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Abstract:

This study aims to investigate the possible association between olfactory function (‘sense of
smell’) impairment in neurodegenerative disorders such as Alzheimer's disease and
Parkinson’s disease, through a systematic review of relevant medical academia. Findings were
overall consistent among research articles, and suggest that early stages neurodegenerative
diseases could be identified through a poor sense of smell, which was simultaneously linked to
lower volumes of the olfactory bulb. Implications suggest that inexpensive and noninvasive

olfactory function assessments would be excellent biomarkers to aid in clinical diagnosis.
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Introduction:

Neurological disorders affect both the central nervous system (CNS); comprised of the brain
and the spinal cord and the peripheral nervous systems (PNS), which includes the 12 cranial
nerves attached to the brain and connect with the body's neck head and trunk, and the 31 pairs
of spinal nerves which send the CNS information. The first two cranial nerves, the optic and

olfactory nerves control the seeing and smelling functions respectively.

Due to its location at the front of the brain, the frontal lobe (responsible for higher executive
function and emotional regulation) is reported as the most commonly damaged lobe and may
result in partial (paresis) or complete (paralysis) loss of bodily movement (Hoffmann, 2013).
Neurodegeneration may also cause changes to an individual’s personality in terms of engaging
in social behaviour or concern or interest (apathy). Aversi-Ferreira et al., (2019) state that
deterioration of the temporal lobe (processes non-physical sensory information, including
understanding language and memory recollection) may lead to issues with communication or
memory and information recalling, whereas damage to the parietal lobe (responsible for
processing sensory information) can result in issues with the five primary senses, including
having difficulty identifying the location of sensations on the body (heat, cold, touch)
(Ambron et al., 2018). Finally, impairment of the occipital lobe (processes visual information)
could potentially lead to impairment in the processing of visual information, including
difficulty in seeing objects in motion and the inability to recognize and see words
(Tordesillas-Gutierrez et al., 2018). There have been recent studies by Null et al., (2016)

noting the development of neurological disorders through malnutrition.
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Global statistics pin neurological disorders in 2016 as the main perpetrator of
disability-adjusted life years (DALYs) (276 million) and secondary cause of deaths (90
million) (Feigin et al., 2019). During the years between 1990 and 2016, the total number of
documented deaths due to neurological disorders increased by 39% and DALY's increased by
15%. Common examples of these disorders include Alzheimer's disease (AD), Parkinson’s
disease (PD), epilepsy and other dementias, which are caused by damage to the brain, it may
also manifest in cerebrovascular diseases such as strokes or migraines, and other headache
disorders, or as multiple sclerosis, neuroinfections, brain tumours, as traumatic nervous system

disorders caused by head trauma.

Both AD and PD are classified as dementia, which is an overall general term given to the loss
of cognitive functioning, in which individuals will struggle with tasks often relating to
independent function on a daily basis, the most severe cases requiring a daily aid for
individuals to complete even basic and essential daily functions and activities including using
the lavatory or feeding oneself. Diagnostic and Statistical Manual of Mental Disorders (5th
ed.; DSM-5; American Psychiatric Association, 2013) classifies 6 areas as individuals being
regularly affected in; complex attention (involves sustaining focus and processing), executive
ability (such as decision making), learning and memory (recalling past events),
perceptual-motor skills (such as handling or picking up objects), social cognition (such as
regulation of emotions), which also links with language (involving expression through words).
Dementia may progressively worsen and is more likely to develop in old age (60), though it is

not guaranteed, and many elderly individuals lead dementia-free lives. Despite the fact that
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dementia has no true cure, in current times there are many medications and therapies that help
to alleviate symptoms, and in some cases, certain causes may be reversible (Scott and Barrett,

2007).

AD accounts for the majority (60-70%) of all dementia diagnoses and frequently manifests as
a progressive loss of episodic memory and cognitive function, resulting in the language
(difficulty participating in long conversations and understanding the meaning of words) and
visuospatial skill declines (difficulty drawing, buttoning up own shirt, poor distance
perception) which are also regularly accompanied by behavioural disorders such as
aggression, depression and apathy (Weller and Budson, 2018). PD is the most frequently
diagnosed case of parkinsonism and similarly manifests as a progressive nervous system
disorder that causes loss of movement and muscular function (resulting in stiffness, slow
movement, difficulty maintaining balance and coordination) due to the lack of dopamine in the
brain. PD may develop into PD dementia, which involves further cognitive decline, including

having difficulty focusing and recalling memories (DeMaagd and Philip, 2015)

The healthy brain emphasises functional brain activity and response and can perform normal
levels of language, learning and recalling accurate information, alongside judgement and
cognition. Its importance is not understated in scientific literature, the complex system
structures that connect to control the body and receive and process information is frequently
noted. Olfactory bulb (OB) projections are then directly sent to the piriform cortex; a key
aspect of the brain that focuses on the processing, collecting and coding of olfactory

information (Markopoulos et al., 2012). This first begins when odour molecules enter the
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respiratory system, either through the mouth commonly during the tasting of food, or through
the nasal cavity through inhalation of scents. Sharma et al., (2019) state that olfactory
receptors are stimulated when interacting with passing odour molecules, and in response
produce cyclic AMP (cAMP), leading ion channels, which are proteins that selectively permit
specific ions to move through its channel and towards receptors. This promotes information

passing between neurons through electrical signals.

A decrease in olfactory function in patients with AD or idiopathic Parkinson’s disease (IPD) is
well documented. Recently published research has indicated that odour processing and
identification is greatly impaired for patients with AD (Growdon et al., 2015). The natural
process of ageing has also been established as impacting various brain functions and motor
skills, including the sense of smell (Murphy et al., 1990). Neurodegenerative changes appear
early in areas associated with the OB, often physically by reducing the cell count inside the
OB itself, also hindering the prepiriform cortex, amygdala, entorhinal cortex and

hippocampus, which are all aspects of olfactory function and processing (Murphy, 2018).
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Figure 1. Brain Function. This figure demonstrates the regions of the brain are connected with

one another.

Rationale and olfactory testing

Decreased olfactory function was found to be present in >50% of individuals aged between 65
- 80 years and in 62-80% of those >80 years of age (Attems et al., 2015). Olfaction and odour
identification impairment has been shown to predict mortality, as the sense of smell is also
very crucial to identifying gas leaks and unsafe situations (fires), and testing unsafe foods
through acknowledgement of foul or unordinary odour, all of which may impact mortality rate
by aiding in avoiding potentially harmful situations (Santos et al., 2004).

Dysfunctional olfactory function caused specifically by age was most commonly detected
through olfactory assessment tools measuring odour detection, identification and ability to
discriminate between smells (Yahiaoui-Doktor et al., 2019). Tools used to assess these areas

are predominantly used on the elderly (aged 60 years and older) as many structural changes

11
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occur in the nose of an aged individual; mucosal blood flow is decreased, airflow fluctuates,
the mucociliary function is impaired, etc which may contribute to the loss in sense of smell
(Doty and Kamath, 2014). Similarly, the volume of brain regions, including the OB has been
established to deteriorate with age suggesting potential impacts to the efficiency of olfactory
processing.

Not only has this been widely established in the literature, but is also commonly
acknowledged in the medical field and by the general public, and therefore was consistent
across all studies. Lower scores in olfactory assessments across studies suggested a direct
relation to the impact of an ageing body and brain, (Olofsson et al., 2021) commenting that

diminished olfactory system efficiency was due to age-related reductions.

In modern times, with greater technological advancements standardised tests rating an
individual’s odour identification ability have become available for purchase and usage. The
measurements provided may be a useful tool as an accurate predictor for cognitive decline,
AD, and mortality in senior adults (65+). It has been widely researched that decreased
olfactory function also impacts nutritional status as well as everyday safety and is associated

with increased mortality and overall quality of life (Boesveldt and Parma, 2021).

Current neurobiological markers are both expensive and invasive therefore to counter this,
new clinical trials are both less invasive and are available at a much cheaper cost, both of
which are seen as important factors for testing the general population. One example of these
newer testing kits is the ‘UPSIT’: (The University of Pennsylvania Smell Identification Test)

which is a book comprised of 40 pages, each of which has an odour microencapsulated within

12
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a rectangle on the page (Morley et al., 2018). Individuals are asked to scratch with a pencil
which causes the release of an odour and is then asked to correctly identify the scent amongst
four given written choices. Correct identification leads to a score of 1, whereas incorrect
identification leads to a score of 0, the total score ranges from the lowest score of 0 (no correct
answers) to the highest of 40 (all correct answers). The process is relatively simple and is
completely non-invasive, additionally due to its small size when compared to the complex and
heavy machinery (structural imaging - MRI scans), it is comparatively less expensive to

manufacture and could be replaced on a massive scale for easy purchasing.

“Sniffin’ Sticks™ are another common olfactory assessment tool that measures nasal
chemosensory performance (Rumeau et al., 2016). It is a tubular device that dispenses various
odours that test for odour threshold (n-butanol), odour discrimination (16 pairs of odourants,
forced-choice questioning) and odour identification (16 common everyday odourants,
forced-choice questioning) to establish the level of olfactory function. Each tube contains both
an antibacterial agent, and 4 mL of odorant fluid or odorant material in propylene glycol, and
individuals will be asked to correctly identify the odourant, without the visual aid of the pens.
The total score is the sum of all correctly identified odours, and scores will range from 0 (no

correct answers) to 16 (all correct answers).

The importance of olfactory function cannot be understated, with recent research suggesting a

link between early stages of neurodegenerative diseases and dysfunctional olfactory function

resulting in observable smell loss, the possible implications of this information and potential

13
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of earlier AD and PD detection are crucial information contributing towards aiding the clinical

health field

Olfactory function and memory

A proper olfactory function that provides the ability to smell and distinguish odours has many
real-world applications often overlooked in favour of generally more easily observed abilities
but it is still a factor considered very impactful to human health and function.

The smell is one of the five senses (sight, touch, hearing, taste and smell) that are integral to
human function, and greatly affects the overall quality of life, commonly in aspects not
immediately understood to be crucial. These include being an early alert of dangers such as

spoiled or perished foods or goods, and gas leaks or fires.

The importance of smell on tasting and experiencing food is often understated, though the
tongue can distinguish different qualities from understanding when a certain meal is sweet,
salty, sour, bitter or umami, the smell provides a dominant influence on how we perceive what
we are eating. This is more so evident when we are unable to taste as strongly due to the
blockage of the nose, or similar illnesses, demonstrating how strongly our sense of smell

changes how we recognise and regard food.

The sense of smell is also strongly linked with memory, due to the closeness of the olfactory

processing system and the memory processing system. This linkage is so powerful that

specific smells can trigger a memory vividly. Due to the closeness of the OB and the memory,

14
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many significant experiences are tied to our sense of smell, this may include a favourite
homemade dish, to the smell of a well-loved toy. The association between memories and smell
is powerful and well established, particularly in schemas relating to food (such as salivation as

a response) or simply the identification and recognition of scents.

The limbic system receives olfactory signals from the brain very soon after a scent is detected,
Dalton and Maute (2018) demonstrate this by conducting an observation regarding how well
participants were able to recognize and recall faces. These findings suggest that participants
were more likely to recall faces when the same odour was also present when participants were
first exposed to the faces, indicating how recalling information may be strengthened with the

presence of odours.

Despite not having the most complex or sensitive noses, humans can recognise, identify and
distinguish an extremely broad range of thousands of different smells.

Sense of smell is important to how we interact with our environment. We often wear perfumes
and deodorants to become more appealing to others, but also uncomfortable when too many
fragrances or particularly strong scents are exposed to our senses. The ability to identify fear
through smell has been noted in scientific literature and has been suggested to have been
linked with human evolutionary fight or flight reactions, suggesting that the olfactory system

has previously played a role in humans learning fear (Taylor et al., 2020).

The evidence for olfactory dysfunction as an impact of neurological diseases is widely

supported and olfactory training itself is effective in combating olfactory disorders.

15
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Additionally, olfactory dysfunction has recently been receiving more attention in the scientific
and medical communities which have greatly contributed to possible treatments and
breakthroughs. Olfactory assessments have demonstrated some promise as an effective tool for
assisting in early diagnosis, as a biomarker for identification and recognition of the

progression of dementia.

At some point in human life, almost all individuals will experience some form of disruption of
olfactory perception, often being noted as a common side effect for infections, particularly
relating to sinuses leading to inflamed nasal cavities, runny noses and nasal congestion all of

which greatly inhibit the sense of smell.

Dementia can be potentially reversible if caught early, and once severe not only greatly affects
memory and processing for the individual but is also very painful for loved ones to endure.
Because of the severity and seriousness of the condition, knowledge surrounding dementia is
valuable to both scientific research and medical application societies. Due to the nature of this
current study’s focus surrounding the early stages of neurodegenerative disorders, possible
findings could be greatly beneficial for strengthening arguments for the sense of smell and

olfactory function as biomarkers.

Research conducted by Dintica et al., (2019) added to knowledge surrounding olfactory
dysfunction and its possible association with further cognitive decline and neurodegeneration.
They assessed the olfactory function of 380 older participants (mean age of 78 years), who did

not currently have any form of dementia. The authors used the Brief Smell Identification Test
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(B-SIT) at baseline to categorise normal olfactory function, anosmia (total loss of olfactory
function) and hyposmia (impaired olfactory function); participants were followed up for 15
years and had cognitive function annually assessed with 21 tests. Results show that both
anosmia and hyposmia were associated with a faster rate of cognitive decline when compared
to normal olfactory function. This was also reflected in MRI scans which revealed impaired
olfaction was additionally associated with a smaller volume of the hippocampus, entorhinal,
fusiform and middle temporal cortices. This suggests that it is possible to predict future

cognitive decline even before the development of dementia.

Causes of Age-Related olfactory impairment

When commenting on past research Yang and Pinto (2016) state findings that suggest
olfactory issues may be relatively common in the overall population (24.5%) and is
significantly more frequent in the elderly community (up to 70%). They further report that AD
is among the first and earliest olfactory impacting neurodegenerative diseases that begin to

develop, and its influence is therefore so widely established in research.

Tau is proteins found in brain neurons that aid in maintaining stabilisation of microtubules that
regulate and protect cell cytoskeleton and can accumulate insoluble clumps due to over
increased activity of tau kinases. Serrano-Pozo et al., (2011) report the significance of
neurofibrillary tangles (NFTs) inside the OB and its correlation to AD in ageing individuals.
NFTs are abnormal formations of tau which collect within the neuron and may subsequently

cause neuron death, and has been known to be found in patients with dementia, and

17
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specifically with AD. The volume of NFTs (abnormal tau) is directly linked with the stage and

severity of dementia.

Arnold et al., (2009) comment that early studies into AD found pathological phosphorylated
tau filaments within the olfactory epithelium, and in turn gave birth to the potential of
diagnosing AD through the use of biopsy of the olfactory epithelium, however, these results
were unable to be repeated in subsequent studies. Alzheimer-type changes such as senile
plaques and NFTs appear in the brain during ageing Lim et al., (2013) and report that
approximately 86% of subjects aged 74.3 + 1.75 years have NFTs in their OB, whereas
approximately 33% of them show the presence of amyloid deposition, which are central

neuropathological abnormalities.

O'Brien et al., (2011) and report on the significance of the OB, which is one of the earliest
areas in which changes caused by AD begin to appear, and maybe contribute to age-related
olfactory dysfunction. Diverted olfactory fibres that enter deeper areas of the OB and ectopic
glomeruli (glomeruli formed outside of glomerular layer) can both be seen in AD and may
damage olfactory processing by altering the synaptic organisation which ordinarily would aid
the formation of connections between neurons and in turn the transmission and processing of

neural information (Hoogland et al., 2003).
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Literature Review

Though a decrease in olfactory function has been widely researched in regards to individuals
with neurological issues, Al Ain et al., (2019), notes that olfactory training on the healthy
population is not as extensively established. To further investigate the nature of the olfactory
function and if it could be improved, the researchers conducted a well-controlled, 6-week
olfactory training programme on 36 healthy participants who were then split into three groups,
each containing 12 participants. The first group of participants experienced daily 20-minute
training that included an odour intensity classification task, odour quality classification task
and a target odour detection task. The second group of participants simply underwent an
equivalent visual control training, and the third group did not undergo any olfactory training to
serve as a control group. Findings suggest that participants in the first group did see
improvements in olfactory function, and in particular in odour identification, which further
aligns with the structural magnetic resonance imaging (MRI) used to showcase an increase in
cortical thickness in the right inferior frontal gyrus, the bilateral fusiform gyrus and the right
entorhinal cortex. This research proposes that training an individual’s olfactory function may
show an improvement in identifying odours and smells, and similarly but may cause a change

in the physical difference in the brain’s structure.

Murphey (1999) comments that patients with AD do show neuropathological changes in areas
significantly linked to olfactory function, demonstrating the importance of using assessment
tools to investigate any olfactory changes within patients. Murphy also states the similarities in

neuropathological changes seen in individuals with Down’s Syndrome over 40. The author
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investigates assessing olfactory processing and function by testing the olfactory threshold,
odour identification, odour similarity judgements, odour recognition memory, odour recall,
and odour fluency of both patients with AD and individuals with Down’s Syndrome. Findings
show a significant decrease in olfactory function in both patients with AD and individuals with
Down’s Syndrome, also suggesting that certain areas were more heavily affected than others
within the early stages of the neurological process. This indicates that decreased function
would continue to occur over time, in correlation to later stages of the process, and
demonstrate an association with falling DRS scores. The author also mentions that when
comparing these results to those obtained from patients with Huntington’s Disease, while also
showing some olfactory function impairment, the degree of which decreased impact differed

from individuals with cortical dementias concerning the assessment tasks.

Kondo et al. (2020) comment that as humans grow older, functions in our body and brain
begin to deteriorate, including sensory systems and taste, smell, hearing, and eyesight. The
authors reflect on previous epidemiological studies which found that olfactory function
naturally begins to decrease rapidly at the age of 60, additionally, they note that frequently
males are more greatly affected than females, and unhealthy habits such as smoking and heavy
alcohol use, as well as sinonasal diseases have also played a large part in the impairment of the
olfactory function. The authors state that when investigating research on animals, though
studies have established that the peripheral and central olfactory nervous systems are affected
with older age, the pathophysiology surrounding decreased olfactory function in humans is not
as widely researched. What has been studied and found, is both the loss of mature olfactory

neurons and basal cell proliferation within the olfactory neuroepithelium that resides in the
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nasal cavity of aged individuals. Similarly, there is also a decrease in the turnover of
interneurons within the OB and decreased activity within the olfactory cortex where olfactory
stimulation is found. The authors state that though no evidence-based pharmacotherapy has
been established to help improve age-related decrease in olfactory function, current findings
may suggest that olfactory training using odorants may be beneficial in the improvement of

certain aspects of olfactory impairment.

Luzzi et al., (2007) studied the three major aspects of olfactory testing; odour discrimination,
naming, and matching, and compared these in individuals with four distinct types of
neurodegenerative disorders; semantic dementia, frontotemporal dementia, dementia caused
by AD, and corticobasal degeneration. Findings suggest that despite having normal levels of
discrimination, individuals with semantic dementia were considered to also have severe
olfactory identification impairment, whereas the poor odour discrimination in individuals with
AD was suggested to be due to a perceptual impairment. Both frontotemporal dementia and
corticobasal degeneration individuals were found to have mild impairments in odour
identification which were expected with their generalised executive dysfunction. The authors
conclude by suggesting olfactory dysfunction can occur at a semantic or a perceptual level
with associative (inability to recognize due to perceptual processing) or apperceptive (inability

to recognize not due to perceptual processing) forms of visual and auditory deficiency.

Kovacs et al., (2001) propose that the most heavily impacted areas of hyposmia and anosmia

within neurodegenerative disorders are majorly interconnected with the central olfactory

system rather than being majorly interconnected with sensory regions that lack olfactory
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connections. Despite the knowledge, OB is the olfactory pathway’s first synaptic relay, and the
authors state the inconsistent results of prior studies in AD. By analysing 15 individuals with
AD and comparing the findings to 15 healthy controls, the authors found developed NFTs in
both groups, whereas amyloid deposition was primarily found in individuals with AD.
Furthermore, amyloid immunoreactivity was detected in the compact, primitive, classical and
diffuse deposits in individuals with AD, compared to their control group counterparts which
were contained in mainly difficult deposits. Final results not only suggest that earlier
pathology in the OB provides a source of early NFT development, but added that the
emergence of more than 10 NFTs can be potentially compatible with an approximately 93.3%

accuracy in an AD diagnosis.

Gudziol et al., (2013) further researched the effect of traumatic brain injury (TBI) on olfactory
function and found that TBI can cause olfactory dysfunction and loss. The authors carefully
studied the prevalence of olfactory loss in 110 patients with TBI within the first 3 months after
trauma, who were divided into two groups. The first group, consisting of 81 patients had both
their odour threshold and odour identification tested through the use of validated “Sniffin’
Sticks”, the second group consisting of the remaining 36 patients had their prospective change
of olfactory function tested through discrimination, validated odour threshold and
identification tests. Findings demonstrate that olfactory function was significantly poorer in
patients with TBI II° and TBI I1I° when compared to patients with TBI I. Additionally, 36% of
patients were found to show clinically significant olfactory function improvement, most
commonly shown during the first 6 months after trauma, and in a median follow-up interval of

approximately 21 months, suggesting that the window of opportunity for olfactory recovery
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lies in the first 6-month window. Though TBI was not found to cause any overall major effect
on the patient’s olfactory function, both TBII® and TBIII® were found to decrease the sense of

smell in patients by 57%.

Olfactory ability deterioration has been shown to correlate with the early stages of
neurodegenerative diseases, and in particular patients with PD and AD do begin to
demonstrate losing the ability to smell prior to diagnosis (Dibattista et al., 2020). Research
conducted by Dibattista et al. (2020), may suggest that olfactory neurons found in both the
brain and nose may provide a greater understanding of brain physiology and pathophysiology,
leading to better insight into how neurodegenerative diseases develop within our brains. The
authors state that due to nasal olfactory receptors allowing for regeneration, these internal
cellular systems could be mutated and changed during the development of AD. Such
mutations may include the weakening and dysfunction of the odorant receptors (being unable
to carry information), the olfactory epithelium (unable to correctly transfer information),
axonal targeting to the OB (mistargeting leads to misinformation about odour smelled) and the
formation of new neurons within the OB. The findings suggest that the olfactory system is
highly vulnerable to the changes caused by neurodegenerative diseases, the most severe
changes falling within the early stages of AD. The research proposes concepts around using
olfactory dysfunction as a tool to gain better insight into how internal cellular systems are

involved in causing and affecting AD.

Buschhiiter et al., (2008) investigated the correlation between OB volume and olfactory

functions of odour identification, odour discrimination and odour thresholds by conducting an

23



Auckland University of Technology, Jia Prasad, 2021

experiment involving 125 randomly selected healthy participants, with no history of loss of
smell and of which were aged ranged from 19 to 79 years. Participants underwent an MRI
scan to measure specific volumes of areas of the brain, a cognitive screen to ensure functional
performance, and olfactory assessments specialised to one specific side of the brain at a time.
Manual segmentation of the coronal slices was used as a volumetric assessment for the right
and left OBs. Results show a significant association between OB volume and strength of
olfactory function, as well as another significant correlation between a decrease in OB volume
and participant age, thus aligning with and strengthening evidence provided by previous
research. The authors note that the link between olfactory volume and olfactory function was
independent of age, suggesting that though volume loss can be observed, even at an older age

participants with greater volume continued to demonstrate a superior sense of smell.

Hawkes, (2006) also refers to observations made through reviewing previously published
studies, and uniquely comments that the process of olfactory deterioration first begins at the
approximate age of 36 in both males and females, and will continually accelerate during the
ageing process, first beginning with the loss of identifying pleasant odours. Their findings
demonstrate the universal nature of olfactory dysfunction, being apparent in IPD and AD and
developing before other movement or cognitive disorders. The author states that diagnosis of
IPD should often be prompt, as normal and healthy odour identification in the disease is often
rare and unusual, with exceptions being found in female individuals who suffer from a
tremor-dominant disease, commenting that it is highly unlikely patients with corticobasal
degeneration or supranuclear palsy to have anosmia. These results indicate the genetic risk of

the dominant ApoE4 allele and its role in developing AD (approximately 5 times as likely),
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and that dysfunctional olfactory function may be seen in potential individuals with at least
approximately 50% of developing PD, and in individuals with hyposmia unexplained by other
means. The authors state that there is little clinical value in finding abnormalities through HC
and MND smell testing as non-specific changes in AD and IPD through the removal of

olfactory nasal neurons do not appear to aid in diagnosis.

Rothermel and Wachowiak, (2014) uniquely used genetically-encoded calcium sensors
(GCaMPs) to observe feedback projections that were targeting the OB and in particular, found
anterior olfactory nucleus (AON) projections were a major source of information guided
towards the OB. Through observation, it was found that the OB is provided continuous
feedback by the AON, which not only serves as a multifunction cortical area but also as a
relay for the other neuromodulatory systems (regulates and modifies diverse neurons and cell
activity via use of chemicals or electrical agents). Results suggest feedback was stronger while

awake, but odorants were found to evoke major signals in both states of wakefulness.

Liet al., (2019) comment on this further by stating that the task of generating accurate odour
information whilst under different states of brain and behaviour is the single most important
responsibility of the olfactory system. They describe the importance of the OB in the initial
processing stage of odour information as managing the representation of odours, and the
encoding of the odour’s unique identity, intensity and timing. The authors comment that
currently, there have been two proposed strategies for odour representation in the OB, spatial
coding and temporal coding. Spatial coding refers to specific glomeruli, the small connection

of blood vessels that filter waste and additional fluids from blood, which have been observed
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to form spatial maps once activated by particular and familiar odours, this has been shown to
correlate to both strength of odour and the intensity of the perceived glomeruli pattern, and the
process is replicated throughout many species. Temporal coding instead focuses on the
particular timing which mitral cells (that carry olfactory information from the OB towards the
rest of the brain) and tufted cells (processes the odour signals within the glomerulus) fire in
response to odours. The importance of latency related to the first spike in response, as well as
local field potential (referring to the electrical potential of neurons), neural oscillation
(repetitive motion of moving backwards and forwards) in the brain and firing pattern of the
mitral and tufted cells were all linked to the accuracy of the representation of odour
identification and strength. The authors state that both strategies share similar weaknesses in
the fact that odour representation is state-dependent, due to being sensitive to minor changes in
the brain state as seen in previous studies demonstrating the significant weakening of the firing
rate while under anaesthesia, and therefore showing greater consistency when completely
awake. They comment that this is most likely due to the weakened concentration of feedback
and centrifugal projections (the process of axons moving from ‘higher brain’ to ‘lower brain’

to the OB, however, this has not been widely researched.

Ubeda-Baiion et al., (2020) delve further into research surrounding AD and PD stating that
they share similarities in their idiopathic nature and cause both cognitive and motor
dysfunction. The authors continue this comparison by commenting that both are
neurodegenerative disorders that become active when normal proteins (tau protein in AD and
Lewy bodies in PD) become abnormally aggregated and change in size, precipitate and

self-associate and in areas of the brain and the nervous system in an accumulative manner with
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six distinctive stages of spread, the first of which has been demonstrated to be within the
primary olfactory cortex and OB. The highly sensitive OB changes can be seen by a
significant decrease in both overall volumes and the anterior olfactory nucleus’ total cell
count. This is further evident as it is also stated that during previous research, it was found that
increased tau protein concentration in the brain was correlated with poorer odour identification
scores. The authors also recall the findings of additional studies suggesting that odour
identification is superior to even verbal episodic memory loss in the ability to predict future

cognitive decline, further reinforcing the importance of clinical trials surrounding smell loss.

Hummel et al., (1997) conducted a study involving a group of 104 healthy participants (52
females and 52 males, mean age 49.5 years, range 18-84 years) in order to demonstrate
test-retest reliability and compare 'Sniffin' Sticks' to an established measure of olfactory
performance (the Connecticut Chemosensory Clinical Research Center Test, CCCRC).
‘Sniffin’ Sticks’ are pen-like odour dispensing devices that involve 3 nasal chemosensory
performance tests: smell threshold (n-butanol, testing through a single staircase), odour
discrimination (16 pairs of odorants, triple forced-choice), and odour identification (16
common odorants, multiple forced-choice from four verbal items per test odorant). Correlation
coefficients were 0.61 for thresholds, 0.54 for discrimination, and 0.73 for identification
between sessions 1 and 2. Additionally, the test-retest reliability for CCCRC thresholds was
0.36, whereas it was 0.60 for odour identification. Results obtained from CCCRC suggest that
butanol thresholds increased as a function of age, but similar results were not found for the

CCCRC odour identification task. Findings suggest that the increased age of the participants
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correlated with decreased performance (p < 0.001), and the authors conclude that 'Sniffin'

Sticks' may be useful to routinely evaluate olfactory performance in a clinical setting.

To investigate the application of Sniffin’ Sticks as a worldwide olfactory performance
assessment tool, Mahlknecht et al., (2016) conducted a systematic review and meta-analysis of
relevant data between the performance of PD patients and healthy controls in multiple
countries to see whether additional cofactors may impact the test’s accuracy or findings. A
country subgroup analysis was carried out, as well as a meta-regression using age, gender, and
air pollution as factors. Among the 66 publications included in the meta-analysis, results found
that patients with PD significantly performed worse on the Sniffin’ Sticks test than their
healthy counterparts. The residual heterogeneity and intra-country heterogeneity were both
considered to be high and was not significantly reduced following subgroup analysis by
nation, indicating that cultural influence may have some form of impact on the Sniffin’ Sticks
findings. The authors suggest this may be due to the disparity in age and air pollution amongst
the countries, which were shown to have significance in a few subtests, and are factors that
can impair olfactory performance.

In neurodegenerative disorders such as AD and PD, the six levels of Braak staging, ranging
from I through VI and are distinguished by their distinct distribution pattern, are used to
classify the spread and position of neurofibrillary tangles in the brain (Burke et al., 2008).
Neurofibrillary tangles (NFTs) are confined to the transentorhinal area of the brain in stages I
and II and are established as the early stages of Braak, indicating minor and less severe
changes that begin at the lower brainstem that manifest in non-motor symptoms. NFTs

appearing in the limbic areas, which include the hippocampus, signify stages III and IV and
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are known as the mid-pathologic stages, where prominent changes in both the transentorhinal
area and the proper entorhinal cortex appear, at which time dementia becomes clinically
evident and diagnosable. Finally, NFTs that have spread to the neocortical areas of the brain
stages V and VI is referred to as the advanced stage and signify the loss of all isocortical
association regions, leading to further difficulty making connections between sensory

information. With severe neuron and cell death, these final stages are the most fatal.

AD and PD are notably common neurodegenerative diseases, with PD affecting at least 1% of
all individuals aged 60 and older (Reeve et al., 2014). A defining factor in both these diseases
includes dementia, which greatly reduces the brain’s cognitive abilities to a degree in which it
impacts daily life and activities. The severity of dementia’s symptoms reflects the stage of
progression. but are established to often include significant decreases in visual perception,
judgement, attention, comprehension, reasoning, and most commonly memory loss. Dementia
also occurs more frequently in the over 65 age group but has shown to start developing as
early as 45 years old, demonstrating its wide and common prevalence in the general
population, and adding to the seriousness of the disorder. These diseases may be unnoticeable
for many years, with individuals noticing and discovering them in many later stages, therefore
preventing an early or timely diagnosis, in turn affecting the treatment success rate and
severity of the issue. Currently, there are a few different clinical measures for the testing of
these neurodegenerative diseases, such as structural imaging through computed tomography
(CT), magnetic resonance imaging (MRI), or positron emission tomography (PET), however,
they sustain high expenses, can often become a lengthy process and are assessed at a very

invasive level to the individual.
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We expect results to further strengthen knowledge already previously published which have
laid the groundwork into establishing the link between the OB, olfactory function, sense of
smell and the changes made to these aspects during neurodegenerative diseases. We expect
these results as scientific literature has already established the importance of the OB volume,
and its correlation with the dysfunction of olfactory function. Due to the sense of smell
decreasing in strength and function as a direct consequence of the impact and overall volume
loss of the OB, the sense of smell, therefore, becomes important as a potential early detector.
Because the olfactory system is directly responsible for the sense of smell and is highly
sensitive to neurological changes in the brain, the importance of the OB is evident. Due to this
understanding in volume correlation, an increase in this volume would then allow for greater
olfactory function, and as some studies have suggested, the sense of smell could be improved
by training, and in turn increase the olfactory volume through the use of trials and tools,

helping to combat olfactory loss.

Recent diseases and viruses, such as SARS-CoR-2 (Covid-19) inhibit a loss in taste and smell,
and by understanding why these may be the case, we can create more tools for the early
detection of new viruses in individuals. This also serves as a demonstration of how future

diseases may also benefit greatly from the knowledge researched in this paper.
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Methods

The preferred reporting items of systematic reviews and meta-analyses (PRISMA) guidelines
(Moher et al., 2009) were used as protocol markers for conducting the systematic review. This
begins with a search of eligible literature, followed by the assessment of the quality of the
literature, and data collection. Finally, the study findings are analysed and interpreted and

recommendations for future and further research is considered.

Published scientific literature and past research were gathered and selected to be analysed and
reviewed. To determine the eligibility of each academic journal, publications were chosen on
their focus and theme around olfactory function, neurodegenerative diseases/disorders, sense
of smell and dementia. Publications were excluded if research was not peer-reviewed, or not
conducted in the past 10 years to avoid outdated or disproven information. No country of
article publication was excluded; however, literature must be published in the English

language.
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To assist in finding relevant literature, the tag search on article publisher sites and engines
(PubMed, Google Scholar, Medline) were used to input keywords. Different literature
methodology was considered to ensure that observational studies that may assess new
olfactory testing methods, and literature studies that would provide stable and conclusive

evidence were both included.

To break down the total of (25) studies analysed, (14) were observational studies involving
consenting participants, the remaining (11) were literature reviews that used data from existing
materials similar to the current study’s methodology. Out of the 14 observational studies, 7
centred around using Cognitive assessments in the forms of various MRI scans of the
volumetric measures of the brain regions, 5 focused around using olfactory assessment tools to
judge the sense of smell and neurodegeneration process, 2 used cell count analysis to study the
protein depositions in post-mortem human brains which would not be ethically viable if
subjects were alive. Out of the 11 literature reviews, 7 focused on olfactory function as a
predictor, 2 researched PD discrimination, 1 centred on brain scans as predictors and 1 focused

around the spread of NFTs and Lewy bodies in the brain as a measure of neurodegeneration.

Two major themes that were prevalent in exclusion were research articles that were considered
outdated, or research that focused on non-human brains (typically research in rodent models).
Though commonly, behaviour in animals will be generalised to the human population, and
although similar findings were suggested in animals that suffered from olfactory dysfunction

as suggested in the literature review, due to the sensitive and unique nature of the makeup of

32



Auckland University of Technology, Jia Prasad, 2021

the human brain, data was specifically collected from human participants. Because the link

between neurodegenerative diseases and olfactory function has primarily been recently

established and researched in the scientific community, it became apparent that only studies

from the past 10 years would need to be considered, as often before the previous decade,

information is more speculative, and very outdated due to low engagement on the topic by the

scientific community.

Initial study filtered from PubMed, Google
scholar and Medline using key words:
Olfactory system; Olfaction; Sense of smell;
Odor identification; Alzheimer's; Parkinson's;
neurodegenerative disorders; dementia
(N =1,345)

[Remaining articles (N =596) }

[Remaining articles (N =437) }

[Remaining articles (N =214) }

[ Remaining articles (N =25).}

which were reviewed

Exclusion of articles not
published in the English
language (N = 749)

Exclusion of articles not
focused on human
olfactory system (N=159)

4 ™

Exclusion of articles not
published in prior 10 years
(N =223)

Exclusion of articles in
which olfactory function,
dementia or
neurodegenerative
diseases were not the
primary focus of study
(N =189)
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Figure 2. Exclusion Criteria. This figure demonstrates the exclusion criteria performed in the

current study.

Results

To assess olfactory function tests. Yu et al., (2018) compared olfactory dysfunction (OD)
ratings from self-report, the Hyposmia Rating Scale (HRS), and the Sniffin' Sticks test. 60
patients with AD dementia, 37 patients with moderate cognitive impairment related to AD
(MCI), and 30 healthy controls were recruited to investigate the association between OD and
clinical symptoms of AD and were categorised into AD with OD (AD-OD) and AD without
OD (AD-NOD) groups. The frequency of OD based on self-report in the control, MCI, and
AD dementia groups was 10.0%, 13.5%, and 18.3%, respectively, whereas based on HRS they
were; 6.7%, 24.3%, and 48.3%, respectively. Finally based on the Sniffin' Sticks test they
were; and 3.3%, 13.5%, and 65.0%, respectively. The diagnostic coincidence rates of OD by
HRS in individuals with MCI and AD dementia were 89.2% and 66.7%, respectively, when
compared to the findings of the Sniffin' Sticks test. When compared to the AD-NOD group,
the scores for attention, visuospatial ability, cognition and memory were all lower (p<0.05),
whereas apathy (p<0.05) and activities of daily living were both higher (p<0.01). Though the
prevalence and accuracy of OD by self-report are both low, these findings suggest that HRS
has the potential to be used as an olfaction test in individuals with MCI caused by AD, and
similarly that the Sniffin' Sticks test shows promise in validating OD in AD patients due to

their overall decrease in olfactory threshold, discrimination and identification abilities.
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Hummel et al., (2011) investigated the link between OB volume and olfactory processes such
as odour threshold, odour discrimination, and odour identification in children and adolescents
to further explore the volumetric growth of the OB. MRI scans and lateralized olfactory testing
was conducted on 87 participants ranging in age from 1 to 17 years old (with an average age
of 8 years) and manual segmentation of coronal slices across the OB yielded volumetric
measurements of the right and left OB. Results indicate that no participants presented any
evidence of olfactory decline or impaired sense of smell, though a significant relationship
between OB volumes and olfactory function was found. Although the correlation between
structure and function was not mediated by the participants' age, both OB volumes and
olfactory function increased with age, suggesting that the link between OB volume and

olfactory functions does also present in children.

To study PD, Wang et al., (2011) similarly used MR imaging, but uniquely combined their
methodology with Japanese T&T olfactometer threshold testing (Saiki et al., 1994) to perform
morphometric analyses. Patients and their healthy counterparts both had their olfactory
structure evaluated with an olfactometer threshold test, which revealed olfactory recognition
thresholds were significantly greater in patients with PD when compared to healthy controls,
and like olfactory atrophy causing reductions in the depth of the olfactory system along with
the volume of the OB was only found in the patients with PD, and not amongst the control
group. Results found indicate both groups follow the established correlations between the OB

volume and the strength of the olfactory function. Finally, amongst both groups, no significant

35



Auckland University of Technology, Jia Prasad, 2021

correlation between olfactory system depth and ability to carry out olfactory function was

found.

Similar results were also found in the Attems et al., (2015) study, which also reported that the
likelihood of dysfunctional olfactory would increase the older the individual would age. This
was stated after the identifying research suggesting more than half the population of
individuals aged between 65 - 80 is likely to be suffering from decreased function, and an
approximate range of 62-80% of individuals aged over 80 beings also likely to suffer from the
same dysfunction. They continue to suggest that memory loss and weakening of cognitive
abilities have some association with impaired odour identification, which supports the
potential of using the sense of smell as early and crucial warnings indicating
neurodegenerative disorders, which have been shown to impact the brain and damage
olfactory function. Neurodegenerative disorders that lead to dementia such as AD and PD
were found to be warranted as potential early identifiers in particular, as both dementia and a
decrease in cognitive abilities are common symptoms that continuously worsens as the disease
develops. Findings very conclusively point to the decreased quality of life suffered by
individuals with impaired olfactory function, and results also may suggest that decreased
olfactory function may quicken the progression of dementia in the brain of individuals with

AD and PD who already suffer from mild cognitive impairment.

MRI scanning was similarly used in Al Ain et al., (2019) to observe any potential changes in

the cortical thickness and tissue density in participants who were exposed to repeated intensive

odour identification training for 6 weeks. In a similar fashion to previous studies, MR imaging
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was successful in finding notable differences, in particular, the authors found that following
the training, the cortical thickness was increased in the right inferior frontal gyrus, the right
entorhinal cortex and the bilateral fusiform gyrus regions of the brain. Participants also were
observed to have significantly greater olfactory sensitivity further emphasising the association
between olfactory function and structural changes in areas of the brain that correlate to

olfactory processing.

Barresi et al., (2012)’s findings focus on the new instrumental approaches to diagnosing PD
and AD, commenting that though the inability to discriminate and identify odours has been
noted to be a potential early manifestation, it may still not be diagnosed in time to prevent
late-stage development. Through the support of the olfactometer (an instrument used for
measuring the sensitivity and intensity of odours) psychophysical testing has entered new
potential in the form of functional magnetic resonance imaging (fMRI) and olfactory
event-related potentials (OERPs), which uses electrophysiological methods to observe changes
in olfactory function, via activation of brain areas including the regions of the temporal lobe,
the amygdala and mid-OFC and insular cortex. Results show that this is highly effective and
allows analysis of subjects without inherent individual response bias, and aids investigation
when individuals have difficulty responding. Both show promise as potential candidates as

clinical tools for early-stage diagnosis in neurological diseases.

Attems et al., (2014)’s research findings suggest that the major factors of neurodegenerative

associated olfactory dysfunction are the olfactory tract, OB and the primary olfactory cortex,

which is responsible for the learning and recalling of odours. They state the primary factors of

37



Auckland University of Technology, Jia Prasad, 2021

olfactory dysfunction as linked to pathological proteins, including the neurofilament, tau and
a-synuclein proteins, further commencing that neuroinflammation induced by changes in the
molecular process, often will lead to cell death caused when the cellular process is disrupted,
these brain changes are often heavily associated with severe anosmia. Findings from
investigating pathophysiological modifications in the brain in individuals suffering from
common neurodegenerative disorders (AD) (mean age 81.3) reveal that severity in
neuropathological changes in the olfactory tract and bulb were significantly (p < 0.001)
correlated with increased neuritic Braak stages (classifiers to distinguish stages of AD and
PD), with later stages being established as having a greater spread of the disease within the

brain. The Braak stages additionally signalled greater Lewy body and tau protein pathology.

Kotecha et al., (2018) comment on the continuously increasing average global life expectancy,
suggesting that the likelihood of AD may become more prevalent due to more individuals
living to their senior years, evident by the increasing number of global AD cases in the ageing
population. They state the urgency of administering effective interventions as early as possible
and carried out a meta-analysis to analyse the credibility of preclinical testing olfactory
function in the diagnosis of AD by contrasting individuals with AD and mild cognitive
impairment (MCI) with healthy controls. The authors were able to identify that as MCI
develops into AD, and that olfactory dysfunction in patients reflects this by progressively
becoming worse, which showcases the ability to accurately test and recognize declined
olfactory function, thus supporting the potential of using dysfunctional olfactory ability as an

early identifier of preclinical AD.
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To evaluate the odour identification ability of Sniffin” Sticks and determine whether the tool
would reliably and accurately be able to identify PD, Mahlknecht et al., (2016) conducted a
study involving 646 PD patients and 606 controls alongside 75 patients with atypical
parkinsonism or essential tremors and 24 patients with idiopathic rapid eye movement sleep
behaviour disorder. Findings show that in all cohorts, olfactory performance was inferior in
PD patients compared to controls and non-PD patients (p < 0.001). The findings from Sniffin’
Sticks were able to very easily discriminate performance from the PD and their healthy control
counterparts, and this remained unchanged when individuals with a disease duration of more
than three years were eliminated from the study, indicating a strong association between PD
and impaired sense of smell. The authors conclude by stating that odour identification testing
has a high diagnostic accuracy in distinguishing PD patients from controls and diagnostic
mimics (atypical parkinsonian), and has the potential to become a cheap, quick and consistent

tool to identify PD.

Carnemolla et al., (2020) conducted a systematic review to investigate the possible linkage
between olfactory function and Frontotemporal dementia (FTD), which the authors state is
often difficult to diagnose due to symptomatic overlap with other psychiatric disorders. The
authors examined 74 papers to explore the changes in olfactory dysfunction patterns, with a
focus on the most prevalent smell measures: odour identification and discrimination. Results
show that FTD patients were significantly impaired in scent identification but not in
discrimination; in contrast, other psychiatric disorders showed (such as depression) showed no
olfactory abnormalities, or a distinctively different olfactory pattern (impaired in

discrimination, but not in identification). Due to the high incidence of scent identification
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defects in FTD, and further support in the evidence that smell dysfunction predicts
neurodegeneration in other illnesses, the authors conclude by suggesting that olfactory testing
does appear to be a viable route for supporting an earlier FTD diagnosis, and in particular

aiding in discriminating against other psychiatric disorders.

Velayudhan, (2015) reviewed articles to confirm the notable impairment in olfactory function
in individuals with AD when compared to their healthy control counterparts and additionally
found research suggesting that poor olfactory function could serve as a marker for the
progression from MCI to the development of AD. This potential is noted due to findings
suggesting that severity of AD, both structural and functional MRI measures and
non-cognitive neuropsychiatric symptoms are all associated with the strength of the odour
identification function. Finally, this study also comments on the interaction between the
apolipoprotein E genotype (APOE), and its potential risk factor in developing both dementia

and AD by stating an association is present.

Brodoehl et al., (2012) comments on the neuropathological similarities in the dysfunction
olfactory system among affected individuals with PD and states that MRI has not been a
consistently accurate method in PD volumetric loss of the OB. To remedy this, the authors use
a 3.0-Tesla MRI constructive interference to evaluate potential volumetric loss in individuals
with PD to compare against a healthy control group. Results found a significant loss of OB
volume in patients with PD when compared to the control group, the findings consistently note

in particular that an observable decreased height was routinely found within the left OB
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showcasing a consistent and observable difference, suggesting a potentially reliable parameter

for clinical investigation in patients with IPD.

Velayudhan et al., (2015) additionally tested olfactory assessment tools as a potentially useful
diagnostic aid for AD, focusing on determining the pattern of the type of odour affected in
individuals with AD, to improve clinical applicability. Using UPSIT, 54 outpatients aged 40
years and older that suffered from mild to moderate AD were tested against gender-matched
healthy controls, data was then analysed to determine the most optimized subset of UPSIT that
could accurately distinguish AD outpatients from healthy non-demented controls. A total of
12 UPSIT components were found using a Random Forest with a backwards elimination
method that reliably and consistently discriminated between AD outpatients from healthy
controls (sensitivity, 0.89 and specificity, 0.83, positive predictive value of 0.889, and negative
predictive value of 0.833). The authors state that these 12 smells that were shown to be most
affected within AD outpatients reflect traits such as food and safety, which are frequently
known to be affected in people with AD, and may disrupt daily tasks, but could potentially be

used to create a quick scale for detecting AD in clinical settings.

Wesson et al., (2011) comments that abnormal odour investigation, odour discrimination and
odour habituation (short-term memory), are major aspects of olfactory impairment, connecting
to previously established studies, which used olfactory testing tools aimed at assessing these
areas. Findings suggest that amyloid deposition occurs firstly in the OB, and then is followed
by developing in the olfactory cortex and finally hippocampus. These imply that amyloid

deposition in these areas may play a role in olfactory impairment in both early and later stages
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of life. The authors comment on the significant prevalence of anosmia in other dementias,
including PD, frontotemporal dementia, and Lewy body disorder, suggesting that through
olfactory impairment alone current measures are insufficient as a specific diagnostic for AD.
However, if combined with other potential markers, olfactory screening for AD could improve
diagnostic sensitivity, because they are noninvasive and reflect accurate functioning of brain

regions affected in the early stages of the disease.

Links have also been found between dementia and hearing, vision and taste (Behrman et al.,
2014), and results found by Behrman et al. through review of established literature suggest
that individuals suffering from dementia have more trouble recognising and identifying odours
than they do detecting them, hinting at a relationship with higher cognitive function. The
authors further state that with approximately 85.2% sensitivity, olfactory function impairment
has been found to predict development from moderate cognitive impairment to the progression
of AD. They conclude by stating that to aid in the care of individuals with dementia, sensory

considerations should be expected to play a larger role in the future.

Recent findings by Haehner et al., (2014) through the usage of published research suggest that
approximately 90% of individuals with PD struggle with significant olfactory loss, due to its
bilateral and widespread nature in PD that affects all olfactory regions. The authors state the
unique factors of olfactory loss in PD as being clinically measured to be independent of both
disease duration and severity, though this is countered somewhat due to the authors'
acknowledgements of imaging that demonstrate olfactory impairment progressing in early

phases of motor development. Because these may occur before clinical symptoms appear, they
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therefore may potentially be used as a predictor of the likelihood of developing PD in
otherwise asymptomatic observed individuals. Findings suggest that olfactory probes show
significant value in aiding early and differential diagnosis as olfactory alterations specifically
found in PD may be beneficial in discriminating the disease from other potential dementia

causing disorders.

Tarakad and Jankovic, (2017) comments on the established knowledge of Anosmia as a
frequently appearing non-motor symptom of PD, remarking on its relation to the more
under-researched linkage to ageusia (loss taste) and PD. Findings suggest that the olfactory
tract is intertwined with early stages of PD, and the authors refer to evidence demonstrating
occurrences of hyposmia and anosmia manifesting potentially years before motor symptomes.
Additionally, autopsy studies suggest pathology in both the anterior olfactory nucleus and
olfactory tract at the first stages of PD. Consistent evidence points to the strong link between
olfactory loss and cognitive status, though associations with other PD features or specific PD
phenotypes remain unconfirmed, but heavily debated in the scientific community. Finally,
results also suggest the linkage between hyposmia, and the severity of PD, manifesting more
frequently in individuals with severe cases of the PD than typically any other Parkinsonian

syndromes, opening up suggestions on being used as a potential biomarker

Mundifiano et al., (2011) comment on olfactory dysfunction, stating that though typical in both
AD and PD, it is considered rare in individuals with frontotemporal dementia (FTD).
Mechanisms involving early protein deposition in the OB result in smell impairments, similar

to what is commonly demonstrated in clinical analysis within AD and PD patients. The
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authors compared the deposits of amyloid, alpha-synuclein and tau in the OB of 41 patients
with a historical diagnosis of FTD (n = 11), AD (n = 24) and PD (n = 6) with the OBs of 15
healthy individuals. Findings reveal that regardless of diagnosis, tau pathology was found in
the OB of all patients, whereas -amyloid and -synuclein protein deposits were predominantly
present in AD and PD. Additionally, a greater number of dopaminergic periglomerular neurons
(the central source of dopamine in the central nervous system) was observed in the OB of
FTD, AD and PD individuals through the use of stereological techniques. Results found
through volumetric measures of the OB demonstrate that only individuals with AD show a
substantial decline, whereas, in FTD and PD patients, OB volume was measured to be
identical to controls. The authors conclude that changes resulting in increased dopaminergic
tone may be a compensatory mechanism caused by early degradation of the neurotransmitter
systems, leading to the possibility of olfactory impairment in patients suffering from

neurodegenerative disorders.

To investigate the links between ageing, cognitive function, and olfaction in patients with
olfactory impairment, Suzuki et al., (2021) conducted a study that included 141 participants
that suffered from olfactory deterioration and were diagnosed with dementia, age-related
hyposmia, postviral olfactory dysfunction (PVOD) or MCI. To assess cognitive and olfactory
impairment, a self-administered odour questionnaire (SAOQ), visual analogue scale (VAS),
and a Mini-Mental State Examination and T&T olfactometry assessment were all performed
on the patients. The T& T measures odour thresholds through the amount of odorous substance
required to elicit a response, the lowest concentration amount is scored at -2, and the greatest

concentration amount is scored at 6. The results indicate that T&T odour recognition
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thresholds decreased with both age (p < 0.01) and cognitive impairment (p < 0.08). Patients
with dementia required the greatest average T&T concentration threshold at 5.1 (p < 0.05),
whereas for patients with MCI, PVOD, and age-related hyposmia the average recognition
thresholds were 4.6, 3.7 and 4.2, respectively. Additionally, the greatest average differences
between detection and recognition thresholds were also found amongst dementia patients at
3.7 (p <0.05), whereas in patients with MCI, PVOD and age-related hyposmia, the average
differences were 2.8, 2.3, and 2.0 respectively. When compared to the other groups' averages,
hyposmia with dementia had the highest SAOQ and VAS scores (p < 0.05). With greater
differences between the T&T detection and recognition thresholds indicating greater olfactory
impairment, the authors conclude that patients with hyposmia should be analysed for

dementia, including those who scored high SAOQ and VAS averages.

Devanand et al., (2014) analysed the predictability of AD and future cognitive impairment
through assessing the odour identification abilities in 1,037 participants with the UPSIT,
follow ups were also carried out at 2 and 4 years post the initial assessment. Results indicate
That lower baseline UPSIT scores were correlated with cognitive decline in logistic regression
analyses (relative risk 1.067 per point interval; 95% confidence interval [CI] 1.040, 1.095; p <
0.0001), and remained significant after covariates were included (relative risk 1.065 per point
interval; 95% CI 1.034, 1.095; p < 0.0001). The authors state the strength of UPSIT’s ability to
predict cognitive decline in participants, which did not require baseline cognitive impairment,
and was reflected in the follow-up assessments, finding 101 participants having transitioned
from poor cognitive ability to an AD diagnosis. Lower baseline UPSIT scores were

additionally correlated with AD transition (hazard ratio 1.099 per point interval; 95% CI
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1.067, 1.131; p <0.0001), and remained highly significant after functional, demographic and
cognitive covariates were included (hazard ratio 1.072 per point interval; 95% CI 1.036, 1.109;
p <0.0001). These findings suggest that in cognitively healthy adults, impairment in olfactory
identification showed greater predictability of cognitive deterioration than deficiencies in
verbal episodic memory, supporting the potential of using relatively inexpensive odour
identification assessments as biomarkers of the development of dementia and cognitive

impairment.

Voegels et al., (2014) state that the majority of patients with AD and PD are unaware of their
olfactory loss prior to doing an olfactory test, and reveal that 85 - 90% of patients in the early
stages have an olfactory impairment. These olfactory abnormalities are generally accompanied
by neuropathologic changes (NFTs) in olfaction-related brain areas in AD such as the OB,
olfactory tract, transentorhinal and entorhinal cortex, anterior olfactory nucleus, and amygdala.
The amount of NFTs reflects the severity of dementia and has been linked to reduced olfaction
at the time of death even in individuals who neither had dementia nor MCls. Due to the
association between the sense of smell and dementia, the authors conclude by suggesting that
otolaryngologists should remember the necessities of olfaction assessment in aiding diagnosis,

and in general, all physicians should consider the use and benefits of olfactory screening tests.

To compare selective olfactory dysfunction and OB volume Altinayar et al., (2014) conducted
a study on 41 patients diagnosed with IPD and 19 healthy age and gender-matched controls,
IPD patients were classified as either tremor dominant (TDPD) (65.9%) or non-tremor

dominant (NTDPD) (34.1%), and all participants completed neurological, ear, nose, and throat
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exams, as well as orthonasal olfaction tests.OB volume was measured through MRI and results
found that the IPD group had significantly decreased scores in the olfactory identification
tests, in particular having difficulty distinguishing between the aromas of mothballs, chocolate,
Turkish coffee, and soap. The OB volume levels were not significantly different between the
TDPD patients and the control group, however, it was determined that the NTDPD patients
OB volumes were lower than the control groups. However, when compared to their healthy
counterparts, TDPD individuals showed a decreased odour detection ability. The authors state
that the most common non-motor symptom of IPD is olfactory impairment and findings
suggest that OBV values in all PD patients did not alter with age, duration of the disease, age
at beginning of the disease, or Unified Parkinson's Disease Rating Scale motor scores
(UPDRS-m). This suggests that olfactory function is a complicated process that involves both
olfactory and cerebral components and therefore changes in OBV alone do not appear to be

directly connected to olfactory impairment in IPD.

To investigate the link between amyloid-related depression and the development of AD, Qiu et
al., (2016) conducted an observational study including 223 participants who did not have a
dementia diagnosis at the start of the study, and were all given a second cognitive examination
for incident AD. The genotype of Apolipoprotein E (ApoE) was established, and Non-amyloid
(NAD) vs. amyloid-associated depression (AAD) was classified by having a low vs. high
plasma amyloid-peptide 40 (A40)/A42 ratio, and any antidepressant use was noted. After an
average of 6.2 years of follow-up, 15 participants (7% of the total count) developed AD,
whereas no patients with NAS developed AD, on the other hand, 20 (9%) patients with AAD

did develop AD. Additionally, ApoE4 carriers had a greater risk of AD than ApoE4
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non-carriers (40% vs. 4%, p = 0.06) among individuals with AAD. In comparison, only 17
(8%) of individuals who did not have depression at the start of the study developed AD,
although results indicate that there was no difference in AD risk between ApoE4 carriers and
non-carriers. After controlling for age, the interaction between ApoE4 and AAD ( B =+0.113,
SE =0.047, p <0.02) was linked with the risk of developing AD, suggesting that AAD may be

a precursor to AD, particularly when also in the presence of ApoE4.

Jobin et al., (2020) conducted a systematic review to summarise the existing understanding of
the volume and cortical thickness of olfactory brain areas throughout the progression of AD.
12 papers were able to meet the strict criteria that included needing participants to already
have a diagnosis of AD or MCI, a control group of the same age, the use of MRI scans to
calculate cortical volume or thickness, and finally an assessment of olfactory capacities.
Results were consistent, as all papers reported decreased olfactory capacities in patients (AD
or MCI). Among these individuals, 8 studies found lower hippocampus volume, while 9
studies linked olfactory capabilities to hippocampal volume. The main olfactory cortex yielded
similar results, although the volumes of the amygdala and entorhinal cortex are similarly
changed, results on their association to olfactory ability remains inconclusive. Among the 12
papers, only a single one examined the link between OB volume and found no significant
results. Olfactory measures were also linked to the volume of the pre-central gyrus, ventricles,
and neocortex, suggesting that the olfactory deterioration seen in the early stages of AD may
be reflecting damage already present in these stages, particularly to the hippocampus and
primary olfactory cortex. The authors conclude by stating that olfactory deterioration might be

an early indicator of AD.
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Servello et al., (2011) investigated the role of the volume of the hippocampus and the ability of
olfactory tests to predict the development of MCI into AD. The study involved using Sniftin'
Sticks to evaluate the olfactory function of 18 patients with amnestic MCI (mean age 68.05
years) who were divided into normosmic, hyposmic, and anosmic groups, all of which had
hippocampus volumes measured by MRI brain scans. Results found that during the one-year
follow-up period, 5 MCI patients had developed AD, with an annual conversion rate of 27.7%.
4 patients (22.2%) were normosmic, 12 (66.6%) were classified as hyposmic, and 2 were
found to be anosmic (11.1% ). 4 out of 5 MCI patients who had developed AD showed
considerable bilateral hippocampus volume loss (1.3cm?), which was found to be related with
poorer threshold, discrimination, and identification scores when compared to patients who did
not develop AD. Findings suggest there was a statistically significant connection between MCI
and hippocampus volume reduction (p < 0.05), additionally, 8 MCI patients (46%) had
olfactory deficits in addition to hippocampus volume loss, 6 MCI patients (34%) suftered
hippocampal volume loss, 1 MCI patient (3%)had an olfactory impairment only, and finally 3
MCI patients (17%) had both normal olfactory function and hippocampal volume. These
findings suggest that in MCI patients who progressed to AD, there were significant olfactory
threshold, discrimination, and identification abnormalities, as well as cognitive and MRI
hippocampus volume reduction, implying that olfactory testing and the measuring of

hippocampus volumes may be useful in the early diagnosis of AD.

Vasavada et al., (2015) conducted an observational study to investigate if structural

degeneration of the primary olfactory cortex (POC) would be observable in both AD and MCI
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patients through functional magnetic resonance imaging (fMRI) scans. The process involved
27 cognitively normal (CN), 21 MCI, and 15 AD participants, who all had their total structural
volumes, volumes of their POC and hippocampus, as well as olfactory and cognitive
behavioural functions, evaluated. Results found that both AS and MCI patient groups had
significant atrophy in the POC and hippocampus. Behavioural and volumetric assessments
revealed a steady deterioration from CN through MCI to AD, however, the MCI group
demonstrated a quicker decline in the olfactory activation volume in the POC and
hippocampus when compared to similar tissue volume in the AD group. The authors conclude
by stating that the decline in olfactory activity was associated with the structural deterioration
of the POC in AD patients and that within MCI patients there was a greater impairment in
olfactory activity than in behavioural and tissue volume. These results indicate the potential of
fMRI to produce a sensitive marker of functional neurodegeneration in patients with MCI and

AD.
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Discussion

The hypothesis declared at the beginning of the current study stated that a link between AD
and PD development, OB volume and olfactory function (sense of smell) was expected.
Findings were fairly consistent across all studies, and the main findings of the results do
support this prediction as overall with (23) out of (25) studies confirming and therefore
strengthening knowledge on the link between sense of smell and OB deterioration caused by
neurodegenerative disorders. Additionally, there was evidence supporting the ApoE4 gene and
its role in the development of neurodegenerative disorders and AD in particular. Studies that
delved into the assessment of neurodegenerative disorders have provided a strong case of why
olfactory testing kits should be taken under consideration when screening for dementia in
higher-risk individuals, and showcased its usefulness in accurately assisting in pinpointing the

stage of degeneration due to its correlation inability to discriminate and identify odours.

Our main findings suggest that olfactory function was directly correlated with the
development of neurodegenerative disorders, supported by all 25 studies. During the
development of these dementias, the brain will begin to deteriorate, losing many memory and

olfactory functions due to the location of tau and Lewy bodies first appearing in the amygdala

51



Auckland University of Technology, Jia Prasad, 2021

and hippocampus, which are each responsible for recalling and processing memories, and the
sense of smell, respectively. This is supported by findings from Jobin et al., (2020) indicating
that the volume of the pre-central gyrus, ventricles, and neocortex was correlated to olfactory
performance in AD patients, proposing that the deterioration of the primary olfactory cortex
and hippocampus would directly reflect the severity of AD and impaired olfactory function.
Attems et al., (2015) additionally comment that not only does an impaired sense of smell
affect the quality of life in individuals, but may quicken the progression of the stage of
dementia in AD and PD patients who also have a form of MCI. This suggestion is also
supported by findings from Kotecha et al., (2018), which indicates that olfactory impairment
progressively worsens as MCI develops into AD. This aligns with findings from Behrman et
al., (2014) which imply that an individual’s olfactory performance is able to predict their
potential transition from MCI to AD with an approximately 85.2% sensitivity, showcasing the
reliability and accuracy of using impaired olfactory function as a biomarker for the
development for AD. This is also true for FTD, as findings by Carnemolla et al., (2020)
showcases individuals diagnosed with FTD also possessing greater instances of odour
identification defects. Additionally, this was also evident with patients suffering from PD as
evident by results from Tarakad and Jankovic, (2017) and Suzuki et al., (2021) indicating that
hyposmia would manifest more frequently in patients diagnosed with more severe cases of

PD, and therefore individuals with loss of smell should also be assessed for dementia.

The correlation found between the sense of smell and neurodegeneration further highlight our

results indicating the potential of using olfactory ability testing as an early identifier of

neurodegenerative diseases, this is reinforced by results from the Mahlknecht et al., (2016)
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study, which demonstrates the strength of Sniffin’ Sticks as a highly accurate, fast and
inexpensive tool that is able to identity PD due to the strong association between PD and
impaired olfactory function. This aligns with findings suggested by Devanand et al., (2014)
which reveal that even in adults with normal cognitive ability, the UPSIT was able to predict
cognitive deterioration more effectively and accurately than impaired verbal episodic memory,
as the UPSIT scores were directly correlated to MCI to AD transition 2-4 years prior to
diagnosis, indicating the strength and potential of odour identification measurements as early
biomarkers of cognitive decline and dementia. The potential of the UPSIT is additionally
reinforced by results found by Velayudhan et al., (2015) which indicate that the test was able
to pick up on the 12 odours which affected AD patients the most, and therefore could be used
for a rapid clinical scale for AD detection due to the frequency and effect of these scents on
individuals who have or are developing the disease. Findings by Haehner et al., (2014)
strongly imply that due to the olfactory abnormalities specific to PD being an early indicator
of the disease, olfactory assessments are highly useful in distinguishing the disease from other
dementia-causing conditions and aiding early and differential diagnosis. Results found by
Wesson et al., (2011) supports using olfactory impairment tests, which possess both accurate
readings of brain function and high diagnostic sensitivity for AD in combination with other
markers to create an accurate measurement of other dementias, and reflects on the noninvasive

nature as beneficial and less threatening for many patients.

The findings surrounding OB volume somewhat imply a relation to neurodegenerative

disorders, however, findings from Altinayar et al., (2014) suggests that OB volumes do not

appear to correlate with IPD, as individuals with NTDPD had an observable volumetric loss,
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but did not perform significantly differently from the control group, whereas individuals with
TDPD demonstrated a weaker performance, but no difference in OB, additionally OB volume
did not significantly change during the duration of IPD or age of the patients. Wang et al.,
(2011) report that both reductions in both the depth of the OB volume and system were found
in patients with PD and that a correlation between the OB volume and the strength of the
olfactory function was found. These support findings by Buschhiiter et al., (2008) implying
that a greater sense of smell was observable in individuals with greater OB, additionally a
significant correlation between age and decreased OB volumes was found, which may suggest
why the elderly have a poorer sense of smell. This is supported by Barresi et al., (2012)’s
findings, which show excellent potential in brain scans and OERPs as highly effective
early-stage clinical tools due to its lack of inherent response bias and its benefit to patients
who have difficulty speaking or communicating, allowing for subject analysis in many
situations. Findings by Al Ain et al., (2019) suggest similar claims, as results demonstrate that
the cortical thickness of the right inferior frontal gyrus, the bilateral fusiform gyrus and the
right entorhinal cortex, which receives direct input from the OB, was significantly correlated
to olfactory function. This was seen through results indicating that olfactory training would
improve the cortical thickness, which in turn would allow better olfactory performance in
individuals. To add to this, Brodoehl et al., (2012) state that studies using MRI were not
consistently providing conclusive answers on the relation between volumetric loss of the OB
and PD, which may imply why results from Altinayar et al., (2014) did not align with other
studied reviewed. By choosing to use a 3.0-Tesla MRI constructive interference, the authors
were able to find significant and observable height decline in the left OB. This may suggest

that the differences in the tool of measurement affected the imaging of the brain, and therefore
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differences were only observable when particular tools or tool settings were utilised, however,

at this time results surrounding PD, in particular, remain somewhat implied.

However, regarding AD and its link to diminished OB volume and olfactory function, on the
other hand, was very conclusive as Servello et al., (2011) report significant hippocampus
volume loss in patients which transitioned from MCI to an AD diagnosis, this important to
note as the OB is directly connected to the hippocampus, suggesting a possible linkage. This
similarly reflects findings by Vasavada et al., (2015), which state that deterioration of the POC
in MCI and AD patients are not only observable but can be used as a potential market for
neurodegeneration in MCI and AD patients, also suggesting that AD patients, in particular,
showed an observable volumetric loss. This is further evident by Mundifiano et al., (2011)’s
findings, which found a significant decline of the OB volume in AD patients only, whereas, in
patients that suffered from PD or FTD, OB volumes did not show significant differences when
compared to controls. This is completely in line with results found by Attems et al., (2012),
which suggest that changes in the OB and olfactory tract in patients with AD were directly
correlated with Braak stages, indicating that lower volume was linked with greater Lewy
bodies and tau proteins signalling greater AD progression, linking with evidence found by
Ubeda-Baiion et al., (2020). This reflects the findings of Kovacs et al., (2001) suggesting that
NFT spread causes further AD progression, and therefore measuring the OB, where NFTs will
be found, can be a suitable measure of AD in individuals. This is also supported by Voegels et
al., (2014)’s results which suggested that the number of NFTs in the OB, olfactory tract,

olfactory nucleus, amygdala and other olfactory-related areas in the brain is associated with
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diminished olfaction at the time of death, particularly in patients with AD but are found even

in cognitive impairment and dementia-free individuals.

Finally, this current study found evidence suggesting a link between ApoE as a potential risk
factor in AD patients due to its ability to influence receptors, the binding of lipids and
amyloid-P (AB), which aggregates in plaques within the brain, causing the formation of NFTs.
This is supported by results by Velayudhan, (2015) who found an association between the gene
and the development of AD and dementia, linking back to Burke et al., (2008) who suggested
that the spread of NFTs were directly linked to the progression of AD and Braak stages.
Findings by Qiu et al., (2016) further supports this by revealing AD was much more likely to
develop in individuals with ADD who were also carriers of the ApoE4 gene than individuals
who were not, suggesting that the presence of ApoE4 may manifest as transitioning from ADD
to AD. This is supported by Hawkes (2006)’s results, which found that individuals carrying
the ApoE4 allele would be approximately 5 times at risk to develop AD, though this does not

necessarily mean that it is guaranteed, it does account for genetic risk in AD.

Limitations

A major prevalent limitation of the current review includes the general nature of the
methodology, in which evidence was only as strong as the studies that were chosen, and a
large majority of the studies that investigated OB volume through volumetric scans included a
low participant count. Though understandable that the population available for research is very

slim and niche as they are generally much older (60+), and often must be diagnosed with a
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form of dementia, studies with lower participant count may be considered as having weaker

evidence.

Potential bias may be introduced in studies assessing olfactory function testing tools, such as
the UPSIT or the Sniffin’ Sticks tests. Coffee is a very frequent scent in these tests, and for
instance, might be more easily identifiable to individuals from Brazil and the United States of
America which are countries more readily exposed to the scent of coffee (Czarniecka-Skubina
et al., 2021), serving as a partial advantage due to familiarity of odours. Additionally, Stafford,
& Orgill, (2020) comments that drinking coffee before the assessment may enhance odour
(threshold) sensitivity but reduce odour identification, possibly giving a potential advantage to

certain individuals in some test areas.

MRI scans which measure the nasal cavity, piriform cortex and olfactory bulb are located deep
in the brain, where MRI may be affected by noisy signals (magnetic artefacts), which could
potentially adversely influence the detectability and reproducibility of the scans leading to

inaccurate information that may compromise the strength of the research (Lu et al., 2018).

Recent studies surrounding ApoE were difficult to find due to the majority of research
surrounding non-human subjects, often due to ethical reasons, or being considered as outdated.
The frequency of studies that were used in this current research based on the topic was not
equal, as the majority of studies surrounding MRI scans favoured discussion of AD rather than
PD. Due to the nature of these observational (quantitative) studies, lived experiences of the

elderly community’s olfactory dysfunction was not stated nor collected here, which would
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have given a deeper insight into how this affects daily life on a personal level, rather than
simply understanding and acknowledging how this creates non-personal quality of life

changes.

Observational studies are prone to a common limitation of lacking the ability to control the
environment. Though most studies did include the use of control groups to represent the
alternative of the independent variables, in research which simply aimed to view the
differences between the healthy and dementia affected brains, they are unable to account for

possible other variables and therefore it becomes more difficult to determine causation.

Future Research

Future studies may aid in contributing to other currently unexplored links between sense of
smell and neurodegenerative disorders by investigating and finding more conclusive evidence
around the association between additional PD symptoms and phenotypes, olfactory function,
and olfactory bulb, which was implied but may not be strongly suggested. Research with the
3.0-Tesla MRI may prove to show more conclusive findings, and consistent data due to its
stronger imaging power, and in particular, could be used to further analyse the spread of NFTs
and Lewy bodies in the brains of AD and PD patients. Additionally, deeper studying into the
ApoE genes and how it affects the development of AD in humans and how it is activated could
be beneficial to discriminate between the gene variants and plan future treatments. Further
research may also look into comparing olfactory testing with new emerging blood testing,

which recent evidence suggests may have high accuracy in identifying neurodegenerative
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disorders before key symptoms identifiers, and has been noted as a potential biomarker for AD

in particular (Kim et al., 2021).

This current study focused on articles primarily heavily centred around AD and PD, and
though aligning with the purpose of the current study, additional research into less common
types of dementia and neurodegenerative disorders may also have provided some benefit to a
deeper understanding of how other forms of disorders may have associations with olfactory
function. Future research may also investigate relations between new viruses (SARS-CoR-2)

and the link between ageusia (loss of taste) and loss of smell.

Overall, deeper and larger research involving further observational testing could prove to

improve research in this field.

Conclusion

The clear evidence of olfactory function as a measurement of dementia supports the use of
olfactory testing as an early identifier of preclinical dementia. Specific regions of the brain
impacted by dementia (hippocampus and amygdala) are directly connected to the olfactory
system, and therefore an impaired sense of smell could signal the spread of NFTs and Lewy
bodies in these regions, indicating the development of AD and PD. Furthermore, the use of
UPSIT as a predictor of MCI transitioning into AD is significant, due to showing greater

promise than verbal episodic memory loss which is a key factor in AD development. Some
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research indicating training of olfactory functions may help as a preventive measure against
volumetric loss of the OB, particularly in healthy individuals, which is connected to the

strength in one’s sense of smell.

The new variety of assessment tools that all directly (through brain scans) or indirectly
(through olfactory function) measure the structure of the brain and the volume of the OB shine
a light on the bright future for earlier detection of neurodegenerative disorders. Though this
study does not recommend one specific olfactory test over another, the use of these
assessments serves as an inexpensive and quick tool that may cut down the time of
neurodegeneration detection, leading to an earlier diagnosis and therefore earlier treatment

being administered helping improve outcomes for individuals with dementia.
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