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General Abstract 

Background 

The development of measures which can reliably detect early signs of Alzheimer’s 

dementia (AD) in aging populations are important for monitoring disease and targeting early 

interventions (Prado et al., 2019). The assessment of olfactory episodic memory (OEM) has 

potential to be a clinical marker for AD due to the requirement for rapid integration of functions 

vulnerable to aging and disease, such as olfactory perception, odour identification, and episodic 

memory (Frank & Murphy, 2020; Murphy et al., 1997). However, a paucity of well-validated, 

comprehensive measures limits our understanding of OEM as a predictor of pre-clinical 

dementia. The current thesis aimed to examine the predictive utility of OEM in the early 

detection of proxies for dementia, such as brain glucose metabolism and everyday functioning in 

cognitively healthy older adults.   

Method and Results 

The studies in this thesis utilised a sub-set of data collected from the Western Australia 

Memory Study (WAMS), a longitudinal study investigating molecular and neuropsychological 

predictors of age-related cognitive change in cognitively healthy older adults. The Western 

Australia Olfactory Memory Test (WAOMT) was developed as a comprehensive tool to assess 

OEM using the Sniffin’ Sticks stimuli (Burghardt, Wedel, Germany https://smelltest.eu), and 

examines odour learning over trials, cued and free-recall memory, and recognition. The first 

study of this thesis aimed to establish psychometric properties of the WAOMT using a sample of 

209 participants (mean age = 69.37). The WAOMT demonstrated adequate test re-test reliability 

between 7 to 28 days in an independent sample of 27 community dwelling older adults (mean 
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age = 72.33). A composite score was developed using Item Response Theory (IRT) modelling to 

represent performance on WAOMT learning and retrieval indices, using a sample of 241 WAMS 

participants (mean age = 69.29). The composite score demonstrated excellent reliability for those 

with OEM ability levels between -2.00 to +2.00 z-scores (r = .97). In a sub-sample of 209 

WAMS participants (mean age = 69.37), convergent validity for the composite score was 

established with significant and positive associations with verbal and visual episodic memory, 

and odour identification. Sub-component analysis of WAOMT indices also revealed associations 

with broader cognitive domains of executive function, attention, processing speed and verbal 

generativity.  

Two longitudinal empirical studies were designed to establish the predictive utility of 

OEM performance as indicators of pre-clinical dementia in regional glucose metabolism and 

everyday functioning after an 18-month interval. To evaluate whether OEM could predict 

changes in these areas over and above what is explained by general episodic memory, 

performance on verbal episodic memory was controlled for in the subsequent studies. 

Specifically, the second study examined whether WAOMT performance could predict 

longitudinal reductions in regional glucose metabolism, measured by [18F]-fluoro2-deoxyglucose 

positron emission tomography, using standardised uptake value ratios (18F-FDG PET SUVR), in 

a sub-sample of 189 participants (mean age = 69.15). Regions of interest were the pre-frontal 

cortex (PFC) as the primary site for higher-order olfactory processing. The WAOMT composite 

score and long-delay free recall uniquely predicted lower 18F-FDG PET SUVR in the PFC. 

Exploratory analyses indicated long-delay free recall as a predictor of 18F-FDG PET SUVR 

reductions in the medial temporal lobe, and both the composite score and long-delay free recall 

predicted neocortical 18F-FDG PET SUVR reductions.  
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The final study of this thesis hypothesised that OEM would predict longitudinal 

reductions in self and informant reported instrument activities of daily living (IADLs) in a 

sample of 209 participants. However, performance on the WAOMT failed to predict changes in 

IADLs, despite finding significant cross-sectional associations between the WAOMT and IADL 

performance at baseline and 18-month follow-up. Therefore, while WAOMT performance may 

detect subtle IADL difficulties at discrete points in time, such tests may not be sensitive to subtle 

declines in everyday functioning across such short follow-up periods. 

Conclusion 

Overall, this thesis supports the WAOMT as a reliable and valid measure of OEM. The 

current findings have advanced our understanding of OEM as a unique predictor of regional 

brain glucose metabolism, above verbal episodic memory. These findings provide support for the 

standardised assessment of OEM as a potential clinical diagnostic tool to detect subtle changes in 

healthy aging cohorts. Future directions include evaluating the predictive utility of the WAOMT 

in clinical groups of MCI and AD. Further longitudinal research is required to understand the 

relationship between sensory and cognitive abilities and daily functioning. Collectively, these 

findings provide alternative methods to evaluate emerging neuropathology, with the ultimate 

goal of lessening the global impact of dementia. 
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Chapter One: General Introduction 

Dementia associated with Alzheimer’s disease (AD) is the most common form of 

dementia, affecting 47 million people worldwide (Orgeta et al., 2018). Memory difficulties are 

often experienced within the early stages of AD, and eventually the person experiences changes 

in personality, behavioural dysregulation, deterioration of language functions, and loss of 

independent functioning (Braak & Braak, 1997; Gallagher & Koh, 2011). Previous studies 

estimate approximately 5 to 6% of older adults over 65 years of age develop a form of dementia, 

and 50 to 80% of these cases can be attributed to AD (Orgeta et al., 2018). The cost to the US 

healthcare system in 2015 was estimated at $818 billion, and is expected to rise to $2 trillion by 

2030 (Wimo et al., 2017). In addition, the psychological impact of dementia on individuals and 

families includes increases in clinical anxiety and depression due to difficulties adjusting to 

diagnoses, and managing behavioural and cognitive symptoms (Griffiths et al., 2020; Sörensen 

& Conwell, 2011). It is estimated that any form of early intervention that could delay the onset of 

dementia by 1-year could reduce worldwide cases by 11% (Brookmeyer et al., 2007), while a 5-

year delay in onset could reduce the cumulative number of diagnoses by 30% (Vickland et al., 

2012). Therefore, research efforts are invested in developing methods to detect early signs of 

dementia before clinical manifestations, to maximise efficiency of early interventions, and 

monitor disease progression (Dubois et al., 2016). The current thesis aimed to examine the 

predictive utility of olfactory episodic memory, a neurocognitive ability that has initial promise 

in the early detection of proxies for dementia.  
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Irreversible neuropathophysiological processes and subtle cognitive deficits may have 

already begun decades before clinical diagnosis, during the transitional stage between normal 

aging and dementia, known as Mild Cognitive Impairment (MCI; Irwin et al., 2018; Ritchie et 

al., 2015). As individuals with MCI are at ten-fold greater risk of progression to dementia than 

the general population (Belleville et al., 2017), identifying predictors of MCI and dementia in 

normal aging adults is crucial for early detection. Biomarkers of AD are considered the most 

reliable predictors of disease progression. The 2018 National Institute on Aging-Alzheimer’s 

Association (NIA-AA) proposed a classification scheme to characterise AD based on a 

biological ‘A/T/N’ framework. In this model, “A” is extracellular deposits of β-amyloid peptide 

(Aβ) based on abnormal tracer retention on amyloid positron emission tomography (PET) 

imaging, and low β-amyloid (Aβ) concentration in the cerebrospinal fluid (CSF), intraneuronal 

aggregates of hyperphosphorylated tau (“T”) based on increased CSF phosphorylated tau (P-tau) 

and cortical tau PET, and neurodegeneration (“N”) or neural injury characterised by higher CSF 

total tau (T-tau), diminished 18F-fluorodeoxyglucose (FDG)-PET and atrophic brain structures 

in magnetic resonance image (MRI; Hansson et al., 2021; Humpel, 2011). Here, an individual 

can be diagnosed with AD based on a continuum of pathological biomarkers, when both 

evidence of Aβ and pathological tau (A+T+) are present. For a detailed review of the A/T/N 

model see Jack et al. (2016). 

Older adults with high levels of CSF biomarkers display pronounced cognitive decline 

compared to those with normal level biomarkers (Lim et al., 2016), and 90% of those with 

combined MCI and CSF biomarkers develop AD within 9.2 years (Buchhave et al., 2012). 

However, the A/T/N model is limited, as more recent longitudinal research suggests that FDG-

PET function as a separate biomarker, which is independent from “N” biomarker and labelled as 
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“F” representing FDG hypometabolism in A+T+ individuals (Ou et al., 2019). While biomarkers 

offer a singular method of dementia prediction, such assessments are often expensive, invasive, 

not widely available for the general population (Prado et al., 2019), and often fail to integrate 

valuable neuropsychological information which remain central to diagnosis of AD (Prado et al., 

2019). Therefore, access to low-cost, sensitive and reliable neuropsychological measures can 

provide more economical methods for disease monitoring (Quaranta et al., 2018). 

While a heterogenous decline in cognition is seen in MCI stages compared to 

neurotypical aging (Prado et al., 2019), impairments in episodic memory are considered one of 

the strongest predictors of progression to dementia (Belleville et al., 2017). Assessment of visual 

or verbal memory are common additions in neuropsychological batteries examining early 

cognitive impairment in older adults (Belleville et al., 2017). List learning tests of verbal 

episodic memory, such as the California Verbal Learning Test (CVLT; Delis et al., 2000; Delis 

et al., 1987), provide a comprehensive assessment of multiple memory components including 

learning over trials, free and cued recall and recognition abilities. Global composite scores based 

on z-score conversions of verbal episodic memory performance have been shown to be good 

predictors of cognitive decline in older adults with high levels of Aβ deposits after 72 months 

follow-up (Lim et al., 2016). However, previous meta-analyses suggest that selective patterns of 

decline in delayed free recall demonstrates excellent specificity (.84) and sensitivity (.89) to 

detect mild MCI from cognitively-normal adults (Tsoi et al., 2017). While verbal episodic 

memory tests are routinely applied to assess transition from MCI to AD status, exaggerated 

sensory decline in olfaction is also a reliable indicator of neurodegenerative disease (Albers et 

al., 2015). 
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Olfaction in Normal Aging and Disease 

Olfactory dysfunction is common in the general population, with approximately 22% of 

adults over 55 years experiencing some impairment in olfactory detection sensitivity (Desiato et 

al., 2020). Although considered a “hidden” sense, olfaction is important for daily life, with inputs 

to dietary intake, nutrition and safety (Gopinath et al., 2012). Olfactory impairments are also 

associated with reduced quality of life, depression and an increased risk of mortality (Croy et al., 

2014). Olfactory dysfunction can also indicate the presence of illness, as more recently, smell 

loss has been included as a symptom of severe acute respiratory syndrome coronavirus 2 which 

can occur independently of nasal congestion (Haehner et al., 2020; Mehraeen et al., 2020). While 

olfactory functions naturally decline across the lifespan, pronounced impairments are a common 

feature of neurodegenerative conditions such as AD, Parkinson’s disease (PD), Vascular 

dementia, and Frontotemporal dementia (FTD; Alves et al., 2014), and in other diseases such as 

corticobasal syndromes, progressive supranuclear palsy, multiple system atrophy, amyotrophic 

lateral sclerosis, and Huntington’s disease (Attems, Walker & Jellinger, 2014). Olfactory 

dysfunction appears early in the degenerative process and, therefore, is considered as a premotor 

sign of neurodegeneration (Alves et al., 2014).  

Olfaction and Parkinson’s Disease  

PD is characterised by tremor at rest, bradykinesia, rigidity and postural instability 

(Attems et al., 2014). Olfactory dysfunction typically precedes motor symptoms and is prevalent 

in up to 96 % of patients with PD (Attems et al., 2014; Doty et al., 1988; Fullard, Morley & 

Dude, 2017). While the mechanisms involved in olfactory loss in PD are still unknown, this may 

involve neuropathological alterations caused by changes in neurotransmitter levels in the 

olfactory bulb, reflecting early deposition of Lewy pathology, the histologic hallmark of PD 
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(Fullard et al., 2017). Studies by Beach et al. (2009) found that the presence of Lewy pathology 

in the olfactory bulb demonstrates 95% sensitivity and 91% specificity rates for identifying PD 

compared to healthy aging older adults. Progressive olfactory dysfunction may be used as a 

biomarker of cholinergic denervation and cognitive decline in PD patients (Attems et al., 2014). 

Meta-analyses found that PD patients are more impaired on detection thresholds than those with 

AD patients, suggesting that PD patients are more impaired on low-level perceptual olfaction 

tasks (Rahayel, Frasnelli, & Joubert, 2012).  

Olfaction and Dementia Subtypes 

Vascular dementia (VD) is characterised by cognitive decline, comparable to dementia 

related to cerebrovascular disease (Alves et al., 2014). Olfactory dysfunction is prevalent in 96% 

in the frontal variant of FTD, and 15% in VD (Alves et al., 2014). Research on olfactory 

dysfunction in VD is comparatively scarce compared to PD and AD. However, it has been found 

that VD patients score below normative performance in olfactory tests (Alves et al., 2014). 

While some argue that the degree of olfactory impairment is similar between AD and VD based 

on odour identification tasks (Gray et al., 2001), others found lower performance in odour 

identification tasks in AD patients compared to VD patients (Duff et al., 2002). The mechanism 

of olfactory impairment in VD is unclear, as the distribution of cerebral pathological changes 

does not usually affect primary olfactory structures (Alves et al., 2014). However, it is likely that 

the presence, range, extent, and type of olfactory deficits may be influenced by the location and 

extent of vascular pathology (Alves et al., 2014). 

FTD is a clinical syndrome associated with degeneration of the frontal and anterior 

temporal lobes of the brain (Alves et al., 2014). Due to the location of atrophy, the main feature 

in FTD is dysexecutive-type behaviour, characterised by impulsivity, disinhibition, apathy, 
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inappropriate social interaction, lack of social skills, lack of empathy, distractibility and 

compulsive behaviour (McLaughlin & Westervelt, 2008). Other cognitive abilities, such as 

spatial skills and memory tend to remain intact (Alves et al., 2014). Olfactory dysfunction is 

present in FTD, however this is known to be to a lesser degree compared with AD and Semantic 

Dementia (Luzzi et al., 2007). As the olfactory system involves temporal brain regions, such as 

the parahippocampal gyrus and entorhinal cortex, olfactory dysfunction should be expected in 

FTD (Alves et al., 2014). However, olfactory impairment is not uniform in FTD, characterised 

by preserved odour discrimination abilities with impaired odour naming, odour identification and 

mixed odour-picture abilities (McLaughlin & Westervelt, 2008; Luzzi et al., 2007). 

Olfaction, MCI, and AD 

While it is now established that olfactory loss is associated with dementia, performance 

on more cognitively demanding tasks such as odour identification, which relies on semantic 

memory, have been shown to predict conversion from normal aging to MCI and AD, with 

predictive accuracy surpassing that of verbal memory changes (Devanand et al., 2015). The 

prevalence rate for odour impairments in adults with AD is high, affecting approximately 85% to 

90% of clinical samples (Woodward et al., 2017). However, performance on odour identification 

tests are significantly associated with declines in global cognition (Velayudhan et al., 2013), and 

increased subjective memory complaints, which is a risk-factor for AD development (Sohrabi et 

al., 2009; Sohrabi & Weinborn, 2019). The assessment of odour identification has been 

supported as a severity and progression marker in AD (Velayudhan et al., 2013), and a potential 

clinical diagnostic tool (Quarmley et al., 2014). However, despite episodic memory as a hallmark 

of AD, the assessment of olfactory episodic memory (OEM) such as odour recognition and 

odour recall has not been studied extensively. OEM requires the rapid integration of perceptual 
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abilities, odour identification and episodic memory (Nordin & Murphy, 1998). Therefore, 

performance on such measures could provide useful information regarding an individual’s 

baseline and disease progression, independent of pure perceptual deficits.  

While a general loss of olfactory acuity accompanies normal aging, the degree to which 

impairments reflect emerging neuropathology is often difficult to distinguish. Meta-analyses by 

Rahayel et al. (2012) found that AD patients are more impaired on odour identification and 

episodic odour recognition tasks which require cognitive input, than on odour detection threshold 

tasks which relies on sensory acuity. Rahayel and colleagues (2012) noted that there were 

significantly fewer studies specifically examining episodic odour recognition memory (n = 11) in 

AD populations than literature examining odour identification (n = 67) and detection thresholds 

(n = 35). They identified that further examination of OEM properties in aging cohorts are needed 

to draw comparisons between different modalities of odour tests. Furthermore, earlier studies 

suggest that deficits in odour identification and recognition are still present while controlling for 

odour detection and stimuli intensity (Larsson & Bäckman, 1993; Murphy et al., 1991). These 

findings suggest that age-related impairment in odour-related cognitive processes cannot be 

solely attributed to chemosensory dysfunctions. Rather, deficits in cognitive functions such as 

semantic memory and verbal processing are thought to contribute to deficits in higher-order 

olfactory functions (Larsson & Bäckman, 1997). 

In summary, tests of verbal episodic memory and odour identification are strong 

predictors of progression from MCI to AD in at-risk individuals (Belleville et al., 2017; Rahayel 

et al., 2012). As OEM requires multiple, integrated processes that are vulnerable to the signs of 

aging and disease, difficulties in OEM performance could be more reliable indicators of 

cognitive decline in healthy aging populations than olfactory identification, and verbal episodic 
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memory alone. While olfaction and cognition are thought to naturally decline with age, more 

pronounced impairments in OEM in community-dwelling older adults could provide valuable 

predictive information about future risk of MCI and AD. However, the utility of OEM 

assessment in clinical and research settings has not been explored, which is likely due to a 

paucity of psychometrically sound measures of OEM performance. The following sections will 

review evidence of both verbal episodic memory and odour identification as predictors of 

cognitive decline in normal aging older adults and indicators of AD, with supporting evidence 

from neuroanatomical research. The discussion will then expand to address theoretical 

constructs, and methods of assessment.   

Verbal Episodic Memory as a Predictor of Cognitive Decline in Healthy Aging and 

Alzheimer’s Disease  

Subtle deficits in verbal episodic memory occur in normal aging, and are thought to 

appear within the sixth decade of life with declines among those aged 65 to 85 years, and more 

marked impairments in AD (Nilsson, 2003; Rönnlund et al., 2000). The clinical challenges for 

diagnosis are in determining those individuals with early deficits in cognitive performance who 

remain stable, from those who transition to MCI and/or dementia (Belleville et al., 2017). Cross-

sectional data indicates that those with MCI and AD demonstrate poor baseline performance on 

tests of verbal episodic memory, compared to those without clinical conditions (Goodwill et al., 

2019). Relationships with verbal episodic memory performance include significant, positive 

associations with measures of global cognition such as the Mini Mental State Examination 

(MMSE; Folstein et al., 1975). Poorer verbal episodic memory may be seen with low education 

levels and presence of the Apolipoprotein E (APOE)-ε4 allele, a major genetic risk-factor for AD 
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(Rawle et al., 2018, Nilsson et al., 2006). There are also sex effects with women generally 

performing better than men (Asperholm et al., 2019; Nyberg et al., 1996).  

Longitudinal research provides additional information regarding disease trajectory. 

Previous studies found that individuals with impaired performance on word list-learning tests at 

baseline were at higher risk of global cognitive decline (based on the MMSE) after three to ten 

years follow-up (Andersson et al., 2006; Goodwill et al., 2019). These individuals were also at 

greater risk of progression to dementia, compared to those with non-impaired verbal memory 

abilities who remained relatively stable overtime (Andersson et al., 2006; Goodwill et al., 2019). 

The predictive utility of verbal memory tests has been examined in those with genetic 

vulnerabilities and biomarkers. Healthy older adults with at least one APOE-ε4 genetic variant 

display faster declines in verbal episodic memory (Rawle et al., 2018, Bondi et al., 1995), with 

pronounced deficits in verbal memory in individuals with high levels of Aβ deposits (Lim et al., 

2013).  

In addition, verbal memory performance on list-learning tests are associated with baseline 

functioning on complex instrumental activities of daily living (IADLs; Cahn-Weiner et al., 

2007). Longitudinal findings by Gross et al. (2011) found that verbal memory was associated 

with current and future IADLs, with total recall scores emerging as the strongest predictor of 

functional decline after five years follow-up. As deficits in IADLs are seen as risk-factors for 

dementia, and loss of independent functioning can worsen prognosis (Barberger-Gateau et al., 

2002), further investigation into the efficacy of episodic memory as predictors of daily 

functioning is also warranted. 

Several meta-analyses found that verbal episodic memory demonstrates very good 

specificity and sensitivity to AD (Bäckman et al., 2005; Belleville et al., 2017; Prado et al., 
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2019). As verbal materials generally have reduced availability of encoding features, it is possible 

that requirements for verbal materials demand greater self-initiated elaborative encoding 

strategies than visual information which may be particularly impaired in pre-clinical AD states 

(Bäckman et al., 2005). Furthermore, impairments in delayed recall are seen as strong predictors 

for those who progressed from MCI to AD compared to those who remained stable (Bäckman et 

al., 2005; Belleville et al., 2017).  

Neuroanatomy of Verbal Episodic Memory 

The neural substrates of verbal episodic memory were traditionally identified through 

lesion studies. Resections to the medial temporal lobes (MTL) revealed complex neural network 

for episodic memory, comprised of the hippocampus, the dentate gyrus and subiculum, and 

extrahippocampal regions including the entorhinal, perirhinal, and parahippocampal cortices 

(Fletcher et al., 1997). Disruptions to these regions, as well as to the posterior cingulate and 

precuneus are often seen in those with AD (Matthews, 2015). The hippocampus is considered 

critical to memory consolidation, with evidence of left-hemisphere bias for verbal stimuli 

(Matthews, 2015).  Previous studies report associations between the left hippocampus volume 

and verbal memory tasks in healthy aging older adults, compared to right-hemisphere 

hippocampal volumes in visual maze learning tasks (Chen et al., 2010). Furthermore, recruitment 

of broader neural networks in healthy older adults for verbal episodic memory tasks includes 

MTL, lateral pre-frontal cortex (PFC), temporal and parietal regions, the cingulate gyrus and the 

cerebellum (Rémy et al., 2005). PFC recruitment in cognitively healthy older adults is thought to 

underline executive processes associated with storing, organisation and recalling memories 

(Matthews, 2015). It has been suggested that different neural networks are recruited to 

compensate for the age-related decline (Haase et al., 2013).  
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Performance on episodic measures may be more sensitive to emerging neuropathology 

due to overlapping regions affected by AD pathology (Prado et al., 2019). Formation of 

neurofibrillary tangles that are part of AD pathology initially develop in unmyelinated areas of 

the basal neocortex, including the temporal areas such as the perirhinal and the ectorhinal 

regions, followed by medial temporal structures (Braak & Braak, 1991, 1997; Weintraub et al., 

2012). These then spread from the transentorhinal cortex to entorhinal cortex and hippocampus, 

interrupting the neural network for the retention of new episodic memories (Braak & Braak, 

1991, 1997). AD pathology is associated with gray matter atrophy in the hippocampus, which 

can disrupt connections between the hippocampal formation and other structures necessary for 

episodic memory (i.e anterior portion of the MTL; Buchsbaum et al., 1991; Rémy et al., 2005). 

AD neuropathology can also impact performance on semantic memory tests, due to disruptions 

to shared neural regions with episodic memory, including the medial temporal lobes, 

hippocampal and parahippocampal regions (Braak & Braak, 1991, 1997).  

Synaptic changes are also known to occur in these regions associated with verbal 

episodic memory. FDG-PET hypometabolism sampled in regions of hippocampus and entorhinal 

cortices in normal aging adults can predict cognitive decline in MCI and AD years before 

clinical diagnosis (De Leon et al., 2001; Landau et al., 2011). Additionally, recent longitudinal 

studies by Elman et al. (2020) found that poor baseline performance on a composite score of 

verbal episodic memory predicted progression from normal to abnormal levels of Aβ up to 4.3 

years follow-up, even after controlling for APOE genotype.  

Overall, these findings indicate the benefit of verbal episodic memory assessment at 

different stages of disease progression, and in different areas of geriatric health. Subtle deficits in 

verbal episodic memory can precede the onset of disease (Prado et al., 2019), and pronounced 
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impairments at baseline can also reliably predict the progression from MCI to AD (Bäckman et 

al., 2005). Furthermore, difficulties in verbal memory performance can also predict current and 

future impairments in functional abilities, which are features of dementia (Gross et al., 2011). 

Neuroanatomical findings support behavioural observations on neuropsychological assessments, 

as deficits in verbal episodic memory performance are associated with development of AD 

neuropathology in regions involved in episodic memory.  

Definitions of Odour Functions (Rouby et al., 2002) 

Prior to reviewing the literature for odour memory functions, the following definitions 

are as follows: odour detection sensitivity is the threshold of the lowest perceivable odour 

concentration; odour identification is the ability to identify odours by name; odour discrimination 

is to distinguish odour stimuli by intensity or qualities; and odour recognition is the ability to 

recognise previously presented odours (targets) from new distractor odours. A full description of 

olfactory episodic memory (OEM) will be described in detail later in this chapter. 

Odour Identification as a Predictor of Cognitive Decline in Healthy Aging and Alzheimer’s 

Dementia 

Performance on commonly used measures of odour identification, such as the University 

of Pennsylvania Smell Identification Test (UPSIT; Doty et al., 1984), are associated with aging 

and low global cognition (Murphy, 2019). Further cross-sectional studies indicate that 

pronounced impairments in odour identification are reliably associated with neuropathology, 

including characteristics of MCI and AD status (Murphy, 2019). Older adults demonstrate global 

deficits in both free-naming and cued-identification tasks compared to younger adults, with 

women generally performing better than men (Croy et al., 2015; Doty et al., 1985; Sorokowski et 

al., 2019). Poor performance in odour identification is also associated with deficits in other 
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cognitive domains which are vulnerable to aging, such as verbal episodic memory, semantic 

memory in picture-naming tasks, and perceptual speed (Devanand et al., 2015).  

The assessment of odour identification can be useful during different stages of aging and 

disease. In cognitively healthy older adults, those with poor odour identification abilities are 

more likely to develop MCI compared to those with normal odour identification abilities at 

baseline (Wilson et al., 2007). More recently, longitudinal studies by Olofsson et al. (2020) 

found that a combination of poor odour identification and the APOE-ε4 genotype predicted 

future cognitive decline after 6 years post-assessment. Indeed, odour identification is associated 

with the APOE gene even after controlling for global cognitive status, semantic memory, and 

health status (Olofsson et al., 2010). Similar findings can be seen in studies examining functional 

status as a risk-factor for disease development. As olfaction provides distinct input into areas 

necessary for daily living such as appetite, nutrition and safety (Croy et al., 2014), it is not 

surprising that performance on odour identification is associated with functional status in 

cognitively healthy older adults (Miwa et al., 2001).  

In clinical samples, those with MCI with impaired odour identification are more likely to 

transition to AD compared to those with non-impaired odour identification scores (Roalf et al., 

2017). Baseline impairments in odour identification in healthy aging older adults was associated 

with a 50% increased risk of developing MCI after five years follow-up (Wilson et al., 2007). 

Furthermore, longitudinal studies by Devanand et al. (2015) examining cognitively healthy older 

adults found that poor baseline odour identification abilities predicted rapid declines in global 

cognition after four years. The authors also noted that performance on odour identification 

measures emerged as a stronger predictor of transition to AD status compared to immediate 

verbal recall.  
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Previous meta-analyses supported the use of odour identification as potential biomarkers 

for AD neuropathology in those with noticeable signs of cognitive impairment, citing robust 

effect sizes for odour identification deficits in MCI relative to healthy aging older adults 

(Rahayel et al., 2012; Roalf et al., 2017). Likewise, sensitivity and specificity for discrimination 

of patients with AD from healthy controls with olfactory identification tests have been suggested 

to be approximately 85% (Morgan et al., 1995). However, more recent findings by Woodward et 

al. (2017) suggest that odour identification performance demonstrates lower specificity for AD 

conversion and identifying an amnestic disorder (71%), with relatively low prediction of 

conversion to AD (.62).  

Neuroimaging studies provide support for the assessment of odour identification as 

potential indicators for disease. For example, the combination of odour identification testing with 

structural MRI in regions of hippocampus and entorhinal cortex, can provide greater predictive 

accuracy of conversion from MCI to AD than either measure alone (Albers et al., 2015; 

Devanand et al., 2008). Impairments in odour identification for those with genetic vulnerability 

to AD are also detectable even before symptoms present on standardised measures such as the 

Dementia Rating Scale (Mattis et al., 1976) and in odour detection sensitivity which remained 

stable overtime (Calhoun-Haney & Murphy, 2005). As odour identification requires a 

combination of olfactory sensory functioning and semantic memory, subtle cognitive deficits 

could appear on odour identification tests at different times than for dementia screening 

instruments and olfactory sensory acuity tests (Calhoun-Haney & Murphy, 2005).  

Neuroanatomical Findings: Olfaction  

Key regions in the human olfactory system share significant overlap with general 

episodic memory neural correlates. Olfactory stimuli first arrive in the superior nasal cavity both 
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through the nasal cavity (ortho-nasal) and from the back of the throat (retro-nasal; Doty & 

Kamath, 2014). Odour molecules are perceived by odourant receptors expressed on the olfactory 

receptor neurons in the neuroepithelium (Kondo et al., 2020). From there, unmyelinated axons 

ascend through the cribriform plate into the synapses of the olfactory bulb, where afferent 

second-order neurons carry information along the lateral olfactory tract into the primary 

olfactory cortex (Saive et al., 2014; Kondo et al., 2020). The primary olfactory cortex is 

conserved in the paleocortex, which includes the anterior olfactory nucleus, olfactory tubercle, 

the frontal and temporal piriform cortices, and sub-regions of the amygdala and entorhinal cortex 

(Zhou et al., 2019).  

Olfaction, perhaps the phylogenetically oldest sensory modality, is unique among sensory 

modalities in its anatomical organisation. Compared to other sensory pathways, olfactory 

information bypasses the thalamus with direct projections into the primary olfactory (piriform) 

cortex (Doty & Kamath, 2014). The piriform cortex is the most studied structure of the olfactory 

cortex, and is involved in odour discrimination, association, and learning (Bekkers and Suzuki, 

2013). The piriform cortex relays olfactory information through two main output streams. The 

first output pathway targets subcortical limbic regions, such as the hypothalamus, which is 

involved in motivational, emotional, and homeostatic responses to odours (Klingler, 2017). The 

second output stream from the piriform cortex extends to the neocortex, which can be further 

divided into two distinct pathways (Klingler, 2017). The primary (direct) pathway projects from 

pyramidal cells in the piriform cortex directly to areas of the prefrontal cortex, specifically the 

orbitofrontal cortex, which is considered the primary pathway for odour information to be 

transmitted to neocortical areas (Doty & Kamath, 2014). Recent rodent studies suggest that 

representation of odour identity in the primary piriform cortex is reinforced through the 
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orbitofrontal cortex, where learned odour associations are further updated (Wang et al., 2020). 

The orbitofrontal cortex is the primary cortical region for higher-level processing required in 

recognition and retrieval of olfactory information (Kondo et al., 2020), and for multi-sensory 

integration such as linking odour perceptions to their names in odour identification (Saive et al., 

2014). The secondary (indirect) pathway originates from the piriform cortex and projects to the 

orbitofrontal cortex through the mediodorsal thalamic nucleus (Tham, Stevenson & Miller, 2011; 

Merrick et al., 2014). 

 Olfactory pathways are also crucial in processing emotion, learning and memory due to 

connections between the olfactory bulb, the amygdala and hippocampal regions. The olfactory 

bulb has dense monosynaptic contacts with nuclei of the corticomedial amygdaloid group, 

including the nucleus of the lateral olfactory tract, the cortical nucleus of the amygdala, and the 

periamygdaloid cortex (Mouly & Sullivan, 2009). Furthermore, the olfactory bulb and the 

piriform cortex also send projections to the lateral entorhinal cortex, which in turn, project to the 

hippocampus via the lateral perforant path (Mouly & Sullivan, 2009). Recent studies suggest 

that primary olfactory cortices share stronger functional connections with the hippocampus than 

other sensory modalities, which may explain intrinsic associations between odours and memory 

(Zhou et al., 2021). Rodent studies by Aqrabawi and Kim (2018) revealed a dense and 

topographically organised projection from the dorsoventral extent of the hippocampus to the 

anterior olfactory nucleus. The authors found that selective inhibition of hippocampal 

projections to the anterior olfactory nucleus during behavioural tests of contextually cued odour 

recall can impair spatial and temporal odour memory (Aqrabawi & Kim, 2018).  

Effects of Aging and Neuropathology on Olfaction Pathways 
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Age-related changes include thinning of the epithelium and reduction in the number of 

receptor cells to odours (Doty & Kamath, 2014). Structural and functional damage is further 

pronounced in the early stages of AD pathology, with an accumulation of neurofibrillary tangles 

and neuritic plaques in the olfactory bulb, the anterior olfactory nucleus, the piriform cortex. 

Additionally, tau pathology in the olfactory bulb increases with disease severity (Attems et al., 

2005; Braak & Braak, 1991; Thomann et al., 2009). Lesions to the entorhinal and orbitofrontal 

cortex can disrupt the transfer of odour information into the hippocampus (Braak & Braak, 1992; 

Masurkar & Devanand, 2014), which could prevent the flow of olfactory information necessary 

for higher-order olfactory tasks, such as odour identification and odour memory (Murphy, 1999). 

In cognitively healthy older adults, poor odour identification performance is associated with 

biomarkers of AD. This includes increased cortical amyloid deposits, thinning of the entorhinal 

cortex (Growdon et al., 2015), and abnormal AD-signature cortical thickness with reduced 

hippocampal volumes (Vassilaki et al., 2017). As these regions subserve top-down olfactory 

functions such as odour identification and memory, deficits on behavioural tests in cognitively 

healthy older adults could represent the emergence of ‘pre-clinical’ neurodegenerative disease 

(Masurkar & Devanand, 2014).  

Limitations of Odour Identification Assessment  

The reviewed findings suggest that tests of odour identification are strong predictors of 

future cognitive decline and the development of neuropathology in pre-clinical populations, with 

potential use as a diagnostic tool for the emergence of dementia. However, major criticisms 

include lack of specificity for AD pathology, as deficits in odour identification are also 

associated with generalised neuropathology for Parkinson’s disease, Vascular dementia, Lewy 

body dementia, and end organ perturbations (Alves et al., 2014; Albers et al., 2016). Therefore, 
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there appears to be a need for a more sensitive tool which could provide additional information 

regarding the development of disease. Comprehensive verbal episodic memory assessment 

typically includes learning over trials, cued and free recall after delays, and recognition format. 

A measure that adopts these episodic memory list-learning paradigms and integrates olfactory 

assessment could provide valuable information into underlying neuropathology which manifest 

before clinical diagnosis of disease. Performance on olfactory episodic memory (OEM) tasks, 

which combine olfactory perception, odour identification and episodic memory would be 

expected to reflect the integrity of both the olfactory and memory neural systems (Albers et al., 

2006; Murphy, 2019).  

Primary Aims of the Thesis 

This thesis aims to address the gap in the current literature by evaluating the predictive 

ability of OEM in factors that are vulnerable to disease, such as brain health and everyday 

functional decline. This was first accomplished by establishing the psychometric properties of a 

new measure of OEM, the Western Australia Olfactory Memory Test (WAOMT). This measure 

was designed analogous to the California Verbal Learning Test – Second Edition (CVLT-II; 

Delis et al., 2000) to measure learning and memory components of OEM. The WAOMT was 

developed to meet a need for a standardised and widely available tool, intended for clinical and 

research purposes. Prior to detailing this, the following sections will provide a theoretical 

rationale for the development of the WAOMT drawing upon theories of general episodic 

memory, with specific attention to research examining properties of OEM.   

Theoretical Considerations: Memory Models 

According to early memory models by Tulving (1995), memory is not a single entity, 

rather, it can be conceived as a variety of multiple distinct, yet quasi-dependent ‘systems’, which 
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serve purposes to learn, store and retrieve information. Long-term memory can be divided into 

two main categories: explicit (declarative) and implicit (non-declarative) memory (Tulving, 

1995). Implicit memory, or ‘procedural’, non-declarative memory refers to the unconscious 

learning of connections between information and responses (Tulving, 1995). Procedural memory 

provides a blueprint for future actions without conscious recall of how learning occurred, 

typically assessed indirectly by action (e.g motor skills; Tulving, 1995). On the other hand, 

explicit memory refers to the conscious learning of information about events and facts and 

allows a person to remember personally experienced events (Tulving, 1993). That is, the 

conscious awareness of an earlier event bound by place and time (Tulving, 1993). While implicit 

memory such as conditioned behaviours and priming effects are relatively stable across the 

lifespan (Degel & Köster, 1998), explicit memory can decay overtime, and have been identified 

as early indicators of dementia (Larsson, 1997). For the purpose of this thesis, we will be 

commenting on explicit long-term memory.   

Tulving (1993) also proposed a distinction between semantic and episodic memory as 

dissociable constructs with pronounced differences (for a review see Larsson et al., 2016). For 

example, impairments in episodic memory are known to decline earlier in the course of aging, 

while semantic memory is relatively spared until advanced stages of disease (with the exception 

of semantic dementia; Irish & Piguet, 2013). In a general sense, semantic memory is described as 

a “mental thesaurus” of general knowledge and facts, and is stored without reference to the 

temporal or spatial context in which it was first encoded (Tulving, 1972, 1993). While this may 

not involve new learning of information, semantic memory is involved in the stabilisation and 

access to material within the knowledge reservoir, forming the foundation for all subsequent 

learning and memory (Cain et al., 1998).  
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In contrast, episodic memory builds on semantic knowledge, and episodic traces of 

specific experiences serve as the foundations for performance described as “mental time travel” 

(Tulving, 1993). Episodic memory is typically assessed by the conscious recollection of recall 

abilities (either free or cued recall) or recognition which is usually assessed using a Yes/No 

discrimination task. Free-recall is considered a more effortful task that requires self-initiating 

processing and active control, with minimal environmental support (Rhodes et al., 2019). In 

contrast, recognition performance is largely driven by the external cues, and is believed to be 

underlined by two processing streams of recollection and familiarity (Craik & McDowd, 1987). 

Specifically, recollection reflects the retrieval of an item within the context of how it was first 

acquired, and familiarity increases the memory strength of the item without explicit 

identification (Craik & McDowd, 1987; Hultsch et al., 1990).  

Theoretical Considerations: Odour Memory 

The study of olfaction was historically regarded as an archaic system, unimportant to 

human learning and behaviour compared to “intellectual” visual and auditory senses (Le Guérer, 

2002). As a result, the assessment of olfaction and cognition was largely overlooked until recent 

decades. This was compounded by difficulties in developing odour stimuli which can be 

systematically varied, and scant knowledge of central olfactory dimensions that are relevant to 

sensory coding within the perceptual and cognitive system (Le Guérer, 2002). Despite an initial 

negative reception, odours are now recognised as powerful memory cues, with unique abilities to 

trigger vivid, emotive memories (Saive et al., 2014). This effect was famously described by 

Proust (1913) recounting how the smell and taste of a tea-soaked madeleine cake “revealed” a 

fond childhood memory (Jellinek, 2004). Odour learning and memory forms a binary distinction 

between incidental learning of odours, such as the “Proust phenomenon”, such that memories are 
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retrieved automatically upon re-exposure (Larsson, 2012). In contrast, intentional learning is 

where instruction is given to remember the stimuli, typically studied under laboratory settings 

(Larsson, 2012).  

The two primary tasks for odour memory refer to odour identification and odour 

recognition. Odour identification places demands on verbal semantic memory for odour naming, 

requires subjective knowledge for odours, and involves internal states of knowledge including 

hedonic judgements (affective attributes such as pleasantness) and familiarity (Larsson, 1997). 

Another more recent test of olfactory episodic memory (OEM) is the recall of odour names, 

which relies on both olfactory semantic and episodic memory (Murphy et al., 1997). 

Traditionally, OEM has been studied primarily through odour recognition due to ease of 

administration and the attempted minimisation of verbal mediation (Engen & Ross, 1973). As a 

result, there is comparatively little information regarding the episodic recall of odour names 

compared to odour recognition.  

Due to the interconnected relationship between memory systems, there is a tendency in 

previous literature to describe the task of naming odours as simply a test of odour recognition, 

despite evidence from memory models suggesting distinction between the two memory states 

(Schab, 1991; Tulving, 1993). For the purpose of consistency, in this thesis we will define ‘odour 

memory’ as a broad term to describe olfactory semantic memory and OEM (Schab, 1991), and 

the term ‘OEM’ as a combination of odour learning processes, episodic retrieval of odour 

information through recall of odour names, and recognition. A hierarchical chart of these 

definitions are displayed in Figure 1. 
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Larsson & Bäckman, 1993). The identification of odours requires the retrieval of stored 

knowledge regarding a specific odour stimulus, for example if the odour was encountered before 

(Wehling et al., 2010). At best, younger individuals can freely identify between 22% to 57% 

common odours (e.g. ‘chocolate’) in a set of 7 to 80 stimuli (for a review see Chobor, 1992), 

compared to the near-ceiling performance reported in visual naming studies in neurotypical 

cohorts (Cameron et al., 2016). However, it is possible for odour identification abilities to 

improve with practice, with corrective feedback, and with provision of alternate responses (Cain, 

1979; Frank et al., 2011). Odour identification also varies according to the type of stimuli 

chosen, as performance decreases with semantic similarities between stimuli (Engen,1987). 

Furthermore, odours that are correctly identified are also perceived as more intense (Distel et al., 

1999; Distel & Hudson, 2001). This finding confounds previously held assumptions that 

perceptual intensity is solely related to stimuli concentration, rather, the individual’s prior 

knowledge could interfere with this relationship (Distel et al., 1999).  

High ratings of perceived familiarity are known to improve odour naming accuracy (for a 

review see Larsson, 1997). However, others suggest that odour naming is a challenging task 

regardless of familiarity. Cameron and colleagues (2016) found that odours were named at 40% 

accuracy rate compared to almost 100% of picture naming. Participants also displayed similar 

reaction times for common (familiar) and uncommon odours, with overall slower response times 

to odour naming (5000ms) compared to picture naming (1000ms). The authors concluded that 

longer response latencies for odour naming reflected the increased time to search for activated 

odour labels in semantic memory. Odours that are identified as very familiar yet with 

breakdowns in name retrieval are commonly experienced, also known as the ‘tip of the nose’ 

phenomenon coined by Lawless and Engen (1977) as an olfactory parallel to the more commonly 
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known ‘tip of the tongue’ experience (Schwartz, 2001). Therefore, it is likely that a highly 

familiar odour may reflect access to more general or idiosyncratic knowledge of the odour, rather 

than absolute accuracy in odour naming (Larsson, 1997).  

Some have suggested that difficulties in odour naming could arise from inherently weak 

connections between language and olfactory processes and this causes the temporary blockage of 

retrieval of odour-name associations (Schab & Crowder, 1995; Larsson, 1997). However, others 

indicate that olfaction has direct access to language hubs located in the temporal lobe (Olofsson 

et al., 2013; Zhou et al., 2019), and this may explain naming difficulties as information cannot be 

processed perceptually, prior to cognitive integration (Olofsson & Gottfried, 2015). Access to 

semantic networks may be impaired in clinical populations, as odour identification studies by 

Bahar-Fuchs et al. (2010) found that participants with AD chose semantically-unrelated labels 

(e.g. selecting ‘motor oil’ instead of ‘strawberry’) compared to healthy aging older adults, which 

may reflect the deterioration of semantic associations with odours. Others suggest that poor 

odour identification in older adults could occur even before encoding of odours, rather due to 

mis-perceptions resulting from poor discrimination abilities (Croy et al., 2015).  

Odour discrimination relies on working memory to first perceive an odour, and form a 

transient representation of an odour stimulus for comparison with the following odour (Larsson, 

2012). Although immediate discrimination between two odours is quite good, and comparable to 

that of faces (Issanchou et al., 2002), discrimination in a task where odours are presented in 

succession is generally weaker as the target odour must be distinguished from alternative 

perceptual representations in time (Rouby et al., 2002; Schab, 1991). Deficits in odour 

identification in older adults may be the joint result of overall cognitive slowing, and increased 

effort to search for appropriate labels in the semantic memory (Larsson, 1997). However, as 
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odour identification difficulties are still present in older adults even after the provision of odour 

labels, this suggests that deficits in lower-level discriminatory abilities could also contribute to  

breakdowns in identification (Croy et al., 2015). 

Olfactory Episodic Memory 

Odour Recognition Memory 

Traditional tests of OEM assess odour recognition performance as an index of how much 

humans can remember odours over time. Pioneering works by Engen and Ross (1973) found 

robust abilities to correctly recognise odours in a Yes/No task (approximately 70% to 75% 

accuracy) with relatively stable retention after three months. The authors found that performance 

remained above chance level after twelve months (64.6%) in a sub-sample of participants. 

Subsequent studies using similar paradigms found little semantic involvement, serial positioning 

effects (dependence on the position of the stimuli within a set) or retroactive interference 

(Lawless & Cain, 1975). These initial findings concluded that memory for odours was 

fundamentally differently to visual or verbal memory due to resistance to decay overtime, and 

little semantic involvement (Herz & Engen, 1996).  

However, these initial findings were later disputed, as robust accuracy and retention rates 

in odour recognition tests may be undermined by relatively high false alarms, such that overall 

recognition performance is often lower than for faces and words (Cornell Kärnekull et al., 2015). 

Additionally, a major limitation to earlier studies was a lack of reference point. Previous studies 

found similar forgetting rates for odour recognition as found with memory for ambiguous forms 

and pictures several months post-acquisition, however that the forgetting rates for all stimuli 

types were relatively slow (Cornell Kärnekull et al., 2015; Lawless, 1978; Murphy et al., 1991). 

Furthermore, incorrectly named odours displayed faster forgetting rates over 7-day interval 
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compared to odours that were correctly named (Olsson et al., 2009). It is now widely accepted 

that odour recognition displays clear, yet slow forgetting over time, with greater involvement of 

semantic memory than originally reported (Cornell Kärnekull et al., 2015).  

Episodic Odour Recognition and Semantic Memory 

Reviews by Larsson (1997) reported that odour recognition is influenced by components 

of odour semantic memory. Odour familiarity, identifiability ratings, and hedonic judgements of 

perceived pleasantness can improve recognition performance. Larsson and Bäckman (1997) also 

reported that the degree to which odour naming can facilitate odour recognition memory is 

dependent on the accuracy of odour naming. This may explain the widely reported ‘female 

superiority’ effect in odour functions (Sorokowski et al., 2019), as women tend to find correct 

verbal labels more efficiently than men, who generally have lower verbal abilities (Doty & 

Cameron, 2009). While sex differences may also due to neuroendocrine agents which increase 

odour sensitivity in women (Sorokowski et al., 2019), the relationship between odour naming 

and recognition remain more complex. Others suggest that self-generated or veridical odour 

names that are labelled consistently across learning and retrieval trials are more predictive of 

odour recognition performance than simply assigning an odour label without meeting these 

conditions (Frank et al., 2011; Jehl et al., 1992; Rabin & Cain, 1984).  

While odour recognition does not require the individual to explicitly produce odour 

names, Schab (1991) argued that most individuals generate verbal labels as a strategy to aid 

memory performance. For example, Larsson and Bäckman (1993) found that regardless of age, 

odour naming was positively associated with performance in both immediate recognition and 

delayed recognition after 48 hours. However, as odour naming was only required at delayed 

recognition, the authors concluded that covert odour labelling may be an important tool to 
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enhance OEM performance. Indeed in verbal memory theory, deeper level of encoding is 

generally linked with semantic process of verbal information, and associated with higher 

memory performance (Craik & Lockhart, 1972).  

Most authors now agree that naming is not necessary for odour memory, however 

performance can be enhanced by verbal codes which can be accounted for by a dual-coding 

theory (Paivio, 1986). This theory assumes that an item can be encoded in a verbal representation 

system, a non-verbal system or in both, such that items that are coded twice have a greater 

chance to be remembered than those encoded in one stream (Jehl et al., 1997). Previous studies 

support this model, as verbal and visual suppression impedes odour recognition performance 

(Perkins & Cook, 1990), and combined verbal and visual elaboration can enhance odour 

recognition performance more than either modality alone (Lyman & McDaniel, 1990). While the 

extent of this association requires further investigation, a more realistic assessment 

acknowledges that odour recognition performance is the integration of memory for perceptual 

information and odour-name representations in the semantic memory (Schab, 1991).  

Odour Recognition and Age 

The involvement of semantic memory in odour recognition performance is especially 

pertinent in aging research. Aging effects for odour recognition tasks are reflected by lower 

accuracy rates as measured by the discrimination index d’1, and characterised by a gradual 

decrease in hits and greater false alarms (Croy et al., 2015; Larsson & Bäckman, 1997). Larsson 

and Bäckman (1993) suggested that age-related increases in false-alarm rates were due to a 

 
1 Recognition discrimination index (d’) is derived from signal detection theory, and refers to the 

ability to distinguish between a target from distractor stimuli (Delis et al., 2000). 
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reliance on familiarity judgements compared to recollection in odour recognition, similar to 

studies examining facial recognition (Bartlett et al., 1991; Bartlett & Fulton, 1991). Furthermore, 

longitudinal studies found that odour identification performance solely predicted episodic 

memory decline across a 6.5 year interval (Wehling et al., 2016), and age-effects in recognition 

performance disappeared after controlling for odour naming (Larsson & Bäckman, 1993; 

Wehling et al., 2016). Collectively, these findings suggest that semantic knowledge and access to 

verbal representations of odours, to some degree, mediates age-differences in odour recognition 

(Larsson & Bäckman, 1993, 1997). However, it is important to note that odour recognition can 

still occur despite breakdowns in odour identification abilities (Croy et al., 2015), also known as 

‘recognition without identification’ (Cleary, 2002; Cleary et al., 2010). Therefore, while 

identifiability may drive proficiency in episodic odour recognition, odour identification abilities 

are not a pre-requisite for recognition performance, and cannot completely explain the variability 

in memory performance in older adults (Croy et al., 2015).   

Odour Recognition and Neuroimaging Findings 

While research examining the neural substrates for odour recognition are scarce, there is 

some evidence of PFC involvement in early brain imaging studies. Dade et al. (1998) using 

regional cerebral blood flow imaging found significant PFC activations during odour encoding, 

as well as right orbitofrontal cortex, but not temporal lobe, activation during long-term odour 

recognition (post 6-days). Lesion studies indicate a right-hemisphere dominance with odour 

recognition performance following hemisphere-specific excisions of temporal or orbitofrontal 

cortex (Jones-Gotman & Zatorre, 1993). Functional magnetic resonance imaging (fMRI) studies 

indicate that while older adults demonstrate wider MTL networks with heterogenous fMRI 
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activation patterns during odour recognition tasks (Meunier et al., 2014), further research is 

needed to identify the neural substrates for OEM.  

Impairments in odour recognition typically appear earlier in the course of abnormal-

aging, and could be a sign of emerging neuropathology (Murphy, 2019). Age-related deficits in 

odour recognition performance are exacerbated for APOE-ε4 allele carriers, with greater effect 

sizes for olfactory memory compared to visual and auditory memory (Gilbert & Murphy, 2004; 

Larsson et al., 2016). In addition, impairments in odour recognition memory are associated with 

thinning of the entorhinal cortex in cognitively healthy older adults, and for those with 

subjective memory complaints (Dhilla Albers et al., 2016). These findings suggest the utility of 

odour recognition performance as indicators of emerging neuropathology in cognitively healthy 

older adults.  

Odour Memory and Other Memory Domains 

Performance on functions of odour memory, including odour identification and 

recognition, demonstrate significant and positive associations with other modalities of verbal and 

visual episodic memory (Dhilla Albers et al., 2016; Larsson et al., 2016). Encoding processes 

which govern other memory types appear to influence odour memory acquisition (Larsson, 

2012). For example, increased set-size, and degree of perceptual similarity between presented 

odours can impede recognition performance, similar to that of visual and verbal memory (Schab, 

1991). While associations with odour recognition and other memory modalities are now clearly 

recognised, olfactory functions share some distinctive properties. For example, acquisition of 

odour material is generally lower compared to verbal and visual stimuli, and odour memory is 

not strongly associated with education level (Zucco, 2003). To further examine this relationship, 

Larsson et al. (2016) found that odour memory, as indexed by odour recognition and 
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identification, is related, yet modelled separately to episodic and semantic memory for visual and 

verbal information in old age. Therefore, odour memory, at least that comprising of odour 

identification and recognition, is best conceptualized as an entity of its own (Larsson et al., 2016; 

Larsson, 1997).  

The reviewed literature indicates both similarities and distinctions with other memory 

modalities. While there are clear associations with odour knowledge and odour recognition 

performance which is consistent with Tulving’s original memory model (1995), olfactory 

memory (including identification and recognition) should best be treated as a separable construct 

to that of verbal and visual memory (Larsson et al., 2016). However, the relationship between 

odour semantic memory, odour recognition and odour recall of names is comparatively under-

researched. 

Odour Recall Memory 

Odour recall requires the explicit verbal recall of previously presented odour items, and is 

based on both semantic and episodic memory (Murphy et al., 1997). Effective odour recall 

performance depends on the identification of the odour, which includes perceptual detection, 

encoding of perceptual features, activation of memory for meaningful labels, and searching for 

an appropriate name (Murphy et al., 1997; Nordin & Murphy, 1998). Secondly, odour recall 

requires accurate storage of this label, and after a delay, episodic retrieval of this label by active 

recall methods (either spontaneously generating names or with cues; Nordin & Murphy, 1998). 

Therefore, the failure to accurately recall an odour could be due to failures in either detection, 

identification, encoding, storage or retrieval of odour names (Murphy, 2019). Although odour 

recall depends on the explicit verbalisation of odour labels, it should be clear that recall tasks 
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with non-verbal stimuli are not equivalent to recall tasks with words, as subjects are required to 

provide the names of the stimuli, and not recall the stimuli directly (Issanchou et al., 2002).  

The relationship between the retrieval of the verbal label for odours and memory may be 

due to strengthened associations between a perceptual representation of an odour and its related 

name, or because of combined naming and prior activation of the perceptual representation 

(Issanchou et al., 2002). Evidence of cross-modal associative learning has been found in 

neuroimaging studies. For example, lip reading in the absence of sound stimuli or simply reading 

words with auditory meaning can activate auditory cortices (Degel & Köster, 1998), and 

likewise, pictures of food can activate gustatory areas (Calvert et al., 1997; Kiefer et al., 2008). 

Simmons et al. (2005) found that reading words with strong olfactory associations, such as 

‘cinnamon’, can automatically activate primary olfactory cortex (piriform cortex), and the 

orbitofrontal cortex. These findings emphasise that activation patterns in corresponding 

modality-specific cortices result from conceptual re-enactments of odour stimulus associations, 

and in the case of odour stimuli, a process of activating the semantic words (Olofsson et al., 

2014). Therefore, once the odour is identified, the name is remembered and the memory of this 

name is reactivated when the odour is identified again (Köster, 2005). While some suggest 

associative learning supports the existence of ‘olfactory mental imagery’, this field is still under 

debate and is beyond the scope of this thesis (for a review see Royet et al., 2013).  

Odour Recall and Normal Aging 

Dissociable patterns of behavioural performance between odour name recall and word 

recall can also be found in younger and older age groups. In contrast to a traditional focus on 

how much people remember odours, cross-sectional studies by Murphy and colleagues (1997) 

sought to understand how people learn and remember odours, adopting a similar paradigm to 
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word list-learning tasks. The authors found that odour names can be learned over trials after 

repeated exposure with evidence of some primacy and recency effects, however, noting that this 

was less pronounced for odour names compared to verbal stimuli. Furthermore, performance on 

odour learning, recall and recognition was generally poorer than word items on the CVLT (Delis 

et al., 1987), despite comparable familiarity ratings between odour and word stimuli. Rather, the 

authors found that performance on odour recall and memory trials demonstrated moderate yet 

significant associations with CVLT components (r = .32 to r = .61). As Murphy et al.’s (1997) 

sample was representative of age-matched normative data on the CVLT (Delis et al., 1987), 

odour and word recall likely rely on similar yet separate cognitive abilities. These findings 

support a dissociable memory system as indicated by Larsson et al.’s (2016) latent models.  

More importantly, results from Murphy et al. (1997) demonstrated that normal aging 

adversely impacted odour learning, recall and memory performance in older adults compared to 

younger adults. Specifically, older adults did not benefit from semantic cues, and demonstrated 

characteristic low hit rate and high false alarms in recognition performance, which can be 

attributed to poor semantic encoding strategies related to working memory. In contrast with 

odour recognition performance, the explicit recall of odours is contingent on odour identification, 

such that if an appropriate label cannot be provided, recall performance for that odour will 

inevitably fail (Murphy et al., 1997). However, while odour identification was associated with 

odour recall, this relationship could not completely explain variance in odour recall performance, 

even after controlling for naming abilities.  

Odour Episodic Memory and Dementia  

Using the same odour learning and memory paradigm, Nordin and Murphy (1998) found 

similar patterns of performance in a sub-sample of individuals with AD compared to healthy 
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older adults. Their results revealed overall poor performance for immediate and delayed, cued 

and free recall in participants with AD, which was attributed to breakdown in semantic 

processing and difficulties with odour discrimination. Therefore, while semantic memory is 

important for episodic retrieval, odour identification alone is not enough to explain age-related 

variances in performance (Nordin & Murphy, 1998). Rather, the combination of encoding, 

storage and recall may play a greater role in predicting overall recall performance (Murphy et al., 

1997). In a study by Dhilla Albers et al. (2016), healthy controls who performed lower on OEM 

based on a yes/no recognition task demonstrated stronger associations with APOE ε4 status, 

entorhinal thinning and worse longitudinal trajectory of verbal episodic memory scores, 

compared to participants in the lowest quartile of the odour identification scores. This suggests 

preliminary evidence that OEM performance is associated with biomarkers of AD, and as a 

potentially more sensitive marker to odour identification. However, such interpretations are 

limited due to a paucity of literature examining underlying neuronal health, and OEM tests 

examining learning and recall components of odour memory. Therefore this area requires further 

investigation.  

Summary and Limitations of Current Odour Memory Assessment 

In summary, declines in verbal episodic memory and odour identification in aging 

cohorts are considered indicators of pre-clinical dementia, and can predict cognitive decline and 

AD pathology in at-risk individuals. As reviewed, a combination of perceptual components, 

odour learning, identification, recall and recognition performance in OEM likely explain the 

lower performance in older adults, compared with younger adults. While this appears to be found 

in a manner that is more pronounced than memory for words or visual stimuli, the demands for 

olfactory memory tasks are different to those for verbal or visual tasks, and therefore difficulty 
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cannot be directly compared (Murphy et al., 1997). Age-related impairments have been 

associated with breakdowns in higher-order functions of semantic and episodic memory, as well 

as basic odour functions such as odour discrimination which relies on holding and manipulating 

perceptual representations of odours.  

It is possible that poor OEM performance could be associated with emerging 

neuropathology and functional changes in otherwise cognitively healthy older adults. OEM 

involves the rapid integration of domains vulnerable to aging and AD neuropathology, such as 

odour perception, odour identification (semantic memory) and episodic memory, all of which are 

vulnerable to signs of aging. With these processes combined, poor performance on OEM tests 

could be more sensitive to early signs of cognitive decline than either odour identification, or 

episodic memory tests (such as verbal memory) alone (Murphy et al., 1997). However, our 

understanding of odour learning, recall and memory properties in OEM are still unclear due to a 

paucity of comprehensive and well-validated measures. In order to examine the predictive utility 

of OEM in areas vulnerable to aging and dementia, current methods of OEM assessment must be 

evaluated.   

Measurement of OEM 

Previous attempts to measure odour learning and memory properties have been 

documented in several studies. Using the normative data from Murphy et al.’s (1997) study 

examining odour learning and recall properties, the authors developed the California Olfactory 

Learning Test (COLT), a test of OEM designed analogous to the California Verbal Learning Test 

(CVLT; Delis et al., 1987). The COLT comprised of five learning trials of 16 common 

household odours to examine immediate odour name recall, short and long (20 minute) delays to 

examine free and cued recall, as well as a recognition (Yes/No) trial. Scoring was based on 
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participant-generated odour labels to account for poor naming abilities, and this method has been 

previously used in other odour identification studies (Sulmont-Rossé et al., 2005).  

The COLT was initially validated in a sample of 20 young adults with a mean age of 22.8 

years (SD = 2.2), and 20 cognitively healthy older adults with mean age 68.8 years (SD = 4.7). 

The COLT was previously modified for children and adolescent populations (Jehl & Murphy, 

1998), and has since been recently validated in a brief form (Frank & Murphy, 2020). The brief 

COLT was normed in a sample of 52 participants aged between 18 to above 65 years, and using 

9 common household odours instead of the original 16. The results from the brief COLT yielded 

similarities with the original sample, reporting global decline of odour learning, recall and 

recognition in older adults compared to younger adults, and pronounced impairments compared 

to verbal episodic memory components measured on the CVLT-II (Delis et al., 2000). The 

authors concluded that the COLT demonstrates potential as a diagnostic tool for detecting early 

signs of emerging dementia in older adults (Frank & Murphy, 2020; Murphy et al., 1997).   

While the COLT shows promise as a comprehensive test of OEM learning and memory 

properties, a major limitation is the use of home-made ‘common household odours’ as the 

primary odour stimuli, and lack of description of source characteristics. The human perception of 

olfactory stimuli is idiosyncratic in nature, based on representations of the individual’s prior 

knowledge of the odour and emotional judgements (Frank et al., 2011; Rouby et al., 2002). 

Characteristics of the source itself can be perceived differently across individuals based on the 

‘realness’ of the stimuli (e.g. real sources are remembered better than chemically produced 

representations; Engen, 1987) and intensity of odours can influence familiarity and odour 

naming abilities (Distel & Hudson, 2001). The use of non-standardised odour sources can limit 

the interpretation of results, and absence of psychometric properties examining reliability and 
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validity restricts the reproducibility of results. Furthermore, the COLT is not made widely 

available for clinical or research use.  

To address issues of standardisation, the Sniffin’ Sticks test (Burghardt®, Wedel, 

Germany) was developed by Hummel et al. (1997) as a measure of nasal chemosensory 

performance based on commercially available pen-like odour dispensing devices. The Sniffin’ 

Sticks dimensions are 14cm length, with an inner diameter of 1.3 cm. Odourants are dissolved in 

propylene glycol (total 4ml) and an antibacterial agent in the felt-tip at the end of the pen 

(Rumeau et al., 2016). The test instructions must be strictly observed to ensure reliability. 

Testing is performed in a quiet, well-ventilated room to avoid the presence of any residual 

odours, the experimenter must wear odourless cotton gloves and participants must avoid 

smoking, eating or drinking (exception of water) fifteen minutes prior to testing (Rumeau et al., 

2016). Each pen must be presented only once, for 3 to 4 seconds, approximately 2 cm from the 

edge of the nostril and repeated for bilateral nostrils. See Figure 2 for Sniffin’ Sticks stimuli.  
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Figure 2.  

Sniffin’ Sticks Felt-Tip Dispensing Stimuli 

 

 

Note. Administration of the Sniffin’ Sticks odour stimuli. Image retrieved from 

https://www.burghart-mt.de, producers for Sniffin’ Sticks stimuli (Burghardt®, Wedel, 

Germany).  

 

The extended version of the Sniffin’ Sticks test is comprised of 48 odours examining 

three components of odour detection threshold, odour discrimination and cued-odour 

identification (Rumeau et al., 2016). Total scores for the three sub-tests are summed to generate a 

composite score. In a sample of non-impaired participants (N = 100) and those experiencing 

olfactory loss (N = 100), the Sniffin’ Sticks test demonstrated good test re-test reliability (r = 

.76) after seven days (Sorokowska et al., 2015). The composite score and odour identification 

test demonstrated high internal consistency (Cronbach’s α = .91 and α = .77 respectively; 
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Sorokowska et al., 2015), and good specificity (.74) and sensitivity (.75) to identify normal 

controls, MCI and AD patients (Kjelvik et al., 2014).  

Croy and colleagues (2015) developed the Sniffin’ Test of Odour Memory (Sniffin’ 

TOM) using Sniffin’ Sticks stimuli to examine odour recognition and identification in a sample 

of 96 healthy adults (age ranging from 18 to 92 years) and 19 participants with MCI (age ranging 

from 73 to 82 years). Participants were presented with eight target odours from for a single 

learning trial, then immediately followed by a Yes/No recognition test intermixed with eight new 

odours. Consistent with previous reports, recognition performance declined with age, and with 

enhanced impairments in MCI group. The Sniffin’ TOM yielded satisfactory test re-test 

reliability (r = .70) after 17 days. The authors concluded that this test is a reliable, valid and 

easily administered test of odour recognition performance, with potential use as a brief tool for 

early detection of cognitive impairment in pre-clinical populations (Croy et al., 2015). Although 

the Sniffin’ TOM has standardised and widely available stimuli that allows for assessment of 

recognition and identification of odours, it does not assess learning over multiple trials, recall 

after short and long delays nor cued recall properties, which was a benefit of the COLT (Murphy 

et al. 1997). These previous tests raise important issues regarding standardisation and test 

development. While these traditional methods rely on the summation of scores as an indicator of 

an individual’s ability level, this may omit important clinical information necessary for disease 

detection and monitoring over time.  

Test Development Methods 

Classical Test Theory (CTT) and Item Response Theory (IRT) are the two primary 

psychometric paradigms used in test development to predict outcomes of tests, and provide 

reliability and validity test estimations. CTT or ‘true score theory’ assumes that systematic 
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effects between responses of examinees are due only to variation in the latent ability of interest 

(Jabrayilov, Emons & Sijtsma, 2016). All other potential sources of variation such as external 

conditions of testing or internal conditions of examinees are assumed either to be constant 

through rigorous standardisation, or to have an effect that is non-systematic or random 

(Hambleton, & Swaminathan, 1985). CTT assumes person and test characteristics are dependent, 

and each item contributes equally to the underlying trait measured (Yang & Kao, 2014). The 

focus of CTT analysis is on the total test score, that is the frequency of correct responses (as an 

indicator of item difficulty), frequency of responses (to examine distracters), reliability of the test 

and item-total correlation (item discrimination; Impara & Plake, 1997). While CTT methods are 

familiar to most clinicians and are therefore more widely used, a major limitation is that the total 

test score relates to the test sample, and therefore all the statistics that describe items and 

questions are sample dependent (Hambelton, 2000).  

In contrast, IRT states that an individual’s response to the items is a function of the 

underlying trait or ability (McGrory et al., 2014). Difficulty parameters estimate the ability level 

at which a person has equal chance (50%) of endorsing the correct answer (Mungas et al., 2004). 

In contrast, discrimination parameters estimates how well an item discriminates between those 

who have higher trait levels from those who have lower trait levels (Mungas et al., 2004). These 

parameters allow for estimating a person’s underlying ability and the quantification of a test’s 

information, reliability, and measurement precision (based on standard error of measurement; 

Embretson & Reise, 2000). An important advantage of IRT approaches over CTT is that 

reliability is allowed to differ across the ability continuum (McGrory et al., 2014). This is 

because the treatment of reliability and error of the measurement through item information 

function are computed for each item (Lord, 1980). Here, the item information function accounts 



CHAPTER ONE                                                    54 

 

for all item parameters, and displays the measurement efficiency [local precision of the estimated 

scores SE(θ)] of the item at different ability levels (Jabrayilov et al., 2016).  

IRT models, including the graded response models (GRMs), take the pattern of item 

scores into account when inferring latent-attribute composite scores (Jabrayilov et al., 2016). 

This means that the latent-attribute values at pre-test and post-test may differ, even when the 

classical pre-test and post-test sum scores are equal (Jabrayilov et al., 2016). Mungas and 

colleagues (2005) found that a composite verbal memory score (including scores from learning 

trials and delayed free recall) displayed excellent specificity to distinguish between cognitively 

healthy individuals and clinical dementia groups. IRT composite scores may reveal subtle 

changes in individual’s performance on a latent trait (such as OEM ability) that could go 

undetected if one uses the sum scores from CTT, which otherwise ignore the pattern of the item 

scores (Jabrayilov et al., 2016).   

Based on the reviewed literature, there appears to be a need for 1) comprehensive 

examination of odour learning, recall and memory properties in OEM, and 2) standardised 

assessment and psychometric evaluation of reliability and validity properties of OEM tests, using 

modern test development methods such as IRT. 

Rationale for the Current Thesis Research 

The early detection of AD is crucial for targeting interventions for at-risk individuals, and 

monitoring disease progression. However, there are few neuropsychological tests that are 

developed in healthy aging samples which can detect more subtle impairments in cognition, well 

before a clinical diagnosis is given. Examination of cognitive performance in these normal aging 

samples are crucial to understand how disease develops over time, and in turn, implement early 

interventions such as cognitive re-training. It is possible that the assessment of OEM can provide 
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valuable diagnostic information in pre-clinical cohorts due to the requirement for rapid 

integration of perceptual, semantic and episodic memory components. Encoding difficulties 

(with flat learning curves), and rapid forgetting after a delay are hallmark features of AD (Delis 

et al., 1991). A more comprehensive assessment of OEM learning and memory components 

could be more sensitive to early and more subtle deficits in healthy aging older adults compared 

to traditional tests of odour recognition and identification, and verbal episodic memory. 

Therefore, the primary aim of this thesis is to investigate OEM performance in cognitive healthy 

older adults, using a newly developed test of OEM, the Western Australia Olfactory Memory 

Test (WAOMT)2. This will help inform the predictive utility of OEM in the early detection of 

dementia in pre-clinical samples.  

Validation of the Western Australia Olfactory Memory Test 

As current methods of OEM assessment lack in standardised sensory stimuli or 

comprehensive evaluation of odour learning and memory properties, Chapter 2 of this thesis 

aimed to provide preliminary evidence for the reliability and validity of the WAOMT. The 

WAOMT was designed in a similar paradigm to the CVLT-II (Delis et al., 2000) to provide a 

comprehensive profile of memory components, which includes three learning trials to measure 

learning curves, a distractor trial, as well as short and long delayed recall trials. Category cueing 

(using semantic cues to prompt responses) was also designed to assess the benefits of recall 

performance, and a recognition trial, which allowed for inferences about encoding versus 

 
2 Note. WAMS data is collected on an ongoing basis by students, research assistants, and 

volunteers at the Australian Alzheimer’s Research Foundation (AARF). Additionally, FDG-PET 

values were collected at AARF, and were available for research use. The author was involved in 

the development of the WAOMT scoring criteria and conducting neuropsychological assessment 

of WAMS participants. 
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retrieval mechanisms. To address standardisation issues with previous tests of OEM, selected 

stimuli from the Sniffin’ Sticks test (Burghardt®, Wedel, Germany) were used as olfactory 

stimuli.  

To establish the psychometric properties of the WAOMT, reliability was examined using 

two methods; 1) test re-test reliability after 7 to 28 days post-baseline assessment, and 2) Item 

Response Theory (IRT) methods (Hambleton, & Swaminathan, 1985). IRT analyses were 

conducted to estimate scale measurement parameters, examine the test information and reliability 

across the entire OEM ability continuum. A composite score representing performance on 

WAOMT components was also generated using IRT methods, to estimate OEM ability. To 

examine convergent validity with other conceptually similar constructs, it was predicted that the 

WAOMT would be positively correlated with visual and verbal episodic memory, and odour 

identification.  

Further Examination of OEM Predictive Validity 

To examine OEM as a unique predictor of risk-factors for dementia in cognitively 

healthy older adults relative to current methods of assessment, associations with the WAOMT 

and broader domains of neuronal health and daily living were explored. The global composite 

score generated from Chapter 2 was used to represent overall OEM abilities on the WAOMT. To 

examine the unique relationship with OEM as a construct over and above general episodic 

memory, a comparable composite score of verbal episodic memory measured using CVLT-II 

indices was generated. Statistical analyses for this component are presented in Chapter 3. Both 

the WAOMT and CVLT-II composite scores were used in the subsequent empirical studies. 

Specific components of long-delay free recall and recognition accuracy (operationalised by d’) 

that are sensitive to aging and AD pathology were also examined. 
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Biomarkers of AD pathology such as reductions in glucose metabolism are seen as 

reliable predictors of disease progression (Connolly et al., 2019; Landau et al., 2011; Ottoy et al., 

2019), and have been cited as an impactful MCI biomarker. Hypometabolism is non-specific to 

dementia, and can be seen in Frontotemporal and Lewy Bodies dementia as well as AD 

(Connolly et al., 2019). However, subtle reductions in glucose metabolic rates as measured by 

measured by 18F-FDG PET standardised uptake value ratio (18F-FDG PET SUVR) have been 

known to predict progression from cognitively healthy status to MCI and AD in selected brain 

regions (De Leon et al., 2001; Teng et al., 2020), with excellent sensitivity (92%) and specificity 

(91%) in discriminating those with MCI from healthy adults (Pagani et al., 2015). Recent 

literature have demonstrated that 18F-FDG PET SUVR hypometabolism in the middle temporal 

gyrus, posterior parietal, and frontal cortex is associated with MCI status and low verbal episodic 

memory performance, even for those with low levels of local amyloid-PET (Rubinski et al., 

2020). This suggests that the use of 18F-FDG PET SUVR in populations with subtle deficits in 

cognition may be a more sensitive measure than other biomarkers. Therefore, Chapter 4 will 

examine the unique contribution of WAOMT performance to identify reductions in glucose 

metabolism in the PFC sampled over 18-months using 18F-FDG PET SUVR. It was hypothesised 

that performance on the WAOMT would predict longitudinal reductions in glucose metabolism 

in the PFC, controlling for performance in verbal episodic memory. 

Impairments in daily living are associated with disease severity in dementia, and subtle 

deficits in cognitively-demanding instrumental activities of daily living (IADLs), such as 

shopping and communication) can appear before manifestation of disease (Woods et al., 2012; 

Tucker-Drob, 2011). Because IADL tasks are more complex, most older adults experience some 

difficulty with IADLs before they experience difficulty with performing more basic tasks of 
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daily living (Feger, 2020). IADL performance is thought to reflect underlying cognitive and 

physical function (Fong et al., 2015) and declines in daily functioning are seen as risk-factors for 

dementia (Barberger-Gateau et al., 2002). As processes involved in OEM (such as odour 

identification and episodic memory) are markers of general cognitive decline, the relationship 

between OEM and IADLs could provide valuable information to determine early factors of 

IADL declines. Therefore, Chapter 5 aims to explore the relationship between OEM and 

functional status in IADLs. It was hypothesised that performance on the WAOMT could predict 

reductions in IADLs over 18-months, controlling for performance in verbal episodic memory. It 

should be noted that while data for these three studies were drawn from WAMS, separate 

inclusion and exclusion criteria were applied based on recommendations from previous literature 

in respective areas. 
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Chapter Two: Evaluation of The Western Australia Olfactory Memory Test: 

Reliability and Validity in a Sample of Older Adults 

Abstract 

Objective: The Western Australia Olfactory Memory Test (WAOMT) is a newly 

developed test designed to meet a need for a comprehensive measure of olfactory episodic 

memory (OEM) for clinical and research applications.  

Method: The present study aimed to establish the psychometric properties of the 

WAOMT in a sample of 209 community-dwelling older adults. An independent sample of 27 

test-naïve participants were recruited to assess test re-test reliability (between 7 to 28 days). 

Scale psychometric properties were examined using IRT methods, combined samples (N=241). 

Convergent validity was assessed by comparing performance on the WAOMT with a 

comprehensive neuropsychological battery of domains (verbal and visual episodic memory, and 

odour identification), as well as other neuropsychological skills, in a sub-sample of N = 209 

participants. Based on previous literature, it was predicted that the WAOMT would be positively 

correlated with conceptually similar cognitive domains.  

Results: The WAOMT has the potential to be a psychometrically sound test, 

demonstrating adequate reliability properties and early evidence of convergent validity with tests 

of verbal and episodic memory and smell identification. Patterns of performance highlight 

learning and memory characteristics unique to OEM (e.g. learning curves, cued and free recall).  
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Conclusion: Clinical and research implications include streamlining future versions of the 

WAOMT to ease patient and administrative burden, and the potential to reliably detect early 

neuropathological changes in healthy older adults with non-impaired OEM abilities.   
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Introduction 

Declines in olfactory functions, such as odour identification (e.g. naming odours) and 

detection sensitivity threshold, are known to reliably predict the progression from normal aging 

to neurodegenerative disorders such as mild cognitive impairment (MCI), dementia associated 

with Alzheimer’s disease (AD) and Parkinson’s disease (Conti et al., 2013). As episodic memory 

loss is considered an early indicator of age-related cognitive decline and dementia (Belleville et 

al., 2017), understanding olfactory episodic memory (OEM) is increasingly important for 

potential early detection of such diseases. However, episodic learning, memory and recall of 

odours have been comparatively under-researched due to a paucity of well-validated measures 

(Saive et al., 2014). This present study will report on the validation of a new measure of OEM 

using classical and modern test development methods. 

Odour memory can be divided into odour identification, and episodic memory 

components (Rouby et al., 2002). According to early memory models by Tulving (1995), 

memory is not a single entity, rather, it can be conceived as a variety of multiple distinct, yet 

quasi-dependent ‘systems’, which serve purposes to learn, store and retrieve information.  

Similarly, episodic memory for odours includes learning, storage, retrieval through recall (free or 

cued), and recognition of previously presented odours (Murphy, 2019; Murphy et al., 1997). 

While research is limited, the characteristics of OEM are thought to be consistent with other 

sense modalities. Researchers have noted similar performance patterns to those seen in verbal 

and visual episodic memory - specifically, OEM accuracy increases with the familiarity, 

perceptual dissimilarity and unpleasantness of stimuli (Larsson, 1997). While OEM and verbal 

episodic memory share similarities due to stimuli label generation for recall performance, unique 

distinctions exist between these modalities. According to earlier works by Murphy et al. (1997), 
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odour learning and memory properties include a robust ability to learn and retain odours, with 

lower initial acquisition rates and greater resistance to retroactive interference compared to 

verbal stimuli in older adults. Additionally, odour functions demonstrate a ‘female superiority’ 

effect, and non-significant associations with education levels (Sorokowski et al., 2019). While 

olfactory functions naturally decline with age, pronounced deficits in olfactory identification are 

associated with neuropathology in MCI and AD (Bahar-Fuchs et al., 2010; Nordin & Murphy, 

1998), with potential for higher-order odour functions to detect earlier impairments in healthy 

aging adults (Murphy, 2019).  

Odour recognition memory is associated with the apolipoprotein E (APOE) ε4 allele, a 

genetic predictor of sporadic AD (Larsson et al., 2016; Murphy, 2019). The benefits of OEM 

assessment have attracted a recent development in measurement tools intended for at-risk 

populations. For example, the Sniffin’ Test of Odor Memory (Sniffin’ TOM) developed by Croy 

and colleagues (2015) assesses recognition of eight common odours from the “Sniffin’ Sticks” 

stimuli, a well-validated, pen-like device (Sorokowska et al., 2015). Authors found that Sniffin’ 

TOM performance declined with age and was significantly impaired in those with MCI, while 

also displaying adequate test re-test reliability (r = .70). However, this measure does not allow 

for comprehensive assessment of OEM components.   

Indeed, while measures of OEM have been developed, there is a distinct lack of 

psychometrically reliable and clinically valid tools that assess learning and memory components 

of episodic memory. The main aim of the current study is to further understand the nature of 

OEM by validating the newly developed Western Australia Olfactory Memory Test (WAOMT), 

in a healthy older adult sample. The WAOMT was designed in a similar paradigm as the CVLT-

II (Delis et al., 2000), a widely used measure of verbal episodic memory. The WAOMT includes 
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three learning trials to measure learning curves, a distractor trial, as well as short and long-

delayed recall trials. Category cueing (providing semantic cues to prompt responses) was also 

designed to assess the benefits of recall performance and a recognition trial, which allowed for 

inferences about encoding versus retrieval mechanisms.  

Item Response Theory (IRT) is a method for estimating item difficulty and discrimination 

parameters in a test along an ability continuum (McGrory et al., 2014). IRT states that an 

individual’s response to the items is a function of the underlying trait or ability (McGrory et al., 

2014). Difficulty parameters estimate the ability level at which a person has equal chance (50%) 

of endorsing the correct answer (Mungas et al., 2004). In contrast, discrimination parameters 

estimates how well an item discriminates between those who have higher trait levels from those 

who have lower trait levels (Mungas et al., 2004). These parameters allow for estimating a 

person’s underlying ability and the quantification of a test’s information, reliability, and 

measurement precision (based on standard error of measurement; Embretson & Reise, 2000). In 

contrast, Classical Test Theory (CTT) assumes person and test characteristics are dependent 

constructs, and each item contributes equally to the underlying trait measured (Yang & Kao, 

2014).  

An important advantage of IRT approaches over CTT is that reliability is not reduced to a 

single scale-level reliability coefficient; rather, reliability is allowed to differ across the ability 

continuum (McGrory et al., 2014). Therefore, IRT was used to further inform the development 

and validation of the WAOMT item and total scale properties, and to develop a composite score 

comprising of OEM learning trials, delayed cued and free recall, and recognition. These methods 

were previously used by Mungas and colleagues (2005). Their results found that the IRT 

composite verbal memory score (including scores from learning trials and delayed free recall) 
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displayed excellent specificity to distinguish between cognitively healthy individuals and clinical 

dementia groups. In the current study, the WAOMT composite score may be used to estimate an 

individual’s latent olfactory memory ability, and examine the relationship between OEM and 

other cognitive domains. 

The present manuscript aims to provide preliminary evidence for the reliability and 

validity of the WAOMT. Reliability was first examined using test re-test reliability assessed in 

an independent sample of 27 participants after 7 to 28 days. Secondly, IRT models were used to 

estimate scale measurement and reliability parameters, and to generate a composite WAOMT 

score to estimate OEM ability.  

Based on the reviewed literature, OEM properties demonstrate similarities with verbal 

and visual episodic memory, and integrates odour identification components (Saive et al., 2014). 

Therefore, to assess convergent validity, it is predicted that the WAOMT will be positively 

correlated with visual and verbal memory, and odour identification (based on nine independent 

odours). Exploratory analyses will be conducted to examine the associations with broader 

cognitive domains of executive function, processing speed, language and attention which may 

influence memory performance (Park et al., 1996; Schroeder & Marian, 2012; Squire et al., 

1993). Finally, demographic correlates of odour functions, including age and sex, will also be 

examined.  

Methods 

Participants 

The current sample was 241 community-dwelling older adults from the Western 

Australia Memory Study (WAMS), a longitudinal study investigating molecular and 
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neuropsychological predictors of age-related cognitive change. Participants in the WAMS are 

assessed annually. Inclusion criteria for the WAMS include living independently in the 

community, with no history or current diagnoses of severe or uncontrolled psychiatric disorders 

or neurological or neurodegenerative diseases, and English as the first language spoken at home. 

For more detail on WAMS methodology see Sohrabi et al. (2019). Neuropsychological 

assessments were conducted at the Australian Alzheimer’s Research Foundation. The study was 

approved by the Human Ethics Research Committees of the University of Western Australia, 

Edith Cowan University, and the Ramsay Health Care WA|SA Human Research Ethics 

Committees (previously, Hollywood Private Hospital Research Ethics Committee), Hollywood 

Private Hospital, Western Australia. All research procedures were completed in accordance with 

the Helsinki Declaration. Exclusion criteria were self-reported history of neurological or 

psychiatric disorders (e.g., stroke or schizophrenia; (n = 14, 5.80%), aged below 50 years (n = 5, 

2.07%) and anosmia [either self-reported or evidenced by a score of lower than 4 out of 9 (e.g., 

below chance level on an independent odour identification test), n = 10, 4.15%]. Three 

participants (1.24%) were also excluded due to cognitive impairment based on scores below the 

cut-off threshold, corrected for age and education level, on the Montreal Cognitive Assessment 

(MoCA; Malek-Ahmadi et al., 2015; Rossetti et al., 2011). The normative sample was comprised 

of 209 participants (post-exclusion criteria) who completed the WAOMT at baseline. An 

independent sample of 34 test-naïve participants were recruited from the Healthy Aging 

Research Project (Authors RB and MW Directors) at UWA for the test re-test sub-study. Using 

the same exclusion criteria, the final sample comprised of 27 participants.  
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 Olfactory Measures  

Western Australia Olfactory Memory Test 

The Western Australia Olfactory Memory Test (WAOMT) was developed using the 

Sniffin’ Sticks stimuli (Burghardt, Wedel, Germany https://smelltest.eu) and was designed in a 

similar paradigm to the CVLT-II (Delis et al., 2000), and informed by the previous work of 

Murphy et al. (1997). See Appendix A for complete WAOMT scoring guidelines and protocols. 

The odour stimuli were chosen from a set of 45 Sniffin’ Sticks, based on availability and 

semantic categories of sweets, fruits and savory vegetables. These stimuli varied on their unique 

hedonic properties (e.g., intensity, pleasantness, familiarity and perceptual similarity). See Tables 

1 and 2 for full list of Sniffin’ Sticks stimuli used in the WAOMT learning, distractor and 

recognition trial.  
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feedback was not provided. This process was repeated for three trials in total, with a 90 second 

interval between learning trials. Odour stimuli were presented in the same order for each trial, 

parallel to the CVLT-II procedures.  

Distractor trial. After the three learning trials, participants were presented with a single 

distractor trial of 9 different odours, one after another, exactly as above. The nine items were 

selected from three semantic categories. One of these (fruits) overlapped with the learning trial 

categories, the two others (flowers and spices) did not. 

Short-delay free/cued recall trials. Immediately after the distractor trial, participants 

were asked to name as many odours as possible from the first (target) list only. A semantic cue 

was then provided in fixed succession (e.g. “can you name as many fruits/sweets/savory 

vegetables from the first group?”), and participants were asked to name as many odours as 

possible from that category.  

Long-delay free/cued recall trials. After a 20-minute delay (filled with non-odour based 

tasks), participants were required to recall the nine target odours presented in the three learning 

trials identically to short-delay recall procedures.  

Odour recognition trial. An odour recognition test immediately followed. Participants 

were presented with 18 odours intermixed with 9 target odours, 3 distractor odours and 6 new 

odours. Participants responded with either “Yes” or “No” if they had recognised the odours from 

the first learning phase and then asked to name each odour.  

WAOMT scoring 

Each WAOMT learning and memory component was scored individually to generate 

separate total scores, with higher scores indicating greater OEM ability. To assess learning over 

trials, points for each of the three learning trials were summed and totalled, scores ranged from 0 
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to 9. A total learning composite score was generated by the summation of the three learning 

trials, scores ranged from 0 to 27. The distractor trial, short and long delayed cued and free recall 

followed similar scoring guidelines, with total scores ranging from 0 to 9 for each component. 

The odour recognition trial generated scores for odour recognition hits based on total scores from 

0 to 9, and false positives (incorrectly identified distractor/new odours) ranging from 0 to 9, with 

higher scores indicating poorer odour recognition accuracy. 

Scoring of Verbally Generated Odour Names. A liberal scoring criteria was adapted 

from Murphy et al.'s (1997) initial study. While humans may naturally assign labels to odours, 

they are inherently poor at accurately identifying and assigning verbal labels to odours (Cameron 

et al., 2016; Saive et al., 2014). Therefore, to avoid penalizing for incorrect labelling, 

performance was scored using a retrospective label-matching system.  

If the same verbal label assigned to a target odour during the learning trials was used to 

identify the odour during the recognition phase (indicated by a ‘yes’ response), this was scored 

as accurate encoding of the odour, storage and retrieval. For example, if the participant was 

presented with the odour ‘honey’, but incorrectly labelled this as ‘musk’ during the learning 

phase and subsequently recognised honey as ‘musk’ during recognition, the responses were 

recorded as correct. This criterion was only applied if that label was assigned to that odour alone. 

We believe this method provided a more valid measure of true OEM, allowing for assessment of 

spontaneous recall and recognition, as well as the identification of the specific label that the 

participant used in the preceding trials (see Murphy et al., 1997). Semantic cued categories also 

adopted liberal scoring criteria. For example, fruits identified as sweets in learning trials, e.g. 

‘pear drops’ were classified as correct if the participant identified this odour belonging to the 
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‘sweets’ category in cued recall.  No points were awarded if the label generated in the learning 

trials did not semantically relate to either fruits, sweets or savory vegetables (e.g. ‘petrol’). 

Smell Identification Test 

In order to independently assess smell identification ability and potential anosmia, a brief 

smell identification test, the McCusker Smell Identification Test (McSIT), was created from 

independent Sniffn’ Sticks (Burghardt, Wedel, Germany). Participants were presented with 9 

new odours, and from a choice of 4 multiple-choice answers, asked to identify the label that best 

described the odour. Possible scores range from 0 to 9 and correct responses were summed.  

Psychometric Methods 

Assessment of Validity  

Convergent validity was assessed through Pearson’s correlations between the WAOMT 

and conceptually similar measures of verbal and visual episodic memory, as well as odour 

identification (semantic olfactory memory). Specifically, the CVLT-II (Delis et al., 2000) was 

used to assess verbal episodic memory, the Rey Complex Figure Test (RCFT; Meyers & Meyers, 

1995) was used to assess visual episodic memory, and the newly developed McSIT was used to 

assess odour identification. Greater performance on these tasks were expected to correlate 

positively with performance on the WAOMT.  

Exploratory analyses examined the relationship between WAOMT and other cognitive 

domains involved in episodic memory. Simple attention span was assessed with Digit Span 

forwards, while working memory was assessed with Digit Span backwards (Wechsler Adult 

Intelligence Scale – Third Ed.; Wechsler, 1997). Simple processing speed was assessed with the 

Trail Making Test Part A, and Part B assessed shifting/mental flexibility (Spreen & Strauss, 

1991). Tests of phonemic (the Controlled Oral Word Association Test; Benton et al., 1994) and 
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verbal fluency (the Action Fluency Test; Piatt et al., 1999) were used to assess verbal 

generativity abilities. The relationship between WAOMT performance and demographics of age 

and sex were also examined.  

Item Response Theory  

Item response theory (IRT) was used to estimate scale parameters of the WAOMT, test 

information, reliability, and measurement error across the entire spectrum of ability levels, and 

also generate a composite score for each participant. Assumptions include unidimensionality; 

that is to determine if there is a single dominant factor accounting for the shared variance among 

items (Mungas et al., 2004), and secondly local independence; that is, items in a test are 

statistically independent of each other given an individual score on the latent factor (Henning, 

1989). The assumption of local independence is likely to be violated in memory and learning 

trials due to serial positioning effects (Murdoch et al., 1962). For these reasons, the graded 

response model was used (GRM; Samejima, 1969, 1997), which treats each trial as an ordinally 

scaled item, each with up to 10 possible scores (0 – 9). This method was previously conducted 

by Mungas and colleagues (2004) for a similar measure. 

Procedure 

Total neuropsychological assessment lasted approximately 4 hours for the WAMS battery 

(with breaks as required), and 40 minutes was taken to complete the WAOMT including delay 

intervals. Participants were asked to refrain from eating or drinking (except water), and wearing 

perfume during the WAOMT. Prior to olfactory assessment, participants were blindfolded to 

reduce visual distractions.  
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Test Re-Test Procedure 

The Sniffin’ Sticks Threshold Test (Burghardt, Wedel, Germany) was administered to 

assess odour sensitivity thresholds. The MoCA (Version 7.1; Nasreddine et al., 2005) screened 

for cognitive impairment. Please see Appendix B for instructions. While the original WAMS 

cohort had already undergone screening for anosmia through odour sensitivity threshold test, the 

independent test re-test participant sample required anosmia screening prior to cognitive testing 

to ensure standardised practice. Administration of the Odour Threshold Test prior to odour 

cognitive assessment is accordance with the recommendations outlined in the Sniffin Sticks 

manual (see https://smelltest.eu). A questionnaire collecting education, occupation and medical 

status was also administered.   

Statistical Analysis 

Statistical analyses were conducted using IBM SPSS Statistics 25, and IRT analyses were 

conducted using R version 4.0.3 using Multidimensional Item Response Theory ‘Mirt’ package 

(Chalmers, 2012). The complete WAOMT sample, including baseline test re-test sample values 

were used for IRT analyses (pre-exclusion), consisting of 241 participants. An alpha level of .05 

was used for all tests of statistical significance, unless otherwise specified.  

Results 

Participant Demographic Information 

Participant characteristics for the complete WAOMT sample (N = 241) ranged from 39 to 

91 years (M = 69.29, SD = 8.22), with 82 males and 174 females. Education ranged between 7 to 

21 years (M = 13.93, SD = 2.66) with the majority completing high school. After exclusions, the 

normative sample (N = 209) ranged from 50 to 91 years (M = 69.37, SD = 7.01), with 60 males 
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and 149 females, and education level ranged from 7 to 20 years (M = 13.88, SD = 2.58). 

Participant demographic information is presented in Table 3. 
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Table 3.  

Demographic Information and Performance on WAOMT Variables  

 Complete Sample (N = 241)  Normative Sample (N = 209) 

 M (SD)  M (SD) 

Age 69.29 (8.22)  69.37 (7.01) 

Education (years) 13.93 (2.66)  13.88 (2.58) 

MoCA 26.71 (2.67)  26.77 (2.52) 

McSIT  6.53 (1.56)  6.72 (1.27) 

Sex (%)    

Female 68%  71.3% 

Male 32%  28.7 % 

WAOMT  Mean scores (SD)   Mean scores (SD) 

Learning Trial 1 2.79 (1.51)  2.83 (1.44) 

Learning Trial 2 3.39 (1.65)  3.44 (1.57) 

Learning Trial 3 3.85 (1.74)  3.94 (1.67) 

Distractor Trial B 1.21 (1.15)  1.26 (1.14) 

Short-Delay Free Recall 3.48 (1.71)  3.56 (1.61) 

Short-Delay Cued Recall 2.92 (1.64)  2.96 (1.58) 

Long-Delay Free Recall 3.66 (1.65)  3.75 (1.58) 

Long-Delay Cued Recall 3.02 (1.65)  3.10 (1.59) 

Recognition Hits 6.81 (1.60)  6.88 (1.52) 

False Positives 2.57 (1.76)  2.63 (1.77) 

d’  .01 (1.52)  <.001(1.52) 
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Note. Complete sample was used for IRT analyses included participants before exclusion criteria, 

Normative sample = post-exclusion criteria, WAOMT = Western Australia Olfactory Memory 

Test, MoCA = Montreal Cognitive Assessment, McSIT = McCusker Smell Identification Test, d’ 

= recognition discrimination index. Scores for the WAOMT indices learning trials, short and 

long-delayed cued and free recall, recognition hits and false positives are rated out of 9. Scores 

for the MoCA are rated out of 30, and scores for the McSIT are out of 9. 

 

Descriptive Statistics 

Data for all components of the WAOMT was normally distributed based on tests of 

skewness and kurtosis, visual inspection of histograms and P-P plots (Tabachnick et al., 2007). 

For the normative sample, on average, participants recalled between 3 to 4 out of 9 odours during 

the learning trials, with performance increasing linearly across trials (see Table 1 for mean 

WAOMT performance). Participants recalled 1.26 odours from the distractor trial. After a delay, 

participants freely recalled between 3.56 (short-delay) and 3.75 odours (long-delay), and recalled 

between 2.96 and 3.10 odours with cues after short and long-delays, respectively. Participants 

recognised approximately 7 out of 9 target odours after a long-delay, and an average of 2.63 

incorrectly identified as target odours (false positives). 

Recognition discriminability (d’) was calculated based on the following formula (Tanner 

Jr. & Swets, 1954) where Z is the z-value, FA is false alarms (incorrectly identified distractors as 

target odours), and hits is correctly identified target odours:  

  d’ = Z(hits) – Z(FA) 

Pearson inter-item correlations between WAOMT indices were all significant at p <.001 

(see Table 4), with moderate to strong relationships found among the three learning trials ranging 
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from r = .68 (Trial 1 and 3), to r =. 84 (Trial 2 and 3). Stronger correlations were found between 

short and long-delay free (r = .87) and cued recall (r = .89), and with d’ and false positive 

responses (r = -.79).  

 

Table 4. 

Correlation Matrix for Subscales of the Western Australia Olfactory Memory Test   

 1 2 3 4 5 6 7 8 9 

1. Trial 1          

2. Trial 2 .74         

3. Trial 3 .68 .82        

4. SDFR .70 .81 .84       

5. SDCR .62 .73 .70 .74      

6. LDFR .73 .80 .83 .87 .78     

7. LDCR .64 .75 .75 .76 .89 .81    

8. Hits .31 .43 .45 .41 .34 .43 .46   

9. False Positives  -.37 -.41 -.40 -.39 -.35 -.39 -.39 -.20  

10. d’ .44 .54 .55 .52 .45 .54 .49 .76 -.79 

Note. N = 209, All correlations are significant at p <.001. SDFR = short-delay free recall, SDCR 

= short-delay cued recall, LDFR = long-delay free recall, LDCR = long-delay cued recall, Hits = 

Recognition hits, d’ = recognition discrimination index.  
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Learning Across Trials 

 Two pairwise t-tests were performed to examine the differences in means between 

Learning Trial 1 and 2, and between Learning Trial 2 and 3. See Figure 1 for line graph. Results 

indicated that odour learning increased linearly between the initial Trial 1 and the second Trial 2, 

and this was statistically significant (mean difference = .61, SE = .08, SD = 1.09, [t(208) = 8.12, 

p <.001, [95% CI = .42, .71]). Similarly, mean difference in learning between Learning Trial 2 

and Trial 3 was also significant (mean difference = .49, SE = .07, SD = .97, [t(208) = 7.37, p 

<.001, [95% CI = .37, .65]). These results suggest that odour learning improves with repeated 

exposure.    

 

Figure 1. 

Line Graph of WAOMT Learning Across Trials 

 
 

Note. WAOMT = Western Australia Olfactory Memory Test. Learning across the Western 

Australia Olfactory Memory Test Trial 1 to Trial 3. Mean performance was seen to increase 

linearly after each learning trial. 
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Reliability 

Test Re-Test analyses  

The test-retest sample consisted of 27 participants aged 57 to 91 years (M = 72.33, SD = 

8.16; Male = 8, Female = 19) with an average of 13.67 years of education (SD = 2.95). The 

average interval between tests was 15 days (SD = 2.83, range 7 to 28 days). Test re-test 

reliability was analysed using intra-class correlations with a two-way random effects model and 

absolute agreement. See Table 5 for means and correlation matrix. Intra-class correlations mostly 

ranged from .50 to .65, indicating reliability in the moderate range (Koo & Li, 2016). While the 

intra-class correlation for Recognition hits was not acceptable, that obtained for d’ was in the 

moderate range (intra-class correlation = .53, p < .01). Practice effects were observed for most 

components of the WAOMT after delays up to 28 days. Where significant practice effects were 

found, these were generally in the moderate range [(Cohen’s d ranged from .40 (Total learning 

Trial 1 to 3) to .68 (recognition hits)].  

 

 

 

 

 

 

 

 

 

 



CHAPTER TWO                                                    108 

 

Table 5. 

Test Re-test Coefficients and Pairwise t-test Comparisons for WAOMT Variables at Time 1 and 2  

WAOMT Variables Time 1 Mean  

(SD) 

Time 2 Mean 

(SD) 

ICC 

 

t(26) p 

Learning Trial 1 2.44 (1.53) 3.44 (1.83) .52*** 3.48 <.01 

Learning Trial 2 2.89 (1.55) 3.63 (1.82) .55*** 2.51 .02 

Learning Trial 3 3.59 (1.72) 3.78 (1.85) .50** .54 .60 

Trial 1 to 3 Total Score 8.93 (4.45) 10.85 (5.27) .59*** 2.38 .03 

Short-delay Free Recall 3.04 (1.58) 3.70 (1.94) .52** 2.05 .05 

Short-delay Cued Recall 2.00 (1.14) 2.67 (1.67) .57*** 2.79 .01 

Long-delay Free Recall 3.19 (1.64) 3.63 (1.98) .64*** 1.51 .14 

Long-delay Cued Recall 2.22 (1.25) 2.85 (1.79) .65*** 2.70 .01 

Recognition Hits 6.44 (1.55) 7.37 (1.18) .33* 1.17 <.01 

Recognition False Positives  2.63 (1.67) 2.56 (1.70) .55** .24 .81 

Note. n = 27, *** = p <.001, ** = p <.01, * = p <.05, WAOMT = Western Australia Olfactory 

Memory Test, SD = Standard Deviation, ICC = intra-class correlation. 

 

Graded Response Model (GRM) 

The assumption of unidimensionality was assessed using modified parallel analysis 

(Drasgow & Lissak, 1983), and was met across all components of the WAOMT, with 
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eigenvalues less than 2.00 (all ps >.10). Although the WAOMT items are scaled ordinally, some 

re-scaling was necessary to deal with sparse cells (response frequencies of < 5 per cell). Specific 

re-coding of responses are described in Appendix C. Parameters for GRM are described in terms 

of discrimination (or item-slopes), that is how well an item discriminates between those with 

high and low trait levels, and thresholds (or difficulty estimates), which represent the ability level 

at which people have an equal probability of achieving two adjacent scores (McGrory et al., 

2014). For example, if a person of average ability (z = 0.00) has an equal probability of 

achieving a score of 4 or 5 on an item, that threshold is 0.00. Thresholds and discrimination 

parameter estimates for the GRM analyses are displayed in Table 6.  

Ranges of threshold values were similarly distributed across WAOMT indices, with 

relatively small standard error of measurement (SE <.30), indicating good factor loadings for the 

underlying trait (Embretson & Reise, 2000). However, some parameters displayed larger SE 

rates, for example the largest error margin was observed for long-delay free recall discrimination 

parameter (SE = .70). Since this means the 95% confidence interval for long-delay free recall 

discrimination parameter ranged between 4.89 to 7.63, even the highest score variation yields 

acceptable parameter estimates (assuming no contribution would yield a score of 0 and these 

higher values clearly exceed that criterion). As SE values are proportionate to parameter 

estimates, this indicates overall good measurement precision in our sample.  
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Table 6.  

WAOMT Thresholds and Discrimination Coefficients (SE) for Graded Response Model Ranking 

Threshold Trial 1 Trial 2 Trial 3 SDFR SDCR LDFR LDCR Hits 

1 -1.97 

(.19) 

-1.23 

(.12) 

-2.10  

(.18) 

-1.99  

(.16) 

-1.75  

(.15) 

-2.08  

(.17) 

-1.76  

(.15) 

-3.89  

(.59) 

2 -1.04 

(.12) 

-.45 

(.09) 

-1.57  

(.13) 

-1.24  

(.11) 

-.93 

(.11) 

-1.35  

(.11) 

-.10 

(.11) 

-2.55  

(.37) 

3 -.25 

(.10) 

.09 

(.09) 

-.82  

(.10) 

-.52 

(.09) 

-.26 

(.09) 

-.70 

(.09) 

-.32  

(.09) 

-1.78  

(.28) 

4 .63 

(.11) 

.73 

(.09) 

-.12  

(.09) 

.06 

(.08) 

.35 

(.09) 

-.07 

(.08) 

.33  

(.09) 

-.56 

(.17) 

5 1.34 

(.14) 

1.24 

(.11) 

.38  

(.09) 

.57 

(.09) 

1.15 

(.12) 

.49 

(.08) 

.93 

(.10) 

.63 

(.17) 

6 2.03 

(.20) 

2.17 

(.20) 

1.02  

(.10) 

1.16 

(.10) 

1.73 

(.16) 

1.20 

(.10) 

1.68 

(.15) 

2.23  

(.34) 

7   1.59  

(.13) 

1.85 

(.15) 

 1.74 

(.14) 

  

α 2.37  

(.23) 

3.98  

(.38) 

4.19 

(.40) 

5.34  

(.54) 

3.11  

(.29) 

6.26  

(.70) 

3.55  

(.34) 

.99  

(.14) 
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Note. N = 241, SE = Standard Error of Measurement, WAOMT = Western Australia Olfactory 

Memory Test, SDFR = Short-delay free recall, SDCR = Short-delay cued recall, LDFR = Long-

delay free recall, LDCR = Long-delay cued recall, Hits = Recognition hits, α = discrimination 

parameter.  

 

Test information values (Iϴ) were calculated as inverse to standard error of measurement 

values [SE(ϴ)] using the following formula (Hambleton & Swaminathan, 1985):  

1
( )SE

I
 =  

The term ‘information’ used here is the equivalent of variance explained, and 

demonstrates how accurately a variable represents the underlying trait (McGrory et al., 2014). 

Therefore, the greater value of information, the greater the accuracy in which the person’s ability 

can be estimated (McGory et al., 2014). Total test information for the WAOMT was 151.12. A 

test information and reliability curve was generated across different points of the ability 

continuum (see Figure 2). Based on visual inspection, the WAOMT was most informative and 

reliable with the lowest mean standard error of measurement for ability levels between -2.00 to 

+2.00 z-scores (Information area = 127.89, SE = .17, r = .96). However, information, precision 

and reliability sharply declined for those with ability levels at -3.00 z-scores (Information = 1.71, 

SE = .77, r = .41). Likewise, the WAOMT had low information, precision and reliability at 

ability levels above +3.00 z-scores (Information = 1.64, SE = .78, r = .39). 
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Figure 2. 

Test Information and Reliability Curve for WAOMT Performance 

 

  

 

 

 

 

 

 

 

Note. Test Information Curve (Top) for the Western Australia Olfactory Memory Test 

(WAOMT) with test information (solid line) and standard error of measurement (SE[θ]; broken 

line) against the ability continuum (θ; z-scores) based on the distribution of the WAOMT 

development sample. Test information (left vertical axis) measured in a squared metric 
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corresponds to the precision of the test, and is shown as a function of SE (right vertical axis). 

Reliability plot (bottom) demonstrates the highest reliability (rxx [θ]) corresponding to ability 

levels between approximately -2.00 to +2.00 z-scores (θ). 

The GRM was used to generate a WAOMT composite score using the expected a-

posteriori method, which represents an individual’s estimated latent olfactory memory ability. 

Visual inspection of the composite scores revealed that the majority of responses fell within 0 to 

.5 (see Figure 3). Composite score ability levels ranged from -2.78 to +2.54 z-scores in the 

complete sample, and demonstrated excellent marginal reliability (r = .97) and precision (mean 

SE = .18). Subsequent analyses were conducted using the WAOMT composite score to examine 

the association between OEM and other cognitive constructs. 
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Figure 3.  

Histogram of the WAOMT Composite Score Distributions 

 

Note. Histogram of the Western Australian Olfactory Memory Test (WAOMT) composite 

score distributions. The peak displays the majority of values within 0 to .5 range in the 

current sample (N = 241). 

 

Validity 

Memory Constructs 

The WAOMT composite score was significantly, yet weakly associated with components 

of the CVLT-II (see Table 7) ranging between r = .20, p = .008 (false positives) to r = .39, p 

<.001 (Trial 1 to 5), and similarly with RCFT delayed recall (r = .28, p <.001). Significant yet 

weak associations were also revealed between the composite score and odour identification (r 

=.20, p = .004). Analysis of WAOMT sub-components revealed that recognition hits, false 



CHAPTER TWO                                                    115 

 

positives and d’ were not significantly associated with CVLT-II counterparts (p = .313, p = .904, 

p = .102 respectively) nor with RCFT delay (p = .384, p = .059, p = .065 respectively). In 

contrast, all WAOMT indices demonstrated significant yet weak associations with odour 

identification ranging from r = .14 (p = .044; short-delay free recall) to r = .22 (p = .001; d’).  

Due to previously reported sex differences in olfactory and verbal abilities, exploratory 

correlation analyses were conducted to examine sex differences in performance on OEM, verbal 

episodic memory, and odour memory. Results indicated that for males, in general, correlations 

between OEM, verbal episodic memory and odour identification were more strongly associated 

compared to performance by females. For example, the relationship between the WAOMT long-

delay free recall and the CVLT-II long-delay free recall was more strongly associated in males (r 

= .39, p =.004) compared to females (r = .27, p = .002). However, comparison of correlations 

between females and males for respective cognitive domains based on Fisher z-transformation 

(Fisher, 1921)3 revealed non-significant differences (all ps > .10). This suggests that correlations 

between cognitive domains do not differ between sexes.   

Exploratory Analyses: Executive Functions, Attention and Verbal Abilities 

Results revealed significant correlations between WAOMT composite score and Trail 

Making Test A (r = -.16, p = .043), suggesting that higher estimated OEM ability was associated 

with increased simple processing speed. However, the WAOMT composite score was not 

significantly correlated with Trail Making Test B (p = .055), Digit Span backwards (p =.221) or 

forwards (p = .241). In contrast, analysis of individual WAOMT components revealed significant 

negative correlations with Trail Making Test B and learning Trial 1, (r = -.17, p =.028), short-

 
3 For correlation comparison calculator based on Fisher z-transformation, see 

https://www.danielsoper.com/statcalc (Soper, 2022). 
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delay cued recall (r = -.22, p =.004), long-delay cued recall (r = -.19, p =.015), false positives (r 

= .18, p =.023), and d’ (r = -.20, p =.009). Furthermore, Trail Making Test A was significantly 

negatively correlated with short-delay free recall (r = -.15, p = .047), short-delay cued recall (r = 

-.20, p =.010), recognition hits (r = -.22, p =.005) and d’ (r = -.17, p =. 028). Similarly, verbal 

fluency abilities (both phonemic and semantic fluency) were also significantly correlated with 

WAOMT composite score (r = .30 and .33 respectively, p <.05) as well as individual 

components (r values ranging from .17 to .33, all ps < .05), with the exception of recognition hits 

(p =.378).    
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Table 7.  

Correlation Table Between the Western Australia Memory Test (WAOMT) and Other Cognitive Tests (N = 209) 

     WAOMT      

Criterion 

variable 

Composite 

Score 

Trial 1 Trial 2 Trial 3 SDFR SDCR LDFR LDCR Hits False 

Positive 

d’ 

CVLT-II       

Trial 1 to 5 

.39*** .28*** .29*** .29*** .36*** .38*** .37*** .40*** .21*** -.27*** .31*** 

SDFR .33*** .21*** .25** .23** .29*** .36*** .33*** .24*** .18* -.15* .22** 

SDCR .24*** .22** .28*** .26** .30*** .37*** .34*** .34*** .16* -.16* .21** 

LDFR .33*** .19** .28*** .25** .29*** .33*** .32*** .36*** .14 -.16* .20** 

LDCR .35*** .24*** .29*** .25*** .31*** .37*** .34*** .34*** .14 -.19** .22** 

Hits .23** .17* .18* .17* .20** .26*** .22** .22** .08 <-.01 .50 

False Positive .20** .13 .16* .12 .16* .29*** .18* .23** .09 .01 .05 

d’ .27*** .20** .20** .20** .24** .28** .25*** .28*** .10 -.09 .12 

RCFT delay .28*** .27*** .25*** .19** .25** .28*** .28*** .23*** .07 -.14 .14 
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McSIT .20*** .17* .19** .21** .14* .19** .19** .19** .18* -.16* .22** 

TMT A -.16* -.11 -.11 -.10 -.15* -.20** -.15 -.15 -.22** .05 -.17* 

TMT B -.15 -.17* -.08 -.06 -.13 -.22** -.14 -.19* -.13 .18* -.20** 

DS Fwd .09 .03 .07 .04 .08 .11 .11 .10 .12 -.13 .16* 

DS Bwk .09 .07 .08 .02 .05 .14 .12 .12 .06 -.13 .13 

Fluency C .30*** .20* .23** .23** .29*** .27** .31** .33*** .08 -.18* .17* 

Fluency Act .33*** .22** .33*** .31*** .28*** .32*** .33*** .33*** .09 -.25** .23** 

Note. *** = p <.001, ** = p <.01, * = p <.05, SDFR = Short-delay free recall, SDCR = Short-delay cued recall, LDFR = Long-delay 

free recall, LDCR = Long-delay cued recall, Hits = Recognition hits, d’ = recognition discriminability, CVLT-II = California Verbal 

Learning Test (2nd Ed.) RCFT = Rey Complex Figure Test, McSIT = McCusker Smell Identification Test, TMT = Trail Making Test, 

DS Fwd = Digit span forward, DS Bwk = Digit span backward, Fluency C = Fluency letter C, Fluency Act = Fluency action. 
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Demographic Variables  

Significant negative correlations were observed between WAOMT composite score and 

age (r = -.22, p = .002), however displaying non-significant associations with education (p = 

.965). A 2 x 3 mixed ANOVA assessed the effect of sex on learning Trials 1 through to 3 (see 

Table 8 for means across WAOMT variables by sex). There was a significant interaction 

between the effects of sex and learning trials (F (1, 207) = 4.69, p = .031, partial η² = .02). On 

average, women performed the same as men on Trial 1 (p = .528), however recalled significantly 

more items than men in Trial 2 (p = .016, partial η² = .03) and Trial 3 (p = .007, partial η² = .04). 

Women scored higher than men in short-delay free recall (p = .010, partial η² = .03), long-delay 

free (p = .016, partial η² = .03), and cued recall (p = .020, partial η² = .03), with the exception of 

short-delay cued recall (p = .128) and d’ (p = .095).  
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Table 8.  

Means and Standard deviations (SD) of Sex Performance Across WAOMT Variables 

WAOMT Variables Men (n = 60)  Women (n = 149) 

Learning Trial 1 2.73 (1.56) 2.87 (1.39) 

Learning Trial 2 3.03 (1.68) 3.61 (1.50)* 

Learning Trial 3 3.45 (1.70) 4.13 (1.62)** 

Short-delay Free Recall 3.12 (1.69) 3.74 (1.55)* 

Short-delay Cued Recall 2.70 (1.56) 3.07 (1.58) 

Long-delay Free Recall 3.33 (1.60) 3.91 (1.55)* 

Long-delay Cued Recall 2.70 (1.43) 3.26 (1.62)* 

Recognition Discrimination Index  -.27 (1.44) .12 (1.54) 

Note. N = 209, ** = p <.01, * = p <.05. WAOMT = Western Australia Olfactory Memory Test. 

Discussion 

The Western Australia Olfactory Memory Test (WAOMT) was developed to meet a need 

for a comprehensive measure of Olfactory Episodic Memory (OEM) in clinical and research 

settings. This study aimed to evaluate the reliability and validity properties of the WAOMT 

amongst older adults. Our approach highlights the benefits of combining traditional 

psychometric models with modern IRT methods to determine the item, variable and test-level 

reliability properties. Results reviewed below provides initial evidence of the psychometric 

properties of the WAOMT, and highlight the unique learning and memory characteristics of 

OEM.  
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Reliability 

Moderate test re-test intra-class correlations were found for all primary WAOMT 

variables, generally comparable to reliabilities obtained for the Sniffin’ TOM (Croy et al., 2015) 

and CVLT-II memory variables. Significant practice effects were observed for most components 

of the WAOMT after delays up to 28 days; however, these were only in the moderate range. It 

should be noted that the sample size of 27 participants reduces the generalisability of results to 

broader populations, therefore further follow-up research is required to examine test re-test of the 

WAOMT in clinical and non-clinical populations.   

Under IRT theory (Samejima, 1969), a composite score was generated to represent 

WAOMT learning and memory indices which displayed excellent reliability for estimating OEM 

ability between the below-average range to those with very high ability (-2.00 to 2.00 z-scores). 

However, the composite score became less reliable for those with extremely low (below -2.00 z-

scores) and extremely high abilities (above +2.00 z-scores). While IRT methods are typically 

undertaken using large samples (N > 500; Jiang, Wang, & Weiss, 2016), examination of standard 

error margins are considered more accurate in determining measurement precision (Embretson & 

Reise, 2000). Inadequate sample sizes (e.g. below N = 200), would be expected to yield unstable 

item parameters and higher standard errors (Severo & Tavares , 2010). Previous IRT studies by 

Severo and Tavares (2010) found robust item discrimination and difficulty estimation 

parameters, with relatively low standard error margins in their sample of 176 participants. As 

their sample was similar to the current study (N = 241), and the current results revealed 

acceptable standard error values for threshold and discrimination parameters, the WAOMT 

sample size was not a significant impediment to obtaining precise estimates of parameters. 
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Validity and Exploratory Analyses 

Convergent validity for the WAOMT composite score was established, as results 

revealed significant and positive associations with verbal and visual episodic memory, as well as 

smell identification – therefore supporting our initial hypothesis. However, these associations 

were somewhat weaker in magnitude compared to previous research (Croy et al., 2015; Murphy 

et al., 1997). Lower associations may support findings from Larsson and colleagues' factor 

analytic study (2016), which identified that odour episodic memory and semantic memory were 

related, however differed from visual episodic memory tests. The researchers concluded that 

OEM is likely a latent general odour memory domain, distinguishable from other modalities of 

episodic and semantic memory.  

More broadly, exploratory analyses revealed that performance on the WAOMT 

composite score was also significantly associated with phonemic and action fluency. Tests of 

verbal fluency are used to examine verbal generativity and executive functions. A combination 

of verbal generativity and executive functioning is required in OEM to focus on the task, select 

words meeting certain requirements (e.g. belonging to a specific category) and avoid repetition 

(Fisk & Sharp, 2004; Shao et al., 2014). Heightened verbal abilities may therefore improve odour 

recall through the generation of meaningful labels for later retrieval.  

In contrast, the overall WAOMT composite score was not significantly associated with 

simple attention, mental flexibility, or working memory domains. It is possible that a 

combination of separate memory ‘systems’ (Tulving, 1995), such as learning, storage and 

retrieval components represented in the composite score may reduce the strength of associations 

with specific cognitive domains. Nevertheless, the current results revealed significant 
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correlations with the composite score and simple processing speed, which is commonly 

associated with general episodic memory (Head et al., 2008).  

Component analysis of WAOMT short-delay free and cued recall, recognition hits and d’ 

also revealed significant and positive associations with simple processing speed. Additionally, 

learning Trial 1, short and long-delayed cued recall, false positives and d’ were significantly 

associated with set-shifting. It is possible that these tasks require greater cognitive flexibility and 

processing speed abilities, especially in cued recall. Interestingly, performance on recognition 

hits was almost consistently unrelated to other cognitive domains. These results together with 

lower discrimination of the recognition trial in IRT models may indicate deviation from the 

underlying trait estimated by the WAOMT compared to other memory components. This 

emphasises the need to assess OEM using a combination of learning and recall trials, as it is 

likely that the degree of involvement of episodic and semantic memory varies according to 

specific task demands. 

Demographic Variables and OEM 

The relationships with demographic variables observed in the current sample supported 

the existing literature as OEM abilities declined as a function of age, and were not associated 

with education level (Zucco, 2003). There was some evidence to support the widely reported 

‘female superiority effect’ (Sorokowski et al., 2019), however, both men and women performed 

similarly on learning Trial 1, short-delay cued recall, and d’. IRT parameter analyses indicated 

that these trials all display the lowest discrimination parameter estimates (ranging from α = .14 to 

.29) compared to other WAOMT components. Therefore, similarities in sex performance across 

these variables may also be due to low item discrimination for distinguishing those with lower 

OEM abilities (such as men) from higher OEM abilities (women). There is also evidence that 
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sex-differences may be mediated by higher proficiency in semantic memory and elaboration 

skills rather than OEM abilities (Larsson et al., 2003), as Öberg et al. (2002) found that the 

female superiority effect disappeared when controlling for odour naming.  

Learning and Memory Characteristics 

Performance on the WAOMT steadily increased with repeated exposure across learning 

trials, however encoding rates were considerably lower than performance on the CVLT-II. This 

may reflect difficulties in the rapid integration of perceptual, episodic and semantic memory. 

However, as the WAOMT only contained nine items per trial, an increase in set size may 

improve encoding and learning rates. Similar to previous literature examining verbal episodic 

memory properties on the CVLT, learning on the WAOMT demonstrates proactive interference 

as items on the distractor list were recalled at a lower rate than the target list, indicating that the 

learning of new items was disrupted by old memories (Elwood, 1995; Woods et al., 2006). 

Furthermore, long delayed free recall of target odours was recalled at a slightly higher rate than 

short delay free recall, a phenomenon similarly reported in Murphy and colleague’s OEM test, 

the California Odor Learning Test (1997). This result aligns with previous research suggesting 

that odour memory, measured by odour recognition, demonstrates slow forgetting rates over time 

(Cornell Kärnekull et al., 2015). However, as free recall of odours are a relatively novel concept, 

further research is needed to examine retention rates with comparison to verbal and visual 

memory.  

Contrary to learning and memory literature, the current results indicated that participants 

did not benefit from semantic cues, and demonstrated lower recognition hit rates and higher false 

positives compared to age-matched normative data in the CVLT-II (Delis et al., 2000). While 
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these results were similar to Murphy and colleague's odour memory test (1997), this suggests 

that the provision of odour cues may not be as beneficial for retrieval. Rather, others suggest that 

the quality of labels, consistency of label use, and semantic knowledge of odours influence the 

ability to learn and recall odour information (Frank et al., 2011; Larsson, 1997).   

Clinical Implications and Future Directions 

The current results highlight important considerations regarding the utility of the 

WAOMT in clinical and research settings. Using IRT, the threshold and discrimination 

properties of an item can inform future test development and refinement (McGrory et al., 2014). 

For example, to improve test sensitivity future versions of the WAOMT may incorporate items 

that are easier to recall for those with more significant levels of impairment (e.g., MCI). As we 

found little benefit of semantic cues, cued recall from the WAOMT should be further validated 

in clinical samples. As semantic cues are known to provide minimal advantage to those with AD 

and MCI (Ivanoiu et al., 2005), the cued recall components could be excluded in future versions. 

Such variations in the WAOMT administration can help streamline assessments according to an 

individual’s ability level, and also ease patient and administration burden to alleviate potential 

fatigue from lengthy cognitive testing times. Furthermore, while the WAOMT was validated 

against conceptually similar constructs outlined in previous factorial studies (Larsson et al., 

2016), the relationship between OEM and other memory modalities are still unknown.  

While the current results provide initial promise to establish WAOMT validity against 

other episodic and semantic memory modalities, further research is required to support these 

findings. Previous literature demonstrated age-related declines in prospective memory (Sullivan 

et al., 2022), with poor performance accuracy as early markers of MCI and AD (Spíndola1 & 
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Brucki, 2011). To expand our knowledge on OEM and further assess convergent validity 

properties, future research should investigate the correlations between WAOMT performance 

and prospective memory tests, such as the Memory for Intentions Screening Test (Raskin, 

Buckheit & Sherrod, 2004). Furthermore, to assess criterion validity, performance on the 

WAOMT should be evaluated against other tests of OEM, such as Murphy and colleague’s 

COLT (Murphy et al., 1997).   

The WAOMT composite score could also be used to reliably detect changes in 

performance overtime for those falling within the non-impaired ability range. However, 

interpretation of findings are limited based on sample characteristics. Further validation of 

WAOMT test properties in younger individuals and clinical populations is necessary to 

determine if the test can reliably detect changes in those with impaired OEM. Conversely, a 

notable strength of this test is the absence of ceiling effects and therefore may hold promise in 

detecting early neuropathological changes, e.g., from AD. However, as the current data was 

drawn from cross-sectional observations, future longitudinal research is necessary to verify the 

utility of the WAOMT as a reliable measure to detect declines in OEM. 

Summary and Conclusions 

The present study found that the WAOMT, a novel and comprehensive test of OEM, was 

reliable and valid in a community-dwelling older adult sample. Current methods of dementia 

assessment involve developing reliable diagnostic tools to detect early signs of cognitive decline. 

As the olfactory system is highly sensitive to changes in cognition as seen in AD, the WAOMT 

could provide a more comprehensive, reliable and valid measure of odour learning and memory 

characteristics. With a potential to detect subtle changes in cognition in healthy individuals, 
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changes in olfactory functions could appear earlier in pre-clinical stages of AD before clinical 

diagnosis (Bahar-Fuchs et al., 2010). Therefore, the further refinement of the WAOMT in 

dementia and aging research is necessary to set new benchmarks for early interventions.  
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Chapter Three: Development of a Composite Score for the California 

Verbal Learning Test – Second Edition 

Overview 

 Chapter 2 aimed to evaluate the psychometric properties of the Western Australia 

Olfactory Memory Test (WAOMT). Using Item Response Theory (IRT), the WAOMT 

composite score was found to be a valid and reliable measure of olfactory episodic memory 

(OEM). The overall aim of this thesis was to evaluate the utility of OEM assessment as a 

predictive tool to detect changes in proxy measures of Alzheimer’s Disease (AD), such as 

biomarkers of 18F-FDG PET glucose metabolism, and functional ability. However, to 

examine the unique variance explained by OEM above and beyond general episodic memory, 

we needed to develop a comparable composite score of verbal episodic memory. The 

California Verbal Learning Test – Second Edition (CVLT-II; Delis et al., 2000) is a well-

validated measure of verbal episodic memory comprising of learning trials, short and long-

delay cued recall, short and long-delayed free recall and recognition. This Chapter provides 

information about the development and measurement properties of a CVLT-II composite 

score in our sample of community-drawn older adults, using the same IRT methods described 

in the previous chapter. 

Methods 

Participants 

The current sample was community-dwelling older adults drawn from the Western 

Australia Memory Study, a longitudinal study investigating molecular and 

neuropsychological predictors of age-related cognitive change. In addition to the original 
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WAOMT sample of 241 participants presented in the previous chapter, an additional 26 

participants had completed the CVLT-II, but not the WAOMT, and were available for 

analyses. In total, results drawn from 267 participants were used to generate the CVLT-II 

composite score in a similar approach to the development of the WAOMT Composite score.  

Graded Response Modelling (GRM) 

IRT was used to generate a composite score of CVLT-II performance for each 

participant. IRT is used to estimate scale parameters including discrimination and difficulty 

thresholds, test information, reliability, and measurement error across the entire spectrum of 

ability levels. As with the WAOMT, the assumption of local independence is likely to be 

violated within the CVLT-II trials of verbal memory and learning due to serial positioning 

effects (Murdoch et al., 1962). For these reasons, GRM was also used (Samejima, 1969, 

1997). 

Statistical Analysis and Results 

Statistical analyses were conducted using R version 4.0.3 using Multidimensional 

Item Response Theory ‘Mirt’ package (Chalmers, 2012). 

Participant Demographic Information  

Participant characteristics for the CVLT-II sample (N = 267) ranged from 39 to 90 

years (M = 68.36, SD = 8.37), with 114 men (42.7%) and 154 women (57.3%). Education 

ranged between 7 to 20 years (M = 13.90, SD = 2.64) with the majority completing high 

school. Global cognition scores ranged from 12 to 30 (M = 26.46, SD = 2.92) on the 

Montreal Cognitive Assessment (Nasreddine et al., 2005). Mean CVLT-II performance for 

the total sample are presented in Table 1.   
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Table 1. 

Mean Performance on CVLT-II Variables (N = 267) 

CVLT-II M (SD) 

Learning Trial 1 5.31 (1.78) 

Learning Trial 2 8.28 (2.56) 

Learning Trial 3 10.01 (2.73) 

Learning Trial 4 11.05 (2.86) 

Learning Trial 5 11.65 (2.72) 

Short-Delay Free Recall 9.86 (3.60) 

Short-Delay Cued Recall 11.21 (3.03) 

Long-Delay Free Recall 10.44 (3.69) 

Long-Delay Cued Recall 11.15 (3.22) 

Recognition Hits 14.48 (1.62) 

False Positives -.22 (.97) 

Recognition Discrimination Index 2.56 (.92) 

Note. SD = Standard deviation, CVLT-II = The California Verbal Learning  

Test – Second Edition. 

 

Graded Response Model (GRM) 

The assumption of unidimensionality was assessed using modified parallel analysis 

(Drasgow & Lissak, 1983), and was met across all components of the CVLT-II, with 

eigenvalues less than 2.00 (all ps >.10). Some re-scaling was necessary to deal with sparse 

cells (response frequencies of < 5 per cell). Specific re-coding of responses is described in 
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the Appendix D. Thresholds (difficulty estimates) and discrimination parameter estimates 

(item-slopes) for the GRM analyses are displayed in Table 2.  

Ranges of threshold values display greater variation in responses for short and long-

delay free recall compared to other CVLT-II indices, with individuals with average verbal 

episodic memory scoring approximately 9 out of 16 in these trials. Performance on long-

delay free and cued recall displayed the highest discrimination parameter (5.78 and 5.72 

respectively) compared to other components, indicating greater ability to distinguish between 

low and high verbal memory abilities. Standard error of measurement for CVLT-II indices 

were relatively small (SE <.30), indicating good measurement precision and factor loadings 

for the underlying trait (Embretson & Reise, 2000). However, some parameters displayed 

larger SEs, for example the largest error margin was observed for long-delay free (SE = .52) 

and cued recall discrimination parameter (SE = .53). As the 95% confidence interval for 

long-delay free and cued recall discrimination parameter ranged between 4.76 and 6.80, and 

between 4.46 and 6.76 respectively, even the highest score variation yields acceptable 

parameter estimates (assuming no contribution would yield a score of 0 and these higher 

values clearly exceed that criterion). As SE values are proportionate to parameter estimates, 

this indicates overall good measurement precision in the CVLT-II sample. 
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Table 2.  

CVLT-II Thresholds and Discrimination Coefficients (Standard Error of Measurement) for Graded Response Model Ranking  

Threshold Trial 1 Trial 2 Trial 3 Trial 4 Trial 5 SDFR SDCR LDFR LDCR Hits 

1 -3.26 (.42) -2.74 (.26) -2.74 (.27) -2.32 (.21) -2.50 (.23) -2.36 (.19) -2.31 (.18) -2.18 (.17) -2.04 (.15) -3.49 (.47) 

2 -1.84 (.24) -2.15 (.21) -2.26 (.20) -1.87 (.17) -2.14 (.19) -1.92 (.14) -1.94 (.14) -1.53 (.12) -1.81 (.13) -2.64 (.32) 

3 -.69 (.15) -1.39 (.15) -1.68 (.15) -1.41 (.13) -1.67 (.15) -1.54 (.12) -1.60 (.12) -1.29 (.10) -1.46 (.11) -1.89 (.23) 

4 .34 (.14) -.90 (.12) -1.09 (.12) -.96 (.11) -1.32 (.13) -1.23 (.11) -.11 (.10) -1.08 (.09) -1.10 (.10) -1.16 (.16) 

5 1.18 (.18) -.30 (.10) -.62 (.10) -.59 (.10) -.98 (.11) -1.05 (.10) -.92 (.09) -.85 (.09) -.82 (.09) -.30 (.12) 

6 1.96 (.26) .10 (.10) -.19 (.09) -.29 (.09) -.63 (.10) -.79 (.09) -.63 (.08) -.58 (.08) -.57 (.08) .66 (.14) 

7 3.19 (.42) .69 (.11) .26 (.09) .09 (.09) -.06 (.09) -.51 (.08) -.29 (.08) -.31 (.08) -.24 (.08)  

8  1.08 (.13) .62 (.10) .53 (.09) .37 (.09) -.20 (.08) .06 (.08) -.06 (.08) .08 (.08)  

9  1.63 (.16) 1.12 (.12) .90 (.11) .68 (.10) .17 (.08) .30 (.08) .22 (.08) .28 (.08)  

10  2.14 (.21) 1.57 (.15) 1.48 (.14) 1.10 (.11) .47 (.08) .67 (.08) .44 (.08) .68 (.08)  

11  2.67 (.29) 1.90 (.18) 2.11 (.20) 1.85 (.17) .72 (.09) 1.17 (.10) .75 (.08) 1.01 (.09)  

12   2.54 (.27)   1.03 (.10) 1.65 (.13) 1.07 (.09) 1.44 (.11)  

13      1.34 (.11)  1.52 (.12)   

14      1.99 (.17)     
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α 1.52 (.14) 1.94 (.18) 2.32 (.20) 2.57 (.22) 2.71 (.23) 4.42 (.37) 4.92 (.42) 5.78 (.52) 5.72 (.53) 1.37 (.16) 

 Note. N = 267, CVLT-II = The California Verbal Learning Test – Second Edition, SDFR = Short-delay free recall, SDCR = Short-delay cued recall, LDFR = 

Long-delay free recall, LDCR = Long-delay cued recall, Hits = Recognition hits, α = discrimination parameter.
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Total test information for the CVLT-II was 197.21. The term ‘information’ demonstrates 

how accurately a variable represents the underlying trait (McGrory et al., 2014). Upon visual 

inspection of the test information curve and reliability curve (see Figure 1), the CVLT-II was 

most informative and reliable with the highest measurement precision for verbal episodic 

memory ability levels between -2.00 to +2.00 z-scores (Information area = 157.77, SE = .16, r = 

.95). CVLT-II reliability was slightly lower, however within acceptable levels for those with 

ability levels at -3.00 z-scores (Information = 7.50, SE = .37, r = .87). However, measurement 

information, precision and reliability reduced significantly at -4.00 z-scores (Information = 1.52, 

SE = .81, r = .34). Likewise, CVLT-II information, precision and reliability trailed off for those 

with verbal episodic memory ability levels at +3.00 z-scores (Information = 3.50, SE = .53, r = 

.72).  
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Figure 1. 

Test Information (Top) and Reliability Curve (Bottom) for CVLT-II Performance 

 

 

 

 

 

 

 

 

Note. Test information curve (TIC; top) for the California Verbal Learning Test – Second edition 

(CVLT-II; Delis et al., 2000) with test information (solid line) and standard error of 

measurement (SE [θ]; broken line) against the ability continuum (θ; z-scores) based on the 

distribution of the CVLT-II development sample. Test information (left vertical axis) measured 

in a squared metric corresponds to the precision of the test, shown as a function of SE (right 

vertical axis). Reliability plot (bottom) demonstrates the highest reliability (rxx [θ]) between 
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approximately -2.00 to +2.00 z-scores (θ). TIC and reliability curve displays a slight positive 

skew. 

CVLT-II Composite Score 

The GRM was used to generate a CVLT-II composite score using the expected a-

posteriori method, which represents an individual’s estimated latent verbal memory ability. Upon 

visual inspection of composite score distributions, the majority of responses fell within -.50 to 

+1.00 z-scores (see Figure 2 for histogram of CVLT-II response distributions). Ability levels 

ranged from -2.91 to +2.55 z-scores in the sample, with excellent marginal reliability (r = .97) 

and precision (mean SE = .16). The CVLT-II composite score was significantly yet moderately 

associated with the WAOMT composite score (r = .43, p <.001).  

 

Figure 2.  

Histogram of the CVLT-II Composite Score Distributions 

 

 

Note. Histogram of the California Verbal Learning Test – Second edition (CVLT-II) composite 

score distributions in the current sample (N = 267). 
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Summary and Conclusion 

The aim of the analyses reported in this chapter was to develop a composite score for the 

CVLT-II using graded response IRT methods, analogous to that developed for the WAOMT in 

Chapter 2. This approach resulted in a CVLT-II composite score with the highest reliability 

properties and precision estimates for those with verbal episodic memory abilities ranging within 

-2.00 to +2.00 z-scores. These results yielded similar scale and reliability parameters to the 

WAOMT, described in Chapter 2. However, the CVLT-II displayed a slight positive skew, and 

retained adequate reliability for those with ability levels at +3.00 z-scores, which trailed off 

significantly for those with ability levels at + 4.00 z-scores.  

The CVLT-II composite score will be used in the following empirical studies to examine 

the unique relationship between OEM, glucose metabolism, and daily functioning. The practical 

utility for developing the CVLT-II composite score is to directly compare the WAOMT 

composite scores as a predictor of change in 18F-FDG PET SUVR and functional decline in 

Chapters 4 and 5 (respectively), unique to variance explained from verbal episodic memory.
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Chapter Four: Regional Glucose Metabolism and Olfactory Episodic Memory 

Abstract 

Objective: This chapter examined the longitudinal relationship between olfactory 

episodic memory (OEM) and reductions in regional glucose metabolism uptake, measured by 

[18F]-fluoro2-deoxyglucose positron emission tomography, standardised uptake value ratios (18F-

FDG PET SUVR), after 18-months.  

Method: A sample of 189 participants drawn from the longitudinal Western Australia 

Memory Study completed cognitive testing at baseline. From this sample, 110 participants 

completed 18F-FDG PET scans at baseline, and 60 returned for follow-up scans at 18 months (± 

3 months). To examine the relationship between OEM and glucose metabolism change unique to 

general episodic memory, performance on verbal episodic memory was controlled for in the 

regression analyses. Regions of interest includes the pre-frontal cortex (PFC) as the primary site 

for higher-order olfactory processing. It was predicted that performance on the WAOMT 

composite score, long-delay free recall and recognition discrimination index (d’) would predict 

longitudinal reductions in 18F-FDG PET SUVR in the PFC, controlling for verbal episodic 

memory. Exploratory analyses examined the relationship with OEM and the medial temporal 

lobe (MTL), and the neocortex. 

Results: The WAOMT composite score and long-delay free recall emerged as significant 

predictors of reductions in 18F-FDG PET SUVR in the PFC, therefore supporting initial 

hypotheses. In contrast, d’ did not predict reductions in 18F-FDG PET SUVR. Exploratory 

analyses revealed differential patterns of associations with WAOMT indices and MTL and 

neocortical regions. 
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Conclusion: Tests of OEM could serve as potential probes to predict future alterations in 

neuronal activity as a proxy for dementia neuropathology. 
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Introduction 

Olfactory episodic memory (OEM) refers to the ability to accurately identify, encode, 

learn and store perceptual characteristics, and finally retrieve an odour after a delay (Murphy et 

al., 1997). Deficits in odour identification (utilising semantic memory) and threshold detection 

are known to predict clinical conversion from mild cognitive impairment (MCI) to Alzheimer’s 

disease (AD; Conti et al., 2013), and cortical volume atrophy in older adults (Dintica et al., 

2019). As OEM involves multi-level processing of episodic and semantic information, such 

tasks could be more sensitive to the effects of aging and dementia (Murphy et al., 1997).  

 Episodic memory is the long-term memory system allowing one to consciously retrieve 

previously learnt information (Tulving, 1972). The formation of new memories relies heavily on 

the medial temporal lobe (MTL), comprised of a network of regions including the amygdala, 

hippocampus, parahippocampal, perirhinal and entorhinal cortices (Gallagher & Koh, 2011). 

Additionally, the pre-frontal cortex (PFC), comprised of the dorsolateral and ventrolateral 

prefrontal, orbitofrontal cortices, and gyrus rectus, has been implicated for top-down strategic 

control for learning and retrieval processes (Eichenbaum, 2017). Interconnections between the 

MTL and PFC operate as a system to guide the contextual retrieval of information at different 

stages of memory processing (Eichenbaum, 2017).  

Performance on episodic memory is thought to be inter-dependent on semantic memory 

which can aid in the retrieval of information by enriching episodic memory experiences (Prince 

et al., 2007). Semantic memory refers to the knowledge of facts which are thought to decay later 

in the course of AD, and share similar neural networks with episodic memory, including the 

medial temporal lobes, hippocampal and parahippocampal regions (Yoshii et al., 2019). 

However, higher cortical functions located in the neocortex are also recruited for sensory and 
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cognitive integration, and for conscious processing required for memory tasks (Luria, 1980; 

Luria, 2012, Moscovitch et al., 2016).  

Typically examined through verbal modalities, declines in episodic memory are one of 

the first domains impacted by AD pathology (Weintraub et al., 2012). Deficits in episodic 

memory performance is known to predict progression from normal aging to MCI and AD, 

characterised by significant reductions in hippocampal and entorhinal grey matter volumes (De 

Leon et al., 2001; Hirni et al., 2013). OEM involves the detection and identification of odours, 

generation of appropriate odour labels for encoding, storage of perceptual and semantic 

properties, odour-name recall and recognition after a delay (Murphy et al., 1997). Similarities 

exist between OEM and other episodic memory modalities, such as improvement in memory 

performance with perceptual dissimilarity, greater perceived familiarity, and 

pleasant/unpleasantness of stimuli (Cornell Kärnekull et al., 2015; Larsson, 1997). For example, 

strongly rated unpleasant or pleasant visual and verbal stimuli are recalled at higher rates than 

neutral stimuli, suggesting that emotional valence can influence encoding and recall of 

information (Dolcos & Cabeza, 2002; Chapman et al., 2013; Buchanan & Tranel, 2008). 

However, unique characteristics such as low acquisition rates, difficulties naming odours, and 

non-significant associations with education level, indicate that OEM is separable from verbal 

and even visual episodic memory systems (Larsson et al., 2016; Larsson & Bäckman, 1997). 

The neuroanatomical pathways of olfaction reflect this distinction. 

Unique to other senses, principal neurons from the olfactory bulb bypass the thalamus 

and project to the primary olfactory cortex including the anterior olfactory nucleus, olfactory 

tubercle, piriform cortex, amygdala and entorhinal cortex (Saive et al., 2014; Zhou et al., 2021). 

From these structures, information is conveyed to the hippocampus involved in memory and 
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emotional processing (Zhou et al., 2021). Monosynaptic connections from the primary olfactory 

cortex project to secondary olfactory cortices for further processing, which include the 

orbitofrontal cortex in the PFC, and inputs into the thalamus and hypothalamus (Kondo et al., 

2020; Mouly & Sullivan, 2009).  

The orbitofrontal cortex is the primary neocortical region for higher-level processing 

required in recognition and retrieval of olfactory information, and for multi-sensory integration 

such as linking odour perceptions to their names in odour identification (Merrick et al., 2014; 

Olofsson et al., 2014). Recent rodent studies by Wang et al. (2020) suggest that odour identity 

representations from the primary piriform cortex are strengthened via inputs to the orbitofrontal 

cortex, where initial odour associations are updated. Information is then conveyed to the medial 

PFC for consolidation and remodelling of learnt olfactory information (Wang et al., 2020). 

Research by Dade et al. (1998) using regional cerebral blood flow imaging found significant 

PFC activations during odour encoding, and right orbitofrontal cortex activation during long-

term odour recognition (post 6-days). Right-hemispheric dominance was also reported in lesion 

studies, with impairments in odour recognition following excision from right temporal or right 

orbitofrontal cortex compared to left-sided lesions (Jones-Gotman & Zatorre, 1993). 

Furthermore, reviews by Saive et al. (2014) highlight the importance of prefrontal and posterior-

parietal regions in odour memory.   

Brain glucose metabolism, measured by techniques such as [18F]-fluoro2-deoxyglucose 

positron emission tomography (18F-FDG PET), is seen as a proxy for synaptic functioning and 

density in selected regions (Crosson et al., 2010). Hypometabolism is non-specific to AD 

pathology, and has been associated with other neurodegenerative conditions (Mosconi, 2005). 

However, there is growing evidence that reductions in cerebral glucose metabolism, as measured 
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by 18F-FDG PET standardised uptake value ratios (18F-FDG PET SUVR) is one of the strongest 

predictive biomarkers for future cognitive decline and conversion to AD (Connolly et al., 2019; 

Landau et al., 2011; Ottoy et al., 2019). Previous studies found that AD patients display patterns 

of bilateral 18F-FDG PET SUVR reductions in the hippocampus, posterior cingulate, inferior 

parietal and frontal cortices (Drzezga et al., 2003; Minoshima et al., 1994; Mosconi, 2005; 

Mosconi et al., 2008). In contrast, more specific hypometabolism patterns in the hippocampus 

and parietal cortices are seen in MCI groups (Drzezga et al., 2003; Nestor et al., 2003). 

Importantly, de De Leon and colleagues (2001) found that declines in 18F-FDG PET SUVR in 

the entorhinal cortex at baseline was the strongest predictor of clinical progression from MCI to 

AD across three years. While reduction of 18F-FDG PET SUVR in the entorhinal cortex is a 

common feature of AD (Mosconi et al., 2004; Samuraki et al., 2007), there is scant literature 

examining longitudinal glucose metabolic changes in the entorhinal cortex in clinically healthy 

older adults. Gardener and colleagues (2016) found that immediate verbal memory was 

positively associated with 18F-FDG PET SUVR in the left hippocampus and right amygdala. 

However, their results revealed no associations between delayed verbal recall or visual memory, 

even when stratified into subjective memory complainers. While there is potential for objective 

memory tests to predict longitudinal reductions in 18F-FDG PET SUVR, this relationship 

remains unclear, possibly due to difficulties developing sensitive behavioural measures to detect 

minor metabolic changes over time.  

Global performance on tasks which integrate olfactory processing and episodic memory, 

such as OEM, may be associated with reductions in glucose metabolism in the PFC. As olfactory 

processing is known to occur in the PFC, specifically in the orbitofrontal cortex, prior to further 

processing in the MTL (Merrick et al., 2014), it is likely that subtle changes in 18F-FDG PET 
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SUVR can be detected in these pre-frontal regions in more healthy aging older adults. 

Furthermore, performance on delayed free recall and recognition discrimination index (d’) are 

frequently used as indicators of age-related cognitive decline due to vulnerability to early AD 

pathology (Prado et al., 2019). Therefore, delayed recall and d’ of olfactory information could 

also be potentially sensitive to subtle reductions in glucose metabolism. 

The present study aims to examine the unique relationship between baseline performance 

on a newly developed test of OEM, the Western Australian Olfactory Memory Test (WAOMT) 

and bilateral regional glucose metabolism, as measured by 18F-FDG PET SUVR, after 18-months 

in a sample of cognitively healthy older adults. In order to determine the unique contributions of 

OEM to reductions in glucose metabolism we will control for verbal episodic memory, a 

contributor to more general episodic memory, when assessing the relationships between OEM 

and regions of interest (RoIs).  

It is, initially, hypothesised (H1) that the WAOMT composite score will predict 

longitudinal reductions of 18F-FDG PET SUVR, in the PFC. Secondly, it is hypothesised (H2) 

that specific sub-components of the WAOMT, long-delay free recall (LDFR) and d’, will predict 

reductions of 18F-FDG PET SUVR in the PFC over 18 months. Finally, olfactory and episodic 

memory share inputs into MTL, and require higher-order cognitions which are subserved by 

neocortical processing. Therefore, exploratory analyses will also be conducted to examine 

whether OEM is associated with unique reductions in 18F-FDG PET SUVR in the MTL and the 

neocortex.  
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Methods  

Study design  

The current sample consisted of 241 community-dwelling older adults drawn from the 

Western Australia Memory Study (WAMS), an ongoing longitudinal study investigating 

molecular and neuropsychological predictors of age-related cognitive decline. Participants 

provided informed consent to undergo an 18F-FDG PET scan and neuropsychological assessment 

at the Australian Alzheimer’s Research Foundation, located at the Ralph & Patricia Sarich 

Neuroscience Research Institute, Perth Western Australia. Assessors were trained by research 

staff in the neuropsychological batteries and assessed for competency by endorsed 

neuropsychologists. The cognitive profiles of participants were closely examined and 

recruitment decisions finalized by the study clinicians prior to study enrolment. The study was 

approved by the Human Ethics Research Committees of the University of Western Australia, 

Edith Cowan University, and Ramsay Health Care WA|SA Human Research Ethics Committee 

(previously, Hollywood Private Hospital Research Ethics Committee) evaluated according to 

guidelines for human research of the National Health and Medical Research Council of 

Australia.  

Participants 

Participants were excluded from the study if they self-reported a history or diagnosis of 

severe neurological or psychiatric disorders affecting cognitive functions, stroke or 

schizophrenia (n = 14, 6.06%) under the age of 50 (n = 5, 2.07%) and self-reported or displayed 

anosmia [as defined by a score of lower than 4 out of 9 (e.g., below chance level on the 

McCusker Smell Identification Test, an independent odour identification test included in the 

WAMS assessment battery), n = 10, 3.56%]. Using the cut-off score proposed by a study of 



 CHAPTER FOUR  159 

community representative cohort (Rossetti et al., 2011), those who scored 23 and below on the 

Montreal Cognitive Assessment (MoCA; Nasreddine et al., 2005) were also excluded to screen 

for possible MCI (n = 23, 12.03%). Data screening revealed a final sample of 189 participants 

from the complete WAMS participant pool used in Chapter 2. From this final sample, 110 

completed 18F-FDG PET scans at baseline, 60 participants returned for 18F-FDG PET scans at 18 

months (± 3 months).  

Procedure 

18F-FDG PET imaging for this study was conducted according to the method previously 

described in Rimajova et al. (2008). 18F-FDG PET was conducted at baseline and 18 months 

follow-up. It was performed using standard brain imaging protocols on a Philips Allegro PET 

camera. Participants fasted for a minimum of 6 hours prior to tracer administration. 

Subsequently, approximately 185 megabecquerel (MBq; 5–7 MBq/kg) FDG was administered 

via a peripheral intravenous cannula while the subjects rested in a quiet room. Participants were 

scanned 30 minutes after administering the tracer, and dynamic images were acquired 

approximately 30 to 60 minutes post-injection. Images were analysed using CapAIBL (Bourgeat 

et al., 2015; Zhou et al., 2014); [Available at https://milxcloud.csiro.au/tools/capaibl]). The 18F-

FDG PET retention was quantified by the standardised uptake value ratios (SUVRs), which 

represents tracer uptake in a specific region divided by the average uptake in the cerebellum 

cortex. CapAIBL provides regional quantifications of 18F-FDG scans based on the AAL atlas. 

Neocortical retention was estimated using a composite region of frontal (dorsolateral, 

ventrolateral and orbitofrontal), parietal superior parietal and precuneus, lateral temporal 

(superior, middle and inferior), lateral occipital lobe (lateral temporal and temporo-occipital), 

gyrus supramarginal, gyrus angularis and anterior and posterior cingulate. The PFC RoI include 
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the dorsolateral and ventrolateral prefrontal, orbitofrontal cortices, and gyrus rectus (Rolls et al., 

2020). The MTL RoI was composed of the temporal and entorhinal cortices, the amygdala, the 

parahippocampal gyrus, the hippocampus, and the fusiform gyrus (Rolls et al., 2020). Bilateral 

composite scores for PFC, MTL and neocortical regions were generated by summing and 

averaging 18F-FDG PET SUVR from the left and right hemispheres.  

Cognitive testing was completed within approximately 4 hours. Participants were asked 

to refrain from eating or drinking (except water), and wearing perfume during the WAOMT 

administration, and were blindfolded to reduce visual distractions. The WAOMT was 

administered at baseline only. 

Materials 

Olfactory Episodic Memory 

The WAOMT was designed to measure OEM, comprised of three learning trials of 9 

target odours, one distractor trial of 9 different odours, followed by an immediate free/cued delay 

and long delay free/cued recall after 20 minutes, and finally a Yes/No recognition trial. The 

WAOMT composite score (which comprised of all WAOMT components) demonstrated 

excellent reliability and measurement precision for OEM ability levels between -2.00 to +2.00 z-

scores (r = .97, SE = .18). See Chapter 2 for WAOMT administration methods, and detailed 

description of the composite score development using graded response item response theory 

(IRT) modelling.   

Verbal Episodic Memory 

The California Verbal Learning Test – Second Edition. (CVLT-II; Delis et al., 2000) is a 

word-list learning test commonly used to assess verbal learning and episodic memory. The 

CVLT-II is comprised of five 16-item learning trials, followed by a distraction trial, short-delay 
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free and cued recall, long-delayed free and cued recall and a Yes/No Recognition trial. Using 

graded response IRT methods, a CVLT-II composite score displayed excellent reliability and 

measurement precision for ability levels between -2.00 to +2.00 z-scores (r = .97, SE = .16; for 

more detail see Chapter 3).  

Statistical Analysis 

Statistical analyses were conducted using IBM SPSS Statistics 25 package, and statistical 

significance was determined by an alpha level of .05 for all analyses, unless otherwise specified. 

Demographic covariates were chosen a priori based on previous literature finding significant 

variations in 18F-FDG PET SUVR across age and sex (see Malpetti et al., 2017). See Table 2 for 

descriptive information for cognitive variables and 18F-FDG PET SUVR in RoIs.  

Regression Model 1 (H1) 

It was initially hypothesised (H1) that the WAOMT composite score would predict 

longitudinal reductions of 18F-FDG PET SUVR, in the PFC after 18-months. To examine the 

unique contribution of OEM to 18F-FDG PET SUVR over and above covariates and variance 

explained by general episodic memory, three steps were entered into the regression model. 

Performance on the WAOMT was entered last to examine the unique predictive variance in 18F-

FDG PET SUVR in the PFC.  

Step 1: Covariates of age, sex and baseline 18F-FDG PET SUVR  

Step 2: CVLT-II composite score as an index of verbal episodic memory 

Step 3: WAOMT composite score as index of OEM performance  
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Regression Model 2 (H2) 

It was hypothesised (H2) that sub-components of the WAOMT long-delay free recall 

(LDFR) and d’ will predict reductions of 18F-FDG PET SUVR in the regional PFC over 18 

months. To assess H2, analyses were conducted in two parts: 

H2a) The first regression model examined the relationship between WAOMT LDFR and 

18F-FDG PET SUVR in the PFC as in H1. Specifically, age, sex and baseline 18F-FDG PET 

SUVR were entered into Step 1. Performance on CVLT-II LDFR was included in Step 2, and 

finally the WAOMT LDFR was added in Step 3. 

 H2b) The second hierarchical regression examined the relationship between WAOMT d’ 

and 18F-FDG PET SUVR in the PFC. Similar to previous models, this relationship was examined 

first controlling for demographic variables and baseline 18F-FDG PET SUVR at Step 1. 

Performance on CVLT-II d’ was included in Step 2, and the WAOMT d’ was included in Step 3 

to examine the unique predictive variance over and above that accounted for by verbal episodic 

memory and the covariates.  

Exploratory Analyses 

Regression Model 3: MTL SUVR 

Separate exploratory analyses were conducted to examine the unique contribution of the 

WAOMT on longitudinal reductions in 18F-FDG PET SUVR in the MTL. To examine the unique 

predictive variance of OEM (for the WAOMT composite score as well as the LDFR and d’ 

scores) controlling for covariates, a similar model to that described above was used, with age, 

sex and baseline 18F-FDG PET SUVR entered in Step 1, CVLT-II scores in Step 2, and finally 

WAOMT scores added in Step 3. 
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Regression Model 4: Neocortical SUVR 

While not a formally tested hypothesis, exploratory analyses were conducted to examine 

the relationship between OEM, and reductions in 18F-FDG PET SUVR in neocortical regions 

associated with higher-order cognitive processing. To examine the unique predictive variance of 

OEM (for the WAOMT composite score as well as the LDFR and d’ scores) controlling for 

covariates, a similar model as described above was used, with age, sex and baseline 18F-FDG 

PET SUVR entered in Step 1, CVLT-II scores in Step 2, and finally WAOMT scores added in 

Step 3. 

Results 

Descriptive Statistics 

Participant Demographic Information  

The final sample of 189 participants were aged between 50 and 91 years with mean age 

69.15 (SD = 7.04). The sample comprised of 51 males (26.8%) and 139 females (73.2%). See 

Table 1 for participant demographic information. The average education level was relatively 

high (M = 14.07, SD = 2.54) ranging from 7 to 20 years, with the majority of participants 

completing high school. See Table 1 for participant demographic information.  
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Table 1.  

Participant Demographic Information  

 

 

 

 

 

 

 

Cognitive and 18F-FDG PET SUVR Measures 

Paired t-tests were conducted for participants who completed scans at Time 1 and Time 

2.  18F-FDG PET SUVR did not change significantly across baseline and 18-month follow-up for 

bilateral neocortical regions (p = .239), PFC (p = .064) or MTL regions (p = .575). See Table 2 

for mean cognition (baseline only) and 18F-FDG PET SUVR (baseline and 18-month follow-up). 

59 participants (53.6%) from the total sample at Time 1 did not return for scans at Time 2.  

 

 

 

 

 

 

 

 Range Mean (SD) 

Age 50 – 91 69.15 (7.04) 

Education 7 – 20 14.07 (2.54) 

Sex Frequency Percentage 

Female 139 73.2% 

Male 51 26.8% 
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Table 2.  

Mean and Standard Deviation (SD) of Cognitive Variables, and 18F-FDG SUVR Sampled in 

Neocortical Regions, Bilateral Prefrontal Cortex and Medial Temporal Lobe 

Cognitive Variables Range Mean (SD) 

Montreal Cognitive Assessment 24 - 30 27.31 (1.86) 

WAOMT   

Composite score -2.13 - 2.17 .11 (.90) 

Long-delay free recall 0 - 8 3.84 (1.58) 

Recognition discrimination index -4.85 - 2.84 .10 (1.49) 

CVLT-II   

Composite score -2.21 - 2.48 .17 (.84) 

Long-delay free recall 0 – 16 11.01 (3.32) 

Recognition discrimination index -.10 - 4.00 2.65 (.91) 

Neural Regions Baseline Mean SUVR 

(SD) 

18-Month Follow-up Mean 

SUVR  (SD) 

Neocortical  1.04 (.07) 1.03 (.06) 

Prefrontal Cortex  1.07 (.08) 1.06 (.07) 

Medial Temporal Lobe  .80 (.06) .79 (.05) 

Note. WAOMT = Western Australia Olfactory Memory Test, CVLT-II = California Verbal 

Memory Test – Second Edition, 18F-FDG PET SUVR = [18F]-fluoro2-deoxyglucose positron 

emission tomography standardised uptake value ratios 
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Multivariate Longitudinal Analyses  

H1: WAOMT Composite Predicting 18F-FDG PET SUVR in the PFC 

A hierarchical regression was conducted to examine if the WAOMT composite score was 

associated with 18F-FDG PET SUVR sampled in the PFC (see Table 3 for regression results)  

See footnote for results detailing the inclusion of odour identification, using the McCusker Smell 

Identification Test (McSIT) as a covariate in the hierarchical regression model examining 

WAOMT performance on 18F-FDG PET SUVR in the PFC4. The inclusion of demographics and 

baseline 18F-FDG PET SUVR were significant at Step 1, and explained 74.1% of the variance 

[F(3,54) = 55.42, p <.001] with baseline 18F-FDG PET SUVR as the only significant predictor (β 

= .85, p <.001). The addition of the CVLT-II composite score at Step 2 did not significantly 

contribute to the model (ΔR2 <.01, F change = .50, p = .484, 95% CI [-.01, .02]). However, the 

addition of the WAOMT composite score at Step 3 contributed to approximately 2% of unique 

variance in 18F-FDG PET SUVR reductions in the PFC at Step 3 (ΔR2 = .02, F change = 4.36, β 

= .16, p = .042) See footnote for the exploratory hierarchical analyses examining the association 

 

4 Three exploratory hierarchical regressions were conducted to examine if the WAOMT 

predicted 18F-FDG PET SUVR in the PFC over and above smell identification. The addition of 

the McSIT at Step 1 did not significantly contribute to the model [F (1,57)= 1.07, p = .304]), nor 

did this affect the significant contribution of the WAOMT composite score in Step 2, explaining 

7% of unique variance in 18F-FDG PET SUVR in the PFC (ΔR2 = .07, F change = 4.20, β = .27, 

p = .020, 95% CI [<.001, .02]). In a separate exploratory hierarchical regression, the addition of 

the McSIT at Step 1 did not significantly affect the contribution of the WAOMT long-delay free 

recall (Step 2) which explained approximately 6% of unique variance in the PFC (ΔR2 = .06, F 

change = 4.46, β = .24, p = .034, 95% CI [<.001, .02]).The addition of the McSIT also did not 

alter the significance of the WAOMT d’, which failed to contribute to the model (ΔR2 = .03, F 

change = 1.64, p =.205, 95% CI [<-.01, .02]). 
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between WAOMT performance with 18F-FDG PET SUVR sampled in the PFC, with education 

as a covariate5. 

H2: Retrieval Indices Predicting 18F-FDG PET SUVR in the PFC  

To assess whether recall (H2a) and recognition (H2b) components of the WAOMT 

significantly predicted 18F-FDG PET SUVR in the PFC, unique to covariates and verbal episodic 

memory, two separate analyses were conducted (see Table 3 for results).  

H2a: For the model examining LDFR WAOMT, the inclusion of LDFR from the CVLT-

II at Step 2 did not contribute to 18F-FDG PET SUVR in the PFC (ΔR2 <.001, F change <.01, p 

=. 961, 95% CI [<-.01, <.01]), but the inclusion of the WAOMT LDFR explained approximately 

3% of 18F-FDG PET SUVR reductions at Step 3 (ΔR2 =.30, F change = 7.19, β = .19, p =.010)  

H2b: For the model examining the relationship between d’ and 18F-FDG PET SUVR in 

the PFC, neither the CVLT-II d’ at Step 2 (ΔR2 <.01, F change = .56, p =.459, 95% CI [-.01, 

.02]), nor d’ from the WAOMT contributed to variance in the model (ΔR2 = .01, F change = 

3.07, p =.086, 95% CI [<-.01, .01]). 

 
5 Three exploratory hierarchical regressions were conducted to examine if the WAOMT 

predicted 18F-FDG PET SUVR in the PFC, controlling for the effects of years of education. The 

addition of education at Step 1 did not contribute to 18F-FDG PET SUVR in the PFC [F(1,57) = 

1.71, p =.196], nor did it change the statistical significance of the WAOMT composite score 

included in Step 2, which explained approximately 9% of 18F-FDG PET SUVR in the PFC (ΔR2 

=.09, F change = 5.53, β = .30, p =.022). Similarly in a separate hierarchical regression, the 

inclusion of education at Step 1 did not change the statistical significance of the addition of 

WAOMT LDFR included in Step 2, which explained approximately 7% of 18F-FDG PET SUVR 

in the PFC (ΔR2 =.07, F change = 4.53, β = .27, p =.038). In the final hierarchical regression, the 

addition of education at Step 1 also did not change the results of WAOMT d’ entered in Step 3, 

as this inclusion failed to contribute to the model (ΔR2 = .03, F change = 1.87, p =.177, 95% CI 

[<-.01, .02]).  
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Table 3. 

Hierarchical Regression of WAOMT Composite Score (CS), Long-delay Free Recall (LDFR) and 

Recognition Discrimination Index (d’) Predicting Follow-up Bilateral 18F-FDG PET SUVR in 

the Pre-Frontal Cortex (PFC) 

Outcome:  

PFC 

Adj. 

R2 

F ΔR2 ΔF B 95% CI SE B β 

Step 1 .74 55.42***       

Constant     .39 .22, .57 .09  

Age     <-.01 <-.01, <.01 <.01 -.07 

Sex     <-.01 -.02, .02 .01 -.03 

T1. PFC     .68 .57, .79 .06 .85*** 

Step 2 .74 41.30 <.01 .50     

Constant     .39 .22, .56 .09  

Age     <-.01 <-.01, <.01 <.01 -.06 

Sex     <-.01 -.03, .01 .01 -.04 

T1. PFC     .68 .57, .79 .06 .85*** 

CVLT-II CS     <.01 -.01, .02 .01 .05 

Step 3 .75 36.01 .02 4.36*     

Constant     .41 .24, .58 .09  

Age     <-.01 <-.01, <.01 <.01 -.05 

Sex     <-.01 -.03, .01 .01 -.09 

T1. PFC     .66 .57, .77 .06 .82*** 

CVLT-II CS     <.01 -.01, .02 .01 .05 
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WAOMT CS     .01 <.001, .02 .01 .16* 

Outcome: 

PFC 

Adj. 

R2 

F ΔR2 ΔF B 95% CI SE B β 

Step 1 .74 55.42***       

Constant     .39 .22, .57 .09  

Age     <-.01 <-.01, <.01 <.01 -.07 

Sex     <-.01 -.02, .02 .01 -.03 

T1. PFC     .68 .57, .79 .06 .85*** 

Step 2 .74 40.79 <.001 <.01     

Constant     .39 .22, .57 .09  

Age     <-.01 <-.01, <.01 <.01 -.07 

Sex     <-.01 -.02, .02 .01 -.03 

T1. PFC     .68 .57, .79 .06 .85*** 

CVLT-II 

LDFR 

    <.001 <-.01, <.01 <.01 <-.01 

Step 3 .76 37.88 .03 7.19*     

Constant     .39 .23, .56 .08  

Age     <-.01 <-.01, <.01 <.01 -.07 

Sex     <-.01 -.03, .01 .01 -.08 

T1. PFC     .67 .56, .77 .05 .83*** 

CVLT-II 

LDFR 

    <.001 <-.01, <.01 <.01 -.06 
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WAOMT 

LDFR 

    .01 <.01, .01 <.01 .19* 

Outcome: 

PFC 

Adj. 

R2 

F ΔR2 ΔF B 95% CI SE B β 

Step 1 .74 55.42***       

Constant     .39 .22, .57 .09  

Age     <-.01 <-.01, <.01 <.01 -.07 

Sex     <-.01 -.02, .02 .01 -.03 

T1. PFC     .68 .57, .79 .06 .85*** 

Step 2 .74 41.36 <.01 .56     

Constant     .39 .21, .56 .09  

Age     <-.01 <-.01, <.01 <.01 -.07 

Sex     -.01 -.03, .01 .01 -.04 

T1. PFC     .67 .56, .79 .06 .84*** 

CVLT-II d’     <.01 -.01, .02  .01 .05 

Step 3 .75 34.99 .01 3.07     

Constant     .40 .23, .57 .09  

Age     <-.01 <-.01, <.01 <.01 -.07 

Sex     <.01 -.03, .01 .01 -.06 

T1. PFC     .67 .56, .78 .06 .83*** 

CVLT-II d’     <.01 -.01, .02  .01 .04 

WAOMT d’     .01 <-.01, .01 <.01 .12 
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Note. ***=p <.001, *= p<.05, WAOMT = Western Australia Olfactory Memory Test, CVLT-II 

= California Verbal Memory Test – Second Edition, 18F-FDG SUVR = [18F]-fluoro2-

deoxyglucose positron emission tomography standardised uptake value ratios. T1 = Baseline. 

 

Exploratory Analyses 

Medial Temporal Lobe (MTL)  

To examine the unique contribution of OEM to 18F-FDG PET SUVR in the MTL, three 

separate regression models were conducted (see Table 4 for results). In the first model examining 

the contribution of the WAOMT composite score, the inclusion of covariates were significant at 

Step 1, and explained 75% of the variance [F(3,54) = 57.93, p <.001] with baseline 18F-FDG 

PET SUVR in the MTL as the only significant predictor (β = .86, p <.001). However, neither the 

CVLT-II composite score at Step 2 (ΔR2 <.001, F change = <.01, p =.977, 95% CI [<-.01, .01]) 

nor the inclusion of the WAOMT composite score at Step 3 (ΔR2 = .01, F change = 2.92, p 

=.094, 95% CI [<-.01, .02]) significantly contributed to the model.  

For the models examining retrieval components of the WAOMT, while the CVLT-II 

LDFR at Step 2 failed to contribute to the model (ΔR2 <.01, F change = .23, p = .631, 95% CI 

[<-.01, <.01]) the addition of LDFR WAOMT at Step 3 explained an additional 2% to 18F-FDG 

PET SUVR in the MTL (ΔR2 = .02, F change = 4.25, β = .15, p = .044). For the model 

examining d’, neither the addition of the CVLT-II d’ at Step 2, nor WAOMT d’ at Step 3 

contributed to variance in 18F-FDG PET SUVR in the MTL (p = .581 and p = .147 respectively).  
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Table 4.  

Hierarchical Regression of WAOMT Composite Score (CS), Long-delay Free Recall (LDFR) and 

Recognition Discrimination Index (d’) Predicting Follow-up Bilateral 18F-FDG PET SUVR in 

the Medial Temporal Lobe (MTL) 

Outcome: 

MTL 

Adj. R2 F ΔR2 ΔF B 95% CI SE B β 

Step 1 .75 57.93***       

Constant     .25 .11, .39 .07  

Age     <.001 <-.01, <.01 <.01 -.05 

Sex     <.01 -.02, .01 .01 -.03 

T1. MTL     .72 .60, .84 .06 .86*** 

Step 2 .75 42.64 <.001 <.01     

Constant     .25 .11, .39 .07  

Age     <.001 -<.01, <.01 <.01 -.05 

Sex     <-.01 -.02, .01 .01 -.03 

T1. MTL     .72 .60, .84 .06 .86*** 

CVLT-II CS     <.001 -.01, .01 .01 <.01 

Step 3 .75 35.93 .01 2.92     

Constant     .26 .12, .40 .07  

Age     <.001 <-.01, <.01 <.01 -.04 

Sex     -.01 -.02, .01 .01 -.07 

T1. MTL     .71 .59, .83 .06 .84*** 
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CVLT-II CS     <-.01 -.01, .01 <.01 -.05 

WAOMT CS     .01 <-.01, .02 <.01 .13 

Outcome: 

MTL 

Adj. R2 F ΔR2 ΔF B 95% CI SE B Β 

Step 1 .75 57.93***       

Constant     .25 .11, .39 .07  

Age     <.001 <-.01, <.01 <.01 -.05 

Sex     <-.01 -.02, .01 .01 -.03 

T1. MTL     .72 .60, .84 .06 .86*** 

Step 2 .75 42.89 <.01 .23     

Constant     .25 .11, .39 .07  

Age     <.001 <-.01, <.01 <.01 -.05 

Sex     <-.01 -.02, .01 .01 -.02 

T1. MTL     .73 .61, .85 .06 .86*** 

CVLT-II 

LDFR 

    <-.01 <-.01, <.01 <.01 -.03 

Step 3 .76 37.27 .02 4.25*     

Constant     .25 .11, .38 .07  

Age     <.001 <-.01, <.01 <.01 -.04 

Sex     -.01 -.02, .01 .01 -.06 

T1. MTL     .72 .60, .84 .06 .86*** 

CVLT-II 

LDFR 

    <-.01 <-.01, <.01 <.01 -.08 
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WAOMT 

LDFR 

    <.01 <.001, .01 <.01 .15* 

Outcome: 

MTL 

Adj. R2 F ΔR2 ΔF B 95% CI SE B β 

Step 1 .75 57.93***       

Constant     .25 .11, .39 .07  

Age     <.001 <-.01, <.01 <.01 -.05 

Sex     <-.01 <-.01, <.01 .01 -.03 

T1. MTL     .72 .60, .84 .06 .86*** 

Step 2 .75 42.97 <.01 .31     

Constant     .25 .11, .39 .07  

Age     <.001 <-.01, <.01 <.01 -.05 

Sex     <-.01 -.02, .01 .01 -.02 

T1. MTL     .73 .61, .86 .06 .87*** 

CVLT-II d’     <-.01 -.01, .01 <.01 -.04 

Step 3 .75 35.56 .01 2.17     

Constant     .25 .12, .39 .07  

Age     <.001 <-.01, <.01 <.01 -.05 

Sex     <-.01 -.02, .01 .01 -.04 

T1. MTL     .73 .61, .85 .06 .86*** 

CVLT-II d’     <-.01,  -.01, .01 <.01 -.05 

WAOMT d’     <.01 <-.01, .01 <.01 .10 



 CHAPTER FOUR  175 

Note. ***=p <.001, *= p<.05, WAOMT = Western Australia Olfactory Memory Test, CVLT-II 

= California Verbal Memory Test – Second Edition, 18F-FDG SUVR = [18F]-fluoro2-

deoxyglucose positron emission tomography standardised uptake value ratios. T1 = Baseline 

 

Neocortex 

Three regression models were conducted to examine associations between OEM and 

longitudinal reductions in 18F-FDG PET SUVR sampled in the bilateral neocortex, associated 

with higher-order cognitive functioning. See Table 5 for results.  

For the first hierarchical regression, the model at Step 1 examining the WAOMT 

composite score, the inclusion of demographics and baseline 18F-FDG PET SUVR explained 

73.9% of the variance [F(3,54) = 54.93, p <.001], with baseline 18F-FDG PET SUVR as the only 

significant predictor (β = .85, p <.001). While CVLT-II composite score at Step 2 did not 

significantly contribute to the model (ΔR2 <.01, F change =.56, p = .459, 95% CI [-.01, .01]), the 

addition of the WAOMT composite at Step 3 uniquely explained an additional 2% of 18F-FDG 

PET SUVR reductions in the neocortex (ΔR2 = .02, F change = 4.82, β = .17, p = .033).  

For the regression models examining retrieval indices, while the addition of the CVLT-II 

LDFR at Step 2 did not significantly contribute to the model (ΔR2  <.001, F change <.001, p = 

.989, 95% CI [<-.01, <.01]), the WAOMT LDFR at Step 3 explained an additional 3% of 

variance (ΔR2 = .03, F change = 8.23, β = .21, p = .006). However, for the model examining d’ 

on neocortical 18F-FDG PET SUVR, neither the CVLT-II nor WAOMT measures contributed to 

the model (p = .567, p = .101 respectively).  
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Table 5.  

Hierarchical Regression of WAOMT Composite Score (CS), Long-delay Free Recall (LDFR) and 

Recognition Discrimination Index (d’) Predicting Follow-up Bilateral 18F-FDG PET SUVR in 

the Neocortex 

Outcome: 

Neocortex 

Adj. 

R2 

F ΔR2 ΔF B 95% CI SE B β 

Step 1 .74 54.93***       

Constant     .37 .21, .54 .08  

Age     -.001 <-.01, <.01 .001 -.06 

Sex     <-.01 -.02, .02 .01 -.02 

T1. Neocortex     .68 .57, .79 .06 .85*** 

Step 2 .74 41.00 .003 .56     

Constant     .37 .21, .54 .08  

Age     <.001 <-.01, <.01 <.01 -.05 

Sex     <-.01 -.02, .01 .01 -.03 

T1. Neocortex     .67 .56, .78 .06 .85*** 

CVLT-II CS     <.01 -.01, .01 .01 .05 

Step 3 .76 36.13 .02 4.82*     

Constant     .39 .23, .55 .08  

Age     <.001 <-.01, <.01 <.01 -.04 

Sex     -.01 -.03, .01 .01 -.08 
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T1. Neocortex     .66 .55, .77 .05 .83*** 

CVLT-II CS     <.001 -.01, .01 .01 <-.01 

WAOMT CS     .01 <.01, .02 .01 .17* 

Outcome: 

Neocortex 

Adj. 

R2 

F ΔR2 ΔF B 95% CI SE B β 

Step 1 .74 54.93***       

Constant     .37 .21, .54 .08  

Age     <-.01 <-.01, <.01 <.01 -.06 

Sex     <-.01 -.02, .02 .01 -.02 

T1. Neocortex     .68 .57, .79 .06 .85*** 

Step 2 .74 40.44 <.001 <.001     

Constant     .37 .21, .54 .08  

Age     <-.01 <-.01, <.01 <.01 -.06 

Sex     <-.02 -.02, .02 .01 -.02 

T1. Neocortex     .68 .56, .79 .06 .85*** 

CVLT-II LDFR     <.001 <-.01, <.01 <.01 <.01 

Step 3 .77 38.41 .03 8.23**     

Constant     .37 .21, .53 .08  

Age     <.001 <-.01, <.01 <.01 -.05 

Sex     -.01 -.03, .01 .01 -.07 

T1. Neocortex     .67 .56, .77 .05 .84*** 

CVLT-II LDFR     <-.01 <-.01, <.01 <.01 -.06 

WAOMT LDFR     .01 <.01, .01 <.01 .21** 
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Outcome: 

Neocortex 

Adj. 

R2 

F ΔR2 ΔF B  SE B β 

Step 1 .74 54.93***       

Constant     .37 .21, .54 .08  

Age     <-.01 <-.01, <.01 <.01 -.06 

Sex     <-.01 -.02, .02 .01 -.02 

T1. Neocortex     .68 .57, .79 .06 .85*** 

Step 2 .74 40.76 <.01 .32     

Constant     .37 .20, .53 .08  

Age     <-.01 <-.01, <.01 <.01 -.05 

Sex     <-.01 -.02, .01 .01 -.02 

T1. Neocortex     .67 .56, .78 .06 .85*** 

CVLT-II d’     <.01 -.01, .01 .01 .04 

Step 3 .75 34.26 .01 2.79     

Constant     .38 .21, .54 .08  

Age     <-.01 <-.01, <.01 <.01 -.05 

Sex     -.01 -.02, .01 .01 -.05 

T1. Neocortex     .67 .56, .78 .06 .84*** 

CVLT-II d’     <.01 -.01, .01 .01 .03 

WAOMT d’     .01 <-.01, .01 <.01 .12 

Note. ***=p<.001, * = p<.05, 18F-FDG PET SUVR = [18F]-fluoro2-deoxyglucose positron 

emission tomography standardised uptake value ratio, WAOMT = Western Australia Olfactory 

Memory Test, CVLT-II = California Verbal Memory Test – Second Edition, T1 = Baseline. 
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Pairwise Comparisons of Attrition Rates 

 Pairwise t-tests performed on key variables between participants who completed 18F-FDG 

PET SUVR scans at Time 1, and returned for scans at Time 2, compared to those who did not 

return for scans at Time 2 indicated that there were no significant differences between age, sex, 

education, overall MoCA score, CVLT and WAOMT performance, or 18F-FDG PET SUVR in 

RoIs (all ps > .10).  

Discussion 

Olfactory episodic memory (OEM) is underpinned by neuroanatomical regions that 

appear to be vulnerable to signs of aging (Saive et al., 2014). Using 18F-FDG PET SUVR 

methods, the current study found that low baseline performance on a composite of overall OEM 

abilities, and long-delayed free recall (LDFR) on the WAOMT, a novel measure of OEM, were 

unique predictors of reductions in glucose metabolism in the prefrontal cortex (PFC). 

Exploratory analyses also revealed that both the WAOMT composite and LDFR predicted 

reductions in 18F-FDG PET SUVR in the neocortex, and only LDFR predicted 18F-FDG PET 

SUVR reductions in the medial temporal lobe (MTL). 

Summary of Findings 

H1: WAOMT Composite Predicts 18F-FDG PET SUVR in the PFC 

The WAOMT composite score predicted approximately 2% of longitudinal reductions in 

glucose metabolism in the PFC after 18-months, therefore supporting H1. Increased sensitivity to 

PFC synaptic changes correspond with neuroanatomical findings, implicating this region as the 

principle site for higher-order olfactory processing (Merrick et al., 2014; Shepherd, 2007). 

Previous research have identified the pivotal role of PFC in odour recognition tasks (Saive et al., 

2014), and in general memory for top-down strategic control in learning and retrieval processes 
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(Eichenbaum, 2017). However, the current study is the first to examine relationships with brain 

glucose metabolism and olfactory learning and memory components. Specifically, performance 

on the WAOMT composite score requires the integration of basic perceptual abilities to detect 

odour presence, and higher-order functions for odour identification and episodic memory. 

Therefore, it is possible that a global measure of OEM may serve as a probe to longitudinal PFC 

synaptic integrity, even in cognitively healthy older adults. 

H2a: WAOMT LDFR Predicts 18F-FDG PET SUVR in the PFC 

Supporting the second hypothesis, the analyses of WAOMT retrieval components 

revealed that LDFR uniquely predicted approximately 3% of longitudinal 18F-FDG PET SUVR 

reductions in the bilateral PFC, independent of variance explained by verbal memory delayed 

recall performance. Delayed free-recall tasks examine the integrity of memory consolidation 

(Squire et al., 2015), and require executive functioning abilities localised in the PFC regions, 

including working memory abilities and inhibitory control to limit perseverations, verbal fluency 

for generation of odour labels, and organisation for semantic clustering strategies in free recall 

(Cabeza & Nyberg, 2000; Duff et al., 2005). Previous functional magnetic resonance imaging 

(fMRI) studies found activations in the dorsolateral PFC during organisation and semantic 

clustering, and anterior ventrolateral PFC activations for selection and maintenance during word 

recall and recognition (Blumenfeld et al., 2011; Long et al., 2010).  

Previous research also found that the orbitofrontal cortex and the medial PFC is involved 

in odour learning and consolidation of previously learnt information (Wang et al., 2020). The 

orbitofrontal cortex plays an important role in multi-sensory integration and linking olfactory 

perceptions to their names (Olofsson et al., 2014). The current findings support previous 

literature, as delayed recall of odour names may provide some insight into the synaptic 
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functioning associated with general episodic memory and odour memory. However, as the neural 

substrates for recall of odour names are still unclear, these preliminary findings require further 

verification with fMRI specific methods. 

 

H2a: WAOMT d’ and 18F-FDG PET SUVR in the PFC 

As performance on recognition discrimination index (d’) was not associated with PFC 

18F-FDG PET SUVR, H2a was not supported by these results. This contradicts recent 18F-FDG 

PET research by Staffaroni et al. (2017) who found bilateral orbitofrontal cortex and 

hippocampal with verbal recognition in amnestic AD samples. However, these results are not 

directly comparable as the current study recruited participants from non-impaired, community-

dwelling older adult cohorts. Research by De Simone and colleagues (2019) found that healthy 

controls and amnestic-type MCI groups who did not convert to AD demonstrated similar 

performance on d’ in verbal learning tasks. Therefore, d’ may provide more valuable information 

regarding longitudinal reductions in 18F-FDG PET SUVR in those with more noticeable memory 

impairments.  

Exploratory Analyses: MTL and Neocortex 

As delayed-recall components on the WAOMT require retrieval of previously learnt 

odour-name associations, LDFR on the WAOMT may also rely on joint pathways with between 

the PFC and MTL regions involved in long-term consolidation of episodic memories (Gallagher 

& Koh, 2011). Exploratory analyses support this assumption, as LDFR on the WAOMT 

predicted 18F-FDG PET SUVR in the MTL, and explained 3% of unique variance after 

controlling for verbal episodic memory counterparts. This is consistent with existing knowledge 
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of inter-linked neural pathways between PFC and MTL regions underlying delayed recall 

processes (Casaletto et al., 2017; Eichenbaum, 2017).  

Conversely, the WAOMT composite score failed to predict longitudinal reductions in 

glucose metabolism in MTL regions, despite the importance of episodic pathways to odour 

memory performance. Episodic memory involves a broad neural network to process multiple, 

dissociable memory processes required for encoding, storage and retrieval, relying heavily on 

interconnections between the PFC and MTL (Casaletto et al., 2017). However, as the WAOMT 

composite is comprised of learning over trials, short and long-delay free/cued recall, and 

recognition, a combination of these memory ‘systems’ (Tulving, 1995) may reduce the 

sensitivity to detect neuronal health in MTL regions. For example, neural substrates for encoding 

and immediate recall display more heterogenous networks in healthy-aging older adults 

(Casaletto et al., 2017). The inclusion of total learning in the composite score may reduce the 

predictive power to detect 18F-FDG PET SUVR reductions in the MTL regions, which was 

otherwise approaching trend-level significance (p =.094, 95% CI [<-.01, .02]).  

Despite these differential associations, both the composite score and LDFR on the 

WAOMT separately predicted reductions in neocortical 18F-FDG PET SUVR. The neocortex is 

involved in analysing sensory inputs into complex perceptions, and integrating emotional and 

conceptual details of an episodic memory trace (Zaytseva et al., 2015, Luria, 2012). Localised 

structures such as the PFC and MTL may work in concert with the neocortex to update multi-

modal representations, in this case of odours, which constitute as a conscious OEM experience 

(Moscovitch et al., 2016), however further research is needed to examine the mechanisms behind 

OEM integration. While the current conclusions are based on baseline performance on the 

WAOMT, future longitudinal studies could investigate if the WAOMT may be sensitive to 
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synaptic dysfunction in regions associated with higher-order cognitive function, in addition to 

higher-order olfactory processing in the PFC and episodic memory consolidation in the MTL. 

Implications of Findings and Future Directions 

Clinical Utility of OEM Assessment 

Despite a lack of change in 18F-FDG PET SUVR over the 18-month interval, the current 

findings suggest that low performance on the WAOMT may be sensitive to those subtle, and 

undetectable changes in glucose metabolism in regions associated with higher-order olfactory 

functioning. As our results were substantiated in a healthy aging sample, selected performance 

on the WAOMT could be used as a non-invasive clinical tool sensitive to synaptic changes in 

regions vulnerable to AD pathology. Importantly, the utility of OEM assessment could be earlier 

detection of synaptic abnormalities, even before the clinical manifestation of disease observed on 

tests of verbal episodic memory. Specifically, the study results suggested that the practical utility 

of the WAOMT could be to monitor subtle changes in glucose metabolism in healthy aging older 

adults. While the effect sizes may not be large enough to measure change on clinical levels, the 

current results could be used to help enrich research samples, for example, poor WAOMT 

performance may identify older adults at risk of cognitive decline. Future studies should 

implement longitudinal designs with cognitively healthy older adults, MCI and AD populations 

to further understand the relationship between OEM performance, and neuronal health across the 

adult lifespan. 

It should be noted that a combination of cognitive and baseline 18F-FDG PET SUVR did 

not completely explain changes in glucose metabolism 18 months later, with approximately 24% 

of variance unaccounted for in the models. It is possible that other factors, such as education 

level, as a proxy for cognitive reserve, could mediate the relationship between 18F-FDG PET 
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SUVR and cognitive performance (Beyer et al., 2021). Previous 18F-FDG PET research found 

that higher education level may serve as a protective factor to tolerate more pathology at a given 

level of cognition across varying disease stages (Ewers et al., 2013; Perneczky et al., 2006). As 

the present study did not evaluate the potential contributions of education level, future studies 

should investigate other factors which could provide additional predictive information.  

Future research should also examine the relationship with OEM and unilateral 18F-FDG 

PET SUVR. Previous literature indicates functional asymmetry for olfactory inputs, such that the 

right hemisphere is considered more dominant in olfactory information processing (Dade et al., 

1998; Jones-Gotman & Zatorre, 1993), specifically favouring the right orbitofrontal cortex 

(Zatorre et al., 1992). However, findings from lesion and functional imaging studies suggest that 

both left and right temporal lobes are required for efficient OEM processing (Dade et al., 2002). 

While unilateral analyses were initially conducted, the number of predictors entered in the 

models could have inflated Type 1 error rate, and such analyses were therefore beyond the scope 

of this study. Future studies should investigate the relative contribution of WAOMT performance 

in 18F-FDG PET SUVR in lateralised RoIs to further understand this relationship.  

Limitations  

As reductions in glucose metabolism can be associated with the presence of other 

neurological abnormalities (Mosconi et al., 2009), our results do not allow for diagnostic 

inferences to be drawn regarding the risk of future AD development. Instead, the findings 

indicate that on average, there were signfiicant assocations with OEM performance on the 

WAOMT, and reductions in 18F-FDG PET SUVR in areas known to be vulnerable to AD 

pathology. Additionally, while decreased 18F-FDG PET SUVR may reflect hypometabolism due 

to underlying neuropathology such as that seen in AD, other pathological conditions such as 
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neoplasms may also induce similar glucose metabolic changes (Nakajo et al., 2017; Purandare et 

al., 2017). Therefore, future studies should examine concurrent MRI to confirm the cause of 

tracer uptake.  

Another limitation in this study is the short time frame of 18-months during which 

synaptic variability could occur. Limited change in 18F-FDG PET SUVR was somewhat 

expected as the sample was drawn from a community-dwelling older adult population and 

screened for possible MCI symptoms (based off MoCA cut-off of 23; Rossetti et al., 2011). It is 

likely that neuronal abnormalities may be undetectable after an 18-month interval in healthy 

older adults, but could manifest into larger reductions across a longer time-period. However. as 

repeated administration of neuropsychological tests in longitudinal studies could potentially 

introduce practice effects, it is recommended for future studies to develop an alternate form of 

the WAOMT with different Sniffin’ Sticks odour stimuli, to reduce this potential bias.  

Selective attrition could also influence glucose metabolism change, as only 53.6% (n = 

59) of the total sample returned for follow-up scans. However, the likelihood of selective 

attrition influencing the results were low, as there were no significant differences between age, 

sex, education, overall MoCA score, CVLT and WAOMT performance, or 18F-FDG PET SUVR 

in RoIs (all ps > .10). It is possible that a sub-section of participants who failed to return could be 

carriers of apolipoprotein E (APOE) ε4 allele, a risk factor for MCI and AD pathology. Increased 

APOE- ε4 carriage is associated with deficits in episodic memory, executive functioning, 

perceptual speed and global cognition, and reductions of 18F-FDG PET SUVR compared to 

controls (Paranjpe et al., 2019; Wisdom et al., 2011). To address these limitations, it would be 

desirable if future research included longer follow-up intervals with APOE data to examine 
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whether OEM abilities could predict longitudinal declines in glucose metabolism, and if genetic 

vulnerability could account for variance in glucose metabolism reductions.  

Summary and Conclusions 

Selective performance on the WAOMT including an overall composite score and delayed 

recall of odour names, predicted longitudinal reductions in 18F-FDG PET SUVR sampled in PFC 

regions over 18-months. Importantly, these results were unique to OEM, that is, over and above 

what could be explained by verbal episodic memory. This study also revealed associations with 

OEM and broader regions involved in episodic memory in the MTL, and neocortical regions. In 

conclusion, the assessment of OEM could be a potential tool to predict alterations in pre-clinical 

synaptic functioning, in regions vulnerable to the effects of AD pathology. Future research 

should investigate the relationship between OEM and other risk factors for early identification of 

AD, such as functional impairments. The following chapter in this thesis will evaluate 

relationship between OEM and daily functioning in the sample of community-dwelling older 

adults. 
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Chapter Five: Daily Functioning and Olfactory Episodic Memory 

Abstract 

Objective: This chapter examined the unique relationship between olfactory episodic 

memory (OEM) and daily functioning across 18-months. 

Method: A sample of 209 participants drawn from the longitudinal Western Australia 

Memory Study completed cognitive testing at baseline. To assess complex instrumental activities 

of daily living (IADL), functional abilities were measured using a modified IADL questionnaire 

(IADLQ; Woods et al., 2012). To examine longitudinal changes in functioning, 104 participants 

completed IADLQ-self reports, and 86 informants completed IADLQ-Informant reports after 18-

months post-baseline assessment. It was predicted that performance on the WAOMT composite 

score, and retrieval indices of long-delay free recall and recognition discrimination index (d’) 

could predict longitudinal reductions in self and informant-rated IADLs, controlling for verbal 

episodic memory.  

Results: Neither the WAOMT composite score, long-delay free recall or d’ predicted 

unique reductions in IADL scores across 18-months therefore our hypotheses were not 

supported. Instead, depression predicted self-reported IADLs at 18-month follow-up.  

Conclusion: OEM may lack the sensitivity to detect longitudinal declines in IADLs 

within an 18-month interval.  
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Introduction 

The olfactory sense is an important component in maintaining general health, with influences 

on dietary intake, nutrition and safety (Gopinath et al., 2012). However, despite intrinsic roles in 

daily life, the impact of olfaction on functional abilities, such as activities of daily living (ADL), 

are still largely unknown (Gopinath et al., 2012). Changes in both the identification and detection 

of odours are known correlates of age-related cognitive decline (Sohrabi et al., 2012; Sohrabi et 

al., 2009), and predictors of mild cognitive impairment (MCI) which precede Alzheimer’s 

disease (AD; Devanand et al., 2015). Advanced forms of AD result in the eventual loss of 

functional capacity and independence (Lau et al., 2015). Difficulties in cognitively demanding 

tasks, such as olfactory episodic memory (OEM) may predict declines in more complex 

everyday functioning in healthy older adults before the manifestation of disease. Therefore, the 

current study aimed to examine the relationship between functional abilities and OEM in older 

adults across an 18-month period. 

The term ‘ADL’ refer to multidimensional capacities required for complex tasks (e.g. driving 

a car) or more specific abilities (e.g. eating), which are dependent upon the integration of 

cognitive, motor, and perceptual processes (Mlinac & Feng, 2016). These functional abilities are 

typically examined using self and proxy reports of two separable constructs 1) instrumental ADL 

(IADL), which requires multiple cognitive processes involved in everyday tasks such as 

managing finances or shopping, and 2) basic ADL (BADL) which requires motor and physical 

skills for self-care such as bathing (Reppermund et al., 2011). Dependence on IADLs exists 

within a continuum, defining the classification between healthy aging with intact functioning, to 

more pronounced impairments in MCI and AD (Gold, 2012). Therefore, even subtle deficits in 

the ability to perform these complex tasks are associated with poorer quality of life, caregiver 
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burden and increased use of healthcare services (Overdorp et al., 2016). As a consequence, 

researchers are invested in identifying cognitive correlates of IADLs which could help predict 

those vulnerable to transition into disability (Reppermund et al., 2011). 

Previous research has primarily focused on global cognition (such as the Mini Mental State 

Examination; Folstein et al., 1975), and specific domains of executive functioning and episodic 

memory as predictors of IADLs (Overdorp et al., 2016). Royall et al. (2007) reported a 

hierarchical structure in their meta-analyses, finding that global cognition accounted for the most 

variance in functioning (12%), followed by executive function (6.5%) and (visual and verbal) 

memory (1.9%). However, the authors argued that the contribution of cognition in IADL 

performance was ‘modest’, with a large proportion of variance unaccounted for by cognitive 

abilities alone. According to the Disablement Process Model proposed by Verbrugge and Jette 

(1994), disability is underpinned by neuropathology, such as AD, causing cognitive impairments 

which restricts efficiency to perform daily functions. However, the model emphasises the role of 

risk factors such as advanced age, low education and intra-individual factors such as depression 

that can increase the severity of functional limitations in IADLs (for a review see Barberger-

Gateau et al., 2002). As cognition alone seems to account for a portion of variance in IADLs, 

researchers have identified other components of memory which combine chemosensory 

disturbance, such as olfactory episodic memory (OEM) which could contribute to additional 

information on functioning.  

Odour learning and memory refers to the ability to identify an odour, give meaningful labels 

for encoding, retrieve odour information after a delay through free or cued recall, and recognise 

odours from a set of distractors (Nordin & Murphy, 1998). Deficits are associated with age, with 

older adults performing poorly on all aspects of OEM compared to verbal memory (Murphy et 
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al., 1997). Declines in OEM performance can indicate age-related cognitive decline, and a 

potential marker for MCI and AD (Croy et al., 2015). As OEM is associated with cognitive 

decline, and IADLs are impacted by cognitive abilities, it is possible that poor performance on 

OEM tests could also be a good marker of IADLs. However, this relationship has not been 

explored in previous literature.  

Systematic reviews by Croy et al. (2014) found that disruptions to basic olfactory detection 

sensitivity or ‘anosmia’ is associated with alterations in food perceptions, resulting in reductions 

of appetite and nutritional intake, which can impact food-based tasks such as cooking. 

Population-based surveys found associations between reductions in odour functions and overall 

poor health status, depression and low quality of life (Miwa et al., 2001). Gopinath and 

colleagues (2012) examining Australian community-residing older adults found that deficits in 

simple odour identification were associated with reductions in BADLs, and those with odour 

identification deficits were 98% more likely to use community and non-spouse support services 

than unimpaired adults. While these associations were independent of cognitive functioning, 

interestingly, the authors did not find associations between olfactory impairment and IADLS, nor 

increased severity of disability as a function of olfactory impairment. It is possible, that OEM 

which involves the rapid integration of olfactory perception, semantic and episodic memory 

could be associated with IADLs more than a simple odour identification test.  

Secondary to cognitive declines, poor olfactory abilities can be attributed to structural 

changes associated with aging. This includes the thinning of the epithelium and reduction in the 

number of receptor cells to odours (Doty & Kamath, 2014). An accumulation of neurofibrillary 

tangles and neuritic plaques in the olfactory bulb are seen in the early stages of AD, particularly 

in the anterior olfactory nucleus, the piriform cortex (Doty & Kamath, 2014). Additionally, tau 
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pathology, which accumulates as neurofibrillary tangles in AD, in the olfactory bulb increases 

with disease severity (Attems et al., 2005; Braak & Braak, 1991). Furthermore, lesions to the 

entorhinal and orbitofrontal cortex can disrupt the transfer of odour information into the 

hippocampus, a region crucial for memory processing (Braak & Braak, 1992; Masurkar & 

Devanand, 2014), which could prevent the flow of olfactory information necessary for higher-

order olfactory tasks, such as odour identification and odour memory (Murphy, 1999).  

The loss of smell and cognition can directly impact our ability to perform IADLs. Although 

predominantly studied within a controlled laboratory setting, the role of olfactory memory in 

everyday life is to guide our attention towards threats as an evolved safety mechanism (e.g. 

microbial hazards), and beneficial cues (e.g. foods with nutritional value; Croy et al., 2014). 

Once detected in the environment, the odour stimulus is identified with an associated emotional 

valence (e.g. pleasant/unpleasant), and this association is later retrieved from memory to enhance 

appropriate behavioural responses, such as avoiding noxious smells (Engen, 1991). To further 

understand this relationship, the role of olfaction in daily living will be reviewed.  

As olfactory loss influences nutritional intake and muscle integrity, chemosensory 

disturbance likely accompanies events associated with age (e.g. poor health status), reducing the 

efficiency to perform basic self-care tasks in BADLs (Gopinath et al., 2012). While simple odour 

identification tasks require some semantic knowledge of odour properties, these odour functions 

may underestimate the cognitive complexity required for higher-level functioning in IADLs. 

Therefore, the examination of cognitively demanding requirements in OEM tasks which 

integrate a combination of perceptual, semantic and episodic memory abilities may explain 

unique variance in IADLs. However, standardised OEM tests are widely unavailable, and 

therefore, research examining the relationship with functional performance is limited. 
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The current study aimed to understand the relationship between OEM and IADLs in healthy 

aging older adults using the newly developed Western Australia Olfactory Memory Test 

(WAOMT) as described in Chapter 2. To examine longitudinal change, self and informant 

reported IADLs were collected at baseline and after 18-months follow-up. As described in 

Chapter 4, our general approach is to evaluate the unique predictive variance of OEM over and 

above performance in general episodic memory. Therefore, we will control for verbal episodic 

memory, a contributor to more general episodic memory, when assessing the relationships 

between OEM and functional ability. 

As IADLs are underpinned by multiple cognitive processes (Royall et al., 2007), it is first 

hypothesised (H1) that a composite score of the WAOMT will predict reductions in IADLs, over 

and above performance in verbal episodic memory. Furthermore, retrieval components of recall 

and recognition are also sensitive to functional decline (Koehler et al., 2011). Therefore, the 

secondary hypothesis (H2) predicts that baseline performance on the WAOMT long-delayed free 

recall (LDFR) and recognition discrimination index (d’) will predict reductions in IADL scores, 

controlling for performance in verbal episodic memory. 

Methods 

Study Design 

The current sample consisted of 241 community-dwelling older adults from the Western 

Australia Memory Study (WAMS), an ongoing longitudinal study investigating potential 

molecular and neuropsychological predictors of age-related cognitive change. 

Neuropsychological assessment was conducted at the Australian Alzheimer’s Research 

Foundation, located at the Ralph & Patricia Sarich Neuroscience Research Institute, Perth 
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Western Australia. Volunteer assessors for neuropsychological testing were trained by research 

staff in the WAMS cognitive battery and assessed for competency by nationally endorsed 

clinical neuropsychologists. The study was approved by the Human Ethics Research Committees 

of the University of Western Australia, Edith Cowan University, and the Ramsay Health Care 

WA|SA Human Research Ethics Committees (previously, Hollywood Private Hospital Research 

Ethics Committee), Hollywood Private Hospital, Western Australia.  

Participants 

Participants were excluded from the study if they self-reported a history of neurological 

or psychiatric disorders affecting cognitive functions (e.g., stroke or schizophrenia; (n = 14, 

5.80%) under the age of 50 (n = 5, 2.07%) and self-reported or displayed anosmia [as defined by 

a score of lower than 4 out of 9 (e.g., below chance level on an independent odour identification 

test), n = 10, 4.15%]. Three participants (1.24%) were also excluded due to cognitive impairment 

based on scores below the cut-off threshold , corrected for age and education level, on the 

Montreal Cognitive Assessment (Michael Malek-Ahmadi et al., 2015; Nasreddine et al., 2005; 

Rossetti et al., 2011). The final sample comprised of 209 participants who completed the 

WAOMT at baseline, and this sample consisted of the same participant pool used in Chapter 2.  

Materials 

Activities of Daily Living Questionnaire (ADLQ) 

Functional abilities in ADLs was assessed using a modified version of the 28-item ADLQ 

(Johnson et al., 2004) based on Woods et al.'s (2012) scoring criteria. This scale measures 

independence in a variety of basic self-care and complex instrumental activities, grouped into six 

subscales: Self-care, household care, employment and recreation, shopping and money, travel 

and communication. As the current study examined healthy aging older adults drawn from 
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community-dwelling populations, the responses for ADLQ items were modified from the usual 

4-point format (e.g., “Eating” ranging from 0 “No problem” to 3 “Must be fed most foods”), to a 

5-point scale including a response for minor problems. For example for Housekeeping  0 “Keep 

house as usual”, 1 “Do most of their usual jobs”, 2 “Do about half of what they used to”, 3 

“Occasional dusting or small jobs”, 4 “No longer keep house”. Furthermore, a rating of 9 “Never 

did this activity” indicates if the individual never performed that task in the past. Self and 

informant versions are available with identical items.  

As the current study examined higher-level IADLs, the approach taken by Woods et al. 

(2012) was adopted, in which 11 of the 28 items assessing money management, medication 

adherence, home maintenance, shopping, transportation and communication were extracted. A 

summary IADLQ scale was generated ranging from 0 to 11 (excluding scores of ‘9’), of the total 

items on which participants reported experiencing functional difficulties (item scores > 0). 

Therefore, higher scores indicated greater IADL difficulties. The IADLQ scale demonstrated 

acceptable reliability (Cronbach’s alpha = .71) and response variability (35% denied any 

difficulty, 28% endorsed one problem area, and 37% endorsed between 2 and 9 problem areas) 

as reported in Woods et al. (2015). Construct validity for the IADLQ was supported by a 

significant positive correlation with an informant version of the IADLQ (r = .46, p < .001; 

Woods et al., 2015). 

In the current sample, IADLQ-Self ratings at baseline (T1) ranged from 0 to 7, and from 

0 to 9 at 18-months follow-up (T2). Likewise, IADLQ-Informant scores ranged from 0 to 6 at 

T1, and from 0 to 7 at T2. A total 164 participants completed IADLQ-Self reports at T1 and 104 

participants at T2. A total of 139 IADLQ-Informant reports were completed at T1, and 86 were 

completed at T2. 
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Olfactory Episodic Memory (OEM) 

The Western Australia Olfactory Memory Test (WAOMT) was developed to assess 

learning and memory components of the OEM in a format similar to the California Verbal 

Learning Test-Second Edition (Delis et al., 2000). The WAOMT examines learning over trials, 

cued and free recall after a short and long delay, and recognition memory. The recognition 

discrimination index (d’) was calculated using z-score values from correctly recognised target 

odours (hits) and incorrectly identified distractors (false alarms; FA) based on the following 

formula (Tanner Jr. & Swets, 1954):  

d’ = Z(hits) –  Z(FA) 

 A liberal scoring criteria was used, adapted from Murphy et al. (1997), to avoid 

penalizing for incorrect labelling, performance was scored using a retrospective label-matching 

system. A global composite score of all WAOMT components was developed using Item 

Response Theory (IRT) methods, which displayed excellent reliability (r = .97) for ability levels 

between -2.00 to +2.00 z-score scores (see Chapter 2 for full detail on WAOMT administration, 

methods, scoring and composite score generation).  

Verbal Episodic Memory 

The CVLT-II (Delis et al., 2000) is a word-list learning test commonly used to assess 

verbal learning and episodic memory. The CVLT-II is comprised of five 16-item learning trials, 

followed by a distraction trial, short and long-delayed free and cued recall, and a Yes/No 

Recognition trial. A CVLT-II composite score was generated using similar IRT methods, which 

displaying excellent reliability (r = .97) between the z-score ability ranges -2.00 to +2.00 (see 

Chapter 3 for development detail).  
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Depression 

The Depression and Anxiety Stress Scale (DASS-21; Lovibond & Lovibond, 1995) is a 

21-item self-report questionnaire, widely used to assess symptoms of depression, anxiety and 

stress. These domains are comprised of 7 items each, and rated on a 4-point likert scale ranging 

from 0 (did not apply to me at all) to 3 (applied to me very much, or most of the time) with items 

such as “I felt down-hearted and blue”. Scores for the depression sub-scale was used, and were 

totalled ranging from 0 to 21. Higher scores indicated greater frequency of symptomatology. The 

DASS-21 demonstrated adequate internal reliability ranging between α = .82 and .97 in clinical 

and non-clinical groups (Lovibond & Lovibond, 1995). 

Procedure 

Neuropsychological assessment lasted approximately 4 hours (with breaks as required). 

Participants were asked to refrain from eating or drinking (except water), and wearing perfume 

during the WAOMT. Prior to olfactory assessment, participants were blindfolded to reduce 

visual distractions. To ease patient and administration burden, participants completed the 

WAOMT at T1 only. The IADLQ self and informant reports were completed within two weeks 

of cognitive testing and returned by mail. 

Statistical Analysis 

Statistical analyses were conducted using IBM SPSS Statistics 25 package. An alpha 

level of .05 was used unless otherwise specified. The IADLQ-self and informant report variables 

were non-normally distributed based on Shapiro-Wilk statistics (p <.05). Visual inspection of 

histograms revealed a positive skew for IADLQ-self and informant outcomes at Time 2 (see 

Appendix E for histograms). Outliers in dependent variables were identified through visual 

inspection of box-plot graphs. Winsorising methods were applied for residuals exceeding 3.29 z-
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scores for total depression scores, WAOMT d’, and IADLQ outcome measures (Tabachnick et 

al., 2007), and degrees of freedom were adjusted for winsorising (Howell, 2008). Some minor 

signs of heteroscedacity were observed on scatterplot graphs (see Appendix F), and assumptions 

of linearity were met. Wild bootstrap sampling methods based on ordinary least square residuals 

were performed on multiple regression models as they are robust to violations of assumptions of 

normality and homoscedacity (Wu, 1986). The number of bootstrap samples used was 2000 

unless otherwise specified, and 95% confidence intervals were calculated using the Bias 

corrected accelerated method (BCa), and confidence intervals were deemed non-significant if 

they intersected at 0. Covariates were determined a priori based on previous literature suggesting 

that demographic variables such as age, education (Barberger-Gateau et al., 2002; Overdorp et 

al., 2016), and depression scores (Kwon et al., 2019) influence IADL performance. Depression 

symptomatology may contribute to negative-bias in perceived cognitive ability (Crane et al., 

2007). See Beevers et al. (2019) for a review investigating negative cognitive bias and 

depression. Therefore, depression scores were included as a covariate at Step 1 for analyses 

investigating self-reported IADLs only.  

Regression Model 1 (H1) and Model 2 (H2) 

It was initially hypothesised (H1) that the WAOMT composite score would predict 

longitudinal reductions of self and informant IADLs after 18-months. The second hypothesis 

(H2) was conducted in two parts. It was hypothesised (H2a) that the WAOMT long-delay free 

recall (LDFR) and d’ (H2b) would predict longitudinal reductions of self and informant IADLs 

over 18 months.  

To assess H1 and H2, three steps were entered into the hierarchical regression models. 

The first step included covariates of age, education, (self-rated depression scores for IADL-Self 
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model) and baseline IADL. Step 2 included performance on the CVLT-II as a measure of verbal 

episodic memory. Performance on the WAOMT, as an index of OEM, was entered into the final 

step to examine the unique predictive variance in IADLs, over and above covariates and 

performance in verbal episodic memory.  

Results 

Descriptive Statistics 

Participant Demographic Information 

A total 209 participants completed the WAOMT at baseline (T1). Their ages ranged from 

50 to 91 years (M = 69.37, SD = 7.01), with 60 males and 149 females. The average educational 

level was relatively high (M = 13.88, SD = 2.58) ranging from 7 to 20 years, with the majority of 

participants completing high school, and average depression scores were low (M = 2.34, SD = 

2.67). See Table 1 for breakdown of participant descriptive information. 
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Table 1. 

Participant Demographic Information 

 Range Mean (SD) 

Age 50 – 91 69.37 (7.01) 

Education 7 – 20 13.88 (2.58) 

Depression Total  0 – 12  2.34 (2.67) 

MoCA Total 19 – 30 26.77 (2.52) 

Sex Frequency Percentage 

Female 149 71.3% 

Male 60 28.7% 

Note. MoCA = Montreal Cognitive Assessment  

 

IADL Descriptive Information 

As expected from community-dwelling samples, total IADLQ scores demonstrated a 

floor effect. Median scores for IADLQ-Self at T1 (Median = 1) was lower than at T2 (Median = 

2), with T2 demonstrating a slightly broader quantile range [0 to 3.25] compared to T1 [0 to 3]. 

Similarly, IADLQ-Informant scores were lower at T1 (Median = 0), compared to T2 (Median = 

1), however quantile ranges were equivalent across time-points [0 to 2]. See Table 2 for 

descriptive statistics of IADLQ and cognitive measures. Based on Wilcoxon signed ranks test, 

IADLQ-Self scores at Time 1 and Time 2 were not significantly different (p = .574), nor were 

the IADLQ-Informant scores (p = .977).  
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From the total sample, 60 participants (63.4%) who completed IADLQ-Self reports from 

the total sample at Time 1 did not complete IADLQ-Self at Time 2, and similarly 53 informants 

(61.9%) at Time 1, did not return IADLQ-informant reports at Time 2.   
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Table 2. 

Descriptive Statistics for IADLQ Ratings at Time 1 and 2, and Cognitive Measures 

 Time 1 (Baseline) Time 2 (18-month follow-up) 

 n IQR Median n IQR Median 

IADLQ-Self 164 3 1 104 3 2 

IADLQ-Informant 139 2 0 86 2 1 

Cognitive Measures  WAOMT  CVLT-II 

 Range M (SD)  Range M (SD) 

Composite Score -2.13 – 2.27 .05 (.91) -.21 – 2.48 .11 (.88) 

LDFR 0.00 – 8.00 3.75 (1.58) 0 – 16.00 10.76 (3.47) 

d’  -4.91 – 2.84 .01 (1.52) -.10 – 4.00 2.60 (.92) 

Note. IADLQ = Instrumental Activities of Daily Living questionnaire, n = sample size, IQR = 

Interquartile Range, WAOMT = Western Australia Olfactory Memory Test, CVLT-II = 

California Verbal Learning Test-Second Edition., LDFR = Long-delay free recall, d’ = 

Recognition discrimination index. 

 

Univariate Analysis 

Spearman’s rank-order (ρ) correlation coefficients assessed associations between 

WAOMT composite score, LDFR and d’, and respective CVLT-II components including 

composite score, LDFR and d’, demographics age and education, and depression scores with 

IADLQ-Self and informant report scores at baseline and follow-up. See Table 3 for correlation 
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matrix. At baseline, IADLQ-Self scores were significantly associated with the WAOMT 

composite score (ρ = -.26, p = .001), LDFR (ρ = -.19, p = .022), and d’ (ρ = -.22, p = .017). At 

18-month follow-up, only the WAOMT composite score (ρ = -.26, p = .001) and LDFR (ρ = -

.20, p = .016) were significantly associated with IADLQ-Self scores. In contrast, no WAOMT 

indices were associated with baseline or follow-up IADLQ-Informant scores (all p’s > .10).  

For demographic variables, age was significantly and positively correlated with IADLQ-

Self and Informant scores at Time 2 only, and depression was significantly and positively 

correlated with IADLQ-Self scores at Time 1 and Time 2, and IADLQ-Informant scores at Time 

1, however demonstrating non-significant correlations with IADLQ-Informant at Time 2. 

Education failed to display significant correlations with any IADLQ scores. 

Spearman’s rank-order (ρ) correlations controlling for age, education and depression 

scores revealed moderate and significant associations for IADLQ-Self scores between Time 1 

and Time 2 (ρ = .44, p <.001). IADLQ-Informant scores demonstrated weak yet significant 

associations across T1 and T2 (ρ = .30, p =.013), which were similar to IADLQ-Self and 

Informant reports at Time 1 and Time 2 (ρ = .30, p <.001). In contrast, IADLQ-Self and 

Informant reports were not significantly associated at Time 2 (ρ = .21, p =.063). 
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Table 3. 

Spearman Rho’s Correlation Matrix for Demographics, WAOMT and CVLT-II variables and 

IADQ-Self and Informant Reports at baseline and follow-up. 

 Baseline (T1)  18-month Follow-up (T2)  

 IADLQ-Self IADLQ-Inf IADLQ-Self IADLQ-Inf 

Age .14 .08 .24* .30** 

Education -.01 -.08 -.09 -.01 

Depression .27** .28** .26* .21 

WAOMT*     

Composite Score -.276** -.09 -.26** -.15 

LDFR -.19* -.07 -.20* -.09 

d’ -.22* -.15 -.17 -.17 

CVLT-II     

Composite Score -.10 -.02 <-.01 -.07 

LDFR .04 -.01 .05 .10 

d’ -.12 -.18* -.17 -.14 

IADL     

T1 – Self - .30*** .44*** .09 

T1 - Informant - - .30** .29* 

T2 Self     .21 

Note. *** = p <.001, ** = p <.01, * = p <.05. IADLQ-Self = Instrumental Activities of daily 

living questionnaire self-report, IADLQ-Inf = Instrumental Activities of daily living 
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questionnaire informant-report, WAOMT = Western Australia Olfactory Memory Test, LDFR = 

Long-delay free recall, d’ =Recognition discrimination index. 

 

Multivariate Analysis 

H1: To determine whether the WAOMT composite score can predict unique variance in 

self and informant rated IADLs after 18-months, two hierarchical regressions were performed, 

and the results are displayed in Table 4. See footnote for results detailing the inclusion of sex as 

a covariate in the hierarchical regression models examining WAOMT performance on IADLQ-

self scores 6. The first model examined the contribution of the WAOMT composite score on 

IADLQ-Self, controlling for age, education, depression scores and baseline IADLQ-self scores at 

Step 1, and the CVLT-II composite score in Step 2. The inclusion of covariates was significant at 

Step 1 [F(4,83) = 10.49, p <.001] and explained 30% of the variance, with baseline IADLQ-Self 

scores (B = .37, BCa [.13, .61]) age (B = .98, BCa [.37, 1.59]) and depression (B = 2.12, [.58, 

3.71]) as significant predictors. However, the addition of the CVLT-II composite score at Step 2 

did not significantly contribute to the model (BCa [-.95, 8.95]), nor did the addition of the 

 
6 Three exploratory hierarchical regressions were performed to examine if sex as a 

covariate influences the contribution of WAOMT performance on IADLQ-Self scores after 18-

months. The inclusion of sex at Step 1 was non-significant [F(1,98) = .18, p =.673], and the 

inclusion of sex did not change the significance of the WAOMT composite score added in Step 2 

(BCa [-5.12, 2.85]). Similarly, the addition of sex at Step 1 also did not change the significance 

of contribution of the WAOMT LDFR (BCa [-3.88, 1.97]), nor did the addition of sex at Step 1, 

change the contribution of the WAOMT d’ (Step 3) which remained a non-significant predictor 

(BCa [-5.38, .60]). 
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WAOMT composite score at Step 3 (BCa [-3.63, 6.06]). See footnote for results displaying the 

inclusion of odour identification using the McCusker Smell Identification Test (McSIT) as a 

covariate (Step 1) of the hierarchical regression models examining WAOMT performance (Step 

2) on IADLQ-self scores 7. 

The second hierarchical regression model examined the contribution of the WAOMT 

composite score on IADLQ-Informant scores. See footnote for results displaying the inclusion of 

sex as a covariate (Step 1) of the hierarchical regression models examining WAOMT 

performance (Step 2) on IADLQ-Informant scores 8.  Inclusion of covariates at Step 1 

contributed to the model [F(3,69) = 2.92,  p = .040] and explained 7% of variance, with age (B = 

.73, BCa [.06, 1.45]) and baseline IADLQ scores as significant predictors (B = .23, BCa [.01, 

.44]). In contrast, neither the CVLT-II composite score at Step 2 (BCa [-5.86, 4.95]) nor the 

WAOMT composite score at Step 3 (BCa [-3.83, 6.32]) contributed to the model. See footnote 

 
7 Three exploratory hierarchical regressions were performed to examine if odour identification, 

operationalised by the McSIT, as a covariate influences the contribution of WAOMT 

performance on IADLQ-Self scores after 18-months. The inclusion of McSIT did not 

significantly contribute to the model at Step 1 [F(1,98) = 3.04, p = .084, BCa (-6.14, .40)], and 

the significance of the WAOMT composite score added in Step 2 remained unchanged (BCa [-

4.60, 3.33]). Similarly in the second hierarchical regression examining the contribution of 

WAOMT LDFR (Step 2) with covariates McSIT (Step 1), the addition of McSIT also did not 

change the significance of contribution of the WAOMT LDFR (BCa [-3.64, 2.14]). In the third 

hierarchical regression, the addition of the McSIT did not change the results, as the WAOMT d’ 

remained non-significant (BCa [-5.00, 2.14]).     
8 Three exploratory hierarchical regressions were performed to examine if sex as a covariate 

influences the contribution of WAOMT performance on IADLQ-Informant scores after 18-

months. The inclusion of sex at Step 1 was non-significant [F(1,82) = .08, p =.778], and the 

inclusion of sex did not change the significance of the WAOMT score added in Step 2 (BCa [-

4.40, 5.07]). Similarly in the second hierarchical regression examining the contribution of 

WAOMT LDFR (Step 2) the addition of sex at Step 1 also did not change the significance of 

contribution of the WAOMT LDFR (BCa [-2.95, 4.11]). The addition of sex at Step 1, change 

the contribution of the WAOMT d’ (BCa [-1.94, 5.48]) at Step 2 in a separate regression model. 
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for results displaying the inclusion of the McSIT as a covariate (Step 1) of the hierarchical 

regression models examining WAOMT performance (Step 2) on IADLQ-Informant scores 9.  

 

 
9 Three exploratory hierarchical regressions were performed to examine if performance on the 

McSIT (test of odour identification) at Step 1, influences the contribution of WAOMT 

performance (Step 2) on IADLQ-Informant scores after 18-months. The inclusion of McSIT did 

not significantly contribute to the model at Step 1 [F(1,82) = .08, p = .778, BCa (-3.24, 4.27)], 

and the significance of the WAOMT composite score remained unchanged (BCa [-4.58, 5.06]). 

Similarly in the second hierarchical regression examining the contribution of WAOMT LDFR, 

the addition of McSIT also did not change the significance of contribution of the WAOMT 

LDFR (BCa [-3.02, 4.09]). In the third hierarchical regression, the addition of the McSIT also 

did not change results, as the contribution of the WAOMT d’ remained non-significant (BCa [-

2.02, 5.42]).     
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Table 4.  

Hierarchical Regression of WAOMT Composite Score Predicting IADLQ-self and informant at 

18-months Follow-up Controlling for Covariates, and Verbal Episodic Memory  

     Wild Bootstrap 

Outcome:  

IADLQ-Self 

Adj. 

R2 

F ΔR2 ΔF B SE BCa 95% CI 

Step 1 .30 10.49***      

Constant     -58.32 24.72 -104.72, -10.45 

Age     .98 .32 .37, 1.59 

Education     .26 .76 -1.26, 1.67 

Depression      2.12 .83 .58, 3.71 

T1 Self     .37 .12 .13, .61 

Step 2 .31 9.07 .02 2.61    

Constant     -57.17 24.76 -103.21, -10.30 

Age     .97 .32 .36, 1.60 

Education     .15 .77 -1.40, 1.60 

Depression      1.97 .83 .39, 3.56 

T1 Self     .39 .12 .14, .62 
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CVLT-II CS     4.01 2.52 -.95, 8.95 

Step 3 .30 7.51 <.01 .15    

Constant     -59.14 25.07 -107.39, -11.35 

Age     .99 .32 .39, 1.62 

Education     .17 .77 -1.43, 1.61 

Depression      1.96 .82 .40, 3.53 

T1 Self     .40 .13 .14, .65 

CVLT-II CS     3.66 2.76 -1.59, 9.11 

WAOMT CS     1.22 2.67 -3.63, 6.06 

     Wild Bootstrap 

Outcome: 

IADLQ-

Informant 

Adj. 

R2 

F ΔR2 ΔF B SE BCa 95% CI 

Step 1 .07 2.92*      

Constant     -43.74 24.51 -92.47, 4.72 

Age     .73 .33 .06, 1.45 

Education     .69 .75 -.70, 1.90 

T1 Informant     .23 .12 .01, .44 
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Step 2 .06 2.16 <.001 <.001    

Constant     -43.69 24.44 -89.70, 1.46 

Age     .73 .33 .06, 1.44 

Education     .69 .78 -.84, 2.12 

T1 Informant     .23 .12 .01, .44 

CVLT-II CS     .03 3.06 -5.86, 4.95 

Step 3 .05 1.76 <.01 .26    

Constant     -45.37 23.98 -89.73, 1.18 

Age     .75 .32 .10, 1.45 

Education     .66 .79 -.89, 2.11 

T1 Informant     .23 .12 .01, .44 

CVLT-II CS     -.56 3.54 -7.65, 5.60 

WAOMT CS     1.62 3.07 -3.83, 6.32 

Note. *** = p < .001, WAOMT = Western Australia Olfactory Memory Test, CVLT-II = 

California Verbal Memory Test – Second Edition., IADLQ-Self = Instrumental Activities of 

daily living questionnaire self-report, IADLQ-Informant = Instrumental Activities of daily living 

questionnaire informant-report, T1 = Baseline, CS = Composite Score, BCa = Bias corrected 

accelerated 
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H2: It was hypothesised that WAOMT retrieval components of LDFR and d’ would 

predict unique reductions in IADLs after 18-months.  

H2a: For the LDFR WAOMT with criterion as IADLQ-Self, the inclusion of covariates 

was significant at Step 1 [F(4,83) = 10.49, p <.001] explained 30% of the variance. However, 

neither the inclusion of the CVLT-II LDFR at Step 2 (BCa [-.37, 2.36]), nor the WAOMT LDFR 

at Step 3 predicted declines in IADLQ-Self scores (BCa [-1.87, 3.34]). Similarly, for the model 

with criterion as IADLQ-Informant, neither the inclusion of the CVLT-II LDFR at Step 2 (BCa 

[-1.63, 1.36]), nor the WAOMT LDFR at Step 3 predicted declines in IADLQ-Self scores (BCa 

[-2.60, 4.33]). Results are displayed in Table 5. 
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Table 5. 

Hierarchical Regression of WAOMT LDFR Predicting Self and IADLQ-Self and Informant at 

18-months Follow-up Controlling for Covariates, and Verbal Episodic Memory  

     Wild Bootstrap 

Outcome: 

IADLQ-Self 

Adj. R2 F ΔR2 ΔF B SE BCa 95% CI 

Step 1 .30 10.49***      

Constant     -58.32 24.53 -106.67, -11.89 

Age     .98 .31 .36, 1.59 

Education     .26 .78 -1.25. 1.73 

Depression      2.12 .83 .52, 3.73 

T1 Self     .37 .12 .13, .61 

Step 2 .31 9.03 .02 2.47    

Constant     -64.62 24.91 -111.87, -19.35 

Age     .94 .31 .33, 1.57 

Education     .13 .78 -1.44, 1.68 

Depression     2.03 .83 .47, 3.60 

T1 Self     .38 .12 .13, .61 
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CVLT LDFR     .99 .65 -.37, 2.36 

Step 3 .30 7.51 <.01 .28    

Constant     -68.52 25.61 -118.37, -21.42 

Age     .96 .32 .34, 1.60 

Education     .15 .79 -1.42, 1.69 

Depression      2.01 .83 .43, 3.60 

T1 Self     .39 .13 .14, .63 

CVLT-II 

LDFR 

    .88 .70 -.56, 2.32 

WAOMT 

LDFR 

    .86 1.37 -1.87, 3.34 

     Wild Bootstrap 

Outcome: 

IADLQ-

Informant 

Adj. R2 F ΔR2 ΔF B SE BCa 95% CI 

Step 1 .07 2.92*      

Constant     -43.74 24.36 -91.00, 5.84 

Age     .73 .33 .10, 1.41 
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Education     .69 .73 -.58, 1.80 

T1 Informant     .23 .11 .02, .42 

Step 2 .06 2.16 <.001 .01    

Constant     -43.79 24.30 -91.16, 5.60 

Age     .74 .32 .12, 1.42 

Education     .71 .80 -.72, 1.96 

T1 Informant     .23 .11 .02, .42 

CVLT-II 

LDFR 

    -.08 .82 -1.63, 1.36 

Step 3 .05 1.77 <.01 .30    

Constant     -47.62 23.64 -93.88, -.55 

Age     .76 .32 .16., 1.43 

Education     .69 .80 -.76, 1.93 

T1 Informant     .23 .11 .02, .42 

CVLT LDFR     -.22 .94 -2.08, 1.50 

WAOMT 

LDFR 

    .97 1.85 -2.60, 4.33 
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Note. *** p < .001,* p < .05, Western Australia Olfactory Memory Test, CVLT-II = California 

Verbal Memory Test – Second Edition., IADLQ-Self = Instrumental Activities of daily living 

questionnaire self-report, IADLQ-Informant = Instrumental Activities of daily living 

questionnaire informant-report, T1 = Baseline, LDFR = Long-delay free recall, BCa = Bias 

corrected accelerated. 

 

H2b: For the model examining d’ and IADLQ-Self, neither the CVLT d’ (BCa [-3.03, 

6.30]) nor the WAOMT d’ (BCa [-2.51, 3.59]) contributed to the model. Similarly, in the model 

examining d’ WAOMT with criterion as IADLQ-Informant, neither the inclusion of CVLT-II d’ 

at Step 2 (BCa [-10.49, 1.83]), nor the inclusion of WAOMT d’ explained variance in the model 

(BCa [-2.56, 1.08]). Results are displayed in Table 6.  

Overall these results suggest that the composite score and retrieval components of the 

WAOMT did not significantly predict declines in IADLs. 
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Table 6. 

Hierarchical Regression of WAOMT d’ on IADLQ-Self and Informant Reports at 18-months 

Follow-up Controlling for Covariates, and Verbal Episodic Memory  

     Wild Bootstrap 

Outcome: IADLQ-

Self 

Adj. 

R2 

F ΔR2 ΔF B SE BCa 95% CI 

Step 1 .30 10.49***      

Constant     -58.32 25.10 -108.69, -9.71 

Age     .98 .32 .36, 1.60 

Education     .26 .77 -1.20, 1.75 

Depression      2.12 .84 .46, 3.86 

T1 Self     .37 .13 .14, .61 

Step 2 .29 8.43 <.01 .46    

Constant     -60.85 24.97 -110.01, -15.05 

Age     .95 .33 .34, 1.58 

Education     .25 .77 -1.20, 1.75 

Depression      2.12 .84 .47, 3.84 

T1 Self     .38 .13 .14, .62 
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CVLT d’     1.67 2.37 -3.03, 6.30 

Step 3 .28 6.96 <.01 .07    

Constant     -60.94 24.93 -109.93, -14.94 

Age     .96 .32 .35, 1.58 

Education     .22 .79 -1.24, 1.73 

Depression      2.14 .85 .48, 3.86 

T1 Self     .39 .13 .15, .63 

CVLT d’     1.51 2.36 -3.25, 6.22 

WAOMT d’     .50 1.60 -2.51, 3.59 

     Wild Bootstrap 

Outcome: IADLQ-

Informant 

Adj. 

R2 

F ΔR2 ΔF B SE BCa 95% CI 

Step 1 .07 2.92*      

Constant     -43.74 25.56 -93.04, 5.58 

Age     .73 .34 .06, 1.41 

Education     .69 .74 -.73, 2.10 

T1 Informant     .23 .10 .03, .41 

Step 2 .09 2.84 .03 2.43    
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Constant     -42.21 25.48 -91.21, 6.23 

Age     .87 .36 .17, 1.59 

Education     .75 .75 -.65, 2.11 

T1 Informant     .20 .11 <.01, .39 

CVLT d’     -4.38 2.79 -10.49, 1.83 

Step 3 .08 2.24 <.001 .01    

Constant     -42.46 25.53 -90.99, 3.45 

Age     .87 .36 .17, 1.57 

Education     .77 .75 -.68. 2.24 

T1 Informant     .20 .11 <-.01, .39 

CVLT d’     -4.32 2.80 -10.53, 2.30 

WAOMT d’     -.20 1.47 -2.56, 1.08 

Note. *** p < .001,* p < .05, Western Australia Olfactory Memory Test, CVLT-II = California 

Verbal Memory Test – Second Edition., IADLQ-Self = Instrumental Activities of daily living 

questionnaire self-report, IADLQ-Informant = Instrumental Activities of daily living 

questionnaire informant-report, T1 = Baseline, d’= Recognition sensitivity index, BCa = Bias 

corrected accelerated.  
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Pairwise Comparisons of Attrition Rates 

 Pairwise t-tests were performed on key variables between T1 participants who completed 

IADLQ-Self reports and IALDQ-Informant reports at Time 1 who completed the same at Time 

2, compared to those who did not complete the questionnaires at Time 2. Results indicated that 

there were no significant differences between age, sex, education, overall MoCA score, CVLT or 

WAOMT performance (all ps > .05).  

Discussion 

Changes in olfaction can affect daily living, with inputs in nutrition, diet, food intake and 

safety (Croy et al., 2014). As both olfaction and memory are required for daily functioning, it 

was hypothesised that olfactory episodic memory (OEM) measured by the WAOMT could 

predict declines in IADL functioning, above verbal episodic memory. However, the current 

results did not support the hypotheses, as neither the WAOMT composite score (H1) nor 

retrieval indices (H2) predicted IADLs. Furthermore, we found that IADL performance remained 

stable across the 18-month period.  

Summary of Findings 

 As expected from community-residing older adults, our sample demonstrated non-

impaired IADL abilities at both time points. Intact IADL abilities are the clinical classification of 

‘normal aging’ older adults, distinguishing from those with ‘mild’ functional impairments in 

MCI and progressive deterioration in AD (Overdorp et al., 2016). While significant changes in 

IADLs were not expected to occur over the 18-month period, we proposed that a combination of 

OEM sensory and cognitive factors could detect subtle changes in IADL performance. Previous 

studies have found that lower performance on prospective memory is associated with mild and 



 CHAPTER FIVE  232 

  

concurrent IADLs problems in cognitively healthy older adults (Woods et al., 2015). 

Furthermore, the current non-significant results were found despite adopting the approach taken 

by Woods et al. (2012), whereby items measuring higher-level IADL problems were extracted 

(e.g. money management), and response set was modified to include an additional item to detect 

more subtle difficulties. Although initial hypotheses were not supported in our current study, a 

lack of change in functioning across the 18-month period could have contributed to these null 

findings.  

As neither performance on the WAOMT nor the CVLT-II (examining verbal episodic 

memory) predicted performance on IADLs, it is possible that our results also reflect the 

relatively small contribution of episodic memory performance on IADL abilities. This argument 

is consistent with Royall et al.'s (2007) meta-analysis, as memory explained little variance in 

functional abilities (1.9%) compared to other cognitive domains. However, Rog and colleagues 

(2014) argued that the association between cognition and functioning is non-linear, and can 

differ according to the population sampled. The authors found that depression and apathy (loss of 

motivation) were more strongly associated with functioning in healthy-aging older adults and 

MCI groups, while cognition (executive functioning and verbal memory) was more strongly 

related to functioning in those with a dementia diagnosis. It is possible that as disease progresses, 

odour memory could predict functional outcomes in IADLs as cognitive deficits become more 

apparent in MCI or dementia groups.  

Perceptual disturbance may be more prominent in clinical populations as the regeneration 

of olfactory receptor cells naturally decrease with age resulting in a loss of smell, which can 

accelerate in the presence of AD pathology (Steinbach et al., 2008). A combination of memory 

and chemosensory deficits may increase the burden on complex tasks which require these 
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integrated inputs, such as cooking and preparation of food. However, further longitudinal 

research is needed to examine if OEM can provide unique predictive variance controlling for 

baseline functioning, depression and cognition in those experiencing more severe functional 

difficulties.  

Additionally, the presence of subjective memory complaints (SMC) could also contribute 

to the current findings. Sohrabi et al. (2019) found that SMC status can predict baseline and 

future general cognition across a 3-year period in healthy aging older adults. Furthermore, Ikeda 

et al. (2019) found that SMC in a Japanese community-dwelling older adult sample was 

associated with lower IADLs scores compared to those without SMC. It is possible that a sub-

sample of WAOMT participants with SMC could present with greater IADL decline over time, 

however further research is needed to explore if SMC influences the relationship between 

WAOMT performance and IADLs. 

Cross-Sectional Findings 

While performance on the WAOMT did not contribute to longitudinal changes in IADLs, 

the assessment of OEM is still warranted in this area. Cross-sectional data revealed that the 

WAOMT composite score, long-delay free recall (LDFR) and d’ was associated with self-

reported baseline IADLs, and the composite score and LDFR were significantly associated with 

follow-up self-reported IADLs. These associations were found even when controlling for CVLT 

components (composite score, LDFR and d’), age, education, depression scores and baseline 

functioning. These results are contradictory to cross-sectional findings from Gopinath and 

colleagues (2012), who failed to find associations with odour identification and IADL in older 

adults. In addition to bottom-up odour detection abilities, the WAOMT also requires higher-level 

semantic knowledge to generate odour labels, and episodic memory to retrieve odour names for 
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recall. It is possible that the increased cognitive load in OEM tasks may be sensitive to minor 

difficulties in absolute IADLs performance based on our cross-sectional data, however, lacks 

sensitivity to detect longitudinal declines in IADLs in an otherwise cognitively healthy sample.  

It is interesting to note that preliminary associations between WAOMT performance and 

functioning was only found in self-reported IADLs. Typically, self-reported ratings of 

functioning are considered less reliable indicators of performance in progressive stages of MCI 

and AD compared to proxy ratings due to a lack of awareness, large discrepancies with cognitive 

performance, and tendency to over-estimate one’s cognitive and functional ability (Farias et al., 

2005). In contrast, proxy reports are more strongly associated with objective performance (Farias 

et al., 2005), however can vary in their own abilities to provide valid information (Royall et al., 

2007). As the majority of literature in IADLs were based in later stages of MCI or AD 

populations with compromised awareness, there is some evidence to suggest that healthy, non-

impaired older adults residing within the community can provide accurate estimates into their 

own functional abilities (Suchy et al., 2011).  

Depression and IADLs 

Another possible explanation is the contribution of intra-individual factors in functional 

abilities, as our results indicated that depression was a significant predictor of self-reported 

IADLs at 18-month follow-up. Characterised by low mood, a loss of interest and motivation in 

performing activities, depression symptoms are common in older adults and are identified as a 

risk factor to IADL limitations, independent of physical issues and global cognition (Burton et 

al., 2018). Depression may also be a prodromal symptom of emerging neuropathology, linked 

with cerebrovascular changes (Alexopoulos, 2003).  
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Cerebrovascular disease may predispose, precipitate, or perpetuate late-life depression 

symptoms, also known as ‘vascular depression’ hypothesis (Alexopoulos et al., 1997; Taylor et 

al., 2013). Hallmark features of cerebrovascular changes are white-matter hypertensities, which 

are common in late-life depression and often located in subcortical structures and their frontal 

projections (Alexopoulos, 2019). Furthermore, longitudinal studies of community-dwelling older 

adults suggest that depression symptoms often precede the development of vascular dementia, 

and increases the likelihood for later development of Alzheimer’s disease (Alexopoulos et al., 

1997). It is possible that a sub-section of our sample may have underlying vascular changes 

which could influence associations between depression and IADL status. However, as the current 

results demonstrated weak effect sizes for associations between depression and IADL scores 

(ranging from .26 to .28), future research would benefit from follow-up methods, such as 

diffusion tensor imaging which are commonly used to identify underlying white-matter lesions 

(Wassenaar et al., 2019). 

Implications of Findings and Future Directions 

 Although the initial hypotheses were not supported in the current study, our results imply 

that the assessment of functioning in those with more intact abilities require the inclusion of 

individual risk factors and demographic variables, in addition to cognitive domains. These 

findings are consistent with previous models of disability such as the Disablement Process 

Model (Verbrugge & Jette, 1994), as individual factors can also influence the pathways between 

cognitive abilities, emerging neuropathology and functional limitations (Barberger-Gateau et al., 

2002).  Furthermore, the current results also highlight considerations for future research, as a 

major limitation was the relatively short time frame of 18-months follow-up period, which 
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restricted variation in IADL functioning. For example, future research with multiple follow-up 

assessments can determine if baseline associations with WAOMT and IADL could eventuate 

into predictions of functional decline across the course of aging, adjusting for the influence of 

psychological factors.  

Furthermore, while education was not associated with IADL declines in our cohort, 

overall status was relatively high with most completing high school. As functional impairment 

and depression symptoms are more prevalent in those with low education and socio-economic 

status (Kwon et al., 2019), the current results may lack ecological validity to broader 

populations. To address these issues, future studies should recruit from larger heterogenous 

community samples to identify other risk factors which could influence IADL functioning. 

Selective attrition could also influence IADLQ-Self and Informant reports, however as there 

were no significant differences in samples from Time 1 and Time 2 based on age, sex, education, 

overall MoCA score, CVLT and WAOMT performance, or IADLQ (self and informant), the 

likelihood of attrition bias affecting the results is low.  

Summary and Conclusions 

 Overall, the current results indicate that baseline OEM assessment do not predict 

reductions in IADL performance in community-dwelling older adult samples. Although our 

hypotheses were not supported, this could be attributed to a lack of significant functional change 

across an 18-month period, the potential influence of depression on self-reported IADLs, and the 

relatively small contribution of episodic memory to intact IADLs. While there is potential for 

OEM assessment to detect difficulties in IADL performance cross-sectionally, the prediction of a 

true decline in IADL performance may be beyond what the WAOMT is capable of identifying in 
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a short interval. Future research should investigate this relationship with longer follow-up 

periods to capture true changes in daily functioning across the aging continuum.   
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Chapter Six: General Discussion 

The early detection of dementia associated with Alzheimer’s disease (AD) is crucial for 

targeting interventions for at-risk individuals and monitoring disease progression (Dubois et al., 

2016). The development and validation of neuropsychological measures is now aimed at 

identifying early signs of dementia at pre-clinical stages. However, most tests lack the ability to 

detect subtle deficits in cognitively healthy older adults who could be at risk of future 

neurodegeneration. Olfactory episodic memory (OEM), requires the rapid integration of 

olfactory perception, odour identification, episodic odour recall and recognition components 

(Murphy et al., 1997). Due to this combination of sensory and cognitive abilities which are 

vulnerable to aging and disease, OEM measures may be more sensitive to early declines in areas 

associated with AD than current memory measures. However, a paucity of well-validated and 

comprehensive measures limits our understanding of OEM performance in the early detection of 

dementia. The current thesis found that the newly developed Western Australia Olfactory 

Memory Test (WAOMT), examining odour learning and memory characteristics, has the 

potential to be a valid and reliable measure of OEM in a sample of cognitively healthy aging 

older adults. Importantly, these results indicated that baseline OEM assessment shows initial 

promise to predict unique and subtle changes in glucose metabolism uptake, independent of the 

variance explained by verbal episodic memory.  

Central Aims of the Thesis 

This thesis aimed to examine the predictive utility of OEM in the detection of risk-factors 

for dementia, such as reductions in regional brain glucose metabolism and daily functioning in 

cognitively healthy older adults. This was accomplished by first establishing the psychometric 
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properties of the WAOMT, a comprehensive measure of OEM. Reliability was assessed using 

classical test theory and item response theory (IRT) methods, and convergent validity was 

assessed through correlations with conceptually similar constructs of episodic memory (verbal 

and visual) and olfactory identification.   

The fourth and fifth chapters of this thesis aimed to investigate OEM as a unique 

predictor of longitudinal reductions in regional glucose metabolism uptake and functional 

performance respectively. To evaluate changes over time, 18-month follow-up data was 

collected for [18F]-fluoro2-deoxyglucose positron emission tomography, using standardised 

uptake value ratios (18F-FDG PET SUVR) as a measure for glucose metabolism for Chapter 4. 

Self-reported and proxy ratings of instrumental activities of daily living (IADLs) were also 

collected after 18-months to assess functional abilities in Chapter 5. To examine if OEM can 

predict reductions in glucose metabolism and functional abilities over and above general episodic 

memory, performance on verbal episodic memory, as measured by the California Verbal 

Learning Test – Second Ed. (CVLT-II; Delis et al., 2000), was controlled for in analyses. 

The fourth chapter examined the unique relationship between OEM and longitudinal 18F-

FDG PET SUVR. Reductions in 18F-FDG PET SUVR is considered an accurate predictor of 

future cognitive decline and conversion from mild-cognitive impairment (MCI; pre-clinical 

dementia) to AD (Landau et al., 2011; Ottoy et al., 2019). Therefore, the first hypothesis 

examined whether overall OEM performance, indexed by the WAOMT composite score, would 

predict longitudinal reductions in 18F-FDG PET SUVR. Regions of interest included the bilateral 

pre-frontal cortex (PFC) as the primary area involved in higher-order olfactory processing (Saive 

et al., 2014). Furthermore, difficulties in long-delayed free recall and reductions in the 

recognition discrimination index (d’; the ability to distinguish between targets from distractor 
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stimulus), are the first to appear in pre-clinical AD memory profiles (Delis et al., 2000; 

Weintraub et al., 2012). Therefore, the second hypothesis examined whether WAOMT sub-

components of long-delay free recall and d’ would predict longitudinal reductions in glucose 

metabolism in the bilateral PFC.  

Finally, the fifth chapter examined the unique relationship between OEM performance on 

the WAOMT and daily functioning, as measured by self and informant IADL reports. As IADLs 

are associated with cognitive constructs, and minor difficulties can appear earlier in the course of 

normal aging (Woods et al., 2015), it was first hypothesised that the WAOMT composite score 

would predict reductions in IADLs across 18-months. Secondly, it was hypothesised that 

WAOMT retrieval components of long-delay free recall and d’ would also predict longitudinal 

reductions in IADLs.   

Summary of Findings 

Aim 1: Psychometric Evaluation of the WAOMT 

The WAOMT was found to be a reliable and valid assessment of OEM in cognitively 

healthy older adults. Specifically, results revealed moderate test re-test reliability for all 

WAOMT indices after 7 to 28 days, which were comparable to those reported for previous tests 

of episodic olfactory recognition memory, the Sniffin’ Test of Odor Memory (Sniffin’ TOM; 

Croy et al., 2015). Using IRT graded response modelling, a composite score comprised of all 

WAOMT components was also generated to represent each individual’s estimated latent OEM 

ability. The WAOMT composite score was found to be the most informative and reliable (r = 

.97) between OEM abilities of -2.00 to +2.00 z-scores, with excellent measurement precision 
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which is determined by low standard error of measurement (mean SE = .18). In contrast, 

reliability appeared to trail off for those with extremely low or extremely high abilities.  

Furthermore, these estimates are similar to that of the CVLT-II composite score 

(development outlined in Chapter 3), which demonstrated the highest reliability (r = .97) and 

information between abilities -2.00 to +2.00 z-scores, with the lowest SE (.16) between these 

points. As with the WAOMT composite score, the CVLT-II composite score reliability, 

precision and information was reduced for those with extremely low or high verbal episodic 

memory abilities.   

Interestingly, these reliability ranges were similar to Mungas et al.'s (2004) validation of 

the Spanish and English Neuropsychological Assessment Scales using IRT modelling, which 

was normed in a sample of community-dwelling older adults (95.4%) and a minor portion of 

individuals with age-related cognitive difficulties (4.6%). As the vast majority of participants in 

the current cohort displayed OEM abilities within the high-fidelity range of 0 to .5 z-scores, 

reduced reliability within extreme ability ranges could be attributed to random error in floor and 

ceiling effects in our community-dwelling sample.  

Validity. Convergent validity for the WAOMT composite score was established, as 

results revealed significant and positive associations with verbal and visual episodic memory, as 

well as odour identification. However, these associations were somewhat weaker in magnitude 

compared to previous research (Croy et al., 2015; Murphy et al., 1997). Lower associations 

between OEM and other memory constructs may support findings from Larsson and colleagues 

(2016) who identified OEM as a related construct, yet modelled separately from episodic and 

semantic memory for verbal and visual information.  
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We were also interested in the relationships between OEM and other cognitive constructs 

which are known to influence performance in verbal and visual episodic memory. Performance 

on the WAOMT composite score was also significantly associated with phonemic and action 

fluency, which reflect verbal generativity and higher-order executive functions. A combination 

of these constructs may be required for OEM tasks to select words meeting certain requirements 

(e.g. belonging to a specific category) and avoid repetition (Fisk & Sharp, 2004; Shao et al., 

2014). Heightened verbal abilities may therefore improve odour recall through the generation of 

meaningful labels for later retrieval.  

Interestingly, the WAOMT composite score was not associated with simple attention, 

mental flexibility, or working memory domains. It is possible that a combination of separate 

memory ‘systems’ (Tulving, 1985), such as learning, storage and retrieval components may 

reduce the strength of associations with specific cognitive domains. Nevertheless, the current 

results revealed significant correlations with the composite score and simple processing speed, 

which is commonly associated with general episodic memory (Head et al., 2008). General factor 

models suggest that global and pervasive reductions in processing speed may contribute to age-

related reductions in general memory performance (Finkel et al., 2007; Salthouse, 2000). These 

results support similarities between global performance on OEM and other memory modalities.  

OEM Learning and Memory Indices. Relationships with cognitive domains and sub-

components of the WAOMT were also examined. Results revealed significant and positive 

associations with simple processing speed and short-delay free and cued recall, recognition hits 

and d’. Salthouse (1980) proposed that the speed at which the central nervous system processes 

information reflects the efficiency of the cognitive system, such that better memory performance 

is due to increases in trace strength. However, others suggest that simple speed models are 
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insufficient to explain performance in more resource-demanding tasks, for example that require 

inputs for semantic encoding (Kliegl et al., 1994; Perrotin et al., 2006). This may explain why 

processing speed was not associated with odour learning which requires semantic input and 

executive organisation, or long-delay free recall which requires additional effort for long-term 

storage. 

Selective associations with higher-order executive functions were also found, as results 

demonstrated significant associations with set-shifting and WAOMT learning Trial 1, short and 

long-delayed cued recall, false positives and d’. These associations may reflect the added 

cognitive demand of mental flexibility, to search for odour names stored in the semantic 

knowledge system and order these according to appropriate categories (e.g. fruits, vegetables or 

sweets). As the WAOMT learning and recall trials requires language input, these components 

were all associated with verbal generativity, with the exception of recognition hits which require 

a simple “yes” or “no” response.  

Interestingly, recognition components on the WAOMT did not display significant 

associations with verbal and visual memory counterparts. Previous literature indicates that odour 

recognition performance typically presents with high false alarms (incorrectly identified 

distractor odours as targets), and fewer recognition hits (correct recognition of target odours) 

compared to verbal information (Murphy et al., 1997). These results, together with lower 

discrimination of the recognition trial in IRT models, may indicate deviation from the underlying 

trait estimated by the WAOMT compared to other memory components.  

OEM and Age, Sex, and Education. The relationship with OEM and demographic 

factors were also examined. Consistent with previous literature (Larsson et al., 2016; Larsson & 

Bäckman, 1993, 1997), age was significantly and negatively associated with WAOMT 
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performance. Larsson and Bäckman (1993) proposed that age-related declines in odour memory 

could be due to deficits in semantic memory, such as odour naming, with a reliance on lower-

level semantic processing of familiarity. However, Murphy and colleagues (1997) argued that 

while the identification of odours is necessary for odour name recall, breakdowns in performance 

could not be completely explained by naming abilities. Rather, a combination of episodic 

encoding, storage and retrieval processes likely contribute to variance in odour recall (Murphy et 

al., 1997). Others also suggest that difficulties in perceptual processing, such as odour 

discrimination which enables an individual to distinguish between two stimuli, could contribute 

to poor OEM performance in older adults (Croy et al., 2015; Schab, 1991). While older adults 

perform poorly even after the provision of odour labels, deficiencies in lower-level 

discriminatory abilities may underlie breakdowns in identification (Croy et al., 2015). However, 

as we did not examine associations with odour discrimination tests, this requires further 

investigation to examine contributing factors to age-related deficits in OEM.  

Other results included non-significant associations with education level, which is 

consistent with previous literature (Cornell Kärnekull et al., 2015). Furthermore, there was some 

evidence of women out-performing males on most WAOMT indices, supporting the widely 

reported “female superiority effect” which is previously shown to have significant yet weak 

effect sizes (Öberg et al., 2002; Sorokowski et al., 2019). However, both men and women 

performed similarly on learning Trial 1, short-delay cued recall, and d’. IRT parameter analyses 

indicate that learning trial 1, short-delay cued recall and recognition all display the lowest 

discrimination parameter estimates (ranging from α = .14 to .29) compared to other WAOMT 

components. Therefore, similarities in performance between males and females across these 

variables may also be due to low item utility for differentiating participants with lower OEM 
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abilities (in this case, men) from higher OEM abilities (women). Furthermore, previous literature 

also suggests that greater verbal abilities and semantic memory abilities in women may mediate 

sex-differences in olfactory tasks (Öberg et al., 2002). It is evident that further research is needed 

to establish if sex differences are truly present in OEM ability, while accounting for mediating 

cognitive variables. 

Learning Over Trials. Learning and memory performance on the WAOMT seen in the 

current sample was similar to previous comprehensive measures of OEM, including the 

California Odor Learning Test (COLT) by Murphy and colleagues (1997). Performance on the 

WAOMT learning trials demonstrated low acquisition rates, with participants able to correctly 

name 3 to 4 odours out of 9 targets during the learning trials. However, there were clear learning 

effects with approximately .5 increment increase in odour recall after each successive trial. Low 

acquisition rates on the WAOMT may be more strongly related to participant’s ability to 

generate odour names during learning trials rather than actual encoding, with better recognition 

performance in a yes/no task as participants recognised approximately 7 out of 9 (77.8%) target 

odours. This phenomenon is consistent with the ‘recognition without identification’ effect which 

describes the ability to discriminate target items from distractors without requiring initial 

identification, or in this case, naming of odours (Cleary, 2002; Cleary et al., 2010). Participants 

could encode abstract orthographic or phonological olfactory information at first experience, 

without the explicit verbalisation of odour names (Cleary, 2002). This stored lexical information 

is manifested by feelings of familiarity, which can promote recognition memory (Cleary, 2002).  

Indeed, similar acquisition rates were also reported in Murphy et al.’s (1997) study using 

the COLT, as older adults learnt between 4 and 5 odours out of the 16 target stimuli presented 

over 5 learning trials. The authors also found that odour recognition displayed greater 
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performance in the yes/no task as participants correctly recognised approximately 12.6 out of 16 

odours (78.8%), which were similar rates to WAOMT recognition. In comparison, age-matched 

normative data on the CVLT (Delis et al., 1987) indicated that older adults can generally learn up 

to approximately 10 to 11 out of 16 words after 5 learning trials. While high false alarm rates 

during odour recognition could account for generally lower performance compared to words, 

comparisons between odour and verbal memory tasks must be interpreted with caution due to 

differences in cognitive demands between these modalities (Murphy et al., 1997). Nevertheless, 

the current results are consistent with previous literature that, despite initially poor acquisition 

rates, humans are able to learn with practice and retain information after long delays (Cain, 1979; 

Cornell Kärnekull et al., 2015). It is possible that learning could increase on the WAOMT if 

additional trials were included. However, further research is needed to examine the absolute 

upper and lower thresholds of odour learning in older adults.   

Free Recall of Odour Names. Performance on the WAOMT demonstrated little loss of 

odours between immediate and delayed recall, with participants retaining 95.2% of the odours 

learnt in Trial 3 after 20-minute delays. Previous research examining odour recognition memory 

attributed robust forgetting rates to the storage of olfactory information as a unitary concept, with 

weak retroactive interference coupled with strong proactive interference (Engen & Ross, 1973; 

Herz & Engen, 1996). In contrast, odour-name recall may require multiple information inputs 

including olfactory semantic memory to identify and name odours at encoding, and episodic 

memory to later recall odour names by proxy of the odour perception. Indeed, Murphy and 

colleagues (1997) attributed poor odour memory on the COLT to limited use of semantic 

clustering strategies, which may reflect reduced semantic encoding of odours. While the 

WAOMT is reliant on odour naming to assess recall abilities, poor naming accuracy was 
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accounted for by employing a participant-generated idiosyncratic scoring system. Rather, others 

have found that consistently identified odours were more predictive of odour memory than 

inconsistently identified odours (Frank et al., 2011; Lehrner et al., 1999). 

According to general elaborative network models (Anderson, 1983) or dual-coding 

models (Paivio, 1986), verbal coding can enhance olfactory encoding by providing additional 

modes through which an odour can be represented in memory, which could increase the 

likelihood to which olfactory information is retrieved (Frank et al., 2011). This forms a 

‘multidimensional’ representation of odours. When the odour representation is not identified, the 

meaning of the olfactory experience is poor, verbal descriptions are vague and the episodic 

context in which the odour was first encoded is poorly stored and difficult to retrieve (Frank et 

al., 2011). Indeed, it is possible that participants could decide that the initial verbal label did not 

adequately represent the perception of the odour object, and discretely change the odour name in 

subsequent trials (Murphy et al., 1997). While participants do not receive credit for inconsistent 

recall of odour names on the WAOMT regardless of corrective intent, poor odour recall 

performance may also indicate weak activations of the multidimensional representation of 

odours. However, as the majority of previous empirical research was conducted on the mediation 

of odour naming in odour recognition performance, further targeted research is needed to 

understand decay in delayed odour name recall. 

Semantically-Cued Recall. Similar to the COLT (Murphy et al., 1997), performance on 

the WAOMT did not appear to benefit from the provision of semantic cues on recall trials (e.g. 

categories of sweets, fruits and vegetables). Poor semantic organisation appears to be similar 

across age, as Murphy et al. (1997) found that younger adults also demonstrated little 

improvement in cued-recall on the COLT, with significantly poor performance compared to 



 CHAPTER SIX  258 

  

respective CVLT cued-recall components. While cued-recall may simply be redundant as an 

odour memory strategy, this may also be due to fundamental differences in semantic 

categorisation for odours compared to words. Early studies by Engen (1987) in an analysis of 

odour labels provided in a test of free-identification suggested that while humans do categorise 

odours, this was not organised lexically by nouns or semantic relations. Rather, odour names are 

stored in different levels of categorisation based on idiosyncratic experiences of the stimuli, and 

the similarity of the context in which a person had first encoded that odour (Dubois & Rouby, 

2002). Therefore, a taxonomic hierarchy proposed by traditional classification systems for 

‘natural’ objects may not be applicable for odours (Dubois & Rouby, 2002). For example, in our 

current sample one participant encoded and retrieved the smell of vanilla as “grandmother’s 

house”.  

The idiosyncratic nature of odour names was taken into account when developing the 

alternative-scoring system for the WAOMT, whereby scores are provided based on consistent 

individual-generated labels during learning and recall trials. While this scoring system was 

necessary to ensure validity of encoding, storage and retrieval of odour names, it is important to 

note that variances in cued-recall could also be a reflection of our alternative scoring system. If a 

participant decided that a target odour stimuli, for example ‘orange’ was most appropriately 

named as ‘musk’ with no discernible semantic category of fruit, vegetable or sweets, a point was 

not awarded. Therefore, this cueing method may be an under-representation of how humans 

encode and store odours in the semantic system. 

Odour Recognition. Performance on the WAOMT recognition trials revealed low hits 

(correct recognition of target odours) and high false positives (incorrectly identified distractor 

odours as targets), and overall low d’ compared to age-matched performance on verbal 
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recognition memory. These performance patterns are consistent with previous literature 

examining odour recognition in older adults, suggesting that age is associated with both fewer 

recognition hits and more false-alarms (Larsson & Bäckman, 1997; Murphy et al., 1997). 

Increases in false positives are recognised as features of AD profiles (Weintraub et al., 2012), 

and are thought to be driven by a reliance on familiarity perceptions or difficulties in specifying 

previously experienced stimuli (Frank & Murphy, 2020; Frank et al., 2011). According to dual-

process signal detection models (Yonelinas, 1994), recognition memory can be divided into two 

separable streams. Recollection or ‘remember’ responses refers to the retrieval of specific 

contextual detail, and familiarity or ‘knowing’ responses refers to the semantic knowledge that 

an item has been previously encountered, in the absence of recollection (Yonelinas, 1994; 

Yonelinas et al., 2010). It is likely that odour recognition processes reflect a varying degree of 

semantic activation, which is consistent with previous literature (Frank et al., 2011; Jehl et al., 

1997; Larsson & Bäckman, 1993).  

Aim 1 Summary. The findings from Chapter 2 indicate that the WAOMT is a reliable 

and valid measure of OEM in the current sample of cognitively healthy older adults. 

Furthermore, the findings highlight the need to assess OEM using a combination of learning and 

recall trials in addition to a total composite score, as it is likely that the degree of involvement of 

episodic and semantic memory varies according to specific task demands. 

Aim 2: Relationship with OEM and Glucose Metabolism Uptake 

The current results revealed that both the WAOMT composite score and long-delay free 

recall emerged as significant predictors of longitudinal regional glucose metabolism, measured 

by 18F-FDG PET SUVR in the pre-frontal cortex (PFC), which surpassed the predictive power of 
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verbal episodic memory. This supported our hypothesis that performance on the WAOMT would 

predict reductions in glucose metabolism in the PFC after an 18-month interval. Additionally, 

exploratory analyses indicated that performance on long-delay free recall significantly predicted 

longitudinal 18F-FDG PET SUVR in the medial temporal lobe (MTL). The PFC is known to be 

involved in the integration of  multi-sensory integration, such as linking olfactory sensory 

information with odour-name representations (Olofsson et al., 2014). Additionally, MTL is 

involved in long-term consolidation and retrieval of episodic memories (Eichenbaum, 2017). As 

tasks of delayed recall of odour names require the retrieval of odour-name representations from 

memory, such tasks may rely more heavily on the interconnections between the PFC and MTL 

regions. Furthermore, exploratory analyses also indicated that the WAOMT composite score and 

long-delay free recall were also significant predictors of neocortical 18F-FDG PET SUVR. This 

suggests that WAOMT performance is also associated with glucose metabolism in regions 

associated with higher-order cognitive function.  

Interestingly, d’ failed to predict longitudinal reductions in 18F-FDG PET SUVR in 

regions of interest, indicating some differentiation of WAOMT retrieval components. 

Recognition discrimination requires distinguishing between true positives from distractors, and 

inhibiting false positive responses (Rugg & Yonelinas, 2003). This contradicts previous research 

by Staffaroni et al. (2017) who found bilateral orbitofrontal cortex and hippocampal SUVR 

associations with verbal recognition in amnestic AD samples. However, as the authors examined 

associations with clinical groups, our null findings may be a result of less variation in odour 

recognition performance within healthy aging cohorts.  

Croy and colleagues (2015) found using the Sniffin’ test of odor memory (Sniffin TOM), 

that groups of MCI demonstrated pronounced impairments in d’ compared to healthy aging older 



 CHAPTER SIX  261 

  

adults. Indeed, recent research by De Simone and colleagues (2019) found that healthy controls 

and amnestic-type MCI groups who did not convert to AD demonstrated similar performance on 

d’ in verbal learning tasks. However, the authors noted that d’ was significantly better in non-

impaired groups compared to MCI who later converted to AD after 3-years, with good predictive 

accuracy. Based on these findings, it is likely that d’ on odour recognition tests may demonstrate 

good specificity across clinical groups, however it lacks the sensitivity to detect subtle variations 

in healthy older adults which do not reach the threshold for impairments in recognition. 

Therefore, it is possible that d’ could provide more information in more advanced disease stages 

as memory impairments become apparent. 

Aim 3: Relationship with OEM and Functional Abilities 

 Impairments in daily living are associated with disease severity in dementia, and subtle 

deficits in cognitively-demanding instrumental activities of daily living (IADLs) can appear 

before the manifestation of disease (Woods et al., 2012). As both olfaction and episodic memory 

are necessary for daily function (Croy et al., 2014; Gopinath et al., 2012; Gross et al., 2011), 

Chapter 4 examined whether OEM could predict changes in self and informant reported IADLs 

after 18-months. Contrary to the hypotheses, we did not find that performance on the WAOMT 

contributed to longitudinal IADL changes. Rather, depression emerged as a significant predictor 

of self-reported IADLs. These null findings were found despite using a modified version of 

IADL assessment to account for subtle functional changes in healthy aging cohorts (Woods et 

al., 2015).  

While we did not find significant diagnostic changes in our community-based sample, 

previous cross-sectional studies have found that complex prospective memory measures were 
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significant and unique predictors of IADLs in similar community-drawn older adult samples 

(Woods et al., 2015). This would suggest that IADLs may begin to vary prior to pathological 

diagnostic conditions. Indeed, bivariate analyses revealed that the WAOMT composite score and 

long-delay free recall was significantly associated with self-reported IADLs at baseline and after 

18-months follow-up. In this study, poor OEM performance may be associated with subtle, 

minor difficulties in absolute IADL ratings, however lack the sensitivity to detect longitudinal 

declines within an 18-month interval. As the current sample also likely included participants with 

subjective memory complaints (SMC), which is a known marker of cognitive impairment and 

poor independent living (Sohrabi et al., 2019; Ikeda et al., 2019), it is possible that this sub-

sample of WAOMT participants with SMC could also explain some variance in IADL scores.  

Implications of Findings 

The current program of research is the first to establish the psychometric properties of a 

standardised, and comprehensive assessment of OEM. Additionally, this research is the first to 

examine OEM as a predictor of brain glucose metabolism using 18F-FDG PET SUVR, and 

explore the relationships with OEM and daily functioning. The current findings highlight 

important clinical and research considerations recommended for future practice, the foremost 

being OEM assessment as a potential clinical tool for detecting subtle indicators of 

neuropathology in healthy aging adults. 

18F-FDG PET SUVR is an effective means of predicting MCI, with decreased metabolic 

uptake indicating either reduced number of synapses or decreased synaptic metabolic activity 

(Rocher et al., 2003). Subtle reductions in glucose metabolism are known to occur in the healthy 

aging brain decades before clinical diagnosis (De Leon et al., 2001), with decreased glucose 
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metabolism as indicative of probable AD in posterior cingulate, temporoparietal, and pre-frontal 

regions (Herholz et al., 2002). Specifically, hypometabolism in regions of hippocampus and 

entorhinal cortices in normal aging adults can predict cognitive decline in MCI and AD years 

before clinical diagnosis (De Leon et al., 2001; Landau et al., 2011). As odour memory requires 

both PFC and MTL regions for sensory and episodic memory processing, the WAOMT may be 

in prime position to predict future synaptic abnormalities in these areas even before noticeable 

differences appear on standard tests of episodic memory.  

Current methods of disease monitoring rely on expensive neuroimaging, which are not 

widely available in all clinical settings (Prado et al., 2019). Instead, neuropsychological 

assessment can offer an inexpensive and easily accessible alternative method to identify 

individuals at the pre-clinical stage of AD who may be at-risk of future pathology (Rhodes et al., 

2019). Recently, longitudinal studies by Teng et al. (2020) found that a combination of FDG-

PET and global cognitive measures could enahnce predictive diagnostic accuracy for those 

converting MCI to dementia. However, diagnostic challenges are distinguishing those who 

remain stable, and those who transition to MCI and/or dementia (Hoh, 2007; Belleville et al., 

2017). As the current results were substantiated in a healthy aging sample, selected performance 

on the WAOMT may be a non-invasive tool sensitive to predict glucose metabolism reductions 

in regions vulnerable to AD pathology, even before symptoms appear on standard tests of verbal 

episodic memory. Therefore, the inclusion of OEM assessment into aging neuropsychological 

batteries is supported by the current findings. 

Relationships with OEM and Daily Functioning 

The current findings indicate that baseline OEM assessment do not predict reductions in 

IADL performance in community-dwelling older adult samples. While there is potential for 
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OEM assessment to account for cross-sectional variance in IADL performance at any given point 

in time, detection of a true decline in IADL performance may be beyond what the WAOMT is 

capable of predicting in a short interval. This is further evidenced by a lack of signficant change 

in IADL ratings over 18-months. This restriction in variability of scores can further limit the 

predictive power of the WAOMT to detect meaningful change in IADLs, which may otherwise 

exist if longer time frames were applied, or our sample was enriched to include individuals with 

heterogenous cognitive abilities.  

Instead, the current results found that depression emerged as a significant predictor of IADL 

performance. According to the Disablement Process Model (Verbrugge & Jette, 1994), intra-

individual factors such as depression and lifestyle may contribute to more variance in functional 

performance than cognitive measures (Barberger-Gateau et al., 2002). Although our sample 

endorsed minimal depression symptomatology, depression may also be indicative of white-

matter changes, and is considered both to be a risk factor for, and a prodromal symptom of 

neuropathology in vascular dementia (Alexopolous, 2003). Depression in older adults has been 

linked with cerebrovascular changes, such that cerebrovascular disease may predispose, 

precipitate, or perpetuate late-life depression symptoms, also known as the‘vascular depression’ 

hypothesis (Alexopoulous et al., 1997; Taylor et al., 2013). While our findings did not endorse 

the utility of OEM assessment in determining functional capacity, future studies should consider 

implementing interventions targetted at the aggressive management of cerebrovascular risk-

factors, which could be important for managing future IADL decline.  
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Clinical Utility of OEM Assessment 

Global OEM Assessment. Performance on the overall WAOMT composite score could 

be used as a global indicator of reductions in glucose metabolism uptake. The composite score 

combines learning and memory components such as learning over trials, short and long-delayed 

free and cued recall, and recognition performance. Here, the WAOMT composite score could be 

used to reliably track changes in OEM performance over time for individuals whose ability 

levels fall within the non-impaired range at baseline (between -2.00 to +2.00 z-scores). Recent 

literature found that composite scores of verbal memory are useful to predict progression of AD 

biomarkers from normal to abnormal levels of amyloid β (Aβ) plaque deposits (Elman et al., 

2020). Furthermore, Mungas and colleagues (2005) found that a composite verbal memory score 

(including scores from learning trials and delayed free recall) displayed excellent specificity to 

distinguish between cognitively healthy individuals and clinical dementia groups. Therefore, our 

preliminary results indicate potential for the WAOMT composite score to first identify those 

with poor baseline OEM abilities, who may decline in OEM abilities overtime. 

However, a limitation of this test is the reduced reliability for detecting change in 

individuals already with significantly impaired OEM abilities (below -2.00 z-scores). While this 

is not an issue for initial recognition of deficit in pre-clinical cohorts, it could be a potential issue 

for following disease progression in those with a dementing condition (Mungas et al., 2004). 

Conversely, a notable strength of this test is that it does not appear to have ceiling effects and 

therefore may hold more promise in detecting early neuropathological changes in disorders, such 

as AD. Furthermore, an advantage of the current thesis is the utilisation of IRT-based 

measurement, which include standard error of measurement estimates across all ability levels. 
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Therefore, measurement precision for the WAOMT can be easily determined for varying clinical 

and non-clinical samples across the disease continuum (Mungas et al., 2004).  

OEM Retrieval Assessment. The current findings also highlight the importance of 

examining OEM delayed recall indices in addition to global index measures. This is evidenced 

by long-delay free recall as a significant predictor of 18F-FDG PET SUVR reductions in the PFC, 

MTL as well as neocortical regions. Traditional OEM tests utilised d’ as the primary measure of 

assessment  due to ease of administration and attempts to minimise verbal mediation (Herz & 

Engen, 1996). However, while naming odours is not necessary for odour memory, humans may 

naturally assign verbal codes to aid in olfactory retrieval (Larsson & Bäckman, 1993). Therefore, 

the investigation into the delayed free recall of odour names is warranted and should be explored 

as a potential diagnostic indicator of AD pathology. 

Hallmark features of AD include rapid forgetting in recall tasks which is thought to 

reflect deficits in storage caused by poor consolidation of new memory traces (Weintraub et al., 

2012). While the reason for this distinction is still unclear, researchers propose that breakdowns 

in efficient encoding is primarily affected in an amnestic profile (Andrés et al., 2019), due to 

increased cognitive demand and self-initiation processes in delayed free-recall tasks (Weintraub 

et al., 2012; Rhodes et al., 2019). As free-recall requires access to specific information in 

memory with limited provision of contextual cues, age-related differences in these tasks may be 

due to difficulty accessing the verbatim memory trace (Rhodes et al., 2019). A recent meta-

analysis by Rhodes et al. (2019) examining recall and recognition performance in young and 

older adults included performance on the COLT (Murphy et al., 1997) in their analysis. Their 

results indicated that free-recall tasks demonstrate greater age-related differences than 

recognition tasks regardless of modality, suggesting a specific deficit in searching and recalling 
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from memory (Rhodes et al., 2019). Furthermore, meta-analyses by Belleville et al. (2017) found 

that while free and cued-recall on visual and verbal memory tests yielded similar sensitivity and 

specificity values in predicting MCI, word recognition displayed relatively low predictive 

accuracy. While our results suggests that the assessment of odour-name free recall may be 

beneficial in the early detection of abnormal aging, further research is needed to investigate this 

relationship in clinical and non-clinical cohorts.  

Streamlining Future OEM Assessments 

Using the evidence provided by the current results, future OEM assessment may be 

modified according to an individual’s ability level, with aims to ease patient and administration 

burden (McGrory et al., 2014). For example, using IRT methods to estimate scale and item 

difficulty and discrimination properties, future versions of the WAOMT can select more 

challenging items, such as long-delayed free recall, to evaluate OEM abilities in more healthy 

aging populations to detect subtle differences in performance. Indeed, current IRT analyses 

support this proposition, revealing the highest discrimination parameter for long-delay free recall 

(α = 6.26) compared to other WAOMT indices. Conversely, choosing items that are easier to 

recall, such as odour recognition tasks, to discriminate among people with more significant 

levels of impairment (e.g. MCI). Furthermore, as older adults demonstrate little benefit of using 

semantic cues, cued recall components could also be excluded in future iterations of this test. 

However, future research requires examination of OEM components in clinical groups, with 

specific examination of individual retrieval components.  
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Limitations and Future Directions 

In addition to the limitations and future directions described above, the main limitation in 

the current thesis is the short time-frame in which follow-up assessment for 18F-FDG PET SUVR 

and IADL data was collected. Substantial changes in diagnostic status would not be expected to 

occur during this time, especially in community-residing older adult samples. Limited follow-up 

periods can reduce the amount of variability allowed to occur. Furthermore, while baseline OEM 

performance was shown to predict changes in glucose metabolism, a major limitation is the lack 

of longitudinal WAOMT performance data to compliment cross-sectional findings. These factors 

could reduce the ability for objective tests to detect measurable changes in outcome. However, 

caution should be exercised with repeated administration of cognitive tests, as practice effects are 

well-known to occur in longitudinal studies (Machulda et al., 2013). To reduce the risk of 

potential bias of practice effects on repeat testing, future research should develop an alternate 

form of the WAOMT using different Sniffin’ Sticks stimuli. Reliable change indices can also 

indicate if real change is occurring in longitudinal studies, controlling for practice effects.  

Additionally, the current thesis was limited as all three empirical studies utilised data 

drawn from a pool of participants in the longitudinal Western Australia Memory Study. While 

this sampling was necessary due to feasibility constraints, future studies should replicate findings 

using independent samples to help improve ecological validity.  

A third limitation related to follow-up periods are characteristics of attrition, as only 

53.6% of the total sample returned for follow-up 18F-FDG PET SUVR scans. Furthermore, 63% 

of participants returned to complete self-reported IADL scales, and similarly 62% of informant 

ratings returned at follow-up. It is possible that those who remain may reflect those who are 

higher functioning. However, post-hoc analyses did not find evidence of selective attrition based 
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on global cognitive scores on the Montreal Cognitive Assessment (Nasreddine et al., 2005), 

performance on the CVLT-II or WAOMT, depression scores or demographic factors of age, sex 

and education.  

Finally, while 18F-FDG PET SUVR is considered one of the most sensitive diagnostic 

biomarker of underlying AD neuropathology (Bauer et al., 2018), other AD biomarkers 

including amyloid and tau imaging, cerebrospinal fluid, and blood biomarkers of AD such as 

total tau, phosphorylated tau and amyloid-β can improve the accuracy of disease identification 

(Ashton et al., 2021; Hansson et al., 2021; Wolk et al., 2019). However, such measures were not 

included in the current research due to availability difficulties. While poor performance on odour 

identification tests have also been suggested as a biomarker for AD (Woodward et al., 2017), 

further research is required to evaluate the reliability and validity of the WAOMT as a potential 

screening and predictive tool for known proxy measures of pre-clinical AD. 

In addition to the aforementioned recommendations, several avenues could be explored in 

future research. As encoding difficulties are indicative of AD memory profile, others have found 

that deficits in learning across trials, reflected by a ‘flat learning curve’, can predict general 

cognitive decline, and progression from MCI to AD (Weintraub et al., 2012). However, these 

indices were not included in the current analyses due to the potential violation of 

multicollinearity with WAOMT retrieval components. Previous research by Vandemeulebroecke 

et al. (2017) combining total learning and delayed free recall on the CVLT-II (Delis et al., 2000) 

using graded response IRT models found that this memory composite score carried the most 

information with regard to subtle changes in cognition in a healthy aging cohort (N = 1750) up to 

13.9 years post-baseline assessment. Furthermore, Crane and colleagues (2012) generated a 

delayed-recall composite score using IRT, comprised of short delay recall from the Mini-Mental 
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State Examination (Folstein et al., 1975), and long-delayed free recall of contextual verbal 

information from logical memory test. The authors concluded that this composite-memory score 

was able to detect cognitive change over time in people with MCI with cerebrospinal fluid 

biomarkers and AD and was a stronger predictor of conversion from MCI to AD than singular 

recall measures alone. To investigate the relative contributions of OEM components in 

predicting age-related cognitive impairments, future research should consider developing IRT 

composite scores for WAOMT learning, immediate and delayed recall, and free and cued-recall 

components.  

Additionally, longitudinal IRT modelling can be a powerful predictive tool to future 

impairments in older adults at risk of developing AD symptoms. To further investigate OEM as a 

predictor of geriatric health, future longitudinal studies should include younger individuals and 

clinical populations of MCI and AD. A between-groups design could help understand the utility 

of OEM assessment relative to age and establish specificity and sensitivity of the WAOMT to 

reliably predict clinical conversion across the disease continuum. As the current study utilised 

cross-sectional OEM data, future research could monitor longitudinal changes within-groups 

over multiple follow-up assessments. This can further inform the utility of WAOMT components 

as predictors of cognitive dysfunction across the disease continuum.  

Due to the idiosyncratic nature of odour encoding, the inclusion of cross-cultural samples 

to represent general populations could increase the generalisability of results. Research by 

Ayabe-Kanamura et al. (1998) examining cross-cultural differences between Japanese and 

German cohorts found that sensory vocabulary was more accurate in Japanese participants for 

odours common to Japanese cuisine (e.g. ‘sesame’), and in the German cohort for more 

“European” odours (e.g. ‘blue cheese’). The authors also found associations between 
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pleasantness and edibility ratings for both populations, and differences in intensity ratings with 

regards to some odours. Intra-cultural effects are also observed with an emphasis on odour 

naming accuracy and individual knowledge of odours (Rouby et al., 2002). As optimal 

performance on the WAOMT is contingent on odour naming consistency than naming accuracy, 

the WAOMT may be able to distinguish between performance which relate to culture, and which 

related to OEM ability. Further research should investigate differences in group performance to 

further validate the ecological validity of OEM assessment.  

Conclusion  

This thesis provided a greater understanding of the relationship between olfactory 

episodic memory (OEM) and proxies of pre-clinical dementia in cognitively healthy older adults. 

The contributions of this thesis include the development and validation of a novel measure of 

OEM, while highlighting the utility of OEM assessment in predicting future regional glucose 

metabolism in regions vulnerable to aging and AD. The findings of this thesis indicate that a 

composite score of OEM, and delayed free-recall of olfactory information, can provide valuable, 

and unique information into underlying uptake of glucose metabolism in regions associated with 

olfactory processing and memory organisation. Importantly, the utility of OEM as a predictive 

tool for underlying neuropathology may be more sensitive than current indicators of cognitive 

decline, such as performance on verbal episodic memory tasks.  

Collectively, these findings emphasise the need for valid and comprehensive assessment 

of OEM as a potential diagnostic tool to predict reliable changes in underlying neuropathology. 

Taking these preliminary findings, further research is needed to establish the relationship with 

OEM and functional impairments, with special consideration to the contribution of cognition on 
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different stages of IADL functional impairments. Extension of these findings into clinical 

settings is likely to improve the diagnostic accuracy and reliability of detecting subtle 

impairments in at-risk individuals. Further advancements in the development of sensitive 

measurement tools, such as the WAOMT, can ultimately aid in the improvement in the efficacy 

of early preventative treatments targeting cognitive decline, and reduce the wide-spread impact 

of dementia.  
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Remove the cap and place the first pen (pineapple) horizontally and approximately 2cm 

underneath the participant’s nostrils for 3-4 seconds and say “remember this smell”. Wait 20 

seconds, and proceed with the remaining 8 items following the same procedure. The 

instructions can be repeated as many times as needed. However, if the participant seems 

confused or, based on your judgment, cannot understand the instructions, you may stop the 

assessment after repeating the instructions at least two times.  

 

After presenting all the pens, say: “Now tell me the names of as many smells as you can 

remember” 

Record responses verbatim and in order.  

 

After a 90 second delay between trials, with a sip of water if desired, administer Trials 2 and 

3 in the same way, using the red end cap pens 

 

Trial 2:  

[Say]: “Like before, I am going to place a number of pens to smell near your nose. Have 

a good smell of each pen and do your best to remember the odour that you smell. Do not 

tell me the name of the item you smell now, just do your best to remember the smell. Do 

you understand?” 

 

If yes, 

“Good. Then I’ll be coming back with the first pen. Here it is”  

 

After presenting all the pens, say: “Now tell me the names of as many smells as you can 

remember” 

Record responses verbatim and in order.  

 

Trial 3:  

 

[Say]: “I’ll be presenting that same group of pens one more time. Like before, have a 

good smell of each pen and do your best to remember the odour that you smell. Do not 

tell me the name of the item you smell now, just do your best to remember the smell. Do 

you understand?” 
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If yes,  

“Good. Then I’ll be coming back with the first pen. Here it is” 

 

After presenting all the pens, say: “Now tell me the names of as many smells as you can 

remember” 

Record responses verbatim and in order.  

 

Group B Immediate free recall: 

 

➢ (Use the green end cap pens) 

➢ Ensure participant remains blindfolded for the duration of this test 

➢ Sit perpendicular to participant 

 

Say: 

“Now I have a new and different group of pens with different odours than the first 

group. Have a good smell of each pen and do your best to remember the odours that 

you smell. Do you have any questions?”  

[If not, proceed. Any questions must be addressed as per the manual] 

Before presenting each pen, mention the number (i.e., “here is the first pen, here is the 

second pen, here is the third pen” etc.) and inform the participant that you are about to 

place the pen near their nose with a prompt such as “Watch out” or “Here it comes” 

 

Remove the cap and place the first pen (banana) horizontally and approximately 2cm 

underneath the participant’s nostrils for 3-4 seconds and say “remember this smell”. Wait 20 

seconds, and proceed with the remaining 8 items following the same procedure. The 

instructions can be repeated as many times as needed. However, if the participant seems 

confused or, based on your judgment, cannot understand the instructions, you may stop the 

assessment after repeating the instructions at least two times. Make a note indicating the 

reasons for you stopping 

 

Administer a single learning trial for the 9 items of Group B in the same way as Group A. 
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After presenting all the pens, say: “Now tell me the names of as many smells as you can 

remember” 

Record responses verbatim and in order.  

 

List A Short delay Free recall: 

 

➢ Ensure participant remains blindfolded for the duration of this test 

Say: 

“Now I would like you to think back to the first group of pens I had you smell and I 

would like you to tell me the names of all the odours that you smelled. Don’t name any 

smells from the second group, only the first.” 

Record responses verbatim and in order.  

List A Short Delay Cued Recall   

 

Say: “Now I would like you to think again about the first group of pens, but this time I 

would like you to tell me the names of the odours by category, one at a time. So let’s 

start with fruits. What fruits were in the first group?”  

Record responses verbatim and in order.  

Say: “Let’s move on to different types of sweets. What odours were kinds of sweet things 

or candy?” 

Record responses verbatim and in order 

Say: “Now let’s move on to savoury vegetable items” 

Record responses verbatim and in order 

 

➢ Stop timing at this point 

The delay for the delayed recall for WAOMT should be 20 minutes.  
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McCusker Smell Memory Test Delayed Recall and Recognition 

➢ After 20 minutes, blindfold the participant again and administer the Long Delay Free 

Recall and Recognition. 

➢ Begin timing again on your separate timer, to record the total duration of the 

Olfactory Memory Test 

List A Long Delay Free Recall 

Say: “Now I would like you to think back to the first group of pens I had you smell, and 

I would like you to tell me the names of all the odours that you smelled. Don’t name any 

smells from the second group, only the first”. 

Record responses verbatim and in order.  

List A Long Delay Cued Recall 

Say: “Now I would like you to think again about the first group of pens, but this time I 

would like you to tell me the names of the odours by category one at a time. So let’s start 

with fruits. What fruits were in the group?” 

Record responses verbatim and in order.  

Say: “Let’s move on to different types of sweets. What odours were kinds of sweet things 

or candy?” 

Record responses verbatim and in order 

Say: “Let’s move on to savoury vegetable items” 

Record responses verbatim and in order. 

 

List A Long Delay Yes/No Recognition 

 

➢ (Use the red and black end cap pens) 

➢ Sit perpendicular to participant 

Say: “Now I am going to present you with more pens, one at a time. Have a good smell 

of each pen and tell me ‘yes’ if it was from the first group, or ‘no’ if it wasn’t from the 

first group. Remember, tell me yes ONLY if the smells was one from the first group. 

After that, I will also ask you to tell me the name of the thing you are smelling. Do you 

understand?” 
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Present all pens horizontally and position pens 2 – 2.5cm below their nose. Before presenting 

each pen, inform the participant that you are about to place the pen near their nose with a 

prompt such as “Watch out” or “Here it comes” 

 

Say: “Was this smell from the first group?” 

Record the yes/no response and after they have provided this response,  

 

Say: “Now tell me the name of the thing you are smelling. If you are unsure, take your 

best guess” 

 

Record this response as well.  

 

Wait 20 seconds, and proceed with the remaining items in the same way. 

 

The order of presentation is as follows: (B = Black, R = Red) 

 

1) B1 (Peach) 7) B7 (Ginger) 13) R8 (Orange) 

2) R1 (Pineapple) 8) B6 (Soy Sauce) 14) B9 (Leather) 

3) B2 (Turpentine) 9) R5 (Pear) 15) R9 (Garlic) 

4) B3 (Grass) 10) B5 Menthol 16) B8 (Melon) 

5) R2 (Honey)  11) R7 (Onion) 17) B4 (Cinnamon) 

6) R3 (Mushroom) 12) R6 (Caramel) 18) R4 (Liquorice) 

 

➢ Stop timing at this point, to conclude your timing of the WAOMT 
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Scoring Instructions Flowchart 

 
Note. PGAL = Participant Generated Alternate Label, SDFR = Short delay free recall, SDCR = Short delay cued recall, LDFR = Long 

delay free recall, LDCR = Long delay cued recall
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Scoring Guidelines 

 
1. Use the scoring guide – start with recognition and work backwards (learning T1-T3)  

2. Does P use perceptual label? Y → 1 point 

3. Does P use PGAL label in learning trials (irrespective if answered Y/N)? Y → ONLY 

used the label once Y → 1 point 

4. Generous scoring still applies and used interchangeably  

Alternative/Generous scoring  

• Caramel: Vanilla, Butterscotch, Toffee, Candy, Vanilla Ice-Cream 

• Orange: Lemon, Mandarin, Citrus 

• Liquorice: Aniseed, Anise  

• Menthol: Vick’s Vapour Rub 

• Peach: Nectarine  

• Turpentine: Camphor 

 

Cued recall: 

1. Does the label fit with semantic categories? Fruits, sweets, VEGETABLES (not 

plants or herbs) Y → score 1 point 

a. fruits can be categorized as sweets if they were identified as sweet in learning 

trials (e.g. pear lolly) 

2. No points awarded for incorrect label which does not fall into categories of fruits, 

sweets, vegetables 
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Appendix B 

Odour Threshold Test  

 

Odour thresholds for n-butanol were assessed using a single-staircase, three 

alternative forced choice (3- AFC) procedure (Hummel, Kobal, Gudziol, & Mackay-Sim, 

2007). Sixteen dilutions were prepared in a geometric series starting from a 4% n-butanol 

solution (dilution ratio 1:2 in deionized aqua conservata as solvent). Participants were first 

blindfolded, then three pens were presented in a randomised order, two containing the 

solvent and the third the odorant. Threshold pens were held for 3 to 4 seconds, approximately 

2 cm from the edge of the nostril and repeated for bilateral nostrils. Participants then had to 

identify the stimuli containing the odour according to the number in which they were 

presented in (e.g. smell number 1). Three odour pens were presented at intervals of 

approximately 20 seconds. Reversal of the staircase was triggered when the odour was 

correctly identified in two successive trials. Odour detection threshold was determined as the 

mean of the last four of seven staircase reversals. The participants scores ranged between 1 

and 16. 

 

References 

Hummel, T., Kobal, G., Gudziol, H., & Mackay-Sim, A. J. E. A. (2007). Normative data for 

 the “Sniffin’Sticks” including tests of odor identification, odor discrimination, and

  olfactory thresholds: an upgrade based on a group of more than 3,000 subjects. 

 European Archives of Oto-Rhino-Laryngology, 264(3), 237-243. 
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Appendix C 

Re-coded Western Australia Olfactory Memory Test Trial Responses Into Ordinal Rankings 

 

 Trial 1 Trial 2 Trial 3 SDFR SDCR LDFR LDCR Recognition Hits 

Threshold Orig. Orig. Rank Orig. Rank Orig. Orig. Rank Orig. Rank Orig. Rank Orig. Rank 

0 14 3 33 5 5 7 16 16 5 5 14 14 3 8 

1 37 30 50 14 14 23 37 37 20 20 33 33 5 17 

2 53 50 44 38 38 46 48 48 37 37 50 50 17 19 

3 63 44 51 51 51 50 46 46 51 51 50 50 19 47 

4 41 51 32 41 41 42 56 56 46 46 45 45 47 57 

5 21 32 26 50 50 41 23 23 53 53 34 34 57 61 

6 12 26 5 25 25 23 12 15 19 19 11 15 61 32 

7  5  14 17  3  9 10 4  32  

8    3     1      
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N = 241, Total responses for Trial 1 and short-delay free recall (SDFR) were not re-coded due to pre-existing acceptable ordinal 

rankings. SDCR = short-delay cued recall, LDFR = long-delay free recall, LDCR = long-delay cued recall, Orig. = original score, 

Rank = ranked score. The frequency of responses were re-coded based on an ordinal ranking system for GRM analyses. Cell sizes less 

than 5 were collapsed into a single score, for example in Trial 2, a total score of 0 (n = 3) was collapsed into a total score of 1 (n = 30) 

to equal a cell size of n = 33 for those obtaining a score of ‘0’.  
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Appendix D 

Re-coded California Verbal Learning Test – Second Edition (CVLT-II) Trial Responses Into Ordinal Ranking 

 

 T1 T 2 T3 T4 T5 SDFR SDCR LDF LDCR Hits 

b Orig. Rank Orig. Rank Orig. Rank Orig. Rank Orig. Rank Orig. Rank Orig. Rank Orig. Rank Orig. Rank Orig. Rank 

0  11  6  5  9  6 4 5  5 2 6  8  5 

1 1 30 1 9  7  8  5 1 8  6 2 15  5  9 

2 10 52  25  15  15  12 3 11 1 9 2 10  11  17 

3 30 61 5 28 2 25 1 24  13 5 13  20 4 11 4 16  30 

4 52 46 9 42 3 29 3 26 2 18 11 10 4 11 11 15 4 19  52 

5 61 31 25 29 7 34 5 23 4 25 13 17 6 22 10 19 5 21  63 

6 46 25 28 46 15 39 8 34 5 48 10 21 9 31 11 24 11 29  91 

7 31 11 42 27 25 28 15 38 12 36 17 28 20 33 15 26 16 29 1  

8 25  29 27 29 36 24 29 13 26 21 34 11 21 19 27 19 18 1  

9 9  46 15 34 24 26 34 18 32 28 27 22 34 24 22 21 38 2  

10 2  27 8 39 11 23 18 25 32 34 22 31 40 26 29 29 28 1  

11   27 6 28 10 34 10 48 15 27 26 33 21 27 23 29 25 9  

12   15  36 5 38  36  22 19 21 14 22 23 18 20 17  

13   8  24  29  26  26 19 34  29 17 38  30  

14   4  11  34  32  19 7 40  23  28  52  

15   2  10  18  32  19  21  23  25  63  

16     5  10  15  7  14  17  20  91  
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Note. b = Threshold, T1 = Learning Trial 1, T2 = Learning Trial 2, T3 = Learning Trial 3, T4 = Learning Trial 4, T5 = Learning Trial 

1, SDCR = Short-delay cued recall, LDFR = Long-delay free recall, LDCR = Long-delay cued recall, Hits = Recognition hits, Orig. = 

Original score, Rank = Ranked score. The frequency of responses were re-coded based on an ordinal ranking system for GRM 

analyses. Cell sizes less than 5 were collapsed into a single score, for example in learning Trial 1, a total score of 1 (n = 1) was 

collapsed into a total score of 2 (n = 10) to equal a cell size of n = 11 for those obtaining a score of ‘0’.  
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Appendix E 

 

Histogram of IADL Responses for Self and Informant Reports at Time 2 

  

 

Histograms of Instrumental Activities of Daily Living Questionnaires (IADL) self-report (left) and informant-reports (right) at 18-

months follow-up. Graphs display a positive skew across both variables.  

 

 






