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Abstract

Olfactory function plays an important role in health and well-being. Deficits have been
associated with a greater risk of cognitive decline, dementia, and death, indicating that olfactory
ability may be an early marker of cognitive impairment and indicator of brain integrity. In the
progression of cognitive impairment related to dementia, intraindividual variability in cognition
may precede cognitive decline as an early risk factor, indicating that individuals with more
variability in their cognitive performance may have an increased risk of cognitive impairment.
Despite a significant amount of literature examining the relationship between olfaction and
cognitive decline, to the best of our knowledge, no study has yet examined whether olfaction is
associated with the earlier marker of cognitive decline, intraindividual variability in cognition.
Project 1. In data drawn from the Rush Memory and Aging Project (N=1501), multistate models
were used to estimate the association of olfactory identification with transition patterns through
cognitive states including non-impaired cognitive functioning, clinically diagnosed mild
cognitive impairment and dementia, and death. Additionally, multinomial regression models
were fit to estimate life expectancies for overall and cognitively unimpaired years of life, relative
to olfactory identification scores. This dissertation aims to contribute to the current body of
literature suggesting potential for the use of olfactory identification as a clinically administered
marker for the early detection of cognitive decline and risk of dementia.

Project 2. In data collected by our lab (N=65), multilevel models were used to examine
whether olfactory identification scores were associated with the magnitude and rate of change of
intraindividual variability (IIV) in cognitive functioning. This dissertation aims to address
whether olfactory identification is associated with IV in cognition using self-administered

mobile cognitive testing in a 14-day micro-longitudinal study.
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Preface

A copyedited version of Chapter 2 has been submitted for publication: Knight, J.,
Yoneda, T., Lewis, N., Muniz-Terrera, G., Bennett, D., Piccinin, A. (under review). Olfaction,
Cognitive States, and Mortality: The importance of competing risk factors. Journals of
Gerontology: Medical Sciences. I am the primary author of this paper with contributions from all
co-authors. D. Bennett was responsible for funding and data oversight for the Memory and
Aging Project. I identified the project during a Multi-state Modeling workshop with G. Muniz-
Terrera and conducted data analysis with support from the workshop team, N. Lewis, T. Yoneda,
and G. Muniz-Terrera. Rush University Medical Center Review Board and UVic Research

Ethics Board approved this research (approval number: 22-0175).

I am the primary author of Chapter 3. R. Vendittelli and J. Rush developed the study
design for reliability testing of mobile cognitive apps. The DASH team consisted of R.
Vendittelli, T. Yoneda, N. Lewis, J. Rush, S. Hofer, myself, and several research assistants. We
had regular team meetings during this project where I contributed to the design with the
inclusion of olfactory identification testing, assisted with training research assistants for the data
collection, and contributed to data collection and project management. I designed this specific
project with contributions from T. Yoneda and N. Lewis; I conducted the data analysis and wrote
the chapter content. Any resulting publication would include all team members. UVic Research

Ethics Board approved this study (approval number: 18-1069).
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Chapter 1: Introduction

As the human population and average life expectancy increases, the world experiences
growth in both the size and the proportion of older adults in the population (United Nations,
2020). By 2050, the world population of individuals 60 years and older will double, to 2.1
billion, and 139 million are expected to be living with dementia (United Nations, 2020). While
population aging in general will pose a significant burden on health care systems across the
globe, the social and medical care costs associated with dementia are expected to reach 2.8
trillion by 2030 (United Nations, 2020). The United Nations has termed 2021-2030 the decade of
healthy ageing and is committed to make a concerted global effort to focus research, policy, and
the private sectors on topics surrounding healthy ageing. Research focusing on prevention and
early indicators of diseases such as dementia are of the utmost importance to ensure that
individuals are living healthy lives for as long as possible and that disease is detected as early as
possible to ensure time to implement treatment and lifestyle changes. This dissertation will focus
on a clinically underutilised and inexpensive potential early indicator of dementia and brain
health, olfactory ability. Chapter 1 will begin with an overview of the olfactory system, its
relationship to memory, olfactory ability as a potential indicator of brain integrity, then follow

with impacts of stress, and conclude with aims.

Olfactory System

Olfactory function plays an important role in health and well-being. It is vital for
maintaining appetite, identifying food, avoiding hazards and pathogens, and maintaining intimate
social relationships (Albers et al., 2015; Stevenson, 2010). All of the olfactory system’s main

functions rely on the ability to learn (Stevenson, 2010) making a link between memory and



olfactory functioning vital to these key functions. Unlike other sensory modalities, odour
information is relayed directly to the limbic system, the brain region responsible for memory and
emotional processes. Thus, memories, mood, attention, hedonic valence, and arousal are all
reciprocally impacted by odour (Gottfried, 2010; Lundstrom et al., 2011; Wilson & Rennaker,
2010).

The olfactory pathway consists of the olfactory epithelium in the nasal cavity, cranial
nerves (CN I and CN V), the piriform cortex, entorhinal cortex (anterior parahippocampal
gyrus), the cortical nucleus of the amygdala in the temporal lobe, periamygdaloid cortex, the
olfactory tubercle (in the basal forebrain), and the anterior olfactory nucleus (Freiherr, 2017,
Woolsey, Hanaway, & Gado, 2017). From these brain areas, third-order neurons project
olfactory information to brain areas responsible for higher cognitive processing including the
orbitofrontal cortex, the insula, hippocampus, dorsomedial nucleus of the thalamus,
hypothalamus, ventral striatum, cingulate cortex, and the cerebellum (Freiherr, 2017; Wilson &

Rennaker, 2010; Shepherd, 2006).

Olfactory functioning is influenced by genes, neurotransmitters (e.g., dopamine), as well
as by neuropathology and neurodegeneration. Genes are responsible for individual differences in
smell perception (Reed, & Knaapila, 2010) and may also impact olfaction through their
involvement in modulating brain plasticity (e.g., presenilin-1). Olfactory dysfunction
accompanies disorders with dopaminergic pathology (e.g., attention deficit hyperactivity
disorder, autism, Parkinson’s disease, and schizophrenia; Schecklmann et al., 2012; Tonacci et
al., 2017) as well as neurodegenerative pathology (e.g., Alzheimer’s disease). In the brain,

dopamine functions as both a neurotransmitter and a neuromodulator. As a neurotransmitter,



dopamine plays a key role in executive function, motor control, motivation, reward, and arousal
(Linster & Fontanini, 2014; Hsia, Vincent, & Lledo, 1999). As a neuromodulator, it is
responsible for the functional neuromodulation of olfactory processing (Linster & Fontanini,
2014; Hsia, Vincent, & Lledo, 1999). For example, a noxious odour in the environment triggers
the release of dopamine, which then bonds to the D2 receptors in the olfactory bulb and
suppresses the olfactory responses to that odour (Hsia, Vincent, & Lledo, 1999). In other words,
increased dopamine inhibits olfactory transmission in the glomerular layer of the olfactory bulb
(Hsia, Vincent, & Lledo, 1999; Koster et al.,1999). In Parkinson’s disease, there is a build up of
dopamine in the olfactory bulb and a deficit of dopamine in the rest of the body. This pathology-
specific dopamine distribution leads to a decrease in olfactory ability and an increase in motor
dysfunction (Huisman et al., 2004). Decreased dopamine has a clear involvement in the
pathophysiology of cognitive decline, which can be seen in later stages of Parkinson's as well as
in Alzheimer’s disease (AD; Martorana et al., 2014). Together these studies indicate that the
early impact on olfaction stems from different etiologies for different diseases. In Parkinson's,
the initial olfactory dysfunction is most likely due to the build up of dopamine in the olfactory
bulb whereas in AD the initial olfactory dysfunction is most likely due to the underlying AD
neuropathology, which accumulates slowly over decades before cognitive signs of the disease
emerge. This provides further evidence that olfaction may be one of the earliest clinically
measurable signs of disease, after which, the combination of neurological damage and decreased
dopamine compounds to additionally impact cognitive abilities at which point mild cognitive
impairment (MCI) may be detectable through clinical cognitive testing (Fullard et al., 2016;

Murphy et al., 2019: Figure 6 pictured below).



Abnormalities in olfactory abilities have been linked to mild cognitive impairment (Roalf
et al., 2017, Windon et al., 2020; Fullard et al., 2016), increased risk for neurodegenerative
diseases (Murphy, 2021; Murphy 2019) and death (Van Regemorter et al., 2020). Olfactory
identification is one of the most commonly used olfactory tests, and is the test that is mainly used
in dementia research (Murphy, 2021), which is the primary concern of this dissertation. Low
olfactory identification scores have been associated with both the development of MCI (Murphy
2019; Roalf et al., 2017) and the conversion from MCI to dementia in elderly community cohorts
(Murphy 2019; Devanand et al., 2010). Individuals who are cognitively normal at baseline are
more likely to develop cognitive impairment, MCI, or dementia if they show poorer olfactory
function at baseline (Murphy 2019; Wheeler & Murphy, 2021). For those with dementia, deficits
in olfactory ability are large, easily identifiable (Sun, Raji, MacEachern, & Burke, 2012), and
likely denote fundamental neuroanatomic and neurophysiologic pathology specific to the
peripheral olfactory system (Royet, Koenig, Paugam-Moisy, Puzenat, & Chasse, 2004) and

primary olfactory cortex (Vasavada et al., 2015).

Olfaction and Memory

Research indicates that olfaction has unique properties compared to other memory
systems (Wilson & Stevenson, 2003; Herts & Engen, 1996). Although cognitive and perceptual
processing systems across senses share a number of commonalities, there are specific
characteristics of olfaction that appear to be different due to the neuroanatomical relationships
between olfactory processing and the brain structures responsible for emotion, memory, and
learning (Herz, 2012). For example, olfactory memory tends to be predicated on associative

learning (Engen 1988; Herz, 2012) and olfactory perception is dependent on the integrity of the



memory system in the brain (Wilson & Stevenson, 2003). Not only does olfaction require
learning and memory in order to learn and identify new odours (increasing odour discrimination
and identification abilities) but an individual’s life experiences with odours integrates external
cues and memories into the perceptual quality of those odours, impacting hedonics (i.e., whether
the odour is pleasant or not; Wilson & Stevenson, 2003). Previous research has also
demonstrated that overall cognitive ability has a significant influence on olfactory identification
performance (Hedner et al., 2010), with better olfactory performance occurring concurrently on
days when cognitive test performance is better than an individual’s own average (Knight et al.,
2018). These dependencies on other cognitive and memory systems make it somewhat difficult
to quantify what exactly olfactory identification tests are measuring. In addition to memory
system dependencies, olfactory identification poses specific demands on an individual's semantic
knowledge as there are four answer options presented visually during the test. However, results
parsing the related memory dimensions are varied in the literature. For example, Hedner and
colleagues (2010) found that executive functioning and semantic memory were reliable
predictors (ps < .05) of odour identification, but only accounted for 4.4% of the explanatory
variance in odour identification (Hedner et al., 2010; 15% when adjusted for demographic
variables). In another study, episodic memory was the only significant predictor of olfactory
identification (Wehling et al., 2010). Further, more recent evidence links olfaction and spatial
memory (Hamburger & Knauff, 2019; Raithel & Gottfried 2021), supporting the notion that the
original function of the olfactory sense may have been to support cognitive mapping and spatial
memory (Dahmani et. al., 2018; Jacobs, 2012). This is based on evidence that the olfactory and
hippocampal brain systems’ evolutionary development may have arisen in parallel, as many of

the brain structures are shared (Aboitiz & Montiel, 2015; Dahmani et al., 2018). The relationship



between olfaction and spatial memory is further supported by biological research indicating that
olfactory receptors are used in localization, such as the olfactory receptors on spermatozoa
facilitating chemotaxis, pathfinding, to the fertilisation of human eggs (Spehr et al., 2003). These
previous studies substantiate a reliance on certain forms of memory but indicate that olfactory
identification may not be measuring the same underlying concepts as other memory tests and that
there may be unique components.

Although different types of memory may contribute to overall olfactory functioning,
empirical olfactory measurements are capturing something that sets them apart from cognitive
tests. Further evidence for this includes new research demonstrating learning transfer between
trained and untrained tasks. In a recent study, Olofsson and colleagues (2020) reported that while
practice on a visual memory training task did not transfer to (increase performance in) the
untrained olfactory memory task, olfactory training not only improved olfactory scores but also
transferred to the untrained visual memory task (i.e., olfactory training improved scores on the
untrained visual memory task; Olofsson et al., 2020). In other words, olfactory training gains are
transferred to visual memory but not vice versa (Olofsson et al., 2020). One potential mechanism
for this might be that training could be stimulating neurogenesis and dendritic branching in the
olfactory pathway (e.g., hippocampus) and may then improve cognition more broadly due to
hippocampal regeneration. Olofsson and colleagues (2020) provide some evidence that olfactory
ability includes functional aspects that are not captured by other memory tasks; however, further
studies will be required to fully elucidate these nuances. In summary, research on memory and
olfaction indicates that an individual's cognitive abilities may influence olfactory identification

performance but that olfaction may be a distinct measurement from memory tasks.



Olfaction as an Indicator of Brain Integrity

Olfactory dysfunction is an early clinical symptom of several neurodegenerative diseases
and 1s suggestive of underlying neurodegeneration, making olfactory functioning a potential
indicator or brain integrity (Attems, Walker, Jellinger, 2015). The olfactory system is supported
by neurogenesis, which continually supplies the olfactory pathway with new neurons, keeping
the pathway functional despite damage incurred from cell death and environmental damage (the
olfactory nerve is the only cranial nerve directly exposed to the external environment; Brann &
Firestein, 2014). Genes that are key players in neurodegenerative diseases (a-synuclein,
presenilin-1, tau, huntingtin) are also involved in modulating brain plasticity (Winner et al.,
2011), potentially providing another underlying reason for the early impact on the olfactory
system, as the plasticity required to maintain olfactory ability may additionally be impacted by
systemic changes that decrease neuroplasticity in the brains of individuals with specific
genotypes. An overall decrease in neuroplasticity would have a global impact on brain
functioning. Further to a decrease in regeneration and plasticity, olfactory and taste cues have
been associated with immune-system activation and suppression, such that odours can serve as
conditioned cues to either stimulate or suppress immune responses (similar to conditioned taste
aversions; Stevenson, 2010) which may explain the olfactory pathway’s interactions with the

hypothalamic—pituitary—adrenal (HPA) axis.

Impacts of Stress
The HPA axis is a set of activation and suppression interactions between the
hypothalamus, the pituitary gland, and the adrenal glands (above the kidneys). The HPA axis

controls the body’s response to stress and regulates relevant physiological processes such as



digestion, the immune system, emotion, sexuality, and energy storage and expenditure through
the release of glucocorticoid hormones, the end products of the activation of the HPA axis
(Spencer & Deak, 2017; Sapolsky et al., 2000). Glucocorticoids are the systemic effector
hormone of the HPA axis, secreted by the adrenal glands and circulated through the blood.
Glucocorticoids are lipid soluble and can cross the blood-brain barrier where they bind to
receptor sites in the limbic system and frontal cortex, brain regions involved in memory
processing and emotional regulation (Marin et al., 2011; Lupien et al., 2018). The hippocampus,
which is integral to the olfactory pathway, is also a key receptor site for glucocorticoids and
facilitates regulation of the HPA axis. The integrity of these brain structures (limbic system and
frontal cortex) is critical for the optimal functioning of the HPA axis, yet they receive damage

from chronic exposure to stress hormones (Marin et al., 2011).

Repeated activation of the HPA axis and exposure to stress hormones over long periods
of time can lead to dysregulation of insulin, glucose, and brain neurotransmitters, which in turn
impact the cardiac, immune, metabolic, and neurological systems (Lupien et al., 2018; Sapolsky
et al., 2000). This multisystemic strain is referred to as allostatic load and is defined as the ‘wear
and tear’ on the body and brain under conditions of chronic stress (McEwen, & Seeman, 1999;
Lupien et al., 2018). Chronic stress is linked to cellular changes such as telomere shortening
(linked to accelerated ageing; Picard et al., 2014), hippocampal neuronal loss, dendritic atrophy
and reduced hippocampal volume (Marin et al., 2011). It has also been associated with impaired
cognitive performance, particularly on tasks such as spatial memory, which are dependent on

hippocampal functioning (Marin et al., 2011; Lupien et al., 2018).



The hippocampus is a key site for adult neurogenesis as it plays a vital role in a multitude
of important functions such as spatial navigation, motivation, learning, and memory, and is
vulnerable to damage from a variety of stimuli such as glucocorticoids (and the interplay
between glucocorticoids, serotonin and excitatory amino acids), neuritic plaques and
neurofibrillary tangles (Anand, & Dhikav 2012). Atrophy of the hippocampus additionally
affects neuronal connections to a variety of brain locations, including the olfactory tract, limiting
the connectivity of the central and peripheral olfactory neurons and potentially leading to
impairment of olfactory function (Vaz et al., 2018). Considering these underlying mechanisms,

inclusion of stress may provide further insights into short- and long-term olfactory functioning.

Measuring Stress

The Perceived Stress Scale (PSS) was designed to measure the degree to which situations
in one's life are appraised as stressful (Cohen, Kamarck, & Mermelstein, 1983). While this type
of measure does not necessarily reflect the physiological responses in the body (Shields &
Slavich, 2017; Kagan, 2011; Spencer & Deak, 2017) it is a measure of perceived psychological
stress in an individual’s environment, which can give some indication of an individual’s
physiological and emotional reaction to stressors. The scale has been widely used, validated, and
associated with physical and mental health, brain structure and function, and biological ageing
(Cohen et al., 1983; Epel et al., 2004; Gianaros et al., 2007). For example, in adults 65 and older,
perceived stress has been associated with lower baseline cognitive scores and a faster rate of
cognitive decline (Aggarwal et al., 2014). In women aged 20-50 years old, those with higher
perceived stress scores had telomeres, the protective caps on the ends of DNA strands which

shorten with each cell division, that demonstrated the equivalent of an additional decade of



ageing compared to women who reported low perceived stress (Epel et al., 2004). Further, higher
perceived stress scores were associated with decreased grey matter volume in the right
hemispheres of the orbitofrontal cortex and hippocampus (Gianaros et al., 2007), which are key

areas in the olfactory pathway.

Measuring Olfaction: Olfactory Identification Tests

Of the different types of assessment, odour identification is one of the most suitable for
inclusion in the identification of subclinical dementia disorder, particularly in combination with
neuropsychological assessment (Raheyel et al., 2012).There are several measurable domains of
olfaction including threshold, differentiation and identification. All of these olfactory domains
have empirical, validated tests. However, for the purpose of this dissertation the focus is on
olfactory identification. This dissertation includes two different methods of measuring olfaction
and a brief background on measurement methods will be provided here to orient the reader with
further details on specific tests provided in the methods section of each project.

Richard Doty and colleagues developed the first olfactory identification test in 1984: the
University of Pennsylvania Smell Identification Test (UPSIT; Doty, R. L., Shaman, P., & Dann,
M, 1984). The test consists of four 10-page booklets with one scent microencapsulated on each
page along with a set of four words. Each test booklet can only be used once. Participants pierce
the scent capsule and choose one of the four words that best represents the scent on the page
(Doty, Shaman, Kimmelman, & Dann, 1984a). It is a 10-minute forced choice test with high test-
retest reliability ( = 0.9; Doty, Shaman, Kimmelman, & Dann, 1984a). Since its inception, this

test has been translated into multiple languages as well as abbreviated into shorter versions such
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as the Brief Smell Identification test (BSIT; Doty, Marcus, & Lee, 1996). This shorter BSIT test
was used in Project 1 in the Rush Memory and Aging Project.

Another well-established olfactory identification test is the Sniffin’ Sticks Olfactory
Identification Test (Hummel et al., 1997), which was used in Project 2. It is one part of a three-
part battery including threshold and discrimination, and each of these can be used in combination
or alone. The identification test consists of sixteen felt-tipped pens administered in 30-second
intervals. Similar to the UPSIT, after smelling each pen, participants choose one of four options
they feel best represents the scent. One advantage this test has is that it is reusable, and can be
used by many participants, providing it is reloaded with scent tubes annually. Reusability, cost
efficiency, and ease of administration combined with good test re-test reliability ( = 0.86;

Haener et al., 2009) has made it a popular choice among researchers.

Timescales in research

Longitudinal studies are critical to measuring intraindividual change and understanding
how individuals change over time. By repeatedly measuring the same individuals over a period
of years or decades, each individual’s trajectory for the measured variables can be obtained over
the study time period, allowing for the examination of systematic changes, such as learning or
deterioration of health. Longitudinal studies generally feature successive, widely spaced (e.g.,
annual) assessments and tend to not be designed to examine intraindividual variability, the short-
term fluctuations, as a systematic source of individual differences that can also provide
predictive value for cognitive and other health-related outcomes (Martin et al., 2004).
Microlongitudinal studies, ecological momentary assessments (EMA), and measurement burst

designs are ideal for examining short-term fluctuations. These occasion-to-occasion within-
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person fluctuations are of interest in understanding the contextual circumstances in which
individuals deviate from their typical scores (Rush et al., 2020; Ram & Gerstorf, 2009) and offer
the opportunity to examine dynamic fluctuations such as variability vs. stability in scores. The
ability to examine short-term fluctuations within an individual’s daily life is aided by the use of
ambulatory measurement tools such as Fitbits and mobile cognitive assessments, which can
capture data in real time within an individual’s natural environment. With respect to cognitive
performance, ambulatory assessment may play a critical role in understanding intraindividual
variability in daily cognitive performance. Ambulatory cognitive measures capture the individual
context-specific factors within each person’s daily life in order to further elucidate
intraindividual differences in short-term fluctuations in cognitive abilities (Hoppmann &
Riediger, 2009), providing a more naturalistic snapshot of an individual's performance within

their own life’s context.

Dissertation Aims

This dissertation consists of two manuscripts, presented in order of completion, that aim
to expand existing knowledge of the relationship between olfactory ability, as measured by
empirical olfactory identification tests, and cognition. Project 1 examines long-term changes in
cognition and addresses the following research questions: (1) to what extent is olfactory ability
associated with transitions between different cognitive states and death?; (2) Do individuals who
have high olfactory identification scores at baseline have longer life expectancies (either overall
or cognitively unimpaired)? Project 2 focuses on short-term variability in cognition and
addresses the following research questions: (1) is higher olfactory performance associated with

lower intraindividual variability (IIV) in cognition?; (2) are individuals who become less variable
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in [TV over the course of the study also higher in their olfactory scores?; (3) does perceived stress

impact the effect of olfaction on the prediction of IIV in cognition?
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Chapter 2: Olfaction, cognitive states, and mortality: The importance of accounting for

competing risks

Abstract
Background: Impaired olfaction is associated with an increased risk of cognitive decline. We
will determine the extent to which olfaction is associated with transitions between several
clinically diagnosed cognitive states and death, as well as the degree to which olfaction relates to
life expectancy in the Rush Memory and Aging Project (N=1501; 74% female).
Methods: Multi-state survival models (MSM) will estimate the association of baseline olfaction
on transition patterns through cognitive states (unimpaired, mild cognitive impairment [MCI],
dementia) and death. Multinomial regression models will be fit using hazard ratios (HRs) from
the MSM'’s to estimate cognitively unimpaired and total life expectancies.
Results: Higher baseline olfactory scores were associated with a lower risk of transitioning from
an unimpaired cognitive state to MCI (HR=0.86, 95% confidence interval 0.82-0.88) and from
MCI to dementia (HR=0.89, 0.86-0.93). Additionally, higher test scores were associated with a
greater likelihood of transitioning backwards from MCI to an unimpaired cognitive state
(HR=1.07, 1.02-1.12). Further, MSM suggests that the direct association between olfaction and
transition to death was not statistically significant after accounting for transitions through
cognitive states. High baseline olfactory scores were associated with up to 6 additional years free
of cognitive impairment and up to 5 additional years of lifespan.
Conclusions: Higher olfactory ability is associated with a decreased risk of progressing forward

through cognitive states, and associations between olfaction and mortality are likely to occur
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primarily through the pathway of neurodegeneration. Together these analyses highlight the

differential role of olfaction as a risk factor for changes across cognitive states.
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Introduction

Existing research indicates that the link between olfactory ability and cognition is useful
for the prediction of future cognitive impairment (Windon et al., 2020), neurodegenerative
disease (Devanand, 2016), and mortality (Van Regemorter et al., 2020), however, the extent to
which olfaction is associated with cognitively unimpaired lifespan is unclear. Likewise, previous
research has not systematically investigated whether olfactory test scores are sensitive enough to
predict intraindividual progression through different cognitive states over time. Previous research
using Cox regression models to estimate the role of olfactory identification scores in predicting
different cognitive outcomes (Van Regemorter et al., 2020; Devanand et al., 2019) has been
constrained by the ability to estimate progression to only a single cognitive state (e.g., Mild
cognitive impairment [MCI] or dementia), and has not accounted for death or for changes in
cognitive states during study follow-up occasions.

Olfactory processing areas, such as the olfactory bulb and the entorhinal cortex, are some
of the earliest areas affected by neurodegenerative pathology (Murphy, 2019; Albers et al.,
2015). Further, the amount of pathology present in the brain has been shown to be related to the
degree of olfactory impairment, suggesting that the underlying mechanism for both cognitive and
olfactory decline may be irreparable damage which might be easily identified through declining
olfactory scores (Murphy, 2019; Albers et al., 2015). This study extends prior work with the
Rush Memory and Aging Project (MAP; Wilson, Schneider et al., 2007; Wilson et al., 2011) to
examine the impact of olfaction on transitions between clinically diagnosed cognitive states
(unimpaired, MCI, and dementia) and death using multi-state survival modeling (MSM). This
approach permits simultaneous estimation of transitions through multiple cognitive states while

also accounting for death as a competing risk factor. MSM also supports estimation of both
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overall and cognitively unimpaired life expectancies. The following questions were investigated:
To what extent is olfactory ability associated with transitions between different cognitive states
and death? Do individuals who have high olfactory scores at baseline have longer cognitively
unimpaired and total life expectancies? Based on previous research (Windon et al., 2020; Wilson
et al., 2011), individuals who have lower scores on olfactory identification tests at baseline may
be more likely to transition to impaired cognitive states and death, and may have shorter life

expectancies than individuals who have higher olfactory scores at baseline.
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Method

Participants

The current analysis will be based on data from 1501 individuals assessed annually from
MAP (Bennett et al., 2018) a longitudinal study of older adults with ongoing recruitment from
retirement communities in Northeastern Illinois between 1997 and 2019. Olfactory testing first
occurred in 2000, while cognitive functioning was assessed annually from study baseline in
1997. Participants met eligibility criteria for this analysis if their data included baseline olfactory
assessment and demographic information, as well as cognitive assessment at two or more
occasions. Participants had an average of 7.37 years of follow-up (SD = 3.94; range = 2-18) with
23% (n=347) receiving a diagnosis of dementia at some point during the study; the average age
at dementia diagnosis was 87.74 years (SD = 6.77; range = 64-106). Baseline characteristics for

the sample are presented in Table 1.1.

Table 1.1 Baseline descriptive statistics for the sample.

Variable Mean (SD) Range
N (%)

Olfactory score 8.88 (2.33) 0-12

MMSE 27.71 (2.67) 9-30

MCI (Baseline), n (%) 372 (24.8%)

Dementia Diagnosis, n (%) 56 (3.7%)
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APOE ¢4

Age

Female, n (%)

Caucasian, n (%)

Chronic Conditions

Education (years)

Smoking

311 (20.7%)

79.65 (7.73) 53-100

1117 (74.4%)

1388 (92.5%)

1.44 (1.06) 0-6
14.72 (3.33) 0-29
40 (2.7%)

Standard protocol approvals, registrations, and patient consents.

The Institutional Review Board of Rush University Medical Center reviewed the study.

All participants signed an informed consent and a repository consent that allows their data to be

repurposed.

Measures

Olfactory Assessment

Olfaction was assessed using the 12-item Brief Smell Identification Test (B-SIT; Doty et

al., 1996). During the test, a microencapsulated patch containing an odorant is scratched with a
pencil and placed under the nose of the participant. Response options on the B-SIT are forced-
choice: participants choose which out of four presented words best represent the smell.

Consistent with previous research (Wilson et al., 2011), up to 2 missing responses are allowed
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(missing items assigned a score of 0.25). If more than 2 items were not answered, the entire test
is treated as missing and participants not included in the analysis. Summed scores are computed
based on the number of correct responses. Continuous olfactory scores were centered on 11
(score — 11), which represents the minimum score for normal olfactory ability (Doty et al., 1996;
Menon et al., 2013). For estimation of life expectancies specific numbers were required and in
order to align with previous literature (Doty et al., 1996; Menon et al., 2013, olfactory ability
was classified as low (5), moderate (10), and normal (12).
Cognitive Assessment

The cognitive states used in the MSM were based on a 3-step diagnostic protocol, which
included a clinical diagnosis of cognitive status made at every assessment based on computer
scoring of 19 cognitive tests, clinical judgement by a neuropsychologist, and diagnostic
classification by a clinician (neurologist, geriatrician, or nurse practitioner) (Bennett, Schneider
Aggarwal et al., 2006). The resulting cognitive assessments were used to operationally define the
cognitive states: (i) no clinical diagnosis of cognitive impairment or no cognitive impairment
(NCI), which reflects a normal range of cognitive performance without knowledge of an
individuals’ level of functioning before entering the study, such that an individual may have
already declined relative to their own peak, but are still operating within clinically established
norms; (ii) the MCI state represents individuals where a neuropsychologist deemed the
individual to have cognitive impairment, but they do not meet criteria for dementia; and (iii) a
diagnosis of dementia indicates evidence of a meaningful decline in cognitive function relative to
a previous level of performance within the study follow-up including impairment in memory and
at least one other area of cognition. Assessments were completed annually with up to 15 years of

follow-up.
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Apolipoprotein E (APOE)
Apolipoprotein E (APOE) allele status was included as a dichotomous variable, in which
individuals with one or more €4 alleles were coded as 1, and individuals without an €4 allele

were coded as 0 (Yu et al., 2017).

Chronic Conditions

To control for the impact of chronic diseases and associated medications on both
cognition and olfaction (Doty et al., 2004), a chronic conditions variable was created. The overall
burden of chronic diseases was operationalized as a count of the total number of self-reported
chronic conditions at baseline: hypertension, diabetes, heart disease, cancer, thyroid disease,

head injury with concussion, and stroke.

Education
Education was measured as years of education reported at baseline, and centered at 12

(number of years of education — 12) to represent high school education in the United States.

Smoking

Self-reported smoking status was measured at baseline. Current smokers were coded as 1

and (current) non-smokers were coded as 0.

21



Statistical analysis

All analyses were conducted in R (Team RC, 2013). The MSM package (Jackson, 2011)
was used to estimate the multi-state survival models, while the elect package (Estimating Life
Expectancies [LEs] in Continuous Time) (van den Hout et al., 2019) was used to estimate LEs.
Multi-state survival modeling (MSM) (van den Hout, 2016) was used to assess individual
transitions through different cognitive states (NCI, MCI, dementia), and death as well as
backwards transitions from MCI to NCI and dementia to MCI, as shown in Figure 1. While the
backwards transition from dementia to MCl is generally not modeled due to theoretical
improbability of returning from a true dementia state, we included it in this dissertation as this is
clinically diagnosed dementia and there were participants transitioning backwards from AD
diagnosis. We further ran a sensitivity analysis, excluding all participants with a transition from
dementia to MCI and from dementia to NCI to examine whether individuals with those
backwards transitions influenced results. MSM is an extension of traditional survival modelling
that allows investigation of the association of olfactory ability with transitions to more than one
cognitive state within a single model, while also accounting for death as a competing risk factor
(Figure 1). Interval censoring was used in cases where participants had missing data between two
states, where state transitions were known to have occurred within this interval, but the exact
timing of the transition was unknown (van den Hout et al., 2019). This allows the estimation of
transition probabilities even in cases with missing cognitive state data. Further, MSM utilises
maximum likelihood estimation, which is robust to data missingness and provides estimates for
all participants, even those with missing outcome data. The cognitive states were based on all
available longitudinal cognitive assessment data for each participant. Age, sex, education, APOE

¢4 allele, baseline olfactory score, smoking status, and chronic conditions were included as
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covariates on all transitions. Models including interaction terms between olfactory scores and
each of the other key covariates (age, sex, APOE) were additionally fit to determine whether
these covariates moderated the association of olfactory scores with the transition probabilities.
Further, two sets of follow-up analyses were completed: first, additional MSM models were
conducted to assess whether smoking in the past impacted results. Second, a Cox survival
analysis estimated the association between baseline olfaction and mortality to improve
comparability of the current analysis within the existing literature and to clarify the importance
of accounting for cognition when examining olfaction and death. Finally, the elect package fit a
multinomial regression model using the hazard ratios (HRs) estimated by the MSM to predict

years spent in NCI and impaired states, as well as total years of life expectancy.

Data Availability
MAP data are available via the Rush Alzheimer’s Disease Center Research Resource
Sharing Hub and can be requested at https://www.radc.rush.edu. Qualified investigators can

submit requests for de-identified data.

Figure 1.1 Four-state multi-state model illustrating the effect of one additional correct item on

the BSIT on transitions between cognitive states including pooled hazard ratios (HR) and 95%

confidence intervals.
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HR = 0.86 (0.83, 0.89)

Not impaired

N =731

HR = 0.95 (0.87, 1.04)

N =253

Mild cognitive impairment

HR = 0.89 (0.85, 0.93)

N =309

Alzheimer’s or dementia

HR = 1.07 (1.02, 1.12)
N = 542

HR = 1.12 (0.99, 1.26)

N =193

Death

HR = 1.04 (0.96, 1.13)
N =83

HR = 0.97 (0.93, 1.01)
N = 268
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Results
The total number of individual transitions between cognitive states during the study is

reported in Figure 1.1, with significant transitions indicated in bold.

Association with Baseline Olfaction on Transitions between Cognitive States

Higher baseline olfactory ability was associated with a lower risk of transitioning from
NCI to MCI (Table 2) and from MCI to dementia. Interpretation of the hazard ratio for clinical
utility indicates that for each one-unit increase in olfactory score there was a 14% reduction in
risk of transitioning to MCI from NCI (HR = 0.86, 95% confidence interval 0.82-0.88). This
indicates that an individual with an olfactory score of 12 (high) would be 65% less likely to
transition to MCI from NCI compared to an individual with a score of 5 (low). Higher smell
scores were associated with a greater likelihood of backwards transition from MCI to NCI,
indicating that an individual with a score of 12 would be 60% more likely to transition back to
NCI from MCI compared to an individual scoring 5 on the olfactory test. Baseline olfactory

scores were not associated with the transition to death from any of the cognitive states.

Association with Covariates on Transitions between Cognitive States
Age
As expected, older age was associated with a greater risk of transitioning from NCI to

MCI and from MCI to dementia. Further, older age was associated with a greater risk of death

from NCI, MCI, and dementia, as well as lower likelihood of transitioning backwards from MCI

to unimpaired cognitive functioning.
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Sex

Male participants had a greater likelihood of transitioning backwards from dementia to
MCI and were more likely to transition from dementia to death.
Education

Higher education at baseline was associated with a lower risk of death from NCI, and a

greater likelihood of the backwards transition from MCI to NCI.

APOE &4
Having an €4 allele was associated with a greater risk of transitioning to MCI from NCI

and from MCI to dementia, as well as a lower likelihood of transitioning backwards from MCI to

NCL

Chronic Conditions and Smoking

Having more chronic conditions was associated with a greater risk of transitioning from
MCI to dementia, and a greater risk of transitioning from NCI to death. Likewise, more chronic
conditions were associated with a greater likelihood of transitioning backward from MCI to NCI,
and from dementia to MCI. Smokers had a greater risk of transitioning to MCI from unimpaired

cognition and a greater risk of transitioning from NCI to death.

Interaction Terms and Sensitivity Analyses
None of the interaction terms were significant. The sensitivity analysis including
previous smoking status suggests that smoking in the past did not impact results. As such, neither

the interaction terms nor past smoking were included in the final model. A previous meta-

26



analysis found that while current smokers have higher risk of olfactory dysfunction former
smokers were not significantly different in risk from never smokers (Ajmani et al., 2017).

The sensitivity analysis excluding individuals who transitioned from dementia to MCI
and dementia to NCI did not affect olfactory results. Additionally, Cox Survival modelling
estimated the risk of all-cause mortality using a method comparable to previous studies (i.e., not
accounting for transitions through cognitive states, in contrast to MSM) (Pinto et al., 2014;
Ekstrom et al., 2017; Schubert et al., 2017; Devanand et al., 2015; Wilson et al., 2011; Choi et
al., 2021; Gopinath et al., 2012; Laudisio et al., 2019; Liu et al., 2019). Results showed that
higher olfactory scores significantly reduced risk of death across the full follow up period

(HR=0.825; 95% CI: 0.799, 0.851).
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Table 1.2 Hazard ratios and 95% confidence intervals for the effect of olfaction and covariates on the transitions through different

States of cognitive functioning

Transition

MAP (N = 1501)

Olfaction

Age

Sex

Education

Chronic

Conditions

APOE-E4

Smoking

Hazard Ratios (95% CI)

N to MCI

N to Death

MCIto N

MCI to Dem

MClI to

Death

Dem to MCI

Dem to

Death

0.86 (0.83,0.89)
0.95 (0.87,1.04)
1.07 (1.02,1.12)
0.89 (0.85,0.93)

1.12 (0.99,1.26)

1.04 (0.96,1.13)

0.97 (0.93,1.01)

1.06 (1.05,1.07)
1.10 (1.07,1.14)
0.97 (0.96,0.98)
1.06 (1.05,1.08)

1.08 (1.02,1.14)

0.98 (0.95,1.01)

1.07 (1.04,1.09)

1.13 (0.95,1.35)
1.37 (0.89,2.11)
0.98 (0.79,1.22)
0.93 (0.72,1.19)

1.67 (0.91,3.06)

1.74 (1.09,2.79)

1.50 (1.13,1.99)

1.00 (0.97,1.02)
0.93 (0.88,0.99)
1.05 (1.02,1.08)
0.98 (0.94,1.01)

1.02 (0.94,1.12)

1.00 (0.94,1.07)

0.97 (0.93,1.00)

1.02 (0.94,1.1)
1.30 (1.09,1.55)
1.10 (1.01,1.21)
1.12 (1.01,1.25)

1.11 (0.81,1.52)

1.26 (1.04,1.53)

1.07 (0.96,1.20)

1.25 (1.04,1.51)
0.96 (0.55,1.65)
0.66 (0.52,0.84)
1.48 (1.17,1.88)

0.57 (0.23,1.45)

0.70 (0.42,1.17)

0.88 (0.67,1.17)

1.82 (1.17, 2.84)
2.62 (1.03, 6.63)
1.18 (0.70, 2.00)
1.12 (0.52, 2.4)

1.15(0.21, 6.38)

3.08 (0.79,12.10)

1.00 (0.39, 2.55)

Note. N = unimpaired cognition, MCI = mild cognitive impairment; Dem = dementia.
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Life expectancy

As there are often reported sex differences in life expectancies (Hoogendijk et al., 2019)
as well as specifically with dementia (Mosconi et al., 2017), this study reported life expectancies
split by sex. Cognitively unimpaired and total life expectancies increased linearly with higher
olfactory scores for both female and male participants (Figure 2). For example, an average non-
smoking 80 year old female with a high school education, no chronic health conditions, without
an APOE &4 allele, and with a low smell score at baseline was estimated to live approximately 4
additional years (to 84) with NCI and 9.5 years overall (Table 2). In comparison, an average
female participant with all the above characteristics but with moderate olfactory scores was
estimated to have 8 years of life expectancy with NCI and 13 total years of life expectancy, while
those with high olfactory scores had 10 years of life expectancy with NCI and 14 years overall.
Although female participants consistently had longer estimated life expectancies across all
groups compared to male participants, estimated LEs for male participants followed a similar
pattern (i.e., NCI and total LE increased with better olfaction). Both male and female participants
with one or more 4APOE &4 alleles had shorter life expectancies compared to individuals without
an APOE allele across all olfactory levels (Figure 2). Compared to those without an APOE &4
allele, females with one or more APOE ¢4 allele(s) and with high smell scores would be expected

to live an additional 2 years free of cognitive impairment.
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Table 1.3 Life expectancies for non-smoking male and female participants at age 80 with a high
school education and no chronic conditions for low, medium, and high olfactory scores by APOE

£4 status.

Overall life Life expectancies without
expectancies cognitive impairment in years

in years (95% Cls) (95% Cls)

Without APOE &4

Female, Olfaction (5) 9.49 (8.48,10.33) 4.27 (3.65,4.84)
Female, Olfaction (10) 12.56 (11.55,13.34) 8.20, (7.36, 8.65)
Female, Olfaction (12) 13.75 (12.32, 14.69) 10.03 (8.93, 10.82)
Male, Olfaction (5) 8.22 (7.08, 9.24) 3.83(3.27,4.64)
Male, Olfaction (10) 10.74 (9.38, 12.10) 7.25 (6.48, 8.26)
Male, Olfaction (12) 11.70 (9.99, 13.11) 8.79 (7.59, 10.08)

APOE €4 carrier

Female, Olfaction (5) 8.73 (7.74, 9.53) 3.05(2.48, 3.64)
Female, Olfaction (10) 11.75 (10.46, 12.62) 6.30 (5.44, 7.08)
Female, Olfaction (12) 13.08 (11.43, 14.14) 8.04 (6.87,9.09)
Male, Olfaction (5) 7.48 (6.58, 8.53) 2.75 (2.18, 3.40)
Male, Olfaction (10) 10.18 (8.84, 11.18) 5.67 (4.73, 6.62)
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Male, Olfaction (12) 11.31 (9.44, 12.75) 7.21 (5.84, 8.52)

Note. Olfactory scores listed as 5, 10 and 12.

Figure 1.2 Cognitively unimpaired and overall life expectancies for female and male APOE &4

allele carriers and non-carriers for olfactory scores of 5, 10, and 12.
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Discussion

Olfaction and transitions between cognitive states

Our findings indicate that higher baseline olfactory identification scores are associated
with a lower risk of transitioning from NCI to MCI and dementia, adjusting for age, sex,
education, smoking, APOE &4 allele status, and chronic conditions (Table 1.2). Higher baseline
olfactory scores also had a protective effect, such that those with higher scores on the olfactory
identification test were more likely to return to NCI from MCI, as well as have a greater number
of years of life without diagnosed cognitive impairment. Healthy individuals with high olfactory
scores, on average, lived free of diagnosed cognitive impairment for up to 6 years longer than

those who had low olfactory scores (Table 1.3).

Olfaction and mortality, accounting for cognitive states

In this analysis, the multi-state survival model accounts for cognitive impairment across
an average of 7.37 years of follow-up (up to 15 years follow-up). Despite existing literature
showing that lower olfactory scores are associated with mortality (Pinto et al., 2014; Ekstrom et
al., 2017; Schubert et al., 2017; Devanand et al., 2015; Wilson et al., 2011; Choi et al., 2021;
Laudisio et al., 2019; Liu et al., 2019), our findings suggest that, once cognitive status is
accounted for, olfactory ability is not directly associated with the transition to death from any
state. This contrast may help to elucidate potential underlying mechanisms for the link between
olfaction and death, which are currently unclear in the literature (Van Regemorter et al., 2020;
Gopinath et al., 2012). Specifically, our findings suggest that olfaction may not be associated
with mortality above and beyond the competing risk of cognitive decline. Importantly, research

suggests that MCI (Bae et al., 2018; Yu, Boyle et al., 2019) and dementia (Smith et al., 2021)
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substantially increase risk of death; as such, associations previously reported between olfaction
and mortality that do not account for cognition may be partially or largely accounted for by the
pathway through cognitive decline. Our findings, that higher olfaction is associated with a
substantially decreased risk of transitioning forward through cognitive states (14% per unit
increase in olfactory score for NCI to MCI, and 10% per unit increase in olfactory score for MCI
to dementia), are consistent with this explanation. Indeed, prior work in MAP applying Cox
regression models suggested that low olfactory scores at baseline were associated with increased
risk of mortality. That is, in an analysis that did not account for multiple cognitive states,
increased risk of mortality was observed in the same sample (i.e., MAP; Wilson et al., 2011).
Although low olfactory ability appears to be associated with increased risk of mortality (Wilson
et al., 2011) and increased neuropathology in studies using MAP data (Wilson et al., 2007;
Vassilaki et al., 2017; Growdon et al., 2015), previous work examining risk of death has not
simultaneously accounted for the competing risk of transitions through cognitive states. As a
sensitivity analysis, we ran a similar Cox survival model, including additional years of follow up
compared to the previous study (Wilson et al., 2011). When the transitions through cognitive
states were not accounted for (and instead the models were only adjusted for baseline cognition),
we similarly found that olfaction was a significantly associated with death. As in the previous
findings (Wilson et al., 2011), our Cox analysis also indicated that higher olfactory scores were
associated with a 17.5% decrease in mortality risk across the full follow up period (HR=0.825;
95% CI: 0.7998, 0.8512). While our sensitivity analyses modelling the risk of all-cause mortality
showed that better olfaction reduced risk of death, the more comprehensive MSM analyses that
account for occasion-specific cognition reveal that olfactory impairment was not directly

associated with mortality. When the time-varying transitions were accounted for (via multi-state
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modeling), our results showed that baseline olfaction alone was not directly associated with
death (as suggested by previous research). The MSM approach suggests that the association
between olfactory impairment and mortality shares variance with the increased risk of mortality
associated with cognitive impairment. That is, the association between olfaction and death is
primarily accounted for by the pathway through cognitive decline.

In addition, some research suggests that the association between olfactory ability and
mortality may require a substantial amount of time to develop. Previous work using proportional
hazards models to examine the association between low olfactory scores and death differentiated
between prevalent and incident forms of sensory impairment in an examination of risk of
mortality over 10 and 15 years (Schubert et al., 2017). Their results indicated that prevalent low
olfactory scores were associated with a higher risk for 15-year mortality (Schubert et al., 2017),
consistent with previous studies except one (Gopinath et al., 2012). However, when they
examined the risk of mortality in a subsample of individuals without prevalent olfactory deficits
(i.e., all participants had high olfactory ability at baseline), but including individuals with
incident olfactory deficits (i.e., some participants had decreased olfaction at follow-up
occasions), results indicated that low olfactory ability was not associated with mortality in the
following 10 years. These results suggest that more than 10 years of olfactory impairment may
be required in the prediction of mortality rates. Importantly, these findings suggest that olfaction
may be a particularly sensitive marker of neural integrity.

Alternatively, mortality may be partly or fully accounted for by cognitive decline prior to
death. That is, rather than causing death, the mechanisms linking olfactory performance to risk of
mortality may be more related to the aging central nervous system or underlying pathology build

up (Van Regemorter et al., 2020). This postulation is further substantiated by the estimated life
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expectancies for individuals with better olfaction (i.e., individuals with higher olfactory ability
were estimated to have longer cognitively unimpaired and total years of life expectancy relative
to individuals with lower olfactory ability). While this may seem counterintuitive, given that this
study did not find a direct association between olfaction and mortality, these findings actually
further substantiate our explanation that the association between olfaction and mortality may be
accounted for by the pathway through cognitive decline. As higher olfactory ability is associated
with longer cognitively unimpaired life expectancies, the olfactory system may be a more
sensitive indicator of overall brain health (e.g., brain aging and neuropathology). In other words,
individuals with higher olfaction at baseline are less likely to transition to MCI or dementia,
which is reflected in their total estimated life expectancy, in addition to their cognitively healthy
life expectancy. Together, these results suggest that olfactory testing, although not disease-
specific, may be a useful and cost-effective approach for the pre-clinical assessment of brain
health. Olfactory tests are readily available for purchase and often already in clinics for testing

loss of olfactory functioning (e.g., otolaryngologists).

Covariates

It is well known that age is a risk factor for cognitive decline (Prince et al., 2013). As
expected, older age was associated with a greater risk of transitioning forward through cognitive
states, as well as death. Male participants with a dementia diagnosis had a greater likelihood of
returning to MCI, as well as a higher risk of death. These findings may be due to the small
percentage of men in the sample (26%), differences in medication adherence, depression, amount
of social or cognitive engagement, hospital stays, or hormonal differences (Mosconi et al., 2017;

Nebel et al., 2018). Males may have a higher risk of death due to sex differences in Alzheimer’s
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disease (Mosconi et al., 2017; Nebel et al., 2018) or differences in lifestyle or life expectancies
(Nebel et al., 2018).

Education is often included as a component of socio-economic status (SES), as a proxy
for cognitive reserve in late-life cognition (Stern, 2012), and is a reliable predictor of an array of
outcomes across the lifespan (Clouston et al., 2012; James et al., 2019). In this study, although
more education was associated with a lower risk of death, it was not significantly associated with
transitions between cognitive states. This may be due to the high average education in this
cohort. Future studies including participants with more variability in education and SES may
provide additional insights.

Having more chronic conditions was associated with a greater likelihood of cognitive
improvement, indicated by the significant backwards transitions from MCI to NCI and from
dementia to MCI. While these results are not intuitive, it is possible that lifestyle changes and
medications prescribed in the management of chronic conditions may result in improvements in
cognitive performance or mitigate the symptoms of cognitive impairment. For example, better
management of chronic conditions could simultaneously lead to better cognitive outcomes.
However, interpretation is difficult due to the complexity of interactions between health
conditions, medications, and cognition (Fried et al., 2014) and by research suggesting that some
medications also affect olfaction (Lotsch et al 2012).

APOE €4 has been shown to adversely affect both memory (Levy et al., 2004; Anstey et
al., 2000) and olfactory functioning (Olofsson et al., 2010; Gilbert & Murphy, 2004). The current
analysis suggests that having one or more APOE ¢4 allele(s) increases the likelihood of
transitioning to MCI and dementia, and decreases the likelihood of returning to NCI from MCI,

indicating a deleterious effect on cognitive health. Life expectancies were also detrimentally
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affected by the presence of one or more €4 allele(s), with carriers had lower life expectancies
across all olfactory ability levels. For example, an average 80 year old non-smoking male
participant with a high school education, no chronic conditions, a high olfactory score and no
APOE €4 allele had 1.6 years of additional cognitively unimpaired life expectancy and 0.4 years
of additional overall life expectancy compared to those with an APOE €4 allele (Table 2). This
suggests that the APOE allele may not substantially impact total life expectancy, but does impact
cognitively unimpaired lifespan. In female participants, there appeared to be a slight upwards
trend in cognitively unimpaired life expectancy as smell ability increased in those with an APOE
¢4 allele. For example, 80 year old females without an APOE €4 allele had 1.3 years (low
olfactory score), 1.9 years (moderate), and 2 years (high) of additional cognitively unimpaired
life expectancy compared to those with an APOE €4 allele (Table 2). Although the difference is
not large, further investigation is warranted to determine the extent of sex differences in the

effects of APOE €4 on olfactory ability and life expectancy.

Limitations

These findings are based on a fairly homogenous sample of highly educated, mainly
Caucasian, individuals with a mean age of 80 years who agreed to brain donation after death.
Cultural and cohort differences could be explored in future studies examining multi-ethnic and
mid-life cohorts. While information on cultural impacts would benefit this literature, olfactory
test components (i.e., including lavender or anise) change to accommodate cultural knowledge.
Considering this, studies also examining changing test items versus training participants on

included items could be explored.
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As with most olfactory identification tests, the B-SIT is a forced-choice test where
scoring may overestimate olfactory ability. For example, imputing results for up to 2 missing
olfactory items on the test may potentially skew results higher for individuals who may be
skipping questions due to not knowing the answers. Some items on the B-SIT have been found to
have low reliability and may not be assessing participant ability as accurately as other items on
the test (Menon et al., 2013). Although the B-SIT is a shorter version of the University of
Pennsylvania Smell Identification Test (UPSIT), which means that the degrees of olfactory
dysfunction may not be as clearly delineated, and errors or missing answers have a greater
impact on scores, the B-SIT was found to be comparable to the UPSIT for predicting conversion
to dementia (Devanand et al., 2019). In addition, an objective scale for chronic conditions, as
opposed to self-report, would provide a better measure of health. Air pollution, while outside of
the scope of this project, could also be considered for future studies. Finally, future research
conceptually replicating these analyses in additional longitudinal studies of aging would improve
our understanding of the importance of accounting for cognition when examining the association

between olfactory ability and mortality.

Conclusion

This study provides evidence that olfactory ability indicates neuronal integrity, slower
progression through cognitive impairment, and that associations between olfaction and mortality
are likely to occur primarily through the pathway of neurodegeneration. Findings are based on
data from 1501 participants who were followed annually for up to 15 years using methodology
that simultaneously considers olfaction, clinically diagnosed cognitive states, and mortality.

Further, olfactory testing may be a useful tool in assessing and monitoring brain health and
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implementation of regular olfactory testing as part of general health checkups may improve

understanding of cognitive health.
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Chapter 3: Olfactory Identification and Intraindividual Cognitive Variability
Abstract

Objective: The objective of this study was to determine whether olfactory scores are associated
with short-term intraindividual variability (IIV) in cognition. The following research questions
are addressed: (1) is higher olfaction associated with lower IIV in cognition?; (2) do individuals
with higher olfactory scores become less variable in IIV over the course of the study (i.e.,
become more consistent)?; (3) is the predictive value of olfaction for IV in cognition impacted
by perceived stress? (e.g., is the cognitive performance of individuals who have poor olfactory
scores more impacted by stress)?
Method: Participants aged 64-78 (N=65) completed a demographics questionnaire, a brief
survey of well-being, and an olfactory test in-person. Participants took the equipment home with
them where they completed daily surveys and cognitive tests on mobile phones four times each
day for 14 consecutive days. At the end of the 14 days, participants returned to complete the exit
survey and another olfactory test. Multilevel models were used to examine associations between
olfactory scores and II'V in cognition across five different cognitive tasks scored for reaction time
and accuracy.
Results: Olfactory scores were not consistently associated with IIV across all cognitive tests.
However, the interaction of perceived stress and olfaction was significant for the baseline IIV in
reaction time for Color Dot and Color Shape tasks.
Conclusion: Although consistent results were not found across all cognitive tasks, perceived
stress impacted the effect of olfaction on IIV in 2 of 5 tasks scored for reaction-time, such that

for individuals with high stress and high olfaction, IIV reaction-times were more consistent.
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Introduction

Adults exhibit considerable intraindividual variability (IIV) in cognitive performance
from one occasion to the next (Hultsch et al., 2000). This variability in performance has been
linked to both maladaptive and adaptive representations of cognition (Martin et. al., 2004; Allaire
& Marsiske, 2005; Macdonald et al., 2009). For example, IIV has been associated with brain
dysfunction (Costa et al., 2019), longitudinal decline in basic cognitive abilities (MacDonald et
al., 2003). Both inconsistency (the magnitude of IIV) and dispersion (the number of cognitive
domains in which variability is present) have been found to predict future cognitive decline
(Roalf et al., 2016; Costa et al., 2019; Hultsch et al., 2000). In contrast, early lifespan
development, variability is beneficial and is seen as adaptive during tasks such as motor learning
and exploration (MacDonald et al., 2006; van Dijk & van Geert, 2014). Research in adults has
found that adaptive forms of variability can be observed for tasks amenable to strategy use
(MacDonald, Li, & Biackman, 2009; Li, Aggen, Nesselroade, Baltes, 2001), such as spatial
memory tasks (Li, Aggen, Nesselroade, Baltes, 2001). However, continued variability in
performance after mastering or obtaining a given level of functioning likely indicates diminished
stability in performance (MacDonald, Li, & Béckman, 2009) and this form of maladaptive
variability in adults is consistently associated with cognitive impairment (Dinstein, Heeger, &
Behrmann, 2015; Costa et al., 2019) and is interpreted as reflecting brain dysfunction.
Neuroimaging data suggest a relationship between IIV and dysfunction of the default mode
network, presumably mediated by white matter disintegration in frontal and parietal areas (Costa
et al., 2019), which may also impact olfactory functioning.

IV within a single person across trials in one session, or over multiple sessions, is

defined as inconsistency (Costa et al., 2019) and is what will be referred to as IIV. There are
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multiple ways to measure IIV and one of the most commonly used approaches is the coefficient
of variation (CoV), which divides the individual standard deviation by the corresponding
subject’s mean reaction time (Costa et al., 2019). CoV shows the extent of variability in relation
to the mean, or in other words, the higher the CoV the greater the level of dispersion around the
mean. CoV is a ratio, which allows for comparisons across multiple types of tests with different
units (e.g., accuracy scores vs reaction timed scored tests). In contrast, when using standard
deviation (SD), a measure of how far the average value lies from the mean, SD will typically
increase as the units increase, whereas CoV is unitless, allowing comparison across tests. For this
study there were five different cognitive tests, each scored for reaction time and accuracy. CoV
was chosed in order to make it possible to compare across different methods of scoring (reaction-
time vs accuracy scored).

While IV can be derived from reaction-time or accuracy-based tasks, reaction-time
based IIV measures have been found to be better predictors of cognitive impairment (as indexed
by overall cognitive and memory performance) than accuracy-based IIV measures, potentially
due to the number of trials involved in reaction times testing as well as reaction-time being less
sensitive to practice effects (Christ et al., 2018). In contrast, accuracy-based IIV measures may
be used as indicators of a specific type of cognitive impairment when there is potential to be
linked to a specifically damaged neuroanatomical site or system, such as differentiating AD from
controls (Christ et al., 2018).

ITV is believed to be highly sensitive to subtle changes in cognitive function (MacDonald,
Nyberg, & Biackman, 2006) and therefore of special interest in prodromal and early stage
neurodegenerative disorders. Several reviews have reported that IV is associated with cognitive

decline and/or conversion to MCI/dementia (Haynes, Bauermeister, & Bunce, 2017; Costa,
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Dogan, Schulz, & Reetz, 2019; MacDonald, Li, & Bickman, 2009; Mumme, Pushpanathan,
Donaldson, Weinborn, Rainey-Smith,, Maruff, & Bucks, 2021). Similarly, lower olfactory
scores have been associated with neurodegeneration and poorer cognitive performance (Murphy
2019, 2020), cognitive decline (Chen et al., 2021; Windon et al., 2019) and conversion to MCI
and dementia (Sun et al., 2012; Devanand 2016).

Modifiable lifestyle factors such as physical activity and stress have been shown to
impact cognition over both long and short-term time scales. While the association between
physical activity and mental (Paluska & Schwenk, 2000) and physical health (Warburton et al.,
2006) has been well established, it has also been demonstrated that stress can impede efforts to
be physically active (Stults-Kolehmainen & Sinha 2014). Psychological stress is a potentially
modifiable risk factor that has been linked to increased rates of MCI (Katz et al., 2016) and AD
(Piirainen et al., 2017; Johansson et al., 2013). Further, higher daily stress has been associated
with slower reaction times and more variability for cognitive tasks (Sliwinski et al., 2006).
Importantly, stress also has a significant deleterious impact on the functioning of the
hippocampus (Kim et al., 2015), which may point to a relationship between stress and olfaction
(Vaz et al., 2018).

This chapter will examine whether olfactory identification scores are associated with IIV
in five cognitive measures. To the best of my knowledge, no study has yet examined the
association between olfaction and the short-term dynamics of cognitive variability. Specifically,
this study will examine (1) whether olfaction is associated with ITV in cognition in both reaction
time and accuracy scored tasks; (2) whether olfactory scores are associated with rates of change
in IIV over the course of the study (e.g., are faster rates of decline in IIV associated with better

olfactory scores?); (3) investigate whether perceived stress impacts the effect of olfaction on the
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prediction of IIV in cognition (i.e., does olfaction matter more for predicting IIV in individuals

with more perceived stress?).
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Method

Participants

Participants were community-dwelling healthy adults (N=65) aged 64-78 (M=71; SD
3.57; Table 2.1), primarily identifying as Caucasian (85%), or as East or South East Asian (4%)
or South Asian (1%), with the remainder not identifying (10%). Participants were highly
educated, with graduate school/Law/Medical degrees (36%), undergraduate degree (24%), some
college or university (19%), and the remainder with some highschool or highschool diplomas
(9%), or trade school (7%), with 5% missing. Eligibility was determined through a telephone
screening questionnaire: participants were required to be able to read and write English, to not
have participated in associated studies at UVic (e.g., Cognitive Health Initiative), and to not have

any major health concerns (e.g., psychiatric illnesses, cognitive impairment, stroke, serious head

injury).

Table 2.1 Descriptive Statistics (N=65) for Covariates, Demographic Variables, and Mean Day
Level Cognitive Tests

Mean (SD) %
Age, years 71 (3.57)
Female 78%
Education
Low 37%
High 63%
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Ethnicity
Caucasian

Asian

Averaged Olfactory Score

Perceived Stress Scale (PSS)

Physical Activity, minutes

Cognitive Domains (Day Mean Scores)

Symbol Search RT

Dot Memory RT

Colour Dot RT

Colour Shapes RT

Stroop RT

Symbol Search AC

Dot Memory AC

Color Dots AC

Color Shapes AC

Stroop AC

85%
6%

11.72 (2.29)

20.98 (15.6)

48 (52.24)

2350.63 (499.63)

7531.64 (2521.76)

3387.33 (1296.95)

2369.46 (525.82)

1512.31 (300.3)

97 (0.29)

8.65 (5.29)

56.82 (25.6)

74 (0.16)

92 (0.15)

Note. RT = Reaction-time scored; AC = Accuracy Scored
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Procedure

This study used an intensive measurement design in which participants completed initial
intake surveys in-person where a demographics questionnaire, a brief survey of well-being, and
an olfactory test were administered. Participants took a measurement kit home with them which
included a Fitbit, a blood pressure monitor (not used for this current study), and an Android
phone. They were asked to wear the Fitbit continuously for the duration of the study and they
completed 7-10 minute daily surveys and cognitive tests on the provided phone four times each
day for 14 consecutive days as well as measuring their blood pressure twice daily. At the end of
the 14 days, they returned to complete the exit survey and another olfactory test. These
ambulatory assessments permit measurement of behaviours, physiology and psychological states
in naturalistic settings in real-time, which can be designed to distribute assessments randomly
throughout the day, and across a number of days, in order to obtain a representative sampling of

moments for each person (Hoppmann & Riediger, 2009).

Demand on participants was relatively high for this study. Correspondingly, 71
participants agreed to participate and 6 dropped out before completion (two due to the beginning
of COVID restrictions), leaving a sample of 65 participants. Participants were provided with a
$75 honorarium ($25 at intake and $50 at debrief) to acknowledge the time spent participating in
the study. The project was approved by the University Of Victoria (UVic) Human Research

Ethics Board in the spring of 2019.
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Measures

This project was not designed as a follow-up from the first project but as a design to
explore the utility of mobile cognitive assessments. As such, it does not include some of the co-
variates included in Project 1, such as smoking (only 3 people smoked between 3-6 cigarettes per
day), due to small numbers or limitations around what our funding could cover (e.g., genetic

testing).

Olfactory Test

Sniffin’ Sticks Olfactory Identification Test (Burghardt, Wedel, Germany; Hummel et al.,
1997) were used to assess olfactory identification performance at intake and debrief. The test
consisted of 16 felt-tipped scented pens. Participants sat in front of a computer screen with
blindfold goggles to reduce visual stimulation. The test administrator presented each pen in order
from 1 to 16 with 30 seconds of rest in between each scent to prevent olfactory desensitisation.
For each pen, the administrator removed the pen cap and held the tip of the pen approximately 2
cm in front of the participant’s nose for 3 seconds. After smelling each pen, participants lifted
the blindfold on the goggles and were asked to identify which odour they had just smelled from a
list of four options presented on the screen. Participants took the olfactory test at the beginning
of the study and again at the end. The two occasions were highly correlated (» = 0.78) and a
paired-sample t-test revealed that there was not a significant difference (¢ (66)=-0.144 ; p=
0.886) between the pre- (M= 11.7; SD =2.63) and post- (M= 11.73; SD= 2.42) olfactory
identification tests, indicating that there were no substantial practice or learning effects. Previous
literature has shown that olfactory performance can be impacted by the total number of tests

taken with the strongest effect between the first and second testing (Martinec Novakova, &
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Havlicek, 2020). In order to reduce the impact of poor performance on a single test, improve
measurement precision, and provide a reliable estimate of each individual's olfactory
identification, the average of both tests was used in all analyses (M = 11.72, SD = 2.29;
Skewness towards higher scores = -1.06, Table 2.1). Olfactory identification scores were centred

on the mean score of 12 (i.e., olfactory score - 12).

Education

Participants in this sample were highly educated. Education levels were dichotomized
into individuals with some high school, highschool degree, trade school, and some college = 0
(37%); and those with an undergraduate degree or graduate school, law or medical school = 1

(63%).

Ethnicity
Participants identified as Caucasian (84%; 0) and South East, East or South Asian (5%;

1) with 10% not selecting an ethnicity.

Cognitive Tests

Cognitive tests were presented as “brain games” and delivered to participants via an app
(Hofer & Rush, 2020) on the provided phones. Participants completed the set of cognitive tests
and survey components once in the morning, twice randomly during the day, and once in the
evening (see Appendix A.4 for screenshots). Each morning and evening session included five
mobile cognitive tests, and the two randomised daytime sessions had three cognitive tests each.

Each session included 2 -12 trials of each cognitive test. All cognitive tests were scored for both
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reaction time and accuracy (see Table 2.1 for descriptives) and the intraindividual variability of
each test for each day was calculated as the coefficient of variation (CoV): the standard deviation
divided by the mean score and multiplied by 100. This provided a CoV for each person for each
day for each of the 5 cognitive tests (see table 2.2). CoV is a ratio of the standard deviation to the
mean providing a measure of variability for each day for each individual in relation to each
individual’s own day mean (intraindividual mean). The univariate distributions for the CoV
reaction time measures were all normally distributed and therefore used as outcomes in the
models. However, three of the cognitive tests are typically scored as accuracy based tests
(Sliwinski et al., 2018; Brewster et al., 2021). In order to offer a comparison that would align
with previous literature the accuracy scored version of the coefficient of variation for each test

was also provided.

Symbol Search Test. Instructions for the task were presented in text on the mobile phone
screen asking participants to select the symbol pair on the bottom of the screen that matched the
pair on the top of the screen as quickly as possible. The phone then displayed a row of three
symbol pairs at the top of the screen and two symbol pairs at the bottom of the screen. This task
had 12 trials in each session and is generally regarded as a reaction-time test. This test has been
validated for use on mobile devices (Sliwinski et al., 2018; Brewster et al., 2021). Reaction time
scoring was in seconds, with lower values representing higher cognitive performance (M =
2350.64; SD = 499.63; Skewness towards faster scores = 0.35; Table 2.1). Accuracy scoring was
dichotomous with 0 representing incorrect and 1 representing correct. The resulting reaction time

and accuracy scores were used to compute separate reaction time and accuracy IV scores, with

50



lower values on the IIV representing more consistency and higher values representing more

variability.

Dot Memory Test. After instructions were presented, the app briefly displayed a 5 by 5
grid with three red dots randomly placed in the grid. Following that, participants were shown a
distractor task (locating F’s in a screen full of E’s). Then, the (empty) grid re-appears, and the
participant is asked to touch the screen where the original three dots had been located. This task
is correlated with working memory (Sliwinski et al., 2018) and spatial memory tests (Ezzati et
al., 2016), and has been previously validated for use on mobile devices (Sliwinski et al., 2018). A
score of zero was given if a participant correctly recalled the location of the dots. If the dots were
incorrectly placed, the Euclidean distance discordance between the original dot location and the
selected dot location was calculated to provide a continuous score (in grid units) with lower
values indicate higher cognitive performance. Each session had two trials and the mean accuracy
of both trials was computed to represent the participants' score at each occasion. Reaction time
scores were in milliseconds with lower values representing faster times. Reaction time and

accuracy scores were then used to compute their respective I[IVs.

Colour Dot Test. After instructions were presented, three different coloured dots were
presented on the screen followed by a non-coloured dot in the same location as one of the
original three dots. Participants were instructed to select the original colour of the dot from a set
of colours in a bar at the bottom of the screen. Next, participants were asked where another
coloured dot was originally presented (e.g., “where was the blue dot?”’) and were asked to touch

the screen where the dot had been originally located. There were two trials in each session. This
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test is a variation of a delayed reproduction task (Liang et al., 2016) and was scored continuously
(in grid units) by calculating the Euclidean distance discordance between the original dot
location and where the participant touched the screen (selected dot location), with lower values
indicating higher cognitive performance for accuracy. Two trials were presented at every session,
providing an indication of spatial localization error in memory and relational binding.. .
Reaction time scores were in milliseconds with lower values representing faster times. Reaction

time and accuracy scores were then used to compute their respective IIVs.

Colour-Shape Test. After the instructions, three objects of various shapes and colours
were briefly presented on screen. Participants were instructed to remember the shape and colour
of the objects. Then, a new screen depicting the same three objects was shown but the location of
the objects differed by placement and/or rotation and participants were asked to identify if the
colour-shape combinations of the three objects were the same or different from the original
objects. This test assessed visual short-term memory in binding and impairment on this task is
characterised by a loss of the ability to retain complex objects as a whole (e.g., colour and shape;
Parra et al., 2010). Participants completed six trials in each session. Accuracy was scored
dichotomously (correct/incorrect), with lower values representing higher cognitive scores.
Reaction time scores were in milliseconds with lower values representing faster times. IIV was
calculated from these, with higher scores representing more variability and lower scores

representing more consistency.

Stroop (Cognitive Interference). After the instruction screen, discordant word-colour

pairs were presented on the screen. The mismatch in stimuli (e.g., the word red, in green font),
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allows assessment an individual’s ability to inhibit the cognitive interference that occurs when
processing contradictory stimuli. Participants were instructed to select whether the word-colour
pairs were consistent or inconsistent as quickly as possible. The test is typically considered a test
of executive functioning and cognitive control, has been previously validated for use on mobile
devices (Bouvard et al., 2018), and has been correlated with medial and lateral prefrontal cortical
activation (Egner & Hirsh, 2005). Participants completed 12 trials for each session. Reaction
time was scored in milliseconds with lower values representing higher cognitive performance.
Accuracy scores were based on the number of correctly identified stimuli. IIV was calculated
from these for each day with higher scores representing more variability and lower scores

indicating more consistency.

Perceived Stress

The perceived stress scale (PSS) is a widely used index of psychological stress that has
been associated with biological outcomes hypothesised to be influenced by chronic stress, such
as immune (Maes et al., 1999) and endocrine functioning (Pruessner et al., 1999), and telomere
length (Epel et al., 2004). In this study, participants responded nightly regarding the frequency,
on a scale of 0 (never) to 4 (very often), to a modified five-item version of the PSS (Cohen et al.,
1983). The questions included: Over the course of the day, how often have you (1) been upset
because something happened unexpectedly? (2) felt nervous or stressed? (3) felt confident about
your ability to handle your personal problems? (4) felt like you could not cope with all the things
you have to do? (5) been angered because of things that were outside of your control?

Scores were summed to obtain a relative score of perceived stress (M = 20.98, SD =

15.6), with higher scores representing higher perceived stress. This variable was then split into
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two variables to separately account for within and between person components. The between-
person portion was each individual’s person-mean centred score (each individual’s own mean
score for the duration of the study; PSS PM) included as a time-invariant level 2 predictor and
centred on the sample mean of 20. Further to the time invariant score, a time-varying within-
person PSS score (PSS WP) was calculated by subtracting each person’s own personal mean

from the PSS score.

Statistical Analysis

Statistical analyses were performed using the R statistical package, R Studio (R Core
Team, 2018), and the multilevel modeling package Ime4 (Bates, Michler, Bolker & Walker,
2015). In order to examine the associations between olfactory identification scores and IV,
multilevel models for the IIV of each of the five cognitive tests were estimated for both reaction
time scored and accuracy scored versions of the tests, resulting in ten models. Models were built
up from unconditional models, adding olfaction then demographic predictors of intercept and
slope (e.g., age, sex, education) and finally covariates (e.g., stress and physical activity) and an
interaction term between olfaction and stress. Models for all of the reaction time and accuracy
scored CoV outcomes were estimated, as 3 of the 5 measures (Dot Memory, Color Dot, and
Color shapes) have previously established scoring using accuracy in prior studies (Sliwinski et
al., 2018; Brewster et al., 2021). Having both methods of scoring the measures will provide
comparisons to previous literature and allow for the examination of whether individuals were

becoming more consistent in their reaction time as well as their accuracy.

Model Selection
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From the unconditional model, models were assessed using AIC after each new predictor
was added. As each cognitive test was slightly different in the parameters that contributed to the
best fitting model, deciding on inclusion criteria in order to run the same model across all tests
meant that some of the models were not the best fitting for some of the tests. Ethnicity and
education did not contribute to many models and were excluded. Age, sex and stress were
removed from slope but included on the intercept. Further, while including physical activity did
improve the models in the majority of the cognitive tests, its inclusion led to over-
parameterization (as indicated by slope-intercept correlation of 1, rho) of many of the models, so
it was excluded (see supplementary section A2 for results with PA). The equation for the final

model is presented here.

Final Model

Level 1:

[IVCognitiong = Boi + P1i (Time.days) + Pai (Stressi- StressPMi) + e

Level 2:

Boi = yoo + yo1 (Olfaction;-12) + vo2 (Agei-71) + vo3 (Male) + yos4 (Stressi-20)

+ vos(Stressi-20)(Olfaction;-12) + Uy;

B1i =y10 + y11 (Olfaction;-12) + Ujo;

B2i =720 + Uaoi
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The Level 1 equation depicts change in cognitive performance relative to baseline on a
given day (t), for a given individual (i), and specifies an intercept (Boi), change over time (day)

(B1i), within-person main effects of stress (i), and the within-person residual (ex).

Level 2 specifies fixed effects for the common intercept (yoo), olfaction (yo1), fixed effect
slope for time (y10) and the interaction between olfaction and between-person perceived stress
(vos). Person-specific deviations (random effects) from the fixed intercept (Uo;) and fixed linear
effect of time (Ujo;) are also included. Age (centered at the mean) and biological sex (female as

reference) were included as covariates in the final model.
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Results
Descriptive Statistics
The olfactory identification test was scored out of 16 and ranged from 4 to 15.5 (M =
11.7; 8D = 2.3; Table 2.1). Descriptives for olfaction and demographics can be found in Table

2.1 and the cognitive test CoVs can be found in Table 2.2.

Table 2.2 Baseline (Day 0) Descriptive Information for Cognitive Test Coefficients of Variation

(CoV)

Reaction Time Accuracy
Cognitive Domains, CoV M (SD) M (SD)
Symbol Search 31.23 (5.65) 9.20 (9.11)
Dot Memory 32.72 (11.82) 71.70 (33.16)
Colour Dots 23.81 (14.22) 63.15 (32.75)
Colour Shapes 31.11 (9.08) 74.15 (35.94
Stroop 23.75 (5.11) 29.80 (33.80)

In addition, the study level CoV for all the cognitive tests were calculated in order to
examine the correlation between variability at the day and study level (see supplementary table
S2 in Appendix). There were significant positive correlations between day and study level CoV
of all tasks, indicating that individuals who were more variable at the day level were also more

variable over the course of the study.
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Model Results

In the following section, significant results are described in the same pattern for the final
models for reaction time and accuracy scored CoV for each cognitive test. Unconditional and
final model parameter estimates of the reaction time CoVs as well as final accuracy CoV models

are provided in tables.

Symbol Search Test, Coefficient of Variation (CoV)
Symbol Search reaction times became more variable over the course of the study (b =

0.17, SE = 0.054, p= 0.002; Table 2.3).

Dot Memory Test, Coefficient of Variation (CoV)
Both reaction time (b = 0.63, SE = 0.422, p <0.001) and accuracy (b =2.02, SE = 0.422,

p<0.001, Table 2.4) versions became more variable over the course of the study.

Colour Dot Test, Coefficient of Variation (CoV).

Reaction times became more consistent over the course of the study (b =-0.23, SE = -
0.11, p = 0.046, Table 2.5). The interaction between olfaction and perceived stress (PSS) was
also significant (b =-0.08, SE = 0.027, p= 0.002), such that for every additional unit of PSS the
association between olfaction and CoV (b =-0.27) becomes more negative, stronger, by the
interaction effect of -0.08 (e.g., -0.27 —0.08 = -0.35). This indicates that olfaction matters more

for predicting cognitive variability in people with more perceived stress.
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For the accuracy scored test, within-person perceived stress was associated with CoV (b
=0.21, SE=0.422, p = 0.01), such that higher than usual stress (relative to the individual’s own

mean) is associated with more variability in accuracy for that specific day.

Colour Shape Test, Coefficient of Variation (CoV)
Reaction time scores became consistent more rapidly for those with higher olfactory

scores (b =-0.10, SE =0.037, p=0.013; Table 2.6).

The significant interaction between olfaction and PSS (b =-0.05, SE = 0.023, p=0.014)
in predicting reaction time CoV indicates that, for every additional unit of PSS, the association
between olfaction and CoV (b = 0.48) is reduced (weaker) by the interaction effect of -0.05 such
that the association between olfaction and Colour Shape CoV is smaller for people who perceive
more stress. Interpreted the other way, how the effect of PSS depends on smell score, the
between-person effect of PSS (PSS _PM; b =-0.03) becomes more negative by -0.05. This
indicates that the interaction strengthens the between-person effect of PSS (i.e., the impact of
PSS is stronger in individuals with higher olfactory scores), and that PSS matters more for

predicting CoV in individuals who have higher smell scores.

Consistency in accuracy scores increased over the course of the study (b =-1.71, SE =

0.35, p <0.01).
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Stroop (Cognitive Interference), Coefficient of Variation (CoV)
Consistency in accuracy increased over the course of the study (b =-0.77, SE=-0.22, p =

0.001; Table 2.7).
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Table 2.3 Multilevel Model Results for Symbol Search Task Coefficient of Variation (CoV)

Symbol Search RT CoV Symbol Search RT CoV Symbol Search AC CoV

B Cl p B Cl p B Cl p
Fixed Effects
(Intercept) 3221 31.13-3329 <.001 32.47 31.31-33.63 <.001 9.89 796-11.83 <.001
Day 0.17 0.07-0.26 001 0.17 0.07-0.27 .002 -0.16 -0.33-0.01 .077
Olfaction 0.14 -0.34-0.61 .568 0.18 -0.62-0.99 .656
Age -0.03 -027-0.22 816 0.34 0.00-0.69 .053
Male -1.03 -3.07-1.02  .330 -0.87 -3.74-2.00 .556
Perceived Stress (BP) -0.00 -0.07-0.07  .982 0.01 -0.09-0.10 .858
Perceived Stress (WP) 0.02 -0.01-0.06 .140 -0.00 -0.06-0.05 .957
Olfaction:Day 0.00 -0.04-0.04 924 -0.07 -0.14-0.00 .069
Olfaction:Perceived Stress (BP) 0.02 -0.01-0.05 170 0.04 -0.01-0.08 .092
Random Effects
o’ 17.379 17.300 54.908
00, id 13.293 12.258 34.633
po1 -0.474 -0.458 -0.757
Nid 61 61 61
ICCi 0.433 0.415 0.387
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Observations 745 745 745
R?2/ Q¢? 471/ .460 474/ 463 398/ .384
AIC 4409.168 4417.282 5245.692

Note. RT = reaction time; AC = accuracy; BP = between-person; WP= within-person. Marginal R-squared (R?) considers only the

variance of the fixed effects, while conditional R-squared (Q?) takes both fixed and random effects into account. ¢? is the residual

variance after adjusting for predictors (within-person variance). too is the between-person variance. poi1 is the random slope-intercept

correlation. Perceived Stress BP is the person-mean perceived stress, centred at 20; Within-person is the (time varying) component of

perceived stress.

62



Table 2.4 Multilevel Model Results for Dot Memory Task Coefficient of Variation

Dot Memory RT CoV

Dot Memory RT CoV

Dot Memory AC CoV

B CI p

B cl p

B cI p

Fixed Effects
(Intercept)

Day

Olfaction

Age

Male

Perceived Stress (BP)
Perceived Stress (WP)
Olfaction:Day

Olfaction:Perceived
Stress (BP)

Random Effects
o>
T00, id

Po1

30.94 28.76 -33.12 <.001

0.65 0.37-0.93 <.001

216.924
13.200
1.000

31.61 29.23-33.99 <.001

0.63 0.34-091 <.001

034 -0.63-131  .495

0.14 -036-0.65 .587

-2.18 -646-2.11  .322

-0.00 -0.15-0.14  .955

0.01 -0.10-0.13  .798

-0.07 -0.19-0.06  .297

0.03 -0.03-0.10 .338

216.102
11.225
1.000

65.26 57.88—-72.63 <.001

202 1.21-2.84 <.001

-1.07 -4.03-1.89  .481

-0.72  -244-1.00 417

8.07 -6.40-22.54 279

-0.19 -0.67-0.28  .430

-0.07 -0.35-0.21  .631

0.09 -026-043 .622

0.14 -0.08-0.35 218

1330.553
270.518
0.434
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Nig 61 61 61

ICCig 0.057 0.049 0.169
Observations 740 740 710

R?/ Q¢? 237/ .222 238 /.224 .385/.374
AIC 6160.464 6170.511 7260.244

Note. RT = reaction time; AC = accuracy; BP = between-person; WP= within-person. Marginal R-squared (R?) considers only the
variance of the fixed effects, while conditional R-squared (Q?) takes both fixed and random effects into account. o2 is the residual

variance after adjusting for predictors (within-person variance). too is the between-person variance. poi is the random slope-intercept

correlation. Perceived Stress BP is the person-mean perceived stress, centred at 20; Within-person is the (time varying) component of

perceived stress.
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Table 2.5 Multilevel Model Results for Colour Dots Task Coefficient of Variation

Colour Dots RT CoV Colour Dots RT CoV Colour Dots AC CoV

B Cl p B Ccl p B Cl p
Fixed Effects
(Intercept) 23.13 21.04-2523 <001 2339 21.40-2538 <001  53.70 50.39-57.01 <.001
Day 023 -0.44--0.02 .038 023 -0.45--0.01 .046 038 -0.80-0.05 .089
Olfaction 027 -1.10-055 519 096 -236-045 188
Age 021  -0.18-0.60 .290 0.15 -038-0.69 .584
Male 155 486177 363 0.63 -3.93-520 .787
fg;c)eived Stress 0.0l  -0.10-0.12 .806 0.04 -0.11-0.19 571
f\;r;‘;ived Stress 0.04 -0.05-0.13 411 021  0.05-037  .010
Olfaction:Day 0.0  -0.09-0.10 .868 0.07 -0.12-025 470
gtlrf:::i(oglf))erceived 0.08 -0.13--0.03 .002 006 -0.12-001 112
Random Effects

o’ 138.840 138.685 449.472



00, id 28.680 12.318 22.863
po1 -0.716 0.507 -0.599

Nidg 61 61 61

ICCiq 0.171 0.082 0.048
Observations 738 738 738
R2/Qp? 216/.194 208 /.191 144/ .112
AIC 5813.391 5817.095 6662.206

Note. RT = reaction time; AC = accuracy; BP = between-person; WP= within-person. Marginal R-squared (R?) considers only the

variance of the fixed effects, while conditional R-squared (Q?) takes both fixed and random effects into account. ° is the residual

variance after adjusting for predictors (within-person variance). too is the between-person variance. poi1 is the random slope-intercept

correlation. Perceived Stress BP is the person-mean perceived stress, centred at 20; Within-person is the (time varying) component of

perceived stress.
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Table 2.6 Multilevel Model Results for Colour Shapes Task Coefficient of Variation

Colour Shapes RT CoV Colour Shapes RT CoV Colour Shapes AC CoV

B Cl p B Ccl p B Cl p
Fixed Effects
(Intercept) 30.24 28.62-31.86 <.001 30.58 28.87-32.29 <.001 70.77 63.60—-77.95 <.001
Day 0.13 -0.06—0.32  .193 0.09 -0.10-0.27 .362 -1.74  -2.37--1.11 <.001
Olfaction 048 -0.22-1.19 .186 -1.81 -4.71-1.10 .228
Age 0.02 -0.31-0.36 .890 031 -1.29-190 .707
Male -0.70 -3.53-2.13  .631 -3.74 -17.04-9.55 .583
Perceived Stress (BP) -0.03 -0.12-0.07  .578 0.18 -0.26-0.62  .423
Perceived Stress (WP) 0.01 -0.06-0.08 .823 -0.02 -0.21-0.17  .832
Olfaction:Day -0.10 -0.18--0.02 .013 -0.01 -0.28—0.26  .932
gff‘;tion?erceived Stress 005 -010--001 014  -0.14 -034-005 .159
Random Effects
o’ 80.483 80.345 585.615
00, id 17.934 15.236 466.772
po1 -0.368 -0.312 -0.331
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Nig 61 61 61

ICCig 0.182 0.159 0.444
Observations 740 740 740

R?/ Q¢? 287 /.258 275/ .252 562 /.555
AIC 5751.341 5452.815 7018.660

Note. RT = reaction time; AC = accuracy; BP = between-person; WP= within-person. Marginal R-squared (R?) considers only the
variance of the fixed effects, while conditional R-squared (Q?) takes both fixed and random effects into account. o2 is the residual

variance after adjusting for predictors (within-person variance). too is the between-person variance. poi is the random slope-intercept

correlation. Percieved Stress BP is the person-mean perceived stress, centred at 20; Within-person is the (time varying) component of

perceived stress.
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Table 2.7 Multilevel Model Results for Stroop Task Coefficient of Variation

Stroop RT CoV Stroop RT CoV Stroop AC CoV

B Ccl p B Ccl p B Cl p
Fixed Effects
(Intercept) 22.77 21.86-23.69 <.001 22.87 21.89-23.86 <.001 2397 15.18-32.76 <.001
Day 0.07 -0.05-0.19 217 0.07 -0.05-0.19 273 -0.77 -1.21--0.33 .001
Olfaction 0.15 -0.24-0.55  .448 -0.42 -3.93-3.08 815
Age 0.18 -0.04-041 .112 094 -1.13-3.01 376
Male 021 -1.70-2.11  .833 -3.41 -2047-13.66  .697
Perceived Stress (BP) 0.06 -0.00-0.12 .060 046 -0.11-1.02 118
Perceived Stress (WP) -0.02 -0.07-0.02  .348 -0.06 -0.15-0.03 194
Olfaction:Day -0.02 -0.07-0.03  .443 -0.11  -0.30-0.08 254
gff‘;tion?erceived Stress 002 -000-005 .09 002 -023-027 860
Random Effects
o’ 34416 34.119 128.709
00, id 3.364 2.359 899.082
po1 1.000 1.000 -0.361
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Nig 61 61 61

ICCig 0.089 0.065 0.875
Observations 742 742 742

R?/ Q¢? 296 /.284 .301/.290 .899/.899
AIC 4933.342 4838.215 6081.935

Note. RT = reaction time; AC = accuracy; BP = between-person; WP= within-person. Marginal R-squared (R?) considers only the
variance of the fixed effects, while conditional R-squared (Q?) takes both fixed and random effects into account. 62 is the residual

variance after adjusting for predictors (within-person variance). too is the between-person variance. poi is the random slope-intercept

correlation. Perceived Stress BP is the person-mean perceived stress, centred at 20; Within-person is the (time varying) component of

perceived stress.
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Discussion

The primary goal of this study was to examine the relationship between olfaction and IIV
in cognition, two early indicators of cognitive decline. While our results did not demonstrate a
consistent association between olfactory identification scores and II'V over all five cognitive
tests, I found that individuals with higher olfactory scores became more consistent in their
reaction time scores more rapidly in the Colour Shapes task. The second goal was to explore how
perceived stress may influence the association of olfaction on IIV in cognition. This study
showed that the interaction between olfaction and stress was significantly associated with IIV for
the reaction time scored Colour Shapes and Color Dots task. Together, these findings provide
preliminary evidence that olfaction may be associated with IIV in certain types of cognitive tasks
over small time scales, as well as support for the inclusion of stress measurements in future

olfactory research.

ITV and Cognition

Lower IIV indicates that individuals are more consistent in their cognitive scores. In a
healthy sample, a decrease in IIV over the course of the study potentially implies an
improvement or an increase in skill, whereas an increase in IIV indicates more variability in an
individual’s responses. Lower IIV over the short-term may imply that the brain areas responsible
for those tasks are healthy whereas more variability may indicate neurodegeneration (Costa et
al., 2019). Assuming that practice or learning effects over the course of the study are represented
by increased consistency, those that become more consistent faster may be more cognitively

adept, have more neuroplasticity or hippocampal functioning (Anand, & Dhikav 2012).
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Considering that both IV and olfactory deficits are potential early indicators of cognitive
dysfunction, I expected to find an association between them. Firstly, I expected that individuals
would become more consistent in their cognitive scores (IIV) over the course of the study. While
this finding was not consistent across all cognitive tests, I did find that accuracy became more
consistent for Color Shape and Stroop (two tests where there was relatively high accuracy) and
less consistent for Dot Memory over the course of the study. Reaction times became more
consistent for the Colour Dot task and more variable over the course of the study for Dot
Memory and Symbol Search. Since findings were not consistent across all measures, replication

with a larger sample with a broader spectrum of ages, education, and ethnicity is warranted.

Olfaction and Interactions with Stress

Although there were no significant main effects for olfaction, these results provide some
evidence that associations are detectable at the day-level for short-term variability. Previous
work has found that day-to-day variability is influenced by different factors compared to within
session variability, as some predictors, such as stress, change over days but likely not within a
session (Macdonald et al., 2009; Costa et al., 2019). In the current study, I expected that
perceived stress within a day would increase IIV. Specifically, increased stress would be
associated with greater IIV. In the Colour Dots accuracy-scored test, higher than usual PSS
(within-person PSS) was associated with increased variability on the same day. Further, there
was a significant interaction effect between olfaction and between-person stress (in reaction time

for Color Dots and Color shapes), which will be detailed below.
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The second goal of this study was to explore how stress and physical activity may impact
the effect of olfaction on intraindividual variability in cognition. Due to sample size limitations, I
removed physical activity from the models during the model selection process, results can be
seen in supplementary section A2. This study showed that there was a significant interaction
between olfaction and stress. The results indicated that, in individuals with higher olfactory
scores, daily perceived stress was an important factor in predicting the consistency of reaction
time in Colour Shapes and Color Dot tasks. This may indicate that in individuals who do not
have a substantial build up of neuropathology (i.e., healthy brains), that stress is more impactful
on variability in cognitive performance as it may be impacting the brain through HPA-axis
activation. However, [ would postulate that once there is some damage to the underlying
structures (as potentially identified by low olfactory scores), perceived stress (a transient short-
term impact on cognition) is a less important indicator compared to the underlying neurological
damage (long-term impact on functioning). Further work in this area is warranted and could
validate the associations between specific tests and olfactory performance. Previous studies have
reported activation in the middle frontal gyri for spatial tasks with high working memory (such
as memory for previously presented shape; McCarthy et al., 1996) as well as substantial
activation in the hippocampus for visuospatial tasks (Mandal et al. 2012). Future studies may be
able to assess activation for these specific tasks to determine whether there are differences
between and within individuals with differing olfactory abilities and stress conditions, and link
that to magnitude of activation in specific brain areas, potentially elucidating early hippocampal

damage.
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The Color Shapes task may be of specific interest for future olfactory studies as it is a
visuospatial task that requires recognition and adoption of a strategy for both high accuracy and
speed of completion. Once participants discovered that when one shape was the same or different
they were all the same or different, they performed at a high accuracy level (often 100%
accuracy, see supplemental plots in A3), cutting down on the cognitive memory load from
remembering three shapes, to remembering one. In this case, reaction time would capture
differences in this task for those who have already learned the strategy and were receiving high
accuracy scores while also capturing the longer reaction times of those who have not learned the
strategy for the task, making reaction time scoring for this test potentially more appropriate for
determination of variability between individuals and especially for those with high accuracy. The
correlation between CoV in Colour Shapes (reaction-time) and mean scores for Colour Shapes
(reaction time) was weak but significant and positive (» = 0.2 ; p <.001 ) indicating that more
variability in RT scores is correlated with higher mean RT scores (slower RT): those who were
more variable were slower. Further, the correlation between CoV for the day and over the full
protocol was significant and positive (» = 0.30, p = 0.02), indicating that more variability within
a day is correlated with more variability over the course of the study. This finding is consistent
with previous literature indicating that individuals who are more variable on smaller time scales
(e.g., day) are also more variable on mid-term time scales (e.g., weeks; Stawski,
MacDonald....Halliday et al., 2017). However, any correlations for this study should be
considered exploratory, as a sample of 250 is generally recommended for accurate correlations
(Schonbrodt & Perugini, 2013).

Although these preliminary results are exploratory in nature, there is a demonstrable

impact of perceived stress for the prediction of IIV for individuals who are obtaining higher
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scores on the olfactory test. Of note, the majority of our findings were between-person, a
significant association between within-person perceived stress was only found for the accuracy
scored Color Dot test. Fewer within-person results may be due to measuring daily PSS, which
did not represent cumulative stress, or potentially the effect was not strong enough to be detected
at the day level. Follow-up studies could examine trial-level variability in order to explore a
smaller time scale, which may provide more sensitivity to detect associations as the day level

requires averaging the trials within a day, and therefore some information is lost.

Limitations and Future Directions

Our sample consisted of highly educated, mainly Caucasian, physically active, older
adults who were willing to undertake a highly demanding study. Considering this, results may
not be representative of the general public, and replication in a larger, more diverse sample

would benefit the literature.

Funding and time constraints for the current study did not permit a larger sample and this
was a limitation for interpreting the between-person effects and correlations. While I would have
expected associations between olfaction and all tasks with high spatial processing (Aboitiz &
Montinel, 2015; Raithel, & Gottfried, 2021) and inhibitory control (Elliott, & Deakin, 2005)
these associations may require a larger sample size. Correlations generally require sample sizes
of around 250 to ensure accuracy (Schonbrodt & Perugini, 2013) and due to our small sample,
the correlations should be interpreted with caution. Further, the between-person effects in the
MLM also had a small number of individuals which limited our ability to include all the

predictors I thought may be impactful, as well as limited estimation (e.g., between person
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estimates were based on 61 individuals). However, the majority of our findings were between
person and not within person (in colour dots PSS WP was associated with CoV: higher than
usual stress is associated with more variability in accuracy for colour dots test), which could
potentially be attributed to Type I error as ten models were estimated. Models should be
considered exploratory and not confirmatory. While these preliminary exploratory analyses did
not reveal any consistent findings across the different cognitive tests this study may aid in
hypothesis generation and cognitive test selection for future work. Further studies are warranted
to examine replicability of these findings as well as the impacts of stress on olfaction.

While there is substantial research indicating a significant association between low
education and olfactory dysfunction, there are still a number of studies reporting conflicting
results (James et al., 2021). Participants in Study 2 were highly educated, so a lack of variability
in education, combined with a small sample size, may have played a part in why education was
not a significant contributor to the models (and was not included in the final models), this was a
limitation of our particular sample.

In this study, olfactory ability was not measured on a daily basis. However, future studies
examining IIV in cognition may consider including repeated measures of olfaction to examine
whether variability in olfaction is associated with variability in cognition. Considering the easily
reached ceiling of the shorter tests, olfactory tests with more items should be considered, such as
a 40-item test (Doty et al., 1984). Future directions might include examining speed in learning

and olfactory ability and the interaction of olfaction and stress.
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Conclusions

This study examined the relationship between olfaction and day level cognitive
variability, calculated as CoV. This study found that higher olfactory scores were associated with
faster consistency of reaction-time scores in the Colour Shapes task and that the interaction
between olfaction and stress was significant across three different cognitive tasks II'Vs. This
study provides preliminary evidence for the utility of olfaction in the prediction of cognitive

variability and that perceived stress plays a role in this relationship.
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Concluding Discussion

Project 1

Substantial literature exists on the associations between olfaction, cognitive impairment,
and dementia (Murphy, 2019; Devanand, 2016). There is general consensus that olfactory
deficits occur early and predict the progression of dementia along the disease trajectory (see
review articles: Bathini et al., 2019; Murphy, 2019; Devanand, 2016; Sun et. al., 2012). Further,
research has reported that there may be a coupled relationship between within-person
fluctuations in olfactory identification and memory performance (Knight et al., 2018). For
example, when an individual is performing worse than their own average on olfactory
identification tests, they are likely to also be performing worse than their own average on their
episodic memory task at the same occasion, and this effect is stronger for those with more AD
pathology (Knight et al., 2018). Previous research has found that increased density of tau tangles
in the entorhinal cortex, hippocampus, and inferior temporal cortex is associated with lower
olfactory identification scores (Wilson et al., 2007) and that higher pathology at death is
associated with lower olfactory scores and faster declines (Knight et al., 2018). Taken together,
this research suggests that cognition and olfaction fluctuate together and are concurrently
impacted by the buildup of pathology in the brain. Although indicated by declining cognition and
olfaction, the buildup of pathology is likely what leads to dementia, which then increases risk of
mortality due to cascading effects from those neurological changes that build up over time
(James et al., 2014). This risk of mortality should then also be detectable via olfactory (Van
Regermorter et al., 2020) and cognitive changes (Sliwinski et al., 2006). However, while the risk
of mortality is detectable through declines in olfaction (Van Regermorter et al., 2020), the study

described in Project 1 of this dissertation shows that olfaction itself is not substantially
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contributing to a risk of mortality. Extrapolating, this research suggests that olfaction could be
utilized as an indicator of brain heath. As such, olfactory testing can indicate that the brain areas
in the olfactory pathway are not functioning well and because these brain regions (e.g., the
hippocampus) are crucial to a substantial number of cognitive tasks, this could lead to early
interventions to potentially slow pending cognitive impairment.

This dissertation adds nuance to previous studies indicating that there is an increased risk
of mortality associated with decreased olfactory ability (see review Van Regermorter et al.,
2020). Specifically, further refining the hypothesis to specify that declines in olfaction can
predict mortality through the association with cognition and that the risk of mortality is likely
caused by the underlying neuropathology. By controlling for cognition and death concurrently in
one comprehensive multi-state model, I demonstrate that olfaction is not associated with
mortality above and beyond cognitive declines, thus indicating that the likely route is through
neurodegeneration which impacts both cognition and olfaction. This work further substantiates
the idea that olfactory changes are paralleling cognitive decline but are more readily detectable,
and earlier, in the disease progression. Consistent with previous literature, our findings also
indicate that higher olfactory ability decreases the risk of transitioning to MCI and from MCI to
dementia. For those already clinically diagnosed with MCI, higher olfactory scores increased the
chances of returning to a cognitively unimpaired state. These results provide additional support
for the notion that olfaction is able to predict the development of clinically diagnosed MCI and
dementia. Results from this study clarify previous research that, while olfaction can predict
mortality, it is correlated with underlying pathology rather than causational. This provides
support for the clinical value of olfactory testing, as a low olfactory score indicates an increased

risk of mortality (Pinto et al., 2014; Ekstrom et al., 2017; Seubert et al., 2017; Devanand et al.,
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2015; Wilson et al., 2011; Choi et al., 2021; Laudisio et al., 2019; Liu et al., 2019), and this
current study suggests that this is likely due to the degeneration of brain areas that support both
cognition and olfaction. Lifestyle changes such as increased physical activity (Yoneda et al.,
2021) and added vitamin D (Navale et al., 2022) could be implemented at an earlier stage if

olfactory testing became widely used for the early detection of cognitive decline.

In addition, this study provided estimates of both overall and unimpaired life
expectancies. By examining the number of years of life expectancy that individuals have without
cognitive impairment, we can see the overall impact on years of life for those with low, medium,
and high olfactory scores. Results indicate that an average non-smoking 80-year-old female with
no chronic health conditions and high olfactory identification scores had 10 years of unimpaired
life expectancy while those with moderate olfactory ability had 8 years, and those with low
olfactory ability had 4 years of unimpaired life expectancy. While the number of unimpaired
years were similar for males (9, 7, and 4 years, respectively), life expectancies were consistently
lower for males than for females. These unimpaired life expectancies indicate a demonstrable
increase in healthy life span for individuals with higher olfactory scores, and we would postulate

that this is due to a healthy brain.

Project 2
Project 1 clarified that olfactory ability is associated with transitions between cognitive

states over long term time scales and annual assessments. However, the question of how early a
link between cognitive dysfunction and olfaction be clinically useful remained unanswered. One
of the earliest signs of possible cognitive decline is variability in cognitive test responses,

intraindividual variability (IIV; Costa et al., 2019; Hultsch et al., 2000). The underlying disease
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process of dementia occurs over years and decades (Jack et al., 2013), and earlier detection of
degeneration in the brain leads to better chances of ameliorated outcomes. For example,
considering the numerous cascading and complex components to a healthy brain (e.g., eating
habits, physical activity, stress; Mosconi, & McHugh, 2015; Nebel et al., 2018), earlier detection
would allow for lifestyle changes and potential enrollment into research or intervention studies
(Santos et al., 2017).

Clinically diagnosed cognitive decline occurs relatively late in the dementia disease
process (Jack et. al., 2013) and current theories postulate that olfactory dysfunction occurs at the
earliest stages, closely following tau-mediated neuropathology (Murphy, 2019). To the best of
our knowledge, no one has yet examined associations between IIV and olfaction, and this project
provides novel contributions to the literature regarding interactions between stress, olfaction, and

cognitive test selection.

Stress and Olfaction

Stress is a basic biological mechanism with complex underlying interactions in the body
and brain, and its impacts on cognition vary depending on intensity and length of the stress
(Sandi, 2013). In general, theories suggest that, in the presence of stress, cognitive deficits are
typically observed for tasks dependent on hippocampal and prefrontal cortex functioning, while
implicit memory tasks may show improved performance (Sandi, 2013). Both olfactory
identification and spatial tasks are highly dependent on these areas, therefore it would be
expected that an individual’s level of stress would impact both their olfactory ability and the
variability in their cognitive scores for tasks that require spatial ability (e.g., Colour Dots and

Colour Shapes tasks). This study measured daily perceived stress and found that higher than
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usual stress levels (within-person PSS) were associated with more variability in accuracy in the
Colour Dots task. Further, the olfaction by stress interaction was significantly associated with
IV in reaction time scored Color Dot and Color Shapes tasks. These findings suggest that daily
perceived stress is an important factor that impacts the effect of olfaction for predicting

variability in cognition.

Specifically, these findings indicate that variability in cognitive functioning may be
disproportionately affected by perceived stress for individuals who have high olfactory scores. I
postulate that this may be due to the fact that a higher olfactory score indicates that those
individuals do not have a substantial build up of neuropathology or neural damage and therefore
stress is the more salient disruptor of cognition on a daily level. However, for those with lower
olfactory scores, who possibly have experienced more chronic stress and/or sustained some
damage to relevant brain areas, olfaction may be more important than stress as a predictor of
cognitive variability. In general, theories suggest that chronic or sustained exposure to stress
induces physiologically harmful effects (McEwen 1998) and negatively impacts olfaction and
the olfactory pathways supporting brain structures (Vaz et al., 2018). Future research in this area
should consider including measures of momentary stress as well as cumulative stress to better

capture how chronic or long-term stress is related to variability and olfactory ability.

Research incorporating cognition, olfaction, and stress is scarce in the current literature
and would benefit from further investigation regarding adaptive and maladaptive effects of stress
and olfaction. For example, previous studies have shown that both perceived and physiological

stress can be alleviated by olfactory cues (e.g., the scent of a partner; Hofer et al. 2018; Joussain
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et al., 2014). Questions as to whether olfactory cues can also improve cognitive performance
could also be examined as well as whether these effects are also impactful with long-term

chronic stress.

Cognitive Test Selection

In this study, the olfaction by stress interaction was significant for two (Color Dots RT
and Colour Shapes RT) out of ten cognitive tests. Both of these were highly spatial in nature,
with Colour Shapes being the most complex as well as visuospatially demanding task. In the
Color Dot test, participants were required to remember where one out of three displayed dots had
been displayed on the screen, requiring a memory for the colour and placement of each dot. In
the Colour Shapes task, participants were required to remember the colour and shape of three
objects but were also required to mentally rotate the objects as the placement and or the rotation
would change. More complex tasks tend to provide more sensitive IIV estimates (Burton,
Strauss, Hultsch, Moll, & Hunter, 2006; Murtha, Cismaru, Waechter, & Chertkow, 2002) and the
Colour Shapes task is the most spatially complex task in the set provided to participants in this
study. In the Color Shapes task, individuals with higher olfactory scores became more consistent
in their reaction times faster than those with lower scores. Although this was not a consistent
finding across multiple cognitive tests, it is consistent with olfaction having evolved as a
navigational tool (Aboitiz & Montinel, 2015; Raithel & Gottfried, 2021). Since it is the most
spatially demanding task, we postulate that it may be more sensitive to an association with
olfaction over a short period of time. In other words, it is possible that the brain areas required
for proficiency on the Colour Shapes task maps onto similar brain areas needed for olfaction

(i.e., they may share neural substrates). However, further research is required to substantiate this
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claim. Ideally, the first steps would include a follow-up study with a larger number of

participants to validate whether these results are replicable.

Intraindividual Variability (IIV) in Cognition and Olfaction

ITV can be detected in individuals without measurable cognitive impairment. Further, ITV
shows a positive association with severity of cognitive impairment (Burton et al., 2006; Reckess,
Varvaris, Gordon, & Schretlen, 2014), with patients who have more severe cognitive deficits
showing an increased magnitude of IIV. In addition, IIV has been shown to be a significant
predictor of incident Alzheimer’s disease (AD; Anderson et al., 2016). To the best of our
knowledge, this study is the first to examine associations between IIV and olfaction, two very
early indicators of cognitive decline, which may both be caused by underlying neural damage.
For example, previous research has demonstrated that loss of white matter integrity is associated
with higher IV (Costa et al., 2019). Specifically, using diffusion tensor imaging, Fjell and
colleagues found that disconnectivity in white matter pathways was associated with increases in
IIV variability (Fjell et al., 2011). Further, in an MRI study, Bunce and associates showed that
three different IIV measures (raw standard deviation, CoV, and intraindividual standard
deviation) reliably predicted white matter hyperintensities (a risk factor for cognitive decline;
Bunce et al., 2013). Similarly, olfactory decline is associated with loss of functional connectivity,
decreased hippocampal volume and decreased grey and white matter volume (Han et al., 2019;
Yi et al., 2022, Bitter et al., 2010). These previous studies point towards potential in using

olfaction and IIV in tandem for future studies examining the prodromal stages of dementia.

84



Future Directions
It is my hope that this work will fuel further research on IIV and olfaction. As previously

discussed, we have demonstrated that research on IIV and olfaction is possible and may yield
interesting insights into the prodromal stage of dementia. Future research could explore whether
cognition becomes variable before, after, or concurrently with decreases in olfaction. Further, is

ITV the first detectable cognitive measure to show declines?

Some research has been done with subjective cognitive decline and olfaction. Current
findings suggest that olfactory dysfunction is present in subjective cognitive decline (Jobin et al.,
2021) and cross sectional research has demonstrated that olfactory dysfunction increases in
severity through stages of cognitive decline (e.g., subjective and MCI) and dementia (Wang et
al., 2021). Individuals reporting subjective cognitive decline also display reduced hippocampal
activation and increased frontal brain activation indicating increased compensatory neuronal
effort (Erk et al., 2011). This suggests that once the hippocampus sustains injury, subjective
cognitive decline and olfactory deficits become apparent. Is cognitive performance variable at
this point as well? As subjective and objective measures of cognition are not correlated in most
studies (Collins et al., 2018), future studies using IIV could add subjective cognitive decline
measures to further examine differences in objective and subjective measures for both cognition

and olfaction.

Further research establishing which behavioural tests are most sensitive to hippocampal
dysfunction/deterioration are needed. Specifically, working towards establishing how to track
hippocampal plasticity and health through clinical tests (e.g., olfactory tests) would benefit the

literature.
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Conclusion

These two projects contributed several novel findings to the literature. In the first project,
higher olfactory identification ability was associated with an increased likelihood of returning to
an unimpaired cognitive state from a clinically diagnosed state of mild cognitive impairment.
Conversely, lower olfactory identification scores were associated with an increased likelihood of
transitioning from unimpaired to MCI and from MCI to dementia but not significantly associated
with an increased likelihood of transitioning to death from any state. In the second project, we
examined olfaction and cognition over the short-term and found a significant interaction effect of
olfaction by stress for predicting variability in cognitive scores in the Colour Shapes and Colour
Dots tasks. Indicating that for individuals with high olfactory ability, higher perceived stress was

associated with reaction times that are more consistent.

While further work is needed, we propose that olfactory testing may be a promising tool
for routine clinical practice as a potential early indicator of dementia and brain health. It may be
particularly sensitive to hippocampal dysfunction and AD pathology, and as such, an excellent

indicator of compromised neurological functioning.

86



References

Aboitiz, F., & Montiel, J. F. (2015). Olfaction, navigation, and the origin of isocortex. Frontiers
in neuroscience, 9, 402.

Aggarwal, N. T., Wilson, R. S., Beck, T. L., Rajan, K. B., De Leon, C. F. M., Evans, D. A., &
Everson-Rose, S. A. (2014). Perceived stress and change in cognitive function among
adults aged 65 and older. Psychosomatic medicine, 76(1), 80.

Ajmani, G. S., Suh, H. H., Wroblewski, K. E., & Pinto, J. M. (2017). Smoking and olfactory
dysfunction: a systematic literature review and meta-analysis. The Laryngoscope, 127(8),
1753-1761.

Albers MW, Gilmore GC, Kaye J, et al. At the interface of sensory and motor dysfunctions and
Alzheimer’s Disease. Alzheimers Dement J Alzheimers Assoc. 2015;11(1):70-98.
https://doi.org/10.1016/j.jalz.2014.04.514

Albers, M. W, Gilmore, G. C., Kaye, J., Murphy, C., Wingfield, A., Bennett, D. A., et al.
(2015). At the interface of sensory and motor dysfunctions and Alzheimer's disease.
Alzheimer“S & Dementia : the Journal of the Alzheimer’s Association, 11(1), 70-98.

http://doi.org/10.1016/j.jalz.2014.04.514

Allaire, J. C., & Marsiske, M. (2005). Intraindividual variability may not always indicate
vulnerability in elders' cognitive performance. Psychology and aging, 20(3), 390.

Anand, K. S., & Dhikav, V. (2012). Hippocampus in health and disease: An overview. Annals of
Indian Academy of Neurology, 15(4), 239.

Anstey K, Christensen H. Education, activity, health, blood pressure and apolipoprotein E as
predictors of cognitive change in old age: a review. Gerontology. 2000;46(3):163-177.

https://doi.org/10.1159/000022153

87


http://doi.org/10.1016/j.jalz.2014.04.514

Bae JB, Han JW, Kwak KP, Kim BJ, Kim SG, Kim JL, Kim TH, Ryu SH, Moon SW, Park JH,
Youn JC. Impact of mild cognitive impairment on mortality and cause of death in the
elderly. Journal of Alzheimer's disease. 2018 Jan 1;64(2):607-16.

https://dx.doi.org/10.3233/JAD-171182

Bathini, P., Brai, E., & Auber, L. A. (2019). Olfactory dysfunction in the pathophysiological
continuum of dementia. Ageing Research Reviews, 55, 100956.

Bennett DA, Buchman AS, Boyle PA, Barnes LL, Wilson RS, Schneider JA. Religious orders
study and rush memory and aging project. J Alzheimers Dis. 2018;64(s1):S161-S189.
https://10.3233/JAD-179939

Bennett DA, Schneider JA, Aggarwal NT, et al. Decision rules guiding the clinical diagnosis of
Alzheimer’s disease in two community-based cohort studies compared to standard
practice in a clinic-based cohort study. Neuroepidemiology. 2006;27(3):169-176.
https://doi.org/10.1159/000096129

Bitter, T., Briiderle, J., Gudziol, H., Burmeister, H. P., Gaser, C., & Guntinas-Lichius, O. (2010).
Gray and white matter reduction in hyposmic subjects—a voxel-based morphometry
study. Brain research, 1347, 42-47.

Brann, J. H., & Firestein, S. J. (2014). A lifetime of neurogenesis in the olfactory system.
Frontiers in neuroscience, 8, 182.

Brewster, P. W., Rush, J., Ozen, L., Vendittelli, R., & Hofer, S. M. (2021). Feasibility and
psychometric integrity of mobile phone-based intensive measurement of cognition in
older adults. Experimental aging research, 47(4), 303-321.

Brown, J., Cooper-Kuhn, C. M., Kempermann, G., Van Praag, H., Winkler, J., Gage, F. H., &

Kuhn, H. G. (2003). Enriched environment and physical activity stimulate hippocampal

88


https://dx.doi.org/10.3233/JAD-171182

but not olfactory bulb neurogenesis. European journal of Neuroscience, 17(10), 2042-
2046.

Clouston SA, Kuh D, Herd P, Elliott J, Richards M, Hofer SM. Benefits of educational
attainment on adult fluid cognition: International evidence from three birth cohorts. Int J
Epidemiol. 2012;41(6):1729-1736. https://doi.org/10.1093/ije/dys148

Christ, B. U., Combrinck, M. 1., & Thomas, K. G. (2018). Both reaction time and accuracy
measures of intraindividual variability predict cognitive performance in Alzheimer's
disease. Frontiers in human neuroscience, 12, 124.

Chen, Z., Xie, H., Yao, L., & Wei, Y. (2021). Olfactory impairment and the risk of cognitive
decline and dementia in older adults: a meta-analysis. Brazilian Journal of
Otorhinolaryngology, 87, 94-102.

Choi JS, Jang SS, Kim J, Hur K, Ference E, Wrobel B. Association Between Olfactory
Dysfunction and Mortality in US Adults. JAMA Otolaryngology—Head & Neck Surgery.
2021 Jan 1;147(1):49-55. https://doi:10.1001/jamaoto.2020.3502

Collins, B., Widmann, G., & Tasca, G. A. (2018). Effectiveness of intraindividual variability in
detecting subtle cognitive performance deficits in breast cancer patients. Journal of the
International Neuropsychological Society, 24(7), 724-734.

Costa, A. S., Dogan, 1., Schulz, J. B., & Reetz, K. (2019). Going beyond the mean:
Intraindividual variability of cognitive performance in prodromal and early
neurodegenerative disorders. The Clinical Neuropsychologist, 33(2), 369-389.

Cohen, S., Kamarck, T., & Mermelstein, R. (1983). A global measure of perceived stress.

Journal of health and social behavior, 385-396.

89



Devanand D. Olfactory identification deficits, cognitive decline, and dementia in older adults.
Am J Geriatr Psychiatry. 2016;24(12):1151-
1157.https://doi.org/10.1016/j.jagp.2016.08.010

Devanand, D. P., Tabert, M. H., Cuasay, K., Manly, J. J., Schupf, N., Brickman, A. M., ... &
Mayeux, R. (2010). Olfactory identification deficits and MCI in a multi-ethnic elderly
community sample. Neurobiology of aging, 31(9), 1593-1600.

Devanand, D. P., Lee, S., Luchsinger, J. A., Andrews, H., Goldberg, T., Huey, E. D., ... &
Mayeux, R. (2019). Intact global cognitive and olfactory ability predicts lack of transition
to dementia. Alzheimer's & Dementia.

Devanand DP, Lee S, Manly J, et al. Olfactory identification deficits and increased mortality in

the community. Ann Neurol. 2015;78(3):401-411. https://doi.org/10.1002/ana.24447

Devanand D, Michaels-Marston KS, Liu X, et al. Olfactory deficits in patients with mild
cognitive impairment predict Alzheimer’s disease at follow-up. Am J Psychiatry.
2000;157(9):1399-1405. https://doi.org/10.1176/appi.ajp.157.9.1399

Dintica, C. S., Marseglia, A., Rizzuto, D., Wang, R., Seubert, J., Arfanakis, K., ... & Xu, W.
(2019). Impaired olfaction is associated with cognitive decline and neurodegeneration in
the brain. Neurology, 92(7), €700-e709.

Doty RL, Marcus A, William Lee W. Development of the 12-item cross-cultural smell
identification test (CC-SIT). The Laryngoscope. 1996;106(3):353-356.
https://doi.org/10.1097/00005537-199603000-00021

Doty RL, Bromley SM. Effects of drugs on olfaction and taste. Otolaryngol Clin North Am.

2004;37(6):1229-1254. https://doi.org/10.1016/j.0tc.2004.05.002

90


https://doi.org/10.1002/ana.24447
https://doi.org/10.1016/j.otc.2004.05.002

Doty, R. L., Shaman, P., Kimmelman, C. P., & Dann, M. S. (1984). University of Pennsylvania
Smell Identification Test: a rapid quantitative olfactory function test for the clinic. The
Laryngoscope, 94(2), 176-178.

Ekstrom I, Sj6lund S, Nordin S, et al. Smell loss predicts mortality risk regardless of dementia

conversion. J Am Geriatr Soc. 2017;65(6):1238-1243. https://doi.org/10.1111/jgs.14770

Elliott, R., & Deakin, B. (2005). Role of the orbitofrontal cortex in reinforcement processing and
inhibitory control: evidence from functional magnetic resonance imaging studies in
healthy human subjects. International review of neurobiology, 65, 89-116

Erk S, Spottke A, Meisen A, Wagner M, Walter H, Jessen F (2011) Evidence of neuronal
compensation during episodic memory in subjective memory impairment. Arch Gen
Psychiatry 68:845-852

Fried TR, O’Leary J, Towle V, Goldstein MK, Trentalange M, Martin DK. Health outcomes
associated with polypharmacy in community-dwelling older adults: a systematic review.
J Am Geriatr Soc. 2014;62(12):2261-2272. https://doi.org/10.1111/jgs.13153

Friedland, R. P., Fritsch, T., Smyth, K. A., Koss, E., Lerner, A. J., Chen, C. H., Petot, G. J., &
Debanne, S. M. (2001). Patients with Alzheimer’s disease have reduced activities in
midlife compared with healthy control-group members. Proceedings of the National
Academy of Sciences of the United States of America, 98, 3440-3445.

Fischer, M. E. et al. Age-related sensory impairments and risk of cognitive impairment. J. Am.
Geriatr. Soc. 64, 1981-1987 (2016

Fullard, M. E., Tran, B., Xie, S. X., Toledo, J. B., Scordia, C., Linder, C., ... & Morley, J. F.
(2016). Olfactory impairment predicts cognitive decline in early Parkinson's disease.

Parkinsonism & related disorders, 25, 45-51.

91


https://doi.org/10.1111/jgs.14770

Gianaros, P. J., Jennings, J. R., Sheu, L. K., Greer, P. J., Kuller, L. H., & Matthews, K. A.
(2007). Prospective reports of chronic life stress predict decreased grey matter volume in
the hippocampus. Neuroimage, 35(2), 795-803.

Gilbert PE, Murphy C. The effect of the ApoE &4 allele on recognition memory for olfactory and
visual stimuli in patients with pathologically confirmed Alzheimer’s disease, probable
Alzheimer’s disease, and healthy elderly controls. J Clin Exp Neuropsychol.

2004;26(6):779-794. https://doi.org/10.1080/13803390490509439

Gopinath B, Sue CM, Kifley A, Mitchell P. The association between olfactory impairment and
total mortality in older adults. Journals of Gerontology Series A: Biomedical Sciences
and Medical Sciences. 2012 Feb 1;67(2):204-9. https://doi.org/10.1093/gerona/glr165

Gottfried, J. A. (2010). Central mechanisms of odour object perception. Nature Reviews

Neuroscience, 11(9), 628—641. http://doi.org/10.1038/nrm2883

Growdon ME, Schultz AP, Dagley AS, et al. Odor identification and Alzheimer disease
biomarkers in clinically normal elderly. Neurology. 2015;84(21):2153-2160.
https://doi.org/10.1212/WNL.0000000000001614

Haehner, A., Boesveldt, S., Berendse, H. W., Mackay-Sim, A., Fleischmann, J., Silburn, P. A., et
al. (2009). Prevalence of smell loss in Parkinson's disease--a multicenter study.
Parkinsonism & Related Disorders, 15(7), 490—494.

http://doi.org/10.1016/j.parkreldis.2008.12.005

Haehner, Mayer, Landis, Pournaras, Kaja Lill, Gudziol, Hummel, High Test—Retest Reliability
of the Extended Version of the “Sniffin’ Sticks” Test, Chemical Senses, Volume 34,

Issue 8, October 2009, Pages 705-711, https://doi.org/10.1093/chemse/bjp057

92


https://doi.org/10.1080/13803390490509439
http://doi.org/10.1038/nrn2883
http://doi.org/10.1016/j.parkreldis.2008.12.005
https://doi.org/10.1093/chemse/bjp057

Han, P., Zang, Y., Akshita, J., & Hummel, T. (2019). Magnetic resonance imaging of human
olfactory dysfunction. Brain Topography, 32(6), 987-997.

Hamburger, K., & Knauff, M. (2019). Odors can serve as landmarks in human wayfinding.
Cognitive science, 43(11), e12798.

Herz, R. S., & Engen, T. (1996). Odor memory: Review and analysis. Psychonomic Bulletin &
Review, 3(3), 300-313.

Herz, R. S. (2012). Odor memory and the special role of associative learning. Olfactory
cognition: From perception and memory to environmental odours and neuroscience, 85,
95.

Hofer, M. K., Collins, H. K., Whillans, A. V., & Chen, F. S. (2018). Olfactory cues from
romantic partners and strangers influence women’s responses to stress. Journal of
Personality and Social Psychology, 114(1), 1.

Hofer, S.M., Rush, J. (2020). MyCogHealth (Version beta testing) [Mobile app]. App Store.
https://onlineacademiccommunity.uvic.ca/mycoghealth/

Hoogendijk, E. O., van der Noordt, M., Onwuteaka-Philipsen, B. D., Deeg, D. J., Huisman, M.,
Enroth, L., & Jylhd, M. (2019). Sex differences in healthy life expectancy among
nonagenarians: A multistate survival model using data from the Vitality 90+
study. Experimental Gerontology, 116, 80-85

Hoppmann, C. A., & Riediger, M. (2009). Ambulatory assessment in lifespan psychology: An
overview of current status and new trends. European Psychologist, 14(2), 98-108.

Hsia, A. Y., Vincent, J. D., & Lledo, P. M. (1999). Dopamine depresses synaptic inputs into the

olfactory bulb. Journal of neurophysiology, 82(2), 1082-1085.

93



Hultsch, D. F., MacDonald, S. W., Hunter, M. A., Levy-Bencheton, J., & Strauss, E. (2000).
Intraindividual variability in cognitive performance in older adults: comparison of adults
with mild dementia, adults with arthritis, and healthy adults. Neuropsychology, 14(4),
588.

Hummel, T., Sekinger, B., Wolf, S. R., Pauli, E., & Kobal, G. (1997). ‘Sniffin’sticks': olfactory
performance assessed by the combined testing of odor identification, odor discrimination
and olfactory threshold. Chemical senses, 22(1), 39-52.

Jack Jr, C. R., Knopman, D. S., Jagust, W. J., Petersen, R. C., Weiner, M. W., Aisen, P. S., ... &
Trojanowski, J. Q. (2013). Tracking pathophysiological processes in Alzheimer's disease:
an updated hypothetical model of dynamic biomarkers. The lancet neurology, 12(2), 207-

216. https://10.1016/S1474-4422(12)70291-0

Jacobs, L. F. (2012). From chemotaxis to the cognitive map: the function of olfaction.
Proceedings of the National Academy of Sciences, 109(Supplement 1), 10693-10700.

Jackson CH. Multi-state models for panel data: the msm package for R. J Stat Softw.
2011;38(8):1-29. https://10.18637/jss.v038.108

James BD, Bennett DA. Causes and patterns of dementia: An update in the era of redefining
Alzheimer’s disease. Annu Rev Public Health. 2019;40:65-84.

https://doi.org/10.1146/annurev-publhealth-040218-043758

James, B. D., Leurgans, S. E., Hebert, L. E., Scherr, P. A., Yaffe, K., & Bennett, D. A. (2014).
Contribution of Alzheimer disease to mortality in the United States. Neurology, 82(12),
1045-1050.

James, J., Tsvik, A. M., Chung, S. Y., Usseglio, J., Gudis, D. A., & Overdevest, J. B. (2021,

October). Association between social determinants of health and olfactory function: a

94


about:blank
https://doi.org/10.1146/annurev-publhealth-040218-043758

scoping review. In International Forum of Allergy & Rhinology (Vol. 11, No. 10, pp.
1472-1493).

Jetté, M., Sidney, K., & Bliimchen, G. (1990). Metabolic equivalents (METS) in exercise testing,
exercise prescription, and evaluation of functional capacity. Clinical cardiology, 13(8),
555-565.

Jobin, B., Zahal, R., Bussi¢res, E. L., Frasnelli, J., & Boller, B. (2021). Olfactory identification
in subjective cognitive decline: a meta-analysis. Journal of Alzheimer's Disease, 79(4),
1497-1507.

Johansson, L., Guo, X., Hillstrom, T., Norton, M. C., Waern, M., Ostling, S., ... & Skoog, L.
(2013). Common psychosocial stressors in middle-aged women related to longstanding
distress and increased risk of Alzheimer's disease: a 38-year longitudinal population
study. BMJ open, 3(9), e¢003142.

John, D., & Freedson, P. (2012). ActiGraph and Actical physical activity monitors: a peek under
the hood. Medicine and science in sports and exercise, 44(1 Suppl 1), S86.

Joussain, P., Rouby, C., & Bensafi, M. (2014). A pleasant familiar odor influences perceived
stress and peripheral nervous system activity during normal aging. Frontiers in
psychology, 5, 113.

Katz, M. J., Derby, C. A., Wang, C., Sliwinski, M. J., Ezzati, A., Zimmerman, M. E., ... &
Lipton, R. B. (2016). Influence of perceived stress on incident amnestic mild cognitive
impairment: Results from the Einstein Aging Study. Alzheimer disease and associated
disorders, 30(2), 93.

Kim, E. J., Pellman, B., & Kim, J. J. (2015). Stress effects on the hippocampus: a critical review.

Learning & memory, 22(9), 411-416.

95



Koolhaas, J. M., Bartolomucci, A., Buwalda, B., de Boer, S. F., Fliigge, G., Korte, S. M., ... &
Fuchs, E. (2011). Stress revisited: a critical evaluation of the stress concept. Neuroscience
& Biobehavioral Reviews, 35(5), 1291-1301.

Kramer, A. F., Hahn, S., Cohen, N. J., Banich, M. T., McAuley, E., Harrison, C. R., Chason, J.,
Vakil, E., Bardell, L., Boileau, R. A., & Colcombe, A. (1999). Ageing, fitness and
neurocognitive function. Nature, 400, 418—419.

Laudisio A, Navarini L, Margiotta DP, Fontana DO, Chiarella I, Spitaleri D, Bandinelli S,
Gemma A, Ferrucci L, Incalzi RA. The association of olfactory dysfunction, frailty, and
mortality is mediated by inflammation: results from the INCHIANTI Study. Journal of
immunology research. 2019 Feb 20;2019. https://doi.org/10.1155/2019/3128231

Laurin, D., Verreault, R., Lindsay, J., MacPherson, K., & Rockwood, K. (2001). Physical
activity and risk of cognitive impairment and dementia in elderly persons. Archives of
Neurology, 58, 498—504.

Levy JA, Bergeson J, Putnam K, et al. Context-specific memory and apolipoprotein E4:
Cognitive evidence from the NIMH prospective study of risk for Alzheimer’s disease. J
Int Neuropsychol Soc JINS. 2004;10(3):362.

https://doi.org/10.1017/S1355617704103044

Liu B, Luo Z, Pinto JM, Shiroma EJ, Tranah GJ, Wirdefeldt K, Fang F, Harris TB, Chen H.
Relationship between poor olfaction and mortality among community-dwelling older
adults: a cohort study. Annals of internal medicine. 2019 May 21;170(10):673-81.

https://doi.org/10.7326/M18-0775

96


https://doi.org/10.1017/S1355617704103044
https://doi.org/10.7326/M18-0775

Lotsch J, Geisslinger G, Hummel T. Sniffing out pharmacology: interactions of drugs with
human olfaction. Trends Pharmacol Sci. 2012;33(4):193-199.
https://doi.org/10.1016/j.tips.2012.01.004

Lupien, S. J., McEwen, B. S., Gunnar, M. R., & Heim, C. (2009). Effects of stress throughout the
lifespan on the brain, behaviour and cognition. Nature reviews neuroscience, 10(6), 434-
445.

Lupien, S. J., Juster, R. P., Raymond, C., & Marin, M. F. (2018). The effects of chronic stress on
the human brain: From neurotoxicity, to vulnerability, to opportunity. Frontiers in
neuroendocrinology, 49, 91-105.

MacDonald, S. W. S., Li, S.-C., & Béackman, L. (2009). Neural underpinnings of within-person
variability in cognitive functioning. Psychology and Aging, 24(4), 792—-808.
https://doi.org/10.1037/a0017798

Mandal, P. K., Joshi, J., & Saharan, S. (2012). Visuospatial perception: an emerging biomarker
for Alzheimer's disease. Journal of Alzheimer's Disease, 31(s3), S117-S135.

Martin, M., & Hofer, S. M. (2004). Intraindividual variability, change, and aging: Conceptual
and analytical issues. Gerontology, 50(1), 7-11.

Martinec Novékova, L., & Havlicek, J. (2020). Time, Age, Gender, and Test Practice Effects on
Children’s Olfactory Performance: a Two-Year Longitudinal Study. Chemosensory
Perception, 13(1), 19-36

Menon C, Westervelt HJ, Jahn DR, Dressel JA, O’Bryant SE. Normative performance on the
Brief Smell Identification Test (B-SIT) in a multi-ethnic bilingual cohort: A Project
FRONTIER study. Clin Neuropsychol. 2013;27(6):946-961.

https://doi.org/10.1080/13854046.2013.796406

97


https://doi.org/10.1080/13854046.2013.796406

McCarthy, G., Puce, A., Constable, T., Krystal, J. H., Gore, J. C., & Goldman-Rakic, P. (1996).
Activation of human prefrontal cortex during spatial and nonspatial working memory
tasks measured by functional MRI. Cerebral cortex, 6(4), 600-611.

McEwen, B. S. (1998). Stress, adaptation, and disease: Allostasis and allostatic load. Annals of
the New York academy of sciences, 840(1), 33-44.

McEwen, B. S., & Seeman, T. (1999). Protective and damaging effects of mediators of stress:
elaborating and testing the concepts of allostasis and allostatic load. Annals of the New
York Academy of Sciences, 896(1), 30-47.

Mormino, E. C. et al. AP deposition in aging is associated with increases in brain activation
during successful memory encoding. Cerebral Cortex 22, 1813—-1823 (2011).

Mosconi, L., Berti, V., Quinn, C., McHugh, P., Petrongolo, G., Varsavsky, L., ... & Brinton, R. D.
(2017). Sex differences in Alzheimer risk: Brain imaging of endocrine vs chronologic
aging. Neurology, 89(13), 1382-1390.

Mosconi, L., & McHugh, P. F. (2015). Let food be thy medicine: diet, nutrition, and biomarkers’
risk of Alzheimer’s disease. Current nutrition reports, 4(2), 126-135.

Murphy C. (2021) Olfactory Impairment and Neurodegenerative Disorders. In: Joseph P.V.,

Duffy V.B. (eds) Sensory Science and Chronic Diseases. Springer, Cham.

https://doi.org/10.1007/978-3-030-86282-4 7

Murphy C. Olfactory and other sensory impairments in Alzheimer disease. Nat Rev Neurol.
2019;15(1):11-24.

Navale, S. S., Mulugeta, A., Zhou, A., Llewellyn, D. J., & Hypponen, E. (2022). Vitamin D and
brain health: an observational and Mendelian randomization study. The American Journal

of Clinical Nutrition.

98


https://doi.org/10.1007/978-3-030-86282-4_7

Nebel, R. A., Aggarwal, N. T., Barnes, L. L., Gallagher, A., Goldstein, J. M., Kantarci, K., ... &
Mielke, M. M. (2018). Understanding the impact of sex and gender in Alzheimer's
disease: a call to action. Alzheimer's & Dementia, 14(9), 1171-1183.

Olofsson JK, Nordin S, Wiens S, Hedner M, Nilsson L-G, Larsson M. Odor identification
impairment in carriers of ApoE-&4 is independent of clinical dementia. Neurobiol Aging.
2010;31(4):567-577. https://doi.org/10.1016/j.neurobiolaging.2008.05.019

Paluska, S. A., & Schwenk, T. L. (2000). Physical activity and mental health. Sports medicine,
29(3), 167-180.

Picard, M., Juster, R. P., & McEwen, B. S. (2014). Mitochondrial allostatic load puts
the'gluc'back in glucocorticoids. Nature Reviews Endocrinology, 10(5), 303-310.

Piirainen, S., Youssef, A., Song, C., Kalueff, A. V., Landreth, G. E., Malm, T., & Tian, L.
(2017). Psychosocial stress on neuroinflammation and cognitive dysfunctions in
Alzheimer's disease: the emerging role for microglia?. Neuroscience & Biobehavioral
Reviews, 77, 148-164.

Pinto J.M., Wroblewski K.E., Kern D.W., Schumm L.P., McClintock M.K. Olfactory
dysfunction predicts 5-year mortality in older adults. PloS One. 2014;9(10):e107541.

https://doi.org/10.1371/journal.pone.0107541

Prince M, Bryce R, Albanese E, Wimo A, Ribeiro W, Ferri CP. The global prevalence of
dementia: a systematic review and metaanalysis. Alzheimers Dement. 2013;9(1):63-75.

https://doi.org/10.1016/].jalz.2012.11.007

Rahayel S, Frasnelli J, Joubert S. The effect of Alzheimer’s disease and Parkinson’s disease on

olfaction: a meta-analysis. Behav Brain Res 2012;231:60—-74

99


https://doi.org/10.1371/journal.pone.0107541
https://doi.org/10.1016/j.jalz.2012.11.007

Raithel, C. U., & Gottfried, J. A. (2021). Using your nose to find your way: ethological
comparisons between human and non-human species. Neuroscience & Biobehavioral
Reviews, 128, 766-779.

Ram, N., & Gerstorf, D. (2009). Time-structured and net intraindividual variability: tools for
examining the development of dynamic characteristics and processes. Psychology and
aging, 24(4), 778.

Reed, D. R., & Knaapila, A. (2010). Genetics of taste and smell: poisons and pleasures. Progress
in molecular biology and translational science, 94, 213-240

Roalf, D. R., Moberg, M. J., Turetsky, B. 1., Brennan, L., Kabadi, S., Wolk, D. A., & Moberg, P.
J. (2017). A quantitative meta-analysis of olfactory dysfunction in mild cognitive
impairment. Journal of Neurology, Neurosurgery & Psychiatry, 88(3), 226-232.

Sandi, C. (2013). Stress and cognition. Wiley Interdisciplinary Reviews: Cognitive
Science, 4(3), 245-261

Sachdev, P. S., Lipnicki, D. M., Crawford, J., Reppermund, S., Kochan, N. A., Trollor, J. N, ... & Team, A.
S. (2013). Factors predicting reversion from mild cognitive impairment to normal cognitive
functioning: a population-based study. PloS one, 8(3), €59649.

Santos, C. Y., Snyder, P. J., Wu, W. C., Zhang, M., Echeverria, A., & Alber, J. (2017).
Pathophysiologic relationship between Alzheimer's disease, cerebrovascular disease, and
cardiovascular risk: a review and synthesis. Alzheimer's & Dementia: Diagnosis,
Assessment & Disease Monitoring, 7, 69-87.

Sapolsky, R. M., Romero, L. M., & Munck, A. U. (2000). How do glucocorticoids influence
stress responses? Integrating permissive, suppressive, stimulatory, and preparative

actions. Endocrine reviews, 21(1), 55-89.

100



Schecklmann, M., Schwenck, C., Taurines, R., Freitag, C., Warnke, A., Gerlach, M., &
Romanos, M. (2012). A systematic review on olfaction in child and adolescent
psychiatric disorders. Journal of Neural Transmission, 120(1), 121-130.

http://doi.org/10.1007/s00702-012-0855-2

Schonbrodt, F. D., & Perugini, M. (2013). At what sample size do correlations stabilize?. Journal
of Research in Personality, 47(5), 609-612.

Schubert CR, Fischer ME, Pinto AA, et al. Sensory impairments and risk of mortality in older
adults. J Gerontol Ser Biomed Sci Med Sci. 2017;72(5):710-715.

https://doi.org/10.1093/gerona/glw036

Shepherd, G. Smell images and the flavour system in the human brain. Nature 444, 316-321

(2006). https://doi.org/10.1038/nature05405

Sliwinski, M. J., Smyth, J. M., Hofer, S. M., & Stawski, R. S. (2006). Intraindividual coupling of
daily stress and cognition. Psychology and aging, 21(3), 545.

Sliwinski, M. J., Stawski, R. S., Hall, C. B., Katz, M., Verghese, J., & Lipton, R. (2006).
Distinguishing preterminal and terminal cognitive decline. European Psychologist, 11(3),
172.

Smith E, Ismail Z. Mortality Risk Models for Persons with Dementia: A Systematic Review.

Journal of Alzheimer's Disease. 2021(Preprint):1-9. https://dx.doi.org/10.3233/JAD-
201364

Stawski, R. S., MacDonald, S. W., Brewster, P. W., Munoz, E., Cerino, E. S., & Halliday, D. W.
(2019). A comprehensive comparison of quantifications of intraindividual variability in

response times: A measurement burst approach. The Journals of Gerontology: Series B,

74(3), 397-408.

101


http://doi.org/10.1007/s00702-012-0855-2
https://doi.org/10.1093/gerona/glw036
https://doi.org/10.1038/nature05405
https://dx.doi.org/10.3233/JAD-201364
https://dx.doi.org/10.3233/JAD-201364

Stern Y. Cognitive reserve in ageing and Alzheimer’s disease. Lancet Neurol. 2012;11(11):1006-
1012. https://doi.org/10.1016/S1474-4422(12)70191-6

Stevenson, R. J. (2010). An initial evaluation of the functions of human olfaction. Chemical
senses, 35(1), 3-20.

Spehr, M., Gisselmann, G., Poplawski, A., Riffell, J. A., Wetzel, C. H., Zimmer, R. K., & Hatt,
H. (2003). Identification of a testicular odorant receptor mediating human sperm
chemotaxis. Science, 299(5615), 2054-2058.

Spencer, R. L., & Deak, T. (2017). A users guide to HPA axis research. Physiology & behavior,
178, 43-65.

Sun, G. H., Raji, C. A., MacEachern, M. P., & Burke, J. F. (2012). Olfactory identification
testing as a predictor of the development of Alzheimer's dementia: a systematic
review. The Laryngoscope, 122(7), 1455-1462.

Tabert MH, Liu X, Doty RL, et al. A 10-item smell identification scale related to risk for

Alzheimer’s disease. Ann Neurol. 2005;58(1):155-160. https://doi.org/10.1002/ana.20533

Team RC. R: A language and environment for statistical computing. Published online 2013.

Timothy A. Salthouse, John R. Nesselroade, Diane E. Berish, Short-Term Variability in
Cognitive Performance and the Calibration of Longitudinal Change, The Journals of
Gerontology: Series B, Volume 61, Issue 3, May 2006, Pages P144-P151,

https://doi.org/10.1093/geronb/61.3.P144

Tonacci, A., Billeci, L., Tartarisco, G., Child, L. R., 2017. (2017). Olfaction in autism spectrum
disorders: A systematic review. Taylor & Francis. Retrieved from
https://www.tandfonline.com/doi/pdf/10.1080/09297049.2015.1081678

van Den Hout A. Multi-State Survival Models for Interval-Censored Data. CRC Press; 2016.

102


https://doi.org/10.1002/ana.20533
https://doi.org/10.1093/geronb/61.3.P144

van den Hout A, Chan MS, Matthews F. Estimation of life expectancies using continuous-time
multi-state models. Comput Methods Programs Biomed. 2019;178:11-18.
https://doi.org/10.1016/j.cmpb.2019.06.004

van Dijk, M., & van Geert, P. (2014). The nature and meaning of intraindividual variability in
development in the early life span. In Handbook of intraindividual variability across the
life span (pp. 57-78). Routledge.

Van Regemorter V, Hummel T, Rosenzweig F, Mouraux A, Rombaux P, Huart C. Mechanisms
Linking Olfactory Impairment and Risk of Mortality. Front Neurosci. 2020;14:140.

https://doi.org/10.3389/tnhins.2020.00140

Vassilaki M, Christianson TJ, Mielke MM, et al. Neuroimaging biomarkers and impaired
olfaction in cognitively normal individuals. Ann Neurol. 2017;81(6):871-882.

https://doi.org/10.1002/ana.24960

Vaz, R. P., Cardoso, A., Serrao, P., Pereira, P. A., & Madeira, M. D. (2018). Chronic stress leads
to long-lasting deficits in olfactory-guided behaviors, and to neuroplastic changes in the
nucleus of the lateral olfactory tract. Hormones and Behavior, 98, 130-144.

Wang, Q., Chen, B., Zhong, X., Zhou, H., Zhang, M., Mai, N., ... & Ning, Y. (2021). Olfactory
dysfunction is already present with subjective cognitive decline and deepens with disease
severity in the Alzheimer’s disease spectrum. Journal of Alzheimer's Disease, 79(2), 585-
595.

Warburton, D. E., Nicol, C. W., & Bredin, S. S. (2006). Health benefits of physical activity: the
evidence. Cmaj, 174(6), 801-809.

Wheeler, P. L., & Murphy, C. (2021). Olfactory measures as predictors of conversion to mild

cognitive impairment and Alzheimer’s disease. Brain Sciences, 11(11), 1391.

103


https://doi.org/10.3389/fnins.2020.00140
https://doi.org/10.1002/ana.24960

Wilson, D. A., & Stevenson, R. J. (2003). The fundamental role of memory in olfactory
perception. Trends in neurosciences, 26(5), 243-247.
Wilson RS, Yu L, Bennett DA. Odor identification and mortality in old age. Chem Senses.

2011;36(1):63-67. https://doi.org/10.1093/chemse/bjq098

Wilson RS, Arnold SE, Schneider JA, Tang Y, Bennett DA. The relationship between cerebral
Alzheimer’s disease pathology and odour identification in old age. J Neurol Neurosurg
Psychiatry. 2007;78(1):30-35. http://dx.doi.org/10.1136/jnnp.2006.099721

Wilson, D., & Rennaker, R. (2010). Cortical Activity Evoked by Odors. In The Neurobiology of
Olfaction (Vol. 20092457, pp. 353-366). CRC Press.

http://doi.org/10.1201/9781420071993-c14

Wilson, R. S., Schneider, J. A., Amnold, S. E., Tang, Y., Boyle, P. A., & Bennett, D. A. (2007).
Olfactory identification and incidence of mild cognitive impairment in older
age. Archives of general psychiatry, 64(7), 802-808.

Windon MJ, Kim SJ, Oh ES, Lin SY. Predictive value of olfactory impairment for cognitive
decline among cognitively normal adults. The Laryngoscope. 2020;130(4):840-847.

Winner, B., Kohl, Z., & Gage, F. H. (2011). Neurodegenerative disease and adult neurogenesis.
European Journal of Neuroscience, 33(6), 1139-1151.

Winter, B., Breitenstein, C., Mooren, F. C., Voelker, K., Fobker, M., Lechtermann, A., Krueger,
K., Fromme, A., Korsukewitz, C., Floel, A., & Knecht, S. (2007). High impact running
improves learning. Neurobiology of Learning and Memory, 87, 597—609.

United Nations. (2020). United Nations Decade of Healthy Ageing 2021-2030. Retrieved 19

May 2022. https://www.who.int/initiatives/decade-of-healthy-ageing

104


https://doi.org/10.1093/chemse/bjq098
http://doi.org/10.1201/9781420071993-c14

Yau, S. Y., Lau, B. W. M., & So, K. F. (2011). Adult hippocampal neurogenesis: a possible way
how physical exercise counteracts stress. Cell Transplantation, 20(1), 99-111.

Yi, J. S., Hura, N., Roxbury, C. R., & Lin, S. Y. (2022). Magnetic Resonance Imaging Findings
Among Individuals With Olfactory and Cognitive Impairment. The Laryngoscope,
132(1), 177-187.

Yoneda, T., Lewis, N. A., Knight, J. E., Rush, J., Vendittelli, R., Kleineidam, L., ... & Muniz-
Terrera, G. (2021). The importance of engaging in physical activity in older adulthood for
transitions between cognitive status categories and death: a coordinated analysis of 14
longitudinal studies. The Journals of Gerontology: Series A, 76(9), 1661-1667.

Yu L, Lutz MW, Wilson RS, et al. TOMM40' 523 variant and cognitive decline in older persons
with APOE €3/3 genotype. Neurology. 2017;88(7):661-668.
https://doi.org/10.1212/WNL.0000000000003614

Yu L, Boyle PA, Leurgans SE, Wilson RS, Bennett DA, Buchman AS. Incident mobility
disability, mild cognitive impairment, and mortality in community-dwelling older adults.
Neuroepidemiology. 2019;53(1-2):55-62. https://doi.org/10.1159/000499334

Zazhytska, M., Kodra, A., Hoagland, D. A., Frere, J., Fullard, J. F., Shayya, H., ... & Lomvardas,
S. (2022). Non-cell-autonomous disruption of nuclear architecture as a potential cause of

COVID-19-induced anosmia. Cell, 185(6), 1052-1064.

105



Appendices
Appendix A - Supplemental Information for Chapter 3
A.1 Correlations
Table S1

Table of Correlations between Day and Study level CoV

Day Level CoV Study Level CoV
Symbol Search RT 0.60 (p <0.001)
Symbol Search AC 0.52 (p <0.001)
Dot Memory RT 0.40 (p =0.001)
Dot Memory AC 0.50 (p<0.001)
Color Dot RT 0.42 (p=0.001)
Color Dot AC 0.46 (p<0.001)
Color Shape RT 0.29 (p =0.022)
Color Shape AC 0.60 (p <0.001)
Stroop RT 0.49 (p <0.001)
Stroop AC 0.86 (p<0.001)
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Table S2

Supplementary Table of Correlations between Cognitive Tests CoVs and Means, Scored

According to Accuracy Versus Reaction Time

Scoring

Cognitive Test Reaction Time Accuracy
r(p) r(p)
Symbol Search -0.39 (p=0.002) -0.99 (» <0.001)
Dot Memory 0.17 (p=0.19) -0.80 (»<0.001)
Colour Dot 0.51 (p<0.001) 0.34 (p = 0.008)
Colour Shape 0.02 (p<0.001) -0.99 (»<0.001)
Stroop 0.29 (p=0.03) -0.99 (»<0.001)
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Table S3

Table of ICCs

Intraclass Correlation

Coefficients

% Variance Between Person

Reaction Time Accuracy
Symbol Search CoV 42% 37%
Dot Memory CoV 5.4% 21%
Color Dots CoV 17.2% 7.4%
Color Shape CoV 18% 47%
Stroop CoV 9.4% 88%
PSS WP (Time Varying) 3%
PA_ WP (Time Varying) 8.4%
PA 36%
PSS 54%

Note. PSS WP = within-person perceived stress.
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Table S4

Table of Demographic Correlations with Olfactory Identification

Correlation with Olfactory

Identification
r(p)
PA PM 0.084 (p=0.2)
PSS -0.4 (p=0.27)
Education 0.09 (p=0.14)
Age -0.17 (p<0.001)
Sex (Male) -0.15 (p<0.01)

Note. Significant correlations are bolded.
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Table S5

Table of Cognitive Coefficient of Variation (CoV) Correlations with Olfactory Identification

Correlation with Olfactory Identification

Scoring
Reaction Time Accuracy
r (p) r(p)
Symbol Search CoV ns -0.14 (p<0.001)
Dot Memory CoV ns ns
Color Dots CoV ns ns
Colour Shapes CoV ns -0.14 (p<0.001)
Stroop CoV ns -0.16 (p<0.001)

Note. Ns = not significant.

A.2 MLM including Physical Activity

For the 14 days of the study, each participant wore a Fitbit Charge 2 (Fitbit Inc. San

Francisco, CA), which uses a proprietary algorithm (John, & Freedson, 2012) to estimate activity

levels, heart rate, and energy expenditure each minute. They were instructed to charge the Fitbit

as needed while they were inactive (e.g., watching TV). The Fitbit provided the number of

minutes of lightly active, fairly active, and very active activity for each day. The number of

moderately active and very active minutes were added together to compute a score of physical
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activity for the day (M =48.06, SD = 52.24). Higher scores represent more minutes of physical
activity. This variable was also split into between - and within-person components. We
computed each individual's personal mean score for the duration of the study to be included as a
time-invariant predictor and centred it on the grand mean of 48 (PA_PM). In addition, a time-
varying physical activity variable where each individual’s personal mean across the study was

subtracted from their raw scores (PA_WP) was calculated.

The following tables include the full set of variables that were considered for inclusion.
There were no significant associations on the day level with physical activity in most of the
cognitive tests. In the Dot memory Reaction time (between-person) higher overall PA was
associated with more variability in reaction time at baseline. For the Stroop task, higher
(between-person) PA was associated with taking longer to become more consistent in their
accuracy scores. These results are not what we were expecting and may be due to chance
findings (e.g., Type 1 error). Many of the models have a correlation of 1 for the intercept-slope

(rho), which is an indication of too many parameters in the model.

Table S6

Reaction Time Scored Models Including Physical Activity
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Sym_RT_CoV DM_RT_CoV CD_L_RT_CoV CS_RT_CoV ST_RT_CoV

B cI P B cr P B cr P B cr P B cI P
Fixed Parts
(Intercept) 3098 29.36-32.60 <.001 2950 2627-3272 <001 2262 19.80-2545 <.001 30.86 28.46-3325 <.001 2234 20.77-2391 <.001
day0 0.16  0.05-027 005 062 031-093 <001 -021 -044-002 085 006 -0.12-024 513 008 -005-021 229
smelltotal_avgM 004 -042-050 852 023 -072-1.17 638 -027 -1.11-057 530 061 -007-130 082 0.10 -032-052 630
age_71 -0.14 -039-0.10 266 0.19 -029-068 432 023 -020-065 295 007 -029-044 697 0.18 -007-043 157
Male -123  -322-077 233 -456 -854--058 028 -227 -575-121 206 098 -396-200 522 004 -200-208 969
educ2 237 053-421 014 419 059-778 026 102 -214-418 530 030 -302-242 831 070 -1.17-257 468
ethn2 072 -406-262 675 357 -3.19-1033 304 531 -059-1120 082 437 -067-942 094 043 -390-305 811
PSS_PM20 001 -008-009 878 008 -009-026 354 008 -008-023 329 022 -035--009 .001 006 -002-0.14 121
PSS_WP 002 -001-006 .170 002 -0.10-0.14 739 005 -004-0.14 305 001 -006-008 833 001 -006-003 586
fitb_PM48 -002 -005-0.02 310 0.07 0.00-0.14 048 002 -008-004 523 005 -0.10-0.00 078 000 -003-0.04 798
fitB_WP -000 -001-001 601 001 -003-002 592 000 -002-002 794 000 -002-002 923 001 -000-002 .156
dayO:smelltotal_avgM 000 -0.04-005 965 006 -0.19-007 343 001 -0.09-0.11 819 -0.10 -0.18--003 .005 002 -007-004 569
day0:PSS_PM20 000 -0.01-001 a1 -000 -003-002 813 -001 -003-001 223 003 001-004 <001 000 -001-001 642
smelltotal_avgM:PSS_PM20 001 -0.02-0.04 363 005 -001-0.11 131 009 -0.14--003 .002 006 -0.10--001 .017 002 -001-005 150
day0:fitb_PM48 -000 -000-000 558 000 -0.01-001 603 000 -001-001 968 000 -0.00-001 175 -000 -001-000 509
Random Parts
o? 17.009 220.380 139.874 83.463 34.675
700, id 10.529 2872 10.159 10.325 2614
Q01 -0.486 1.000 0.640 1.000 1.000
Nid 58 58 58 58 58
ICCiq 0.382 0013 0.068 0.110 0.070
Observations 685 680 678 680 682
R/ %2 482/ 471 233/.223 214/.199 260/ .249 305/.294

Note. Marginal R-squared considers only the variance of the fixed effects, while conditional R-

squared takes both fixed and random effects into account. Sigma?2 is the residual variance after

adjusting for predictors (within-person variance). Tau00 is the between-person variance. Rho01

is the random slope-intercept correlation. PSS PM20 = the Person-mean perceived stress,

centred at 20; PSS WP is the within-person component (time varying) of perceived stress;

fitB_ PM48 is the person-mean minutes of physical activity centred at 48; fitB-WP is the within-

person component (time varying) of physical activity.

Table S7

Accuracy scored models including Physical Activity
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Sym_AC_CoV DM_AC_CoV CD_AC_CoV CS_AC_CoV ST_AC_CoV

B (o} P B cI P B cI P B crI P B cI P
Fixed Parts
(Intercept) 1091 835-1347 <.001 56.55 45.12-6797 <.001 54.16 4991 -5841 <.001 7004 5894 -81.15 <.001 2549 1270-3828 <.001
day0 -0.13 -030-004 132 221 138-304 <001 038 -082-006 096 -172 -240--103 <001 069 -108--030 .001
smelltotal_avgM 034 -046-1.15 406 -2.16  -5.18-085  .166 -125  -263-0.12 080 -159  -460-142 305 026 -354-302 877
age_71 046 0.11-081 .013 <110 -293-074 247 004 -062-055 904 036  -139-211 689 069 -138-275 517
Male -0.19 -3.08-269 896 385 -1097-1867 613 -0.12 -498-474 962 -156 -15.60-1249 829 -2.13 -1852-1427 800
educ2 -137 -401-127 314 1488 1.18-2858 038 036 -472-401 873 060 -13.64-1244 928 -853 -2395-6.89 283
ethn2 042 -438-522 864 -14.86 -3993-1020 250 -2.12 -1035-6.10 615 1036 -13.18-33.89 392 1997 -738-4732 .158
PSS_PM20 007 -008-022 368 -0.03 -0.60-0.53 915 007 -032-0.19 615 0.12 -0.44 -0.69 677 009 -071-053 783
PSS_WP -000 -0.06-006 935 -0.04 -0.34-0.26 814 0.15 -002-031 080 -003 -023-0.16 745 007 -0.16-0.02 109
fitb_PM48 000 -006-006 .895 006 -0.16-028 607 006 -004-0.16 228 0.3 -035-009 254 024 -048-001 060
fitB_WP 001 -002-001 462 000 -007-007 99 002 -005-002 402 003 -008-001 .175 000 -002-002 .776
day0:smelltotal_avgM 007 -0.14-000 069 0.18 -0.16-052 315 009 -0.10-027 348 001 -029-028 949 0.14 -030-002 098
day0:PSS_PM20 001 -002-001 393 001  -007-005 738 001 -003-004 669 002 -007-003 456 001  -002-004 361
smelltotal_avgM:PSS_PM20 005 000-009 .036 009 -013-032 417 007 -0.14-000 070 -0.18  -039-004 110 003 -027-022 BI8
day0:fith_PM48 000 -001-000 .645 -001  -004-002 439 001 -002-000 .188 000 -002-002 875 001 0.00-0.02 045
Random Parts
o2 57.248 1393.669 445817 597.895 122.486
00, id 32304 237.687 10.992 476.150 738.107
Q01 -0.837 0.636 0419 -0.344 0318
Nig 58 58 58 58 58
ICCig 0.361 0.146 0.024 0.443 0.858
Observations 685 650 678 680 682
R%/ 902 373/ 361 378/ 368 .134/.109 572/ 565 896 / 895

Note. Marginal R-squared considers only the variance of the fixed effects, while conditional R-

squared takes both fixed and random effects into account. Sigma?2 is the residual variance after

adjusting for predictors (within-person variance). Tau00 is the between-person variance. Rho01

is the random slope-intercept correlation. PSS PM20 = the Person-mean perceived stress,

centred at 20; PSS WP is the within-person component (time varying) of perceived stress;

fitB_ PM48 is the person-mean minutes of physical activity centred at 48; fitB-WP is the within-

person component (time varying) of physical activity.

Table S7

Colour Shapes Models including Physical Activity
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CS_RT_CoV CS_RT_CoV CS_RT_CoV

B CI p B CI p B CI p
Fixed Parts
(Intercept) 30.18 28.61-31.75 <.001 31.18 28.74-33.63 <.001 30.88 28.49-3327 <.001
day0 0.12 -006-030 .191 007 -0.10-024 408 005 -0.12-023 543
smelltotal_avgM 0.79 0.11-1.48 027 0.59 -009-1.28 093
PSS_PM20 -0.18 -031--0.05 .008 -022 -035--0.09 .001
fitb_PM48 -003 -008-0.02 206 -005 -0.10-0.00 077
age_71 007 -031-045 721 007 -029-044 695
Male 044 -342-254 773 096 -394-202 530
educ2 095 -369-1.78 498 -030 -302-242 830
ethn2 5.15 -004-1033 056 435 -069-939 096
day0:smelltotal_avgM -0.10 -0.17--0.03 .006 -0.10 -0.17--0.03 .006
day0:PSS_PM20 003 002-004 <.001 003 001-004 <.001
day0:fitb_PM48 000 -000-0.01 222 000 -000-0.01 .174
PSS_WP 000 -007-0.08 .892
fitB_WP 000 -002-0.02 972
smelltotal_avgM:PSS_PM?20 006 -0.10--001 .016
smelltotal_avgM:fitB_WP 000 -0.00-0.01 329
Random Parts
o2 80.711 82.958 83.350
700, id 17.321 12.837 10.267
Q01 -0.278 1.000 1.000
Nig 65 58 58
ICCiq 0.177 0.134 0.110
Observations 772 692 680
R2/Qy? 286/ 258 2591 247 261/ .250

Note. Marginal R-squared considers only the variance of the fixed effects, while conditional R-
squared takes both fixed and random effects into account. Sigma?2 is the residual variance after
adjusting for predictors (within-person variance). Tau0O0 is the between-person variance. Rho01
is the random slope-intercept correlation. PSS PM20 = the Person-mean perceived stress,
centred at 20; PSS_WP is the within-person component (time varying) of perceived stress;

fitB_ PM48 is the person-mean minutes of physical activity centred at 48; fitB-WP is the within-

person component (time varying) of physical activity.
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A.3 Plots for the data distribution
Plots of the Standard Deviations (SD) of the CoV Variables used in Analyses.

The following plots show the count of individuals on the y-axis who have variability in
their CoV scores. For example, in the reaction-time Symbol Search Task (Sym RT CoV), there
are two individuals who have no variation in their scores (e.g., SD of 0) and 15 individuals who
have an SD of 4. These plots show the spread of variability in CoV scores for all of the
participants and were created by grouping by ID, then taking the SD for the values for a given ID

then plotting them all as histograms.

Figure S1
Plot of Standard Deviations of the Coefficient of Variation (CoV) for both Reaction and

Accuracy Scored Cognitive Tests
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Plots of the Minimum, Maximum, and Mean scores of the CoV Variables used in Analyses.
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The following plots show the count of individuals on the y-axis for the minimum (green),
maximum (orange) and mean (blue) CoV scores. For example, in accuracy scored Symbol
Search Task (Sym AC CoV), 50 people had a minimum score of 8, and around 10 people had
maximum scores of 15 and 20. These plots were created by grouping by ID, then taking the std,

min, mean, and max for the values for a given ID then plotting them all as histograms.

Figure S2
Plot of Minimum, Maximum and Mean scores of the Coefficient of Variation (CoV) for both

Reaction and Accuracy Scored Cognitive Tests
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Plots for Day Mean Scores.
In the blue plots, we can see there is very little variation in accuracy in Stroop score and in the

color plot down below we can see this is because most people are getting perfect scores.

Figure S3
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Plot of Standard Deviations of the Day Mean for both Reaction and Accuracy Scored Cognitive

Tests
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Plot of Minimum, Maximum and Mean scores of the Day Mean for both Reaction and Accuracy

Scored Cognitive Tests
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A.4 Screen Shots for Cognitive Tests
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Symbol Search

Instructions

-You will see 3 pairs of symbols
on the top of the screen and 2
pairs of symbols on the bottom of
the screen.

-As quickly and as accurately as
you can, please touch the pair on
the bottom that exactly matches
one of the pairs on top.

PREVIOUS START
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Z| |
)

7| |

Which of these matches
a pair above?

or

B

J
>0
L~

®

—
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Dot Memory

Instructions

-You will see 3 dots appear briefly
on a grid.

-Try to remember the location of
these dots, because they will soon
disappear.

-Next you will see a screen full of
E's and F's. Please tap all the F's
that you see.

-When you see the empty grid,
tap the locations where you recall
having seen the dots.

PREVIOUS START
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Remember the dot
locations!
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Touch the F's!

EEEETE
EEEFE
EEFETE
EFEEE
EEFETE
EFEEE
EEETFE
EEEETE



X [ 80% [} 13:30

Where were the dots?
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Color Dots

Instructions

-You will see 3 colored dots
appear briefly on the screen.

~Try to remember the location of
these colored dots, because they
will soon disappear.

—-Next, you will be asked to recall
the location of these colored dots
on the screen.

PREVIOUS START 125
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What color was this dot?

O

900000




Where was this dot? .

Touch screen to move the dot.
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Color Disp

Instructions

—-Colored shapes will appear
briefly on the screen.

-Try to remember the shapes and
their colors, because they will
soon disappear.

--Next, you will see the same
shapes reappear.

--Please answer whether the
shapes have the SAME or
DIFFERENT colors as they had
before.

PREVIOUS START
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DIFFERENT
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Color Naming Task

Instructions

-You will see COLOR WORDS
presented in the center of the
screen.

—-For each COLOR WORD
displayed, touch the word at the
bottom that matches the color
of the FONT the COLOR WORD is
displayed in.

—-Please respond as quickly and
accurately as possible.

PREVIOUS START  ©



What color is the font?

ORANGE

YELLOW ORANGE
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What color is the font?
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