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Abstract

Anosmia and hyposmia, the inability or decreased ability to smell, is estimated to afflict 3-20% of the
population. Risk of olfactory dysfunction increases with old age and may also result from chronic
sinonasal diseases, severe head trauma, and upper respiratory infections, or neurodegenerative
diseases. These disorders impair the ability to sense warning odors in foods and the environment,
as well as hinder the quality of life related to social interactions, eating, and feelings of well-
being. This article reports and extends on a clinical update commencing at the 2016 Association
for Chemoreception Sciences annual meeting. Included were reports from: a patient perspective
on losing the sense of smell with information on Fifth Sense, a nonprofit advocacy organization
for patients with olfactory disorders; an otolaryngologist’s review of clinical evaluation, diagnosis,
and management/treatment of anosmia; and researchers’ review of recent advances in potential
anosmia treatments from fundamental science, in animal, cellular, or genetic models. As limited
evidence-based treatments exist for anosmia, dissemination of information on anosmia-related
health risks is needed. This could include feasible and useful screening measures for olfactory
dysfunction, appropriate clinical evaluation, and patient counseling to avoid harm as well as
manage health and quality of life with anosmia.

Key words: genetics, neural reorganization, olfactory dysfunction, quality of life, stem cell regeneration, treatment

Introduction

Few people consciously appreciate the range of information provided
by the sense of smell, from detecting warning harmful odors from the
environment to forming a major part of many of life’s pleasurable expe-
riences, whether eating a meal, a walk in the countryside, or intimacy

© The Author 2017. Published by Oxford University Press. All rights reserved.
For permissions, please e-mail: journals.permissions@oup.com

with one’s partner. Hence, inability to smell or losing the sense of
smell—anosmia—can have a severe impact on health and quality of life.
Recent nationally representative data reveals that anosmia afflicts 3.2%
of US adults who are aged more than 40 years (3.4 million people)
(Hoffman et al. 2016), and this number increases with age (14-22% of
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those 60 years and older; Kern et al. 2014; Pinto et al. 2014; Hoffman
et al. 2016). These data have informed US public health recommen-
dations for the need to appropriately evaluate and treat individuals
with olfactory disorders thereby reducing the negative health effects of
these disorders (Promotion USOoDPaH 2017). The growing attention
to the problem of anosmia provided impetus for a clinical symposium
at the 2016 Association for Chemoreception Sciences annual meeting
(Bonita Springs, FL). The multidisciplinary Clinical Symposium brought
together perspectives on anosmia from the patient, physician, and basic
scientist—from the human to recent advances in fundamental science,
in animal, cellular, or genetic models (Boesveldt et al. 2016).

This review article extends the update on anosmia presented at
the symposium and provides an introduction to population esti-
mates of olfactory dysfunction and the impact on individual health
and well-being. Next is a review of current knowledge and status
regarding diagnostics and prognosis in the ENT clinic. It also pre-
sents recent insights in neural reorganization processes in the brain
that occur with olfactory loss and discusses exciting developments in
fundamental research with the aim of treating certain anosmias (e.g.,
understanding the genetics behind specific forms of olfactory loss,
gene therapeutic approaches to restore olfactory loss, and olfactory
epithelial stem cell regeneration). The article ends with recommenda-
tions for screening and testing for olfactory dysfunction, recommen-
dations for managing the health risks of olfactory loss, and calls for
continued research into possible treatments.

Prevalence of olfactory dysfunction in the
general population

Olfactory functioning can be categorized as a range of normal (nor-
mosmic) to diminished (hyposmic) and absent (anosmic) ability
to detect and correctly label odors. Anosmia can be specific (Croy
et al. 2015), arising from a genetic variation, such as the inability to
detect the musky smell of androstenone (Bremner et al. 2003), which
is explained by polymorphisms in the OR7D4 gene (Knaapila et al.
2012). Altered olfactory perception or dysosmia also exists. Dysosmia
can be the distortion of perceived odor quality (parosmia, e.g., smelling
burnt paper instead of baby powder) or a phantom olfactory sensation
with no apparent olfactory stimulus (olfactory hallucinations, phantos-
mia). The focus of the present article however is on anosmia or inabil-
ity to smell/loss of smell of all odors, except for trigeminal sensations.

As olfactory testing is not part of general health exams, clini-
cians need to rely on patient self-report of the problem. Of impor-
tance is that self-report measures are sensitive (correct recognition of
olfactory dysfunction) and specific (correct recognition of normal)
in comparison with a gold standard. The general consensus is that
self-report of the sense of smell is specific but not sensitive—peo-
ple do not recognize the problem (Wehling et al. 2011; Schopf and
Kollndorfer 2015; Adams et al. 2016). In a nationally representative
sample of older US adults (NSHAP), 12.4% reported their sense of
smell as fair or poor (using a 5-point Likert scale), whereas 22.0%
had objective olfactory dysfunction. Among those with measured
olfactory dysfunction, 74.2% did not recognize it (Adams et al.
2016). However, recent studies suggest that we can improve the sen-
sitivity of self-report through multiple questions (Rawal et al. 20135,
2016). Expanding the queries beyond “do you have a problem now”
to include notice of a change in ability since a younger age, and
the presence of phantom sensations have netted improved sensitiv-
ity. In the NHANES olfactory protocol, an index of self-report (cur-
rent ability, loss, and phantosmia) showed a specificity of 78% and
sensitivity of 54% compared with individuals who were tested for
anosmia on an eight-odor identification task (Hoffman et al. 2016).
This reported sensitivity is very close to that reported in a large clini-
cal sample (7 = 1555) seeking evaluation at a taste and smell center
(Seok et al. 2017). The prevalence of olfactory impairment by self-
report in NHANES among adults was 25.1% versus 12.4% meas-
ured impairment. However, a single measure of olfactory function
by identification neither captures perceived changes with age nor a
decrease in perceived intensity of odors that are still correctly identi-
fied but less vibrant than once experienced. Thus, the NHANES self-
reported olfactory function index appears to offer a reasonable way
to screen for anosmia in the community (see Figure 1 for the ques-
tions) and setup for further examination to objectify the complaints.

In clinical practice (see also section Anosmia in the ENT clinic—
examination, diagnosis, and prognosis), anosmia is usually defined
by an odor identification task alone or in combination with an odor
threshold or discrimination task. For the odor identification, the
patient sniffs an odor embedded within impregnated test strips (such
as the UPSIT; Doty, Shaman, Kimmelman, et al. 1984), felt-tip pens
(e.g., Sniffin Sticks; Hummel et al. 2007), or generated by an olfactom-
eter. Correct odor identification requires enough sensory information
to perceive and recognize the odor as familiar, retrieve the odor name

a. A multi-step guideline for community screening of olfactory function.

Self-report Brief olfactory

Advice: coping,

survey questions function testing

safety, nutrition

smelling the way they are supposed to?
Yes or No

Better now, Worse now, No change

Yes or No

* This question can be adjusted based on the age of the participant

b. Assessing self-reported olfactory impairment from the U.S. National Health and Nutrition Examination Survey (Hoffman et al. 2016)*.

During the past 12 months, have you had a problem with your ability to smell, such as not being able to smell things or things not

How would you rate your ability to smell now as compared to when you were 25 years old?* Is it better, worse or is there no change?

Do you sometimes smell an unpleasant, bad or burning odor when nothing is there?

T A highlighted response to either of these questions would be considered an olfactory impairment.

Figure 1. A multi-step guideline for community screening of olfactory (dys)function.
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from memory, and form the odor-word relationship. The patient is
typically prompted with a list of the target odor and distractors as
healthy participants presented with familiar everyday objects, such as
coffee, peanut butter or chocolate, correctly name only around 50%
of odors in free recall tasks (Cain 1979). Most commercially available
odor identification tasks have the patient select the correct response
from three distractors. The identification task needs to minimize cog-
nitive and cultural influences on performance. Cognitive challenges
of odor identification tasks can be attenuated by providing picture
of the odors (Murphy et al. 2002). Providing odors that are appro-
priate and familiar to an age cohort or ethnic group can minimize
cultural influences on odor misidentification. A drawback of testing
odor identification is that the odors presented are suprathreshold, and
the task is thus less sensitive to subtle changes in odor sensitivity. Odor
threshold testing on the other hand is designed to measure (changes
in) olfactory sensitivity; however, for a reliable result, this typically
requires a lengthier examination (15-20 min) and will still only yield
the outcome for one particular odor. Combining these different meas-
ures (subjective and objective testing) will provide insight in the sever-
ity and type of olfactory dysfunction.

Quality of life

Impairment of olfactory function is known to affect the quality of
life of patients (Temmel et al. 2002; Frasnelli and Hummel 2005;
Keller and Malaspina 2013; Croy et al. 2014; Kollndorfer et al.
2017). Individuals with olfactory dysfunction report difficulties with
cooking, decreased appetite and enjoyment of eating, challenges
with maintaining personal hygiene and social relationships, fear
of hazardous events or feeling less safe (Temmel et al. 2002), and
greater depressive symptoms and loneliness (Gopinath et al. 2011;
Sivam et al. 2016). Women appear more likely to report depres-
sion and anxiety related to the olfactory impairment than do men
(Philpott and Boak 2014). Patients who experience distorted odor
quality, such as parosmia, may have greater disruption to their daily
life than patients who suffer from hyposmia or anosmia (Frasnelli
and Hummel 2005).

The sense of smell is important to detect warning of many haz-
ards that are encountered in daily life, such as smoke, gas, and
spoiled food (Temmel et al. 2002; Reiter and Constanzo 2003;
Santos et al. 2004; Croy et al. 2014). The NHANES data revealed
that, among adults 70 years and older, 20% were unable to iden-
tify the warning odor smoke and 31% natural gas (Hoffman et al.
2016), which is a major public health concern (Reiter and Constanzo
2003; Hummel and Nordin 2005; Pence et al. 2014). In a survey
among members of the Dutch anosmia association, 44% of the
patients indicated that they fear exposure to some of these dangers
due to their disorder (Boesveldt et al. 2015). Patients with anosmia
were three times more likely to be at risk of experiencing a hazard-
ous event than normosmics (Pence et al. 2014), and between 25%
and 50% of anosmics reported accidentally eating rotten or spoiled
food (Stevenson 2010).

The sense of smell plays a major role in eating behavior, for
both anticipation and stimulation of appetite (Boesveldt and De
Graaf 2017) and for flavor perception during consumption of food
(Hummel and Nordin 2005; Stevenson 2010; Croy et al. 2014). Fifth
Sense, the United Kingdom-based charity for people affected by smell
and taste disorders, surveyed its members on the impact of their con-
dition on their quality of life. From 496 respondents, 92% reported
a reduced appreciation of food and drink, whereas 55% reported
going out to restaurants less frequently (Philpott and Boak 2014).
Among 125 members of the Dutch Anosmia Association, 43.2%

reported less of an appetite (Boesveldt et al. 2015), though this
may not necessarily lead to changes in healthy eating patterns, food
intake, or nutritional status (Toussaint et al. 2015). Food may take
on different meaning to those with olfactory losses. Afflicted individ-
uals may change their food preferences, trying to use nonolfactory
sensations to maintain food enjoyment (Duffy et al. 1995; Kremer
et al. 2007, 2014), which may result in weight gain (Aschenbrenner
et al. 2008), particularly among women (Ferris and Duffy 1989).
Conversely, patients with olfactory impairment may lose interest in
food (Temmel et al. 2002; Stevenson 2010), preferring healthy food
choices (Aschenbrenner et al. 2008), or in the negative, lose weight,
particularly among men (Ferris and Duffy 1989).

Because individuals may respond differently to the olfactory
impairment, it is important for health professionals, particularly reg-
istered dietitians, to assess the impact of perceived and/or measured
impairment on the patient’s eating behaviors and nutritional status.
Screening questions could ask the patient of changes since the prob-
lem started, including have his/her eating habits changed in response
to the change in the way food “tastes”; avoiding any foods; have
the types of foods they eat changed; adding anything to your foods
to make the “taste” of the food any better; taking dietary supple-
ments or using any complimentary or functional medicine therapies
(Duffy and Hayes 2014); altered food preferences (e.g., see de Bruijn
et al. 2017); or a simple screening tool to assess adherence to dietary
guidelines (e.g., van Lee et al. 2012). More research on this topic is
needed to gain insight into the effect of changes in olfactory percep-
tion on dietary behavior of anosmic patients and to which extent
these changes affect their health and nutritional status. This knowl-
edge could be used to advise anosmic patients on how to cope with
the loss of their sense of smell with respect to their daily food intake.

The loss of the ability to smell (unpleasant) odors can greatly
impact personal hygiene (Hummel and Nordin 2005; Croy et al.
2014). Patients can exaggerate their personal hygiene, for example,
by showering several times a day or excessive use of perfume or
aftershave (Temmel et al. 2002). Patients also report that their olfac-
tory impairment affects their relationship with their partner, friends,
and family (Blomgqvist et al. 2004; Philpott and Boak 2014). Women
may be more negatively affected than men, and younger patients
more affected than elderly patients (Temmel et al. 2002; Philpott and
Boak 2014; Boesveldt et al. 2017).

Overall, impairment of olfactory function can challenge feelings
of health and well-being. As the level of impact depends on the char-
acter and severity of the impairment and the individual’s response,
individuals with measured and/or self-reported olfactory impair-
ment should be evaluated for changes in diet and health behaviors
and status. The US Healthy Goals 2020 aspires to “reduce the pro-
portion of adults with chemosensory (smell or taste) disorders who
as a result have experienced a negative impact on their general health
status, work, or quality of life in the past 12 months.”

Health care for patients with smell and taste
disorders

Besides several specialized centers in the United States, the Smell
and Taste clinic in Dresden (Germany), several smell and taste clin-
ics have been founded in Europe during the past years. The United
Kingdom’s first Smell and Taste Clinic was opened in 2010 and the
first Dutch Smell and Taste center started in 2015.

Patients with chemosensory disorders report difficulty finding
and receiving the appropriate level of care. Landis et al. found that,
among 230 patients visiting a smell and taste clinic, 80% of the
patients visited on average 2.1 = 0.1 other physicians before visiting



516

Chemical Senses, 2017,Vol. 42, No. 7

this clinic. Moreover, 60% of patients received unclear, unsatisfac-
tory, or no information at all about their disorder and its conse-
quences (Landis et al. 2009). This lack of sufficient information
might be one reason why patients can have several consultations
with other clinicians before visiting a specialized smell and taste
clinic. The US Healthy Goals 2020 aims to “Increase the proportion
of adults with chemosensory (smell or taste) disorders who have seen
a health care provider about their disorder in the past 12 months.”

Part of the challenge of finding appropriate care is that patients
have difficulties in identifying and distinguishing their smell and
taste disorder (Frasnelli and Hummel 2005; Wehling et al. 2011;
Croy et al. 2014; Pence et al. 2014; Adams et al. 2016). For example,
67% of the members of the Dutch anosmia association self-identify
their disorder as a smell and taste disorder (Boesveldt et al. 2015),
whereas objective testing in a group of 4680 patients visiting the
Smell and Taste Clinic at the Dresden University Hospital found only
6.5% of the patients met the criteria for smell as well as taste loss
(Fark et al. 2013). Temmel et al. found in their study 11 patients, who
self-reported normal olfactory functioning, to be anosmic (7 = 5) or
hyposmic (n = 6) after testing their sense of smell (Temmel et al.
2002). These two examples demonstrate the importance of objective
smell and taste tests in addition to the self-reported complaints of
the patient. Of the members of the Dutch anosmia association, only
24.8% were subjected to a smell and/or taste test, whereas 60.8%
received a clinical diagnosis (Boesveldt et al. 2015).

Diagnosis of the olfactory disorder is important in the progno-
sis for the patient. Among the patients in the study by Landis et al.
(2009), 30% did not receive any information about their prognosis
before visiting a smell and taste clinic. Welge-Luessen also stresses
the importance of a clear diagnosis, as this plays a role in acceptance

Medical history

of the disorder and the learning of coping strategies (Welge-Luessen
and Hummel 2013).

Anosmia in the ENT clinic—examination,
diagnosis, and prognosis

Anosmia can result from many underlying diseases. The most com-
mon causes are sinonasal diseases, postinfectious disorder, and
post-traumatic disorder (Damm et al. 2004; Nordin and Briamerson
2008). Other etiologies (e.g., congenital, idiopathic, toxic disorders,
or disorders caused by a neurodegenerative disease) are less common
but nonetheless important to rule out. In a patient suffering from an
olfactory disorder, the first stage of the diagnosis is the patient’s med-
ical history. The clinician should evaluate how the disorder started,
for example, suddenly, after a trauma or a (severe) cold, which then
makes a post-traumatic disorder or a disorder after an upper res-
piratory tract infection (post-URTI), very likely. Conversely, if the
patient has difficulties recalling the exact moment the disorder
began and describes olfactory fluctuations, sinonasal disorders can
be assumed. A gradual onset and difficulties in recalling a triggering
event also might suggest age-related, idiopathic disorder, or disor-
der due to a neurodegenerative disease. In contrast to patients with
sinonasal disorders, patients suffering from neurodegenerative dis-
eases also describe the smell loss as either “gradually diminishing”
or as “gone” but rarely as fluctuating. Moreover, the patient has to
be asked whether he/she remembers any olfactory function at all
to rule out a congenital disorder. Intake of medications has to be
evaluated as well as preceding operations or toxic exposures, for
example, in a work environment. A thorough ENT examination (for
guidelines, see Figure 2) for olfactory disorders should include nasal

ENT Olfactory
examination testing

Imaging

. i Validated and
How/when did the disorder Nasal standardized CT/MRI/EEG
start? endoscopy
test
A
No memory of Suddenly (e Gradual onset Visualize UPSIT or Sniffin’ Volume of
M vieg. (no clear olfactory cleft, Sticks test for olfactory bulb;
olfactory after trauma or X N I
. triggering detect endonasal objective Olfactory evoked
function (severe) cold) R R
event) pathology testing potentials
Y
Pathology (f.e.
Olfactory No olfactory — secretion,
fluctuations fluctuations No findings crusts or
polyps)
y
Congenital Post-infectious Posttraumatic Neuro- Other/ Sinonasal
disorder disorder disorder degenerative idiopathic disorder
y
Fundamental
research . - .
treatment ZincGluconat Smell training Surgery Steroids
options

Figure 2. Guidelines for clinical evaluation and outcomes (based on Malaty and Malaty 2013).
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endoscopy to visualize the olfactory cleft and to rule out any visual
endonasal pathology. Special care is taken to notice septal devia-
tion, tumors, and signs of acute or chronic sinonasal disease such as
secretion, crusts, and polyps (Welge-Luessen et al. 2014). Testing of
olfactory function using a validated and standardized test is manda-
tory because subjective ratings of olfactory function are not always
reliable (as described above; Wehling et al. 2011; Adams et al. 2016).
Depending on cultural background, olfactory testing is usually per-
formed using, for example, the UPSIT (Doty, Shaman, Applebaum,
et al. 1984) or the Sniffin Sticks test battery (Hummel et al. 1997) or
any other validated test. Recording of olfactory-evoked potentials is
possible but usually not performed routinely even though it is often
applied in medico-legal cases (Hummel and Welge-Luessen 2006).
The endonasal findings in postinfectious disorders, in disorders
related to age, to neurodegenerative diseases or to trauma are usu-
ally without any pathology. If needed, additional imaging (computer
tomography or magnetic resonance imaging) can be performed. The
volume of the olfactory bulb (OB) can be used to predict prognosis
of the olfactory dysfunction (Rombaux et al. 2012). Therapies for
olfactory dysfunction should match the etiology of the disorder.

In sinonasal disorders, therapy consists of steroids, either topi-
cal or systemic. Topical steroids so far have only been proven to be
effective in allergic rhinitis (Stuck et al. 2003), especially if applied in
combination with an antihistamine such as azelastinhydrochloride
as provided in the trademarked AzeFlu spray (Klimek et al. 2017).
However, if drops are used, the correct application of drops to reach
the olfactory cleft is crucial and has to be instructed: in a head-down
forward position (Benninger et al. 2004; Scheibe et al. 2008, but
see also Mori et al. 2016). In sinonasal disorders, peroral steroids
have been proven to be effective (Jafek et al. 1987; Banglawala et al.
2014), even though both duration and dose of the applied steroids
shows great variation and remains controversial. Importantly, even
though not often encountered by otorhinolaryngologists, side effects
of steroids such as osteonecrosis have to be considered (Dilisio 2014).
Surgical therapy in form of functional endoscopic sinus surgery
might improve some cases of olfactory dysfunction. The rationale
behind this is to improve ventilation and thus to decrease inflamma-
tion in the area of the olfactory cleft which is likely to contribute to
the presence of the disorder (Yee et al. 2010). Nevertheless, because
it is very difficult to predict if olfactory function will improve with
the surgery, conservative treatment in cases of chronic rhinosinusitis
with polyps is recommended (Rimmer et al. 2014). Several attempts
have been undertaken to identify factors predicting surgical outcome
and success rate in regard to olfactory function. To date, no histo-
logic factors have been identified to predict postoperative outcome
(Soler et al. 2010; Nguyen et al. 2015); previous sinus operations
(Nguyen et al. 2015) and the existence of an aspirin-exacerbated
respiratory disease (Katotomichelakis et al. 2009) lower the chance
of postoperative olfactory restoration.

In post-URTI disorders, spontaneous recovery is observed in
32-66% of patients (Philpott and DeVere 2014). Different thera-
peutic approaches have been reported to support the spontaneous
regeneration. Smell training, first described by Hummel et al. (2009),
seems to be the most effective one. Smell training sets consist of four
different odorants that have to be sniffed intensely twice a day for
several seconds each over a period of at least 4 months. Its effect
has been confirmed in a large multicenter cross-over study (Damm
et al. 2014) as well as by a recent meta-analyses (Pekala et al. 2016;
Sorokowska et al. 2017), and it seems to be even more effective when
a variety of odorants are rotated over time and training is prolonged
(Altundag et al. 20135). Application of vitamin A nose drops might

be of additional benefit but has to be proven yet, whereas peroral
application of vitamin A did not improve olfactory function (Reden
etal. 2012). Application of intranasal citrate might also be of benefit
to these patients (Whitcroft et al. 2016).

Spontaneous recovery rates in post-traumatic olfactory disorders
takes place in a much lower percentage of patients probably due to
post-traumatic scarring in the area of the lamina cribrosa, accompa-
nied by intracranial lesions (Lotsch et al. 2015) and shearing injuries.
Attempts have been undertaken to improve olfactory outcome by
applying steroids, either perorally (Jiang et al. 2010) or intrasep-
tally (Fujii et al. 2002), which have been shown to improve olfac-
tory function in animal models (Kobayashi and Costanzo 2009).
However, both studies included only a small number of patients with
large variation, no controls, and reported only limited effects. On the
other hand, ZincGluconat, either alone or in combination with pero-
ral steroids, improved olfactory function compared with spontane-
ous recovery or steroid treatment (Jiang et al. 2015). Smell training,
as described above, can be offered in post-traumatic disorders and
Parkinson’s disease with some potential improvement in olfactory
function (Haehner et al. 2013; Konstantinidis et al. 2013).

Further studies with larger numbers of patients are needed to
prove the clinical significance of treatments for individuals suffering
from olfactory dysfunction related to sinonasal disease, upper res-
piratory tract infection, and post-trauma. No proven therapy exists
for age-related smell loss or idiopathic smell loss.

Neural plasticity on olfactory loss and (re)gain

Olfactory loss not only entails vast social, emotional, and behavio-
ral consequences as described above but also initiates reorganization
processes in the brain. All our sensory systems are highly plastic, but
although for the auditory and visual system these processes have
been described in quite some detail, the understanding of neuronal
processes occurring after loss of the olfactory sense is still largely
unknown (see, e.g., Kollndorfer, Jakab, et al. 2015). The olfactory
system is extraordinarily plastic due to mechanisms that are under
extensive investigation (Mainland et al. 2002; Wilson et al. 2004).
This plasticity, which can be observed at both the cellular and cog-
nitive level, provides adaptive opportunities for optimizing sensory
function in cases of learning and experience. In contrast to these
gains in function, events such as trauma, injury, disease, and sen-
sory deprivation can induce plasticity among sensory systems in a
reductive manner. The neural system that processes olfactory-related
information consists of many more components and regions than
just the piriform and orbitofrontal cortices. Here, we focus on the
structural and functional brain reorganization after olfactory loss
caused by infections of the upper nasal tract, and not on deficits
after traumatic brain injury as these damages might lead to neural
changes themselves.

Patients with anosmia are by definition not able to perceive
olfactory stimuli consciously. Therefore, the common way to inves-
tigate function by using stimulation is impossible, as no functional
brain activation in response to pure odorants can be expected. Most
investigations therefore employ stimulation of the trigeminal system
(Frasnelli and Hummel 2007; Iannilli et al. 2007), which is closely
connected and interacts with the olfactory system to create a uni-
form flavor experience (Lundstrom et al. 2011). Central processing
of trigeminal stimuli after olfactory loss reflects the strong relation-
ship between these sensory systems (for review, see Reichert and
Schopf 2017). Besides the effect on global functional connections
of the brain due to smell loss (Kollndorfer et al. 2014), a regain
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of olfactory function associated with olfactory training can lead
to re-established functional connections (Kollndorfer, Fischmeister,
et al. 2015). The training, associated with improvements of olfac-
tory threshold scores, led to an increase of functional connections
in networks involved in chemosensory processing (Kollndorfer,
Fischmeister, et al. 2015). Furthermore, before training, piriform
cortex showed a multitude of connections to nonolfactory regions,
which declined after training (Kollndorfer et al. 2014).

Most studies investigating morphological changes after olfac-
tory loss have focused on a single region, the OB (for reviews, see
Rombaux et al. 2009; Huart et al. 2013). A generalized claim on
global structural reorganization processes is more challenging, as
structural changes are understudied and existing literature reports
on a decrease of volume in olfactory areas, as well as regions with
more generalized functions (see, e.g., Bitter, Briiderle, et al. 2010;
Bitter, Gudziol, et al. 2010; Peng et al. 2013; Yao et al. 2014).
Findings of both investigational approaches could be a matter of
causality, as decreased gray matter volume in certain areas and/or
small OB volumes could also be a risk factor in developing anosmia
in the first instance (see, e.g., Patterson et al. 2015).

Although it has been established that function and structure are
affected by sensory loss, many questions on how this information
could be used to establish a complete picture and if other mecha-
nisms in the brain, such as metabolism are affected, remain to be
answered. More longitudinal studies on the rehabilitation of the
sense of smell, lost by various causes or even qualitative disorders
such as parosmia, are needed. A more generalized view of neuronal
processes from multimodal neuroimaging can detect subtle reorgani-
zation processes between brain structure and function in olfactory
loss and regain. This generalized approach will help to illuminate the
underlying mechanisms of olfactory loss and will foster the develop-
ment of biomarkers to predict therapy success in the future.

Recent advances in understanding olfactory
loss and opportunities for treatment

Genetics behind olfactory loss

Understanding the genes underlying a disease is of fundamental
importance. The genetic basis of other inherited sensory defects such
as congenital blindness and deafness is well investigated, and this
knowledge has been instrumental in developing cell and gene thera-
pies for these disorders, in which the faulty gene is replaced with a
working one. Hereditary deafness has been linked to mutations in
over 90 different genes and counting (van Camp and Smith 2016),
and gene therapy strategies exploiting this knowledge have success-
fully treated hearing loss in mice (Askew et al. 2015). Congenital
blindness is a particularly attractive target for gene therapy given
the relative accessibility of the retina from the outside of the body.
Mutations in more than 200 different genes have been linked to
photoreceptor cell death in familial retinal degeneration, and gene
therapy trials using viral gene delivery have been ongoing for almost
a decade for a multitude of disorders characterized by hereditary
blindness (Sahel et al. 2015).

The genetic basis of anosmia, in contrast, is poorly understood.
Some progress has been made in identifying genes involved in syn-
dromic cases of anosmia, such as Kallmann’s syndrome (Franco et al.
1991; Legouis et al. 1991; Dode et al. 2003, 2006; Falardeau et al.
2008; Hardelin and Dode 2008; Kim et al. 2008; Dode and Hardelin
2010; Miraoui et al. 2013; Moya-Plana et al. 2013), indifference to
pain (Goldberg et al. 2007; Nilsen et al. 2009; Weiss et al. 2011), and
CHARGE syndrome (Vuorela et al. 2008; Jongmans et al. 2009). In

contrast, few studies in the literature have attempted to determine
causal genes for isolated congenital anosmia (ICA), where anosmia
is not associated with a broader syndrome. Feldmesser et al. (2007)
failed to identify regions of the genome associated with inherited
anosmia in two families, nor did they identify mutations in three
components of the olfactory receptor signaling pathway in 61 unre-
lated individuals with anosmia. However, one study found muta-
tions in CNGA2, a member of the olfactory signaling transduction
pathway, in two brothers with ICA but not in 31 additional unre-
lated patients with ICA (Karstensen et al. 2015). Another study
found that a rare X-linked mutation in the TENM1 gene was linked
to anosmia and a mouse knockout model of Tenm1 was hyposmic
(Alkelai et al. 2016). In summary, more than 100 altered genes have
been discovered in patients born without hearing, and more than
200 genes are implicated in patients born without sight, but, apart
from Kallmann-associated genes, so far researchers have identified
only two genes associated with ICA.

The lack of studies examining the genetic basis of ICA in com-
parison with other hereditary sensory deficits highlights the necessity
of further research into this disorder, particularly with new knowl-
edge that the prevalence of olfactory disorders can match that of
hearing and vision disorders (Hoffman et al. 2016). Identification of
these genes will help with diagnosis, prognosis, and possible treat-
ment of congenital anosmia. Indeed, the physiology that makes the
retina such an attractive target for gene therapy applies equally well
to the olfactory system, whose neurons are easily accessible in the
nasal cavity.

Gene therapeutic approaches for ciliopathies
Ciliopathies represent a class of pleotropic congenital disorders of
which olfactory loss is a clinical manifestation (Kulaga et al. 2004;
Tannaccone et al. 2005; Tadenev et al. 2011; MclIntyre et al. 2012,
2013). Given that all the machinery necessary for odor detection
is localized to the cilia of olfactory sensory neurons, ciliopathies
result in sensory deprivation. Mutations or deletions of genes encod-
ing for proteins that build or maintain cilia often result in anosmia.
Importantly, recent work from the Martens laboratory demonstrated
for the first time the potential for gene therapy, using noninvasive
intranasal delivery of viruses encoding replacement genes, to restore
olfactory function in mouse models of ciliopathies (McIntyre et al.
2012, 2013). Specifically, gene replacement of the IFT88 protein by
adenoviral delivery to the nasal cavity restored odor detection in
anosmic animals with a hypomorphic mutation in the IFT88 gene.
This work also showed for the first time that it is possible to regrow
a cilium on terminally differentiated cells. The restoration of sen-
sory function with the return of ciliation translated into a rescue
of glomerular activity in the OB. This approach offers perhaps the
best current therapeutic option for restoring olfactory dysfunctions.
Work in the Martens’ lab now extends to additional ciliopathy mod-
els of olfactory loss and includes the use of new clinically relevant
viral vectors. However, there is much work that must be done to
move this work forward toward clinical trials in patients.
Understanding the penetrance of congenital disorders in the
olfactory system and their mechanism of olfactory loss continues
to be a fundamental component of preclinical work. This includes
further establishment and validation of animal models of anosmia.
For example, related to congenital loss, ciliopathy disorders such
as Bardet-Biedel syndrome and Joubert syndrome warrant fur-
ther studies, as do other disorder such as channelopathies (Weiss
et al. 2011). Importantly, work should move beyond restoration of
olfactory sensory neuron function toward examining the extent to
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which intranasal gene therapy restores central circuitry, processing
and behavioral outputs. For preclinical studies using gene therapy,
such methodology needs to evaluate and optimize selectivity and
specificity. These should include vector optimization and utilization
of olfactory or neuronal specific promoters. In addition, studies to
quantitate biodistribution, toxicity, and immunogenicity in rodent
and nonhuman primate models will need to be performed.

To translate this work to patients, a number of additional con-
siderations need to be addressed. These include the optimization of
treatment delivery such as intranasal versus systemic administration
as well as establishing a therapeutic window. Factors including dos-
age, age of delivery, the persistence of gene-expression over time,
and the frequency of delivery need to be tested. The current lack of
diagnostic tools to identify the precise mechanism of olfactory loss in
patients is also a significant limiting factor. Despite these challenges
and the need for more research, gene therapeutic approaches offer a
personalized medicine approach with tremendous promise for con-
genital olfactory loss. These latter issues may merit targeting other
cell populations such as olfactory basal stem cells for stable incor-
poration. Targeting the stem cells of the olfactory epithelium may
permit a one-time curative treatment, if therapeutic strategies are
restricted to neuron populations that naturally turnover, by-passing
the requirement of long-term redosing.

Olfactory stem cells and their potential for
restoration of olfactory function
The olfactory epithelium is one of the few sites in the adult nervous
system containing neural stem cells that support active neurogenesis
over the lifetime of the animal. Olfactory sensory neurons normally
turn over every 30—-60 days and are replaced through the prolifera-
tion and differentiation of a series of immature precursors and multi-
potent progenitor cells (Graziadei and Montigraziadei 1979). Two
classes of multipotent progenitor cells exist in the postnatal olfactory
epithelium: the horizontal basal cells (HBCs) and globose basal cells
(GBCs). GBCs are actively mitotic and support the normal replace-
ment of sensory neurons and other cell types in the olfactory epi-
thelium. In contrast, HBCs are largely quiescent under steady state
conditions. Following injury that results in the destruction of mature
cells in the olfactory epithelium, HBCs are stimulated to prolifer-
ate and differentiate into GBCs and all mature olfactory cell types
(Leung et al. 2007; Iwai et al. 2008). In one model, the HBCs repre-
sent a reserve stem cell pool whose constituents divide infrequently
under normal conditions to replenish the pool of more actively divid-
ing GBCs (Duggan and Ngai 2007); in response to injury, the HBCs
proliferate more vigorously to reconstitute all cellular constituents of
this sensory epithelium. Olfactory progenitor cells therefore provide
potential therapeutic avenues for cell replacement strategies aimed at
restoring olfactory function through regeneration of olfactory sen-
sory neurons. Can olfactory stem cells somehow be used to restore
or protect olfactory function in hyposmic and anosmic conditions?
It is important to note that proliferative olfactory progenitors
progressively decline in number with age, whereas HBCs remain,
albeit in a mostly quiescent state (Weiler and Farbman 1997; Kondo
et al. 2010). One approach for harnessing olfactory progenitor/stem
cells for regenerating olfactory sensory function might involve acti-
vating or “awakening” the quiescent HBCs in situ to differentiate
into proliferating GBC progenitors (Schwob et al. 2016). Such an
approach would be guided and accelerated by an understanding of
the molecular and cellular mechanisms governing olfactory stem cell
dynamics. To this end, previous studies identified the transcriptional

repressor Trp63 (also known as p63) as a key regulator of HBC self-
renewal and differentiation (Fletcher et al. 2011); downregulation
of Trp63 is both necessary and sufficient to induce differentiation of
HBCs under steady state conditions (Fletcher et al. 2011; Schnittke
et al. 2015). Thus, an informed search for the downstream targets
of Trp63 and the mechanisms regulating Trp63 expression, as well
as other regulatory pathways (e.g., Goldstein et al. 2016; Packard
et al. 2016), may yield additional molecular targets for stimulating
differentiation and neurogenesis in the olfactory epithelium stem
cell niche. Assuming that olfactory neurogenesis can be successfully
induced in a therapeutic context, the next set of challenges will entail
ensuring appropriate expression of odorant receptor genes and the
formation of proper odorant receptor-specific connections in the
OB. Nonetheless, recent insights into the regulation of olfactory
neurogenesis from adult stem cells in animal models in vivo provide
some hope for restoring olfactory function in humans suffering from
olfactory sensory deficits.

Conclusions and recommendations

It is clear that even though remarkable progress has been made in the
past years, anosmia is yet to be further elucidated, including specify-
ing genetic and environmental risk factors, better diagnosis, and dif-
ferentiation between the underlying causes and consequent neuronal
changes, to greater understanding of the fundamental mechanisms
that may lead to potential treatment. For an overview of the present
challenges and recommendations, see Figure 3.

Olfactory loss requires medical evaluation. It can be an early
marker for developing neurodegenerative disorders such as
Parkinson’s disease or Alzheimer’s disease (e.g., see Ponsen et al.
2004; Rahayel et al. 2012; Ottaviano et al. 2016), increases the
risk of malnutrition, safety problems, and has been associated with
increased mortality among older adults (Pinto et al. 2014; Ekstrom
et al. 2017). From a public health perspective, continued monitoring
of the prevalence of olfactory impairment is paramount to increase
knowledge of risk factors and track changes with prevention and
treatment efforts. Public health goals for assessing, screening, diag-
nosis, treating, and managing olfactory disorders should be written
and/or strengthened. Recommendations for community screening
involve a multitier approach, starting with survey questions (see
Figure 1), particularly for older adults, and in case olfactory impair-
ment is suspected, brief olfactory testing should follow. General
information should be targeted toward older adults on the risks of
olfactory dysfunction for maintaining diet healthfulness, quality of
life, and avoiding the ingestion of spoiled foods and exposure to
smoke and natural gas.

For a clinical setting, full evaluation of olfactory functioning,
including both subjective and objective testing, is recommended
to characterize the type and severity of the olfactory dysfunction.
Patients should be provided with results of objective smell tests and
a clear diagnosis. Moreover, information regarding the cause and
nature of olfactory loss is important for prognosis and treatment
options. ENT physicians should be able to provide this or refer
patients early on to specialized smell and taste centers. Further sys-
tematic research needs to be undertaken on the influence of smell
loss on eating behavior in order to identify changes in food prefer-
ences and food intake among patients. This knowledge could be used
to advice anosmic patients on how to cope with the loss of their
sense of smell with respect to their dietary behaviors to improve their
health and nutritional status. Advice regarding safety and how to
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Public health ¢ Monitoring the population prevalence of olfactory dysfunction
* Developing health goals for screening, testing, referral, treatment
* Research into new treatments for olfactory dysfunction and ways to prevention olfactory dysfunction
* Informing the public on olfactory dysfunction risks, sighs/symptoms, self-assessment, potential
changes to diet and health behaviors, prevention efforts

Medical practice ¢ Implement measurement of olfactory dysfunction in primary and specialized care, including screening,
assessment, and evaluating change (follow-up)
* Implementing evidence-based treatment guidelines
* Inform (or refer) patients about the management of olfactory dysfunction; e.g. preventing exposure to
spoiled foods, using smoke and natural gas detectors, maintaining diet healthfulness, coping with the

disorder

Research * Systematic research into consequences of olfactory dysfunction for diet, health, quality of life
¢ Multi-center evaluation of (current) treatments
* Developing and testing evidence-based treatment guidelines

* Population-based monitoring

* Basic research into etiology of olfactory dysfunction (animal models, cellular level, receptor studies):
e.g. genetic causes for specific anosmias (ICA), ciliopathies

* Application in small clinical trials

Figure 3. Recommendations.

prevent possible hazardous events (e.g., smoke or gas alert) should
be given.

Olfactory training appears to be a promising therapy for patients
with postviral olfactory loss to partly regain their sense of smell
(Pekala et al. 2016; Sorokowska et al. 2017). Given the neural reor-
ganization that takes place here, future research should also look
at longitudinal changes. Combining different neuroimaging meth-
ods, structural and functional, may lead to insight in more subtle
reorganization processes and will possibly foster the development of
biomarkers to predict therapy success in the future.

To reiterate, the plethora of etiologies underlying olfactory loss
makes the disease complex to understand and treat. Different causes
require different approaches, and differentiation between types of
olfactory loss is crucial to advance the field further. Basic research
should fuel advances in the fundamental mechanisms underlying
specific anosmias, such as ICA, and ciliopathies. Identification of the
genetic basis of ICA will help with diagnosis, prognosis, and possible
treatment of congenital anosmia, given that the olfactory neurons
are relatively easily accessible in the nasal cavity. Fundamental work
should also include establishment and validation of animal models
of anosmia and go beyond merely restoring olfactory sensory neuron
function to investigate how this alters central circuitry, processing,
and behavioral outputs, in parallel to human studies. Potentially,
olfactory stem cells could provide therapeutic use, to restore or pro-
tect olfactory function. If olfactory neurogenesis can be successfully
induced in a therapeutic context, further research should focus on
odorant receptor gene expression and the formation of proper odor-
ant receptor-specific connections in the OB. Understanding the etiol-
ogy as well as the cellular level at which the defects occur is critical
for choosing the appropriate therapy.

Finally, establishing educational and clinical programs that inform
patients about diagnostic and treatment options and can also iden-
tify viable patient populations for treatment is an advanced piece of
the puzzle. For example, the University of Florida Center for Smell
and Taste is partnering with the United Kingdom-based charity, Fifth
Sense, in new activities—including the patient-focused conference
SmellTaste2017—to educate patients about chemosensory disorders,
their diagnosis and potential treatments, and strategies for getting peer

and medical support. Also, the Monell Chemical Senses Center has
initiated the Monell Anosmia Project to identify the basic mechanisms
of human olfactory stem cell regeneration and learn more about the
genes underlying anosmia, and includes patient participation and
activities to raise awareness. These and other fundamental advances
indeed give hope for future clinical trials and potentially treatment.
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