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ABSTRACT 

Alzheimerôs disease (AD) has a long preclinical stage characterised by the accumulation 

of brain pathology, which is estimated to begin several decades before the onset of 

symptoms. A significant proportion of older adults harbour such pathology, although 

many of them may not develop dementia during their lifetimes. Growing evidence 

suggests that subtle cognitive decline occurs during this preclinical period, but many 

unanswered questions remain about the nature and timing of changes in different 

cognitive domains, and associations with life-course predictors.  

This thesis is based on data from Insight 46, a neuroimaging sub-study of the MRC 

National Survey of Health and Development (the British 1946 birth cohort). In this 

population-based sample of 502 adults aged ~70 years, cognitive performance was 

assessed using standard and novel tests, and associations were investigated between 

cognition, life-course predictors, genetic risk factors for AD and brain pathologies, with a 

particular focus on b-amyloid.   

The key finding was that participants with elevated levels of b-amyloid showed poorer 

performance across a range of cognitive domains ï some of which have received little 

attention in previous studies ï including non-verbal reasoning, intra-individual variability 

in reaction time, visuomotor integration and memory. Other important results include: 

independent effects of childhood cognitive ability, educational attainment and adult 

socioeconomic position on later-life cognition; an association between white matter 

pathology and slower processing speed; associations between larger whole brain 

volume and faster performance on several diverse timed measures; and evidence that 

APOE-Ů4 carriers may be advantaged on tests of short-term memory after accounting 

for the detrimental effect of b-amyloid. 

These results have implications for the interpretation of cognitive data measured in later 

life, and for the use of cognitive assessments to detect and track subtle cognitive decline 

in clinical trials that seek to delay or prevent the onset of AD dementia. 
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IMPACT STATEMENT 

This thesis is based on data from Insight 46, a neuroimaging study of 502 members of 

the MRC National Survey of Health and Development (NSHD, the British 1946 birth 

cohort). All participants were born during the same week in March 1946 and have been 

studied ever since, with a rich dataset of measures of physical and mental health, 

cognition and lifestyle. As the NSHD is the worldôs longest continuously-running birth 

cohort study, it is a unique resource for the scientific community and its outputs have had 

a substantial influence on health policy, and will continue to do so. With participants now 

in their early 70s, this is an ideal time to investigate the emergence of neurodegenerative 

diseases, as participants are predominantly cognitively healthy but a significant 

proportion are expected to show evidence of accumulating brain pathologies. This study 

focuses on ɓ-amyloid pathology, which is critical to the development of Alzheimerôs 

disease (AD), the most common cause of dementia. As the prevalence of this 

devastating disease continues to rise rapidly, there is a pressing need for better 

understanding of its early preclinical stage ï the stage during which future disease-

modifying treatments are most likely to be effective. In particular there is a need for 

greater insight into the nature and timing of the earliest subtle changes in cognition, and 

how these changes can best be measured. 

One of the main aims of this thesis was to investigate whether subtle differences in 

cognition could be detected between individuals with and without ɓ-amyloid pathology 

(measured by ɓ-amyloid positron emission tomography (PET) imaging). The results 

provide novel evidence that such differences are indeed detectable in cognitively-normal 

70-year-olds across a variety of cognitive domains, including non-verbal reasoning, 

consistency of reaction time, visuomotor integration and memory. This has implications 

for our understanding of the earliest cognitive changes associated with AD, as the 

dominant narrative is that memory is the earliest domain to be affected, whereas these 

results suggest that other cognitive domains may also see very early changes. The 

results may also influence the design of future clinical trials, as sensitive cognitive tests 

are required to judge the effectiveness of potential disease-modifying treatments, and 

some of the novel computerised cognitive tests described here may be good candidates 

for outcome measures in such trials. 

The results also showed that childhood cognitive ability, educational attainment and 

socioeconomic position each have independent effects on cognitive performance at age 

70. This is consistent with previous reports that education and other cognitively-

stimulating activities have an influence on cognitive trajectories across adulthood, and 

may have implications for public health efforts to reduce risk of later-life cognitive decline. 
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Dissemination of results to the research community is in progress and will continue 

through publication in scientific journals and presentation at international conferences, 

and public engagement activities will allow research outputs to be shared more widely. 

Data-sharing agreements are in place so that other researchers can request Insight 46 

data to investigate their own research questions. 
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NIA-AA = National Institute on Aging ï Alzheimerôs Association 

NSHD = National Survey of Health and Development (the British 1946 Birth Cohort) 

PACC = Preclinical Alzheimer Cognitive Composite 

PET = positron emission tomography 

ROC = Receiver Operating Characteristic 

RT = reaction time 

SD = standard deviation 

SEP = socioeconomic position 

SUVR = standard uptake volume ratio 

UCL = University College London 

WAIS-R = Wechsler Adult Intelligence Scale - Revised  
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WASI = Wechsler Abbreviated Scale of Intelligence  

WMHV = white matter hyperintensity volume 

WMS-R = Wechsler Memory Scale - Revised 
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1. INTRODUCTION 
 

1.1. Alzheimerôs Disease  

There are 50 million people living with dementia globally (World Health Organization, 

2019). In addition to the incalculable human impact, the economic cost is staggering ï in 

the UK alone the estimated current cost is £26 billion per year, and this is projected to 

more than double by 2040 (Prince et al., 2014). The most common cause of dementia is 

Alzheimerôs disease (AD), accounting for about two-thirds of cases (ARUK Dementia 

Statistics Hub).  

AD was first described in 1907 by Alois Alzheimer, a psychiatrist in Frankfurt, who 

reported memory loss, paranoia and disorientation in his patient Auguste D. After her 

death he produced a detailed characterisation of the neurofibrillary tangles he observed 

in her neurons, and described aggregations of a ñpeculiar substanceò we now know to 

be ɓ-amyloid, hereafter referred to as Aɓ (Ryan, Rossor and Fox, 2015). These 

pathological hallmarks ï extracellular ɓ-amyloid plaques and intracellular neurofibrillary 

tangles containing hyperphosphorylated tau ï are the basis for histopathological 

diagnosis of AD today, and are accompanied by atrophy (loss of neuronal cells) in 

selective brain regions which mainly correspond to the clinical presentation of symptoms. 

A typical presentation is characterised by progressive memory impairment and 

disorientation, corresponding to medial temporal lobe atrophy (Braak and Braak, 1991), 

but a variety of atypical non-amnestic presentations occur (Jones and Thompson, 2017). 

As the disease progresses and atrophy spreads, the cognitive and functional impairment 

becomes more global. While post-mortem confirmation of pathology is still the gold 

standard for a definitive diagnosis, new technologies have emerged which allow 

detection of Aɓ, tau pathology and neurodegeneration in vivo. These innovations have 

made it possible to study the progression of pathological changes, and revealed that 

these changes begin around 20-30 years before the onset of symptoms, with Aɓ 

pathology being the first to accumulate (Jack et al., 2013; Palmqvist et al., 2018). This 

period of pathological changes in the absence of symptoms is referred to as the 

preclinical stage of AD, and is discussed in greater detail later (section 2.2). 

The causes of AD on an individual level are poorly understood, apart from for a very 

small minority of patients who carry autosomal dominant mutations for familial 

Alzheimerôs disease (FAD), accounting for less than 1% of cases of AD (Bateman et al., 

2010). For sporadic AD, the biggest known risk factor is age: 95% of people living with 

dementia in the UK are over the age of 65, and the prevalence rises steadily in older 
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age, reaching about 40% among those aged 95 and above (Prince et al., 2014). Other 

risk factors include the APOE gene, which is discussed later (section 2.6.1) and lifestyle 

factors such as smoking, hypertension and obesity (Norton et al., 2014). 

There are currently no disease-modifying treatments available for AD and the field has 

suffered from a series of disappointing failures from clinical trials of drugs that have 

targeted Aɓ pathology. 

 

 

1.2. Preclinical Alzheimerôs Disease  

As AD has such a long preclinical window, this may be the most beneficial time to provide 

disease-modifying therapies. While some secondary prevention trials (i.e. targeting 

asymptomatic individuals with evidence of Aɓ deposition) are already underway, many 

important questions remain. We still lack understanding of the timing and sequence of 

the pathological changes that occur, influences on their progression, and factors 

affecting how and when this leads to cognitive decline ï especially on an individual level. 

Over the last decade, much effort has been directed towards creating standardised 

criteria for defining preclinical AD. These criteria are designed to serve as a framework 

for research, with the ultimate aim of providing an evidence base for designing 

appropriate and successful clinical trials in this population. These criteria are discussed 

in more detail in section 2.2. 

Although individuals with preclinical AD are, by definition, cognitively normal, there is 

increasing evidence that subtle changes in cognition can be detected during this period 

(see section 2.3). A key research question is how these changes relate to the preclinical 

disease process and how they can best be measured. Sensitive cognitive tests are 

crucial for identifying individuals at risk of AD and for use as outcome measures in clinical 

trials. Indeed, the US Food and Drug Administration have recently approved cognition 

as a sole end-point for such trials, where previously they required evidence of functional 

improvement as well ï a requirement clearly unworkable for a population with no 

functional impairment (Kozauer and Katz, 2013). In addition, using sensitive cognitive 

tests in observational studies could increase our understanding of the factors which 

affect an individualôs risk of cognitive decline ï such as demographic factors, physical 

and mental health ï which could inform interventions to reduce risk. 
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1.3. The MRC National Survey of Health and Development 

My PhD project sits within the Insight 46 study, a neuroimaging sub-study of the MRC 

National Survey of Health and Development (NSHD, also known as the British 1946 Birth 

Cohort). The NSHD was established in 1946 to address concerns about infant and 

maternal health, specifically why the national fertility rate was falling and whether this 

could be attributed to the quality and cost of obstetric and midwifery services. Ninety-one 

percent of all mothers who gave birth in England, Scotland and Wales during one week 

in 1946 (n = 13687) were interviewed at their 8-week check-up and the findings were 

influential in designing maternity services within the new NHS. 5362 babies from this 

sample were enrolled to form the original NSHD cohort, stratified by socioeconomic 

position in order to investigate the effects of social inequality (Wadsworth et al., 2006).  

Between 1946 and 2015 there have been 24 data collection waves, focussing initially on 

childhood development and educational attainment, then shifting to physical and mental 

health, lifestyle and cognition across adulthood. Further details on the cognitive 

measures ï of particular relevance to this thesis ï are provided in section 3.2.1. The 

results of the NSHD have had a substantial impact on policy, including influencing the 

debate about comprehensive education and social mobility, providing pivotal evidence 

that smoking during pregnancy is harmful, and drawing attention to the unfolding obesity 

crisis (Pearson, 2016). High rates of participation have been maintained through the use 

of home visits for data collection and by keeping in regular contact with study members 

(Stafford et al., 2013; Kuh et al., 2016). At the most recent data collection wave in 2014-

2015, the target sample was 2816 study members, i.e. 52% of the original cohort. The 

remainder were no longer active for the following reasons: died (18%), permanently 

withdrawn (12%), living abroad (11%), lost to follow-up (7%) (Kuh et al., 2016).  

The NSHD is the worldôs longest continuously-running birth cohort and aims to become 

a complete cradle-to-grave study. With participants now entering their eighth decade, the 

cohort provides a unique opportunity for understanding neurodegeneration in the context 

of ageing, and the complex factors and interactions that influence its progression. 

 

1.4. Insight 46  

Insight 46 is a neuroscience sub-study of the NSHD, run jointly by the Dementia 

Research Centre and the MRC Lifelong Health and Ageing Unit (both at University 

College London). Combining intensive cognitive and clinical assessment with collection 

of neuroimaging, blood and genetic biomarkers, Insight 46 aims to identify investigate 

life-course and genetic influences on brain health and cognition, with a particular focus 
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on AD. This will provide a critical evidence base for future therapeutic trials in the 

preclinical stage of AD. As the study members were aged ~70 at the time of recruitment 

into Insight 46, the prevalence of dementia was expected to be low ï around 3% (Prince 

et al., 2014) ï but a sizeable minority of participants were expected to be in the preclinical 

stages of AD, with meta-analytical data suggesting significant Aɓ pathology in around 

15-25% of individuals at this age (Jansen et al., 2015).  

Participants recruited to Insight 46 were invited to University College London (UCL) for 

assessments at two time-points with an interval of approximately two years. Data 

collection included cognitive tests, clinical history and examination, Aɓ positron emission 

tomography (PET), brain magnetic resonance imaging (MRI), and other biomarker and 

genetic measures. Further details on recruitment and data collection are provided in 

sections 3.1and 3.2 and in the protocol paper (Lane et al., 2017). Baseline assessments 

were conducted between May 2015 and January 2018. Follow-up assessments began 

in January 2018 and will be completed around the summer of 2020. 

 

1.5. Scope of PhD 

My research focuses on analysing the cognitive data collected during the baseline Insight 

46 assessments, with the ultimate aim of understanding more about subtle cognitive 

changes that may be associated with preclinical AD pathology, in particular Aɓ plaques. 

The following chapter introduces the background to the unanswered questions in this 

field, reviews the relevant literature, and leads to a statement of my specific research 

questions and hypotheses. 
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2. BACKGROUND AND RESEARCH QUESTIONS 
 

2.1. Rationale 

Research into the relationship between preclinical AD pathology and changes in 

cognition is based on the understanding that individuals do not suddenly become 

cognitively impaired, but rather there is a gradual process of cognitive decline, during 

which time cognitive performance initially remains within the normal range. Jessen et al. 

produced a figure to illustrate this, which I have used as a basis for structuring my review 

of the literature (Figure 2-1): I have annotated the figure with the letters A-D to highlight 

four important questions, which are explained below.  

 

 

Figure 2-1. The course of cognitive decline through preclinical AD to dementia  

The questions for my literature review are indicated by the labels A to D ï see text for a full 
explanation. This figure is reprinted from Jessen et al. (2014) with permission from Elsevier. (The 
letters A to D are my own addition.) Jessen et al. designed this figure to draw attention to the 
concept of Subjective Cognitive Decline (SCD), which describes the phenomenon of some older 
adults reporting concerns about declining memory and cognition, despite showing no evidence of 
any objective cognitive impairment. My research focuses on objective measures of cognition, so 
SCD is not discussed further. 
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A ï What is preclinical AD? To investigate whether the cognitive tests used in Insight 

46 can detect subtle cognitive decline in the preclinical stage of AD, preclinical AD must 

be defined. The main scope of this question is to review the development of criteria for 

defining preclinical AD in clinical and pathological terms, as well as to review evidence 

relevant to the application of these criteria to the Insight 46 cohort, such as the 

prevalence of preclinical AD at age ~70 years. However, as becomes clear from the 

debates and controversies surrounding these criteria, this question also has a more 

philosophical dimension relating to classification of disease in apparently asymptomatic 

individuals. This question is reviewed in section 2.2. 

B ï What is the evidence that subtle cognitive changes are detectable in preclinical 

AD? Cognitive impairment can be defined as the point when a participantôs cognition is 

below the normal range for their age, sex and education. This is represented in Figure 

2-1 by the vertical line labelled ñImpairment on a cognitive testò which intersects the 

cognitive trajectory (smooth purple line) at the point where it drops out of the green 

shaded area. But there is evidence that cognition begins to decline among so-called 

cognitively-normal individuals who are in the preclinical stage of AD, before reaching the 

point of impairment, as indicated by the vertical line labelled ñOnset of decline in cognitive 

performanceò. In aiming to detect and measure subtle cognitive changes in preclinical 

AD, the Insight 46 cognitive battery is targeting the region between these two vertical 

lines. Evidence from previous studies with similar aims is reviewed in section 2.3.  

C ï Which predictors of individual differences in cognitive performance are most 

important to account for? Some of the variation between individuals in terms of 

cognitive performance can be explained by factors such as age and education. These 

factors need to be accounted for in order to define the normal range of cognitive 

performance for a certain population (represented in Figure 2-1 by the green band). 

Accounting for this predictable variation between individuals should increase the 

sensitivity of cognitive tests to detect subtle cognitive changes associated with preclinical 

AD within this normal range. This question is reviewed in section 2.4.  

D ï Which cognitive measures are most sensitive to subtle cognitive decline in 

preclinical AD? In Figure 2-1, the vertical line labelled óOnset of decline in cognitive 

performanceô illustrates the point at which subtle cognitive decline becomes detectable, 

even though performance is still within the normal range. With more sensitive cognitive 

measures, this vertical line could move to the left as subtle differences could be detected 

earlier. Some approaches to enhancing the sensitivity of cognitive measures are 

reviewed in section 2.5. 
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These four questions are now reviewed in the following four sub-sections. Each sub-

section ends with a summary of the implications for my research. 

 

2.2. What is preclinical AD? 

 

2.2.1. Development of research criteria for preclinical AD 

As mentioned in section 1.1, the advent of technologies to measure in vivo biomarkers 

of AD pathology has led to a reconceptualization of AD as a continuum with a long 

preclinical stage. Efforts to create standardised biomarker-based criteria for preclinical 

AD have been led by two main groups: the International Working Group for New 

Research Criteria for the Diagnosis of AD (IWG) and the US National Institute on Aging 

ï Alzheimerôs Association (NIA-AA). The evolution of these criteria over the last ten years 

reflects the progress that has been made in understanding the biology of AD, the new 

biomarker measures that have become available, and the ongoing debates about how 

the disease should be conceptualised. A chronological summary of the various iterations 

of the IWG and NIA-AA criteria for preclinical AD is provided in Table 2-1. It is important 

to note that both sets of criteria have been conceived as frameworks for research and 

are not recommended for use in clinical practice.  

All the biomarkers currently included in criteria for preclinical AD are derived from 

neuroimaging or cerebrospinal fluid sampling. Blood-based biomarkers for AD are in 

development but require further work (Zetterberg, 2019) and are not discussed further. 

Technical details about the biomarkers referred to in Table 2-1, and their relative 

advantages and disadvantages, are not discussed here, but further details are provided 

in section 3.2.2 for the biomarker measures that are used in the analyses presented in 

this thesis.  
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Table 2-1. Development of IWG and NIA-AA criteria for preclinical AD 

 

 
AD isé 

AD 
beginsé 

Definitions of preclinical AD Biomarkers of AD pathology 

IW
G

 

IWG-1 
criteria 
(Dubois et 
al., 2007) 

...a dual 
clinicopathological 
entity. Evidence of 
progressive episodic 
memory impairment 
plus at least one 
abnormal biomarker. 

(not 
explicitly 
stated) 

No operational definition, but a descriptive definition: 
Preclinical AD = "The long asymptomatic period between 
the first brain lesions and the first appearance of 
symptoms and which concerns normal individuals that 
later fulfil AD diagnostic criteria." 

Å abnormal Aɓ, t-tau or p-tau in CSF 
Å medial temporal lobe atrophy on MRI 
Å hypometabolism on FDG-PET 

 

   
 

 
 
Update and 
clarification 
of the 
lexicon 
(Dubois et 
al., 2010) 

...a dual 
clinicobiological 
entity, with symptoms 
classified as either 
typical (episodic 
memory) or atypical 
(e.g. language or 
visual). Biomarkers 
support the diagnosis. 

...with the 
first 
symptoms. 

Å Asymptomatic at risk for AD = cognitively-normal 
individuals with biomarker evidence of AD pathology. 
 Å Presymptomatic AD = cognitively-normal individuals 
who carry a proven autosomal dominant mutation for AD 

Å abnormal Aɓ-PET 
Å abnormal Aɓ, t-tau or p-tau in CSF 
Å medial temporal lobe atrophy on MRI 
Å hypometabolism on FDG-PET 

     
 
IWG-2 
criteria 
(Dubois et 
al., 2014) 

(as above) (as above) (as above) 
Å abnormal Aɓ-PET   
Å abnormal Aɓ in CSF together with 
abnormal t-tau or p-tau in CSF 
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IW
G

 (
c

o
n

ti
n

u
e

d
) 

Updated 
criteria for 
preclinical 
AD (Dubois 
et al., 2016) 

éa pathological 
entity defined by 
amyloid and tau 
pathology. 

...when 
there is 
evidence 
of both tau 
and 
amyloid 
pathology. 

Preclinical AD = cognitively-normal individuals with 
biomarker evidence of abnormal amyloid and tau 
The following two classifications are no longer considered 
as preclinical AD but may precede it: 
Å Asymptomatic at risk for AD = cognitively-normal 
individuals with biomarker evidence of abnormal amyloid 
or tau (but not both) 
Å Presymptomatic AD = cognitively-normal individuals 
who carry a proven autosomal dominant mutation for AD 

Å abnormal Aɓ-PET or abnormal Aɓ in 
CSF 
Å abnormal tau-PET or abnormal tau in 
CSF 

  
    

N
IA

-A
A

 

criteria 
(Sperling et 
al., 2011) 

éa pathological 
entity defined by 
amyloid and tau 
pathology, based on 
a model where 
amyloid becomes 
abnormal first, then 
tau, then cognition. 

...when 
there is 
evidence 
of amyloid 
pathology. 

Preclinical AD has three stages: 
Å Stage 1 = cognitively-normal individuals with biomarker 
evidence of abnormal amyloid (but normal tau) 
Å Stage 2 = cognitively-normal individuals with biomarker 
evidence of abnormal amyloid and neuronal injury 
Å Stage 3 = individuals with biomarker evidence of 
abnormal amyloid and neuronal injury, plus evidence of 
subtle cognitive declineÀ 

Å abnormal Aɓ-PET or abnormal Aɓ in 
CSF 
Neuronal injury defined as any of the 
following: 
Å abnormal t-tau or p-tau in CSF 
Å hypometabolism on FDG-PET 
Å a particular distribution of cortical 
thinning 
Å hippocampal atrophy on MRI 

 

    

Proposed 
update to 
criteria (Jack 
et al., 2012) 

(as above) (as above) 

As above for Stages 1-3, but with two additional 
categories: 
Å Stage 0 = cognitively-normal individuals with no 
abnormal biomarkers 
Å Suspected Non-Alzheimer Pathology (SNAP) = 
cognitively-normal individuals with normal amyloid but 
abnormal markers of neuronal injury 

(as above) 

  

 
table continued on next page 
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  AD isé 
AD 
beginsé 

Definitions of preclinical AD Biomarkers of AD pathology 

N
IA

-A
A

 (
c

o
n

ti
n

u
e

d
) 

A/T/N 
biomarker 
classification 
system 
(Jack et al., 
2016) 

  

    

Å A is defined by either abnormal Aɓ-PET 
or abnormal Aɓ in CSF 
Å T is defined by either abnormal tau-PET 
or abnormal p-tau in CSF 
Å N is defined by either hypometabolism 
on FDG-PET, abnormal t-tau in CSF, or 
atrophy in regions characteristic of AD on 
MRI 

 

   
 

Updated 
criteria (Jack 
et al., 2018) 

éa purely 
pathophysiologic 
entity, with no 
reference to clinical 
symptoms 

...when 
there is 
evidence 
of both tau 
and 
amyloid 
pathology.  

Using the ATN framework above, individuals are placed 
into five categories based on their biomarker profiles. 
Three of these categories form the Alzheimer's 
continuum:  
  Å Alzheimer's pathologic change (A+T-N-) 
  Å AD (A+T+N-, A+T+N+) 
  Å Alzheimerôs and concomitant suspected non-     
    Alzheimerôs pathologic change (A+T-N+)  
The other two categories are not part of the continuum: 
  Å Normal AD biomarkers (A-T-N-) 
  Å Non-Alzheimerôs pathologic change (A-T+N-, A-T-N+, 
A-T+N+)  
Any of these biomarker profiles may be combined with 
one of three cognitive stages: cognitively unimpaired, MCI 
or dementia. Preclinical AD = cognitively-unimpaired 
individuals with an "AD" biomarker profile 
Preclinical Alzheimer's pathologic change = cognitively-
unimpaired individuals with an "Alzheimer's pathologic 
change" biomarker profile. 

(as above) 

 

This paper does not seek to define AD or any other disease, but makes an important 

contribution to the development of the biomarker framework used by NIA-AA. Amyloid (A), 

tau (T) and neurodegeneration (N) are all dichotomised into normal (-) or abnormal (+), 

giving rise to 8 possible biomarker profiles: A+T+N+, A+T+N-, A+T-N+, A+T-N-, A-T+N+,       

A-T-N+, A-T+N-, A-T-N-. 
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Some ideas for the structure of this table came from Table 1 in (Dubois et al., 2016). À No operationalised definition of subtle cognitive decline was proposed but it was 
noted that cognition may still be within the normal range, individuals may report subjective cognitive decline, or there may be subtle neurobehavioural changes. Other 
studies have attempted to define cut-offs for subtle cognitive impairment (Jack et al., 2012; Vos et al., 2013; Edmonds et al., 2015). 
 
Aɓ = ɓ-amyloid; AD = Alzheimerôs disease; CSF = cerebrospinal fluid; FDG = fluorodeoxyglucose; IWG = International Working Group for New Research Criteria for 

the Diagnosis of AD; MCI = mild cognitive impairment; MRI = magnetic resonance imaging; NIA-AA = US National Institute on Aging ï Alzheimerôs Association; PET 

= positron emission tomography; p-tau = phosphorylated tau; t-tau = total tau. 
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The impact of biomarkers on conceptualisation of AD is immediately obvious from Table 

2-1, as it can be seen that the IWGôs 2007 diagnostic framework was the first to require 

the presence of one or more abnormal biomarkers in addition to evidence of an episodic 

memory impairment for a diagnosis of AD (Dubois et al., 2007), and by 2018 the 

influential NIA-AA criteria have now removed clinical symptoms from the framework 

completely. 

It can be seen from Table 2-1 that both the IWG and NIA-AA have arrived at a very 

similar definition of AD, stating that it begins when there is evidence of both tau and Aɓ 

pathology. One key area of difference has been around the classification of cognitively-

normal individuals who show only evidence of Aɓ pathology (but normal tau). The 

influential NIA-AA 2011 criteria designated these individuals as being in Stage 1 of 

preclinical AD, whereas all iterations of the IWG criteria have opted for the more cautious 

designation of ñAsymptomatic at risk for ADò. However, the gap between these two 

positions has been narrowed by the updated NIA-AA 2018 criteria, as such individuals 

are now referred to as showing ñpreclinical Alzheimerôs pathologic changeò and the label 

of ñpreclinical ADò is reserved for those with evidence of both Aɓ and tau pathology (as 

in the IWG criteria). Another important difference is the classification of cognitively-

normal individuals who show only evidence of tau pathology (but normal Aɓ). IWG 

includes these individuals in their ñAsymptomatic at risk for ADò category whereas NIA-

AA considers such individuals to show ñNon-Alzheimerôs pathologic changeò. 

It is no coincidence that these differences relate to the earliest stages of pathologic 

change in cognitively-normal individuals, as the earliest stages are obviously particularly 

challenging to characterise, and are the focus of the most contentious ongoing debates 

within AD research. Major issues include 1) to what extent the amyloid hypothesis should 

remain the dominant model of AD and how it may be integrated with other models; 2) 

the significance of terminology. These issues are discussed in the following sub-sections, 

with a focus on those which are most relevant to the investigation of associations 

between biomarkers of Aɓ pathology and cognition in Insight 46. As the NIA-AA 2018 

criteria are the most recent and most influential, the current debates and discussions 

focus more on them. 

 

2.2.1.1. Dominance of the amyloid hypothesis 

The amyloid hypothesis contends that the accumulation of Aɓ plaques between neurons 

ï arising from an imbalance between the production and clearance of ɓ-amyloid ï is the 

primary cause of AD. This hypothesis has dominated the field for the last 25 years 

(Selkoe and Hardy, 2016). Pivotal evidence for the amyloid hypothesis came from the 
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discovery of the genetic mutations causing FAD, all of which are in the amyloid precursor 

protein (APP) or the presenilin genes (PSEN1 and PSEN2) involved in generating Aɓ. 

These mutations result in over-production of Aɓ, and a similar phenomenon is seen in 

Downôs Syndrome due to the duplication of chromosome 21 which contains the APP 

gene. Further compelling evidence for the amyloid hypothesis will not be described in 

detail here, but includes 1) the observation that accumulation of Aɓ pathology begins 

several years before the appearance of tau pathology and neurodegeneration (Bateman 

et al., 2012; Jack et al., 2013; Pletnikova et al., 2018); 2) the well-documented neuronal 

toxicity of Aɓ in animal studies (Selkoe and Hardy, 2016); 3) evidence that the APOE-Ů4 

allele ï the biggest risk factor for AD after age (see section 2.6.1) ï impairs clearance of 

Aɓ (Selkoe and Hardy, 2016).  

Criticism of the amyloid hypothesis is rooted in the universal failure of drug trials targeting 

Aɓ in patients with AD or mild cognitive impairment (MCI). Some argue that the amyloid 

hypothesis is too linear and simplistic (e.g. Edmonds et al., 2015), and the time has come 

ï or indeed is long overdue ï to embrace other models of AD. Proposed alternatives will 

not be discussed here, but some examples are listed to illustrate the complexity and 

diversity of models of AD, and to highlight the contrast with the apparent simplicity of the 

IWG and NIA-AA criteria, which are firmly based on the amyloid hypothesis: 1) systems-

based models that focus on the wider consequences of pathology for brain systems such 

as cholinergic deficits (Tang, Lutz and Xing, 2018) and the effects of these ñsystems 

failuresò on diverse clinical symptoms such as cognition, sleep and depression (Medina 

et al., 2017); 2) cellular models which focus on the complex cellular alterations which 

underline the long preclinical phase (De Strooper and Karran, 2016); 3) holistic 

approaches that focus on the biological mechanisms of diverse risk factors for AD such 

as ageing, genetics and lifestyle (Morris, Clark and Vissel, 2018); 4) the vascular 

hypothesis which focuses on vascular dysfunction including changes to the integrity of 

the blood-brain barrier and cerebral blood flow (de la Torre, 2018; Sweeney et al., 2019); 

5) the calcium hypothesis which focuses on the consequences of alterations to neuronal 

calcium signalling (Alzheimerôs Association Calcium Hypothesis Workgroup, 2017); 6) 

the neuroinflammation hypothesis which focuses on dysfunction of microglial cells 

(Heneka et al., 2015). 

This decision to focus on AD pathology in isolation from other processes and systems 

causes some to question the validity of the criteria in real life, and also raises concerns 

that the dominance of these criteria may divert research effort away from other potentially 

fruitful areas (McCleery et al., 2018, 2019; Louie, 2019).  
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2.2.1.2. Significance of terminology 

The criteria for preclinical AD raise an immediate issue about terminology. As noted 

earlier, the term ñpreclinical ADò does not have the same meaning in the IWG and NIA-

AA criteria, and it can be seen in Table 2-1 that both groups have evolved their definition 

of this term over the last few years. Consequently, the literature on preclinical AD shows 

a lack of consistency, with the terms ñpreclinicalò, ñprodromalò, ñpresymptomaticò and ñat-

risk asymptomaticò being used with overlapping but non-equivalent meanings by 

different authors. ñProdromalò is usually applied to cover the period immediately 

preceding the onset of dementia, when patients might meet criteria for MCI (e.g. Visser 

et al., 2012), whereas ñpreclinicalò generally covers the cognitively-normal stage before 

this. Although both sets of criteria now require evidence of both Aɓ and tau pathology for 

a classification of preclinical AD, the fact that that NIA-AA 2011 criteria required only 

evidence of Aɓ pathology has resulted in numerous studies describing a ñpreclinical ADò 

group based purely on elevated levels of amyloid (e.g. Dang et al., 2018; Harrington et 

al., 2018; Slot et al., 2018). The term has also been used by some authors to describe 

APOE-Ů4 homozygotes (Caselli et al., 2014) or individuals with MCI (Kirova et al., 2015).  

The issue of terminology is important because of concerns about the consequences of 

labelling people with ñpreclinical Alzheimerôs Diseaseò. While the criteria are explicitly for 

research purposes only, it has been argued that they will inevitably filter through into 

clinical practice, which could result in a significant proportion of older adults being 

diagnosed with preclinical AD, even though many of them may never go on to develop 

clinical symptoms (Boenink, 2018; McCleery et al., 2018, 2019; Morris, Clark and Vissel, 

2018). This would raise a number of ethical, societal and economic issues, especially 

given the current dearth of evidence-based treatment or management options available 

to individuals meeting the criteria. Some of the authors behind the NIA-AA criteria have 

pointed out that there is not the same concern over the terms ñprecancerous lesionò or 

ñpre-diabetesò, arguing that the unease over the term ñpreclinical ADò reflects the 

continued fear and stigma surrounding dementia, as well as the fact that progression 

from preclinical AD to dementia cannot currently be predicted with any accuracy on an 

individual level (Sperling, Mormino and Johnson, 2014). The prospect of causing 

significant anxiety to otherwise healthy people is concerning, and its implications are 

hard to predict (Stites, Milne and Karlawish, 2018).  

Another contentious issue of terminology is raised by the definition of ñAlzheimerôs 

diseaseò in the NIA-AA criteria. The authors make clear that their usage of this term is 

purely biological and implies nothing about clinical symptoms. Although they provide 

alternative terminology to describe the clinical presentation of AD ï either ñAD with 

dementiaò for individuals meeting the biomarker criteria or ñAlzheimerôs clinical 
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syndromeò for individuals with unknown biomarker profiles ï critics argue that the 

common usage of the term AD (as a descriptor for the clinical symptoms) is likely to 

persist, so it would be more appropriate to create a new term for the biological entity or 

simply use the A/T/N categories (Louie, 2019; McCleery et al., 2019). In addition, it is 

important to remember that most clinics around the world do not have the resources to 

investigate biomarkers. Also, the value of a broad commonly-understood term in public 

perception should not be underestimated as it underpins efforts to raise awareness and 

support patients and carers.  

While attending a feedback session on the proposed NIA-AA 2018 criteria at the 

Alzheimerôs Association International Conference 2017, I observed that the debates 

around terminology were marked by a strength of feeling that stems from the 

fundamental nature of the issues raised. It may be informative to note that these issues 

are rooted in a wider question that has received much attention from philosophers of 

science, namely ñWhat is disease?ò. The extensive literature on this question will not be 

reviewed here, but some points of interest are listed below to indicate why the 

controversies surrounding criteria for preclinical AD have no easy resolution. 

i) The identification of AD pathology in a substantial proportion of older adults 

raises the issue of the blurred boundary between ageing and disease. If such 

pathology is common, then to what extent can it be considered distinct from 

so-called ñnormalò ageing (Lock, 2013)?   

ii) Related to this, gerontologists debate the question of whether there is such a 

thing as ñhealthy ageingò or whether senescence (biological ageing) itself 

should be considered as a disease process (Bulterijs et al., 2015; Gladyshev 

and Gladyshev, 2016; Janac, Clarke and Gems, 2017). 

iii) This debate follows from the fact that it has proved impossible to agree on a 

definition of disease. No theory can draw a meaningful distinction between 

diseases and other states of sub-optimal health (e.g. injury, disability, 

malnutrition, frailty) (Murphy, 2015) or account satisfactorily for 

presymptomatic disease (Broadbent, 2014). Competing concepts of disease 

broadly fall into naturalist and constructivist camps, which disagree in 

essence over whether diseases exist in nature or are constructed based on 

human normative judgements (Murphy, 2015). 

iv) As illustrated by the concerns around of the NIA-AA criteria, these abstract 

concepts have potentially far-reaching implications for the way individuals 

view their health and identity, and the priorities of medical research, treatment 

and care (Nordenfelt, 2007). 
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2.2.2. Expected prevalence of preclinical AD in Insight 46 

A significant proportion of cognitively-normal older adults meet criteria for preclinical AD, 

with one meta-analysis putting the figure at 22% (Parnetti et al., 2019). The increasing 

accumulation of brain pathology throughout older age is well-documented. For example, 

one study estimated that the prevalence of Aɓ pathology increases from 10% at age 50 

to 44% at age 90 (Jansen et al., 2015), and another study based on the ATN biomarker 

framework (see Table 2-1) found that more than 90% of people have at least one 

abnormal biomarker by the age of 85 (Jack et al., 2017). Previous studies provide a basis 

for estimating the expected prevalence of preclinical AD in Insight 46 participants (aged 

~70 years at the time of recruitment) and the estimated risk of progression to cognitive 

impairment. 

Based on a meta-analysis of nearly 3000 cognitively-normal older adults who underwent 

either Aɓ-PET or cerebrospinal fluid (CSF) sampling, the prevalence of Aɓ pathology at 

age 70 is around 15-25% (Jansen et al., 2015). Consistent with this, in a more recent 

population sample of 322 70-year-olds from Sweden who underwent CSF sampling, 23% 

had evidence of Aɓ pathology (Kern et al., 2018). The prevalence of preclinical AD in the 

Swedish sample was 10%, according to IWG 2016 and NIA-AA 2018 criteria, meaning 

that less than half of individuals with Aɓ pathology also showed evidence of tau 

pathology. 

According to a meta-analysis of studies investigating risk of progression to MCI or 

dementia in older adults, over intervals ranging from 1.3 to 10.4 years, the estimated risk 

of progression for those with Aɓ pathology alone was 20%, whereas the risk for those 

with both Aɓ and tau pathology was 38% (Parnetti et al., 2019). A study of participants 

(n=599) in the Australian Imaging Biomarkers and Lifestyle (AIBL) study found a similar 

result, with an 18% risk of progression for Aɓ+ participants over 8 years (measures of 

tau were not available) (Dang et al., 2018). These studies suggest that the risk of 

progression is low to moderate over a timescale of up to 10 years, and therefore it may 

be expected that many older adults with Aɓ pathology will not develop symptoms in their 

lifetime. A recent study of cognitively-normal older adults stratified by sex and biomarkers 

of preclinical AD produced the following estimates of lifetime risk of AD dementia for 70-

year-olds: females with no AD pathology = 17%; males with no AD pathology = 11%; 

females with Aɓ pathology only = 27%; males with Aɓ pathology only = 20%; females 

with Aɓ pathology and neurodegeneration = 39%; males with Aɓ pathology and 

neurodegeneration = 31% (Brookmeyer and Abdalla, 2018).  
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2.2.3. Implications for my research 

The Insight 46 protocol includes Aɓ-PET but does not include a measure of tau 

pathology, so current criteria for preclinical AD cannot be fully applied. When data 

collection and analysis began, it may have seemed reasonable to follow other studies in 

defining a ñpreclinical AD groupò based on Aɓ pathology alone, as per the NIA-AA 2011 

criteria. However, with the publication of the updated 2018 criteria it has becomes clearer 

that this term is not justified according to current consensus. Therefore Insight 46 

participants whose Aɓ pathology is above normal levels will simply be referred to as Aɓ+. 

The term suggested for Aɓ+ in the NIA-AA 2018 criteria ï ñpreclinical Alzheimerôs 

pathologic changeò ï would not add additional clarity in this context, because it implies 

that tau pathology is absent, whereas in fact it is unknown. The same argument applies 

to the ñasymptomatic at-riskò label favoured by the IWG group, which has the additional 

disadvantage of being a potential misnomer in the context of my aim to detect subtle 

cognitive changes. The concerns discussed in section 2.2.1.2 about the significance of 

terminology provide a further reason to stick to the simple descriptor of Aɓ+, rather than 

applying disease terminology to healthy individuals. 

However, preclinical AD remains the consensus term to describe the research area that 

my project focuses on, and, according to current understanding, Aɓ pathology plays a 

critical ï if not primary ï role in the development of AD dementia. Therefore, if Aɓ+ 

participants show cognitive differences from Aɓ- participants in Insight 46, it will be 

reasonable to draw qualified conclusions about early cognitive changes in the preclinical 

AD continuum. 

 

 

2.3.  What is the evidence that subtle cognitive decline is detectable 

in preclinical AD? 

As discussed above, the current criteria for preclinical AD are purely biological, but there 

is intense interest in understanding their relationship to cognitive decline. Being able to 

detect and track the earliest changes in cognition is of prime importance to clinical trials 

that seek to reduce the risk of conversion to MCI or dementia in individuals who are 

accumulating AD pathology. 

Studies that have compared cognitive performance in older adults with and without 

preclinical AD pathology are reviewed below. This review only considers objective 

cognitive measures; there are reports that preclinical AD pathology may also be 

associated with subjective cognitive decline (Jessen et al., 2014)  and subtle changes in 
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behaviour (Caselli et al., 2018), but these are not discussed. Another important evidence-

base relevant to subtle cognitive decline in preclinical AD comes from studies of 

presymptomatic FAD mutation carriers (e.g. Wang et al., 2015), which are not reviewed 

here, but such studies are considered in subsequent chapters where relevant to specific 

tasks in the Insight 46 cognitive battery.  

This section provides a general overview of the relationship between preclinical AD 

pathology and cognition, but does not discuss specific cognitive domains and tests. For 

the cognitive domains tested in Insight 46, more detailed discussions of the current 

evidence for pathology-related changes are provided in the introductions to the relevant 

chapters (4 to 8). As the Insight 46 cognitive battery was already in place before my 

involvement with the study, this review was not undertaken to inform the selection of 

cognitive tests, but rather to establish the consistency and magnitude of Aɓ-related 

effects on cognition reported in other studies.  

The evidence for differences in cognition between cognitively-normal older adults with 

and without preclinical AD pathology was comprehensively evaluated in 2017 in a 

systematic review (Mortamais et al., 2017) and two meta-analyses (Baker et al., 2017; 

Duke Han et al., 2017). The findings of these three publications are summarised first, 

followed by a discussion of studies published between 2017 and April 2019.  

 

2.3.1. Summary of systematic reviews and meta-analyses of cognitive 

changes in preclinical AD 

Mortamais et al. (2017) summarised evidence of associations between cognition and the 

following three biomarker measures: structural brain changes, functional brain changes 

and amyloid burden. Most of the included studies did not claim to define a ñpreclinical 

ADò group, but investigated populations who were ñat riskò of clinical AD due to the 

presence of the APOE-Ů4 allele, amyloid deposition, or other markers of 

neurodegeneration such as hippocampal atrophy. The authors concluded that cross-

sectional studies generally have not observed associations between cognition and 

biomarkers of preclinical AD, although there were some positive results for episodic 

memory tests. However, they found more consistent evidence for associations between 

cognitive decline and amyloid burden in longitudinal studies with follow-ups of at least 2 

years, particularly for tests of episodic memory and for global cognitive composites.  

Baker et al. (2017) conducted a more focused meta-analysis of the effect of Aɓ pathology 

on cognition in cognitively-normal older adults, as an update to a previous meta-analysis 

(Hedden et al., 2013). They concluded that in cross-sectional studies (n = 30) there was 
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evidence that Aɓ+ groups showed small impairments (standardised effect sizes in the 

range d = 0.15 to 0.32) in global cognition, visuospatial function, processing speed, 

episodic memory and executive function. In longitudinal studies (n = 14) there was 

evidence that Aɓ+ groups showed small to moderate cognitive decline (standardised 

effect sizes in the range d = 0.24 to 0.30) in episodic memory, visuospatial function, 

semantic memory and global cognition. Effect sizes were moderated by type of Aɓ 

measure (PET or CSF), type of analysis, inclusion of covariates, and exclusion criteria 

used. 

Duke Han et al. (2017) conducted a similar meta-analysis of 61 cross-sectional studies 

comparing cognitive performance of Aɓ+ and Aɓ- cognitively-normal older adults 

(classified using PET or CSF), and concluded that Aɓ+ individuals showed evidence of 

small impairments in global cognitive function, memory, language, visuospatial ability, 

processing speed, attention, working memory and executive functions (standardised 

effect sizes in the range d = 0.04 to 0.20). They conducted a second meta-analysis of a 

subset of studies comparing Aɓ+ individuals with and without tau pathology or 

neurodegeneration (corresponding to Stages 1 and 2 of the NIA-AA 2011 criteria ï see 

Table 2-1) and concluded that Aɓ+ individuals with tau pathology or neurodegeneration 

were more impaired on memory measures than those without the additional pathology 

(d = 0.46). 

 

2.3.2. Studies published between 2017 and April 2019  

Between 2017 and April 2019, I appraised new publications in the field on a weekly basis. 

Some key themes from studies published during this period are highlighted below. 

Further studies have reported results consistent with the conclusions of the reviews 

discussed above, namely that cross-sectional differences in cognition between Aɓ+ and 

Aɓ- individuals are small and not observed in all studies, but Aɓ+ individuals are 

consistently observed to show faster cognitive decline (Donohue, Sperling, et al., 2017; 

Harrington, Lim, Ames, Hassenstab, Laws, et al., 2017; Mormino et al., 2017; Baker et 

al., 2018; Rabin et al., 2018). Several studies have replicated the finding of Duke Han et 

al. that the poorest cognition and greatest cognitive decline is seen in Aɓ+ individuals 

who have additional tau pathology and/or neurodegeneration (Soldan et al., 2016; Bilgel 

et al., 2018; Ho and Nation, 2018; Sperling et al., 2018). 

However, several studies have provided evidence that even sub-threshold amounts of 

Aɓ pathology (below the cut-off for Aɓ+) may have a detectable effect on cognition. One 

approach to studying sub-threshold Aɓ pathology is to identify ñamyloid accumulatorsò ï 
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initially Aɓ- individuals whose Aɓ levels are rising at repeated assessments. Three 

separate cohorts of amyloid accumulators have shown evidence of declining memory 

(but not executive function) (Farrell et al., 2018; Landau et al., 2018; Leal et al., 2018), 

even in middle-aged adults (Farrell et al., 2018). Grothe et al. (2017) found similar results 

with an alternative approach that does not require longitudinal assessment: they 

developed a 4-stage model of Aɓ deposition based its pattern of progressive 

accumulation in different brain regions and found an association between higher stage 

and poorer episodic memory (but not executive function) in cognitively-normal older 

adults. They noted that the staging system accounts for sub-threshold amyloid 

accumulation, as most individuals in stages 1 and 2 would be classified as Aɓ-. A third 

approach is to investigate associations between cognition and a continuous measure of 

Aɓ, the standard uptake volume ratio derived from Aɓ-PET (SUVR, see section 3.2.2). 

In a study of 1164 cognitively-normal adults aged 50-95 years, Knopman et al. (2018) 

reported that higher SUVR was associated with lower scores on a global cognitive 

composite across its full range, including at values below the cut-point for Aɓ+. Similarly, 

in a study of adults aged 40-89, Farrell et al. (2017) reported that higher SUVR predicted 

greater cognitive decline over 4 years and was a better predictor than the dichotomous 

Aɓ+/ Aɓ- classification.  

Taken together, these results suggest that subtle cognitive changes begin very early, 

decades before the onset of dementia. Indeed, recent preliminary estimates from the 

large Alzheimerôs Disease Neuroimaging Initiative (ADNI) suggest that memory decline 

may begin about 20 years before dementia, at around the same time as amyloid 

accumulation reaches the threshold for positivity (which is about 10 years after changes 

are seen in CSF markers of Aɓ and tau) (Palmqvist et al., 2018). However, it is important 

to remember that these memory declines are likely to be so subtle that they would initially 

have little or no impact on daily life; a recent analysis of nearly 3000 cognitively-normal 

individuals concluded that it is not until age 70 that Aɓ+ individuals are more likely to 

have a low score (defined as below the 10th percentile) on verbal memory tests, 10 to 15 

years after the onset of Aɓ+ (Jansen et al., 2018). 

  

2.3.3. Implications for my research 

The above evidence suggests that subtle cognitive decline is detectable in cognitively-

normal people with biomarker evidence of Aɓ pathology. There is solid basis for the 

hypothesis that Aɓ+ Insight 46 participants may have poorer cognitive performance at 

baseline, but previous cross-sectional studies have reported mixed results, so there is a 

need for greater understanding about the magnitude and nature of Aɓ-related effects on 
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cognition. The evidence suggests that early changes may be detectable in multiple 

cognitive domains, with episodic memory receiving the most attention, but there is a need 

for better characterisation of the profile of subtle impairments that may emerge. 

Given recent evidence that sub-threshold Aɓ pathology may have detectable effects on 

cognition, I decided to use the continuous measure of Aɓ (SUVR) in my analyses as well 

as the dichotomous Aɓ+/ Aɓ- classification (see section 3.2.2). 

 

 

2.4. Which predictors of individual differences in cognitive 

performance are most important to account for? 

As mentioned in section 2.1, accounting for factors associated with predictable variation 

in cognition between individuals should make it easier to detect subtle cognitive 

differences that may be associated with preclinical AD pathology. Three of the most 

obvious ï age, sex and education ï are highlighted in Figure 2-1, and discussed briefly 

below. As extensive research has been conducted on predictors of cognitive function 

across the life-course in the NSHD, Insight 46 has the advantage of being able to account 

for predictable variation in the cognitive performance of its participants; a summary of 

these key predictors follows in section 2.4.2. 

 

2.4.1. Factors that have been shown to predict cognitive performance in 

other samples of older adults 

This section contains some brief comments on the effects of age, sex and education on 

cognition in older adults. For each of the cognitive tests used within Insight 46, more 

detailed summaries of the literature on sex differences, ageing effects, and associations 

with education can be found in the introductions to the relevant chapters (4 to 8).  

Most cognitive functions decline with age ï notably memory, attention, processing speed 

and executive functioning ï although there is considerable variability between individuals 

and some aspects of cognition are generally improved or maintained with age, such as 

semantic knowledge and procedural skills (Glisky, 2007). The association between age 

and accumulation of AD pathology means that these two factors can confound each 

other in analyses if not accounted for. For example, several studies have reported that 

the estimation of ageing effects on cognition in older adults is substantially reduced when 

accounting for brain pathology, particularly for measures of memory, although stronger 

ageing effects on executive function remain (Hassenstab et al., 2016; Hedden et al., 
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2016; Harrington, Lim, Ames, Hassenstab, Rainey-Smith, et al., 2017; Hohman et al., 

2017; Harrington et al., 2018). 

Sex differences in cognition are a widely-researched and somewhat controversial topic. 

The commonly-held view is that males tend to perform better on spatial tasks and women 

on verbal tasks, although this is a simplification of a complex picture (Andreano and 

Cahill, 2009). Reports of superior verbal memory in women and superior visuospatial 

abilities in men are discussed in Chapters 4 and 5 respectively, in the context of verbal 

and visual memory tasks used in Insight 46. However, it is important to note here that 

sex differences in cognition are of particular interest to the field of Alzheimerôs research 

because women are disproportionately affected by the disease, making up 65% of those 

living with dementia (Prince et al., 2014). Whether or not this can be fully explained by 

womenôs longer life expectancy has not yet been conclusively established (Medeiros and 

Silva, 2019). There is evidence of sex differences in the relationships between risk 

factors and the development of dementia, including APOE-Ů4 (Neu et al., 2017), lifestyle 

factors (Norton et al., 2014; Xu et al., 2015; Podcasy and Epperson, 2016), and 

childhood intelligence (Snowdon et al., 1996; Whalley et al., 2000; McGurn et al., 2008; 

Russ et al., 2017; Huang et al., 2018).  

Associations between education and cognitive performance are widely observed across 

the life-span. For example, the US Alzheimerôs Disease Centersô program has provided 

normative data for over 3000 clinically-normal older adults (~60-90 years) on cognitive 

tests that are widely-used in Alzheimerôs research, showing that more years of education 

predicted better performance on all tests (Weintraub et al., 2009; Shirk et al., 2011). 

Similarly, a study of over 7000 adults with normal cognition or MCI (age range ~40-90 

years) found a verbal memory advantage for those with higher education (Jansen et al., 

2018). The degree to which educational attainment reflects cognitive ability is a matter 

of ongoing debate (see below), but it is clear that accounting for some measure of prior 

cognitive ability is important when seeking to identify subtle cognitive impairment or 

decline associated with preclinical AD. This may be particularly necessary when studying 

individuals with a high baseline level of cognitive ability, because they may experience 

significant decline over a long period before their performance falls below the normal 

range for their age (Rentz et al., 2004, 2007). 

 

2.4.2. Factors that have been shown to predict cognitive performance 

across adulthood in the NSHD cohort 

Cognition has been assessed throughout childhood and adulthood in the NSHD. Details 

of the cognitive measures collected at different time-points are provided in section 3.2.1. 
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Measures of childhood cognitive ability have proved consistently predictive of cognition 

in middle age and later life (Richards and Sacker, 2003; Richards et al., 2004, 2019; 

Davis et al., 2017; Philippou et al., 2018) as well as a range of physical health parameters 

such as grip strength, standing balance and chair rise speed (Kuh et al., 2009; Cooper, 

Richards and Kuh, 2017), healthy dietary choice and exercise (Richards, Stephen and 

Mishra, 2010; Philippou et al., 2018), and mental health outcomes (Koike et al., 2017). 

Path models of cognition at ages 53 and 69 in the NSHD have shown that childhood 

cognitive ability has both direct and indirect effects on later-life cognition, with the indirect 

effects coming from its associations with educational attainment and adult 

socioeconomic position (defined according to occupational complexity), which are 

themselves predictors of cognition (Richards and Sacker, 2003; Richards et al., 2019). 

Importantly, educational attainment and adult socioeconomic position also showed 

independent effects on later-life cognition at both ages, unaccounted for by childhood 

cognitive ability. Childhood cognitive ability, educational attainment and adult 

socioeconomic position were all partly explained by motherôs educational attainment and 

fatherôs socioeconomic position, but neither of these two variables showed a direct path 

to the later-life cognitive measures (Richards and Sacker, 2003; Richards et al., 2019). 

The finding of an independent effect of education on later-life cognition makes an 

important contribution to the debate about the extent to which general cognitive ability, 

or IQ, determines cognitive function throughout life, suggesting that education has a 

causal influence on subsequent cognition (Richards and Sacker, 2011). This issue is 

covered in more depth when discussing the results of my analyses (see Chapter 10). 

 

2.4.3. Implications for my research 

One of the key advantages of Insight 46 is that participants were all born during the same 

week, so the problem of disentangling the effects of age and brain pathology is 

essentially avoided. However, because there is a range in ñage at assessmentò due to 

data collection being carried out over 2.6 years (see section 3.6), potential ageing effects 

cannot be ruled out so should still be accounted for.  

Insight 46 also has a unique advantage afforded by the availability of the life-course 

factors discussed above (childhood cognitive ability, educational attainment and adult 

socioeconomic position): predictable variation in cognition can be accounted for much 

more robustly than in most other studies which use educational attainment as a proxy 

for prior cognitive ability. This should increase the sensitivity of the cognitive measures 

to detect subtle differences that may be associated with Aɓ pathology, as well as 

providing an opportunity to investigate and quantify the effects of childhood cognitive 
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ability, educational attainment and adult socioeconomic position on cognitive measures 

that are widely-used in research studies and clinical trials in preclinical AD. 

 

2.5. Which cognitive measures are most sensitive to subtle 

cognitive decline in preclinical AD? 

When the Insight 46 cognitive battery was designed, two approaches for improving the 

sensitivity of cognitive measures were adopted: 1) cognitive composites; 2) 

computerised tests with fine-grained outcome measures. A brief background to these 

two approaches is provided below.  

 

2.5.1. Cognitive composites 

A cognitive composite is a single score formed by combining scores from multiple 

cognitive tests. Cognitive composites are being used as outcome measures in several 

current clinical trials in preclinical AD (Weintraub et al., 2018) and the US Food and Drug 

Administration has recently indicated openness to cognitive composite end-points 

(Kozauer and Katz, 2013). The rationale for their use in this context is that they may be 

sensitive to cognitive decline when effects are too small to be detectable on individual 

tests; several studies have demonstrated that composites are particularly sensitivity to 

cognitive decline in cognitively-normal individuals meeting criteria for preclinical AD (e.g. 

(Ayutyanont et al., 2014; Langbaum et al., 2014; Mormino et al., 2017). In the context of 

clinical trials, an advantage of using a cognitive composite as a single outcome measure 

(rather than multiple cognitive outcomes) is that it reduces the likelihood of type 1 errors 

due to multiple comparisons (Ayutyanont et al., 2014; Langbaum et al., 2014; Jonaitis et 

al., 2019).  

There are two main approaches to composites ï either to design them based on a priori 

hypotheses about which cognitive domains are affected earliest in the disease process 

(e.g. Donohue et al., 2014; Lim, Snyder, et al., 2016; Soldan et al., 2016; Bateman et al., 

2017; van Bergen et al., 2018; Wang et al., 2018) or to derive them empirically from 

cognitive data (e.g. (Ayutyanont et al., 2014; Langbaum et al., 2014; Donohue, Sun, et 

al., 2017). 

Further details of a widely-used composite ï the Preclinical Alzheimer Cognitive 

Composite (PACC, (Donohue et al., 2014)) ï are provided in Chapter 4, along with a 

discussion of evidence for its sensitivity to subtle cognitive decline in preclinical AD. 
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2.5.2. Computerised tests 

Computerised tests offer scope to generate a range of precise outcome measures such 

as reaction times in milliseconds. Other advantages of computerised tests are ease of 

scoring, greater standardisation between testers, and the potential for presentation of 

items to be adapted automatically according to a participantôs performance (Silverberg 

et al., 2011). Computerised assessments offer the potential for remote testing, which can 

be of great value in studies seeking to screen or recruit large numbers of people, such 

as the PROTECT study which aims to administer repeated online cognitive assessments 

to at least 50,000 older adults over ten years (http://www.protectstudy.org.uk). It also 

allows the measurement of cognitive function in real-world environments (Sliwinski et al., 

2018).  

Even for relatively simple tasks where responses could be scored manually, 

computerised administration can provide additional information on the process by which 

an individual completes a task. For example, eye-tracking measures could be recorded 

during a visual recognition task (Bott et al., 2018), or a digital pen could reveal 

organisational strategies for completing a drawing task (Davis et al., 2014). Evidence 

suggests that the earliest stages of cognitive decline are characterised by the adoption 

of compensatory strategies (Jessen et al., 2014), so these kind of óprocess measuresô 

are potentially useful for detecting individuals who may be working harder or thinking 

longer to achieve the same result, perhaps before showing more overt decline (Davis et 

al., 2014).  

The field of cognitive assessment in preclinical AD is increasingly moving towards using 

computerised assessments for the reasons mentioned above (Silverberg et al., 2011; 

Rentz et al., 2013; Ritchie et al., 2017; Hassenstab et al., 2018). 

 

2.5.3. Implications for my research 

Given that cognitive composites and computerised assessments are increasingly being 

used in preclinical AD research, it is important to evaluate how these measures compare 

to individual scores from standard paper-and-pencil cognitive tests in Insight 46. This 

should contribute to the evidence base on the most sensitive cognitive measures to use 

as outcomes in clinical trials. 

 

 

http://www.protectstudy.org.uk/
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2.6. Other influences on cognitive decline 

It is important to be aware that other brain pathologies influence cognitive performance, 

as well as Aɓ pathology. The rich dataset of biomarker and genetic measures collected 

in Insight 46 provides the opportunity to investigate some of these other pathologies and 

genetic risk factors. My aim in including some of these variables in my models of 

cognitive performance was partly to increase the sensitivity of my analyses to the effects 

of Aɓ by accounting for potential confounding effects of other variables, but also to 

generate new evidence about their associations with cognition. The three variables that 

are explored throughout this thesis are APOE-Ů4, whole brain volume and global white 

matter hyperintensity volume (WMHV). As these variables are not the primary focus of 

my research, I have not conducted a comprehensive review of evidence for their 

associations with cognition, but some introductory comments are provided below. 

 

2.6.1. APOE-Ů4 

The strongest genetic risk-factor for sporadic AD is the apolipoprotein gene (APOE), 

which occurs in three different alleles: Ů2, Ů3 and Ů4. Each person has 2 copies, with the 

most common combination being Ů3/Ů3 (60% of the population (Alzheimerôs Society, 

2016a)). The Ů4 allele is associated with increased lifetime risk of developing AD in a 

dose-dependent manner: Ů4-heterozygotes have a fourfold increase in risk, and Ů4-

homozygotes have a tenfold increase in risk (compared to Ů3-homozygotes) (Alzheimerôs 

Society, 2016a). The mechanism for this increased risk is understood to relate to reduced 

clearance of Aɓ in APOE-Ů4 carriers, resulting in accumulation of a higher burden of Aɓ 

plaques (Kline, 2012). Among older adults, APOE-Ů4 carriers are around twice as likely 

as non-carriers to be Aɓ+, with around 50% of Ů4 carriers aged ~50-90 years estimated 

to be Aɓ+ (Rowe et al., 2007; Jack et al., 2017). 

The interactions between APOE-Ů4 and Aɓ on cognition are yet to be fully understood. 

Many studies investigating associations between APOE-Ů4 and cognition have not 

included measures of Aɓ, making it impossible to know whether Aɓ may account for 

cognitive deficits observed in Ů4-carriers, although evidence for such deficits is mixed 

(see OôDonoghue et al. (2018) for a review). Several studies that were able to account 

for Aɓ have reported that Aɓ- Ů4-carriers seem to experience normal cognitive aging, 

suggesting that Aɓ is necessary for memory decline (Lim, Laws, et al., 2016; Lim et al., 

2018). However, there is evidence that Aɓ and APOE-Ů4 may interact such that clinically-

normal Aɓ+ Ů4-carriers experience faster memory decline than Aɓ+ non-carriers 

(Mormino et al., 2014; Lim et al., 2015) and have a higher risk of progression to MCI or 

dementia (Dang et al., 2018). 
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Beneficial effects of APOE-Ů4 have also been reported, particularly during youth, with 

growing evidence that APOE-Ů4 is associated with a diverse range of survival 

advantages including resistance to certain infections, increased fertility, increased fitness 

in infancy and slightly superiority in some aspects of cognition (Duke Han and Bondi, 

2008; Zetterberg et al., 2009; Tuminello and Duke Han, 2011; Smith, Ashford and 

Perfetti, 2019). This is an example of antagonistic pleiotropy ï the principle that some 

genes have both beneficial and detrimental effects, with the detrimental effects generally 

manifesting after reproductive age (Austad and Hoffman, 2018). However, the putative 

beneficial effects of APOE-Ů4 on cognition in earlier life are controversial and the 

literature has not yet reached a consensus (see reviews in (Tuminello and Duke Han, 

2011; OôDonoghue et al., 2018)). 

 

2.6.2. White matter hyperintensity volume (WMHV) 

White matter hyperintensities are commonly seen on brain MRI scans of older adults and 

reflect lesions caused by cerebral small vessel disease (Prins and Scheltens, 2015). 

White matter lesions are considered to be the primary pathology of vascular dementia ï 

the second most common type of dementia after AD (Alzheimerôs Society, 2018) ï but 

are also commonly seen in patients with AD (Prins and Scheltens, 2015; Alosco et al., 

2018). Greater WMHV in cognitively-normal older people is associated with increased 

risk of dementia (Debette and Markus, 2010; Payton et al., 2018) and with decline in 

cognition, particularly processing speed and executive function, although the 

associations with cognition generally appear to be weak (Gunning-Dixon and Raz, 2000; 

De Groot et al., 2002; Oosterman et al., 2004; Prins et al., 2005; van Dijk et al., 2008; 

Prins and Scheltens, 2015; Kaskikallio et al., 2019). 

 

2.6.3. Whole brain volume 

Loss of brain volume, or atrophy, occurs gradually with age, but accelerated atrophy is 

a feature of neurodegenerative diseases that tracks closely with the progression of 

symptoms (Fox and Schott, 2004). Accelerated atrophy typically occurs relatively late in 

the AD pathological continuum, some years after accumulation of Aɓ and tau pathology 

(Jack et al., 2013). Therefore, evidence of significant atrophy is not expected among 

Insight 46 participants as they are at an age when those who are destined to develop 

dementia are still likely to be many years from symptoms (Prince et al., 2014).  

Aside from atrophy, another area of interest is whether brain volume is associated with 

cognitive ability at younger ages. This possibility has received attention in the long-
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running debate about the neural basis for differences in intelligence (McDaniel, 2005), 

and two recent studies of large samples of young adults have reported that larger brain 

volume is weakly associated with better cognition, notably in terms of faster processing 

speed (Magistro et al., 2015; Takeuchi et al., 2017). 

 

 

2.7. Research Questions and Hypotheses 

 

2.7.1. Research Questions 

My research sought to address three broad questions: 

i) What are the patterns of performance on each cognitive test?  

If the cognitive tests used in Insight 46 are to have future application as markers 

of preclinical AD, it is important to confirm that the tasks work appropriately in this 

age group (e.g. are there any floor or ceiling effects?) and to describe the normal 

range of performance. As the computerised tests have several different 

conditions (e.g. easier and harder levels) and outcomes, (e.g. speed and 

accuracy), identifying key outcome measures that may be particularly sensitive 

to subtle cognitive decline requires an understanding of patterns of performance 

across the various aspects of each task, such as ñIs there a trade-off between 

speed and accuracy?ò or ñTo what extent is memory recall affected by the number 

of items to be remembered?ò. 

 

ii) What are the relationships between demographic and life-course predictors 

and performance on the cognitive tests? 

As discussed in section 2.4, I sought to understand more about predictors of 

cognitive performance at age ~70 by investigating the effects of childhood 

cognitive ability, education, adult socioeconomic position, age at assessment, 

and sex. As well as aiming to generate novel evidence about predictors of 

performance on the specific cognitive tests used in Insight 46, the purpose of this 

was to be able to account for predictable variation between individuals, which 

may increase the sensitivity of the tests to detecting subtle cognitive changes 

associated with brain pathology.  
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iii) What are the relationships between biomarkers and genetic risk factors for 

AD and performance on the cognitive tests?  

As discussed in section 2.6, I aimed to investigate whether the following 

measures were associated with cognitive performance: Aɓ pathology 

(dichotomous amyloid status and continuous SUVR), whole brain volume, global 

WMHV and APOE-Ů4. 

 

2.7.2. Hypotheses 

Overarching hypotheses are listed below. Specific hypotheses for each cognitive test are 

stated in the relevant chapters (4-8): 

 

i) Higher childhood cognitive ability, educational attainment and adult 

socioeconomic position will show independent associations with better cognitive 

performance. 

ii) As the sample size of Insight 46 (n = 502) is large for a neuropsychological study, 

subtle sex differences in cognition will be detectable. 

iii) Participants with elevated Aɓ deposition will show evidence of subtle cognitive 

deficits.  

iv) WMHV and whole brain volume will show evidence of weak associations with 

cognition, particularly processing speed.  

v) Composite and computerised measures will be more sensitive to brain pathology 

than standard paper-and-pencil cognitive tests. 

Given the mixed evidence for effects of APOE-Ů4 on cognition independent of Aɓ (see 

2.6.1), I did not make an overarching hypothesis about the effects of APOE-Ů4, but I 

made a specific hypothesis for one of the cognitive tasks where previous studies have 

reported an effect (see Chapter 5). 
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3. GENERAL METHODOLOGY 
 

3.1. Recruitment and data collection 

The target sample for Insight 46 was NSHD participants who had a specific set of life-

course data available including attendance at a clinic visit at age 60-64, at least one 

measure of childhood cognition, and various measures of physical health and lifestyle 

during adulthood ï full details have been published in the protocol paper (Lane et al., 

2017). Additionally, participants were required to be willing to attend a clinic-based visit 

at UCL and to have no contraindications to MRI or PET, such as severe claustrophobia, 

or metal within the body (e.g. pacemakers and intracranial clips). Participants were sent 

an invitation by post and then screened by telephone if interested. A recruitment flow-

chart is provided in Figure 3-1 and further details have been published (Lane et al., 2017; 

James et al., 2018). 

502 participants were recruited to Insight 46 and attended a baseline assessment 

between May 2015 and January 2018. Ethical approval for Insight 46 was granted by the 

National Research Ethics Service (NRES) Committee London (14/LO/1173). All 

participants gave written informed consent.  

The study protocol included: cognitive tests; a clinical interview with a neurologist; a 

structured physical and neurological examination; assessment of visual, auditory and 

olfactory function; self-administered questionnaires measuring subjective cognitive 

decline, anxiety, dental health, handedness and sleep; collection of blood and urine for 

clinical and genetic biomarker identification; neuroimaging comprising simultaneous 

acquisition of ɓ-amyloid PET and MRI data. Each participant had an informant who 

completed the AD8 interview, a brief screening tool for dementia (Galvin et al., 2005). 

Further details are provided in section 3.2 and in the protocol paper (Lane et al., 2017). 

While all assessments were typically completed on one day, 62 participants had to have 

their scans rescheduled for a later date, with a median interval of 49 days (IQR = 26 ï 

77; range = 1 ï 216). For the purpose of calculating age at assessment, the date of 

cognitive testing was used. 
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Figure 3-1. Flowchart of recruitment and data acquisition 

The specific dataset refers to a set of life-course data which formed the original criteria for 
Insight 46 eligibility ï see text for further details. To reach our target sample size, these criteria 
were relaxed to remove the requirement for a previous measure of lung function, smoking or 
physical exercise, enabling recruitment of a further 62 individuals. Details of the biomarker 
measures are provided in section 3.2.2. 

a In most cases, this was due to erroneous segmentation of vascular abnormalities such as 
stroke or demyelination. 

FLAIR = fluid attenuated inversion recovery MRI; MR = magnetic resonance; PET = positron 
emission tomography  

Active sample at 
age 69               
n = 2689 

Available specific 
dataset                    
n = 1322 

Willing to attend 
London-based clinic 

n = 779 

Invited for study 
participation            
n = 841  

Attended 
research centre                         
n = 502 

Completed 
scan                 
n = 471 

No scan  

n = 31 

Did not attend 
research centre          
n = 339 

Unknown 
willingness   
n = 302 

Not willing to attend 
London-based clinic     

n = 241 

Incomplete 
dataset               
n = 1367 

n=62 

Complete 
biomarker data    
n = 445 

Failed acquisition of PET data n=8 
MR images failed quality control n=3 

FLAIR images failed quality control n=2 

White matter segmentation failure 
a
 n=11 

No APOE data available n=2 

Claustrophobia n=25 
PET/MRI incompatibility issues n=4 

Recent illness n=1 
Withdrawal before being rescheduled n=1 

Incomplete 
biomarker data     
n = 57 

Refusals n=204 
Temporary refusals n=28 

Not eligible n=69 
Non-response n=12 
Deaths notified n=3 

Cancelled visits n=23 
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3.2. Materials and measures 

 

3.2.1. Cognitive Battery 

As my research focuses on the cognitive data, the methods for its collection, processing 

and analysis are described in detail in this section.  

The cognitive battery was designed to have the following characteristics: 1) to be 

complementary to prior NSHD cognitive assessments, the most recent of which included 

the Addenbrookeôs Cognitive Examination III (Hsieh et al., 2013), a word-list learning 

task and a timed letter search task (Silverwood et al., 2014); 2) to have a total duration 

of less than 90 minutes; 3) to include standardised cognitive tests to allow results to be 

compared with normative data; 4) to include experimental computerised cognitive tests 

that might be more sensitive to subtle cognitive decline; 5) to be informed by a review of 

protocols and results of current large-scale initiatives and clinical trials in preclinical AD 

(including the A4 trial (Sperling et al., 2014) and the Alzheimerôs Prevention Initiative 

(Reiman et al., 2011)).  

An overview of the cognitive tests in the Insight 46 battery is provided in Table 3-1. Four 

of these tests are standardised clinical neuropsychological tests that have been widely 

used in studies of preclinical AD and the others are more novel tests. To facilitate 

comparison of the Insight 46 battery with the cognitive tests administered previously in 

NSHD, I compiled a table which was included in the Insight 46 protocol paper (Lane et 

al., 2017); an updated copy is included here which contains more citations of recent 

relevant publications (Table 3-2).  

The order of tests within the Insight 46 cognitive battery was designed to allow for the 

necessary delay times between the various recall trials of the memory tests (Table 3-3).  

Chapters 4 to 9 of this thesis present my work analysing and interpreting the results of 

these cognitive tests, with the exception of the Instructionless Eyetracking and Irrelevant 

Distractor tests. These two tests were only performed on sub-samples of the Insight 46 

cohort because the Irrelevant Distractor test was dropped from the battery and replaced 

by the Instructionless Eyetracking test in February 2017 (mid-way through data 

collection). This change was made because many participants found the Irrelevant 

Distractor test very difficult due to its fast presentation speed: 3% of participants declined 

to attempt the task after struggling with the practice, and 48% of those who attempted it 

had error rates of greater than or equal to 50% (the level that would be achieved by 

chance) in at least one part of the task. Therefore, in view of the fact that the task was 
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unpopular with participants and seemed unlikely to yield informative results, I decided 

along with my supervisors to remove it. The Instructionless Eyetracking test was chosen 

as a replacement based on evidence that eye movement patterns may reveal early 

changes in  memory, attention, visuospatial and executive processes (Pereira et al., 

2014; Primativo et al., 2017)  Data from the Instructionless Eyetracking test have not yet 

been analysed. These two tests are not discussed further in this thesis. 
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Table 3-1. Cognitive tests in the Insight 46 cognitive battery 

Name of Test Source Cognitive domain Brief description (see subsequent chapters for further details) 

Matrix 
Reasoning 

Wechsler Abbreviated 
Scale of Intelligence 
(WASI) (Wechsler, 1999) 

Fluid intelligence / 
non-verbal 
reasoning 

A test of non-verbal reasoning. Participants are shown a matrix of geometric 
shapes with a piece missing and are required to select the missing piece from 
five options. (See Chapter 4.) 

Mini-Mental 
State 
Examination 

(Folstein, Folstein and 
McHugh, 1975) 

Global cognition 

A 30-point screening tool for cognitive impairment, which covers multiple 
cognitive domains including orientation to time and place, registration, recall, 
attention, calculation, visuospatial function, language, repetition, writing, 
reading, following a 3-stage command. (See Chapter 4.) 

Logical Memory 
Immediate and 
Delayed Recall  

Wechsler Memory Scale ï 
Revised (WMS-R) 
(Wechsler, 1987) 

Short-term verbal 
memory 

A 25-point test of free recall. The participant is read a story and asked to 
recall it immediately and after a delay of ~20 minutes. (See Chapter 4.) 

Digit-Symbol 
Substitution 

Wechsler Adult Intelligence 
Scale ï Revised (WAIS-R) 
(Wechsler, 1981)  

Executive function / 
processing speed 

Participants are given a code table of digits paired with symbols. On a 
worksheet with rows of digits, they are asked to fill in the corresponding 
symbols as quickly and accurately as possible. The score is the number of 
symbols completed correctly within 90 seconds. (See Chapter 4.) 

Face-name 
Associative 
Memory Exam 
(FNAME-12A) 

(Papp et al., 2014) stimuli 
available from the authors 
on request 

Verbal and visual 
memory (recall and 
recognition) 

Participants are given two exposures to 12 faces paired with a name and an 
occupation. After each exposure and after delays of ~10 and ~35 minutes, 
they are asked to recall the name and occupation associated with each face. 
Facial recognition is also assessed at the 35-minute delay by asking 
participants to identify each learned face from two distractors. (See Chapter 
4.) 
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Name of Test Source Cognitive domain Brief description (see subsequent chapters for further details) 

ñWhat was 
where?ò 

Shortened version 
designed for Insight 46 by 
Dr Yoni Pertzov (Pertzov et 
al., 2012) 

Visual short-term 
memory binding 

Participants are shown 1 or 3 objects on a screen and asked to remember 
the objects and their locations. After a delay of 1 or 4 seconds, they are 
required to identify the learned object from a distractor and place it in its 
remembered location. (See Chapter 5.) 

Choice 
Reaction Time 
and Response 
Inhibition 

Designed by Prof. 
Sebastian Crutch based on 
Aron et al. (2004)   

Executive function / 
response inhibition 
 

Part 1 assesses Choice Reaction Time ï participants are required to respond 
to arrows or words indicating left or right. Part 2 presents word/arrow 
combinations which are congruent or incongruent ï participants must 
respond according to the cue (óarrowô or ówordô). (See Chapters 6 and 7.) 

Circle-tracing 
and Serial 
Subtraction 

Shortened version 
designed for Insight 46 by 
Prof. Julie Stoutôs lab, 
based on Say et al. (2011) 

Visuomotor 
integration; 
calculation; dual 
tasking 
 

Participants are asked to trace round a circle on a tablet screen as quickly 
and accurately as possible, with either direct or indirect visual feedback. This 
task was performed with and without concurrent serial subtraction (single / 
dual task). (See Chapter 8.) 

Instructionless 
Eyetracking * 

Designed by Dr Silvia 
Primativo et al. (2017) 

Various domains 
including memory 
and social 
cognition 

Participantsô eye movements are tracked while they are asked simply to 
watch a screen which presents images, sentences and moving patterns. 

Irrelevant 
Distractor* 

Shortened version 
designed for Insight 46 by 
Prof. Nilli Lavieôs lab 
(Forster and Lavie, 2008) 

Attention 

This computerised letter search task requires participants to make a rapid 
decision as to which target letter has appeared in the search display. There 
are three different load conditions (the number of letters to be searched). On 
some trials a distractor appears which could be task-irrelevant (a cartoon 
character) or task-relevant (a letter). 

 

* Instructionless Eyetracking was introduced in February 2017, replacing the Irrelevant Distractor task ï see text for explanation.   
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Table 3-2. Cognitive measures in the National Survey of Health and Development from age 8 to 69 

Cognitive 
Domain 

Age 8 
Age 11 
 

Age 15 
 

Age 26 Age 43  Age 53  
Age 60-
64 
 

Age 69 
 

Insight 46 
(ages 69-71 
& 71-73) 

PREMORBID IQ    
 

 National Adult 
Reading Test 

   

VERBAL 
REASONING and 
READING 
COMPREHENSION 

Reading 
comprehension 
test 

Verbal 
abilities test 

Verbal section of 
Alice Heim Test; 
Watts-Vernon 
reading 
comprehension 
test. 

Watts-Vernon 
reading 
comprehension 
test 

         

NON-VERBAL 
REASONING 

Picture 
intelligence test 

Non-verbal 
abilities test 

Non-verbal 
section of Alice 
Heim Test 

 

        
Matrix 
Reasoning 

M
E

M
O

R
Y

 

Short-term 
Verbal 
Memory 

      

 

Word list Word list Word list Word list 
Logical 
Memory 

Short-term 
Visual 
Memory  

      

 
Visual 
memory test 

      
ñWhat was 
where?ò 

Short-term 
Associative 
Memory 

      

 

        FNAME-12 

Prospective 
Memory 

   
 

 
Prospective 
memory test 

   

NUMERACY   
Arithmetic 
test 

Mathematics 
test 

 
     



55 
 

LITERACY  
Word reading 
test; Vocabulary 
test 

Word 
reading test; 
Vocabulary 
test 

 

 

     

E
X

E
C

U
T

IV
E

 F
U

N
C

T
IO

N
 

Verbal 
Fluency    

 

 
Category 
fluency 

  

Phonemic 
fluency and 
category 
fluency (as part 
of the ACE-III) 

 

Reaction Time    
 

  
Simple RT; 
Choice RT 

 Choice RT 

Inhibition    

 

    
Response 
Inhibition 

PROCESSING 
SPEED and 
ATTENTION 

      

 

Letter 
Search 

Letter Search 
Letter 
Search 

Letter Search 

Digit-Symbol 
Substitution; 
Irrelevant 
Distractor 

VISUOMOTOR 
INTEGRATION 

      
 Timed 

pegboard 
      Circle-tracing 

GENERAL / 
MULTIPLE 
DOMAINS 

              ACE-III 

MMSE; 
Instruction-
less 
Eyetracking 

 

Details of the cognitive measures can be found in the following papers: (Gaysina et al., 2014) (ages 8, 11, 15, 60-64); (Pigeon, 1964)(ages 8 and 11); (Ross and Simpson, 1971a, 1971b) 

(ages, 8, 11, 15 and 18); (Gale et al., 2012) (ages 11, 15, 53); (Stewart, Hardy and Richards, 2015) (ages 15 and 53); (Albanese et al., 2012) (ages 26, 43, 53); (Richards, Hardy and 

Wadsworth, 2005) (ages 26, 43 and 53); (Davis et al., 2016) (age 43); (Richards et al., 2005) (ages 43 and 53); (Davis et al., 2017; Rawle et al., 2018) (ages 43, 53, 60-64 and 69); 

(Richards et al., 2014) (ages 53, 60-64); (Hurst et al., 2013; Silverwood et al., 2014; Masi et al., 2018) (age 60-64); (Lane et al., 2017; Lu et al., 2019) (Insight 46).  

ACE-III = Addenbrookeôs Cognitive Examination; FNAME-12 = Face-Name Associative Memory Examination (12 item); MMSE = Mini Mental State Examination; RT = reaction time; 

WAIS-R = Wechsler Adult Intelligence Scale - Revised; WASI = Wechsler Abbreviated Scale of Intelligence; WMS-R = Wechsler Memory Scale - Revised 
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Table 3-3. Order and timings of the Insight 46 cognitive battery 

Cognitive test Mean duration (minutes) 

Circle-tracing pre-exposure 8 

Logical Memory Immediate Recall 2 

Matrix Reasoning 10 

Instructionless Eyetracking (or Irrelevant Distractor for 
participants tested before 08/02/17) 

13 

Logical Memory Delayed Recall 1 

FNAME-12 trials 1 and 2 8 

Choice Reaction Time and Response Inhibition 10 

FNAME-12 trial 3 3 

Digit-Symbol Substitution 3 

ñWhat was where?ò 10 

Circle-tracing and Serial Subtraction 10 

FNAME-12 trial 4 4 

 

Note: mean durations are based on a sample of 51 participants who all completed the Irrelevant 
Distractor test 

 

 

3.2.2. Biomarker measures and genetic risk factors 

Full details of biomarker measures collected in Insight 46 are provided in the protocol 

paper (Lane et al., 2017). Details are provided below for only those variables which I 

have used in subsequent analyses.  

ɓ-amyloid PET and MRI data were collected simultaneously during a 60-minute scanning 

session on a Biograph m MR 3 T PET/MRI scanner (Siemens Healthcare, Erlangen), 

with intravenous injection of a ɓ-amyloid PET ligand, 370 MBq florbetapir F18 (Amyvid). 

Aɓ deposition was quantified using a global Standard Uptake Volume Ratio (SUVR), 

using 10 minutes of static steady state Florbetapir data ~50 mins post-injection. The 

SUVR was calculated from a cortical grey matter composite (composed of frontal, 
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temporal, parietal, and cingulate regions), with a reference region of eroded subcortical 

white matter. Aɓ-PET attenuation correction was performed using pseudo-CT correction. 

Due to technical issues, only console attenuation correction was available for 26 

participants. For these participants a pseudo-CT corrected value was imputed based on 

their console value.  

A cut-point for Aɓ positivity was determined using a mixture model to define two 

Gaussians, and using the 99th percentile of the lower (Aɓ negative) Gaussian, at SUVR 

> 0.6104. This gives a dichotomous variable of amyloid status: Aɓ+ (elevated levels of 

ɓ-amyloid) or Aɓ- (normal levels of ɓ-amyloid). 

Volumetric T1-weighted and FLAIR (fluid attenuated inversion recovery) MR images 

underwent visual quality control, before being processed using automated pipelines 

(Lane et al., 2017). Whole brain volume was generated from high resolution 3D T1-

weighted MRI using automated segmentation with manual editing (Leung et al., 2011). 

Total intracranial volume (TIV) was calculated using statistical parametric mapping 

(SPM) software (SPM12; http://www.fil.ion.ucl.ac.uk/spm) (Malone et al., 2015). Global 

white matter hyperintensity volume (WMHV) was generated from T1-weighted and 

FLAIR MRI using Bayesian Model Selection (BaMoS), an automated segmentation 

algorithm based on a multivariate Gaussian mixture model (Sudre et al., 2015), followed 

by visual quality control, generating a global WMHV including subcortical grey matter but 

excluding infratentorial regions. 

APOE genotyping was conducted at LGC, Hoddesdon UK. For the analyses presented 

in this thesis, participants were classified into two categories based on the presence of 

the APOE-Ů4 allele: Ů4-carriers and non-carriers. 

 

 

3.2.3. Major neurological and psychiatric conditions 

Participants were coded as having a major neurological or psychiatric condition 

according to the criteria in Table 3-4. Participants not meeting any of these criteria are 

hereafter referred to as cognitively normal and represent a sample who might be 

considered eligible for a clinical trial of cognitively healthy individuals, free from possible 

confounding comorbidities. This does not imply that all participants with a major 

neurological or psychiatric condition necessarily had a measurable cognitive impairment.  

http://www.fil.ion.ucl.ac.uk/spm
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Table 3-4. Criteria for major neurological or psychiatric conditions 

 

 

 

3.2.4. Life-course data 

As discussed in sections 2.4.2 and 2.4.3, three key predictors of life-time cognition 

among NSHD participants are childhood cognitive ability, educational attainment and 

adult socioeconomic position. These variables are defined as follows, using definitions 

used in many previous analyses from the NHSD (e.g. Richards and Sacker (2003); 

Rawle et al. (2018)). 

Childhood cognitive ability was measured at age 8 using four tests of verbal and non-

verbal ability devised by the National Foundation for Education Research (Pigeon, 1964) 

(see Table 3-2). The sum of scores from these four tests was standardised into a z-score 

representing overall cognitive ability. If these data were missing, the standardised score 

¶ Clinical evidence of dementia, Parkinsonôs disease and other neurodegenerative 

disorder 

¶ Psychiatric disorder requiring anti-psychotic medication 

¶ Depression requiring electroconvulsive shock therapy 

¶ Epilepsy requiring active treatment 

¶ Radiological evidence of traumatic brain injury or major neurosurgery 

¶ Clinical diagnosis or radiological features of multiple sclerosis  

¶ Clinical diagnosis of stroke, or radiological evidence of cortical ischaemia or 

haemorrhage consistent with previous cortical stroke  

¶ Radiological evidence of possible brain malignancy 

¶ Mild cognitive impairment (MCI) defined as follows, based on published criteria 

(Petersen et al., 2013):   

o No clinical evidence of dementia  

o AND participant concern regarding their cognition (memory or cognitive 

difficulties more than other people the same age, or if they felt they would 

seek medical attention regarding their difficulties) and/or informant 

concern regarding the participantôs cognition (AD8 score Ó 2)  

o AND objective evidence of either an amnestic (Logical Memory delayed 

recall Ó 1.5 SD below the mean) and/or non-amnestic deficit (Digit-

Symbol Substitution score Ó 1.5 SD below the mean). These cognitive 

tests were chosen for defining a cognitive deficit on the basis of their 

normal distribution across the entire cohort. 
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from the tests at age 11 was used (or if this was missing, the standardised score from 

the tests at age 15). Note that these scores were standardised for the full cohort 

(N=5362) rather than the Insight 46 sample. 

Educational attainment was recorded at age 26. Highest educational or training 

qualification achieved was classified using the Burnham scale (Department of Education 

and Science, 1972) and grouped into five categories: no qualification, below O-levels 

(vocational), O-levels and equivalents, A-levels and equivalents, higher education 

(degree and equivalents). 

Adult socioeconomic position (SEP) was derived from participantsô own occupation 

at age 53, or earlier if this was missing. Occupations were coded according to the UK 

Registrar Generalôs Standardôs Occupational Classification, then classified into six 

categories: unskilled, partly skilled, skilled manual, skilled non-manual, intermediate, 

professional. 

 

 

3.3. Completion rates and reasons for missing data 

Completion rates for the biomarker measures and reasons for missing biomarker data 

are shown in Figure 3-1.  

Figure 3-2 shows completion rates for cognitive assessments and Table 3-5 gives the 

reasons for missing cognitive data.  
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Figure 3-2. Venn diagram of completion rates for Insight 46 cognitive tests  

As shown here, 470 out of 502 participants completed all of the cognitive tests. There were no 

missing data for the Logical Memory, MMSE, Matrix Reasoning and Choice Reaction Time tests, 

but all other tests had some missing data. 
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Table 3-5. Reasons for missing cognitive data 

Cognitive test Reason for missing data 
Number of 
participants 

Circle-tracing 

Technical problems 11 

Participant unable due to tremor in hands 3 

Participant declined to complete task 4 

Lack of time* 1 

Response Inhibition Data file not saved 1 

ñWhat was where?ò 

Not administered due to technical problems  10 

Participant started the task but declined to 
complete it 

1 

Participant had recently had hand surgery 
and could not operate the touchscreen 

1 

Lack of time* 4 

FNAME-12 

Technical problems 1 

Data from this task are partially missing ï the 
fourth trial was administered in place of the 
third trial, because the time elapsed since the 
second trial was already 30 minutes.* 

1 

Digit-Symbol Participant declined to attempt this task 1 

 
* Three participants took longer than usual to complete tasks due to neurological conditions 
affecting cognition. The reason for the fourth participant who ran out of time is unknown. 
 
 

 

3.4. Processing of cognitive data 

Test scores collected on paper (MMSE, Matrix Reasoning, Logical Memory, Digit-

Symbol, FNAME-12) were inputted into XNAT, a customised web-based database 

(www.xnat.org). XNAT was also used to record reasons for any missing data. After 

consultation with the various authors of the computerised cognitive tests, I wrote 

programmes in Stata v15 (StataCorp, 2017) to clean the data and generate the outcome 

variables of interest, described in the relevant chapters (4 to 9).  

  

http://www.xnat.org/
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3.5. Data analysis 

Chapters 4 to 8 report the results of the cognitive tests administered to Insight 46 

participants. In each chapter, analyses are split into two parts. Part 1 addresses the first 

and second research questions posed in section 2.7, namely ñWhat are the patterns of 

performance on each cognitive test?ò and ñWhat are the relationships between 

demographic and life-course predictors and performance on the cognitive tests?ò. Part 2 

addresses the third research question posed in section 2.7, namely ñWhat are the 

relationships between biomarkers and genetic risk factors for AD and performance on 

the cognitive tests?ò. My approach to these analyses is described below in sections 3.5.1 

and 3.5.2, followed by an explanation of the statistical models for the computerised tests 

(section 3.5.3).  

 

All analyses were conducted in Stata v15 (StataCorp, 2017). Results were considered 

statistically significant if the chance of a false positive finding was below 0.05. 

 

3.5.1. Patterns and predictors of performance 

Most of the computerised cognitive tests generate trial-by-trial outcome data (e.g. 

reaction time for each individual response). In order to explore patterns of performance 

in as much detail as possible, these trial-by-trial data were used rather than summary 

scores, and relationships between different task outcomes (e.g. speed and accuracy) 

were explored. 

For analyses investigating the effects of demographic and life-course predictors on 

cognition, all participants were included. The rationale for including all participants (rather 

than excluding those with a major neurological or psychiatric condition) was to be able 

to describe the predictors of cognition in as representative a sample as possible. 

Neurological and psychiatric conditions are not uncommon among older people, and 

their inclusion takes advantage of a key strength of Insight 46: it is a population-based 

sample, likely to be more representative of the general population than most studies in 

ageing and AD research (see section 10.3.1 for a discussion of the representativeness 

of Insight 46 and comparison with other studies). However, as many neurological and 

psychiatric conditions affect cognition, it is important to account for these effects which 

may confound the effects of other predictors (for example, a lifelong condition affecting 

cognition is likely to be associated with lower childhood cognitive ability and educational 

attainment). Therefore, a dichotomous factor coding for the presence of a major 

neurological or psychiatric condition (yes vs. no) was included in all analyses. While the 

different neurological and psychiatric conditions are associated with different profiles of 
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cognitive impairment, it was not appropriate to compare one condition against another 

due to the very small numbers of participants with each condition (see section 3.6). 

Multivariate models were used since I was interested in determining the independent 

effects of each predictor (e.g. the effect of educational attainment accounting for 

childhood cognitive ability and all other predictors). Predictors in the models were sex, 

age at assessment, childhood cognitive ability, education, adult socioeconomic position 

and presence of a neurological or psychiatric condition. (See section 3.2.4 for definitions 

of variables.)  Education was treated as a continuous variable with values of 1 to 5 

corresponding to the five categories defined in section 3.2.4. Similarly, adult 

socioeconomic position was treated as a continuous variable with values of 1 to 6. 

 

3.5.2. Associations with biomarkers and APOE-Ů4 

The second analysis section of each chapter investigates associations between 

cognitive performance and the following biomarkers measures: Aɓ pathology, whole 

brain volume, WMHV and APOE-Ů4. (See sections 2.6 and 3.2.2 for background and 

definitions of these measures). In terms of Aɓ pathology, I chose to focus primarily on 

amyloid status (Aɓ+ vs. Aɓ-), since it identifies those whose Aɓ burden is abnormal and 

is integral to standard criteria for preclinical AD (see section 2.2). However, I also reran 

all analyses using SUVR, the continuous measure of Aɓ burden, instead of dichotomous 

amyloid status, in recognition of the fact that the cut-point for Aɓ+ is arbitrary and sub-

threshold accumulation of Aɓ may have an impact on cognition (see section 2.3.3). To 

check whether associations between SUVR and cognition were sensitive to the inclusion 

of the imputed SUVR values (see section 3.2.2), these analyses were additionally rerun 

excluding the 26 participants with imputed data. 

Participants meeting criteria for major neurological or psychiatric conditions (see section 

3.2.3) were excluded from these analyses, as the aim was to investigate whether the 

cognitive tests may be sensitive to pathology in cognitively-normal individuals. The 

cognitively-normal sub-sample represents a non-demented, non-MCI population free 

from known possible confounding comorbidities, who might be considered eligible for a 

clinical trial targeting preclinical AD.  

Since I was interested in determining the relative contributions of each biomarker to the 

cognitive outcome measures, and I know that they are not necessarily independent, 

multivariate models were used so that the reported effects of each biomarker are 

adjusted for all the others. The models also included the factors tested in the first section 
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(sex, age at assessment, childhood cognitive ability, education and adult socioeconomic 

position).  

 

3.5.2.1. Selection of summary outcome variables 

As the computerised tests are complex with many trials and various different conditions 

and outcomes, I aimed to identify a few summary outcomes for each test that capture 

the key aspects of performance. Reducing the data to a small number of summary 

outcomes is desirable as it allows me to describe associations between biomarkers and 

participantsô overall pattern of performance (as opposed to their trial-by-trial 

performance) and enables key outcomes to be compared across the different cognitive 

tests in the Insight 46 battery in a standardised manner. It is important to be able to 

compare the magnitude of subtle cognitive deficits associated with Aɓ pathology across 

different cognitive tasks and domains, as this may deepen our understanding of the 

nature and timing of cognitive decline associated with accumulation of pathology ï this 

is addressed in Chapter 9. Some of the computerised tests have obvious summary 

outcomes, such as mean RT, but for other tests the most meaningful summary outcome 

depends on the pattern of results across different conditions of the task, such as 

discrepancies in performance between easy and hard conditions. In choosing summary 

outcomes, I prioritised those which showed promise in sensitivity to Aɓ pathology.  

 

3.5.3. Statistical models 

 
3.5.3.1. Computerised cognitive tests 

I reviewed the statistical approaches of previous studies that have used the 

computerised cognitive tests in the Insight 46 battery and discussed the various models 

with Jennifer Nicholas (study statistician) in order to decide on the best approach for 

modelling the outcomes of each test. As each computerised task contains various 

different conditions, there are repeated measures on each participant, so models must 

account for the fact that repeated measures within a participant are likely to be 

correlated.  

Some previous papers on the ñWhat was where?ò and Circle-tracing tasks chose to use 

repeated measures analysis of variance (ANOVA) where each participant was given a 

mean score for each condition and these mean scores were entered into the model (e.g. 

(Pertzov et al., 2012, 2015; Vaportzis et al., 2015b). Other analyses have used 

Generalised Estimating Equations (GEE), which are similar to standard regression but 
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enable repeated measures to be accounted for by specifying an appropriate correlation 

structure (see below), and using robust standard errors to account for the fact that the 

assumed correlation structure may not be entirely accurate (e.g. (Say et al., 2011)). 

Disadvantages of the ANOVA approach are that information is lost by the reduction of 

data to mean scores, particularly information about within-participant variability, and it is 

heavily reliant on the assumption that the outcome is normally distributed. In contrast, 

GEE models allow analysis of the full trial-by-trial data (e.g. reaction times for every 

individual response) and are also more flexible, being able to accommodate different 

distributions of outcome variables, so I chose to adopt a GEE approach. 

For continuous outcomes (e.g. reaction time), GEE linear models were used with an 

exchangeable correlation structure, which assumes that each response is equally likely 

to be correlated with each other response within-subject. For continuous outcomes with 

skewed distributions, appropriate transformations were first applied so that the data more 

closely approximated the normal distribution (e.g. log-transformation of reaction time 

data). For dichotomous outcomes (e.g. correct vs. incorrect response), GEE logistic 

models were used with an independent correlation structure. The GEE method accounts 

for the fact that the assumption of this correlation structure is likely to be violated (as 

repeated responses within-participant are likely to be correlated rather than totally 

independent) by estimating the within-participant correlations and using this to calculate 

adjusted estimates of the p values and confidence intervals.  

 
3.5.3.2. Paper-and-pencil cognitive tests and summary scores 

For analyses of the paper-and-pencil tests or the summary outcome variables from the 

computerised tests (see section 3.5.2.1), each participant had a single score, so 

repeated measures were not an issue. Where the distribution of these scores 

approximated to the normal distribution, linear regression was performed. Examination 

of residuals was performed to check model fits. For outcomes with skewed distributions, 

appropriate transformations were considered (e.g. log-transformation or square-root 

transformation). For outcomes where a transformation was not appropriate but skew was 

still a concern, bootstrapping was used to produce bias-corrected and accelerated 95% 

confidence intervals from 2000 replications. For outcomes that were derived from 

multiple binary responses (e.g. percentage of correct responses across a task where 

each response was either correct or incorrect), GEE logistic regression was performed 

as above.  
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3.5.3.3. Consideration of correction for multiple comparisons and 

multicollinearity of predictors 

Although each model contained several predictors (e.g. sex, education, amyloid status), 

corrections for multiple comparisons were not applied. This was felt to be appropriate 

because my analyses were testing specific hypotheses about the effects of each 

predictor based on the literature, with the purpose of replicating and extending previous 

findings. The assumption underlying the practice of correcting for multiple comparisons 

is that the first explanation for non-null findings is chance, which may lead to errors of 

interpretation (Rothman, 1990). Correction for multiple comparisons is appropriate in 

scenarios where the result will be used to justify a decision with significant impact (e.g. 

in a clinical trial with multiple primary outcome measures where a drug may be licensed 

based on a positive effect on any one outcome measure) or when a large exploratory 

analysis is conducted without prior hypotheses (e.g. a genome-wide association study 

where thousands of genes are compared and it is statistically likely that numerous false 

positives would be detected). Where significant results are detected in this thesis, they 

are interpreted cautiously with reference to previous literature.  

Models were not checked for multicollinearity through variance inflation factors, but this 

was not felt to be a concern as correlations between the predictors were modest at most. 

For example, Spearmanôs correlations between childhood cognitive ability, education 

and adult socioeconomic position are as follows: childhood cognitive ability and 

education ɟ = 0.50, p < 0.0001; education and adult socioeconomic position ɟ = 0.51, 

p < 0.0001; childhood cognitive ability and adult socioeconomic position ɟ = 0.29, 

p < 0.0001. 

 

3.6. Participant Characteristics 

Forty-nine out of 502 participants met criteria for a neurological or psychiatric condition 

(see section 3.2.3), leaving 453 participants classified as cognitively-normal. Prevalence 

of each neurological or psychiatric condition is shown in Table 3-6. 
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Table 3-6. Numbers of Insight 46 participants with different neurological and 
psychiatric conditions 

Disorder N 

Dementia 3 

Parkinsonôs disease or other neurodegenerative disorder 5 

Psychiatric disorder requiring anti-psychotic medication 2 

Depression requiring electroconvulsive shock therapy 2 

Epilepsy requiring active treatment 7 

Traumatic brain injury or major neurosurgery 2 

Multiple sclerosis 3 

Cortical stroke 18 

Brain malignancy 1 

Mild cognitive impairment (MCI) 11 

 

Note: although 49 participants met criteria for neurological or psychiatric conditions, the 
numbers in this table add up to 54 because some participants had more than one condition. 

 

As detailed in Figure 3-1, 445 participants had complete biomarker data. Of these, 406 

were classified as cognitively-normal. Of these, 18.3% were classified as Aɓ+, which is 

around the expected prevalence for this age (Jansen et al., 2015). 

Table 3-7 shows the participant characteristics for the full sample (n = 502, used for the 

first section of analyses in Chapters 4 to 8) and the sub-sample of cognitively-normal 

participants with complete biomarker data, stratified by amyloid status (n = 406, used for 

the second section of analyses in Chapters 4 to 8). 

Chi-square, t-tests and rank-sum tests were used as appropriate to test whether the Aɓ+ 

and Aɓ- groups differed in their characteristics. As expected, Aɓ+ were more likely to be 

APOE-Ů4 carriers (ɢ2 = 41.6, p < 0.0001) but there was no evidence of statistically 

significant differences in any other characteristics (sex: ɢ2 = 0.52, p = 0.47; age at 

assessment: t = 0.33, p = 0.74; education: z = 0.73, p = 0.47; childhood cognitive ability: 

t = -0.35, p = 0.72; adult socioeconomic position: z = -1.31, p = 0.19; WMHV: z = -0.68, 

p = 0.50, whole brain volume: t = -0.61, p = 0.54).   
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Table 3-7. Participant characteristics  

 
All participants 

Cognitively-normal a participants 
with complete biomarker data 

 Aɓ+ Aɓ- 

N 502 74 332 

Sex: % female 49 46 51 

Age at assessment:  
mean, SD, (range) 

70.7, 0.68 
(69.2 to 71.8) 

70.6, 0.66 
(69.4 to 71.8) 

70.6, 0.70 
(69.2 to 71.8) 

Educational attainment: %    

None 15.5 17.6 15.4 

Below O-levels (vocational)  5.2 6.8 4.2 

O-levels or equivalent 24.9 25.7 26.2 

A-levels or equivalent 35.7 32.4 35.2 

Degree or equivalent 18.7 17.6 19.0 

Childhood cognitive ability 
(z-score) b :  
mean, SD, (range) 

0.39, 0.74 
(-1.60 to 2.50) 

0.44, 0.74 
(-1.37, 2.50) 

0.41, 0.74 
(-1.59 to 2.47) 

Adult SEP: %    

Unskilled 1.0 1.4 0.6 

Partly skilled 4.8 2.7 5.4 

Skilled manual 9.4 9.5 9.3 

Skilled non-manual 21.3 16.2 22.0 

Intermediate 52.2 55.4 51.8 

Professional 11.4 14.9 10.8 

SUVR: median, IQR, (range) 0.55, 0.51 to 0.58 
(0.45 to 0.87) c 

0.67, 0.64 to 0.71 
(0.61 to 0.87) 

0.53, 0.51 to 0.56 
(0.47 to 0.61) 

WMHV (ml):  
median, IQR, (range) 

3.1, 1.6 to 6.8 
(0.3 to 33.7) d 

3.3, 1.8 to 6.8 
(0.3 to 33.7) 

2.9, 1.5 to 6.4 
(0.3 to 32.8) 

Whole brain volume (ml): 
mean, SD, (range) 

1100, 99 
(819 to 1494) e 

1118, 103 
(819 to 1326) 

1098, 97 
(860 to 1494) 

APOE genotype: % 
f g   

Ů4-carriers 29.6 60.8 22.9 

non-carriers 70.4 39.1 77.1 
 

a Defined as the absence of major neurological or psychiatric conditions (see section 3.2.3); b Z-scores for 
childhood cognitive ability were based on the full NSHD cohort of N=5362, so the mean for Insight 46 
participants indicates that they had higher childhood cognitive ability on average than their peers not 
recruited to this sub-study. c n=462 due to missing data; d n=455 due to missing data; e n=468 due to missing 
data; f n=500 due to missing data. g The full breakdown of APOE genotypes was as follows: 14% Ů2/Ů3, 2% 
Ů2/Ů4, 56% Ů3/Ů3, 25% Ů3/Ů4, 3% Ů4/Ů4.  

Aɓ = ɓ-amyloid; IQR = interquartile range; SD = standard deviation; SEP = socioeconomic position; SUVR 
= standard uptake volume ratio. WMHV = white matter hyperintensity volume.  
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4. STANDARD COGNITIVE TESTS 

 

This chapter focuses on the paper-and-pencil cognitive tests within the Insight 46 

cognitive battery. A paper based on this chapter has been accepted for publication in 

Neurology (Lu et al., 2019). 

 

4.1. Introduction 

 

Emerging evidence that subtle cognitive decline begins in the preclinical phase of AD 

has led to efforts to develop sensitive cognitive measures to detect and track this decline. 

One such measure is the Preclinical Alzheimer Cognitive Composite (PACC), composed 

of four cognitive tests which measure global cognition, episodic memory and executive 

function (Donohue et al., 2014). It is the primary outcome measure in the A4 trial 

(Donohue et al., 2014), the first clinical trial in Aɓ+ cognitively-normal older adults. 

Several variations of the PACC have been tested (Sperling et al., 2014; Lim, Snyder, et 

al., 2016; Donohue, Sperling, et al., 2017; Donohue, Sun, et al., 2017; Mormino et al., 

2017; Papp et al., 2017; Merluzzi et al., 2019) and a revised version is under 

development (Hassenstab et al., 2017). The standard cognitive tests included in the 

Insight 46 battery (see section 3.2.1) were chosen to allow computation of the PACC, 

complemented by a test of non-verbal reasoning (WASI Matrix Reasoning) that was 

chosen for its similarity to aspects of the cognitive tests completed in childhood. 

Cognitively-normal Aɓ+ older adults have shown faster decline on the PACC than Aɓ- 

individuals, over intervals of around 3 years (Donohue, Sperling, et al., 2017; Mormino 

et al., 2017). However there are mixed results when comparing Aɓ groups at baseline, 

with some studies finding lower PACC scores in Aɓ+ participants (Donohue, Sperling, et 

al., 2017) but some finding no difference (Donohue et al., 2014; Burnham et al., 2016; 

Soldan et al., 2016; Buckley et al., 2017; Mormino et al., 2017; Rabin et al., 2018). One 

reason for this could be that cross-sectional analyses struggle to account for the wide 

variation that exists between individuals in terms of their overall cognitive abilities 

(beyond adjusting for age, sex and educational attainment), whereas longitudinal 

analyses account for this variation by effectively using each participant as their own 

control. The better we can account for predictable variation between individuals at 

baseline, the greater the likelihood that outcomes such as the PACC will be sensitive 

enough to detect differences in cognition associated with preclinical disease pathology, 

if such differences exist.  
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Insight 46 is uniquely placed to address this, since data are available on participantsô 

cognition since childhood. While it is well-established that higher educational attainment 

is associated with better performance on most cognitive tests in older age (Weintraub et 

al., 2009; Shirk et al., 2011; Gaertner et al., 2018; Jansen et al., 2018), the life-course 

determinants of performance on the PACC are unknown, and the effects of childhood 

cognitive ability and adult socioeconomic position on PACC score have never been 

investigated before. 

There is also a need to understand more about possible sex differences on the PACC. 

As discussed in section 2.4.1, women are at greater risk of AD (although this may be 

explained by greater longevity) but the relevance of sex differences to the detection of 

subtle cognitive decline in preclinical AD is unclear. There is consistent evidence that 

women tend to perform slightly better than men on the Digit-Symbol Substitution test of 

processing speed included within the PACC (Royer, 1978; Roivainen, 2011; Gaertner et 

al., 2018) as well as on tests of verbal memory (Andreano and Cahill, 2009). Normative 

data for over 3000 cognitively-normal older adults reported an advantage for women on 

three of the four sub-tests included within the PACC (Digit-Symbol Substitution, Mini 

Mental State Examination, and Logical Memory story recall ï see section 4.2.1 below for 

description of sub-tests), although the authors concluded that the differences are small 

and may not have clinical relevance (Weintraub et al., 2009). 

Consistent with the approach outlined in section 3.5, I aimed first to characterise the 

performance of Insight 46 participants on the paper-and-pencil cognitive tests including 

the PACC with respect to sex, childhood cognitive ability, education and adult 

socioeconomic position. I then explored whether cognitive performance was influenced 

by amyloid status, whole brain volume, white matter hyperintensity volume (WMHV), and 

genetic risk for AD (APOE-Ů4).  

 

4.2. Methods 

 

4.2.1. Stimuli and Procedure 

 

The original PACC (Donohue et al., 2014) is composed of four cognitive tests ï the Mini 

Mental State Examination (MMSE) (Folstein, Folstein and McHugh, 1975), Logical 

Memory IIa from the Wechsler Memory Scale Logical Memory (Wechsler, 1987), Digit-

Symbol Substitution test from the Wechsler Adult Intelligence Scale-Revised (Wechsler, 

1981), and the Free and Cued Selective Reminding Test (FCSRT) (Grober et al., 2008). 
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We replaced the FCSRT with the 12-item Face-Name test (FNAME-12) (Papp et al., 

2014), to avoid potential overlap with a similar word-learning memory test administered 

to the NSHD cohort at multiple time-points throughout adulthood (Rawle et al., 2018). 

FNAME-12 is similar to FCSRT in terms of being an episodic memory test of immediate 

and delayed recall, is moderately correlated with FCSRT free recall scores (Papp et al., 

2014) and is also relatively challenging for cognitively-normal populations. Two previous 

studies have reported that FNAME is sensitive to Aɓ deposition (Rentz et al., 2011; 

Sanabria et al., 2018). 

Participants also completed the Matrix Reasoning test from the Wechsler Abbreviated 

Scale of Intelligence (Wechsler, 1999) ï a measure that was chosen for its similarity to 

aspects of the cognitive tests completed in childhood. 

The MMSE is a 30-point composite screening tool for cognitive impairment which is 

widely used within clinical practice. 

Digit-Symbol Substitution is an index of executive function and psychomotor speed. 

The score is the number of items completed correctly within 90 seconds. 

Logical Memory IIa assesses free recall of a short story, which the participant is asked 

to recall immediately and after a delay of approximately 20 minutes. The exact delay 

duration is recorded so that it can be accounted for in analyses, as it may affect 

performance (Montgomery et al., 2017). 

The Face-Name test (FNAME-12) assesses associative memory for face-name and 

face-occupation pairs. Two versions exist: FNAME-12A and FNAME12-B. This study 

used FNAME-12A. Participants are shown 12 unfamiliar face-name and face-occupation 

pairs (e.g. ñSarah, Reporterò), with 8 seconds to study each one. They are then 

presented with each face and asked to recall the associated name and occupation. This 

process is repeated with a second learning phase and a second recall test. After a ~10-

minute delay they are again shown each face and asked to recall the names and 

occupations (the third recall test). After a ~30-minute delay participants are shown 12 

sets of three faces and asked to identify each previously learned face from the two 

distractors (facial recognition) and to recall the name and occupation (the fourth recall 

test). If they cannot recall the name and/or occupation, they are asked to select the 

correct answer from three options comprising: the correct answer, a distractor (a 

name/occupation that belongs with a different face in the set), and a name/occupation 

that did not feature in the set. The summary outcomes are FN-N (total names recalled, 

max. 48), FN-O (total occupations recalled, max. 48) and FNAME-total (FN-N + FN-O, 

max. 96) ï these outcomes are based on the four recall tests. Precise administration 
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times were recorded for a sample of 50 participants to check that the delay times 

conformed to expectations: the mean delay times were 10.0 mins and 35.5 mins.  

The Matrix Reasoning test assesses non-verbal reasoning, an aspect of fluid 

intelligence. Participants are shown a matrix of geometric shapes and are required to 

select the missing piece from five options. There are 32 matrices, graded in difficulty, 

and the test is discontinued when participants make four consecutive errors (or four 

errors within five consecutive items), as specified in the manual (Wechsler, 1999). 

The four components of our version of the PACC were: MMSE total score, Logical 

Memory delayed recall score, Digit-Symbol Substitution score and FNAME-total. 

Following the method described in previous studies (Lim, Snyder, et al., 2016; Buckley 

et al., 2017; Mormino et al., 2017; Papp et al., 2017; Rabin et al., 2018), the four 

components were converted into z-scores based on the full Insight 46 sample, and then 

averaged. A higher PACC score indicates better performance. Two participants did not 

complete the FNAME test and one did not complete the Digit-Symbol Substitution test 

(see section 3.3). For these three participants, their PACC score was the average of the 

z-scores for the three tests they completed. This is consistent with a previous study which 

required at least 2 out of the 4 components to be present (Soldan et al., 2016). Excluding 

these three people did not change any of the results. 

 

4.2.2. Participants 

 

Out of 502 participants, 499 completed all cognitive tests and three were missing one 

test score as mentioned above (see section 3.3 for reasons for missing data). Participant 

characteristics are reported in section 3.6.  

 

 

4.3. Patterns and predictors of performance  

 

4.3.1. Statistical Analyses 

 

To investigate the relationship between cognitive outcomes and demographic factors, all 

participants were included (n=502), as explained in section 3.5. Raw scores from each 

cognitive test were standardised to z-scores based on the full Insight 46 sample to allow 
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comparison of effect sizes across different cognitive tests. Multivariable linear regression 

models were run where the outcome was the z-score on a particular cognitive test and 

the predictors were sex, age at assessment, childhood cognitive ability, education, adult 

socioeconomic position and presence of a neurological or psychiatric condition (including 

MCI). For outcomes with skewed distributions (MMSE and Matrix Reasoning), 

bootstrapping was used to produce bias-corrected and accelerated 95% CIs from 2000 

replications. For the Logical Memory delayed recall score, the model contained an 

additional factor of delay duration (time elapsed between the immediate and delayed 

recall). Mean delay duration was 24.6 minutes (SD = 4.66) and there was no evidence 

that this was associated with performance (regression coefficient = -0.006, 95% CIs -

0.024 to 0.012, p = 0.53), but it was included in the models as per standard practice. 

 

4.3.2. Results  

 

Descriptive statistics for each test are given in Table 4-1.  

On average, Insight 46 participants performed at the expected level for their age on the 

MMSE, Digit Symbol and Logical Memory tests, according to normative data (Shirk et 

al., 2011). On the Matrix Reasoning test, their performance (mean = 24) was above the 

expected level based on normative data (sample mean for 70- to 74-year-olds is 16 

(Wechsler, 1999)) but comparable to a sample of healthy older adults recruited by 

Washington University (mean = 24 (Emery, Hale and Myerson, 2008)). To date, only two 

studies have published FNAME-12 data (Papp et al., 2014; Kormas et al., 2018) and 

Insight 46 means are higher than these. 
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Table 4-1. Descriptive statistics for the standard cognitive tests 

 

a n=501 due to missing data. b n=500 due to missing data.  

FN-N = names recalled; FN-O = occupations recalled; PACC = Preclinical Alzheimer Cognitive 
Composite

 
mean SD median range 

MMSE (max. 30) 29.3 1.0 30 22, 30 

Matrix Reasoning (max. 32) 24.0 4.9 25 4, 32 

Digit-Symbol a (max. 93) 47.6 10.4 48 19, 82 

Logical Memory: Immediate (max. 25) 12.8 3.5 13 4, 22 

                               Delayed (max. 25) 11.5 3.7 12 0, 23 

FNAME-12 b: FN-N (max. 48) 27.0 11.7 28 0, 47 

                      FN-O (max. 48) 38.2 8.0 40 1, 48 

                      Total (max. 96) 65.3 18.3 67 3, 95 

                      Facial Recognition (max. 12) 12.0 0.2 12 9, 12 

                      Names recognition (max. 12) 10.3 1.8 11 3, 12 

                      Occupations recognition 
                      (max. 12) 

11.6 0.9 12 4, 12 

PACC (mean of z-scores) -0.00 0.73 0.07 -3.49, 1.72 
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Results of the multivariable regression models exploring associations with demographic 

and life-course predictors are reported in Table 4-2. On average, participants with 

neurological or psychiatric conditions (including MCI) scored significantly lower on all 

tests (Table 4-2). The analyses were rerun excluding the participants with MCI to check 

that these differences could not be explained by circularity in the definition of MCI (since 

low scores on the Logical Memory or Digit-Symbol Substitution tests formed part of the 

MCI criteria); the results were unchanged except that the differences were no longer 

statistically significant on MMSE and Matrix Reasoning. 

Females scored significantly higher than males on all measures except Matrix Reasoning 

(Table 4-2); the greatest difference was on the FNAME-12, particularly in recalling 

names.  

As expected across this narrow age range (2.6 years ï reflecting the time it took to collect 

the data, since participants were all born in the same week) there was no evidence of 

age effects on cognition, except on the Matrix Reasoning test where older age was 

associated with slightly poorer performance (Table 4-2).  

Higher childhood cognitive ability was associated with better performance on every 

cognitive outcome (Table 4-2, Figure 4-1). Higher educational attainment and higher 

adult socioeconomic position were independently positively associated with the majority 

of cognitive outcome measures, including the PACC. Higher educational attainment 

showed a notable positive association with the Matrix Reasoning task. 

All these effects were maintained when excluding participants with neurological or 

psychiatric conditions, except that the following two associations were directionally but 

no longer statistically significant: Logical Memory Delayed and adult socioeconomic 

position (p=0.073); FNAME FN-O and education (p=0.12).  
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Table 4-2. Associations between demographic and life-course predictors and performance on the standard cognitive tests (n = 502) 
 

 

Units are in z-scores. Coefficients in bold are significant at p < 0.05 and asterisks indicate significance at p < 0.01. Multivariable regression models were used so each 
association is independent of all others. R-squared gives the proportion of variance in each cognitive outcome that is explained by the combined predictors. Logical 
Memory Delayed score was additionally adjusted for time elapsed between the immediate and delayed recall. a see section 3.2.4 for definitions of categories;  b 
cognitively-normal as reference category (see section 3.2.3 for definitions). c n=501 due to missing data. d n=500 due to missing data. FN-N = names recalled. FN-O 
= occupations recalled. MMSE = Mini Mental State Examination. PACC = Preclinical Alzheimerôs Cognitive Composite. SEP = socioeconomic position

Cognitive test 

Coefficients and 95% confidence intervals for each predictor variable 

R2 
Sex (female as 

reference) 
Age at assessment 

(per year) 
Education 

(per category) a 
Adult SEP 

(per category) a 
Childhood cognitive 
ability (per z-score) 

Neurological or 
psychiatric condition b 

MMSE  -0.19 
-0.35, -0.01 

-0.11 
-0.25, 0.01 

0.15* 
0.07, 0.24 

0.02 
-0.08, 0.11 

0.17 
0.05, 0.31 

-0.50 
-1.15, -0.12 

0.12 

Matrix Reasoning  -0.14 
-0.31, 0.03 

-0.17* 
-0.28, -0.05 

0.23* 
0.15, 0.31 

0.12* 
0.03, 0.21 

0.14* 
0.03, 0.26 

-0.32 
-0.65, -0.05 

0.21 

Digit-Symbol c -0.35* 
-0.51, -0.19 

-0.07 
-0.19, 0.04 

0.16* 
0.09, 0.24 

0.05 
-0.05, 0.13 

0.24* 
0.11, 0.36 

-0.70* 
-0.97, -0.43 

0.20 

Logical Memory 
Immediate  

-0.42* 
-0.59, -0.26 

-0.01 
-0.13, 0.11 

0.09 
0.01, 0.17 

0.06 
-0.03, 0.15 

0.29* 
0.16, 0.41 

-0.40 
-0.67, -0.12 

0.16 

Logical Memory 
Delayed  

-0.47* 
-0.64, -0.31 

0.02 
-0.09, 0.14 

0.05 
-0.03, 0.13 

0.09 
0.00, 0.18 

0.31* 
0.18, 0.44 

-0.59* 
-0.86, -0.32 

0.19 

FNAME-12 FN-N d  -0.55* 
-0.71, -0.40 

-0.01 
-0.12, 0.10 

0.08 
0.00, 0.15 

0.12* 
0.04, 0.21 

0.35* 
0.23, 0.47 

-0.47* 
-0.74, -0.21 

0.24 

FNAME-12 FN-O d  -0.42* 
-0.58 -0.26 

-0.08 
-0.19, 0.03 

0.09 
0.01, 0.16 

0.19* 
0.10, 0.28 

0.27* 
0.15, 0.40 

-0.52* 
-0.79, -0.26 

0.22 

FNAME-12 Total d -0.54* 
-0.69, -0.398 

-0.04 
-0.15, 0.07 

0.09 
0.01, 0.16 

0.16* 
0.08, 0.25 

0.34* 
0.22, 0.46 

-0.53* 
-0.79, -0.27 

0.26 

PACC  -0.39* 
-0.50, -0.28 

-0.05 
-0.13, 0.02 

0.11* 
0.06, 0.16 

0.08* 
0.02, 0.14 

0.26* 
0.18, 0.35 

-0.60* 
-0.78, -0.43 

0.34 
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Figure 4-1. Preclinical Alzheimer Cognitive Composite (PACC) score against 
childhood cognitive ability   

Scatter plot shows the raw data, colour-coded by clinical group. Alzheimerôs disease dementia is 
distinguished from other neurological or psychiatric conditions for interest. The blue line is the line 
of best fit from the multivariable regression model (adjusted for sex, age at assessment, 
education, adult socioeconomic position and presence of neurological or psychiatric conditions), 
and the navy lines are its 95% confidence intervals. For an explanation of the childhood cognitive 
ability variable, see section 3.2.4. 

 

 

4.4. Associations with biomarkers and APOE-Ů4  

 

4.4.1. Statistical Analyses 

 

Following the format laid out in 3.5, the second part of this chapter aims to investigate 

associations between performance on the standard cognitive tests and biomarkers of AD 

in cognitively-normal participants for whom complete biomarker data are available. The 

number of participants meeting these criteria was 406 (see section 3.3). 

The z-score on a particular cognitive test was the outcome and amyloid status, whole 

brain volume, WMHV and APOE genotype were included as predictors in multivariable 

regression models to examine the effects of each biomarker adjusted for all the others. 
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To adjust for the correlation between whole brain volume and head size, total intracranial 

volume was included in all models, as were the demographic and life-course factors 

investigated in the first analysis (sex, age at assessment, childhood cognitive ability, 

education and adult socioeconomic position). Interactions were investigated between 

amyloid status and brain volume, and amyloid status and WMHV. 

The models were additionally rerun replacing dichotomised amyloid status with a 

continuous measure of Aɓ (SUVR) to test whether increasing Aɓ deposition was 

associated with differences in performance. To check whether associations between 

SUVR and cognition were sensitive to the inclusion of the imputed SUVR values (see 

section 3.2.2), the analyses were rerun excluding the 26 participants with imputed data. 

 

4.4.2. Results  

 

Results of the multivariable regression models are reported in Table 4-3. Results for 

the demographic and life-course factors (sex, age at assessment, childhood cognitive 

ability, education and adult socioeconomic position) are not reported as they are 

essentially unchanged from the first analysis section (4.3.2).    

On average, Aɓ+ participants scored lower than Aɓ- participants on every cognitive 

measure (Table 4-3, Figure 4-2). The unadjusted differences were only statistically 

significant for the MMSE and Matrix Reasoning (Figure 4-2A), but in the multivariable 

model adjusting for demographic, life-course and biomarker factors, the differences were 

also statistically significant for Logical Memory immediate recall and PACC (Figure 4-2B, 

Table 4-3). 

Replacing dichotomised amyloid status with the continuous SUVR revealed weak 

associations between higher SUVR and poorer performance on MMSE (regression 

coefficient -1.21, 95% CIs -2.39 to -0.10), Logical Memory immediate recall (regression 

coefficient -1.87, 95% CIs -3.22 to -0.52) and PACC (regression coefficient -1.09, 95% 

CIs -1.90 to -0.29). Similar trends were observed on the other tests but did not reach 

statistical significance. These results were unchanged when the analyses were rerun 

excluding the 26 participants with imputed SUVR data. 

The only outcome which showed an association with whole brain volume was Digit-

Symbol Substitution, where larger whole brain volume was associated with better 

performance (Table 4-3). 

Digit-Symbol Substitution and PACC showed associations with WMHV, where higher 

WMHV was associated with poorer performance (Table 4-3). 
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On average, APOE-Ů4 carriers performed better than non-carriers on Logical Memory 

immediate recall (after adjustment for the detrimental effect of Aɓ and all other 

confounders). There was a trend in the same direction on Logical Memory Delayed recall 

(p = 0.06) (Table 4-3).  

There was no evidence of interactions between amyloid status and whole brain volume, 

or amyloid status and WMHV. 
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Table 4-3. Associations between biomarkers and performance on the standard cognitive tests in cognitively-normal participants (n=406)    

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Multivariable regression models were used so each association is independent of all others. In addition to the predictors listed, models also included total intracranial volume, 
sex, age at assessment, childhood cognitive ability, education and adult socioeconomic position. Logical Memory Delayed score was additionally adjusted for time elapsed 
between the immediate and delayed recall.  
 

All units are in z-scores. Coefficients in bold are significant at p < 0.05 and asterisks indicate significance at p < 0.01. R-squared gives the proportion of variance in each 
cognitive outcome that is explained by the combined predictors. a N=405 due to missing data. Aɓ- = ɓ-amyloid negative; FN-N = names recalled; FN-O = occupations recalled; 
MMSE = Mini Mental State Examination; PACC = Preclinical Alzheimer Cognitive Composite; WMHV = white matter hyperintensity volume.

Cognitive Test 
Coefficients and 95% confidence intervals for each predictor variable 

R2 
Amyloid status 
(Aɓ- as reference) 

WMHV (per 10 cm3) 
Whole Brain Volume 

(per 10 cm3) 
APOE-Ů4 (non-carrier 

as reference) 

MMSE 
-0.24 

-0.46, -0.05 
-0.00 

-0.21, 0.14 
-0.01 

-0.03, 0.01 
0.10 

-0.06, 0.29 
0.14 

Digit-Symbol 
-0.17 

-0.41, 0.06 
-0.21* 

-0.37, -0.06 
0.05* 

0.03, 0.07 
-0.01 

-0.21, 0.19 
0.21 

Logical Memory 
Immediate 

-0.30 
-0.54, -0.05 

-0.10 
-0.26, 0.06 

-0.01 
-0.03, 0.01 

0.22 
0.02, 0.43 

0.16 

Logical Memory 
Delayed 

-0.19 
-0.43, 0.05 

-0.12 
-0.28, 0.04 

-0.01 
-0.03, 0.01 

0.19 
-0.01, 0.40 

0.17 

FNAME FN-N a 
-0.05 

-0.28, 0.19 
-0.06 

-0.22, 0.09 
0.01 

-0.01, 0.03 
-0.06 

-0.25, 0.14 
0.21 

FNAME FN-O a 
-0.16 

-0.38, 0.07 
-0.10 

-0.25, 0.05 
0.00 

-0.01, 0.02 
0.13 

-0.06, 0.32 
0.21 

FNAME-total a 
-0.10 

-0.33, 0.13 
-0.09 

-0.24, 0.07 
0.01 

-0.01, 0.02 
0.02 

-0.17, 0.21 
0.23 

PACC 
-0.17 

-0.32, -0.03 
-0.10 

-0.20, -0.01 
0.01 

-0.01, 0.02 
0.08 

-0.05, 0.20 
0.34 

Matrix Reasoning 
-0.40* 

-0.69, -0.15 
-0.02 

-0.19, 0.12 
0.01 

-0.01, 0.03 
0.13 

-0.09, 0.35 
0.23 
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Figure 4-2. Performance of ɓ-amyloid positive and ɓ-amyloid negative individuals 
on the standard cognitive tests: means and 95% confidence intervals 

A = unadjusted means; B = adjusted means predicted from the multivariable regression models 
(adjusted for age at assessment, sex, childhood cognitive ability, education, adult socioeconomic 
position, whole brain volume, total intracranial volume, white matter hyperintensity volume and 
APOE genotype). Asterisks indicate statistically significant differences (p < 0.05). 
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4.5. Discussion 

 

4.5.1. Summary 

 

In this large population-based sample of older adults of approximately the same age, I 

investigated predictors of performance on a range of cognitive measures including the 

Preclinical Alzheimer Cognitive Composite (PACC). The key findings are that childhood 

cognitive ability was strongly associated with all cognitive scores, significant sex 

differences in cognition were observed, and Aɓ positivity and white matter hyperintensity 

volumes (WMHV) were associated with lower PACC scores among cognitively-normal 

participants. These results are discussed in the following sub-sections. For a discussion 

of strengths and limitations that apply to all the analyses presented in this thesis, such 

as considerations relating to the generalisability of the sample, see Chapter 10. 

 

4.5.2. Demographic and life-course predictors 

 

4.5.2.1. Associations with childhood cognitive ability, education and adult 

socioeconomic position  

Childhood cognitive ability was consistently an important predictor with a notable effect 

on every cognitive outcome. My finding that educational attainment and adult 

socioeconomic position were associated with many cognitive outcomes, independent of 

childhood cognition, is consistent with previous NSHD analyses which have shown that 

these factors are only moderately correlated and all have direct and indirect influences 

on cognition across the life-course ((Richards and Sacker, 2003; Richards et al., 2019) 

ï see section 2.4.2). It is also consistent with evidence that education and occupational 

attainment may have protective effects on later life cognition (Stern, 2012). This is 

discussed in more detail in Chapter 10, as similar effects were found on other cognitive 

tests that feature in later chapters. 

 

4.5.2.2. Sex differences 

The finding of an advantage for women on the sub-tests of the PACC is consistent with 

previous studies (Weintraub et al., 2009; Shirk et al., 2011; Gaertner et al., 2018; Jansen 

et al., 2018). The effect size of sex on PACC score was large enough to be potentially 

clinically meaningful (0.4 SD), suggesting that accounting for sex differences on the 
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PACC may be important. As the FNAME test was the component where females had the 

greatest advantage, versions of the PACC which include a different memory test may be 

less susceptible to sex differences. However, sex differences have also been reported 

on the FCSRT (the test used in the original PACC, which we replaced with FNAME) 

(Mura et al., 2017). Sex differences are discussed further in Chapter 10. 

 

4.5.2.3. Associations with age 

The interpretation of the association observed between older age at assessment and 

lower Matrix Reasoning score is unclear. While scores on this test are known to decline 

with age (Wechsler, 1999; Bugg et al., 2006; Emery, Hale and Myerson, 2008), the effect 

size of the association in Insight 46 (-0.17 z-score units) equates to -0.83 points on the 

test per year, which is incompatible with the much lower rate of decline across adulthood 

reported by others (Wechsler, 1999; Emery, Hale and Myerson, 2008). I considered the 

possibility that associations between age and cognition in Insight 46 could be explained 

by recruitment bias ï this is discussed in Chapter 10.  

 

4.5.3. Associations with biomarkers and APOE-Ů4 

 

In cognitively-normal participants (i.e. excluding those who fulfilled dementia or MCI 

criteria and those with another neurological or psychiatric condition), Aɓ positivity was 

associated with poorer performance on the PACC. Statistically significant differences 

were also observed on several individual tests assessing a range of cognitive domains: 

memory (Logical Memory Immediate), non-verbal reasoning (Matrix Reasoning), and a 

global measure of cognitive state (MMSE). Previous studies have tended not to find a 

difference in PACC score between Aɓ+ and Aɓ- individuals at baseline, with differences 

only emerging after longitudinal assessment (Donohue et al., 2014; Burnham et al., 

2016; Soldan et al., 2016; Buckley et al., 2017; Mormino et al., 2017; Rabin et al., 2018), 

although a difference at baseline has been reported before in a sample where the Aɓ+ 

group were slightly older and less educated than the Aɓ- group (Donohue, Sperling, et 

al., 2017). These results add to accumulating evidence for subtle cognitive differences 

associated with Aɓ deposition, even at an age when those who are destined to develop 

dementia are still likely to be many years from symptoms (Prince et al., 2014). 

In cognitively-normal participants with a generally low burden of white matter disease, I 

also found an independent association between WMHV and PACC score which, to my 

knowledge, has not been reported before. This suggests that the PACC may be a 
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sensitive, rather than a specific, marker of cerebral pathology ï an important 

consideration for clinical trials.  

Controlling for childhood cognitive ability, education and adult socioeconomic position, 

as well as other brain pathologies and APOE genotype, enabled detection of a difference 

in PACC score between Aɓ+ and Aɓ- participants, whereas the unadjusted group 

difference was not statistically significant. This may be partially explained by negative 

confounding effects, whereby one or more factors that predicted higher PACC score also 

had weak positive associations with Aɓ positivity. This was indeed the case for childhood 

cognitive ability and adult socioeconomic position, which were slightly higher in Aɓ+ 

individuals (although differences were not statistically significant). Such differences may 

well be due to chance but can suppress the association between Aɓ and cognition when 

not adjusted for. Another factor may have been that adjustment for these variables 

reduced the unexplained residual variance in PACC score, thus increasing the ability to 

detect smaller differences between the groups. Combined together, the demographic, 

life-course and biomarker factors accounted for one third of the variance in PACC score 

among cognitively-normal participants. 

Fluid intelligence measures themselves are not usually considered candidates for 

detecting subtle cognitive decline in preclinical AD, so my finding that Aɓ positivity was 

associated with poorer performance on the Matrix Reasoning test, to a greater degree 

than the PACC, (accounting for childhood cognitive ability etc.) is interesting. It is 

consistent with evidence that non-verbal IQ declines early in presymptomatic FAD 

mutation carriers (Fox et al., 1998). As a high-level test involving multiple domains 

(including visuoperceptual, working memory, and executive function), Matrix Reasoning 

is rather different to the tests comprising the PACC, and its potential as a marker of 

cognitive decline merits further investigation.  

The Digit-Symbol test was the single test most sensitive to overall brain health, showing 

associations with WMHV and whole brain volume in cognitively-normal participants, and 

being the task on which participants with neurological or psychiatric conditions were most 

disadvantaged. Negative effects of WMHV on processing speed are well established, 

consistent with subcortical damage (Gunning-Dixon and Raz, 2000; Oosterman et al., 

2004; Prins et al., 2005; van Dijk et al., 2008; Prins and Scheltens, 2015). The Digit-

Symbol task may be particularly sensitive to brain pathologies because good 

performance on this task requires multiple cognitive functions, including visuomotor 

skills, executive functioning, working memory and attention, hence people with an 

impairment in any one of these areas might perform badly (Jaeger, 2018). The fact that 

the Digit-Symbol task is timed may also contribute to its sensitivity at detecting small 

differences in performance. 
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The finding that APOE-Ů4 carriers showed evidence of better short-term memory on the 

Logical Memory immediate recall test ï a measure on which Aɓ positivity was associated 

with poorer performance ï is consistent with the model of antagonistic pleiotropy 

discussed in section 2.6.1, whereby APOE-Ů4 may have both beneficial and detrimental 

effects. This is discussed in greater detail in Chapter 10.  

 

4.5.4. Comments on the Face-Name Associative Memory Exam 

(FNAME-12) 

 

Few studies have published results of the FNAME test. Two previous studies found a 

sex difference on FNAME which was reduced in older adults (Alegret et al., 2015) and 

attenuated in postmenopausal women (Rentz et al., 2017). Here, I found a significant 

sex difference in 70-year-olds. It has been argued that one potential benefit of the 

FNAME test is, in contrast to many other memory tests, its reported lack of association 

with education (Kormas et al., 2018), although this has been contradicted in one study 

(Papp et al., 2014). In the current study which benefits from prospective collection over 

the life course, I found that childhood cognitive ability, education and adult 

socioeconomic position were all significant predictors of FNAME scores.  

A recent consensus statement on recommended outcomes in preclinical AD from the 

European Prevention of Alzheimerôs Dementia project (EPAD) raised concerns about a 

ceiling effect on this task in healthy populations, recommending the use of the ñFavorites 

testò, a refinement of FNAME designed to reduce the ceiling effect by pairing faces with 

unrelated words (Ritchie et al., 2017). These results from Insight 46 suggest that 

FNAME-12 is sufficiently challenging for 70-year-olds, despite scores on the occupations 

sub-scale being somewhat skewed towards the top end. Indeed, for some participants 

who particularly struggled with recalling names and required encouragement, the 16-

item FNAME might have been stressful. 

Two previous studies reported an association between Aɓ deposition and FNAME 

performance, specifically on the FN-N outcome (recall for names) (Rentz et al., 2011; 

Sanabria et al., 2018). While my results followed this trend, differences between Aɓ+ 

and Aɓ- participants did not reach statistical significance, and the FN-N outcome did not 

appear more sensitive than FN-O (recall for occupations) or FNAME-total. 
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4.5.5. Conclusions 

 

In summary, these data show that childhood cognitive ability, education and adult 

socioeconomic position all independently influence cognitive performance at age 70, 

which has implications both for the interpretation and analysis of cognitive data 

measured in later life. These results provide evidence that the PACC can be used to 

detect subtle cross-sectional differences in cognition associated with Aɓ deposition and 

white matter disease in cognitively-normal older adults at an age where dementia 

prevalence is very low.  
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5. ñWHAT WAS WHERE?ò VISUAL SHORT-TERM MEMORY 

BINDING 
 

5.1. Introduction 

 

Visual memory binding describes the ability to integrate multiple features of an object in 

memory, such as colour and shape, or object and location. This vital aspect of both short- 

and long-term memory is reported to be impaired in AD at an early stage (Parra et al., 

2009, 2010, 2011, 2017; Fernández et al., 2018). Furthermore, evidence from studies of 

presymptomatic carriers of mutations causing familial Alzheimerôs disease (FAD) 

suggests that subtle deficits in visual memory binding may be one of the earliest 

detectable changes in cognition in the preclinical stage of AD (Parra et al., 2010, 2011, 

2015; Liang et al., 2016). A recent review concluded that although memory generally 

declines with age, a specific deficit in binding is not seen in healthy ageing once this 

general decline is accounted for (Schneegans and Bays, 2019), which strengthens the 

case for investigating the potential of memory binding tasks as specific markers for early 

change associated with AD pathology. 

The study by Liang et al. (2016) used the ñWhat was where?ò task, a computerised visual 

short-term memory binding task that requires participants to recall the identity and 

location of objects (Pertzov et al., 2012, 2013, 2015). One notable feature of this task is 

that it incorporates memory for locations as a continuous analogue measure (the 

distance between the location reported by the participant and the true location), in 

contrast to most memory measures which are made up of binary responses (correct vs. 

incorrect). This approach is based on a recognition that failure to recall an item correctly 

does not mean that its representation in memory has been entirely lost, and this may 

make the localisation measure particularly sensitive to small differences in performance 

(Pertzov et al., 2013; Ma, Husain and Bays, 2014). In the ñWhat was where?ò task, a 

óbinding errorô is captured when a participant correctly recalls the identity of an object but 

mislocalises it to the location of a different object held in memory. Liang et al. (2016) 

reported that presymptomatic FAD mutation carriers tended to make more binding errors 

than controls, despite having unimpaired memory for objects and locations.  

While it is well-established that the hippocampus plays a key role in associative learning 

and memory (Mayes, Montaldi and Migo, 2007), the role of medial temporal lobe 

structures in visual short-term memory binding is still subject to debate (Parra et al., 

2009, 2010; Koen et al., 2017; Liang et al., 2017; Parra, 2017; Schneegans and Bays, 

2019). However, three separate studies using the ñWhat was where?ò task have reported 

results suggestive of hippocampal involvement in visual short-term memory binding. 
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Liang et al. found that smaller hippocampal volume was associated with increased 

binding errors in presymptomatic mutation carriers, but hippocampal volume was not 

associated with object or location recall (Liang et al., 2016). Two other studies of patients 

with medial temporal lobe damage due to voltage-gated potassium channel complex 

antibody-associated limbic encephalitis (Pertzov et al., 2013), and patients who had 

undergone anterior temporal lobectomy for treatment of pharmacoresistant epilepsy 

(Zokaei, Nour, et al., 2019) both reported that the patients had intact memory for object 

identity and location but a deficit in binding. 

The ñWhat was where?ò task has also provided evidence of interesting effects of the 

APOE-Ů4 allele on short-term memory. In two studies comparing the performance of Ů4-

carriers and non-carriers ï one in middle-aged adults (mean age 45.7) and one in older 

adults (mean age 68.8) ï an apparent advantage for APOE-Ů4 carriers was observed in 

terms of more accurate recall for object locations after delays of a few seconds (Zokaei 

et al., 2017; Zokaei, Ļepukaitytǟ, et al., 2019). In the older adults, this was in contrast to 

a long-term memory task where APOE-Ů4 carriers had poorer recall for locations after a 

delay of about 20 minutes compared to non-carriers (Zokaei, Ļepukaitytǟ, et al., 2019), 

a finding which is suggestive of subtle memory decline associated with preclinical AD, 

although no biomarker data were available in this study. The authors proposed two 

possible explanations for the apparent beneficial effect of APOE-Ů4 on short-term 

localisation memory: (1) that it could reflect compensatory mechanisms whereby there 

may be increased activation in frontal and parietal regions that are not directly affected 

by prodromal AD pathology but are implicated in attention and short-term memory; (2) 

that it could reflect phenotypical effects of the APOE-Ů4 allele whereby the Ů4 allele may 

have some beneficial effects in earlier life which could explain its survival in the 

population (the principle of antagonistic pleiotropy, discussed in section 2.6.1). As the 

Insight 46 protocol includes both APOE genotyping and amyloid-PET imaging, this 

provides an opportunity to investigate potential independent effects of APOE-Ů4 and ɓ-

amyloid pathology on the ñWhat was where?ò task in more detail.  

In terms of factors that may predict between-subject differences in performance on the 

ñWhat was where?ò task, one study (n = 66) tested for sex differences and found none 

(Zokaei, Ļepukaitytǟ, et al., 2019), although another (n = 60) reported that the beneficial 

effect of APOE-Ů4 described above was specific to males (Zokaei et al., 2017). No 

studies so far have examined the effects of childhood cognitive ability, educational 

attainment, or socioeconomic position. Accounting for potential effects of these 

predictors may increase the sensitivity of ñWhat was where?ò outcomes to subtle effects 

of APOE-Ů4 and ɓ-amyloid pathology. 
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Following the structure of the previous chapter, the aims of this study were firstly to 

understand patterns of performance on the ñWhat was where?ò task and characterise 

associations between task performance and demographic and life-course predictors, 

and secondly to investigate associations between performance and biomarkers of brain 

pathologies among cognitively-normal participants.  

 

 

5.2. Methods 

 

5.2.1. Stimuli and Procedure 
 

The stimuli and procedure of the óWhat was where?ô task have been described in detail 

in previous papers (Pertzov et al., 2012, 2013, 2015; Liang et al., 2016). The participant 

was seated in front of a DELL Optiplex 9030 all-in-one touchscreen computer. The 

dimensions of the screen were 51.2 x 28.7 cm and the approximate distance from the 

subjectôs eyes to the centre of the screen was 58 cm. 

The procedure for the ñWhat was where?ò task is presented in Figure 5-1. In each trial, 

one or three fractals were displayed on the screen in random locations, presented on a 

black background. Participants were asked to look at the fractals and to try to remember 

their identities and locations.  

1-fractal trials are referred to as ólow loadô and 3-fractal trials are referred to as óhigh loadô. 

The low load trials were displayed for 1 second whereas the high load trials were 

displayed for 3 seconds to allow time for encoding. This was followed by a blank screen 

for either a short or long delay (1 or 4 seconds), and then a test array appeared in which 

two fractals were displayed along the vertical meridian. One of these fractals had 

appeared in the memory array on the previous screen (the target) and the other was a 

foil or distractor. Participants were instructed to touch the fractal that they remembered 

seeing and drag it to the location where they think it was originally presented (Figure 

5-1). There was no time-limit for reporting the location ï the tester pressed the space bar 

to initiate the next trial when the participant was ready. 

Previous studies using the ñWhat was where?ò task have administered at least 100 trials 

(Pertzov et al., 2012, 2013, 2015; Liang et al., 2016; Zokaei et al., 2017; Zokaei, 

Ļepukaitytǟ, et al., 2019), but for Insight 46 a shortened version was used containing 24 

trials: 4 low load and 20 high load. Within each load condition, trials were equally likely 

to have a short or long delay. Therefore, there were four possible combinations of load 
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and delay (2 x low load with short delay; 2 x low load with long delay; 10 x high load with 

short delay; 10 x high load with long delay). The experiment was preceded by 4 practice 

trials ï one of each of the load x delay combinations, and the tester ensured that the 

participant understood the task before continuing. 

All fractals including the foils were drawn from a pool of 60 fractals that were used across 

the experiment (rendered using http://sprott.physics.wisc.edu/fractals.htm, see Figure 

A1 in the Appendix). 

The locations of the fractals were generated in a pseudo-randomised manner by a 

MATLAB script (MathWorks, Inc). The script imposed the following restrictions which are 

necessary to allow analysis of localisation error which is a key outcome of this task: 

fractals were always at least 9o away from each other to avoid crowding and to ensure 

that there was a clear zone of 4.5o around each fractal which is necessary for the 

calculation of swap errors (see below), and fractals were at least 6.5o from the centre of 

the screen and 3.9o from the edges. The 24 trials were the same for all participants (i.e. 

the same fractals were presented in the same locations) but the trials were presented in 

a random order for each participant. The reason for using a random order is to avoid the 

results being confounded by practice effects on the one hand (familiarity with the 

procedure could cause performance to improve throughout the task) and by interference 

effects on the other hand (as fractals appear more than once during the task, the foil in 

the test array could be recognised from a previous trial, which could increase the 

likelihood of errors in object identification throughout the task). 

http://sprott.physics.wisc.edu/fractals.htm
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Figure 5-1. The ñWhat was where?ò task  

Figure reprinted from Liang et al. (2016) under the terms of the Creative Commons Attribution 
License (CC BY). 

 

 

5.2.2. Outcome Variables 
 

Memory for object identification was defined as the percentage of trials in which the 

participant chose the correct fractal from the test array (Figure 5-2).  

Memory for object location was defined in two different ways. The first, gross 

localisation error, is the distance between the centre of the target in the location 

reported by the participant and its true location in the original memory array, measured 

in degrees of visual angle (Figure 5-2B). The second definition takes account of the fact 

that, in high load trials, participants may mislocalise the target to the location of a different 

(unprobed) object from the memory array (i.e. they make a swap error ï see definition 

below). In this situation the gross localisation error could be very large. The nearest item 

control measure of localisation error accounts for this by subtracting out the effect of 

swap errors: it is defined as the distance between the location reported by the participant 

and the closest of the three original locations from the memory array (Figure 5-2C). 
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Localisation error was only analysed in trials where the participant identified the correct 

fractal.  

A swap error occurs when a participant correctly identifies the target fractal but they 

swap its location of the target with the location of another object (Figure 5-2C). If the 

target is positioned within 4.5o of the location of a different object from the memory array, 

this is counted as a swap error. 4.5o was used as the threshold to ensure that a location 

could not be attributed to more than one object, as objects were always at least 9o apart. 

Note that in the low load condition it is not possible to make a swap error as there is only 

one fractal in the memory array. For each participant, the percentage of swap errors (out 

of the number of trials in which they identified the correct fractal) was calculated. It is 

possible that swap errors could occur by chance, a possibility which is discussed and 

tested in section 5.3.2.3. 

 

 

 

 

 

Figure 5-2. Outcome measures on the ñWhat was where?ò task   

Figure reprinted from Liang et al. (2016) under the terms of the Creative Commons Attribution 
License (CC BY). Green circles indicate the original location of the target fractal; red circles 
indicate the original locations of non-target fractals; blue line indicates measured localisation 
error. (A) Object identification: the participant is required to select the fractal that they remember 
seeing. (B) Gross localisation error is measured from the location reported by the participant to 
the original location of the target fractal. (C) óNearest item controlô localisation error is measured 
from the location reported by the participant to the location of the closest fractal. If the reported 
location is within 4.5o of the location of a non-target fractal, this is considered to be a swap error. 
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5.2.3. Hypotheses 

 

Based on the literature discussed in section 4.1, I hypothesised that cognitively-normal 

Aɓ+ participants would make a greater number of swap errors than Aɓ- participants, 

indicating a subtle deficit in memory binding. 

I also aimed to test the hypotheses that APOE-Ů4 carriers would perform better than non-

carriers on localisation memory, and that smaller hippocampal volume would be 

associated with an increased number of swap errors. 

 

5.2.4. Participants 

 

486 participants completed the ñWhat was where?ò experiment (see section 3.3). 

Participant characteristics are reported in section 3.6.  

 

5.2.5. Data Processing  
 

Each participantôs raw data file was processed using a MATLAB script which generated 

a score for each outcome variable in each of the four conditions (low load with short 

delay; low load with long delay; high load with short delay; high load with long delay).  

Six participants had one trial where the software did not record whether they selected 

the correct or incorrect fractal. I corresponded with Yoni Pertzov, the creator of the test, 

and he concluded that this was likely to be caused by the participant touching the screen 

exactly midway between the two fractals. These six individual trials were excluded and 

the mean scores for the relevant conditions were recalculated.  

One previous study excluded participants who had an object identification accuracy of 

less than 70%, to ensure that interpretations were not made based on performance at 

chance level (Liang et al., 2016). Thirty-six participants had an overall identification rate 

of less than 70%, of whom one performed below the 50% chance level with a score of 

46%. This participant was classified as cognitively normal (see section 3.2.3 for criteria). 

I decided not to exclude any participants from analysis based on their identification rate 

because other studies in healthy participants have not employed such exclusion criteria 

(Pertzov et al., 2012, 2015) whereas the study by Liang et al. included patients with 

symptomatic FAD, so adopting a 70% threshold was a way of excluding individuals with 

significant memory impairment whose data were not been pertinent to the research 

question (Liang et al., 2016). 
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5.3. Patterns and predictors of performance  
 

5.3.1. Statistical Analyses 

 

Analysis of identification used a GEE logistic regression model for the odds of correctly 

identifying the fractal, with an independent correlation structure and robust standard 

errors to allow for the correlation between repeated measures of the same participant. 

The outcome was number of correct identifications, which was treated as a proportion of 

the total number of trials in each condition (2 x low load with short delay; 2 x low load 

with long delay; 10 x high load with short delay; 10 x high load with long delay). For the 

6 participants who had a trial excluded during the data cleaning process (see 5.2.5), the 

total number of trials in each condition was reduced accordingly. Results are expressed 

as odds ratios for ease of interpretation  

Regression models were fitted for the localisation error variables (gross error and 

ónearest item controlô) using GEE assuming a normal distribution for the dependent 

variable and an identity link (as with standard linear regression), but including an 

exchangeable correlation structure and robust standard errors. Localisation errors were 

first log-transformed as the distributions were positively skewed. 

Analysis of swap errors was carried out using the absolute measure rather than the 

corrected measures (see sections 5.2.2 and 5.3.2.3). The corrected measures are strict 

as they are based on the upper limit of swap errors that could be explained by chance, 

so they are more suitable for checking the validity of the absolute measures by 

confirming that the results cannot be explained by chance (see section 5.3.2.3). The 

absolute measure is more appropriate for cases in which performance of different 

participants is compared. A GEE logistic regression model was used for the odds of 

making a swap error, with an independent correlation structure and robust standard 

errors. The outcome was number of swap errors, which was treated as a proportion of 

the number of trials in which the participant identified the correct fractal in each condition 

(high load with short delay; high load with long delay). Results are expressed as odds 

ratios for ease of interpretation.  

Factors in the regression models were load (low vs. high), delay (short vs. long), age at 

assessment, sex, childhood cognitive ability, education, adult socioeconomic position 

and presence of a neurological or psychiatric condition (yes vs. no). 

As previous studies have found an interaction between load and delay whereby the 

detrimental effect of long delay was disproportionately greater when the load was high 
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(Pertzov et al., 2012, 2015), I tested for such an interaction on the identification and 

localisation outcomes. (This is not applicable to swap errors since swap errors cannot 

be made in the low load condition.) 

Previous studies have reported interactions between load and between-subjects 

predictors (such as clinical group, age at assessment, sex or APOE genotype). For 

example, Pertzov et al. found that patients with medial temporal lobe damage had 

disproportionately poorer localisation in the high load condition compared to controls 

(2013), and older adults had disproportionately poorer identification and localisation in 

the high load condition compared to younger adults (2015). Similarly, interactions 

between delay and between-subjects predictors have been reported; for example, 

Zokaei et al. (2017) reported that the detrimental effect of a longer delay on localisation 

performance was reduced in APOE-Ů4 carriers compared to non-carriers. To investigate 

whether similar interaction effects were present among Insight 46 participants, I tested 

for interactions between load (low vs. high) and between-subject predictors (age, sex, 

childhood cognitive ability, adult socioeconomic position and presence of a neurological 

or psychiatric condition), and between delay (short vs. long) and between-subject 

predictors. 

 

 

5.3.2. Results  

 

Descriptive statistics for the three outcome measures are shown in Table 5-1. Results of 

the multivariable regression models for the three primary outcomes are given in Table 

5-2. In addition, results of statistically significant interactions are reported in the text.  
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Table 5-1. Descriptive statistics for the ñWhat was where?ò task   

 

* In the low load condition, Nearest Item Control is the same as Gross Localisation Error 
because there is only one fractal so no swap errors can be made. IQR = interquartile range.  

  Low load High load 

  Short delay Long delay  Short delay Long delay 

Identification  
(% correct) 

Median 100 100 80 80 

IQR 100 - 100 100 - 100 70 - 90 70 - 90 

Range 50 ï 100 0 ï 100 40 ï 100 30 ï 100 

Gross 
Localisation 
Error  
(degrees of visual 
angle) 

Median 2.05 2.38 7.65 7.36 

IQR 1.42 ï 2.73 1.73 ï 3.14 5.47 ï 9.84 5.90 ï 9.54 

Range 0.12 ï 20.84 0.28 ï 14.36 0.79 ï 20.68 2.33 ï 20.57 

ñNearest Item 
Controlò 
Localisation 
Error  
(degrees of visual 
angle) * 

Median 2.05 2.38 3.09 3.43 

IQR 1.42 ï 2.73 1.73 ï 3.14 2.54 ï 3.86 2.88 ï 4.09 

Range 0.12 ï 20.84 0.28 ï 14.36 0.79 ï 8.41 1.54 ï 7.96 

Swap errors (%) 

Median 

N/A 

17 17 

IQR 11 - 29 11 - 29 

Range 0 ï 100 0 ï 75 
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Table 5-2. Associations between demographic and life-course predictors and 
ñWhat was where?ò outcomes (n = 486) 

 

 

Predictor 

Identification: 

odds ratio and 

95% 

confidence 

intervals 

Localisation error 
(degrees of visual angle, 

log-transformed): 
coefficient and 95% CIs 

Swap errors: 

odds ratio and 

95% 

confidence 

intervals 
Gross error 

Nearest Item 
Control 

High load  
(low load as 
reference) 

0.23* 
(0.18, 0.30) 

1.23* 
(1.19, 1.27) 

0.44* 
(0.40, 0.47) 

N/A 

Long delay 
(short delay as 
reference) 

0.96 
(0.90, 1.05) 

0.09* 
(0.06, 0.13) 

0.13* 
(0.11, 0.16) 

1.00 
(0.90, 1.12) 

Sex 
(female as 
reference) 

0.90 
(0.80, 1.00) 

-0.12* 
(-0.17, -0.06) 

-0.12* 
(-0.17, -0.07) 

1.03 
(0.91, 1.17) 

Age at 
assessment 
(per year) 

0.95 
(0.86, 1.04) 

-0.01 
(-0.04, 0.01) 

-0.01 
(-0.05, 0.03) 

1.01 
(0.92, 1.11) 

Childhood 
cognitive 
ability  
(per z-score) 

1.20* 
(1.11, 1.31) 

-0.02 
(-0.06, 0.03) 

-0.00 
(-0.05, 0.04) 

0.90 
(0.81, 1.00) 

Education (per 
category) a 

0.98 
(0.93, 1.03) 

-0.01 
(-0.04, 0.01) 

-0.02 
(-0.04, 0.01) 

0.99 
(0.94, 1.06) 

Adult SEP 
(per category) a 

1.04 
(0.98, 1.11) 

-0.02 
(-0.04, 0.01) 

-0.01 
(-0.04, 0.02) 

1.01 
(0.94, 1.07) 

Neurological 
or psychiatric 
condition b 
(cognitively-
normal as 
reference) 

0.95 
(0.80, 1.13) 

0.10 
(0.01, 0.20) 

0.08 
(-0.01, 0.17) 

1.12 
(0.90, 1.38) 

 

Coefficients in bold are significant at p < 0.05 and asterisks indicate significance at p < 0.01. 
Multivariable regression models were used so each association is independent of all others. 
a See section 3.2.4 for definition of categories;  b See section 3.2.3 for definitions. 
 
CI = confidence interval; SEP = socioeconomic position 
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5.3.2.1. Load and delay 

 

5.3.2.1.1. Identification 

As expected, identification performance was poorer in the high load condition compared 

to the low load condition (Table 5-1, Table 5-2, Figure 5-3). In contrast to previous studies 

that have reported poorer identification after a long delay than a short delay (Pertzov et 

al., 2012, 2015; Zokaei et al., 2017), there was no statistically significant effect of delay 

on identification performance (Table 5-2, Figure 5-3). However, there was an interaction 

between load and delay, whereby the long delay had a more detrimental effect on 

identification performance in the low load condition, compared to the high load condition 

(OR = 7.27, 95% CIs 4.22 to 12.51, p < 0.0001, Figure 5-3). This is contrary to previous 

studies which reported that the long delay had a disproportionately greater effect when 

there were more items to be remembered (Pertzov et al., 2015; Zokaei et al., 2017). 

 

 

Figure 5-3. Identification performance on the ñWhat was where?ò task, by load and 
delay: means and 95% confidence intervals 

Markers show unadjusted means and error bars show 95% confidence intervals. This figure 

illustrates that, although delay did not have a statistically significant effect overall, there was an 

interaction between load and delay. 
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5.3.2.1.2. Localisation error 

As expected, localisation error was greater in the high load condition than the low load 

condition (Table 5-1, Table 5-2, Figure 5-4). This applied to the ónearest item controlô 

measure as well as the gross error measure, showing that the increased localisation 

error in the high load condition cannot be explained by swap errors. Also, as expected, 

localisation error was greater after a long delay compared to a short delay, both on the 

gross error measure and on the ónearest item controlô measure (Table 5-2, Figure 5-4).  

In contrast to previous studies that have reported that the detrimental effect of a longer 

delay was exaggerated when there were more items to be remembered (Pertzov et al., 

2012, 2015; Zokaei et al., 2017), there was a significant interaction between load and 

delay in the opposite direction, such that the detrimental effect of a long delay was slightly 

reduced in the high load condition compared to the low load condition, on both the gross 

localisation error (regression coefficient = -0.15, 95% CIs -0.23 to -0.08, p < 0.0001) and 

ónearest item controlô measure (regression coefficient = -0.07, 95% CIs -0.14 to -0.01, 

p = 0.018). However, the interaction effect appears minimal on visual inspection, as the 

lines are almost parallel (Figure 5-4). 
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Figure 5-4. Localisation error on the ñWhat was where?ò task, by load and delay: 
means and 95% confidence intervals 

Markers show unadjusted means and error bars show 95% confidence intervals. óNearest item 

controlô accounts for the impact of swap errors ï see section 5.2.2 for full definitions. (Note that 

swap errors cannot be made in the low load condition as there is only one fractal, so no ónearest 

item controlô is necessary.)   

 

 

5.3.2.1.3. Swap errors 

Delay had no significant effect on the proportion of swap errors (Table 5-2), in contrast 

to a previous study where healthy participants made more swap errors in the long delay 

condition (Pertzov et al., 2012). 
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5.3.2.2. Demographic and life-course predictors 

 

5.3.2.2.1. Childhood cognitive ability, education and adult 

socioeconomic position 

Higher childhood cognitive ability was associated with better identification performance 

(Table 5-2, Figure 5-5). There was evidence that this effect was exaggerated in the long 

delay condition compared to the short delay (OR = 1.14, 95% CIs 1.01 to 1.30, p = 0.037). 

There was no evidence of a statistically significant association between childhood 

cognitive ability and localisation error, either in the gross error measure nor the ónearest 

item controlô measure (Table 5-2). Participants with higher childhood cognitive ability 

tended to make fewer swap errors (Table 5-2, Figure 5-6).  

 

 

Figure 5-5. Association between childhood cognitive ability and identification 
memory on the ñWhat was where?ò task 

Solid line represents prediction from the multivariate regression model, adjusted for sex, age at 

assessment, education, adult socioeconomic position and presence of a neurological or 

psychiatric condition. Shaded area represents 95% confidence intervals. Markers show each 

participantôs identification rate across the experiment as a whole (combined across the different 

conditions of load and delay). For an explanation of the childhood cognitive ability variable, see 

section 3.2.4. 

 
































































































































































































































































































































































































































































