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Abstract 

Olfactory function is affected by demographic, cognitive, and genetic fac-
tors. In the present thesis, three empirical studies investigated individual 
differences in olfactory ability. Study I explored demographic and cognitive 
correlates in common olfactory tasks; odor detection, odor discrimination, 
and odor identification. The results indicated that old age influenced perfor-
mance negatively in all tasks, and that semantic memory proficiency and 
executive functioning were related to odor discrimination and odor identifi-
cation performance. No cognitive influence was observed for measurements 
of olfactory threshold. Using population-based data, Study II investigated a 
potential influence of the ApoE gene on olfactory identification after con-
trolling for health status, semantic memory, and preclinical and clinical de-
mentia. The main finding was that the ApoE- ɛ4 allele interacted with age, 
such that older ɛ4-carriers had an impaired odor identification performance 
relative to older non-carriers. Importantly, the negative ApoE- ɛ4 effect on 
olfactory proficiency was independent of clinical dementia conversion with-
in five years. Study III investigated the effects of the BDNF val66met pol-
ymorphism on olfactory change over a five-year interval, in a community-
dwelling sample of young and old age cohorts. The results showed that age-
related decline in olfactory identification was influenced by the BDNF 
val66met. In middle-aged subjects, no effect of BDNF val66met was ob-
served although older val homozygote carriers showed a selectively larger 
olfactory decline than the older met carriers. Overall, results suggest that the 
relative influence of demographic and cognitive factors vary across different 
olfactory tasks and that two genes (ApoE and BDNF) impact age-related 
deficits in odor identification. Potential theoretical and practical implications 
of the findings are discussed as well as potential limitations of association 
studies in genomics research. 
 
 
Keywords: Olfaction, odor identification, odor threshold, odor discrimina-
tion, aging, gender, ApoE, BDNF, val66met, association study, population-
based 
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Introduction 

Sense of smell? I never gave it a thought. You don’t normally give it a thought but 
when you lose it – it is like being struck blind or deaf. /.../. You smell people, you 
smell books, you smell the city, you smell the spring – maybe not consciously but as 
a rich unconsciously background to anything else. My whole world was suddenly 
radically poorer. (Quote from a man who lost his sense of smell through a head 
injury, severely damaging his olfactory tracts in a novel by Oliver Sacks, “The man 
who mistook his wife for a hat”, 1986).  

 
We usually do not attend to odors unless we sense something out of the or-
dinary. However, when people loose their sense of smell they suddenly be-
come aware of the important and qualitative role olfaction played in their 
life. Patients reporting persistent olfactory impairment after previously doc-
umented olfactory loss indicate a higher level of disability and lower quality 
of life (Deems et al., 1991; Hummel & Nordin, 2005; Miwa et al., 2001). In 
addition, depression frequently accompanies the loss of smell and perception 
of flavour. Olfactory dysfunction is more widespread than believed. About 
19% of adults (aged 20 years and older) in the Swedish population have an 
olfactory dysfunction (Brämerson, Johansson, Ek, Nordin, & Bende, 2004). 
In the elderly, the prevalence rates are even higher: 24.5 % for persons aged 
53-97 years (Murphy et al., 2002). Surprisingly, self-reported olfactory im-
pairments are relatively infrequent (9.5%), indicating that olfactory testing is 
important for detection of olfactory deficits. As will be discussed later, sev-
eral factors contribute to olfactory deficits, such as aging, various diseases 
(e.g., Alzheimer´s disease) and genetic makeup.  
 
The olfactory sense is our oldest sensory system, both phylogenetically and 
ontogenetically. Olfactory research has suggested that odor memory is dis-
tinct from memory for other sensory modalities, such as hearing or vision 
(Herz & Engen, 1996; Richardson & Zucco, 1989; Willander & Larsson, 
2006, 2007). Mothers and newborns identify each other by olfactory cues 
(Kaitz, Good, Rokem, & Eidelman, 1987; Schaal et al., 1980). Also, humans 
can, by only using their sense of smell discriminate different age groups 
from each other (Mitro, Gordon, Olsson, & Lundström, 2012). 
 
Assessment of olfactory functions, such as detection (can you smell it?), 
discrimination (are these odors different?), odor identification (what’s the 
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name of this odor?), and odor recognition (have you smelled it before?) not 
only rely on sensory function but also depend on demographic and cognitive 
factors. In this thesis, I will investigate the role played by demographic, cog-
nitive, and genetic factors on various olfactory tasks to provide a wider un-
derstanding of human olfactory function.  
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Demographic factors in olfactory function 

In order to accurately evaluate olfactory performance in population-based 
samples, several factors need to be taken into consideration. Evidence shows 
that individual variation in a range of demographic and health-related factors 
influence our sense of smell. Below, I review some of the demographic fac-
tors known to affect olfactory performance and that are highlighted in the 
studies that form the basis of this thesis. The most influential demographic 
factor affecting olfactory processing -chronological age- will be discussed in 
more detail in a separate section. 

Sex 
Current research indicates that sex is an important factor to consider when 
evaluating olfactory functions. Overall, studies show that females outper-
form men in most olfactory tasks (see Brand & Millot, 2001 for a review). 
However, for odor sensitivity tasks (i.e., threshold), the pattern of findings is 
conflicting (Brand & Millot, 2001). The National Geographic Smell Survey 
(1989) conducted by Wysocki and Gilbert revealed that women rated odors 
as more intense and also exhibited a higher detection accuracy. However, 
other studies found no support of a sex effect in odor thresholds (e.g., Segal, 
Topolski, Wilson, Brown, & Araki, 1995; Öberg, Larsson, & Bäckman, 
2002). One reason for the mixed pattern of findings in odor sensitivity might 
be that the influence of sex varies as a function of the olfactory stimuli used 
and that different psychophysical methods have been applied in the thresh-
old measurements (Koelega, 1994). 
 
Few studies have investigated a potential sex effect in odor discrimination. 
Most evidence indicates no sex difference in quality discrimination (Kobal 
et al., 2000; Rabin, 1988). However, Pol, Hijman, Baaré, van Eekelen, and 
van Ree (2000) reported that young females had a slight advantage over men 
in an odor quality discrimination task, but this effect disappeared with in-
creased task duration. In addition, Öberg, et al. (2002) investigated sex ef-
fects across a number of different olfactory tasks and found no reliable sex 
effects in intensity or quality discrimination. 
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In contrast, a vast majority of findings have demonstrated a female ad-
vantage in odor identification ability. The female superiority is prevalent in 
both free identification (Cain, 1982; Doty, Applebaum, Zusho, & Settle, 
1985; Wysocki & Gilbert, 1989; Öberg, et al., 2002), and cued identification 
tasks (Larsson, Nilsson, Olofsson, & Nordin, 2004; Segal et al., 1995). 
However, it is worth noting that other studies have failed to find a significant 
influence of sex in odor identification tasks (Kobal et al., 2000; Larsson, 
Finkel, & Pedersen, 2000). Some research reports that the sex effect may 
vary as a function of age, such that the female superiority is more pro-
nounced in older as compared to younger individuals (Ship, Pearson, Cruise, 
Brant, & Metter, 1996).  
 
For episodic odor memory (i.e., odor recognition), studies indicate a sex 
difference in favor of women (Choudhury, Moberg, & Doty, 2003; Larsson, 
Lövdèn & Nilsson, 2003; Lerhner, 1993), that corroborates the well estab-
lished female advantage in episodic memory for other types of sensory in-
formation (Herlitz, Nilsson, & Bäckman, 1997; Zelinski, Gilewski, & Schaie 
1993). Possible explanations of the observed sex difference in episodic odor 
memory are the female superiority in verbal abilities (Larsson et al., 2003; 
Öberg et al., 2002), and/or a keener sense of smell (Lerhner, 1993).  
 
Hence, the overall pattern of findings suggests that sex differences are pre-
sent in most olfactory tasks.  

Education  
There is a large individual variation in the relationship between the degree of 
brain pathology and behavioral function (Katzman et al., 1989; Stern, 2006). 
These findings have lead researchers to suggest a theoretical construct that 
may account for this discrepancy, namely, a cognitive reserve (for a review 
see Stern, 2006). The cognitive reserve theory suggests that highly educated 
individuals suffering from brain pathology are more likely to use strategies 
to recruit other brain structures or networks than those that are normally 
used in cognitive tasks. Results from various ethnical communities have 
demonstrated that individuals who lack education or have a low education 
are more likely to develop dementia and AD (Katzman, 1993; Mortimer & 
Graves, 1993; Ott et al., 1995; Zhang et al., 1990). Thus, two patients may 
have a similar degree of AD pathology but appear different in their clinical 
picture given their different educational background (Stern, 2006). Findings 
like these demonstrate that education may exert a significant impact on AD 
diagnosis and that education may serve as an index of the cognitive reserve. 
The concept of a cognitive reserve can be extended to account for individual 
variation in healthy individuals as well. For example, educational attainment 
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has a high correlation with scores on standard tests of intelligence (Mataraz-
zo & Herman, 1984). Also during normal aging, the educational background 
may exert a greater influence on cognitive performance than chronological 
age itself (Ardila & Rosselli, 1989). It is important to note that the reserve 
hypothesis has been classified into a cognitive and a brain model (Stern, 
2009). The cognitive reserve described previously, suggests that the brain 
actively cope with brain damage using cognitive processes. In contrast, the 
brain reserve is a passive model where the reserve derives from brain size or 
the number of neurons inherent from birth.     
 
A previous study based on the Betula project demonstrated that formal years 
of education accounted for significant proportions of the variance in both 
episodic and semantic memory tasks (Nyberg, Bäckman, Erngrund, Ol-
ofsson, & Nilsson, 1996). Also, education had a strong negative correlation 
with age, indicating that younger adults had more formal years of education 
than older adults. Given that education affects cognitive performance it is of 
importance to also control for educational background in the analyses of 
aging. The influence of education on olfactory functions is sparsely investi-
gated. Given that odor identification and semantic memory draw on similar 
cognitive abilities (Larsson et al., 2000), education may be a significant 
background variable in olfactory tasks as well. Indeed, findings suggest that 
years of formal education, irrespective of age, share variance with olfactory 
identification ability, such that high education is positively related to olfacto-
ry proficiency (Larsson et al., 2004). Thus, in age-heterogeneous population 
samples it is important to consider educational background when evaluating 
higher-order olfactory function. 

Health factors 
Olfactory disorders are more common in the population than is widely be-
lieved. In an adult Swedish population the overall prevalence of olfactory 
dysfunction was reported to be about 19% (Brämerson et al., 2004). Among 
these people, 13% were hyposmic, that is they had a diminished sense of 
smell, and 6% were anosmic, which is a total loss of smell function. It is 
important to note that such olfactory impairments could be a secondary ef-
fect of other disease conditions. The olfactory sense has proven to be vulner-
able for a variety of diseases (Deems et al., 1991; Murphy et al., 2002). Na-
sal and sinus disease, diabetes, head trauma, stroke, epilepsy, nasal conges-
tion, upper respiratory tract infection, and depression are some of the most 
common diseases associated with olfactory dysfunction (Deems et al., 1991; 
Dileo & Amedee, 1994; Le Floch, Lièvre, Labroue, Peynegre, & Perlemuter, 
1993; Murphy et al., 2002; Weinstock, Wright, & Smith, 1993). An olfacto-
ry impairment is also, as will be discussed in more detail below, often pre-



19 

sent in neurological disorders, such as Parkinson’s and Alzheimer’s disease 
(Doty, Reyes & Gregor, 1987; Hawkes, Shephard, & Daniel, 1997; Karpa et 
al., 2010; Murphy, 1999).  
 
Taken together, in the evaluation of population-based olfactory functions, a 
range of demographic factors such as sex, education, and health need to be 
taken into consideration.  
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Cognition and memory: an overview 

The studies included in this thesis comprise both olfactory and other cogni-
tive tasks. Since relationships among cognitive and olfactory functions will 
be discussed throughout this thesis, the section below will briefly cover a 
description of the different memory systems and the impact of aging on the-
se systems. 
 
Human memory is not a single faculty of mind, but rather composed of a 
variety of distinct and dissociable processes and systems (Schacter & 
Tulving, 1994). Although these systems subserve each other, they operate 
according to different principles. Functional, structural, and lesion data sup-
port the division of different memory systems into at least five different 
systems: Procedural memory, the perceptual representation system (PRS), 
semantic memory, working memory, and episodic memory (Gabrieli, 1998; 
Schacter & Tulving, 1994). Procedural memory refers to procedural and 
motor skills (Gupta & Cohen, 2002). The perceptual representation system 
(PRS), priming, is an implicit memory that does not require explicit recollec-
tion of a specific prior episode (Schacter, 1990). Semantic memory refers to 
memory for factual knowledge about the world (Schacter & Tulving, 1994). 
Episodic memory enables us to remember personally experienced events 
(Tulving, 2000). Working memory is for temporary storing and manipulation 
of information (Baddely, 2003). Due to its limited time capacity, working 
memory is often referred to as short-term memory, whereas other systems 
are viewed as long-term memory systems (see Figure 1). Working memory 
is closely related to executive function that involves shifting between tasks 
or mental sets, updating and monitoring of working memory representations, 
and inhibition of responses (Miyake et al., 2000). The memory systems can 
further be divided into declarative and non-declarative memory (Squire, 
1992). The latter comprises procedural memory and PRS. Semantic 
memory, working memory, and episodic memory store information learned 
through awareness and are components of declarative memory. The ontoge-
netic and phylogenetic aspects of the memory systems are important: the 
latest evolved system (episodic memory) is the most sensitive to disturb-
ances, whereas earlier developed systems (PRS, procedure memory) are 
more robust.  
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Figure 1. Taxonomy of the human memory. 

Cognitive aging 
It is well established that memory performance deteriorates with advancing 
age and differentially in various strata of elderly. However, several lines of 
evidence show that the effects of aging vary across different memory sys-
tems (Craik & Jennings, 1992; Nilsson, 2003). Aging takes the greatest toll 
on episodic memory and more so on free recall of information than on 
recognition (Nyberg et al., 2003). Semantic memory is affected by aging as 
well, although this effect can disappear when educational level is taken into 
account (Nilsson et al., 1997). Age is associated with lower scores on 
measures of working memory functioning, although many of the age-related 
influences appear to be mediated by a slower speed of processing (Salt-
house, 1994). The non-declarative memory systems appear to be stable 
across the life-span and do not seem to be affected by the aging process 
(Nilsson et al., 1997).  
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Cognitive factors in olfactory function 

The olfactory tasks included in this thesis are odor threshold (Study I), odor 
discrimination (Study II), and odor identification (Study I, II, and III). Below 
I will review these functions in more detail.  
 
Based on available evidence, Larsson (2002) conceptualized a theoretical 
framework to further the understanding regarding the relationships between 
different olfactory functions and forms of memory (i.e., memory systems). A 
tentative classification scheme is provided in Table 1. 
 
 
 
Table 1. Classification scheme: olfactory functions and their corresponding memory 
system (adapted from Larsson, 2002). 
 
 
 Memory system Olfactory function 

 Procedural memory Odor conditioning; aversions 

 Perceptual representation system Odor priming 

 Semantic memory Hedonics, familiarity;  
    identification; metamemory 

 Working memory Odor discrimination 

 Episodic memory Odor recognition memory 

Odor detection 
The most commonly used methods for determining olfactory threshold are 
the staircase method, the method of limits, and the method of constant 
stimuli. All methods have shown to yield reasonable good estimates of aver-
age threshold in an individual (Doty, Smith, Mckeown, & Raj, 1994; Wise, 
Bien, & Wysocki, 2007). In general, measurements of olfactory thresholds 
are thought to draw primarily on sensory processes. Few studies have inves-
tigated if threshold measurements also involve cognitive components. Func-
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tional brain imaging data and structural volumetric data support the notion of 
olfactory threshold detection as a primarily sensory driven task (Frasnelli et 
al., 2010; Savic, Gulyas, Larsson, & Roland, 2000; Seubert, Freiherr, 
Frasnelli, Hummel, & Lundström, 2012). Larsson et al. (2000) found no 
influence of cognitive factors in an odor detection task. However, hypotheti-
cally, the assessment of olfactory thresholds may tap discrimination abilities 
since the subject needs to detect the difference between a target and a blank. 
Indeed, there is some evidence indicating that olfactory threshold tests may 
draw on cognitive functions. A study by Dulay, Gesteland, Shear, Ritchey, 
and Frank (2008), measured the influence of cognition on different olfactory 
tasks with a structural equation modeling (SEM) analysis. The results 
showed that the odor threshold task loaded on both working memory and 
processing speed although to a lesser extent than the odor identification task. 
However, a recent developed method, the Sniff Magnitude Test (SMT), as-
sesses olfactory function by measuring changes in inhalation in response to 
an unpleasant odor (Frank, Dulay, & Gesteland, 2003; Mainland & Sobel, 
2006). Results derived from the SMT have shown to be unrelated to cogni-
tive demands, indicating that this method primarily relies on sensory factors 
(Dulay et al., 2008). 

Odor discrimination 
Olfactory discrimination is assessed by means of quality discrimination 
(similar/dissimilar) or intensity discrimination (stronger/weaker). Although 
discrimination has been viewed as primarily a sensory task (Danthiir, Rob-
erts, Pallier, & Stankov, 2001), the shifting from one presented odor to an-
other and a continuous updating with a new olfactory representation may tap 
executive functioning (Dulay et al., 2008; Miyake et al., 2000). At a first 
step, an odor must be detected, and the subject must be able to form a transi-
ent representation of the target odor and to use this information for compari-
son and subsequent selection of the target odor from a set of distractors.  
Discrimination performance will increase if the odors are presented with a 
higher intensity or if odor labels are provided (de Wijk & Cain, 1994). Rabin 
(1988) manipulated odor discrimination ability in a series of experiments. 
The results revealed that experience with the specific target odor (i.e., label 
and profile training) prior to testing enhanced the ability to discriminate 
between them. Semantic memory may be engaged as an additional strategy 
in shifting and updating working memory by labeling the different olfactory 
stimuli provided.  
 
Brain imaging data indicate that olfactory information is processed in a hier-
archical manner. Savic et al. (2000) reported that discrimination by quality 
and odor recognition activated a wider cortical network than intensity dis-
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crimination and passive smelling. These data suggest that intensity discrimi-
nation may depend less on cognitive factors, whereas discrimination of qual-
ity is a more cognitively driven process. Moreover, it is of interest to note 
that patients with temporal lobe lesions typically have normal olfactory 
threshold values but show deficits in quality discrimination ability, which 
suggests that odor discrimination depend on other neural structures than 
threshold tasks (Zatorre & Jones-Gotman, 1991). However, evidence from 
Korsakoff patients show impaired odor discrimination ability but intact odor 
memory, suggesting that different mechanisms underlie odor memory pro-
cessing and odor discrimination ability (Herz & Engen, 1996; Mair, Carpra, 
McEntee, & Engen, 1980). 

Odor identification 
Both odor familiarity and odor naming (i.e., odor identification) depend on 
prior knowledge of an odor (i.e., semantic memory) (Finkel, Pedersen, & 
Larsson, 2001; Larsson et al., 2000). In a familiarity task the subjects are 
usually instructed to rate the perceived familiarity (from high to low) of a 
given odor. Odor identification is often a more difficult task than expected 
and even though an odor is highly familiar it is common that people fail to 
generate its correct name. Also everyday odors, which are highly over-
learned, may prove extremely difficult to name. The tip-of-the-nose phe-
nomenon was introduced by Lawless and Engen (1977) and relates to a 
strong feeling of recognizing the odor but still being unable to produce its 
specific label. Current evidence suggests that the inability to correctly name 
an odor is not due to a poor association between the odor and its label but 
rather a failure to identify the odor (Jönsson, Tchekhova, Lönner, & Olsson, 
2005).  
 
Odor identification can be assessed both by means of free identification and 
cued identification. In free odor identification, young adults can name about 
22-57% of the presented odors (Larsson, 1997), whereas in cued identifica-
tion, performance can reach ceiling-levels (Doty et al., 1994). It is not sur-
prising that subjects perform better in cued than in free odor identification. 
When cues are provided, the task is more supportive in the sense that the 
subject only has to match the odor sensation to the appropriate label. In free 
identification, the subjects have to initiate a search process in order to re-
trieve the correct label. Four alternatives per test stimuli is a common test 
procedure as more response items may pose too high task demands (Nordin, 
Brämerson, Liden, & Bende, 1998). The selection of response alternatives is 
important since cued identification performance is dependent on the similari-
ty between the target odor and the distractors. Engen (1987) reported that for 
highly dissimilar odors (e.g. pizza, turpentine, and clove for the target 
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grape), identification performance reached 93%. However, if the selected 
distractors were highly similar to the target odor (melon, strawberry, and 
plum) identification dropped to about 50%. 
 
As noted above, several studies have reported an association between se-
mantic memory and odor identification performance (Economou, 2003; 
Finkel et al., 2001; Larsson et al., 2000). Also, by employing SEM tech-
niques, Dulay et al., (2008) reported that non-olfactory cognitive abilities 
such as verbal retrieval, working memory, and cognitive processing speed 
contributed significantly to odor identification performance. In a principal 
component factor analysis, Dantiir et al. (2001) showed that odor identifica-
tion loaded on crystallized intelligence, a factor clearly defined by general 
knowledge and vocabulary. In line with this finding, Larsson et al. (2004) 
reported that cognitive speed and vocabulary ability predicted odor identifi-
cation performance.  
 
Taken together, current evidence shows that odor identification performance 
share variance with a number of different cognitive functions, such as verbal 
knowledge, working memory, and processing speed. 

Odor recognition 
As noted above, episodic memory is assessed by means of recall and recog-
nition tasks. For olfactory information, episodic memory is measured using 
recognition paradigms. In an odor recognition task the participant is first 
presented with a set of odors and then instructed to discriminate previous 
encountered odors from new ones (distractors). Of course, in order to suc-
cessfully encode the odor, the subject needs to be able to perceive the odor 
sensation and to discriminate between the ones presented. In this respect, 
odor recognition may be regarded as a higher-order odor processing task, 
reflecting both cognitive and sensory processes (Savic et al., 2000).  
 
Earlier evidence suggested that odors are encoded in a holistic way with no 
influence of semantic factors and that odor memory is resistant to interfer-
ence and forgetting (Engen, 1987; Engen & Ross, 1973). However, this view 
has been challenged in more recent work. Clearly, odor recognition ability 
depends on semantic knowledge, since factors such as perceived familiarity 
and identifiability are positively related to performance in odor recognition 
(Larsson & Bäckman, 1993; Larsson & Bäckman, 1997; Murphy, Cain, 
Gilmore, & Skinner, 1991; Rabin & Cain, 1984). Also, evidence indicates 
that episodic odor memory is very prone to forgetting and that odor recogni-
tion decline is more pronounced over a 6 months interval as compared to 
other sensory stimuli (Larsson & Bäckman, 1993; Murphy et al., 1991).  
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Relationships among olfactory tasks  
There are moderate to strong relationships among tests assessing different 
aspects of olfactory function. For example, tests of odor identification typi-
cally have high positive correlations with odor threshold tasks (Cain & Rab-
in, 1989; Hummel, Sekinger, Wolf, Pauli, & Kobal, 1997). Discrimination is 
positively correlated with both free and cued identification ability (de Wijk 
& Cain, 1994). Lehrner, Gluck, and Laska (1999) investigated olfactory 
functions across the lifespan and reported that detection was correlated with 
odor memory, although only marginally in old age. Also, a vast majority of 
findings have documented strong relationships between odor identification 
and odor recognition, such that a successfully identified odor is easier to 
recognize at a later occasion (Larsson & Bäckman, 1993; Larsson & Bäck-
man, 1997; Murphy et al., 1991; Rabin & Cain, 1984). In a principal com-
ponent analysis including olfactory tests of threshold, discrimination, recog-
nition, and identification, Doty et al. (1994) reported that olfactory tests 
share a common source of variance suggesting that olfactory function is 
multidimensional. For example, the act of detecting an odor also requires the 
ability to remember the odorant and to discriminate it from a blank. Also, 
logically, if a subject has a poor ability to detect an odor this would impli-
cate that the subject would be impaired in higher-order cognitive tasks since 
no odor sensation is available for encoding. Further, olfactory identification 
is dependent on both the bottom-up process of sensory functioning and the 
top-down process of cognitive abilities (Richardsson & Zucco, 1989). In a 
series of experiments, Cain and Potts (1996) reported that misidentification 
may depend on a misperception. The generation of an incorrect odor may 
originate from a failure in quality discrimination. For example, if a subject 
mistake orange for lemon it could be due to that the subject perceived or-
ange, and not lemon, at encoding.  
 
Functional brain imaging data suggest that olfactory functions are mediated 
by both parallel and hierarchical processing, such that odor identification, 
odor recognition memory, and odor quality discrimination recruit more and 
different areas than less complex olfactory tasks, such as odor intensity dis-
crimination and passive smelling (Savic et al., 2000). In recent work, Seu-
bert et al. (2012) reported that different brain areas predict distinct aspects of 
olfactory performance. Thus, different olfactory tasks vary in the extent to 
which they recruit different brain structures and networks.  
 
To summarize, cognitive factors play a significant role in higher-order olfac-
tory tasks and different olfactory tasks share a significant portion of vari-
ance, although some evidence are mixed. Given that demographic factors, 
such as aging, takes a toll on both cognitive and olfactory processes some of 
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the inconsistent findings in olfactory function may be understood by consid-
ering potential age-related influences on cognitive functioning.  
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Olfaction in normal aging, MCI, and dementia 

Aging takes a toll on olfactory functions. Murphy et al. (2002) reported that 
the presence of an olfactory dysfunction is 25% in the general American 
population of elderly. In addition, the prevalence increased with increasing 
age. Surprisingly, the lack of awareness of olfactory impairments is very 
high, as only about 20% of the subjects with olfactory impairment report 
that they had an abnormal smell function (Murphy et al., 2002). The propor-
tion of elderly in the population is growing fast. In the European population 
the prevalence of dementia increases continuously with age and AD ac-
counts for most of the dementia cases (about 60 to 70%) (Fratiglioni et al., 
2000). Below, the close relationship between age and olfactory ability will 
be presented. Given the high risk of AD in older age and the presence of 
olfactory dysfunction in AD, this potential association will also be dis-
cussed. 

Olfactory function in normal aging 
Aging is accompanied by a gradual loss of olfactory ability. On a biological 
basis, the age-related changes in the smell functions can be explained by a 
deterioration of olfactory receptor neurons (ORN) (Rawson, Gomez, Cow-
art, & Restrepo, 1998). The ORNs have been found to be regenerated at a 
slower pace in the olfactory epithelium in old compared to young adults and 
the selectivity of the ORNs may vary as a function of age (Loo, Youngentob, 
Kent, & Schwob, 1996; Rawson et al., 1998). In addition, the surface area of 
the olfactory epithelium becomes gradually smaller with increasing age. The 
processing speed of olfactory information decreases in normal aging for both 
the sensory and cognitive components in event-related potentials (Hummel, 
Barz, Pauli, & Kobal, 1998; Murphy, et al., 2000). Further evidence from 
olfactory neuroimaging studies show an age-related decrease in brain activi-
ty in olfactory structures (Cerf-Ducastel & Murphy, 2009; Wang, Eslinger, 
Smith, & Yang, 2005). 
 
All olfactory functions are negatively affected by age. Odor thresholds in-
crease with aging (Kaneda et al., 2000; Larsson et al., 2000; Murphy, Nor-
din, de Wijk, Cain, & Polich, 1994; Stevens & Cain, 1987), although a loss 
in odor sensitivity may not always a feature in aging. For example, Nordin, 
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Almkvist, and Berglund (2012) demonstrated that a subgroup of older sub-
jects without any medical, health or cognitive deficits (i.e. successfully aged) 
known to affect olfactory abilities performed at the same level as young 
adults, suggesting that factors secondary to aging are responsible for the 
odor detection deficits in older individuals. Other evidence indicates that the 
size of the age effect in odor sensitivity varies as a function of the type of 
odor (Wysocki & Gilbert, 1989).   
 
Similarly, young outperform old adults in odor quality discrimination 
(Hummel et al., 1998; Kaneda et al., 2000; Schemper, Voss, & Cain, 1981). 
In a study by de Wijk and Cain (1994) age was negatively correlated with 
both odor discrimination and odor identification performance. Interestingly, 
controlling for odor identification indicate that the association between aging 
and discrimination was not driven by age-related odor identification impair-
ments.   
 
Likewise, both odor identification and odor recognition are negatively af-
fected by aging (Larsson, 1997; Larsson & Bäckman, 1993; Larsson et al., 
2004; Lehrner et al., 1999; Murphy et al., 1991; Ship & Weiffenbach, 1993). 
A vast majority of findings report of age-related impairments in odor identi-
fication ability (Doty et al., 1984; Dulay et al., 2008; Larsson et al., 2000). 
Doty et al. (1984) documented that odor identification reached a plateau in 
between 20 to 40 years of age after which a gradual loss of olfactory abilities 
commenced. In addition, de Wijk and Cain (1994b) demonstrated that odor 
identification ability over the life-span follows an inverted U-shape, such 
that young adults outperform children and elderly. It is of interest to note 
that the age-related impairment is greater with increasing task demands, 
thus, the age effect is larger in free than in cued identification tasks (de Wijk 
& Cain 1994; Schemper et al.,1981). Also, age-related deficits in odor iden-
tification may vary with the hedonic qualities of odors (Konstantinidis, 
Hummel, & Larsson, 2006; Wysocki & Gilmore, 1989). Konstantinidis et al. 
(2006) found a strong age effect for pleasant odors, whereas identification of 
unpleasant odors was independent of age.  
 
Yet, few studies have investigated the effects of age on odor identification 
using a longitudinal study design. Ship et al. (1996) confirmed and extended 
the cross-sectional findings on age-related impairments in odor function by 
studying odor identification over a three-year period. In their work, odor 
identification decreased as a function of age, and the deterioration was faster 
with increasing age. Notably, a sex × age interaction was found such that the 
olfactory decrement started in the middle-age for men and around 75 years 
of age among women. However, other work did not find an interaction be-
tween sex and age in either odor identification or odor detection (Larsson et 
al., 2000). 
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Lehrner et al., (1999) reported that elderly subjects exhibited a detection 
impairment and that the detection thresholds were correlated with episodic 
odor memory, suggesting that a primary sensory impairment may be respon-
sible for the odor recognition impairment observed in old age. Also, older 
subjects were impaired in remembering odors that had been identified cor-
rectly in an earlier task. However, odors that were not correctly identified 
obtained equal recognition performance across age groups, suggesting that 
there is a recollection-based odor memory system that declines with age and 
a familiarity-based system that shows age invariance. In agreement with this, 
Murphy et al. (1991) found that an age-related effect in short-term odor 
recognition was true only for odors with a low familiarity. Since semantic 
odor knowledge is known to influence odor recognition (Larsson, 1997), 
age-related deficits in odor recognition may share variance with age-related 
impairments in odor identification. Larsson and Bäckman (1993, 1997) 
found that controlling for odor naming eliminated the age-related impair-
ments in odor recognition, suggesting that decrements in cognitive olfaction 
function (i.e., odor identification) rather than sensory deficits underlie the 
age deficits in higher-order olfactory functions. Taken together, these data 
suggest that identifiability and familiarity play significant roles for age-
related odor recognition deficits. 
 
One important question concerns to what extent age-related decrements in 
higher olfactory functions result from cognitive deficits and/or a sensory 
loss? Murphy et al. (1991) demonstrated that odor recognition performance 
is significantly impaired in the elderly and that this age deficit in part was 
related to deficits in threshold performance. Further, Larsson et al. (2004) 
reported that demographic and cognitive variables could not fully explain 
the age-related variance in odor identification suggesting that basic sensory 
abilities also play a fundamental role. However, it is clear that sensory defi-
cits alone cannot explain the age-related impairment in odor recognition 
memory and odor identification (Larsson & Bäckman, 1993; Larsson & 
Bäckman, 1997; Murphy et al., 1991). Given that olfactory tests share a 
common source of variance (Doty et al., 1994), and that cognitive abilities 
are recruited in olfactory tasks (Larsson, 1997; Richardsson & Zucco, 1989), 
performance across olfactory tasks may rely on a shared factor loading. For 
other sensory stimuli (hearing and vision) Baltes and Lindenberger (1997) 
reported a strong connection between sensory and cognitive functions that 
varies across the lifespan, such that the proportion of shared variance is am-
plified in older ages. In their study they argue that the common cause hy-
pothesis accounts for the age-related connection between sensory and intel-
lectual functioning. The common cause hypothesis stipulates that correla-
tions between sensory and cognitive functioning increase due to age-related 
physiological loss in the brain (Baltes & Lindenberger, 1997). In a similar 
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vein, Salthouse, Hambrick, and McGuthry (1998) showed that cognitive as 
well as and noncognitive variables share age-related variance. In addition, 
the proportion of shared variance was substantially reduced after controlling 
for the influence of age. In a seminal study, Dulay and Murphy (2002) 
demonstrated that the common cause hypothesis was true for cognitive func-
tioning and olfactory acuity as well. Olfactory acuity (as indexed by a 
threshold task and an alcohol sniff test) and cognition (as indexed by a com-
posite of various cognitive tests) was entered in a SEM analysis. The results 
indicated that the “cognition” latent factor and the “olfaction” latent factor 
were related to a second-order common factor, which in turn was affected by 
chronological age, such that olfactory and cognitive functions were relative-
ly unrelated in young age but converged in old age. Possible explanations for 
these observations are that age-related degeneration and anatomical losses in 
the CNS affect both olfactory and cognitive processes. Altogether, the au-
thors concluded that olfactory performance may represent a valid index for 
the neural integrity of the aging brain (Dulay & Murphy, 2002). 
 
It is worth noting that research suggest that impaired odor function precedes 
age-related cognitive deficits. In longitudinal studies of elderly cohorts, odor 
identification impairments were associated with lower levels of global cog-
nition (Wilson, Robert, Arnold, Tang, & Bennett, 2006; Olofsson et al., 
2009). Also, Finkel,Reynolds, Larsson, Gatz, and Pedersen (2011) reported 
that high odor identification performance predicted better performance on 
cognitive tasks, such as verbal ability, processing speed, and memory, alt-
hough no predicted evidence of odor identification on longitudinal cognitive 
change was observed. 
 
In conclusion, aging is accompanied by olfactory dysfunction, which is pre-
sent in sensory as well as cognitively driven olfactory tasks.  

Olfactory function in MCI and dementia 
 
The cause of AD remains unclear, although much research has focused on 
the pathology behind the disease. AD is a degenerative disease characterized 
by so-called senile plaques and tangles with a predominant clustering in 
limbic and temporal brain regions (Braak & Braak, 1991). These plaques are 
believed to be the result of an overproduction of beta-amyloid in the brain 
(Gazzaniga, Ivry, & Mangun, 2002). The olfactory bulb is one of first the 
regions where Alzheimer-type pathology (senile plaques, tangles, and beta- 
amyloid) is manifested in the brain (Christen-Zaech et al., 2003; Kovacs, 
2004). Although the clinical symptoms of AD are well established, it is clear 
that AD patients represent a heterogeneous group. Patients exhibit various 
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cognitive impairments, and these deteriorate at different rates during the 
disease progression (Cummings, 2000; Teri, Hughes, & Larson, 1990). Also, 
there is a discrepancy in terms of clinical symptoms and the degree of patho-
logical damage (Braak & Braak, 1991; Katzman et al., 1989; Riley, Snow-
don, & Markesbery, 2002).   
 
There are numerous studies showing that neurodegenerative diseases such as 
AD are linked to olfactory impairments (for review see Mesholam, Moberg, 
Mahr, & Doty, 1998). In 1995, Morgan, Nordin, and Murphy reported that 
AD patients were more impaired in odor identification than in picture identi-
fication tasks. These authors suggested that assessment of odor identification 
in the evaluation of an AD diagnosis could be fruitful. In addition to these 
observations, several studies have found impaired odor identification abili-
ties in subjects at risk for AD (Devanand et al., 2008; Koss, Weiffenbach, 
Haxby, & Friedland, 1988; Larsson et al., 1999; Morgan et al., 1995). Also, 
results suggest that a low olfactory identification performance can predict 
the subsequent development of MCI in older persons without cognitive im-
pairment at baseline (Wilson et al., 2007). Mild cognitive impairment (MCI) 
is a common diagnosis that is difficult to classify. It is frequently used to 
describe non-demented people with a type of memory loss that is not con-
sidered to be associated with the normal aging process. Studies show that 10 
- 15% of the people with MCI progress to AD within a year (Petersen et al., 
1999). As MCI can be considered a transitional stage between normal aging 
and AD it is important to study MCI patients as current evidence suggest 
that the odor impairments are present in people at high risk of developing 
AD. However, it should be noted that the MCI concept has been widely crit-
icized for being too broad. In 2011, a new concept was suggested, “MCI due 
to AD”, that combines biomarkers such as beta-amyloid and neuronal injury 
with a decline in cognition and some evidence of impairment in one or more 
cognitive domains, typically including memory (Albert et al., 2011). Schu-
bert et al., (2008) found that odor identification deficits were associated with 
a significant cognitive impairment at a five-year later follow-up in an older 
population. Further, Devanand et al. (2000) reported that olfaction scores 
were lower in patients with MCI as compared to healthy subjects. Also, the 
olfactory identification deficits together with lack of awareness of the olfac-
tory deficits in MCI patients predicted conversion to AD in a three-year 
follow-up study where patients were followed at six-month intervals. 
Djordjevic, Jones-Gotman, De Sousa, and Chertkow (2008) replicated and 
extended these findings by demonstrating that MCI patients show deficits in 
three olfactory domains: olfactory thresholds, discrimination, and identifica-
tion. Regarding the impact of olfactory sensitivity (i.e., thresholds) in AD 
progression evidence is mixed. Some studies suggest that an olfactory 
threshold impairment precedes the AD diagnosis (Bacon, Bondi, Salmon, & 
Murphy, 1998; Djordjevic et al., 2008), and that increased olfactory thresh-
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olds in patients with AD reflect the effects of the disease process (Morgan et 
al., 1995; Murphy, Gilmore, Seery, Salmon, & Lasker, 1990; Nordin, 
Almkvist, Berglund, & Wahlund, 1997). Others report of no odor threshold 
impairment in the preclinical stage, suggesting that the selective odor identi-
fication deficit reflects that the olfactory impairment in AD is central rather 
than peripherally driven (Koss et al., 1988; Larsson et al., 1999; Serby, Lar-
son, & Kalkstein, 1991). In line with these findings, longitudinal studies 
show that olfactory impairments are significantly related to MMSE (Mini-
Mental State Examination) performance and appear to precede the impair-
ment and memory loss in preclinical AD (Graves et al., 1999).  
 
In sum, available evidence indicates that higher-order olfactory deficits may 
be present early in an AD diagnosis.  
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Behavioral genetics 

Twin and adoption studies indicate that genes account for about half of the 
variance in cognitive abilities (IQ), although the genetic impact on specific 
cognitive abilities is much lower (Pedersen, Plomin, Nesselroade, & 
McClearn, 1992; Deary, Spinath, & Bates, 2006; Bouchard & McGue, 
2003). Evidence suggests that gene expression is distributed widely 
throughout the CNS rather than being localized in specific brain regions 
affecting specific cognitive functions (Kovas  & Plomin, 2006). Multivariate 
genetic analyses predict that genes that influence a specific cognitive trait 
also will be associated with other similar cognitive abilities (Deary et al., 
2006). Interestingly, the relative importance of genetic influence may vary 
with age (Bouchard & McGue, 2003). From infancy to middle age, the im-
pact of genetic factors increase while shared environmental influences de-
crease. For the oldest cohorts, some studies have reported the opposite: that 
heritability in general cognitive abilities decreases (Finkel, Pedersen, 
McGue, & McClearn, 1995; Finkel, Pedersen, Plomin, & McClearn, 1998), 
although the available findings represent a mixed pattern of findings (Peder-
sen et al., 1992). A recent study by Deary et al. (2012) suggests that the 
same genes are associated with a cognitive trait throughout life, with possi-
bly some genetic variation for cognitive change. However, although genes 
may account for a small proportion of age-related cognitive decline there 
may be a gene × environment interaction that makes a person more or less 
susceptible to environmental effects on cognitive traits. 
 
Available evidence suggests that the role played by specific genes for a cer-
tain behavior may vary over the lifespan. For example, the ApoE gene has 
been found to affect cognitive proficiency in old age but has little or no im-
pact in younger ages (for review see Small, Rosnick, Fratiglioni, & Bäck-
man, 2004). In addition, specific genes can be expressed differently in dif-
ferent developmental stages (Lu, Pang, & Woo, 2005), such that a genotype 
may exert an unexpected effect on cognition in older age compared to its 
effect in younger age (Erickson et al., 2008). 
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Genes and olfaction 
Neuroscientists Linda Buck and Richard Axel demystified the olfactory 
sense in 1991 by discovering a family of approximately 1000 genes that 
encode the olfactory receptors in rodents. They found that each olfactory 
receptor cell, residing in the olfactory epithelium, is highly specialized for a 
small number of odors (Buck & Axel, 1991). Their groundbreaking research 
findings, for which they later received the Nobel Prize, opened the door to 
the genetic analysis of the mechanisms of olfaction. The human olfactory 
system contains several millions of olfactory sensory neurons, each express-
ing one of approximately 350 olfactory functional receptor genes where each 
receptor responds to several odorants. Although humans have about 1000 
receptor genes, the majority has been mutated into non-coding pseudogenes 
(Keller & Vosshall, 2004). Keller, Zhuang, Chi, Vosshall, and Matsunami 
(2007) have demonstrated that the different genetic makeup in individuals 
contributes to variability in human odor perception. Their study, which was 
the first such gene-behavior link in the domain of olfaction, reported that a 
genotypic variation in OR7D4 accounted for androstenone sensitivity. A 
twin study by Finkel et al. (2001) demonstrated a heritability for odor identi-
fication and perceived intensity, however, there was no genetic variance for 
odor identification that was independent of genetic variance for the cognitive 
measures. Even though earlier studies suggest that there is a large genetic 
component involved in olfactory processing, few genes contributing to indi-
vidual differences in olfactory proficiency have been identified (Finkel et al., 
2001; Segal et al., 2005). 

Apolipoprotein E (ApoE) 
The Apolipoprotein E (ApoE) gene is located on chromosome 19 involved 
in transport of cholesterol and of lipids in plasma and in other body fluids 
(Laws, Hone, Gandy, & Martins, 2003). The ApoE gene is present in cells of 
several organs which synthesize ApoE, including the liver and the brain. The 
ApoE gene carries three primary alleles: ε2, ε3, ε4, forming six possible 
genotypes: ε2/ε2, ε2/ε3, ε2/ε4, ε3/ε3, ε3/ε4, and ε4/ε4 for a specific individ-
ual. The distribution of the three alleles varies in different populations and in 
a Scandinavian population the frequencies of the different alleles has been 
estimated to 4.1%, 73.3%, and 22.7% for ApoE ε2, ApoE ε3 and ApoE ε4 
respectively (Corbo & Scacchi, 1999; Ehnholm, Lukka, Kuusi, Nikkilä, & 
Uttermann, 1986). The ApoE gene has long been recognized as a candidate 
gene for cardiovascular diseases (Gylling & Miettinen, 1992; Kamboh, 
Weiss, & Ferrell, 1991). However, in recent years it has also been associated 
with neurodegenerative diseases such as late-onset AD (Bertram, McQueen, 
Mullin, Blacker, & Tanzi, 2007; Coon et al., 2007; Corder et al., 1993; Re-
beck, Reiter, Strickland, & Hyman, 1993).  
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ApoE and Alzheimer´s Disease 
There are a number of studies investigating genes that may play a role in the 
development and progression of AD. The ApoE gene is one of the few can-
didate genes that show a consistency and reliability across studies (Bertram, 
2004). Subjects carrying at least one copy of the ε4 allele have a significant-
ly increased risk of developing common familial and sporadic late-onset AD 
(Coon et al., 2007; Raber, Huang, & Ashford, 2004; Roses, 1998).  Also, a 
dose effect of the ApoE ε4 allele has been documented, such that homozy-
gous carriers (genotype ε4/ε4) are associated with lower age at onset and a 
faster rate of cognitive decline in the progression of AD  (Breitner et al., 
1999; Craft et al., 1998). 
 
As noted above, AD is a degenerative disease characterized by so-called 
senile plaques and tangles that predominantly cluster in limbic and temporal 
brain regions. These plaques are believed to be the result of an overproduc-
tion of beta-amyloid in the brain (Gazzaniga, Ivry, Mangun, 2002). Some 
evidence suggests that the ApoE gene appears to contribute directly to the 
pathogenesis of AD by promoting amyloid plaques (and possibly neurofi-
brillary tangles) in the brain (Kamboh, 1991; Raber et al., 2004; Sunderland 
et al., 2004). Although much research has been aimed at finding the causal 
link to AD, it is still uncertain whether the pathological manifestations men-
tioned above is the basis behind the disease or just an epiphenomenon, i.e. a 
secondary symptom. It is important to note that not all ApoE ε4 allele carri-
ers develop AD and that individuals who lack the ApoE ε4 allele may also 
develop the disease.  

ApoE and cognitive aging 
Compared to the BDNF val66met polymorphism, the literature regarding 
ApoE as a candidate gene accounting for some of the cognitive variation in 
the population is very consistent. Several studies have reported the ApoE 
gene as an important predictor of cognitive aging (Anstey & Christensen, 
2000; Blair et al., 2005; Bretsky, Guralnik, Launer, Albert, & Seeman, 2003; 
Caselli et al., 2009; Finkel et al., 2011; Nilsson et al., 2006), although other 
studies have failed to find such an association (Bunce, Fratiglioni, Small, 
Winblad, & Bäckman, 2004; Small et al., 2000). Since degenerative diseases 
are characterized by a gradual onset of symptoms it is difficult to determine 
the time course of the disease. Thus, it is difficult to dissociate the effects of 
ApoE ε4 allele on the normal aging process from preclinical dementia stages 
(Nilsson et al., 2006).  



37 

ApoE and olfaction 
Several lines of research indicate a strong link between the ApoE gene and 
olfactory functions with or without the presence of dementia. The ApoE 
gene, which is expressed in the olfactory bulb and the olfactory epithelium, 
is associated with the continuous degeneration and regeneration processes 
that occur in the olfactory nerve (Nathan, Nannapaneni, Gairhe, Nwosu, & 
Struble, 2007; Struble, Short, Ghobrial, & Nathan, 1999). Also, severity of 
tau pathology in the olfactory bulb of AD correlates with the ApoE ɛ4 geno-
type (Tsuboi et al., 2003). An early study by Murphy, Bacon, Bondi, and 
Salmon (1998) reported a marked odor identification deficit in non-
demented old ApoE ε4 allele carriers compared to non- ε4 carriers. Other 
evidence shows that in individuals with MCI, those with the ApoE ɛ4 allele 
demonstrate poorer thresholds than those without the ɛ4 allele (Bacon et al., 
1998). A longitudinal study further demonstrated that elderly people carry-
ing the ε4 allele had a significant decline over four years in odor identifica-
tion but not in odor threshold, picture identification or Dementia Rating 
Scores (Calhoun-Haney & Murphy, 2005). However, some studies report no 
association between the ApoE gene and olfactory performance (Devanand, 
et al., 2010; Swan & Carmelli, 2002). Although Handley, Morrison, Miles, 
and Bayer (2006) did not find an independent influence of ApoE status on 
odor identification, there was a significant interaction between family histo-
ry of AD and ApoE such that AD sibling ε4 carriers showed the largest ol-
factory deficits. Also, there is recent support for the impact of ApoE and 
olfaction on cognitive function, longitudinal findings indicate that ApoE and 
low odor identification have unique roles in predicting cognitive perfor-
mance on three cognitive domains after the age of 65: verbal ability, spatial 
ability, and cognitive speed (Finkel et al., 2011). In addition, the ApoE gene 
in combination with poor odor identification performance can serve as a 
marker for prospective global cognitive decline measured by the MMSE 
(Graves et al., 1999; Olofsson et al., 2009).  

Brain-derived neurotrophic factor (BDNF) 
The brain-derived neurotrophic factor (BDNF) is a growth factor highly 
expressed in the CNS and known to support survival, transmission, and syn-
aptic plasticity in the cortex (Poo, 2001). The gene has multiple isoforms 
and the most studied single nucleotide polymorpism (SNP) of the BDNF is 
the val66met variant. The BDNF  val66met polymorphism is located at nu-
cleotide 196 (G/A) and produces an amino acid substitution, valine for me-
thionine. Thus, the BDNF val66met carries two alleles, the val allele and the 
met allele, with a frequency of 3.4% for met/met, 32.4% for val/met, and 
64.2% for val/val respectively in a Caucasian population, however, the geno-
type frequencies varies across ethnical groups (Pivac et al., 2009). In a semi-
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nal study published in 2003, Egan et al. reported that secretion of BDNF is 
impaired by the met allele and suggested a role for the BDNF val66met in 
hippocampal function and episodic memory in humans. Their results made 
the BDNF val66met a common putative candidate gene for the study of in-
dividual variation in cognitive processes. 

BDNF and cognition 
Several association studies have demonstrated a role of the BDNF val66met 
polymorphism on human cognitive function. Hariri et al. (2003) demonstrat-
ed that subjects with at least one met allele made more recognition errors in 
a declarative memory task. Also, this group showed a reduced hippocampal 
engagement during encoding and retrieval as indicated by fMRI. In addition, 
val/val carriers have been reported to have smaller hippocampal volume than 
val/met heterozygotes (Bueller et al., 2006; Pezawas et al., 2004). Some 
studies have reported that the met allele is a risk factor for cognitive impair-
ment in aging (Miyajima et al., 2008; Nagel et al., 2008; Raz, Rodrigue, 
Kennedy, & Land, 2009), whereas other work report of opposite findings 
where the met allele may protect against cognitive decline (Erickson et al., 
2008; Harris et al., 2005). Hence, the overall pattern of findings regarding 
the BDNF val66met as a candidate gene for cognition presents a complex 
and conflicting pattern of results. A recent meta-analysis did not establish 
significant associations for the genotype and any of the included phenotypes, 
such as general cognitive ability, memory, executive functions, visual pro-
cessing skills or verbal fluency (Mandelman & Grigorenko, 2012). Howev-
er, this meta-analysis did not take age or sex into account to stratify for any 
effects on the association between the BDNF val66met polymorphism and 
cognition. 

BDNF and olfaction 
There is some evidence indicating that BDNF might be relevant for olfactory 
processing although little research has focused on this potential association. 
The BDNF gene is of interest to explore with regard to olfactory function 
since the BDNF has been found to regulate the proliferation and survival of 
ORNs in vivo (Simpson et al., 2002). Also, the generation and/or survival of 
new neurons in the adult olfactory bulb can be increased substantially by 
intraventricular administration of BDNF (Zigova, Pencea, Wiegand, & Lus-
kin, 1998). The expression of BDNF is high in regions pertaining to the 
sense of smell, such as the olfactory bulb, although the level of expression 
may decrease with increasing age (Katoh-Semba, Semba, Takeuchi, & Kato, 
1998). Bath et al. (2008) identified the BDNF val66met variant as a critical 
factor in the disruption of olfactory bulb neurogenesis in adult BDNF and 
tyrosine receptor kinase (TkrB) knockout mice, linking the polymorphism to 
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olfactory functioning in animals. Their observations indicate that an absence 
of BDNF and its receptor TkrB results in olfactory impairment (Bath et al., 
2008). Also, given that the BDNF val66met polymorphism is related to hip-
pocampal engagement in episodic memory tasks (Hariri et al, 2003), and that 
successful odor identification performance depend on hippocampal regions 
(Kjelvik, Evensmoen, Brezova, & Håberg, 2012), BDNF is an interesting 
candidate gene to investigate regarding olfactory ability as well. To date, no 
research has focused on the val66met polymorphism and explored its poten-
tial effect on olfactory processing in humans. 
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General aims of the thesis 

Based on the available evidence reviewed above, the overall aim of this the-
sis was to investigate the influence of demographic, health, cognitive, and 
genetic factors on olfactory ability. Study II and III were carried out in the 
realm of a longitudinal population-based prospective study – The Betula 
project. More specifically, the objectives can be summarized as follows:  
 

 
1. To what extent do age and sex influence olfactory function? (Study 

I, II, III) 
 

2. What is the relative impact of cognitive factors, such as episodic and 
semantic memory, and executive functions on different olfactory 
tasks - i.e., odor threshold, odor discrimination, and odor identifica-
tion? (Study I) 

 
3. Does ApoE status have any unique influence on olfactory ability af-

ter controlling for demographic, health, and cognitive factors and 
current and pre-clinical dementia in a population-based sample? 
(Study II) 

 
4. Is the BDNF val66met polymorphism associated with age-related 

decline in olfactory function in a sample of community-dwelling 
adults? (Study III) 
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Methods 

The Betula Prospective Cohort Study 
The data from Study II and Study III in the present thesis derives from the 
Betula study. Betula is a large ongoing population-based longitudinal project 
focusing on memory, health, and aging. The main objectives of the project 
are to study how cognitive functions change during adult life and old age, to 
identify risk factors for dementia and to identify early preclinical signs of 
dementia. The Betula data is sampled randomly from the population of 
Umeå, a city located in the north of Sweden with 110,000 habitants (Nilsson 
et al., 1997, 2004). Participants are selected from the population registry of 
Umeå and contacted by mail. Inclusion criteria for participating in the study 
are: no severe visual or auditory handicap, no dementia, no mental retarda-
tion, and having Swedish as a first language. The participants gave their 
informed consent and the Betula Project obtained approval from the regional 
board of the ethics committee in Umeå, Sweden. In Betula, extensive psy-
chological testing and health assessment is conducted every five years and to 
date, five waves covering 20 years have been accomplished (1988-1990, 
1993-1995, 1998-2000, 2003-2005, and 2008-2010), and a sixth wave of 
measurement is planned in September 2013. The Betula project has a narrow 
age cohort design, that is, each sample was stratified according to ten narrow 
age cohorts (see Table 2). The youngest cohort was 35 years, the next 40 
years, etc. up to the oldest cohort aged 100 years. In total, the test occasion 
included approximately 1000 subjects with the goal to recruit 100 partici-
pants in each age cohort.  

Study sample 

The odor identification test was added to the test battery at the third test 
occasion (T3), between the years 1998 to 2000 and five years later the sub-
jects were retested using the same procedure. Olfactory assessments were 
not included in the test battery for the subjects in S2 and this sample was not 
tested at T4, therefore this sample was excluded from the current analyses. 
As shown in Table 2, Study II uses data from S1 and S3 at T3, but also in-
cludes dementia information obtained at T4. In Study III, both baseline and 
follow-up olfactory data were analyzed, hence, S1 and S3 are included at T3 
and five years later, at T4. 
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Table 2. The Betula design. The red line represents inclusion of the Scandinavian 
Odor Identification Test (SOIT) in the Betula test battery. Bolded text indicates data 
used in Study II and III.  
 

Time (years) Samples (age range) 

T1 (1988-1990) 
S1 

(35-80) 
     

T2 (1993-1995) 
S1 

(40-85) 
 

S2 
(40-85) 

S3 
(35-80) 

   

T3 (1998-2000) 
S1 

(45-90) 
S2 

(45-90) 
S3 

(40-85) 
S4 

(35-90) 
  

T4 (2003-2005) 
S1 

(50-95) 
 

S3 
(45-90) 

 
S5 

(35-95) 
 

T5 (2008-2010) 
S1 

(55-100) 
 

S3 
(55-95) 

  
S6 

(35-95) 

Assessment of olfactory function 
In my thesis I have worked with different olfactory tests assessing odor 
threshold, odor discrimination, and odor identification. There are a number 
of different and validated odor tests developed for experimental and clinical 
settings. Below, I provide descriptions of the different olfactory functions 
and how they are measured. 
 

The ’Sniffin’ Sticks’ 

Odor threshold 
An odor threshold test is used to assess the absolute sensitivity at the percep-
tual level, although one cannot rule out than cognitive functions also may be 
recruited at assessment. There are numerous ways to test the lowest concen-
tration of an odor a subject is able to detect. The staircase method begins 
with detection of the lowest intensity (i.e., concentration) stimulus and the 
intensity is then increased one step at a time until detection. If the subject 
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errs the staircase reverses and the intensity decreases until the subject dis-
criminates out the odor from the blank. The Sniffin’ Sticks threshold test 
uses a triple-forced-choice paradigm where one pen contains diluted phe-
nylethyl alcohol with 16 different concentrations and the other two solvent 
(blank). Using the staircase method the subject has to discriminate the pen 
containing the odor, phenylethyl alcohol, from the others in two successive 
trials in order to trigger a reversal of the staircase. The mean of the last four 
staircase reversal points of a total of seven reversals was used as the thresh-
old estimate (Hummel et al., 1997). In this context, it is noteworthy that 
research shows a large variability of thresholds across subjects, compounds 
and tests (Stevens, Cain & Burke, 1988).  

Odor discrimination 
The Sniffin´ Sticks test battery assesses odor discrimination by means of 
triplets of odorants (Hummel et al., 1997). The subject is presented with 
three odors, where two pens contain the same odor and the third a different 
one. The task is to pick out the odor that smells different. Criteria for the 
selection of odorants are based on: (i) odorants in a triplet should be similar 
with regard to intensity and, preferably, to their hedonic tone; (ii) correct 
discrimination of individual odorants should be > 75 %.  

 
 
Figure 2. The Sniffin’ Sticks. Adapted from Guarneros, Hummel, Martinez-Gomez, 
& Hudson, 2009). 

Odor identification 
 The ’Sniffin’ Sticks’ multiple force choice identification test was primarily 
developed for clinicians (Hummel et al., 1997). The test consists of 16 famil-
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iar odorants - orange, peppermint, turpentine, cloves, leather, banana, garlic, 
rose, fish, lemon, coffee, anise, cinnamon, liquorice, apple, and pineapple – 
with an equal intensity magnitude and hedonic tone. A criterion for the in-
clusion of an odor in the test set was a familiarity rating of ≥ 89 %, a mean 
identifiably rating of ± 25 %, a mean intensity rating of ± 25 %, and an iden-
tification performance rate of ≥ 80 %. The Sniffin’ Sticks are presented with 
the odors in felt-tip pens (see Figure 2). The cap is removed by the experi-
menter. Each odor is presented with four verbal descriptors (i.e., one target 
and three lures) and the subject is instructed to choose the label that best 
matches the specific odor from the provided list of alternatives.  

The Scandinavian Odor Identification Test (SOIT) 
The Scandinavian Odor Identification Test consists of 16 odor stimuli spe-
cifically chosen to fit the Scandinavian population: almond (bitter), ammo-
nia, anise, apple, cinnamon, clove, juniper berry, lilac, lemon, orange, pep-
permint, pine-needle, tar, vanilla, vinegar, and violet. The selection of odors 
is empirically based on their identifiably, the perceived familiarity, intensity, 
and pleasantness. All odors are considered as predominantly olfactory stimu-
lants and provide a good basis to for determining olfactory status. In analogy 
with the Sniffin’ Sticks, each stimulus is presented in conjunction with four 
force-choice response alternatives in order to minimize the cognitive de-
mands (see Table 3). The response alternatives were chosen based on a con-
fusion matrix of identification responses. The SOIT has been demonstrated 
to constitute a valid and reliable test of odor identification ability (Nordin et 
al., 1998).  
The odor identification test used in Betula is a modified version of the SOIT 
comprising 13 odors. Vinegar, tar, and peppermint were removed from the 
stimuli original test set due to their trigeminal qualities. Also, the response 
alternatives were changed in order to avoid ceiling effects. The stimulus 
order was randomized between subjects by randomly assigning one out of 
ten different stimuli to each subject.  
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Table 3. The modified version of the SOIT used in the Betula project (Nordin et al., 
1998). Targets (bolded text) and distractors. 
 
Peppermint 
 

Almond(bitter) Acetone Ammonia 

Rose 
 

Cherry Violet Vanilla  

Anise 
 

Vinegar Honey Ginger  

Apple 
 

Lily  Violet  Vanilla 

Oregano 
 

Clove  Almond (bitter) Cinnamon  

Cinnamon 
 

Clove Ginger  Leather  

Pine Needle 
 

Gasoline  Juniper berry Turpentine  

Lilac 
 

Rose Lily Jasmine 

Orange 
 

Tar  Lemon  Honey  

Cherry  
 

Strawberry  Orange  Lemon  

Vanilla  
 

Coconut  Strawberry  Jasmine  

Eucalyptus  
 

Pine needle Camphor  Oregano  

Gasoline  
 

Tar  Leather  Turpentine  

Hierarchical regression models 
Across Studies I-III, we employed hierarchical regression models to analyze 
both cross-sectional and longitudinal data. Hierarchical regression is a type 
of multiple regression technique used to explain variation in a dependent 
(criterion) variable from multiple independent variables. This is an effective 
statistical technique to use in order to identify relationships among variables 
while controlling for variations from other variables. One of the advantages 
with hierarchical regression modeling is that it can investigate relationships 
between variables that reside at different hierarchical levels as well as rela-
tionships within a particular level (Hofmann, 1997). Also, hierarchical re-
gression analysis permits statistical control of variables in order to study the 
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unique influences of a certain factor (e.g., ApoE4 , BDNF) on a trait (e.g., 
odor functions). There are several statistical techniques to assess change. 
Using hierarchical regression for testing hypotheses about the effects of 
background variables on individual change is a good way of discovering 
correlates of change, that is factors that influence the rate of change (Bryk & 
Raudenbush, 1987). In Study III we employed hierarchical regression mod-
eling to analyze change in performance between two measurement occasions 
since it is also a suitable technique for non-experimental data (such as the 
Betula project) including both continuous (i.e. olfaction and cognition) and 
dichotomous (i.e., age and genotype) factors. 
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Overview of studies 

Study I 
 
Hedner, M., Larsson, M., Arnold, N., Zucco, G.M., & Hummel, T. (2010). 
Cognitive factors in odor detection, odor discrimination, and odor identifica-
tion tasks. Journal of Clinical and Experimental Neuropsychology, 32(10), 
1062-1067. 

Aim  
The main aim of Study I was to determine the relative predictive value of 
demographic and cognitive factors in odor detection, odor discrimination, 
and odor identification. 

Background 
In order to identify a specific odor one needs to know its semantic label. 
There is evidence supporting the notion that odor identification and semantic 
memory draw on similar cognitive abilities (Economou, 2003; Larsson et al., 
2000; Larsson et al., 2004). However, it is still unclear to what extent per-
formance in other olfactory tasks shares variance with cognitive abilities. In 
the assessment of odor quality discrimination abilities, the participant is 
instructed to detect similarities and differences between odorants. Hence, a 
discrimination task should put demands on processes that draw on executive 
functions, in that they require an ability to form a transient representation of 
a target odor and to use this representation for comparison and subsequent 
selection of the target odor from distractors. In addition, olfactory threshold 
assessment may also entail discrimination between stimuli (i.e., to differen-
tiate a target from a blank). 

Method 

Participants 
The study comprised 170 participants (106 females and 64 males), ranging 
between 30 to 87 years. All participants were in good health, without any 
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complaints of olfactory dysfunction, or any history of ENT pathology.   

Measurements 
All olfactory testing was done using the “Sniffin’ Sticks” test battery 
(Burghart, Wedel, Germany). The “Sniffin’ Sticks” is a normated test set 
assessing olfactory function (Hummel, Kobal, Gudziol, & Mackay-Sim, 
2007). The examination involved tests of phenylethyl alcohol odor thresh-
olds, odor discrimination, and odor identification. 
The cognitive tests consisted of the Digit Span Backward test, used as an 
index of executive functioning. A verbal fluency and two tests on general 
knowledge were used as indices for semantic memory. Also, recall and 
recognition tests were included to assess episodic memory. 

Statistical analyses 
Three separate hierarchical multiple regression analyses were carried out in 
order to determine the relative influence of different cognitive domains on 
the respective olfactory task: odor threshold, odor discrimination, and odor 
identification. All three criteria variables included the same blocks of predic-
tors. The first block consisted of demographic factors (age and sex), and the 
second block consisted of the cognitive predictors (executive function, se-
mantic memory, and episodic memory).  

Results 
The results showed that young age and female sex predicted olfactory sensi-
tivity. However, none of the cognitive predictors shared significant variance 
with threshold performance. Age, executive function, and semantic memory 
were significant predictors of odor discrimination. Odor identification per-
formance was predicted by age, executive functioning (the Digit Span 
Backward test), and proficiency in semantic memory. Episodic memory 
performance was unrelated to all three olfactory measures (see Table 4).  

Conclusion 
The main conclusion from Study I was that cognitive factors influence odor 
discrimination and identification proficiency, although no such influence 
was observed for the olfactory threshold test. The findings indicate that odor 
discrimination and odor identification represent more complex processed 
tasks than assessment of olfactory sensitivity.  
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Study II 
 
Olofsson, J.K., Nordin, S., Wiens, S., Hedner, M., Nilsson, L.-G., & Lars-
son, M. (2010). Odor identification impairment in carriers of ApoE-
varepsilon4 is independent of clinical dementia. Neurobiology of Aging, 
31(4), 567-577. 

Aim  
The main aim of Study II was to investigate a potential influence of the Ap-
oE gene on olfactory function after controlling for health status, cognitive 
factors, and dementia diagnosis.  

Background 
Research has shown that the ApoE gene is a strong risk factor for AD 
(Corder et al., 1996; Poirier et al., 1993). In addition, olfactory impairments 
have been observed in pre-clinical AD subjects (Doty et al., 1987; Larsson et 
al., 1999; Murphy et al., 1999). Hence, it is of interest to investigate whether 
the ApoE4 influences olfactory performance in non-demented adults and to 
evaluate whether a potential olfactory deficit in ApoE ɛ4 carriers is influ-
enced by pre-diagnostic dementia. 

Method 

Participants 
All data derived from the Betula longitudinal prospective cohort study. The 
study included 1236 participants (564 female and 672 male) that had been 
genotyped for ApoE and completed the MMSE, odor identification, and 
vocabulary tests at both third and fourth wave of testing. Among the partici-
pants, 30% carried at least one ɛ4 allele. Also, at the time of testing, 24 par-
ticipants were diagnosed with current dementia and 42 participants were 
classified with pre-diagnostic dementia as they received a dementia diagno-
ses five years later.  

Measurements 
The participants’ health status had been assessed through interviews and 
questionnaires. The MMSE test was added in order to control for general 
cognitive status. A vocabulary test was used to control for the influence of 
semantic ability on individual differences in odor identification. Odor identi-
fication was measured by SOIT, a 13-item multiple-choice identification test 
comprising everyday odors. 
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Statistical analysis 
In order to explore the unique and relative contribution of each factor on 
odor identification ability, a set of hierarchical regression analysis was per-
formed. In the first analysis, eight blocks was added to the model: de-
mographics (age, sex, and education), genetics (ApoE ɛ4 and ApoE ɛ2), 
cognition (vocabulary and MMSE), health, current dementia, pre-diagnostic 
dementia, the interaction between age and ApoE4, and the interaction be-
tween age and ApoE ɛ4. In the second analysis, nine blocks was added to the 
model: demographics (age, sex, and education), cognition (vocabulary and 
MMSE), health, current dementia, ApoE ɛ4 × current dementia, pre-
diagnostic dementia, ApoE ɛ4 × pre-diagnostic dementia, ApoE ɛ2 and Ap-
oE ɛ4. 

Results 
The predictor variables accounted for 21.3% of the explanatory variance in 
olfactory identification performance. The main finding of Study II was an 
interaction between age and ApoE ɛ4, such that an ɛ4 presence was associat-
ed with a more pronounced olfactory impairment in older adults (see Figure 
3). Intriguingly, this effect was not driven by pre-clinical dementia.  
 

Figure 3. Odor identification performance as a function of age and ApoE ɛ4 status. 
 



52 

Conclusion 
The ApoE ɛ4 has a negative influence on olfactory function but only in old 
age. Importantly, the negative effect is present although dementia conversion 
is controlled for, at least with a five-year follow-up interval. 

Study III 
 
Hedner, M., Nilsson, L., Olofsson, J.K., Bergman, O., Eriksson, E., Nyberg, 
L., & Larsson, M. (2010). Age-related olfactory decline is associated with 
the BDNF val66met polymorphism: evidence from a population-based 
study. Frontiers in Aging Neuroscience, 2(24), 1-7. 

Aim  
The overall aim of Study III was to investigate the effects of BDNF 
val66met on odor identification decline over a five-year interval in young 
and old age. 

Background 
The BDNF gene supports neuronal survival, transmission, and synaptic plas-
ticity in the central nervous system (Poo, 2001). One variant of the BDNF 
gene, val66met, modulates individual differences in human cognition and 
olfactory function (Egan et al., 2003; Erickson et al., 2008; Harris et al., 
2005; Miyajima et al., 2008). A knock-out mouse model has suggested that 
an absence of BDNF and its receptor TkrB results in olfactory impairment 
(Bath et al., 2008). However, no previous study has addressed potential ef-
fects of the val66met on human olfactory function. 

Method 

Participants 
Subjects tested at the third and fourth wave in the Betula project participated 
in the study. Only subjects that had been genotyped for the BDNF and had 
completed the vocabulary and olfactory tests were included in the study. In 
addition, subjects diagnosed with Parkinson’s disease or Alzheimer’s dis-
ease, had a MMSE score below 24 across the two test occasions, and exhib-
iting a decrease of the MMSE score by three points or more between the two 
test occasions were removed from the sample. The final sample comprised 
836 cognitively intact subjects (447 females and 389 males). 
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The subjects were grouped according to genotype: val/val homozygous car-
riers (n=536), and met carriers (val/met heterozygous carriers + and met/met 
homozygous carriers; n= 300). To investigate the combined effects of age 
and BDNF genotype, the participants were divided into two age groups: 
middle-aged subjects ranging from 45 to 65 years and old subjects ranging 
from 70 to 90 years of age. 

Measurements 
A modified version of the SOIT (Nordin et al., 1998) was used to assess 
olfactory identification performance. The test consists of 13 odor stimuli 
specifically chosen to fit a Scandinavian population. A 30-item multiple-
choice synonym test (SRB) was used to assess verbal knowledge. In addi-
tion, health factors known to affect olfactory function negatively, such as 
diabetes, cardiovascular disorders, and ENT disorders were controlled for.  

Statistical analysis 
A hierarchical regression model comprised of six separate blocks was used. 
Olfactory identification at five-year follow-up was selected as the criterion 
measure. The blocks consisted of: the olfactory identification scores at base-
line, demographic variables (age, sex, and years of formal education), 
health-related predictors (diabetes, cardiovascular disorders, and ENT disor-
ders), semantic memory (i.e., vocabulary), the BDNF val66met genotype 
(i.e., the val/val homozygotes and the met carriers,), and finally, the interac-
tion between age and BDNF val66met. 

Results 
The predictor variables altogether accounted for 19.7% of the explanatory 
variance in odor identification change from initial testing. The significant 
predictors were: odor identification proficiency at baseline, lower age, high 
education, and female sex. The BDNF val66met gene polymorphism alone 
did not predict odor identification proficiency at follow-up, although the 
interaction between age and val66met showed a highly significant contribu-
tion for olfactory decline (see Figure 4). 
A closer inspection of the interaction revealed that the BDNF val66met had 
a selective effect in the older age cohort, such that older val/val carriers dis-
played a significantly larger olfactory decline than the older met carriers. 
Remarkably, no age-related decline in olfactory performance occurred in the 
older age group among the met carriers. 



54 

 
 

Figure 4. Change in odor identification score (mean±SE) from baseline to follow-up 
as a function of age and BDNF val66met status. 

Conclusion 
The BDNF val66met polymorphism moderates age-related decline in olfac-
tory identification. In middle-aged subjects, no effect of BDNF val66met 
was observed, however, old val homozygote carriers displayed a larger ol-
factory decline than the met carriers.  
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Discussion 

The current thesis investigated the relative influence of various demograph-
ic, cognitive, and genetic factors on olfactory functions. The main findings 
of the studies in this thesis can be summarized as follows: 
 

1. Chronological age had a negative impact across all olfactory tests 
(odor threshold, odor discrimination, and odor identification) (Study 
I, II, III). There was a female advantage in odor identification as-
sessed by the SOIT, although no sex difference was observed in the 
Sniffin Sticks’ identification test. Also, women had a more sensitive 
sense of smell as determined by odor threshold measurements 
(Study I). 
 

2. Cognitive abilities have a significant influence on higher order ol-
factory functions (Study I, II, III). Semantic memory proficiency 
and executive functioning were related to odor discrimination and 
odor identification performance. No cognitive influence was ob-
served for measurements of olfactory threshold (Study I). 

 
3.  The ApoE- ɛ4 allele was associated with odor identification deficits 

among elderly participants in a sample of community-dwelling 
adults. Intriguingly, the negative ApoE- ɛ4 effect on olfactory profi-
ciency was independent by clinical dementia conversion within five 
years (Study II). 

 
4. The BDNF val66met polymorphism moderated the magnitude of the 

age-related decline in olfactory functioning. Specifically, olfactory 
decline was larger among older val carriers than for the met carriers 
(Study III). 

 
Below, some of the obtained results will be highlighted and discussed in 
relation to previous research findings. I will also address methodological 
considerations together with some potential problems with genetic associa-
tion studies. 
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Influences of demographic variables on olfactory 
function 
In the present studies, several demographic factors predicted olfactory abil-
ity. These variables can be conceived as reasonable estimates for other pos-
sible influential variables, such as life-style factors and social status.  

Sex 
As noted above, sex influences olfactory functioning, such that females out-
perform men in most tasks (Brand & Millot, 2001). In Study I, the sex vari-
able was reliable only for threshold performance, indicating that females had 
higher odor sensitivity than males. For both odor discrimination and odor 
identification no sex effects were observed. The former finding corroborates 
previous work (Öberg et al., 2002), suggesting that sex has little or no im-
pact on odor discrimination performance. Regarding odor identification, the 
sex factor fell short from significance (p=.051), although, the results indicat-
ed that females had a slight advantage over men. However, it should be not-
ed that sex was significantly correlated with the TDI-score, suggesting that 
sex has an effect on general olfactory ability. The TDI-score is an olfactory 
composite, based on the sum of threshold, discrimination, and identification 
scores.  
 
In contrast, Study II showed that female sex predicted successful odor iden-
tification performance. Also, sex was negatively correlated with odor identi-
fication performance at baseline and five-year follow-up in Study III, indi-
cating that females outperformed males. In addition, when baseline perfor-
mance was partialled out from odor identification performance at follow-up, 
sex affected the rate of decline such that males declined more than females 
over the five-year interval. Previous research has found a larger and earlier 
age-related decline in males for odor identification performance, whereas the 
decline for females occurs at an older age (Ship et al., 1996). In addition, 
olfactory dysfunction in older age occurs more often in males than in fe-
males (Murpy et al., 2002).  
 
There are several potential explanations for the female superiority in olfacto-
ry performance. It has been proposed that the sex difference is inborn or an 
early developmental sexually dimorphic trait (Ship & Weiffenbach, 1993). 
Thus, sex differences may be due to anatomical variations in the structure of 
the nasal airways, olfactory neural pathways, or in the endocrine system 
(Brand & Millot, 2001). Another explanation is that females outperform 
males in different verbal tasks and that this superiority is reflected in odor 
identification performance (Larsson et al., 2004). Other possible reasons 
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could be that males and females differ in the degree to which they have ex-
perienced or learned various odors (Brand & Millot, 2001).  

Education  
Years of formal education were positively related to odor identification 
across studies. In Study III, less years of education was related to faster ol-
factory decline over a five-year interval. Previous findings have demonstrat-
ed that the association between age-related decline and education is depend-
ing upon the specific cognitive domain (Ardila, 2000). Few studies have 
investigated the effect of education in olfactory performance. Results from 
this thesis suggest that high education exerts a positive influence on olfacto-
ry functions. As earlier commented on in the Introduction section, education 
may serve as an indirect measure of the reserve capacity (Stern, 2006), such 
that education could increase brain reserve capacity by increasing synaptic 
density, which in turn may delay the onset of dementia with four to five 
years.  
 
In Study I, the level of education of the subjects was not available and could 
not be controlled for. Hypothetically, a high educational level may result in a 
superior strategic processing in an olfactory task. For example, in multiple-
choice odor identification tasks, such as the SOIT or the Sniffin’ Sticks 
(Hummel et al., 1997; Nordin et al., 1998), the same odor labels are some-
times provided for several items, either as the target odor or as a distractor. 
If orange has been targeted in a previous odor item, a subject with higher 
strategic processing abilities may exclude orange as a potential correct label 
next time it appears in the test.  

Health factors 
As reported from previous literature, health status has a large impact on ol-
factory ability (Deems et al., 1991; Dileo & Amedee, 1994; Le Floch et al., 
1993; Murphy et al., 2002; Weinstock et al., 1993). Nasal and sinus disease, 
diabetes, head trauma, stroke, epilepsy, are few examples of the different 
disease conditions that affect olfactory function. The Betula project includes 
assessments of a variety of diseases. In Study II, only diabetes and neurolog-
ical disorder were related to odor identification after controlling for age, sex, 
education, ApoE, and cognitive measures. Inconsistent with previous evi-
dence (Deems et al., 1991), head injury was not related to odor identifica-
tion. Also, smoking had no impact on odor identification. In Study III, only 
cardiovascular disease, diabetes, and ENT disorders were included in the 
analyses. Cardiovascular disease and diabetes were selected since they were 
significantly correlated with odor identification in Study II. In addition, ENT 
disorders were included since these conditions are known to affect olfactory 
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function (Brämerson et al., 2004; Deems et al., 1991). However, none of 
these disorders exerted an influence on olfactory decline. Notably, the ab-
sence of disease effects on odor identification could be related to that age 
was controlled for before the health block was added to the regression mod-
els.  
 
Although several health factors were taken into consideration in the present 
studies there may be other diseases secondary to aging, not included in the 
analyses, that could affect the results. The term successful aging is concep-
tualized as elderly people in absence of disease and disability, with mainte-
nance of high physical and cognitive function, and sustained engagement in 
social and productive activities (Rowe & Kahn, 1997). Previous literature 
has found that successfully aged participants screened for medical health and 
cognitive deficits perform at the same level as young in detection sensitivity 
(Nordin et al., 2012). Thus, present age effects on odor detection, discrimi-
nation and identification may be overestimated due to secondary conditions 
in aging, such as health aspects, that were not taken into consideration in the 
studies.  

Age 
As reported above, aging takes a toll on olfactory functions, this was also 
demonstrated across the three studies. In Study I, older age was negatively 
related to all olfactory tasks: threshold, discrimination, and identification. 
Thus, the present results corroborate previous findings that aging affects 
both sensory and more complex odor functions (Larsson, 1997). It should be 
noted that health factors and educational background were not controlled for 
in Study I that may affect olfactory function and reduce the impact of age. 
As noted above, a subject’s health status may boost the age-related impair-
ments in olfactory function (Nordin et al., 2012). Likewise, when education-
al background is controlled for, the impact of age in cognitive performance 
diminishes (Ardila, 2000). Thus, the influence of age is most likely overes-
timated in Study I. 
 
Further, it is important to note that not only was age a strong negative pre-
dictor for olfactory function in general, but also for the rate of decline in 
particular (Study III).  

Influences of cognitive factors on olfactory tasks 
Since olfactory measures are used in clinical settings it is of importance to 
determine the potential influence of cognitive factors. The take home mes-
sage from Study I is that an individual’s cognitive profile exerts a significant 
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influence on higher-order olfactory functions. Odor threshold was not relat-
ed to any of the cognitive composites, suggesting that this task mainly re-
flect sensory processes. Also, the results question the notion of discrimina-
tion as primarily a sensory driven task. Both semantic memory and execu-
tive functions were reliable predictors of odor quality discrimination. As 
discussed above, the shifting from one presented odor to another and a con-
tinuous updating with a new olfactory representation could explain why 
quality discrimination taps executive functioning (Miyake et al., 2000). Al-
so, the positive semantic influence on discrimination performance is con-
sistent with previous findings showing that the labeling of target odors (i.e., 
verbal processing) enhances discrimination ability. However, it is important 
to note that the Digit Span Backwards may not be an ideal index of execu-
tive functioning.  
 
As reported earlier, executive functioning also predicted odor identification 
performance (Dulay et al., 2008). Given that odor discrimination ability and 
odor identification are two olfactory tasks that are highly correlated (de Wijk 
& Cain, 1994), it is not surprising that they load on similar cognitive com-
ponents. Although cued odor identification poses lower cognitive demands 
than free identification as the search process for the label is bypassed, the 
subject still has to decide which of the provided alternatives that best corre-
sponds to the presented odor. The cognitive tasks only accounted for a part 
(4 - 11%) of the variation in more complex olfactory tests. Other influential 
factors could be health status (i.e., olfactory-related diseases), educational 
level and/or biological variables. Unfortunately, these factors were not avail-
able in Study I.  
 
Odor identification was the only available olfactory task in the Betula pro-
ject at the time Study II and Study III were carried out. For both studies a 
vocabulary task was included in the regression models in order to control 
proficiency in naming ability that may provide an aid in identifying the 
odors by name. Study II corroborates previous findings that semantic ability 
plays a significant role in the identification of odors (Larsson, 1997).  How-
ever, in Study III, semantic ability at baseline did not predict odor identifica-
tion decline over a five-year period. Thus, controlling for age, low semantic 
ability impairs odor identification performance cross-sectionally but has no 
effect on the change of odor identification performance.  

ApoE and odor identification 
The results from Study II indicate that olfactory performance in older carri-
ers of the ApoE-ɛ4 allele was significantly impaired as compared to middle-
age carriers and older non-carriers. This effect was independent of a preclin-
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ical AD diagnosis within five years after assessment. In addition, the ɛ4 al-
lele was associated with conversion to dementia and cognitive performance 
(assessed by the MMSE) at a five-year follow-up. However, the effect of the 
ɛ4 allele on odor identification performance was not driven by these factors 
since the effect remained after statistical control of the MMSE and a demen-
tia diagnosis five year later. As noted, AD is associated with olfactory dys-
function (Nordin & Murphy, 1998; Nordin et al., 1997). In addition, olfacto-
ry impairments have been observed also in MCI patients that received an 
AD diagnosis within two years (Bacon et al., 1998, Tabert et al., 2005). Giv-
en that the ApoE gene is related to AD as well (Bertram, 2004), it could be 
argued that the obtained effect of ApoE on odor identification in the elderly 
is driven by an impending development AD. Although the sample in Study 
II is screened for cognitive dysfunction as well as a dementia diagnosis five 
years prior to testing, research suggests that preclinical markers are present 
more than five years before the actual dementia diagnosis (Amieva et al., 
2005; Snowdon, Greiner, & Markesbery, 2000). However, since current and 
preclinical dementia did not mediate the affect of ApoE ɛ4 on odor identifi-
cation, the relation between the ɛ4 allele, odor identification, and dementia 
appear more complex. Although the ApoE ɛ4 allele might cause olfactory 
deficits by accumulation of amyloid plaques in regions engaged in olfactory 
processing, this type of AD pathology in the brain does not necessarily lead 
to a dementia diagnosis (Benett et al., 2006). For example, Davis, Schmitt, 
Wekstein, and Markesbery (1999) found that autopsied brains of elderly, 
well-educated individuals with no cognitive impairment had abundant 
amounts of senile plaques and/or neurofibrillary tangles, suggesting that a 
large percentage of cognitively intact, relatively well-educated individuals 
also exhibit numerous degenerative changes. Further, Wilson, Arnold, 
Schneider, Tang, and Bennett (2007) examined plaques and tangles in post-
mortem brains where odor identification had been assessed about two years 
prior to death. Their results indicated that an odor identification deficit in old 
age partly was due to an accumulation of neurofibrillar pathology in central 
olfactory regions.  
 
Given that the pre-clinical phase in AD is long, it is yet to be established 
whether the effect of ApoE ɛ4 on odor identification in the elderly may be 
driven by a preclinical dementia phase longer than five years. Another high-
ly hypothetical explanation could be that a reserve (brain or cognitive) ca-
pacity may partly account for the findings in Study II. According to the re-
serve theory, the clinical expression of AD occurs as the amount of brain 
damage in specific regions exceeds a critical cognitive threshold and that 
individual differences in reserve capacity have an impact on the onset of 
clinical symptoms (Stern, 2009). Although we controlled for educational 
background, there may be other indices of reserve capacity, such as occupa-
tional status, leisure activities, social network and genetic factors. Given that 
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cognitive factors are highly heritable, genes may account for one of the fac-
tors that contribute to a reserve (Lee, 2003). Thus, the elderly non-demented 
ApoE ɛ4 carriers in Study II may have a high reserve capacity that will mask 
the clinical manifestations of dementia for more than a five-year period. 
However, the olfactory deficits could already be present since olfactory defi-
cits are associated with a later risk of cognitive impairment (Graves et al., 
1999; Schubert et al., 2008). That is, individuals with severe olfactory dys-
function and without a dementia diagnosis could have a reserve capacity that 
protects against the clinical manifestations of dementia. If these speculations 
are valid, then this strengthens the notion that olfactory deficits precede oth-
er cognitive symptoms in AD.  

BDNF and odor identification 
The main finding of Study III was that the BDNF val66met polymorphism 
affected the magnitude of the age-related olfactory decline in olfactory func-
tioning. More specifically, BDNF did not affect the rate of decline in mid-
dle-aged subjects, whereas older val/val carriers showed a selectively faster 
olfactory decline. To date, this is the only study that has examined the im-
pact of BDNF on olfactory functioning in humans. However, several studies 
have investigated the effect of BDNF val66met on cognition and the results 
are mixed. A recent meta-analysis could not establish any significant influ-
ence of BDNF val66met on general cognitive ability, memory, executive 
function, visual processing skills, or cognitive fluency (Mandelman & 
Grigorenko, 2012). However, this meta-analysis did not permit an analysis 
of age stratifying effects on the association between the BDNF val66met and 
cognition. Most studies using a sample of young to middle-aged participants 
report that carriers of the met allele are impaired in cognitive functioning 
compared to val homozygote carriers (Egan et al., 2003; Hariri et al., 2006; 
Ho et al., 2006), although others have failed to find an association (Hansell 
et al., 2007; Nacmias et al., 2004; Strauss et al., 2004). Likewise, findings 
are mixed regarding the effects of the BDNF on cognition in the elderly. 
Erickson et al. (2008) and Harris et al. (2005) demonstrated that the val/val 
genotype exerts negative effects on cognition later in life and promotes a 
faster rate of cognitive decline. In congruence with our results from Study 
III, their results suggest that the met allele could work as a protective factor 
for cognitive decline. However, in contrast to this observation, Tsai et al. 
(2004) reported that the BDNF val66met played no significant role on cogni-
tion in a sample of older men.  
 
One possible explanation of the present findings is that the BDNF gene is 
proposed to play a role in the neurodegeneration and the birth of new neu-
rons (regeneration), processes vital for plasticity and memory. Several stud-
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ies have observed an altered response of BDNF protein levels or mRNA 
expression in the hippocampus of AD patients compared to normal controls 
(Philips et al., 1991; Connor et al., 1997; Hock, Heese, Hulette, Rosenberg, 
& Otten, 2000). Such a decrease may be caused by a lack of trophic support 
and may contribute to the degeneration of specific neuronal populations in 
the AD affected brain. In addition, Ventriglia et al. (2002) reported a signifi-
cant higher frequency of homozygotic Val carriers than Met carriers in AD 
patients compared to normal subjects for the BDNF val66met polymor-
phism. Importantly, the obtained effects of BDNF on AD are independent 
from the ApoE e4 allele. However, most studies have failed to find an asso-
ciation between BDNF val66met and AD (Combarros, Infante, Llorca, & 
Berciano, 2004; Tsai et al., 2004), suggesting that it is unlikely that the 
BDNF val66met polymorphism plays a major role in the pathogenesis of 
AD. In the present work, dementia and preclinical dementia status did not 
mediate the observed age × BDNF effect on olfactory decline, suggesting 
that the olfactory disadvantage among older val/val carriers is unrelated to 
AD, at least within a five-year period. A study by Lee et al. (2005) observed 
that the BDNF protein levels in the temporal neocortex were 33% lower in 
AD relative to control brains but neither of the polymorphisms (the val66met 
and the C270T) were associated with the AD diagnosis. Therefore, no geno-
type – phenotype relation could be established between the BDNF polymor-
phisms and BDNF levels of protein. These results suggest that the levels of 
BDNF protein expressed in the temporal cortex are the principal determinant 
of the illness rather than the BDNF polymorphisms.  
 
Another, highly speculative explanation could be that the BDNF val66met 
polymorphism is related to a genetically dependent brain reserve that regu-
lates the number of neurons from birth (Katzman et al., 1998). The BDNF 
could be one of the modifying genes of this reserve. Then, hypothetically, 
the val/val carriers may originally have started with less neurons and will 
consequently meet the threshold for olfactory deficits at an earlier stage. The 
lack of olfactory decline in the met carriers may then relate to a greater brain 
reserve among these individuals.  

Methodological considerations 

Study designs 
When the effects of aging are investigated, researchers typically compare 
individuals from different age cohorts (i.e., cross-sectional studies). Howev-
er, cross-sectional studies are subject to various methodological problems. 
One of the major concerns when comparing different age cohorts is the gen-
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eration effect. People born and living throughout the same time period share 
a common history of experiences and events that may be different for people 
born in another time period. Thus, cross-sectional studies may overestimate 
the effects of age due to historical influences, such as educational opportuni-
ty, cultural factors, and socioeconomic status. Results from the Betula study 
(Rönnlund, Nyberg, Bäckman & Nilsson, 2005) focusing on the impact of 
age on declarative memory with both cross-sectional and longitudinal de-
signs demonstrated that cross-sectional analyses indicated gradual age-
related decrements in episodic memory already at the age of 35, whereas the 
longitudinal data revealed no decrements before the age of 60, also when 
practice effects were adjusted for. These discrepancies could in part be ex-
plained by cohort differences in educational attainment. Since Study II is 
based on cross-sectional data, the age-related difference between young and 
old ApoE ɛ4 in odor identification should be interpreted with caution until 
the results can be replicated using a longitudinal design. Another methodo-
logical problem concerns selective survival, which affects the generalizabil-
ity of the findings. The oldest subjects that both survive and stay in the study 
may represent a highly selected group of high-performing individuals.  
 
Longitudinal designs are also subject to limitations in generalization. Earlier 
findings have reported that subjects that remain in the study have a higher 
intelligence and socio-economic status as compared to the drop-outs (Baltes, 
1968). Thus, selective attrition in longitudinal study designs may fail to pro-
vide a representative study sample. Thus, a longitudinal design may underes-
timate the true age-effect on cognitive function. This is a notion that needs to 
be taken into account in Study III that investigates the change in odor identi-
fication from wave three to wave four. However, since the odor test was 
added to the test battery at the third wave of the Betula study, this is a prob-
lem for both Study II and Study III. The subjects who remain in the Betula 
study at wave three may have a higher mean level of performance. However, 
the drop-out rate in the Betula study is relatively low (Nilsson et al., 1997; 
Nilsson et al., 2004). Another problem with longitudinal designs is that they 
are subject to practice effects that also may underestimate the true age effect. 
However, it should be noted that attempts have been made by the study de-
sign used in Betula to control for attrition effects and test-retest effects 
(Rönnlund et al., 2005). The Betula study has five years between measure-
ment occasions, although the subject becomes more familiar with the task it 
is unlikely that the participants remember the specific odors and words they 
encountered in the previous measurement occasion. It could be argued that 
data from only two time points may be insufficient for assessing change. 
However, the olfactory data was at the time only available at two measure-
ment occasions in the Betula project.  
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Genetic association studies 
Study II and Study III investigate the association between a specific gene 
and olfactory performance (i.e., association study). A genetic association 
study explores whether there is a correlation between a specific gene variant 
and a quantitative trait or disease. Usually a candidate gene is selected based 
on earlier evidence of its plausible biological relevance and, ideally, if it has 
a functional significance in the physiology of the trait. With the sequencing 
of the human genome, the identification of SNPs, and the access to DNA 
extraction, there has been an enormous increase of association studies, often 
yielding inconsistent results (Bird, Jarvik, & Wood, 2001). Many scientists 
have raised concerns against the use of association studies based on poor 
study design, insufficient statistical analysis and an over-interpretation of 
findings (Hirschhorn & Daly, 2005; Neale & Sham, 2004). It is also im-
portant to note that a finding of an association between a genotype and a 
variation in cognitive function does not prove that the genetic variation has 
an impact on brain function or processing. A positive association between an 
allele and a phenotype can implicate several things: the allele is a causative 
factor in the phenotype, the association results because another allele is in 
linkage equilibrium with the tested allele, or simply that the association is an 
artifact (Goldberg & Weinberger, 2004).  
 
In an association study, a large genetic effect typically accounts for about 
2% of the individual variance in a specific trait. Because a genetic variant is 
known to have a small effect on the trait variance, it is important to have a 
large sample size in order to secure enough power to detect such genetic 
effects. Also, replication of the results in an independent study population is 
crucial to avoid false positives and one single report of a positive association 
between genotype-phenotype should be interpreted with caution. Although 
the use of association studies have been criticized, the underlying ideas and 
benefits of these studies are important: it is a fairly cheap and easy method 
to discover predisposing genes in diseases and phenotypes that could pro-
vide clues to treatment and prevention. A single gene does not alone influ-
ence a complex behavior but rather an interaction between multiple genes 
and environmental factors. The association studies (Study II and Study III) 
in this thesis represent one small step in the search of factors contributing to 
the integrity of the olfactory sensory system. However, since Study III is the 
only study, to date, that have investigated the association between BDNF 
and olfactory function the results should be carefully interpreted until they 
have been replicated.   



65 

Suggestions for future studies 
The evidence is mixed regarding which cognitive components that are in-
volved in olfactory tasks. Different measures that serve as indexes of olfac-
tory functions may be one of the reasons for the discrepant findings. In 
Study I, Digit Span Backward served as the only measure for executive 
functioning. In a future study it would be interesting to replicate the finding, 
that odor quality discrimination draws on cognitive abilities, by using other 
tasks that tap executive functions, such as the N-back task (Gevins & Cutil-
lo, 1993) and the Stroop task (Stroop, 1935). This would strengthen the no-
tion of discrimination of odor quality as a higher-order olfactory task.  
 
As mentioned above, few studies have investigated the impact of age on 
olfaction in longitudinal study designs. To date, olfactory data from three 
measurement occasions (waves), spanning over 15 years, is available in the 
Betula project. It would be highly interesting to create a statistical model for 
age-related decline over the lifespan using longitudinal data from three 
waves or more. Such a model could add further knowledge on how olfactory 
abilities decline over time in comparison to other forms of memory, such as 
episodic and semantic memory. Also, additional waves of collected data will 
enable screening the sample for an even longer period of preclinical demen-
tia. A replication of Study II controlling for an impending AD diagnosis 
within 15 years will add further knowledge to the relation among the ApoE 
ɛ4, olfactory deficits, and AD.  
 
Since this is the first study to establish an association between the BDNF 
val66met and olfaction in humans, it is important to replicate the findings 
using independent samples. Also, it is central to establish if the BDNF 
val66met variants effects olfactory-related brain regions. Future studies on 
how the BDNF val66met polymorphism is related to the olfactory bulb vol-
ume would provide valuable information since the size of the bulb is corre-
lated with olfactory performance (Buschhüter et al. 2008; Seubert et al., 
2012). 
 
Due to limitations in association studies, such as poor study design and over-
interpretation of findings, these types of studies will probably decrease dras-
tically in the near future. Already, journals demand additional data, such as 
replication in independent cohorts and/or that supplementary evidence in 
form of cellular information and/or brain imaging data that can strengthen 
the association assumption. Other approaches to identify genes that have a 
significant effect on a trait are linkage analyses and genome-wide associa-
tion studies (GWAS). A linkage study investigates genetic markers that are 
inherited within families. Thus, it is a successful method to detect regions 
involved in recessive and highly penetrant diseases. However, linkage stud-
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ies have less power than association studies to detect weak genetic effects 
exhibited by the loci involved in complex diseases (Risch & Merikangas, 
1996). GWASs examine the association between several SNPs and common 
traits, by exploring the entire genome to identify SNPs associated with a 
trait. In this aspect, the GWAS approach is non-candidate driven. Notably, 
there are many concerns raised against the GWAS approach as well. It can-
not specify which genes that are causal and detecting effects from rare al-
leles is not possible in GWASs since it requires enormous sample sizes 
(Nsengiman & Bishop, 2012. Thus, SNPs discovered by GWASs account 
for only a small fraction of the genetic variation of complex traits. A novel 
extension of the GWAS approach is the genome-wide complex trait analysis 
(GCTA) (Yang et al., 2010). This statistical method is an estimation ap-
proach that relates similarity in hundreds of thousands of SNPs to phenotyp-
ic similarity in unrelated individuals. A recent study by Deary et al. (2012) 
estimated the genetic influence on stability and change on intelligence using 
a variation of GCTA and showed that there is a substantial genetic correla-
tion between intelligence in childhood and in old age. However, GCTAs 
may underestimate heritability because it is limited to SNPs that have been 
mapped on the genome and to DNA variants correlated with those SNPs 
(Plomin, 2012). In future studies, novel methods and technologies in the 
search for genes involved in stability and change olfactory and cognitive 
abilities are highly warranted.  

Concluding remarks 
The present thesis highlights the impact of demographic, cognitive, and ge-
netic factors on olfactory function. Different olfactory tasks were investigat-
ed from both a cognitive and a demographic perspective. Overall, the results 
showed that a person’s genetic and cognitive profile exert an influence on 
olfactory abilities. Intriguingly, the ApoE and the BDNF gene proved to 
modulate the effects of age on olfactory function. 
 
The results from this thesis indicate that impairments in frequently used 
olfactory tests may not only reflect the integrity of the sense of smell but 
also cognitive deficits. Thus, the current observations are of interest also 
from a clinical perspective, since disease may have differentiated impact 
across different olfactory tasks depending on task-specific cognitive de-
mands.  
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