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The loss of the senses of smell (anosmia) and taste (ageusia) are rather common
disorders, affecting up to 20% of the adult population. Yet, this condition has not
received the attention it deserves, most probably because per se such a disorder is
not life threatening. However, loss of olfactory function significantly reduces the quality
of life of the affected patients, leading to dislike in food and insufficient, exaggerated
or unbalanced food intake, unintentional exposure to toxins such as household gas,
social isolation, depression, and an overall insecurity. Not only is olfactory dysfunction
rather prevalent in the healthy population, it is, in many instances, also a correlate or an
early indicator of a panoply of diseases. Importantly, olfactory dysfunction is linked to the
two most prominent neurodegenerative disorders, Parkinson’s disease and Alzheimer’s
disease. Anosmia and hyposmia (reduced sense of smell) affect a majority of patients
years before the onset of cognitive or motor symptoms, establishing olfactory dysfunction
as early biomarker that can enable earlier diagnosis and preventative treatments. In the
current health crisis caused by SARS-CoV2, anosmia and dysgeusia as early-onset
symptoms in virus-positive patients may prove to be highly relevant and crucial for
pre-symptomatic Covid-19 detection from a public health perspective, preceding by
days the more classical respiratory tract symptoms such as cough, tightness of the
chest or fever. Thus, the olfactory system seems to be at the frontline of pathologic
assault, be it through pathogens or insults that can lead to or at least associate
with neurodegeneration. The aim of this review is to assemble current knowledge
from different medical fields that all share a common denominator, olfactory/gustatory
dysfunction, and to distill overarching etiologies and disease progression mechanisms.
Keywords: COVID-19, anosmia, hyposmia, SARS–CoV-2, normosmia
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INTRODUCTION

via a series of interconnected neurons and brain structures which
then compute various concomitant stimuli into the notion of a
specific smell (Figure 1).
An odor is either a single molecule (e.g., hydrogen sulfide
that smells of rotten eggs) or is composed of a combination of
molecules termed odorants with specific chemical and structural
properties which are recognized and bound with varying degrees
of affinity by the so-called odorant receptors located in the nasal
cavity (13) (Figures 1A,B).
The mammalian odorant receptor (OR) gene family
comprises more than 1,000 members, which represents the
largest G-protein coupled receptor (GPCR) gene family in
the mammalian genomes (14). The human OR gene family
encompasses 857 members (15) (https://genome.weizmann.ac.il/
horde/). Thereof up to 391 encode functional olfactory receptors
(ORs), whereas 466 OR gene family members are pseudogenes,
i.e., non-functional sections of DNA (15). The Ca2+ influx
in turn opens a Ca2+ -activated Cl− channel leading to efflux
of Cl− , further depolarizing the cell and triggering an action
potential (Figure 1C). Olfactory cells usually react only briefly
to stimulation with odorants. Even if odorant molecules are
continuously offered, the cells only react for a few seconds, then
they become silent—they adapt. The adaptation itself is inhibited
by various mediating processes that terminate the receptor flow.
These processes are controlled by the Ca2+ ions which enter by
cyclic nucleotide-gated ion channel (CNG) into the cilia. So this
is a Ca2+ -mediated feedback inhibition. The olfactory cells’ CNG
channels are continuously Calmodulin bound. If Ca2+ enters the
cell, it binds to calmodulin and causes a change in conformation.
This, in turn, leads to a closing of CNG channels: The signaling
cascade is therefore interrupted. Calmodulin also mediates other
adaptive mechanisms. The enzyme phosphodiesterase (PDE) is
produced by Ca2+ /Calmodulin activation. Phosphodiesterase
splits cAMP and reduces second messenger concentration
(Figure 1C) (16).
The reason for the large number of different odor receptors
is to provide a system for discriminating between as many
different odors as possible (17). Odorants themselves are volatile
substances, members of different chemical classes (e.g., alcohols,
aldehydes, ketones, carboxylic acids, esters, aromatic, and sulfurcontaining compounds). Upon binding and being activated by
the specific odorants, all neurons expressing the same odorant
receptor convene in deeper structures in the nasal cavity termed
the glomeruli (18) (Figure 1B). Because several receptor types are
activated due to different chemical features of the odorant, several
glomeruli are activated. The combination of glomeruli activation
encodes the different chemical features of the odorant. From the
glomeruli the stimulus is relayed to the olfactory bulb where
olfactory neurons synapse with Mitral cells and from where the
sensory information is relayed to parts of the brain such as
olfactory cortex and other areas (Figure 1B). The brain then puts
the pieces of the activation pattern back together to identify and
perceive the odorant. For a review on the physiology of smell
see (19).
The senses of smell and taste are intrinsically linked.
Flavor perception is an aggregation of taste and smell sensory
information. During the process of mastication, the food mash
releases odorants into the nasal cavity, which are registered

The current Covid-19 pandemic is reaching more and more
regions, countries and tens of thousands of new patients daily.
One symptom of the disease has not been fully recognized until
the end of April at which point, the reduction or the loss of
olfactory function caused by the SARS-CoV2 virus was added
to the list of Covid-19 symptoms by the WHO, in addition to
the well-defined symptoms such as fever, cough and shortness
of breath (https://www.who.int/health-topics/coronavirus#
tab=tab_3).
Since other coronaviruses have been shown to be
neuroinvasive, the question arises if SARS-CoV2 uses the
neuroepithelium as a port of entry to the brain, causing olfactory
dysfunction through action on the peripheral or the central
components of the olfactory system. According to the so-called
vector hypothesis, it is also possible that this virus will cause
neuronal damage in other non-olfaction-related parts of the
brain, a hypothesis that needs to be thoroughly addressed in
the future.
This review assembles relevant studies on changes in
the senses of smell and taste as indicators of peripheral
and central pathologies induced by various pathogens or
environmental toxins.
The loss of normal olfactory function is categorized according
to whether a loss is complete (anosmia) or partial (hyposmia),
compared to the norm (normosmia). Often co-affected is the
sense of taste which, when lost, is termed ageusia and, when
disturbed, dysgeusia. The majority of persistent anosmia or
hyposmia is caused by upper respiratory tract infections, head
injury or nasal sinus pathology (1). In rarer cases, exposure
to environmental chemicals (2), medical interventions such
as radiation or chemo-therapy (3, 4), surgical procedures in
the nasal areas such as septoplasty, rhinoplasty, can be at
the origin of olfactory dysfunction (5, 6). Finally, medical
conditions such as intranasal growths, epilepsy, psychiatric
disorders, hypothyroidism, renal and liver disease can cause
anosmia/hyposmia (7). It is important to distinguish between a
preexisting disability and an acquired loss of the sense of smell,
as some substances (e.g., products of asparagusic acid) may not
be smelled or tasted due to a genetic condition (8).
At first glance, the loss of smell may not be life-threatening,
while in fact there is a statistical association between olfactory
acuity and mortality (9). Impaired olfaction negatively affects
quality of life, enjoyment of food, creates difficulties in
maintaining personal hygiene, leads to greater incidence of
depression and isolation, and affects overall physical and mental
well-being (9–12). Loss of olfactory function also impairs the
ability to detect dangerous smells, such as fire, environmental
toxins, leaking natural gas, and spoiled food and therefore,
indirectly, is life-threatening (9, 10).

THE PHYSIOLOGY OF SENSES OF SMELL
AND TASTE
Smelling requires the intricate interaction between the nasal
cavity which receives an odorant stimulus and its transmission
Frontiers in Neurology | www.frontiersin.org
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FIGURE 1 | Olfactory system. (A) Head sagittal section showing the olfactory and gustatory systems. (B) Olfactory bulb, olfactory epithelium with olfactory receptor
neurons. (C) Left: Olfactory receptor neuron with olfactory cilia. Olfactory receptor neurons are bipolar neurons with a dendrite carrying a crust of sensory cilia. Right:
Part of an isolated olfactory cilium illustrating processes upon odorant binding. The green arrows show activating, the red adapting processes. AC, Type III adenylate
cyclase; AMP, adenosine monophosphate; cAMP, cyclic adenosine monophosphate; [Ca2+ ], intracellular Ca2+ concentration; CNG, cyclic nucleotide-gated ion
channel; Golf, olfactory G protein; PDE, phosphodiesterase; R, odorant receptor.

through the odorant receptors. The tongue via specific receptors
on taste cells that are bundled together to form taste buds can
distinguish only among five distinct qualities of taste (sweet, salty,
sour, bitter and umami), while the nose can distinguish among
literally hundreds of thousands of odors (17).
The nose, or more precisely dendrites of olfactory neurons
located in the olfactory epithelium, is a structure that exposes the
brain to the outside world without the protection of the blood
brain barrier (20). Olfactory neurons (the neurons expressing
odorant receptors) project directly to the olfactory bulb, which
is a component of the central nervous system (CNS) without an
intervening synapse (Figure 1B). This special feature is exploited
in the development of intra-nasal delivery tools to introduce
therapeutic molecules that would otherwise not pass through the
blood-brain barrier (BBB). Pathogens are using the same route
to penetrate higher brain regions through olfactory neurons and
the bulb. It has long been known that pathological infections
of the brain can be caused via entry through the nasal mucosa.
In one extreme measure this knowledge was applied to prevent
infection: In Canada, in the 1930ies, the olfactory epithelia of
school children was cauterized to prevent the spread of the

Frontiers in Neurology | www.frontiersin.org

polio virus (21). More recently, the infectious prion protein was
found in various central parts of the olfactory system including
the primary olfactory cortices of patients with Creutzfeldt–Jakob
disease. And, reminiscently to the ongoing early SARS-Cov2
studies, patients with Creutzfeldt–Jakob disease first observed
anosmia and changes in taste and smell as symptoms (21, 22).
The taste system is more resilient to injury than the olfactory
system (23). The reason for this is that multiple nerves
transmit taste information to the brain: the facial nerve, the
glossopharyngeal nerve and the Vagus nerve (Figure 1A). They
all supply gustatory information and help to protect an individual
from a generalized loss of taste as a result of an isolated
peripheral nerve injury (23). Furthermore, the trigeminal system
contributes to taste by sensing qualities such as spicy hot, tingling,
burning, and cooling (24).

ANOSMIA CAUSED BY SARS-CoV2
Already before the Covid-19 pandemic, human coronaviruses
such as CoV 229E were known to cause olfactory dysfunction
(25), however the scale and urgency of Covid-19 pandemic
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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 (38).
Like its closest relative SARS-CoV1, SARS-CoV2 binds
through its receptor-binding domain (RBD) to human
angiotensin converting enzyme ACE2 receptor protein, however
SARS-CoV2 binds with higher affinity than SARS-CoV1 (39).
ACE2 is ubiquitously expressed in human organs including lung
parenchyma, renal and urinary tract, human airway epithelia,
lymphoid tissues, reproductive organs, vascular endothelium,
and brain while the nasal mucosa or the gastrointestinal tract
exhibit particularly high expression levels and may therefore be
more vulnerable to viral onslaught (40). There is still debate as to
which cells in the nasopharynx express Ace2 (41). Interestingly,
olfactory receptor cells do not express ACE2, as well as another
gene involved in SARS-CoV2 entry (TMPRSS2) implying that
damage to the olfactory receptor cells may be mediated through
other cells (42). However, sustenuclar cells which support
olfactory neurons, express Ace2 as well as TMPRSS2 and are
infected by SARS-CoV-2. They may therefore represent the viral
entry point to the nasopharynx (43). These findings suggest that
SARS-CoV-2 infection of non-neuronal cell types, in particular
of sustenuclar cells, leads to anosmia and related disturbances in
odor perception in COVID-19 patients (44). Infection of these
cells may cause rapid disruption of the epithelium and combined
with a possible inflammatory response lead to smell loss (41).
Some upper respiratory tract viruses such as corona or
influenza virus have also been shown to target the central
nervous system and to lead to neurological symptoms such as
encephalopathies, encephalitis, epilepsies and seizures (45). In
analogy, in some Covid-19 patients with anosmia/hyposmia,
altered mental state and encephalopathy were reported which
could attest to the neuroinvasive potential of the virus (46).
Thus, anosmia could also be seen as an indicator of wider
neurological damage.
The entry to the brain can happen along several pathways:

has precipitated our knowledge on the effect of coronaviruses
on olfaction. Following an accumulation of publications in the
recent weeks, it has become widely accepted that anosmia or
hyposmia is induced by SARS-CoV2. In fact, several studies have
demonstrated that hyposmia or anosmia as well as ageusia are
common symptoms (26–30). In a survey, smell and taste loss
were reported in 68 and 71% of subjects, respectively, compared
to 16 and 17% in healthy controls. This study also reported
that 74% of patients experienced a resolution of anosmia at
recovery (31). Interestingly, the patient cohort with anosmia also
was the cohort that was affected by Covid-19 to a lesser degree
of severity it was not the group that needed hospitalization.
Thus, conversely, admission for Covid-19 was associated with
intact sense of smell and taste, increased age, diabetes, as well as
respiratory failure (31–33).
In another survey, 39% of Covid-19 cases reported smell
and taste dysfunction, compared to 12.5% of controls. Again,
anosmia, and more so ageusia, affected significantly more of the
younger patients (34). This was also the case in another survey
where 47% of Covid-19 patients reported anosmia, while 85%
reported dysgeusia. These symptoms abated after on average
9 days, however in contradiction to other studies, the authors
report that the olfactory loss started days after the known onset
of infection (35). The inverse correlation of disease severity and
penetrance of smell symptoms in not understood, however one
plausible hypothesis is a differential immune response within
the nasal structures: A higher immune response is expected
to weaken the sense of smell but may prevent the virus from
spreading to deeper respiratory organs such as the lungs, while,
inversely, a lesser and localized immune response may allow viral
propagation and spreading to the lower respiratory tract with its
known life-threatening complications (26, 36).
Up to date, in addition to several questionnaire-based surveys,
only one study was published where olfaction was assessed with
a validated smell test. In an Iranian cohort, the University of
Pennsylvania Smell Identification Test (UPSIT), a 40-odorant
test, showed that 98% of Covid-19 patients exhibited smell
dysfunction and 25% were fully anosmic, whereas age and sex
matched controls did not exhibit these deficiencies. Deficits were
evident for all test odors. In this study, few patients presented
with taste loss, which, as the authors speculate, may in fact
be due to lack of ability to smell rather than taste. However,
this question was not further investigated in this study, the
authors argued that in their cohort taste loss always coincided
with smell loss and that taste is constituted, in addition to taste
bud activation, by volatile stimuli (smells) that enter the mouth
from the nasopharynx during deglutition. The difference to the
earlier mentioned studies where ageusia was more prevalent
than hyposmia/anosmia could be due to objective smell taste
testing in this study as opposed to the questionnaires used in the
other studies.
It has been shown that subjective assessment of changes
in olfactory function do not align with measured changes
determined with standardized smell tests such as sniffing
sticks. Self-reporting consistently showed that individuals
underestimate the extent of their hyposmia (37, 38). In a large
USA-wide study, 12.4% of older adults reported their sense of
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1. Viruses pass from the nose directly into the brain by entering
through peripheral nerve terminals, moving anterogradely
and passing through synapses using the machinery of active
transport within those cells into the CNS (47–49)
2. Viruses pass from the nose directly to the cerebrospinal fluid
(CSF) since the nose is connected to the CSF (50). Whether
SARS-CoV2 reaches the central parts of the human brain, has
not yet been established, but other coronaviruses (and SARSCoV1) have been detected in CSF in humans (40) and in
the brain (51–54). Studies in which mice where trans-nasally
infected with SARS-CoV2 and MERS-CoV showed that these
viruses reach the brain via olfactory nerves, the thalamus and
brain stem, the area which was most affected (55).
3. Coronaviruses could also use the retrograde neuronal
transport through the vagal nerve afferents from the lungs
into the CNS or enter the CNS via the gastrointestinal tract
within the brain-gut axis of which the vagus nerve is a major
component (46).
4. One additional pathway through which human coronavirus
may reach the CNS is by passing the epithelium and reaching
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the blood stream or the lymph (56). Viruses can further infect
different myeloid cells to manipulate the innate immunity and
to disseminate to other tissues, including the CNS (56, 57).

than men and PVOD usually occur after the 4th decade of life.
The onset of olfactory dysfunction as a result of viral infection
is usually rapid, and the probability of normalization, often after
years of onset, is relatively high, 32–66% of patients eventually
recover (10).
A virus can affect the sense of smell by means of two
mechanisms of action. The first one, which is seen in other
coronavirus infections or in the common cold, but not in SARSCoV2, is a physical effect: Through local inflammation, the
lining of the nasal passages becomes swollen, the mucosa is
lined by a film of nasal discharge, thereby hindering the odorant
molecules to reach the corresponding receptors and bind to them,
resulting in reduced ability to smell. Furthermore, because of
such airway obstruction, the airflow is significantly reduced and
odorant molecules will enter the cavity in insufficient quantities.
In a study by Åkerlund et al. post-viral olfactory disorder
developed after healthy human subjects with no previous
olfactory deficiencies were inoculated with coronavirus (229E)
(69) which is known to induce the common cold. Olfactory
testing 4 days after inoculation show a reduction in olfactory
function in these patients who developed a cold. The outcome
correlated with increased nasal obstruction as measured by
airflow and assessment of nasal charge. Thus, in this particular
study, olfactory dysfunction during acute phase of infection, not
post-virally, is measured and thus may result from both swelling
of the nasal mucosa/airflow obstruction and virally induced
damage to the olfactory epithelium (69).
Another mechanism involves the virus damaging the olfactory
epithelium and peripheral nerves and cells located therein.
The exact location of the damage in post-upper respiratory
tract infections is not yet known, and it is disputed if the
olfactory receptor neurons (not expressing ACE2) themselves or
whether other cells such as supporting cells are damaged in the
pathological process (70).
Furthermore, viruses can cause olfactory dysfunction by
penetrating into the CNS and damaging brain regions that are
components of the olfactory system, such as the olfactory bulb,
the pirifom cortex, amygdala, the olfactory tubercle and more.
In a rodent study, Influenza A virus administered to
mice intra-nasally was incorporated into the olfactory receptor
neurons (ORNs) and traveled transneuronally (21, 71). As
mentioned in the previous chapter, coronavirus was detected in
the brain and the CSF (51–54). In particular, when the occurrence
of anosmia does not temporarily concur with the symptoms of
rhinitis or anosmia persists long after, it is to be concluded that
neurological damage has occurred.
Current treatment options for PVOD imply the use
of corticosteroids which are counter-indicated in patients
presenting with anosmia, notably in the absence of known head
trauma or allergic symptoms (72, 73). Another promising avenue
of treatment for non-sino-nasal forms of olfactory dysfunction,
such as PVOD, is olfactory training since repeated exposure to
odors over a period of time seems to have a sensitizing effect and
lower the threshold for tested odors (74). A multicenter doubleblind study demonstrated that smell training in PVOD patients
improved olfactory function significantly more than expected by
spontaneous recovery (9, 73).

For SARS-CoV2, these questions of entry and penetration routes
will need to be addressed in the future.
Due to the co-expression of ACE2 and nicotinic acetylcholine
receptor (nAChR) in many cells, there exists a functional
link between them. In smokers the activation of nicotinic
acetylcholine receptors leads to an upregulation in the expression
ACE2. It has been speculated but not studied that smokers might
be at higher risk for SARS-CoV2 infections (58). In reality, the
numbers seem to suggest something different. Smokers are less
represented in the disease cohort than in the control cohort (42)
and, interestingly, seem to be protected from olfactory loss in
Parkinson’s disease (as discussed in section Anosmia in Aging
and Age-Related Neurodegenerative Disease) (59).
Most Covid-19 patients do not suffer from nasal obstruction
and reduced air flow as caused by the swelling of the mucosa.
One study reports that only 4% of patients with reported
olfactory function loss present with additional nasal obstruction
(34). This indicates that olfactory loss is caused not by
rhinitis (irritation/inflammation of the mucous membrane, nasal
obstruction and discharge) but by damage to either the peripheral
and/or central components of the olfactory system.
Reports have demonstrated that the use of corticosteroids may
escalate Covid-19 infection, while others supported the use in
hospitalized patients (60). Clinical trials to address this question
are ongoing (61).

ANOSMIA CAUSED BY INFLUENZA OR
COMMON COLD
Acute viral upper respiratory tract infections are the most
common cause of chronic olfactory dysfunction and are
responsible for between 11 and 40% of olfactory disorders
(62, 63). The causative pathogens are usually viruses leading
to common cold or influenza that manifest themselves without
rhino-sinusitis. Approximately 20% of common cold cases can be
accounted for by a type of coronavirus (non-SARS) and up 30%
by a type of rhinovirus. Other viruses are adenovirus, respiratory
syncytial virus (RSV) or human parainfluenza virus (64, 65).
Generating vaccines against them has proven unsuccessful due
their vast genetic variability (66, 67). In 20–30% of cases, the virus
that causes it is unidentified.
The influenza virus causes a more serious disease, infects
the lungs and is able to cause pneumonia, respiratory failure
and death. In the 2018–2019 influenza season, 34,200 deaths
were recorded in the USA by the Center for Disease
Control and Prevention (https://www.cdc.gov/flu/about/burden/
2018-2019.html). Vaccination against Influenza was shown
to negatively correlate with the incidence of smell loss,
however this study needs confirmation with a larger cohort
number (68).
Any of the above-mentioned viruses can lead to postviral olfactory dysfunction (PVOD), but factors that determine
susceptibility are not elucidated. Women are more often affected
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HYPOSMIA IN ALLERGIC RHINITIS

study Dupilumab, a human monoclonal antibody that
blocks a shared receptor component of interleukin 4 and
13 improved the sense of smell in patients with severe
CRSwNP (94).

Allergies often lead to allergic rhinitis, a type of inflammation
in the nasal cavity, which occurs when the immune system
overreacts to allergens in the air, symptoms of which include
blocked airways and nasal discharge.
Inhalation of harmful environmental agents often damages
the olfactory mucosa, triggering an immune response (75).
Several animal models of human chronic rhinosinusitis show
inflammatory responses in the nasal cavity, as well as general
pathology of the olfactory epithelium that includes mast cell
and eosinophilic infiltration, systemic inflammation and altered
levels of inflammatory cytokines in the brain, concomitantly
with the infiltration of macrophages and lymphocytes (76, 77).
In a mouse model of irreversible AR-induced smell loss, CD45
staining showed an infiltration of leukocytes at the olfactory
mucosa which negatively correlated with olfactory neuron
number (78).
Allergic rhinitis (AR) is associated with a loss of smell, and
23–48% of AR patients present smell deficits (79, 80). One
study showed that the longer allergic symptoms are experienced,
the higher the probability for olfactory dysfunction (81). The
presence of olfactory dysfunction seems to increase with the
severity and duration of the disease. Data indicate that the
frequency and severity of olfactory dysfunction increases in
patients with persistent AR compared with patients with seasonal
AR (82).
It was also determined that olfactory dysfunction was
associated with nasal-sinus disease (measured by olfactory
cleft visibility, and nasal airway obstruction) (83). Following
corticoid treatment, rhinitis symptoms (e.g., mucosal thickening,
polypoid changes) decreased significantly for all patients
in the study. While olfactory function likewise improved
significantly for 59% of the patients, the sense of smell
in the remaining 41% did not change (84). Furthermore,
patients with severe rhinitis are at increased risk to attract
repeated respiratory tract infections, which then lead to
damage to the olfactory epithelium and causes further olfactory
dysfunction (85).
There is limited and contradictory evidence that
antihistamines improve olfactory function in AR (86, 87).
Slightly more encouraging data shows that the use of topical
steroids is beneficial, especially in patients with seasonal AR
and often as combined treatment of steroids and antihistamines
[for a review see (88)]. In a mouse model of allergic rhinitis, it
was shown that when olfaction is severely disturbed (mice take
significantly longer to detect hidden food pellets than control
mice), damage in the epithelia was found. Intranasal steroids
were shown to revert the dysfunction and epithelial damage
(89). Recent approaches in individualized immunotherapy to
treat AR have also been effective in reducing the hyposmia
symptoms (90–92).
Chronic rhinosinusitis with nasal polyps (CRSwNP)
is an important clinical entity diagnosed by the presence
of both subjective and objective evidence of chronic
sinonasal inflammation. About 25% of patients with chronic
rhinosinusitis develop CRSwNP (93) In the “SINUS” 24%2
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ANOSMIA INDUCED BY DRUGS
A vast number of drugs from all pharmacological categories
impair both taste and smell function and do so commonly. It
is reported that 50% of the top 100 drugs in the United States
have the potential to induce chemosensory complaints and
side effects (95). Smell and taste disorders are also among
the many side effects of chemo- and radiotherapy. Although
direct radionecrosis of the salivary glands and the taste buds
might explain the chemosensory problems after radiotherapy,
the olfactory and gustatory complaints seen after chemotherapy
remain unexplained. The patients reporting olfactory symptoms
rarely complain about qualitative olfactory disorders such as
parosmia or phantosmia.
Polypharmacy is a well-known prominent aspect of global
medical practice and a growing concern in an aging society.
Therefore, it is a growing concern that a significant number
of chemosensory disturbances are a consequence of drug–
drug interactions from polypharmacy rather than intake of a
single drug (96). When two drugs are taken one drug can
alter the bioavailability and/or pharmacological effects of a coadministered drug. In a study of elderly cardiovascular patients,
those taking the greatest number of medications had the largest
smell losses as well as the most complaints of altered taste.
Drugs that were found to interfere with the ability to smell
or taste are for example certain antibiotics, anti-inflammatory
drugs, CNS agents such as antidepressants or gastrointestinal
drugs, as reviewed in (97).
Impairment may require discontinuation of drug
administration. The inhibition of taste receptor is primarily
due to drug induced inactivation of receptor function and
impairment of receptor binding; Gs protein function; inositol
trisphosphate function; as well as abnormal channel activity.
Termination of drug therapy is commonly associated with
termination of taste/smell dysfunction, but occasionally effects
persist and require specific therapy to alleviate symptoms (98).
Furthermore is the chronic abuse of recreational drugs
associated with hyposmia and defects in olfaction, especially
with cocaine consumption. The mechanism of the toxicity
of chronic cocaine abuse apparently involves impairment of
calcium-mediated impulse transmission to the olfactory bulb
from the chemosensory olfactory neurons. Anosmia induced by
cocaine is thought to be mediated by actual infarction of the
olfactory mucosa (99, 100).

ANOSMIA IN AGING AND AGE-RELATED
NEURODEGENERATIVE DISEASE
Our sense of smell gets worse as we age. Ten percentage of people
over 65 years have some form of olfactory dysfunction, ranging
from mild loss to anosmia (101, 102), while in the age bracket
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outcomes since up to 72% of PD patients with olfactory
dysfunction are unaware of it (116, 117). All qualities of olfactory
function can be impaired by PD, from elevated threshold
detection to reduced odor detection, discrimination and
identification (109, 111, 118).
PD is characterized by a loss of midbrain dopaminergic (DA)
neurons of the Substantia Nigra pars compacta (SNpc) and
the appearance of α-synuclein inclusions, termed Lewy bodies.
These midbrain DA neurons project to the caudate putamen and
the cortex where they regulate, amongst others, movement and
motor coordination. Interestingly, DA is also produced locally
in the olfactory bulb by interneurons of the periglomerular
layer (119, 120), while the olfactory bulb also receives DAergic
input from the midbrain (121). The DA interneurons modulate
olfactory abilities (122) and exhibit high plasticity in response to
odor deprivation which leads to a reduction in cell number (119,
123, 124). It was found that the number of DAergic interneurons
is unaltered in patients vs. a control group which excludes the
hypothesis that hyposmia is mediated by an altered number of
DA interneurons (125).
Studies assessing activity and volume of brain structures
yielded differences in PD patients in comparison to the agematched groups: In some but not all studies the volume of
the olfactory bulb has been found reduced in PD (126, 127).
Furthermore, MRI studies revealed pathological process in
the nervous tissue of the olfactory tract of early PD patients
(128). PD patients with anosmia further showed abnormal
structural integrity in the central olfactory structures compared
to PD patients without olfactory dysfunction or healthy controls
(111, 129). FMRI studies show reduced neuronal activity
of the amygdala and hippocampus and decreased functional
connectivity in the primary olfactory cortices as well as the
secondary olfactory structures compared with controls in PD
patients during olfactory stimulation (130). EEG studies support
the hypothesis that a decline of central brain networks is a causal
factor for olfactory loss in PD (129) indicating that at onset of
anosmia the pathology has already reached the CNS.
Another indicator for the involvement of the olfactory system
in Parkinson’s is the finding that α-synuclein aggregates were
found across the central olfactory system, including the anterior
olfactory nucleus, the cortical nucleus of the amygdala, the
piriform cortex, the olfactory tubercle, the entorhinal cortex, and
the orbitofrontal cortex prior to other regions, suggesting that
the olfactory system might be particularly vulnerable, early in
the disease (131, 132). In mice, the propagation in the brain of
preformed fibrillar assemblies of recombinant α-synuclein was
paralleled by a progressive reduction in olfactory function (133).
Braak and colleagues reported that the expression of Lewy bodies
begins in the olfactory bulb, the anterior olfactory nucleus and
dorsal motor nucleus of the vagus nerve (Stage 1) and then
advances to the raphe nuclei, traveling up the brain stem (pontine
tegmentum) (stage 2) to reach the midbrain with SNpc DAergic
neurons as well as the Nucleus of Meynert and cholinergic
neurons in the basal forebrain (stage 3) (134).
These findings were developed into a hypothesis termed the
vector hypothesis of PD in which an unknown pathogen, toxin
or trigger may enter the central nervous system through the

of over 80 years, 62–80% of persons are affected (103). Men are
stronger afflicted than women (104).
As we age, the pool of basal stem cells in the epithelium
that is used to replenish dying olfactory neurons, is diminished,
preventing a regeneration of such neurons and leading to a
reduced thickness and function of the epithelium (9). In support,
it has been shown that patients with congenic anosmia present
an absent or atrophic olfactory epithelium in nasal mucosa (105).
Immune cells and cytokines in the olfactory mucosa can play
important roles in degeneration of olfactory neurons. It was
suggested that an inflammatory process, comparable to those
occurring after bulbectomy or after inhalation environmental
toxicants, is in place, whereby lymphocytes, macrophages,
and eosinophils release inflammatory mediators that upregulate pro-apoptotic enzymes, exerting toxicity to olfactory
neurons (75, 106).
Furthermore, with progressive age, central structures that
are involved in olfactory perception, such as piriform cortex,
amygdala, the entorhinal cortex and parts of the cerebellum are
also less activated, as shown by fMRI (107). The size of the
olfactory bulb decreases, reflecting a generalized atrophy caused
by age (108).
Neurodegenerative diseases are an immense burden to
our health systems and their prevalence is still projected to
grow with an increasingly aging population worldwide. In
this patient group, the prevalence of olfactory dysfunction
is disproportionally higher than what would be predicted
through the process of aging alone. Approximately 90% of
patients with early-stage Parkinson’s and 85% of patients with
early-stage Alzheimer’s disease experience olfactory dysfunction,
as measured by psychophysical and electrophysiological
tests (109, 110).
Interestingly, over the years, a correlation between olfactory
dysfunction and neurodegenerative disorders has emerged (107,
111) that is particularly relevant for the two major diseases,
Parkinson’s and Alzheimer’s disease. One striking phenomenon
is that olfactory dysfunction precedes the onset of motor or
cognitive symptoms in Parkinson’s disease (PD) and Alzheimer’s
disease (AD) by several years. Thus, olfactory dysfunction has
received attention as a potential early biomarker for Parkinson’s
(112), Alzheimer’s disease (113) and Lewy body dementia (95,
114). It is obvious that earlier detection of PD/AD would enable
the application of potential preventative disease-modifying
treatment strategies.

PARKINSON’S DISEASE
Hyposmia is common in idiopathic PD, i.e., the form of the
disease of unknown etiology, that has not been linked to
mutations in one of the Parkinson’s disease genes, occurring
generally 4–6 years before the onset of motor symptoms, and is
being discussed as early biomarker, especially when combined
with other early symptoms such as depression and or REM
sleep behavior disorder. In contrast, complete anosmia occurs
more rarely (115). As seen with other conditions, subjective
assessment of olfactory dysfunction does not equal the measured
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olfactory dysfunction (147). Finally, in patients with mutations in
LRRK2, hyposmia is present but less frequent than in idiopathic
PD. A meta-analysis determined that 51% of patients with the
G2019S mutation patients exhibited significant olfactory deficits
(148, 149). Therefore, other genetic or environmental factors,
yet to be identified, must be involved for this phenotype to
be penetrant.
Epidemiological studies have indicated an inverse association
between smoking and PD (150, 151). PD risk is lowest among
subjects with the longest duration of smoking, the greatest
lifetime and/or daily dose of smoking, and, in past smokers, the
fewest years since quitting (151). On the other hand, olfactory
function was less attenuated in current cigarette smokers with
PD than in non-smokers with PD (151, 152). Amongst PD
patients, smokers scored significantly better in smell tests than
non-smokers, while in the healthy control group no difference
between smokers and non-smokers was observed in (152). This
is in contrast to findings in the overall population where smoking
was associated with a reduced sense of smell, and heavy smoking
(> 20 cigarettes per day) also negatively affected the sense of
taste (153). A meta-analysis of the effect of smoking on olfactory
function, yielded a more differentiated outcome, by which former
smokers performed similarly to non-smokers while active had
a reduced smell scores, indicating that the deleterious effect of
smoking is reversible (154). It has not been studied if the abovementioned functional interaction between nicotinic receptors
and ACE2 is relevant for this effect, in healthy control or
PD patients.
In the olfactory bulb, dopamine receptors of the D1 and
D2 type are present. In rats, local or central D2 agonism
reduces olfactory function, while D1 agonism enhances it (122),
suggesting an inhibitory and stimulatory function for D2 and
D1 receptors, respectively. L-DOPA treatment, the gold standard
treatment that almost all PD patients receive, has been shown to
not affect olfactory performance (115). In contrast, deep brain
stimulation in the subthalamic nucleus resulted in a partial rescue
olfactory processing (155).

olfactory system (or via the stomach/vagus nerve or even via a
succession of events starting in the olfactory bulb and reaching
the enteric nervous system via the amygdala and stria terminalis)
(21). Recent work in rodents where α-synuclein fibrils were
micro-injected into the olfactory bulb, demonstrate that the
pathology can spread to the substantia nigra and other regions
involved in later stages of PD (132). The progressive development
of α-synucleopathy was coupled to the emergence of specific
olfactory deficits (133).
Importantly, direct connections are present between central
olfactory structures and the substantia nigra. It was shown
that intranasally administered influenza virus caused selective
decreases of dopamine neurons in the substantia nigra of mice
(75). Further, a reduced intrinsic integrity of the substantia
nigra in patients with unexplained smell loss support the PD
at-risk status of these patients (135). Another strengthening
argument for the vector hypothesis stems from the finding that
the cortical nucleus of the amygdala, which receives input from
primary olfactory bulb projections, shows more α-synuclein
pathology and neuronal loss than other nuclei of the amygdala
(136). The loss of volume in the amygdala and the piriform
cortex inversely correlates with olfactory deficits suggesting that
cell loss in these regions could contribute to the functional
deficits (132).
In addition to α-synuclein pathology, tau pathology has also
been found in the anterior olfactory nucleus (AON) in PD (132,
137). Of the subcohort of patients with progressive supranuclear
palsy and corticobasal degeneration, parkinsonian disorders that
had an intact sense of smell, tau aggregates in the AON were also
missing, pointing toward a possible correlation of tau pathology
and olfactory impairment in PD (138).
In support of the reliability of anosmia as early biomarker in
PD, it was shown that marked changes in olfactory threshold
and odor discrimination correlated with a more rapid disease
progression (139). A correlation of anosmia with reduced
imaging of dopamine transporter (DAT), a biomarker that is
located at the pre-synapse of SNpc DA neurons, was shown
(112). In a prospective study, using olfactory testing in clinically
unaffected first-degree relatives of PD patients showed that all
of the hyposmic individuals with abnormal DAT imaging at
baseline developed PD within 5 years (140). In longitudinal
studies, the presence of severe olfactory dysfunction at diagnosis
was able to predict cognitive decline, while normosmic
patients with normal cognition remained cognitively stable for
years (141, 142).
One study has also identified smell dysfunction in cases
of corticobasal syndrome and frontotemporal dementia, urging
caution for a differential diagnosis of parkinsonism based on
hyposmia, however, the participant number in this study was
low (143).
When it comes to genetically caused PD, the correlation
with olfactory dysfunction appears complex: Patients with the
A53T mutation of the α-synuclein gene exhibit hyposmia, but
not patients with the α-synuclein E46K mutation (144, 145).
Mutations in the Parkin gene are the most common cause for
genetic PD, and yet in these patients no olfactory symptoms are
present (146) while patients with mutations in PINK1 present
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ALZHEIMER’S DISEASE
Olfactory dysfunction is an early symptom of AD and
approximately 85% of patients with early-stage AD experience
olfactory dysfunction (110). Olfactory deficits occur on all
levels: odorant detection and detection threshold, identification,
recognition and discrimination, as well as odor memory are
affected in AD, with odor identification being particularly
reduced (156). In cognitively normal older individuals, worse
odor identification has been associated with increased cortical
amyloid, and with neurofibrillary pathology in the entorhinal
cortex and hippocampus (113).
In humans and in mouse models, amyloid and tau deposits
have been found throughout the olfactory pathways, including
temporal piriform cortex at earlier stages of the disease
before other regions such as the entorhinal cortex or CA1
region of the hippocampus, both olfactory projection areas, are
affected (157–159). Functional MRI studies have shown reduced

8

October 2020 | Volume 11 | Article 569333

Rebholz et al.

Loss of Olfactory Function

(175), with experimental setups using the “Sniffin’ Sticks” (176,
177), and with the odor stick identification test for Japanese
(OSIT-J) (178). One of these studies suggested that mild
impairment of olfaction preferably occurs in ALS patients with
impaired respiratory function (177). In another study, hyposmia
accumulated in ALS subjects which also suffered from cognitive
or behavioral dysfunction (176), and in the third study no specific
ALS subset could be identified (175). As the number of ALS
patients analyzed was low in these studies, a systematic analysis
of a larger cohort of ALS patients will be needed for validating
whether hyposmia is a prognostic marker for a specific subset
of ALS. This could be helpful for a more adequate treatment of
affected people.
In motor neurons, ubiquitylated protein inclusions composed
of the RNA-binding protein TDP-43 are pathological hallmarks
of ALS. Of note, TDP-43-positive inclusion could also be
observed in hippocampus, in the primary olfactory center, and,
to a lower extent, in the olfactory bulb (178, 179). Thus,
it is tempting to speculate that impairment of the olfactory
knowledge in the brain is the reason for odor loss in ALS,
rather than defective olfactory perception. Table 1 characterizes
the characteristics of smell and taste pathologies including
treatment options and Table 2 presents an overview of the known
and presumed mechanisms underlying the the pathology of
smell loss.

blood oxygenation in the olfactory cortex of early-stage AD
patients (160).
In the olfactory bulb, the major pathophysiological hallmarks
are abnormally phosphorylated tau and neurofibrillary tangles,
however amyloid plaques have also been found (157). Mouse
models of Alzheimer s disease also exhibit an olfactory loss
phenotype (161, 162), and in mouse models Notch and Reelin
pathways have been implicated (163, 164). Due to the high
variance of Aβ, a clear correlation between Aβ and anosmia
has not been established and contradictory results have been
published (161, 165, 166), in contrast, neurofibrillary tangles in
the olfactory bulb, the entorhinal cortex and the CA1 region are
correlates with olfactory dysfunction (167, 168).
The loss of the cholinergic system, in particular the
nucleus of Meynert, plays an important role in AD and
cholinesterase inhibitors are recommended for us in people
with mild to moderate AD (169) to delay the loss of
brain function. Interestingly, in a small, non-blinded study, it
was shown that use of a cholinesterase inhibitor, donepezil,
correlated with an improvement in olfactory function of AD
patients (170). This data should be easily validated in large
retrospective studies, given that cholinesterase inhibitors are
widely used.
The “vector hypothesis of PD” described above has also been
applied to the pathogenesis of AD but is more ambiguous since
it is less clear whether AD pathology first appears within the
peripheral olfactory system or in central (olfaction-related) brain
regions (21). According to Braak, neurofibrillary tangles occur
initially in the transentorhinal region. Plaques and tangles in the
olfactory bulb and tract were detected at a lower density than in
the amygdala and hippocampus (171).
For both PD and AD, the vector hypothesis has been
questioned since it cannot explain the existence of genetic and
familial forms of AD and PD and the lack of smell dysfunction in
some 10% of idiopathic patients. However, the vector hypothesis
does not preclude other pathological mechanisms from occurring
that are possibly driven by unknown mutations, epigenetic
mechanisms, or other determinants.

Current Treatment Options for Anosmia
and Hyposmia
Long lasting or even the permanent loss of olfactory function
markedly reduces the quality of life. Therefore, several
therapeutic attempts have been applied to accelerate the recovery
or to increase the ability to smell, including pharmacological
intervention, surgical treatment, and olfactory training.
Corticosteroid have been used as a pharmacological approach
to treat patients suffering from olfactory dysfunction upon
upper respiratory infections, chronic rhinosinusitis and
other reasons (180). Although these approaches frequently
improve olfaction, the effects often disappear after ceasing
treatment. Inhibiting phosphodiesterase activity using
the non-specific phosphodiesterase inhibitor theophylline,
prolongs the intracellular signaling cascade augmenting odor
perception. Thus, olfactory sensitivity is increased applying this
pharmacological approach (181). However, in most cases lasting
clinical efficacy can also not be reached with this option.
Surgical treatment as treatment option for smell loss has
been extensively studied for chronic rhinosinusitis. However,
it remains difficult to predict the improvement of olfactory
dysfunction upon surgery (180).
Notably, the capacity of olfactory receptor neurons to
regenerate can be modulated by the exposure to certain odors
for a couple of weeks. This olfactory training appears to
work in patients with olfactory dysfunction due to multiple
etiologies, including infections, trauma, Parkinson’s disease and
unknown reasons (idiopathic anosmia) (182). Especially people
affected by postviral olfactory dysfunctions benefit from olfactory

OTHER AGE-RELATED
NEURODEGENERATIVE DISORDERS
Huntington Disease
Huntington disease is associated with moderate hyposmia.
Family members with a 50% risk of disease show no
olfactory abnormalities, so it can be assumed that the olfactory
changes begin at the same time as the motor and cognitive
symptoms (172). In contrast, odor discrimination impairments
in asymptomatic carriers of the Huntington disease gene were
described (173).

Amyotrophic Lateral Sclerosis (ALS)
Hyposmia has been described as one of the non-motor neuron
symptoms in ALS, the most common age-related motor neuron
disorder (174). ALS patients scored significantly lower on the
University of Pennsylvania Smell Identification Test (UPSIT)
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TABLE 1 | Major smell and taste-altering pathologies and characteristics.
Characteristics

Viral-induced

Allergies

Druginduced

Neurdegenerative diseases

Covid-19

Infliuenza
and other
viruses

Allergic
rhinitis

Various

Normal
ageing

Parkinson’s
disease

Alzheimer’s
disease

Huntington

ALS

Loss of
olfaction

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Moderate

Yes

Loss of taste

Yes

Yes

Yes

Yes

Yes, but
mainly
caused by
reduced smell

Yes

Yes, but less
prominent

Not
described,
but dry mouth
affects
appetite

Yes

Onset

Rapid and
early

Rapid

Slow

Slow

Early
symptom

Early
symptom

At time of
disease onset

Shortly after
disease onset

Regression

Rapid in most
cases

Slow (over
years) but up
to 66%
reocever

Frequent but
slow and can
re-occur

No

No

No

No

No

Occurrence

Up to 70%

Less than 1%

Up to 60%

10% over age
of 65 years

Up to 90%

Up to 85%

No

Rarely

Gender and
age factors

In younger,
less clinically
afflicted
patients

45–65 years,
women more
affected

30–60 years

Age, males
more affected

Smokers
scored
significantly
better in smell
tests

No age or
gender
differences
found

Not known

Age positvely
corelates with
loss of
function

Treatment

Corticosteroids not
recommended,
under
investigation

Olfactory
training,
corticosteroids

Corticosteroids,
antihistamines,
immunotherapy

None

Frequent
exposure
training, deep
brain
stimulatiom,
D1 agonism

None
Frequent
exposure
training,cholinesterase
inhibitor

Usually
occurs after
termination of
drug

Termination of
drugs

None

Sources: mainly based on Doty et al. (21), Huettenbrink et al. (9), Marin et al. (111), Hummel et al. (74), Watts et al. (88), Henkin et al. (98).

TABLE 2 | Summarizing known and presumed mechanisms underlying the pathology of smell loss in the various human conditions and disorders.
Type of dysosmia

Underlying mechanism

References

Covid-19

under investigation presumed neurological damage due to peripheral central neuroinvasion of virus

Influenza

Dysosmia during acute infection: olfactory loss due to swelling of nasal mucosa airway obstruction post-viral stage
dysosmia: presumably neurological damage is at play since viruses were detected in CSF brain olfacory receptor
neurons.

(43–46, 59)

Allergic rhinitis

Nasal airway obstruction caused by inflammation since corticoid treatment reduces the smell defect accumulation
of CD45+ leukocytes during inflammatory process

(69, 75)

Drug-induced

Mechanism can be many fold depends on specific drug. Certain drugs were shown to affect signaling capacity of
olfacory receptor neurons.

(89–91)

Ageing

central peripheral mechanisms: atrophy of olfactory epithelium reduced activity of central olfaction-related brain
structures

(96, 98)

Parkinson’s disease

Neurological mechanism: a-synuclein pathology was found in the central olfactory system (anterior olfactory
nucleus cortical nucleus of the amygdala piriform cortex olfactory tubercle the entorhinal cortex others). However
causality still needs to be established. Further a decline of central brain networks may cause olfactory loss in PD.

(120, 122, 123)

Alzheimer’s disease

Neurological mechanism: Amyloid tau deposits were detected in olfactory pathways (temporal piriform cortex
entorhinal cortex CA1). However causality still needs to be established.

(147–149, 157,
158)

Huntington’s disease

Unknown

ALS

Unknown

mechanisms behind the beneficial effects of olfactory training are
poorly understood, but neuroplasticity could play a crucial role
here (184).

training (183). Therefore, this approach might be suitable
for people suffering from permanent total or partial loss of
olfactory function due to Covid-19. The molecular and cellular
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CONCLUSIONS

symptoms, or epilepsies. It is of utmost importance to determine,
on a cellular and molecular level, the mechanisms underlying the
olfactory dysfunction and the potential detrimental propagation
along the olfactory pathway. This will enable us to develop novel
tools to interfere with disease progression.

Olfactory dysfunction can be caused by a multitude of agents
and in the process of various pathologies. Of note, hyposmia
and anosmia are reliable early symptoms in different pathological
situations, ranging from viral infections, including SARS-CoV2,
to common neurodegenerative disorders, including Alzheimer’s
and Parkinson’s diseases. In addition to its valuable function
as a potential diagnostic biomarker in these diseases, the
olfactory system could also be the entry point for viruses and
toxins to the brain. This could lead to infections and harmful
neuroinflammatory reactions in the central nervous system.
Clearly, viruses were shown to be transported along synaptic
connections from the peripheral olfactory epithelium, into the
CNS, where they first target regions that are part of the olfactory
system (olfactory bulb, amygdala and others) to subsequently
reach other structures that will trigger the development
of disease-specific symptoms, such as motor and cognitive
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