical AD cases. This ultimately allowed a
more in depth examination of the role of the APOE ε4 genotype has on the cognition
of healthy control participants.
The fact that we did not find an APOE ε4 related deficit in the present study
supports the prodromal hypothesis, suggesting that the observed cognitive
impairment of APOE ε4 carriers when compared to non-carriers in previous studies
is likely to be the result of the early stages of AD and not a direct effect of the
genotype. This has been supported by a number of other studies who have
suggested that the impairments observed in APOE ε4 carriers when compared to
non-carriers among healthy individuals may be the result of an over-representation
of individuals in a prodromal stage of dementia (Backman, Wahlin et al., 2004; Bondi
et al., 1999; Bunce et al., 2004; B.J. Small, Graves et al., 2000; Winnock et al., 2002).
Furthermore, there have been a number of other studies that have demonstrated a
discernible reduction or elimination of the observed APOE ε4 cognitive impairment
when future dementia cases was retrospectively taken into account (Backman,
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Jones, Berger, Laukka, & Small, 2004; Bondi et al., 1999; Bunce et al., 2004; Hayden
et al., 2009; Winnock et al., 2002).
A strength of this study was that the participants were monitored over a 54
month period and demonstrate stable cognitive profiles with negative amyloid
imaging results. If this same analysis were conducted at the baseline AIBL time
point, 8.33% of HC individuals who later progressed to MCI and/or AD would have
been included in the analysis and would have contaminated the results. Another
strength of this study was that at all time points leading up to and including the
present data collection, the assessment of cognitive function was based on a
complete neuropsychological evaluation and not just screening measures such as the
MMSE. There are however a few limitations to this study, the most significant being
that although we have attempted to obtain a group of individuals who were
categorised as very unlikely to develop AD, it very difficult to obtain a sample of
older-adults who will definitely not go on to develop AD in the future. To do this,
large scale longitudinal studies are needed to follow individuals until death and
conduct post-mortem analysis to confirm the absence of AD pathology. Further, the
AIBL sample is a sample of convenience and is generally regarded as more educated
and having a higher baseline IQ than the general Australian population (Brodaty et
al., 2014), and as a result this may reduce the generalisability of the findings to some
extent.
The results of the present study support the “prodromal” hypothesis and
suggest that the APOE ε4 allele does not have a direct negative relationship with
cognitive performance in healthy individuals. Although it is clear that APOE ε4 is an
important risk factor in the development of AD, as it increases the risk in a
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multifactorial context, it can be concluded that the previous reports of the negative
relationship between APOE ε4 and cognition in healthy control participants is more
likely to be the result of early disease processes, such as the accumulation of Aβ,
rather than a direct effect of the APOE ε4 genotype on cognitive performance.
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Chapter Six: General Discussion
Alzheimer’s disease is a neurodegenerative disease characterised clinically by
progressive decline in memory, other cognitive functions, behaviour, and ability to
conduct activities of daily living (McKhann et al., 1984; McKhann et al., 2011). The
APOE ε4 allele is a powerful risk factor for the development of AD and the increased
risk of AD in the presence of the APOE ε4 allele is the single most replicated finding
in AD genetics research (Cacabelos, 2003). The reason that the presence of an APOE
ε4 allele results in an increased risk of development of AD is that it is believed that it
increases the production of beta-amyloid (Aβ) and significantly increases the
number of neuritic plaques found in the brain (Gomez-Isla et al., 1996). In addition,
APOE ε4 carriers have been shown to have smaller hippocampal volumes than those
of non-carriers (Cohen et al., 2001; Mueller & Weiner, 2009), as well as greater
white matter myelin breakdown (Bartzokis et al., 2007). Given the different
neuropathological changes observed between APOE ε4 carriers and non-carriers, it
is understandable that the association between APOE ε4 carriage and cognition in
not only patients with AD, but also in individuals diagnosed with mild cognitive
impairment (MCI) and healthy older adults has been investigated.
The effect of APOE ε4 on cognitive decline and impairment in AD and MCI
patients, as well as healthy older adults, has been far from conclusive. APOE ε4
carriage has been linked with greater, less or no cognitive impairment when
compared to APOE ε4 non-carriers. The diverse results in the literature reflect
methodological variations including the recruitment techniques used, differences in
the sensitivity and specificity of cognitive tests, and the inclusion of individuals at
different stages of dementia. Thus the first aim of this thesis was to characterise the
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nature and magnitude of difference in cognition between APOE ε4 carriers and noncarriers in AD, MCI and healthy control participants using a large, well characterised
group of participants and a sensitive cognitive battery.
Although there is substantial variability in the literature relating to the effect
of APOE ε4 on cognition in healthy control participants, the most consistent finding
appears to be that of APOE ε4 having a negative impact on cognition. The reason for
this has been heavily debated and the two leading competing theories on the
mechanisms underlying the APOE ε4 and cognition relationship are the “cognitive
phenotype” (Greenwood et al., 2005) and “prodrome hypothesis” (Smith et al.,
1998). The view behind the cognitive phenotype position is that the presence of
APOE ε4 results in increased neuronal damage over time and as the individual ages,
the level of cognitive impairment increases. Therefore it would necessarily follow
that APOE ε4 carriers would uniformly show deficits on cognitive tasks when
compared to non-carriers, independent of the development of AD. On the other
hand, the prodrome hypothesis suggests the differences in cognition between APOE
ε4 carriers and non-carriers are due the fact that a least a proportion of carriers are
actually preclinical AD cases, and the cognitive impairment observed reflect the
subgroup of individuals among the carriers that are in the early stages of the AD
process. Therefore the presence of APOE ε4 increases the risk of developing AD, and
it is the disease process that has a negative effect on cognition. Logically then, if
preclinical AD is not present in a group of APOE ε4 carriers, then we should not see
cognitive impairment in this group when compared to non-carriers. The main
difficulty that researchers have in evaluating this hypothesis is the need to eliminate
cases of prodromal AD from a healthy control sample before analysing the
relationship between APOE ε4 and cognitive performance. Thus, the second aim of
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this thesis was to investigate these two competing views by examining a group of
healthy control individuals who did not have preclinical AD, thereby exploring the
relationship between APOE ε4 and cognition in healthy older adults without
prodromal AD.
6.1

Summary of Findings

6.1.1 Cross-sectional investigation of the relationship between APOE ε4 and
cognitive function
The AIBL study is well placed to explore the relationship between APOE ε4
and cognitive function given the large and very well classified nature of the
participants. It is important to note that those who were APOE ε4 carriers and noncarriers from the AIBL study were equivalent in terms of age, gender, education and
premorbid IQ, as all of these demographic variables have, by themselves, been
shown to exert small effects on cognitive performance in older adults (Anstey,
Cherbuin, & Herath, 2013; Lim et al., 2012). The noted lack of significant findings
between APOE ε4 carriers and non-carriers in the mild AD group may be expected as
it has previously been reported that APOE ε4 has its greatest effect on cognition in
the early stages of the disease process and the effect weakens (Farrer et al., 1997).
This is likely due to the fact that as the disease process progresses, cognitive
deterioration becomes widespread (Savage, 2010; Smith & Bondi, 2008). Another
explanation for the lack of difference may be the frequently observed floor effects on
a number of cognitive tasks, reflecting the loss of sensitivity to detect differences
within this diagnostic group (Slick, 2006).
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In the MCI group it was found that APOE ε4 carriers performed worse than
non-carriers on the episodic memory measures but, perhaps surprisingly, better on
tasks of working memory and executive function. This apparent dissociable effect
may be the result of a compensatory process whereby the individual who
experiences difficulties with their memory enlists other cognitive domains and
neocortical networks in order to compensate for cognitive difficulties. However
there is the possibility that this finding may be the result of Type I error.
It has been suggested that in order to compensate for preclinical AD changes
in cognition, older adults who carry an APOE ε4 allele may more strongly recruit
additional regions of the brain to achieve the same level of global performance an
APOE ε4 non-carriers (Kukolja et al., 2010). These additional areas of have
commonly been found to include frontal areas that are responsible for executive
function (Han & Bondi, 2008). In the present study when the memory of the APOE
ε4 carriers in the MCI group is put under stress, in an attempt to compensate for this
loss, the brain recruits frontal areas to assist. The increased activation of the frontal
lobes is interpreted as encouraging increased attention focus and more effective
performance on executive function measures (Han & Bondi, 2008). However, during
the later stages of AD this compensatory process would cease to be effective as the
pathological processes extend globally throughout the brain. However, this
apparent dissociable effect of APOE ε4 carriers performing worse on memory
measures but better on working memory and executive function measures when
compared to non-carriers within the MCI group may be due to the fact that MCI is a
heterogeneous entity. In this case it may be likely that the carriers ultimately
represent MCI cases who are in the preclinical AD stages and are most likely to
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progress to develop AD dementia, whereas non-carriers may represent a group of
MCI who are most likely to develop other types of dementias.
For the HC classification group no differences between APOE ε4 carriers and
non-carriers were found. This finding is contrary to the results of the large metaanalysis of Wisdom and colleagues. (Wisdom et al., 2011) which reported that
healthy control APOE ε4 carriers performed worse on memory and executive
function measures when compared to non-carriers. Our results may differ given the
limitations of the studies included in Wisdom and colleagues’ meta-analysis such as
the extremely varied cognitive measures, some with poor psychometric variability,
and that the majority of the studies included did not attempt to control for
prodromal AD in their sample. To further explore this possibility, a further analysis
was conducted as reported in Chapter Five.

6.1.2 Investigation of the cognitive phenotype and prodrome hypothesis
As outlined in Chapter Two, the two main competing views regarding the
relationship between APOE ε4 and cognition in healthy adults are the cognitive
phenotype and prodrome hypotheses. Investigating these conflicting views is
problematic as it is very difficult to obtain a sample of people who will not go on to
develop AD. While this could potentially be obtained by following up each
participant until death to confirm the lack of AD pathology at autopsy, this approach
is difficult to achieve and may not prove to be an adequate sample size to detect
cognitive differences. Therefore utilising longitudinal data from studies that have
monitored the clinical phenotype and progression of each individual is the most
viable option available. This has been previously attempted by some researches,
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such as Foster and colleagues (2011) as well as Bondi and colleagues (1999), who
have cognitively assessed participants at a number of follow up assessments and
excluded those individuals from further analysis who obtained a diagnosis of AD.
Although these methods have attempted to eliminate prodromal AD from their
sample, ultimately they have only excluded confirmed cases of AD and not very early
stage AD from the sample. In this current study we have not only used this
approach, but in addition we have used the availability of biomarker and
longitudinal cognitive data to further eliminate or at least minimise the impact of
those individuals who will go on to develop AD at a later date. Participants were
required to have been classified as ‘healthy control’ according to AIBL Study criteria
at baseline and all follow up assessments, demonstrated stable episodic memory,
and who also had ‘low Aβ’ amyloid PET scans. This group of participants therefore
were considered to be at very low risk of developing AD and an ideal group to
evaluate the cognitive phenotype vs. prodrome hypotheses.
By investigating the cognitive phenotype vs. prodrome hypothesis we
evaluated whether previous findings concerning the negative impact of APOE ε4 on
cognition could be explained by a greater number of APOE ε4 carriers actually
having very early stage AD. When the strict inclusion criteria were applied to our
sample of healthy controls, strong support was found for the prodrome hypothesis.
This suggests that when prodromal AD is removed from the sample, the negative
relationship between APOE ε4 carriage and cognition observed in other studies is
eliminated.
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6.2

APOE ε4, amyloid-β and cognition
Given the results from the current study indicating that APOE ε4 does not

have a direct negative effect on cognition, it can be argued that previous research
reports of a negative relationship between APOE ε4 and cognition are potentially
due to neuropathological processes such as the accumulation of Aβ amyloid, which
accompany the emergence of AD. Although there is some contention in the
literature as previously described, in general the current models of AD suggest that
accumulation of Aβ amyloid precedes changes in brain structure, which themselves
precede changes in cognitive function (Jack et al., 2010; Lim, Ellis, Harrington et al.,
2013; Lim, Pietrzak et al., 2013; Sperling et al., 2011; Villemagne et al., 2013).
Studies have also shown a greater volume of Aβ amyloid plaques with the
expression of APOE ε4 alleles (Kim, Basak, & Holtzman, 2009; Rebeck, Reiter,
Strickland, & Hyman, 1993; Schmechel et al., 1993). APOE ε4 expression has also
been linked to increased Aβ amyloid aggregation in vitro (Buttini et al., 1999;
Hatters, Zhong, Rutenber, & Weisgraber, 2006; Mahley & Huang, 2006), as well as
impaired Aβ amyloid clearance (Deane et al., 2008). The neurodegeneration seen in
AD has also been observed to be moderated by the presence of the APOE ɛ4 allele,
with investigators observing that APOE ɛ4 carriers develop AD up to 6-7 years
earlier than non-carriers, although the mechanisms of this relationship are still
unclear (Sando et al., 2008; Tang et al., 1996). Consistent with this hypothesis, a
recent study has reported that in healthy controls, relationships between Aβ
amyloid burden and episodic memory were stronger in APOE ɛ4 carriers than in
non-carriers (Ellis et al., 2013; Lim, Ellis, Ames et al., 2013), and supports the
hypothesis that suggests that earlier Aβ amyloid deposition may occur in APOE ɛ4
carriers (Pike et al., 2011; Villemagne et al., 2011).
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It has recently been reported that there is a strong relationship between
episodic memory decline and Aβ amyloid burden in healthy older adults, observed
by measuring cortical Aβ amyloid burden in individuals who had shown an
abnormal decline in episodic memory over the previous 12 months (Darby et al.,
2012), two years (Darby et al., 2011), and six years (Villemagne et al., 2008). In
these studies, reported from two different samples, 50-70% of healthy control adults
showing decline in episodic memory had abnormally high Aβ burden (Darby et al.,
2011; Villemagne et al., 2008). One other study has also reported that decline in
cognitive function is associated with elevated levels of Aβ, although they have
reported that decline in measures of verbal episodic memory and not visual episodic
memory are most strongly associated with Aβ burden over an average of
approximately 10 years (Resnick et al., 2010). Another study reported that Aβ
amyloid burden was strongly associated with decline over 10 years in measures of
working memory but not episodic memory (Storandt et al., 2009). The data from all
of these recent studies converge to suggest that in individuals who do not meet
clinical criteria for MCI or AD, higher Aβ burden is associated with episodic memory
decline (Lim, Ellis, Ames et al., 2013).

6.3

Implications for future research
The findings of this thesis strongly support the view that the association of

the APOE ɛ4 allele with age-related cognitive performance is limited to an increased
risk of AD dementia in individuals who possess the APOE ɛ4 allele. However
carrying this allele is not the only risk factor for developing AD, and the APOE ɛ4
allele has been shown to interact with other known risk factors for cognitive decline
such as cardiovascular risk factors and even environmental factors such as
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education, nutrition and dietary factors all appear to have an association with the
development of AD. Further research into these risk factors in isolation as well as in
combination, including interactions with APOE, should be further explored. Below
are brief summaries of some of the research into these other risk factors.

6.3.1 Vascular risk factors
Multidisciplinary research in the areas of epidemiological, neuroimaging and
neuropathologcial studies have displayed moderate to strong evidence supporting
the notion that vascular risk factors (e.g. obesity, smoking and high total cholesterol)
and vascular morbidity (e.g. cardiovascular disease, diabetes, high blood pressure,
silent brain infarcts and white matter lesions ) and are associated with an increased
risk of AD (Qiu, Kivipelto, & von Strauss, 2009). The APOE ɛ4 genotype has been
associated with vascular risk factors and it been reported that the negative effects
the genotype has on cognition are only present when there is an interaction with
vascular risk factors (de Frias et al., 2007). Below are some of the more common
vascular risk factors described in detail.

6.3.1.1 Cerebral and cardiovascular disease
It has been shown on a number of occasions that the history of stroke, and
even clinically silent brain infarcts and white matter hyperintensities seen on
magnetic resonance imaging (MRI) scans, significantly increased the risk of AD
(Honig et al., 2003; Vermeer et al., 2003). Although this continues to be a point of
contention as it is argued that this association reflects mixed dementia rather than
AD (Kalaria, 2002). An increased incidence of AD has also been demonstrated to be
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associated with cardiovascular disease, with the greatest risk being observed in
people with peripheral arterial disease (Newman et al., 2005). Thus it has been
suggested that peripheral atherosclerosis is a risk factor for AD (Beeri et al., 2006;
Newman et al., 2005). Other cardiovascular disease such as heart attack, atrial
fibrillation and more severe atherosclerosis have also been associated with AD
(Laurin, Masaki, White, & Launer, 2007; Qiu et al., 2006; van Oijen et al., 2007).
The APOE ɛ4 genotype has also been shown to be associated with a
substantially increased risk for cardiovascular disease (Mahley & Huang, 1999). In
addition, cardiovascular disease has also been shown to interact with APOE ɛ4 to
increase the rate of cognitive decline (Haan et al., 1999). The Cardiovascular Health
Study (Haan et al., 1999) reported that the average annual decline in cognition
associated with a 1 standard deviation increase in atherosclerosis was nearly 3.9
times greater in the presence of at least one APOE ɛ4 allele when compared to noncarriers.

6.3.1.2 Blood pressure
It has been demonstrated that an elevated blood pressure in middle age,
particularly uncontrolled midlife high blood pressure, is linked to an increased risk
of AD in several observational studies (Kivipelto et al., 2001; Launer et al., 2000).
There have been inconsistent findings form follow up studies of late-life blood
pressure in relation to the risk of AD. A number of studies with a follow up period of
under three years have found no association and occasionally an inverse association
between blood pressure levels and risk of AD (Qiu, Winblad, & Fratiglioni, 2005).
However, considering the long latent period of AD, and the fact that blood pressure
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may be lowered at its preclinical phase (Petitti, Crooks, Buckwalter, & Chiu, 2005),
the lack or inverse association may be interpreted as a consequence of the disease
process. However, studies with a longer follow up of greater than six years have also
described an inverse association (Morris et al., 2001; Qiu, von Strauss, Fastbom,
Winblad, & Fratiglioni, 2003; Verghese, Lipton, Hall, Kuslansky, & Katz, 2003) where
low blood pressure in late life may contribute to the development of clinical
expression of dementia and AD (Qiu et al., 2005; Ruitenberg et al., 2005).
Interactions between APOE ɛ4 and blood pressure have also been associated
with increased risk of developing AD. It has been reported that APOE ɛ4 carriers
who have high systolic pressure or low diastolic pressure have a greater risk of
developing AD, when compared to the genotype or blood pressure measures alone
increased risk (Qiu, Winblad, Fastbom, & Fratiglioni, 2003). However it has also
been reported that the use of antihypertensive therapy significantly reduces the risk
of AD regardless of APOE ɛ4 status and can counteract the combined risk effect of
the APOE ɛ4 allele with high systolic pressure on the disease (Guo et al., 2001; Qiu,
Winblad et al., 2003).

6.3.1.3 Diabetes
A systematic review conducted by Biessels and colleagues (2006) revealed
that persons with diabetes have an increased risk of not only developing vascular
dementia, but also neurodegenerative type dementias such as AD. It has been
suggested that a longer duration of diabetes or midlife diabetes may play an
important role in the development AD (Roberts, Geda, Knopman, Christianson et al.,
2008; Xu et al., 2009). More recently, a meta-analysis of prospective cohort studies
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showed that diabetes in mid-life or late-life increase the risk of AD independently to
that of other vascular risk factors (Gudala, Bansal, Schifano, & Bhansali, 2013). In
addition, impaired glucose tolerance, borderline or prediabetes has also been
associated with an increased risk of AD in very old people (Xu, Qiu, Winblad, &
Fratiglioni, 2007). This association is thought to reflect a number of possible
mechanisms such as a long-term direct effect of uncontrolled hyperglycemia on
neurodegenerative changes in the brain, an effect of hyperinsulinemia or impaired
insulin response, or diabetes-related comorbidities such as hypertension and
dyslipidemia (Korf, White, Scheltens, & Launer, 2006; Rönnemaa et al., 2008; Xu,
Strauss, Qiu, Winblad, & Fratiglioni, 2009). (Korf et al., 2006; Rönnemaa et al., 2008;
Xu et al., 2009). APOE ɛ4 has also been shown to modulate cognitive decline in those
with diabetes (Haan et al., 1999; Peila, Rodriguez, & Launer, 2002) . It has been
demonstrated that among individuals with diabetes, participants carrying an
APOE ɛ4 allele demonstrated a 1.67-fold cognitive decline compared to those with
neither diabetes nor an APOE ɛ4 allele (Haan et al., 1999).

6.3.1.4 Overweight and obesity
A systematic review conducted by Gusrafson (2006) revealed that a higher
body mass index (BMI) in midlife is a risk factor for AD, whereas an accelerated
decline in BMI during late life may anticipate the occurrence dementia. More
recently, Anstey and colleagues (2011) revealed that, during midlife, low BMI, high
BMI and obese BMI were associated with 1.96, 1.35 and 2.04 times the risk of
developing AD respectively (Anstey, Cherbuin, Budge, & Young, 2011). Midlife
obesity or high BMI has been related to an increased risk of dementia occurring 20
to 25 years later (Fitzpatrick et al., 2009; Kivipelto et al., 2005; Rosengren, Skoog,
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Gustafson, & Wilhelmsen, 2005; Whitmer, Gunderson, Barrett-Connor, Quesenberry,
& Yaffe, 2005). Stewart and colleagues (2005) in their long-term follow up of
Japanese-American men revealed a greater decline in BMI approximately 10 years
prior to the onset of dementia. The Cardiovascular Health Study supports this
concept and reported that obesity at midlife was related to a higher risk of
developing dementia, whereas BMI measured after age 65 years was inversely
related to dementia risk (Fitzpatrick et al., 2009). In line with these findings, several
follow up studies of older people suggested that accelerated decline in BMI was
associated with future development of AD (Buchman et al., 2005; Johnson et al.,
2006). Low BMI in late life was related to a higher risk for AD over a subsequent 5to 6-year period (Atti et al., 2008; Nourhashemi et al., 2003). Therefore, late-life low
BMI and weight loss may possibly be interpreted as markers for preclinical AD,
particularly when measured just a few years prior to clinical diagnosis of the
disease.

6.3.2 Education
An association between an increased risk of AD with low education has been
reported in a number of longitudinal and cross-sectional studies (Ngandu et al.,
2007; Qiu, Bäckman , Winblad, Agüero-Torres, & Fratiglioni, 2001). The brain
reserve hypothesis has been used to explain this association whereby it is proposed
that education may enhance cognitive and neural reserve, which in turn may provide
compensatory mechanisms to deal with degenerative neuropathological changes,
and therefore delay the onset of dementia (Stern, 2006). It has also been reported
that due to this brain reserve, individuals with greater than 10 or more years of
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formal education, regardless of ethnic group, may not show negative effects of
APOE ɛ4 on cognition (Mayeux, Small, Tang, Tycko, & Stern, 2001).

6.3.3 Nutrition and diet
To date the only dietary factor reliably linked to the risk of AD has been fish
consumption (Anstey et al., 2013), which was found to be protective against
cognitive decline and AD (Barberger-Gateau et al., 2007; Williams, Plassman, Burke,
Holsinger, & Benjamin, 2010). Interestingly it has been reported that the benefits of
fish consumption are stronger for those individuals who do not carry an APOE ε4
allele (Huang et al., 2005). There have also been several follow up studies that have
reported an association between an increasing dietary or supplementary intake of
antioxidants, such as vitamins E and C, and a decreased risk of AD (BarbergerGateau et al., 2007; Zandi et al., 2004). However some negative findings have also
been reported indicating no benefit of vitamins E or C when used in isolation or
together (Gray et al., 2008). A greater adherence to what has been termed a
“Mediterranean diet” (i.e., high intake of fish, fruits, and vegetables rich in
antioxidants) has also been reported to be related to a decreased risk of AD,
independent of vascular pathways (Gardener et al., 2012; Scarmeas, Stern, Mayeux,
& Luchsinger, 2006; Scarmeas, Stern, Tang, Mayeux, & Luchsinger, 2006).

6.4

Limitations
The main limitation associated with the findings of this thesis is that the AIBL

Study is not an epidemiological study, and very strict inclusion and exclusion criteria
were applied in the selection of participants (Ellis et al., 2009). In particular, healthy
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control adults and adults with MCI in AIBL were highly educated and had few
existing or untreated medical or psychiatric conditions. Further, the sample of AIBL
participants studied was almost entirely made up of Caucasian descent. As such,
before the findings reported in this thesis can be generalised more globally, they will
need to be replicated in population-based studies both in developed countries, such
as the Mayo Clinic Study of Aging (Roberts, Geda, Knopman, Cha et al., 2008), and in
developing countries, such as the 10/66 Dementia Research Group (Prince, 2000),
where it is possible that the effect of APOE ε4 has on cognition may be different than
that observed in this thesis.
Another limitation, as detailed in the statistical analysis section, is the risk of
Type I error due to multiple comparisons. To address this we reduced the alpha
value to .01 rather than .05 consistent with the approach of Drachman (2012), and
limited our interpretation of any differences to those that were both statistically
significant at this more stringent level and also moderate to large in magnitude (i.e.,
Cohen’s d > 0.20). A conservative approach to the management of Type I errors (e.g.
Bonferroni correction) was considered inappropriately conservative, but we
acknowledge that multiple comparisons remain an unavoidable limitation of this
study regardless of our approach.

6.5

Conclusions
These limitations notwithstanding, data from this thesis strongly support the

view that the association of the APOE ɛ4 allele with age-related cognitive
performance is limited to an increased risk of dementia and associated impairment
in individuals who possess the APOE ɛ4 allele. The evidence reported in this thesis
does not support the concept of a distinctive APOE ɛ4 cognitive phenotype in either
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healthy control adults or those with a diagnosis of AD. The evidence suggesting that
APOE ɛ4 carriers performed worse on episodic memory measures adds weight to the
proposition that this difference is actually an effect of a neuropathological process
associated with AD, rather than an APOE ɛ4 effect. The findings suggest that
cognitive impairment that has previously been associated with the APOE ɛ4 allele in
healthy control adults is due to an increased risk of preclinical AD in individuals who
possess the APOE ɛ4 allele. Testing for APOE ɛ4 carriage is likely to be most useful in
providing early screening for Alzheimer’s disease, however given that up to 75% of
people carrying one copy of the allele remain free of AD, and up to 50% of people
with AD do not carry the allele, testing is not routine and not recommended for
general use (Loy et al., 2013).
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Appendix A. Telephone Screening Form

Telephone Screening
Is verbal consent obtained?
YES
(proceed with screening interview)
NO
(stop screening interview)
SECTION 1: GENERAL INFORMATION
(Please fill in this section before making call)
First, I would like to confirm your details please.
Name: Mr/Mrs/Ms/Dr_____________________________________________
Address__________________________________________________________________
_________________________________________________________________
Birth Date: _____/_____/_________
Telephone:

Age: __________ (must be 60+)

Preferred contact number_________________
Alternate contact number_________________

SECTION 2: MEDICAL HISTORY and HEALTH
Now I will ask you some questions about your memory and health
Some of the questions I will ask are about common health issues, and some are less
common. Let’s begin. Have you ever been diagnosed with…
1.

A memory disorder such as dementia
Yes

No

If yes, Details____________________
If yes, read below:
Do you have a spouse/close friend/family member who sees you at home at least
once a week for a minimum of 10 hours, and who would agree to accompany you to
the study visits?
If no, exclude from study: Excluded 
If yes, this information should be verified by the carer
Carer name________________________
Carer phone number ________________
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(NOTE: FOR AD PATIENTS, all details must be confirmed with carer at first visit)
2. Have you ever been diagnosed with:
a. Schizophrenia or schizoaffective disorder
Yes / No
b. Bipolar disorder

Yes / No

c. Parkinson’s disease

Yes / No

If yes to any, exclude from study:
3.



Have you ever been diagnosed with depression
Yes

4.

Excluded

(if yes, proceed to question 4)

No (if no, proceed to question 5)

Have you had depression diagnosed by a health professional within the last two
years?
Yes

/

No

If yes: exclude from study:
Excluded 
If no: proceed with interview but organise AIBL clinician to consult
5.

History of cancer within the last two years (other than skin cancer)
Yes

If yes, exclude from study:

Excluded



No
Details: ______________________
6.

Hypertension (high blood pressure)
Yes

/

No

If yes, ask “do you take medication for this”
If NOT controlled by medication, exclude from study: Excluded



Details: ______________________
7.

Gastrointestinal disorder (ulcers etc)
Yes

/

No

If yes, ask “was this within the last two years?”
If within last two years: exclude from study:
Details: __________________________

Excluded
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8.

Have you ever had a Heart attack

Yes

/

No

If yes, ask “Was this within last 6 months?”
If within last six months: exclude from study:
9.

Do you have diabetes

Yes

Excluded
/



No

If yes, ask “is it insulin dependent?”
Insulin requiring diabetes = exclude from study:

Excluded



10. Have you ever sustained a head injury which caused you to lose consciousness?
Yes

/

No

If yes, ask “approximately how long you were unconscious for?”
In estimating this time, please tell us separately;
a. How long you were ‘spontaneously’ unconscious after your head injury?
__________________________________________________________________
b. How long you were unconscious due to being placed in to an induced coma (if at
all)
__________________________________________________________________
11. Can you still read/Would you have any trouble reading a list of words on a page?
Yes

/

No

Note: corrected to normal vision is adequate to proceed
If severe visual difficulties, exclude from study:

Excluded



12. Do you suffer from any severe medical illness that is likely to lead to a hospital
admission in the next 6 months (if necessary, give examples such as severe heart
disease, cancer, planned large operation, etc.)
Explain that the study requires people to return for assessments over a period of
nearly 2 years, so it is probably better for them if they do not enrol in the current
study. However, if appropriate, ask if we can keep their details for our register in
case other studies come up in the future for which they may be eligible.
IF YES
Details_______________________________________________________
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13. Have you been to the hospital in the last year?

Yes

/

No

IF YES
Details_______________________________________________________

14. Do you have any other medical conditions or issue that we have not already
mentioned?
Yes

/

No

IF YES
Details_______________________________________________________

FOR HEALHTY VOLUNTEERS
15. a. Do you have any difficulty with your memory?
Yes / No
b. Do you feel that your memory is worse than it should be for your age? Yes /
No
If yes to a and b, classify as memory complainer
 MEMORY COMPLAINER:
YES
/

NO
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