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1. INTRODUCTION 
1.1 THE EVOLUTION OF THE OLFACTORY SYSTEM 
In many ways, the sense of smell can be ascribed as being the 
primary sense; it is sensed by the first cranial nerve, phylogenet-
ically considered our oldest sense [1], and the first of the sensory 
systems to embryologically develop in mammals [2]. The 
chemosensory perception of the world and the subsequent effects 
on behaviour has an evolutionary trail back to bacteria [3]. How-
ever, this ancestry has more relevance for the function of the brain 
than just evolutionary curiosity; the oldest sense has an exclusive 
fingerprint of neural pathways, which contributes to the unique 
role of olfaction in the human brain. While all other senses are 
connected to the telencephalon via the thalamus, the olfactory 
input enters its primary cortex without thalamic relay [2,4]. The 
primary olfactory cortex (OC) is clenched between key cortical 
areas of limbic and memory processing, to which it is strongly 
connected via neural pathways (Figure 1.2 and figure 4.3). 
    In the novel ‘Das Parfum’, Patrick Süskind depicts an olfactory 
child prodigy, Jean-Baptiste Grenouille, for whom the sense of 
smell offers unique perceptions of the world around him [5]. Had 
his abilities to identify stone, wood, and water come from visual 
input, he would be regarded as an ordinary boy, but as he is able to 
distinguish and identify the world around him from the olfactory 
cues alone, the readers are drawn into a parallel sensory universe. 
To shift the perceptual weight from vision to smell is counterintui-
tive, perhaps even animal-like for some. Though supermarkets and 
expiration dates on milk cartons may have dulled our appreciation 
of olfaction as a vital tool for procuring food and avoiding decayed 
foods, the sense of smell still plays a – perhaps more subliminal - 
role to safeguard our survival. By utilising the strong connections 

to memory and limbic pathways, babies are from birth using their 
sense of smell to recognise their mother and are comforted by the 
flavour of her breast milk [6]. When choosing partners, body 
odour has an impact on attractiveness and the desire to procreate, 
which is driven by an olfactory registration of optimal genetic 
compatibility [7,8]. Furthermore, olfaction is a potent trigger of 
pleasure [9,10], emotions, and memory [11], and in this way guid-
ing through many aspects of life. Yet, little attention is given to the 
impact of olfaction. 

1.2 FROM CHEMISTRY THROUGH SENSATION TO ACTIVATION OF 
THE PRIMARY OLFACTORY CORTEX 
While other senses have a clearly defined spectrum of sound fre-
quencies or wavelengths of light, the chemical senses – and espe-
cially olfaction – have proved difficult to quantify. Since ancient 
times, there have been attempts to classify odours. One of the first 
descriptions of odour classification dates back to Theophrastus 
(371-287 BC), a student of Aristotle, who wrote: “Odours in gen-
eral, like tastes, are due to mixture; for anything which is uncom-
pounded has no smell, just as it has no taste: therefore simple 
substances such as water, air and fire; on the other hand earth is 
the one elementary substance which has a smell, or at least to a 
greater extent than the others, because it is of a more composite 
character…” [12]. From this short paragraph, we can appreciate 
the complexity and challenges of understanding how odours are 
perceived; in ancient Greece, water, fire, air and earth were per-
ceived as the smallest components, the building blocks for every-
thing, the basic elements. With a modern understanding of chemis-
try, a major step has been taken towards more accurately 
describing the constituents of smell.  
   From describing the volatile chemical constituents of an odour, 
the next step in the process of understanding olfaction is the sensa-
tion and peripheral perception of odours. In this step, volatile 
odorants enter the nasal cavity, travel to the olfactory cleft, where 
they bind to olfactory receptors (OR) on the olfactory epithelium. 
In the aqueous mucus of the epithelium, odorant binding proteins 
are believed to enhance the binding of hydrophobic odorant to the 
ORs [13].  

 
Figure 1.1. Examples of possible confounders in olfactory test-
ing. There are possible confounders in olfactory testing on all levels - from 
chemistry to peripheral sensation to perception and brain processing - 
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depending on the design and methods applied. In this dissertation, study I 
exemplified the variance in chemical compounds, as different cultivars of 
apples have heterogeneous profiles of volatile odorants. Study II investi-
gated chemical resemblance within the same odour-object category. Study 
III investigated the role of odour familiarity, while study IV investigated 
the impact of olfactory brain template variation. OSN: Olfactory sensory 
neuron. OR: Olfactory receptor. 
 
   The ORs were only characterised a few decades ago by the 
Nobel Prize winning work of Linda Buck and Richard Axel [14]. 
Although the OR activation mechanism by chemical binding 
between the odorant and OR is supported among many researchers 
in the field, there is still an ongoing discussion on this matter, 
where Luca Turin and colleagues argue for an important role of 
the vibrational properties of an odorant in the binding to OR [15-
17]. Whatever the exact mechanisms of odorant binding may 
entail, there is an increasing understanding of how the olfactory 
neurons mature to express only one OR gene [18], how the olfac-
tory placode preserves its stem cells throughout life to replace ORs 
[2], and how the patterns of OR activation by an odorant can en-
code the identity of odours [19]. 
   The human receptor repertoire consists of approximately 350-
400 active OR types, where most odours activate a certain subset 
of these ORs in order to create an odour-image [20]. This odour-
image is created on the level of the ORs and the olfactory bulb, but 
is not uniform across individuals; due to genetic polymorphisms 
alone, the OR alleles differ functionally between individuals with 
more than 30% [21]. Combined with variations in the expression 
of active human ORs [22], the sensation and peripheral registration 
of odour have substantial variation [23]. The expression of certain 
receptors may also completely change the perception of an odour, 
which seems to be the case with cilantro (Coriandrum sativum); 
the expression of the receptor OR6A2 is proposed to be the reason 
why many people detects a soapy aroma in cilantro due to the 
overlap of aldehydes in the two odour-images [24,25]. Conse-
quently, if odours have a high chemical resemblance, this can 
result in overlapping odour-images, which may cause difficulties 
in discriminating odours even in normosmics (Figure 1.1 and study 
II).  
   The route of odour stimulation can also be important, as retrona-
sal and orthonasal stimuli are perceived differently [26]. This 
duality in the perception of flavour is unique to mammals [27], 
with the orthonasal function is believed to be optimised for sensing 
certain qualities of odours from a distance (is there a trace of food 
or danger in the air?). Once the food has passed the orthonasal 
odour evaluation, the retronasal odours form an important inte-
grated part of flavour perception and the decision to swallow [28].  
   Signalling of odorant binding to the OR is conveyed through the 
cribriform plate by the olfactory sensory neuron (OSN) to the 
glomeruli, where OSNs with identical ORs converge in glomeruli 
in the olfactory bulb [29]. Already at the glomerular level, there 
seems to be differences in the neural architecture; glomeruli that 
process information from a broadly tuned OR have a higher degree 
of lateral processing and fewer connections to the OC, compared 
with glomeruli that process information from ORs that are more 
finely tuned in their selectivity of compatible odours [30]. These 
peripheral differences in processing, along with the neurogenesis 
and plasticity [31], emphasise the roles of ORs and the olfactory 
bulb as important factors in understanding olfactory processing 
[32]. However, with the limited spatial resolution of current neu-
roimaging techniques, the best described finding in humans is that 
the size of the olfactory bulb often decreases in diseases affecting 
olfactory function [33]. Although the bulb size can be used as a 
supportive parameter in the diagnostics of anosmic patients, it is 
difficult to use this measure to differentiate between etiologies 
when the mechanisms behind these processes are still unclear [34]. 
   In the glomeruli, the OR neurons synapse with second order 
neurons, namely mitral cells, periglomerular cells, and tufted cells. 

While the periglomerular cells have a role in local modulation and 
output inhibition [35], the axons of the mitral and tufted cells 
constitute the lateral olfactory tract [36]. The lateral olfactory tract 
ends at the synapses of the primary olfactory cortex – these synap-
ses are fairly important, as they define what the primary OC is 
[37]. This direct input from second order neurons to the OC with-
out thalamic relay makes olfaction unique among all senses [4].  
   The two different types of projection neurons convey different 
information from the olfactory bulb to the OC: the tufted cells 
exhibited shorter onset latency across a wide range of odour con-
centrations, while the mitral cells only responded to stronger odour 
concentrations; furthermore, the tufted cells were restricted to 
focal targets in the anterior part of the piriform cortex, while the 
mitral cells had synapses across the entire primary olfactory cortex 
[38]. This segregation of afferent information underlines the seg-
regation of olfactory processing in the OC, which is key in defin-
ing templates for investigating olfactory processing, as highlighted 
in study IV of this thesis.  
   While most data on the molecular level and cellular connections 
are based on studies in flies, mice, and non-human primates, it is 
generally believed that these findings are also applicable to hu-
mans [39]. However, with recent advances in neuroimaging, an 
emerging understanding of the complex olfactory processing in 
humans has been underway for the last few decades. This is de-
scribed in more detail in chapter 1.5 of this thesis and in study IV 
[40].  

1.3 OLFACTORY IMPORTANCE IN HEALTH 
Olfaction has for millennia been vital for survival, as spoiled foods 
could prove fatal – even after the invention of refrigerators and 
expiration dates. Orthonasal smell would guide the decision to 
initiate eating, whereas retronasal olfaction would evaluate the 
food before ingestion in conjunction with taste, tactile sensation, 
temperature, and sound [10]. The dependence on olfaction for 
survival has led to theories that this sense has been one of the most 
important driving forces for developing the brain [27]. In order to 
ensure a sensible reaction to an olfactory stimulus, some odour 
inputs are attributed a positive hedonic valence, such as the scent 
of the mother for a newborn infant [41,42]. Other odours induce 
the exact opposite effect, such as an innate stress hormone re-
sponse for predators [43,44].  
   With pleasure as a common currency, odours can inflict similar 
responses in the brain as other fundamental rewards, such as food, 
sex, and social stimuli [45], as well as more abstract rewards, such 
as art, money, and music [46]. It is important to emphasise that the 
perception and processing of food is affected by all senses, though 
olfaction has been acknowledged as a key contributor (Figure 1.2). 
Odours are also essential in social communication [47,48], in 
dietary behaviour [49], and can even influence the choice of part-
ner [7]. Though less obvious than other senses such as vision, 
hearing, or touch, we are strongly affected by the olfactory cues 
we perceive. Consequently, the loss of the olfactory sense can lead 
to a substantial reduction in the quality of life [50], and even in-
crease the risk of depression [51]. 
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Figure 1.2. Sensory processing and the hedonic regions involved. 
(A) All senses are used in the evaluation of possible food sources. (B) 
There is a uniform topology of cortical activation between human subjects 
across all sensory modalities. (C) There is a large group of hedonic regions 
and hot spots in the brain, to many of which, olfactory input are potent 
triggers [10].  

1.4 OLFACTORY LOSS IN DISEASE  
Among the otherwise healthy general population, between 10-20% 
suffers from an impaired sense of smell, of which approximately 
one fifth are anosmic [52-56]. Olfactory assessment is essential for 
elucidating the degree of olfactory loss and, as such, forms an 
important part of the otorhinolaryngologic examination, especially 
e.g. in patients undergoing nasal or skull base surgery, in patients 
with nasal or sinus diseases, and in patients with olfactory loss to 
evaluate the effects of surgery or medical intervention [57]. In 
addition to affecting the quality of life, olfactory loss can be a 
prodromal symptom and potentially an early clinical biomarker of 
neurologic, psychiatric, and neurodegenerative diseases, such as 
Alzheimer’s and Parkinson’s disease [58-60]. It can thus be used 
to support diagnostics and as a prognostic assessor [61-64]. 
   In an etiological analysis of patients suffering from olfactory 
disorders in otorhinolaryngological clinics, 72% were due to si-
nonasal causes (i.e. rhinitis or chronic rhinosinositis (with/without 
nasal polyposis)), 11% were due to post infectious inflammation, 
5% were due to head trauma, 1% were congenital, 5% were caused 
by tumours, toxicity or iatrogenic, while 6% were idiopathic at the 
time of the visit [65,66]. However, depending on etiology classifi-
cation, and the selection of patients for a given clinical setting, the 
distribution of underlying pathologies varies. In a recent large 
study on the causes of olfactory loss, the etiologies of olfactory 
loss were registered for 8,615 patients, who presented with the 
symptom ‘olfactory loss’ or who underwent olfactory testing as 
part of their clinical diagnosis [67]. In this study, 35% were due to 
viral causes, 23% were idiopathic, 19% were sinonasal, 17% were 
due to head trauma, 2,4% were congenital, 1,8% were neuro-
degenerative, 1% were due to toxic exposure, and 0,4% were due 
to tumours or stroke.     
   Overall, the etiology of olfactory loss can be divided into three 
main categories: conductive dysfunction, sensorineural dysfunc-
tion, and dysfunction of central pathways. However, these studies 
clearly accentuate the diversity in etiologies, and the demand for 
improving the diagnostic tests to accurately detect hyposmia or 
anosmia, and ultimately differentiate between the causes of olfac-
tory deficits.  

1.5 TESTING OLFACTORY FUNCTION 
Olfactory function can be hard to quantify. The most common 
feature of olfactory function to be quantified is the ability to iden-
tify an odour (odour identification testing), but also other aspects 
of olfactory function can be tested, such as the ability to discrimi-
nate between odours (odour discrimination testing), the concentra-
tion required for detecting an odour (odour threshold testing), and 
odour memory can be measured [54,68] using simple sources of 
odours.  
   Olfactory testing is available in several different forms, from 
tests and examinations relevant for examining underlying pro-
cessing, pathology or etiologies in research settings, to more clini-
cally applicable tests optimised for patient screening and diagnos-
tics. All tests have their advantages and limitations in terms of 
practicability, time consumption, cost, and potential gain of infor-
mation, which are important to take into consideration when plan-
ning a diagnostic program. 
   Apart from the quantifiable measures of olfactory function, some 
patients suffer from qualitative alterations in olfactory function, 
such as distorted perception of odours (parosmia) or olfactory 

perception without stimulus (phantosmia). These qualitative altera-
tions are not normally tested with standard olfactory test-batteries, 
but can be measured using e.g. questionnaires on perception and 
hedonic yield. 

1.5.1 Psychophysical testing 
The most widely used olfactory test is the Sniffin’ Sticks (Burghart 
Messtechnik GmbH, Wedel, Germany), which is a psychophysical 
test for determining olfactory function. This test has been translat-
ed and validated in several European countries, including Italy 
[69], Germany [54], Greece [70], the Netherlands [71], United 
Kingdom [72], Turkey [73], Poland [74], and Portugal [75]. It is 
based on felt-tip pen-like devices containing common odours 
selected specifically to be applicable in the general European 
population [76]. It is available in two versions: the Sniffin’ Sticks 
identification test (SIT), for a fast screening of olfactory function 
(12- or 16-item tests), and the Sniffin’ Sticks test for evaluating 
odorant threshold, discrimination and identification (TDI) abilities 
(112-items test) [77,78]. The main purpose of the SIT is a rapid 
screening to identify patients who need additional olfactory diag-
nostic evaluation, while the TDI-test offers a more comprehensive 
understanding of the severity of olfactory deficits. A major ad-
vantage of the Sniffin’ Sticks, is the extensive amounts of norma-
tive data generated for both normosmics, hyposmics, and anosmics 
[54,67]. Furthermore, the re-test reliability is also well established, 
making it a solid tool for reassessing patients after treatment or 
surgery [79,80]. 
   Another widely used test for olfactory identification is the Uni-
versity of Pennsylvania Smell Identification test (UPSIT), where 
odorants are microencapsulated on the paper of the test kits [81]. 
The identification scores of the UPSIT test have been shown to be 
comparable with the Sniffin’ Sticks identification test [82]. The 
UPSIT does offer the advantage of not requiring a healthcare 
professional present during testing [1], and by microencapsulating 
odorants, olfactory testing can reach unprecedented amounts of 
subjects, exemplified by the National Geographic Smell Survey 
that collected data from more than a million participants [83]. 
However, as each test can only be scratched and smelled once, it 
can quickly become expensive compared to other olfactory tests. 
Furthermore, to test different components of olfactory abilities in 
patients can be important for achieving a comprehensive evalua-
tion of the of olfactory function, as some patient groups may suffer 
from more pronounced losses in certain qualities of their function 
[84,85].     
   Several methods have also been made available for retronasal 
olfactory testing. One example is the candy smell test [86], where 
the sweet-tasting medium for odour delivery can have an ad-
vantage especially in young children, while other tests apply 
retronasal stimulation by using oral application of grocery store 
condiments and food items in powder form [87,88].  
   Numerous other psychophysical tests for testing olfaction have 
been described [89-91]. Although different test scores varies be-
tween etiologies on a large-group level [85], differentiating etiolo-
gies of hyposmia or anosmia lies beyond the information acquired 
from psychophysical testing, independent of which tests are being 
applied. 

1.5.2 Electrophysical olfactory assessment  
For most clinical purposes, psychophysical testing is sufficient to 
assess olfactory function. However, as it requires the ability and 
will of the patient to cooperate, more objective measures of olfac-
tory function may be needed. This can be made possible by meas-
uring response upon stimulation of the olfactory epithelium with 
an odour using an olfactometer, ensuring the required temporal 
accuracy. Olfactory event-related potentials can then be measured 
at the level of the olfactory epithelium with electro-olfactography 
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(this requires an electrode in contact with the olfactory epithelium 
in top of the nasal cavity), or more centrally with electroenceph-
alography (EEG) (with electrodes on the scalp) [33,92,93].    
   In medico-legal cases where an objective assessment is obligato-
ry, central measurements of olfactory neural activation are useful, 
which can be obtained in a reproducible manner with EEG at 
specialised olfactory clinics.  

1.5.3 Neuroimaging 
Conductive causes of hyposmia/anosmia can sought to be identi-
fied with an endoscopic nasal examination, or a Computer Tomog-
raphy (CT) scan of the sinuses if chronic rhinosinusitis is a differ-
ential diagnosis. If the endoscopic nasal examination is normal, yet 
the olfactory testing reveals a diminished olfactory function, fur-
ther causal investigation is required. If there are no signs of chron-
ic rhinosinusitis, inflammation, or plausible explanations in the 
past medical history, a sensorineural etiology should be considered 
[57]. The quest for sensorineural causes can require an array of 
different tactics dependent on the suspected cause, which can 
range from trauma [94] to depression [95], schizophrenia [96], and 
the aforementioned neurodegenerative diseases. Structural se-
quences of magnetic resonance imaging (MRI), such as T1 and 
T2-weighted scans, can potentially disclose tumours [97], as well 
as changes to the olfactory bulb [33]. Functional magnetic reso-
nance imaging (fMRI) studies can elaborate on activation of pri-
mary and secondary olfactory cortices. On a group level, the high 
spatial resolution of fMRI has provided many insights as to which 
areas are activated by olfactory stimuli. Nevertheless, the low 
temporal resolution has left researchers in the dark concerning the 
temporal sequence of activation cascades.  
   Magnetoencephalography (MEG) has in recent years been intro-
duced as a scanning modality in olfactory research. MEG data can 
be used to detect new aspects of odour-induced changes in brain 
activity [98,99], as it offers a high temporal resolution. This can 
contribute to new insights on cerebral olfactory torrents of activa-
tion on a millisecond scale. The MEG sensors record the magnetic 
fields produced by any perpendicular electric current, in accord-
ance with Maxwell’s equations. However, the magnetic field 
sensors used in MEG have a limitation in their ability to capture a 
balanced picture of olfactory brain activation. Firstly, estimating 
the cerebral current source of the measured magnetic field distri-
bution is driven by a priori source assumptions making the analy-
sis of MEG results highly susceptible for interpretation errors (the 
inverse problem) [100,101]. As the piriform cortices and other 
olfactory areas of interest are located far from the skull (and mag-
netic sensors), the cortices are, thus, difficult to detect and differ-
entiate. Secondly, the electric current dipoles of firing neurons 
must have parallel orientations to give rise to measurable magnetic 
fields, so the magnetic fields are mostly limited to a layer of py-
ramidal cells situated perpendicular in the cortical surfaces of the 
sulci; thus, the secondary olfactory areas includes amygdala, hip-
pocampus and several other deeper cerebral areas [102], which do 
not produce a uniform magnetic signal ideal for source localisa-
tion. Nonetheless, recent advances in pre- and post-processing of 
MEG data have made it possible to detect activation in these deep 
structures [103,104]. By conducting experimental and control 
tasks with identical stimulus parameters in the scanner, an estimat-
ed activity of more superficial brain areas can be subtracted in 
order to detect weak deeper sources [105].  
   Due to these limitations, multiple repetitions of stimuli is neces-
sary to improve the signal to noise ratio. However, the amount of 
repetitions is limited by the time-costly odour free phase between 
odorant stimulation, and the stimulation duration is limited due to 
irritation of the olfactory epithelium. If a MEG study aims to 
investigate evoked potentials on a subject level instead of a group 
level, the requirement for increasing signal to noise ratio is in-

creased even further. Prior studies of single subject level MEG 
analysis had to use several thousand repetitions of stimuli to im-
prove the signal to noise ratio, even though the cortical area of 
interest was closer to the magnetic field sensors, compared to the 
olfactory cortex [106]. As the analysis of MEG signals requires 
good a priori assumptions of activated areas to take the inverse 
problem into account, a detailed structural knowledge is essential 
before conducting MEG scans, to ensure the full potential of this 
olfactory neuroimaging modality. This calls for a highly detailed 
description of the primary olfactory cortex. However, if used in 
conjunction with other neuroimaging modalities, MEG can pro-
vide valuable information, especially due to its high temporal 
resolution.  
   All functional olfactory neuroimaging modalities are dependent 
on a normal conduction of odorants to the olfactory receptors and 
a functioning peripheral sensorineural conduction of stimuli. The 
conduction of odorants can be affected by small changes in the 
nasal epithelium due to various factors, such as irritants, tempera-
ture change, inflammation, a common cold, and the nasal cycle, 
causing major - and fluctuating - variations of olfactory stimula-
tion and subsequent cortical activation. These functional scanning 
modalities produce a snapshot of the activation in that exact time 
and space. This does not necessarily have any consequences at a 
group-level; however, the low reliability of olfactory activations 
should prompt major reservations over using fMRI of human 
olfaction as a diagnostic tool in single subjects [107]. Although 
fMRI has contributed immensely to the understanding of the func-
tions of the living human brain, increasing concerns have been 
raised regarding the reliability of this surrogate measure of brain 
activity [108,109]. Although claims of limitations can be made 
concerning fMRI (and probably all other neuroimaging modalities, 
for that matter), functional findings from fMRI studies may be 
reinforced by other neuroimaging modalities, by adding a neces-
sary dimension of confirmatory analysis or supportive results. 
   Structural olfactory neuroimaging does not rely on successful 
olfactory stimulation and activation of relevant brain areas. With 
structural MRI and diffusion tensor imaging (DTI) scans, it is 
possible to visualise the volume of primary and secondary olfacto-
ry cortices, which can be correlated to psychophysical olfactory 
testing scores [110]. Segura and colleagues showed that olfactory 
performance is also correlated with postcentral gyrus cortical 
thickness, as well as with fractional anisotropy and mean diffusivi-
ty levels in the splenium, other parts of the corpus callosum, and 
the superior longitudinal fasciculi, offering highly intriguing in-
formation on cerebral olfactory structures and plasticity. As the 
function of the brain is constrained by the structural neural scaf-
folding [111], investigating structural olfactory connections may 
add valuable information to our understanding of healthy and 
pathological olfactory patterns.  
   Olfactory impairment in Parkinson’s disease has been linked 
with white matter abnormalities around the primary olfactory areas 
[112]. Furthermore, olfactory dysfunction was associated with 
atrophy in the piriform cortex and OFC, where progression of 
olfactory dysfunction was significantly correlated with OFC atro-
phy [113].  Although these previous studies are based on crude 
changes in voxel-based morphometry, it is a clear indication of a 
link between olfactory function and structural changes. This calls 
for a more detailed analysis of structural changes in diseases af-
fecting olfactory processing and function, such as investigating 
changes in the structural brain connectivity. 
   The study of structural brain connectivity has given rise to con-
nectomics - the comprehensive mapping of neural connections in 
the brain [114]. This map uses DTI to measure the diffusion of 
water molecules constrained by the white-matter fibre tracts (ax-
ons), typically on the scale of millimetres [115,116]. The connec-
tivity between brain regions can be reconstructed using methods 
such as probabilistic tractography, which combines information 
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from measures of fractional anisotropy, local level of mean diffu-
sivity, radial diffusivity, and axial diffusivity [117-119], offering 
detailed information of the structural neural networks of the brain.  
   With the complexity of olfactory sensation and perception and 
the subtle differences in alterations of olfactory function in numer-
ous diseases, there is a demand for highly accurate testing of olfac-
tory function. This applies for both research on receptor function, 
psychophysical testing, and neuroimaging studies. This is essential 
for a thorough understanding of the mechanisms underlying olfac-
tory processing and the establishment of well-characterised olfac-
tory deficits as prodromal signs of disease in the brain.  

1.6 OLFACTION RESEARCH IN DENMARK AND FLAVOUR INSTITUTE 
In 2013, when the current PhD was initiated, there were no vali-
dated Danish olfactory tests, or clinical assessments available for 
Danish patients with olfactory deficits, and little coordinated effort 
to change this. Research on olfaction and disease had only started 
to emerge, as Professor Therese Ovesen had initiated cooperation 
between olfactory related medical specialities under the name 
Olfaction Research Centre Aarhus. This led to the initiation of 
several olfactory research projects within the field of basic medical 
science. However, the olfactory research in Aarhus really caught 
momentum following a meeting in Oxford in 2015. With my 
supervisors, consisting of a clinical professor in otorhinolaryngol-
ogy, Therese Ovesen, a neuroscientist and PET-specialist, Arne 
Møller, from Aarhus University, and a professor in neuroscience 
with great experience in flavour research, Morten Kringelbach, 
from the University of Oxford, we founded the Flavour Institute 
and defined its initial goals and tasks. As a result of the strong 
profiles and work of my supervisors, a list of prominent research-
ers in the field of Flavour research agreed to join our advisory 
board. With promising collaborations between Aarhus, Beijing, 
Dresden, Yale, and Oxford, a line of passionate young flavour-
researchers are about to join the Flavour Institute for their PhDs, 
postdocs, and medical degree research dissertations. Various tools 
for olfactory testing have already been validated, while more 
normative data and several validation studies are in progress, 
creating a solid base for future flavour studies in Aarhus. The state 
of the art neuroimaging facilities at Aarhus University, combined 
with the strong analytic capacity at University of Oxford, opens up 
for endless research possibilities, where neuroimaging modalities 
such as PET, MEG, MRI, DTI, fMRI and EEG can be combined 
with behavioural data and other fields of research at Aarhus Uni-
versity and collaborators.  

1.7 STRATEGY OF THE PHD PROJECTS 
Given the starting point with Danish clinical olfactory research, 
the first focus of the PhD was to draw attention to olfaction and 
olfactory deficits among the general practitioners and ENT clinics 
in Denmark. Therefore, the initial work included a review article 
on olfaction [57]. As anosmia and hyposmia are fairly common, 
but often goes unnoticed by physicians in Denmark, this review 
article was written in Danish with intent of publication in Ugeskrift 
for Laeger, as this would reach a high number of physicians in 
both the primary and secondary sector in Denmark. However, as 
this review was not written in English it cannot constitute a formal 
part of this PhD dissertation. The article was published online by 
the journal in 2014. The increase in referrals of anosmic and hy-
posmic patients to the department of otorhinolaryngology at Aar-
hus University Hospital indicated a raised awareness of olfactory 
disorders, a focus on diagnostics of anosmia, and an increased 
interest from patients for participating in research studies on hu-
man olfaction.  
   During the process of writing the review, it came to my attention 
that the commonly used clinical tool for olfactory screening, the 
Danish 12-item Sniffin’ Sticks identification test, had not been 

validated before implementation. As this tool is a fundamental part 
of my PhD project, we immediately initiated a validation study, 
which identified and corrected four systematic errors in the origi-
nal test. This study was published in Clinical Otolaryngology in 
January 2015 and the results were subsequently implemented both 
clinically, and in olfactory and neurologic research projects.     
   As we identified a common cause of confusion between de-
scriptors of different citrus fruit odour descriptors, we made an 
additional study to investigate the underlying mechanisms from a 
chemical perspective. This study was published in Chemosensory 
Perception. 
   As we observed that children and adolescents had lower identifi-
cation scores and had difficulties understanding and recognising 
the descriptors validated test for adults, further studies of the 
Sniffin’ Sticks as a clinical tool for testing olfaction in adolescents 
were initiated. Apart from modifying and validating the Sniffin’ 
Sticks for clinical use in an adolescent population, the primary aim 
of this study is to investigate the role of odour familiarity as an 
underlying mechanism in different olfactory identification scores 
between adolescents and adults. This study is in review in Chemi-
cal senses. 
   Since we are in the fortunate situation of using multiple neu-
roimaging modalities for our olfactory research, both in Aarhus 
and Oxford, a promising approach is to combine structural and 
functional neuroimaging to gain a more comprehensive under-
standing of olfaction, and perhaps even extend this further to 
whole-brain computational modelling. The use of multiple neu-
roimaging modalities highlighted an important issue that we only 
came to realise when we began looking at different olfaction data; 
we identified a discrepancy in the brain templates used for func-
tional neuroimaging and those traditionally used for other neu-
roimaging modalities [120-122]. We analysed the underlying 
differences in the structural connectivity network of these olfacto-
ry cortical templates, and used this method to introduce a new OC 
parcellation, which combines prior OC templates with information 
from the structural connectivity profiles. This study is in review in 
the Nature journal, Scientific Reports. 
   Consequently, a main focus of this PhD is to combine infor-
mation from functional and structural neuroimaging in order to 
create an olfactory template that can be used across all neuroimag-
ing modalities, with a secondary focus on improving understand-
ing and application of behavioural measures of olfactory testing. 

2. HYPOTHESIS AND AIMS 
The main aim of this thesis was to develop tools and methods for 
optimising olfactory testing in both peripheral and central parts of 
the olfactory system. Initially, the focus was to ensure that the 
tools for olfactory testing in Denmark were validated for clinical 
use and comparable with the international literature. This allowed 
for us to focus on more generalisable aspects of olfactory testing, 
such as chemical resemblance in descriptors of identification tests, 
the role of familiarity in the age-related improvements of olfactory 
identification skills, and lastly to tie bonds between the structural 
and functional neuroimaging modalities to form a unified tool for 
investigating central olfactory processing.  

2.1 OLFACTORY SCREENING: VALIDATION OF SNIFFIN’ STICKS IN 
DENMARK 

2.1.1 Problem definition 
Olfactory identification scores are highly dependent on the famili-
arity of descriptors, which can be affected by factors such as cul-
tural and linguistic differences. Consequently, the original Sniffin’ 
Sticks publications stated that the four descriptors for any given 
odorant should have a correct identification rate of at least 75% in 
a normosmic population [76,77]. This requirement was a great 
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display of foresight, as the familiarity of odorant descriptors 
around the world has been shown to have a large degree of varia-
tion [69,72,73]. By defining both basic requirements for the identi-
fication of each odorant and publishing large datasets of normative 
data [54], a standardisation of the SIT has to a large extend been 
established across borders and cultures. This is an absolute prereq-
uisite for having a more unified field of international olfactory 
research, where results and conclusions have greater external 
validity. However, the Danish Sniffin’ Sticks SIT has not been 
validated. 

2.1.2 Hypothesis and aims 
The SIT12 has been translated from German to Danish without 
validation in a Danish population. As these two countries are 
closely related both linguistically and culturally, we hypothesised 
there was no significant difference in correct identification rates 
between odorants, and that these rates were all above 75% in a 
normosmic Danish population. We aimed to test this hypothesis 
and had prepared a modification process if it turned out we had to 
reject the hypothesis. Hereafter, independent of outcome, we 
would in the end have a validated tool for olfactory testing in 
Denmark.   

2.2 CONSIDERING CHEMICAL RESEMBLANCE: A POSSIBLE CON-
FOUNDER IN OLFACTORY IDENTIFICATION TESTS 

2.2.1 Problem definition 
From the validation of the SIT12 (study I) we learned that some 
closely related descriptors caused confusion among normosmic 
participants, where 34 % of test participants identified the lemon 
odorant as grapefruit. The study design of our validation study 
enabled us to understand the underlying cause of this confusion; 
the participants primarily identified the citrus fruit odour-object 
category of the odorant, but subsequently had difficulties differen-
tiating between the two citrus fruit descriptor options. Comparable 
difficulties with the lemon odorant were found in a British valida-
tion study [72] and a Czech study [123]. However, in the British 
study, the false descriptor causing systematic confusion was 
changed from one citrus fruit (grapefruit) descriptor to another 
(orange) without including input from participants or re-validating 
the test after modification. As such, the methods used in validation 
studies of SIT have some variation. This may interfere with the 
generalisability of olfactory research. Validation studies that do 
not consider confounding factors such as overlapping chemical 
volatile odour-molecules and, furthermore, do not perform proper 
validation after modifying descriptors can be problematic. 

2.2.2 Hypothesis and aims 
We hypothesised that there was an overlap of chemical com-
pounds between the chemical volatile molecules in the Sniffin’ 
Sticks felt-tip pen and several citrus fruit descriptors, including 
both grapefruit and orange.  
   As olfactory testing is teeming with potential pitfalls due to the 
complexity of olfactory sensation and perception (Figure 1.1), we 
aimed to illustrate how an error in odorant identification could 
have a possible explanation in the resemblance of the chemical 
odour-image produced by the odorant and the descriptors available 
for that odorant in the forced-multiple choice olfactory test. The 
main aim for the study was to emphasise the importance of re-
validation after changes in olfactory tests, exemplified by the risk 
of identification error potentially due to chemical resemblance.   
 
2.3 ODOUR FAMILIARITY AND IDENTIFICATION ABILITIES IN ADO-
LESCENTS  

2.3.1 Problem definition 
Throughout childhood and adolescence there is a gradual increase 
in self-perceived olfactory significance [124], and current litera-
ture indicates that the ability to identify odours also gradually 
increase throughout this developmental period [54,125]. When 
tested with standard olfactory tests for adults, some of the odorants 
were found to have very low identification scores in both children 
and adolescents, thus, removal of these odorants from the identifi-
cation test has been proposed for testing this age group [126]. 
These studies provide important normative data on age-related 
identification scores for the SIT-16 / SIT-14, which is highly 
relevant in the clinical setting. The underlying mechanisms for 
why adolescents are inferior in identification abilities compared 
with adults are still to a large degree unknown. Several studies 
have mentioned odour familiarity as a possible cause of the inferi-
or odour identification scores in adolescents [86,125]. However, 
the notion that odour familiarity should play a key role in the 
inferior identification abilities has not yet been properly tested.  

2.3.2 Hypothesis and aims 
We hypothesised that odour familiarity is an important influential 
factor in the decreased odour identification abilities in adolescents. 
To test this hypothesis, we designed three sub studies with the 
following aims:  

• Firstly, our aim was to evaluate age related differences 
in odour familiarity by mapping odour familiarity of ad-
olescents and adults for different categories of odour-
objects.  

• Secondly, our aim was to create a validated version of 
SIT-16 for adolescents with familiarity of descriptor 
odours taken into account.  

• Thirdly, our aim was to test if an identification test mod-
ified specifically for adolescents would still result in in-
ferior identification scores compared with an adult popu-
lation.  
 

2.4 BRAIN FINGERPRINTS OF OLFACTION: A NOVEL 
STRUCTURAL METHOD FOR ASSESSING OLFACTORY 
CORTICAL NETWORKS IN HEALTH AND DISEASE  

2.4.1 Problem definition 
With a large heterogeneous group of diseases affecting olfactory 
function at an early stage of pathology, olfaction has been high-
lighted as a possible biomarker for early detection of diseases and 
for understanding neural disease mechanisms [64,127-129]. How-
ever, in order for olfaction to function as a biomarker, a better 
understanding of olfactory processing is needed, in both health and 
diseases. Deciphering the underlying processing of olfaction has 
shown to be a quite difficult task, as all levels of olfactory sensing 
offers several pitfalls in interpretation: the odorant stimuli in itself 
can cause several problems [130]; odour sensitivity can be influ-
enced by genetics [131], along with smoking habits [132], age 
[133], culture, and gender [134]; sleepiness and attention during 
testing can alter the patterns of olfactory cortical activation 
[135,136]; hedonics can alter olfactory cortical activation [137], 
however, hedonic responses are highly individual, and may even 
change due to hunger levels during an experiment [138] (Figure 
1.1.).  
   In spite of the large amount of factors influencing olfactory 
processing, much has been gained from human neuroimaging 
studies since the first functional approach to identify of olfactory 
processing in the early nineties [139]. In this rapidly developing 
field, different studies - each with unique purposes, scan parame-
ters, and analysis methods – have contributed with small pieces of 
the puzzle to gain a more comprehensive understanding of olfacto-
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ry processing. However, for the conundrum to be solved, it is 
imperative that all pieces added are parts of the same puzzle – a 
discussion on the role of the primary olfactory cortex must be 
based on a common agreement as to how the primary olfactory 
cortex is defined. Since Zatorre’s initial findings [139], several 
other parcellations of the olfactory cortex have been used. Conse-
quently, Seubert and colleagues defined a template of the olfactory 
cortex by adding all information from previous functional neu-
roimaging studies (PET and fMRI) and conducting a statistical 
activation likelihood estimation to define the common area of 
activation [120,121,140]. Though this meta-analytic approach does 
have the advantage of assembling the cumulative data of olfactory 
cortical activation, the issue of low temporal resolution of fMRI 
and – especially – PET, makes it impossible to rule out inclusion 
of secondary and tertiary olfactory areas in the parcellation. In a 
comparison of this template with other brain parcellation tem-
plates, there was a large mismatch in inclusion of olfactory re-
gions, as well as inclusion of non-olfactory regions in this meta-
analysis-derived template.  
   Instead of combining methodologies and neuroimaging modali-
ties, the definition of existing templates for the primary olfactory 
cortex has so far been constructed using either primarily anatomy 
[122] or functional measures of brain activation [120].  

2.4.2 Hypothesis and aims 
We hypothesise that by combining knowledge from functional 
olfactory activation [120] and anatomical cortical structure [122] 
with networks of structural connectivity and pre-existing 
knowledge on key secondary olfactory areas, we can identify an 
optimised primary olfactory cortical template. Our aims are to 
analyse the structural connectivity networks in both the functional 
primary olfactory template [120] and the structural primary olfac-
tory template [122], and to utilise the connectivity profiles to 
identify an optimised olfactory cortical template.  

3. METHODS AND MATERIALS 
3.1 OLFACTORY SCREENING: VALIDATION OF SNIFFIN’ STICKS IN 
DENMARK 

3.1.1 Participants and ethics 
In total, 102 Danes were included in the study between the age of 
18 and 50 years with a subjective normal sense of smell. All par-
ticipants were tested with the Sniffin’ Sticks 12-odorant identifica-
tion test. The first 51 participants were tested with the original 
odorant descriptors, while the second half were tested with the 
modified version of descriptors. Furthermore, they underwent a 
nasal endoscopic evaluation and filled out the following question-
naires: the sinonasal outcome test (SNOT-22) for sinonasal symp-
toms, the Major Depression Inventory (MDI) for depressive symp-
toms, and the Mini-Mental State Examination (MMSE) as a 
screening for cognitive impairment. Prior to filling out the ques-
tionnaires, participants were asked if they wished to be informed 
of any abnormal questionnaires scores. The study was conducted 
in accordance with the Helsinki Declaration and was approved by 
the Danish Ethical Committee. 

3.1.2 The Sniffin Sticks 12-identification test 
The SIT12 is kit of 12 felt-tip-pens containing commonly known 
odorants. Each odorant is presented with a correct descriptor and 
three false descriptors in a forced-multiple choice test. It is an 
olfactory identification test intended for a fast screening of olfacto-
ry function. The test is initiated by letting the participant read the 
descriptors for the odorant, informing the participant that they are 
allowed to smell the odorant twice if needed, and subsequently 
removing the cap of the felt-tip pen and presenting the odorant for 

the participant by placing the pen 1-2 cm under the nostrils for 
approximately 3 seconds. All answers were registered along with a 
score of certainty and reasons for any uncertainties in identifying 
the correct odorant. 

3.1.3 Test modification process 
The first 51 participants were tested with the SIT-12 version con-
taining a list of descriptors, which had been directly translated 
from German without prior validation, and used for several years 
in Danish research and to a limited degree in clinical settings. 
Participants rated their certainty of each selected descriptor along 
with familiarity of all descriptors, and a description of any uncer-
tainties in identification process. This was used to identify and 
modify descriptors, which more than 25% of participants were 
uncertain or unfamiliar with [77]. The remaining 51 participants 
were tested with the SIT-12 containing a modified list of de-
scriptors in order to validate the modified test. 

3.2 CONSIDERING CHEMICAL RESEMBLANCE: A POSSIBLE CON-
FOUNDER IN OLFACTORY IDENTIFICATION TESTS 
To investigate the possible role of chemical resemblance in olfac-
tory test identification errors, the most common falsely identified 
odorant in the Danish SIT12 validation study (study I) was chemi-
cally analysed. The volatile molecules identified in the lemon 
odorant were cross-referenced with volatile molecule profiles of 
other citrus fruits. 

3.2.1 Sample preparation and Gas Chromatography-Mass Spec-
trometry (GC-MS) 
The Sniffin’ Sticks felt-tip pen contains a cotton tampon, where 
dye has been replaced with odorant-liquid. Three samples of the 
odorant were used for analysis: the head of the felt tip pen and two 
samples of the cotton tampon. For all samples, the volatile mole-
cules were purged from the dynamic headspace (DHS) into a 
Tenax-trap. The volatile molecules were desorbed and transferred 
to a gas chromatograph, where hydrogen gas was used to carry the 
molecules through the heated polar capillary column, causing the 
molecules to become separated according to their differences in 
size, adhesion and polarity. At the end of the capillary column, the 
separated molecules were analysed with a mass spectrometer.  

3.2.2 Identification of chemical compounds and their incidence in 
citrus fruits 
Matching the retention index with Kovats retention index data-
bases identified the volatile molecules, which were cross-
referenced with the mass spectra of each molecule in the Wiley 
database. All identified volatile molecules and their synonyms 
were added to a search in combination with relevant words on 
citrus fruits (e.g. ‘citrus’, ‘orange’, ‘grapefruit’) in Scopus, Pub-
Med, Web of Science, and SciFinder. 
Please see the detailed methods in the original paper [141]. 

3.3 ODOUR FAMILIARITY AND IDENTIFICATION ABILITIES IN ADO-
LESCENTS 

3.3.1 Participants and ethics 
A total of 731 participants were included in the three sub studies: 
172 adolescents and 238 adults were included in the odour famili-
arity study, 72 normosmic adolescents were included in the eval-
uation and modification of the SIT-16, while 167 normosmic 
adolescents (age 12-18) and 82 normosmic adults (age 19-55) 
were included in the study on effects of odour familiarity on iden-
tification scores. Adolescent participants were recruited through 
six different schools in Central Denmark Region and Region of 
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Southern Denmark, where all of the children’s custody holders 
gave written informed consent prior to enrolment. The three sub 
studies were conducted in accordance with the Helsinki Declara-
tion and were approved by the Danish Ethical Committee.  

3.3.2 Procedures 
Data on odour familiarity were collected through an online ques-
tionnaire service (Survey-Xact.dk, Ramboll Management Consult-
ing A/S, Denmark), where participants rated their familiarity for 
125 common odours on a Likert-scale, ranging from 1-5. The 
following instruction was given to participants: On a scale from 1-
5, please rate how familiar you are with the odour. 1) I would not 
be able to recognise the odour; 2) I do not think I would be able to 
recognise the odour; 3) Maybe I would be able to recognise the 
odour; 4) I think I would be able to recognise the odour; 5) I would 
be able to recognise the odour. The 125 odours were prospectively 
placed in ten different odour-object categories, but presented for 
participants in a random order. The ten odour-object categories 
were: acrid foods, alcohol, candy, environmental, meat/fish, nuts, 
other foods, spices/seasoning, sweet foods, and vegetables. 
These categories were defined to contain all descriptors from the 
Sniffin’ Sticks (as this was needed in sub study 2). Subsequently, 
further odour descriptors were added in order to create an exten-
sive list of commonly known odours. This process included inter-
viewing managers of three candy stores and two chefs, identifying 
ingredients from recipes on the website of a popular adolescent 
magasine (viunge.dk), identifying common spices from the sales 
statistics of Santa Maria A/S (biggest spice manufacturer in Den-
mark), and interviewing twelve adolescents on what smells they 
notice in their everyday lives. The odours were put in odour-object 
categories according to the definition of the object (e.g. botanical 
definition of vegetables, herbs, and spices) in collaboration with 
the two chefs. However, odours changed category if more than 2/3 
of the interviewed adolescents agreed (e.g. that tomato is a vegeta-
ble, even though it is botanically a fruit).  
   Olfactory testing in the second and third sub study was conduct-
ed with the SIT-16 and SIT-16jr, following standard testing proce-
dures [76,77,142]. The modification process in the second sub 
study was conducted with focus on the following: all odour de-
scriptors with a familiarity score of less than 75% were replaced 
with more familiar descriptors, and odorants with a low familiarity 
were paired with highly familiar descriptors. Please see the more 
detailed methods in the original paper [143]. 

3.4 BRAIN FINGERPRINTS OF OLFACTION: A NOVEL STRUCTURAL 
METHOD FOR ASSESSING OLFACTORY CORTICAL NETWORKS IN 
HEALTH AND DISEASE  
In this study, we applied a combination of probabilistic tractog-
raphy and diffusion tensor imaging (DTI) to two different tem-
plates of the primary olfactory cortex in order to identify the un-
derlying structural connectivity networks for each template in a 
group of right-handed normosmic, healthy, young adults (n=16).  

3.4.1 Structural connectivity 
As in all other cells of the body, neurons and their neural fibres 
contain water.  Without boundaries limiting the permeability, these 
water molecules would have a continuous random displacement 
(isotropic diffusion). However, with the influence of cellular mi-
crostructures (i.e. microtubules, neurofilaments, the myelin sheath, 
and the membrane of the axon), the mobility of water molecules in 
the neural tissue are much more likely to diffuse along the direc-
tion of white matter tracts than perpendicular to them (anisotropic 
diffusion) [116]. This basic physical principal is at the core of DTI 
and tractography, where the orientation of the white matter archi-
tecture is measured by identifying pathways of maximum diffusion 
coherence, voxel by voxel [144]. Fingerprinting of the structural 

connectivity of different brain regions has been conducted in 
schizophrenic patients [145] and in chronic pain patients after 
treatment with deep brain stimulation [146]. These two studies 
from the research group in Oxford form the basis for the olfactory 
fingerprinting and have proven the method to be reliable, even on 
small sample sizes, and extremely promising [147]. 

3.4.2 Processing pipeline 
The first steps of the pipeline were to co-register the acquired 
MRI-T1-wieghted scans into the geometric MNI space (a standard 
anatomical geometric brain matrix made by Montreal Neurological 
Institute (MNI)). Then we applied the MRI-T1 to DTI transfor-
mation matrix (native space) in order to be able to apply the AAL 
template [122] (MNI-space) directly onto the diffusion images 
(Figure 3.1A). This allowed for gross anatomical visual inspection 
of the two OC templates and subsequent construction of two par-
cellations of the OC: a structural parcellation of the OC as defined 
by the AAL [122] – the structural olfactory cortical network 
(sOCN) - and a functional parcellation as defined by the functional 
activation likelihood estimate [120] - the functional olfactory 
cortical network (fOCN) (Figure 3.1B).   
The dual phase encoding directions were compared and a weighted 
estimation of accuracy likelihood was calculated, resulting in a 
merged set of DTI data with reduced distortion [148].  
   Structural connectivity fingerprints were calculated for both 
templates after correcting for eddy currents and modelling for 
crossing fibres on voxel level [149] in the FMRIB diffusion 
toolbox (FMRIB Software Library (FSL), Oxford, version 5.0). 
This allowed for estimation of an additional fibre direction, apart 
from the dominant fibre direction of each voxel [150]. The brain 
boundaries were automatically defined using the brain extraction 
tool in FSL and checked by visual inspection of all subjects. The 
connectivity probability of each voxel was estimated using proba-
bilistic tractography. We sampled 5000 streamline fibres per seed 
voxel and computed the probability of connection to any target 
voxel in order to calculate a connectivity measure defined as the 
proportion of fibres from the seed voxel that reaches the target 
voxel [149,150]. This measure was recalculated on a regional 
(parcellation) level by computing a voxel-weighted average of 
connectivity [146], which was applied to connections between all 
regions and the OC templates, resulting in distinct connectivity 
matrices for the fOCN and the sOCN (Figure 3.1C). 
 

Figure 3.1. Olfactory fingerprint processing pipeline.  
(A) With coregistration tools the MNI-coordinates were registered with 
subject’s T1 scans along with the b0 DTI scans. This allowed for cortical 
parcellation with the AAL template in the subject’s DTI scans. (B) Loca-
tion of olfactory cortical regions of interest were identified [120,122] and 
added to the AAL parcellation. (C) A structural olfactory fingerprint was 
calculated for each OCN. Locations of the OCNs are shown in the glass 
brain and the connectivity profile to other cortical regions are shown in the 
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graphs (See figure 4.3 for higher resolution of graphs). CR: co-registration; 
INV: Inversion; +: Merge of images. 

3.4.3 Applying cortical restrictions and computing connectivity-
based sub-regions 
As inclusion of white matter voxels as parcellation seed regions 
would result in subsequent strong measures of connectivity to both 
the seed and target regions of this fibre tract, the OCN templates 
were inspected visually in the MRI-T1 scans (MNI space) of 
subjects and the standard ICBM152 brain [151]. The templates 
were also cross referenced with the AAL atlas [122], and the 
Harvard-Oxford atlas [152]. White matter, CSF, and non-primary 
olfactory regions [37,122,153,154] were subtracted from the fOCN 
template, hereby defining the primary OC functional template 
(fOCN (grey)). The seed voxels in fOCN (grey) and the sOCN that 
were connected to key secondary olfactory areas were combined 
into a merged OCN template (mOCN) – creating a novel primary 
olfactory template. Please see the more detailed methods in the 
original paper [40]. 

4. RESULTS 
4.1 OLFACTORY SCREENING: VALIDATION OF SNIFFIN’ STICKS IN 
DENMARK 

4.1.1 Distribution and causes of descriptor errors 
Despite the linguistic and cultural overlap, the translation from the 
original German descriptors into Danish caused systematic errors 
and confusion among the Danish participants. Of the 12 Sniffin’ 
Sticks, two odorants (lemon and cinnamon) were accountable for 
more than 60% of the total amount of errors (Figure 4.1). The 
participant’s scores of certainty and reasons for uncertainties in 
identifying the correct odorant revealed that the citrus dominance 
of the lemon odorant caused them to pick randomly between the 
lemon and grapefruit descriptor, which was described as synthetic 
by participants. The spicy sweet flavour profile of cinnamon was 
described as the cause of uncertainty in choosing between the 
cinnamon and the honey descriptors. Furthermore, two descriptors 
(curled mint and cloves) had to be changed into more common 
Danish appellations, as the familiarity of the direct translation was 
low. 
 

 
Figure 4.1. Odorant identification errors before (red) and after 
(blue) modification of the Danish SIT-12. 

4.1.2 Modification and validation process 
After correcting the unfamiliar descriptors and the two descriptors 
with overlapping odorant descriptor profiles, the mean identifica-

tion score improved slightly. More importantly, the modification 
led to a correct identification rate of ≥75% for all odorants in this 
normosmic population, with no significant difference in distribu-
tion of identification errors (p=0.09). None of the descriptors in the 
modified version of the SIT12 were rated as unfamiliar to more 
than 25% of participants.  

4.2 CONSIDERING CHEMICAL RESEMBLANCE: A POSSIBLE CON-
FOUNDER IN OLFACTORY IDENTIFICATION TESTS 

4.2.1 Identified volatile molecules and their incidence in the other 
descriptors 
In the chemical analysis, 34 volatile molecules were identified in 
all three independent samples from the lemon odorant felt-tip pen. 
Of these, 16 molecules had previously been identified in other 
citrus fruits, which correlate well with the common initial descrip-
tion of the odorant as ‘citrus-like’ in study I. The odour references 
for each volatile compound and the overlapping incidence in other 
citrus fruits are further described in the original manuscript [143]. 

4.3 ODOUR FAMILIARITY AND IDENTIFICATION ABILITIES IN ADO-
LESCENTS 

4.3.1 Effect of age on odour familiarity 
The familiarity ratings of 125 different common odours revealed a 
significant difference between adolescents and adults. Adolescents 
had a lower mean familiarity score (t408 = 0.19, p = 0.0051), how-
ever, this difference was much more pronounced within the pre-
defined odour-object categories (Table 4.1). See original paper for 
raw data [143]. 
 
 When comparing the adult and adolescent scores, both adoles-
cents and adults alike knew the most familiar odours. However, for 
different odour-object categories the gradients of the curves dif-
fered considerably, and for the most unfamiliar odour-object 
groups in adolescents, an upward tail-effect could be observed, 
demonstrating a large difference odour familiarity (Figure 4.2).   

4.3.2 Effect of odour familiarity on identification abilities 
After modifying the SIT-16 to fit the familiarity of adolescents by 
changing 33 of 64 descriptors, there was no difference in mean 
adult identification score (14.41 (95%CI: 14.12 – 14.71)) and the 
adolescent identification score (14.52 (95%CI: 14.33 – 14.72)). 
There was only a significant difference in the identification rate of 
a single odorant, cinnamon. Adults were inferior to adolescents in 
identifying this odorant (p=0.0022), as they incorrectly identified 
the odour as vanilla (12.2% vs. 3.6% in adolescents) or chocolate 
(8.5% vs. 2.4% in adolescents).  

4.4 BRAIN FINGERPRINTS OF OLFACTION: A NOVEL STRUCTURAL 
METHOD FOR ASSESSING OLFACTORY CORTICAL NETWORKS IN 
HEALTH AND DISEASE  

4.4.1 Brain areas included in OCN parcellations 
The visual inspection of sOCN and fOCN on subject’s T1-MRI 
(MNI-space) scans and the standard ICBM152 brain [151] re-
vealed an overlap of the fOCN with white matter, CSF, and sever-
al cortical structures outside the normal anatomical locations of the 
olfactory cortex [39]. This was confirmed by overlaying the fOCN 
on two standard parcellation atlases: the AAL template [122] the 
Harvard-Oxford atlas [152], which was used in the publication 
defining the fOCN [120] (Table 4.2).  
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Table 4.1. Age related familiarity differences of between odour-
object categories. Conservative measures with two-tailed t-test were 
used, t408 (Mean Odour-object score was calculated for each participant). 
Abbreviations: CI, confidence interval. 

 
Figure 4.2. Adult and adolescent odour familiarity rating. The 
graphs of odour familiarity ratings for adolescents and adults show a 
clustering of the highly familiar odours across all odour-object groups (A), 
meaning that the high familiarities of these odours are shared across age 
groups. The slope of the age-related familiarity curve depends on the 
odour-object group. Odour-object groups: A: All groups. B: Acrid foods. 
C: Alcohol. D: Candy. E: Environmental. F: Meat/fish. G: Nuts. H: Other 
foods. I: Spices. J: Sweet foods. K: Vegetables. 

 
 
Brain region  

Right side Left side 
AAL Har-

vard 
Oxford 

AAL Har-
vard 

Oxford 
Primary olfactory areas     
Piriform cortices 7 % * 8 % * 
Amygdala 27 % 24 % 37 % 45 % 
Secondary olfactory 
areas 

    

Putamen 17 % 17 % 9 % 6 % 
Pallidum 0 % 3 % 0 % 1 % 
Parahippocampus 0 % 0 % 7 % 3 % 
Hippocampus <1 

% 
0 % 6 % <1 % 

Orbitofrontal Cortex 0 % 5 % 0% 0% 
Atlas-definition differ-
ences  

    

Un-named grey matter 
areas 

- ~37 % - 35 % 

White matter** - ~15 % - 12% 
Not contained in atlas** 50 % - 32 % - 

Table 4.2. Brain areas included in the fOCN. To investigate the 
degree of overlap with non-primary olfactory cortical regions, the fOCN 
was added to two different cortical parcellations and compared, the AAL 
and the Harvard-Oxford atlas. With little variation, both parcellations 
showed a large overlap with non-primary olfactory cortical areas. *The 
piriform cortices are not defined in the Harvard-Oxford atlas, but are 
contained within the un-named grey matter areas. **White matter is not 
contained in the AAL atlas, in contrast to the Harvard-Oxford atlas. 

4.4.2 Connectivity networks of all OCN templates 
The probabilistic tractography revealed four unique sets of finger-
prints for the four OCNs (sOCN, fOCN, fOCN (grey), and 
mOCN) (Table 4.3). However, as the original fOCN-templates 
were overlapping with other cortical regions, these voxels were 
subtracted from these areas, resulting in a smaller size of these 
regions in the parcellation (Table 4.2). Thus, the comparison of 
connectivity was not possible to make with a completely identical 
parcellation. The normalised non-thresholded structural connectiv-
ity measures were used to compute plots of mean connectivity and 
weighted edges to the centre of gravity to connected cortical re-
gions (Figure 4.3). 
 
 

 
Figure 4.3. Normalised structural connectivity fingerprints for 
the fOCN, sOCN, and mOCN. The plots represent the normalised 
mean structural connectivity to all other areas in the brain parcellation 
(standard deviation represented by lighter colour). The connections are 
graphically represented as weighted edges from the OCN to the centre of 
gravity of the connected region. For high-resolution figure, see original 
publication [40]. 

Odour-
object 
category 

Odours Mean familiarity score  p-value 

 (n) Adul
t 

Adoles-
cent 

Differ-
ence 

(95% CI)    

Food related odours      

Candy 12 3.74 3.96 -0.23 (-0.38 - -0.07) 0.0050 

Sweet foods 24 3.73 3.72 0.01 (-0.15 - 
0.17) 

0.8615 

Nuts 5 3.68 3.49 0.19 (0.02 - 0.37) 0.0321 

Meat/fish 7 4.22 4.17 0.06 (-0.08 - 
0.20) 

0.4139 

Acrid foods 8 4.26 3.84 0.43 (0.29 - 0.56) <0.000
1 

Vegetables 17 3.60 3.48 0.12 (-0.04 - 
0.28) 

0.1507 

Spices/ 
seasoning 

20 4.05 3.48 0.57 (0.43 - 0.71) <0.000
1 

Other foods 6 3.67 3.57 0.10 (-0.07 - 
0.26) 

0.2475 

Non-food odours      

Alcohol 3 3.90 3.88 0.02 (-0.18 - 
0.21) 

0.8543 

Environ-
mental 

23 4.29 3.98 0.31 (0.19 - 0.43) <0.000
1 
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Table 4.3. Connectivity from OCN’s to other cortical regions. 
The strength in connectivity is listed by the percentages of subjects with 
structural connectivity from the respective OCN to the listed cortical 
region. The connectivity strengths are ipsilateral. A threshold of 50% of 
subjects was applied in order to highlight the shared significant connectivi-
ty profile.  

4.4.3 Connectivity driven sub-parcellation of the mOCN 
By merging the sOCN with the primary olfactory grey matter 
regions of fOCN, the mOCN was created, representing the ana-
tomical and functional derived primary cortex. In order to ensure 
relevant structural connectivity in the entire mOCN, the mOCN-
voxels containing seeds of all fibre connections to secondary 
olfactory structures (Table 4.3) were identified. These seed voxels 
were used to construct a sub-parcellation of the mOCN (Figure 
4.4).  
 

 
Figure 4.4. Connectivity-based sub parcellation of the mOCN. 
The sub-parcellation was created by identifying seed-voxels for fibre 
connections to secondary olfactory areas. A Lateral view. B Inferior view. 

5. DISCUSSION AND CONCLUSIONS  
5.1 OLFACTORY SCREENING: VALIDATION OF SNIFFIN’ STICKS IN 
DENMARK 
We identified a discrepancy between error distributions for identi-
fying the correct descriptor in the 12 odorants. For two odorants, 
one of the false descriptors had a too high resemblance with the 
odorant, and had to be changed for the SIT12 to be valid for clini-
cal use in the Danish population.  
   This study had two implications. Firstly, it created the first vali-
dated version of an olfactory test in Danish, which is key for accu-
rately identifying patients in need for further olfactory evaluation 
and for Danish olfactory research to be comparable with interna-
tional literature. Secondly, the results display cultural variation in 
olfactory familiarity and perception, as there was a significant 
difference between these Danish identification rates for some 
odorants and the identification rates from just south of the Danish-
German border.  
  A possible underlying mechanism for these dissimilarities may be 
differences in familiarity of the chemical odour-image for the 
given correct descriptor. An example of this is described by the 
Turkish Sniffin’ Sticks validation study [73]; the apple odorant, 
which is based on the odour-image of very sweet apple cultivar, 
had little resemblance to the apple cultivars commonly consumed 
in Turkey, but was more often associated to a type of air freshener. 
This could also be the case in Denmark. From the olfactory test 
manufacturer’s point of view, it can be extremely difficult to cre-
ate an odorant, which is chemically stable enough to have a long 
shelf life that at the same time has complete overlap with the 
expected odour-image of a given descriptor. As odorants were 
often described as synthetic, factors such as familiarity and resem-
blance with the other descriptors may play a key role in the identi-
fication of a given odorant based on a synthetic odour-image. The 
chemical resemblance between the correct and false descriptors is 
described in study II.     

Anatomical area AAL 
area 

fOCN fOCN 
(grey) 

sOC
N 

mOCN 

Primary olfactory cortical areas 
Piriform cortex (left) 21 100% 100% * * 
Piriform cortex 
(right) 

22 100% 100% * * 

Amygdala (left) 41 100%*
* 

100%** 100
% 

100%*
* 

Amygdala (right) 42 100%*
* 

100%** 100
% 

100%*
* 

Areas with secondary olfactory processing 
Orbitofrontal cortex 
(left, superior) 

5 69% 69% 100
% 

100% 

Orbitofrontal cortex 
(right, superior) 

6 100% 100% 100
% 

100% 

Orbitofrontal cortex 
(left, inferior) 

15 69% 69% 100
% 

100% 

Orbitofrontal cortex 
(right, inferior) 

16 69% 69% 100
% 

100% 

Orbitofrontal cortex 
(left, medial) 

25 56% - 100
% 

100% 

Orbitofrontal cortex 
(right, medial) 

26 - - 100
% 

100% 

Gyrus rectus (left) 27 75% 69% 100
% 

100% 

Gyrus rectus (left) 28 94% 94% 100
% 

100% 

Insula (left) 29 100% 88% 100
% 

100% 

Insula (right) 30 100% 100% 100
% 

100% 

Anterior cingulate 
cortex (left) 

31 - - 100
% 

100% 

Anterior cingulate 
cortex (right) 

32 - - 100
% 

100% 

Hippocampus (left) 37 100% 100% - 100% 
Hippocampus (right) 38 100% 100% - 100% 
Parahippocampal 
gyrus (left) 

39 100% 100% 100
% 

100% 

Parahippocampal 
gyrus (right) 

40 100% 100% 100
% 

100% 

Caudate nucleus 
(left) 

71 100% 100% 100
% 

100% 

Caudate nucleus 
(right) 

72 100% 100% 100
% 

100% 

Putamen (left) 73 100%*
* 

100%** 100
% 

100% 

Putamen (right) 74 100%*
* 

100%** 100
% 

100% 

Temporal pole (left, 
superior) 

83 100% 100% 100
% 

100% 

Temporal pole (right, 
superior) 

84 100% 100% 100
% 

100% 

Temporal pole (left, 
middle) 

87 81% 69% 50% 56% 

Temporal pole (right, 
middle) 

88 94% 94% 63% 63% 

Areas connected before removal of non-grey matter voxels 
Calcarine fissure 
(right) 

44 50% - - - 

Lingual gyrus (right) 48 50% - - - 
Occipital lobe (left, 
middle) 

51 50% - - - 

Fusiform gyrus 
(right) 

56 56% - - - 

Pallidum (left) 73 100% - - - 
Pallidum (right) 74 100% - - - 
Thalamus (left) 77 94% - - - 
Thalamus (right) 78 88% - - - 
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5.2 CONSIDERING CHEMICAL RESEMBLANCE: A POSSIBLE CON-
FOUNDER IN OLFACTORY IDENTIFICATION TESTS 
When analysing the volatile molecules in the lemon Sniffin’ Sticks 
odorant (see study I), we identified a chemical profile with high 
degree of overlap between the correct lemon descriptor and a false 
citrus fruit descriptor. This may cause substantial overlap in the 
activated receptors among normosmic participants between the 
odour-images of the correct and false descriptors (Figure 5.1). 
 

 
Figure 5.1. Receptor activation of volatile molecules in citrus 
fruits. Due to the large overlap in volatile chemical compounds of citrus 
fruits, there is a high degree of overlap in the activated olfactory receptors. 
This may cause impairment of olfactory identification, which can only be 
avoided if the odorant is validated with the list of descriptors. OSN: Olfac-
tory Sensory Neuron. OR: Olfactory receptor. 
 
   In the creation and modification of an olfactory identification 
test, it is crucial to avoid systematic errors in the normosmic popu-
lation. However, this is a fine balance, as too contrasted distractors 
may enable hyposmics to correctly identify odorants, thus hazing 
the differentiation between normosmics and hyposmics, while too 
little contrast between descriptors creates a systematic error, thus 
hazing the differentiation between normosmics and anosmics 
[155]. The difficulty of identifying the correct descriptor should 
therefore be a result of the clinical purpose of the test, and not a 
result of a lack of consideration in the design of the validation 
study. Modifying descriptors can be a tedious task if several modi-
fication processes are needed before reaching the required identifi-
cation rate in a new target population [77]. This calls for careful 
considerations when selecting new descriptors, where both the 
knowledge on chemical resemblance between descriptors and the 
familiarity of the odour descriptors in the target population are key 
components in creating a valid olfactory identification test. 

5.3 ODOUR FAMILIARITY AND IDENTIFICATION ABILITIES IN ADO-
LESCENTS 
We identified odour-object dependent differences in odour famili-
arity between adolescents and adults. While adolescents had high-
er familiarity scores for candy, adults had higher familiarity scores 
for spices/seasoning and environmental odours. We applied the 
adolescent odour familiarity in the modification process of the 
SIT-16, validated the test in an adolescent group, and subsequently 
applied the SIT-16jr test to adults and adolescents. With this modi-
fied test, adolescents and adults had comparable odour identifica-
tion scores.   
   While the findings on odour familiarity may be intuitively logi-
cal, this study represents the first data-driven analysis of odour 
familiarity differences between adolescents and adults. It led to a 
replacement of 52% of existing descriptors during the modification 
process of the Danish adult odour identification test. This is com-
parable with previous validation studies for adapting SIT-16 to a 
new cultural setting, where it was necessary to change 40-73% of 
descriptors due to low familiarity ratings [156,157]. As a conse-

quence of differences in experience, knowledge, and perhaps food-
habits or time spent on e.g. cooking and gardening, it would not be 
far fetched to claim that there is a cultural difference between 
adolescents and adults. This is important to take into account when 
investigating odour identification abilities in children and adoles-
cents in future studies. 
   These odour-object specific changes in odour familiarity be-
tween adolescents and adult could reflect an undergoing learning 
process: experience with spices-related odours can dawdle until 
adolescents start spending time on cooking themselves; the low 
familiarity of environmental odours could to a high degree driven 
be by the lack of experience and interest in flowers (due to the 
large difference in lavender and lilac familiarity) and cleaning (due 
to the large difference in turpentine familiarity); and the differ-
ences in familiarity of acrid foods may reflect a low preference for 
these kinds of food. These differences in familiarity may also 
simply be a reflection of a lower degree of attention to the odours 
encountered in everyday life during this period of time, as the 
personal significance of odours have been shown to increase with 
age in adolescents [124]. Furthermore, as candy odours were the 
only odour-object group where the adult population had lower 
familiarity scores, a link between odour exposure, familiarity, and 
memory could be hypothesised. 

5.4 BRAIN FINGERPRINTS OF OLFACTION: A NOVEL STRUCTURAL 
METHOD FOR ASSESSING OLFACTORY CORTICAL NETWORKS IN 
HEALTH AND DISEASE  
By using probabilistic tractography, we have developed a method 
of adding information of underlying structural connectivity to 
validate existing templates of the olfactory cortex. We have tested 
two olfactory cortical templates, one defined by anatomical studies 
[122], and one defined by statistically combining previous func-
tional neuroimaging (fMRI and PET) studies [120]. We found that 
the template based on functional activation meta-analysis contain 
white matter, CSF, and non-primary olfactory regions (putamen, 
parahippocampus, and hippocampus). Furthermore, both templates 
lacked important structural connections to key secondary olfactory 
brain regions. 

5.4.1 Differences in OCN templates 
As the lateral olfactory tract connects to several deep regions of 
the brain, identification and accurate parcellation of the olfactory 
cortex is troublesome. There are different templates of the olfacto-
ry cortex available, such as the sOCN [122] and fOCN [120], 
while others define their own template by drawing a region of 
interest directly in MNI space based on own anatomical experi-
ence [158]. Both the sOCN [159-162] and the fOCN [163-165] 
have been used previously as templates for analysing olfactory 
cortex activation in neuroimaging studies. With the large differ-
ences in these templates for assessing and interpreting olfactory 
processing, it is difficult – if not directly misleading – to assume 
that the findings on olfactory processing in one neuroimaging 
study are transferable to another study if widely different tem-
plates for the olfactory cortex is used due to the apparent segrega-
tion of function within this cortical area. 

5.4.2 Segregation of the primary olfactory cortex 
Unlike other sensory modalities, such as vision and hearing, the 
sense of smell does not seem to have an obvious topographical 
organisation. However, the piriform cortex seems to be segregated 
in its processing of olfactory input [102,153,166], which may be 
the closest approximation of a topographical organisation to date. 
Where the anterior piriform cortex generates neural patterns of 
activation even prior to odour stimulation (tightly choreographed 
with OFC activity) the posterior piriform cortex seems to be more 
targeted to the odour-stimulation itself [167]. This segregation has 
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been interpreted as an early sensory representation of predictive 
modeling, demonstrating the importance of including both the 
posterior and anterior part of the piriform cortex in an OC parcel-
lation. The sub-parcellation of the mOCN (Figure 4.4) highlights 
the segregation of the structural connectivity in primary olfactory 
cortex, and the need for an inclusion of all of these areas in an 
olfactory cortical template in order to ensure a representative 
description of olfactory processing. 

5.4.3 Clinical implications 
As olfactory processing seems to be perturbed in a heterogeneous 
group of diseases, ranging from neuropsychiatric to neurodegener-
ative to sino-nasal diseases, there are many implications for this 
more accurate OCN template. 
   A reduced activation of hippocampus and amygdala in Parkin-
son’s patients has been demonstrated with functional neuroimag-
ing studies [168]. Furthermore, olfactory impairment in Parkin-
son’s patients is positively correlated with decreased grey matter 
volumes of piriform cortex and amygdala [113,169], as well as 
with white matter changes around the OC [112]. The structural 
olfactory fingerprint can offer a much more detailed insight into 
these alterations of neural pathways. If combined with other neu-
roimaging modalities, such as resting state fMRI [170] and MEG 
[98], and correlated with accurate psychophysical olfactory test-
ing, this could create a strong tool for investigating central olfacto-
ry pathology in Parkinson’s disease e.g. the alterations behind 
different Braak stages [127]. As such, an OCN template that can 
be used across neuroimaging modalities – both structural and 
functional – offers new possibilities in the multimodal investiga-
tions on olfactory processing, in both health and disease.  

5.5 GENERAL DISCUSSION 

5.5.1 Complexity and implications of olfactory testing 
The four studies in this thesis highlight the necessity of accuracy 
in olfactory testing. The validation study of the olfactory identifi-
cation test emphasises the importance of challenging assumptions 
of equal odour familiarity across borders. Small cultural differ-
ences may have large effects on odour identification abilities, 
which calls for a modification of the test before clinical implemen-
tation. The study on overlapping volatile odours highlights the 
importance of validating an olfactory test after modification, as 
descriptors may be perceived analogous due to overlapping odour 
images in normosmics. The development of odour familiarity 
seems to follow an exposure-dependent pattern in adolescents, 
which influences the ability to identify certain groups of odours. 
The study on structural olfactory connectivity identified significant 
discrepancies in existing olfactory templates. The highly segregat-
ed function and structural connectivity underline the importance of 
accurately defining the cortical area of primary olfactory pro-
cessing in neuroimaging studies.   
   Preexisting knowledge of an odour can have a major impact on 
interpretation and processing. There seems to be an inherent inter-
dependent relationship between familiarity and memory; a pre-
existing knowledge of the odour is required for the odour to be 
familiar; however, if the odour is not familiar, the memory of that 
odour is less stable [171]. It is unclear which neural mechanisms 
underlie such development in odour processing. However, though 
odour familiarity can give a small insight into how the perception 
of smell changes in different developmental stages, it can also play 
an important - but more supportive - role as a behavioural measure 
to improve interpretation of olfactory neuroimaging data (perhaps 
in conjunction with hedonic odour rating). The developmental 
differences in olfactory perception can give insights into how the 
neural processing of olfaction develops, and perhaps offer a deeper 
understanding of pathological processes when olfactory abilities 

degenerate in neuropsychiatric and neurodegenerative diseases.   
   A large structural neuroimaging study found that some of the 
brain areas containing a mixture of olfactory primary and second-
ary regions had proportionally larger increases in nodal degree and 
fibre density from adolescence to adulthood compared to the aver-
age developmental changes of the brain [172]. However, as the 
primary focus of this study is to produce a broader description of 
developmental changes, the parcellation used was not optimised 
for analysing specific changes to the olfactory regions of interest. 
Other studies have investigated the computational processes of the 
brain by combining the networks of functional connectivity with 
the structural connectivity of the brain [147]. As such, this sug-
gests the existence of many interesting new methodological ap-
proaches to investigating olfactory development, processing and 
plasticity. With a more accurate template of the olfactory cortex, it 
is only a matter of applying these existing methods to an olfactory 
testing paradigm, in order to achieve new insights into olfactory 
processing. This could serve as a method for establishing an olfac-
tory profile (e.g. in different types and phases of dementia, depres-
sion or Parkinson’s disease), and prove to be a valuable tool in 
assisting diagnosis. Furthermore, it could potentially be used as a 
biomarker for disease progression and a surrogate marker for 
disease modifying drug efficacy [64,173,174]. However, due to the 
many possible confounders in olfaction, meticulous efforts must 
be made to control for confounders and effect modulating factors.  

5.5.2 Overall conclusion 
In the four studies presented in this thesis, there is clear common 
emphasis on improving olfactory testing. This was accomplished 
by implementing a validated test in Denmark, investigating some 
of the key underlying mechanisms and pitfalls in psychophysical 
testing, and combining anatomical functional neuroimaging 
knowledge with our own findings of olfactory networks of struc-
tural connectivity. By improving the behavioural measures of 
olfactory testing across cultures, diseases and age groups, and 
applying multimodal neuroimaging, a better understanding of 
olfaction shall be achievable. Though much remains to be learned, 
the work presented in this thesis adds a fraction of fundamental 
novelty towards a more unified field of neuroimaging research in 
olfaction.  

6. PERSPECTIVES AND FUTURE STUDIES  
6.1 POTENTIAL APPLICATION OF FINDINGS IN FUTURE STUDIES 
Investigation of changes in structural olfactory connectivity is 
already underway. In our research group, we have obtained data 
for applying the olfactory fingerprinting method on schizophrenia 
patients, and we have currently planned scans on different groups 
of anosmic patients and hyperosmics individuals. Future MRI-DTI 
scans of these populations will be used to obtain the structural 
olfactory fingerprinting. The studies have already paved the way 
for the implementation of clinical olfactory testing in Denmark, as 
part of Flavour Institute and the Central Denmark Region. In 
addition to the studies mentioned above, we plan to initiate a PhD 
project on olfactory learning and plasticity, which will use the 
fingerprinting methodology presented in this thesis. 
   In the near future, we hope to apply the method to several other 
clinical groups of interest, including depression, phantosmia and 
neurodegenerative disorders in early and late stages. Combining 
the structural connectivity measure with a functional network 
analysis would further strengthen the current knowledge of olfac-
tory processing. This would allow the development of whole-brain 
computational models, and the incorporation of behavioural 
measures into the framework, towards a solid characterisation of 
the dynamical patterns of network integration/segregation linked 
to olfactory processing. Its application to studies involving olfacto-
ry training could provide a powerful tool to investigate neural 
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plasticity in both health and disease – perhaps even a first step in 
understanding how to stop or reverse olfactory loss?  

6.2 POTENTIAL LIMITATIONS 
The studies presented in this thesis reflect only a part of the com-
plexity of olfaction and olfactory testing – from the level of chem-
ical perception, to aspects altering expectations and knowledge, 
such as cultural, linguistic, and age-related differences in central 
processing, to the complexity of defining the primary olfactory 
cortex, thus interpreting neuroimaging studies. Accordingly, the 
literature upon which our list of secondary olfactory cortices is 
based may also suffer from incomplete definitions and inaccura-
cies. However, the structural olfactory fingerprint is based on a 
dynamic script, where new information can be incorporated into 
the pipeline, whether this is new knowledge on important func-
tional activation or higher resolution structural neuroimaging 
techniques.  
   In a complex system, such as the olfactory system, it is difficult 
to control for all confounding variables. In the validation study of 
the Danish SIT12, we included one hundred participants, however, 
in our collection of normative data for validation of the 32-item 
extended version of the Sniffin’ Sticks, one of the descriptors from 
the SIT12 seems to be only correctly identified by around 65%, 
hence not reaching the required 75%. This may be explained by 
the fact that identification accuracy decreases with longer duration 
of testing, but may also reflect that a sample size of one hundred 
subjects may not be enough to ensure generalisability across the 
entire population.  
   Even though we found a homogeneous structural olfactory fin-
gerprint in a young population, the shape of the brain can change 
in relation to disease, age and/or atrophy. It is therefore necessary 
to include age-matched controls in studies on diseases with olfac-
tory loss, where the pipeline for the OCN analysis needs to be 
rerun and potentially optimised. As the spatial resolution of neu-
roimaging increases, it may furthermore be possible to incorporate 
additional information in the olfactory fingerprint, such as the 
neural tracts of the mitral and tufted cells from the olfactory bulb 
in order to optimise the definition of the olfactory cortex even 
further. However, at present, such would not be possible, attending 
the very limited structural resolution of DTI sequences.  
 
 
7.   SUMMARY 
We perceive the world through our senses. The dependence on 
these sensory stimuli becomes obvious when we see a visually 
impaired individual with a guide dog or an individual using sign 
language. However, individuals with olfactory deficits suffer from 
a more concealed impairment without any opportunity for diagnos-
tics or treatment in the Danish healthcare system. Around a fifth of 
the population experience olfactory deficits, of which 1-2% are 
functionally anosmic. The personal consequences for anosmics can 
be extensive, lacking not only in hedonic yield related to eating 
and drinking, but also the socialization during dinners can become 
niggling. Similarly, social attraction and repulsion can be affected, 
however, effects linger beyond social consequences and quality of 
life. An olfactory deficit is a common early symptom in several 
neurologic, neurodegenerative, and psychiatric diseases. These 
associations may be due to the central location of the primary 
olfactory cortex, tugged in and between hedonic hotspots of the 
brain, and its hard-wired structural connections to key hubs of 
consciousness and memory in the brain.  
   A better knowledge of olfactory receptors and odour perception 
has emerged during the past few decades. This has given rise to a 
deeper understanding of the etiologies behind olfactory deficits, to 
the anticipation of utilising the diagnostic potential of olfaction as 
a prodromal marker of disease, and ultimately to the prospect of 

improving treatment options for these patients. Much has been 
accomplished within the field, but much is still beyond our grasp.  
   In Denmark, the focus on olfaction and olfactory testing has 
been scarce, at best. The first step of my PhD was therefore a 
review in Danish, published in the most widely distributed and 
read Danish journal, “Ugeskrift for Laeger”, in order to raise 
awareness on olfactory testing and on a clinical olfactory focus in 
Central Denmark Region. Secondly, we validated a tool for as-
sessing olfactory function in Danish. The Danish 12-odourant 
“Sniffin’ Sticks” identification test (SIT-12) was modified, vali-
dated and published, which allowed us to focus on other aspects of 
olfactory perception and olfactory testing.  
   One focus has been to investigate the possible role of overlap-
ping volatile chemical molecules in differentiating closely related 
descriptors. This study was conducted in order to emphasize the 
need for a meticulous approach when conducting validation stud-
ies of olfactory tests, especially the need for re-validation after a 
modification process.  
   Another focus has been on investigating the differences between 
olfactory identification abilities in adolescents relative to adults. 
Previous international studies have shown that the identification 
skills of adolescents are significantly different from their adult 
compatriots. Earlier validation studies on adolescents have used 
the adult version of odorant descriptors as the starting point. In our 
study we examine the role of odour familiarity in the difference 
between adult and adolescent identification abilities.  
   The main focus of this PhD has been to develop a method for 
evaluating central olfactory patency and processing, where indi-
vidual preferences and sensitivity to specific odours could be 
removed from the equation, as these parameters has proven trou-
blesome in functional neuroimaging of the olfactory system. We 
identified that a reference area for investigating primary olfactory 
processing in neuroimaging included several non-primary struc-
tures and lacked the structural neural connections to key secondary 
olfactory areas. Consequently, we redefined the template for olfac-
tory processing by combining findings from anatomical and func-
tional neuroimaging studies. This has led to the creation of a struc-
tural olfactory fingerprint, which is already integrated in six on-
going studies as a tool to investigate pathologic and benign chang-
es in structural olfactory pathways. 
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