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Abstract:

Normal ageing, neurodegenerative diseases and dementia may be overlapping in
symptoms and it is confusing to differentiate between them. Olfactory dysfunction is one
of the symptoms that may be present in all these conditions. It is difficult to distinguish
whether the impaired sense of smell is due to normal ageing or Alzheimer's disease. It is
necessary to find concepts that clarify the data and repercussions of olfactory dysfunction
and whether it is accompanied by other indicators.

We assessed how common unawareness of olfactory dysfunction is among the
elderly. Olfactory quantitative and qualitative tests and measurement of cognitive abilities
in the elderly were used. Also, we used MRI to acquire volumetric measurements of the
brain of different age groups including young adults, middle-aged or elderly, as well as
Alzheimer's disease and mild cognitive impairment patients to assess progression of
atrophy in olfactory related brain regions.

As a result, we found that the majority of the elderly people (95%) in the sample
had some degree of olfactory dysfunction and importantly they were unaware of it. Also,
lower olfactory memory performance was found to be associated with lower levels of
cognitive abilities in the elderly. There was atrophy in olfactory-related brain regions in
the elderly, and this atrophy was more substantial in patients with probable Alzheimer's
disease dementia of both sexes and in patients with mild cognitive impairment in women.
Women were also found to be more likely to have deterioration in the size of olfactory-

related brain regions, as well as a deterioration in the sense of smell.

This thesis suggests that healthy elderly people should be followed up cognitively
and with objective assessment of their sense of smell by conducting sniff tests, rather
than using self-reported measures of olfactory abilities. When assessing volumetric
neural loss in olfactory related brain regions, significant volume loss was detected in all
areas related to odour processing. Overall, these findings suggest that a combination of

deterioration in sense of smell, volume loss in olfactory related brain regions and



presence of cognitive decline should alert to the potential presence of a progressive

neurodegenerative disease.
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Chapter 1: Alzheimer’s disease overview

1.1 Neurodegenerative disease:

Neurodegeneration refers to the process underlying several conditions that
primarily affect the nerve cells (neurons) in the human brain. The brain is a sophisticated
clustered organ with a massive number of pathways involved in what is needed for the
effective functioning of living beings. The ensemble of neurons constitutes the central
nervous system (CNS) that includes the brain and the spinal cord. In the case of
neurodegenerative disorders, these neurons progressively lose their ability to function
and/or become structurally damaged (de la Monte & Wands, 2004; Gao & Hong, 2008).
The process of neurodegeneration varies depending on the type of disorder causing
neuronal death. Examples of neurogenerative diseases include Alzheimer's disease
(AD), Parkinson's disease (PD), multiple sclerosis, Huntington's disease (HD) and more
(Doty, 2012; Gao & Hong, 2008; Gitler et al., 2017). Some of the neurodegenerative
diseases have obvious symptoms like Parkinson’s disease or non specific symptoms like
Alzheimer’s disease. There are differences between these diseases that depend on the
symptoms they cause, on the type of progression and on how the affected patient can
live with the disease. However, the diseases have as a common denominator the fact
that they affect parts of the CNS and they are age-dependent (Gitler et al., 2017). The

cells of the brain are communicating and closely linked, so miscommunications in one
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area can disrupt other brain activities and these brain disorders may result in widespread

problems.

In their forecast of age-dependent diseases (those affecting elderly people), the
United Nations’ report on the world population in 2015 indicated that the number of people
aged 60 and older worldwide would be more than double in the next 35 years to be
approximately 2.1 billion people (Wyss-Coray, 2016). Amongst the various
neurodegenerative conditions of the central nervous system that affect the ageing
population, one of the most common diseases responsible for progressive cognitive
decline in the elderly population is Alzheimer’s disease (Alzheimer et al., 1995; Stelzmann

et al., 1995).
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1.2 Alzheimer’s Disease:

Alzheimer’s Disease is a progressive neurodegenerative disease that causes
deterioration in memory, thinking abilities and behavioural change (Gili et al., 2011;
Murphy et al., 2003; Skup et al., 2011). Alzheimer’s disease (AD) is the most common
type of neurodegenerative dementia, and accounts for about 60-70% of all dementia
cases (Dementia, 2017; Koca et al., 2017). Alzheimer's disease is one of the world’s
leading health problems. This health problem is one of the greatest health challenges
worldwide. As individuals live longer, the prevalence of age-related neurodegenerative
diseases is increasing dramatically, affecting millions of people around the globe. There
are 850000 people in the United Kingdom who live with dementia, causing £34.7 billion
spent in health care. By 2040, the number of people with dementia will rise to 1.6 million,
which may increase costs as high as £94.1 billion, and this rise in the number of people
with dementia would increase costs for the NHS, homecare, residential care, and family
members (Wittenberg et al., 2019, 2020). Worldwide, 58% of people with dementia live
in low and middle income countries, and this percentage will rise to 70% by 2050 (Gulland,
2012). Cognitive decline due to AD is not a normal consequence of ageing but the risk
of developing AD increases with age (Guerreiro & Bras, 2015). More than 90% of AD
cases manifest and are diagnosed after 65 years of age (Doan et al., 2017). Moreover,
the prevalence estimation of Alzheimer’s disease is about 3% in the 65-74 years age
range, 17% in the 75-84 years age range and 32% in the individuals over 85 years of age
(Hebert et al., 2013). At the clinical level, the consequences of AD manifest as

impairments in mental and social skills that impede function in daily normal life.
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Alzheimer's disease causes brain atrophy consequent to the death of brain cells that
leads to a continuous decline in memory and overall mental abilities. To detect global
changes in mental abilities, screening tools such as for example the Mini Mental State
Examination (MMSE) (Folstein et al., 1975) can help physicians if they have a concern
that a patient might be developing the disease. This and other screening measures are
designed to assess the global cognitive status of the patient (Butterfield et al., 2013).
These screening tools, however, are not diagnostic instruments and they have to be
supplemented by extensive neuropsychological assessment, assays of cerebral spinal
fluid to look at disease biomarkers and neuroimaging, especially magnetic resonance
imaging (MRI) to detect global or regional brain shrinkage (Butterfield et al., 2013; Dubois

et al., 2014).

In addition to ageing, AD risk factors include the presence of the Apolipoprotein E
allele €4 (APOE €4) that is a major genetic risk factor for the sporadic late onset form of
the disease (Albert et al., 2011; Hennebelle et al., 2015; Lloret et al., 2015). Additional
risk factors include family history, a low level of physical activity (Cermakova et al., 2015;
Hennebelle et al., 2015), high cholesterol levels and a low level of education (Cermakova
et al., 2015). However, not every individual who has one or more of the established AD

risk factors will have the illness (Figure 1.2.1).
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Figure 1.2.1: AD risk factors. Many risk factors may lead to developing AD including ageing, APOE &4,
family history, low physical activity, high cholesterol level and low education level.
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1.2.1 Alzheimer’s Disease first case

In 1906 the first description of this disease referred to Alzheimer’s Disease (AD)
as a “peculiar disease” (Boughey & Graff-Radford, 1987; Snowdon, 1997). It was an
undescribed disease at that time when the German physician Alois Alzheimer observed
a new condition experienced by patient August D, whose collection of symptoms was at
the time completely unknown to clinicians (Hippius & Neundorfer, 2003). The patient
showed a profound loss of memory, unfounded beliefs about her family (e.g. a delusion
of jealousy towards her husband) with other psychological changes as well as shrinkage
and alteration in the nerve cells observed at the time of brain autopsy (Moller & Graeber,
1998; Small & Cappai, 2006). The new disease was named by Emil Kraepelin after the
physician who reported the first case. At the time no one knew that this disease will be
one of the most important and famous diseases that affects millions of people worldwide
and unfortunately it remains still without an effective form of treatment to date (Yilmaz et
al., 2017). Most importantly, AD still remains one of the most common and serious

neurodegenerative disorders in humans.

1.2.2 Type of Alzheimer’s disease

There are two types of Alzheimer’s disease: sporadic AD and familial AD (Jouanne
et al., 2017). The sporadic form of AD is the most common type while the familial form of

AD accounts only for a small percentage of all AD cases (Hatami et al., 2017). Sporadic

25



AD is known as late-onset AD (Hatami et al., 2017) while early-onset or familial AD is
associated with mutations in certain genes such as Presenilin 1 and 2 (Hatami et al.,
2017; Muratore et al., 2014; D. Xia et al., 2015) and in the amyloid precurson protein
(APP). These genetic mutations occur on chromosomes 21, 14, and 1 (Heininger, 2000).
The sporadic form of AD is found to be associated with age and it is more frequently
observed in the elderly population, i.e. 65 years and older. However, people of younger

age might be affected as well.

1.2.3 Stages of Alzheimer’s disease

The progression of the disease has been described by Braak and Braak, 1991.
Based on evidence from pathological progression, six disease stages have been
established according to changes in neurofibrillary tangles and neuropil threads, and
amyloid depositions (Alafuzoff et al., 2008; Braak & Braak, 1991; Wischik et al., 2016).
However, the disease has no well recognised clinical diagnostic framework since some
have classified AD as a three stage condition, namely early, middle and late stage, or
some consider the three stages as pre-symptomatic, prodromal (MCI) and dementia
(Dubois et al., 2014; Jack et al., 2010; Koca et al., 2017), a framework that is universally
adopted, and some as a four stage condition, namely preclinical AD, Mild Cognitive
Impairment (MCI), early AD and late stage AD (Butterfield et al., 2013). Clinical diagnosis
is reached by combining laboratory results with a physician clinical judgment by following
a specified set of either clinical or research criteria (Jack et al., 2018; McKhann et al.,
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2011). Commonly a three stage classification of AD is widely used in the literature and

these will be described in more detail in the following section (sign and symptom).

1.2.4 Signs and symptoms of AD

Different signs and symptoms can be found at onset and these can be very mild to
begin with, but gradually they will increase with the progression of the disease.
Neurological and behavioural symptoms used to identify the disease include memory
deterioration manifesting as a disturbance in acquisition and retention of new memories,
partial linguistic dysfunction, difficulties in dealing with multi-tasking, accelerated
forgetting, attention disturbances, functional deficits, including failure to do simple daily
tasks, but also behavioural symptoms such as anxiety, depression and lack of motivation

(Donovan et al., 2018; Morley et al., 2018).

The National Institute of Neurological and Communicative Disorders and Stroke
and the Alzheimer’s Disease and Related Disorders Association (NINCDS-ADRDA)
criteria (McKhann et al., 1984; McKhann et al., 2011) classifies AD in three clinical stages
as probable, possible and definite Alzheimer’s disease. The clinical criteria for probable
Alzheimer’s disease diagnosis include: (1) dementia diagnosed by clinical examination
by the Mini-Mental State Examination, Blessed Dementia Scale, or some other similar
screening scales, and confirmed by more extensive neuropsychological tests; (2) deficits

in two or more areas of cognition; (3) progressive deficits in memory and other cognitive
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functions; (4) no disturbance of awareness; (5) age between 40 to 90 years and often
after 65 years old; (6) no other brain disease or systemic disorder that can be the cause
of progressive deficits in memory and cognition. Also, (McKhann et al., 1984; McKhann
et al., 2011) clinical criteria for possible Alzheimer’s disease diagnosis include: (1) may
be made in the presence of a second systemic or brain disorder which is sufficient to
produce dementia but which would not be classified as the cause of dementia. (2) when
the individual shows progressive severe cognitive decline gradually, in the absence of
other identified causes, leads to a diagnosis of probably Alzheimer’s disease. The third
criterion of (McKhann et al., 1984; McKhann et al., 2011) for a definite Alzheimer’'s
disease diagnosis includes: (1) when the criteria for probable Alzheimer’s disease are

met and (2) there is histopathological evidence confirmation from biopsy or autopsy.
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1.2.5 Risk factors:

1.2.5.1 Cognitive decline

In the literature, some degree of cognitive decline or change is considered as a
normal part of ageing since some cognitive abilities such as memory (especially episodic
memory) would decline gradually with time (Harada et al., 2013). Cognition is an essential
component of the human ability to communicate and survive and when this changes, it
could be harmful to the individual and to those they will be in contact with.

However, at times there is a mild decline that appears to exceed what would be
expected in relation to ageing; mild cognitive impairment is considered as a pre-dementia
stage of AD (Morris et al., 2001) and confers an increased risk for progression to
dementia. (Petersen, 2004) defined people who experience Mild Cognitive Impairment
(MCI) as individuals who have some cognitive impairment but are of milder severity to be
diagnosed as dementia. The most important concept of this criterion is that the person,
although experiencing some impairments of cognition, still retains the ability to function
well in daily life. The MCI diagnostic criteria devised at the Mayo Clinic Alzheimer’s
Disease Research Center/Alzheimer’s Disease Patient Registry mainly focus on memory
impairment with less focus on impairments of other cognitive domains. These criteria
include: (1) memory complaint, preferably supported by an informant, (2) impairment in
objective memory for age, (3) relatively preserved general cognition for age, (4)

essentially intact daily living activities (5) no dementia.
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Some MCI patients show mild cognitive deficits in various aspects of cognition, but
their performance is not sufficiently severe or widespread enough to meet the criteria for
dementia (Belleville et al., 2017; Petersen, 2000). Episodic memory, associative memory,
memory recollection, semantic memory and working memory are impaired in MCI

(Belleville et al., 2014).

1.2.5.2 Ageing

Ageing is the highest risk factor for AD (Guerreiro & Bras, 2015; Niccoli & Partridge,
2012). Ageing causes a reduction in physiological functioning and is also a risk factor for
many diseases. It is the risk factor most associated with AD (Xia et al., 2018). In ageing,
we may have health problems such as high blood pressure, heart conditions and decline
in the immune system. In the United State, the percentage of patients with AD increases
with age from 3% in the age range between 65-74, to 17% in the age range between 75-
84 and to 32% in the age range between 85 and above (Hebert et al., 2013). There is a
very thin line between the changes caused by ageing and those caused by AD in the
brain. However, unlike in AD, in normal ageing neurons count does not change
significantly (Xia et al., 2018). A variety of health problems, however, occurs with ageing
including cognitive decline, cardiac disorders and neurodegenerative diseases

(Cermakova et al., 2015), all increasing the risk of AD.
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1.2.5.3 Genetics

There are genetic risk factors and causes of the disease that are extensively known
now. These include the Apolipoprotein E (APOE) €4 allele conferring an increased risk
and mutation of genes involved in the Amyloid-f and Tau proteins that are genetic
determinants of this disease. However, there are more than 20 identified variants in genes
that can modulate risk in AD or cause AD such as presenilin 1 (PSEN1) and the amyloid-

B precursor protein APP (Guerreiro et al., 2013; Harold et al., 2009; Karch & Goate, 2015).

Most of the literature classifies AD as a non-genetic disease. However, some
studies have used a polygenic risk score to show how genetics can predict sporadic AD.
This method uses genetic data to illustrate the risk score of the prediction of the disease
compared with control. It calculates the genetic variants based on information obtain from
a level as small as a Single Nucleotide Polymorphism (SNP) or as large as from genome
wide association studies (GWAS). Genome-wide association studies have identified
approximately 40 SNPs associated with AD (Baker & Escott-Price, 2020). (Escott-Price
et al., 2017) indicated that polygenic risk factor analysis is a reasonable method of AD
prediction and could also be useful in clinical practice. Moreover, the calculation of a
polygenic risk score can be used to identify MCI individuals at risk of progressing to AD

dementia (Chaudhury et al., 2019).
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1.2.5.4 Lifestyle

Some of the AD risk factors are fostered by individual actions or habits individuals
and society may adopt and some lifestyle choices may trigger or accelerate the
development of AD (Pope et al., 2003). Physical activity can improve cognitive functioning
(Lautenschlager et al., 2008; Smyth et al., 2004), while a sedentary life may have a
negative impact. Evidence suggests that physical exercise has a positive influence on
cognitive functioning among the elderly population and in AD patients and may help in
reducing the risk of development of dementia in AD (Castellano et al., 2017; Langlois et
al., 2013). The evidence is not unanimous, as in the elderly, doing intense physical activity
might be harmful to the body and some studies have not found a benefit on cognition
(Faber et al., 2006; Kramer et al., 1999). There is, however, more recent evidence from
longitudinal interventional studies that suggests that exercising, in the context of a
multidomain intervention programme, may be beneficial and lower dementia risk in the
elderly (Ngandu et al., 2015). This 2 year multidomain intervention (diet, exercise,
cognitive training, vascular risk monitoring) study found that there are significant
beneficial effects in a change in overall cognition, executive function and processing
speed as well as other aspects such as dietary habits, and physical activity. By modifying
lifestyle, therefore, a reduction in the burden of disease can be achieved individually and
globally. Interestingly, a healthy diet has been found to be effective in reducing the

development of several diseases including AD (Pope et al., 2003).
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Other lifestyle factors are involved in the development of AD or interact with the
pathological pathways of the disease. Some of the lifestyle factors that may increase the
risk of AD are low education, being cognitively inactive, high cholesterol, being overweight
or obese and having diabetes (Mortimer et al., 1991; Ott et al., 1999; Peila et al., 2002;

Pope et al., 2003; Stamler, 2000).
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1.2.6 Brain alteration
1.2.6.1 Amyloid beta and Tau proteins in AD

The typical Alzheimer’s disease histopathological hallmarks are the presence of
deposits of B-Amyloid (senile plaques) and aggregation of Tau protein (neurofibrillary
tangles) (Butterfield et al., 2013; Chu et al., 2017; Eriksen et al., 2003; Gong & Igbal,
2008; Mandelkow, 1998; Mota et al., 2015; M. P. Murphy & LeVine, 2010; Perl, 2010).
There are other neuropathological lesions detected in AD but the two above are
universally recognised as characteristic of this disease. Scientists believe that those two
pathological features are the most well known alterations that lead to AD (Brier et al.,
2016; Jouanne et al., 2017; Murphy & LeVine, 2010). However, it is still a matter for
debate which pathological feature is crucial in determining the disease. In the case of
senile plaques, the B-Amyloid protein is derived from the Amyloid Precursor Protein (APP)
which is a transmembrane glycoprotein (Murphy & LeVine, 2010; Perl, 2010). When an
alteration occurs in this pathway, the -secretase enzyme cleaves APP to release a large
fragment and the remaining part of APP is cleaved by y-secretase to generate 3-Amyloid
(Eriksen et al., 2003; Murphy & LeVine, 2010) (figure 1.2.2). The creation of neurofibrillary
tangles is a result of the aggregation of intraneuronal hyperphosphorylated tau (Israel et
al., 2012). Some studies indicate that B-Amyloid plaques are followed by phosphorylated
Tau aggregation in vitro (Lloret et al., 2015). Importantly, Chabrier et al. (2012) have
shown in a transgenic AD mouse model that the reduction in 3-site APP cleaving enzyme
decreases soluble B-Amyloid and reduces Tau accumulation and phosphorylation

(Chabrier et al., 2012). However, it is unclear whether the level of 3-amyloid directly

34



causes increases in the level of phosphorylated Tau (Israel et al., 2012). Low Amyloid-
B42 in the cerebrospinal fluid (CSF) has been found to be a sufficient biomarker of AD
together with the increase in hyperphosphorylated Tau protein (De Vos et al., 2016;

Henriques et al., 2018).

Soluble APP
Aggregation of
B-Amyloid
[3 and y III
B-cleavage site > secretases

Cell membrane

y-cleavage site

Figure 1.2.2: The cleavage site of the Amyloid Precursor Protein: In the case of AD, the two proteases (B-
secretase and y-secretase) are involved in the pathological pathway of the release of the toxic Beta-
Amyloid as B-secretase cleaves APP to release a large fragment of APP and y-secretase cleaves APP and
releases a toxic small fragment of B-Amyloid.

Tau normal function:

Proteins are essential and present in every cell and they are responsible for many
functions in the human body. Proteins function in the cells include support, stabilisation,
transmission, replication and many more. The cytoskeleton of the eukaryotic cells is a

network of filamentous polymers and regulatory proteins and it has a dynamic and
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adaptive structure (Fletcher & Mullins, 2010). The cytoskeleton consists of three main
polymers: microtubules, intermediate filaments and actin filament (Fletcher & Mullins,
2010; Koster et al.,, 2015). In addition to shaping the neurons architecture, the
cytoskeleton plays a major role in the functions and the characteristics of the neurons
such as regulation of plasticity and synapse formation (Cardenas et al., 2012). Thus, it is
critical that the microtubules remain stable to provide normal processing and functions.
The Tau protein is a microtubule-associated protein (MAP) that works as a stabiliser of
neuron microtubules (Harada et al., 2016; Israel et al., 2012; Shukla et al., 2012) and it
makes the paired helical filaments (PHF) (Butterfield et al., 2013; Kunzi et al., 2002;
Mandelkow, 1998). Alteration in microtubule stabilisation may lead to pathological

disturbance in the normal structure and functions of the cytoskeleton.

Tau structure:

The Tau gene in the human body is found in the long arm of chromosome 17 as
(17921) (Cardenas et al., 2012; Gong & Igbal, 2008); it contains 16 exons and encodes
six tau isoforms in the adult human brain (Goedert et al., 1989; Gong & Igbal, 2008).
Those six isoforms are different from each other by the presence or the absence of one
or two inserts (amino acids 29 or 58) in the N-terminal and by the presence of three or
four repeats in the C-terminal part (Gong & Igbal, 2008). Importantly, the repeats in the
C-terminal half are the domains to which tau binds to the microtubules (Goode &
Feinstein, 1994; G. Lee et al.,, 1989). Each isoform has its own physiological and
biological differentiation depending on the characteristics of the structure and its position.

Thus, Tau deposition shows complicated characteristics depending on those isoforms.
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Regions where Tau is expressed:

By knowing which brain regions might be more likely to express Tau deposition, it
would be easier to identify the starting point of this alteration in the brain. It is critical to
illustrate those regions where the distribution of altered Tau is located to help forming a
better understanding and prevention procedure. The shortest isoform of tau is expressed
in the foetal brain while all the other six isoforms are expressed in the adult brain (Kosik
et al., 1989; Stanford et al., 2003). There is an abundance of Tau protein in the neurons
in the Central Nervous System (CNS) while very low levels of Tau are found in the
astrocytes and in the oligodendrocytes (Simi¢ et al., 2016). In the neurons, the six
isoforms of Tau are most likely found in the axons (Jouanne et al., 2017; Shukla et al.,
2012). Neurofibrillary tangles are composed of the aggregation of intracellular

hyperphosphorylated Tau protein (Lee et al., 2010).

Tissue damage:

Tau deposition related damage starts in the entorhinal cortex and then spreads to
the hippocampus, frontal and temporal cortices and eventually to all areas of the isocortex
(Hu et al., 2017). The spread of Tau alterations leads to synaptic disorder, glial activation

resulting in neuronal loss (Harada et al., 2016).

Tau in other diseases:

There are other neurodegenerative diseases that are characterised by the

presence of filamentous Tau such as Down’s syndrome (DS), corticobasal degeneration
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(CBD), progressive supranuclear palsy (PSP), Pick’s disease (PiD) (Abraha et al., 2000;

Hu et al., 2017) and chronic traumatic encephalopathy (CTE) (Harada et al., 2016).

1.2.6.2 Atrophy:

Brain atrophy is an important detectable sign of AD and is used in the diagnosis of
the disease. However, there are important differences in the progression of atrophy
between men and women as in the hippocampal region of the brain, women have faster
progressing atrophy than men (Mazure & Swendsen, 2016). In the clinical diagnosis of
AD, the volume of the left hippocampus is used for identifying the stage of the disease
(Uysal & Ozturk, 2020). Right hippocampal atrophy is instead associated with a more
advanced stage of AD (Lee et al., 2019). In terms of brain atrophy, the influence of age
in AD patients is greater than normal ageing effects (Fiford et al., 2018). In AD, neuronal
death and tissue loss lead to atrophy in most brain regions. A study showed an increased
rate of ventricular expansion and global brain atrophy in AD patients (Schott et al., 2005).
As MRI scanning is safe, MRI can track brain changes caused by the distribution of
amyloid and Tau pathology that follows distinct patterns and this distribution allows the
identification of the different AD stages (Belleville et al., 2014). Studies indicate that
measures of hippocampal volume or of the medial temporal complex volume can predict
progression from MCI to AD (DeCarli, 2007; Fleisher et al., 2008), but there might be
some overlap with normal ageing. However, Fleisher et al, (2008) found that measures
of hippocampus volume can predict conversion from MCI to AD with a 60% accuracy and

this accuracy rises to 78.8% when combined with clinical data (Fleisher et al., 2008). MRI
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can discriminate AD from healthy participants with high sensitivity and specificity (McEvoy
& Brewer, 2010). McEvoy and Brewer, (2010) state that studies show that quantitative
MRI measures are sensitive to the neurodegeneration that occurs in prodromal and
established AD and suggest that structural MRI can be used to detect AD prior to the

onset of dementia (McEvoy & Brewer, 2010).

1.2.6.3 Tissue inflammation:

In addition to the presence of senile plaques and neurofibrillary tangles, indicating
abnormal amyloid and tau protein deposition in the brain, neuropathological studies have
also reported strong evidence of inflammatory pathways’ activity in the AD brain. Cellular
and molecular inflammatory markers are observed in the pathology of the disease
manifesting as an increased number of activated microglia and astrocyte cells (Eriksen
et al., 2003; Heneka et al., 2015; Lee et al., 2010; Wyss-Coray & Rogers, 2012). During
neuroinflammation, failure of synapses to express plasticity may lead to cognitive
impairment (Mancini et al., 2017). Some of these inflammatory processes are protective
and some are harmful. Some markers are used to study inflammation such as IBA-1 that
visualises microglia cells (Ohsawa et al., 2004). Those microglia cells can be used as
indicators of the occurrence of any tissue inflammation (Citron et al., 2008; Mandrekar-
Colucci & Landreth, 2010). In research, tissue staining is a well recognised method for

the detection of tissue inflammation.
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1.2.6.4 Neurogenesis:

This term refers to the process of formation of neurons and this endogenous
procedure includes proliferation, differentiation and migration of the new neurons
(Eriksson et al., 1998; Shohayeb et al., 2018). Formation of mature neurons from neural
stem cells is called adult neurogenesis (Abdissa et al., 2020). Some researchers do not
believe there is such a way of regenerating cells inside the brain while others support the
idea that neurogenesis occurs. In animal models, it has been found that there is the
production of new neurons in the hippocampus and it is called adult hippocampus
neurogenesis. Adult hippocampus neurogenesis in humans, for example, was first shown
by Eriksson et al 1998 who suggested that it persists in human adults till the ninth decade
of life (Eriksson et al., 1998; Moreno-Jiménez et al., 2019; Tobin et al., 2019). This
process has been found to be altered in AD (Lazarov & Marr, 2010). It is a normal
consequence that degeneration of neurons in the hippocampus results in memory
deterioration. Normally, neural progenitor cells give rise to new nerve and glia cells in the
hippocampus, olfactory bulb, forebrain subcortical white matter, specific areas in the
temporal lobe and more (Lazarov & Marr, 2013). Moreno-Jimenez et al, 2019 state that
in AD, alterations in adult hippocampus neurogenesis are observed in the early stages of
the disease even prior to the appearance of the disease strongest hallmarks (senile
plaques and neurofibrillary tangle). Using immunohistochemistry, this study provided
evidence of impairment in neurons’ maturation as AD advances as detected by reduction
in the expression of Prospero homeobox 1, NeuN and more (Moreno-Jiménez et al.,

2019). Deficits in neurogenesis may promote cognitive decline in AD or worsen it and
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there is evidence that a level of active neurogenesis is associated with better cognitive
diagnosis (Tobin et al., 2019). A neurogenesis dysfunction is said to play a major role in
the acceleration of AD pathophysiology (Choi & Tanzi, 2019). In fact, the mutations
associated with AD that cause alterations in the metabolic or enzymatic pathways may
also alter neurogenesis (Lazarov & Marr, 2013). Different markers have been found to be
useful tools to study the process of neurogenesis in AD and these include DCX, NeuN
and GFAP (J. Zhang & Jiao, 2015). To detect neurogenesis, different types of assay have
been used including thymidine analogue bromodeoxyuridine assay, radioactive and

immunohistochemistry markers such as Phosphohistone-h3 (Abdissa et al., 2020).

1.2.6.5 Caspase activation:

Enzymes are biological molecules found in the body involved in acceleration and
participation in chemical and biological reactions. There are different families of enzymes
depending on their reactions. A group of enzymes that can cleave proteins are called
protease that has a Caspase group who can be apoptotic and trigger the cell death
program (Florentin & Arama, 2012). The Cysteine-Aspartic Acid Proteases family
(CASPASE) plays an apoptotic role in AD as it programs cell death (Chu et al., 2017).
Cysteine-aspartic proteases (Caspase) are classified in three groups based on their
sequence and function as group | (1, 4 and 5), group Il (the executioners 3, 6 and 7) and
the initiators group Il (8, 9 and 10) (Julien & Wells, 2017). These intracellular caspases
are either initiators or executioners and may cleave each other or their substrates
(Graham et al., 2011). Riechers et al. (2016) state that studies of patients, animals and
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cell culture models provide sturdy proof of potential universal mechanisms of caspases
within the early stages of pathways resulting in neuronal death in AD (Riechers et al.,
2016). A recent study showed that there is an association between levels of expression
of active caspase 6 and lower memory ability, lower global cognition, and poorer semantic
memory and MMSE scores (Foveau et al., 2016). These caspases play a role in the loss
of neurons in AD (LeBlanc, 2013). A massive effort has been made in research to
investigate the possibility of reducing or deactivating these caspases by finding the

opposite trigger leading to their activation.

1.2.6.6 Neurotransmitters alteration:

In AD, there is reduction in levels of several neurotransmitters’ expression in the
brain. The neurotransmitters are chemical molecules that transfer signals among brain
cells. When the nerve cells start firing signals among them, neurotransmitters are involved
in carrying these signals. They work as messengers or coordinators between the
presynaptic terminal and postsynaptic dendrite helping the synaptic process. These
neurotransmitters can be excitatory such as Glutamate or inhibitory such as GABA
(Gamma-aminobutyric acid) and enkephalins.

Deficits in neurotransmission based on reduction of the level of neurotransmitters
such as acetylcholine, amino acids and monoamines are found in AD (Nam et al., 2020;
Savelieff et al., 2019; Snowden et al., 2019). This deficit affects brain performance. For

example, a low level of acetylcholine leads to cholinergic deficits which affect the neural
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system involved in learning and recalling new information and cognition more generally

(Lanari et al., 2006; Nam et al., 2020). It becomes increasingly harder for

neurotransmitters to perform their task as Amyloid-B aggregates and may put more

burden when it binds to metals in the AD brain (da Silva & Ming, 2007; Nam et al., 2020;
Parsons et al., 2013). GABA receptors are also altered in AD and there is a compensatory
increase in these receptors, within neurons (Ilwakiri et al., 2006; Kandimalla & Reddy,
2017). Furthermore, the serotonin (5-hydroxytryptamine) neurotransmitter which is
involved in pain, emotions and other aspects of cognition also show decreases in its
receptors in AD (Reynolds et al., 1995; Rodriguez et al., 2012). Some neurotransmitters
are involved in regulating the sleep-awake state and this may explain why 25-60% of AD

patients also experience sleep disorders or abnormalities (Van Erum et al., 2019).

1.2.7 Alzheimer’s disease treatment:

The pharmacological treatment of AD involves two categories of intervention:
symptomatic treatment such as acetylcholinesterase inhibitors and N-methyl-D-aspartate
receptor antagonists or aetiology based treatment as amyloid binding and tau banding
therapies (Mendiola-Precoma et al., 2016). Symptomatic treatment addressing deficits in
neurotransmission plays a major role in current AD therapeutics. Inhibitors are used to
slow down the clinical progression of symptoms. Acetylcholinesterase inhibitors such as
donepezil, rivastigmine and galantamine are approved for the treatment of patients with

mild AD (Kandimalla & Reddy, 2017). These acetylcholinesterase inhibitors help
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cognitive function in mild-moderate, moderate-severe AD patients (Kandimalla & Reddy,
2017; Wang et al., 2015) as they increase the availability of acetylcholine at the synaptic
level in the AD brain (Hampel et al., 2018). Aetiology based treatment targets the amyloid
cascade by either targeting amyloid binding (by inhibiting or modulating secretase) or
preventing aggregation of Amyloid-f3 or neurofibrillary tangles (Mendiola-Precoma et al.,
2016). A form of amyloid binding treatment, aducanumab (a human monoclonal
antibody), has recently approved by the United States Food and Drugs Administration
(FDA) for the treatment of MCI and early-onset AD and this form of treatment acts by
preventing binding and fostering clearing of accumulation of Amyloid- (Beshir et al.,

2022).

AD affects primarily the oldest part of the population and those individuals most
likely experiencing a range of other health problems such as high cholesterol levels,
diabetes mellitus, high level of low-density lipoprotein (LDL) and hypertension, factors
that all may contribute to increase the risk of AD. Thus, medication for these comorbid
conditions such as statins or drugs for type two diabetes mellitus (Amylin) may all help
lower the risk of AD and have a protective effect in AD (Dias et al., 2015; Godyn et al.,

2016; Lin et al., 2015; Mendiola-Precoma et al., 2016).
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Chapter 2: Olfactory dysfunction

21 Definition of sense of smell

The sense of smell is a chemical sense that gives living beings the ability to
recognize specifically molecules of different substances and gives organisms rich and
vital information about their surroundings. Functional integrity of the sense of smell is
fundamental to the continuity of animals and their struggle for survival. The olfactory
sense is critically important for safety. Like other senses, the sense of smell is very
important as it can be the first to provide warning signs in many dangerous situations. In
addition to the ability of the sense of smell to distinguish dangerous accidental situations
in a person’s surroundings, such as a fire, or a gas leak in the house, it is also important
in influencing a person’s mood, as pleasant smells may bring happy feelings while
unpleasant smells may disturb a person as well as their enjoyment of food (Attems et al.,
2015). The sense of smell has also been said to play a major role in personal taste,
behaviour and interpersonal relationships (Sarafoleanu et al., 2009). Moreover, olfaction
works along with other senses such as, for example, vision to provide emotion and quality

to these sensations (Sarafoleanu et al., 2009; Zador & Mombaerts, 2007).

2.2 Regions of the olfactory system in the brain

Olfactory brain regions play a major role in transforming and translating an odour

so that it can be read and recognised. The olfactory system in the brain includes some
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regions that have as their only role that of being involved in olfaction and others that are
only partially involved in olfaction, but they are also associated with other processes and
tasks in the brain. These regions together are involved in a range of olfaction related
functions such as odour identification, recognition, discrimination and memory. All these
functions require the contribution of different brain regions that participate in the
processes that result in accurate sense of smell. The regions that are involved in olfaction
processes in the brain include the olfactory bulb, the olfactory epithelium, the olfactory
cortex (that includes the piriform cortex), the hippocampus, the parahippocampus, the
amygdala, the orbitofrontal cortex and the entorhinal cortex, with the latter five regions
being involved in other aspects of brain functioning as well (Firestein, 2001;
Karunanayaka et al., 2014; Kubota et al., 2020). Each of these regions does support
olfaction for a specific function depending on the specific processing requirements.
Specifically, from the olfactory bulb, projections go to olfactory-related brain structures to
perceive and interpret odours, but the specific contribution of these individual regions to
olfaction processing is still not fully understood (Gottfried et al., 2002). Most of these
regions are vulnerable to the effects of normal ageing. Thus, sensory neurons that work
as odour selective receptors and first order neurons in the olfactory system decrease in

number with ageing (after 65 years of age) (Attems et al., 2015; Rawson, 2006).

Currently, the literature does not contain precise definitions of the olfactory brain
regions included in the primary olfactory cortex, the secondary olfactory cortex and/or the
olfactory-related cortex. The sense of smell requires sophisticated processing in many
brain regions. The regions’ role within the overall brain dynamics is not fully understood
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as even the definition of olfactory primary cortex is varied in neuroimaging research
parcellation studies (Fjaeldstad et al., 2021). A meta-analysis study conducted by
Seubert. et al, in 2013 analysed all published olfactory neuroimaging data. The findings
indicated that the complete olfactory system in not fully mapped (Seubert et al., 2013).
This study identified as olfactory cortex those regions receiving direct projections from the
olfactory bulb that include the piriform cortex, anterior olfactory nucleus, olfactory
tubercle, anteromedial part of entorhinal cortex, periamygdaloid cortex and several areas
within the amygdala (Carmichael et al., 1994; Price, 1985; Seubert et al., 2013). This
olfactory cortex regions, therefore, receive direct signals from the olfactory bulb about
specific odorants. Anatomically, the olfactory cortex includes the piriform cortex (also
called pyriform or prepyriform cortex) that is the largest of its subregions (Wilson, 2009).
Another study classified the primary olfactory cortex regions and these included the
piriform cortex and closely associated areas of the anterior olfactory nucleus, the anterior
perforated substance, olfactory tubercle, anterior portion of periamygdaloid cortex and
amygdala (Wang et al., 2010). Doty (2017) defined the primary olfactory cortex as regions
that receive projections from the olfactory bulb; these regions include the anterior
olfactory nucleus, pyriform cortex, periamygdaloid and amygdala complex regions and
rostral entorhinal cortex (Doty, 2017). Olfactory sensory neurons in the olfactory
epithelium project to the first olfactory processing region that is the olfactory bulb, and
then this region sends information through the olfactory tract to other olfactory cortex
regions that contain the piriform cortex, anterior olfactory nucleus, olfactory tubercle,

amygdala and entorhinal cortex (Bitter et al., 2010; Gottfried, 2006; Shepherd, 2006).
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These areas are connected to the secondary olfactory centres such as the hippocampus,
parahippocampus and orbitofrontal cortex in the limbic system (Bitter et al., 2010;
Fjaeldstad et al., 2017). In the frontal cortex, the orbitofrontal cortex in the posterior ventral
regions receives projections from regions such as the amygdala, piriform cortex and

entorhinal cortex (Doty, 2017).

2.3 Olfactory processes

Olfaction processes require emotional and memory-related brain regions. During
the smelling process, parts of the brain related to the sense of smell are activated such
as olfactory cortex regions, hippocampus, parahippocampus, amygdala, orbitofrontal
cortex and entorhinal cortex (Fjaeldstad et al., 2021; Stadlbauer et al., 2016). Stadlbauer
et al, (2016) studied olfactory stimulation in healthy participants using
magnetoencephalography to measure brain activity during odour perception; these
authors measured activation in the olfactory cortex, hippocampus, parahippocampus,
amygdala, orbitofrontal cortex and entorhinal cortex (Stadlbauer et al., 2016). Moreover,
an fMRI study found similar results with activation in these same brain regions during
odorant stimulation (Poellinger et al., 2001). Because part of the amygdala receives
projections from the olfactory bulb, it is also considered as part of the olfactory cortex
(Fjaeldstad et al., 2021). The amygdala is located rostrally next to the hippocampus in the
anterior part of the medial temporal lobe (McDonald & Mott, 2017). For olfactory memory,

connections are established between the amygdala and the hippocampus and
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parahippocampus (McDonald & Mott, 2017). The entorhinal cortex sends information
including mnestic information processed by the hippocampus to the neocortex (McDonald
& Mott, 2017). During odorant processing, fibres branch to the hippocampus,
parahippocampus, amygdala and orbitofrontal cortex (Yousem, et al., 1999). Olfactory-
related regions are connected and work at the same time. For example, medial and
posterior OFC have high connectivity with olfactory cortex, hippocampus and
parahippocampus as the posterior border of OFC lies next to the olfactory cortex while
the anterior lateral OFC has moderate functional connectivity with the olfactory cortex,
hippocampus and parahippocampus (Du et al., 2020). In fact, different regions in the OFC
respond to different types of odorants. In fMRI studies, the medial OFC has greater
activation to pleasant odours while the lateral OF C is more activated by unpleasant smells
(Anderson et al., 2003; Rolls et al., 2003). Odour identification processing occurs as the
chemicals are transmitted from the olfactory bulb to the entorhinal cortex that has
projections directly to the hippocampus (lizuka et al., 2021; Lavenex & Amaral, 2000).
The process continues by recognising the odour, by naming and recalling the memory of
the odour, then starting neural connections between the hippocampus and
parahippocampus with OFC, the role of which in this process is that of odour recognition
(lizuka et al., 2021; Rolls, 2001). The parahippocampus processes information that is
then sent to the hippocampus via the entorhinal cortex (Naya, 2016). Odour memory
retrieval and emotional reaction to an odorant is mediated by the hippocampus and the
amygdala (Kubota et al., 2020; Rolls, 2001). The connection of olfactory-related regions

may influence the connected regions negatively. A study showed that the reduction of
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entorhinal cortex volume was not directly linked with an olfactory deficit but olfactory

impairment correlated with parahippocampus volume loss (lizuka et al., 2021).
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Figure 2.2.1 Brain regions involved in olfactory processes (adapted from (Fjaeldstad et al.,
2021; lizuka et al., 2021; McDonald & Mott, 2017; Stadlbauer et al., 2016)).
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24 Olfactory Dysfunction

Losing the sense of smell may be dangerous for people as it goes often unnoticed.
A person may lose their sense of smell, but they may be unaware of it, unlike the sense
of sight or hearing, that when lost, people notice any change immediately (Amal et al.,
2019). When a person loses their sense of smell, they may be exposed to danger, and
this could have serious repercussions for themselves, their community, or their
environment. This form of risk can affect anyone who has lost their sense of smell,
whether they are men or women, young, middle-aged, elderly, or children. Some people
may not realise the dangers that may derive from losing their sense of smell, and it is
important for their medical and community support systems to educate them about the
dangers of losing their sense of smell. Olfactory abilities might be influenced by many
factors such as sex, smoking, lesions caused by respiratory infections, head injury,
genetic factors, exposure to some chemicals and usage of certain medications (Ciofalo
et al., 2006; Doty, 2017; Mullol et al., 2012). Olfactory dysfunction can have worrisome
causes, as the loss of sense of smell is a common symptom of neurodegenerative
diseases, including Parkinson's disease and Alzheimer's disease (Attems et al., 2015).
At the neurological level, an impaired sense of smell can lead to long-term changes in the
structure of the brain. As the areas responsible for the sense of smell, such as the
olfactory bulb, shrink, other areas related to the sense of smell also shrink such as the
olfactory cortex and other areas in the limbic system. Olfactory deficits can also occur

with normal ageing (Rey et al., 2018; Rouby et al., 2011). For example, the ability for

52



smell identification may start to decline from the 4" decade of life in some people as a
result of the normal process of ageing (Zhang & Wang, 2017). This meta-analysis study
by Zhang and Wang (2017) indicates that olfactory dysfunction, manifesting in odour
identification tasks, starts in the 5" decade of life in healthy participants. However, the
study tested olfactory identification only and this limits generalisability of the findings.
However, it is also the case that the areas of the brain that shrink as a consequence
of loss of sense of smell can grow again if the sense of smell is restored (Kolindorfer et
al., 2014). This can occur either following treatment with medication or following olfactory
therapy as shown by Kollndorfer et al. (2014) in their study. Using fMRI, they found that
after 12 weeks of olfaction training, olfactory training induced alteration in connectivity
within functional networks as this training can induce the process of neurons
reorganization. In this study, patients had to choose four out of six odorants options
(vanilla, rose, cinnamon, orange, banana and menthol) diluted to standard level and had
to expose themselves to these odours twice a day and take one deep sniff of every odour.
However, the sample size of this study is very small as seven patients were studied and
only one patient had anosmia (total olfactory loss) (Table 2.4.1). When sense of smell is
restored via training or other ways, the olfactory bulb, olfactory cortex and other areas in
the limbic system all regain volume (Huart et al., 2013). Importantly, anosmia is a total
inability to perceive odour sensations while microsmia is a condition in which an individual

experiences a decrease in their ability to perceive smell (Doty, 1995).
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2.4.1 The common cause of Anosmia.

Cause of Anosmia Possible recovery time with/without medical attention
Sinonasal diseases Up to 8 weeks
Infectious diseases Up to 8 weeks
Toxic exposure Up to several months after stop of exposure to a toxic agent
Head trauma About 2 months
Neurodegenerative disorders Approximately 12 weeks
Idiopathic Unknown

Adapted from (Babaei et al., 2021; Boesveldt et al., 2017; Gobba & Abbacchini, 2012; Kollndorfer
et al., 2014; Mueller & Hummel, 2009; Nordin & Bramerson, 2008; Rashid et al., 2021).

241 Causes of olfactory dysfunction

Across their lifetime, individuals may experience loss of the sense of smell due to
different reasons. Some of these reasons are due to factors that are out of an individual’s
control, others are due to factors related to the choices made by individuals. Olfactory
dysfunction may occur as a consequence of head trauma, respiratory infection,
neurodegenerative disorders, and exposure to toxic chemicals, but also following usage
of certain drugs, pollution and smoking that all can cause deficits in the olfactory system
(Ciofalo et al., 2006; Mullol et al., 2012). Individually, everyone is in danger of exposure

to such causes of olfactory impairment.
Virus

Viral infection can damage the olfactory system by affecting the olfactory
neuroepithelium that is sensitive to flu infection leading to the individual affected to lose

their sense of smell (Doty, 2009). Recently, support for the notion that viral infection can
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target the olfactory system has emerged from evidence that the COVID-19 virus, which
has caused a global pandemic, causes amongst its earliest symptoms loss of sense of
smell (Lechien et al., 2020; Ugurlu et al., 2021). In fact, loss of sense of smell and taste
has become a strong indicator of having contracted a COVID-19 infection and it is used
as an early symptom indicating that an individual might have contracted this viral infection

in addition to other clinical symptoms (Menni et al., 2020).

Smoking

Smoking is also considered a risk factor for olfactory dysfunction (Ajmani et al.,
2017). However, olfactory function can be regained by individuals after quitting smoking
(Dinc et al., 2020). This restoration process, however, takes time and the time required
to return to normal or close to normal depends on the extent of damage, how much time
has elapsed since ceasing smoking and, in the case of other causes, the nature of the
cause of the impairment of olfactory function (Siegel et al., 2019). For example, in the
case of squamous metaplasia of the olfactory mucosa, this condition needs approximately
6 months to be resolved after quitting smoking, while damage caused by inflammation
[measured by C-reactive protein (CRP) levels] takes up to 5 years to recover (Hastie et
al., 2008; J. S. Lee et al., 1994). In the case of olfactory dysfunction caused by a vascular
cause consequent to smoking, it might take from 15 to 20 years for the olfactory function
to be restored to the same level of olfactory functioning as that of people who have never
smoked. This level of olfactory decline is considered a good predictor of development of

cardiovascular issues and has also shown modest evidence of predicting incidence of

55



heart disease (Conen et al., 2011; Siegel et al., 2019). The olfactory epithelium has the
capacity to regenerate in approximately up to 90 days. This regeneration capacity might
provide a reasonable explanation for why there is a significant decrease in olfactory
function in smokers but not in former smokers or in people who have never smoked
(Ajmani et al., 2017; Graziadei et al., 1980; Murphy, 2002). Other possible reasons
affecting restoration of olfactory function, including cumulative pack-year smoking (i.e.
number of years of smoking), number of cigarettes per day and duration of smoking, must
also be taken into account (Ajmani et al., 2017; Dinc et al., 2020). Dinc et al (2020) carried
out a cross-sectional study with 28 adult volunteers and measured their olfactory ability
immediately before they stopped smoking and 45 days after they had stopped. They also
took into account duration of smoking and number of cigarettes per day and found
significant olfactory improvement after quitting smoking. However, they found a negative
association between duration of smoking and olfactory function, indicating that longer
smoking durations may affect the extent of olfactory improvement after stopping (Dinc et

al., 2020).

Head trauma

In the case of head trauma causing olfactory dysfunction, recovery may occur
relatively soon after the trauma or gradually within two years with regeneration of the
relevant nerve fibres. Their reconnection with the olfactory bulb, however, depends on
the severity of the trauma itself (Mueller & Hummel, 2009). A study indicated that there is

a reduction in global neural volume in thirteen of 22 subcortical regions with a 15% smaller
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volume in the amygdala being the highest reduction observed, while in the hippocampus
a 10% smaller volume was observed in 25 patients with axonal injury compared with the
size of these regions of 22 neurologically healthy age and sex matched controls (Warner

et al., 2010).

Chemical exposure

As for the effects of chemical exposure or air pollution, a longitudinal study found
an association between anosmia and levels of environmental cumulative exposure to
particulate matter (PM2.5) (Zhang et al., 2021). In this study that included 2690 individuals,
the majority of whom were women, these authors found a dose-dependent association
between anosmia and increase in PM2s concentration. The exposure to toxic chemicals
may lead to a highly dangerous set of circumstances for olfaction and for the whole body
in general (Bessac & Jordt, 2010). Again, the severity of olfactory loss due to chemical or
pollution exposure is dependent on the duration of the exposure. There also are several
drugs the use of which can impair olfactory function and these include, for example,
Tetracyclines (Doxycycline) or chemotherapeutic agents (Bernhardson et al., 2008;
Griffin et al., 2010; Thiermann & Buchbauer, 2017). Interestingly, some medication
components that are used to treat olfactory deficits can also be the cause of olfaction
deterioration and this is the case, for example, for zinc that is used to treat common cold

or nasal blockage (Thiermann & Buchbauer, 2017).
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Neurodegenerative disorders

Neurodegenerative disorders can cause olfactory dysfunction. Some studies
consider olfactory dysfunction as the first symptom (or earliest) of a neurodegenerative
disease such as AD or PD (Doty, 2009; Kollndorfer et al., 2014). However, olfactory
deficits vary depending on the type of the neurodegenerative disorder. Per example,
olfactory dysfunction has been found to be severe in AD and PD while in HD,
schizophrenia and multi-infarct dementia the deficit is moderate (Godoy et al., 2014).
Moreover, Progressive supranuclear palsy disorder shows minor olfactory deficit (Doty,
2009). The olfactory deficit domain might depend on the type of neurodegenerative
disorder. Huntington’s disease has been found to be associated with olfactory
identification, detection and memory while AD affects early stage olfactory processes
such as olfactory identification and discrimination (Doty, 2009; Gilbert et al., 2004).
Moreover, Rahayel et at. (2012) suggested that olfactory detection threshold deficits are

observed in PD (Rahayel et al., 2012).

Olfactory function can be affected by biological, environmental, pathological and/or
incidental effects, factors that all may lead to a reduction in smelling efficiency (Doty,
2017). Molecular genetic risk factors may also play a role in olfactory dysfunction. The
apolipoprotein E epsilon 4 allele (APOE €4) is well recognised as a risk factor associated
with AD, and the presence of this genotype has been shown to be associated with
olfactory dysfunction (Bacon et al., 1998; Oleson & Murphy, 2015). Another genetic risk

factor that may alter olfactory function and/or cognition levels is Brain Derived
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Neurotrophic Factor (BDNF). This growth factor regulates the proliferation and the
survival of neurons’ olfactory receptors and is highly expressed in the brain. Studies have
shown that brain BDNF expression levels decrease with ageing (Hedner et al., 2010;
Simpson et al., 2002). BDNF expression levels are linked to cognition decline and
increasing BDNF expression may reduce pathological signs of AD pathogenesis
(Buchman et al., 2016).

In summary, the evidence reviewed above indicates that people should be aware
of the many conditions that can negatively affect their sense of smell and its neural
substrate and, if possible, avoid those circumstances or habits that might lead to damage,
since olfactory dysfunction can potentially put an individual’s life in danger and pose risks
for their surrounding communities. It is very important that individuals are aware of any
sense alteration, especially olfactory function, as it can potentially be the cause of close
or distant danger. Olfactory function can be weakened gradually and in stages until it is
completely lost or gradually returns to its normal functions when no permanent damage
has occurred. Thus, it is important to investigate, characterise and quantify deterioration
in the sense of smell and treat it in a prompt and appropriate way to prevent its permanent

loss.

2.4.2 Olfactory dysfunction in Ageing

In normal ageing, there is a decline in cognition and olfactory function. Decrease
in function in some of the olfactory domains has also been shown to increase the risk of

developing dementia (Karunanayaka et al., 2017; Miller et al., 2008; Wang et al., 2010).
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Indeed, there are suggestions in the literature that ageing is the strongest risk factor for
olfactory dysfunction even more than smoking (Doty, 2009; Doty et al., 1984). There is
an association between age and olfactory memory in the elderly as increasing age has
been found associated with poorer olfactory memory (Larsson et al., 2016). These
authors included 2280 participants in their study, aged 60-100 years old, and measured
olfactory memory, specifically odour recognition and odour identification, using the same
16 odour “Sniffin” test (Croy et al., 2015). In this test, after presentation of the stimulus
odours, in the odour recognition part of the test, the participants had to decide if the odour
were old or new and then they were asked to give a verbal description of the odour. If
they failed, they were provided with four written responses from which to choose the best
match. However, although time consuming and the long duration of the test which may
affect odorant memory retrieval, the test was not sensitive enough and did not classify
the degree of olfactory deficit. A study has also shown a significant association between
olfactory impairment and ageing (Bramerson et al., 2004). In this study, Bramerson et al,
(2004) investigated odour identification in 1387 participants using the Scandinavian
Odour Identification Test (Nordin et al., 1998) that includes 16 odorants only. The findings
showed that 19.1% of the participants had olfactory dysfunction identifying 13.3% with
hyposmia and 5.8% with anosmia, showing a significant association between olfactory
deficits and ageing and sex (male participants had worse performance). There is also
evidence of an age-related negative relationship in the deterioration of the sense of smell
and this can be found in all aspects of olfactory function, including smell identification,

smell detection and smell recognition (Mullol et al., 2012). Mullol et al, (2012) ran a cross-

60



sectional study that took the form of a survey to evaluate olfactory function among more
than 9000 general population newspaper readers of varying age (age range 5 to 91 years
old). However, the findings of this study are limited by the testing of odour detection, odour
memory (recognition) and odour identification (the ability to identify odorants) using only
four odorants. Not every elderly would definitely have olfactory deficits but the evidence
suggests that it is a common finding (Murphy et al., 2002). In their study, Murphy et al,
(2002) investigated olfactory function in 2491 participants aged 53 to 97 years and
concluded that olfactory impairment is common among older adults and increases with
age. The age point that represents the greatest risk for possible smell loss is not certain;
some research has indicated that smell identification ability starts to be altered after the
third/fourth decade of life, while other studies have suggested that decline starts in the
fifth/sixth decade, with other even suggesting that it might be a much later occurrence
with a start in the seventh decade of life (Bramerson et al., 2004; Doty et al., 1984; Seow
et al., 2016; Zhang & Wang, 2017). An fMRI study of normal healthy elderly showed that
decline can be detected before the age of 65 years (Wang et al., 2016). This fMRI study
was done on 43 health volunteers whose olfactory function was investigated using smell
identification (i.e. the ability to identify an odorant). A negative association between age
and olfactory related activation was found in regions that the authors defined as located
in higher-order structures in the central olfactory system, including bilateral dorsolateral
prefrontal cortex, left insular cortex and left orbitofrontal cortex, but not in the primary
olfactory cortex (Wang et al., 2016). However, loss of sense of smell, either partial or

complete, can occur at every age and this impairment could flag the presence of some
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serious medical condition. Indeed, In neurodegenerative disorders, especially
Parkinson’s and Alzheimer's disease, approximately 85-90% of cases experience

olfactory dysfunction in the earliest stage of the disease (Doty, 2009; Godoy et al., 2014).

Adams and her colleagues (2018) enrolled 2906 participants (age range 57 to 85
years) and in their report they suggested that older adults with normal cognition and
olfactory identification difficulties were at higher risk of developing dementia. Indeed, in
this study these authors showed that elderly individuals with olfactory dysfunction were
twice more likely to develop dementia within 5 years than those who had normal olfaction
(Adams et al., 2018). This study however, used a five-item olfaction test [Sniffin Sticks
(Lundstrom et al., 2003)] and participants who identified four or five odours correctly were
considered as normal, otherwise participants were classified as having an olfaction deficit.
There is also some suggestion that, among the elderly population with olfactory
impairments, ageing has a strong association with olfactory decline and this is more so
for men than for women (Doty, 2009). It is still not known why olfactory function declines
in ageing and it is not clear whether the causes of decline in ageing overlap with the
causes of olfactory dysfunction in neurodegenerative disorders or whether there is an
interactive effect between the two conditions. Importantly, the typical AD pathology
depositions that are found in the olfactory system (such as in the olfactory bulb) in the
brain of AD patients are not present in the olfactory system of cognitively healthy elderly
controls (Attems et al., 2005). Moreover, in animal lab models such as aged dogs and
aged monkeys, AD pathological depositions, such as tau and/or Amyloid-f3 deposits have
not been found (Attems et al., 2005; Hirai et al., 1996). Taken together, the available

62



evidence suggests, therefore, that decline in olfactory functions occurs for different

reasons in ageing and in neurodegeneration.

Olfactory function has also been found to correlate with the volume of the olfactory
bulb and cortical regions in healthy people (Tremblay et al., 2020). There is a strong
association between olfactory bulb volume and odour threshold sensitivity in healthy
control individuals since it has been found that a larger olfactory bulb volume correlates
with a higher odour detection sensitivity score (Turetsky, 2000). This finding was
confirmed in a subsequent study that found that there is a significant correlation between
olfactory bulb volume and olfactory function that is observed independently of age
(Buschhater et al., 2008). Buschhuter and their team studied the olfactory bulb of 125
randomly selected participants aged 19 to 79 years; they measured the volume of the
olfactory bulb and correlated it with participants’ scores on the olfactory threshold test,
odour discrimination test and identification test, determined using the Sniffin sticks test
(Hummel et al., 1997). However, this 16 odour discrimination test might be uncomfortable
because the subject may visualise the target pen or might be disturbed by the blindfold
(sleeping mask applied as blindfold) and the test could be culturally biased unless some
of the odorants are changed to adapt them to potential cultural differences in some of the
smells used (Langstaff et al., 2021). There are also several studies that measure different
olfactory-related brain regions. In their neuroimaging study, Yao et al, (2014) found that
people with olfactory loss, either anosmia or hyposmia, had low grey matter volume in the
primary and secondary olfactory cortex; the reduction was found in the Piriform Cortex
(PC), insular cortex (IC), the anterior cingulate cortex (ACC), the orbitofrontal cortex
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(OFC) and parahippocampal cortex (Yao et al., 2014). Another study indicated that
participants with anosmia (total olfactory loss) show lower grey matter volume in different
areas including the limbic system and smaller areas such as the piriform cortex, insular
cortex, hippocampus, parahippocampal gyrus and orbitofrontal cortex and more (Bitter et
al., 2010). The same study observed that the longer the duration of olfactory loss the

larger the atrophy found in relevant brain regions.

2.4.3 Olfactory Dysfunction in Alzheimer’s Disease

Olfactory dysfunction has been repeatedly reported in AD cases (Murphy, 2019;
Velayudhan, 2015) and it has been suggested that it might represent a preclinical sign of
this disease (Doty, 2009; Wilson et al., 2009; Wilson, et al., 2007). People with Mild
Cognitive Impairment (MCI) and patients with AD dementia show significantly poorer
abilities in olfactory identification when compared with healthy participants (significant
differences noted between groups in age, sex and education that indicated that groups
were not matched) (Seligman et al., 2013). One hundred seventy two patients with
probable AD, 112 MCI patients and 132 healthy control adults (aged 50 to 100 years)
were included in this study (Seligman et al., 2013). Odour identification ability was
assessed using the Sniffin’ Sticks Odour Identification test (Hummel et al., 1997) that
involves the presentation of 16 odorants with participants having to identify a specific
odorant among four multiple choice alternatives. Participants with Mild Cognitive
Impairment, that is said to be a prodromal stage of AD (Petersen et al., 1999), have also
been shown to achieve low olfactory identification scores (Bahar-Fuchs et al., 2011;

Westervelt et al., 2008). Impairment in olfactory function has been significantly associated
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with AD-related neuropathology burden in the brain (Sohrabi et al., 2012) and some
studies even suggest that olfactory dysfunction may be an early symptom of impending
AD. Doty (2009) stated that olfactory dysfunction has become recognised as one of the
earliest preclinical signs of AD and Parkinson’s disease (Doty, 2009). Moreover, Olofsson
et al, (2016) concluded in their study that the decline in long-term episodic memory in
their sample was accompanied by odour identification impairment (Olofsson et al., 2016).
When studying the association between olfactory function and cognitive function in the
ageing population, clinical studies and observational ones have found a significant
association between olfactory dysfunction and cognitive decline (Sohrabi et al., 2012).
Sohrabi et al, (2012) indicated in their study that odour discrimination was the best
significant predictor of cognitive decline after measuring a threshold of olfaction function,
discrimination and identification over a three year follow-up among 308 participants aged
46-86 years. These authors used the Sniffin Sticks battery including 16 odorants. They
concluded that age is significantly associated with cognitive function and olfaction;
olfactory discrimination impairment was the best predictor of future cognitive decline but
not olfactory identification (ability to identify an odorant). This study used three separated
Sniffin Sticks, but this type of olfactory measurement could be affected by any bacterial

contamination or visual effect if a participant sees the target stick.

In a different study, participants with MCI showed higher performance than AD
patients but worse than healthy controls in a test of smell identification (ability to identify
odorant) (Westervelt et al., 2008). This study examined odour identification using the 12-
item Brief Smell Identification Test. The study included patient with different mild
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cognitive impairment (MCI) subtypes: 17 participants with amnestic MClI, 46 patients with
amnestic-multiple domain MCI and 25 patients with non amnestic MCI, and compared
them with 44 AD patients and 21 healthy controls. Although olfactory function did not differ
among MCI subgroups, MCI participants showed lower olfactory function than controls

but better than those patients with AD dementia (Westervelt et al., 2008).

Overall, it has been suggested that the effect of age-related decline on olfaction is
much smaller than the effect of pathologies that lead to cognitive decline. Therefore, it
has been suggested that olfactory deficits are more likely to be the outcome of pathologies
that lead to cognitive decline rather than physiological ageing (Sohrabi et al., 2012).
Moreover, patients with AD are expected to have olfactory deficits early in the course of
the disease (Peters et al., 2003). Importantly, a study found that 36% of the elderly with
impaired olfaction were more likely to die earlier than those who had normal olfactory
function and that is because olfactory dysfunction is more frequently associated with
neurodegenerative diseases (Wilson et al., 2011). It has been reported in fact that
olfactory deficits can predict mortality in the ageing population. A longitudinal study
carried out in the USA, Pinto et al, (2014), included 3005 older adults aged 57-85 years
in whom olfactory function was determined. Over the 5-year-period of observation, it was
reported that mortality in people with anosmia (a stage of severe olfactory loss) was four
times higher than in people with normosmia (normal olfactory function). These authors
indicated that mortality associated with olfactory dysfunction was higher than that

associated with heart failure (Pinto et al., 2014).
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AD causes atrophy in a variety of different brain regions. It is, therefore, expected
that it might affect regions responsible for olfactory function as well, since some of the
main brain structures affected by AD early in the course of the disease are well connected
and receive projections from the olfactory cortex (Du et al., 2020; Tunnard et al., 2011).
The volume of the olfactory bulb reflects how effective an individual’s olfactory function is
and the volume of this structure decreases in AD patients from an early stage (Buschhuter
et al., 2008; Thomann et al., 2009). Thomann et al. (2009) measured the volume of the
olfactory bulb and tract only and found reduction in the volume of the olfactory bulb in
their sample that included 29 patients with mild cognitive impairment and 27 patients
fulfilling criteria for probable AD of mild severity, when these were compared with a control
group with no significant between group difference in age, sex and education and the
reduction was more pronounced in AD (Thomann et al., 2009). Sex differences in the size
of the regions of the olfactory system have also been reported (Oliveira-Pinto et al., 2014).
These authors studied the olfactory bulb of 7 males and 11 females that they obtained 8
to 18 hours post mortem. Their findings suggested that females have 40-50% more
neurons and non-neuronal brain cells in the olfactory bulb than males (Oliveira-Pinto et
al., 2014). These differences may have an impact on the effectiveness of olfactory
function of females and males and how their function is affected in the event of pathology.
There may also be an asymmetry in the way olfactory brain regions in the two brain
hemispheres may be affected by AD pathology, since there is evidence that indicates that
the left hemisphere is affected by AD neurodegeneration more than the right hemisphere

(Donix et al., 2013), especially in the earliest stages of the disease. Although
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neuropathological changes in the course of AD development are almost similar in both
hemispheres, the left hemispheric changes occur earlier in the course of the disease, are
more severe and precede change in the right hemisphere (Thompson et al., 2003). There
is, in fact, a body of recent findings supporting asymmetry in spreading of atrophy in the

early stages of AD (Thompson et al., 2003). In addition, there is also evidence that carriers

of the APOE €4 allele have smaller volume of the left hippocampus than the right

hippocampus when compared with non carriers and healthy controls (Pievani et al.,
2011). This asymmetry is likely to be also reflected in the degeneration of the olfactory
system that is said to occur early in AD (Christen-Zaech et al., 2003). There also is a
growing consensus that degeneration of these brain regions most likely begins decades

before clinical detection of AD symptoms (Vasavada et al., 2015).

Earlier research had also shown that, in addition to the APOE €4 allele being a

high-risk factor for AD, the presence of the APOE €4 allele is also associated with

olfactory decline in the elderly. In fact, Bacon et al, (1998) observed decreased odour

sensitivity among those people carrying a copy of the APOE €4 allele compared with

those without, even if they had significantly higher mental status scores than non carriers
(Bacon et al., 1998). Many areas of the brain that are involved in olfactory processing are
affected by AD since neurofibrillary tangles and neuritic plaques are found in many
regions related to olfaction in the brain of AD patients such as, for example, the olfactory

bulb and the anterior olfactory nucleus (Price et al., 1991; Wilcock, 1983). These
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biological factors may play a role in the decline of olfactory function such as the
accumulation of neurofibrillary tangles within the olfactory system. Neurofibrillary tangle
density is one of the pathological factors that have been seen as associated with olfactory
function in the old age population (Wilson, et al., 2007). Wilson et al’s study (2007) aimed
to detect olfactory dysfunction using the 12-items Brief Smell Identification test (Doty et
al., 1996) in an elderly sample of participants. The sample also included 77 brain
autopsies of those study participants who subsequently died. The findings suggested
that smell identification deficits in the elderly is due in part to the presence of neurofibrillary
pathology in the central olfactory regions particularly in the entorhinal cortex and
hippocampus (Wilson, et al., 2007). There also is additional experimental evidence that
olfactory dysfunction in AD is indeed induced by pathological changes in the tau protein
and is related to accumulation of neurofibrillary tangles (Bahar-Fuchs et al., 2010; Kovacs
et al., 2001; Ohm & Braak, 1987). There also is additional evidence from an animal model
that in AD, higher processing of the amyloid precursor protein (APP) occurs in the
olfactory epithelium (Kim et al., 2018). Higher processing of APP results in the presence
of B-Amyloid fragments and increasing of neurotoxicity especially in the presence of the
B-Amyloid 56 fragment (Kim et al., 2018). This transgenic mouse model study by Kim et
al, (2018) found that APP processing was higher in the olfactory regions, especially in the
olfactory epithelium more than in any other region of the brain of healthy control and
diseased samples from mice expressing the human amyloid- precursor protein when

compared with age matched animal controls. There also are other lesions that may be
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found in the olfactory system in the AD brain with or without tangle accumulation (Struble

& Clark, 1992).

Some studies have also indicated that deterioration in odour identification is a
particularly well known impairment in AD and can even predict progression from MCI to

AD dementia (Gray et al., 2001; Velayudhan, 2015). Moreover, older adults who are

carriers of the APOE €4 allele showed significant decline in odour identification over a 4

year time period (Calhoun-Haney & Murphy, 2005). Importantly, Oleson and Murphy

(2015) found that deficits in olfactory processing in individuals carrying two copies

(homozygous) of the APOE €4 allele and AD were significantly greater than in those who

carried only one copy (heterozygous) of the €4 allele or in non carriers individuals (Oleson

& Murphy, 2015). Additionally, carriers of the APOE &4 allele have also been shown to

have differences in age-related cortical thickness, brain network activity function and

cognitive decline in the absence of AD pathogenesis as well as showing age-related

memory decline earlier than non-APOE &4 carriers (Rodriguez et al., 2013).

Moreover, another genetic factor that plays a role in the integrity of the olfactory
system is the BDNF val66met polymorphism that modulates the intracellular trafficking
and the activity-dependent secretion of the brain-derived neurotropic factor (BDNF)
protein and importantly the met allele inhibits intracellular trafficking and regulation of the

BDNF protein secretion (Egan et al., 2003; Hedner et al., 2010). The BDNF supports
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neuron survival and transmission. (Poo, 2001). Evidence suggests that the BDNF is
involved in regulating the proliferation and survival of neurons responsible for olfactory
reception (Hedner et al., 2010; Simpson et al., 2002). Buchman et al., (2016) also found
that BDNF expression levels are linked to cognition decline and might potentially reduce
AD pathogenesis as a higher BDNF expression level was found associated with lower
decline in cognition in the ageing population. These findings were obtained in a sample
of 535 older adults whose cognitive status had been determined and for whom brain
autopsy after death had been carried out (Buchman et al., 2016). Importantly, the BDNF
val6émet variant appears to play a role in the disruption of neurogenesis of the olfactory
bulb as there is a lower expression level of BDNF and its receptors that was observed in
knock-in mice containing a variant form of BDNF (a valine (Val) to methionine (Met)
substitution at position 66 in the BDNF (Val66Met)) model study (Bath et al., 2008). Bath
et al's study (2008) identified BDNF as critical for the functioning of the olfactory system
as it regulates migration and survival of new-born neurons in the adult brain and this study
reported that this genetic mutation leads to an impairment in activity-dependent BDNF

secretion.

2.4.4 Measuring olfactory function:

There are different types of tests for measuring olfactory functions. The type of test
depends on the olfactory domain that needs to be tested. Some tests are for odour
identification, discrimination and memory, cognition or detection threshold. The olfactory

identification test requires the participant to name correctly olfactory stimuli with/without
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alternative choices, while olfactory discrimination and memory tests require the
participant to identify the odour stimuli out of a set of other similar odorants following a
brief delay (Rahayel et al., 2012). The olfactory threshold test measures the minimal
concentration needed for the participant to detect an odour stimulus while the recognition
test requires the participant to identify the odorant presented out of several choices after
a certain time delay (Rahayel et al., 2012). A variety of commercial olfactory tests have
been widely used for decades (table 2.4.3). The domains of olfactory Identification,
discrimination and memory are well established as being affected in the early stage of AD
(Fusetti et al., 2010) and there is evidence suggesting that olfactory identification and
discrimination require higher working memory with judgment and decision making abilities
(Sohrabi et al., 2012) indicating that these domains as best predictors of future cognitive
deterioration. Moreover, some studies have shown that participants with MCI and AD
have poor olfactory identification abilities(Seligman et al., 2013). Other authors have
suggested that the odour identification and recognition domains are those olfactory
abilities mostly affected by AD while olfactory threshold is mostly affected by PD (Rahayel

etal., 2012).
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Table 2.4.2: Different type of olfactory function.

Olfactory test name Nu_mber of Olfactory domain
items
Smell Identification Test (UPSIT) (Doty et al., 1984) 40 items Identification
Odour Discrimination/Memory Test (Choudhury, 12 items Discrimination and memory
2003)
Sniffin’ Sticks Test (Hummel et al., 1997) 33 items Threshold, discrimination and
identification
Brief Smell Identification Test (Doty et al., 1996) 12 items Identification
iffin” TOM (test of od .

Sniffin” TOM (test of odour memory) (Croy et al., 16 items Recognition
2015)

Quick Smell Identification Test (Jackman & Doty, 3 items Identification
2005)

Pocket Smell Test (Duff et al., 2002) 3items Identification

2.4.5 Brain imaging:

A range of imaging techniques can be used to measure the brain. Different
neuroimaging techniques such as structural MRI or functional MRI or
Magnetoencephalography MEG have been used in research to predict ageing and/or
diseases including olfactory dysfunction. Each technique has advantages and
disadvantages. MRI is the most widely used technique to image the brain due to its
greater spatial resolution. In fact, MRI can visualizes deeper cortical regions. T1 weighted
image signal intensity might be changed in the brain structure due to the change in the
brain tissue composition with age (Xifra-Porxas et al., 2021). MEG has a higher temporal
resolution and offers a good combination of spatiotemporal resolution given that signal in
the magnetic field propagates with very little attenuation and distortion (Baillet, 2017).

This technique is sensitive to the electrochemical current flows in and between brain cells.
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fMRI measures the level of blood-oxygen-level-dependent (BOLD) signal change. This
technique has been used to predict age and disease related BOLD signal changes when
performing a task but this method is limited because the hemodynamic response function
is slow which makes the time resolution very poor in relation to when a neural event has
occurred but this can be resolved (Smith et al., 2011). Even if the fMRI technique has
been developed 20 years later than MEG, the use of fMRI in research studies is eight
times higher than MEG (Baillet, 2017). fMRI can detect the overall change in energy
consumption between two conditions with millimeter precision, while MEG reveals highly
synchronized neural activities with millisecond resolution (Liljestrom et al., 2009).
Clinically, MRI and fMRI are vastly used and relied on in neurology and psychiatry

(Engemann et al., 2020).

It would be more beneficial to combine two or more neuroimaging techniques in a
study. For example Xifra-Porxas et al. (2021) demonstrated in their study that combining
structural MRI with MEG to obtain functional information would lead to a better prediction
of brain ageing (Xifra-Porxas et al., 2021). Another study combined MRI, fMRI and MEG
and suggested that MEG and fMRI both substantially improved age-prediction when

combined with anatomical MRI (Engemann et al., 2020).

All of the above in this chapter suggests that it is important to investigate olfactory

dysfunction in AD as it might reveal early pathological changes. This claim is supported

74



by a variety of evidence including findings of early atrophy in brain regions of the olfactory

system, evidence from APOE €4 carriers who are at increased risk of developing sporadic

AD and who also show greater olfactory function decline, and evidence of poorer olfactory
function scores in AD patients when compared with healthy controls.

There are several studies of the sense of smell in patients with Alzheimer's disease
or the elderly, but there are fewer studies on whether olfactory impairment can predict the
decline of cognitive ability in the elderly. Moreover, most studies have investigated a
single olfaction domain such as smell identification, but very rarely studies have applied
multiple olfaction test measurements including self-report and tests of odour identification
and odour discrimination/memory. In research in this field, a lot of studies rely on self-
reports using a questionnaire with questions about olfaction abilities and built up their
outcomes and findings based on self-ratings of individuals’ olfactory abilities.

A very limited number of original research studies have tested the reliability of
measurements acquired with an olfaction self-report questionnaire as a measure of
olfactory abilities in the elderly population. It is also the case that very rarely studies have
looked at olfactory abilities as predictors of cognitive decline, especially of Alzheimer’s
disease. Importantly, the accuracy of the test/tests used to measure olfaction is crucial
when investigating olfactory function, especially in a clinical context or when the measure
might be used as a predictor of disease. A large meta-analysis study investigated the
prevalence of olfactory dysfunction in the healthy general population and the usefulness
of different types of olfactory assessment in the detection of olfactory dysfunction. The

study revealed that the prevalence of olfactory dysfunction was greater when using
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expanded olfactory identification tests compared with when only brief olfaction tests were
used (Desiato et al., 2021). This study that included 175,073 participants (age range from
18 to 101 years) detected a 22.2% prevalence of olfactory dysfunction. The interesting
finding was that prevalence of olfactory dysfunction was greater when objective olfactory
tests were used than when subjective olfactory assessments, such as olfactory
questionnaire tests or olfactory self-reports, were used (Desiato et al., 2021).

There are numerous studies that have investigated brain volume and atrophy in
the elderly, as well as in patients with Alzheimer's disease and/or mild cognitive
impairment. However, only few studies have focused on volumetric/atrophy assessment
of all brain regions that are involved in processing of sense of smell in all age groups from
young, middle-aged and elderly, as well as in patients with Alzheimer's disease dementia
or in patients with mild cognitive impairment (Fleisher et al., 2008; Scahill et al., 2003; Yu
et al., 2019). Moreover, there are many studies that have measured the size of a specific
olfactory area in the brain, such as the olfactory bulb or the entorhinal cortex (Devanand
et al., 2012; Thomann, et al., 2009), but there are no comprehensive studies of all
olfaction-related brain regions. Therefore, there is a gap of knowledge that leads to new
investigations needed to establish a comprehensive evaluation of all these olfaction-
related regions of the brain to clarify the extent to which all olfaction-related brain regions
are affected by ageing—related and disease related alterations. It is very important,
however, to illustrate which olfactory-related brain regions are more effected by the
physiological process of ageing and which are instead more susceptible to pathological

processes as those associated with MCI and AD. This approach should clarify whether
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selective brain regional volume decreases occur as a result of deterioration of olfactory
abilities decline or whether there are other pathological processes involved in the
involution of olfaction-related brain regions. Clarifying the extent of healthy and disease
related volume loss in olfaction-related brain regions might have an impact on the clinical
application of olfaction deterioration for the early identification of neurodegenerative
conditions. These measurements can help in diagnosis, disease monitoring and

evaluation of potential treatments.
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Chapter 3: Aims and objectives

Background

Neurodegenerative diseases can manifest early with different types of symptoms
stemming from different types of brain alterations. Olfactory dysfunction is one of these
alterations and can occur as a result of Alzheimer’s disease, Huntington’s disease,
Parkinson’s disease, pathologies all causing cognitive decline. An assessment of the
brain olfactory regions in the usual diagnostic clinical pathway for ageing might have a
potential impact on detection of early signs of neurodegenerative diseases that would
otherwise go unnoticed. Understanding the signs and symptoms of cognitive decline due
to Alzheimer’s disease helps clinicians to predict and follow the disease from its earliest
stage to understand its course more fully, potentially modifying its course or mitigating its
effects on cognition, having, therefore, more opportunities to reduce the risk of developing

dementia in those people who have the disease.

In this thesis, the experimental studies will focus on the assessment of olfactory
functions in healthy older adults with no known symptoms of dementia to establish
whether self-assessment of olfactory function is a reliable measure to detect olfactory
dysfunction in the elderly population (experiment 1). | will also assess this against
objective measures of current olfactory function (experiment 2). In a larger study including
three cohorts, | will compare the olfactory cortex volume (OCV) and hippocampus and

surrounding regions volumes in younger age, middle age and elderly healthy adults to
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establish the effects of physiological ageing on these brain regions (experiment 3). An
additional study will compare olfactory cortex volume and hippocampus volume in a group
of older adults and a group of patients with Alzheimer’s disease to establish consistency
of findings in olfactory cortex degeneration and whether any asymmetry in regional
neuronal loss is observed (experiment 4). In the final experiment | will compare the
regional volumes of the olfactory cortex and of regions of the hippocampal complex in
groups of older adults and two groups of patients with Alzheimer’s disease (AD) who will
be either at prodromal stage (i.e. Mild Cognitive Impairment (MCIl)) or at the mild stage of

Alzheimer Disease dementia (experiment 5).

Aim 1: To test the hypothesis that assessment of olfactory function is a useful tool to
detect the early stage of AD and establish whether self-assessment of olfactory function

is a reliable measure of actual olfactory dysfunction in older adults

Objectives:

1. To demonstrate whether self-awareness of olfactory functions is a suitable method
of assessment of actual olfactory function by comparing self-report measures with
objective scores obtained on a quantitative olfactory test (see chapter 4,
experiment 1).

2. Quantitative assessment of olfactory function in the ageing population using the
University of Pennsylvania Smell Identification Test (UPSIT) (Richard L Doty,

1995) and Odour Discrimination and Memory Test (ODMT) (Doty, R. L., 2003), two
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olfactory function tests, to test whether there is a link between olfactory dysfunction

and decline in cognition (see chapter 4, experiment 2).

Assessment of olfactory dysfunction has been suggested as a promising marker
and critical diagnostic means to detect the early stage of many neurodegenerative
disorders (Christen-Zaech et al., 2003; Djordjevic et al., 2008; Doty, 2012). To achieve
the first aim of this thesis the second study was designed to determine whether there is
an olfactory deficit among the ageing population and if this correlates with cognitive
dysfunction. The data were stratified by age, sex and smoking history. The olfactory
protocol included a self-report assessment, quantitative testing of olfactory abilities
including measures of odour identification, odour memory and odour discrimination and
other tests to measure cognitive abilities. Self-reported and quantitative measures of

olfactory abilities were used to test the level of individuals’ awareness of their own skills.

Aim 2: To test whether volumetric assessments of the olfactory cortex, hippocampus
volume and associated cortical areas involved in aspects of odour processing, odour
emotional memory and odour recognition can reliably detect abnormal levels of cognitive

decline indicative of early stage AD.

Objectives:

1. To assess whether the olfactory cortex and areas associated with odour

processing show volumetric loss of differing trajectories as a result of the normal
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process of ageing or in association with neurodegeneration of the Alzheimer type
(see chapters 4 and 5, experiments 3, 4 and 5).

2. To assess whether there is a correlation between volume of the olfactory cortex
and related areas, and cognitive performance (see chapter 4, experiment 3).

3. To assess whether trajectories of volume loss in the olfactory cortex and areas
associated in odour processing differ by sex (see chapter 4 and 5, experiments 3

and 5).

4. To assess whether there is an effect of the APOE €4 genotype and whether any

effect on volumetric measurement is dose dependent (see chapters 4 and 5,

experiments 3 and 5).

Neuroimaging studies have repeatedly shown brain abnormalities in AD with
significant reduction in the volume of the hippocampus in AD and MCI when compared
with healthy controls (Chetelat & Baron, 2003; Shi et al., 2009). To achieve the second
aim of this study we included younger cognitively healthy individuals, middle age
cognitively healthy individuals, cognitively healthy older adults, individuals with Mild
Cognitive Impairment and patients with mild to moderate probable Alzheimer’s disease
dementia from the Sheffield Ageing and Dementia Database (SADD). A three
dimensional MRI scan of the brain was used to derive volumetric indices of olfactory

regions and of other regions involved in odour processing together with scores from

cognitive tests. For a subgroup of participants genetic status for the APOE &4 allele was

also used.
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The findings of this experimental work will clarify which volumetric neural regional
loss in olfaction related regions is related to the process of physiological ageing and which
is more specific of neurodegeneration of the Alzheimer type and in this latter case in which
regions the effect of neurodegeneration is already detectable at the MCI stage. The study

will also establish whether degeneration of olfactory related regions is more pronounced

in the presence of the APOE €4 allele.
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Chapter 4: Olfactory dysfunction and cognition
decline in ageing population

41 Experiment 1: Unawareness of olfactory dysfunction in older
adult.

4.1.1 Introduction

Deterioration of olfaction is a common phenomenon observed in the older adult
population. A number of factors may cause this deficit including infections, ageing and
neurodegenerative diseases. From a phylogenetic perspective, olfaction is deemed one
of the oldest sensory systems in mammals (Brattoli et al., 2011). Often taken for granted,
the sense of smell is of crucial importance. Although olfaction may appear to have less
importance in identifying objects or people compared to vision, this sense plays a crucial
social and emotional role that affects an individual’s taste and food preferences daily
(Sarafoleanu et al., 2009). Furthermore, olfaction represents a strong asset when it
comes to detecting danger through odours such as gas leaks and/or other toxic fumes,
smoke and rotting food. Strong evidence indicates that olfactory dysfunction occurs with
ageing (Zhang & Wang, 2017). From this perspective, olfactory dysfunction is a major
public health concern and highlights that 1) measures need to be put in place to alleviate
these dangers and 2) olfactory therapy should be considered for older adults.

Several factors have been identified that may cause olfactory dysfunction including
stroke, viral infections and ageing (Doty, Shaman, Applebaum, et al., 1984; Lee et al.,

2014; Wehling, Naess, et al., 2015). Other factors implicated in the loss of olfactory
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function include air-flow and mucous composition, structure of the olfactory
neuroepithelium and bulb, and olfactory processing in the brain (Alves et al., 2014). The
deterioration of smell due to age is often gradual and therefore not noticeable by the
affected individual. Many older individuals with microsmia (decreased smell detection
ability) are completely unaware of their olfactory dysfunction (Schiffman, 1993; Wehling
et al.,, 2011; White & Kurtz, 2003). In addition, many people suffering from olfactory
dysfunction tend to mistake their impairment for a loss of sense of taste rather than for a
loss of sense of smell (Doty et al., 1987).

A study carried out in Sweden and Norway, which included healthy participants
between the age of 45-79 years, has demonstrated that unawareness of olfactory
dysfunction is frequent in older adults who have healthy cognitive abilities established
with a comprehensive neurological assessment (Wehling, Lundervold, et al., 2015).
These authors demonstrated that 79% of individuals, who claimed to have no olfactory
dysfunction, actually had olfactory impairment (57% had anosmia, i.e. complete loss of
olfaction). In a similar study, conducted in the United States on adults aged 53 to 79 years,
only 20% of participants who suffered from anosmia were aware of having problems with
olfaction (Murphy, 2002). The general consensus in the literature, based on the limited
studies conducted thus far, supports the hypothesis that older adults are unaware of their
olfactory impairment (Landis et al., 2003; Nordin et al., 1995; Wehling et al., 2011).
However, there are some studies that have demonstrated that elderly individuals were

able to estimate their olfactory function (Rawal et al., 2014, 2015).
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There also is substantial evidence in the literature that has shown that olfactory
dysfunction is observed in several neurodegenerative diseases, such as Alzheimer
disease, Huntington disease, Stroke and Parkinson disease among others (Doty, 2017).
Importantly, several studies suggest that olfactory dysfunction may represent an early
predictor of future cognitive impairment (Barresi et al., 2012; Devanand et al., 2000;
Growdon et al., 2015). Indeed, olfactory impairment is currently seen as one of the top
predictors of impending PD and is observed in Mild Cognitive Impairment (MCI), a
potential precursor of AD (Liepelt-Scarfone et al., 2013; Picillo et al., 2014). This evidence
highlights the importance of establishing robust tests that might reveal a smell disorder in
an older individual.

Importantly, unawareness of olfactory problems may lead to malnutrition and
depression (Cook et al., 2017; Temmel et al., 2002). In addition, affected individuals will
not be able to access their olfactory memories, a factor that may contribute to the
development of depression (Zucco & Bollini, 2011). This latter becomes a prominent
concern considering that the presence of depression in individuals with MCI more than

doubles the risk for progression to AD dementia (Boyle et al., 2006).

Aim and hypothesis of the study

Aims of the study
The aim of this retrospective study was to determine if olfactory self-reporting is a

reliable method to determine olfactory function in the older adult population as there is
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limited information in the literature on the assessment of this sensory ability. To achieve
this aim, an ageing population in the province of Quebec was assessed and their
performance on a self-evaluation method was compared with that achieved on a
quantitative evaluation of olfaction in this same population. This study evaluated the
reliability of the olfaction self-report questionnaire as a measure of olfactory function in
older adults and investigated self-awareness of olfactory function among elderly people
since there is strong evidence that has demonstrated that olfactory decline occurs with
ageing.

Hypothesis of the study

We hypothesised that olfactory function self-report is not an appropriate method of
assessment to measure olfactory function and that elderly individuals will show lack of
self-awareness of their olfactory dysfunction. Moreover, we hypothesized that olfactory

dysfunction would be very common among the elderly population.

4.1.2 Method and materials:
Participants

A total of 93 individuals, 50 females (age range 80-95 years), 43 males (age range
80-93 years) from Sherbrooke, Laval and Montreal Quebec, agreed to participate in the
clinical sub-study entitled Olfactory Response and Cognition in Aging study (ORCA)
(Fig.4.1.1). The participants were recruited from the large database of the Quebec
Longitudinal Study on Nutrition and Successful Aging (NuAge) in which only healthy and

cognitively fit older adults (>67 years of age) were included (Gaudreau et al., 2007). The
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NuAge study recruited 1,793 individuals who were followed up longitudinally and

assessed annually between 2004-2008.

Recruitment procedures

NuAge applicants filled in self-report forms about their olfactory state each year
from 2004-2008 (T1-T4). The questionnaire included the following questions: “Do you
have problems with your sense of smell? Such as decreased smell perception or smelling
non-appropriate odours. Response options: “No”, “Yes”, “I don’t know” and “If yes, which
one? Complete loss of sense of smell, partial loss of sense of smell, smelling non-
appropriate odours, or | don’t know”. For the ORCA study, initial calls were made to the
previous NuAge participants asking if they would consider being involved in other studies
and/or the ORCA sub-study. For those who agreed to be involved, the telephone Mini
Mental State Examination (t-MMSE) (Newkirk et al., 2004) was done. In order to include
only cognitively healthy older adults, only the ones who scored =18 were enrolled into the
ORCA sub-study. Letters were then sent out to each individual asking them to confirm if
they wanted to take part in the study. The letter included a self-report olfaction
questionnaire (identical to the original NuAge self-report) in which they gave information
about their current olfactory state (2015) and a consent form. All the participants signed
a consent form in their native language. This study received ethical approval by the
Research Centre of Aging Ethical Committee (Quebec REB 2015-477). In 2015/2016, 93

of these participants, who now make-up the ORCA sample also completed a second self-

report (2016) in the presence of an evaluator and were also assessed at that time with
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the University of Pennsylvania Smell Identification Test (UPSIT) (see figure 4.1.1 for a

graphical representation of the time-points of assessment).

ORCA
NuAge |
I 1
I
| | t-MMSE Ut'::T
T1 T2 T3 T4
2004 2005 2006 2008 TS5 T6
2015 2016

111 T
Self-report : Do you have problems with the sense of smell?
Such as decreased smell perception or smelling non-appropriate
odors. Response options: “No”, “Yes”, “I don’t know” and “If yes,

which one? Complete loss of the sense of smell, partial loss of
the sense of smell, non-appropriate odors, or | don’t know”.

Figure 4.1.1: Experimental design of the ORCA study. The self-report was completed at all time-points
(NuAge study: T1- T4, ORCA: 2015 and 2016). The last self-report (2016) was done at the same time as the
University of Pennsylvania Smell Identification Test (UPSIT) with an examiner.

The characteristics of the participants are presented in Table 4.1.1. The staff who
conducted the interviews were trained and familiar with the olfactory tests used. A $10
compensation was given to each participant to cover incidentals such as parking or public
transport costs.

Olfactory evaluation
Participants who agreed to take part in this study were contacted by telephone to

arrange for quantitative olfactory testing. The quantitative evaluation used is the current

gold-standard test for quantitative assessment of olfaction - the UPSIT. The UPSIT is
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commercially available as the Smelling Identification Test (SIT, Sensonics, Inc.) and is
the most widely used quantitative olfactory test (Doty, 2017). The UPSIT contains four
booklets with a total of 40 different odours. Each smell is sealed in 50 ym of urea-
formaldehyde polymer micro-encapsulated attached to a sole binder and positioned on a
brown strip. When the brown strip is scraped with a lead pencil, the smell is released. The
participant must provide the most appropriate answer between four forced choice
alternatives. The test is rated on a maximum score of 40, and determined score ranges
correspond to a different olfactory diagnostic category. For women, a score range of 35-
40 corresponds to normosmia, of 31-34 to mild microsmia, and of 26-30 to moderate
microsmia. For men, a score range of 34-40 corresponds to normosmia, of 30-33 to mild
microsmia and of 26-29 to moderate microsmia. For both sexes, a score range of 19-25
corresponds to severe microsmia, of 6-18 to total anosmia and of 0-5 indicates probable

malingering.

Statistical analysis

The results of the qualitative and quantitative olfactory tests were first collected by
the examiner who carried out the assessment. These results were then re-checked twice
by two other examiners. The qualitative results taken in 2015/2016 were compared with
those taken between 2004 and 2008 (T1 - T4), and then compared with the quantitative
results. Additionally, the results obtained in 2015 were also compared with those obtained
in 2016. All statistical analyses were carried out with Graphpad Prism 7 software.

Cochran’s Q tests were used to compare frequencies of self-report answers in time, and
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chi-square tests to compare frequencies of self-report and objective assessment between
sexes. Independent sample t test (age, education and raw UPSIT) and Chi square
(smoking status) were used to compare the characteristic of men vs. women as shown in
Table 4.1.1 The level of significance was set at p<0.05. The measure of the sensitivity
and specificity of self-report assessment was calculated by comparing the self-report

results with the olfactory status evaluated by the UPSIT score.

4.1.3 Results:

The study population had no significant difference in age between males and
females while there were differences between males and females in education and
smoking as shown in table 4.1.1.

Table 4.1.1: Descriptive characteristics and summary demographics, smoking status and scores on the

UPSIT in the study sample.

Variable Women Men p value
(Mean t SD) (Mean + SD)
Age 85.8+3.8 85.4+3.9 0.58
Education (years) 12.5+4.0 15.7+4.2 0.0004***
Smoking N N 0.009**
non smoker 31 15
Former smoker 19 28
Current smoker 0 0
UPSIT 27.6+6.8 25.3+5.1 0.07

SD: standard deviation. N: number of participants.

The results of the 2015/2016 quantitative olfactory tests are shown in (Table 4.1.2)
According to the quantitative data obtained in 2015/2016, 94% (87/93) of participants

experienced some form of microsmia [mild (24%), moderate (29%) or severe microsmia
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(29%) or total anosmia (12%)] (Table 4.1.2, Fig. 4.1.2 A). Even taking into account only
the most severe forms of microsmia (moderate, severe microsmia and anosmia) that are
those most likely to affect safety and quality of life, the percentage was still quite high
(70%, 65/93). Data were also compared between the two sexes. The distribution of
olfactory status was not significantly different between men and women in this population
(Fig. 4.1.2 B, Chi-square p=0.074). However, the percentage of individuals who suffered
from mild microsmia was 18% higher in women, while the percentage of severe

microsmia was 24% higher in men.

Table 4.1.2. Participants stratification by qualitative (2015 self-report, done by the participant alone

not in front of the examiner) and quantitative (UPSIT) levels of olfaction status expressed in percentage.

UPSIT Women UPSIT Men

OLFACTION DIAGNOSIS self-report (n=50) (N=43) Total (N=93)
Answer Age (80-95) Age (80-93) age (80-95)
No 6 (3/50) 2.3 (1/43) 4.3 (4/93)
Normosmia (%) Yes 4 (2/50) 0(0/43) 2.2(2/93)
| don’t know 0 (0/50) 0(0/43) 0(0/93)
No 24 (12/50) 16.2 (7/43) 20.4 (19/93)
Mild microsmia (%) Yes 2 (1/50) 0(0/43) 1.1(1/93)
| don’t know 2 (2/50) 0(0/43) 2.2(2/93)
Moderate microsmia No 28 (14/50) 23.3(10/43) 25.8(24/93)
(%) Yes 2 (1/50) 0(0/43) 1.1(1/93)
| don’t know 0 (0/50) 4.7 (2/43) 2.2 (2/93)
No 12 (6/50) 37.2(16/43)  23.7(22/93)
Severe microsmia (%) Yes 4 (2/50) 2.3 (1/43) 3.2 (3/93)
| don’t know 2 (1/50) 2.3 (1/43) 2.2 (2/93)
No 6 (3/50) 7 (3/43) 6.5 (6/93)
Anosmia (%) Yes 6 (3/50) 2.3(1/43) 4.3 (4/93)
| don’t know 0 (0/50) 2.3 (1/43) 1.1 (1/93)
Total (%) 100 100 100
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Figure 4.1.2: Frequency of different levels of olfactory dysfunction among older adults. A) 94% (87/93)
of participants have some level of microsmia (males and females combined). B) No difference in the
distribution of olfactory status is observed between sexes. (UPSIT result).
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The quantitative UPSIT olfactory scores were then compared with the responses
on the self-report questionnaire. In sharp contrast to the quantitative results, the
qualitative self-report of 2015/2016 demonstrates that 81% (75/93) of participants claimed
that they did not experience any problems with olfaction (Fig. 4.1.3 A). Within these 75
individuals, 95% (71/75) had some form of microsmia. It is worth mentioning that 91%
(10/11) of participants who claimed to have olfactory dysfunction did actually have a form
of impairment when assessed with the UPSIT. In addition, 7 out of 93 participants
reported that they did not know whether they had any olfactory impairment and 6 of those
individuals had microsmia.

We also looked at the distribution of the different olfaction statuses in those
participants who claimed not to experience any olfactory dysfunction split by sex (Fig.
4.1.3 B and 4.1.3 C) For females, 76% responded that they had no olfactory impairment,
however, 92% (35/38) had deficits as detected by the UPSIT. Specifically, only 8% (3/38)
had a normal olfaction status, while 32% (12/38) had mild microsmia, 37% (14/38) had
moderate microsmia, 16% (6/38) had severe microsmia and 8% (3/38) had total anosmia
(Fig.4.1.3 B, Table 4.1.2). We found a similar situation in the male population, with 86%
declaring no deficits when in fact 97% (36/37) did experience problems with smell when
tested with the UPSIT. In males, only 3% (1/37) had normal olfactory function, while 19%
(7/37) had mild microsmia, 27% (10/37) had moderate microsmia, 43% (16/37) had
severe microsmia and 8% (3/37) had total anosmia (Fig. 4.1.3 C, Table 4.1.2). Of note,

in the group who claimed that they did not experience any problems with smell, the
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difference in the frequency of microsomia between men and women was not significant

(p=0.11).
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Figure 4.1.3 Unawareness of olfactory dysfunction is not sex related. A) Distribution of the self-report
assessment and UPSIT results in all participants (males and females combined) who answered “No”. B)
Distribution of the self-report assessment and UPSIT results in women who answered “No”. C)
Distribution of the self-report assessment and UPSIT results in men who answered “No”’.
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These results demonstrate that while the majority of individuals in our sample
claimed not to have any problems with smell, they actually had different forms of
microsmia. The overall sensitivity of the self-report assessment was 12.3% and the
specificity was 80%.

Individuals’ self-report assessment of their olfactory function was then evaluated
longitudinally across the different assessment time-points, i.e. 2004 to 2008 (T1-T4), and
2015/2016 (Fig. 4.1.4). Fluctuations in the percentages of individuals who reported “no”
to the question “do you suffer from any problems in smell” did not change significantly
over the years (Cochran’s Q test, p=0.11). The number of individuals reporting no
olfactory dysfunction represented the majority of the participants (81% in 2015). The
results of the self-reports done in 2015 and 2016 were also compared to see if the
presence of an examiner affected the answer of the participant. Although overall there
was no significant variation between the answers in 2015 and 2016 (Cochran’s Q test,
p=0.74) (figure 4.1.5), there were some individual variations of note. Indeed, 5 of the 11
individuals who reported a problem with smell in 2015 changed the answer to “No” when
an examiner was present. Interestingly, one of these participants reported a complete
loss of smell in 2015. Of note, only 4 of the individuals who reported no problem with
sense of smell in 2015 changed their answer to yes in 2016 in the presence of an
examiner.

The consistency of the self-report responses was examined by analysing the
proportion of individuals who maintained the same response on their olfactory self-report

over time. It may be expected that the elderly participants would change their answer
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from “no” to ” yes” to the question “do you suffer from any problems in smell” as their
olfaction may decline over time. However, the percentage of participants who answered
“‘No” at T1 and maintained their response significantly dropped overtime (64 participants
over 73 maintained their response until T5. Indeed, 88% of the participant who responded
“no” at the first time-point (T1) maintained their answer throughout the 5 time-points. In
sharp contrast, only 1 out of 8 participants who responded “yes” maintained their answer
throughout the years. Although almost all the participants who responded “yes” changed
their answer over the years, the variation over time was not significant. This may be
explained by the small proportion of individuals who claimed to have an olfactory problem

in the self-report assessment (Cochran’s Q test, “no” p=0.001; “yes” p=0.1).
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Figure 4.1.4: Percentage of self-reporting rates on the state of olfaction of participants: no change is
shown between 2004 and 2016. The percentage of individuals who reported no olfactory deficits
remained relatively stable over time. For the purpose of the statistical analysis, the answer ‘l don’t know’
were discarded from the analysis.
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Figure 4.1.5 The Distribution of reporting rates on the state of olfaction of participants: no change
when an examiner was present (as shown in T6) or when the examiner was not present (as shown in
T5) in response to the self-report.

4.1.4 Discussion

Based on the findings on the quantitative olfactory test (UPSIT), these results
demonstrate that 94% (87/93) of the older adult participants in our study had measurable
olfactory problems. In contrast, the result of the self-report questionnaire in 2015 (5T)
demonstrates that 81% of participants claimed not to suffer from any problems with
olfaction. Furthermore, the majority of the participants who appeared to be aware of their
olfactory dysfunction in 2004, subsequently changed their answer about the status of their
olfactory ability as they became unaware of having an impairment. Additionally, our
results show that unawareness of olfactory dysfunction is not sex related. The fact that
humans undergo a gradual decline in olfaction with age may make them less aware of

their loss over time (Doty, 2017; Krajnik et al., 2015; White & Kurtz, 2003). Indeed, the
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objective of this study was to determine whether unawareness of olfactory impairment is
a common problem in cognitively well-functioning older adults. Furthermore, the goal was
to evaluate the reliability of olfactory self-report questionnaires as a way to determine
olfactory capabilities among the elderly in the clinic. These objectives were achieved by
comparing a qualitative test of olfaction with a quantitative test (UPSIT) of this function in
participants aged 80 to 95 years. Despite the relatively high specificity (correct
identification of normosmia) of self-reports (80%), the sensitivity (correct identification of
olfactory dysfunction) was very poor (12%) suggesting that self-report questionnaires are
not a reliable way to detect olfactory impairment among the older adult population.
Similar to other studies, the results of the present study demonstrate that the
majority of elderly individuals have olfactory deficits (Murphy, 2002). However, what is
more alarming is that 69% (95% if we include mild microsomia) of the participants who
claimed to have no olfactory dysfunction were not aware of their actual olfactory
impairment. There is a lack of reports on the association between self-report measures
and objective measures of olfaction. This might be due to the fact that the majority of the
studies on olfaction in the elderly used a single item self-report (Wehling et al., 2011;
Wehling, et al., 2015; White & Kurtz, 2003). However, there are some studies on olfactory
awareness that have uses multiple questions self-report (Djordjevic et al., 2008; Rawal et
al., 2014; Wehling et al., 2011). Interestingly, it has been shown that, in general, older
individuals are not more likely to make errors in the estimation of their faculties than
younger individuals. However, they tend to overestimate their olfactory abilities, while the

younger population is more likely to underestimate them (White & Kurtz, 2003). This
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represents a significant practical danger for older adults as more than 32% of women and
16% of men over the age of 65 years were living alone in 2011 according to statistics in
Canada (Canada, 2012) and may be exposed to several risks in everyday life.

It should be noted that from 2004 to 2016, only 10% of the participants switched
their answer from no to yes. In the opposite direction, 45% of participants changed their
statement from yes to no, a rather significant change. The proportion of the participants
who maintained the same answer through the years was also compared. 86% of the
participants who answered ‘no’ in other assessments maintained their answer (10%
changed their answer to ‘yes’ and 5% to ‘| don’'t know’). However, only 27% of the
individuals maintained ‘yes’ as an answer throughout the years (45% changed their
answer to ‘No’ and 27% to ‘I don’'t know’). This may be explained by the fact that
unawareness of olfactory dysfunction is common in older people and is not improving with
increasing age. The fact that 72% of the participants have disowned their olfactory
problems after a few years may seem counter-intuitive. However, this may be due to a
deterioration of their olfactory memory since the majority of this specific subgroup of
participants (7/11) seemed to suffer from anosmia or a severe form of microsmia. In other
words, even though these participants had previously acknowledged their olfactory
impairment, subsequently they appeared to have forgotten that they had microsmia.
These results suggest that self-reports are a very subjective measure of olfactory abilities
and it is neither sensitive nor specific enough to reflect the true olfactory status of an

individual.
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Olfactory dysfunction has a high prevalence in neurodegenerative diseases such
as AD, PD and HD (Alves et al.,, 2014; Duff et al., 2002), and strong evidence
demonstrates that this is an early event in a number of neurological diseases and may be
a harbinger of future cognitive impairment (Kjelvik et al., 2014; Vasavada et al., 2015).
Based on our results and the results of others, it becomes critical, therefore, to establish
quantitative olfactory testing for use in clinical settings for older adults in order to provide
education around non-olfactory avoidance of hazardous events (smoke and gas
detectors, dating of food and reading food labels, fire-escape plans) and to highlight
treatment alternatives for olfactory dysfunction (Cain et al., 1995; Hummel et al., 2009;
Pekala et al., 2016; Wysocki et al., 1989) and mental issues related to olfactory loss
(depression, loss of appetite). Importantly, quantitative olfactory testing would enable
reliable and robust levels of olfactory functions to be determined in the elderly in order to
triage which older adult individuals should then go on to have other markers of
neurodegenerative diseases assessed. To this date there is no widely adopted policy or
clinical algorithm in place for the detection of individuals who have early dementia or
indeed may be on the road to cognitive impairment because they may have a
neurodegenerative disease. This is despite the fact that there are preventive strategies
for dementia-related diseases that have been reliably shown to delay disease progression
[healthy eating, exercise (for the body and the mind) and social interactions amongst
others] (Barnard et al., 2014; Jimbo et al., 2009; Larson et al., 2006; Radak et al., 2010;
Solfrizzi et al., 2011). Significant savings of lives and health-related expenses could be

realised should these measures be put into widespread clinical use.
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The evidence from the present study suggests that pocket-screening olfactory
tests need to become routine in health-care practice. A number of such tests are available
including Smell diskettes that can be reused. The UPSIT remains to date the most
commonly used test for olfaction. However, there are time constraints with this test. There
are several shorter olfaction tests such as Pocket Smell Test (Duff et al., 2002) that are
less expensive, and the data would suggest they may be suitable as a first screen (Duff
et al., 2002). If the individual misidentifies one of the three odours, then the B-SIT and/or
the UPSIT (that contains 40 odours) could be used to investigate the level of microsmia
further. In order to consider the best interest of older adults, as well as the financial burden
of potential impending neurodegenerative diseases, carrying out olfactory screening may
be advisable, using a quantitative olfaction identification test, on individuals >50 years old
as part of their annual medical check-up. Unawareness of olfactory deficits may result in
a poor and risky quality of life. As an example, if individuals do not realise that they have
an olfactory problem, they may find themselves in hazardous situations.

In conclusion, the results of this clinical study suggest that unawareness of
olfactory dysfunction is very common in the ageing population and that assessment by a
single item self-report (which consists of one question) is not a reliable method for
assessing olfactory status in older adults. To date, some studies consider the reliability of
self-report questionnaires against quantitative tests still debatable. However, the most
findings in the literature still maintain that self-report questionnaires should be used
(Landis et al., 2003; Nordin et al., 1995; Wehling et al., 2011). The present study

demonstrates that quantitative tests of olfactory function are more reliable, and more
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objective, when it comes to evaluating an individual’s sense of smell. These results reveal
that most older adults are unaware of their olfactory dysfunction and indicate that an
olfaction self-report questionnaire is not a valid instrument to assess olfactory function in
the ageing population. These findings conclude that there is no correlation between
olfactory self-report measures of olfaction and quantitative tests. Thus, it is important to
establish quantitative olfactory testing in clinical settings for older adults to provide
education around non-olfactory avoidance of hazardous situations and to highlight
treatment alternatives for olfaction and mental issues related to olfactory losses (such as
depression and loss of appetite). This testing would enable reliable levels of olfactory
function to be determined in the elderly in order to identify if an older adult individual

should then go on to have other markers assessed for neurodegenerative diseases.
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4.2 Experiment 2: Olfactory Dysfunction Associated with Cognitive
Decline in ageing.

4.2.1 Introduction:

Neurodegenerative diseases, such as Alzheimer (AD), Parkinson and Huntington
disease have a number of symptoms in common including neuropsychiatric deficits,
cognitive decline and olfactory dysfunction (Doty, 2012; Gao & Hong, 2008; Gitler et al.,
2017). Neurodegenerative processes underlie these symptoms as the neurons lose their
ability to function and become structurally damaged (de la Monte & Wands, 2004; Gao &
Hong, 2008). With ageing, the prevalence of olfactory dysfunction increases (Zou et al.,

2016). However, this is accelerated in neurological disorders.

A main risk factor for a number of neurodegenerative diseases is ageing. This
includes conditions such as Alzheimer, Parkinson and Mild Cognitive Impairment (MCI)
among others. AD is a chronic disorder that affects millions of individuals worldwide. In
many neurological disorders, including AD and MCI, olfactory dysfunction is observed
and occurs early in the disease process. Olfactory deficits are a well-validated
observation in Mild Cognitive Impairment (MCI) and AD cases (Murphy, 2019;
Velayudhan, 2015) and the data suggests this dysfunction is progressive (Westervelt et
al., 2008). Studies have also shown that the decline in long-term episodic memory is
associated with odour identification impairment (Larsson et al., 2016; Olofsson et al.,

2016) and that olfactory deficits often occur prior to cognitive decline (Djordjevic et al.,
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2008; Li et al., 2010). Ageing is the biggest risk factor for developing AD (Guerreiro &
Bras, 2015). However, the effect of ageing on olfaction is lower than the effect on cognitive
decline suggesting that the relationship between olfactory dysfunction and cognitive
decline is not mediated by age (Sohrabi et al., 2012). Increased mortality is also observed
in individuals with olfactory dysfunction. Indeed, a number of studies have shown that
older adults with impaired olfaction are more likely to die than those with normal olfactory

function (Doty et al., 1989; Wilson et al., 2011).

Evidence indicates that olfactory dysfunction is one of the earliest preclinical signs
of AD (Doty, 2009; Wilson et al., 2009; Wilson, et al., 2007) and that the neuropathological
burden in the brain related to AD is associated with olfactory deficits (Doty, 2009; Sohrabi
et al., 2012; Wilson, et al., 2007). In early stage AD, neurofibrillary tangles and amyloid
accumulation begin to form in the olfactory areas in the brain including the olfactory bulb,
amygdala, entorhinal cortex, and orbitofrontal cortex prior to other regions such as the
hippocampus (Devanand et al., 2020; Franks et al., 2015; Wesson et al., 2010).
Substantial evidence has also shown associations between olfaction dysfunction and
atrophy of olfactory brain regions. This includes atrophy of the olfactory bulb and olfactory
cortex (Chung et al., 2018; Vasavada et al., 2015). The converse is also true. A number
of studies have shown that olfactory bulb volume is associated with odour threshold
sensitivity in the healthy population and larger volumes are also associated with higher

odour detection sensitivity scores (Buschhuter et al., 2008; Turetsky, 2000).
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There is significant evidence in the literature that supports olfactory dysfunction
occurs in ageing and that it may be an early sign of a neurodegenerative disease (Attems
et al., 2015). However, there are only limited studies in the literature regarding olfactory
memory in the ageing population (Choudhury, 2003; Doty et al., 2015; Larsson et al.,
2016) and none has been carried out on individuals with >80 years of age. It now becomes
important to determine if olfactory memory deficits are observed in older adults at this age
and, furthermore, if there are correlations with olfactory function and cognitive scores. In
order for clinicians to triage their older adult patients, development of a step-wise protocol
to identify pre-clinical MCI/AD cases is essential in order to establish pathways of
preventive treatments (exercise, healthy eating, social interactions) that have been shown
to help delay the onset of AD (Colcombe et al., 2006; Mendiola-Precoma et al., 2016;

Valenzuela et al., 2012; Voss, 2010; Woods et al., 2012).

Aims and hypothesis

Aim of this study

The aims of this study were to determine if deficits in olfactory memory are
observed in the older adult population and to determine if olfactory dysfunction correlates
with subtle cognitive impairment in the ageing population. This study measured cognition,
olfactory function and olfactory memory in older adult individuals with the aim to determine
if there were any links between olfactory system function and cognition in older adults

who do not have a diagnosis of a neurodegenerative disease.
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Hypothesis of the study

In this study, we hypothesised that there will be a significant decrease in the UPSIT
and ODMT scores in older adults. There will be a significant correlation between the
olfaction scores obtained with either UPSIT and/or ODMT and cognitive scores. In other
words, it was predicted that olfactory dysfunction would be associated with lower cognitive

functions.

4.2.2 Methods
Participants:

The participants in this study were the same participants as in the previous study
(experiment 1). A total of 93 individuals (50 females, 43 males, age range 80-95) from
Quebec agreed to participate in the clinical sub-study Olfactory Response and Cognition
in Aging (ORCA). A total of 269 letters were sent out and of those who responded (126)
94% agreed to be involved in the study (45% M, 55% F). The NuAge study assessed
individuals annually between 2004-2008. For the ORCA study, initial calls were made to
the previous NuAge participants asking if they would consider being involved in the ORCA
sub-study. For those who agreed, the telephone Mini Mental State Examination (t-MMSE)
was done and only cognitively fit adults (= 18) were admitted into the ORCA sub-study.
The Telephone Interview for Cognitive Status (TICS) (Fong et al., 2009) was also done
with the participants. Ethical approval for this study was obtained from the ethics

committees of the Research Centre on Aging - CIUSSS de I'Estrie (Quebec REB 2015-
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477). Written Informed consent was obtained from the study participants. At the time of

the NuAge study, no participants reported any diagnosis of neurological diseases.

Olfactory testing

Each participant who signed the approved consent form was presented with the
University of Pennsylvania Smell Identification Test (UPSIT) instruction. The English
version of this test consists of 40 four alternative forced choice scratch and sniff item
odorants and comes as four envelope sized booklets of 10 items each. Each question
has 4 multiple choices as alternative responses and one microencapsulated scratch and
sniff odorant. After reading the question and the 4-given choices, the participant has to
scratch the given microencapsule located on the right bottom part of the page using a
pencil. The odorant will be released after scratching so the participant would identify the
sniffed odorant and choose from the 4 alternative response multiple choices the best
match for the odorant by circling on the card the perceived correct option of the identified
odorant (Doty, 2009; Doty, 2003; Mariano et al., 2018). After each participant completes
all questions, a total score is calculated. To identify the type of olfactory function for each
participant, the total score of each participant will be compared to that of a normative
olfactory function age and sex matched sample using the table provided in the
corresponding manual of the test. All odorants in the test correspond to odours usually
experienced in a daily life environment. In fact, the UPSIT is a straightforward olfaction

function test.
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Participants were also tested with the Odour Discrimination and Memory Test
(ODMT) (Choudhury, 2003) and followed the procedure provided. The ODMT is designed
to measure olfactory memory. This test is used to test the functionality of olfactory
memory and the ability to memorise, retain and retrieve a particular odorant after a
predetermined set of time intervals. The test comes in one booklet of 12 items, each
including 4 multiple forced choice questions. The participant has to scratch the
microencapsulated odour using a pencil to release the odorant, sniff and memorise this
target odorant and wait for a specific period of time of 10, 30 or 60 seconds. During this
waiting time the participant is asked to count backward. After the required waiting time
has elapsed, the participant has to scratch 4 microencapsulated odours, then sniff those
microencapsulated odours before indicating the best match odorant with the target
odorant that the participant has memorised earlier. Four items are used at each of the 3
delay time periods for a total of 12 items with a participant scoring one point for each

correctly identified odorant.

Cognitive testing

The t-MMSE and TICS cognitive tests were administered by telephone to all
participants. The t-MMSE is a 26-point telephone cognitive screening test that is a
modified version of the original AFLI-MMSE (Adult Lifestyle and Function Interview)
cognition test (Newkirk et al., 2004). The TICS test measures concentration, short-term

memory, sentence repetition, orientation, praxis, and mathematical skills (Fong et al.,
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2009). All 93 participants (50 women, 43 men) of the ORCA cohort completed the -MMSE

test. For the TICS cognitive test, 70 participants (38 women, 32 men) completed the test.

Statistical analysis:

The Fisher exact test was used to compare groups, with olfactory function as the
categorical variable (categories derived from the UPSIT score). The Wilcoxon test was
used to assess for differences in the ODMT between males and females. Pearson
correlation was used to indicate if there were a correlation between olfactory function and
cognition, education, age and smoking status. We used multiple linear regressions to
determine if olfactory dysfunction predicted future cognitive decline in an ageing
population. The UPSIT and ODMT were dependent variables and t-MMSE, age,
education and smoking status were independent variables. The significance level was set
at p <0.05. All statistical analyses were carried out using SPSS software 26 (IBM SPSS
Statistics for Windows, IBM Corp., Armonk, NY) and GraphPad Prism 8 (GraphPad

Software San Diego, CA, USA).

4.2.3 Result

Demographics
The descriptive information for this cohort includes age, olfactory and cognition

scores, smoking status and education levels for the participants (50 women, 43 men)
(Table 4.2.1). There was no significant difference between males and females for age,

UPSIT olfactory test scores or cognitive test scores (t-MMSE, TICS). There was a
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significant difference in the ODMT test (total) scores between males and females
(p=0.001), and for years of education (p=0.004). Overall, males had higher education
levels than the women in this cohort. There was also a significant difference in the number

of smokers between males and females (p=0.013).

Table 4.2.1: Demographics of the ORCA cohort.

Female (n=50) Male (n=43)
P value
Mean S.D Mean S.D
Age 85.8 3.8 85.4 3.9 0.579
UPSIT 27.6 6.8 25.3 5.1 0.678
oDMT 5.7 2.5 4.2 1.8 0.001**
t-MMSE 23.4 2.3 23.2 1.7 0.621
TICS' 19 5.5 17.2 4 0.110
Education 12.5 4.03 15.7 4.2 0.004***
Yes No Yes No 0.013*
Former smokers
19 31 28 15
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Olfactory function in older adults

As expected, olfactory dysfunction was observed in the ORCA cohort, in both
males and females. Overall, 94% of the participants demonstrated some level of olfactory
dysfunction with the majority exhibiting moderate to severe microsmia (Fig.4.2.1A). There
was no significant difference overall between males and females for the olfactory function
subcategories (Fisher exact test, p=0.09). However, there was a significant difference
when comparing males and females in mild microsmia (p=0.007). Although 19% of males
experienced severe microsmia compared with 10% of females, this difference in
proportion was not significant. Between sexes, there was a significant difference in the
ODMT total score (Fig.4.2.1B p=0.0012), and at the different time delay intervals
(Fig.4.2.1C, Wilcoxon, 10s, z=-1,945, p=0.052; 30s, z=-2.176, p=0.03; 60s, z=-2.849,
p=0.004, per 10 sec, 30 sec and 60 sec respectively). Based on previously published
olfactory scores in healthy vs older individuals, our results show that this cohort of older
adults has deficits in olfactory memory (Doty & Kamath, 2014). In general, females

performed better on the ODMT compared to males (p=0.001) (figure 4.2.1 B).
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Figure 4.2.1: Deficits in olfactory function in the elderly. A) The pie chart demonstrates the percentage
of the ORCA cohort (males and females combined) within each category of olfactory function. Normosmia
is normal olfactory function and anosmia is complete loss. B) ODMT total scores in women and men. C)
ODMT scores in males and females at 10, 30 and 60 seconds.

A corrplot analysis was then carried out to assess if there was a correlation
between olfactory function and cognitive test scores. A significant positive correlation was
observed between levels of olfactory function with cognitive scores and trend association
in olfactory short-term memory scores with cognitive scores in women (Pearson
correlation, UPSIT and t-MMSE, r=0.3, p=0.03; ODMT and t-MMSE, r=0.24, p=0.08
DF=(1,48)). Moreover, a negative association was observed between cognition levels and

age (age and t-MMSE, r=-0.29, p=0.04). As expected, and observed previously in the
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literature, a negative association was observed between age and UPSIT scores (r=-0.3,
p=0.04) in female. No significant correlation between olfactory function scores (UPSIT

and ODMT) and cognition levels (t-MMSE) was found in the male cohort.

In order to determine if age, smoking status or education influenced the
relationship between the UPSIT or ODMT and cognition scores in women, a linear
regression analysis was carried out. In the unadjusted model, there was a significant
effect of the UPSIT scores on the t-MMSE results as expected based on findings of the
correlation analysis (p=0.03, Table 4.2.2). The significant effect did not survive
significance level when accounting for the effects of age, education or smoking when
running the models with these variables separately. UPSIT scores, however, still
remained a significant predictor of cognition scores when accounting for education
(p=0.047) or smoking (p=0.03). For olfactory memory, although a trend negative
correlation had been found between the ODMT total score and the t-MMSE in women; in
the unadjusted model this did not reach significance level (Table 4.2.3). However, when
the model was adjusted for smoking status, the ODMT was a significant predictor of

scores on the t-MMSE (p=0.01).

115



Table 4.2.2 Relationship between olfactory function and cognition in elderly.

UPSIT
Female Male
Variables
B Std Error p value B Std Error p value
Unadjusted  (R?=0.09, F=4.8, p=0.032%) (R2= 0.002, F= 0.09, p= 0.77)
t-MMSE 0.89 0.40 0.032%* -0.14 0.47 0.77

Adjusted for age (R?= 0.14, F= 3.8, p= 0.29)

(R?=0.004, F= 0.08, p= 0.91)

t-MMSE 0.70 0.41 0.9

-0.14 0.48 0.76

Age -0.40 0.25 0.11

0.06 0.20 0.77

Adjusted for education (R2= 0.1, F= 2.5, p= 0.09)

(R?= 0.005, F= 0.1, p= 0.91)

t-MMSE 0.85 0.42 0.047*

-0.12 0.48 0.79

Education 0.09 0.24 0.68

-0.06 0.19 0.74

Adjusted for smoking (R?= 0.1, F= 2.4, p= 0.1)

(R*=0.03, F= 0.53, p= 0.56)

t-MMSE 0.90 0.41 0.034*

-0.25 0.49 0.60

Smoking -0.19 1.94 0.92

-1.70 1.71 0.32
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Table 4.2.3 Relationship between olfactory short-term memory and cognition.

obmT

Female
Variables

Male

B Std Error p value

B Std Error

p value

Unadjusted (R2=0.07, F= 3.1, p=0.08)

(R?=0.005, F= 0.21, p= 0.64)

t-MMSE 0.26 0.15 0.08

0.08 0.16 0.64

Adjusted for age (R?= 0.07, F= 1.8, p=0.17)

(R2= 0.05, F= 1.1, p= 0.33)

t-MMSE 0.23 0.16 0.15

0.08 0.16 0.61

Age -0.07 0.1 0.44

-0.1 0.07 0.16

Adjusted for education (R2= 0.8, F= 2, p= 0.15)

(R?=0.01, F=0.12, p= 0.88)

t-MMSE 0.23 0.15 0.14

0.07 0.17 0.66

Education 0.08 0.09 0.36

0.01 0.07 0.85

Adjusted for smoking (R?= 0.18, F= 5.1, p= 0.01%)

(R2= 0.04, F= 0.84, p= 0.44)

t-MMSE 0.31 0.14 0.034*

0.03 0.17 0.86

Smoking -1.7 0.67 0.01*

-0.71 0.58 0.23
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As smoking appears to have effects on the olfactory scores, olfactory sub-
categories were compared between males and females who were former smokers or non
smokers. There was a significant difference in olfactory function sub-categories between
males and females who were former smokers (Fig.4.2.2A, Fisher exact text, p=0.03). The
majority of male participants had severe microsmia (39.3%) while, in contrast, the majority
of females in the former smoker sub-group demonstrated mild microsmia (36.8%). In
males and females who were non smokers, there was no difference in olfactory sub-

categories (Fig.4.2.2B).
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Figure 4.2.2 Olfactory function is influenced by previous history of smoking. A) Distribution of former
smoker males and females in olfactory function subcategories. B) Distribution of non smoker women
and men in olfactory function subcategories.
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Olfactory function sub-categories were also compared between those who never
smoked and those who did, in females and males separately. However, there were no
significant differences (Fig 4.2.3A Fisher exact text, p=0.116 and B Fisher exact text,
p=0.243). In order to determine if age or education affected the relationship between the
t-MMSE and the ODMT in women who were former smokers, a regression analysis was
carried out. In the unadjusted model, there was a significant effect of the ODMT on the t-
MMSE in former smokers (p=0.003). This difference retained statistical significance when
the model was adjusted for either age or education, or for both, age and education (Table

4.2.4). In contrast, no such relationship was observed in non smokers.

>

Women smoking status B Men smoking status

-
o
-
o

= non smoker B3 non smoker

MW Former smoker MW Former smoker

=
o

number of subjects
number of subjects

Figure 4.2.3 Olfactory function with the history of smoking. A) Distribution in olfactory function
subcategories of former smoker and non smoker women. B) Distribution in olfactory function
subcategories of former smoker and non smoker men.
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Table 4.2.4 Smoking influences the relationship between olfactory-short memory and

cognition levels.

Used to smoke (Female)

Used to smoke (Male)

Variables B Std Error  pvalue Variables B Std Error P value
Unadjusted (R?= 0.41, F= 11.9, p= 0.003**) Unadjusted (R?=0.002, F=0.059, p=0.81)
t-MMSE 0.786 0.227 0.003** t-MMSE -0.048 0.198 0.81

Adjusted for the age (R?= 0.42, F=5.9, p= 0.01*)

t-MMSE 0.766 0.233 0.005**
Age -0.112 0.169 0.518

Adjusted for the education (R?= 0.52, F= 8.5, p=
0.003**)

t-MMSE 0.728 0.215 0.004**

Education 0.265 0.143 0.083

Adjusted for the age and education (R?= 0.52,
F=5.5, p= 0.009%*)

t-MMSE 0.713 0.221 0.006**
Age -0.094 0.16 0.563
Education 0.26 0.147 0.097

Adjusted for the age (R?=0.104, F=1.447, p=0.25)

t-MMSE -0.009 0.193 0.964
Age -0.145 0.086 0.105

Adjusted for the education (R?=0.002, F=0.028,
p=0.97)

t-MMSE -0.048 0.205 0.816

Education <0,0001 0.092 0.999

Adjusted for the age and education (R?=0.11,
F=1.002, p=0.41)

t-MMSE 0.009 0.2 0.963
Age -0.156 0.091 0.099
Education 0.042 0.092 0.657

To determine if other cognitive tests also correlated with the UPSIT and/or ODMT
scores, a corrplot analysis was carried out using the TICS scores. Despite the sample
size being reduced (n=70) compared to the -MMSE data (n=93), a significant positive
correlation was observed between the UPSIT and TICS scores (r=0.3, p=0.011, DF=69,

males and females combined). In order to determine if age, education or smoking
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influenced this relationship, a regression analysis was carried out (Table 4.2.5). In the
unadjusted model there was a significant positive association (p=0.012, males and
females combined). This association still remained significant when adjusting for age

(p=0.04), education (p=0.04) or smoking history (p=0.04).

Table 4.2.5 Relationship observed between olfactory function and TICS cognition scores.

UPSIT

Variables B Std Error p value

Unadjusted (R2= 0.09, F= 6.7, p= 0.012)

TICS 0.350 0.135 0.012*

Adjusted for age (R%= 0.09, F= 3.3, p= 0.041%)

TICS 0.35 0.14 0.012*

Age -0.04 0.19 0.82

Adjusted for education (R2= 0.09, F= 3.3, p=0.042*)

TICS 0.35 0.14 0.012*

Education -0.02 0.16 0.87

Adjusted for smoking (R?= 0.09, F= 3.4, p= 0.042*)

TICS 0.35 0.14 0.014*

Smoking 0.21 1.34 0.89

121



4.2.4 Discussion

Overall, 94% of the ORCA cohort displayed olfactory dysfunction. Deficits in
olfactory memory were also present in this cohort. A correlation was observed between
olfactory function and both cognitive test scores. Moreover, in women who were former
smokers a significant association was found between olfactory short-term memory and
cognitive scores. Similar to the findings of the present study, olfactory dysfunction has
been reported in the elderly population previously (Murphy, 2002; Wilson, et al., 2007).
As individuals age and are in the 6" decade of life and older, their sense of smell
deteriorates (Doty et al., 1984; Sinding et al., 2014; Wang et al., 2016). There are no
clear causes for this progressive decline in sense of smell. Some have suggested that
impairment is caused by a reduction in the olfactory sensory neurons (Rawson et al.,

2012), atrophy of olfactory-related brain regions (Doty, 2009; Sohrabi et al., 2012) and/or

the influence of genetic variants such as the APOE &4 and/or the BDNFval66met

polymorphism (Hedner et al., 2010). This deterioration in olfactory function in the older
adult population highlights the potential risk that they might be exposed to or experience
dangerous situations. In individuals with olfactory dysfunction, a study revealed that
hazardous events were cooking-related incidents (45%), eating spoiled food (25%), and
inability to detect gas or smell smoke (23% and 7% respectively) (Santos et al., 2004).
Furthermore, a study of older individuals (without dementia) demonstrated that rate of
mortality was 36% higher in people with a low score on a quantitative smell test (Wilson

et al., 2011). The occurrence of olfactory dysfunction in older adults is very prevalent.
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However, unawareness of the impairment is very high in the older age range (Amal et al.,

2019; Murphy, 2002).

Anatomically, the olfactory regions in the brain are close to the memory regions
(Saive et al., 2014). Olfactory memory has different domains such as discrimination,
recognition or sensitivity. The results of the present study show that deficits in olfactory
memory are observed in older adults and that males are more impaired than females.
This finding is in line with those of other studies that have shown impairments in odour
recognition episodic memory in the elderly and that have observed sex effects (Larsson

et al., 2016). Odour memory deficits have also been observed in individuals at risk of AD

(Schiffman, 2002) as well as in healthy elderly carriers of the APOE &4 allele

(Sundermann et al., 2007). The results of the present study demonstrate that the most
severe deficits were observed at the 60 seconds time-point. This is in contrast to another
study that showed lower ODMT scores at the 10 seconds time-point (Besser et al., 2019).
These authors hypothesised that this observation was due to the fact that individuals may
remember more odours over longer periods, but that they may show poor initial encoding
(Besser et al., 2019). However, the findings of the present study do not lend any support

to such a suggestion.

Similar to the findings of the present study, other authors have reported an
association between olfactory function and overall cognition in the elderly (Roberts et al.,
2016). Indeed some studies have suggested that olfactory dysfunction may predict

impending cognitive decline (Devanand et al., 2015; Sohrabi et al., 2012; Wilson, et al.,
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2007). Some differences depending on the cognitive test used were observed in the
present study. With the t-MMSE, an association with olfactory function was observed only
in women. However, with the TICS, this relationship was observed in both males and
females. Cognitive tests such as the t-MMSE take less time than the TICS and assess
registration of the words to be recalled that will indicate if the participants have hearing
difficulties. This is not the case for the TICS and, therefore, the TICS is not suitable for
participants with hearing impairments. The other difference between the tests is that
educational biases may occur with the t-MMSE and it may show poor sensitivity for
detecting MCI (Schmand et al., 1995). Both tests show a correlation with the original form
of the MMSE (Fong et al., 2009; Kennedy et al., 2014; Newkirk et al., 2004; Seo et al.,
2011). In general, telephone-based cognitive tests examine more memory functioning
(Duff et al., 2015). Both tests measure orientation, attention, memory and language. The
TICS also measures praxis and mathematical skills, whereas the t-MMSE also includes
visual-spatial skills. Overall, however, the discrepancy in findings with these two
measures highlights the poor suitability of quick global cognitive screening measures to

detect a robust link with olfactory function.

The findings of the present study suggest a link between cognition and olfaction in
the women in our cohort. In general, women are more at risk for dementia (Nebel et al.,
2018) and are affected by AD more than men (Mazure & Swendsen, 2016), as well as
showing more brain atrophy than men (Holland et al., 2013). Furthermore, women have
twice the risk of depression, a symptom that increases the risk of developing AD (Nebel
et al., 2018). Compared with men, women tend to have a more severe biological
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progression of AD (Liesinger et al., 2018; Malpetti et al., 2017) such as more amyloid-f3
and neurofibrillary tangle deposits (especially in the hippocampus) as well as longer

duration of disease (Liesinger et al., 2018).

Smoking is associated with cognitive decline as well as with poorer memory
performance (Sabia et al., 2012; Vermeulen et al., 2018). This concurs with the
relationship observed in this cohort where an association between olfactory short-term
memory and cognition in women who were former smokers was detected. Previous data
have shown that smokers are more likely to have olfactory deficits than non-smokers
(Katotomichelakis et al., 2007). However, our cohort showed no difference in UPSIT
scores between former smokers and those who had never smoked. Possible reasons for
this counterintuitive finding might be that the participants of the present study quit smoking
>15 years prior to testing (90/93 quit >25 years prior to testing), thus potentially giving the
olfactory system time to recover (Ajmani et al., 2017). Inflammation triggered from
smoking may resolve within 5 years of being smoking-free, whereas vascular effects

normally require up to 15-20 years to restore (Hastie et al., 2008; Siegel et al., 2019).

MCI and AD individuals have olfactory dysfunction, and sex differences have been
documented (Roberts et al., 2016; Zou et al., 2016). A possible explanation for the
presence of an olfactory deficit in AD patients may be due to the accumulation of
neurofibrillary tangles in the olfactory system (Wilson, et al., 2007). In early stage AD, the
pathology of neurofibrillary tangles develops in the olfactory bulb (Devanand et al., 2015)

and extends to the lateral olfactory regions in the brain (Devanand et al., 2020). The
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majority of the literature indicates that smell identification may be the best predictor of
cognitive decline. In the present study, the results suggest that olfactory
discrimination/memory may also predict impending cognitive decline as an association
was observed between olfactory dysfunction and impairment in global cognition. There is
evidence to suggest that olfactory identification and discrimination require higher working
memory, judgment and decision making capabilities (Sohrabi et al., 2012), functions that

support several cognition activities.

This study demonstrates that deficits in the olfactory system are present in older
adults and that these are paralleled by lower cognition. Moreover, in elderly women who
were former smokers, a significant positive association between olfactory short-term
memory and cognitive status was found. These data, and other evidence (Gray et al.,
2001), support olfactory testing in older adults. Olfactory screening might be expensive to
apply in routine clinical practice. However, some of the olfactory tests are inexpensive. It
is important to screen for olfactory impairment not only to detect olfaction dysfunction but
potentially to detect deficits in cognitive abilities as some olfactory functions are cognitive-
dependent such as episodic odour recognition memory or odour familiarity (Olofsson et
al., 2021). Itis also important to make the elderly who have olfactory problem aware of
their issues and suggest them to do olfactory training, for example, that would be
beneficial for their brain in general. There are studies that have suggested that olfactory
training leads to increased thickness in olfactory structures and in fronto-temporal areas
outside of the olfactory cortex as well as to changes in functional brain activity in a fronto-
parietal network associated with higher cognitive abilities (Al Ain et al., 2019; Fournel et
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al., 2017). Our results suggest that olfactory dysfunction may predict impending cognitive
decline and highlight the need for olfactory therapy in older adults to improve olfaction
and overall well-being. Studying the olfactory system in older adults may identify other

markers that may be useful to predict risk of future cognitive decline.
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4.3 Experiment 3: Alterations in olfaction-related brain regions in

the ageing population: a structural MRI study

4.3.1 Introduction

There are individual differences in the size and composition of the human brain
from one person to another, and these differences depend on several factors such as
sex, age, education and structural biological factors. These differences may be
fundamental and lead to the development of certain diseases or conditions that affect
normal life. However, there is individual variation in how different brain regions may be
susceptible to disease and how these undergo atrophy (Grajauskas et al., 2019). In other
words, not all brain regions would be altered to the same extent by the presence of
pathology (Trollor & Valenzuela, 2001). Ageing plays a major role in neurodegenerative
disorders such as Alzheimer’s disease (Liesinger et al., 2018). Olfactory dysfunction can
be an early alteration heralding the presence of a neurodegenerative disorder in ageing.
There is, however, evidence of age-related olfactory decline during normal ageing and

the central olfactory system is involved in this decline (Wang et al., 2016).

Ageing is associated with reduction in cortical and subcortical grey matter
(Jernigan et al., 2001). Studies have repeatedly shown a significant negative association
between ageing and brain volume especially grey matter (Courchesne et al., 2000; Raz
et al., 2004; Schuff et al., 2012). Raz et al's 2004 study found that grey matter volume

increases until it reaches a plateau in the third decade of life. Many aspects may be
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involved in causing atrophy in ageing such as a decrease in dendrites and synapses,
neuronal death and loss of myelinated nerve fibres (Anderton, 2002; Grajauskas et al.,
2019; Pakkenberg, 2003; Peters, 1998). Ageing-related brain atrophy can be the outcome

of many different causes that occur in the course of an individual’s life span.

Olfactory-related brain regions including the olfactory cortex, hippocampus,
parahippocampus, amygdala, orbitofrontal cortex and entorhinal cortex show greater
activation in healthy young adults but less in older adults when engaged in olfactory tasks
(Suzuki et al., 2001; Wang et al., 2005). Moreover, elderly participants have lower
functional connectivity between these brain regions compared with younger adults
(Dennis & Thompson, 2014). Olfactory task-related activation in the brain is greater in the
right hemisphere in young adults and that might be due to the predominance of the right
side of the brain in olfactory processing (Suzuki et al., 2001). When comparing sexes,
women have greater activation in olfactory regions than men (Yousem, et al., 1999). A
study has shown acceleration of atrophy in the hippocampus and entorhinal cortex but
not in the parahippocampus nor the amygdala with ageing (Jiang et al., 2014). Similarly,
another study reported greater volume reduction in the hippocampus, amygdala,
orbitofrontal cortex and entorhinal cortex but not in the parahippocampus in healthy
ageing (Tamnes et al., 2013). Another study indicates that the volume of the hippocampus
and amygdala is stable up to the fourth decade of life and starts its decline in the sixth
decade (Smitka et al., 2012). A longitudinal study showed that the highest reduction in
volume in all measured brain regions was in the hippocampus, but also reported an
increased decline in amygdala volume as well as decline in parahippocampal volume and
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a larger reduction in the entorhinal cortex but slightly less reduction in orbitofrontal cortex

with age (Sele et al., 2020).

Understanding and measuring volumetric loss in olfactory-related brain regions is
important since these are involved in Alzheimer's disease, the most common
neurodegenerative disease in ageing, for which olfactory dysfunction and ageing are risk
factors. Studying alterations in olfaction-related brain regions might help detection of

neurodegenerative diseases at an earlier stage than currently done.

The present study used Magnetic Resonance Imaging to acquire brain scans to
determine the extent of volume loss in olfactory-related brain regions during normal
ageing. These olfactory-related brain regions include the olfactory cortex, hippocampus,
parahippocampus, amygdala, orbitofrontal cortex and entorhinal cortex. Volumetric
measurements were acquired in three age groups, young adults, middle aged adults and
older adults, all neurologically healthy to determine the level of regional neural volume

loss related to physiological ageing.

Aim and hypothesis:
Aim:
To assess the volume of olfactory cortex and areas associated with odour
processing in different age groups in the cognitively healthy population using high

resolution 3D structural MRI scans. To test whether normal ageing determines any

volumetric alterations of olfactory cortex, hippocampus and other associated areas and
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whether there are any differential predictive values of these alterations for

neurodegenerative disorders.

Hypothesis:

There would be alteration in olfactory-related brain regions (olfactory cortex,
hippocampus, parahippcampus, amygdala, orbitofrontal cortex and entorhinal cortex) in
the elderly. The association between age and olfactory-related brain regions would be

negative as it is expected that with increasing age there would be greater volume

reduction in olfactory-related brain regions. In addition, carriers of the APOE &4 allele, a

risk gene for AD, will show greater reductions in volume of olfactory brain regions than

APOE g4 allele non-carriers.

4.3.2 Methods and materials

Participants:

Neurologically healthy participants were selected from the cohort of volunteers
who had participated as healthy controls in several MRI based research projects
coordinated by the Department of Neuroscience at the University of Sheffield between
June 2011 and July 2016. These cognitively healthy adult participants were between 20
and 85 years of age. In total, 333 datasets were retrieved and considered for inclusion in
this study from the complete University of Sheffield’s Department of Neuroscience
database that includes neurologically healthy and non-healthy (i.e., with a neurological

diagnosis) MRI datasets. Each dataset was inspected with the purpose of identifying
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suitable participants and assigning these to three neurologically heathy groups based on
the participants’ age. The resulting age-based groups were classified as “young’, i.e.,
aged 20-35 (n = 53), “middle-age”, i.e., aged 36-65 (n = 66) and “older”, i.e., aged 66-85
(n =93). Clinical profiling via comprehensive neuropsychological testing was available for
all participants who were part of the middle-age and older groups (40 years old and older),
to confirm their cognitive clinical status as unimpaired. These comprehensive tests
include working memory (Digit Span Test — backwards) and short term memory tests
(Digit Span Test — forward), verbal long term memory (Prose Memory Test — Immediate)
and Verbal learning tests (Paired Associates Learning Test) (De Marco et al., 2017,
2019). This assessment battery also included the Mini-Mental State Examination (MMSE)
(Folstein et al., 1975). Eligible participants were those with no neurological deterioration
based on different cognitive tests. All eligible participants who had completed a 1.5 T MRI
protocol inclusive of a three-dimensional T1-weighted brain image were included. Genetic

profiling was also available in a subgroup of these participants and their status for the

APOE &4 allele, a well-known risk factor for sporadic AD, was known for 26 participants.

There were 9 APOE €4 carriers and 17 APOE €4 non-carriers. Despite the large size of

the cohort in the database, not all participants had agreed, however, to provide a
biological sample at the time of recruitment. In addition, other demographic variables, i.e.
sex and years of education, were available and were included as covariates in the study,
given the well-known association found between education and brain regional volume

(Mortby et al., 2014).
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Written consent was obtained from all participants. Ethical approval and Health
Research Authority approval for retrospective data analyses were obtained from the West
of Scotland Regional Ethics Committee 5, Reference number: 19/WS/0177. All
procedures used to assess participants in this study followed institutional ethical

standards and were in compliance with the Helsinki declaration.

MRI acquisition:

Each participant had a three-dimensional T1-weighted scan as part of their MRI
protocol. A Turbo Field Echo T1-weighted image sequence was acquired for each
participant using a Philips Achieva 1.5 T scanner as part of a single MRI protocol. The T1
image parameters were as follows: voxel size: 1.1 x 1.1 x 0.6 mm (gap 0.6 mm); 250 mm
field of view; repetition time 7.4 ms; echo delay time 3.4 ms; matrix size 256 x 256 x 124

and flip angle 8°.

MRI processing:

Pre-processing of MRI images was done using the most updated version of the
Statistical Parametric Mapping software package (SPM), i.e., version 12 (Wellcome
Centre for Human Neuroimaging, London, UK), running in a Matlab R2016b environment,
version 9.1 (Mathworks Inc, Natick, Massachusetts, USA). SPM was used to segment
and separate each T1-weighted image into three tissue maps, i.e. grey matter, white

matter, and cerebrospinal fluid. Of these, the neural tissue maps (grey matter and white
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matter) and the map of cerebrospinal fluid were included in this study in order to address

the study hypothesis.

Pre-processing consisted of several steps starting with reorientation. Initially, each
T1-weighted anatomical image was displayed on screen to verify whether the participant
had any anatomical abnormalities. Once ruled out any abnormality in the target image or
any motion artefact that would lead to distorted or unclear signal, the T1-weighted images
were manually centred at the anterior commissure and reoriented. As a first step, each
nifty image was aligned to the anterior commissure of the brain that was considered as
the main anatomical reference landmark. After the reorientation step, images underwent
a segmentation process using the “new segment” procedure in SPM12 and the overall
3D image of the brain was subdivided into three tissue-classes by separating the
intracranial voxels of interest into grey matter, white matter and cerebrospinal fluid (CSF).
During the segmentation process, images were segmented in their native space. As a
result, modulated warped tissue maps were obtained to be processed in the next step of
the preprocessing procedure. Before proceeding to the next step, grey matter segmented
images (i.e., files with a “c1” prefix) were quality checked for every individual participant
to validate the workflow and identify potential segmentation errors. No segmentation
errors were found in the images. The images were then smoothed with an 8-mm full-width
at half-maximum (FWHM) isotropic Gaussian kernel to narrow down the variation in
individual brains, increase the signal to noise ratio and reduce the impact on voxels. In
order to answer the study questions, volumetric grey matter tissue maps were considered
for further analysis and were processed applying a regional volume extraction method.
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Extraction of Olfactory Region Volumes:

In order to extract and calculate individual total intracranial volumes, tissue-class
volumes were individually extracted in SPM12 using the individuals’ images containing
the segmentation parameter (Malone et al., 2015). Grey matter volume, white matter
volume and CSF volume were computed in litres and converted to millilitres to be
compatible with the unit of measurement of olfactory brain region volumes during data
analysis. Summing the volume of the three sub-maps was carried out to calculate each

individual’'s Total Intracranial Volume.

Regional volumes (in millilitres) were extracted from all segmented, modulated and
smoothed grey matter images using the “get_totals”

(http://wwwO0.cs.ucl.ac.uk/staff/g.ridgway/vbm/get totals.m) Matlab function to obtain a

measurement of the olfactory brain regions of interest. These were defined via the SPM12
toolbox Wake Forest University (WFU) PickAtlas (Maldjian et al., 2003) that was used to
specify olfaction-related regions from a human-brain atlas. This was the Automated
Anatomical Labelling (AAL) atlas that was used as the reference to create region-of-
interest (ROI) masks for each individual region in the MNI space (Tzourio-Mazoyer et al.,
2002). The olfactory-related brain regions selected as part of this study were: left/right
olfactory cortex, left/right hippocampus, left/right parahippocampus, left/right amygdala,
left/right orbitofrontal cortex and left/right entorhinal cortex. However, in addition to the
AAL, a number of regions from a second atlas were also included in order to cover the
whole set of olfactory regions as thoroughly as possible. To do so, other atlases were
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used to identify and create masks for the remaining olfaction-related brain regions. The
orbitofrontal cortex mask was taken from the Harvard-Oxford atlas (Desikan et al., 2006)

(https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FSL) and included a combination of medial and lateral

orbitofrontal sub-regions in the left and right hemispheres. Moreover, Brodmann areas 28
and 34 (from the Brodmann Areas atlas) were included as ‘entorhinal cortex’ and
respective masks were created. Automatic extraction was done by processing the map
of grey matter volume for each ROI for every individual participant using the “get_totals”
MATLAB script, separately for both brain hemispheres. The outcome of this method was
separate volumetric measures for the left and right ROls. Summing the ROl volumes from

both hemispheres served to obtain the total ROI volume.

Data analysis:

Statistical data analyses were carried out using the SPSS version 26 software (IBM
SPSS Statistics for Windows, IBM Corp., Armonk, NY, USA) and the latest version of
GraphPad Prism 9 (GraphPad Software San Diego, CA, USA). Descriptive statistics were
run to characterise the study population as shown in table 4.3.1. To explore the data and
answer the study question, a one-way ANOVA was run to compare the volume of the
selected brain regions of interest among the three groups of neurologically healthy
participants in this study. To achieve the aim of the study investigation, analyses of
covariance (ANCOVA) were used in the form of Univariate General Linear Model to

regress out the influence of education and total intracranial volume (TIV). Shapiro-Wilk
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and Kolmogorov-Smirnov test significance levels together with the inspection of the
histograms illustrating the frequency distribution of outcome variables were considered
as part of the normality diagnostic process to verify if the ROl volumes were normally
distributed. Pearson’s correlation coefficient was used to investigate the association

between age, education and TV, and each of the volumetric measures. To determine the
influence of the APOE €4 allele as a risk factor on the volume of olfactory regions,
independent sample t tests were carried out to compare ROl volumes between the small
sub-group of APOE €4 carriers and the sub-group of non-carriers. The statistical

threshold to define the significance level for the ROI volume comparisons was set at p <

0.001.

All contrasts were devised to test the planned experimental hypotheses. The olfactory
related brain regions selected in this analysis included the olfactory cortex, hippocampus,
parahippocampus, amygdala, orbitofrontal cortex and entorhinal cortex. The volume of

these regions was extracted for the purpose of this study.
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Figure 4.3.1: Volumetric structure of olfactory-related brain regions in the left hemisphere selected as
regions of interest: A) Olfactory cortex left (cyan), hippocampus left (light green), parahippcampus left
(yellow), Amygdala left (red) and entorhinal cortex left (pink). B) Orbitofrontal cortex left and right in
light green and red.

4.3.3 Result

Significant differences in education were found among the three groups (both sexes
F=29.2, DF= (2.211), p=0.0001, female F=28.7, DF= (2,126), p=0.0001, and male
F=5.04, DF=(2,82), p=0.009). Significant differences were found in all group comparisons
in females namely young vs middle age (p=0.003), young vs elderly (p<0.001) and middle
age vs elderly (p<0.001). In males significant differences were found only in the young
vs elderly (p=0.006) comparison. As expected, significant group differences were found

for age.
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Table 4.3.1: Demographic Characteristics of the participants

Female Male
Mean (SD) Mean (SD)
N Age Education N Age Education
Young Age 33 25.7(3.8) 16.9(1.9) 20 26.9(4.8) 16.5(3.4)
Middle Age 39 54(8.1) 13.7(5.3) 27 53.4(9.2) 13.8(4.4)
Elderly 57 72.4(4.3) 10.3(4) 38 73.4(4.9) 12.7(4.8)

One-way ANOVA analyses showed significant differences in volume between age
groups in all olfaction-related brain regions (p<0.0001) (Table 4.3.2), with the lowest

volume observed in the oldest sub-group.

Post-hoc multiple comparisons Bonferroni tests showed multiple significant
differences among age groups except in the young vs the middle-aged comparison where
no significant differences were found for hippocampal and amygdala volumes, both in
women and men (Table 4.3.4 and Table 4.3.5). ANCOVA analysis followed by pairwise
comparisons of groups showed no significant differences in all olfaction-related brain
regions when controlling for education or TIV separately. All ROI volumes were normally
distributed except for TIV, white matter and CSF volume. No association was found
between age or education and TIV when both sexes were analysed together nor when

they were analysed separately (Table 4.3.3).
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Table 4.3.2: Region of interest characteristics.

) Below P value

Region of Interest Atlas R squared threshold? summary
Olfactory Cortex L AAL 0.3093 Yes il
Olfactory Cortex R AAL 0.3236 Yes il
Hippocampus L AAL 0.2456 Yes il
Hippocampus R AAL 0.1829 Yes il
Parahippocampus L AAL 0.3032 Yes ol
Parahippocampus R AAL 0.2276 Yes il
Amygdala L AAL 0.1512 Yes il
Amygdala R AAL 0.1757 Yes ol
Orbitofrontal Cortex L Harvard-Oxford 0.3941 Yes b
Orbitofrontal Cortex R Harvard-Oxford 0.3877 Yes b
Entorhinal Cortex L brodmann 0.3688 Yes b
Entorhinal Cortex R brodmann 0.2766 Yes b

Significance level = p <0.001. L: left, R: right, AAL; Automated Anatomical Labelling, Harvard-Oxford:
Harvard-Oxford Atlas, Brodmann: Brodmann's areas Atlas, (****): significance level p<0.0001.

Table 4.3.3: Association of age and education with total intracranial volume TIV (R square and
P value are reported).

Age Education
TIV
R? p value R? p value

Both sexes 0.0004 0.77 0.0034 0.39
Women 0.008 0.3 0.028 0.055
Men 0.011 0.34 0.037 0.076

Significance level = p <0.05
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Olfactory cortex volume:

One-way ANOVA analyses showed significant differences in volume among age

groups in OCV (F=49.77, DF=(2,211) p<0.0001) with a negative association with age.

(Figure 4.3.2). Post-hoc multiple comparisons Bonferroni tests showed significant

differences in regional volumes for all age groups except for the total and left OCV

between middle-age and elderly in the male population (Figure 4.3.2, table 4.3.4 for

females and table 4.3.5 for males).

OCV Women Total OCY Women Left OCV Women Right
25 I FrTT — 1 1.5+ 1.5+ I z3wn |
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Figure 4.3.2: Olfactory cortex volume differences among groups split by sex and side: comparison of
OCV among the three groups (young, middle and elderly) in total, left and right volume for the female

population (upper row) and for the male population (lower row).
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Table 4.3.4: Significant difference in volume in the olfactory regions observed among female

age groups.
You'ng Vs Young vs. Middle vs. Young vs. Young vs. Middle vs.
Middle R Elderly
Female Mean Elderly Elderly Middle Elderly Mean
R Mean Diff. Mean Diff. Mean Diff. Mean Diff. R
Diff. (p (p Value) (p Value) (p Value) (p Value) Diff. (p
Value) P P P P Value)
Total Total
o F=37.3, (<(;) i)l()901) (<(;) 5;01) (006(1)33) Fe15.22 — 0.08(0.07) (<(;) 610601) ((;) 3)097)
= (P=<0.0001) : : : L (P=<0.000) : :
g Left 0.09 0.16 0.07 3 Left 0.08 0.04
2 F=35.3 (0.0001)  (<0.0001) (0.0003) 2 F=13.6 0.03(0.08) 4 0001) (0.02)
©  (P=<0.0001) : : : 2 (P=<0.0001) : :
3 - -
e F}i'f:tg 0.10 0.18 0.08 F}illg:ta 0.04(0.09) 0.08 0.05
’ <0. <0. . e ’ ) <0. .
(P=<0.0001)  (<0:0001)  (<0.0001) (0.0003) (P=<0.0001) (<0.0001) (0.006)
F_ngta(l)a 0.23 0.65 0.42 o FT_‘;gaIS 2.15 3.91 1.76
= (pecooooy (012 (<0.0001) (0.0001) S (p_cooopy (00001 (<0.0001)  (<0.0001)
k-] o
g
3 F—Litz 0.08 0.31 0.23 S F_ngt . 1.10 1.97 0.87
g e ) <0. <0. & oy <0. <0. <0.
5 (pe<o000) (0.43) (<0.0001)  (<0.0001) S (p-co0o0) (<0.0001)  (<0.0001)  (<0.0001)
= . o .
@ Right S Right
0.14 0.33 2 1.05 1.94 0.89
F=18.9 0.18(0.002) 2 F=50.4
. <0. <0. <0. <0.
(p-<0000y) (004 (<0.0001) (P-c00o0y)  (<0.0001)  (<0.0001)  (<0.0001)
FT_c;TIS 0.51 0.96 0.46 FT_c;tSa; 0.15 (0.002) 0.31 0.17
o o } <0. } o s : ' <0. <0.
S (pecoonoy (00003) (<0000 (0.0002) 2 (p-<0.0001 (<0.0001)  (<0.0001)
I =
3 : ngt o 0.25 0.48 0.23 £ : LZ;t . 0.08 0.17 0.09
<] =40. 8 =4l
g (=000 (<0-0001)  (<0.0001)  (<0.000) & (—<0.000) (0.0005) (<0.0001)  (<0.0001)
2 F}i'zg:tg 0.24 0.47 0.23 g F}i'zg:tS 0.06(0.01) 0.14 0.07
’ . <0. . o ’ ) <0. .
(p-c0000y (002 (<0.0001) (0.0008) (P=<0.0001) (<0.0001)  (0.0002)

(Threshold p=0.001).
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Table 4.3.5: Significant difference in volume in the olfactory regions observed among male age

groups.
Young vs. Young vs. Middle vs. Young vs. Young vs. MII;I‘::IVS'
Male Middle Elderly Elderly Middle Elderly Meany
Mean Diff.  Mean Diff. Mean Diff. Mean Diff. Mean Diff. Diff. (
(p Value) (p Value) (p Value) (p Value) (p Value) -\P
Value)
Total Total
0.43 0.21 0.25 0.19
F=24.1 0.21(0.01 F=19.6 0.06 (0.61
o (P=<0.0001) (0.0) (<0.0001) (0.0009) (P=<0.0001) (0.61) (<0.0001)  (<0.0001)
a Left z Left
-+
(=] 0.11 0.21 < 0.02 0.11 0.09
< F=22.1 0.09 (0.004) oq F=18.9
. <0. o >0.9999 <0.0001 <0.0001
8  (P=<0.0001) (0.004) (<0.0001) 2 (P=<0.0001) ( ) ( ) )
o Right Right
x 0.22 0.12 0.14 0.09
(Pf;(z)ségz " 0.10(0.01) (<0.0001) (0.0003) (P—I:()l?).(fo n 0.04(0.33) (<0.0001) (0.0001)
Total Total
1.00 0.78 5.04 3.02
= (] =
< (P_F< 02(2)'0901) 0.21(0.71) (<0.0001) (<0.0001) = (P_':;gfo n 2.02(0.007) (<0.0001)  (<0.0001)
— - . -+ - .
] o
° Left > Left
=] 0.51 0.41 o 2.51 1.51
S F=24.9 0.09 (0.78) | F=39.1 1.00 (0.01)
Q
K (<0.0001) (<0.0001) & a (<0.0001)  (<0.0001)
é (P=<0.0001) o (P=<0.0001)
@ Right S Right
- 0.49 0.38 P - 2.53 1.50
(P—I:()lggon 0.11(0.73) (<0.0001) (<0.0001) x (P-F<_03(7).010 n 1.02(0.01) (<0.0001)  (<0.0001)
Total Total
1.21 0.89 0.42 0.32
- F=24.7 0.31(0.40) m F=35.5 0.1(0.29)
<0. <0. <0.0001 <0.0001
§_ (P=<0.0001) (<0.0002) (<0.0001) 2  (P=<0.0001) ( ) )
= Left > Left
3 0.58 0.42 5 0.22 0.16
k-] . 5
3 F=28.03  0.15(0.28) 2 F=41.2 0.05 (0.19)
<0. <0. = <0.0001 <0.0001
g (P=<0.0001) (<0.0002) (<0.0001) o  (P=<0.0001) ( ) )
S Right = Right
c 0.62 0.46 o 0.2 0.15
@ F=21.1 0.15 (0.56) x F=28.4 0.04 (0.46)
<0. <0. <0.0001 <0.0001
(P=<0.0001) (<0.0002) (<0.0001) (P=<0.0001) ( ) )

(Threshold p<0.001).

Pearson correlation analysis showed a significant correlation between OCV and

age, education and TIV for both sexes r=-0.586, r=0.359, r=0.619, females r=-0.629,

r=0.311, r=0.470 and males r=-0.641, r=0.401 and r=0.654 respectively (table 4.3.6)

(figures 4.3.3 and 4.3.4). In testing for covariance, an ANCOVA test showed that the

significant correlation remained in all groups for the OCV when controlling for education
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(Women F=27.530, DF=(2,125) p= 0.0001, Men F=17.825, DF=(2,81) p= 0.0001) or for
TIV (Women F=66.235 p=0.0001, Men F=49.657 p=0.0001) separately and the significant

effect remained in the pairwise tests.

Table 4.3.6: Associations of age, education and TIV with olfactory-related brain regions: Age,
education and TIV showed significant correlations with the volume of olfactory regions.
Education, however, appeared to have a less strong association that the other two variables

Age Education ICV

R? P value R? P value R? P value

Both
sexes

Women 0.3957 <0.0001 0.09653 0.0003 0.2211 <0.0001
Men 0.4104 <0.0001 0.161 0.0001 0.428 <0.0001

Both
sexes

Hippocampus  \yomen 0248 <0.0001 0.04235 0.0193 0.2707 <0.0001
Men  0.3527 <0.0001 0.1073 0.0022 0.4245 <0.0001

Both
sexes

Women 0.3651 <0.0001 0.09392 0.0004 0.2904 <0.0001
Men  0.3758 <0.0001 0.09532 0.004 0.4433 <0.0001

0.3435 <0.0001 0.1288 <0.0001 0.384 <0.0001

ocv

0.2086 <0.0001 0.07418 <0.0001 0.4974 <0.0001

0.2673 <0.0001 0.09793 <0.0001 0.5085 <0.0001

Parahippocampus

::(tehs 0.1693 <0.0001 0.07746 <0.0001 0.6149 <0.0001
Amygdala Women 0.2034 <0.0001 0.04546 0.0153 0.4005 <0.0001
Men  0.3337 <0.0001 0.1175 0.0013 0.5262 <0.0001
::(tehs 0.4159 <0.0001 0.1585 <0.0001 0.3719 <0.0001
OFC

Women 0.4892 <0.0001 0.146 <0.0001 0.1934 <0.0001
Men  0.5145 <0.0001 0.1631 <0.0001 0.3758 <0.0001

Both
sexes

Women 0.3819 <0.0001 0.1017 <0.0001 0.2294 <0.0001
Men 0.455 <0.0001 0.1172 <0.0001 0.3636 <0.0001
95% confidence interval (P<0.05).

0.3322 <0.0001 0.1136 <0.0001 0.4028 <0.0001

Entorhinal Cortex
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Figure 4.3.3: scatterplot of the association of age with olfactory-related brain regions. Associations
found between age (years) with different ROls. Graphs shows total volume.
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Education vs Hippocampus
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Associations found between education level (years) with different ROls. Graphs shows total volume.
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Hippocampus Volume:

One-way ANOVA analyses showed significant differences in volume between age
sub-groups in hippocampus volume (F=30.16, DF =(2,211), p<0.0001), with the lowest

volume observed in the elderly participants. (Figure 4.3.3).
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Figure 4.3.5: Hippocampus volume reduction across age groups split by sex: comparative analysis of the
hippocampus total, left and right volume respectively in the female population (upper row) and in the
male population (lower row).

Post-hoc multiple comparison Bonferroni tests showed significant differences in
the volumes of this region in some of the age groups including between the young and
the elderly age groups. Hippocampal volume, however, appeared to be sensitive to an
age effect in the later part of life, since no significant volume reduction was found between
the young and middle age groups (Figure 4.3.3, table 4.3.4 for female and table 4.3.5 for
male participants). Correlation analysis showed a significant association between
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hippocampus volume and age, education and TIV in both sexes r=-0.456, r=0.272,
r=0.705, females r=-0.498, r=0.205, r=0.520 and males r=-0.593, r=0.327 and r=0.651
respectively (table 4.3.6) (figures 4.3.3 and 4.3.4). ANCOVA analysis showed that the
significant correlation remained when controlling for education (Women F=19.199,
DF=(2.125), p= 0.0001, Men F=18.411, DF=(2,81) p=0.0001) or TIV (Women F=41.916
p=0.0001, Men F=35.423 p=0.0001) separately and the significance remained in pairwise
comparisons, except for the volume of the right hippocampus in women where no

significant difference was detected between the middle age and elderly groups.

Parahippocampus Volume:

Comparative model analysis showed significant differences in the volume of the
parahippocampus among groups (F=38.20, DF =(2,211), p<0.0001) (figure 4.3.4). The
significance among age groups remained when female participants were analysed
separately for total volume and left side volume while for the right side volume there was
no significant difference found between young and middle aged groups. In male
participants, significant differences were also found in all volumes and groups except
when comparing the young and middle aged groups (Figure 4.3.4, table 4.3.4 for females
and table 4.3.5 for males). A significant correlation was found between parahippocampus
volume and age, education and TIV in both sexes: r=-0.517, r=0.312, r=0.713, females
r=-0.604, r=0.306, r=0.539 and males r=-0.613, r=0.309 and r=0.665 respectively (table
4.3.6) (figures 4.3.3 and 4.3.4). In the ANCOVA analysis the significant correlation

remained when controlling for education (Women F=25.606, DF =(2,126), p= 0.0001,
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Men F=20.054, DF =(2,82), p=0.0001) or TIV (Women F=76.408, DF=(2,126), p=0.0001,
Men F=42.840, DF=(2,82), p=0.0001), and between group differences remained

significant in the pairwise comparisons.
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Figure 4.3.6: Parahippocampus volume reduction among groups: parahippocampus volume analysis for
total, left and right parahippocampus respectively in the female population (upper row) and in the male
population (lower row) showing the amount of significant reduction among the three cognitively healthy
groups.

Amygdala Volume:

One-way ANOVA analysis showed significant differences in amygdala volume
among age groups (F=21.32, DF=(2,211), p<0.0001) (figure 4.3.5) with the lowest volume
found in the older sub-group. Interestingly, post-hoc multiple comparison Bonferroni tests
showed significant differences between young and older sub-groups only in the female

population. Moreover, significant differences were found between the young and older
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sub-groups and between the middle aged and older sub-groups in the male population in
the total, left and right volume. The amygdala appears to be more stable in volume in
women than in men (Figure 4.3.5, table 4.3.4 for females and table 4.3.5 for males).
Significant associations were found between amygdala volume and age, education and
TIV for both sexes r=-0.411, r=0.278, r=0.784, females r=-0.451, r=0.213, r=0.632 and
males r=-0.577, r=0342. and r=0.725 respectively (table 4.3.6) (figures 4.3.3 and 4.3.4).
However, the association with education appeared to be less significant in both female
and male participants. Adjusting for education (female F=11.725, DF=(2,125), p=0.0001,
male F=15.274, DF=(2,81), p=0.0001) or TIV (female F=38.143, DF=(2,125), p=0.0001,
male F=39.475, DF=(2,81), p=0.0001) using ANCOVA analysis showed no influence of
these factors as the significance level remained the same even in the pairwise

comparisons.
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Figure 4.3.7: Amygdala volume differences among age-groups: comparative analysis of the total, leftand
right hemisphere amygdala volume respectively in the female group (upper row) and in the male group
(lower row) in the young, middle and elderly participants; the male population showed a greater ageing
effect than females.

Orbitofrontal Cortex Volume:

Group comparison showed significant differences among age groups in
orbitofrontal cortex volume (F=68.68, DF=(2,211), p<0.0001) (figure 4.3.6), with the
lowest volumes observed in the older sub- groups. Post-hoc analysis showed significant
differences between age groups in the female populations for the total, left and right
volume. Similar findings were observed in the male population, with the exception of the
comparison between the volume of this structure in the younger male sub-group and the
middle aged sub-group where no significant reduction was found (Figure 4.3.6, table 4.3.4
for females and table 4.3.5 for males). Correlation analyses showed significant
associations between OFC volume and age, education and TIV in both sexes r=-0.645,
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r=0.395, r=0.609, females r=-0.699, r=0.382, r=0.439 and males r=-0.717, r=0.403 and

r=0.613 respectively (table 4.3.6) (figures 4.3.3 and 4.3.4). Significant differences

remained in the ANCOVA and pairwise comparisons when controlling for education

(females F=36.168, DF=(2,125), p=0.0001, males F=30.902, DF=(2,81), p=0.0001) or

TIV (females F=96.421, DF=(2,125), p=0.0001, males F=77.134, DF=(2,81), p=0.0001)

when run separately.
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Figure 4.3.8: Orbitofrontal cortex volume differences among age groups in the two sexes: OFC volume
comparative analysis among the three age groups for the total, left and right volume in the female
population (upper row) and in the male population (lower) showing greater age influence on the OFC
volume in the female population as there is significant reduction in volume of this structure also in the
middle age group.
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Entorhinal Cortex:

One way ANOVA analysis showed significant differences among the three age
groups in the entorhinal cortex volume (F=51.66, DF=(2,211), p<0.0001) with smaller
volumes found in the older sub-group (figure 4.3.7). Post-hoc analysis showed no
significant volume differences between young and middle aged groups both in the female
and male participants except for the comparison of the left side volume in female
participants. Post-hoc, however, when comparing the young sub-group with the older sub-
group and the middle aged sub-group with the older sub-group, significant differences

were found (Figure 4.3.7, table 4.3.4 for females and table 4.3.5 for males).
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Figure 4.3.9: Entorhinal cortex volume differences among age groups in both sexes: comparative analysis
showing entorhinal cortex reduction in the three groups shown for the total, left and right entorhinal
cortex volume in the female population (upper row) and in the male population (lower row).
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Significant associations were found between the entorhinal cortex volume and age,
education and TIV in both sexes r=-0.576, r=0.337, r=0.634, females r=-0.617, r=0.318,
r=0.478 and males r=-0.674, r=0.342 and r=0.603 respectively (table 4.3.6) (figures 4.3.3
and 4.3.4). In the ANCOVA with education (females F=25.528, DF=(2,125), p=0.0001,
males F=29.290, DF=(2,81), p=0.0001) or TIV (females F=65.567, DF=(2,125),
p=0.0001, males F=56.098, DF=(2,81), p=0.0001) as covariates to account for the
relative influence of these two variables, the significant differences remained the same

and these were also detected in pairwise comparisons.

Testing the effect of the APOE €4 allele:

Comparisons using t-test showed no significant differences between APOE &4

allele carriers and non carriers in total, left and right OC volume (Table 4.3.7). Moreover,

using the same test model, no significant difference was observed between APOE &4

allele carriers and APOE &4 allele non-carriers in total hippocampal volume, left and right

volume when both sexes were analysed together or separate (Table 4.3.7). This was the
case for all volumes, both sexes combined and when volumes were compared in the two
sexes separately in total volume, left or right volume for the parahippocampus, amygdala,

OFC and entorhinal cortex (Table 4.3.7).
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Table 4.3.7: Comparative analysis of olfactory-related brain regions between APOE €4 carriers
and non-carriers showed no significant differences in any regions in both sexes.

ocv Hippocampus Parahippocampus Amygdala OFC Entorhinal
t p t p t p t p t p t p
Total 0.91 0.37 0.78 0.44 0.59 0.56 0.79 0.44 0.71 0.48 0.98 0.33
volume
Left 0.99 0.33 0.48 0.63 0.48 0.64 0.42 0.68 0.49 0.62 0.79 0.43
volume
Right
0.82 0.42 0.94 0.35 0.65 0.52 1.1 0.28 0.89 0.38 1.1 0.28
volume
Wtc:t‘;fn 202 006 1.65 012 155  0.14 187 008 213 0052 2.02 0.064
Men total 0.601 0.56 0.203 0.84 0.19 0.85 0.52 0.61 0.31 0.76 0.016 0.994

Significant level = p<0.001
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4.3.4 Discussion

This cohort study investigated alterations of volume in olfactory-related brain
regions and their associations with age, education and TIV in neurologically healthy
adults. The use of MRI imaging techniques enabled the study objectives to be met. Our
study showed that loss of volume in olfactory-related brain regions in men occurs
approximately around the seventh decade of life while in women is detectable as early as
the fourth decade except for the volume of the hippocampus and amygdala that became
noticeable at around the seventh decade in women. This finding confirms what had been
suggested by an earlier study that reported that women have greater brain atrophy than
men (Jiang et al., 2014). In detail, variability in volumetric decline of olfactory-related brain
regions was seen in this study. Women appeared to have earlier volumetric loss in the
olfactory cortex as significant differences from the youngest age group were detectable
in both hemispheres in the comparison with the middle aged sub-group. In men, the
volume of the OC on the right side showed a significant decline between the middle aged
and older sub-groups, while on the left, reduction in volume was only seen after the age
of 65 years. This observation does not find any support in earlier studies that reported no
volumetric reduction associated with age (Kondo et al., 2020). For the hippocampus,
women showed less volumetric reduction on the right side since no significant differences
were observed between the middle aged and the older sub-groups while on the left side
a significant volumetric reduction was observed after 65 years. In men, a significant

volumetric reduction was observed in the hippocampus in the older age sub-group. The
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greater volumetric reduction on the left side had already been reported previously by a
study that found a significant association between biological factors and volume of the
left hippocampus and amygdala in both sexes (Orihashi et al., 2020). This finding
supports earlier evidence that the right hippocampus shows less volume loss in general
(Frisoni et al., 2008) and findings of a large study that found that reduction in hippocampal
volume starts in the seventh decade of life in both sexes (Nobis et al., 2019). In general,
hippocampal volume alterations are associated with ageing (Scahill et al., 2003). As for
the parahippocampus, volumetric loss on the left side is seen earlier in female participants
in line with the evidence reported in the literature previously (Jiang et al., 2014).
Significant reduction in volume was noted when the young age sub-group was compared
with the middle aged sub-group. However, in the male participants volumetric reduction
was similar to that observed in the hippocampus where substantial volumetric reduction
is seen after the age of 65 years. The amygdala, however, seems to undergo a subtler
and more gradual decline than other structures in female participants, with volumetric
reduction becoming significant only when the two more extreme age sub-groups (young
and older) were compared. Instead, in the male participants volumetric reduction was
seen at a later point with differences becoming significant only in the comparison between
middle aged and older age sub-groups and being more substantial on the left. This finding
is in line with those of a recent report that volume of the left amygdala is reduced in older
people (lizuka et al., 2021). For the OFC, volumetric reduction was greater in women and
detectable already in the middle aged sub-group comparison with the young sub-group,

while in men the volume of this brain region appeared more stable up to an older age,
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with volumetric reductions becoming significantly detectable only when the middle aged
sub-group was compared with the older sub-group. This finding is in line with earlier
observations that led the authors of the study to suggest that volume loss in this region
becomes noticeable after the age of 40 years (Shen et al., 2013). In the entorhinal cortex,
volumetric loss on the left was noticeable very early in women and differences appeared
significant in group comparisons with the young age sub-group. In men, however, volume
loss appeared to accelerate later on in life with significant differences seen between the
middle aged and older age sub-group comparisons. The pattern of reduction observed
for this structure is similar to that seen in the parahippocampus as there is a close
connection and direct influence of the parahippocampus on entorhinal cortex (lizuka et

al., 2021).

The volumetric loss seen in olfactory-related brain regions may be part of the
overall grey matter loss experienced by people as progressive grey matter shrinkage has
been reported after the second decade of life (Shen et al., 2013). Regional and global
brain volume loss is strongly associated with the brain ageing process (Peters, 2006;
Scahill et al., 2003). In parallel, olfactory dysfunction is associated with volume reduction
in olfactory cortex, hippocampus, parahippocampus and orbitofrontal cortex (Bitter et al.,
2010). The finding of the present study, therefore, could explain the olfactory deficits
observed in the ageing population. Moreover, the present study results confirmed earlier
evidence that parahippocampus and entorhinal cortex show greater volume loss with age

but that is not the case for the hippocampus and amygdala (Sele et al., 2021).
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Different factors might be involved in the brain regional alterations observed in this
study and these could also include the potential consequences of stress (Lindgren et al.,
2016). In addition, neurotransmitters’ level, such as dopamine and serotonin, decline with
ageing and might cause brain regional alterations (Peters, 2006). For example, dopamine
level decreases approximately 10% per decade from early adulthood (Mukherjee et al.,
2002). An fMRI study demonstrated a significant decrease in brain activities in regions of
the olfactory cortex, hippocampus, parahippocampus, orbitofrontal cortex and entorhinal
cortex in older adults compared with young adults (Wang et al., 2005). The present study
indicates that women show greater brain volume reduction than men. This finding is in
line with a similar observation that has been previously reported (Crivello et al., 2014;

Guo et al., 2016).
In the sub-group for whom genetic status was available, no significant effect of the
APOE €4 genotype was found on the volume of olfactory-related brain regions. This

negative finding could be explained by several factors. First, it could be related to the fact

that none of the APOE €4 carrier participants in the present study was homozygous, while

an earlier study had found a significant effect of APOE €4 on brain regional volume and

reported greater hippocampus volume loss in homozygous APOE &4 carriers than in

heterozygous or non carrier participants (Crivello et al., 2010). It is also important to
mention that in volume comparative analyses, a 99.9% confidence interval threshold was

applied as recommended for neuroimaging studies (Woo et al., 2014), even if a VBM

159



analysis method was not used in this study. In the present study, brain regional volumes
were not normalised to TIV, but TIV was used as a covariate in the analyses. Previously
published studies have reported no significant difference between normalised and non-
normalised brain regional volumes, especially for the hippocampus (Embong et al., 2013;
Jalaluddin et al., 2013). Overall, grey matter showed significant alterations in all post hoc
analyses in women and men and this was the normal outcome in relations to the
alterations found in olfactory-related brain regions. However, no alterations were found in

white matter except for the volumes of the older male sub-group only.

In this study we investigated regional volumes not the pathways. Thus, the ROIs
included in this study were identified using the atlases mentioned in the method section.
To the best of our knowledge this is the first study of its kind as none of the earlier studies
has carried out a large and comprehensive study of most parts of olfactory-related human
brain regions for all age groups, taking sex into account and also by taking volumetric
measurements of both brain hemispheres using MRI imaging technology.

Because of the wide variability of brain alterations in people undergoing normal
ageing, finding a consistent pattern of atrophy may be difficult and might need more
sophisticated investigations. More research is needed to comprehend fully the trajectories
of atrophy in distinct brain regions involved in olfactory processing, as well as
investigating volumetric loss both in normal ageing populations and in disease situations.
Taken together, however, the results of this study suggest that monitoring of volume of
olfaction-related brain regions in the ageing population may be valuable to detect risk of
neurodegenerative diseases.
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4.4 Chapter discussion and conclusion

The results of this chapter indicate that a large proportion of the mentally healthy
elderly population has a weak sense of smell. Not only that, but most of them are not
aware of having a weak sense of smell, and this certainly poses a threat to their lives and
the lives of others around them. It is important to stress that the self-report olfactory
questionnaire is not sufficient to test olfactory function among the elderly as no
association was found with scores obtained on the objective olfactory test. This means
that health care providers are required to use objective olfactory tests when testing elderly
individuals and not only ask them if they are experiencing any problems with their sense
of smell. The studies reported above also found that there is a relationship between sense
of smell and cognitive abilities in older women, indicating that detecting impairment in
someone’s sense of smell might predict that they might be at risk of future development
of a neurodegenerative condition if a weak sense of smell is observed in association with
a degree of cognitive decline. It is important to differentiate between an isolated olfactory
dysfunction that may be caused by ageing, and an indication of a potential
neurodegenerative disease, when an olfactory deficit is associated with cognitive
impairment and the detection of such an association should prompt additional tests in an

elderly individual.

The third experiment in this chapter showed that there is a reduction in the size of
all those regions of the brain related to olfactory processing as part of the process of

normal ageing. Again, this regional volumetric reduction seems to be more accentuated
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in women as it is already detectable in middle aged individuals while in men it becomes

noticeable only at a more advanced age.

This fourth chapter, which includes clinical experiments on cognitively healthy
populations, clearly shows that age has an effect on the sense of smell. This is based on
objective tests of sense of smell or through magnetic resonance imaging of the regions
of the brain related to the processing of olfaction. The findings of this chapter show clearly
that the effect is greater in women, as a relationship was found between a weak sense of
smell and a lower cognitive performance in those women who were smokers. Moreover,
the reduction in size of those brain regions associated with olfactory processing was also
greater in women. As mentioned earlier, women are more at risk of developing
neurodegenerative diseases and the findings in this chapter lend additional support to

them being at greater risk.

There are several factors that may lead to a loss of the sense of smell in the elderly,
including infection, head trauma or else. It is important to pay attention to an elderly
individual's olfactory capacity in clinical setting and to include objective testing of this
function since the findings of the studies presented in this chapter suggest that this
assessment in combination with cognitive assessment might alert to future
neurodegeneration. Detection of olfactory dysfunction at an early stage could potential

help reducing the extent of these deficits and implement potential treatments.
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4.5 Limitations:

As for the overall potential limitations of the studies presented in this chapter, the
biggest disadvantage is that in this chapter two study samples were assessed, one in
whom we tested olfaction abilities and the other in whom we obtained regional volumetric
values for olfactory related brain regions using neuroimaging. However, the results of this
chapter are complementary and show a greater effect of ageing in women than in men
either in olfactory performance when correlated with cognition levels or in volumetric
measurements of olfaction-related brain regions.

To investigate the predictive value of olfactory dysfunction for cognitive decline,
one limitation of the studies in this thesis is that there was no evaluation of hearing status
as the cognitive test final scores could have been affected by hearing loss as previously
reported (Pachana et al., 2006). The telephone-based cognitive test used in the first two
experiments examined mainly amnestic cognition but not non-amnestic cognition. In other
words, the approach used can provide a memory composite score where there are other
cognitive domains that could also be affected (Duff et al., 2015). This study's cognitive
evaluation was restricted to a screening battery t-MMSE and TICS. A more extensive
neuropsychological examination would have been more appropriate for getting a better
appraisal of cognitive status. However, a part from being less expensive, the t-MMSE and
TICS have the advantage that these tests could be administered either by telephone or
face to face and can be valid alternatives to the standard MMSE (Duff et al., 2015; Fong
et al., 2009; Newkirk et al., 2004). A comprehensive neuropsychological battery was used

in the sample studied in experiment 3, assessing a range of cognitive domains in depth.
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However, given the retrospective nature of this analysis, no olfactory tests were available
for this sample.

Furthermore, individuals differ in brain size and that may affect the outcome of the
study. However, this potential issue was minimised by using TIV values as a covariate in
the analyses.

A further limitation is the cross-sectional design used in this study. Indeed,
longitudinal studies are the best way to assess individual brain alterations. Also, in
comparing olfactory-related regional brain volumes, no gap between age sub-groups was
introduced to ensure that any potential change in volume would be noticeable. The
findings of the study appear to indicate that volume reduction can occur gradually across
the lifespan in some regions and more substantially in the later part of life for other
regions.

Different olfactory region terminology and anatomy have been introduced in the
literature previously. For example, Wilson (2009) stated that the olfactory cortex includes
the piriform cortex (also called pyriform or prepyriform cortex) that is the largest sub-
region of the olfactory cortex (Wilson, 2009). In another example, Doty (2017) defined the
primary olfactory cortex as including the anterior olfactory nucleus, pyriform cortex,
periamygdala and amygdala complex regions and rostral entorhinal cortex (Doty, 2017).
Moreover, another study considered primary olfactory cortex as including the piriform
cortex associated with the anterior olfactory nucleus, the anterior perforated substance,
olfactory tubercle, anterior portion of periamygdaloid cortex and amygdala (Wang et al.,

2010). These different terminologies and anatomical regions of the olfactory cortex or
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primary olfactory cortex could be misleading and include noise in the data and disrupt the
processing flow of research involving olfactory function. However, this potential limitation
does not influence our study since we investigate volumetric alterations of olfactory
related brain regions not the process or function of those regions, nor perception of an

odorant.
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Chapter 5: Atrophy of olfactory-related brain
regions in MCIl and AD dementia

5.1 Experiment 4: Atrophy of the Olfactory Cortex in Alzheimer
Disease

5.1.1 Introduction

Numerous health problems occur with ageing such as cognitive decline, cardiac
disorders and/or neurodegenerative diseases including Alzheimer’'s disease (AD)
(Cermakova et al.,, 2015). Neurodegenerative diseases, including AD, Parkinson’s
disease (PD) and Huntington’s disease (HD) among others, are progressive disorders
that lead to neuronal loss and consequent structural alterations in the brain (Gao & Hong,
2008). AD is a chronic neurodegenerative disorder that affects millions of individuals
worldwide and is one of the most debilitating type of dementia that contributes up to 60 —
70% of the cases worldwide based on data by the World Health Organization (de la Monte
& Wands, 2004; Dementia, 2017; Niikura et al., 2006). Symptoms include memory
dysfunction and deficits in attention, planning, language, and overall cognitive function
(Albert et al., 2011).

Some studies suggest that olfactory dysfunction is also a common symptom of
neurodegenerative disorders including AD (Doty et al., 1991; Ruan et al., 2012) and
evidence supports that it can be an early marker of this disease (Doty, 2009). Indeed,
several studies have shown that when compared with age-matched controls it is evident
that olfaction is affected in the early stage of AD (Djordjevic et al., 2008; Godoy et al.,
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2014). Olfactory dysfunction is also observed in individuals with Mild Cognitive
Impairment (MCI), some of whom will progress on to AD dementia (Morris et al., 2001).
The sense of smell also declines in otherwise neurologically healthy elderly people (C.
Zhang & Wang, 2017). However, this is said to be accelerated in individuals with a
neurological disease (Godoy et al., 2014). Significant associations have also been found
between performance on odour identification tasks and cognitive scores (Larsson et al.,
2000). These data suggest that levels of olfactory function may be a marker of impending
AD and should be assessed, along with other markers, in ageing individuals.

Olfactory dysfunction may have a number of causes, such as nose or brain injury,
age-related structural alterations in the olfactory system, environmental, or other
biological alterations that reduce the efficiency of smelling (Doty, 2017). Given the
olfactory dysfunction observed in AD, it would be reasonable to expect that olfactory
structures in the brain may be affected (Pearson et al, 1985). Indeed, some studies have
found that AD individuals have atrophy of the olfactory epithelium (Serot et al., 2003),
olfactory bulb and tract (Thomann, et al., 2009), and of the primary olfactory cortex (POC)
(Vasavada et al., 2015). Atrophy in AD is also observed in other brain regions including
the hippocampus (Pearson et al., 1985), basal forebrain, thalamus and amygdala (Pini et
al., 2016). However, in the medial temporal lobe, AD pathology and volume loss appear
earliest in the entorhinal cortex, an area within the POC (Devanand et al., 2012; Du et al.,
2004). Thus, while many studies indicate that hippocampal atrophy is the best core

marker for AD, measurements of the entorhinal cortex may provide the earliest detection
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(Dubois et al., 2007; Johnson et al., 2012; Pini et al.,, 2016; Sperling et al., 2011;
Henneman et al., 2009).

Despite the fact that accumulation of B-Amyloid occurs in AD brains, and
accumulation of this protein in the olfactory bulb is one of the earliest sites of pathology
in AD (Christen-Zaech et al., 2003; Thomann, et al., 2009), it has been shown that [3-
Amyloid burden is not directly related to olfactory deficits (Bahar-Fuchs et al., 2010;
Wilson, Arnold, et al., 2007). Furthermore, B-Amyloid accumulation is frequently observed
in individuals without AD (Carvalho et al., 2018). In contrast to B-Amyloid accumulation,
neurofibrillary tangles do appear to affect olfactory function (Ruan et al., 2012; Wilson,
Arnold, et al., 2007). These tangles are detected in the olfactory bulb and primary olfactory
sensory cortices in human AD brains (Arnold et al., 2010). Moreover, neurofibrillary
tangles in AD are found in the area of olfactory processing (Bahar-Fuchs et al., 2010;
Kovacs et al., 2001). Other molecular depositions in the AD olfactory bulb are also
observed including accumulation of tau proteins that correlates with AD stage (Lazarov &
Marr, 2010) and Caspase activation (Foveau et al., 2016). Caspase-6 activation, which
occurs early in the pathogenesis of AD (Flores et al., 2018; LeBlanc, 2013; Ramcharitar
et al., 2013), is observed in the olfactory bulb of patients with AD and its activity is
associated with Tau pathology but not 3-Amyloid accumulation (Foveau et al., 2016).

Structural and functional brain asymmetry has been observed in humans and
animals (Hugdahl, 2005; Sabine et al., 2011; Toga & Thompson, 2003). Of note, POC
volume decreases have been observed among AD patients on both sides of the brain

(Vasavada et al., 2015). However, using metabolic measures such as 18-F-
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fluorodeoxyglucose-PET or MRI, it has been shown that in AD brain regional alterations
in the left hemisphere are more severe and occur prior to atrophy in the right hemisphere
(Donix et al., 2013; Thompson et al., 2007; Toga & Thompson, 2003). Aside from the
lateral asymmetry, grey matter concentration in the olfactory system also differs according
to sex. For example, women have higher grey matter concentration in orbitofrontal cortex
and right amygdala and hippocampus, while men have higher grey matter concentration
in left entorhinal cortex and left dorsal insular cortex (Garcia-Falgueras et al., 2006), an
observation that supports morpho-functional differences in olfactory neuronal networks
between men and women.

A number of studies has shown atrophy of the entorhinal cortex in AD (Devanand
et al., 2012). However, there is a lack of literature more specifically on OC volume in AD,
and in particular if there are sex-specific effects. In this study, the aim was to determine
if there were atrophy of the OC in a cohort of individuals with AD, and if so, how sex, age
and level of education may influence variance in volume in structures constituting the
primary OC. Furthermore, a secondary aim was to determine if there were any

a/symmetry of these brain regions.

5.1.2 Method and materials

Participants:

The samples included in the present case-control study included 25 cognitively

healthy older adults (14 women and 11 men) and 14 individuals with a diagnosis of AD
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(9 women and 5 men) from an observational study previously described in Croteau et al.
(2017) (Croteau et al., 2017). All participants provided written informed consent prior to
study entry. Ethical approval for this study was obtained from the ethics committees of
the Research Centre on Aging - CIUSSS de I'Estrie — CHUS (2009-111 and 2010-163).
Probable or possible AD was defined using the National Institute on Aging - Alzheimer’s
Association (NIA-AA) criteria (McKhann et al., 2011) with or without the use of prescribed

medication for the AD patients (Castellano et al., 2017).

MRI screening:

Participants were assessed using a 1.5 Tesla magnetic resonance imaging
scanner (MRI Sonata, Siemens Medical Solutions, Erlangen, Germany). A T1-weighted
sequence (TR=16.00ms, TE=4.68ms, field of view=256 x 240 x 192 mm, matrix size=
256 x 256 x 164, flip angle=20° and 1mm isotropic voxels) was acquired. Volumetric MR
imaging measurements were performed using the PNEURO tool implemented in PMOD
3.8 (PMOD Technologies Ltd., Zurich, Switzerland). Brain anatomy was automatically
segmented into 119 volumes of interest according to the Automatic Anatomical Labelling
atlas [AAL atlas; (Tzourio-Mazoyer et al., 2002)]. We considered the OC regions in the
brain as defined by (Dejerine, 1895) and as used in a recent study (Fjaeldstad et al.,
2017). The OC includes the olfactory tract, amygdala, piriform cortex, anterior perforated
substance, the subcallosal area (including the subcallosal cingulate gyrus) and the

anterior cingulate cortex.
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Statistical analysis:

OC and hippocampal volumes obtained from three dimensional structural MRI
scans, and the assessment of a/symmetry, were compared using an unpaired t-test.
Pearson’s correlation tests were used to determine if there were a correlation between
age and OC or hippocampal volume in the control and AD participants. Pearson’s
correlation tests were also used to determine if there were a correlation between
education levels and these brain regions. The unpaired t-test and correlation analysis
were performed using Graphpad Prism 7 (GraphPad Software San Diego, CA, USA).
SPSS software (IBM SPSS Statistics for Windows, IBM Corp., Armonk, NY) was used for
the linear multiple regressions. Raw OC and hippocampus volume data were the
dependent variables and AD, sex, age and TIV were used as independent variables. The

level of significance was set at p< 0.05.

5.1.3 Results

Demographics:

Table 5.1.1 shows the demographic information including cognitive screening scores
and education levels for the control participants (14 women, 11 men) and AD individuals

(9 women, 5 men).
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Table 5.1.1. Demographic Profiles.

Control (n=25, M=11, F=14) AD (n=14, M=5, F=9) p value
Min Max Mean SD Min Max Mean SD
< Age (y) 65 86 71.1 5.22 65 82 75.6 4.60 0.047*
% MMSE score 27 30 29.3 0.89 19 29 25.4 2.96 <0.0001*
g Education (y) 7 22 14.8 4.54 8 22 12.6 4.72 0.181
Age (y) 65 85 71.0 6.68 70 76 72.6 2.41 0.613
g MMSE score 28 30 29.5 0.69 23 29 25.3 2.87 0.0004*
Education (y) 13 22 17.1 2.88 10 22 17.3 5.12 0.940
Age (y) 65 78 71.2 3.99 65 82 75.6 5.27 0.03*
g MMSE score 27 30 29.1 1.03 19 29 25.4 3.17 0.0005*
= Education (y) 7 19 12.9 4.84 8 16 10.6 2.83 0.200

MMSE: Mini-Mental State Examination

There was a subtle yet significant difference in age between control participants and
AD individuals (t=2.05, p=0.047). This was mainly driven by a difference in age between
the female controls and AD participants (p=0.03). There was no difference in age between
the male controls and AD participants. As expected, the Mini-Mental State Examination
(MMSE) scores showed significant differences between the two groups (p<0.0001). For
education levels, there was no significant difference observed between the control and
AD participants. However, the male participants (control and AD combined) had higher
education levels overall than the female participants (control and AD combined)

(p=0.0004).
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Atrophy of the olfactory cortex in AD

The MRI findings demonstrated that total OC volume was significantly smaller in
AD when compared with control participants (men and women combined, p=0.009,
Fig.5.1.1A). This difference in volume was most obvious in the left OC volume (p=0.003,

Fig.5.1.1B) with only a trend difference in the right OC volume (p=0.06, Fig.5.1.1C).

In order to determine if both sexes showed OC volume atrophy, we assessed this
separately for men and women. Despite the small sample size, a significantly smaller total
OC volume was found in men with AD when compared with control participants (9.3%,
p=0.045). This difference was more pronounced in the left OC volume compared with the
right (left, 11.45%, p=0.02; right, 7.34%, p=0.12). In women AD participants there was a
trend difference in total OC volume (6.8%, p=0.06), and a significant difference in the left
OC volume (10%, p=0.04). The right OC volume showed no difference in women between

control and AD participants.
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Figure 5.1.1: Olfactory cortex and hippocampal atrophy in AD. A) Comparison of the total OC volume
between AD and control when males and females are combined; B) Comparison of the left OC volume
between AD and control when males and females are combined; C) right olfactory cortex volume in the
AD and control group (males and females combined); D) Comparison between AD and control in total
hippocampus volume in males and females combined; E) left hippocampus volume in AD and control
groups in males and females combined; and F) right hippocampus volume in AD and control groups in
males and females combined.

As expected, there was a significant difference in the total volume of the
hippocampus in the AD participants when compared with the control group (men and
women combined, p=0.03, Fig.5.1.1D). This was more pronounced in the right
hippocampal volume (p=0.03, Fig.5.1.1F) than the left hippocampal volume (p=0.055,
Fig.5.1.1E). When assessing volume of this structure by sex, male AD participants

showed a significant difference in the total hippocampal volume (9.2%, p=0.026) and in
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the right hippocampus volume (10.7%, p=0.011). No significant difference in hippocampal

volume was observed in female AD participants when compared with controls.

Region specific brain asymmetry

Structural, functional and behavioural brain asymmetries have been observed in
humans for a number of brain regions (Toga & Thompson, 2003). However, there is
limited data on the OC. A significant asymmetry was observed in our cohort in the OC of
controls when comparing the left and the right volumes (p<0.0001, Fig.5.1.2A). A similar
asymmetry was observed in the OC of the AD participants (p=0.0009, Fig.5.1.2B). In both
groups, the left OC volume was significantly smaller than the right side (9.8% in the control
group and 15.1% in AD patients). This asymmetry was observed in both the male
(p=0.003) and female (p=0.0009) control participants, and in the female AD participants
(p=0.005). However, it was not detected in men with AD. In all cases where asymmetry
was observed, the left OC volume was smaller than the right one.

In sharp contrast to the asymmetry observed in the OC volume, no asymmetry was
observed in our cohort in the hippocampus when comparing left versus right volumes in
the control group (Fig.5.1.2C) or in the AD group (Fig.5.1.2D). A similar result was found

when the groups were separated based on sex.
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Figure 5.1.2: Select regions of the brain that show hemispheric asymmetry. A) OCV asymmetry in the
control group when males and females are combined; B) OCV asymmetry in the AD group when males
and females are combined; C) No hippocampus volume asymmetry in the control group when males and
females are combined; D) No hippocampus volume asymmetry in the AD group when males and females
are combined.

177



Age associated decrease in olfactory cortex volume in AD

We first assessed if there were a correlation between left or right OC volume and
age in controls and AD. No correlation between the left olfactory cortex volume (r=0.2099,
r’=0.0441, p=0.314) or the right (r=0.1803, r>=0.032, p=0.389) and age was found in
controls when males and females were combined (DF=24). Comparing the slopes of the
left and right OC volume in the control participants in relation to age (men and women
combined) revealed no significant difference between the slopes (p=0.836) (Fig.5.1.3A).
A similar finding was observed in the AD participants where no correlation was found
between left (r=0.4526, r>=0.205, p=0.104) or right OCV (r=0.1803, r>=0.006, p=0.795)
and age as well as when we compared the slopes (p=0.292, DF=13) (men and women
combined, Fig.5.1.3B). We then assessed age in relation to the left OC volume between
the control and AD groups. There was a significant difference between the two slopes in
the left volume between AD and control with age (p=0.03, Fig.5.1.3C). The OC age
related volume loss was greater in the AD participants than in the control participants.
This was not observed when comparing age and the volume of the right OC in control

and AD participants (Fig. 5.1.3D).
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Figure 5.1.3: The relationship between olfactory cortical volume and age in the AD and control
participants. A) No correlation in controls between the left (black) or the right (grey) olfactory cortex
volume and age (x-axis) when males and females were combined. B) No correlation between the left or
right olfactory cortex volume and age (x-axis) in AD subjects when males and females are combined. C) A
difference in the slopes of the left olfactory cortical volume with age between controls (grey) and AD
(black). D) No difference in the slopes of the right olfactory cortex volume between control and AD with
age (x-axis) when males and females are combined.

We next performed a general linear model (GLM) regression analysis in order to
determine if age and/or sex impacted on the relationship between OC volume and
disease. In the unadjusted model, there was a significant effect of disease on the total
(p=0.009) and left (p=0.003) OC volumes. This relationship remained significant when the
model was adjusted for age (total OCV, p=0.03; left OCV p=0.012) or sex (total OCV,
p=0.015; left OCV, p=0.010; right OCV, p=0.04) (Table 5.1.2). When men and women

were analysed separately, the relationship between OCV and disease remained even
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when adjusting for age (men: total OCV, p=0.04; left OCV, p=0.014; women, total OCV,

p=0.03, left, p=0.02, Table 5.1.2).

Table 5.1.2: Multiple linear regression analysis of olfactory cortical volume and disease.

OCV total OCV left OCV right
Std
Variables B Std Error p-value Variables B Std Error p-value Variables B Error p-value
Unadjusted Unadjusted Unadjusted
(F=3.731, R2=0.151, p=0.067) (F=4.632, R2=0.181, p=0.043*) (F=1.801, R2=0.079, p=0.194)
) 0.127 -0.425 0.08 0.043* -0.281 0.055 0.194
c Disease 0.388 0.067 Disease Disease
Q
g Adjusted for the age Adjusted for the age Adjusted for the age
=
(F=4.015, R2=0.286, p=0.034*) (F=4.903, R2=0.329, p=0.019*) (F=1.981, R2=0.165, p=0.164)
R ) . )
Disease 0.205 0.133 0.343 Disease 0.233 0.082 0.019 Disease 0.135 0.06 0.562
R ) . )
Age 0411 0.013 0.065 Age 0.43 0.008 0.048 Age 0.328 0.006 0.166
Unadjusted Unadjusted Unadjusted
(F=4.825, R2=0.256, p=0.0,045%) (F=6.826, R2=0.328, p=0.02*) (F=2.724, R?=0.163, p=0.121)
- ~ * -
Disease 0.506 0.148 0.045* Disease 0.573 0.073 0.02 Disease 0.404 0.081 0.121
c
§ Adjusted for the age Adjusted for the age Adjusted for the age
(F=4.229, R?=0.394, p=0.038*) (F=5.985, R2=0.479, p=0.014*) (F=2.397, R2=0.269, p=0.130)
- * | * -
Disease 0.558 0.14 0.024 Disease 0.626 0.067 0.008 Disease 0.449 0.08 0.083
Age 0375  0.012 0.109 Age 0.393 0.006 0.074 Age 0329  0.007 0.192
Unadjusted Unadjusted Unadjusted
(F=7.669, R2=0.172, p=0.009*) (F=10.199, R2=0.216, p=0.003*) (F=3.680, R2=0.090, p=0.063)
- * ~ * ~
Disease 0414 0.096 0.009 Disease 0.465 0.055 0.003 Disease 0.301 0.047 0.063
c Adjusted for the age Adjusted for the age Adjusted for the age
Q
§ (F=3.731, R2=0.172, p=0.034*) (F=5.041, R2=0.219, p=0.012*) (F=1.895, R2=0.095, p=0.165)
T° - 0.103 0.014* -0.447 0.059 0.007* -0.324 0.05 0.061
H Disease 0.415 Disease Disease
c
g Age 0.002 0.01 0.99 Age -0.055 0.005 0.727 Age 0.073  0.005 0.666
Adjusted for the sex Adjusted for the sex Adjusted for the sex
(F=3.481, R2=0.209, p=0.015*) (F=5.309, R2=0.228, p=0.01*) (F=3.622, R2=0.168, p=0.037*)
Disease 043 0.095 0.006* Disease -0.474 0.055 0.003* Disease 0323 0.046 0.041*
Sex 0.194  0.093 0.199 Sex 0.108 0.054 0.465 Sex 0.278  0.045 0.076
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Age influence on the volume of the hippocampus

In order to determine if ageing influenced hippocampal volume we first performed
a Pearson’s correlation test. We found no significant correlation between age and the
volume of the hippocampus in the control group in the left (r=0.0463, r?=0.002, p=0.826)
or the right (r=1832, r*=0.033, p=0.381) or between the slopes (p=0.611) (Fig. 5.1.4A). A
similar result was found in the AD group as there was no significant association between
age and the left hippocampus volume (r=0.0298, r*=0.0009, p=0.919) or the right volume
(r=0.1466, r*=0.021, p=0.617) and no significant differences between the slopes
(p=0.804). (Fig. 5.1.4B). Furthermore, no significant difference was detected when
comparing the slopes of the left (p=0.986) or right volumes (p= 0.917) and age in the
control vs. AD groups (Fig. 5.1.4C, D). We next assessed if age or sex impacted the
relationship between total hippocampal volume and disease using a GLM regression
analysis. In the unadjusted model, disease had an effect on hippocampal volume as
expected (p=0.03). When the model was adjusted for age, this significant effect
disappeared as the association was no longer significant. However, the disease was still
significant (p=0.03). When the model was adjusted for sex, including disease-sex
interactions, the results demonstrated that disease impacted hippocampal volumes (total
hippocampal volume, p=0.002). When testing sexes separately, in men, the relationship
held when adjusting for age only when assessing the right hippocampal volume (p=0.03).
In women, no significant relationship was observed between disease and hippocampal

volume.

181



A Control B AD
£ 97 i 9 i
£ Left vs right - Hp left g Left vs right - Hp left
o Hp right \q: Hp right
8 1 8
S ° 5 £
3 s 2 ®
o L ° o
> 71 w e Y > 7] .
@ C S A —g » ° o °
a [ ] g_ —— __.__.—
E - ¢ a8 £ Ol
© ® m 7
o o [ ]
o o [ ]
[oX o
25 T T T 25 T T T T T 1
T o0 70 80 90 T 60 65 70 75 80 85 90
Age Age
C Hippocampus left D Hippocampus right
£ 97 Control vs AD . g o1 Control vs AD 4
£ ontrol left € Control right
o - AD left ® -~ AD right
8 8-
1S €
=l L E]
o [e]
> 7 ] - > 74 [ | =
4 - 2 3 . ‘ a .
]
2 T 2 —— T .
. K =
E o € . ]
g ¢ . g’ =" .
[
2 . g
25 T T T 25 T T T
T 60 70 80 90 T 60 70 80 90
Age Age

Figure 5.1.4: The relationship between hippocampal volume and age in the AD and control participants.
A) No significant correlation in controls between the left hippocampus volume (black) or right (grey) and
age (x-axis) when males and females are combined. B) A similar result is seen in AD cases for both left and
right hippocampus volume. C) No difference between the slopes of the left hippocampus volume (y-axis)
with age (x-axis) in control (grey) compared to AD (black) when males and females are combined. D)
Similarly, no difference is detected between the slopes of the right hippocampus volume with age in
controls compared with AD.

Levels of education and influence on the volume of the hippocampus in controls

We next assessed whether years of education impacted OC or hippocampal

volumes. There was no significant correlation observed between education (in years) and
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OC volume in control or AD participants (data not shown). However, there was a positive
correlation in the controls (men and women combined) between years of education and
total hippocampal volume (Fig. 5.1.5A, r=0.4125, R?=0.170, p=0.04) and left hippocampal
volume (Fig. 5.1.5B, r=0.4132, R*=0.171, p=0.04), while only a trend was found for the
right hippocampal volume (Fig. 5.1.5C, r=0.3955, R?=0.156, p=0.0504). In the control
participants, higher levels of education correlated with hippocampal volume. In sharp
contrast, this was not observed in the AD group for the total (r=0.2477, r*=0.061,
p=0.415), left (r=0.2509, r>=0.062, p=0.408) and right (r=0.2319, r>=0.0538, p=0.446)

hippocampal volume (men and women combined, Fig. 5.1.5A-C).
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Figure 5.1.5: Graphs showing the correlation between years of education and hippocampal volume in
AD and control participants A) A positive correlation between the total volume of the hippocampus and
education levels (x-axis) in the control participants (grey). Of note, no such correlation is observed
between hippocampus volume (y-axis) and education levels (x-axis) in AD (black). B) A positive correlation
between hippocampus left volume (y-axis) and education levels (x-axis) in control participants (grey) that
is not found in AD (black). C) No correlation is observed between education levels (x-axis) and the right
hippocampus volume in the control group (grey) or in the AD group (black).
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5.1.4 Discussion

This study found that the volume of the olfactory cortex was smaller in both men
and women with AD when compared with controls. This difference was more apparent in
the left olfactory cortex and was influenced by age. As expected, hippocampal volume
was also significantly smaller in AD. However, this was only observed in the male cohort.
A significant correlation was observed between levels of education and hippocampal
volume in controls that was not detected in the AD participants. Asymmetry was observed
in the olfactory cortex volume when comparing left and right volumes in both the control
and AD participants. This asymmetry in volume loss was not observed in the

hippocampus.

The results from the MRI assessment of this cohort demonstrate that both OC and
hippocampal atrophy are observed in the AD participants when the sexes are combined.
However, when the data are separated by sex, while OC atrophy was observed in both
sexes, hippocampal atrophy was only observed in men with AD and not women. In
addition, the olfactory cortex showed asymmetry in both the control and AD groups. In
contrast, a comparison of the left and right volumes of the hippocampus showed no such
asymmetry for either group. GLM regression analysis demonstrated that the predominant
effect on the OC volume in the AD participants was due to disease and not age or sex.
Although there was a significant association between years of education and the volume

of the hippocampus in controls.
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Numerous articles have reported that olfactory dysfunction is observed in the
majority of AD cases (Kashibayashi et al., 2020; Murphy, 2019; Velayudhan, 2015) and
that this is an early symptom of the disease (Doty, 2009; Wilson et al., 2009).
Furthermore, a number of publications have shown that atrophy of olfactory brain regions
occurs in AD. This includes structures such as the olfactory bulb (Buschhuter et al., 2008,
p.; Christen-Zaech et al., 2003; Thomann, et al., 2009), olfactory tract (Thomann, et al.,
2009), olfactory epithelium (Arnold et al., 2010) and entorhinal cortex (Devanand et al.,
2007; Juottonen et al., 1998). Olfactory dysfunction and olfactory brain region atrophy is
also observed in MCI (Quarmley et al., 2016; Thomann, et al., 2009) and evidence
appears to suggest that this is progressive (Westervelt et al., 2008). However, no studies
have specifically assessed the overall OC volume in AD and few studies have assessed
the sexes independently despite the fact that more women are affected with AD than men.
Our study demonstrates that OC volume is reduced in AD, and despite the low numbers,
when separating by sex we see this effect in both men and women. Furthermore, the left
OC is more affected than the right OC in AD. The results of the regression analysis
demonstrate that disease is a significant predictor of OC volume.

As expected we observed hippocampal atrophy in the AD cases (Mueller et al.,
2010). This was most pronounced in the right hippocampus with only a trend difference
in the left hippocampal volume as previously observed (Apostolova et al., 2006; Donix et
al., 2013). However, this contrasts with other findings showing greater atrophy in the left
hippocampus in AD (Murphy et al., 2003; Pievani et al., 2011; Zhao et al., 2019). This

finding could be the result of the association between the right hippocampus volume and
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stress (Lindgren et al., 2016), depression (Mathias et al., 2016) and/or other factors that
influence hippocampus volume including exercise, age, genetic factors or handedness
(all participants involved in our cohort were right handed) (Hibar et al., 2015; Mathias et
al., 2016; Toga & Thompson, 2003). Hippocampal volume is also influenced by sex. The
reasons for this include hormones and/or hormone therapy, patterns of brain
development, psychosocial stress responses, longevity and/or inflammatory reaction
differences between men and women (Koss & Frick, 2017; Mancini et al., 2017; Toga &
Thompson, 2003). Surprisingly, when our results were analysed by sex we only observed
hippocampal atrophy in the male AD cases, despite the number being lower in this group
compared with the women. There was a subtle but significant age difference between our
women control and AD cases that was not present in our male cohort. However, the
female AD cases were slightly older than the controls, a characteristic that in theory
should have made the difference more pronounced. It is possible that the women AD
cases in our cohort might have been an AD subgroup with a less aggressive progression
with limited involvement of the hippocampus (Burke et al., 2019). Protocols for identifying
this particular subgroup are still lacking in the clinic. While actual atrophy per se and
relative sparing of pathology in the hippocampus is observed in cases of this kind, in
general, it has been observed that there is increased neurofibrillary tangles in other
regions including the nucleus basalis of Meynert and cortical areas in this clinical
phenotype (Al-Shaikh et al., 2020; Murray et al., 2011).

In general, the human brain shows functional (brain networks and activity,

neurochemical, behavioural) and structural (brain regions, cytoarchitectural, dendritic
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arborisation) asymmetry (Toga & Thompson, 2003). In particular, several brain regions,
including the frontal lobe, the occipital pole, overall cortical thickness, grey matter volume
in the frontal lobe and the anterior insular cortex exhibit asymmetry. Furthermore, sex-
dependent brain asymmetry is also common. Conflicting results have been found for the
entorhinal olfactory cortex, with some studies showing asymmetry (Kong et al., 2018)
while others do not (Donix et al., 2013). The significant asymmetry observed in the left
vs. right OC volumes in our control population could be the result of developmental,
environmental, sex, pathological factors or hereditary influences (Toga & Thompson,
2003). Of note, in our control cohort, we observed that both men and women presented
with OC asymmetry. Regarding the OC volume asymmetry in the AD cases, a number of
studies have observed that left-brain regions are more affected in MCI and/or AD (Barnes
et al., 2005; Liang et al., 2018; Loewenstein et al., 1989; Yu et al., 2019; Zhao et al.,
2019). While the reasons for this asymmetry are still somewhat unclear, a number of

hypotheses have been put forward to explain this, including genetic disease risk factors

such as carrying the Apolipoprotein E €4 (APOE &4) allele. Carriers of the APOE &4

allele(s) may have specific regional differences in the left brain regions (Kelly et al., 2018;
Liang et al., 2018; Low et al., 2019), and the evidence suggests that the APOE protein
may be involved in brain development and the physiological and/or pathological patterns
observed later in life (Donix et al., 2013). When inhaling, inputs from both nostrils remain
largely separated up to the primary olfactory cortex (Feng & Zhou, 2019). In line with our
results on atrophy in the OC in the AD cases, measuring the distance between a

participant's nostril and a peanut butter container, the probable AD patients' left nostril
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was significantly less than the right showing that there is left nostril odour detection
impairment in AD patients as the distance to the left nostril for detecting an odour is
significantly shorter to an olfactory stimulus container in AD compared with controls
(Stamps et al., 2013). In contrast to the OC, we did not observe any asymmetry in the
hippocampus in the control cohort or in the AD participants. A similar finding was
observed when separating the groups by sex. Conflicting results have been observed
regarding a/symmetry of the hippocampus in AD cases, with some observing asymmetry
(Nobis et al., 2019; Pedraza et al., 2004) and others showing similar findings to ours
(Donix et al., 2013; Geroldi, 2000). This might be dependent upon the stage of the
disease. A longitudinal study showed that asymmetry in left vs. right hippocampal
volumes was present at baseline in AD patients (Barnes et al., 2005). However, this was
not detectable in the follow-up scans 15 months later, suggesting that the asymmetry was
reduced with disease progress.

Age is the highest risk factor for AD, and indeed our results demonstrate age does
impact OC volume in the AD participants. However, it is important to note that, irrespective
of age, there is an impact of the disease on the OC volume. There was a significant
difference between the slopes and different result when controlling for age in women
suggesting that the pathogenesis of AD affects the relationship between the OC volume
and age. Ageing affects brain size, vasculature, olfaction and cognition (Peters, 2006).
Underlying molecular changes have also been shown, including alterations in
neurotransmitters, hormones, neurotrophic factors, and reactive oxygen species, among

others (Peters, 20006).
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Higher education levels, healthy diets and exercise have been linked to better
cognitive functioning later in life (Peters, 2006). Indeed, Noble et al. (2012) demonstrated
a dose-dependent effect of education on hippocampal volume in cognitively healthy
individuals. In agreement with other studies (Noble et al., 2012), we noted a significant
association between education levels and the volume of the hippocampus in the controls.
This was not detected in the AD cases despite no significant difference in education levels
between the control and AD participants. Reduced levels of education have been linked
to increased exposure to life stress, which is associated with hippocampal structural
differences (Noble et al., 2012). A number of environmental factors may affect brain
development including, poverty, exposure to violence, family turmoil and instability
(Evans, 2004; Noble et al., 2012); thus it cannot be excluded that the observed effect
might be solely due to number of years of education in our control cohort. However,
cognitive reserve has been shown to have clear beneficial effects on brain structure and
function and may provide protection against neurodegeneration (Noble et al., 2012; Stern,

2002, 2006).

Our study suggests that the volume of the OC may be used as a disease proxy in
AD, thus saving considerable time in the detailed segmentation analysis necessary to
obtain volumetric measures of specific olfactory brain regions such as the piriform and/or
entorhinal cortex. Additional studies are required to establish a sufficient baseline for the
volume of the OC in control and MCI/AD cases in order to validate these data further.
Moreover, more research is required to understand the links between the early olfactory
dysfunction observed in neurodegenerative diseases including MCI, AD, PD and HD and
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how this impacts the structures in the olfactory regions of the brain and vice versa. The
findings in this study highlight the importance of the role of olfactory cortical atrophy in the
pathological course of AD and the interplay between olfactory deficits and degeneration

of olfactory regions in the brain.
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5.2 Experiment 5: Volumetric changes in olfaction related brain

regions in MCl and AD

5.2.1 Introduction

Dementia is a common disease that is difficult to live with, and it affects an
individual's cognitive and sensory abilities that are essential to deal with normal daily
activities. The most common cause of dementia is Alzheimer’s disease (AD) that is a
progressive neurodegenerative disease (Nebel et al., 2018). It affects large numbers of
elderly people in all societies. AD prevalence is expected to double its number on average
within a 20 year lifespan in the developing countries (Kocahan & Dogan, 2017). In the
United State, the percentage of AD patients increases with age with a 3% increase
observed between the age of 65-74 year, a 17% increase between the age of 75-84 year
and a 32% increase between the age of 85 year and above (Hebert et al., 2013). The
main AD hallmark includes extracellular senile plaques and intracellular neurofibrillary
tangles (Alafuzoff et al., 2008; Yilmaz et al., 2017). It is true that Alzheimer’s disease
progression takes time and related lesions that accumulate in the brain need a long time
to be of burden and start to affect neuropathologically an individual (Perl, 2010). The
disease, however, is a serious illness in all its stages. Even if the neuropathology of this
disease has been well investigated, the causes of these alterations remain not clearly
understood (Nebel et al., 2018). Alzheimer’s disease, like many other neurodegenerative

diseases, in addition to impairing cognitive abilities also appears to cause olfactory
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deficits and there is accumulating evidence that indicates that olfactory dysfunction is an

early manifestation of AD (Wilson et al., 2009; Zou et al., 2016).

There is a fine line between healthy cognitive function in the elderly and cognitive
decline. To establish whether a person is experiencing cognitive decline in the clinic,
evidence of deterioration in performance in one or more cognitive domains of a magnitude
greater than expected for a patient's age and educational background should be
documented (Albert et al., 2011). However, it is difficult to establish a clear demarcation
between physiological age-related cognitive decline and MCI; in this latter case an
important role is played by clinical judgment that can guide diagnosis (Albert et al., 2011).
Once the presence of mild cognitive impairment is established, approximately 10% of
cases with MCI progress to probable AD dementia within a year (Mitchell & Shiri-Feshki,
2009; Yilmaz et al., 2017). Another study reported that 68% of patients with MCI progress
to AD dementia at a 28 month follow up (Mitolo et al., 2019). While a combination of
cognitive tests helps to predict progression from MCI to dementia, some studies
considered neuroimaging measures as good predictor tools of future cognitive decline

and others found these to be excellent predictors (Belleville et al., 2014).

Neuroimaging measurements such as volumetric measures are useful predictors

independently of other biomarkers including being a carrier of the Apolipoprotein E €4

allele (Petersen, 2004). In clinical studies, hippocampus, entorhinal cortex and whole
brain volumetric measurements have been commonly used as predictors of progression

from MCI to AD dementia using structural MRI (Petersen et al., 2009). Itis also well known
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that cognitive abilities decline with age and age is also associated with change in brain
volume and function (Dennis & Thompson, 2014). Olfactory impairment was found to be
present in MCI and to be associated with greater decline in cognitive performance at
follow up (Roberts et al., 2016). Olfactory impairment is further increased in the presence
of neurodegenerative disorders such as Alzheimer’s disease and olfactory dysfunction
may be considered an early marker of cognitive decline (Larsson et al., 2016). In fact,
there is evidence that MCI patients who progress to AD dementia have greater grey
matter volume reduction than stable MCI patients (Franks et al., 2015). It has also been
reported that the degree of atrophy of the olfactory cortex (especially the entorhinal
cortex) may predict progression from MCI to AD dementia and could help in the early
diagnosis of AD (Stoub et al., 2005; Traschutz et al., 2020).

Typical Alzheimer’s disease hallmarks (neurofibrillary tangles and senile plaques)
are found in all cortical areas; neurofibrillary tangles are found in greater quantities in the
medial temporal lobe including the hippocampus, parahippocampus, amygdala and
entorhinal cortex, first in the entorhinal cortex, hippocampus and then in the amygdala
(Braak et al., 1996; McDonald & Mott, 2017). The brain alteration due to AD occur in
different regions in the brain as the literature points out. A study indicated that the
pathological brain changes in AD patients begin in the hippocampus, parahippocampus,
amygdala and entorhinal cortex (lizuka et al., 2021). A more recent study has indicated
that early AD pathology damages the olfactory cortex and hippocampus first (Lu et al.,
2019). In terms of brain atrophy, age influences the extent of brain loss in AD patients

and the effects are different from those observed as a result of normal ageing (Fiford et
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al., 2018). Younger AD patients have more brain and hippocampal atrophy as well as
overall brain volume loss than older AD patients (Fiford et al., 2018). AD related olfactory
dysfunction might be caused by the disruption in the olfactory network and its connection
(Lu et al., 2019).

For sexes, women show a faster rate of hippocampal atrophy than men in the case
of AD (Mazure & Swendsen, 2016) and MCI (Sundermann et al.,, 2017). Greater
hippocampal atrophy rate with increasing age has been found in the control population
(Fiford et al., 2018), but in AD patients there appears to be less severe atrophy rate with
more advanced age (Fiford et al., 2018; Holland et al., 2013). The left hippocampal
volume is an effective indicator of the AD stage (Uysal & Ozturk, 2020). It has been found
that volume reduction of the left hippocampus is associated with the memory and
cognitive decline observed in AD (Peng et al., 2015). On the other hand, right
hippocampal atrophy is associated with a more advanced stage of AD (Lee et al., 2019).
NFT are found mainly in hippocampal regions in the AD brain (Sengoku, 2020). Moreover,
the accumulation of AR and Tau has been found in the olfactory cortex, orbitofrontal
cortex, entorhinal cortex and hippocampus and associated with olfactory memory
discrimination in AD mice (Cassano et al., 2011). The amygdala (especially the right
volume), parahippocampus and hippocampus volumes show moderate association with
odour threshold and the left hippocampus volume particularly shows a strong association
with the scores achieved by AD patients on the olfactory identification test (Murphy et al.,
2003). Also, using the UPSIT test, an fMRI study found that the signal of blood oxygen

level dependent was reduced in the olfactory cortex and hippocampus in AD patients
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compared with healthy controls (Wang et al., 2010). Moreover, an association was found
between atrophy of the olfactory bulb and tract, and medial temporal lobe density in AD

patients (Thomann, et al., 2009).

Understanding and measuring olfactory-related brain regions is important since
these are involved in the most common neurodegenerative disease that is Alzheimer’s

disease, a condition that has olfactory deficit as risk factor.

Aim and Hypothesis:

Aim:

In this study, the aim was to measure the volume of neural regions of the olfactory
system in a large number of participants using high resolution three-dimensional
structural MRI scans. Measurements of olfactory related brain regions were carried out in
three age matched groups, namely neurologically healthy elderly, MCI patients and
patients with mild probable AD dementia. The chosen olfactory related brain regions of
interest are the olfactory cortex, hippocampus, parahippocampus, amygdala, orbitofrontal

cortex and entorhinal cortex. In addition, volumes of olfactory-related brain regions were

also compared in a sub-group of patients for whom the APOE €4 genotype was known.

Hypothesis:

We hypothesised that volumes of olfactory related brain regions will be smaller in

patients than in healthy age matched controls with greater differences observed in
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patients with mild probable AD dementia and more modest differences seen in the MCI

group. Also, there would be volume reduction differences between females and males. In

addition, it was hypothesised that APOE &4 carriers would have smaller volumes in

olfactory related brain regions than APOE €4 non-carriers.

5.2.2 Methods and materials:

Participants:

Neurologically healthy participants and patients were selected from the datasets
part of the Sheffield Ageing Database, an initiative coordinated by the University of
Sheffield Department of Neuroscience. The datasets used in this study were from
participants recruited between June 2011 and July 2016. The participants had an age
range between 55 and 88 years with a mean of 73.86 year and standard deviation of 5.78.
A total of two hundred thirteen participants were selected for the purpose of this
retrospective study. These included 95 datasets of cognitively healthy participants, 81
datasets of MCI patients and 37 datasets of patients with mild probable AD dementia.
Only participants who had a threedimensional structural brain MRI scan were selected.
Each dataset was inspected for quality control and depending on their diagnostic status
assigned to three groups: “healthy control”, i.e., aged 66-85 (n = 95), “MCI patients’, i.e.,
aged 58-86 (n = 81) and “AD patient”, i.e., aged 55-88 (n = 37). Clinical profiling via

comprehensive neuropsychological testing was carried out for all participants who were
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included in this study to confirm their cognitive and clinical status. This assessment
battery included the Mini-Mental State Examination (MMSE) and test of short-term and
working memory, episodic memory, lexical-semantic processing, attentive-executive
functions and visuoconstructive abilities (De Marco et al., 2017, 2019). Eligible
participants in the control group were those with no neurological and cognitive decline
based on their scores on different cognitive tests being within normal age range.
Participants with mild cognitive impairment were diagnosed using Petersen’s diagnostic
criteria (Petersen, 2004) and AD mild dementia patients were diagnosed using McKhann
et al’s clinical diagnostic criteria (McKhann et al., 2011). All participants completed a 1.5

T MRI protocol inclusive of a T1-weighted brain scan and biological samples were obtained

to identify APOE €4 status, an AD-related risk gene. There were a total of 59 patients for

whom APQOE status was available and these included 22 APOE €4 carriers 37 APOE €4

non-carriers. Despite the large size of the cohort in the database, however, not all
participants had agreed to provide a biological sample at the time of recruitment.
Additionally, demographic variables were used in the analyses including sex and years
of education, given the relationship found between education and brain regional volume

(Mortby et al., 2014).

All participants provided written consent. Ethical approval for these retrospective
data analyses was obtained from the West of Scotland Regional Ethics Committee 5, with

Reference number: 19/WS/0177. All procedures at the basis of the participants’ clinical
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assessments for this study followed the institutional ethical standards and were in

compliance with the Helsinki declaration.

MRI acquisition:

Each participant had a three-dimensional T1-weighted brain scan acquired as part
of a more extensive MRI protocol. A Turbo Field Echo T1-weighted sequence was
acquired on a Philips Achieva 1.5 T scanner. Acquisition paramenters are the same as

the ones detailed in chapter 4, experiment 3.

MRI processing:

The pre-processing of MRI images was done using the most updated version of
the Statistical Parametric Mapping software package (SPM), i.e., version 12 (Wellcome
Centre for Human Neuroimaging, London, UK), running in a Matlab R2016b environment,
version 9.1 (Mathworks Inc, Natick, Massachusetts, USA). SPM was used to preprocess
and segment each T1-weighted image into tissue maps. The resulting tissue maps were
grey matter, white matter, cerebrospinal fluid. Of these, the neural tissue maps (grey
matter and white matter) and the map of cerebrospinal fluid were included in this study in
order to test the study hypothesis. The procedure is the same as the one detailed in

chapter 4, experiment 3.
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Extraction of Olfactory Regions Volumes:

In order to extract and calculate individual total intracranial volumes, tissue-class
volumes were individually extracted in SPM12 using the individual's images containing
the segmentation parameter (Malone et al., 2015). Grey matter volume, white matter
volume and CSF volume were computed in litres and converted to millilitres to be
compatible with the unit of measurement of olfactory brain regions’ volumes during data
analysis. Summing the volume of the three sub-maps was carried out to calculate the
individual Total Intracranial Volume (TIV). The methodology detailed in chapter 4,

experiment 3 was also used here to extract the olfactory related brain regions of interest.

Data analysis:

Statistical data analysis was performed using the SPSS software 26 (IBM SPSS
Statistics for Windows, IBM Corp., Armonk, NY, USA) and the latest version of GraphPad
Prism 9 (GraphPad Software San Diego, CA, USA). Descriptive statistics were run to
characterise the study population as shown in (table 5.2.1). To explore the data and
answer the study question, a one-way ANOVA was the first model run to compare the
brain regions’ volume among the three groups of neurologically healthy, MCI and AD
participants. To fulfil the purpose of the study investigation, analyses of covariance
(ANCOVA) were used in the form of a Univariate General Linear Model to regress out the
influence of education and TIV. Shapiro-Wilk and Kolmogorov-Smirnov test significance

level along with the inspection of the histograms illustrating the frequency distribution of
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outcome variables were considered as part of the normality diagnostics, to verify if the
volumes were normally distributed. Pearson’s correlation coefficient was used to

investigate the association between age, education and TIV, and each of the volumetric

measures. In order to determine the influence of the APOE €4 allele risk factor on the

volume of olfactory regions, t tests were carried out between the small sample of APOE

€4 carriers and the group of non-carriers. The statistical threshold to define the

significance level for the ROI volume comparison was set to p < 0.001.

All contrasts were devised to test our hypotheses. The olfactory related brain
regions selected in this analysis include the olfactory cortex, hippocampus,
parahippocampus, amygdala, orbitofrontal cortex and entorhinal cortex. The volume of

these regions was extracted for the purpose of this study.

5.2.3 Result:

All ROI volumes were normally distributed while TIV was not normally distributed.
This study populations were age matched as no significant difference was found between
the three groups in age (both sexes p=0.33, females p=0.09 and males p=0.36). However,
significant differences among the groups were found for education (both sexes p=0.001,
females p=0.02 and males p=0.01) and MMSE (both sexes p=0.0001, females p=<0.0001
and males p=<0.0001) (Table 5.2.1). In detalil, in both females and males, elderly controls

had significantly higher education level than the AD patients (p=0.02, p=0.01
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respectively). For MMSE, post-hoc comparisons showed significant differences for both
females and males between elderly controls and MCI patients, between elderly controls
and AD patients, and between MCI patients and AD patients (F: p=0.01, p<0.0001 and

p<0.0001) and (M: p=0.01, p<0.0001 and p<0.0001) respectively.

Table 5.2.1: Demographic Characteristics of the participants

Female Male
N Mean (SD) N Mean (SD)
Age Education MMSE Age Education MMSE

Elderly 57 72.4(4.3) 10.3(3.9) 28.5(1.7) 38 73.4(4.9) 12.7(4.8) 28.4(1.4)

MCl 47 73.9(6.8) 8.9(3.2) 27.4(1.9) 34 74.9(53) 11.5(4.2)  27(1.9)
AD 19 75.7(7.7) 7.6(3.6) 20.7(2.1) 18 75.3(6.8) 8.6(4.5)  21.2(2.7)

P value 0.09 0.02 <0.0001 0.36 0.01 <0.0001

(P <0.05).

One-way ANOVA analyses showed significant differences in volume among the
three groups in all olfaction-related brain regions for total volume, and left and right
volume separately in men and women (p<0.0001). Post-hoc multiple comparison
Bonferroni tests showed significant differences between group pairs. In detail, there was
a significant difference between elderly participants and the probable AD dementia
patients in all ROIs volumes. For the MCI groups, significant differences from elderly
controls and probable AD dementia varied depending on the regions, hemisphere and

sex. A similarity in the pattern of volume reduction was observed in the olfactory cortex
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and in the orbitofrontal cortex in the MCI group. Moreover, when split by sex, a similar
finding was observed for the hippocampus, parahippocampus and amygdala volumes.
However, these regions showed significant differences in the MCI group volume when
both hemispheres were combined in a total regional volume. In the MCI group the
entorhinal cortex volume showed a different pattern of volumetric reduction. ANCOVA
analysis showed no change in significant differences in all olfaction-related brain regions
when controlling for education or TIV except for MMSE score where significant
differences were no longer detected. No association was found between age, education
or MMSE with TIV when both sexes were combined or separated for the AD dementia

group while education was found to be associated with TIV in the MCI group (Table 5.2.2).

Table 5.2.2: Association of age, education and MMSE with TIV.

TIvV Age Education MMSE
R? p value R? p value R? p value
Elderly
Both sexes 0.015 0.244 0.048 0.034 0.038 0.06
Women 0.096 0.0.018 0.012 0.45 0.039 0.14
Men 0.029 0.303 0.075 0.1 0.112 0.04
MCI
Both sexes 0.031 0.12 0.209 0.0001 0.004 0.57
Women 0.083 0.05 0.107 0.03 0.019 0.92
Men 0.002 0.82 0.151 0.023 0.0004 0.91
AD
Both sexes 0.029 0.92 0.082 0.09 0.007 0.62
Women 0.023 0.54 0.082 0.23 0.0003 0.95
Men 0.006 0.76 0.081 0.25 0.003 0.83
(p <0.05).
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Olfactory cortex volume:

One-way ANOVA analyses showed significant differences in volume between the
three groups in the OC (F=21.18, DF=(2,210), p<0.0001) (figure 5.2.1). Post-hoc multiple
comparison Bonferroni tests showed that there were significant differences in the volume
of this structure for women and men separately in the probable AD dementia group when
compared with the elderly controls and for men only when compared with the MCI group

(Figure 5.2.1, table 5.2.3 for females and table 5.2.4 for males).
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Figure 5.2.1: olfactory cortex volume differences among the three groups: comparisons among the three
groups are shown for the female population (above) and male population (below) separately.

The MCI group had a significantly bigger volume than the probable AD dementia
patients in men only for the total, left and right volume. Pearson correlation analysis
showed no significant association between the volume of the OC and age except for men

in both the MCI and probable AD dementia patients. The association was negative

203



(p=0.04 for both groups) (table 5.2.5, 5.2.6 and 5.2.7). Education was found to be
positively associated with the volume of the OC only for men in the MCI group (p=0.01)
(table 5.2.6). A positive association was found between MMSE scores and volume of the
OC in the elderly female group only (p=0.01) (table 5.2.5). Finally, TIV was found to be
positively associated with the volume of the OC in all three groups (elderly, MCI and AD)
in women and men, except for men in the AD dementia group (table 5.2.5, 5.2.6 and
5.2.7). When an ANCOVA was carried out, the findings showed that among groups
significant differences remained after covarying for each of these variables: age (Women
F=9.979, DF=(2,119), p= 0.0001, Men F=14.445, DF=(2,86), p= 0.0001), education
(Women F=9.853, DF=(2,119), p= 0.0001, Men F=10.451, DF=(2,86), p= 0.0001) or TIV
(Women F=9.039, DF=(2,119), p=0.0001, Men F=20.786, DF=(2,86), p=0.0001). When
adjusting for MMSE, the differences among the three groups were no longer significant
in the female and male population in OCV (Women F=4.223, DF=(2,119), p= 0.017, Men
F=1.918, DF=(2,86), p= 0.153) and all pairwise comparisons showed no significant
differences in the comparisons of elderly with MCI, elderly with AD dementia and MCI
with AD dementia. MMSE accounted for the differences in OC volume when comparing

the three groups, elderly, MCl and AD dementia.
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Table 5.2.3: Significant difference in volume in the olfactory regions observed in female groups.

Elderlyvs.  Elderly vs. Miles. ss!d:;g Elderly vs. Miles.
Female mcl AD Mean Mean AD Mean
Mean Diff.  Mean Diff. Diff. (p Diff. (p Mean Diff. Diff. (p
(p Value) (p Value) Value) Value) (p Value) Value)
FTE:"B 0.13 0.22 0.08 FT:;t;; 0.11 0.25 0.14
g (P=<0.0001) (0.002) (0.0001) (0.31) _ (eco00y) (0.0005)  (<0.0001)  (0.002)
é’ F:;tj 0.06 0.11 0.04 g F="ze_r’f_t05 0.1 0.14 0.1
S (p=<0.0001) (0.003) (0.0002) (0.37) g (P=<0.0001) (0.0006)  (<0.0001)  (0.0004)
‘3 F'Ziﬂ'; 0.07 0.12 0.05 F'Zif;'.ts 0.05 0.11 0.1
(P=<0.0001) (0.002) (<0.0001) (0.27) (P=<0.0001) (0.0014)  (<0.0001)  (0.014)
Fzgt:'z 0.47 1.05 0.57 ° FZT:; 1.18 2.6 150.01)
T (o000 (<0.0001)  (<0.0001)  (0.0006) g- (P=<0.0001) (0.002)  (<0.0001)
§ F:§:9 0.27 0.62 0.35 § F::: . 0.6 1.4 0.81
3 (P<0.0001) (<0.0001)  (<0.0001)  (0.0002) i_' {P=<0.0001) (0.002)  (<0.0001)  (0.002)
G F'ff:; 0.21 0.42 0.22 é F'Zif:.ts 0.6 1.2 0.64
{P=<0.0001) (0.001) (<0.0001)  (0.011) {P=<0.0001) (0.002)  (<0.0001)  (0.03)
- FT=3tzal1 0.42 0.96 0.53 F?;;‘; 0.15 0.34 0.19
3 {P=<0.0001) (0.0006)  (<0.0001)  (0.002) %_‘ (P=<0.0001) (0.0001)  (<0.0001)  (0.001)
% F:§:7 0.2 0.48 0.28 % F::;t 6 0.08 0.17 0.1
g (P=<0.0001) (0.0004)  (<0.0001)  (0.0004) & (P-<0.0001 (0.0002)  (<0.0001)  (0.0008)
|2 F'Zif;'.tl 0.22 0.47 025 @ F:;gZT)S 0.1 0.2 0.1
{P=<0.0001) (0.014) (<0.0001)  (0.014) {P<0.0001) (0.0003)  (<0.0001)  (0.004)

(Threshold p<0.001).
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Table 5.2.4: Significant difference in volume in the olfactory regions observed in male groups.

Male Elderly  Elderly vs. MCI vs. Elderly Elderly vs. MCl vs. AD
vs. MCI AD AD vs. MCI AD Mean Diff.
Mean Mean Mean Mean Mean Diff. (p Value)
Diff. (p Diff. (p Diff. (p Diff. (p (p Value)
Value) Value) Value) Value)
Total 0.09 0.36 0.27 Total 0.07 0.3 0.24
° F=15.3 (0.32)  (<0.0001)  (0.0003) F=18.6 (0.33) (<0.0001) (<0.0001)
> (P=<0.0001) > (P=<0.0001)
g Left 0.05 0.18 0.13 3 Left 0.04 0.2 0.14
2 F=15.9 (0.25)  (<0.0001) (0.0003) & F=22.2 (0.29) (<0.0001) (<0.0001)
S (P=<0.0001) 2 (P=<0.0001)
.3 Right 0.04 0.18 0.14 Right 0.03 0.13 0.1 (0.001)
F=14.04 (0.41)  (<0.0001)  (0.0005) F=12.4 (0.5) (<0.0001)
(P=<0.0001) (P=<0.0001)
Total 0.38 1.3 0.9 Total 0.9 3.6 2.7
F=20.3 (0.072)  (<0.0001) (<0.0001) O F=18.1 (0.22) (<0.0001) (<0.0001)
I (P=<0.0001) %’ (P=<0.0001)
s Left 0.22 0.78 0.56 g‘ Left 0.5 1.9 1.5
S F=26.6 (0.04)  (<0.0001) (<0.0001) 3 F=21.9 (0.13) (<0.0001) (<0.0001)
3 (P=<0.0001) = (P=<0.0001)
G Right 0.17 0.5 0.34 ] Right 0.4 (0.4) 1.7 1.2
F=11.2 (0.2) (<0.0001)  (0.007) 2  F=14 (P=<0.0001) (<0.0001) (0.0005)
(P=<0.0001)
Total 0.32 1.13 0.81 Total 0.11 04 0.3 (0.002)
o F=12.9 (0.25)  (<0.0001)  (0.002) F=14.3 (0.14) (<0.0001)
= (P=<0.0001) z (P=<0.0001)
.g' Left 0.16 0.58 0.42 -_:;- Left 0.1 0.2 0.14
3 F=16.6 (0.19)  (<0.0001)  (0.0003) B F=17.1 (0.11) (<0.0001) (0.0004)
S (P=<0.0001) o  (P=<0.0001)
T Right 0.17 0.55 0.38 ;-'g' Right 0.05 0.17 0.11 (0.01)
“ F=9.4 (0.34) (0.0001) (.011) x F=10.6 (0.23) (<0.0001)
(P=0.0002) (P=<0.0001)

(Threshold p<0.001).
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Hippocampus Volume:

One-way ANOVA analyses showed significant differences in volume among the three
groups in hippocampus volume (and F=38.26, DF=(2,210), p<0.0001) (figure 5.2.2). Post-
hoc multiple comparison Bonferroni tests showed significant differences between groups.
However, the right hippocampus volume appeared to show less reduction in volume than
the left until a later stage of disease, as significant differences emerged only in the AD
dementia versus elderly comparisons in both sexes. For the left volume, MCI were more

affected in the left volume in both sexes (Figure 5.2.2, table 5.2.3 for females and table

5.2.4 for males).
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Figure 5.2.2: Hippocampus volume differences among the three groups: comparisons among the three
groups are shown for the female population (above) and male population (below) separately.
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In women MCI, the total volume and the left hemisphere volume were significantly
smaller when compared with the healthy control group and significantly bigger than the
probable AD dementia group while in men, the MCI group volume was significantly bigger
than the probable AD dementia group for total volume and for the left hemisphere.
Correlation analyses showed a significant negative association between hippocampus
volume and age in the elderly men group; a positive association was found between
MMSE and hippocampus volume in women and in both sexes between hippocampus
volume and TIV (table 5.2.5). In women, hippocampus volume in the MCI group was
negatively associated with age while positively associated with MMSE (Table 5.2.6). In
the probable AD dementia group, a positive association was found between TIV and
hippocampus volume in women (table 5.2.7). An ANCOVA showed no significant
influence when controlling for age (Women F=24.742, DF=(2,119) p= 0.0001, Men
F=19.4580, DF=(2,86), p=0.0001), education (Women F=26.150, DF=(2,119), p= 0.0001,
Men F=16.028, DF=(2,86), p=0.0001) or TIV (Women F=25.028, DF=(2,119), p=0.0001,
Men F=22.36, DF=(2,86), p=0.0001). When adjusting for MMSE, the difference among
the three groups was no longer significant in the female and male population (Women
F=6.356, DF=(2,119), p= 0.002, Men F=2.274, DF=(2,86), p= 0.11). Similarly no
significant differences were found when pairwise comparisons were carried out among

the three groups.
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Table 5.2.5: Associations between age, education, MMSE scores and TIV with volumes of
olfactory-related brain regions in the elderly control group.

Age Education MMSE TIV
Elderly
Sex Rsquare Pvalue Rsquare P value value P value
square
Women 0.02 0.28 0.01 0.49 0.121 0.01 0.285 0.0001
ocv
Men 0.08 0.09 0.04 0.21 0.078 0.09 0.583 0.0001
Women 0.03 0.19 0.02 0.33 0.098 0.02 0.271 0.0001
Hippocampus
Men 0.13 0.03 0.015 0.47 0.064 0.12 0.425 0.0001
Women 0.02 0.23 0.015 0.37 0.01 0.02 0.362 0.0001
Parahippocampus
Men 0.078 0.09 0.002 0.80 0.062 0.13 0.49 0.0001
Women 0.013 0.39 0.01 0.46 0.135 0.01 0.391 0.0001
Amygdala
Men 0.116 0.04 0.03 0.31 0.045 0.19 0.546 0.0001
Women 0.055 0.08 0.004 0.63 0.152 0.003 0.251 0.0001
OFC
Men 0.14 0.02 0.04 0.23 0.054 0.158 0.504 0.0001
Women 0.05 0.09 0.01 0.49 0.12 0.01 0.254 0.0001
Entorhinal Cortex
Men 0.13 0.03 0.02 0.46 0.05 0.18 0.388 0.0001

(P <0.05).
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Table 5.2.6: Associations between age, education, MMSE scores and TIV with volumes of
olfactory-related brain regions in the MCI group.

Age Education MMSE TIV
MCI
Sex Rsquare Pvalue Rsquare P value P value P value
square square
Women 0.01 0.54 0.053 0.12 0.042 0.16 0.305 0.0001
ocv
Men 0.123 0.04 0.179 0.01 0.01 0.62 0.277 0.001
Women 0.084 0.047 0.001 0.87 0.151 0.01 0.063 0.09
Hippocampus
Men 0.11 0.053 0.109 0.06 0.003 0.76 0.092 0.08
Women 0.01 0.61 0.023 0.30 0.093 0.04 0.227 0.001
Parahippocampus
Men 0.081 .010 0.096 0.07 0.003 0.74 0.145 0.03
Women 0.001 0.87 0.004 0.67 0.059 0.09 0.300 0.0001
Amygdala
Men 0.031 0.32 0.174 0.01 0.018 0.44 0.113 0.051
Women 0.021 0.33 0.103 0.03 0.103 0.03 0.336 0.0001
OFC
Men 0.098 0.07 0.169 0.02 0.005 0.69 0.194 0.01
Women 0.035 0.20 0.001 0.82 0.109 0.02 0.150 0.01
Entorhinal Cortex
Men 0.1049 0.06 0.121 0.04 0.001 0.89 0.077 0.11

(P <0.05).
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Table 5.2.7: Associations between age, education, MMSE scores and TIV with volumes of
olfactory-related brain regions in the probable AD dementia group.

Age Education MMSE TIV
AD R R
Sex Rsquare Pvalue Rsquare Pvalue P value P value
square square
Women 0.03 0.5 0.085 0.22 0.01 0.69 0.514 0.001
ocv
Men 0.233 0.04 0.031 0.49 0.024 0.53 0.106 0.187
Women 0.032 0.45 0.198 0.06 0.0001 0.97 0.245 0.03
Hippocampus
Men 0.14 0.12 0.037 0.44 0.186 0.07 0.003 0.83
Women 0.004 0.79 0.187 0.06 0.023 0.53 0.419 0.003
Parahippocampus
Men 0.074 0.27 0.012 0.66 0.151 0.11 0.042 0.41
Women 0.01 0.69 0.183 0.07 0.001 0.90 0.451 0.002
Amygdala
Men 0.119 0.16 0.016 0.62 0.276 0.03 0.053 0.35
Women 0.016 0.59 0.234 0.04 0.0005 0.93 0.499 0.001
OFC
Men 0.168 0.09 0.004 0.79 0.1005 0.20 0.091 0.22
Women 0.037 0.43 0.119 0.15 0.003 0.83 0.289 0.02
Entorhinal Cortex
Men 0.112 0.17 0.015 0.63 0.206 0.06 0.01 0.75

(P <0.05).
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Parahippocampus Volume:

Analyses showed significant differences in parahippocampus volume among the
groups (F=24.63, DF=(2,210), p<0.0001) (figure 5.2.3). Bonferroni tests showed a
significantly smaller parahippocampus volume in the probable AD dementia patients
when compared with elderly participants. Also, the difference was significant when
comparing probable AD dementia patients with the MCI group in the left hemisphere only
for both females and males. Moreover, the total and the left volume was significantly
smaller in the female MCI group in comparison with the elderly female participants (Figure
5.2.3, table 5.2.3 for females and table 5.2.4 for males). In the elderly group, a significant
positive correlation was found between parahippocampus volume and MMSE scores in
women and with TIV in both sexes in the elderly group (Table 5.2.5). For the MCI group,
a positive association was found between parahippocampus volume and MMSE in
women and between the volume of this region and TIV in both sexes (Table 5.2.6). In the
AD group, a positive association was found between parahippocampus volume and TIV
only in female patients (table 5.2.7). ANCOVA test showed no significant effect of age
(Women F=19.972, DF=(2,119), p= 0.0001, Men F=11.914, DF=(2,86), p=0.0001),
education (Women F=19.555, DF=(2,119), p= 0.0001, Men F=10.046, DF=(2,86),
p=0.0001) or TIV (Women F=20.391, DF=(2,119), p=0.0001, Men F=15.098, DF=(2,86),
p=0.0001). When adjusting for MMSE, the difference among the three groups was no
longer significant in the female and male population (Women F=5.053, DF=(2,119), p=
0.008, Men F=1.711, DF=(2,86), p= 0.187). Likewise no significant differences were
detected by pairwise comparisons among groups.
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Figure 5.2.3: Parahippocampus volume differences among the three groups: comparisons among the
three groups are shown for the female population (above) and male population (below) separately.

Amygdala Volume:

One-way ANOVA analyses showed significant differences in volume among the
elderly, MCl and probable AD dementia groups in amygdala volume (F=28.12,
DF=(2,210), p<0.0001) (figure 5.2.4). Post-hoc multiple comparison Bonferroni tests
showed a significant difference between elderly and probable AD dementia patients in
the female and male populations in both hemispheres. Moreover, the volume of the
amygdala was significantly bigger in the MCI group when compared with the probable AD
dementia group in both sexes in the left hemisphere and for total volume in men. Also,

the volume of this structure in the MCI group was significantly smaller than the elderly
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female control participants in total and left volume (Figure 5.2.4, table 5.2.3 for females
and table 5.2.4 for males). In the elderly population, a significant negative association
was found between amygdala volume and age in both sexes: there also was a significant
positive association with MMSE in women only, and one with TIV in both sexes (table
5.2.5). In the MCI group, a significant positive correlation was found only with education
in the male group and with TIV in the female group (table 5.2.6). In the probable AD
dementia group, a significant positive association was found with MMSE in the male
group and with TIV in the female group (table 5.2.7). Using ANCOVA, when adjusting for
age (Women F=20.895, DF=(2,119), p= 0.0001, Men F=17.701, DF=(2,86), p=0.0001),
education (Women F=20.477, DF=(2,119), p=0.0001, Men F=13.8975, DF=(2,86),
p=0.0001) or TIV (Women F=22.141, DF=(2,119), p=0.0001, Men F=21.372, DF=(2,86),
p=0.0001), significant differences persisted. However, when controlling for MMSE,
differences among the three groups were no longer significant in the female and male
population (Women F=4.909, DF=(2,119), p= 0.01, Men F=1.051, DF=(2,86), p= 0.354).
Also, no significant differences among the groups were detected by pairwise

comparisons.
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Figure 5.2.4: Amygdala volume differences among the three groups: comparisons among the three
groups are shown for the female population (above) and male population (below) separately.

Orbitofrontal Cortex Volume:

The comparison of the volumes of the orbitofrontal cortex among the three groups
showed significant differences (F=29.84 and DF=(2,210), p<0.0001) (figure 5.2.5). Post-
hoc analyses showed significant differences in the volume of OFC between the elderly
and probable AD dementia groups in both sexes in total, left and right volume. The OFC
volume in the MCI group was significantly bigger than that of the probable AD dementia
group, but only for the male participants in total, left and right volume (Figure 5.2.5, table
5.2.3 for females and table 5.2.4 for males). In the elderly, correlation analyses showed
a positive significant correlation between OFC volume and age in men, between OFC
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volume and MMSE scores in women and between OFC volume and TIV in both sexes
(Table 5.2.5). In the MCI group, a positive association was found between OFC volume
and education and between OFC volume and TIV in both sexes and between OFC
volume and MMSE scores in women (Table 5.2.6). In the AD group, a positive association
was found only between OFC volume and education and between OFC volume and TIV
in the female participants (table 5.2.7). ANCOVA controlling for age (Women F=15.824,
DF=(2,119), p= 0.0001, Men F=17.562, DF=(2,86), p=0.0001), education (Women
F=15.106, DF=(2,119), p=0.0001, Men F=13.043, DF=(2,86), p=0.0001) or TIV (Women
F=16.090, DF=(2,119), p=0.0001, Men F=22.418, DF=(2,86), p=0.0001) showed no
significant effects of these variables and significant differences among groups persisted.
When adjusting for MMSE, groups differences were no longer significant (Women
F=3.649, DF=(2,119), p= 0.03, Men F=2.157, DF=(2,86), p= 0.12). No significant

differences among groups were detected by pairwise comparisons.
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Figure 5.2.5: Orbitofrontal cortex volume difference among the three groups: comparisons among the
three groups are shown for the female population (above) and male population (below) separately.

Entorhinal Cortex:

One-way ANOVA analysis showed significant differences in entorhinal volume
among the three groups (and F=32.29, DF=(2,210), p<0.0001) (figure 5.2.6). Post-hoc
analyses showed a significant difference between the volume of this structure of the
probable AD dementia group and that of the elderly controls for both sexes. Furthermore,
a significant difference in the volume of this structure was observed between the probable
AD dementia patients and the MCI patients in both male and female participants in the
left hemisphere. Additionally, the volume of the entorhinal cortex was significantly smaller
in the MCI group when compared with that of the elderly controls bilaterally in female

participants in the total, left and right volume (Figure 5.2.6, table 5.2.3 for female and
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table 5.2.4 for male). Pearson correlation analyses showed a significant negative
association in the elderly groups between entorhinal cortex volume and age in men only,
a positive correlation between entorhinal cortex volume and MMSE scores in women and
a positive correlation between entorhinal cortex volume and TIV in both sexes (table
5.2.5). In the MCI group, entorhinal cortex volume was positively associated with
education in men, with MMSE scores in women and with TIV in both male and female
patients (table 5.2.6). In contrast, in the probable AD dementia group there was no
significant association between entorhinal cortex volume and any variable, except for TIV
in women for whom a positive correlation was found (table 5.2.7). ANCOVA including age
(Women F=22.495, DF=(2,119), p= 0.0001, Men F=13.359, DF=(2,86), p=0.0001),
education (Women F=23.546, DF=(2,119), p=0.0001, Men F=10.685, DF=(2,86),
p=0.0001) or TIV (Women F=22.947, DF=(2,119), p=0.0001, Men F=15.373, DF=(2,86),
p=0.0001) showed no significant effect of these covariates and significant differences
among groups were retained. When adjusting for MMSE, differences in volume of this
structure among the three groups were no longer significant in the female and male
groups (Women F=5.777, DF=(2,119), p= 0.004, Men F=1.504, DF=(2,86), p= 0.23).
Likewise, no significant difference was found in pairwise comparison among the three

groups.
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Figure 5.2.6: Entorhinal cortex volume differences among the three groups: comparisons among the
three groups are shown for the female population (above) and male population (below) separately.
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APOE g4 carriers vs APOE €4 non-carriers:

A series of t-tests comparing APOE €4 allele carriers and non carriers showed no

significant differences in total, left and right OC volume in female and male participants

(Table 5.2.8). No significant differences were detected when the groups were split by sex.

Similarly, no significant differences were found between the APOE €4 allele carriers and

non carriers in hippocampal volume (whether taken as total, split by left and right or when
split by sex) (Table 5.2.8). Similar negative findings were shown by the comparisons for
the remaining olfactory-related brain regions, i.e. parahippocampus, amygdala,
orbitofrontal cortex and entorhinal cortex (whether taken as total, split by left and right or

when split by sex) (Table 5.2.8).

Table 5.2.8: Comparisons of olfactory-related brain region volumes between APOE &4 carriers
and non-carriers showing no significant differences.

ocv Hippocampus Parahippocampus Amygdala OFC Entorhinal Cortex
vaFI)ue t vaFI)ue t p value t vaFI)ue t vaFI)ue t p value

Women total 026 0.79 043 0.67 0.18 0.86 049 0.62 047 0.64 0.04 0.97
Women left 034 0.73 0.25 0.79 0.49 0.63 031 0.75 0.38 0.7 0.18 0.85
Women right 0.17 086 0.61 0.55 0.1 0.91 0.67 0.51 0.54 0.59 0.27 0.79
Men total 1.18 0.24 2.26 0.03 2.5 0.02 2.28 0.03 1.85 0.07 2.63 0.01
Men left 1.16 0.25 1.77 0.09 2.44 0.02 272 0.01 1.96 0.06 2.46 0.02
Men Right 1.19 0.24 2.45 0.02 2.47 0.2 1.87 0.07 1.73 0.09 2.66 0.01

APOE ¢4 carriers (Women=12, Men=10) non-carriers (Women=19, Men=18) (p<0.001). DF (Total=57,
women=29 and men=26).
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5.2.4 Discussion:

This cohort study investigated whether volumetric differences in olfactory-related
brain regions were detectable between healthy elderly controls and patients at different
stages of cognitive decline of probable AD aetiology, namely mild cognitive impairment

(MCI) stage and mild probable AD dementia. In addition, the effect of carrying the APOE

€4 allele on volumetric measures of olfactory-related brain regions was also investigated

in a subgroup of participants for whom APOE &4 status was known. Finally, the

associations between volumes of olfactory-related brain regions and age, education,
MMSE score and TIV was also investigated in all three experimental groups. The use of

structural MRI data enabled the study objectives to be met.

The findings of this comprehensive olfactory brain regions study show that
olfactory-related brain regions are affected by disease progression in probable AD as well
as in MCI. This cohort found a significant volume reduction in the three groups in all brain
regions in total, left and right volume in males and females. The female group was more
affected as significant volume reductions in some olfactory brain regions such as the
hippocampus, parahippocampus, amygdala and entorhinal cortex were already
detectable at the level of MCI. Moreover, the left side of the brain appeared to have
greater volume reduction than the right hemisphere in AD and MCI. There was an
approximately similar pattern of volume reduction between the olfactory cortex and
orbitofrontal cortex, and between hippocampus, parahippocampus, amygdala and
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partially entorhinal cortex when groups were split by sex. Pathological alterations are
observed in the hippocampus, parahippocampus, amygdala and entorhinal cortex,
regions that are more involved in odour recognition and identification (Doty et al., 1988;
Hawkes, 2003; lizuka et al., 2021). The reduction observed in this study is in line with
previous findings showing olfactory cortex and hippocampus volume reduction in MCI
and AD (Vasavada et al., 2015). The present study replicated this finding, and extended
them to other olfactory-related brain regions that also showed significant volume
reduction. A few studies have shown that olfactory dysfunction is detectable in AD
individuals and atrophy of the olfactory bulb and entorhinal cortex is observed early in AD
(Devanand et al., 2012; Djordjevic et al., 2008; Thomann, et al., 2009). Moreover, there
is some evidence that the olfactory bulb is one of the first brain regions affected by AD
pathology (Attems et al., 2014). The finding of this study confirmed that atrophy is found
in olfactory related brain regions in probable AD. The reason for deterioration in these
olfactory regions is the evidence of early accumulation of neurofibrillary tangles (Attems
& Jellinger, 2006). A study demonstrated that pathological changes such as 3-Amyloid
plaques and neurofibrillary tangles occurred in the olfactory system and its connected
regions (Christen-Zaech et al., 2003). Kocahan and Dogan (2017) stated in their review
that the pathology occurs in the AD brain and involves change in neurotransmitter
expression, reduction of neutrophil numbers, accumulation of senile plaques deposits,
neuronal death and atrophy, with this latter being the later stage of the disease (Kocahan
& Dogan, 2017). These changes could explain the atrophy shown in this study. Of note,

it has been found that the hippocampus is the most affected region in the AD brain (Uysal
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& Ozturk, 2020). The olfactory cortex is defined as regions that receive projections from
the olfactory bulb. The olfactory bulb is said to be one of the structures first affected in
AD. This means that the olfactory cortex should be the most affected in the brain of AD
patients. In this study, however, the olfactory cortex appeared less affected than the

hippocampus region in our patient groups.

The parahippocampus is connected to the hippocampus as the parahippocampus
sends information to the hippocampus via the entorhinal cortex (Naya, 2016) and this
might explain the similarity in the atrophy pattern observed in those regions in this study.
Another study has recently shown that volume reduction in the entorhinal cortex was
associated with parahippocampus volume reduction (lizuka et al., 2021). There was a
similarity of pattern of volumetric reduction between the olfactory cortex and the
orbitofrontal cortex. This similarity has been explained by findings showing that the
olfactory cortex is connected directly and sends projections to the OFC (Rolls, 2019).
Moreover, the medial and posterior OFC has high connectivity with the olfactory cortex
and also the OFC posterior border lies next to the olfactory cortex (J. Du et al., 2020). All
these might explain the similarity in atrophy pattern shown in those two regions in this

study.

Moreover, in olfactory-related brain regions, the left volume was more reduced
than the right volume in this study population. This finding supports previous evidence in
the literature reporting that the left hemisphere of the brain is more affected by volume

reduction and the progression of the disease is more severe on the left side and occurs
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earlier in the disease course than in the right hemisphere in the AD brain (Donix et al.,
2013; Toga & Thompson, 2003). In fact, a study stated that the brain left side alteration
is part of AD development (Gianotti et al., 2007). The same study indicated that MMSE
might assess and specifically detect left side functions in the brain (Gianotti et al., 2007).
Several studies have also indicated that the left side of the brain is more affected in MCI
and AD and that this greater vulnerability to pathology at an early stage of
neurodegeneration might be caused by genetic and other disease risk factors (Yu et al.,
2019; Zhao et al., 2019). However, it remains still unclear why such a side-based faster

deterioration is observed in MCI and/or AD brain.

An important finding is that there was no alteration found between the MCI and
control groups in the male population in any of the olfactory-related brain region volumes.
Moreover, the reduction in the female MCI group was found only on the left side for all
regions of interest except the entorhinal cortex where significant differences were found
in both hemispheres. In addition, no reduction in volume was found in the MCI group in
OCV or OFC. This means that at the MCI stage no alterations are detectable in olfactory-
related brain regions in men while some alterations are detectable in the left hemisphere
in female participants. In fact, this finding supports previous evidence that greater atrophy
rate is detected in women MCI than men MCI (Nebel et al., 2018) strengthening the

findings of this study.

This study shows that age affects the volume of olfactory-related brain regions in

men more than in women in the healthy elderly, MCl and probable AD dementia groups.
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This correlation was stronger in the elderly, losing gradually its strength in MCI and then
in the probable AD group. This finding indicates that ageing is a strong factor in the
emergence of an olfactory deficit (Franks et al., 2015). Moreover, in this cohort a strong
association was also found between education and the volume of olfactory-related brain
regions in the MCI group more than in the healthy elderly control and probable AD
dementia groups. An association was also found between MMSE scores and brain
volume more in women than in men in the healthy elderly and MCI groups. An association
between cognitive abilities and brain volume is a well established finding (Ritchie et al.,
2015) that has been established also by the current study. MMSE scores as an index of
severity of disease had a strong impact on measures of brain volume of most regions
assessed in the current study and when included as a covariate, between group
differences were no longer significant. This finding suggests that severity of disease
reflected by poor overall cognitive abilities has a strong impact on brain volume loss as
expected in this study population. In fact, there is established evidence that change in
hippocampus volume, for example, is reflected in the level of cognitive abilities shown by
patients and this is also the case when cognitive abilities are assessed using the MMSE

in MCI and probable AD dementia patients (Peng et al., 2015).

In the present study, the influence of the genetic risk factor APOE &4 allele was

also assessed. The findings show that carrying the APOE €4 allele does not influence

any of the olfactory regions volumes selected in this study, as no significant difference in

volume was observed between APOE €4 carriers and APOE €4 non-carriers in any of the
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olfactory-related brain regions selected. This finding is not in line with previous evidence

from studies that showed that APOE €4 carriers show greater brain atrophy than the

APOE &4 non-carriers (Reiter et al., 2016). The difference in finding from other studies

should, however, be interpreted with caution as the number of participants in the current

study for whom a genetic profile for the APOE gene was available was very small.

Our study demonstrates that women have greater volumetric loss at an earlier
stage of disease than men. Indeed, significant differences in volume from healthy controls
were already detectable at the MCI stage in women, while this was not the case for men.
This finding supports existing evidence that women experience more severe brain atrophy
than men at an earlier stage of disease (Holland et al., 2013). Several factors might be
invoked to explain this differential effect of the disease between sexes, with one possible
explanation being that women have a more severe biological vulnerability that fosters
faster progression of AD (Liesinger et al., 2018; Malpetti et al., 2017). Also, women show
a longer duration of the disease (Liesinger et al., 2018). Moreover, women are at higher
risk of the disease than men (Nebel et al., 2018) and they are more affected by AD
(Mazure & Swendsen, 2016). Furthermore, women are at greater risk of depression with
a risk that is double that of men, which increases the risk of developing AD (Nebel et al.,
2018). Despite the vast majority of studies being either only done on males, or the data
being presented with males and females combined, our study separated the study groups

allowing sex related differences to emerge given the premise of differences in physical,
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hormonal and abilities between women and men, all of which can have an effect and alter

disease trajectories.

Previous studies of olfactory regions have failed to make adjustments in the
measurement of brain atrophy for normal ageing effect or for disease severity (Fiford et
al., 2018). To the best of our knowledge this is the first study of its kind that has
investigated changes in a comprehensive set of neural structures involved in olfaction in
healthy elderly and in two diseased groups with a probable common neurodegenerative
aetiology. In addition, the present study investigated changes in neural olfactory regions
in these groups split by sex and taking a comprehensive approach involving both brain
hemispheres using MRI imaging technology.

Because of the wide variability of brain alterations in people in the course of normal
ageing, as well as neurodegeneration such that leading to MCI and probable AD
dementia, the outcome might be a complex expression of the effects of different variables
on atrophy of relevant olfactory regions especially in clinical cases. More research is
needed to comprehend the trajectories of atrophy in distinct brain regions fully, both in
people ageing normally and in those ageing in a context of disease. The findings of the
present study highlight the critical need to investigate the full range of olfactory brain
regions to understand in more detail how they are affected by AD pathology. Research
should focus on molecular investigations of brain cells in relevant regions to understand
better the causes of regional atrophy observed in normally ageing individuals and in those

with MCI and probable AD dementia that then lead to olfactory dysfunction.
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5.3 Chapter discussion and conclusion:

In this chapter, it became clear that there is reduction in the size of the areas
related to the sense of smell in the brain of patients with probable AD and also in patients
with mild cognitive impairment. It is also the case that ageing affects the size of these
regions of the brain, as shown in chapter 4, but atrophy of these regions appears to be

more substantial in people with Alzheimer's disease and cognitive impairment.

It should be noted that the experimental work presented in this chapter shows that
there is a similarity in the pattern of atrophy in the parts of the brain associated with the
sense of smell, namely the olfactory cortex with orbitofrontal cortex and the hippocampus
with parahippocampus, amygdala and partially the entorhinal cortex. This similarity may
be due to the spatial connection of these regions, although other unknown factors might

also explain this observation.

It is clear in this chapter that in the brain investigated in this study women had more
severe volumetric loss at an earlier stage than men, as great atrophy in olfactory related
regions was already detected in patients with mild cognitive impairment. Also, in this
chapter, it becomes clear to us that the left hemisphere shows greater volume loss than
the right side in Alzheimer's patients. This may be from the effect of disease or from the
effect of age as well, as the left part is related to many life matters that may negatively

affect its volume by virtue of more use and also the fatigue related to that.

Considering the cost, time, and tools needed to carry out proper testing of olfactory
functions, it might be more practical and more clinically viable to monitor the volume of
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brain regions in the elderly, because this gives indications of Alzheimer's disease and
dementia in general, especially the regions related to the sense of smell. If atrophy in
these regions is detected in association with early signs of cognitive decline, additional
investigations might be offered and if needed preventative strategies put in place to
contain the effect of the disease by suggesting a change in diet, regular physical activity

and cognitive exercises to help delay or mitigate the effect of this disease.
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5.4 Limitation:

The experimental findings reported in this chapter have provided evidence that
olfactory-related brain regions are smaller in volume in probable AD when compared with
healthy age matched controls. One of the main limitations of this study is its cross-
sectional approach. A longitudinal design would have been a more appropriate way to

make inferences about progressive tissue loss with increasing severity of disease.

One additional limitation is the relatively small number of participants for whom the

APOE &4 allele status was known. The findings of this sub-study, in fact, could have been

influenced by lack of statistical power and should be taken with caution.

One final limitation is that the technique that was used allows the volumetric
quantification of regional volume but does not allow the identification of the cause and
neural breakdowns that determine neuronal loss and volumetric shrinkage. Resolving the
neural mechanisms underlying olfactory dysfunction might not be possible in a human
cross-sectional design and may require a murine model to discover the cause of
volumetric loss in ageing and with progression of a neurodegenerative disease such as

AD.
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Chapter 6: General discussion and conclusion

The sense of smell is one of the most important senses for living organisms.
Through smell, the organism is able to identify its surroundings, in addition to being one
of the most important ways for living organisms to interact with external influences: on a
pleasant note, someone could enjoy smelling their coffee before drinking it in the morning;
on a more hazardous note, someone could smell smoke before seeing a fire or identify
spoiled or inedible food before tasting or seeing it. The importance of the sense of smell
is highlighted not only in humans but in animals through the detection of the most intense
and powerful smells. The nose stimulates internal memory and allows people to
remember all the information stored in the brain, and here the importance of the sense of
smell emerges, as the sense of smell is closely related to memory. The sense of smell
warns of a danger that a person or animal may experience and therefore prompts them

to take all necessary precautions to avoid those risks.

In the setting of early AD symptoms and olfactory awareness, experiments in this
thesis relied on scarce literature regarding the comprehensive study of olfactory related
brain regions in the ageing population, MCI and probable AD dementia patients.
Moreover, the use of different ways of testing olfactory capacity and the use of cognitive
tests in the same individual as shown in chapter 4, allow this thesis to enrich the literature
about olfactory functions of the cognitively healthy elderly population. Importantly, by

evaluating olfactory function through objective measures and through olfactory self-
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reporting in the same older adult population, as done in some of the experimental work in

this thesis, contributes important findings to this area of research.

It is essential to recognise all the deteriorations associated with ageing to protect
against the dangers that accompany them, and to make sure that affected individuals
have awareness and can implement strategies to compensate for these deficiencies.
These deficiencies must be identified and communicated to the elderly, their families, and
health care workers. Many of the deteriorations associated with ageing have known

causes, but some are still not well recognised.

There is an existing need to study the deterioration in some of the body functions
associated with ageing, especially the weakening of the sense of smell, because some
people experience differences in cognitive abilities with advancing age and some studies
have suggested that these start in early adulthood (Salthouse, 2009). Indeed, there are
changes in the shape of the brain with ageing that may cause loss of function (such as
cognitive abilities) and neural loss (Fjell & Walhovd, 2010) and thus, knowing and
identifying these changes is essential for understanding them as either a part of normal
ageing or as the outcome of pathological processes caused by certain diseases such as
AD. Moreover, there is an association between olfaction and episodic memory in the

elderly (Larsson et al., 2016).

In neurodegenerative disorders, olfactory dysfunction is associated with
abnormalities of olfactory brain regions, a finding that has led to olfactory dysfunction

being described as a marker of early pathological processes in many neurological
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diseases (Christen-Zaech et al., 2003; Doty, 2012; Thomann et al., 2009). Olfactory
identification and discrimination are the two olfactory domains that are found to be the
earliest affected in the course of AD and may be an indication of onset of cognitive decline
(Gilbert et al., 2004; Serby et al., 1991). There are different olfactory domains that might
decline in function with ageing and AD; however, identification, discrimination and
memory are well studied as being affected in the early stage of AD (Fusetti et al., 2010;
Murphy et al., 1999; Serby et al., 1991). Dysfunction in the sense of smell is common in
the normal ageing population (Doty & Kamath, 2014). However, it is accelerated in the

case of AD.

Alterations in brain volume occur with ageing, and these changes affect functions
that are related to the brain, such as the sense of smell. These alterations such as
reduction in number and shrinkage in size of brain cells differently lead to a decline in
individuals’ performance (Fotenos et al., 2008; Raz et al., 2005). Alterations in brain
structure begin at a young age and occur primarily in the grey matter (Raz et al., 2005;

Terribilli et al., 2011).

One of the main objectives of this thesis was to demonstrate whether self-
awareness of olfactory functions is a suitable method of assessment of actual olfactory
function in the ageing population by comparing self-report measures with objective
olfactory scores obtained on a quantitative olfactory test (see experiment one in chapter
4). When using a quantitative olfactory test (the UPSIT), the results demonstrated that

94% of the participants had olfactory problems. This finding is in line with those of other
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studies that have reported that the majority of the elderly individuals tested had olfactory
deficits (Murphy, 2002), but the experiment presented in chapter four is one of the first
where it has been demonstrated objectively, that self-reporting methods are inadequate
to detect such deficits. An alarming finding is that 69% of participants who claimed to
have no olfactory dysfunction (95% if we include mild microsomia) were not aware of their
actual olfactory dysfunction. This finding suggests that older adults may be exposed to
risks in their everyday lives, with no awareness of being at risk. These results also suggest
that self-reports as a subjective measure of olfactory ability are neither sensitive nor

specific enough to reflect the true olfactory status of an individual.

The results of the clinical study (experiment 1 in chapter 4) suggest that lack of
awareness of olfactory dysfunction is very common in the ageing population and the
subjective olfaction measurement is not a reliable method for assessing olfactory function
in older adults. This finding contradicts the fact that the majority of the literature supports
the use of self-reports (Landis et al., 2003; Nordin et al., 1995; Wehling et al., 2011). We
conclude that quantitative tests of olfactory function are more reliable and objective when
it comes to ascertaining whether a person is experiencing any olfactory dysfunction. An
important outcome of this study is that there is no correlation between olfactory self-
reports and quantitative tests. Thus, it is important to implement quantitative olfactory
testing in clinical settings. It is also important to devise educational programmes for older
adults to make them aware of means of non-olfactory detection of hazardous events and
to inform them of treatment options for olfactory decline and consequent mental issues
that might stem from loss of olfaction (e.g., depression, loss of appetite). Quantitative
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olfactory testing would enable reliable levels of olfactory function to be determined in the
ageing population to identify whether an individual should go on to have other markers
assessed for potential neurodegenerative diseases. A large proportion of older adults are
unaware of the deterioration of their sense of smell, and this puts them at risk of hazards
in their daily life. Greater effort by families, care homes, and the health system is required

to reduce this risk.

Another objective of this thesis was to evaluate the use of two olfactory function
tests as quantitative assessment of olfactory function in the ageing population, to test
whether there was a link between olfactory dysfunction and cognitive decline (see
experiment 2 in chapter 4). Olfactory dysfunction was present in 94% of the ORCA cohort.
Deficits in olfactory memory were also present in this cohort. A positive correlation was
observed between olfactory function and the scores of both cognitive tests. Moreover, in
women who were former smokers, there was a significant association between olfactory
short-term memory and cognitive scores. Other studies on olfactory dysfunction have
reported similar findings (Murphy, 2002; Wilson, et al., 2007). The sense of smell begins
to deteriorate in individuals from the sixth decade of life and older (Doty et al., 1984;
Sinding et al., 2014; Wang et al., 2016). This decrease in olfactory function in the elderly
population increases the possibility of their encountering and/or being exposed to a
possible hazard. The results of the ORCA study showed that deficits in olfactory memory
are observed in older adults. The findings are in line with those that have shown that

odour memory deficits have also been observed in individuals at risk of AD (Schiffman,
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2002) and in healthy elderly carriers of the APOE €4 allele (a risk factor for AD)
(Sundermann et al., 2007).

The findings of our study are also supported by previous authors who have
reported an association between olfactory function and cognition in older adults (Roberts
et al., 2016). Indeed, some studies have suggested that olfactory dysfunction may predict
impending cognitive decline (Devanand et al., 2015; Sohrabi et al., 2012; Wilson,
Schneider, et al., 2007). Our findings suggest that olfactory dysfunction could predict
future cognitive decline, emphasising the importance of treatment in older adults to

improve olfactory function.

The final objective of the fourth chapter of this thesis was achieved in experiment
3 that tested whether the olfactory cortex and areas associated with odour processing

showed any volumetric loss at differing trajectories as a result of the normal process of

ageing, and if there were any sex differences in atrophy or based on APOE €4 carrier

status. Our study showed that loss of volume in olfactory related brain regions occurs
around the seventh decade in men while in women, this loss was detectable as early as
the fourth decade of life, except for volume changes in the hippocampus and amygdala
that become noticeable around the seventh decade. This finding confirmed previous
evidence that women experience greater brain atrophy than men (Jiang et al., 2014);
however this greater volumetric loss appeared to affect all regions in the olfactory neural
system except for the hippocampus and amygdala where volumetric loss aligned with

that observed in men. Globally, in men, however, volume loss appears to accelerate later
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in life, with significant differences seen in comparisons between middle age and elderly
groups. This volumetric reduction can be explained by loss of grey matter, the ageing
process, stress, or changes in neurotransmitter expression levels (Lindgren et al., 2016;
Peters, 2006; Scahill et al., 2003; Shen et al., 2013). Olfactory dysfunction has been
correlated with the volumetric reduction of the olfactory cortex, hippocampus,
parahippocampus and orbitofrontal cortex in other studies (Bitter et al., 2010).
Furthermore, a subsequent study found a significant association between olfactory
function and olfactory bulb volume that was observed without age influences (Buschhuter
et al., 2008), meaning the smaller the OB volume, the lower the olfactory performance by

individuals.

A longitudinal study measuring brain volume using MRI and cognitive abilities in
healthy participants with a mean age of 73 years and again at the a mean age of 76 years
found that brain tissue volume was associated with cognitive status during normal ageing,
suggesting that there is a link between brain volume size and level of cognitive abilities in
elderly participants (Ritchie et al., 2015). This study also found that participants who
showed higher cognitive ability at the age of 73 years showed less decline in volume
during the following three years. In another study, ageing was the highest risk factor for
olfactory decline, significantly more than smoking (Doty, 2009; Doty et al., 1984; Zou et

al., 2016).

The large and comprehensive study of olfactory brain regions in this thesis covers

approximately all adult age groups, taking sex into account and volumetrically measuring
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both brain hemispheres using MRI technology. The results of this study suggest that
monitoring of the volume of olfactory brain regions in the ageing population may be
valuable in detecting early signs of neurodegenerative disease. It is important to measure
brain volume among the older adult population as brain volume has consistently been

observed to correlate with cognitive ability in older adults (Ritchie et al., 2015).

Another objective of this thesis was to assess whether olfactory-related brain
regions, including the olfactory cortex, show volume deterioration in conditions of
cognitive decline such as mild cognitive impairment and probable Alzheimer’s disease

dementia, if there were a different pattern of volume reduction between women and men,

and if the presence of the APOE &4 allele affected trajectories of volume reduction (see

chapter 5, experiment 4 and the expanded experiment 5). In the pilot study (experiment
4), olfactory cortex volume was lower in both men and women with probable AD dementia
as compared with controls. This reduction in volume was observed more in the left
olfactory cortex and was influenced by age. An important finding is that there was a
significant positive association between level of education and hippocampal volume
among the controls and that this association was not detected in the participants with
probable AD dementia. Some studies consider education as a proxy of cognitive reserve,
exerting its beneficial influence in preserving brain tissue and hence volume as many
reports suggest that low education is correlated with increase dementia risk such as AD

(Staff et al., 2004). This study by Staff and colleagues considered education and
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occupation as proxies of reserve and suggested that those two measures influence

different cognitive domains (Staff et al., 2004).

Olfactory dysfunction has been observed in the majority of AD cases
(Kashibayashi et al., 2020; Murphy, 2019; Velayudhan, 2015) and is considered an early
symptom of the disease (Doty, 2009; Wilson et al., 2009). Moreover, olfactory deficits and
atrophy of olfactory related brain regions have been also observed in MCI (Quarmley et

al., 2016; Thomann et al., 2009).

As for the greater volumetric reduction in the left hemisphere as compared with the
right hemisphere as found in the experiments in this thesis, several studies have
demonstrated that left brain regions tend to be more affected in MCI and/or early AD
dementia (Barnes et al., 2005; Liang et al., 2018; Loewenstein et al., 1989; Yu et al.,
2019; Zhao et al., 2019). No particular reason has been identified however, and several

hypotheses have been put forth to explain this left-sided preference, including genetic

and disease risk factors such as the presence of the APOE &4 allele. APOE &4 allele(s)

carriers may have specific regional differences in their left brain regions (Kelly et al., 2018;
Liang et al., 2018; Low et al., 2019), and evidence suggests that the APOE protein may
be involved in brain development, physiological and pathological patterns observed later
in life (Donix et al., 2013). Moreover, asymmetry (left > right) in atrophy might be caused
by accumulation of greater vascular burden in the left hemisphere. It has been found that
there are greater levels of vascular burden in the left hemisphere not only in dementia

cases but also in non-dementia cases suggesting that this asymmetric neural decline
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might be part of normal ageing (Giannakopoulos et al., 2009). The explanation for this is
that the left hemisphere might be highly engaged in cognitive task processing that may
cause vascular burden as the supply of oxygen and glucose might be insufficient in people

with increase vascular burden (Heinzel et al., 2015).

Ageing affects brain size, vasculature, olfaction, and cognition (Peters, 2006).
However, higher education level, a healthy diet and exercise have been linked to better
cognitive functioning later in life (Peters, 2006). In agreement with the findings of other
studies, we noted an association between education level and the volume of the
hippocampus in controls (Noble et al., 2012). This association was not detected in the
probable AD dementia cases despite no significant difference in education level between
the control and AD participants. Lower education levels have been linked to increased
exposure to stresses in life, an occurrence that is associated with changes in hippocampal
structure (Noble et al., 2012). Since olfactory dysfunction might be one of the early signs
of Alzheimer's disease, pathological alterations are observed in the hippocampus,
parahippocampus, amygdala and entorhinal cortex regions that are involved in odour
recognition and identification (Doty et al., 1988; Hawkes, 2003; lizuka et al., 2021).
Furthermore, the olfactory cortex and the hippocampus show volume reduction in MCI
and AD dementia (Vasavada et al., 2015). It is possible that because there are alterations
in olfactory related brain regions in AD, olfactory function might be used as an early proxy
sign of the presence of Alzheimer’s disease. However, a degree of caution in this respect
is needed, since the experiments of this thesis found a strong effect of ageing on those
brain regions as well as an effect of disease.
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For the olfactory brain regions study (In experiment 5), we demonstrated that
olfactory related brain regions are affected by disease progression. This comprehensive
olfactory related brain regions study found that these regions are affected to a greater
extent by Alzheimer’s disease. An approximately similar pattern of volume reduction was
found in the olfactory cortex within the orbitofrontal cortex and in the hippocampus with
the parahippocampus, amygdala and entorhinal cortex. This volume reduction in
olfactory-related brain regions in AD could be the result of the accumulation of
neurofibrillary tangles in these regions (Attems & Jellinger, 2006). Moreover, this
reduction may be a result of pathological changes such as B-amyloid plaques and
neurofibrillary tangles occurring in the olfactory system and its connections (Christen-
Zaech et al., 2003). Other explanations have been proposed in the literature to interpret
the volume reductions detected in olfactory brain regions in MCIl and AD. The fifth
experiment in this thesis demonstrated that the deterioration is more pronounced in the
left hemisphere than in the right in our study population. This finding has been previously
reported, namely that the left side of the brain shows more severe effects of disease than
the right side of the brain in early stage Alzheimer's disease (Donix et al., 2013; Toga &
Thompson, 2003). As discussed above, several explanations have been offered to

interpret this observed asymmetry in the effect of disease on the two brain hemispheres,

including a possible effect of carrying the APOE &4 allele, excessive vascular burden, etc.

Our findings also offer support to the presence of an asymmetric volume loss in the

olfactory cortex in both the control and disease groups.
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No alterations in olfactory regions were found in the MCI group as compared with
the control group in the male population. Moreover, while the MCI group showed no
alterations in the olfactory brain regions in men, some volume loss in left sided olfactory
regions was found in women. These findings support previous reports that there is a
greater rate of atrophy in women with MCI than men (Nebel et al., 2018). Our findings
showed that women were more affected by illness progression than men, as
demonstrated by the presence of a significant difference in volume of the selected
structures in women already at the MCI stage when compared with control groups. This
research corroborates previous findings that women have more severe brain atrophy than
men overall (Holland et al., 2013), and extends these to demonstrate that it occurs at an

earlier stage of severity.
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Conclusion

This thesis shows that olfaction skills are already disrupted by the normal process
of ageing and disruption appears to be exacerbated in the presence of a
neurodegenerative conditions such as Alzheimer’s disease. This thesis contributes to
advancing research in Alzheimer's disease and neurodegenerative conditions in general,
specifically strengthening the available methods of early disease detection in susceptible
populations, thus contributing to reducing symptoms or even delaying the spread of the
disease. Numerous studies have shown that a healthy lifestyle and diet may protect
against or reduce the incidence of disease. These studies include a study by Lessard-
Beaudoin et al. (2021). This study was meant to be a part of this thesis but, due to
circumstances outside the student’s control, could not be included. This study indicated
that a healthy diet reduced the spread of disease in the body, especially a diet rich in
omega-3 fatty acids (Lessard-Beaudoin et al., 2021). Moreover, another relatively recent
neuroimaging study has shown that exercise and a healthy lifestyle reduced Alzheimer’s

disease symptoms (Castellano et al., 2017).

The methodological novelty of this thesis is that it included three olfactory function
tests involving subjective and objective tests and two cognitive abilities examinations on
the same large number of elderly participants. This allowed the study to identify olfactory
dysfunction as well as to pinpoint which domain of olfactory dysfunction was more

affected and more strongly associated with cognitive decline in the elderly population. As
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shown in the longitudinal study, the objective olfactory test confirmed the inadequacy of

subjective reporting in detecting olfactory dysfunction.

Another methodological strength of this thesis is that it is a comprehensive MRI
study that includes almost all olfactory-related brain regions measured both across
different age categories to detect the effects of normal ageing (the experimental work
reported in chapter 4) and of neurodegeneration due to probable Alzheimer’s disease (the
experimental work reported in chapter 5). To our knowledge there is no study in the
literature that has undertaken such a comprehensive volumetric investigation of olfactory
related brain regions either in normally ageing individuals or in diseased individuals. The
large number of participants in the MRI ageing and disease studies helps us to identify
those regions that undergo volume reductions either as a result of physiological brain
ageing and/or as a result of neurodegeneration leading to dementia. Future studies,
however, should extend these findings beyond volumetric measurements of brain regions
of interest and use measures of functional brain activity or brain metabolism to clarify
better which neural mechanisms are disrupted either by the physiological process of
ageing or by neurodegeneration that, in time, cause olfactory dysfunction to emerge, as
well as characterise individual patients’ personal circumstances such as head trauma,

stressful events, etc that might foster the appearance of this dysfunction.

This thesis has contributed novel findings and clearly demonstrated that subjective
reports (self-report) are not useful tools to detect olfactory dysfunction in the older adult

population. The findings suggest that objective testing should be used. Moreover, there
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is a large portion of the elderly population who has even severe olfactory dysfunction but
does not show any awareness of it. This conclusion is based on the evidence coming

from combined testing with subjective and objective olfactory measures.

Another important novel outcome is that loss of volume in olfactory related brain
regions is affected by age and therefore the study has not been able to demonstrate
specificity to AD, although when coupled with some cognitive symptoms, volumetric loss
in these regions might be a warning sign of impending AD. These particular regions are
sensitive to the natural process of shrinking of the brain; therefore, the neural tissue in
these regions naturally declines with age. Overall, the findings suggest that there is a
strong effect of ageing, but the evidence from these studies also shows that the effects
of the disease are much greater in all of those brain regions related to olfactory function.
It would be, therefore, reasonable to suggest that when olfactory dysfunction in an elderly
person is coupled with some cognitive deficits it should be investigated further because
there is a good chance of presence of probable Alzheimer’s disease pathology in the
background. This is also advisable at the MCI stage if patients present with severe
olfactory dysfunction, since the evidence from this thesis shows that the MCI group had
greater volume loss that the control group and the combination of olfactory symptoms
and volumetric loss may indicate greater risk of progression to probable AD dementia in
this group. Indeed, if signs of this neurodegenerative disease can be detected at a very
early stage, appropriate lifestyle changes and management plans could be potentially put

in place to fight this condition and limit its spread, resulting potentially in a delay of the
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most severe consequences of neurodegeneration and better quality of life for individuals

and their families as well as a reduction of cost to health care systems.

One of the advantages of this thesis is that we used the same elderly population
data from the ageing study in experiment 3 as a control in the disease study in experiment
5. This means that we are certain that there is olfactory-related brain regions atrophy and
yet this control population shows significantly bigger regional volume than the age
matched AD group indicating that the disease influence is greater than the ageing

influence in the elderly.

Finally, there also is an urgent need to develop new forms of treatment for this
disease as there is currently no cure for Alzheimer’s disease. However, there are drugs
that reduce symptoms of the disease or delay its progress. One of the important aspects
of this thesis is that it has contributed some evidence in support of using olfactory
dysfunction and volumetric measurements of olfaction-related brain regions as potential
indicators of presence of disease that can alert health care providers of potential risk to
individuals so that appropriate measures can be implemented to reduce the impact of AD
on individuals’ lives. This could help to improve the accuracy of AD diagnosis and to
identify populations at risk of the disease or to improve the prediction of conversion from

MCI to AD.
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Abstract

Deterioration of olfaction is a common phenomenon ob-
served in the senior population. A number of factors may
cause this deficit including infections, aging and neurode-
generative diseases. The aim of this study was to evaluate
the reliability of the self-report as a measure of olfactory
function in senicrs. A total of 93 community-dwelling par-
ticipants (43 men and 50 women) from the Quebec NuAge
cohort on Nutrition and Successful Aging participated in the
Olfactory Response and Cognition in Aging (ORCA) study
The age range was 80-95 years and all subjects had a tele-
phone mini mental state examination (t-MMSE) score > 18
Individuals were interviewed using a self-report (“do you
suffer from smell problems?") and quantitative (University
of Pennsylvania Smelling Identification Test (UPSIT)) olfac-
tory tests. Based on the self-report, 81% of the participants
claimed to have a normal sense of olfaction. However,
based on the UPSIT, 95% of them showed different forms
of microsmia. These results reveal that most senlor citizens
are unaware of their clfactory dysfunction and indicate that
an self-report questionnaire is not a valid instrument to as-
sess olfactory function in the aging population.

Keywords

Aging, elderly, Metacegnition, Olfacticn, Self-evaluation
Abbreviations

NuAge: Quebec NuAge Cohort on Nutrition and Successful
Aging; ORCA: Clfactory Respense and Cognition in Aging
Study; t-MMSE: Telephone Mini Mental State Examination;
UPSIT: University of Pennsylvania Smelling |dentification

Test; AD: Alzheimer Disease; HD: Huntington Disease;
MCI: Mild Cognitive Impairement

Introduction

From a phylogenetic perspective, olfaction is deemed
one of the oldest sensory systems in mammals [1]. Of-
ten taken for granted, the sense of smell is of crucial
importance. Although olfaction may appear to have less
importance in identifying objects or people compared
to vision, this sense plays a crucial social and emotional
role which affects an individual’s tastes and food pref-
erences daily [2]. Furthermore, olfaction represents a
strong asset when it comes to detecting danger through
odours such as gas leaks and/or other toxic fumes,
smoke and rotting food. Strong evidence indicates that
olfactory dysfunction occurs with aging [3]. From this
perspective, olfactory dysfunction is a major public
health concern and measures need to be put in place to
alleviate these dangers.

Several factors have been identified that may cause
olfactory dysfunction including stroke, viral infections
and aging [4-6]. Age-related olfactory dysfunction is
characterized by a significant decrease in adrenergic in-
nervation density in the lamina propria of the olfactory
mucosa [7]. Other factors implicated in the loss of olfac-
tory function include air-flow and mucous composition,
structure of the olfactory neuroepithelium and bulb,
and olfactory processing in the brain [8]. The deterior-
ation of smell due to age is often gradual and therefore
not noticeable by the affected individual. Many older
subjects with microsmia are completely unaware of
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Self-report : Do you have problems with the sense of smell? Such as decreased
smell perception or smelling non-appropriate odors. Response options: “No”,
“Yes”, “I don’t know” and “If yes, which one? Complete loss of the sense of
smell, partial loss of the sense of smell, non-appropirate odors, or I don’t know”.
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Figure 1: Experimental design of the ORCA study. The self-report was completed at all the time-points (NuAge study: T1- T4,
ORCA: 2015 and 2016). A) The last self-report (2016), was done at the same time as the UPSIT test in front of the evaluator.
The t-MMSE was done in 2015. Olfactory dysfunction is common among seniors citizen. B) 94% (87/93) of participants have
one of the forms of microsmia (males and females combined). C) No difference in the distribution of olfactory status is obser-
ved between sex (Chi-squared, p = 0.074).

their olfactory state [9-11]. Unawareness of olfactory  with the quantitative olfactory test scores only after
impairment may be caused by the lack of attention to-  assessing the olfactory function [13]. In addition, many
wards a stimulus. It has been shown that attention is  people suffering from olfactory dysfunction tend to mis-
necessary for olfactory consciousness [12] and that the  take their impairment for a taste loss rather than a smell
auto-evaluation of the olfactory functions correlates loss [14].
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A study performed in Sweden and Norway, which
included healthy participants between the age of 45-
79, has demonstrated that unawareness of anosmia
(complete loss of olfaction) is frequent in older adults
(79%) who have healthy cognitive abilities based on a
comprehensive neurological assessment [15]. In a simi-
lar study, conducted in the United States on adults aged
53 to 79 years, only 20% of subjects who suffered from
anosmia were aware of having problems with olfaction
[16]. The general consensus in the literature, based on
the limited studies conducted thus far, supports the hy-
pothesis that seniors are unaware of their olfactory im-
pairment [10,13,17]. However, there are some studies
which demonstrate that elderly subjects were able to
estimate their olfactory function [18,19].

Substantial evidence in the literature has shown that
olfactory dysfunction is observed in several neurode-
generative diseases, such as Alzheimer disease (AD),
Huntington disease (HD) and Stroke and Parkinson dis-
ease (PD) among others [20]. Importantly, several stud-
ies suggest that olfactory dysfunction may represent an
early predictor of future cognitive impairment [21-23].
Indeed, olfactory impairment is currently seen as one
of the top predictors of impending PD and is observed
in Mild Cognitive Impairment (MCl), a potential precur-
sor of AD [24,25]. This highlights the importance of es-
tablishing robust tests that reveal a smell disorder in an
older individual.

Importantly, unawareness of olfactory problems may
lead to malnutrition and depression [26,27]. In addi-
tion, affected individuals will not be able to access their
olfactory memories which may contribute to the de-
pression [28]. This becomes a prominent concern con-
sidering that depression in individuals with MC| more
than doubles the risk for progression to AD [29]. In this
report, we wished to determine if the olfactory self-re-
port is a reliable method to determine olfactory func-
tion as there is limited information in the literature. We
assessed an aging population in the province of Quebec
and compared the performance of the self-evaluation
method to the quantitative evaluation of olfaction in
this same population.

Materials and Methods
Participants

A total of 93 individuals (50 females {age range 80-

95), 43 males (age range 80-93)) from Quebec, agreed to
participate in the clinical sub-study Olfactory Response
and Cognition in Aging (ORCA) (Figure 1, given sepa-
rately). The participants were recruited from the large
database of the Quebec Longitudinal Study on Nutrition
and Successful Aging (NuAge) in which only healthy and
cognitively fit adults (> 67 years of age) were included
[30]. The NuAge study recruited 1,793 individuals who
were assessed annually between 2004-2008. For the
ORCA study, initial calls were made to the previous Nu-
Age participants asking if they would consider to be in-
volved in other studies and/or the ORCA sub-study. For
those who agreed to be involved, the telephone Mini
Mental State Examination (t-MMSE) was done and only
cognitively fit adults (> 18) were admitted into the ORCA
sub-study. Letters were then sent out which included a
self-report olfaction questionnaire (identical to original
NuAge self-report) (2015) and a consent form. All the
subjects signed the consent form in their native lan-
guage which was approved by the Research Centre of
Aging ethical committee (Quebec REB 2015-477). At the
time of the NuAge study, no participants reported diag-
nosed neurological diseases, such as Parkinson disease,
Huntington disease and/or Stroke. The characteristics
of the participants are presented in Table 1 (Given sep-
arately).

Self-Report

NuAge applicants filled in self-report forms about
their olfactory state each year from 2004-2008 (T1-T4)
which included the questions: “Do you have problems
with the sense of smell? Such as decreased smell
perception or smelling non-appropriate odor. Response
options: “No”, “Yes”, “| don’t know” and “If yes, which
one? Complete loss of the sense of smell, partial loss
of the sense of smell, non-appropriate odors, or |
don’t know”. In 2015/2016, 93 of these participants,
who now make-up the ORCA sample also completed a
self-report questionnaire (identical to original NuAge
self-report) at the time of the signature of the consent
form. Another self-report was completed in front of an
evaluator in 2016, at the same time of the assessment
of the University of Pennsylvania smell Identification
Test (UPSIT) test.

Olfactory Evaluation
The UPSIT, the gold-standard for guantitative as-

Table 1: Descriptive characteristic of study participants.

|Women

Age 858138
UPSIT 1276+68
Education (years) 12,5 + 4.0
| Smoking

Never 31

Past 19
|current 0

Loudghi et I. Int J Neurol Neurother 2019, 6:086

'Men | p value
85.4+39 0.58
1253+5.1 0.07
157 £4.2 0.0004™
0.009"
15
28
0
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Table 2: Participants distribution of qualitative (2015 self-report) and quantitative (UPSIT) level of olfaction.

OLFACTION DIAGNOSIS Self-report

Answer
Normosmia (%) No

Yes

| don’t know
Mildmicrosmia (%) No

Yes

| don’t know
Moderatemicrosmia (%) No

Yes

| don’t know
Severemicrosmia (%) No

Yes

| don’t know
Anosmia (%) No

Yes

| don’t know
Total (%)

sessment of olfaction, is commercially available as the
Smell Identification Test (SIT, Sensonics, Inc.) and is
the most widely used quantitative olfactory test [20].
It contains four booklets with a total of 40 different
odors. Each smell is micro-encapsulated which are re-
leased by scratching a lead pencil. The participant must

Women (n = 50) | Men (N =43)
Age (80-95) | Age (80-93)
6 (3/50) 2.3 (1/43)

4 (2/50) 0(0/43)

0 (0/50) 0(0/43)

24 (12/50) 16.2 (7/43)
2 (1/50) |0 (0/43)

2 (2/50) |0 (0/43)

28 (14/50) |23.3 (10/43)
2 (1/50) 0(0/43)

0 (0/50) |47 (2143
12 (6/50) 37.2 (16/43)
4 (2/50) 2.3 (1/43)

2 (1/50) 2.3 (1/43)

6 (3/50) 7 (3/43)

6 (3/50) 2.3 (1/43)

0 (0/50) |23 (1/43)
100 100

provide the most appropriate answer between four al-
ternatives forced choices. The test is rated on a maxi-

mum score of 40 and each score range corresponds to
an olfactory diagnosis (described in the UPSIT manual).
The staff who conducted the interviews were trained
and familiar with the olfactory tests. A $10 compensa-
tion was given to each participant to cover incidentals

such as parking.

Statistical Analysis

The results of the qualitative and quantitative olfac-
tory tests were first compiled by the administrator who
performed them and rechecked twice by two other ad-
ministrators. The qualitative results taken in 2015/2016
were compared with those taken between 2004 and
2008 (T1 - T4), and then compared to the quantitative
results. We also compared the results obtained in 2015
and 2016 together. All statistical analysis was performed
with Graphpad Prism 7 software. Cochran’s Q tests were

used to compare frequencies of self-report answers

in time, and chi-square tests to compare frequencies
of self-report and objective assessment between sex.
T-test between independent groups (age, education
and raw UPSIT) and Chi square (smoking status) were
used to compare the characteristic of men vs. women
in Table 1 (Given separately). The equality of variances
was analysed using the F-test and the variance between
man and women were not significantly different for all
the variables assessed. The level of significance was set

Loudghi et |. Int J Neurol Neurother 2019, 6:086 s Page 4 of 10 »

Results

The results of the 2015/2016 quantitative olfactory
tests are shown in Table 2 (Given separately). Accord-
ing to the quantitative results harvested in 2015/2016,
94% (87/93) of participants suffered from one of the
forms of hyposmia (mild (24%), moderate (29%) or se-
vere microsmia (29%) and total anosmia (12%)) (Table
2, Figure 1A, Figure 1B given separately). Even if we took
into the account only the most severe forms of olfactory
dysfunction (moderate, severe microsmia and anosmia)
that are the most likely to affect the safety and quality
of life, the percentage was still quite high (70%, 65/93).
We then compared the results across sex. The distribu-
tion of olfactory status was not significantly different
between the men and women in our population (Fig-
ure 1C, Chi-squared p = 0.074, given separately). How-
ever, the percentage of individuals who suffer from
mild microsmia was 18% higher in women, while the
percentage of severe microsmia was 24% higher in men.

We next compared the quantitative UPSIT olfactory
score with the responses on the self-report question-
naire. In sharp contrast to the quantitative results, the
qualitative self-report of 2015/2016 demonstrates that
81% (75/93) of participants claimed not to suffer from
any problems with olfaction (Figure 2A, given separate-
ly). Within these 75 individuals, 95% (71/75) had some
form of microsmia. It is worth mentioning that 91%
(10/11) of subjects who claimed to have olfactory dys-

| Total (N =93)

age (80-95)

| 4.3 (4/93)

2.2 (2/93)

0099

20.4 (19/93)
1.1 (1/03)
2.2 (2193)

25.8 (24/93)

1.1 (1/93)

22 (2/93)

23.7 (22/93)
3.2 (3/93)
2.2 (2/93)

' 6.5(6/93)

4.3 (4/93)

11.1(1/93)

100

at p < 0.05. The measure of the sensitivity (correctly
identify those with the disease) and specificity (correct-
ly identify those without the disease) of the self-report
was calculated by comparing the self-report results with
the olfactory status evaluated by the UPSIT score.
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A Both gender

A — Self-report Olfactory status in the
7.5% « No » population
’ ]

Mild
microsmia
25,3%

Moderate
to Severe
Normosmia 61,3%
5,3%
Anosmia
8%

B Women
I don’t know Self-report Olfactory status in the

« No » population

Mild
microsmia
31,6% Moderate
to Severe
52,6%

Normosmia
7,9%

Anosmia
7,9%

Yes
18%
Men .
| don’t know Self-report Olfactory status in the
9 3% « No » population
,27

Mild
microsmia
18,9%

Moderate
to Severe

\\\\\\\\\\\\\& e Nor;rlx;)o;mia / 70,2%

Anosmia

Yes 8,1%

4,7%

Figure 2: Unawareness of olfactory dysfunction is not sex-related. A) Distribution of the self-report assessment and UPSIT
result in the participants (males and females combined) who answered “No”. B) Distribution of the self-report assessment
and UPSIT result in women who answered “No”. C) Distribution of the self-report assessment and UPSIT result in men who

answered "No”. No significant difference is detected in the olfactory status between men and women for the subjects who
answered “No” (Chi-squared, p = 0.11).
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functian did suffer fram it accarding ta UPSIT scare. In
additian, 7 aut of 93 parficipants reparted nat knaw-
ing their alfactany state and b of thase individuals had
micrasmia.

We next kaked at the distributian af the different
alfactian states inthase wha chimed nat ta suffer fram
alfactary dysfuncian by sex [Figure 20, Figure 20, ghven
separatehyy. Far females, Y0% respanded that they
had na alfactary impairment, howeeer, 92% [35/38)
had deficits ar detected by the UPSIT [B% [3/3E) nar-
masmia, 22% [12/28) micrasmia, 37% [14/38) maderate
micrasmia, 16% [6/38) severe micrasmia and 8% (3738}
tatal anasmiay [Figure 2B, Table Z, Given sepa@tely).
We faund a similar situatian in the male papulatian,
with B6% declaring na deficits when in fact97% [36/27)
did demanstrate prablems with smell accarding ta UP-
SIT (2% [1/37 narmasmia, 19% (7737} mild micrasmia,
I (10,37 maderate micrasmia, 43% [16/37) severs
micrasmia and B% (3,37} tatal anasmiad (Figure 2C,
Tabk 2, shven separately). OF nate, in the graup wha
climed nat ta suffer fram any prablems with smells,
the difference in the frequenoy af micrasamia between
men and wamen was nat significant [p = 0.11). These
results demanstrate that while the majarity of individ-
uals inaursamphke <laim nat ta hawve any prablems with
smell, they actually had different farms af micrasmia.
The awverall sensitivity af the self-repart was 12.3% and
the specificity was B0%.

Theewvaluatian aftheindividual’s assessment af their
alfactary functian [sef-repart) was then evaluated aver
the years 2304 ta 2008 [T1-T4), and in 315/ 2016 [Fiz-
ure 2, giwen separatelyy. Fluctuatansinthe pereentages
af indiiduals wha reparted "na™ ta the guestian "da
wau suffer fram any prabkems in smell” did nat changs
significa nthy awer the years [Cachran's Dtest, p =0.11)
The number af individuals reparting na afactany dys-

functian represents the majarity afthe subjects [B1% in
2015). We alsa campared the results af the sef-repart
danein 2015%and 2016ta seeifthe presenceaf anevalu-
atar affected the answeraf the partcipant. Despite the
fact that there was na significant wariatian between the
answers in 2015 and 3316 [p = 0.7, data nat shawn),
we abserved same individual wariatians. Indeed, 5 af
the 11 individuals wha reparted 3 prabkem with smell in
2015 changed the answerta "Ma” in frant af the evalu-
atar. Interestinghy, ane af these participants reparted 3
camplete kiss af smellin 2015, OF nate, anly 4 of the in-
dividuals wha repanted na prabkem with sense of smell
in 2015 changed their answerta yes at 216 infrant of
the evaluatar.

We then facused an the cansistency af the sef-re-
part respanses by analyzing the prapartian af indiid-
ualswha maintained the same respanse an their affac-
tary self-repant aver time. t may be expected that the
glderty participants wauld change their answer fram
"na* ta "yes” ta the guestian "da vau suffer fram any
prabkems in smell” as their afactian deteriarates aver
the wears. Hawewer, the appasite offect was naticed.
Indeed, BE% af the parficipant wha respanded "na”
at T1 maintained their answer thraughaut the 5 ime-
paints (6473 paricipants). In sharp cantrast, anky 1aut
af B participants wha respanded "ypes” maintained his
answer thraughaut the years. Despite the fac that al-
mast all the participants wha respanded “ves” changed
their answer averthe yearm, thevariatian averime was
nat significant. This may be explained by the small pra-
partian af individuals wha claimed ta hawve an alfactary
prablkem in the self-repart [Cachran's O test, "na® p =
0.001; "yes” p =01}

Discussion
Fram the guantitative alfactary test (UPSIT), aur re-

% 100 -
E 95
)

E 90
‘éﬂ 85 -
&

80 T T T T T
Tl T2 T3 T4 2015
Time (Y ears)

Figare 3: Percentage of s2[freporting rates on the state of olBction of paricipants did not change between 2004 and 2016,
The percentage ofindivduals who reparted no alfadtory deficts remained gable avwer ime ( Cochran's O test, p= 0.11). For
the purpose ofthe satidical analysis, the answer'l don't know' were discarded from the analysis.
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sults demonstrate that 94% (87/93) of the participants It should be noted that from 2004 to 2016, only 10%
have olfactory problems. In contrast, the result of the of the participants switched their answer in the self-re-
self-report (2015) demonstrates that 81% of partici- port from no to yes. In the opposite case, 45% of partici-
pants claimed not to suffer from any problems with ol-  pants changed their statement from yes to no, a rather
faction. Furthermore, the majority of the participants  significant change. We also compared the proportion of
who appeared to be aware of their olfactory dysfunc-  the subjects who maintained the same answer through
tion in 2004 then subsequently changed their answer the years. 86% of the subjects who declared ‘no’ main-
about their olfaction as they became unaware of it. tained their answer (10% changed their answer for ‘yes’
Additionally, our results show that unawareness of ol- and 5% for ‘I don’t know’). However, only 27% of the in-
factory dysfunction is not sex-related. The fact that hu-  dividuals maintained ‘yes’ as an answer throughout the
mans undergo a gradual decline in olfaction with age years (45% changed their answer to ‘No” and 27% for ‘I
[20] may make them less aware of their loss over time  don’t know’). This may be explained by the fact that un-
[11,31]. Indeed, the objective of this study was to de- awareness of olfactory dysfunction is common in older
termine whether unawareness of olfactory impairment  people and is not improving with increasing age. The
is a common problem in cognitively well-functioning  fact that 72% of the participants have disowned their
seniors. Furthermore, the goal was to evaluate the re-  olfactory problems may be due to a deterioration of
liability of the olfactory self-reports as a way to deter-  their olfactory memory since the majority of this specif-
mine olfactory capabilities among the elderly inthe clin-  ic subgroup of participants (7/11) seemed to suffer from
ic. These objectives were carried out by comparing the  anosmia or a severe form of microsmia. In other words,
qualitative test of olfaction with the quantitative test even though these participants had previously acknow-
{UPSIT) on participants aged 80 to 95 years. Despite the  ledged their olfactory impairment, they then seemed to
relatively high specificity (correct identification of nor-  forget that they had microsmia. These results suggest
mosmia) of the self-report (80%), the sensitivity (correct  that self-reports are a very subjective measure of olfac-
identification of olfactory dysfunction) was very poor tion and are not sensitive nor specific enough to reflect
(12%) suggesting that the self-report is not a reliable  the true olfactory state of the individual.

test to diagnose olfactory impairment among the senior

population Olfactory dysfunction has a high prevalence in
u =

neurodegenerative diseases such as AD, PD and HD

Similar to other studies, our results demonstrate  [8,34] and strong evidence demonstrates that this is
that the majority of elderly individuals have olfactory an early event in a number of neurological diseases
deficits [16]. However, what is more alarmingisthat 69%  and may be a harbinger of future cognitive impairment
(95% if we include mild microsomia) of the participants  [35,36]. Based on our results and the results of others,
who claimed to have no olfactory dysfunction were not it becomes critical to establish quantitative olfactory
aware of their actual olfactory dysfunction. The lack of ~ testing in the clinic for seniors in order to provide
association between the self-report and measured ol- education around non-olfactory avoidance of hazardous
faction may also be a result of the fact that the majority ~ events (smoke and gas detectors, dating food, fire-
of studies on olfaction in the elderly used a self-report  e€scape plans) and to highlight treatment alternatives
that include only a single question [10,11,15]. There for olfactory dysfunction [37-40] and mental issues
are only four studies on olfactory awareness that use  related to olfactory loss (depression, loss of appetite).
the multiple questions self-report [10,15,18,32]. One Importantly, quantitative olfactory testing would enable
of these studies, done on only women, shows an asso- reliable and robust levels of olfactory functions to be
ciation between the self-report and olfactory function determined in the elderly in order to triage which senior
[18], another study demonstrated an association onlyin  individuals should then go on to have other markers

the population with Alzheimer’s disease and the others ~ assessed for neurodegenerative diseases. To this day
show no correlation [32]. there is no widely adopted policy or clinical algorithm

in place for the detection of individuals that have early
Interestingly, it has been shown that older individ-  Jamentia or indeed may be on the road to cognitive
uals are not more likely in general to make errors in the impairment and a neurcdegenerative disease. This is
estimation of their faculties compared to the younger  gagpite the fact that there are preventive strategies
individuals. However, they tend to overestimate their  for dementia-related diseases that have been reliably
olfactive faculties, while the younger population are  shown to delay disease progression (healthy eating,
more likely to underestimate them (White & Kurtz, exercise and social interactions amongst others) [41-
2003). This represents a significant practical danger for  45]. Significant savings of lives, and in health-related
seniors as more than 32% women and 16% men over 65 expenses, could be realized should these measures be
years old was living alone in 2011 according to statistics  put into wide spread clinical use.
Canada [33] and who may be exposed to several risks of
everyday life such as detecting gas leaks, toxic substan-
ces, smoke or outdated food.

Screening pocket olfactory tests need to become
routine in the health-care practices. A number of such
tests are available including Smell diskettes which can

Loudghi et |. Int J Neurol Neurother 2019, 6:086 s Page 7 of 10 »
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be reused. The UPSIT remains to date the most com- Conflict of Interests
monly used test for olfaction. However, there are time
constraints with this test. There are several shorter ol-
faction tests that are less expensive, and the data would
suggest they may be suitable as a first screen (Supple-  Authorship Contribution
mental Table 1, Given separately). As an example, The
Pocket Smell is a very brief test that contains only three
different odors and has been shown to be highly sensi-
tive in detecting olfactory dysfunction [46]. If the indi-
vidual misidentifies one of the three odors, then the
B-SIT and/or the UPSIT (which contains 40 odors) could
be used to further investigate the level of microsmia.
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Supplemental Table 1: Quantitative smell tests currently in use.

Test name ] Number of items/ | Internet source
| different odors
Smell Identification Test (UPSIT) [1,2] 40 differentodors | https:/sensonics.com/smell-identification-test-international-
| versions-available.html
Snap & Sniff Olfactory Test System [3] 20 items test https://sensonics.com/snapandsniffolfactorytests.html
(Threshold)

Sniffin’ Sticks |dentification Test 16 [4-6] | 16 differentodors | https:f/smelltest. eu/en/product/burghart-sniffin-sticks-
identification-test-16-blue/

Screening 12 Test [7,8] 7 12 differentodors | http://smelltest.eu/en/product/buy-burghart-sniffin-sticks-
smelltest-pens/

Brief Smell Identification Test [2,10] | 12 different odors | https://sensonics.com/brief-smell-identification-test. html

Odor Discrimination/Memory Test [11,12] 112 items test using | https://sensonics.com/smell-products/odor-memory-test. html
4 different odors

The Pediatric Smell Wheel [13] 111 different odors https://sensonics.com/smell-products/the-pediatric-smell-
wheel.html

NIH Toolbox Odor Identification Test [14] 9 different odors http:/imww. healthmeasures. net/explore-measurement-
systems/nih-toolbox/intro-to-nih-toolbox/sensation

Smell Diskettes [15] I 8 different odors http:/iww.smelldiskettes. com/en/gebrauchsanweisung. php
4-ltem NHANES Pocket Smell Test [16] | 4 different odors https://sensonics.com/smell-products/pocket-smell-test-50.
html
Quick Smell Identification Test [17] 3 different odors https://sensonics.com/smell-products/quick-smell-
identification-test. html
Pocket Smell Test [18] 3 different odors https://sensonics.com/smell-products/pocket-smell-test. html
Supplemental Table References SE (2013) Normative performance on the Brief Smell
_ ) . Identification Test (BSIT) in a multi-ethnic bilingual cohort: a
1. Doty RL, Shaman P, Applebaum SL, Giberson R, Siksorski Project FRONTIER study. Clin Neuropsychol 27: 946-961.
L, et al. (1984) Smell identification ability: changes with
age. Science 226: 1441-1443, 11. Choudhury ES, Moberg P, Doty RL (2003) Influences of

age and sex on a microencapsulated odor memory test.
2. Doty RL, Shaman P, Kimmelman CP, Dann MS (1984) Chem Senses 28: 799-805.

University of Pennsylvania Smell Identification Test: a .
rapid quantitative olfactory function test for the clinic.  12-Doty RL, Tourbier |, Ng V, Neff J, Armstrong D, et al.

Laryngoscope 94: 176-178. (2013) Influences of hormone replacement therapy on
olfactory and cognitive function in postmenopausal women.
3. Jiang RS, Liang KL (2018) A Pilot Study of the Snap & Sniff Neurobiol Aging 36: 2053-2059.

Threshold Test. Ann Otol Rhinol Laryngol 127: 312-316. . o .
) 13. Cameron EL, Doty RL (2013) Odor identification testing
4. Lawton M, Hu MT, Baig F, Ruffmann C, Barron E, et al. in children and young adults using the smell wheel. Int J
(2016) Equating scores of the University of Pennsylvania Pediatr Otorhinolaryngol 77: 346-350.
Smell Identification Test and Sniffin’ Sticks test in patients
with Parkinson’s disease. Parkinsonism Relat Disord 33; 14 Dalton P, Doty RL, Murphy C, Frank R, Hoffman HJ, et
96-101. al. (2013) Olfactory assessment using the NIH Toolbox.
Neurology 80: $32-S36.
5. Kang W, Dong F, Li D, Quinn TJ, Chen S, et al. (2016) The . . . .
predictive value of SS-16 in clinically diagnosed Parkinson's  19- Briner HR, Simmen D (1999) Smell diskettes as screening

disease patients: comparison with (99m)Tc-TRODAT-1 test of offaction. Rhinology 37: 145-148.
SPECT scans. Transl Neurodegener 5: 15. 16.Liu G, Zong G, Doty RL, Sun Q (2016) Prevalence and
6. Bastos LO, Guerreiro MM, Lees AJ, Warner TT, Silveira- risk factors_of taste and smell impairment ina lnatlonvvlde
Moriyama L (2015) Effects of age and cognition on a repr(_asentatlve sample of the US population: a cross-
cross-cultural paediatric adaptation of the Sniffin’ Sticks sectional study. BMJ Open &: e013246.
Identification Test. PLoS One 10: e0131641. 17. Jackman AH, Doty RL (2005) Utility of a three-item smell
7. Eibenstein A, Fioretti AB, Lena C, Rosati N, Ottaviano |, et identification test. in detecting olfactory dysfunction.
al. (2005) Olfactory screening test: experience in 102 Italian Laryngoscope 115: 2209-2212.
subjects. Acta Otorhinolaryngol Ital 25: 18-22. 18. Duff K, McCaffrey Rd, Solomon GS (2002) The Pocket Smell
8. Ottaviano G, Savietto E, Scarpa B, Bertocco A, Maculan P, Test: s_uccessfully d|scr|m|nat|n_g probab!e Alzhe|mfer’s
et al. (2018) Influence of number of drugs on olfaction in the dementia from vascular dementia and major depression.
elderly. Rhinology 56: 351-357. The J Neuropsychiatry Clin Neurosci 14: 197-201.
9. Double KL, Rowe DB, Hayes M, Chan DKY, Blackie J, m
et al. (2003) Identifying the pattern of olfactory deficits in o
Parkinson disease using the brief smell identification test. ﬁ /f"r;
Archives of Neurology 60: 545-549. C L I N
10. Menon C, Westervelt HJ, Jahn DR, Dressel JA, O'Bryant INTERNATIONAL LIBRARY

Loudghi et |. Int J Neurol Neurother 2019, 6:086 s Page 10 of 10 e

330



Appendix B. Original research article based on chapter 5, experiment 4

Send Orders for Reprines & reprinsigb

Cuarvenl Alphabmar Researek, 1020, 17, M-S

RESEARCH ARTICLE

Volumetric MRI Demonstrates Atrophy of the Olactory Cortex in AD

Majed AlOtaibi'™, Melissa Lessard-Beandoin™, Christan-Alexandre Castellanc™, Denis Gris®,
Stephen C. Curnane™ and Rona K. Graham™

"University of Sheffield, Sheffield Englond: *Revearch Center on Aging, CIUSSS-IUGS de PEssrie-CHUS, Sherbrooke,
O, Canads; " Deparenent of Pharmacolsgy and Physiolgy: *Department of Medicine: * Department of Pediatrics,
Liiversity n-_,l".‘.;'.h'b.rnﬂke, Sherfrroonks, QC, Cermaeda

ARTICLE HISTORY

Racalvat Mack 31, T00
Rt Ocmbair 03, 00
Acrapeat Movarsber , T

foa i
TIPTS50 PSS N 2 1.5 DR

Abstract OBjectve: Alzhamer dissase (AD) is a chonic nanmdegenerative disorder St affects mil-
lioms of mdividmls worddwide Sympioms inclode memary dysfimation and defidiss in aeention, pln-
ning, lmgmge, and ovenll cognitive fimction. Olfactory dysfimetion & a common sympiom of AD
and evidence supports that it is an early make. Fadhesmare, olfacory bulb and entorhinal contex
atrophy are well dsaibed in AD. However, in AD, no sdies have assessed the olfactory conex as a
whale md if sex effiects are obsarved.

Medhodsr Magnaic Resomnce Imaging was wsed o san 39 participants with an average age of T2
yeam and included men md women. AAL Single-Sohject Aths (Implemmied in PREUROD ool =
PMOD 3.5) was used to detarmine the volome of the olfadory cortex and dhe hippoampos. Ol fotory
conex volume was bwer in both men and women AD) mses compared with contmls. This decmase
was mare apparant in the lefi olfactory conex and was infloenced by age. As expecied, hippommpal
volume was also signifimntly mduced in AD. However, this was only obsarved in the male cohart. A
sigmificant camelation was observed bawesn levels of edumtion and hippocampal voleme in contm s
that wem not detedied in the AD particpanis. Asymmetry was observed in the olfaciory costex volame
when comparing left and right volomes in both the coniml and AD participanis, which was not ob-

@ Umestiark

served in the hippoaumpas.

Raulf: These data highlight the importance of the role of ol factory cortical emphy in the pathogens:
sis of AD) and the intesplay between the olfactory defidis snd degenemtion of olfactory regions in the

brain.

Keywords: Aleheimer disesse, olisciony corex, atrphy, brain ssymmetry, hippocampus, magnelic rsonance imagng.

LINTRODUCTHON

Numerous health problens occur with aging, such as
cognitive decling, candise diordens and'or neurodegenera-
tve disesses, meluding Alzheimer disesse (AD) [1]. Neu-
rosilegenerative disesses, such & Parknson disesse (PD), AD
amil Huntinglon disesse (HD), are progressive disondens that
lead to neuronal los as well a8 stuetural alerations n the
bramn [2]. AD is one of the most debdlitating types of demen-
Ha cases and may contribue up o 60 - W% of the caes
wirkdwide [3, 4].

Olfsctory dysiunction & a common symplom of neu-
rodlegenerative ditondens, meluding AD [5, 6). Indoed, sev-
eral studies have shown, wing sge-matched controk, that the
semse ol gmell & affected m the early stage of the disesse [7,
R]. Ofsctory dysfunction & ako observed i individusls with

* Aulier i e apoiboriar & 0 Sy g of S Depurnsssnt of Phars sology
el Plyaindongy, Faoaly of Mede S asd Heald Sei R ol Cemter
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Mild Cognitive Impairment (MCI), some of which will pro-
gress i AD [9]. The seme of smell sl declines in
otherwise healthy elderly people [10]. However, this is
scoelersted i individuals with a newological disesse,
Pasitive comrelations have abio been shown between odour
identification and cognition scons [11]. These data suggest
that levels of olfsctory funcion may be a marker of
impending AD and should be smsesed, slng with other
markers, in aging individusls.

Olisctory dysfunction may have a number of causes,
such & nose or bram injury, age-nelated structural 2 herstions
in the olfaciry sysiem, envimnmeniasl or biological
alterations, which meduce the efficlency of smelling [12].
Based on the olfaciory dysfmetion observed in AD, it would
be predicied that olfsciory smcines in the bram could be
affected [13]). Indesd, AD mdividuls show atoply in a
number of ol factory brain regons and in te primery ol face
tory corex (POC) [14-16]. In AD, strophy & abio observed
in other brain regions, meluding the hippocampus [ 13], basal
forebrain sl thalemus [17]. However, i the medial tempo-
ral lobe, AD pthology and volume los sppesr earlies n the
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entorhinal cortex, an area within the POC [18, 19]. Thus
while many studies indicate that hippocampal atrophy is the
best core marker for AD, measurements of the entorhinal
cortex may provide the earliest detection [17, 20-22].

Interestingly, B-Amyloid burden does not directly affect
the olfactory deficits, despite the fact that B-Amyloid is ob-
served in AD brains, and its accumulation in the olfactory
bulb is one of the earliest sites of pathology in AD [15, 23-
25]. p-Amyloid accumulation is also observed in individuals
without AD [26]. In contrast to the B-Amyloid accurnulation,
neurofibrillary tangles appear to affect olfactory function [6,
24]. These tangles are detected in the olfactory bulb and pri-
mary olfactory sensory cortices in human AD brains [16].
Moreover, neurofibrillary tangles in AD are found in the area
of olfactory processing [25, 27]. Other molecular phenotypes
in the AD olfactory bulb are also observed, including accu-
mulation of Tau proteins (correlates with AD stage) [28] and
caspase activation [29]. Caspase-6 activation, which occurs
early in the pathogenesis of AD [30, 31], is observed in the
AD olfactory bulb and its activity associated with Tau pa-
thology but not B-Amyloid accumulation [29].

Structural and functional brain asymmetries are observed
in humans and animals [32, 33]. Of note, in AD patients,
POC volume atrophy in both sides of the brain have been
reported [14]. However, using metabolic measures such as
18-F-fluorodeoxyglucose-PET or MRI, the left hemispheric
alterations in AD are more severe and occur prior to the at-
rophy in the right hemisphere [33-35]. Aside from the lateral
asymumetry, the gray matter concentration in the olfactory
system also differs according to sex [36], which supports
morphofunctional differences between men and women ol-
factory neuronal networks.

A number of studies have shown atrophy of the entorhi-
nal cortex in AD [18, 19, 21]. However, there is a lack of
literature regarding olfactory cortex (OC) volume in AD, and
in particular, whether there are sex-specific effects. In this
study, we wished to determine if there is atrophy of the OC
in a eohort of AD individuals, and if so, how sex, age and
level of education may influence this. Furthermore, we de-
termined if a/symmetry of these brain regions is observed.

2. MATERIALS AND METHODS
2.1. Participants

The samples used in the present case-control study in-
cluded 25 cognitively healthy older adults (14 women and 11
men) and 14 individuals with a diagnosis of AD (9 women
and 5 men) from an ebservational study previously described
in Croteau ef al. [37]. All participants provided written in-
formed consent prior to study entry. Ethical approval for this
study was obtained from the ethics committees of the Re-
search Center on Aging - CIUSSS de 1'Estrie - (2009-111
and 2010-163). Probable or possible AD was defined using
the National Institute on Aging - Alzheimer’s Association
(NIA-AA) criteria [38] with or without the use of prescribed
medication for AD [39].

Current Alzheimer Research, 2020, Vol. 17, No. 18 805

2.2. MRI Screening

Participants were assessed using a 1.5 Tesla magnetic
resonance imaging scanner (MRI Sonata, Siemens Medical
Solutions, Erlangen, Germany). Tl-weighted sequence
(TR = 16.00ms, TE=4.68ms, field of view = 256 x 240 x 192
mm, matrix size= 256 x 256 x 164, flip angle = 20° and Imm
isotropic voxels) was obtained. Volumetric MR imaging
measurements were performed using PNEURO tool imple-
mented in PMOD 3.8 (PMOD Technologies Ltd., Zurich,
Switzerland). Brain anatomy was automatically segmented
into 119 volumes of interest according to the Automatic
Anatomical Labelling atlas (AAL atlas); [40]. We consider
the OC region in the brain as defined by I Dejerine [41] and
as used in a recent study [42]. The OC includes the olfactory
tract, amygdala, piriform cortex, anterior perforated sub-
stance, the subcallosal area (including the subcallosal cingu-
late gyrus) and the anterior cingulate cortex.

2.3. Statistical Analysis

The MRI screening results of the OC and hippocampal
volumes, and the assessment of a/symmetry, were first
compared using an unpaired s-test in order to avoid any bias
from covariates as suggested by Hyatt er al. [43]. Pearsen’s
correlation tests were used to determine if there was a
correlation between age and OC or hippocampal volume in
the control and AD participants. Pearson’s correlation tests
were also used to determine if there was a correlation
between MMSE scores and/or education levels within these
brain regions. The unpaired #test and correlation analysis
were performed using Graphpad Prism 7 (GraphPad Soft-
ware San Diego, CA, USA). SPSS software (IBM SPSS
Statistics for Windows, IBM Corp., Armonk, NY) was used
for the GLM regression analysis. The raw OC and/or
hippocampus volume data was the dependent variable,
disease (AD) was the fixed factor and age was a covariate. A
2-way ANCOVA analysis was dene in order to assess for
interaction effects between sex and disease on OC volume.
The level of significance was set at p< 0.05.

3.RESULTS
3.1. Demographics

Table 1 shows the demographic information including
cognition tests and education levels for the control partici-
pants (14 women, 11 men) and AD individuals (9 women, 5
men). There was no significant difference in the gender pro-
portion between the controls and the AD group. There was a
subtle yet significant difference in age between controls and
AD individuals (p=0.047). This was due to a difference in
age between the women controls and AD participants
(p=0.03). There was no difference in age between the male
controls and AD participants. As expected, the Mini-Mental
State Examination (MMSE)} showed significant differences
between the two groups (p<0.0001). For education levels,
there was no significant difference observed between the
control or AD participants when men and women are com-
bined, or when separated by sex. However, overall, the men
(control and AD} had higher education levels than the
women population (control and AD) (p=0.0004).
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Table 1. Demographic Profiles. MMSE: Mini-Mental State Examination.
- Control (n=25, M=11 F=14) AD(n=14, M=5, F=9) P
- - Min Max Mean SD Min Max Mean SD -
g Age(¥) 65 86 71.1 522 65 82 5.6 4.60 0.047*
=
b MMSE score 27 30 293 0.89 19 29 254 296 <0.0001*
k3
= Education (v) ? 22 148 454 8 22 12.6 472 0181
Age (v) 65 85 710 6.68 70 76 72.6 241 0.613
=
§ MMSE score 28 30 285 .65 2% 29 253 2.87 0.0004*
Education (v) 13 22 17.1 2.88 1¢ 22 173 5.12 0.940
= Age (y) 65 78 72 3.99 65 82 75.6 527 0.03*
@
E MMSE score 2% 30 29.1 1.03 19 29 254 317 0.0005*
Education (y) 7 19 129 4.84 8 16 10.6 283 0.200
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Fig. (1). Olfactory cortex and hippocampal atrophy in AD. A} A significant decrease is observed by MRI in the olfactory cortex total
volume in AD compared to control participants (p= 0.009). B) A significant decrease is also observed in the olfactory cortex left volume in
AD patients (p= 0.003). C} A trend decrease is observed in the olfactory cortex right volume in AD patients (p= 0.06). D) A significant de-
crease is observed by MRI in the total hippocampus volume in AD individuals compared to control participants (p= 0.03). E} A trend de-
crease in the hippocampus left volume is detected in AD) vs controls (p= 0.055). F) A significant atrophy is observed in the hippocampus
right volume in AD compared to control participants (p= 0.03). Control n=25, AD n=14, men and women combined. (4 higher resolutior: /
colour version of this figure is available in the electronic copy of the article).

3.2. Atrophy of the Olfactory Cortex in AD

We first wished to assess the OC volumes without con-
founding the data using covariates as studies have suggested
that this may bias the results [43]. The MRI findings demon-
strated a significantly lower total OC volume in AD com-
pared to control participants (men and women combined,
p=0.009, Fig. 1A). This is most obvious in the left OC vol-
ume (p=0.003, Fig. 1B) with only a trend decrease in the
right OC volume (p=0.06, Fig. 1C). In order to determine if
both sexes demonstrated OC volume atrophy, we assessed
this separately for men and women. Despite the small sample

size, there was a significant reduction in the total OC volume
in men with AD compared to control participants (9.3%,
p=0.045). This decrease is more pronounced in the left OC
volume compared to the right (left, 11.45%, p=0.02; right,
7.34%, p=0.12}. In women AD participants, there was a
trend decrease in the total volume (6.8%, p=0.06}, and a sig-
nificant decrease in the left OC volume (10%, p=0.04}. The
right OC volume showed no change in women between con-
trol and AD.

As expected, there was a significant decrease in the total
volume of the hippecampus in the AD participants compared
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Fig. (2). Select regions of the brain show asymmetry. A) A significant difference is observed in the left vs. right olfactory cortex volume
of conirol participants (p <0.0001). B) This is also observed in individuals with AD (p=0.0009). C) In sharp confrasi, no asymmetry is ob-
served in the left vs. right hippecampus volume of control participants or in D) AD participants. Control n=25, AD n=14, men and women

combined. (4 higher r

to the control group (men and women combined, p=0.03,
Fig. 1D). This was more pronounced when comparing the
right hippocampal volume (p=0.03, Fig. 1F) than the left
hippocampal volume (p=0.055, Fig. 1E). Dissecting out by
sex, men AD participants showed a significantly lower total
hippocampal volume (9.2%, p=0.03) and right hippocampal
volume (10.7%, p=0.011) compared to controls. For the hip-
pocampal volume in women, no difference was observed
between AD and controls in this cohort.

3.3. Region-Specific Brain Asymmetry

Structural, functional and behavioral brain asymmetries
are observed in humans for a number of brain regicns [33].
However, there is limited data on the OC. A significant
asymmetry was observed in our cohort in the OC of controls
when comparing the left and the right velumes (p<0.0001,
Fig. 2A). We noted a similar asymmetry in the OC of the AD
participants (p=0.0009, Fig. 2B). In both groups, the left OC
volume was significantly lower than the right side (9.8% in
the control group and 15.1% in AD patients). This asymme-
try was observed in both the men (p=0.003) and women
(p=0.0009) control participants, and in the women AD par-
ticipants (p=0.003). However, it was not detected in men
with AD. In all cases where asymmetry was observed, the
left OC veolume was smaller compared to the right.

In sharp contrast to the asymmetry observed in the OC
volume, no asymmetry was observed in our cohort in the
hippocampus when comparing left versus right volumes in
the control group (Fig. 2C) or in the AD participants (Fig.
2D). A similar result was found when the groups were sepa-
rated based on sex.

lution / colour version of this figure is available in the electronic copy of the article).

3.4. Age Associated with Olfactory Cortex Volume in AD

We first assessed if there was a correlation between left
or right OC volume and age in controls and AD. Comparing
the slopes of the left and right OC volume in the control par-
ticipants in relation to age (men and women combined)
revealed no significant difference between the slopes (Fig.
3A). A similar finding was observed in the AD participants
(men and women combined, Fig. 3B). We then assessed age
in relation to the left OC volume between the control and AD
groups. There was a significant difference between the
slopes suggesting that the pathogenesis of AD affects the
relationship between the OC volume and age (p=0.03, Fig.
3C). The rate of the OC volume decrease with age was
higher in the AD compared to the control participants. This
was not observed when comparing age and the volume of the
right OC in control and AD participants (Fig. 3D).

‘We next performed a general linear model (GLM) regres-
sion analysis in order to determine if age and/or sex impacts
the relationship between OC volume and disease. In the un-
adjusted model, there was a significant effect of disease on
the total (p=0.009) and left (p=0.003) OC volumes. This re-
lationship held when adjusted for age (total OCV, p=0.03;
left OCV p=0.012) or sex (total OCV, p=0.0135; left OCV,
p=0.010; right OCV, p=0.04) (Table 2). When men and
women were analyzed separately, the relationship between
OCV and disease held despite adjusting for age (men: total
OCV, p=0.04; left OCV, p=0.014; women, total OCV,
p=0.03, left, p=0.02, Table 2). The results of the regression
analysis demonstrate that disease is a significant predictor of
OC volume. In order to rule out any interaction effects be-
tween sex and disease, we next performed a 2-way ANCOVA.
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Fig. (3). Aging influences left olfactory cortical volume in AD. A) There is no significant correlation in controls between the left olfactory
cortex volume (1=0.2099, r*=0.0441, p=0.314) or the right (=0.1803, 1*=0.032, p=0.389) and age. Furthermore, there is no significant differ-
ence between the slopes of the left vs. right olfactory cortical volurme in control participants with age. B) In AD participants, there is no sig-
nificant cotrelation between the left olfactory cortex volume (r=0.4526, 1*=0.205, p=0.104) or right (1=0.1803, r*=0.006, p=0.795) and age.
Moreover, there is no significant difference between the slopes of the left vs. right olfactory cortical volume in AD participants with age.
C) However, there is a significant difference in the slopes of the left olfactory cortical volume with age in control compared to AD (p=0.03).
D) No such difference is observed in the right olfactory cortex volume between control and AD with age. Contrel n=25, AD n=14; men and
women combined. (4 higher resolution / colour version of this figure is available in the electronic copy of the article).

Table 2. GLM regression analysis of olfactory cortical volume and disease.
= OCV Total OCYV Left OCV Right
- Variables F P Variables F P Variables F »
Unadjusted - - Unadjusted - - Unadjusted - -
(F=3.731, R*=0.151, p=0.067) - (F=4.632, R*=0.181, p=0.043%) - (F=1.801, R°=0.079, p=0.154) -
- Disease 3731 0.067 Disease 4632 0.043* Disease 1.801 0.154
g Adjusted for the Age = Adjusted for the Age - Adjusted for the Age &
& (F=4.015, R>=0.286, p=0.034%) . (F=4.903, R’=0.328, p=0.010%) » (F=1.981, R?=0.165, p=0.164) .
Disease 0.944 0.343 Disease L300 0.019* Disease 0.348 0.562
Age 3.801 0.065 Age 4420 0.048% Age 2070 0.166
Unadjusted - - Unadjusted - - Unadjusted - -
g | F-4825 R*=0.256, p=0.0,045%) e (F=6.826, R?=0.328, p=0.02%) E (F=2.724, R?=0.163, p=0.121) =
2 Disease 4.825 0.045%* Disease 6.826 0.02* Disease 2724 0.121
Adjusted for the Age - Adjusted for the Age - Adjusted for the Age -

Table 2 contd...
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- OCV Total

OCYV Left

OCYV Right

= Variables F » Variables

F )l Variables F »

(F=4.225, R%=0.394, p=0.038*) -

(F=5.985, R*=0.479, p=0.014%) -

(F=2.397, R*=0.269, p=0.130) -

Disease 6.547 0.024* Disease 9.613 0.008* Disease 3516 0.083
Age 2.958 0.109 Age 3786 0074 Age 1.895 0.192
Unadjusted = Unadjusted = = Unadjusted 5 7

(F=7.669, R*=0.172,5=0.009%)

(F=10.189, R*=0.216, p=0.003%) E

(F=3.680, R’=0.090, p=0.063) =

Disease 7.669 0.009* Disease 10.189 0.003* Disease 3.680 0.063
- Adjusted for the Age Adjusted for the Age = Adjusted for the Age 7
§ (F=3.731, R’=0.172, p=0.034%) (F=5.041, R’=0.219, p=0.012%) - (F=1.895, R*=0.095, p=0.165) -
% Disease 6.721 0.014* Disease B.281 0.007* Disease 3752 0.061
g Age G000 0.99 Ape 0.124 0727 Age 0150 0.666
> Adjusted for the Sex Adjusted for the Sex - Adjusted for the Sex -
(F=4.763, R2=0.209, p=0.015") (F=5.309, R2=0.228, p=0.010%) - (F=3.622, R2=0.168, p=0.037%) -
Disease 8.365 0.006* Disease 10.388 0.003* Disease 4490 0.o41*
Sex 1710 0.199 Sex 0.544 0465 Sex 3.332 0.076
Table 3. Analysis of interaction between disease and sex using two-way analysis of covariance (ANCOVA).
OCYV Total OCV Left OCV Right
Variables F P - Variables F P - Variables F P
Adjusted for the Sex - Adjusted for the Sex - Adjusted for the Sex -
(F=3.154, R2=0.213, p=0.037%) - (F=3.452, R2=0.228, p=0.0277%) (F=2.510, R2=0.177, p=0.075) -
- Disease 8257 0.007* - Disease $.805 0.004* - Disease 4.802 G.035%
- Sex 1.828 0.185 - Sex 0.549 0.464 - Sex 3.681 0.063
- Disease*sex 0.155 0.693 - Disease*sex G.001 G.874 - Disease*sex 0.405 0.528
Adjusted for the Sex with Age as B Adjusted for the Sex with Age as B Adjusted for the Sex with Age as B
Covariate Covariate Covariate
(F=2.310, R2=0.214, p=0.078) - (F=2.583, R2=0.233, p=0.054) (F=1.835, R2=0.178, p=0.145) -
- Disease 7.104 0.012* - Disease 8.081 0.008* - Disease 4765 G.042%
- Sex 1.815 0.187 - Sex 0.633 0.432 - Sex 3404 0¢.074
- Age 0.038 0.846 - Ape 0.211 0.649 - Ape 0.022 0.883
% Disease™sex 0.173 0.680 % Disease*sex 0.047 (.829 2 Disease*sex 0.363 0.551

The result of this analysis demonstrated that there is no in-
teraction between sex and diagnosis on OC volume and sug-
gests that the decrease In OC volume that is observed in the
AD cases are independent of sex effects (total, p=0.04; left
p=0.03, Table 3). However, when the model is adjusted for
sex with age as covariate {(and including interaction), the
model no longer holds (Table 3). Despite this, disease still
remains a significant predictor of OC volume (total OC vol-
ume, p=0.012; left p=0.0.008).

3.5. Levels of Education Influence the Volume of the
Hippecampus in Controls

In order to determine if aging influences hippocampal
volume we first performed a Pearson’s correlation test. We
found no correlation between age and the total volume of the
hippocampus in the control pepulation (Fig. 4A) or in the
AD group (Fig. 4B). Furthermore, no difference was de-
tected when comparing the slopes of the left or right volumes
and age in control vs. AD (Fig. 4C, D). We next assessed if
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Fig. (4). Aging does not influence the volume of the hippocampus. A) There is no significant correlation in controls between the left hip-
pocampus volume (r=0.0463, 1>=0.002, p=0.826) or right (=1832, r=0.033, p=0.381) and age. Furthermore, there is no significant difference
between the slopes of the left vs. right hippocampus volume in control participants with age (p=0.611). B) A similar result is seen in AD
cases (left hippocampus volume (r=0.0298, "=0.0009, p=0.919); right (1=0.1466, r>=0.021, p=0.617). Moreover, there is no significant dif-
ference between the slopes of the left vs. right hippocampus volume in AD participants with aging in (p =0.804). C) There is no significant
difference between the slopes of the left hippocampus volume with age in control compared to AD (p=0.986). D) Similarly, no significant
difference is detected between the slopes of the right hippocampus volume with age in control compared to AD (p= 0.917). Control n=25,
AD n=14; men and women combined. (4 higher resolution / colour version of this figure is available in the electronic copy of the article).

age or sex impacts the relationship between total hippocam-
pal volume and disease using GLM regression analysis. In
the unadjusted model, the disease has an effect on hippo-
campal volume as expected (p=0.03). When the model was
adjusted for age, this effect was lost. However, the disease
was still a significant predictor of hippocampal volume
(p=0.03). When the model was adjusted for sex, including
disease sex interactions, the results demonstrated that disease
impacts hippocampal volumes (total hippocampal volume,
p=0.002). When separating the sexes, in men, the relation-
ship held when adjusting for age only when assessing the
right hippocampal volume (p=0.03). In women, no relation-
ship was observed between disease and hippocampal vel-
ume.

We next assessed whether years of education impact OC
or hippocampal volumes. There was no correlation observed
between education levels and OC volume in control or AD
participants (data not shown). However, there was a positive
correlation in the controls (men and women combined) be-
tween levels of education and total hippocampal volume
(Fig. 5A, r=04125, R>=0.170, p=0.04), left (Fig. 5C,

=0.4132, R’=0.171, p=0.04) and trend in the right (Fig. 5D,
=0.3955, R?*=0.156, p=0.0504). In the control participants,
higher levels of education correlated with hippocampal vol-
ume. In sharp contrast, this was not observed in the AD
group (men and women combined, Fig. SA-C).

4. DISCUSSION

The results from the MRI assessment of this cohort dem-
onstrate that both OC and hippocampal atrophy are observed
in the AD participants when the sexes are combined. How-
ever, when the data are separated by sex, while the OC atro-
phy was observed in both sexes, the hippocampal atrophy
was only observed in men with AD and not women. In addi-
tion, the olfactory cortex showed asymmetry in both the con-
trol and AD group. In contrast, a comparison of the left and
right volumes of the hippocampus showed no such asymme-
try for either group. GLM regression analysis demonstrated
that the predominant effect en the OC volume in the AD
participants was due to the disease and not age or sex.
Despite a significant association between years of education
and the volume of the hippocampus in controls, no correla-
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Fig. (5). Levels of education influences the volume of the hippocampus. A} There is positive correlation between the total volume of the
hippocampus and education levels in the contrel participants (=0.4123, r*=0.170, p=0.04). Of note, no such correlation is observed between
hippocampus volume and education levels in AD (1=0.2477, r*=0.061, p=0.415). However, there is no significant difference between the
slopes of the total hippecampus volume and education levels in coentrol and AD participants. B) There is positive correlation between hippo-
campus left volume and education levels in control participants (1=0.4132, *=0.171, p=0.04) that is not found in AD (=0.2509, r*=0.062,
p=0.408). There is no significant difference between the slopes of the left hippocampus velume with education in contrel compared to AD.
C) No correlation is observed between education levels and the right hippocampus volume in the control group (1=0.3955, r*=0.156,
p=0.0504) or in the in the AD group (r=0.2319, r*=0.0538, p=0.446). Furthermore, the difference between the slopes of education levels and
right hippocampus volume of centrol and AD is not significant. Control =25, AD n=13; men and women combined. (4 higher resolution /

colour version of this figure is available in the electromnic copy of the article).

tion was observed with MMSE scores and the volumes of the
OC or hippocampus.

Numerous articles demonstrate olfactory dysfunction is
observed in the majority of AD cases [5, 8, 12] and that this
is an early symptom of the disease [7, 44]. Furthermore, a
number of publications show atrophy of olfactory brain re-
gions oceurs in AD. This includes structures such as the ol-
factory bulb [15, 23, 45], elfactory tract [15], olfactory epi-
thelium [16], piriform cortex [46, 47] and entorhinal cortex
[18, 48]. Olfactory dysfunction and olfactory brain region
atrophy are also observed in MCI [18, 49] and evidence
would suggest that this is progressive [50]. However, no
studies have specifically assessed the overall OC volume in
AD and few studies have assessed the sexes independently
despite the fact that more women are atfected with AD than
men. Our study demonstrated that OC volume was decreased
in AD, and despite the low n, when separating by sex, we
saw this effect in both men and women. Furthermore, the
results of the regression analysis demonstrate that AD is a
significant predictor of OC volume and that the decrease in
OC volume that is observed in the AD cases is independent
of sex effects. Our studies showed that the left OC was more
affected than the right OC in AD. This is concurrent with
other evidence demonstrating that, In general, left-brain re-
gions are more affected in AD than the right [51-53].

As expected [54], we also observed hippocampal atrophy
in the AD cases. This was most pronounced in the right hip-
pecampus with only a trend decrease in the left hippocampal
volume as previously observed [34, 55, 56]. However, this
contrasts with other studies showing increased atrophy in the
left hippocampus in AD [53, 57, 58]. This finding could be
the result of the association between the right hippocampus
volume and stress [59], depression [60] and/or other factors
that influence hippocampal volume, including exercise, age,
genetic factors or handedness (all participants involved in
our cohort were right-handed). Hippocampal volume is also
influenced by sex. The reasons for this include hormones

and/or hormone therapy, patterns of brain development, psy-
chosocial stress responses, longevity and/or inflammatory
reaction differences between men and women [61]. Surpris-
ingly, when our results were analyzed by sex, we only ob-
served hippocampal atrophy in the male AD cases, despite
the n being lower in this group compared to the women.
There was a subtle but significant age difference between our
women control and AD cases that was not present in our
male cohort. However, the female AD cases were slightly
older, not younger, than the controls, which would have been
expected to make the difference more prenounced. It is pos-
sible that the women AD cases in our cchort represent the
hippocampal sparing subgroup of AD, which demonstrates a
less aggressive progression [62]. Protocols for identifying
this particular subgroup are still lack in the clinic. While
actual atrophy per se and relative sparing of pathology in the
hippocampus is observed in these cases, in general, there is
inereased neurofibrillary tangles in other regions including
the nucleus basalis of Meynert and cortical areas [63, 64].

In general, the human brain shows functional (brain net-
works and activity, neurochemical, behavioraly and structural
(brain regions, cytoarchitectural, dendritic arborization)
asymmetry [33]. In particular, several brain regions, includ-
ing the frontal lobe, the occipital pole, cortical thickness,
gray matter volume in the frontal lobe and the anterior insu-
lar cortex exhibit asymmetry. Furthermore, sex-dependent
brain asymmetry is also common. Conflicting results have
been found for the entorhinal olfactory cortex, with some
studies showing asymmetry [65] and others not [34]. The
significant asymmetry observed in the left vs. right OC vol-
umes in our control population could be the result of devel-
opment, environment, gender, pathological factors or heredi-
tary influences [33]. Of note, in our control cohort, we ob-
served that both men and women presented with OC asym-
metry. Regarding the OC volume asymmetry in the AD
cases, a number of studies demonstrate that left-brain regions
are more affected in MCI and/or AD [51-53, 66, 67]. While
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the reasons fer this are still somewhat unclear, a number of
hypotheses have been put forward to explain this, including
genetics and disease risk factors such as Apolipoprotein E
allele 4 (APOE4). Carriers of the APOE4 allele(s) may have
specific regional differences in the left brain regions [67-70],
and the evidence suggests that the APOE protein may be
involved in brain development and the physiclogical and/or
pathological patterns observed later in life [34]. It has also
been shown that olfactory function correlates with the vol-
urne of olfactory brain regions and that there are left vs. right
nostril correlations with the size of the olfactory bulb, which
would impact the piriform cortex, a primary olfactory brain
region. In line with our results of atrophy in the OC in the
AD cases, a study has shown that the distance to the left nos-
tril for detecting an odor is significantly shorter in AD and
MCI participants compared to controls [71]. In contrast to
the OC, we did not observe an asymmetry in the hippocam-
pus in the control cohort or in the AD participants. A simi-
lar finding was observed when separating by sex. Conflict-
ing results have been observed regarding a/symmetry of the
hippocampus in AD cases, with some observing asymmetry
[72, 73] and others showing similar findings te ours [34,
74]. This might be dependent upon the stage of the disease.
Asymmetry in left vs. right hippocampal volumes has been
observed at baseline in AD patients. However, this was not
observed in follow-up scans 15 months later, suggesting
that the asymmetry was reduced as the disease progresses
[52].

Age is the highest risk factor for AD and indeed, our re-
sults demonstrate age dees impact OC volume in the AD
participants. However, it is important to note that irrespec-
tive of age, there is an impact of the disease on the OC vol-
ume. Aging affects brain size, vasculature, olfaction and
cognition [75]. Underlying molecular changes have also
been shown, including alterations in neurotransmitters, hor-
mones, neurotropic factors, and reactive oxygen species,
among others [75].

Higher education levels, healthy diets and exercise have
been linked to better cognitive functioning later in life [75].
Indeed, Nobel ef al. demonstrate a dose-dependent effect of
education on hippocampal volume in cognitively healthy
individuals [76]. In agreement with other studies [76], we
noted an association between education levels and the vel-
ume of the hippocampus in the controls. This was not de-
tected in the AD cases despite no significant difference in
education levels between the contrel and AD participants.
Reduced levels of education have been linked to increased
exposure to life stress, which is associated with hippocampal
structural differences [76]. A number of environmental fac-
tors may affect brain development including, poverty, expo-
sure to vielence, family turmoil and instability [76, 77] thus
it cannot be excluded that this affect is solely due to number
of years of education in our control cohort. However, cogni-
tive reserve has been demoenstrated to confirm benefit on
brain structure and function and that may provide protection
against neurodegeneration [76, 78, 79].

There is insufficient literature regarding the volume of
the OC in MCI or AD patients. The majority of the literature

Al Otaibi et al

has focused on the olfactory bulb and entorhinal cortex. Cur
study suggests that other regions in the OC may be similarly
affected. This stands to reason as the olfactory cortex re-
ceives projections from the olfactery bulb as well as being
involved in feedback pathways [80, 81].

CONCLUSION

Our study suggests that the volume of the OC may be
used as a disease measure in AD, thus saving considerable
time with regards to the segmentation analysis necessary to
obtain olfactory brain regions such as the piriform and/or
entorhinal cortex. Additional studies are required to establish
a sufficient baseline for the volume of the OC in control and
MCUAD cases in order to further validate these data.
Moreover, more research is required to understand the links
between the early olfactory dysfunction observed in neu-
rodegenerative diseases including MCIL, AD PD and HD and
how this impacts the structures in the olfactory regions of the
brain and vice versa.
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sodaux aux fins de 'application de 'article 21 du Code civil du Quehec et respecte les régles emises par
I'Enoncé de politique des trois conseils et les Bonnes pratiques cliniques de la CIH

Jevous prie daccepter, Frofesseure Graham, mes meilleures salutations.

Chantal Doré, Fh. D.

Fresidente
CO/h
A Certificat ethique

Farmulaires de consentermnent approuves
Cartes postales spprouvées
Lettres de recrutement approuveées

Hipltl at canire dhibargement DrYaulla 1036, rue Belvédére Sud, Sherbrooke [Québec] JIH 4C4
Comith 4"khiqua da I rechermhe Téléphone : 818 780-2220, poste 45336
du CEEE-RIGg Téléeopieur 1 518823-7114H
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Appendix E. Copy of ethics granted for experiment 3 and 5 in chapter 4 and 5

NHS

WoSRES e e’

West of Scotland Research Ethics Service Creater Glasgow

and Clyde

Professor Annalena Venneri West of Scotland REC 5
The University of Sheffield West of Scotland Research Ethics Service
Department of Neuroscience Ground Floor, Ward 11
Sheffield Dykebar Hospital
810 2RX Grahamston Road

Paisley PA2 7DE

www.nhsggce.org.uk

Date 21 November 2019

Re-issued 13 March 2020
Direct line 0141314 0211

E-mail WOSRECE@aqgc.scot.nhs.uk

Please note: This is an acknowledgement letter from the REC only and does not allow
you to start your study at NHS sites in England until you receive HRA Approval

Dear Professor Venneri

Study title: Optimising detection of cognitive decline and
associated symptoms

REC reference; 19/WS/0177

IRAS project ID: 244064

Thank you for your email dated 18" November 2019. | can confirm the REC has received the
documents listed below and that these comply with the approval conditions detailed in our letter
dated 15 November 2019

Documents received

The documents received were as follows:

Detyment = T e el TR
Participant information sheet (PIS) [Patient information sheet] 2 18 November 2019
Participant information sheet (PIS) [Patient information sheet - 2 18 November 2019
Highlighted)

Response to Additional Conditions Met [Email] 18 November ZOW‘

Approved documents

The final list of approved documentation for the study is therefore as follows:

LT
30 September 2019

i,

ets or letters [éeneral pracﬁitioner

GP/consultant information she

information sheet]

IRAS Application Form [IRAS_Form_29102019] 29 October 2019
Participant consent form [Patient consent form] 1 23 October 2019
Participant information sheet (P18) [Patient information sheef] 2 18 November 2mi)
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CV]

Participant information sheet (PIS) [Patient information sheet - 2 18 November 2019
Highlighted]

Research protocol or project proposal [Ethics protocol] 1 26 QOctober 2019
Response to Additional Conditions Met [Email] 18 November 2019
Summary CV for Chief Investigator (Cl) [Annalena Venneri - CV] 1 30 September 2019
Summary CV for student [Laura Wright - CV] 1 30 September 2019
Summary CV for student [Jose' Manuel Valera Bemejo - CV] 1 30 September 2019
Summary CV for student [Ronan C'Marley - CV) 1 30 September 2019
Summary CV for supervisor (student research) [Matteo De Marco - |1 30 September 2018

Summary CV for supervisor (student research}) [Daniel Blackburn -
Cv] .

30 September 2019

Summary CV for supervisor (student research) [Ptolemaios
Sarriggianis - CV]

30 September 2019

Summary CV for supervisor (student research) [Riccardo Manca -
CV)

30 September 2019

You should ensure that the sponsor has a copy of the final documentation for the study. Itis the
sponsor's responsibility to ensure that the documentation is made available to R&D offices at all

participating sites.

L19/WSI0177

Please quote this number on all correspondence

Yours sincerely
&3\,1’ jwvvmvvv\/\

Liz Jamieson
REC Manager

Copy to: HRA.Approval@nhs.net
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"% Ymehwil lechyd

NHS

Q¢ aGofallymru LA
@ . Health and Care Health Research
L ¢ Research Wales Aufhoyity

Professor Annalena Venneri

The University of Sheffield Emll: hra.approvel@nhs.net
x HCRW.approvals@wales.nhs.uk

Department of Neuroscience

Sheffield

S10 2RX

21 November 2019

Dear Professor Venneri

HRA and Heaith and Care
Research Wales (HCRW)

Approval Letter

Study title: Optimising detection of cognitive decline and
associated symptoms

IRAS project ID: 244064

REC reference: 19/WS/10177

Sponsor Sheffield Teaching Hospitals NHS Foundation Trust

| am pleased to confirm that HRA and Health and Care Research Wales (HCRW) Approval
has been given for the above referenced study, on the basis described in the application form,
protocol, supporting documentation and any clarifications received. You should not expect to
receive anything further relating to this application.

Please now work with participating NHS organisations to confirm capacity and capability, in
line with the instructions provided in the “Information to support study set up” section towards
the end of this letter.

How should | work with participating NHS/HSC organisations in Northern Ireland and
Scotland?

HRA and HCRW Approval does not apply to NHS/HSC organisations within Northern Ireland
and Scotland.

If you indicated in your IRAS form that you do have participating organisations in either of
these devolved administrations, the final document set and the study wide governance report
(including this letter) have been sent to the coordinating centre of each participating nation.
The relevant national coordinating function/s will contact you as appropriate.

Please see |RAS Help for information on working with NHS/HSC organisations in Northern
Ireland and Scotland.

349



How should | work with participating non-NHS organisations?
HRA and HCRW Approval does not apply to non-NHS organisations. You should work with
your non-NHS organisations to obtain local agreement in accordance with their procedures.

What are my notification responsibilities during the study?

The standard conditions document “Affer Ethical Review — quidance for sponsors and
investigators’, issued with your REC favourable opinion, gives detailed guidance on reporting
expectations for studies, including:

¢ Registration of research

* Notifying amendments

* Notifying the end of the study
The HRA website also provides guidance on these topics, and is updated in the light of
changes in reporting expectations or procedures.

Who should | contact for further information?
Please do not hesitate to contact me for assistance with this application. My contact details
are below.

Your IRAS project ID is 244064. Please quote this on all correspondence.

Yours sincerely,
Rekha Keshvara

Approvals Manager

Email: hra.approval@nhs.net

Copy fo:
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List of Documents

The final document set assessed and approved by HRA and HCRW Approval is listed below.

=

Sarriggianis - CV]

Dogyiigntz e R T e T Wersian'» (DBt " < % d
GP/consultant information sheets or letters [General practitioner 1 30 September 2019
information sheet]
IRAS Applicaticn Form [IRAS_Form_29102019] 29 October 2019
IRAS Application Form XML file [IRAS_Form_29102019] 29 October 2019
IRAS Checklist XML [Checklist_29102019] 29 October 2019
Letter from funder 04 January 2019
Participant consent form [Patient consent form] 1 23 Cctober 2019
Participant information sheet (PIS) [Patient information sheet] 2 18 November 2019
Participant information sheet (PIS) [Patient information sheet - 2 18 November 2019
Highlighted]
Research protocol or project proposal [Ethics protocol] 1 25 October 2019
Response to Additional Conditions Met [Email] 18 November 2019
Summary CV for Chief Investigator (Cl) [Annalena Venneri - CV] 1 30 September 2019
Summary CV for student [Laura Wright - CV] 1 30 September 2019
Summary CV for student [Jose' Manuel Valera Bemejo - CV] 1 30 September 2019
Summary CV for student [Ronan O'Marley - CV] 1 30 September 2019
gu mmary CV for supervisor (student research) [Matteo De Marco - |1 30 September 2019
V
Sur;mary CV for supervisor (student research) [Daniel Blackburn - |1 30 September 2019
cv
Sur]nmary CV for supervisor (student research) [Ptolemaios 1 30 September 2019

Summary CV for supervisor (student research) [Riccardo Manca -
CV]

30 September 2019
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Appendix F. Copy of ethics granted for experiment 4 in chapter 5

Centre inthgra
wniversitaire de santé

et e services sociaux
e ['Estrie - Cantra
hoipialver universilame
de

Québec

Sherbrooke, le 23 septembre 2019

Dr Eric Turcotre
FMS5 Département de médecine nuckéaire et radioblologie
Unlversité de Sherbrooke

Objet : Approbation d'une d de de r all it I par la
Comité d éthique de la recherche du CIUSSS de I'Estrie - CHUS

Projet #2009-133, 08-111
Métabolisme cérébral du 11C-acétnacétate chez I'humain.

Bonjour Dr Turcothe,

La présente est pour vous Informer que nous avons regu be formulaire de demande de renouvellement annuel (F9 -
26604) pour ke projet mentdonné ci-haut.

Une nouvella approbation a été émise par la Comité d'éthigua da la recherche du CIUSSS de I'Estrie - CHUS via
révision accélénée et sera valide du 30 2019 au 30 saptembre 2020.

Il est & moter qu'avcun membre du comitd d'éthigue participant & '"évaluation et & 'approbation de ce projet n'est impligué
dans celul-cl.

Attestation du CER (REBA) : En ce qul concemne ce projet de recherche, 3 titre de représentant du Comité d'éthique de la
recherche du CIUSSS de I"Estrie - CHUS, je certifle que:

1.

2.
3.

4,

La compositdon de ce comité d'éthique satisfait aux exigences pertinentes préwues dans le titre 5 de la parte C du
Réglement sur les allments et drogues.

Le comité d'éthique de la recherche exerce ses activités de manbére conforme aux bonnes pratigues clinklgues.

Ce cominé d'éthigue a examiné et approuvé le formulaire de consentement et le protocole d'essal dinkgue qui sera
mené par le chercheur susmendonné, au lieu d'essal Indigué. L'approbation et les opinions du présent comité ont &0
consignées par cric

Ce Comité est conforme aux normes américaines. (FWaA #00005894 et IRE #00003849)

Espérant le tout & volre convenance, je vous prie d'agréer, Dr Turcotte, mes salutatons distnguées.

i

)

\'-.\ llt‘“«-’ f,_’:_ ]

= -

Dre Annabelle Cumiyn, MDCM, MHPE
Présidente du CER du CIUSSS de I'Estrie - CHUS

MAGHAMD Appr
Flpistriel H

rie comité détl

du reno | pal higue 11
o5 coordonndes @ 819 346-1110 #12856 | ethioue.recherche. dusssechus@ssss. oouv.oc.ca
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Centre intégré
wniversitaire de

santé

el dle services SOCAFLN
de 'Estrie — Cantdra

ialier universitaire

"Québec 22

Sherbrooke, le 29 mars 2017

Dre Nancy Paguet
Service de médecine nucléaire

Objet : Approbation d'une demande de renauvellemeant annueal par le
Comité d"éthique de la recherche du CIUSSS da I'Estrie - CHUS

Projet #2010-163, 09-043

Projet pllote dvaluant Mimpact de Mexercice physique sur la maladie d'alzheimer gére chez des sujets sédentaires:

quantfication avec I'imagerie TEP au 18F-FDG.

Bonjour Dre Paguet,

La présente est pour vous informer gue nous avons recu le formulaire de demande de renouvellement annuel
(FCRC/RCY - 11430) pour le projet mentionné cl-haut.

Une nouvelle approbaton a &té émise par le Comité déthique de la recherche du CIUSSS de I'Estrle - CHUS via
révishon accélérée et sera vallide du 31 mars 2017 jusguau 31 mars 2018.

Il est & moter gquiaucun membre du comité d'éthique participant & "éwaluation et & "approbation de ce projet n'est
Impliqué dans celul-cl.

En ce qul concerne |'essal clinlque visé, & dtre de représentant du Comibé d'éthigue de la recherche, je certifie que:

1.

2,

La composition de ce comité d'éthique satisfalt aux exigences pertinentes prévues dans le titre 5 de la partie
C du R&glement sur les aliments et drogues.

Le comité d'éthigue de la recherche exerce ses activités de manbére conforme aux bonnes pratigues
clinigues, et

Ce comité d'éthique a examiné et approuvé le formulaire de consentement et le protocole d'essal clinigue
qui sera mené par e chercheur susmentionné, au lieu d'essal indigué. L'approbation et les opinions du
présent comité ant &b8 consignées par &crit

Ce Comité est conforme aux normes américaines. (FWA #00005894 et IRBOODD3849)

Espérant le tout & volre convenance, e vous prie d'agréer, Dre Paquet, mes salutations distinguées.

F
-
L]

Q. { [\"' (. —

Annabelle Cumyn, MDCM, MHPE
Co-Présidente du Comité d'éthigque de la recherche du
CIUSSS de "Estrie - CHUS

ﬂﬂﬁﬂ"ﬂ Appl du rencuwell t par le comité déthigue 11
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Appendix G. Acknowledgment of funding appendix ORCA study

The NuAge study was supported by a research grant from the Canadian Institutes
of Health Research (CIHR; MOP-62842). The NuAge Database and Biobank are
supported by the Fonds de recherche du Québec (FRQ; 2020-VICO-279753), the
Quebec Network for Research on Aging, a thematic network funded by the Fonds de
Recherche du Québec - Santé (FRQS) and by the Merck-Frosst Chair funded by La
Fondation de I'Université de Sherbrooke. The CIMA-Q is supported by the Fonds
d'Innovation Pfizer - Fonds de Recherche Québec — Santé sur la maladie d’Alzheimer et
les maladies apparentées (Pfizer-FRQS; #27239), and we thank their financial support
for the completion of the 2014-2017 follow-up calls of NuAge participants. The work in
this study was supported by a grant from the Fondation Université de Sherbrooke Merck
Sharpe & Dohme, a pilot grant from the Research Centre on Aging CSSS-IUGS, and, in

part, by the Canada Research chairs (CRC) program.
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