
 

1 

Cognitive Variability and the Onset of Alzheimer’s Disease.  

 

Cognitive Variability and the Onset of 

Alzheimer’s Disease. 

 

 

 

Rachael Elizabeth Mumme 

B.Sc (Hons) 

 

 

 

 

 

 

 

This thesis is presented for the degree of Doctor of Philosophy, and in partial fulfilment of the 

requirements for the Master of Clinical Neuropsychology of 

The University of Western Australia 

School of Psychological Science 

2021 

  



 

2 

Cognitive Variability and the Onset of Alzheimer’s Disease.  

  



 

3 

Cognitive Variability and the Onset of Alzheimer’s Disease.  

Thesis Declaration 

 

I, Rachael Elizabeth Mumme, certify that:  

This thesis has been substantially accomplished during enrolment in the degree.  

This thesis does not contain material which has been accepted for the award of any other 

degree or diploma in my name, in any university or other tertiary institution.  

In the future, no part of this thesis will be used in a submission in my name, for any other 

degree or diploma in any university or other tertiary institution without the prior approval of 

The University of Western Australia and where applicable, any partner institution 

responsible for the joint-award of this degree. 

This thesis does not contain any material previously published or written by another person, 

except where due reference has been made in the text and, where relevant, in the Authorship 

Declaration.  

This thesis does not violate or infringe any copyright, trademark, patent, or other rights 

whatsoever of any person. 

The research involving human data reported in this thesis was assessed and approved by 

Hollywood Private Hospital (HPH215) with reciprocal approval from the University of 

Western Australia Human Research Ethics Committee (RA/4/20/6142).  

This thesis contains published work and/or work prepared for publication, some of which 

has been co-authored.   

 

Signature:

 

Date: 24/08/2021 

  



 

4 

Cognitive Variability and the Onset of Alzheimer’s Disease.  

Abstract 

 

Increasing need for a low-cost and non-invasive marker of early AD risk has 

driven research into the prevention and reduction of Alzheimer’s disease (AD). Intra-

individual Variability (IIV) is a novel cognitive marker thought to be able to predict 

cognitive decline or dementia status. IIV can be defined, measured, and 

operationalised in different ways, however, the overarching principle is to measure 

cognitive variability within a single individual at a single time point. In other words, 

to examine an individual’s ability to maintain and manage their cognitive 

performance at a stable level. This can be contrasted with other performance 

measures typically used in neuropsychology which define cognitive performance in 

terms of the total, or average score. 

 As outlined in Chapter 1: Introduction, the two most distinct alternative 

operationalisations of IIV include inconsistency (IIV-I) and dispersion (IIV-D). IIV-I 

examines an individual’s variability within trials of the same task. This type of IIV is 

commonly measured using response time (RT) tasks that lend themselves to 

examination of trial-to-trial variability. By contrast, IIV-D measures variation in an 

individual’s performance across separate tasks. IIV-D can be conceptualised in 

different ways, with some researchers using variance across multiple tasks in a single 

cognitive domain (e.g., memory) while others use variability across different 

cognitive domains. The way in which IIV is operationalised may impact the 

predictive utility of IIV. For example, within-task variability (IIV-I) may be more 

sensitive to subtle breakdowns in cognitive performance, when compared to between 

task variability (IIV-D) where variability is expected in typical performance. The 

task/s from which IIV is calculated may also influence the predictive utility of IIV. 
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For example, when considering an IIV-I operationalisation of IIV, complex task 

variability may be better able to capture subtle, early impairments in brain 

functioning. This is contrasted with variability within simpler tasks, where increased 

variability may only appear later in disease progression. Finally, additional varying 

approaches to measuring IIV can be taken. This can include choosing to control for 

mean performance or other demographic characteristics such as age in the 

calculation of variability. This heterogeneous approach to IIV research has limited 

the ability to draw firm conclusions around this construct as a marker of early AD 

risk. Moreover, due to this variability, there is a limited understanding of the 

fundamental IIV construct, and how cognitive aging and disease progression may 

contribute to changes in IIV performance. Such an understanding may influence 

when and how this cognitive marker is measured and, therefore, was the focus of this 

thesis. 

The empirical chapters of this thesis explore the utility of IIV as a novel 

marker of AD risk by addressing three questions; 1) can IIV reliably predict 

dementia and does this vary by operationalisation or measurement approach; 2) can 

we confirm a latent factor structure of IIV across tasks of various 

domains/complexities that can be compared across cognitively normal (CN) and AD 

groups; and finally 3) how does IIV, using both simple and complex task measures 

of variability, change over time in CN and early AD groups? The related chapters are 

detailed below. 

 The first empirical study, Chapter 2, describes a meta-analysis examining the 

association between IIV and subsequent dementia or cognitive decline, regardless of 

operationalisation or measurement approach. This is an important step in 

understanding the utility of this measure in predicting AD. This analysis was 
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conducted by selecting longitudinal studies investigating IIV and dementia/cognitive 

decline. Findings suggest IIV can indeed reliably predict subsequent cognitive 

decline or conversion to dementia with a moderate effect size noted. Importantly, the 

analysis found no significant difference between IIV-I and IIV-D operationalisations. 

While a comparison of alternative IIV measurement approaches, such as whether 

researchers controlled for covariates in their IIV estimate, was planned, limited 

studies suitable for inclusion prevented this analysis. 

This first empirical study found insufficient evidence to suggest substantive 

differences in the predictive capacity of IIV operationalisations (IIV-I versus IIV-D) 

at a meta-analytic level. As such, the remaining studies of this thesis focussed on just 

one of these operationalisations to allow for a more in depth analysis of IIV. 

Specifically, an IIV-I operationalisation was chosen given tentative evidence in 

existing literature (discussed in Chapter 3) to suggest IIV-I may be more sensitive to 

earlier cognitive change in AD when compared to IIV-D, therefore, offering the 

greatest promise as a measure of AD risk. 

The second empirical study, presented in Chapter 3, sought to understand 

IIV-I by examining the underlying latent construct and identifying whether it could 

be used reliably to compare cognition across AD and non-AD groups. Specifically, 

this included an examination of whether IIV-I represents a single construct across 

tasks of varying cognitive domains/complexities and whether this construct shows 

measurement invariance across those with AD and those classified as CN. This is an 

important first step before further consideration of IIV-I as a construct can take 

place. It is also crucial in determining whether group comparisons of IIV-I can be 

reliably made. Results of this analysis suggest IIV-I cannot be conceptualised as a 

single construct, rather that IIV-I likely varies by task complexity. Importantly, 
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follow-up measurement invariance analyses suggest that IIV-I calculated from a 

single task (of the same complexity and cognitive domain) can be reliably used to 

compare cognition across those with AD and those classified as CN. 

The final empirical study, Chapter 4, reports a longitudinal analysis of IIV-I 

in CN older adults and those who progress to mild cognitive impairment (MCI)/AD 

across a 54-month follow-up period. This study allowed for the examination and 

comparison of baseline IIV-I performance, as well as the trajectory of change across 

these diagnostic groups. Identifying when, and to what degree, those with AD show 

greater IIV-I can be important in developing IIV as a reliable marker of AD risk. 

Based on the lack of a single IIV-I factor structure identified in Chapter 3, this 

longitudinal analysis was conducted using both independent simple and complex 

task measures of IIV-I. The use of single tasks to calculate independent IIV-I 

estimates allowed for accurate group comparisons to be made to determine whether 

task complexity influenced IIV-I across disease progression. Results suggest that 

complex tasks are better suited to examining cognitive impairment in those with pre-

diagnostic AD, with only complex task IIV-I showing group differences at baseline 

assessment. Importantly, no between group differences in IIV-I rate of change were 

noted on either the simple or complex task suggesting greater complex task IIV-I in 

those who progress to AD appears well before diagnosis. 

In summary, considered in Chapter 5, the General Discussion, this thesis 

found IIV is a useful marker of AD-related cognitive impairment that appears to pre-

date dementia diagnosis. The various approaches to IIV measurement, however, 

need greater scrutiny when conducting research in this field. Specifically, IIV-I does 

not represent a single construct but rather is likely to vary as a function of task 
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complexity, with only more complex tasks able to differentiate between those who 

remain CN, and those who progress to AD, prior to diagnosis. 

Overall, the novel contributions imparted by this thesis are substantial. These 

contributions include studies that are the first to provide a meta-analytic examination 

of IIV and dementia regardless of operationalisation, investigate the construct 

structure of IIV-I across CN and AD groups, and to examine the longitudinal change 

of IIV-I with AD progression across task complexity. Further, each empirical study 

lays important groundwork for future research in this area with specific 

recommendations provided throughout. 
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1.1 Alzheimer’s Disease 

In Australia, the incidence of dementia is expected to rise from 475,000 in 2021 

to 590,000 by 2028 without introduction of a major medical breakthrough (Dementia 

Australia, 2018). Alzheimer’s disease (AD), the most common form of dementia, 

causes significant functional disability at the individual level, as well as significant 

national health care cost at the societal level. Indeed, the total cost of dementia is 

predicted to exceed $18.7 billion dollars by 2025 (The National Centre for Social 

and Economic Modelling, 2016). The reduction of individual or societal impacts of 

AD requires the effective implementation of intervention or prevention measures. 

Any measure capable of delaying onset of AD by just 5 years could result in a 44% 

prevalence reduction (Jorm et al., 2005). The effective implementation of disease 

intervention measures is, however, contingent on an improved understanding of early 

AD. The following sections review the early neuropathological and cognitive 

changes of AD before identifying a potential novel measure of early cognitive 

impairment in AD. 

1.1.1 AD and Neuropathology 

The neuropathological hallmarks of AD can be broadly categorised into 

microscopic and macroscopic changes. The former includes characteristic 

extracellular Aβ-amyloid plaques and intracellular neurofibrillary tangles. The latter 

includes neuronal and synaptic loss. Many of these neuropathological changes can be 

seen well before a clinical diagnosis of AD is made. The accumulation of plaques 

and tangles follows a stereotypical spatial pattern over the course of the disease, with 

current estimates suggesting cerebral Aβ-amyloid accumulation begins 

approximately 15-20 years prior to a clinical diagnosis of AD (Rowe et al., 2010). 
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At a macroscopic level, Aβ burden is strongly correlated with atrophy in the 

hippocampal and temporal regions of cognitive normal (CN) controls (Bourgeat et 

al., 2010). Significant atrophy in these regions is particularly pertinent to AD and 

associated symptom presentation which is discussed later in this chapter. Moreover, 

accelerated atrophy across the brain is found in those with higher levels of Aβ in the 

brain even if they are not yet symptomatic (Chetelat, et al., 2012). 

AD neuropathological progression also manifests as changes to neuronal white 

matter integrity. Imaging studies show significant regional reductions of posterior 

white matter in participants with mild cognitive impairment (MCI) and AD, when 

compared with CN controls (Yoshita et al., 2006). MCI is commonly characterised 

as impaired cognitive functioning in one or more domains but without functional 

impact (Petersen, 2016). While MCI can represent a variety of neuropathological 

impairments, temporary or progressive, it is often considered a pre-curser to a 

confirmed AD diagnosis. Evidence of white matter changes in this earlier MCI stage 

of disease progression, as well as significant overlap in the location of white matter 

change, suggests such changes occur in the brain prior to the development of 

dementia symptoms (Medina et al., 2006). Current estimates suggest the earliest 

regional white matter changes begin 5 to 10 years prior to symptom onset (Caballero 

et al., 2018). 

In recent years, the literature has seen an expansion of research interest beyond 

Aβ-amyloid and tau accumulation to investigation of neurotransmitter abnormalities 

in AD. This includes investigation of the dopaminergic system with dopaminergic 

changes frequently found in the course of AD, linked to both cognitive and non-

cognitive symptoms (Nobili et al., 2017). Specifically, decreased levels of 

dopaminergic neurotransmitters are linked to AD pathophysiology (Pan et al., 2019). 
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There is, however, further investigation needed to reliably determine when 

dopaminergic changes occur during AD progression.  

Research investigating these neuropathological changes as indicators of early 

stage AD suggests the first detectable markers manifest as abnormal Aβ-amyloid 

biomarkers, which are fully abnormal 5-10 years prior to diagnosis, followed by 

biomarkers of neurodegeneration (loss of neurons): see Figure 1.1 from Jack and 

colleagues' (2013) paper. While these neuropathological indicators are seen in early, 

pre-diagnosis AD, current detection methods are invasive and costly, meaning these 

biomarkers are not routinely assessed. Consequently, there is a need for non-invasive 

and low-cost indicators of AD risk that assess cognitive change indicative of 

underlying neuropathology. The cognitive changes associated with AD progression, 

as well as early cognitive makers of AD are reviewed below.  
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Figure 1.1. 

Revised Model of Dynamic Biomarkers of the Alzheimer’s disease Pathological 

Cascade (from Jack and colleagues (2013)). 

 

 

 

 

 

 

 

 

 

 

Note. (A and B) Neurodegeneration is measured by FDG PET (neuroimaging measure of cerebral 

glucose metabolism which indicates neuronal and synaptic density) and structural MRI, which are 

drawn concordantly (dark blue). By definition, all curves converge at the top right-hand corner of the 

plot, the point of maximum abnormality. Cognitive impairment is illustrated as a zone (light green-

filled area) with low-risk and high-risk borders. (B) Operational use of the model. The vertical black 

line denotes a given time (T). Projection of the intersection of time T with the biomarker curves to the 

left vertical axis (horizontal dashed arrows) gives values of each biomarker at time T, with the lead 

biomarker (CSF Aβ42) being most abnormal at any given time in the progression of the disease. 

People who are at high risk of cognitive impairment due to Alzheimer's disease pathophysiology are 

shown with a cognitive impairment curve that is shifted to the left. By contrast, the cognitive 

impairment curve is shifted to the right in people with a protective genetic profile, high cognitive 
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reserve, and the absence of comorbid pathological changes in the brain, showing that two patients 

with the same biomarker profile (at time T) can have different cognitive outcomes (denoted by grey 

circles at the intersection of time T). Aβ = Aβ-amyloid; CSF = cerebrospinal fluid; 

FDG=fluorodeoxyglucose; MCI=mild cognitive impairment; MRI = magnetic resonance imaging; 

PET = positron emission tomography. 

1.1.2 AD and Cognition  

The neuropathological changes seen in AD result in significant changes to brain 

functioning that follow the same progressive trajectory and begin well before a 

clinical diagnosis of dementia is made. Research examining cognitive function both 

before and after dementia diagnosis reports consistent, extended periods of cognitive 

decline in memory, as well as non-memory domains, long before clinical diagnosis 

(Wilson, Leurgans, Boyle, & Bennett, 2011). Recent reviews have indicated that 

subtle memory changes, particularly verbal memory changes, can be seen at least 10-

12 years prior to a diagnosis of AD (Bature, Guinn, Pang, & Pappas, 2017). These 

pre-diagnostic changes are followed by a period of more notable acceleration 

(approximately 15-fold) in cognitive decline around 5-6 years before AD diagnosis. 

This period of accelerated decline is frequently accompanied by a diagnosis of MCI 

(Howieson et al., 2008; Wilson et al., 2011). 

As a result of this progressive cognitive decline, individuals with AD 

demonstrate significant functional loss in their ability to undertake regular activities 

of daily living. At 6 and 12 month follow-up assessments, participants with AD saw 

a decline or loss in both complex and basic activities of daily living that was 

consistent with disease progression (Galasko et al., 2005). 

Despite evidence of early, detectable change in AD cognition that pre-dates 

diagnosis, an objective cognitive measure assessing risk of AD has not yet been fully 
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realised (Sperling, Aisen, Beckett, Bennett, Craft, & Fagan, 2011). As can be seen in 

Figure 1.1, the detection of AD-related cognitive impairment using existing methods 

lags behind the identification of neuropathological change. At the centre of this issue 

is the lack of consensus surrounding the best method to capture early, subtle changes 

in cognition. Traditional methods often use cut-off scores from normative data, 

however, these methods have shown little sensitivity to the cognitive impairment of 

early AD (Sperling et al., 2011). There is, therefore, a need to identify a suitable 

cognitive marker that is sensitive to early cognitive changes that coincides with the 

early neuropathological impairment of AD. One promising marker of subtle AD-

related cognitive impairment is intra-individual variability (IIV). 

1.2 Intra-individual Variability 

 IIV has received increasing attention over the last decade as a non-invasive 

marker of neurocognitive integrity. While there are many operationalisations and 

measurement approaches to IIV, discussed below, the overarching principle is a 

desire to quantify variance in cognitive performance within an individual at a single 

time point. It is proposed that capturing an individual’s ability to maintain and 

manage their performance at a stable level, may be more sensitive to subtle cognitive 

impairment or threats to neurological integrity than more commonly used total score 

or mean performance-based approaches. The program of research reported in this 

thesis focuses on IIV as a novel marker of early cognitive and neurological decline in 

AD. 

IIV is conceptualised not as random error, measurement error, or error 

variance but rather as a unique and distinct construct that is influenced by higher 

order cognitive processes such as executive functioning skills or attentional ability 

(Bunce, MacDonald, & Hultsch, 2004; Vasquez, Binns, & Anderson, 2017). Across 
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the lifespan, IIV has been seen to follow the same U-shaped function as general age-

related changes in cognitive functioning, with IIV decreasing through childhood and 

adolescence before increasing again in later adulthood (Williams, Hultsch, Strauss, 

Hunter, & Tannock, 2005). 

It is theorised that variability in neuropsychological performance is 

associated with, and sensitive to, the deterioration of neuronal networks seen in 

ageing and, to a far greater extent, in neurodegenerative processes (Palop, Chin, & 

Mucke, 2006). In other words, changes to neurobiology with ageing, or abnormal 

neurological change associated with neurodegenerative disease, may be associated 

with subtle changes in cognitive performance stability (or IIV) before a drop in the 

mean performance of a particular cognitive domain (e.g., memory) is evident. While 

performance variability can correlate with mean measures of performance, often 

used in traditional methods or measures of neuropsychological performance data, 

(Bielak, Hultsch, Strauss, MacDonald, & Hunter, 2010b; Kochan et al., 2016), 

analysis of variability can offer a unique insight into cognitive functioning beyond 

total or mean scores (Tractenberg & Pietrzak, 2011). This unique distinction from 

mean performance can also be seen in the relationship between IIV and neural 

integrity, with IIV showing a stronger relationship with white matter integrity than 

mean performance measures (Mella, De Ribaupierre, Eagleson, & De Ribaupierre, 

2013). While IIV is theorised to be a unique and distinct construct, there has been 

limited research investigating the underlying factorial structure of this novel 

construct. As such this programme of research sought to address this lack of 

investigation. 
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1.2.1 IIV and Neuropathology  

While our understanding of the neurological substrates of IIV is far from 

complete, there is evidence, discussed below, to suggest that some types of IIV may 

reflect changes to neuropathology and thus, neurological integrity. In older adults, 

IIV is associated with reduced white matter volume (Bangen et al., 2018; Jackson, 

Balota, & Duchek, 2012), accelerated atrophy in entorhinal and hippocampal regions 

(Bangen et al., 2019), frontal lobe abnormalities (Stuss, Murphy, Binns, & 

Alexander, 2003), neurofibrillary tangles (Malek-Ahmadi et al., 2017), and 

cerebrospinal fluid (CSF) biomarkers of dementia including Aβ-amyloid and tau 

burden (Duchek et al., 2009). 

Most prominent in the literature is the exploration of the relationship between 

white matter integrity and IIV performance. This relationship is important in 

understanding the link between IIV and AD. From a theoretical perspective, IIV is 

thought to hold an inverse relationship with white matter volume across the lifespan. 

Specifically, white matter volume follows an inverted U shape across the lifespan 

(Zhao et al., 2015) which presents as an inverse to the U shaped function of IIV 

(Hultsch, MacDonald, & Dixon, 2002; Williams, Hultsch, Strauss, Hunter & 

Tannock, 2005), therefore, suggesting that as white matter volume decreases IIV 

increases. Support for this theoretical framework comes from research demonstrating 

that IIV is associated with temporal lobe atrophy, over a 2 year period, in those 

classified as MCI, with results suggesting IIV may be able to track early pathological 

change across ageing, MCI, and dementia (Bangen et al., 2019). Further, Jackson 

and colleagues (2012) found that larger white matter volumes were associated with 

reduced IIV. The authors concluded that this evidenced the sensitivity of IIV to 

breakdowns in executive control processes in both normal and pathological ageing. 
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Interestingly, Mella and colleagues (2013) suggest the relationship between IIV and 

white matter integrity may, at least partly, underpin the unique sensitivity of IIV to 

neural integrity breakdowns, with white matter integrity parameters more closely 

related to IIV than mean performance. 

While it seems reasonable that age-related dopamine reductions reduce 

neural signal to noise ratios, influencing the efficiency of brain connectivity and 

resulting in increasingly variable cognitive performance (Li, Lindenberger, & 

Sikström, 2001), the relationship between IIV and the dopaminergic system has 

received less attention. One study has shown that altered dopamine transmission in 

several brain regions (orbitofrontal cortex, anterior cingular cortex and 

hippocampus) is associated with increased IIV (MacDonald, Cervenka, Farde, 

Nyberg, & Bäckman, 2009). 

1.2.2 IIV and AD Cognition  

 As our understanding of IIV and its sensitivity to neural integrity has grown, 

so too has interest in its utility as a low-cost, non-invasive indicator of cognitive 

function, particularly in AD. Not only can IIV capture changes in cognition across 

the typical development lifespan (Hultsch, MacDonald, & Dixon, 2002; Williams et 

al., 2005), but it appears able to discriminate between the cognitive change of 

dementia and CN ageing. 

The ability of IIV measures to discriminate between CN ageing and dementia 

has been seen across research samples and settings with participants diagnosed with 

dementia showing greater IIV compared to aged-matched CN controls (Hultsch, 

MacDonald, Hunter, Levy-Bencheton, & Strauss, 2000). Importantly, IIV appears to 

be uniquely sensitive to the neurological decline of dementia. For example, IIV 
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performance is sensitive to dementia diagnosis but not other general health diagnoses 

commonly seen in older adult samples such as arthritis (Hultsch, MacDonald, 

Hunter, & Levy-Bencheton, 2000). While between group differences (mild 

dementia, adults with arthritis, and healthy adults) were seen in mean latency scores, 

the influence of mean performance was removed from the calculation of IIV in this 

study demonstrating the unique insight of IIV estimates. 

Some measures of IIV are not only able to discriminate between those with 

dementia and those classified as CN (Christ, Combrinck, & Thomas, 2018a; Duchek 

et al., 2009; Halliday et al., 2018; Kalin et al., 2014), but can successfully predict 

dementia status up to 5 years after an initial assessment (Anderson et al., 2016; 

Bielak, Hultsch, Strauss, MacDonald, & Hunter, 2010; Lövdén, Li, Shing, & 

Lindenberger, 2007; Tales et al., 2012). For example, Bielak and colleagues (2010) 

report that, compared to global increases in response time (RT) means, IIV was a 

more accurate predictor of whether participants would be in the maladaptive group 

(cognitive impairment versus no cognitive impairment) 5 years after the initial 

assessment. Moreover, some types of IIV (specifically IIV-dispersion; discussed 

below) are comparable to cerebrospinal fluid biomarkers in predicting subsequent 

dementia diagnosis (Gleason et al., 2018). For example, IIV compared favourably in 

predicting AD risk with the established risk factors of Apolipoprotein E (APOE) ε4 

allele carriage and hippocampal volume (Anderson et al., 2016). 

Despite support for the use of IIV as a novel indicator of neural integrity and 

cognitive decline in AD, the conclusions that can be drawn from this body of 

research are somewhat complicated by the use of different IIV operationalisations 

and measurement approaches. This heterogeneity underpins part of the focus of the 

current research program and will be addressed in both Chapters 2 and 3. While 
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different researchers can use different names, and on occasion erroneously use them 

interchangeably, the two most distinct and commonly used operationalisations of IIV 

are Inconsistency (IIV-I) and Dispersion (IIV-D). 

1.2.3 IIV-I: Inconsistency 

IIV- I or ‘Inconsistency’ refers to variation in an individual’s performance 

within trials of the same task. This type of IIV is commonly measured using RT 

tasks that lend themselves to examination of trial to trial variability. The tasks used 

to calculate IIV-I range from simple to complex with simpler tasks often assessing 

basic psychomotor performance while more complex tasks assess higher order 

cognitive processes such as divided attention, working memory, or executive 

functioning. Within an IIV-I operationalisation there are also various approaches to 

statistical measurement. Common approaches include calculating a coefficient of 

variation (CoV) or intra-individual standard deviation (ISD). The former adjusts 

scores for mean RT performance while the latter uses raw individual standard 

deviation data. The crucial consideration of varying approaches to statistical 

measurement, and what this means for conclusions drawn, has begun to be addressed 

by researchers in the field. This includes Stawski and colleagues (2019), who 

investigated various quantifications of response time inconsistency. They were able 

to conclude that while many indices are of transparent quantitative and qualitative 

utility, they are not all so. As such, there remains debate around which approach 

should be taken when examining the ability of IIV-I to identify or predict cognitive 

change in AD. The decision to adjust for mean performance is based on the 

theoretical rationale that, particularly on RT tasks, mean RT should be considered 

when interpreting task variability, as variability tends to increase with average RT 

increase (Hultsch, MacDonald, Hunter, Levy-Bencheton, & Strauss, 2000). In recent 
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years, there has also been an increased use of a regression method (Hultsch et al., 

2002) in which estimates of variability are not only adjusted for mean performance, 

such as in the CoV approach, but are also adjusted for demographic covariates such 

as age or sex. Generally, this is achieved by regressing the covariate(s) on IIV 

indices and then using the residuals in subsequent analyses. Again, there remains 

debate over whether estimates of variability should be adjusted for covariates. For 

example, those who control for age draw on evidence that older adults typically 

show greater IIV than younger adults (Hultsch, MacDonald, & Dixon, 2002), while 

those who do not control for age provide the rationale that IIV does not follow a 

consistent ageing pattern in later adulthood and is, therefore, more likely to represent 

disease pathology (Roalf et al., 2016; Salthouse & Soubelet, 2014). 

The measurement of IIV-I is further complicated by the use of tasks across a 

wide variety of cognitive domains and complexities to extract IIV-I data. For 

example, some studies calculate variability across tasks that predominantly require 

executive functioning, while others calculate variability across tasks that 

predominantly require memory. To date, these differences have received insufficient 

attention. Researchers have begun to investigate whether IIV-I garnered from 

generally more complex cognitive tasks (e.g., involving memory, complex attention, 

and/or executive functioning) differs from IIV-I garnered from generally simpler 

cognitive tasks (e.g., involving psychomotor speed). Findings suggest that IIV-I 

from more complex tasks, when compared to simpler tasks, shows a closer 

relationship to mean performance changes, as well as increased sensitivity to AD-

related cognitive impairment (Bielak, Hultsch, Strauss, MacDonald, & Hunter, 2010; 

Bielak et al., 2010b; Lentz, 2003; Murtha, Cismaru, Waechter, & Chertkow, 2002; 

Phillips, Rogers, Haworth, Bayer, & Tales, 2013). For example, Gorus and 
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colleagues (2008) found IIV-I increased disproportionately between diagnostic 

groups (CN, amnestic MCI, mild AD, moderate AD) with increased task complexity. 

The authors observed medium to large effect sizes for significant between group IIV-

I differences. 

Despite significant heterogeneity in approaches to IIV-I measurement, it 

appears that this cognitive measure can successfully identify subtle cognitive 

impairment and/or neural integrity breakdowns. Cross-sectional research indicates 

that IIV-I can distinguish between AD and CN ageing (Christ, Combrinck, & 

Thomas, 2018a; Duchek et al., 2009; Kalin et al., 2014). Additionally, IIV-I can 

make the finer differentiation between those with AD-related cognitive impairment 

and those with cognitive impairment attributable to other progressive neurological 

diseases, such as Parkinson’s disease (PD; Burton et al., 2006). For example, 

participants diagnosed with AD displayed greater IIV-I on choice reaction time 

(CRT) and episodic memory tasks than individuals with PD, or CN controls (Burton 

et al., 2006). 

Moreover, longitudinal research indicates that IIV-I can identify very early 

and pre-symptomatic cognitive impairment in AD, evidenced by the ability of IIV-I 

to predict subsequent cognitive decline or conversion to dementia. Kochan and 

colleagues (2016) examined IIV-I as a predictor of incident dementia using the 

Sydney Memory and Ageing Study data set. Baseline IIV-I calculated from a 

complex cognitive task (CRT) was a significant predictor of dementia up to 48-

months later. This predictive capability remained after controlling for age, sex, 

education, mood, general cognitive functioning, cerebrovascular disease, and APOE 

ε4 status. Similarly, Tales and colleagues (2012) found higher IIV was related to 

increased likelihood of progression from MCI to dementia over a 30-month follow-
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up period. Indeed, differing task complexity also appears to play a role in the 

longitudinal predictive capacity of IIV-I. For example, Bielak and colleagues (2010) 

report that IIV-I from moderately challenging to highly complex tasks, when 

compared to simpler tasks, provided the strongest predictive capability of 

longitudinal changes in cognitive ability. While these studies highlight the predictive 

utility of this novel cognitive marker measured at baseline assessment, what remains 

unclear, and will be addressed in this program of research, is just how IIV-I changes 

across AD onset and progression. This is important if we are to understand how 

cognition is impacted by AD pathology, as well as how and when IIV could be used 

to indicate AD risk. 

1.2.4 IIV-D: Dispersion  

IIV-D refers to variation in an individual’s performance across tasks. This can be 

conceptualised in different ways, with some researchers using variance across 

multiple tasks in a single cognitive domain (e.g., memory) while others use 

variability across different cognitive domains to quantify IIV-D. There has been 

limited consideration of the implications of these alternative conceptualisations. It is, 

however, not unreasonable to posit that variability within a single cognitive domain 

may measure a distinct construct compared to variability across domains. For 

example, when IIV-D is defined as variability between cognitive domains, we do not 

know how much variability is ‘normal’ as tests will vary in both difficulty and 

nature. Moreover, ‘normal’ levels of variability may differ depending on the 

domains being included. Regardless of conceptualisation, IIV-D is most commonly 

measured by calculating ISD using z-transformed scores across different cognitive 

tests or sub-domains (Costa, Dogan, Schulz, & Reetz, 2019; Holtzer, Verghese, 

Wang, Hall, & Lipton, 2008). 
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In cross-sectional evaluations of the relationship between IIV-D and AD, greater 

IIV-D was associated with increased likelihood of being in the AD group, compared 

with MCI and CN groups (Halliday et al., 2018). Moreover, IIV-D has been found to 

vary as a function of dementia severity, with test scores shifting away from ‘normal’ 

Gaussian test score distributions, to distributions with higher levels of variability 

with worsening cognitive impairment (Reckess, Varvaris, Gordon, & Schretlen, 

2013). 

Large, longitudinal, cohort studies of ageing have often focused on an IIV-D 

operationalisation of IIV to examine the predictive utility of this novel measure. For 

example, Watermeyer and colleagues (2021) found IIV-D to be significantly 

associated with dementia in an 8-year longitudinal follow-up study, where a measure 

of IIV-D was able to add unique variance to the predictive capacity of APOE ε4 

status alone. This is important as APOE ε4 is currently the strongest genetic risk 

factor for AD, with those carrying the ε4 allele 15 times more likely to develop the 

disease (Hunsberger, Pinky, Smith, Suppiamaniam, & Reed., 2019). Specifically, 

APOE ε4 is linked with accumulation of amyloid beta in the brain and is associated 

with cognitive outcomes (Lim et al., 2015; Lim, Laws, Villemagne, Pietrzak, & 

Porter., 2016). For example, amongst those who are categorised as Aβ positive, 

APOE ε4 is associated with a faster rate of cognitive decline on verbal memory, 

visual memory, and language tasks over a 54-month period when compared to non-

carriers (Lim et al., 2015). Moreover,  Anderson and colleagues (2016) used the 

Alzheimer’s Disease Neuroimaging Initiative (ADNI) dataset to examine IIV-D as a 

marker for incident MCI and AD across an average follow up time of 30-months. 

Baseline IIV-D successfully predicted MCI and AD diagnosis, with greater IIV-D 

associated with shorter time to dementia. This predictive capability remained 
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following adjustment for age, education, APOE ε4 status, and hippocampal volume. 

Also utilising the ADNI dataset, Gleason and colleagues (2018) found that, 

compared to traditional CSF markers alone, adding IIV-D improved prediction of 

AD status. 

1.3 Utilising IIV as a Pre-Clinical Marker of AD 

Given the promising findings from cross-sectional and longitudinal 

investigations of IIV in AD, IIV has been proposed as a low-cost and non-invasive 

alternative to traditional AD biomarkers to detect subtle signs of early AD 

pathology, and ultimately predict progression to AD status (Anderson et al., 2016; 

Gleason, Norton, Anderson, Wahoske, Washington, Umucu, Koscik, Dowling, 

Johnson, & Carlsson, 2018). 

While both operationalisations of IIV (IIV-I and IIV-D) show promise in 

predicting subsequent cognitive change (Anderson et al., 2016; Bielak et al., 2010a; 

Gleason, Norton, Anderson, Wahoske, Washington, Umucu, Koscik, Dowling, 

Johnson, Carlsson, et al., 2018; Tales et al., 2012; Tractenberg & Pietrzak, 2011; 

Watermeyer et al., 2021), it is possible that each operationalisation holds a unique 

relationship with AD pathology and cognition. For example, direct comparisons of 

IIV-I and IIV-D in older adult cohorts revealed that only IIV-I, and not IIV-D, 

predicted APOE ε4 status in a CN cohort, although with only a small effect observed 

(Kalin et al., 2014). This finding was further supported by Watermeyer and 

colleagues (2020) who found that IIV-D was not associated with CSF levels of 

Aβ42, t-tau and p-tau and amyloid positivity (Aβ42<1000pg/ml), or APOE ε4 status.  

Interestingly, Kalin and colleagues (2014) suggest that IIV-I may hold 

greater promise in identifying the earliest cognitive changes of prodromal AD than 

IIV-D. Specifically, IIV-I distinguished between CN and amnestic MCI participants 



 

41 

Cognitive Variability and the Onset of Alzheimer’s Disease.  

while IIV-D distinguished between amnestic MCI and AD, but not vice versa. 

Moreover, Christ, Combrinck, and Thomas, (2018) report RT-based measures of 

IIV, common in estimates of IIV-I, are superior predictors of neurological 

impairment (indexed by overall cognitive performance and memory predictors) 

when compared to the total performance-based measures typically used in estimates 

of IIV-D. Taken together, these results suggest IIV-I may show greater promise in 

detecting the earliest cognitive impairments of AD. While this thesis sought to 

compare IIV operationalisations, based on this literature, the program of research 

largely focussed on the investigation of IIV-I in AD identification and prediction. 

1.4 Thesis Aims 

The need for low-cost and non-invasive markers of early AD cognitive 

impairment warrants further investigation of IIV and how this novel cognitive 

marker may be able to identify and predict early AD. This thesis, therefore, consists 

of five chapters, each seeking to further our understanding of the predictive capacity 

of this novel marker, develop an understanding of the underlying latent construct of 

the measure, and identify how it changes across AD progression. 

1.4.1 Aim 1: Understanding the Predictive Utility of IIV in AD 

The preceding literature review - Chapter 1 - provided an overview of AD 

and IIV, including alternative IIV operationalisations (IIV-I and IIV-D). This review 

suggests there is significant heterogeneity in the measurement of IIV and thus a more 

in-depth exploration of how various IIV operationalisations and measurement 

approaches relate to AD is needed. 

To examine the predictive utility of varying IIV approaches in AD, the 

following chapter - Chapter 2 (the first of three empirical studies) - details the first 

meta-analytic examination of its kind to investigate the association between IIV and 
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cognitive decline or progression to AD, including various IIV operationalisations 

and measurement approaches. This chapter also includes a direct comparison of the 

two major IIV operationalisations (IIV-I and IIV-D). In order to consider this novel 

IIV measure as a marker of early AD, it is important to examine whether IIV shows 

reliable predictive utility across existing longitudinal studies and samples. It is also 

important to determine whether certain operationalisation or measurement 

approaches are superior to others in understanding early AD cognition. Following a 

lack of evidence to suggest IIV-I and IIV-D operationalisations differ substantively 

in their ability to predict decline, the following empirical chapters - Chapters 3 and 4 

- focused on the IIV-I operationalisation of IIV to allow for a more in-depth 

understanding of the construct and its variability across AD and CN groups. The 

decision to focus on the IIV-I operationalisation was guided by existing within-study 

IIV-I and IIV-D comparison literature outlined in Chapter 1. 

1.4.2 Aim 2: Develop an Understanding of the Latent Construct of IIV 

An important step before further empirical analysis and discussion of IIV-I 

can take place is to explore whether there is an underlying latent construct of IIV-I. 

Chapter 3 sought to establish the underlying factor structure of IIV-I across tasks of 

varying cognitive domains and complexities. This is particularly important given the 

variability of tasks used in the literature, as highlighted in both the literature review 

in Chapter 1 and the studies included in the meta-analytic chapter - Chapter 2. This 

factor structure investigation also provided an opportunity assess the measurement 

invariance of the IIV-I construct across AD and CN groups. This was another crucial 

step in determining whether reliable comparisons across AD and CN groups can be 

made using IIV-I. Both Chapter 3, and the study detailed in Chapter 4 utilize archival 

data from the Australian Imaging, Biomarkers and Lifestyle study of ageing (AIBL). 
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1.4.3 Aim 3: Identify how IIV Changes in AD Onset  

After being guided by the construct and measurement invariance findings of 

the preceding chapter, the final empirical study - Chapter 4 - used independent 

simple and complex task measures of IIV-I to develop an understanding of how IIV-

I changes across early AD progression. This approach also allowed for the 

comparison of those simple and complex task IIV-I measures, informing whether 

they differ in their relationship with AD progression. While many longitudinal 

studies exploring IIV and AD were included in the meta-analytic chapter of this 

research program - Chapter 2 -, these studies focused on the longitudinal capacity of 

IIV-I measured at baseline to predict progression to dementia. In contrast, this 

chapter - Chapter 4- sought to track longitudinal changes in IIV-I across pre-

diagnostic AD. This was undertaken in order to improve our understanding of how 

this novel measure interacts with early AD cognition and how it may be used in early 

AD detection. This chapter includes a longitudinal analysis of IIV-I across those who 

remained CN and those who progressed to MCI/AD. This allowed for the 

examination, and cross-group comparison, of baseline IIV-I performance, as well as 

trajectories of change.  

To conclude, a general discussion chapter - Chapter 5 - provides an overview 

of the novel studies included in this thesis and summarises key findings. Results are 

discussed within the context of current IIV literature pertaining to AD. This chapter 

also sought to identify directions for future research investigating the relationship 

between IIV and AD and to consider the clinical implications of the findings. 

1.5 Summary and Chapter Outline  

In summary, this thesis seeks to explore IIV with particular focus on its 

relationship with AD. This novel cognitive measure has been identified as a potential 
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indicator of early AD risk making it an important area of research with increasing 

rates of AD globally. Substantial evidence exists to support the ability of IIV both to 

identify cognitive impairment in already diagnosed AD, or to predict subsequent AD 

diagnosis. The findings, however, present a variety of approaches to IIV 

operationalisations, and measurement under the same IIV title. This is associated 

with a lack of thorough analysis of IIV as a construct, as well as, how this construct 

behaves across AD onset. The goal of this thesis, was, therefore, to address the 

variability in IIV and provide insight into the underlying IIV construct in order to 

inform future research investigating IIV, as well as provide further support to the 

clinical and research utility of this measure.  

In order to achieve this goal this program of research identified three main 

aims that are addressed in three empirical studies, detailed above. These are, first, to 

unify existing IIV literature by conducting a meta-analytic review of existing 

longitudinal research that has used IIV to predict dementia or cognitive decline, 

regardless of operationalisation or measurement approaches (Chapter 2). Second, to 

analyse the basic factor structure of IIV and compare this across AD and CN groups 

(Chapter 3). Finally, to examine how the IIV construct changes across AD onset 

(Chapter 4). The findings of these three empirical studies, weaknesses, and future 

directions are discussed in a final chapter (Chapter 5). 
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Foreword to Chapter 2 

 The preceding chapter provided an introduction to the intra-individual 

variability (IIV) and Alzheimer’s dementia (AD) literature, highlighting the potential 

utility of IIV as an early marker of dementia risk. Also highlighted were the various 

approaches to defining and measuring IIV. The utilisation of these alternative 

approaches complicates conclusions drawn to date. The following chapter, therefore, 

provides a meta-analytic examination of IIV and its association with subsequent 

cognitive decline or progression to dementia, regardless of operationalisation or 

measurement approach. By examining whether IIV holds an association with future 

AD and if so, to what extent, this chapter contributes to the broader aim of this thesis 

to explore the utility of IIV as a novel marker of early AD. Moreover, this chapter 

serves to inform the remaining empirical studies included in this thesis, and beyond, 

by providing a summary and comparison of alternative IIV operationalisations. This 

chapter was written for and published as a manuscript in a peer-reviewed journal 

(Neuropsychology).  
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Maruff, P., & Bucks, R. S. (2021). Longitudinal association of intraindividual 

variability with cognitive decline and dementia: A meta-analysis. 
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Chapter 2: Longitudinal Association of 

Intra-Individual Variability with 

Cognitive Decline and Dementia: A 

Meta-Analysis. 
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2.1 Abstract  

Objective: Intra-individual variability (IIV) –variance in an individuals’ 

cognitive performance - may be associated with subsequent cognitive decline and/or 

conversion to dementia in older adults. This novel measure of cognition 

encompasses two main operationalisations: inconsistency (IIV-I) and dispersion 

(IIV-D), referring to variance within or across tasks respectively. Each 

operationalisation can also be measured with or without covariates. This meta-

analytic study explores the association between IIV and subsequent cognitive 

outcomes regardless of operational definitions and measurement approaches. 

Method: Longitudinal studies (N = 13) that have examined IIV in association with 

later cognitive decline and/or conversation to MCI/dementia were analysed. The 

effect of IIV operationalisation was explored. Additional sub group analysis of 

measurement approaches could not be examined due to the limited number of 

appropriate studies available for inclusion. Results: Meta-analytic estimates suggest 

IIV is moderately associated with subsequent cognitive decline and/or conversion to 

MCI/dementia (r  =  .20 , 95% CI [.09, .31]) with no significant difference between 

the two operationalisations observed (Q = 3.41, p = .065). Conclusion: Cognitive 

IIV, including both IIV-I and IIV-D operationalisations, appears to be associated 

with subsequent cognitive decline and/or dementia and may offer a novel indicator 

of incipient dementia in both clinical and research settings. 
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2.2 Introduction  

Much neuropsychological research seeks to understand brain behaviour 

relationships in dementia using total or average task scores on standardized tests of 

cognition. Over recent years, there has been increasing interest in the extent to which 

an individual’s consistency of performance can also inform these models. Cognitive 

variability or intraindividual variability (IIV), referring to cognitive performance 

variability within a single individual, has been proposed as a potential early marker 

of dementia, including the dementia characteristic of Alzheimer's disease (AD; 

Christ, Combrinck, & Thomas, 2018b; Bayer, & Tales, 2013). While even heathy 

adults show variability in performance (Hultsch, MacDonald, & Dixon, 2002), it is 

posited that greater variability in cognition reflects early signs of a brain under stress, 

therefore, greater IIV is associated with greater risk of cognitive decline and/or a 

subsequent dementia diagnosis (Anderson et al., 2016; Hultsch, MacDonald, & 

Dixon, 2002). Despite the straightforward nature of this hypothesis, differences in 

methodological and statistical approaches to studying variability in test performance 

in people at risk for dementia has meant that it is difficult to specify the conditions 

under which IIV is associated with later dementia. For example, two 

operationalisations of IIV are used commonly to define variability in cognitive test 

performance within individuals. These are, inconsistency (IIV-I), defined as 

variability within a cognitive task, and dispersion (IIV-D) defined as variability in 

the individual’s performance across different tasks or domains. IIV-I 

operationalisations typically measure individual performance variability across 

multiple trials of a single task and is most commonly measured using variability on 

reaction time (RT) tasks (Hultsch, et al., 2000; Kochan et al., 2016). IIV-D 

operationalisations represent the variability an individual displays over separate 
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cognitive tasks within a domain (e.g., memory) or across different domains and is 

most commonly measured using the SD of z-transformed task scores (Holtzer, 

Verghese, Wang, Hall & Lipton, 2008).While IIV-I and IIV-D both show promise in 

predicting AD-related decline or dementia diagnosis (Anderson et al., 2016; Bayer et 

al., 2014), the two approaches have seen little direct comparison in longitudinal 

research. 

Understanding the association between IIV and later dementia has been 

complicated further by the different methods used to calculate IIV-I and IIV-D. For 

example, some authors compute standard deviations (ISD) of raw RTs on a single 

cognitive task (typically IIV-I) or on standardized performance scores across 

different tasks (typically IIV-D). Another approach has been to utilize regression 

equations computed on raw scores (either IIV-I or IIV–D) and adjust for covariates 

such as age, gender, or mean test performance with the unexplained variance in such 

models defined as IIV(Anderson et al., 2016; Bayer et al., 2014b). 

2.2.1 Intraindividual Variability (IIV) 

IIV is a measure of an individual’s ability to maintain globally consistent 

performance across trials and/or tasks of neuropsychological assessment measures. 

This can be contrasted with other performance measures used in neuropsychology 

which define cognitive performance in terms of the total, or average scores. The 

ability to maintain consistent performance reflected in IIV may be a sensitive marker 

of early neuropathological changes in AD and other dementias (Anderson, 2013; 

Kalin et al., 2014). Support for this hypothesis comes from studies reporting greater 

IIV predicts greater cognitive decline (Bielak, Hultsch, Strauss, MacDonald, & 

Hunter, 2010; Kliegel & Sliwinski  Matthias, 2004), and progression from 

cognitively normal ageing to later mild cognitive impairment (Anderson et al., 2016; 
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Bayer et al., 2014; Watermeyer et al., 2021). Furthermore, increasing IIV has been 

found to be associated with more direct indictors of AD pathological changes 

including 1) reduced white matter integrity (Head, Jackson, Balota, & Duchek, 2011; 

Mella, De Ribaupierre, Eagleson, & De Ribaupierre, 2013), 2) increased in the 

phosphorylated-tau/ Aβ-amyloid 42 ratio hallmark pathological characteristic of AD 

(Patten, Fagan, & Kaufman, 2018) and 3), Apolipoprotein E (APOE) 4 AD genetic 

risk status (Kalin et al., 2014; Tarnanas et al., 2015), albeit with moderate effect 

sizes in each case. 

2.2.2 Differing approaches to IIV measurement 

As stated above, variability in cognitive performance in individuals at risk for 

dementia has been operationalized in two main ways (IIV-I and IIV-D). While both 

approaches have shown an association with subsequent dementia, many theoretical 

models of cognitive IIV utilize these terms interchangeably. Therefore while both 

approaches provide an index of cognitive variability, it remains possible that one is 

superior to the other (Anderson et al., 2016; Bayer et al., 2014). For example, direct 

comparisons of IIV-I and IIV-D in older adult cohorts, revealed that only IIV-I 

predicted APOEε4 status in a cognitively normal (CN) cohort, although with a small 

effect observed (Kalin et al., 2014; Tarnanas et al., 2015). Further, Tarnanas and 

colleagues (2015) suggest IIV-I may hold greater promise in identifying the early 

cognitive changes of prodromal AD. Specifically, IIV-I distinguished between CN 

and amnestic Mild Cognitive Impairment (MCI) while IIV-D distinguished between 

amnestic MCI and AD, but not vice versa (CN vs aMCI). Christ and colleagues 

(2018) report RT based measures of IIV, common in IIV-I, are superior predictors of 

neurological impairment indexed by overall cognitive performance and memory 
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predictors - compared to the total or average performance based measures typically 

used in IIV-D. 

In addition to these operationalisations, different approaches to the 

measurement of IIV further complicates interpretation of the literature. A prominent 

difference in approach is whether estimates of variability are adjusted for covariates 

such as age or sex. Generally, this is achieved by regressing covariate(s) on IIV 

indices and then using the residuals in subsequent analyses. Additionally, some 

studies have adjusted for an individual’s mean task performance in their calculation 

of IIV (Hultsch, MacDonald, Hunter, Levy-Bencheton, & Strauss, 2000; Lövdén, Li, 

Shing, & Lindenberger, 2007) while others have not (Salthouse, 2012; Tales et al., 

2012). The decision to adjust for mean performance is based on the theoretical 

rationale that, particularly on RT tasks, mean RT should be considered when 

interpreting task variability since variability tends to increase with average RT 

increase (Hultsch, MacDonald, Hunter, Levy-Bencheton, & Strauss, 2000). 

Similarly, some studies have adjusted their IIV measure for age (e.g. Anderson et al., 

2016; Bielak et al., 2010) while others have not (Roalf et al., 2016; Salthouse & 

Soubelet, 2014). Those that control for age draw on evidence that older adults 

typically show greater IIV than younger adults (Hultsch, 2002) while those that do 

not control for age provide the rationale that IIV does not follow a consistent ageing 

pattern in later adulthood and is more likely to represent disease pathology (Roalf et 

al., 2016; Salthouse & Soubelet, 2014). 

2.2.3 Summary and Purpose  

The literature suggests greater IIV may be associated with cognitive decline 

and subsequent conversion to MCI/dementia (Anderson et al., 2016; Bayer et al., 

2014; Bielak et al., 2010; Holtzer et al., 2008;  Hultsch et al., 2002; Kliegel & 



 

64 

Cognitive Variability and the Onset of Alzheimer’s Disease.  

Sliwinski Matthias, 2004). It is, however, unclear whether IIV, regardless of how it 

is operationalised or measured, is associated with cognitive decline and risk for 

progression to dementia, or whether particular operationalisations are more useful. 

One way to improve our understanding of these different approaches and how they 

may exert influence on studies seeking to utilize cognitive variability to predict 

dementia is to conduct a meta-analyses of the extant literature that considers the 

extent to which cognitive variability is associated with subsequent dementia 

generally, as well as, how such estimates can be influenced by the different 

operational definitions and statistical approaches used in its computation. This study 

reports a meta-analysis of the association between IIV and subsequent cognitive 

decline or dementia diagnosis and compares IIV operationalisation and measurement 

approach as subgroups. 

2.3 Method 

2.3.1 Literature Search  

A comprehensive electronic literature search was performed using 

PsycINFO, Embase, Medline, Scopus, and Google Scholar (extracted using Publish 

or Perish Software; Harzing., 2011) databases on the 11th of January 2021. The 

purpose of this search was to identify studies that have examined the association 

between IIV-I or IIV-D and subsequent cognitive decline or progression to 

MCI/dementia. Search terms used were limited to “Within person or intra?individual 

variability IIV OR intra?individual OR individual differences OR cognitive 

variability OR dispersion” AND “Alzheimer* OR Alzheimer* disease OR dementia 

OR cognitive decline OR cognitive impairment OR mild cognitive impairment”. 

Search results were limited to studies published in English. Searches included 

dissertations, theses, and conference abstracts. Grey literature (including theses and 



 

65 

Cognitive Variability and the Onset of Alzheimer’s Disease.  

conference abstracts) and reference lists of included studies were hand searched for 

studies that may have been missed in the electronic searches. These searches and 

subsequent screening steps are reported in line with PRISMA guidelines in Figure 

2.1. 

Studies were excluded at the title and abstract screening phase if they were 

irrelevant, duplicates, or clearly met exclusion criteria. The exclusion criteria 

included: reviews, studies that did not measure IIV of cognition (e.g., heart rate IIV), 

studies including samples with conditions or disorders other than dementia (e.g., 

Huntington’s disease), cross-sectional designs, short follow-up (i.e., follow-up of 

fewer than 12-months), mean sample age less than 40 years (± 2SD), did not 

measure IIV (as defined by variance across or within cognitive tasks), non-

cognitive/dementia outcome variable (e.g., fall risk), or duplicate sample (in which 

case the study with the largest sample size was selected). To confirm selection, 20% 

of titles and abstracts were screened by first and third authors, with 97% 

concordance. Any disagreement between raters was discussed by both and consensus 

reached. 

At the full text screening phase, studies were included if they met the 

following inclusion criteria; 1) Examination of IIV-I or IIV-D and subsequent 

cognitive change/status, 2) report of an outcome measure providing quantifiable 

cognitive change effects on neuropsychological testing or diagnostic status. A further 

10% of full text studies were screened by first and third authors with 100% 

concordance. Corresponding authors of studies missing key information where 

contacted (N = 4). No additional information that would allow for inclusion could be 

provided and studies were not included in the analyses. These steps, as well as, the 

number of studies included or excluded at each step, are outlined in Figure 2.1. 
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The first author extracted the following data from each included study, 1) 

effect of the association between IIV performance and a change in cognitive 

performance on neuropsychological testing (correlation coefficient, beta weight) OR 

progression to MCI/dementia, 2) IIV type (IIV-I or IIV-D), 3) whether the study 

examined cognitive decline or progression to MCI/dementia, 4) whether the study 

adjusted for an individual’s mean task performance, 5) whether the study controlled 

for other covariates e.g., age or sex, 6) sample size, 7) sample size characteristics 

including sex breakdown, baseline cognitive performance, and age information. 

From 5948 studies initially identified, after duplicates were removed, title 

and abstract screening, full text screening, and follow-up on studies with missing 

data (k = 4), 12 were included in the meta-analysis. These 12 studies (plus one 

additional study, noted below) are summarized in Table 2.1. 
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Search Terms: Within person or intra?individual variability IIV OR intra?individual OR individual 

differences OR cognitive variability OR dispersion” AND “Alzheimer* OR Alzheimer* disease OR 

dementia OR cognitive decline OR cognitive impairment OR mild cognitive impairment. 

 

Database Searches (N = 5948): PsycINFO (N = 1088), Embase (N = 1718), Medline (N = 1069), 

Scopus (N = 1972), GoogleScholar (N = 101).  

1803 duplicates removed.  

Titles and Abstracts Screened (N = 4145) 

3955 irrelevant  

Full text copies Screened (N = 

190) 

Unable to obtain relevant 

information from authors (N = 

4) 

Full text Excluded (N = 174). 

1) Review (N = 2) 

2) Did not measure IIV of cognition 

(i.e. heart rate) (N = 4)  

3) Measured IIV of adults with 

other condition  (N = 6) 

4) Not Longitudinal, 12+ months   

(N = 106) 

5) Sample Age < 40 years, ± 2SD 

(N = 1) 

6) Did not measure IIV as defined 

by the present study (N = 16) 

7) Inappropriate outcome variable 

(N =14) 

8) Duplicate Sample (N = 20) 

9) Duplicates (N = 5) 

  

Final inclusion (N = 12). 

Figure 2.1. 

Systematic Search and Screening Results (PRISMA chart).  



 

 

 

68 

Cognitive Variability and the Onset of Alzheimer’s Disease.  

2.3.2 Independent Variable Classification 

The independent variable in this meta-analysis was IIV, irrespective of IIV 

operationalisation (IIV-I or IIV-D) or measurement approach (i.e., regardless of 

whether or not the IIV measure controlled for mean performance or other 

demographic covariates). For studies reporting more than one measure of IIV, all IIV 

measures were included in the analyses, which were adjusted for multiple outcomes. 

2.3.3 Subgroup Coding 

IIV-I versus IIV-D: Included studies were reviewed to determine IIV 

operationalisation used. In total, 12 studies satisfied inclusion criteria for this meta-

analysis. Of these, 7 estimated the relationship between IIV and cognitive decline or 

progression to MCI/dementia using correlation coefficients (3 using IIV-D and 4 

using IIV-I operationalisations) and 5 reported hazard ratios. Studies reporting 

hazard ratios could not be combined with studies reporting strength of association 

metrics (correlations/beta weights), since there is no accepted method of converting 

hazard ratios to correlation effects (Stare & Maucort-Boulch, 2016). Lead authors of 

studies reporting hazard ratio results were contacted to obtain raw data or alternative 

analysis results (e.g., odds ratios) to allow all 11 studies to be analysed together. One 

study (Kochan et al., 2016) provided odds ratio results. This study was incorporated 

with the seven association studies (now N = 8). The remaining four studies reporting 

hazard ratios were meta-analysed separately. Given recommendations for a 

minimum of four studies per group in categorical sub-group analyses (Fu et al., 

2011), a previously excluded IIV-D study (Roalf et al., 2016- excluded due to a 

small overlapping sample with a study included in the Hazard ratio analysis; 

Anderson, Wahoske, Huber, Norton, Li, Koscik, Umucu, Johnson, Jones, Asthana, et 
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al., 2016, but otherwise meeting criteria) was subsequently included in the main 

analyses (now N = 9: 4 using IIV-D, 5 using IIV-I)1. 

2.3.4 Adjusting for Covariates versus Not Adjusting for Covariates 

Included studies were also reviewed to determine whether they adjusted for 

mean performance or demographic covariates such as age in their IIV measurement 

approach. Studies were classified into those that controlled for mean performance 

versus those that did not, and into those that controlled for any other demographic 

covariates versus those that did not. While, a subgroup analysis of these covariates 

was planned, this was not possible given the small number of studies available (Fu et 

al., 2011). As can be seen in Table 2.1, only two studies included in the general 

correlational analysis sought to control mean task performance, while only three 

sought to control other demographic covariates. 

2.3.5 Outcome Variable Classification  

 Included studies were reviewed for outcome variable type, with studies using 

either 1) cognitive performance decline, or 2) progression to MCI/dementia (i.e., CN, 

dementia, MCI, or amnestic MCI). For a summary of outcome variable type see 

Table 2.1. Due to the small number of eligible studies, these outcome types were 

collapsed into a single outcome type representing dementia-related cognitive decline. 

                                                           
1 This meant that papers reporting overlapping samples were included in both the correlational and 

hazard ratio meta-analyses. To examine the influence of this, the general correlational meta-analysis 

was re-run without the addition of the Roalf and colleagues (2016) study and the hazard ratio meta-

analysis was also run without the Anderson and colleagues (2016) study. There was no substantive 

difference between the overall IIV effect estimates in the correlational or hazard ratio meta-analysis. 

Our preference was to report the larger, n = 4 analysis since this provides the best estimate available, 

especially given the Anderson study had the largest N.  For results of these alternative analyses, see 

supplemental materials in Appendix A. 
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2.3.6 Data Analysis 

Comprehensive Meta-Analysis v.3 (CMA; Borenstein, 2013) software using 

a random effects model was used to perform the meta-analysis. Two overall random 

effect analyses were conducted separating studies into correlational and hazard ratio 

analyses. Meta-analytic effects are reported as r with 95% confidence intervals (N = 

9), where correlations of .10 were considered small effects, .20 medium, and .30 

large (Gignac & Szodorai, 2016), or as hazard ratio results (N = 4). Follow-up meta-

regression analyses (correlational studies only) were conducted to determine whether 

time to follow-up, baseline cognitive performance (Mini Mental State Examination 

(MMSE) scores were chosen as the most common assessment measure utilised by 

included studies), sex, or average age of participants had a significant influence on 

effect size. Heterogeneity was evaluated using the I2 statistic which estimates the 

proportion of effect dispersion across studies representing real differences rather than 

random error (Lin, 2020). As I2 is dependent on sample size (Von Hippel, 2015) 

heterogeneity was also inspected visually using forest plots, as well as, using 

Cochrane’s Q and τ2statistics which indicate whether the observed variability is 

greater than that expected by chance. 
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Table 2.1. 

Summary of Studies Included in the Meta-Analysis.  

Study  Sample 

Size 

Mean 

Sample 

Age 

(years)  

Sample 

Sex % 

Female 

IIV 

Operationalisation 

Cognitive Tasks used Mean 

Adjusted 

Other 

Covariates 

Adjusted 

Outcome 

Measure 

Author’s Conclusion  Mean 

Follow-

Up 

(months) 

General Correlation Analysis  

Bayer et 

al., 2014 

76 72.9 51 IIV-I Posner exogenous cueing 

paradigm. 

No No Conversion to 

MCI/dementia  

Higher IIV at baseline was 

associated with 

development of dementia.  

30 

Bielak et 

al., 2010  

212 74.3 68 IIV-I Finger tapping, four choice 

reaction time, four choice reaction 

time 1 back, shape, colour and 

task switching.  

No Yes (Age, 

practise 

effects) 

Conversion to 

MCI/dementia  

Greater IIV was associated 

with greater likelihood of 

being in the maladaptive 

group (Cognitive 

impairment, no dementia).  

60 

Lovden et 

al., 2007 

447 84.1 Not 

Reported 

IIV-I Identical pictures test. Yes Yes (Time 

to death, 

age, and 

suspected 

dementia).  

Cognitive 

decline 

High IIV signals 

impending cognitive 

decline. 

156 

B Roalf et 

al., 2016 

 

819 74 42 IIV-D Rey Auditory Verbal Learning 

Test,  Wechsler Memory Scale-

Revised, Logical Digit Span 

No No Conversion to 

MCI/dementia   

Variability at baseline was 

higher in individuals 

transitioning from MCI to 

AD. 

12 
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(forward and backward), Trail 

Making (Part A and B), 

Digit Symbol Substitution, 

Semantic word list generation, 

Boston Naming, Alzheimer’s 

disease Assessment Scale – 

Cognition subscale, Clock 

drawing.  

Salthouse 

et al., 

2014 

352 73.1 57 IIV-D Matrix Reasoning, Shipley 

Abstraction, Letter Sets, Spatial 

Relations, Paper Folding, Form 

Boards; Word Recall, Paired 

Associates, Logical Memory, 

Digit Symbol, Pattern 

Comparison, Letter Comparison. 

No No Cognitive 

decline 

Initial IIV was greater for 

those who experienced 

most longitudinal change.  

33 

Tales et 

al., 2012 

39 72.9 51 IIV-I Exogenous target detection cueing 

paradigm.  

No No Conversion to 

MCI/dementia  

IIV differentiated those 

with MCI who converted 

to dementia from non-

convertors.  

30 

Kliegel et 

al., 2004 

91 100.2  Not 

Reported 

IIV-D MMSE. Yes No Cognitive 

decline  

IIV predicted cognitive 

decline better than mean 

performance.  

18 

Kochan et 

al., 2016  

861 78.7 55 IIV-I Simple and complex RT tasks. No  No Conversion to 

MCI/dementia  

IIV independently 

predicted time to dementia. 

48 

Koscik et 

al., 2016 

684 53.6  70 IIV-D Rey Auditory Verbal Learning 

Task, Trail Making Test (A & B), 

No Yes 

(gender, 

literacy, 

Conversion to 

MCI/dementia  

IIV predicted subsequent 

impairment. Prediction was 

weaker than mean memory 

109 



 

 

 

73 

Cognitive Variability and the Onset of Alzheimer’s Disease.  

Wide Range Achievement Test-

3rd edition 

 

family 

history of 

AD, APOE 

ε4 carrier, 

baseline 

age, 

follow-up 

time)  

and executive function 

scores. 

Hazard ratio Analysis  

A 

Anderson 

et al, 2016 

1324 73.7 44 IIV-D Rey Auditory Verbal Learning 

Test, Total of learning trials, Rey 

American National Adult Reading 

Test, Trail 

Making (A & B). 

Yes Yes (age, 

education, 

APOE  ε4) 

Conversion to 

MCI/dementia  

IIV was associated with 

time to cognitive status 

change. 

31 

Holtzer et 

al., 2008 

897 78.6  60 IIV-D The Free and Cued Selective 

Reminding Test, WAIS-R 

Vocab and Digit symbol 

substitution.  

Yes Yes (sex, 

education, 

medical 

illness)  

Conversion to 

MCI/dementia  

IIV was associated with 

development of dementia 

independent of mean test 

performance.  

40  

Holtzer et 

al., 2020 

344 75.89 55 IIV-I Semantic and Letter Fluency.  No No Conversion to 

MCI/dementia 

Baseline IIV on semantic, 

but not letter fluency tasks, 

predicted MCI. 

35.4 

Vaughan 

et al., 

2013 

2305 74.0  100 IIV-D Primary mental abilities test of 

verbal knowledge, Benton Visual 

Retention Test, California Verbal 

Learning Test, Digit span forward 

and backward, Card rotations test, 

letter and semantic fluency, finger 

tapping,  

No  No Conversion to 

MCI/dementia  

IIV significantly predicted 

dementia. 

64 
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Note.  Mean controlled = mean performance used as a covariate of IIV (usually through calculating the Coefficient of variation); covariates controlled = demographic 

information used as a covariate of IIV (usually through the calculation of residuals); Cognitive decline = decline in cognitive performance on neuropsychological measures 

over visits; Conversion to MCI/dementia = Clinical Diagnosis of CN, MCI, MCI (amnestic), AD or dementia.  Abbreviations: AD, Alzheimer’s disease, APOE, 

Apolipoprotein E gene; CN, Cognitively normal; IIV-I, Intraindividual Variability- Inconsistency; IIV-D, Intraindividual Variability – Dispersion; MCI, Mild Cognitive 

impairment; RT, Reaction time.  B Roalf et al., (2016) contains an overlapping sample to that reported in  A Anderson et al., (2016) and was initially excluded. As noted, it 

was included to allow for sub group comparison in the correlational meta-analysis. 
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Study name Subgroup within study Comparison Outcome Statistics for each study Correlation and 95% CI

Lower Upper 
Correlation limit limit Z-Value p-Value

SALTHOUSE, 2014 D IIV1 Cognitive decline 0.137 0.033 0.238 2.578 0.010

TALES, 2012 I IIV1 Cognitive decline 0.503 0.223 0.706 3.320 0.001

ROALF, 2016 D IIV1 Cognitive decline 0.178 0.069 0.283 3.178 0.001

KLIEGEL, 2004 D IIV1 Cognitive decline 0.447 0.265 0.598 4.512 0.000

BAYER, 2014 I Combined Cognitive decline 0.470 0.259 0.638 4.080 0.000

LOVDEN, 2007 I Combined Cognitive decline -0.135 -0.225 -0.043 -2.865 0.004

KOSCIK, 2016 D Combined Cognitive decline 0.099 0.035 0.161 3.051 0.002

BIELAK, 2010B I Combined Cognitive decline 0.300 0.172 0.417 4.468 0.000

KOCHAN, 2016 I Combined Combined 0.077 0.005 0.148 2.091 0.037

0.202 0.093 0.305 3.602 0.000

-1.00 -0.50 0.00 0.50 1.00

Favours A Favours B

IIV Predicting Cognitive Decline/Diagnosis

Meta Analysis

2.4 Results 

2.4.1 Overall effect 

IIV (irrespective of operationalisation) was significantly associated with 

cognitive change (either cognitive decline or progression to MCI/dementia) with a 

medium positive correlation of r(7) = .20 , 95% CI = [.09, .31], p <.001 (see Figure 

2.2). Follow-up meta-regression analyses of sex, baseline cognitive performance 

(MMSE score), time to follow-up, and average age of participants indicated no 

significant influence of sex r(5) = -.00, 95% CI = [-.01, .01], p = .849, or average age 

of participants r(7) = -.002, 95% CI = [-.01, .01], p = .562 on effect sizes. There was 

a significant influence of baseline cognitive performance r(3) = -.08, 95% CI = [-.15, 

-.01], p = 0.023 and time to follow-up r(7) = -.003, 95% CI = [-.01, -.00], p = .002 

although these provided little explanation of IIV variance (both less than 1%). 

 

Figure 2.2. 

Forest Plot of Observed Random Effects Correlation Coefficients for IIV Predicting 

Cognitive Change (Cognitive Decline or Progression to MCI/Dementia). 

 

 

 

 

Note: Squares represent study effect size with horizontal solid lines representing 95% CI. Diamond 

represents overall effect size. Combined = study reporting more than one IIV correlation (e.g. IIV 

calculated using multiple tasks). 
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Study name Subgroup within study Comparison Statistics for each study Hazard ratio and 95% CI

Hazard Lower Upper 
ratio limit limit Z-Value p-Value

Holtzer, 2008 Blank IIV1 3.930 2.029 7.610 4.059 0.000

ANDERSON. 2016 Blank Combined 1.205 1.073 1.353 3.158 0.002

VAUGHAN, 2013 Blank Combined 2.052 0.855 4.924 1.609 0.108

Holtzer, 2020 Blank Combined 1.205 0.670 2.167 0.623 0.533

1.739 1.016 2.976 2.017 0.044

0.01 0.1 1 10 100

Favours A Favours B

IIV Predicting Cognitive Decline/Diagnosis

Meta Analysis

Analysis of hazard ratio studies revealed baseline IIV (combining both IIV-I 

and IIV-D) significantly predicted cognitive change (either cognitive decline or 

progression to MCI/dementia) with HR = 1.74, 95% CI = [1.02, 2.98], p = .044 (see 

Figure 2.3). 

 

Figure 2.3.  

Forest Plot of Observed Random Effects Hazard Ratios for IIV Predicting Cognitive 

Change (Cognitive Decline or Progression to MCI/Dementia).  

 

 

 

Note: Squares represent study effect size with solid line representing 95% CI. Diamond represents 

overall effect size. Combined = study reporting more than one IIV correlation (e.g. IIV calculated 

using multiple tasks). 

2.4.2 Heterogeneity 

There was significant heterogeneity in the true IIV effect observed, I2 = 

88.11; Q(8) = 67.29, p < .001; tau squared = 0.02 in the correlational analysis. As it 

is difficult to reliably interpret heterogeneity using I2 when the number of included 

studies is small (Von Hippel, 2015), forest plots were also examined. These 

indicated significant heterogeneity was present with point estimates showing a range 

between r = .17 and r = .24. To determine whether analyses could proceed, a leave 

one out analysis was conducted (Wilcox, 2016). No change in the correlation effect 

size or significance value was noted with a medium positive correlation of r(6) =  



 

 

 

77 

Cognitive Variability and the Onset of Alzheimer’s Disease.  

.20, 95% CI =  [.09, .31], p <.001 suggesting that, despite significant heterogeneity, 

the overall effect size was robust at approximately .20. Given the small number of 

studies included in the HR analysis, heterogeneity analysis was not conducted. 

2.4.3 Subgroup Analyses  

Subgroup analysis, for the N = 9 correlation effects, revealed no difference in 

effect between IIV-I (r = .22, 95% CI = [.02, .41], N = 5) and IIV-D (r = .19, 95% CI 

= [.08, .29], N  = 4) in their association with subsequent cognitive decline or 

conversion to MCI/dementia (Q = 3.41, p = .065), albeit this comparison should be 

interpreted with caution given the small number of studies (Borenstein, Hedges, 

Higgins, & Rothstein, 2009). 

2.4.4 Publication Bias 

Funnel plots were examined to evaluate publication bias (see supplemental 

materials in Appendix B). The correlations were distributed asymmetrically with the 

smaller sample size studies shifting to the right, indicating bias. Egger‘s linear 

regression estimate = 4.51, p = .034. A trim-and-fill analysis suggested the 

possibility of two missing studies. Based on the inclusion of these ‘missing’ 

correlations, the estimated adjusted correlation was r = .15, 95% CI = [.04, .25]. This 

suggests there may have been very slight overestimation of the overall correlation 

effect size. Analysis of bias was not appropriate for the hazard ratio analysis given 

the small number of included studies. 

2.5 Discussion 

 The results of this meta-analysis indicate that IIV, regardless of 

operationalisation, was statistically significantly associated with subsequent 

cognitive decline or progression to MCI/dementia. The average effect for the 

relationship between variability and subsequent cognitive decline or MCI/dementia 
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was small with IIV explaining just 4% of the variance. There was no difference 

between IIV-I and IIV-D in their association with subsequent cognitive decline or 

MCI/dementia. While the absence of any difference may reflect the small number of 

studies that contributed data to these estimates (5 IIV-I studies and 4 IIV-D studies), 

this could mean that the effect (if any) is quite small. We had also planned to capture 

the effects of adjusting IIV measurement for covariates such as age or mean task 

performance, however, due to a small field this was not possible. 

Cross-sectional evidence suggests that IIV-I is more strongly associated with 

genetic risk factors for AD than IIV-D (Kalin et al., 2014; Tarnanas et al., 2015), as 

well as, being better able to identify the earlier stages of AD (Christ, Combrinck, & 

Thomas, 2018a; Duchek et al., 2009; Kalin et al., 2014; Phillips, Rogers, Haworth, 

Bayer, & Tales, 2013). Despite this, no longitudinal empirical study has directly 

compared the association between later dementia and both IIV-I and IIV-D. 

Comparisons between studies that use different methods of operationalising IIV, as 

well as measurement approaches, may not reveal differences that would be more 

evident if IIV-I and IIV-D were compared within the same study. Moreover, the 

follow-up intervals for the studies reported here varied markedly. While mean 

follow-up interval explained little variance in the overall effect of IIV on cognitive 

decline, it may have impacted the comparison of IIV-I and IIV-D. As can be seen in 

Table 2.1, mean follow-up for the IIV-I studies ranged from 30-156-months, M  

64.8, whereas for IIV-D it ranged from 12-109-months, M 46.3. Further work is 

required to explore whether the lack of differences between IIV-I and IIV-D relates 

to the length of follow-up over which the effects are being evaluated. 

Baseline cognitive performance explained some very small amount of 

variance in the overall effect of IIV on cognitive decline/dementia diagnosis. This is 
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unsurprising as while IIV shows a unique pattern of change (Tractenberg & Pietrzak, 

2011), it does indeed correlate with mean measures of performance (Nilam, Rabbitt, 

Brian, & John, 2005). Interpretation of this result is complicated by the baseline 

inclusion criteria utilised by each study with some studies opting for the baseline 

inclusion of healthy controls only while others chose to include participants 

classified as MCI at baseline. We need sufficient head to head comparisons of IIV 

(of either operationalisation) with more traditional neuropsychological measures 

such as mean scores, in order meta-analytically to confirm whether IIV offers 

sensitivity to AD beyond that of mean performance. This will be useful in increasing 

our understanding of the true clinical utility of IIV and of alternative 

operationalisations. 

The small number of studies currently available for inclusion in the meta-

analysis, prevented our plan to explore the impact of adjusting IIV measurement for 

mean task performance or other demographic covariates such as age. More studies 

investigating the association between IIV and subsequent dementia are needed 

before meta-analytic investigation of these covariates can be conducted. 

Beyond measurement considerations, further empirical work would be 

helpful in evaluating whether IIV-I and IIV-D are conceptually similar or represent 

related but separate abilities. It could be argued that variability in RT within a task 

may reflect the degree to which an individual’s processing resources are being taxed 

by that task. In contrast, when IIV is defined using variability in performance 

between tasks, given that the tasks likely differ in difficulty and nature, we do not 

know how much variability is ‘normal’. Critically, the ‘normal’ level of variability 

may differ depending on the combination of tests being used, making IIV-D 

differentially sensitive to cognitive change when the degree of variability is marked. 
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This is consistent with limited cross-sectional evidence that IIV-I may be more 

suited to detecting the subtle early changes seen in AD by predicting conversion to 

MCI, while IIV-D may be more suited to detecting later-stage decline by predicting 

conversion to AD (Christ, Combrinck, & Thomas, 2018b; Tractenberg & Pietrzak, 

2011). The present study was precluded from examining the effect of different stages 

of disease progression due to the limited number of studies available (of those 

studies included in this meta-analysis, nine examined the association between IIV 

and conversion to MCI/dementia while four examined the association between IIV 

and potentially more subtle cognitive decline). Similarly, it would also be of interest 

to separate MCI, amnestic MCI, and dementia diagnosis outcomes to further 

investigate the relationship between IIV operationalisation and dementia 

progression. 

Finally, we must also consider whether individual differences in effort, 

potentially as a result of depression, impact measures of IIV; though IIV-D perhaps 

more than IIV-I. This is because IIV-D compares performance between tests or 

tasks, meaning that those with depression or low effort may show more variability in 

task performance than those without, particularly if some tasks are more effortful or 

challenging than others (Freydefont, Golwitzer, & Oettingen., 2016). Whether IIV-I 

is impacted by effort/depression may depend on how it is measured. Some studies 

(e.g. Lovden et al., 2007) analyse RTs for correct trials only, or use trials with RTs in 

a range suggestive of appropriate attention to task i.e. not too slow or too fast (Tales 

et al., 2012). This is done in an attempt to remove the impact of poor effort on 

performance. Some studies also choose to control for mean RTs (Lovden et al., 

2007), which would control for slowing due to reduced effort. Given that there were 

no differences between IIV-I and IIV-D in their ability to predict conversion to 
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dementia, and that some studies excluded depression psychiatric disorders such as 

depression (Bayer et al., 2014; Bielak et al., 2010) it seems unlikely that depression 

is what drives conversion to dementia. Further to this, there is evidence to suggest 

IIV follows an inverted U shape across the lifespan (Hultsch, MacDonald, & Dixon, 

2002), suggesting IIV exists independently of (but not necessarily unaffected by) 

effort and/ or depression. It is possible, however, that IIV is affected by individual 

differences in effort more generally, and future studies should explore effort as a 

covariate of IIV. 

2.5.1 Conclusion  

 Cognitive IIV appears to hold a statistically significant association with 

subsequent cognitive decline with a medium effect size noted. This is consistent with 

a growing body of research suggesting cognitive variability is a promising indicator 

of early brain changes in dementia. Unfortunately, the evidence does not yet allow us 

to conclude whether IIV-I or IIV-D differ in their association with cognitive decline 

or conversion to MCI or dementia. Nor are we yet able to advise whether varying 

approaches to IIV measurement (e.g., adjusting for mean performance or other 

demographic covariates) are poorer or stronger indicators of incipient cognitive 

decline. Overall, cognitive IIV, including both IIV-I and IIV-D operationalisations, 

appears to hold a significant association with cognitive decline and may offer a novel 

indicator of incipient dementia in both clinical and research settings.  
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Foreword to Chapter 3 

The preceding meta-analytic chapter demonstrates that IIV is indeed 

associated with subsequent cognitive decline or progression to dementia. This next 

chapter, therefore, sought to undertake important initial steps in understanding IIV in 

AD. Specifically, this chapter reports an examination of the underlying construct of 

IIV to establish whether it can be reliably compared across those with AD and those 

without (i.e., cognitively normal). This fundamental understanding should inform 

future explorations of IIV as a novel marker of early AD risk by guiding how to 

measure and compare this construct. This understanding also provided a basis for the 

remaining empirical works in this thesis. 

The first meta-analytic study (Chapter 2) found insufficient evidence to 

suggest there are differences in the predictive utility of IIV operationalisations (IIV-

Inconsistency versus IIV-Dispersion). In order to allow for a more in-depth analysis 

of IIV as a construct and as a marker of early AD, just one operationalisation was 

chosen for the remaining studies. Specifically, an IIV-I operationalisation was 

chosen based on tentative evidence in the literature to suggest IIV-I may be more 

sensitive to earlier cognitive impairment in AD when compared to IIV-D (detailed in 

Chapter 2). 

Given the purpose of the following chapter- Chapter 3-  was to examine the 

underlying latent construct of IIV-I, a simple individual standard deviation (ISD) 

measurement approach to IIV-I was chosen. Importantly, this helps to ensure all 

potential variance related to the construct is captured in these exploratory works. For 

consistency with the other empirical chapters included in this thesis, this chapter was 

written in a manuscript format appropriate for journal publication (Journal of 

Neuropsychology). 
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Chapter 3: Cognitive Inconsistency 

may not Represent a Single Construct: 

Comparison of Cognitively Normal and 

Alzheimer’s Disease Samples. 
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3.1 Abstract  

 

Objective: Intra-individual Variability (IIV) has been proposed as a novel 

indicator of cognitive impairment in Alzheimer’s disease (AD). The construct seeks 

to measure cognitive variability within a single person at a single point in time. 

While IIV can be operationalised in different ways, this chapter focuses on the 

Inconsistency (IIV-I) operationalisation. The existing literature uses a variety of 

tasks to calculate and compare IIV-I, however, it remains unknown whether IIV-I 

represents a unitary construct across these tasks. Further, it is unknown whether such 

a construct can be used to compare cognition across those who are classified as 

cognitively normal (CN) versus those with AD. This study sought to address these 

questions by exploring the factor structure of IIV-I in those classified as CN and 

those with AD. Method: Baseline data from the Australian Imaging Biomarkers and 

Lifestyle Study of Ageing (AIBL) were used. Participants were classified as either 

CN (N = 991) or diagnostic Mild Cognitive Impairment (MCI)/AD (N = 275). A 

confirmatory factor analysis was conducted in the CN sample, MCI/AD sample, and 

the full sample before measurement invariance analyses were conducted. Results: A 

single factor model of IIV-I did not fit the CN or diagnostic sample, however, an 

absence of diagnostic bias was observed at the individual indicator level. 

Conclusion: While IIV-I could not be viewed as a single latent construct across 

tasks in this sample, IIV-I could be used to compare cognition across CN controls 

and those with AD when using a single task indicator.   
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3.2 Introduction  

Improving our ability to detect AD in its earliest stages is increasingly 

important in disease detection, as well as opportunities for early intervention. IIV has 

been proposed as a novel indicator of subtle cognitive change (Haynes, 

Bauermeister, & Bunce, 2017). IIV refers to variability in an individual’s cognitive 

performance in or across tasks. While there are a number of ways to operationalise 

and measure IIV, this paper focusses on intra-task inconsistency (IIV - Inconsistency 

or IIV-I), which refers to a person’s variability within a single task, commonly 

measured using response time (RT) data. This operationalisation of IIV appears 

sensitive to early cognitive changes seen in pre-symptomatic (Bielak, Hultsch, 

Strauss, MacDonald, & Hunter, 2010) and MCI stages of AD (Tales et al., 2012). 

Greater IIV-I is also related to multiple genetic and physiological biomarkers of AD 

including p-tau/ Aβ42 ratio (Patten, Fagan, & Kaufman, 2018) and APOE 𝜀4 allele 

status (Kalin et al., 2014; Tarnanas et al., 2015). 

Despite increased attention in IIV-I, many studies use quite different 

cognitive tasks from which to generate IIV-I scores, making it possible that IIV-I is 

not a phenomenon in its own right. Further, a search of the literature2 revealed little 

investigation of IIV-I as a latent construct in CN older adults, as well as older adults 

with AD. Before it is appropriate to compare IIV-I in CN older adults and those with 

AD or MCI, it is important to determine whether IIV-I is a unitary or 

multidimensional construct, and whether the measurement equivalence of this 

construct holds across CN older adults and those with AD and/or early stage AD. 

This foundational work is critical if IIV-I is to be developed as a potential early  

____________________________ 

2 Completed in November 2019. 
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marker of AD. Therefore, the aims of this paper were 1) to evaluate the factor 

structure of IIV-I as measured across multiple cognitive tasks (varying cognitive 

domains and complexity) in CN older adults, and 2) to assess the measurement 

invariance of IIV-I across CN and MCI/AD samples. 

3.2.1 Alzheimer’s disease 

The neuropathological hallmarks of AD (i.e., amyloid plaques and 

neurofibrillary tangles) begin to develop long before symptoms appear (i.e., 

profound memory loss and language difficulties; DeKosky, 2003) and a formal 

diagnosis of AD can be made. For example, brain Aβ-amyloid (Aβ) deposits, 

characteristic of AD, begin to appear 20-30 years before diagnosis (Jack et al., 2016; 

Villemagne et al., 2013). The associated cognitive decline of AD also begins well 

before a clinical diagnosis of AD is made, with memory changes seen at least 10-12 

years prior to diagnosis (Bature, Guinn, Pang, & Pappas, 2017). Despite this, an 

objective cognitive measure assessing risk of AD has not yet been fully realised 

(Sperling, Aisen, Beckett, Bennett, Craft, & Fagan, 2011). IIV-I may be able to offer 

novel insight into earlier AD cognitive change by acting as a measure of global 

cognitive control, sensitive to the widespread manifestation of AD neuropathology.  

3.2.2 Intra-individual Variability – Inconsistency 

As described above, IIV-I refers to an individual’s level of performance 

variability on the same cognitive task over many trials and is commonly measured 

using within trial individual standard deviation (ISD). Specifically, IIV-I is thought 

to measure a person’s ability to maintain consistent cognitive performance across  

trials (Bunce, MacDonald, & Hultsch, 2004; Vasquez, Binns, & Anderson, 2017).  
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IIV-I is thought to provide insight into cognition unique and additional to that 

gained from mean/total scores (Burton, Strauss, Hultsch, Moll, & Hunter, 2006; 

Tractenberg & Pietrzak, 2011). Moreover, subtle change in cognitive stability are 

posited to appear before a drop in domain-specific mean or total score performance, 

such as a decline in verbal episodic memory recognition performance. Consequently, 

IIV-I may demonstrate utility as an early cognitive indicator of AD neuropathology. 

3.2.3 Intra-individual Variability - Inconsistency and AD 

IIV-I on a variety of working memory and RT tasks, shows a stronger 

correlation with white matter integrity than participants’ average scores from the 

same measures (Mella, De Ribaupierre, Eagleson, & De Ribaupierre, 2013). Further, 

greater IIV-I is significantly associated with increases in the p-tau/ Aβ42 ratio, 

characteristic of AD (Patten et al., 2018). Finally, greater IIV-I has been found 

amongst individuals positive for the APOE 𝜀4 allele, the most well-established 

genetic risk factor for AD (Kalin et al., 2014; Tarnanas et al., 2015). Given hints of 

overlapping pathology implicated in IIV-I and AD, as well as the sensitivity of IIV-I 

to subtle cognitive decline, it is reasonable to expect that early or advancing AD 

pathology may produce greater IIV-I. 

IIV-I has indeed shown promising utility as a cognitive measure capable of 

distinguishing between AD-related cognitive change and cognitive change seen in 

typical ageing (Christ, Combrinck, & Thomas, 2018b; Duchek et al., 2009; Kalin et 

al., 2014). For example, Duchek and colleagues (2009) report reliable differences in 

IIV-I as a function of cognitive status (CN versus very mild dementia of AD type), 

that exist above and beyond standard psychometric measures. Moreover, IIV-I has 

also shown promise in predicting progression from MCI to AD dementia with Tales 
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and Colleagues (2012) reporting IIV-I on a target detection task could identify 

individuals with MCI who progressed to AD over a 2.5 year period. 

Additionally, IIV-I appears capable of making the finer differentiation 

between those with AD-related cognitive decline and those with cognitive change 

attributable to other progressive neurological disease. Specifically, Burton and 

colleagues (2006) reported that greater IIV-I on choice reaction time and memory 

tasks accounted for unique variance in predicting AD/Parkinson’s disease (PD) 

diagnostic status. Importantly, this identification of diagnostic status remained even 

after global cognitive ability was considered. 

While promising research suggests that IIV-I may indeed be a useful pre-

clinical marker of AD, there remains some uncertainty in the utility of this new 

measure. Specifically, some have found IIV-I unable to distinguish between MCI 

and AD samples (Kalin et al., 2014) or unable uniquely to contribute to an early MCI 

diagnosis above and beyond mean performance (Christensen et al., 2005). 

Importantly, existing conclusions have been drawn from a variety of tasks, domains, 

and measures investigating this novel measure of cognition. Often minimal 

consideration is given to how the task from which IIV-I is drawn may influence 

diagnostic and predictive capacity. Most significantly, task complexity may 

influence the diagnostic capacity of IIV-I with Gorus and colleagues (2008) finding 

complex task IIV-I was the best predictor of aMCI status when compared to simple 

task IIV-I. Should IIV-I represent a genuine individual characteristic that can be seen 

across tasks and studies, it should be possible to factor analyse a selection of IIV-I 

measures to identify the variance in each IIV indicator predicted by the proposed 

latent construct (Figure 3.1). 
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3.2.4 Study Aims and Rationale 

While IIV-I shows promise as a meaningful marker of AD, in order to 

understand how this novel marker can be used to predict risk, we need to understand 

the measurement properties of IIV-I as a latent construct and establish whether IIV-I 

is measurement invariant across CN and MCI/AD groups. 

As described above, IIV-I is assessed across many trials within the same task. 

Of note, however, previous studies have reported IIV-I measured across a variety of 

different tasks and domains, to compare CN controls and diagnostic MCI/AD 

samples. Thus, a crucial first step in exploring the utility of IIV-I in detecting early 

cognitive change in AD is confirming the existence of a latent IIV-I construct which 

can be seen across tasks of varying cognitive domains and complexities. 

Additionally, it remains unclear whether observed differences between CN 

and AD or MCI/AD groups represent meaningful differences in the underlying IIV-I 

construct. Without knowing whether observed differences in IIV-I represent 

meaningful differences in IIV-I or non-invariance in the measurement of the 

construct, we cannot reliably compare individuals in these groups or chart increases 

in IIV-I across time to identify if, and when, IIV-I becomes a strong indicator of AD. 

Thus, there is a need to confirm that IIV-I is measuring the same construct in both 

CN and diagnostic MCI/AD groups. 

The present study utilises cognitive data from the Australian Imaging, 

Biomarkers, and Lifestyle study of ageing (AIBL) to explore the construct of IIV-I in 

a CN older adult sample, and examine the equivalence of that construct in a 

diagnostic MCI/AD sample. We conducted confirmatory factor analysis and 

measurement invariance analysis (Byrne & Watkins, 2003; Nanthakumar et al., 
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2017) using four subtests of various cognitive domains, and complexities, from the 

computerized CogState Battery (Lim et al., 2012). 

3.3 Method 

3.3.1 Participants  

Participant data from the AIBL study of ageing (Fowler, Rainey-Smith et al, 

2021) were made available to the candidate for the purposes of this study. These data 

included baseline cognitive assessments from 1812 older adults (Mage = 72.50, SD ± 

7.72, range = 41 - 96 years) who volunteered to participate in the longitudinal study 

with follow-up assessments every 18-months across two locations (Perth and 

Melbourne). Of these, 1179 were classified as CN, 328 were classified as AD, 297 

were classified as MCI (Winblad et al., 2004), and 7 were classified as ‘other’. 

Baseline data only were used in this study, with the exception of those participants 

who did not complete the CogState Battery (Lim et al., 2012) at baseline, in which 

case data from the first available CogState assessment were used (typically from the 

18-month follow-up assessment). 

Individuals were excluded from study enrolment if they had a history of non-

AD dementia, PD, bipolar disorder, schizophrenia, symptomatic stroke, uncontrolled 

diabetes, cancer (previous 2 years), or a history of any other neurological condition 

likely to affect cognition (including brain injury and hypoxia). Criteria for MCI 

classification included personal or informant-reported memory difficulties, as well as 

at least one cognitive measure score 1.5 standard deviations below the age-adjusted 

mean. Criteria for AD classification were based on the NINCDS-ADRDA AD 

criteria (Mckhann et al., 1984). Classifications of MCI or AD were reviewed by a 

panel of geriatricians, psychiatrists, neurologists, and clinical neuropsychologists for 

consensus. 
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For full details of recruitment, assessment and exclusion criteria see Fowler, 

Rainey-Smith and colleagues, 20213. 

Approval for the study was granted by the institutional ethics committees of 

Austin Health, St Vincent’s Health, Hollywood Private Hospital (HPH215). 

Reciprocal approval was also received from UWA’s Human Research Ethics 

Committee (RA/4/20/6142). 

3.3.2 Measures  

CogState computerised Battery: The computerised CogState brief battery 

(Lim et al., 2012) was used to create measures of IIV-I. The battery contains 4 tasks: 

1) Detection  (DET), a measure of psychomotor functioning  using simple reaction 

time responses (35 correct responses minimum); 2) Identification (IDN), a measure 

of visual attention using choice RT responses (30 correct responses minimum); 3) 

One Card Learning  (OCL), a measure of visual learning using complex choice RT 

responses (42 trials); and, 4) One Back (OBK), a measure of continuous visual 

learning using complex choice RT responses (30 correct responses minimum). 

Across all four tasks, participant RT (in milliseconds) and accuracy 

(correct/incorrect) is recorded for each trial. For the purposes of the present study, 

RTs for correct trials only were utilized to generate IIV-I estimates to ensure results 

reflect accurate task performance when participants were attending to the task. 

________________________ 

3 This experimental chapter, as well as the following chapter – Chapter 4 - were formatted with the 

intention of publication and as such were subject to word count restrictions. More detailed 

information regarding recruitment, materials, and methodology are presented in Appendix A. 
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Upon inspection of the data set it was deemed that 20 correct trials could be 

extracted from each participants’ OCL response set (no minimum threshold was 

imposed on this task). 

3.3.3 Procedure  

 Participants completed the AIBL cognitive assessment battery in 

approximately 1-3 hours, in the morning. This included the MMSE, CogState 

battery, and other neuropsychological assessment measures not utilised in the current 

study (for full details see Fowler, Rainey-Smith., and colleagues, 2021). 

3.3.4 Statistical Analysis  

IIV-I: The present study uses the ISD of participants’ across-trial RTs to 

create a measure of IIV-I for each of the four CogState tasks. These were then 

converted to sample-based Z-scores, allowing for task comparisons. This method 

was chosen over a common alternative approach to IIV-I measurement which control 

for the influence of mean performance by using the coefficient of variation (CoV). 

This CoV approach also commonly utilises regression equations to partial out the 

influence of age and gender (Hultsch, MacDonald, & Dixon, 2002). This approach 

does not allow for the exploration of a latent construct as these factors are likely to 

be an important covariate in the construct itself 4. 

Confirmatory Factor Analysis and Model Selection: A Confirmatory 

Factor Analysis (CFA) was used to evaluate whether IIV-I measured across tasks of  

________________________ 

4 These issues are discussed in Chapter 1. Please see page 31 for more detail.  
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varying cognitive domains and complexity represents a single IIV-I factor (Figure 

3.1). This analysis was conducted in Mplus version 8.2. Maximum likelihood 

estimation with robust standard errors was used. The Tucker Lewis Index (TLI; 

Tucker & Lewis, 1973), the Comparative Fit Index (CFI; Bentler, 1990), the root-

mean-square error of approximation (RMSEA), and the standardised root mean 

squared residual (SRMR), were used to evaluate overall model fit. Recommended 

cut offs for fit indexes are CFI > .95, TLI > .95, RMSEA: < 0.05 (or < 0.08 to 

demonstrate reasonable fit) and SRMR < 0.05 (Cunningham, 2012). 
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 Figure 3.1.  

Theorised Single IIV-I Factor.  

 

 

 

 

  

 

Note. IIV-I = latent Intra-individual variability inconsistency construct; DET ISD = Individual 

standard deviation of the Cogstate Detection task; IDN ISD = Individual standard deviation of the 

Cogstate Identification task; OCL ISD = Individual standard deviation of the Cogstate One Card 

Learning task; and, OBK ISD = Individual standard deviation of the Cogstate One Back task. 

 

Measurement Invariance Analysis: A classical Multi-group CFA was planned to 

compare the fit of the models (factor structure, loadings, intercepts etc) across the 

diagnostic groups, however, given the results of the CFA conducted in the CN and 

MCI/AD sample (outlined below), this was no longer appropriate. Consequently, 

multiple-indicators, multiple causes (MIMIC; Jöreskog & Goldberger, 1975) 

modelling analysis was conducted in the entire sample (CN and MCI/AD combined) 

to estimate a single set of model parameters and test for differential item functioning. 

This allowed for the investigation of measurement invariance at the level of each 

indicator/task. 

DET ISD IDN ISD 

 

OCL ISD 

 

OBK ISD 

 

IIV-I 
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3.4 Results  

3.4.1 Data Preparation  

 SPSS version 25 was used to prepare the data. Participants without raw 

CogState RT data were removed, as were participants with a clinical classification of 

‘other’, leaving 1266. Across DET, IDN, and OBK indicators, the RT from 

participants’ correct responses were extracted to create an ISD measure for each 

indicator. DET, IDN, and OBK indicators displayed positive skew with 11 outliers 

(± 3 SDs from mean) across all three indicators. Following inspection, outliers across 

DET, IDN, and OBK indicators were deemed true scores and were retained in the 

data set. The OCL indicator showed 9 outliers, 2 of which, upon inspection, were 

deemed unusual responses and were treated as missing. Following initial attempts to 

run the exploratory analyses, the skew of the OCL indicator was identified as 

problematic, as a result, the remaining 9 OCL outliers were winsorised.  

Any missing data at the individual indicator level were coded as missing. 

Missing data analyses revealed the data were not missing completely at random 

(MCAR), however, the data were missing at random (MAR) given that those in the 

diagnostic MCI/AD group were more likely to show missing data across the more 

complex OCL and OBK tasks. As the data were MAR and less than 2.5% of the data 

were missing, analyses proceeded. 

3.4.2 Demographics 

Descriptive and demographic information of each sample are provided in 

Table 3.1. Entire sample mean RTs and ISDs across tasks are provided in Table 3.2. 

An ISD correlation matrix is provided in Table 3.3. 
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Table 3.1. 

Participant Age, Sex, MMSE and WTAR Scores across Diagnostic Groups.  

Characteristics  Cognitively Normal 

Controls (N = 991) 

M (SD) 

MCI/AD (N = 275) 

M (SD) 

Age  70.9 (6.8) 74.9 (7.3) 

Sex (N, %)  416, 42.0% female 122, 44.4% female 

MMSE (max. 30)  28.8 (1.2) 24.8 (4.0) 

WTAR  107.9 (7.4) 104.2 (9.6) 

Note. MMSE = Mini Mental State Examination, WTAR = Wechsler Test of Adult Reading predicted 

IQ.  

 

Table 3.2  

Response Time (RT) and Individual Standard Deviation (ISD): Means and Standard 

Deviations across Cogstate Tasks.  

 DET 

M (SD) 

IDN 

M (SD) 

OCL 

M (SD) 

OBN 

M (SD) 

RT 392.3 (148.6) 569.29 (121) 1520.10(916.7) 1020.2(293.3) 

ISD 126.1 (87.2) 139.78(72.3) 782.27(791.3) 392.88(173.5) 

Note. RT Response Time; ISD = Individual standard deviation; DET = Cogstate Detection task; IDN 

= Cogstate Identification task; OCL = Cogstate One Card Learning Task, OBK = Cogstate One Back 

task; M = Mean; SD = Standard Deviation. 
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Table 3.3.  

Task ISD Correlation Matrix.  

 DET ISD IDN ISD OCL ISD  

IDN ISD .42‡   

OCL ISD .19‡ .24‡  

OBN ISD .30‡ .41‡ .34‡ 

Note. DET ISD = Individual standard deviation of the Cogstate Detection task; IDN ISD = Individual 

standard deviation of the Cogstate Identification task; OCL = Individual standard deviation of the 

Cogstate One Card Learning task; OBN ISD = Individual standard deviation of the Cogstate One back 

task; † p < .05; ‡ p < .01. 

 

3.4.3 Confirmatory Factor Analysis 

 The single factor model (Figure 3.1) was not an adequate fit to the data in 

the cognitively normal sample, see Table 3.4.  

The same CFA single factor model (Figure 3.1) analysis was conducted in 

the diagnostic MCI/AD sample and, likewise, did not provide an adequate fit to the 

data (see Table 3.4). Given the poor fit found in both analyses, a further post hoc 

exploratory CFA analysis was conducted in the whole sample. However, this single 

factor model also showed inadequate fit in the total sample (see Table 3.4).  

3.4.4 Post hoc Analyses of indicator bias 

Given we were unable to identify a single IIV-I latent construct, the planned 

measurement invariance testing was replaced with a MIMIC modelling analysis in 

the entire sample. This approach does not seek to provide theoretical support to 

whether IIV is represented by a unitary construct or indeed whether IIV is even 



 

 

 

105 

Cognitive Variability and the Onset of Alzheimer’s Disease.  

measuring the same construct across those classified as CN and those with MCI/AD. 

Instead, MIMIC modelling examines how well the data is represented across items in 

a differential item functioning approach that allows for investigation of invariance at 

the individual indicator level. 

First, the proposed single factor construct of IIV-I outlined in Figure 3.1. was 

used to generate a baseline noninvariant model of MIMIC invariance testing with 

diagnostic status predicting an IIV-I global factor. See Figure 3.2. The standardised 

regression estimate of diagnosis of the global IIV-I factor was b = 1.46, p = .00 

demonstrating that those with MCI/AD have greater IIV-I across items. Again, this 

analysis shows the fit of data across items when diagnosis is considered as a 

potential cause but does not address whether the construct means the same thing. The 

standardized regression estimate of the IIV-I global factor on each of the indicators 

was as follows: DET ISD, b = 0.55 (S.E. = 0.04), p = .00; IDN ISD, b = .66 (S.E. = 

.04), p = .00; OCL ISD, b = .50 (S.E. = .05), p = .00; OBN ISD, b = .63 (S.E. = .06), 

p = .00. For full model fit results see Table 3.4.  

Marginal model fit allowed us to proceed with examination of the 

modification indices, which revealed that the largest modification index was the 

regression of diagnosis on OBN ISD; modification index = 1.33. An alternative 

(invariant) model that freely estimated diagnosis on OCL ISD did not produce 

significantly better fit statistics than the model that fixed this regression parameter to 

0 (noninvariant). See Figure 3.2. A χ2 difference test comparing the noninvariant 

model, χ2 (5) = 33.86, to the invariant model, χ2 (4) = 32.32, was not significant; Δ χ2 

(1) = 1.54, p = 0.79 suggesting that at an individual indicator level there is no bias to 

diagnosis in this sample. For full model fit results see Table 3.4. 
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Figure 3.2 

MIMIC Structural Equation Modelling Results.  

 

 

 

 

 

 

 

 

Note:  Multiple-indicators, multiple causes (MIMIC) modelling. This figure depicts the model used to 

test whether variability scores across indicators are invariant to the effects of diagnosis. The indicator 

loadings of the general IIV factor are freely estimated. This model depicts the noninvariant baseline 

model in which regression of diagnosis on OCL indicator is fixed to 0 instead of freely estimated. 

Free estimation of diagnosis on the OCL indicator was conducted in the subsequent invariant model 

represented by the dashed line. IIV = Intra-Individual Variability; DET ISD = Individual standard 

deviation of the Cogstate Detection task; IDN ISD = Individual standard deviation of the Cogstate 

Identification task; OCL = Individual standard deviation of the Cogstate One Card Learning task; 

OBN ISD = Individual standard deviation of the Cogstate One back task.  

OBN ISD IDN ISD OCL ISD DET ISD 

IIV-I 
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Table 3.4.  

IIV-I: Confirmatory Factor Analysis and MIMIC Invariance Analyses - Model Fit Statistics. 

Note: CFA = Confirmatory Factor Analysis; MIMIC = multiple-indicators, multiple causes modelling; AD = Alzheimer’s disease; MCI = Mild Cognitive Impairment; 

RMSEA = Root Mean Square Error of Approximation Test; CI = Confidence Interval; CFI = Comparative Fit Index; TLI = Tucker Lewis Index; SRMR = Standardised Root 

Mean Squared Residual; ‡ p < .001; 

Model N χ2(df) RMSEA (CI) CFI TLI SRMR 

CFA CN sample 991 12.33 (2)‡ .07 (.04 - .11) .93 .78 .03 

CFA MCI/AD sample 275 26.80 (2)‡ .21 (.15 - .29) .77 .30 .06 

CFA Total sample 1266 29.86 (2)‡ .11 (.07 – .14) .93 .79 .04 

MIMIC Noninvariant Model (constrained) 1266 33.86 (5)‡ .07 (.05 - .09) .96 .91 .03 

MIMIC Invariant Model (OBN freely estimated) 1266 32.32 (4),‡ .08 (.05 - .10) .96 .89 .03 



 

 

108 

Cognitive Variability and the Onset of Alzheimer’s Disease.  

3.5 Discussion 

The present study utilises cognitive data from the AIBL dataset to explore the 

construct of IIV-I in a CN older adult sample, and examine the equivalence of that 

construct in a diagnostic MCI/AD sample. This is important if IIV-I is to be used as 

a cognitive marker of early AD. 

Importantly, we found a single factor model of IIV-I did not adequately fit 

the CN or diagnostic MCI/AD sample. This suggests IIV-I should not be viewed as a 

single latent construct across tasks (i.e., simple reaction time, choice reaction time, 

visual learning, and working memory/attention) in this sample, using these tasks. 

The lack of appropriate single latent IIV-I factor may be a result of the 

varying complexities of the tasks included in the study (i.e., two simple, two 

complex). Specifically, research suggests that while the IIV-I garnered from tasks of 

varying complexities may be able to identify/predict cognitive decline, the capacity 

to do so varies as a function of this task complexity. Specifically, Gorus and 

colleagues (2008) reported that IIV-I increased disproportionately between 

diagnostic groups (CN, amnestic MCI, Mild AD, Moderate AD) with increased task 

complexity. They reported medium to large effect sizes for significant between 

group differences. The impact of task complexity on the diagnostic capacity of IIV-I 

has been seen across tasks and sample groups (Bielak, Hultsch, Strauss, MacDonald, 

& Hunter, 2010; Lentz, 2003; Phillips, Rogers, Haworth, Bayer, & Tales, 2013). The 

differing ability of IIV-I across complexity levels to identify cognitive decline, taken 

together with the lack of an identifiable unitary construct in the classical CFA of the 

present study, may suggest that while IIV-I across both simple and complex tasks 

can identify/predict cognitive decline, simple and complex IIV-I may represent 

different constructs. It could be posited that simple task IIV-I reflects the IIV-I of 
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basic psychomotor performance while IIV-I garnered from more complex tasks 

reflects variance in higher level cognitive processes such as working memory or 

attention. 

Post hoc analyses revealed that, overall, those with MCI/AD show greater 

IIV-I across items (1.46 SD greater IIV-I in those with MCI/AD compared to CN 

controls), however, this does not clarify whether this is measuring the same construct 

across groups. By contrast, examination of diagnostic bias at an individual indicator 

level suggests that there is an absence of diagnostic bias in individual tasks. Such 

results support the comparison of IIV-I performance across CN controls and those 

with MCI/AD using single indicators in this sample, i.e., using the same task, but not 

the summing of these tasks to create a single variable. 

This finding, if replicated across other cognitive batteries, could suggest that 

those who compare CN samples to AD samples on a single task (Phillips et al., 

2013) may have greater confidence in their comparison than those who sum multiple 

tasks to compare these samples (Burton et al., 2006). 

3.5.1 Limitations and Future Directions  

Despite the large sample size and representative sample, the results of the 

present study should be interpreted with caution. Most significantly, measuring IIV 

with just  2 simple and 2 complex tasks prevented an adequate exploration of 

multiple IIV-I constructs defined by task complexity i.e., simple IIV-I and complex 

IIV-I. It is recommended future studies utilise a minimum of 3 of each (Koran, 2020) 

to explore two separate IIV-I constructs defined by task complexity. Further, the 

limited number of both AD and MCI participants at baseline assessment restricted 
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the independent analyses of these disease stages with those classified as MCI and 

those classified as AD treated as a single pathology group. 

3.5.2 Concluding Remarks 

The investigation of subtle, pre-clinical cognitive change in AD has 

increasing importance as rates of disease diagnosis continue to rise. The current 

study is the first to investigate a latent construct of IIV-I in both CN and diagnostic 

MCI/AD samples. Results suggest IIV-I could not appropriately be conceptualised as 

a single latent construct in this sample and caution should be used when comparing 

CN and diagnostic MCI/AD samples that have used an IIV-I measure summed from 

tasks of varying domains or complexity. Specifically, results suggest that 

comparisons between CN individuals and those with diagnosed MCI/AD in this 

sample should only be made at a single task/indicator level. Investigation of the 

interaction between task complexity and any IIV-I construct warrants further 

investigation. 
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Foreword to Chapter 4 

 The preceding chapters suggest that while IIV shows a significant association 

with subsequent cognitive decline or progression to dementia (Chapter 2), it is 

unclear how IIV changes across disease onset/progression. Moreover, IIV-I does not 

represent a single construct across cognitive tasks of varying domains and 

complexities (Chapter 3). In light of these findings, the next chapter aimed to explore 

how IIV-I, represented not as a single construct, but by independent measures of 

simple and complex task IIV-I, changes across early AD. This study, therefore, 

contributes to the broader aim of this thesis; to explore the utility of IIV as a novel 

marker of early AD by identifying when, and to what degree, those with AD show 

greater IIV-I. 

As the purpose of this next empirical chapter was to examine IIV-I change 

associated with AD progression, this chapter used a coefficient of variation (CoV) 

measurement approach to IIV-I. Specifically, IIV-I scores were controlled for 

participants’ individual mean reaction time, to reduce the influence of general 

cognitive slowing potentially attributable to advancing age or physical difficulties. 

For consistency with the other empirical chapters included in this thesis, this chapter 

was written in a manuscript format appropriate for journal publication (Journal of 

Neuropsychology).  
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Chapter 4: Simple or Complex Intra-

Individual Variability – Inconsistency: 

Longitudinal Change in Alzheimer’s 

Disease. 
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4.1 Abstract 

Objective: Intra-individual variability (IIV) refers to variance in an 

individual’s cognitive performance. The inconsistency operationalisation of IIV 

(IIV-I), that is cognitive variance within trials of a single task, has been associated 

with Alzheimer’s disease (AD) risk. To enhance evidence of how this novel marker 

could be used to identify AD risk, this paper reports an examination of longitudinal 

change in IIV-I, in individuals with pre-clinical AD or mild cognitive impairment 

(MCI) compared with cognitively normal (CN) controls. Further, both a simple and 

complex task measure of IIV-I were used to examine the impact of task complexity 

on IIV-I and AD risk. Method: This study used longitudinal data (up to 54-month 

follow-up) from the Australian Imaging, Biomarkers, and Lifestyle study of ageing 

(AIBL). Independent IIV-I estimates were calculated using one simple and one 

complex computerised reaction time (RT) task. IIV-I baseline performance and 

trajectory of change were examined across participants who progressed to MCI/AD 

and those who remained CN using latent growth modelling. Results: While IIV-I 

changed over time across both simple and complex tasks, it changed at the same 

average rate for all participants and this change was a reduction in variability. At 

baseline, no between group differences in simple task IIV-I were observed. There 

were, however, group differences in complex task IIV-I at baseline with IIV-I greater 

in those who progressed to MCI/AD versus those who remained CN (r = .74). 

Conclusion: Although IIV-I reduced to a small degree across 54-months of follow-

up, there was little variability in this rate of change. By contrast, IIV-I calculated 

from a complex task was sensitive to the subtle cognitive impairment of very early 

AD at baseline assessment. 
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4.2 Introduction  

IIV is defined as individual variance in cognitive performance at a single 

time point. It has been proposed as a novel indicator of subtle, early cognitive 

impairment in AD. While IIV can be operationalised in different ways, this study 

focussed on IIV-I, which measures cognitive variability within a single task, mostly 

commonly using RT based tasks. The tasks used to calculate IIV-I range from simple 

to complex with simple tasks often representing basic psychomotor performance 

while complex tasks can represent higher order cognitive processes such as memory 

or executive functioning. IIV-I is sensitive to the early brain changes seen in 

prodromal AD, evidenced by the ability of IIV-I to distinguish CN individuals from 

those diagnosed with MCI (Kalin et al., 2014). Specifically, those with MCI showed 

greater IIV-I than CN participants. While not all those with MCI will progress to 

AD, MCI is seen as a precursor stage to AD. IIV-I has also been shown to predict 

progression to a clinical classification of cognitive impairment up to 5 years post-

assessment (Bielak, Hultsch, Strauss, MacDonald, & Hunter, 2010a; Tales et al., 

2012). 

While baseline IIV-I has been used to predict subsequent change in clinical 

status, the extent to which changes in IIV-I correspond to progression of AD remains 

unknown. This chapter addresses this issue. Importantly, as revealed in Chapter 3, 

IIV-I may not represent a unitary construct across tasks of varying complexity. IIV-I 

calculated from more complex tasks may be better equipped to differentiate between 

healthy brain function and the degeneration associated with MCI or AD (Gorus, 

2008). Accordingly, IIV-I from simple tasks and IIV-I from more complex tasks may 

not be equally sensitive to AD progression. To investigate how IIV-I calculated from 

simple versus complex tasks changes over AD progression, the present study 
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examined the extent to which these dimensions of performance changed over 54-

months in individuals who progressed to dementia, as well as individuals who 

remained CN. 

4.2.1 Alzheimer’s disease  

AD is a highly prevalent (Australian Bureau of Statistics, 2016), progressive 

neurodegenerative disease, characterised by diffuse memory loss (DeKosky, 2003) 

and widespread changes to the brain (e.g., amyloid plaques and neurofibrillary 

tangles; Jack et al., 2013). The pathological changes associated with AD have been 

found up to 20-30 years prior to diagnosis. These changes are typified by amyloid 

build-up in the brain, identifiable using positron emission tomography (PET) 

imaging (Jack et al., 2013; Villemagne et al., 2013). The associated cognitive decline 

in AD also begins well before a clinical diagnosis of AD is made, with memory 

changes seen approximately 12 years prior to diagnosis (Bature, Guinn, Pang, & 

Pappas, 2017). Despite this, an objective cognitive measure sensitive to the risk of 

AD has not yet been fully realised (Sperling, Aisen, Beckett, Bennett, Craft, & 

Fagan, 2011). 

IIV-I may be able to offer unique insight into the early cognitive impairment 

of AD by measuring performance stability rather than mean cognitive performance 

scores. Specifically, the ability to maintain consistent performance is thought to be a 

more sensitive marker of early neuropathological changes in AD when compared to 

traditional domain specific, mean or total cognitive performance based approaches 

(Mella, De Ribaupierre, Eagleson, & De Ribaupierre, 2013a). Supportive of this 

proposition, increasing IIV has been found to be sensitive to: 1) reduced white matter 

integrity (Head, Jackson, Balota, & Duchek, 2011; Mella, De Ribaupierre, Eagleson, 

& De Ribaupierre, 2013), 2) increases in the p-tau/ Aβ42 ratio in CSF which is 
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characteristic of AD (Patten, Fagan, & Kaufman, 2018), and 3) APOE 4 carrier 

status; the major genetic risk factor for AD (Duchek et al., 2009; Kalin et al., 2014; 

Tarnanas et al., 2015). This sensitivity to early neurological and neuropathological 

change appears to allow IIV-I to act as a marker of early cognitive impairment. For 

example, studies have found that IIV-I can distinguish between those with AD 

versus CN ageing (Christ, Combrinck, & Thomas, 2018; Duchek et al., 2009; Kalin 

et al., 2014). Greater IIV also appears to predict cognitive decline (Bielak, Hultsch, 

Strauss, MacDonald, & Hunter, 2010; Kliegel & Sliwinski; Matthias, 2004) and 

those who will progress from CN to MCI/AD over a 2.5 to 5 year period (Bayer et 

al., 2014; Bielak, Hultsch, Strauss, MacDonald, & Hunter, 2010a; Tales et al., 2012). 

Despite promising findings around the use of IIV-I in predicting later 

cognitive decline or AD, how IIV-I changes over AD progression remains unclear. 

Therefore, we do not know whether there are differences in the initial status or rate 

of change of IIV-I across those who are in the preclinical and prodromal stages of 

AD versus those who are CN. Understanding these differences will improve 

knowledge of how IIV-I interacts with AD cognitive change and help to guide when 

IIV-I could be used as a marker of AD. 

4.2.2 Complex versus Simple IIV-I 

The complexity of the task from which IIV-I is calculated may play an 

important role in the relationship between IIV-I and AD (Chapter 3). Specifically, 

Gorus and colleagues (2008) found IIV-I differences between diagnostic groups 

(CN, aMCI, Mild AD, Moderate AD) were larger for more complex cognitive tasks 

than simpler cognitive tasks. The impact of task complexity on the diagnostic 

capacity of IIV-I has been seen across tasks and sample groups (Bielak, Hultsch, 

Strauss, MacDonald, & Hunter, 2010; Lentz, 2003; Phillips, Rogers, Haworth, 
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Bayer, & Tales, 2013). Despite this exploration of how task complexity impacts the 

identification of already diagnosed AD, there has been comparatively less 

exploration of how task complexity affects the longitudinal predictive utility of IIV-

I. Bielak and colleagues (2010) report IIV-I from moderately challenging to highly 

complex tasks provided the strongest prediction of longitudinal changes in cognitive 

ability across 48-month follow-up, when compared to simpler tasks. Moreover, 

complex task IIV-I was associated with shorter time to dementia (over 48-months 

follow-up) when compared to simple task IIV-I (Kochan et al., 2016). While these 

studies have examined the ability of IIV-I calculated at baseline from both simple 

and complex tasks to predict cognitive decline, there remains a need to examine how 

simple versus complex task IIV-I changes over AD progression. This will help to 

identify the most appropriate methods for using IIV-I to identify or predict AD in 

clinical and research settings. 

4.2.3 Summary and Aim  

IIV-I may be a useful marker of early cognitive impairment in AD, however, 

research is largely dependent on cross-sectional study designs (Gorus, De Raedt, 

Lambert, Lemper, & Mets, 2008) and a focus on the predictive capacity of IIV-I 

measured at a single time-point (Bielak, Hultsch, Strauss, & MacDonald, 2010; 

Kochan et al., 2016). To improve our understanding of how IIV-I interacts with 

cognitive change in AD, the initial status and rate of change of IIV-I in those who 

progress MCI/AD needs to be explored. This will inform the nature and magnitude 

of IIV-I abnormalities in AD. 

This study aimed to enhance understanding of IIV-I change across AD 

progression while also exploring whether the complexity of the task from which IIV-

I is calculated influences the relationship between IIV-I and AD. Specifically, by 
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comparing simple and complex computerised RT tasks to calculate IIV-I and 

examining the initial status and rate of IIV-I change in initially CN older adults who 

progressed to MCI/AD versus those who remained CN. Cognitive data collected 

over 54-months from the Australian Imaging, Biomarkers, and Lifestyle Study of 

Ageing (AIBL) were examined. IIV-I was calculated using a coefficient of variation 

(CoV; SD/Mean) approach to control for any general cognitive slowing. This 

calculation of IIV-I involved no control of demographic covariates to ensure all 

potential cognitive variance related to AD was captured. By understanding how IIV-I 

complexity interacts with disease progression, it is hoped we may gain an increased 

understanding of this novel IIV-I measure and how it may be used to identify and 

predict MCI/AD in the future. 

4.3 Method 

4.3.1 Participants  

This study reports participant data from the Australian Imaging, Biomarkers, 

and Lifestyle (AIBL) Study of Ageing (Fowler, Rainey-Smith et al, 2021). These 

data included cognitive assessments from older adults who volunteered to participate 

in the longitudinal study with follow-up assessments every 18-months, conducted 

across two locations (Perth and Melbourne). Individuals were excluded from study 

enrolment if they had a history of non-AD dementia, Parkinson’s disease, bipolar 

disorder, schizophrenia, symptomatic stroke, uncontrolled diabetes, cancer (previous 

2 years) or a history of any other neurological condition likely to affect cognition 

(including brain injury and hypoxia). For full details of recruitment, assessment, and 

exclusion criteria see Fowler, Rainey-Smith and colleagues (2021). Participants were 

included in the current analyses only if they were classified as CN at baseline 

assessment, had completed at least one follow-up visit, and had completed the 
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computerised Cogstate battery during at least one assessment. See Table 4.1 for the 

number of participants included at each follow-up visit. Participants were considered 

to have progressed to MCI/AD if they were classified as MCI/AD at their final visit 

or if they showed variability in diagnosis (at least two follow-up visits classified as 

either MCI or AD). Those who retained their CN status across visits or those 

classified as MCI at no more than one visit (excluding final visit) were classified as 

CN. 

Classifications of MCI or AD were assigned by a consensus panel of 

geriatricians, psychiatrists, neurologists, and clinical neuropsychologists after each 

18-month assessment. Criteria for MCI classification (Winblad et al., 2004) included 

at least one cognitive measure score 1.5 standard deviations below the age-adjusted 

mean, as well as personal or informant-reported memory difficulties. AD 

classification was based on the NINCDS-ADRDA AD criteria (Mckhann et al., 

1984). 

Approval for the study was granted by the institutional ethics committees of 

Austin Health, St Vincent’s Health, Hollywood Private Hospital (HPH215). 

Reciprocal approval was also received from UWA’s Human Research Ethics 

Committee (RA/4/20/6142). 

4.3.2 Measures  

Cogstate computerised Battery: The computerised Cogstate brief battery 

(Lim et al., 2012) was used to create independent measures of IIV-I from both a 

simple and complex task. The timed nature of the Cogstate computerised battery is 

well suited to the calculation of within task variability, or IIV-I. The Simple 

Reaction Time (SRT) task chosen was the Cogstate Detection task, which requires a 
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participant to press a button when a playing card represented on a computer screen 

flips over. This task is considered to measure psychomotor speed/performance. The 

Complex Reaction Time (CRT) task selected was the Cogstate One Back task, which 

requires participants to indicate whether the present card displayed was the same or 

different from the previous card by pressing a “yes” or “no” button. This task is 

considered to represent more complex cognitive skills such as learning and working 

memory. The Cogstate brief battery also includes an identification task (measure of 

visual attention) and a one card learning task (measure of visual learning) which are 

completed in between the detection and one back tasks. These tasks were not 

analysed in this study with the only one simple and one complex tasks chosen to 

allow for appropriate comparison. 

Participants completed the Cogstate during a 1-3 hour morning testing 

session, as part of the larger AIBL assessment. This involves other 

neuropsychological assessment measures not included in the current study, with task 

order counterbalanced. For full details see Fowler, Rainey-Smith, and colleagues 

(2021). 

Across trials, participants’ accuracy (correct/incorrect) and RT (milliseconds) 

were recorded. Both tasks impose a minimum correct response threshold before 

participants can complete the task. These thresholds are 35 correct responses for the 

SRT task and 30 correct responses for the CRT task. For the purposes of this study, 

only RTs from correct responses were used in the analyses to maximise the 

likelihood that scores reflect true performance as opposed to distraction or disruption 

during task completion. 
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4.3.3 Statistical Analysis  

IIV-I: A variety of methods have been used to calculate IIV-I, most 

commonly, individual standard deviation (ISD; Grand & Stawski, 2016) or 

coefficient of variation (CoV; Hultsch, MacDonald, Hunter, Levy-Bencheton, & 

Strauss, 2000). This study used the CoV approach which adjusts ISD scores for a 

participants’ mean RT (ISD/ Mean). This allows for the examination of cognitive 

variance unrelated to mean RT or general cognitive slowing given variability tends 

to increase with mean RT increase (Salthouse & Soubelet, 2014). 

There remains debate surrounding the need to control for demographic 

covariates when calculating IIV-I (Hultsch, MacDonald, & Dixon, 2002; Salthouse 

& Soubelet, 2014). In this study, our calculation of IIV-I involved no control for 

demographic covariates to ensure the measure captured all potential cognitive 

variance related to AD (Salthouse & Soubelet, 2014). 

4.3.4 Analytic Approach 

Baseline performance and trajectory of change in IIV-I across simple and 

complex tasks were examined using latent growth modelling. These growth models 

describe intercept and slope terms that characterise starting values and change 

slopes. Visits 1 (Baseline), 2 (18-month follow-up), 3 (36-month follow-up) and 4 

(54-month follow-up) were parameterised as 0, 1, 2, and 3 respectively. 

Models were analysed using Mplus v7.3 (Muthén & Muthén, 2004) and 

maximum likelihood estimation. The following models were examined for each task: 

1) intercept-only models, 2) linear and non-linear unconditional growth models, and 

3) conditional growth models with progression to AD status as a predictor of 

intercept and slope (CN = 0, MCI/AD =1, defined above). Once appropriate model 
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fit was identified following steps 1 and 2, progression status was added as a predictor 

in subsequent models (step 3). This allowed for examination of whether progression 

status predicted model intercept or slope. 

Model fit was assessed using measures of absolute model fit including the 

chi-square test and the Root Mean Square Error of Approximation (RMSEA) test. 

Given the sensitivity of the chi-square test to large sample sizes, significant χ 2 p 

value estimates were adjusted for sample size (Kenny, 2020). Measures of relative fit 

were also evaluated using the Tucker Lewis Index (TLI; Tucker & Lewis, 1973), 

Comparative Fit Index (CFI; Bentler, 1990), and the Standardised Root Mean 

Squared Residual (SRMR). Recommended cut offs for fit indexes are chi-square p 

value > .05, CFI > .95, TLI > .95, RMSEA: < .05 and SRMR < .05 (Cunningham, 

2012). Correlations of .10 or less were considered small effects, .20 to .30 medium, 

and .30 or above large (Gignac and Szodorai, 2016). Slopes intercepts, and their 

variance terms were examined. 

4.4 Results 

4.4.1 Data Preparation  

SPSS Statistics for Windows, Version 25 was used to prepare the data. 

Across SRT and CRT tasks and all time points, 151 extreme IIV-I variable outliers 

(± 3 SDs from Mean) were identified. Upon inspection these values were deemed to 

be true scores and were retained in the data set. Missing data analysis revealed the 

data were not missing completely at random (Little’s MCAR = 484.60, p < .001). 

Follow-up analyses revealed missing data were related to follow-up intervals with 

missing data increasing over follow-up visits. Moreover, older participants were 

more likely to have missing data from visits 1 and 2. Data were, therefore, deemed 
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missing at random (e.g., while correlated with time, missingness was independent of 

the variable itself). 

4.4.2 Demographics 

Demographic information for each group (MCI/AD and CN) is provided in 

Table 4.1, along with the percentage of participants returning at each follow-up. A 

comparison of participant attrition between the two groups (MCI/AD and CN) was 

conducted by comparing the percentage of participants still involved at each follow-

up visit5. While there was a significant difference between the attrition rates of those 

progressing to MCI/AD versus those remaining CN at 18-month follow-up (z = 4.07; 

with a smaller percentage withdrawing from the progression to AD group), there was 

no significant difference between attrition rates at both 36-month (z = 0.44) and 54-

month (z = 0.96) follow-up visits. Importantly, groups (that is, MCI/AD vs. CN) did 

not differ with regards to age or sex (p < .05). Participant RT (milliseconds) and 

CoV scores (separated by group) are presented in Table 4.2. 

 

 

 

 

______________________ 

5 z = SE of the difference between percentages / difference between percentages, with values outside 

of 1.96 indicating significant attrition difference.   
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Table 4.1. 

Participant Age, Sex, and Study Involvement across Follow-up Visits.  

Note. MCI = Mild Cognitive Impairment; AD = Alzheimer’s disease; M = Mean; SD = Standard 

Deviation.  % of baseline N (which may be greater than 100%) = the number of participants at each 

follow-up / the number of participants at baseline. AD = Alzheimer’s disease; MCI = Mild Cognitive 

Impairment;  

 Cognitively Normal  MCI/AD 

Age (years) at baseline M (SD) 70.60 (6.80) 72.95 (6.62) 

Sex (N = female, (%) 362 (45) 55 (58) 

Baseline (N) 805 95 

18-month follow-up (N, (% of baseline N))  740 (92) 98 (103) 

36-month follow-up (N, (% of baseline N)) 620 (77) 75(79) 

54-month follow-up (N, (% of baseline N)) 523 (65) 57 (60) 
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Table 4.2.  

Sample Level Statistics for Mean Response Time (RT), Individual Standard 

Deviation (ISD), and Coefficient of Variation (CoV). 

 

Note. Mean RT = participants’ mean response time across trials of a given task; RT ISD = 

participants’ individual standard deviation across trials of a given task; CoV = participant RT ISD/ 

Mean RT, representing IIV-I; SRT = Simple Reaction Time task; CRT = Choice Reaction Time task; 

MCI = Mild Cognitive Impairment; AD = Alzheimer’s disease; M = Mean; SD = Standard Deviation.  

  

 Cognitively Normal MCI/AD  

Participant 

parameters  

Mean RT RT ISD   CoV Mean RT RT ISD CoV 

Sample Statistics  M (SD)  M (SD) M (SD) M (SD)  M (SD) M (SD) 

SRT         

Baseline 366.63 

(117.79) 

110.74 

(72.15) 

0.30 

(0.16) 

382.53 

(127.67) 

122.32 

(72.77) 

0.31 

(0.15) 

18-month follow-up 358.22 

(106.72) 

110.39 

(82.55) 

0.30 

(0.22) 

397.08 

(195.67) 

129.73 

(85.21) 

0.32 

(0.17) 

36-month follow-up 381.75 

(117.88) 

117.01 

(80.38) 

0.30 

(0.16) 

409.35 

(131.19) 

137.68 

(84.83) 

0.33 

(0.16) 

54-month follow-up 391.18 

(95.05) 

110.32 

(65.16) 

0.28 

(0.15) 

419.46 

(130.28) 

125.41 

(84.62) 

0.29 

(0.14) 

CRT       

Baseline  951.90 

(218.24) 

351.91 

(148.00) 

0.36 

(0.11) 

1065.60 

(279.00) 

424.54 

(150.61) 

0.40 

(0.11) 

18-month follow-up  927.08 

(205.83) 

333.43 

(141.84) 

0.35 

(0.11) 

1046.05 

(249.06) 

387.86 

(153.76) 

0.37 

(0.11) 

36-month follow-up  916.81 

(208.00) 

313.72 

(135.23) 

0.33 

(0.10) 

1050.61 

(287.34) 

418.70 

(161.56) 

0.39 

(0.11) 

54-month follow-up 929.03 

(210.64) 

316.34 

(139.72) 

0.33 

(0.10) 

1062.06 

(301.89) 

416.92 

(165.83) 

0.39 

(0.10) 
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4.4.3 Longitudinal Analyses 

Simple Reaction Time (SRT) Task  

Intercept-Only Model: An intercept-only model for the SRT task was 

examined. The model revealed less than optimal fit warranting further investigation 

of models with an additional growth term. See Table 4.3 for model summary.  

Linear Growth Model: Analysis of a linear growth model for the SRT task 

revealed less than optimal fit. Visual inspection of observed and estimated means 

showed misfit around visit 2 with the curve turning down towards visit 3. A 

quadratic model was estimated, however, minimal improvement in fit was observed. 

Instead, a linear model was estimated with visit 2 freely estimated. Visual inspection 

of observed and estimated means showed misfit around visit 1. A model freely 

estimating both visits 1 and 2 would not converge due to lack of variance in the 

slope. The slope was then constrained to 0. A linear growth model with visits 1 and 2 

freely estimated and slope variance restricted to 0 led to optimal model fit results. 

See Table 4.3 for model summary.  

Covariate Analysis: With an optimal model identified, a covariate analysis 

with conversion status as a predictor of intercept variance was conducted. Model fit 

was better, but progression status did not significantly predict the intercept of IIV-I. 

See Table 4.3 for model summary. 

Choice Reaction Time (CRT) Task 

Intercept Only-Model: An intercept-only model for the CRT task was 

examined. The model revealed less than optimal fit, warranting further investigation 

of models with an additional growth term. See Table 4.3 for model summary. 
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Linear Growth Model: Analysis of a linear growth latent variance model 

would not converge due to a lack of variance in the slope. In turn, the model was re-

run, constraining slope variance to 0. A linear growth model with slope variance 

restricted to 0 produced optimal model fit. See Table 4.3 for model summary.  

Covariate Analysis: With appropriate model fit identified, a covariate 

analysis with progression status as a predictor of intercept variance was examined. 

See Table 4.3 for model summary. Progression status significantly predicted the IIV-

I intercept, with a standardised correlation coefficient of r = .74, i.e., large effect, 

indicating that those who progressed to MCI/AD had greater IIV-I at baseline on the 

CRT task. Sample level statistics, shown in Table 4.2, suggest those who progressed 

to MCI/AD demonstrate approximately 11% more variance in their baseline CRT 

performance, with MCI/AD hovering around 40% variability across follow-up visits, 

and CN at approximately 30%.  
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Model N Chi sq (df) RMSEA 

(95%CI) 

CFI TLI SRMR Intercept Intercept 

Variance 

Slope Slope 

Variance 

Intercept on Progression 

Status  

SRT Model Fit Results 

Intercept Only Model 992 20.70(8) .04 (.02 - .06) .69 .77 .05 0.30‡ .00‡ N/A N/A N/A 

Linear Growth Model 992 13.27 (5)† .04 (.02 - .07) .80 .76 .04 .30‡ .01† -.01† .00 N/A 

Quadratic Model  992 11.30 (5)† .04 (.01 - .06) .85 .81 .04 .30‡ .00‡ -.00‡ .00 N/A 

Linear Growth Model with visit 

2 freely estimated  

992 10.82 (6) .03 (.00 - .06) .88 .88 .03 0.30‡ 0.00‡ -0.01‡ N/A N/A 

Linear Growth Model with 

visits 1 and 2 freely estimated. 

Slope variance set to 0 

992 8.86(5) .03 (.00 - .06) .91 .89 .03 .30‡ -.00‡ -.01† N/A N/A 

Progression Status as Predictor  992 9.05(8) .01 (.00 - .04) .97 .97 .03 .30‡ N/A -.01† N/A .02 

CRT Model Fit Results  

Intercept Only Model 989 49.33 (8)‡ .07 (.05 - .09) .77 .83 .07 0.35‡ 0.00‡ N/A N/A N/A 

Linear Growth Model with 

slope variance set to 0 

989 10.43 (7) .02 (.00 - .05) .98 .98 .03 0.36‡ 0.00‡ -0.01‡ N/A N/A 

Progression Status as predictor  989 19.68 (10)* .03 (.01 - .05) .95 .95 .04 0.36‡ N/A -0.01‡ N/A 0.04‡ 

Table 4.3.  

Simple Reaction Time (SRT) Task and Choice Reaction Time (CRT) Task: Model Fit Results.  

 

 

Model N Chi sq (df) RMSEA 

(95%CI) 

CFI TLI SRMR Intercept Intercept 

Variance 

Slope Slope 

Variance 

I on Progression Status  

SRT Model Fit Results 

Intercept Only Model 992 20.70(8) .04 (.02 - .06) .69 .77 .05 0.30‡ .00‡ N/A N/A N/A 

Linear Growth Model 992 13.27 (5)† .04 (.02 - .07) .80 .76 .04 .30‡ .01† -.01† .00 N/A 

Quadratic Model  992 11.30 (5)† .04 (.01 - .06) .85 .81 .04 .30‡ .00‡ -.00‡ .00 N/A 

Linear Growth Model with visit 

2 freely estimated  

992 10.82 (6) .03 (.00 - .06) .88 .88 .03 0.30‡ 0.00‡ -0.01‡ N/A N/A 

Linear Growth Model with 

visits 1 and 2 freely estimated. 

Slope variance set to 0 

992 8.86(5) .03 (.00 - .06) .91 .89 .03 .30‡ -.00‡ -.01† N/A N/A 

Progression Status as Predictor  992 9.05(8) .01 (.00 - .04) .97 .97 .03 .30‡ N/A -.01† N/A .02 

CRT Model Fit Results  

Intercept Only Model 989 49.33 (8)‡ .07 (.05 - .09) .77 .83 .07 0.35‡ 0.00‡ N/A N/A N/A 

Linear Growth Model with 

slope variance set to 0 

989 10.43 (7) .02 (.00 - .05) .98 .98 .03 0.36‡ 0.00‡ -0.01‡ N/A N/A 

Progression Status as predictor  989 19.68 (10)* .03 (.01 - .05) .95 .95 .04 0.36‡ N/A -0.01‡ N/A 0.04‡ 

 

 Simple Reaction Time (SRT) Task and Choice Reaction Time (CRT) Task: Model Fit Results.  
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Note: Unstandardized Model Fit Results. CRT = Choice Reaction Time Task; SRT = Simple Reaction Time task; Chi sq = Chi Square; RMSEA = Root Mean Square Error of Approximation 

Test; CI = Confidence Interval; CFI = Comparative Fit Index; TLI = Tucker Lewis Index; SRMR = Standardised Root Mean Squared Residual; Progression status = whether or not an 

individual progressed to Alzheimer’s dementia; ‡ p < .001; * chi square significance test adjusted for sample size http://davidakenny.net/cm/fit.html.

http://davidakenny.net/cm/fit.htm
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4.5 Discussion  

The present study used longitudinal cognitive data (up to 54-months of 

follow-up) from both simple and complex tasks to examine how IIV-I changes over 

time, and how IIV-I at baseline and over time relates to progression to MCI/AD 

versus remaining CN. This allowed for the comparison of baseline performance and 

trajectories of change, as well as the impact of IIV-I task complexity. Findings 

revealed that, at baseline assessment, there were IIV-I differences between 

individuals who remained CN and those who progressed to MCI/AD on the 

complex, working memory, task but not the simple SRT task. Interestingly, there 

could be no between group differences in slope with IIV-I change over time, across 

both simple and complex tasks, showing no differences between individuals within 

MCI/AD or CN groups. Moreover, the change observed was a reduction in IIV-I not 

an increase. 

These results suggest IIV-I extracted from a more complex task is more 

sensitive to subtle early cognitive decline in AD. Specifically, those who progressed 

to MCI/AD showed approximately 11% more variance in their baseline CRT 

performance compared to CN controls. In contrast, there were no observed 

differences between the baseline IIV-I of MCI/AD and CN participants on the SRT 

task. This is consistent with previous longitudinal studies that have found baseline 

IIV-I on more complex tasks is a better predictor of cognitive decline than IIV-I 

from simpler tasks. Specifically, Bielak and colleagues (2010) report IIV-I from 

moderately challenging to highly complex tasks provided the strongest prediction of 

longitudinal changes in cognitive ability, when compared to simpler tasks. Similarly, 

Kochan and colleagues (2016) report complex IIV-I was associated with shorter time 

to dementia when compared to simple task IIV-I. 
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The magnitude of the IIV-I difference between those who progressed to 

MCI/AD and those who remained CN observed on the CRT task is similar to that 

reported elsewhere. Specifically, Lentz (2003) found IIV-I was positively related to 

task complexity when using an ISD measure of IIV-I. Participants classified as 

cognitively impaired showed approximately 17% more variability on a complex task 

than participants classified as CN. Interestingly, Phillips and colleagues (2013) also 

found IIV-I increased with task complexity using an interquartile measure of IIV-I, 

however, they found that IIV-I differences between diagnostic groups disappeared 

when mean RT was included in the model. While the present study’s use of a sample 

characterised as pre-MCI/AD diagnosis (i.e., participants were CN at baseline and 

progressed to either MCI or AD diagnostic status) and CN controls differs to the 

diagnostic amnestic MCI and CN controls sample of Phillips and colleagues (2013), 

the lack of significant findings in Phillips and colleagues’ (2013) study may reflect 

problems with power rather than sample differences between studies. With only 117 

participants, it is possible that Phillips and colleagues’ (2013) study was 

underpowered to find a true group difference in IIV-I. Indeed, effects observed in 

both the current study and that of Phillip and colleagues (2013) are of a similar 

magnitude with sample level statistics included in Phillips and colleagues’ (2013) 

paper indicating that those with aMCI demonstrated approximately 15% more 

variability on the complex task than those classified as CN. The present study found 

that those who progressed to MCI/AD showed approximately 11% more variability 

in IIV-I than those who remained CN, when controlling for mean RT, but in a much 

larger sample of over 900 participants. 

While there are baseline differences between MCI/AD and CN groups on IIV-I 

calculated from the complex CRT task, there was no difference between the groups 
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in the rate of IIV-I change using either the simple SRT or the complex CRT task. 

This was because the trajectory of change in IIV-I, while small and negative (i.e., 

variability declined with age) did not differ between individuals within each group, 

therefore, there could be no between group differences in slope. Put another way, the 

differences observed at baseline were maintained across 54-months of follow-up. 

Importantly, this finding appears to be unrelated to attrition rates, with no difference 

between MCI/AD and CN attrition rates at 36-month and 54-month follow-up visits. 

While there was a difference between follow-up rates at 18-months, this visit saw 

more MCI/AD participants return for testing than CN participants. As such, attrition 

differences do not explain these findings. 

The lack of between group (CN and MCI/AD) differences in IIV-I change across 

follow-up visits is surprising as it would be reasonable to expect IIV-I to increase as 

cognitive functioning declines, at least in the MCI/AD group. This lack of change 

observed across follow-up visits, combined with the observed between group 

differences in baseline IIV-I on the complex task, could suggest that greater IIV-I 

(on complex tasks) in those who develop AD, compared to those who remain CN, 

occurs early in disease progression and as such, change was not captured over this 

54-moth follow-up period. Interestingly, another study investigating mean RT 

change in healthy older adults using the same Cogstate measure, reported that group 

mean RT did not decline as a function of time (Darby, 2012). This study was, 

however, conducted over a shorter period of 12-months. These findings are despite 

the Cogstate task showing greater sensitivity to subtle cognitive decline in diagnostic 

MCI when compared to more routine memory tests (Maruff, 2004). To capture 

substantive IIV-I change over time, the measurement of complex IIV-I may need to 

occur up to 20-years before symptom onset, i.e., alongside initial white matter and 
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amyloid changes (Buchhave et al., 2012; Caballero et al., 2018). Should IIV-I 

changes contemporaneously with these initial brain changes before plateauing 

around diagnosis, IIV-I could act as a cheaper, non-invasive measure of dementia 

risk, comparable to established biomarkers such as abnormal Aβ-amyloid 

biomarkers (Jack et al., 2013). 

The mechanism/s behind the relationship between IIV-I task complexity and AD 

are yet to be explored. It is reasonable to posit that task complexity differences result 

in the measurement of different cognitive or physical abilities. Specifically, simple 

tasks, like the SRT task used in this study, may draw on psychomotor 

speed/performance, with minimal cognitive demands. In contrast, complex tasks, 

like the working memory task used here, may be more sensitive to variability in 

higher order cognitive processes. It is changes in cognition, rather than psychomotor 

performance, that are of interest to researchers and clinicians attempting to identify 

early cognitive change associated with AD. Nevertheless, future research may wish 

to investigate sources of variance in SRT task IIV-I to confirm that IIV-I calculated 

from simple tasks is indeed measuring psychomotor speed and is not sensitive to 

early pathological decline. 

The present study should be interpreted with some caution. Most notably, the 

study used one simple and one complex task to represent differences in task 

complexity. For more accurate conclusions on how task complexity influences the 

relationship between IIV-I and AD a greater number of tasks across varying levels of 

complexity should be considered. For example, task complexity may show a dose-

response relationship with increased complexity leading to greater between group 

(CN versus MCI/AD) IIV-I differences (see Gorus et al., 2008). Alternatively, 

cognitive tasks may demonstrate a threshold level of complexity needed in order to 
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detect between group (CN versus MCI/AD) IIV-I differences. Furthermore, attention 

should be paid to the cognitive domains represented in these comparatively simple 

and comparatively complex tasks as whether IIV-I shows equal performance across 

cognitive domains likely an important future investigation in the field. 

4.5.1 Concluding Remarks  

 IIV-I is a novel measure of cognition that can detect very early cognitive 

impairment in AD. Consistent with previous studies we found IIV-I calculated from 

a complex working memory task is more suited to detecting the subtle cognitive 

impairment of very early AD than simpler tasks, with baseline IIV-I performance 

differing between participants who progressed to MCI/AD versus those who 

remained CN on the complex task only. Such a difference was not found for the 

simple SRT task. Interestingly, no between group differences were observed in the 

trajectory of IIV-I change over this 54-month period, and all participants reduced 

their IIV-I across this period. Further research should continue to investigate how 

this IIV-I measure could be adapted for use in clinical and research settings. 
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Chapter 5: General Discussion. 
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5.1 Thesis Aims and Findings 

This thesis sought to explore intra-individual variability (IIV) as an early 

marker of cognitive impairment in Alzheimer’s disease (AD) by furthering our 

understanding of the predictive capacity of this novel marker with respect to AD, 

developing an understanding of the underlying latent construct of the measure, and 

identifying how it changes across AD progression. 

Overall, we found novel meta-analytic support for the use of IIV as a 

predictor of subsequent cognitive decline or dementia status, regardless of IIV 

operationalisation type (i.e., IIV – Inconsistency (IIV-I) or IIV – Dispersion (IIV-

D)). Further, with a novel and detailed factor analytic investigation we found that the 

IIV-I operationalisation of IIV could not be appropriately conceptualised as a single 

construct across tasks of varying cognitive domains or complexity levels in this 

sample. Instead, IIV-I could only be compared across cognitively normal (CN) 

controls and those with diagnostic Mild Cognitive Impairment (MCI) or AD using a 

single multi-trial task. Finally, in a longitudinal analysis of IIV-I, we found that 

whether an individual progresses to MCI/AD can predict IIV-I performance at 

baseline assessment on complex multi-trial tasks only. Interestingly, IIV-I change 

over time showed no significant difference between those who progressed to 

MCI/AD versus those who did not. 

This thesis contributes substantially to existing literature investigating IIV, as 

well as the more specific relationship between IIV and AD risk. Results of the three 

empirical studies included in this thesis are summarized below. Following these 

summaries, findings are then integrated into existing research and overall 

conclusions are drawn. Finally, limitations and future directions are discussed. 
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5.2 Overview of Study Findings  

5.2.1. Longitudinal Association of Intra-individual Variability with Cognitive 

Decline and Dementia: A Meta-Analysis 

The first of three empirical studies (Chapter 2) reported a novel meta-analytic 

investigation of longitudinal studies examining the association between baseline IIV 

and subsequent cognitive decline/dementia status. This allowed for an overall effect 

size estimate regardless of IIV operationalisation or measurement approach (i.e., 

whether IIV estimates controlled for mean performance or other demographic 

covariates). In this study, we planned to compare alternative IIV operationalisations 

of IIV-I and IIV-D, as well as alternative approaches to measuring IIV. The small 

number of relevant studies available meant that only IIV-I and IIV-D 

operationalisations could be compared. Results from this study support the use of 

baseline IIV performance, regardless of operationalisation or measurement approach, 

as a predictor of subsequent cognitive decline or dementia status. Specifically, 

results suggest IIV is moderately associated with subsequent cognitive decline and 

progression to dementia. Importantly, the included studies did not look at how IIV 

changes over time but rather the predictive utility of IIV measured at baseline. A 

novel investigation of IIV change over time was conducted in Chapter 4 of this 

program of research. 

While there was clear evidence for the utility of IIV in predicting subsequent 

dementia/cognitive impairment, there was no clear evidence at a meta-analytic level 

for broad differences between IIV-I and IIV-D operationalisations. A more detailed 

review of the literature appears to suggest that if there is a difference between these 

operationalisations that this difference exists in the early stages of AD symptom 

onset with IIV-I more sensitive to early AD related changes in the MCI stage of 
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disease progression than the alternative IIV-D which may be better able to capture 

change following formal AD diagnosis (Kalin et al., 2014). As a thorough 

investigation of both IIV-I and IIV-D across AD progression was beyond the scope 

of the current program of research, we made the decision to focus on the IIV-I 

operationalisation to allow for a more detailed investigation of the underlying factor 

structure of this measure and how it changes over time. 

5.2.2 Cognitive Inconsistency May Not Represent a Single Construct: Studies 

Across Cognitively Normal and Alzheimer’s Disease Samples 

 Given the significant heterogeneity in the cognitive complexity and domains 

represented in the tasks used to measure IIV-I, there remained a need to conduct 

basic factor analyses of this construct before further empirical work could take place. 

Chapter 3, therefore, aimed to identify the underlying factor structure of IIV-I using 

tasks of various complexities and cognitive domains while also comparing this IIV-I 

construct across CN and MCI/AD samples using a measurement invariance analysis. 

This approach allows for conclusions to be drawn around whether IIV-I can indeed 

be conceptualised as a single construct across tasks of varying complexities and 

cognitive domains, as well as whether it can be used reliably to compare cognitive 

integrity across those with and without MCI/AD. Findings suggest IIV-I cannot 

reliably be conceptualised as a single latent construct across tasks of varying 

complexities and cognitive domains, at least not in this large sample. Interestingly, a 

measurement invariance analysis conducted at the individual task level suggested 

IIV-I calculated from the same multi-trial task (i.e., same cognitive domain and level 

of complexity) could reliably be compared across MCI/AD and CN groups. Based 

on these novel findings, it was recommended that future research (including the 
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remaining empirical chapters in this thesis) use a single task rather than a collection 

of tasks to conceptualise, measure, and compare IIV-I. 

5.2.3 Simple or Complex IIV-I: Longitudinal Change in Alzheimer’s disease 

 As mentioned above, while the predictive utility of baseline IIV-I has been 

investigated in longitudinal research to date, how IIV-I changes as a function of time 

in the early stages of AD remains poorly understood. As such, the third and final 

empirical study (Chapter 4) provides a novel investigation of how IIV-I changes over 

early AD progression. Specifically, longitudinal growth curves (with up to 54-

months of follow-up) were applied across 2 groups - those who remained CN and 

those who progressed to MCI/AD. This the first study to model IIV-I change using 

growth modelling while also exploring differences in the intercept and growth terms 

of those who remain CN and those who progress to MCI/AD. It is important to 

address this knowledge gap if we are to understand how this cognitive index 

interacts with AD progression, as well as when and how it can be used as a marker of 

cognitive impairment. This analysis allowed for an examination of how IIV-I 

changes over time, and exploration of whether those who progress to MCI/AD 

versus those who remain CN differ in their baseline performance/trajectories of 

change. Based on the findings of the preceding chapter (Chapter 3) this analysis was 

not conducted using a latent variable multi-task measure of IIV-I but instead using 

two independent estimates of IIV-I calculated using 1) a single multi-trial simple 

task and 2) a single multi-trial complex task. This approach allowed for examination 

of task complexity and IIV-I across MCI/AD and CN groups. Results demonstrated 

that progression status did not predict baseline IIV-I performance on the simple task. 

By contrast, progression status did predict baseline IIV-I performance on the 

complex task. This suggests complex task IIV-I is more suited to identifying early 
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cognitive change in AD. Interestingly, no significant between group differences in 

IIV-I longitudinal change were identified on either the simple or complex task. This 

suggests that the greater IIV-I seen on the complex task among those with pre-

diagnostic MCI/AD is likely to occur well before a clinical diagnosis is made, and 

represents a slow changing feature of those who progress to AD (i.e., not captured 

across the 54-month follow-up). 

Additional, post-hoc investigations found differences between CN 

participants and those who progressed to MCI/AD, in complex task IIV-I remained 

significant once baseline mean response time (RT) was included in the model. See 

Appendix C. 

5. 3 Integration of Findings with Wider Literature  

 This current program of research identified that regardless of 

operationalisation, IIV is moderately associated with subsequent cognitive decline or 

dementia status. This finding is able to unify a heterogeneous published research 

field that has used alternative IIV operationalisations such as IIV-I (Christ et al., 

2018; Duchek et al., 2009; Kochan et al., 2016; Phillips et al., 2013) and IIV-D 

(Anderson, Wahoske, Huber, Norton, Li, Koscik, Umucu, Johnson, Jones, Asthana, 

& Gleason, 2016; Gleason et al., 2018; Halliday et al., 2018; Reckess, Varvaris, 

Gordon, & Schretlen, 2013), as well as varying methodological approaches such as 

controlling for mean task performance (Anderson, Wahoske, Huber, Norton, Li, 

Koscik, Umucu, Johnson, Jones, Asthana, & Gleason, 2016; Holtzer, Verghese, 

Wang, Hall, & Lipton, 2008; Kliegel & Sliwinski, 2004; Lövdén et al., 2007) or not 

controlling for mean task performance (Tales et al., 2012; Vaughan et al., 2013). 

Together, there is substantial support for the use of IIV, regardless of how it is 

conceptualised, as a marker of early AD risk. This also supports the idea that 
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variability in cognitive performance is sensitive to early neurological integrity 

breakdown in AD.  

The novel analysis of underlying IIV-I factor structure across MCI/AD and CN 

groups presented in Chapter 3 suggests IIV-I could not be reliably conceptualised as 

a unitary construct in this sample. Specifically, while IIV-I shows general utility in 

predicting cognitive decline/dementia status, IIV-I could not be conceptualised as a 

single latent construct across tasks of various cognitive domains and complexities. 

When wider research is considered, it is possible that IIV-I varies as a function of 

task complexity. Specifically, Gorus and colleagues (2008) reported IIV-I increased 

disproportionately between diagnostic groups (amnestic MCI versus CN) with task 

complexity. Medium to large effect sizes were observed for significant between 

group differences. This interaction between task complexity and the diagnostic 

capacity of IIV-I has been seen across tasks and sample groups (Bielak et al., 2010b; 

Gorus et al., 2008; Kochan et al., 2016; Lentz, 2003). Importantly, for future 

research in the field, follow-up measurement invariance analyses conducted in the 

current program of research suggests that IIV-I measured from a single task, across 

multiple trials, can be used appropriately to compare the cognition of those with AD 

versus those classified as CN. Finding no unitary IIV-I construct in the current 

sample is a novel finding that expands significantly on existing published research 

which had examined gross IIV-I differences across diagnostic groups and tasks of 

varying complexities but had not yet conceptualised the IIV-I construct itself across 

CN and AD groups. 

Finally, by conceptualising IIV-I independently across simple and complex 

cognitive tasks in the longitudinal analysis of Chapter 4, we were able to 

demonstrate that complex task IIV-I shares a unique relationship with pre-
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symptomatic MCI/AD while simple task IIV-I shows no sensitivity to early stage 

MCI/AD symptoms in this large sample. Specifically, only complex task IIV-I at 

baseline showed a difference between CN adults who remained CN versus those who 

progressed to MCI/AD. In contrast, no between groups differences were identified in 

simple task IIV-I at baseline. This finding is consistent with published reports that 

IIV-I from more complex tasks is better able to predict cognitive decline than IIV-I 

from simpler tasks (Bielak, Hultsch, Strauss, & MacDonald, 2010; Bielak et al., 

2010b; Hultsch, MacDonald, Hunter, Levy-Bencheton, & Strauss, 2000; Lentz, 

2003). For example, Bielak and colleagues (2010) report that IIV-I from moderately 

challenging to highly complex tasks, when compared to simpler tasks, provided the 

strongest prediction of longitudinal changes in cognitive ability. Taken together, it is 

suggested that IIV-I measured using complex cognitive tasks, compared to simpler 

tasks, is better suited to the identification of early cognitive impairment in AD. It is 

possible that simple task variability appears with greater cognitive decline, later in 

disease progression. Specifically, simple reaction time (SRT) tasks may reflect 

psychomotor speed/performance, with minimal cognitive demands. In contrast, 

choice reaction time (CRT) tasks may be more reflective of variability in higher 

order cognitive processes such as memory or executive functioning. Seeing IIV-I 

changes in CRT tasks before SRT tasks would mirror the wider evolution of 

cognitive decline in AD. For example, impaired mean performance on more complex 

cognitive tasks such verbal memory appears at least 10-12 years prior to a diagnosis 

of AD (Bature, Guinn, Pang, & Pappas, 2017) alongside earlier white matter and 

cerebral Aβ-amyloid accumulation (Caballero et al., 2018; Rowe et al., 2010). In 

contrast, substantial declines in the mean performance of more basic cognitive 

functions such as psychomotor speed are typically not seen until well after a formal 
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diagnosis is made (i.e., not evident in MCI; Bailon, Roussel, Boucart, Kystkowiak, 

& Godefory, 2010) and alongside broader neuropathology such as widespread 

neuronal loss (Jack et al., 2013). While it is still possible that IIV-I impairment 

proceeds impairment identifiable by traditional approaches that examine average 

performance, it would not be unreasonable for IIV-I to follow the same trajectory as 

these mean performance changes across simple and complex cognitive tasks with 

more complex skills affected before comparatively simpler skills. 

Interestingly, in the current sample, across both simple and complex task IIV-

I, no significant between group (i.e., remained CN versus progressing from CN to 

MCI/AD) differences were observed in the rate of change across the 54-month 

follow-up period. It is possible that IIV-I is best associated with, and sensitive to, the 

very early brain changes of AD such as cerebral Aβ-amyloid accumulation which 

begins approximately 15-20 years prior to diagnosis (Rowe et al., 2010). As such, 

change was not captured in this 54-month follow-up period in which participants 

were between 18-months and 48-months prior to a diagnosis of MCI/AD. 

Established biomarkers such as abnormal Aβ-amyloid cerebrospinal fluid (CSF), 

which are sensitive to these early cerebral Aβ-amyloid accumulation changes, show 

full abnormality approximately 5-10 years prior to diagnosis with a relative 

plateauing later in disease progression. Based on the lack of IIV-I change in the 18 – 

48-months prior to diagnosis observed in this program of research, it is possible IIV-

I is also sensitive to these early pathological changes and follows a similar trajectory. 

If this were the case, IIV-I would compare favourably to established biomarkers such 

as abnormal Aβ-amyloid cerebrospinal fluid (CSF), positron emission tomography 

(PET) biomarkers, and biomarkers of neurological degeneration (loss of neurons) 

identifiable through magnetic resonance and glucose metabolism-PET imaging (Jack 
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et al., 2013). To demonstrate this, an additional proposed IIV-I curve has been added 

to Jack and colleagues’ (2013) revised model of dynamic biomarkers of AD in 

Figure 5.1. A more detailed discussion of how future research may seek to 

investigate this hypothesis is presented below. While IIV-I may show greater 

sensitivity to some neural integrity changes over others, it is also worth consideration 

of specificity to these changes. For example, IIV-I may be particularly vulnerable to 

abnormal Aβ-amyloid accumulation (discussed above) due to the ability of this 

accumulation to modulate the relationship between attentional networks and 

performance variability (Meeker et al., 2021). It is, however, entirely possible that 

IIV-I remains sensitive to several subtle changes in neural integrity as a result of 

injury, diagnosis, or other neurodegenerative processes. This of course does not 

make IIV-I of any less value in the exploration or identification of early AD. The 

ability to detect subtle changes in neural integrity very early in disease progression 

can allow for closer monitoring, or greater investigation that utilises a number of 

disease risk markers. While unexpected, finding no difference in longitudinal change 

between those who develop MCI/AD and those who remain CN, in the current study, 

is novel. As such, this program of research expands significantly on published 

longitudinal research that, to date, has focused on the ability of IIV-I, measured at 

baseline, to predict subsequent cognitive decline or diagnostic change (Bielak et al., 

2010; Kochan et al., 2016), as opposed to examining how IIV-I changes with early 

disease progression. 
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Figure 5.1. 

Revised Model of Dynamic Biomarkers of the Alzheimer’s disease Pathological 

Cascade (from Jack and colleagues (2013)) with additional proposed IIV-I curve. 

 

 

 

 

 

 

 

 

 

 

Note. (A and B) Neurodegeneration is measured by FDG PET (neuroimaging measure of cerebral 

glucose metabolism which indicates neuronal and synaptic density) and structural MRI, which are 

drawn concordantly (dark blue). By definition, all curves converge at the top right-hand corner of the 

plot, the point of maximum abnormality. Cognitive impairment is illustrated as a zone (light green-

filled area) with low-risk and high-risk borders. (B) Operational use of the model. The vertical black 

line denotes a given time (T). Projection of the intersection of time T with the biomarker curves to the 

left vertical axis (horizontal dashed arrows) gives values of each biomarker at time T, with the lead 

biomarker (CSF Aβ42) being most abnormal at any given time in the progression of the disease. 

People who are at high risk of cognitive impairment due to Alzheimer's disease pathophysiology are 

shown with a cognitive impairment curve that is shifted to the left. By contrast, the cognitive 

impairment curve is shifted to the right in people with a protective genetic profile, high cognitive 

Proposed IIV-I  
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reserve, and the absence of comorbid pathological changes in the brain, showing that two patients 

with the same biomarker profile (at time T) can have different cognitive outcomes (denoted by grey 

circles at the intersection of time T). Aβ = Aβ-amyloid; CSF = cerebrospinal fluid; 

FDG=fluorodeoxyglucose; MCI=mild cognitive impairment; MRI = magnetic resonance imaging; 

PET = positron emission tomography; IIV = Intra-Individual Variability – Inconsistency.  

 

5.4 Clinical Implications  

 The use of IIV or IIV-I in identifying AD risk for clinical purposes may be 

premature and in need of further investigation (discussed below), however, IIV 

remains a novel way to analyse existing neuropsychological data and can contribute 

to a more comprehensive clinical understanding of cognitive performance. For 

example, as more and more neuropsychological tasks or tests become computerised, 

test publishers could provide IIV-I indices and sample based norms for clinicians to 

include in their own analyses and reports in order to better understand how their 

client’s cognitive performance variability fits within normal ranges. Clinicians may 

then wish to begin calculating IIV-I from existing neuropsychological data to further 

explore their client’s presenting problem. For example, clients often report cognitive 

difficulties that are not evidenced using mean or total scores but may manifest as 

higher levels of variability. Understanding performance variability may indeed help 

to explain subjective client experience and warn of underlying pathology that 

warrants increased monitoring or a recommendation for follow-up assessment.  

5.5 Limitations 

While this thesis was able to draw some firm conclusions around the 

importance of considering task complexity in the relationship between IIV-I and AD, 

these findings arose from just a single task representing comparatively simple 

cognitive skill and a single task representing comparatively complex cognitive skill 
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(Chapter 4). For a more in depth understanding of how task complexity might 

interact with IIV-I and AD progression, a greater number of tasks representing a 

greater cognitive complexity range is needed to explore how the IIV-I construct is 

represented across task complexity. A repeated factor analysis, similar to that 

outlined in Chapter 3, with the inclusion of at least three simple tasks and three 

complex tasks (the current study including only two of each task type) would allow 

for analysis of whether these tasks form two distinct and independent constructs or 

whether they represent two distinct but related constructs. For example, this 

investigation could examine whether there a distinct general IIV-I factor that can 

explain variability of simple cognitive tasks, and a distinct general IIV-I factor that 

can explain variability on complex cognitive tasks. Moreover, analysis of these 

constructs within a single model would allow for investigation of whether these two 

constructs are independent or related. Failure to find any unitary construct/s would 

suggest IIV-I can only be conceptualised as a function of the task from which it is 

measured. 

This proposed analysis would require access to neuropsychological 

performance data from both CN and AD samples. Given the nature of a factor 

analytic investigation, this analysis would suit those with access to cross-sectional 

assessment data. While this proposed investigation could use any three simple and 

three complex tasks suited to the calculation of IIV-I (i.e., multiple RT trials), the use 

of additional tasks offered in alternative Cogstate batteries (i.e., Cogstate 

Alzheimer’s battery) could provide a suitable option with these computerised tasks 

easy to administer, well suited to the calculation of IIV-I, and offering a wide range 

of task complexity. 
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5.6 Future Research  

5.6.1 Guidance for Future Research: The studies presented in this thesis 

serve to both guide and inform future research by outlining appropriate ways to 

conceptualise and measure IIV-I. Specifically, findings from this sample suggest that 

when calculating or comparing IIV-I across those classified as CN versus those with 

early AD, IIV-I may need to be computed from a single multi-trial task rather than 

averaged or summed across multiple tasks of varying cognitive domains or 

complexities. Moreover, when choosing a task from which to calculate IIV-I, the 

current program of research suggests, complex tasks may be most sensitive to 

cognitive impairment in early AD. 

5.6.2 IIV-I Trajectory of Change: As discussed, findings of this thesis 

suggest that differences in IIV-I between those who progress to MCI or AD versus 

those who remain CN appear and plateau long before a clinical diagnosis of MCI or 

AD is made, and as such, were not captured over the 54-month follow-up period of 

the current study. Future research would benefit from examining IIV-I performance 

over an extended period of time (greater than 54-months) in those who progress to 

MCI or AD versus those who remain CN. The identification of how much earlier, or 

‘pre diagnosis’, those with AD show higher IIV-I performance is essential to 

understanding the clinical utility of IIV-I as a marker of AD risk. Although it may 

pose a challenge, the current program of research suggests that the measurement of 

IIV-I should begin approximately 20-years prior to onset of dementia, when early 

neuropathological change also manifests (Jack et al., 2013). This includes cerebral 

Aβ-amyloid accumulation beginning approximately 15 - 20 years prior to diagnosis 

(Rowe et al., 2010), and early regional white matter changes beginning 5 - 10 years 

prior to symptom onset (Caballero et al., 2018). This would suggest that studies 
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evaluating IIV-I trajectory of change may need to recruit participants in mid-life. 

Analysis of longitudinal change in IIV-I may facilitate identification of the 

neurological aetiology for increased variability in AD and substantively contribute to 

our understanding of the relationship between AD neuropathology and cognitive 

symptomology. For example, such an analysis could address whether IIV-I change 

occurs alongside Aβ-amyloid build-up, or whether it is a feature that appears once a 

threshold level of neuropathological change or Aβ-amyloid accumulation is reached. 

Finally, by investigating IIV-I over this extended time frame, researchers could 

establish whether IIV-I is a suitable proxy for existing invasive biomarkers, the first 

of which typically present as abnormal Aβ-amyloid cerebrospinal fluid (CSF), which 

are fully abnormal 5-10 years prior to diagnosis, followed by biomarkers of 

neurological degeneration (loss of neurons) identifiable through magnetic resonance 

and glucose metabolism-PET imaging (Jack et al., 2013). 

Longitudinal investigation of IIV-I in this manner could employ a similar 

growth curve modelling approach to that outlined in Chapter 4. This analysis would 

require repeated neuropsychological assessments, and assessments of diagnostic 

status with part of the sample progressing to AD and part of the sample remaining a 

CN control group. The neuropsychological assessment would need to include a task 

or tasks that can be readily used to calculate IIV-I, i.e., complex, multi-trial RT tasks. 

Inclusion of neuroimaging and biomarker measurements such as cerebral Aβ-

amyloid accumulation would also be needed if researchers wished to conduct a direct 

investigation of IIV-I and AD pathology or comparison of IIV-I and established 

biomarkers. Most significantly, this proposed analyses would require the initial 

assessment (and subsequent follow-up period) to begin approximately 20-years prior 

to diagnosis of AD (discussed above). Many databases regularly utilized for IIV-I 
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research such as AIBL and ADNI are not yet able to provide such a scope of pre-

diagnostic years with data collection usually beginning in participants’ early 60s. 

5.6.3 Comparing IIV-I and IIV-D Operationalisations: Future research 

would benefit from more direct comparisons of IIV operationalisations (IIV-I versus 

IIV-D) across AD progression. While the results of this thesis suggest both IIV-I and 

IIV-D can predict subsequent dementia or cognitive decline, it is possible that each 

operationalisation holds a unique relationship with varying stages of AD 

progression. For example, IIV-I may be more suited to detecting very early changes 

in AD cognition, when compared to IIV-D, which may appear only with greater 

cognitive decline seen later in disease progression. A direct and longitudinal 

comparison of both operationalisations in the same sample will allow firm 

conclusions to be drawn around which operationalisation, if any, is best suited to the 

very early identification of AD risk. Such an analysis could take a similar form to 

that of the growth model investigation detailed in Chapter 4. This would involve the 

analysis of repeated neuropsychological assessment data within a sample that 

progresses to MCI/AD, as well as a CN control group. Such an investigation would 

need to ensure IIV is assessed many years prior to diagnosis (see above) to allow for 

appropriate analysis of whether each operationalisation holds unique sensitivity to 

differing stages of disease progression. Further, any dataset utilised for this proposed 

analysis would need to include neuropsychological tasks that lend themselves to the 

calculation of both IIV-I and IIV-D.  

5.6.4 Comparison to Traditional Mean Performance Approaches: 

Finally, while this program of research yielded novel contributions to our 

understanding of IIV-I and AD, more research is required to understand whether this 

measure interacts with more traditional markers of cognitive performance such as 
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mean performance scores. For example, to allow for examination of the independent 

predictive power of mean RT and IIV-I, as well as any interaction effects, mean RT 

from simple and complex tasks could be added to the model proposed in Chapter 4. 

It is conceivable that slowed mean RT and variable IIV-I might be more predictive 

of dementia, or time to dementia, than faster mean RT and variable IIV-I, with those 

with either slowed mean RT but little variability or the opposite falling somewhere 

in the middle for dementia risk. While examination of interaction effects between 

mean and IIV-I RT could utilise the same AIBL database as this thesis, confirmation, 

or replication, of these findings would require an alternative data set. The ADNI 

dataset would be a suitable alternative given its longitudinal nature and use of tasks 

suited to IIV-I measurement. While neither the ADNI or AIBL dataset have the 

scope for an analysis of IIV-I up to 20 years prior to diagnosis (discussed above), 

both are appropriate for investigations of mean RT and IIV-I interactions over a 

period of several pre-diagnostic years. Indeed, several longitudinal studies cited in 

this thesis have used the ADNI database to draw conclusions around IIV (Anderson, 

Wahoske, Huber, Norton, Li, Koscik, Umucu, Johnson, Jones, Asthana, & Gleason, 

2016; Bangen et al., 2019; Roalf et al., 2016; Tractenberg & Pietrzak, 2011).  

5.7 Conclusions  

In conclusion, this thesis investigated IIV and its relationship to AD risk, 

with a particular focus on the inconsistency (IIV-I) operationalisation of IIV. 

Together, the empirical works described herein demonstrate that IIV is a useful 

marker of cognitive impairment that pre-dates dementia diagnosis. The various 

approaches to IIV measurement, however, need greater scrutiny when conducting 

research in this field. Specifically, IIV-I does not represent a single construct in the 

current sample but rather, varies as a function of task complexity, with more 
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complex tasks only, able to differentiate between those who progress to AD versus 

those who remain CN at baseline assessment. The findings detailed in this thesis lay 

substantial groundwork for research investigating IIV-I and AD, including the 

identification of appropriate ways to measure and compare IIV-I across AD and non-

AD groups (i.e., using a single multi-trial task only), and the tasks most suited to the 

identification of early cognitive change in AD (i.e., tasks of greater cognitive 

complexity). Consequently, future research should continue to investigate the 

clinical utility of IIV-I as a generated by this thesis. 
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APPENDIX A: AUSTRALIAN IMAGING BIOMARKERS AND LIFESTYLE 

STUDY OF AGEING – RECRUITMENT, PARTICPANTS, AND 

MATERIALS.  

 The Australian Imaging, Biomarkers and Lifestyle Study of ageing (AIBL) is 

a prospective, longitudinal study of ageing designed to aid in the development of 

interventions to delay onset, prevent, or treat Alzheimer’s disease. Since its 

beginning in 2006 over 2500 participants over the age of 60 have been recruited 

across sites in Melbourne and Perth, Australia. Ethics approval has been obtained 

from Hollywood Private Hospital and Edith Cowan University for the Perth site and 

the Institutional Ethics Committees of Austin Health and St Vincent’s Health for the 

Melbourne site. 

Recruitment  

 Volunteer participants aged 60 or over were originally recruited using a 

media appeal for volunteers or were referred to the research program by a treating 

physician. All volunteer participants underwent initial screening via telephone, this 

included screening questions related to demographic data such as age, sex, and 

contact details, as well as relevant medical history. Participants were excluded if they 

had a history of non-AD dementia, schizophrenia, bipolar disorder, significant 

current depression (score above 5/15 on the Geriatric Depression Scale; GDS), 

Parkinson’s disease, cancer (excluding basal cell skin carcinoma) within the last two 

years, symptomatic stroke, uncontrolled diabetes, or regular alcohol use (exceeding 2 

standard drinks per day for women and 4 standard drinks per day for men). 

  



 

 

176 

Cognitive Variability and the Onset of Alzheimer’s Disease.  

Study Design   

 Following telephone screening, and if they met inclusion criteria, participants 

were invited to attend a baseline assessment across Perth and Melbourne sites. 

Detailed information of the study was sent to the participant prior to assessment and 

they provided written informed consent upon arrival for the assessment. 

 Assessments were conducted in the mornings and participants were 

instructed to fast for at least 8 hours prior to assessment for blood draws. Upon 

arrival weight, height, abdominal circumference, resting blood pressure and pulse 

were measured. Blood was drawn for analysis (80ml). Following this, and prior to 

cognitive assessment, participants were provided with breakfast. Cognitive and 

mood assessments were administered by trained staff who had undergone extensive 

training in the assessment techniques At baseline, participants completed a detailed 

questionnaire regarding personal medical history, medication use, smoking, current 

and past alcohol use, as well as, current and past illicit drug use. This information 

was reviewed and updated at follow-up assessments. 

 Participants were invited to return for assessment every 18-months after their 

initial assessment. The same procedure as the initial assessment was followed at 

follow-up visits. The experimental studies in this program of research utilise baseline 

assessment data (Chapter 3), as well as up to 54-month follow-up data (Chapter 4).  

Cognitive and Mood Assessment 

 The cognitive assessment measures used in the AIBL neuropsychological 

battery aim to assess main cognitive domains affected by AD and other dementias. 

On average, administration of this battery of measures took between two to three 

hours. Participants were encouraged to take breaks when needed to minimise fatigue. 
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The battery of measures was presented in the following order: Mini-Mental State 

Examination (MMSE), Digit Span and Digit Symbol Coding subtests of the 

Wechsler Adult Intelligence Scale – Third Edition (WAIS-III), Logical Memory I 

and II of the Wechsler Memory Scale – Third Edition- (LMI; LMI II; Story A only 

was administered), California Verbal Learning Test – Second Edition (CVLT-II), 

Rey Complex Figures Test (RCFT), Delis-Kaplan Executive Function System 

(DKEFS) letter and category fluency tests, a 30-item version of the Boston Naming 

Test (BNT), Clock Drawing Task, Wechsler Test of Adult Reading (WTAR) and the 

Stroop task (Victoria edition). Participants also completed the computerised brief 

Cogstate battery (www.cogstate.com). A Cogstate Continuous Paired Associated 

Learning Task was also included.  

  

http://www.cogstate.com/
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APPENDIX B: CHAPTER 2 SUPPLEMENTARY MATERIALS  

 

Funnel Plots 

Figure Ab.1a. 

 Funnel Plot Based on Observed Correlations for IIV in Predicting Cognitive 

Decline/Subsequent Diagnosis of Dementia from General Correlational Analysis.  

 

 

 

 

 

Note: White circles represent observed correlations from included studies. 
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Figure Ab.1b.  

Funnel Plot Based on Observed and Estimated Correlations for IIV in Predicting 

Cognitive Decline/Subsequent Diagnosis of Dementia from General Correlational 

Analysis. 

 

 

 

 

 

 

Note: White circles represent observed correlations from included studies, black circles represent 

estimated correlations from proposed unpublished studies.  
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Study name Subgroup within study Comparison Outcome Statistics for each study Correlation and 95% CI

Lower Upper 
Correlation limit limit Z-Value p-Value

Salthouse, 2014 D IIV1 Cognitive decline 0.137 0.033 0.238 2.578 0.010

Tales, 2012 I IIV1 Cognitive decline 0.503 0.223 0.706 3.320 0.001

Kliegel, 2004 D IIV1 Cognitive decline 0.447 0.265 0.598 4.512 0.000

BAYER, 2014 I Combined Cognitive decline 0.470 0.259 0.638 4.080 0.000

LOVDEN, 2007 I Combined Cognitive decline -0.135 -0.225 -0.043 -2.865 0.004

KOSCIK, 2016 D Combined Cognitive decline 0.099 0.035 0.161 3.051 0.002

BIELAK, 2010B I Combined Cognitive decline 0.300 0.172 0.417 4.468 0.000

KOCHAN, 2016 I Combined Combined 0.077 0.005 0.148 2.091 0.037

0.208 0.086 0.325 3.308 0.001

-1.00 -0.50 0.00 0.50 1.00

Favours A Favours B

IIV Predicting Cognitive Decline/Diagnosis

Meta Analysis

Figure Ab.2. 

Forest Plot of Observed Random Effects Correlation Coefficients for IIV and 

Subsequent Cognitive Change (Cognitive Decline or Progression to MCI/Dementia), 

without the Inclusion of the Roalf and Colleagues (2016) Study.  

 

 

 

Note: Squares represent study effect size with horizontal solid lines representing 95% CI. Diamond 

represents overall effect size. Combined = study reporting more than one IIV correlation (e.g. IIV 

calculated using multiple tasks).  
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Figure Ab.3. 

Forest Plot of Observed Random Effects Hazard Ratios for IIV Predicting Cognitive 

Change (Cognitive Decline or Progression to MCI/Dementia), without the Inclusion 

of the Anderson and Colleagues (2016) Study.  

 

Note: Squares represent study effect size with solid line representing 95% CI. Diamond represents 

overall effect size. Combined = study reporting more than one IIV correlation (e.g. IIV calculated 

using multiple tasks). 

Study name Subgroup within study Comparison Statistics for each study Hazard ratio and 95% CI

Hazard Lower Upper 
ratio limit limit Z-Value p-Value

Holtzer, 2008 Blank IIV1 3.930 2.029 7.610 4.059 0.000

VAUGHAN, 2013 Blank Combined 2.052 0.855 4.924 1.609 0.108

HOLTZER,, 2020 Blank Combined 1.205 0.670 2.167 0.623 0.533

2.113 1.001 4.463 1.962 0.050

0.01 0.1 1 10 100

Favours A Favours B

IIV Predicting Cognitive Decline/Diagnosis

Meta Analysis
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APPENDIX C: CHAPTER 4 SUPPLEMENTARY MATERIALS  

 As progression status (i.e., those who progress to Alzheimer’s dementia (AD) 

versus those who remain cognitively normal (CN)) could only predict complex IIV-I 

performance at baseline (i.e., no differences in the trajectory of change was observed 

across groups), a post hoc longitudinal growth model analysis was conducted to 

determine whether baseline Intra-individual variability - Inconsistency (IIV-I) on the 

choice reaction time (CRT) task was able to provide insight beyond baseline mean 

response time (RT). The addition of baseline mean RT in the CRT model reduced 

model fit, however, both mean RT and IIV-I at baseline differed between groups 

(CN versus early MCI/AD). See Table Ac.1. Together, results suggest IIV-I is able 

to offer an improved insight into between group (CN versus early MCI/AD) 

differences at baseline, when compared to mean RT.  
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Table Ac.1. 

IIV-I Longitudinal Growth Curve Model Fit Results: Including Baseline Mean Response Time in the Model. 

 

Model N Chi sq (df) RMSEA 

(95%CI) 

CFI TLI SRMR Intercept Intercept 

Variance 

Slope Slope 

Variance 

I on 

Progression 

Status 

I on baseline RT 

CRT Model Fit Results   

Progression 

Status as 

predictor  

989 19.68 (10)* .03 (.01 - .05) .95 .95 .04 0.36‡ N/A -0.01‡ N/A 0.04‡ N/A 

Baseline RT 

added to 

model  

939 42.20 (13)‡ .05 (.03 - .07) .89 .88 .06 .31‡ N/A -0.01‡ N/A .04‡ .00‡ 

Note: Unstandardized Model Fit Results. CRT = Choice Reaction Time Task; Chi sq = Chi Square; RMSEA = Root Mean Square Error of Approximation Test; CI 

= Confidence Interval; CFI = Comparative Fit Index; TLI = Tucker Lewis Index; SRMR = Standardised Root Mean Squared Residual; I = Intercept; RT = 

Response time; Progression Status = whether or not an individual progressed to Alzheimer’s dementia; ‡ = p < .001; * = adjusted chi square significance test 

http://davidakenny.net/cm/fit.htm. 

 

http://davidakenny.net/cm/fit.htm



