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Abstract

Disturbances of olfaction are a common occurrence in many neurological
and neurosurgical patients and their correct diagnosis might be helpful
in management and enhancement of quality of life. However, olfaction is
seldom checked in most neurosurgical units and the ‘‘smell bottles’’ are
often either absent or out of date. This chapter reviews systematically re-
cent advances in our understanding of the anatomy, physiology (olfactory
coding) and measurement of olfactory function in the human. The causes
and symptoms of smell disorders, risk of damage to the olfactory system by
various surgical procedures and, finally, the natural history of recovery and
treatment of smell disorders, for example after trauma, are discussed.

Keywords: Olfaction; smell disorder; anatomy; physiology; olfactory coding; mea-

surement of olfactory function; craniotomy.

Anatomy

Although this review focuses on the olfactory system, it is necessary to
mention, at least briefly, other sensory channels involved in chemosensory
perception. All the senses can be stimulated by chemicals, which in fact,
typically activate not only one but several of the ‘‘chemical senses’’. For
example, nicotine not only activates the olfactory nerves, but also produces
activation of the intranasal chemosensory trigeminal system.

Main Olfactory System

Olfactory perception starts at the level of the olfactory epithelium in the
roof of the nasal cavity. Olfactory receptor neurons (ORN) are embedded
within the respiratory epithelium and send their axons through the cribri-
form plate towards the olfactory bulbs. ORN carry olfactory receptors
(OR) which are the key to olfactory information processing (see below).
In the olfactory bulb ORN axons synapse with second order neurons, the
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mitral cells. The wiring between the olfactory epithelium and the olfactory
bulb is characterized by a convergence of ORN axons. Specifically, all
ORN carrying the same OR converge in the same site within the bulb,
called ‘‘glomerulus’’. Axons from the mitral cells follow the olfactory tract
and divide into two bundles. Most fibers directly project to the pyriform
and entorhinal cortices as well as to the amygdalae (all structures formerly
subsumed under the term ‘‘limbic system’’) whereas a minority of fibers
project through the thalamus towards the orbito-frontal cortex [1].

Compared to other sensory modalities the olfactory system has some
particularities. First, the majority of the olfactory fibers do not cross but
project ipsilaterally in the brain. Second, most olfactory fibers bypass the
thalamus and project very rapidly and directly in the pyriform cortex,
amygdalae, and entorhinal cortex which are implicated in emotional and
memory processing [2]. This di¤erence in central anatomy has been
claimed to be partly responsible for the emotional load olfactory memories
can carry [3]. In contrast to other sensory modalities, no main olfactory
cortex has yet been found. Numerous works indicate the orbitofrontal cor-
tices to be an important relay in olfactory information processing [4].

Trigeminal System

The trigeminal system provides the somato-sensory innervation to the
nasal mucosa. Somato-sensory input from the skin, the nasal and oral
cavities, respectively, is mediated by the trigeminal system. Since most
odorous compounds stimulate trigeminal nerve endings, at least at higher
concentrations, this system is almost always co-activated in the perception
of odors. With few exceptions almost all odorants have been shown to ex-
hibit trigeminal activation to some extent [5] (e.g., mint has a somewhat
fruity odor, but also evokes a typical cooling e¤ect which is mainly trigemi-
nally mediated). The main modalities supplied by the trigeminal system
are temperature, pain, touch, and irritation. Testing the chemosensory
intranasal trigeminal system psychophysically is more complex than olfac-
tory testing. Since olfactory thresholds are always lower than the trigemi-
nal thresholds for a given substance, olfactory biases are obvious.

The olfactory system is unable to localize the site of stimulation
when one nostril receives clean air and the other nostril simultaneously
receives an odor at the same time. In contrast, trigeminal stimulation can
be localized. This di¤erence is used to solve the bias inherent to trigeminal
testing. Using lateralisation paradigms, trigeminal function can be easily
and rapidly measured in a clinical context [6, 7]. Since the olfactory and
trigeminal systems are so closely related anatomically and physiologically,
there is a strong interaction between the two systems [8, 9]. In patients with
olfactory loss, the trigeminal function is also weakened [10, 11]. Older liter-
ature on trigeminal trans-sections also discusses its impact on olfactory
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function [12]. However, patients with complete trigeminal loss are ex-
tremely rare and no large study has so far been conducted to investigate
the e¤ects of trigeminal loss on olfactory function.

Gustatory System

The gustatory system provides the five basic tastes; sweet, sour, salty, bit-
ter, and umami (glutamate). The latter, which resembles mainly the taste of
chicken soup, has long been claimed in the Asian literature to be a basic
taste quality [13, 14], whereas the western scientific community considered
umami mainly as a ‘‘taste enhancer’’. This controversy was resolved when
monosodium glutamate receptors were found on the tongue surface acting
as specific taste receptors [15]. Molecular biological knowledge about taste
receptors started to emerge a few years ago. Most basic taste qualities are
not mediated by just one receptor type; several receptors act, for example,
as sweet receptors. Many other taste modalities have been postulated (me-
tallic taste, fat taste) and are currently under investigation. Future research
is expected to clarify the coding mechanisms in taste perception.

Fig. 1. Schematic diagram illustrating the axonal connectivity pattern between the

nose and the MOB. The OE in mice is divided into four zones (zones I through IV)

that are defined by the expression of odorant receptors. Olfactory sensory neurons in

a given zone of the epithelium project to glomeruli located in a corresponding zone

(zones I through IV ) of the MOB. Axons of sensory neurons expressing the same odor-

ant receptor (red or dark blue) converge to only a few defined glomeruli. NC Neocor-

tex; AOB accessory olfactory bulb. Reprinted (abstracted/excerpted) with permission

from Mori K, Nagao H, Yoshihara Y (1999). The olfactory bulb: coding and process-

ing of odor molecule information. Science 286 (5440): 711–715. Copyright (1999) AAAS
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Taste receptors are located within the taste buds, which are situated
on all papillae except the filiform type. The highest densities of taste buds
are found on the tongue and palate but they are also found throughout the
entire oral cavity, hypopharynx and subglottic larynx [16]. Like ORNs,
gustatory sensory receptor cells have the ability to regenerate [17]. Neural
supply for these cells is provided by the facial, glossopharyngeal, and vagal
nerves. The facial nerve innervates the anterior two thirds of the tongue,
while the glossopharyngeal and vagal nerves innervate the posterior third
of the tongue, as well as the hypopharynx and larynx. Like olfaction, taste
fibers project ipsilaterally into the basal ganglia and brain stem. All gus-
tatory fibers (facial, glossopharyngeal and vagus) innervating the oral-
pharyngeal cavity converge into the nucleus solitarius within the brain stem.

Vomeronasal System

In 1813, Jacobson described a mucosal organ located on each side of the
nasal septum and which was subsequently named ‘‘Jacobson’s organ’’ [18,
19]. Later, the vomeronasal organ (VNO, consisting of vomeronasal epi-
thelium, nerve, and accessory olfactory bulb) was shown to mediate e¤ects
attributed to pheromones [20]. A pheromone is a chemical molecule or
compound which is secreted by one member of a species and, as soon as it
is perceived by another member of the same species, elicits physiological,
behavioral, or endocrinological e¤ects [21, 22]. According to the original
definition of Karlson and Lüscher [20] such e¤ects must be species-specific.
While the functionality and biological relevance in most animals is well
documented, there is ongoing debate about the functional significance of
the vomeronasal pouch in humans. Some authors claim to find neuronal
activity within the vomeronasal epithelium [23] while many other studies
suggest that the vomeronasal duct is nonfunctional in humans, with some
vomeronasal nerves missing and lack of accessory olfactory bulbs in adults
[24–27]. Furthermore, a vomeronasal duct is not always present in humans;
recent investigations revealed that approximately 60% of humans have one
[25]. Nevertheless, a few papers indicate that pheromonal-like e¤ects occur
in humans [28, 29] and several vomeronasal-like receptor genes have been
found in the human genome, one of which is expressed in the olfactory ep-
ithelium (V1r) [30]. It is not yet known whether these receptors are func-
tional or not. Their expression, however, indicates that putative ‘‘human
pheromones’’ may act via the main olfactory system.

Olfactory Coding

The question of olfactory information encoding has been a concern for
a long time. One main problem was to find a theory or model that would
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predict the odorous properties of a given molecule. Although the fragrance
industry spends a lot of money on the creation of new – and hopefully smelly
– molecules, no model exists which could predict the smell of any given
molecule. The search for new odorants is still a very expensive procedure
based on trial and error. Therefore, a universal model of stereochemical –
odor interaction would greatly assist the search for new odorants.

Several models have been proposed to explain how the olfactory system
discriminates between odorants. In the early sixties Mozell hypothesized
that the chromatography of a molecule would determine its processing
[31, 32]. According to Mozell, the olfactory receptors, which are located
on the cilia of the olfactory neurons, are covered by a mucous layer and
odorants have to cross this mucus before reaching the receptor cell. His
theory was based on experiments using frog olfactory epithelium. Although
no clear evidence has been presented that absorption of odorants is irrele-
vant to its interaction with the receptors, this theory has received less atten-
tion during recent years. Nevertheless, recent work on humans suggests
that absorption could have implications for olfactory perception [33]. An-
other model indicates that olfactory recognition is mainly based on a few
basic odors and that combination of these odors encodes the olfactory in-
formation [34, 35]. This model claims that olfaction works according to
physiological principles similar to those governing vision. This assumption
was mainly based on experiments on specific anosmias to isovaleric acid.
Further experiments with other odorants were not able to confirm this
model. Another theory receiving interest from the media is an old idea
[36] reactivated by Turin [37]. According to this theory, olfactory coding
could be based on vibration properties of the odorants. Recent work, how-
ever, indicates that this model can not predict the olfactory characteristics
of a given molecule [38].

Since odorants are chemical structures, the existence of a ligand–
receptor interaction has been claimed for many years, and was finally
substantiated in 1991 by the discovery of a large family of seven trans-
membrane receptor proteins, expressed exclusively in the olfactory neuro-
epithelium. These olfactory receptors (ORs) are encoded by approximately
1000 genes in the mouse, or approximately 1% of its genome [39]. While
the mouse expresses approximately 850 of these genes, the rest being
pseudogenes, humans have far fewer functional ORs (approximately 350)
[40]. Although this seems to indicate a loss in function, the simple equation
‘‘less receptors ¼ less function’’ is currently under debate and some studies
argue that humans have a very high preservation rate for specially impor-
tant ORs [41–43].

The discovery of the OR superfamily led to a renaissance of olfactory
research. During the last decade, potential OR binding sites [44] and the
topographical organization and distribution of the ORs within the olfac-
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tory epithelium have been partly identified [45–47]. A recent finding has
been the astonishingly high degree of organization found within the periph-
eral olfactory system. The first striking observation was that, among all the
potentially expressible OR, every ORN expresses only one single OR gene
[48, 49]. Furthermore, axons from all ORN expressing the same OR, what-
ever their location within the olfactory epithelium, project into two glomer-
uli in each olfactory bulb. This organization is called glomerular conver-
gence [50]. Thus, a large glomerular map in the bulb, containing hundreds
of glomeruli, will correspond to all OR expressed in the olfactory neuro-
epithelium. Molecular and electrophysiological studies revealed that OR
are not selective for only one odorant, but numerous molecules bind with
varying a‰nities to a certain OR. A given receptor may bind to a molecule
with a given carbon chain length, but may lose binding a‰nity as the ago-
nist’s chain length increases. Similarly, the OR binding a‰nity for a mole-
cule may dramatically change upon modification of the functional groups
(aldehydes, ketones, acids, esters, alcohols, etc) of this molecule [51, 52]. In
addition, every odorant is recognized not by one but by several ORs simul-
taneously, depending on its particular chemical properties. At the level of
the glomerular map this leads to a specific activation pattern for each odor-
ant [53]. This odor-specific activation pattern is believed to be responsible
for the recognition of and distinction between di¤erent odorants [54].

However, as previously mentioned and although the olfactory receptor
theory adequately explains how olfactory coding could work, olfactory re-
search is still a long way away from predicting the odor of a molecule
based solely on the stereo-chemical properties of the latter.

Measurement of Olfactory Function

Similar to other sensory modalities, olfactory testing procedures will yield
information which is either based on subjects’ insights (‘‘subjective’’ or
‘‘psychophysical’’ tests) or on more ‘‘objective’’ techniques less biased by
the subjects’ observations. Since the subjects’ self assessment of olfactory
function is unreliable, testing of olfactory function is necessary [55].

Psychophysical Methods of Olfactory Testing

The basic principle of psychophysical testing of olfaction is to expose a
subject to an olfactory stimulus and to interpret the responses or reactions
of the tested subject.

This procedure has numerous advantages in clinical application, but
also important limitations. The most valuable advantage compared to ob-
jective testing methods in daily clinical life is the rapidity which allows psy-
chophysical tests to serve as quick screening tools for olfactory dysfunction
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[56]. More extensive testing sets, which can also be used for clinical re-
search, allow graduation of the olfactory disorder. Fundamentally, every
collection of odors is a potential olfactory test. Nevertheless, research dur-
ing the last three decades [57, 58] has ruled out the importance of a well
validated and reliable testing device. Whatever a clinical test consists of, it
should reliably distinguish between anosmic, hyposmic, and normosmic
subjects. Thus, the test should be based on normative data acquired and
validated on large samples of healthy and diseased subjects. This includes
comparison of the results with other validated tests and a good test-retest-
reliability. These requirements apply to only a few olfactory tests available
worldwide [57–63], since many tests of olfactory function do not comply
with these criteria [64].

The best-validated olfactory tests include the UPSIT (University of
Pennsylvania Smell Identification Test) [57, 59], the CCCRC-test (Con-
necticut Chemosensory Clinical Research Center) [58], and the ‘‘Sni‰n’
Sticks’’ [61, 62]. The latter one is a European test, while the first two were
created in North America.

Most tests are based on a forced choice paradigm. An odorant is pre-
sented at supra-threshold concentration and the subject has to identify the
odor from a list of descriptions of odors (e.g. the subject gets rose odor to
smell, and is asked whether the perceived odor was ‘‘banana,’’ ‘‘anis,’’
‘‘rose,’’ or ‘‘lilac’’). This forced-choice procedure controls the subjects’ re-
sponse bias. It also (potentially) allows the detection of malingerers since
even anosmic subjects will produce a few ‘‘correct’’ answers provided in a
random selection of items. However, this method is unreliable for medico-
legal investigations since well-read or hyposmic malingerers may overcome
these pitfalls. The result of the test corresponds to the sum of the correctly
identified items. This test design is called a smell identification test, and is
the most widely used way of testing [57–63, 65] probably because it is the
most easy to understand. Most tests are based on the identification of 16
to 40 odors – the more items tested the more reliable the results. Identifica-
tion tests are known to have a cultural connotation. Tests used in North
America, for example, are composed of odors many of which are unfamil-
iar to continental Europeans or Asians (e.g., root beer, or wintergreen). The
odors tested should therefore be adapted to the patients cultural back-
ground [66] in order to avoid unfamiliarity.

The two other widely used test designs are threshold tests and tests
of odor discrimination. The idea of threshold tests is to expose a subject
repeatedly to ascending and descending concentrations of the same odor-
ant and to identify the least detectable concentration for this individual
odor. Other designs are based on logistic regression [67, 68]. Discrimina-
tion tests mainly consist of a 3-alternative forced choice technique. Two
of the administered odors are identical, one is di¤erent. The subjects’ task
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is to detect the di¤erent one. In principal, tests for odor threshold/odor
discrimination are non-verbal. In addition, they can be used repetitively –
which is more di‰cult with odor identification tests.

Generally, identification and discrimination tests are believed to reflect
central olfactory processing while thresholds are thought rather to reflect
peripheral olfactory function. Accordingly, it has been claimed by several
authors [69–74] that patients with diseases of the central nervous process-
ing of odorous information exhibit selective disturbances of discrimination
and identification while threshold results are normal. Although this idea of
a certain pattern pathognomonic for ‘‘central’’ olfactory disturbances seems
attractive, the vast majority of studies have yet failed to confirm such typi-
cal pathology-associated patterns [75, 76]. The only, so far reliable and
recurrent test pattern in olfactory disturbance is a low threshold and nor-
mal identification and discrimination in patients with chronic sinunasal
problems [77].

Besides the solid body of literature and its clinical convenience, the psy-
chophysical tests have one main limitation. As soon as the patient’s collab-
oration is not guaranteed, interpretation of test results becomes di‰cult
or even impossible. Such cases include mainly willful non-collaboration in
cases of malingering, or for demented, unconscientious, or inexperienced
patients. In order to acquire olfactory information in such cases, more ob-
jective testing methods have been developed which rely less on the subjects’
cooperation.

Electrophysiological/Imaging Techniques Used to Test Olfactory Testing

Electro-Olfactogram (EOG)

Electro-olfactograms (EOG) are electrical potentials of the olfactory
epithelium that occur in response to olfactory stimulation. The EOG repre-
sents the sum of generator potentials of ORN. While this response has been
used extensively in olfactory research in animals (e.g., [78]), there are only
a handful of reports describing the properties of the human EOG. Among
other results, EOGs have been used to provide evidence for the dominant
role of the central nervous system in olfactory desensitisation [79], for the
functional characterisation of the olfactory epithelium [80], the specific top-
ographical distribution of ORN, the expression of ORN in response to ex-
posure to odorants [81], and the characterisation of certain odorants as OR
antagonists [82]. However, the EOG so far has not been systematically
used in patients with olfactory dysfunction. This is partly due to the topo-
graphical specificity of EOG responses, meaning that EOGs to certain
odorants may be recorded only at certain epithelial sites. Thus, the sub-
jects’ odorous impressions may not always be reflected by the presence of
an EOG response. In addition, the presence of an EOG may not always
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represent an odorous sensation. Specifically, EOGs can be recorded in sub-
jects with congenital anosmia [83], or EOGs are present at certain thresh-
old levels when the subjects do not yet perceive an odor [84]. Having said
this, EOGs may be extremely helpful in terms of elucidating pathological
processes at the mucosal level [85].

Chemosensory Event-Related Potentials (CSERP)

Event-related potentials are EEG-derived poly-phasic signals. They are
caused by the activation of cortical neurons which generate electro-magnetic
fields [86]. As the EEG is a noisy signal which contains activity from many
cortical neurons, ERP need to be extracted from this background activity.
In other words, the signal-to-noise ratio needs to be improved. The classi-
cal approach to this problem involves averaging of individual responses
to olfactory stimuli such that random activity would cancel itself out while
all non-random activation would remain. In addition, stimuli are typically
presented with a steep onset (<20 ms) in an extremely well-controlled, mo-
notonous environment such that stimulus onset synchronizes the activity of
as many cortical neurons as possible.

Olfactory ERP (1) are direct correlates of neuronal activation, unlike
the signals that are seen, for example, in functional MR imaging, (2) have
an extremely high temporal resolution in the range of micro-seconds, (3)
allow the investigation of the sequential processing of olfactory informa-
tion, and (4) can be obtained independently of the subject’s response bias,
i.e., they allow the investigation of subjects who have di‰culties to respond
properly (e.g., children, aphasic patients).

Based on a system developed by Kobal [87, 88], odors are applied intra-
nasally. Presentation of odorous stimuli does not simultaneously activate
mechano- or thermo-receptors in the nasal mucosa since odor pulses are
embedded in a constantly flowing air stream. In contrast to audition or
vision, to date no early ERP have been recorded in response to olfactory
stimuli (for review see [89]) but only late near-field ERP, i.e. responses
from cortical neurons. Peaks of the late near-field ERP fall into two
groups. Earlier peaks like N1 encode a greater number of exogenous stim-
ulus characteristics than of later, so-called endogenous components. That
is, earlier components encode stimulus intensity or stimulus quality (e.g.,
‘‘What is the nature of this stimulus?’’), whereas later components are
more related to the frequency, or the salience of the stimulus (‘‘What is
the meaning of this stimulus?’’) [86, 90–92].

Olfactory ERP are recorded all over the scalp. In terms of the topo-
graphic distribution of olfactory ERP, amplitudes exhibit characteristic
patterns with a centro-parietal maximum for both amplitudes N1 and P2
[93] (compare [94–96]). Using magneto-encephalographic techniques [97]
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Kobal and co-workers conducted a series of experiments which addressed
the question of the generation of olfactory ERP. Cortical generators of the
responses to trigeminal stimulation with CO2 were localized in the second-
ary somato-sensory cortex [98]. Other work indicated [99, 100] that olfac-
tory stimuli activate anterior-central parts of the insula, the para-insular
cortex, and the superior temporal sulcus [101].

Clinical testing with chemosensory ERP [89] typically includes the
recording of responses to olfactory (e.g., hydrogen sulfide, and phenyl
ethyl alcohol) and trigeminal (e.g., CO2) stimuli. This procedure has been
adopted by the working group ‘‘Olfaction and Gustation’’ of the German
ENT Society [102]. So far, in all investigated anosmic patients, intranasal
trigeminal ERPs could be obtained after stimulation with CO2 – although
with significantly smaller amplitudes than in healthy controls [10]. In con-
trast, no olfactory ERPs could be detected in anosmic patients after stimu-
lation with the odorants hydrogen sulfide and vanillin [103, 104]. Results
from ERP investigations provide significant information in the testing of
malingering patients. In a recent study, olfactory short-term recognition
memory was assessed in patients with unilateral temporal lobe epilepsy
and stereotactic electroencephalography (SEEG) recordings prior to sur-
gery. Such recordings from the amygdala indicated the presence of
chemosensory evoked potentials [267].

FMRI, PET, and MSI

Recent progress in the field of imaging presented the opportunity to study
the functional topography of the human olfactory system in detail [106–
108]. There are three major techniques being used: positron emission
tomography (PET) [109–111], functional magnetic resonance imaging
(FMRI) [112–114], and magnetic source imaging (MSI) based on magne-
to-encephalography [99, 101]. While bio-magnetic fields directly reflect
electrophysiological events, PET and FMRI reflect either changes in blood
flow or changes in metabolism which are epiphenomena of neuronal activ-
ity. Other major di¤erences between these techniques relate to the temporal
and spatial resolution. All three techniques have been used extensively to
perform basic research, e.g., on olfactory induced emotions, odor memory,
mechanisms of sni‰ng [109], or age- and sex-related di¤erences in terms of
olfactory function [115]. However, in order to become relevant for routine
clinical investigations [116], these intriguing techniques await further stan-
dardization.

Causes and Symptoms of Smell Disorders

Since olfactory disorders or even total olfactory loss are far less of a hand-
icap than blindness or deafness for the person concerned, there have not
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been many attempts to estimate the percentage of people with olfactory
problems. Initial surveys were done with questionnaires and rapid smell
tests. They revealed that approximately 1–3% of the population has an
olfactory problem [117, 118]. Since most of the decrease in olfactory func-
tion, like any other sensory function, is due to aging [119], this high in-
cidence was not so astonishing in an aging society with an increasing
mean age. In these first attempts to evaluate the epidemiology of olfactory
problems, olfactory function was tested rather rudimentarily. Consecutive
studies yielded much higher percentages of the population concerned by ol-
factory dysfunctions [120]. Importantly, olfactory disorders seem to a¤ect
more younger people than previously thought and most anosmic or hypos-
mic subjects either do not realize that they have an olfactory disorder or
are simply not su‰ciently handicapped to consult a physician [121, 122].
Current consensus is that approximately 5 percent of the general popula-
tion su¤er from anosmia, unrelated to chronic nasal problems. Although
the highest incidence is found in the age group above 65 years, anosmia is
astonishingly frequent in subjects between 45 and 65 years of age. Results
are similar for the distribution of hyposmia, with a mean percentage of ap-
proximately 20% of the general population exhibiting mild or moderate
smell dysfunction [120–122]. Recent studies underlined the potential alter-
ation of quality of life consecutive to olfactory impairment [123–125]. Al-
though not all patients with olfactory impairment seek medical help due to
decreased quality of life, some may experience hazardous events in daily
life like eating spoiled food or undetected smoke or gas leaks [126].

Most Common Causes

Several reports have been published on the frequency of the diverse origins
of olfactory dysfunction. A recent survey conducted in Austria, Switzer-
land and Germany [127] revealed that approximately 50% of patients with
olfactory dysfunction seen in ENT clinics are due to sinunasal problems.
Further frequent causes of olfactory dysfunction are related to traumatic
and post-URTI events.

Olfactory Loss Following Infections of the Upper Respiratory
Tract (URTI)

As mentioned above, epidemiological questions surrounding olfactory
disorders within the general population have only recently been addressed.
Previous contributions to the epidemiology of olfactory loss included retro-
spective analyses of specialized ‘‘Smell and Taste Centers’’ on their respec-
tive data bases [128–130]. With some minor di¤erences, these reports show
similar findings about the main causes of olfactory disorders. Apart from
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posttraumatic and sinunasal origin, post-URTI olfactory loss is among the
major causes of olfactory dysfunction.

The patient’s history typically starts with a cold, during which he loses
his sense of smell. Not particularly bothered during the cold, the patient
becomes suspicious about the smell loss when, one or two months after all
sinunasal symptoms have abated, normal olfactory function does not re-
turn. This is usually the moment when the patient seeks medical advice,
either from their general practitioner or from an ENT specialist. Unfor-
tunately, very few studies focused on the epidemiology and prognostic out-
come of post-URTI olfactory disorders [131–134]. Currently, no good data
indicate which agent in such upper tract respiratory infections (URTI)
leads to olfactory lesions. It is not even clear whether toxicity originates
from a virus or bacteria, or from the immune response directed against
olfactory neuroepithelium. Some authors claim that viral rather than bac-
terial infections are responsible for olfactory disturbances, and observe a
higher incidence of dysosmias after spring and summer URTI [132]. Fur-
thermore, women above 45 years of age seem to be a¤ected at a higher per-
centage than men [132, 135, 136] – which brings up the potential olfactory
protective e¤ect of estrogens [137]. Nevertheless, the e¤ect of estrogen on
olfactory function remains an open debate [122, 138].

Clinically, it is important to know, and to inform patients with post-
URTI olfactory anosmia or hyposmia, about the possibility of parosmia.
Parosmia (also termed troposmia), the unpleasant distortion of odorous
sensations, tends to occur two to three month after the URTI, although it
appears sometimes to occur directly after the URTI. The real frequency of
parosmia is probably higher than previously believed, in particular because
patients do not always mention it to their physician [139, 140]. According
to our clinical experience, up to 25% of subjects with URTI olfactory dys-
function experience parosmia or phantosmia.

Posttraumatic Olfactory Loss

Posttraumatic olfactory disorders represent approximately 20% of the
patients seen in ‘‘Smell and Taste Clinics’’ [124]. Most posttraumatic olfac-
tory dysfunctions are said to occur after occipital trauma, although no
clear data on olfactory dysfunctions after lateral impacts exist. The current
explanation is that ‘‘coup-contre-coup’’ lesions or tearing of the filae olfac-
toriae leads to anosmia or hyposmia. Although the entity of posttraumatic
olfactory loss had already been described by the end of the last century
it has, like most olfactory disorders received little systematic attention
[141]. This might also be due to the modest olfactory complaints of severely
poly-traumatized patients during their hospitalization. Olfactory loss seems
to correlate with the severity of the trauma [142–145], although several
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authors pointed out the fact that there is considerable individual variability
in terms of the vulnerability of olfactory structures [145, 146]. Thus, even
minor trauma can lead to anosmia whereas severe brain injuries may not
alter olfaction. Probably, the injured parts of the olfactory system are
most often the filae olfactoriae which cross the cribriform plate. However,
central structures such as the orbitofrontal cortex and gyrus rectus have
also been found to be a¤ected after head trauma [142]. Similar to post-
URTI olfactory impairment, these patients are prone to develop parosmia
and phantosmia several months after the trauma. Clinical experience shows
that most patients with posttraumatic olfactory disturbance typically be-
come aware of the alteration after some delay. It is usually several weeks
after the injury, when the major health problems have resolved and
patients are discharged from the hospital, that they begin to complain of
taste or smell loss. This is probably due to increased attention to olfaction
once the general health status improves.

Sinunasal Causes

The third large group of patients who seek counseling for olfactory prob-
lems are patients su¤ering from concomitant sinunasal problems. Approx-
imately 20% of all patients in smell and taste consultations have lost or
impaired olfactory function due to a nasal problem [124]. Nasal polyposis
has been known for a long time to decrease olfactory abilities due to the
mechanical obstruction of nasal cavity restricting the airflow to the olfac-
tory cleft [77, 129, 147–151]. During the last two decades, as a result of
better olfactory tests, mild olfactory impairments could also be identified
in other groups of patients with sinunasal diseases such as allergic and
uncomplicated chronic rhinosinusitis [77, 152, 153]. In contrast to posttrau-
matic and post-URTI olfactory dysfunctions, these patients rarely exhibit
parosmia or phantosmia.

Neurodegenerative Causes

Olfactory loss is common in patients with idiopathic Parkinson’s disease
(IPD) [154–156]. While a decreased sni¤ volume seems to contribute to
the diminution of olfactory function [157], electrophysiological recordings
in response to passive olfactory stimulation clearly established the presence
of olfactory impairment in IPD [158, 159]. This olfactory deficit is so reli-
able that it can be used as a marker of IPD [75]. In other words; if a patient
with normal olfactory function presents with IPD symptoms the diagnosis
should be re-investigated [160, 161]. It can also be assumed that olfactory
loss precedes the onset of motor symptoms by 4–6 years [162, 163] so that
IPD may be the reason for ‘‘idiopathic olfactory loss’’ in some patients. Ol-
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factory loss is also observed regularly in Alzheimer’s disease, but at a much
lower frequency and is less pronounced in multiple system atrophy, Hun-
tington’s disease, and motor neuron disease [161]. Little or no olfactory
deficit is seen in cortico-basal degeneration, progressive supranuclear palsy,
or essential tremor [161, 164].

Idiopathic

According to the retrospective epidemiological studies of Taste and Smell
Clinics, the diagnosis of idiopathic – unknown – origin of smell impairment
accounts for almost 20% of the cases, with the sampling bias discussed
above. This seems simply to reflect the poor understanding of factors in-
terfering with olfaction. With further insight and research this percentage
should logically decrease. A considerable number of these idiopathic causes
might be due to sinunasal disease, post URTI dysosmias following an al-
most undetected URTI, or neurodegenerative diseases [165].

Less Frequent Causes

Endocrine Diseases

Diabetes is probably one of the best investigated endocrine diseases con-
cerning olfactory disorders [121, 166–168]. Most studies reveal slight olfac-
tory deficiencies in diabetic patients especially at threshold levels indicating
a peripheral patho-mechanism compatible with a possible diabetic micro-
angiopathy or peripheral polyneuropathy. However, olfactory impairment
in diabetes is relatively mild. Two recent studies conducted with identifica-
tion tests in large study samples did not find that diabetic patients exhibit a
decreased ability to identify odors compared to healthy controls [121, 122].
Several other endocrine diseases such as hypothyroidism [169, 170], adre-
nocortical insu‰ciency (Addison’s disease) [171] or pseudohypoparathyr-
oidism [172], have been reported to cause olfactory disorders. Many en-
docrine diseases have been reported to cause hyposmia but rarely lead to
anosmia.

Epilepsy

Epileptic patients have been repeatedly tested with all possible olfactory
testing modalities, and the general findings were that epileptic patients
perform similar to controls with regard to odor thresholds [173, 174].
In contrast, more centrally believed tasks such as odor identification, dis-
crimination or memory tests revealed that epileptic patients have olfactory
impairments predominating on the side of the epileptic focus [74, 174–176].
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Furthermore, olfactory evoked potentials have been shown to be altered in
epileptic patients [177]. This latter study showed increased latencies in ol-
factory ERP ipsilateral to the epileptic lesion. These latencies were even
longer when the lesion was right-sided. Taken together the data indicate
that decreased olfactory function in epileptic patients is primarily due to
centrally altered olfactory structures whereby the temporal lobe is the
main lesion site. Studies on olfactory function in patients with frontal epi-
leptic lesions, however, are lacking.

General Pathologies

Long lists of general pathologies causing olfactory disorders can be found
in most reviews and textbooks of smell and taste disorders [172, 178]. Nev-
ertheless, only few studies on specific pathologies have been conducted,
sometimes on small sample sizes using unreliable olfactory tests, and some-
times with contradictory outcomes. Besides the above mentioned endocrine
diseases, metabolic disorders such as kidney [72] and liver [122, 179, 180]
a¤ections have been associated with decreased olfactory function. Olfac-
tory disturbances in those patients are especially interesting, since they are
discussed as a potential cause of malnutrition with a more general impact
on the patients’ health [181].

Post-Surgery/Anesthesia

Anosmia may occur after general anesthesia during the course of surgi-
cal interventions not necessarily associated with nasal surgery [122, 182].
Further research should clarify whether surgery under general anesthesia
presents a risk of anosmia. For surgical interventions in the sinu-nasal re-
gion, anosmia as complication has been estimated to occur in 1% of the
cases [183] although this risk has probably been overestimated as indicated
by the results of two large studies [184, 185].

Drug-Induced/Toxic

Numerous toxins have been implicated as causes of olfactory disorders
[186]. Nevertheless, this information has been mainly accumulated on the
basis of case reports. Knowledge about drugs inducing smell and taste dis-
orders is also mainly based on case reports, but several major groups of
drugs have been identified as likely to cause problems. Among these, car-
diovascular drugs [187], anti-hypertensive drugs [188, 189], and antibiotics
[172, 190] are the most frequently mentioned. Usually, the chemosensory
side e¤ects disappear when the medication is discontinued.
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Congenital

Currently we distinguish between congenital anosmia occurring as an iso-
lated defect or occurring within the context of a syndrome [191]. Isolated
congenital anosmia seems to occur more often than previously believed.
Apart from the typical patient history of no odor memories, only MR
imaging leads to a more definitive diagnosis [192, 193]. In the frontal imag-
ing planes just tangential to the eye bulbs, hypoplastic or aplastic olfactory
bulbs can be visualized. This plane also allows an evaluation of the olfac-
tory sulcus which is flattened if the olfactory bulb is absent or aplastic. This
is a useful indicator of congenital anosmia, especially since the bulb is not
always easy to identify. Among cases of congenital anosmia as part of a
syndrome, the Kallmann-Syndrom [194] is the disorder in which it is most
frequently encountered. This is an anosmia associated with hypogonado-
tropic hypogonadism clinically characterized by infertility and anosmia,
where infertility can be reversed by substitution of gonadotropins [195].

Congenital anosmia is typically discovered during early puberty. It is a
matter of speculation whether olfaction starts to be more important in this
period compared to younger years.

Symptoms

Although this distinction is a matter of debate, the discrimination between
qualitative and quantitative olfactory disorder have proven helpful in clin-
ical practice. This distinction is mainly based on the patient’s history and
psychophysical test results.

Quantitative Olfactory Disorders

Normosmia/Hyposmia/Anosmia: Normosmia is the subjectively perceived
normal olfactory function, usually defined as the ability to detect the great
majority of tested odors in a given olfactory test. Hyposmia means the de-
crease of this olfactory function and anosmia the total loss of any olfactory
function. Beside total anosmia, specific anosmias have been described,
where only certain odors are not perceived and most odors are smelt nor-
mally [196]. The term functional anosmia was chosen since many subjects
with severe olfactory loss appear to be able to still perceive a few single
odors. Nevertheless, those rare and weak olfactory impressions are too
poor to be of any help to these patients in daily life.

Qualitative Olfactory Disorders

The term ‘‘qualitative olfactory disorder’’ reflects the qualitatively changed
perception of odorous sensation. They are frequently, but not necessarily,
associated with quantitative olfactory disorders.
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Parosmia describes the distorted perception of smells in presence of an
odor source. In other words, parosmias are triggered by odors. This is a
symptom occurring particularly often in post-URTI or posttraumatic ol-
factory disorders. Mostly odors are distorted into unpleasant odors (al-
though some exceptions seem to exist: TH, personal communication). For
example, to parosmic patients, co¤ee smells like burnt plastic. The exact
explanation of the molecular modifications leading to parosmia is as yet
unknown. Even the site of parosmia generation (olfactory epithelium, ol-
factory bulb, or other central-nervous olfactory structures) is not clear. Im-
portant clinically, is the observation that most parosmic impressions tend
to diminish over months and finally disappear after years.

Phantosmia describes the distorted perception of smells in the ab-
sence of an odor source. Most often, phantosmias occur after trauma or
URTI and consist of unpleasant odors occurring without being elicited
through environmental odor sources. Phantosmias are rarely triggered but
menstruation- and stress-related phantosmias have been reported [197].
Similar to parosmia, there is no exact explanation as yet of the molecular
modifications leading to phantosmia; also, the site of its generation remains
unclear. Phantosmias also have a tendency to disappear over the course of
years.

Surgical Risks to the Olfactory System

Endoscopic Sinus/Transnasal Surgery

Chronic rhinosinusitis is the most common chronic inflammatory disease
and is frequently associated with impaired sense of smell [198, 199]. When
symptomatic patients do not improve on medical treatment, endoscopic
sinus surgery (ESS) may be proposed. Nasal polyposis is considered as
the ultimate stage of chronic rhinosinusitis for which the mainstay of
treatment is medical, but in which ESS plays a part in the majority of cases
resistant to medication. Assessment of preoperative olfactory function is
important since patients su¤ering from chronic rhinosinusitis are not al-
ways aware of their olfactory dysfunction, and occurrence of olfactory
loss or disorders after endonasal surgery has been reported to be as high
as 1% [183, 200, 201]. Nevertheless, this may be an overestimation, as re-
cent studies suggested [184, 185]. Regarding bilateral choanal atresia, sur-
gical repair at relatively advanced ages (8–10 years) was not associated
with olfactory improvement [202]. This observation suggests that early sen-
sory exposure could be important for the normal development of olfactory
function.

In most cases, ESS is associated with significant improvement of rhino-
sinusitis symptoms and olfactory function [184, 185]. However, absence

86 B. N. Landis et al.



or deterioration of olfactory detection thresholds in patients with chronic
rhinosinusitis after ESS have been reported [203, 204]. Post-ESS olfactory
dysfunction could be due to several mechanisms with persistent mucosal
inflammation/edema in the region of the olfactory epithelium being one
possible explanation [205]. In addition to post-operative edema, local polyp
recurrence, scar tissue, or granulation could also contribute to the absence
of improvement in the sense of smell [206].

The olfactory mucosa of patients su¤ering from long lasting chronic
rhinosinusitis could be altered by a variety of toxic inflammatory media-
tors. In parallel, repetitive URTIs probably alter the neuroepithelium
even further [131]. Furthermore, the olfactory epithelium can degenerate
in chronic rhinosinusitis and may be replaced by the respiratory epithelium
[207]. Furthermore, all surgeons performing ESS should be aware of the
risk of iatrogenic injuries of the olfactory epithelium associated with exten-
sive ethmoidectomy [208].

Craniotomy

This paragraph focuses only on the interventions with access to the ante-
rior fossa, since these are most likely to a¤ect olfaction. As stated by Pas-
sagia [209], the olfactory structures constitute a natural obstacle to the
exploration of the anterior fossa. Therefore, anosmia is a frequent compli-
cation of surgical approaches to this region [209]. Nevertheless, techniques
have been described which potentially preserve olfaction [210, 211]. One
crucial point in preservation of olfactory structures is to respect the blood
supply to the olfactory bulb [209]. Whereas leaks of cerebrospinal fluid can
be treated without destruction of olfactory structures, oncologic surgery
for ethmoidal adenocarcinoma or esthesioneuroblastoma usually leads to
anosmia [212, 213]. Meningiomas, which preferably grow in midline struc-
tures and especially within the olfactory groove region, are potentially dis-
sectible with preservation of olfaction [209]. However, most reports on ol-
factory impairment after surgery of the anterior fossa have been conducted
on small samples [214] and olfactory function has rarely been measured
properly [209]. Welge-Luessen et al. [215] have recently published a study
focusing on the olfactory outcome after meningeoma surgery. They pointed
out that preservation of olfaction ipsilateral to the tumor is extremely dif-
ficult. They also showed a correlation between preserved postoperative
olfactory function and tumor size. Overall, it seems that preservation of
olfactorily eloquent structures might be possible when the tumor size is
small. Nevertheless, olfactory function seems to be very vulnerable and
seems sometimes altered even though the surgeon did not touch the olfac-
tory structures. This corroborates findings by Delank [146] on posttrau-
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matic cadavers, that olfactory tracts and bulbs in certain people are severed
even after minor tearing.

Recovery of Smell Disorders

Age-related and congenital anosmia do not usually exhibit recovery. Sinu-
nasal smell disorders are treatable and will be extensively discussed in the
next paragraph. Toxic- and drug-induced smell disorders may recover once
the drug intake is interrupted [190]. Two of the most important causes of
olfactory dysfunction, post-URTI and posttraumatic causes, have received
relatively little attention concerning their recovery rate. This is partly due
to di‰culties obtaining reliable epidemiological data on the real frequency
of post-URTI olfactory disorders. Most patients with transitory or re-
covered post-URTI smell disorders probably do not seek medical help.
The following recovery data apply to patients seen in Smell and Taste
Clinics and are usually the ones with the most tenacious smell disorders.
Several authors described recovery rates for post-URTI and posttraumatic
disorders to be highest within the first year [133, 216–218]. According to
this literature post-URTI disorders have a slightly better prognosis com-
pared to posttraumatic disorders, mainly because they often cause hypo-
smia rather than anosmia. Total recovery is observed in approximately 5%
of the cases, while up to 60% of all patients experience partial recovery of
some olfactory function over the following years. The remaining patients
do not have any improvement of chemosensory function. Although olfac-
tory neurons have the ability to regenerate [17, 219], the exact mechanisms
favoring such spontaneous recovery are not understood.

It is currently impossible to predict an individual outcome with regard
to recovery. Clinically, one has the impression that younger patients might
have better recovery rates but no solid data support this hypothesis [136].
For quite a while the presence of parosmia and phantosmia has been inter-
preted as a sign of plasticity and regeneration within the olfactory system.
Recent retrospective data, however, do not support this clinical impression
[220]. In contrast to the quantitative olfactory disorders, the qualitative
disorders have a far better prognosis of spontaneous disappearance. Paros-
mias tend to decrease to a bearable level after approximately one year
[139]. However, recent work revealed that more than 50% of the parosmias
are still present after 2 years [220]. Over time, parosmia seems to lose its
devastating e¤ect on quality of life. To summarize, the best current thera-
peutic attitude towards post-URTI and posttraumatic olfactory disorders
is to correctly inform the patient, without removing all hope of recovery,
but not promising a quick and complete recovery. The patients should re-
ceive satisfactory olfactory testing. Follow-up investigations give both the
physician and the patient the possibility to observe improvements.
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Treatment of Olfactory Disorders

Surgical

The e¤ect of surgery on quantitative olfactory disorders has already been
mentioned above. Beside the routine surgery indicated in advanced and
medication resistant nasal polyposis, ESS has also been proposed in very
particular cases of qualitative olfactory disorders [221, 222]. Leopold was
the first to describe the selective excision of the olfactory epithelium in
patients su¤ering from very handicapping phantosmias. These cases, less
than two dozen so far, have been carefully selected, and ESS in phantosmia
is far from being routinely indicated. Interestingly, the histological analysis
of these epithelia revealed numerous neuromas within the olfactory epithe-
lium. Whether these neuromas are the substrate of the phantosmia is not
clear. One report also treated parosmia with selective resection of the olfac-
tory bulb [223] and a recent paper rediscovered the technique used by Leo-
pold to treat parosmia [224]. These latter authors were unable to analyze
the excised tissue and apparently ignored the existence of Leopold’s work.
This underlines the fact that this procedure should be reserved to experi-
enced surgeons and is far from being a routine operation.

Conservative/Medication

Conservative Therapy of SND Related Olfactory Loss

Antibiotics: Putrid acute sinusitis is most frequently the result of infec-
tion by streptococcus pneumoniae, haemophilus influenzae, and moraxella
catarrhalis which are relatively sensitive to antibiotic therapy. However, in
the chronic form of putrid sinusitis, staphylococcus aureus and pseudomo-
nas aeruginosa are much more important. Whenever possible, antibiotic
therapy should only be started after the bacteria have been identified and
tested for resistance to antibiotics. It is important to note that in chronic
putrid sinusitis antibiotic treatment is not always successful.

Steroids: Among many other e¤ects corticosteroids act as anti-
inflammatory drugs, the anti-inflammatory e¤ects being produced via a
number of di¤erent pathways including inhibition of phospholipase A2
through induction of lipocortin [225]. They reduce submucosal edema and
mucosal hypersecretion and thereby increase nasal patency. Systemically
administered steroids are of help in many sinu-nasal disease (SND) patients
[129, 226–228]. For example, Stevens reported that systemic adminis-
tration of steroids was e¤ective in 12 of 24 patients with SND-related ol-
factory loss [229]. In addition to the anti-inflammatory activity it has been
postulated that corticosteroids directly improve olfactory function [230,
231] by modulating the function of ORN through e¤ects on olfactory Na,
K-ATPase [225]. In fact, also based on our own experience, systemic ste-

89Basic and Clinical Aspects of Olfaction



roids are often helpful even in patients without nasal obstruction due to
polyps or obvious inflammatory changes (compare [229, 232]).

Steroids may be administered systemically or topically. With regard to
idiopathic olfactory dysfunction, systemic administration is often applied
for diagnostic purposes [233]. If systemic steroids improve olfactory func-
tion, treatment is typically continued with locally administered steroids.
Although systemic steroids are usually more e¤ective than locally adminis-
tered steroids [230, 234], prescription of systemic steroids over an extended
period of time is rarely warranted due to their side e¤ects [150, 232]. While
there are no exact recommendations, it is possible, however, to repeatedly
administer short courses of systemic steroids with an interval of 6–12
months between courses.

A number of studies indicate the usefulness of topical steroids [153, 226,
228, 235]; however, the role of topical steroids in the treatment of SND re-
lated olfactory loss has been questioned [230, 233, 234, 236–239]. So far,
no factors predicting a favorable response to topical steroids have been
identified. It is not entirely clear why systemic steroids have a higher thera-
peutic e‰cacy compared to topical steroids [129, 234]. One reason may re-
late to the deposition of the spray in the nasal cavity. In fact, it has been
shown that only a small amount of nasally applied drugs reaches the olfac-
tory epithelium which is situated in an e¤ectively protected area of the na-
sal cavity [240–242]. This situation can be slightly improved by the appli-
cation of sprays in ‘‘head-down-forward position’’ [230, 239].

Other treatments: In addition to the use of steroids there are other ther-
apeutic approaches to restoration of olfactory loss. They include the use of
anti-leukotrienes [243], saline lavages [244], or approaches which have
received less vigorous scientific investigation, e.g., dietary changes [245],
acupuncture [246], anti-allergy immunotherapy [247] and herbal treatments.

Conservative Therapy of Post-URTI/Posttraumatic Olfactory Loss

Post-URTI smell dysfunction seems to be due to an impairment of ORN,
both in function and in numbers [248, 249]. While numerous treatments
have been tried in post-URTI anosmia (e.g., zinc, vitamin A; see below),
no pharmacological therapy has been established so far (see [250–252]).
The situation is similar for posttraumatic olfactory loss where therapeu-
tic options are lacking. The absence of conservative treatment for certain
forms of olfactory dysfunction is underlined by the fact that, when ‘‘paros-
mia’’ is present [253, 254], in some patients surgical removal of the olfac-
tory epithelium may be considered as a cure [255].

Having said this, there are still numerous candidates for the pharma-
cological treatment of olfactory dysfunction, one being alpha-lipoic acid
(aLA) which is used in the treatment of diabetic neuropathy [256]. The ef-
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fect of aLA is well described both in experimental animals and in humans
(for review see [257]). It is known to stimulate the expression of nerve
growth factor, substance P, and neuropeptide Y [258–260]. It enhances
motor nerve conduction velocity as well as microcirculation [261, 262].
Further, due to its potent anti-oxidative e¤ects, aLA also has neuropro-
tective capabilities indicating that aLA is suited to treat neural damage
involving free radicals [263]. Preliminary work has already indicated that
it may be useful in post-URTI olfactory loss when administered at a dose
of 600 mg/d over a period of 4–7 months [136]. Other encouraging pilot
studies have been performed with the NMDA-antagonist caroverine [135]
administered at a dose of 120 mg/d for 4 weeks. Potential mechanisms for
the hypothesized e¤ect included reduced feedback inhibition in the olfac-
tory bulb as a consequence of NMDA-antagonistic actions, or antagonism
of an excitotoxic action of glutamate.

Although frequently mentioned as a therapeutic option, studies on zinc
treatment for olfactory dysfunction have produced negative results [135,
250] (see also [264]). It may, however, be of therapeutic value in patients
with severe zinc deficiency, e.g., in hemodialysis. In studies in postmeno-
pausal women estrogens have been reported to provide a certain protection
against olfactory disturbances [130]. However, as mentioned above, recent
studies [138] indicate that estrogens are probably ine¤ective in the treat-
ment of olfactory loss. Finally, although discussed frequently, the potential
therapeutic use of orally administered vitamin A [251, 265] is questionable
unless appropriate double-blinded studies become available.

A di¤erent approach to the treatment of olfactory disorders is the de-
tection and treatment of underlying causes. This approach may also in-
volve the replacement of drugs suspected of a¤ecting the sense of smell
[172, 266, 267]. Other possible treatments may include, for example, acu-
puncture [246].
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20. Karlson P, Lüscher M (1959) ‘‘Pheromones’’: a new term for a class of bio-

logically active substances. Nature 183: 55–56

21. Schaal B et al (2003) Chemical and behavioural characterization of the rab-

bit mammary pheromone. Nature 424: 68–72

22. Dorries KM, Adkins-Regan E, Halpern BP (1997) Sensitivity and behavioral

responses to the pheromone androstenone are not mediated by the vomero-

nasal organ in domestic pigs. Brain Behav Evol 49: 53–62

92 B. N. Landis et al.



23. Monti-Bloch L, Grosser BI (1991) E¤ect of putative pheromones on the elec-

trical activity of the human vomeronasal organ and olfactory epithelium. J

Steroid Biochem Molec Biol 39: 573–582

24. Witt M et al (2002) On the chemosensory nature of the vomeronasal epithe-

lium in adult humans. Histochem Cell Biol 117: 493–509

25. Knecht M et al (2001) Frequency and localization of the putative vomer-

onasal organ in humans in relation to age and gender. Laryngoscope 111:
448–452

26. Witt M et al (2000) Characterization of the adult human vomeronasal organ

using immunohistochemical and electrophysiological measures. Chem Senses

25: 668

27. Knecht M et al (2003) Assessment of olfactory function and androstenone

odor thresholds in humans with or without functional occlusion of the

vomeronasal duct. Behav Neurosci 117: 1135–1141

28. Stern K, McClintock MK (1998) Regulation of ovulation by human phero-
mones. Nature 392: 177–179

29. Savic I et al (2001) Smelling of odorous sex hormone-like compounds

causes sex-di¤erentiated hypothalamic activations in humans. Neuron 31:

661–668

30. Rodriguez I et al (2000) A putative pheromone receptor gene expressed in

human olfactory mucosa. Nat Genet 26: 18–19

31. Mozell MM (1964) Evidence for sorption as a mechanism of the olfactory

analysis of vapours. Nature 203: 1181–1182
32. Mozell MM, Jagodowicz M (1973) Chromatographic separation of odorants

by the nose: retention times measured across in vivo olfactory mucosa.

Science 181: 1247–1249

33. Sobel N et al (1999) The world smells di¤erent to each nostril. Nature 402:

35

34. Amoore JE (1967) Specific anosmia: a clue to the olfactory code. Nature 214:

1095–1098

35. Henning H (1916) Der Geruch. Johann Ambrosius Barth, Leipzig
36. Dyson GM (1938) The scientific basis of odour. Chem Ind 57: 647–651

37. Turin L (1996) A spectroscopic mechanism for primary olfactory reception.

Chem Senses 21: 773–791

38. Keller A, Vosshall LB (2004) A psychophysical test of the vibration theory of

olfaction. Nat Neurosci 7: 337–338

39. Buck L, Axel R (1991) A novel multigene family may encode odorant recep-

tors: a molecular basis for odor recognition. Cell 65: 175–187

40. Gilad Y et al (2003) Human specific loss of olfactory receptor genes. Proc
Natl Acad Sci USA 28: 28

41. Menashe I et al (2003) Di¤erent noses for di¤erent people. Nat Genet 34:

143–144

42. Gilad Y et al (2003) Natural selection on the olfactory receptor gene family

in humans and chimpanzees. Am J Hum Genet 73: 489–501

43. Gilad Y et al (2004) Loss of olfactory receptor genes coincides with the ac-

quisition of full trichromatic vision in primates. PLoS Biol 2: E5

93Basic and Clinical Aspects of Olfaction



44. Man O, Gilad Y, Lancet D (2004) Prediction of the odorant binding site of

olfactory receptor proteins by human-mouse comparisons. Protein Sci 13:

240–254

45. Strotmann J et al (1994) Olfactory neurones expressing distinct odorant

receptor subtypes are spatially segregated in the nasal neuroepithelium. Cell

Tissue Res 276: 429–438

46. Vassar R, Ngai J, Axel R (1993) Spatial segregation of odorant receptor ex-
pression in the mammalian olfactory epithelium. Cell 74: 309–318

47. Ressler KJ, Sullivan SL, Buck LB (1993) A zonal organization of odorant

receptor gene expression in the olfactory epithelium. Cell 73: 597–609

48. Vassar R et al (1994) Topographic organization of sensory projections to the

olfactory bulb. Cell 79: 981–991

49. Nef P et al (1992) Spatial pattern of receptor expression in the olfactory epi-

thelium. Proc Natl Acad Sci USA 89: 8948–8952

50. Mombaerts P et al (1996) Visualizing an olfactory sensory map. Cell 87:
675–686

51. Zhao H et al (1998) Functional expression of a mammalian odorant recep-

tor. Science 279: 237–242

52. Araneda RC, Kini AD, Firestein S (2000) The molecular receptive range of

an odorant receptor. Nat Neurosci 3: 1248–1255

53. Uchida N et al (2000) Odor maps in the mammalian olfactory bulb: domain

organization and odorant structural features. Nat Neurosci 3: 1035–1043

54. Malnic B et al (1999) Combinatorial receptor codes for odors. Cell 96: 713–
723

55. Landis BN et al (2003) Ratings of overall olfactory function. Chem Senses

28: 691–694

56. Hummel T et al (2001) Screening of olfactory function with a four-minute

odor identification test: reliability, normative data, and investigations in

patients with olfactory loss. Ann Otol Rhinol Laryngol 110: 976–981

57. Doty RL, Shaman P, Dann M (1984) Development of the University of

Pennsylvania Smell Identification Test: a standardized microencapsulated
test of olfactory function. Physiol Behav 32: 489–502

58. Cain WS et al (1988) Evaluation of olfactory dysfunction in the Connecticut

Chemosensory Clinical Research Center. Laryngoscope 98: 83–88

59. Doty RL et al (1984) University of Pennsylvania Smell Identification Test:

a rapid quantitative olfactory function test for the clinic. Laryngoscope 94:

176–178

60. Kobal G et al (1996) ‘‘Sni‰n’ sticks’’: screening of olfactory performance.

Rhinology 34: 222–226
61. Hummel T et al (1997) ‘Sni‰n’ sticks’: olfactory performance assessed by the

combined testing of odor identification, odor discrimination and olfactory

threshold. Chem Senses 22: 39–52

62. Kobal G et al (2000) Multicenter investigation of 1,036 subjects using a

standardized method for the assessment of olfactory function combining tests

of odor identification, odor discrimination, and olfactory thresholds. Eur

Arch Otorhinolaryngol 257: 205–211

94 B. N. Landis et al.



63. Kondo H et al (1998) A study of the relationship between the T&T olfac-

tometer and the University of Pennsylvania Smell Identification Test in a

Japanese population. Am J Rhinol 12: 353–358

64. Lecanu JB et al (2002) Valeurs normatives du test olfactométrique Biolfa.

Ann Otolaryngol Chir Cervicofac 119: 164–169

65. Briner HR, Simmen D (1999) Smell diskettes as screening test of olfaction.

Rhinology 37: 145–148
66. Ho WK et al (2002) Change in olfaction after radiotherapy for nasopharyn-

geal cancer – a prospective study. Am J Otolaryngol 23: 209–214

67. Lotsch J, Lange C, Hummel T (2004) A simple and reliable method for clin-

ical assessment of odor thresholds. Chem Senses 29: 311–317

68. Linschoten MR et al (2001) Fast and accurate measurement of taste and

smell thresholds using a maximum-likelihood adaptive staircase procedure.

Percept Psychophys 63: 1330–1347

69. Hawkes CH, Shephard BC (1993) Selective anosmia in Parkinson’s disease?
Lancet 341: 435–436

70. Koss E et al (1987) Olfactory detection and recognition in Alzheimer’s dis-

ease. Lancet 1: 622

71. Koss E et al (1988) Olfactory detection and identification performance are

dissociated in early Alzheimer’s disease. Neurology 38: 1228–1232

72. Frasnelli JA et al (2002) Olfactory function in chronic renal failure. Am J

Rhinol 16: 275–279

73. Hornung DE et al (1998) The olfactory loss that accompanies an HIV infec-
tion. Physiol Behav 15: 549–556

74. Jones-Gotman M, Zatorre RJ (1988) Olfactory identification deficits in

patients with focal cerebral excision. Neuropsychologia 26: 387–400

75. Mesholam RI et al (1998) Olfaction in neurodegenerative disease: a meta-

analysis of olfactory functioning in Alzheimer’s and Parkinson’s diseases.

Arch Neurol 55: 84–90
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Rhino-Otol 86: 1–6

239. Benninger MS et al (2004) Techniques of intranasal steroid use. Otolaryngol

Head Neck Surg 130: 5–24

240. Hardy JG, Lee SW, Wilson CG (1985) Intranasal drug delivery by spray and

drops. J Pharmacy Pharmacol 37: 294–297

103Basic and Clinical Aspects of Olfaction



241. Newman SP, Moren F, Clarke SW (1987) Deposition pattern from a nasal

pump spray. Rhinology 25: 77–82

242. McGarry GW, Swan IR (1992) Endoscopic photographic comparison of

drug delivery by ear-drops and by aerosol spray. Clinical Otolaryngology

17: 359–360

243. Parnes SM, Chuma AV (2000) Acute e¤ects of antileukotrienes on sinonasal

polyposis and sinusitis. Ear Nose Throat J 79: 18–20, 24–25
244. Bachmann G, Hommel G, Michel O (2000) E¤ect of irrigation of the nose

with isotonic salt solution on adult patients with chronic paranasal sinus dis-

ease. Eur Arch Otorhinolaryngol 257: 537–541

245. Rundles W (1946) Prognosis in the neurologic manifestations of pernicious

anemia. Blood 1: 209–219

246. Tanaka O, Mukaino Y (1999) The e¤ect of auricular acupuncture on olfac-

tory acuity. Am J Chin Med 27: 19–24

247. Stevenson DD et al (1996) Aspirin desensitization treatment of aspirin-
sensitive patients with rhinosinusitis-asthma: long-term outcomes. J Allergy

Clin Immunol 98: 751–758

248. Moran DT et al (1992) Ultrastructural histopathology of human olfactory

dysfunction. Microsc Res Tech 23: 103–110

249. Yamagishi M, Fujiwara M, Nakamura H (1994) Olfactory mucosal findings

and clinical course in patients with olfactory disorders following upper respi-

ratory viral infection. Rhinology 32: 113–118

250. Henkin RI et al (1976) A double-blind study of the e¤ects of zinc sulfate on
taste and smell dysfunction. Am J Med Sci 272: 285–299

251. Yee KK, Rawson NE (2000) Retinoic acid enhances the rate of olfactory re-

covery after olfactory nerve transection. Brain Res Dev Brain Res 124: 129–

132

252. Hendriks APJ (1988) Olfactory dysfunction. Rhinology 26: 229–251

253. Nordin S et al (1996) Prevalence and assessment of qualitative olfactory dys-

function in di¤erent age groups. Laryngoscope 106: 739–744

254. Leopold D (1995) Distorted olfactory perception. Handbook of olfaction
and gustation. In: Doty RL (ed) Marcel Dekker Inc. New York, p 441–454

255. Jafek BW, Murrow B, Linschoten M (2000) Evaluation and treatment of

anosmia. Curr Opin Otol Head Neck Surg 8: 63–67

256. Reljanovic M et al (1999) Treatment of diabetic polyneuropathy with the

antioxidant thioctic acid (alpha-lipoic acid): a two year multicenter ran-

domized double-blind placebo-controlled trial (ALADIN II). Alpha Lipoic

Acid in Diabetic Neuropathy. Free Radic Res 31: 171–179

257. Packer L, Kraemer K, Rimbach G (2001) Molecular aspects of lipoic acid in
the prevention of diabetes complications. Nutrition 17: 888–895

258. Hounsom L et al (1998) A lipoic acid-gamma linolenic acid conjugate is ef-

fective against multiple indices of experimental diabetic neuropathy. Diabe-

tologia 41: 839–843

259. Hounsom L et al (2001) Oxidative stress participates in the breakdown of

neuronal phenotype in experimental diabetic neuropathy. Diabetologia 44:

424–428

104 B. N. Landis et al.



260. Garrett NE et al (1997) alpha-Lipoic acid corrects neuropeptide deficits in

diabetic rats via induction of trophic support. Neurosci Lett 222: 191–194

261. Coppey LJ et al (2001) E¤ect of antioxidant treatment of streptozotocin-

induced diabetic rats on endoneurial blood flow, motor nerve conduction ve-

locity, and vascular reactivity of epineurial arterioles of the sciatic nerve. Di-

abetes 50: 1927–1937

262. van Dam PS et al (2001) Glutathione and alpha-lipoate in diabetic rats:
nerve function, blood flow and oxidative state. Eur J Clin Invest 31: 417–424

263. Lynch MA (2001) Lipoic acid confers protection against oxidative injury in

non-neuronal and neuronal tissue. Nutr Neurosci 4: 419–438

264. Seiden AM (1997) The intial assessment of patients with taste and smell dis-

orders. Taste and smell disorders. In: Seiden AM (ed) Thieme, New York,

p 4–19

265. Garrett-Laster M, Russell RM, Jacques PF (1984) Impairment of taste and

olfaction in patients with cirrhosis: the role of vitamin A. Hum Nutr Clin
Nutr 38: 203–214

266. Henkin RI (1994) Drug-induced taste and smell disorders. Incidence, mech-

anisms and management related primarily to treatment of sensory receptor

dysfunction. Drug Saf 11: 318–377

267. Ackerman BH, Kasbekar N (1997) Disturbances of taste and smell induced

by drugs. Pharmacotherapy 17: 482–496

268. Hudry J, Perrin F, Ryvlin P, Mauguière F, Royet J-P (2003) Olfactory short-

term memory and related amygdala recordings in patients with temporal
lobe epilepsy. Brain 126: 1851–1863

105Basic and Clinical Aspects of Olfaction




