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Olfaction, one of our five main qualitative sensory abilities, is the action of smelling or the capacity to smell.
Olfactory impairment can be a sign of a medical problem, from a benign nasal/sinus problem up to a potentially
serious brain injury. However, although clinicians (neurologists or not) usually test the olfactory nerves in
specific clinical situations (for example, when a neurodegenerative disorder is suspected), they may omit such

tests in many other situations. With the recent COVID-19 pandemic, the resurgence of anosmia has reminded us
of the importance of testing this sensorineural function. We retrace here the main historical steps and discoveries
concerning olfaction and anosmia.

1. Introduction

Since time immemorial, the basic survival mechanism of smell
(‘olfaction’) alerts individuals to dangers such as fire or spoiled foods, but
also greatly contributes to the sensation of flavor. When eating, smell is
first perceived anteriorly (orthonasal olfaction), followed by the
perception of ‘gustation’, before retronasal olfaction (referred to the oral
cavity rather than to the olfactory epithelium); so patients with loss of
smell regularly complain as having lost the sense of taste [1]. The first
step in olfaction is the activation (by odorant molecules) of ciliated ol-
factory receptors (‘fila olfactoria’) located at the olfactory clefts. The
pseudostratified columnar olfactory neuroepithelium (neural and sup-
porting cells), characterized by its unique ability to regenerate, is lined
with mucus largely produced by Bowman’s glands [1]. The remaining

part of the nasal cavity and pharynx is not covered by the olfactory
neuroepithelium, but contribute to the detection of some molecules
through the activation of the trigeminal, glossopharyngeal and vagus
nerves. The “cribriform plate” (CP) is the horizontal portion of the
ethmoid bone where filia olfactoria (fascicles of thin, unmyelinated
axons of the bipolar olfactory receptor cells) go up through the CP to
synapse in the olfactory bulbs (both a relay station and a complex center
where sensory input is filtered and modified by neural elements intrinsic
and extrinsic to the bulb). They are then transmitted along complex
olfactory pathways, the signal reaches the “olfactory cortex” which has
many axonal projections to other parts of the brain (Fig. 1) [1].
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2. First anatomical descriptions of the nasal cavities and the
basis of olfaction

The first detailed anatomical descriptions of the nasal fossae seems to
date at least back to ancient Greece, mainly with Hippocrates of Kos
(460 BCE-370 BCE) and Aristotle (384 BCE-322 BCE) [2]. Hippocrates
observed the CP and thought that played a role in olfaction [3]. He
described it as “soft like a sponge”, falsely considering this structure as
cartilage [2]. He believed that the mucus observed inside the nose was
secreted by the brain (he described as a “gland at the origin of all catarrhal
troubles”) penetrate the nasal fossae (through this “spongious bone”) to be
expelled from the body [4]: this was part of the “humoral theory”
(“humorism™) of Hippocrates, later revived and expanded by Claudius
Galenus (129-200) who was the first to describe this “spongious bone” as
“cribrum” (meaning “sieve” in Latin) [5]. However, the ethmoid bone
was clearly identified later, by Andreas Vesalius (1514-1564), Realdo
Colombo (1510-1559), then Giovanni Filippo Ingrassia (1510-1580)
who proposed the term “cribriform plate” [6]. Finally, Gabriele Fallopio
(1510-1580) was the first to argue that the CP was not a separate ossicle,
but an integral structure of the ethmoid bone [7].

Oribasius (320-403) clearly designated the “mammillary processes”
(olfactive bulbs) as the “organ of olfaction” [8]. At that time, the catarrhal
secretion of the nose was called “pituite”, a “large viscous sputum whose
whitish tint and consistency was roughly reminiscent of the brain substance”
[2]. So the nature of the brain was considered as being “pituitous”: this
mucous was therefore seen as “feces of the brain” by Jean Fernel
(1506-1558) [9]. As Jacobo Berengario da Carpi (1460-1530) before
him, Vesalius disagreed with the Galen’s theory: for him, the “secretions
of the brain” percolated through the base of the skull (from the third
ventricle, then crossing the pituitary gland), thinking it did not pass
through CP but thought the “foramen lacerum” [10]. He also
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hypothesized that CP perforations could transmit air (for “cooling the
brain”) and odors to the brain [10], unlike Nathaniel Highmore
(1613-1685) who argued that the meninges (which are not perforated in
the CP) prevented air from reaching the brain [11]. Finally, Vesalius
confirmed the “mamillary processes” as being the seat of olfaction,
without considering them as real cranial nerves: as he did not notice the
fine nerve filaments connected to the olfactory mucosa, he called them
“coesi” (“mutilated nerves”) [10]. It was probably Adriaan van den
Spiegel (1578-1625) who definitely considered olfactive nerves as cra-
nial nerves [12], before Thomas Willis (1621-1675) classified “nervi
olfactorii” as “par primum” (first pair of cranial nerves) [13]. In fact,
Willis clearly refuted Vesale’s hypothesis, showing that when a liquid
(milk or ink) is injected into the pituitary gland, it emerges in the jugular
vein, not in the nasal cavities. However, Willis did not clearly under-
stand the role of the CP, thinking that it also contributed to the
resorption of cerebrospinal fluid (CSF) [13]. Finally, Conrad Victor
Schneider (1614-1680) demonstrated that only branches of the olfac-
tory nerves pass through the CP, not the nasal secretion produced by the
mucous membrane of the nasal fossae (nowadays known as “Schnei-
derian membrane”) [14]. As described by Robert Bentley Todd
(1809-1860) and William Bowman (1816-1892), the mucus secreted by
Bowman’s gland [15] protects the olfactory epithelium, allowing odors
to dissolve so that they can be detected by olfactory receptor neurons
corresponding to the ‘fila olfactoria’ described by Max Schultze
(1825-1874) [16].

Julius Bernstein (1839-1917) highlighted that only “terminal organs”
(fila olfactoria) have the capacity to experience the actions of odorants,
the nerves being only a simple vector that transmit information and
emotion to the brain [16], echoing the words of Jean-Jacques Rousseau
(1712-1778) who considered that “smell is the sense of imagination” [17].
Paul Broca (1824-1880) defined olfaction as a “brutal sense”, stressing
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Fig. 1. Schematic and simplified representation of the olfactory circuitry. Examples of the localization of some neuropathological changes due to Alzheimer’s disease
and COVID-19 are showed (stars) (COVID-19: coronavirus disease 2019; SARS-CoV-2: severe acute respiratory syndrome coronavirus 2).
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that it is usually more developed in the “brutal animals” with less intel-
ligence (macrosmic animals), unlike humans (who are microsmic) [18].
Moreover, considering the olfactive nerves (olfactory bulbs) as true
cranial nerves is probably not exact. First, olfactive nerves (like the optic
nerves) are the only nerves that do not emerge from the brainstem (but
are attached to the forebrain: limbic system). Secondly, the peripheral
olfactory receptor neurons are situated in the olfactory epithelium
(posterodorsal recess of the nasal cavity), whereas the central part of the
main olfactory system comprises the olfactory bulb and the targets of its
projections (olfactory tract) within brain structures implicated in
memory formation and motivational aspects of behavior. Finally, the
olfactory system is unique among the senses, in that receptors project
directly to the cortex, the other senses relaying through the thalamus
[11.

Since the middle of the 20th century, we know that olfactory re-
ceptor cells (derived from ectoderm and serving as the first-order neu-
rons) can regenerate after they are damaged. Nagahara (1940) was the
first to observe mitotic activity in the basal cells of the olfactory
epithelium (he called “resting cells”) of adult mice [19], then Edwin
William Schultz (1887-1971) demonstrated the regeneration of olfac-
tory sensory neurons in monkeys after toxic damage [20,21]. Olfactory
neurogenesis is necessary because of the vulnerability of the olfactory
sensory neurons to environmental factors: based on the appearance of a
new generation of neurons from stem cells, it was studied more inten-
sively by neuroanatomists in the early 1970s [22]. Nowadays, we know
the sensory olfactory neurons are continually replaced during adulthood
from horizontal basal stem cells (able to regenerate all the cells of the
olfactory epithelium, if damaged by trauma or toxins) in a neurogenic
niche in the olfactory epithelium, but multipotent stem cells have also
been found in the olfactory mucosa [22]. The extraordinary plasticity of
the olfactory system could explain why olfactory training improves ol-
factory function in humans and may improve the olfactory recovery time
to stimulate olfactory nerve regeneration (related to olfactory receptor
and neurotrophic factor stimulation): so olfactory training may be an
effective intervention for patients with olfactory dysfunction [23].

3. The concept of “anosmia”

Bernstein explained that two conditions are required for smell. First,
there is the chemical condition due to chemical properties of the odor-
ants acting on the olfactory receptors; secondly, there is also a me-
chanical condition, the regular renewal of a flow of air in the nasal
cavities to maintain efficient olfaction: by stopping to breath, smell is
suspended [16]. Bernstein also mentioned the experience of Ernst
Heinrich Weber (1795-1878) who observed that, when the nasal cav-
ities are full of a liquid (such as water or eau-de-cologne), there is no
sense of smell [16]. The absence of the ability to smell is called
“anosmia”, whereas “hyposmia” is only a decreased ability to smell.
“Anosmia” comes from the Ancient Greek “an-” (meaning “absent”) and
“.osm&” (meaning “odor”); it was also described under the term ‘cha-
mesie” by Haly Abbas (930-994) or “olfactiis amissio” (“loss of olfaction™)
by Daniel Sennert (1572-1637) [24]. During the 16th century, Fernel
was one of the first to give details about the causes of anosmia, pointing
out that the loss of smell can occur when “continuous stench”, especially
in the case of “ozaena” (chronic atrophic rhinitis), as well as “when the
duct of the nostrils and ethmoid bone, through which the spirit and smell
ordinarily pass, is impeded by an outgrowth of flesh, or by a polyp or by a
phlegmon, or by some defluxion” [9].

Francois Boissier de Sauvages (1706-1767) considered anosmia as a
possible disease, unlike Philippe Pinel (1745-1826) who thought it was
a pure symptom [24]. Based on the observations of Fernel, Théophile
Bonet (1620-1689), Guillaume de Baillou (1538-1616) and Lorenz
Heister (1683-1758), he classified anosmia in seven categories (Table 1)
[25]. For him, it was mainly caused by nasal obstruction (“anosmia a
polypo™) or destruction, especially due to rhinitis (“anosmia catarrhalis™)
and other nasal infectious disorders, syphilitic (“anosmia syphilitica”) or

Table 1
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Classification of anosmia according to Francois Boissier de Sauvages.(1772).

Type  Denomination French definition English translation
1 anosmia “C’est celle qui accompagne “It is what accompanies the
catarrhalis le rhume ordinaire; & lorsque ~ common cold, and when it
celle-ci est opiniatre, elle is stubborn, it remains even
subsiste apres meme qu'il est  after it is cured.”
gueri.”
2 anosmia ab “Anosmie causée par un “Anosmia caused by
ozoena ozene. Ceux qui puent du ozaena. Those who stink
nez, soit a cause d’un ulcere  from the nose, either
qui ronge la membrane because of an ulcer that
pituitaire, soit a cause de la gnaws at the pituitary
putréfaction delamorve & de  membrane, or because of
Uair qui séjournent trop putrefaction of mucus/snot
longtemps dans les antres de and air that stagnates in the
Highmor & dans les autres antrum of Highmore and in
sinus, ceux qui dissequent les  the other sinuses, those who
cadavres, qui vident les dissect corpses, who empty
latrines, qui fréquentent les latrines, who frequent
boucheries & les autres lieux  butcher’s shops and other
ot l'on respire de mauvaises  places where bad smells are
odeurs, s’y habituent respired, get so used to and
tellement, & en sont s’y affected by them that they
affectés qu'ils ne sentent plus  no longer smell others, and
les autres, & perdent tout a lose their sense of smell
fait U'odorat.” altogether.”
3 anosmia a “Anosmie cause par un “Anosmia caused by a
polypo polype. Lorsqu’il se formeun  polyp. When a polyp is
polype dans le nez, & qu’il formed in the nose, and
croit au point de boucher les grows to the point of
narines & d’affaisser le blocking the nostrils and
vomer; Uair ni les effluves sagging the vomer; neither
odoriférans ne pouvantplusy  the air nor the odoriferous
entrer, il faut nécessairement  effluvium can enter, the
que 'odorat se perde. » sense of smell must
necessarily be lost.”
4 anosmia “Anosmie vénérienne. C’est “Venereal anosmia. It is the
syphilitica celui qui survient dans le one that occurs in the third
troisieme degré de la vérole, degree of the great pox,
apres que le dedans dunezest  after the inside of the nose
mangé par les ulceres qui s’y is eaten by ulcers that have
sont formés. Ces ulceres formed there. These ulcers
mangent non seulement les eat not only the
membranes, mais encore les membranes, but also the
cartilages, & détruisent cartilage, and completely
entierement [’organe de destroy the organ of smell.”
lodorat. »
5 anosmia “Anosmie vermineuse. “Verminous anosmia.
verminosa Plusieurs observations nous Several observations tell us
apprennent qu’il s’engendre that it generates worms in
des vers dans le nez, qui the nose, which cause
causent I’éternuement, la sneegzing, migraine, which
migraine, qui jettent le throw the patient into rage,
malade dans la fureur, & lui & make him entirely lose
font entierement perdent the sense of smell.”
lodorat. »
6 anosmia a “Anosmie causée par la “Anosmia caused by

siccitate

sécheresse. Tout le monde
sait que dans les fievres & les
maladies inflammatoires, la
langue & la membrane
pituitaire se dessechent, lors
surtout que la chaleur est
considérable. Il n’est donc
pas étonnant que ces
maladies soient suivies du
dégotit & de la perte
d’odorat. Un homme qui
voyage le vent en face,
surtout en été, & qui respire
la poussiere qui s’éleve des
chemins, perd infailliblement
l’odorat. La méme chose
arrive a ceux qui font un tres
grand usage du tabac, surtout
de celui d’Espagne; & cela

drought. Everybody knows
that in fevers and
inflammatory diseases, the
tongue and pituitary
membrane dry out,
especially when the heat is
considerable. It is therefore
not surprising that these
diseases are followed by
disgust and loss of smell. A
man who travels against the
wind, especially in summer,
and who breathes the dust
that rises from the roads,
unfailingly loses his sense of
smell. The same thing
happens to those who
smoke a lot, especially
tobacco from Spain; and

(continued on next page)
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Table 1 (continued)

Type  Denomination French definition English translation
vient de ce que ces choses this is because these things
dessechent les fibrilles dry out the nervous fibrils
nerveuses & les rendes and make them insensitive
insensibles aux impressions to sensations from the
de dehors. On peut rapporter  outside. We can report here
ici la perte de ’odorat, the loss of sense of smell
occasionnée par des calculs caused by stones forming in
qui se forment dans les the nostrils.”
narines. »

7 anosmia “Anosmie paralytique. C’est “Paralytic anosmia. It is the

paralytica celle qui accompagne les one that accompanies the

maladies soporeuses, & les
différentes especes de
paralysies, & qui est
occasionnée par lobstruction
et la compression des nerfs
olfactifs.”

soporific diseases and the
different species of
paralysis, and that is
caused by the obstruction
and compression of the
olfactory nerves.”

This is adapted from « Boissier de Sauvages F. V. Anosmia, perte d’odorat; Olfactis
amissio, Sennert; Chasemie, d’Haly-Abbas. In: Boissier de Sauvages F, ed. Nosologie
méthodique, ou distribution des maladies en classes, en genres et en especes, suivant
Uesprit de Sydenham, & la méthode des botanistes. Lyon: JM Bruyset, 1772; pp
174-177" [25] (translated from the French).

not (“anosmia ab ozoena”), or due to various substances (“anosmia a
siccitate” and “anosmia verminosa”) [25]. But he also reported on
“anosmia paralytica” due to “obstruction and compression of the olfactory
nerves”, without many details (Table 1) [25].

Many decades later, more details on “anosmia paralytica” were given
by Hippolyte Cloquet (1787-1840) who compiled several cases written
by earlier authors: loss of olfaction after the occurrence of a cerebral
abscess (frontal lobe); lesion of the ethmoid bone; a case related to a
tumor (“very hard stone”) of the brain; a case of a cerebral tumor com-
pressing the olfactory nerves [24]. Cloquet highlighted that “the loss of
olfaction is a necessary consequence of the absence of olfactory nerves” [24].
He also mentioned the possibility of “essential anosmia”, acquired or
congenital, that is “always annoying”, unlike “symptomatic anosmia”
which “disappears with the disease on which it depends” [24]. During the
19th century, anatomical knowledge grew, especially about the brain
function in olfaction [18].

For two centuries, many scientists developed tests to assess olfaction
in humans, such as Ernst Heinrich Weber (1795-1878) [26] or Hendrik
Zwaademaker (1857-1930) and his “olfactometer” he used to diagnose
“incomplete anosmia” [27]. Olfactory function may be tested by various
psychophysical measurements (detection and recognition threshold
tests, signal detection tests, quality discrimination tests, memory tests,
sniffin’ stick test for orthonasal olfaction, retronasal olfactory stimula-
tion using flavored aqueous solutions presented to the mouth, etc) and
imaging (magnetic resonance imaging, MRI) or functional imaging
(functional MRI) [1]. Electrophysiological measurements (electroen-
cephalography, chemosensory event-related potentials) may also help to
diagnose olfactory dysfunction. After Richard Caton (1842-1926)
demonstrated that electrical potentials could be measured directly from
the exposed surface of the cerebral cortex in animals (presented at the
“forty-third annual meeting of the British Medical Association”, Edin-
burgh, 1875) [28], Hans Berger (1873-1941) recorded the first human
“Elektrenkephalogramm” (EEG, as Berger coined it) in 1924 [29,30].
Interestingly, the phenomenon nowadays known as “Berger effect”
(reactivity of alpha rhythms to eyes opening) may also be evoked by
odorants [31]. However, if Ernst Fleischl von Marxow (1846-1891)
observed that brain electrical activity may be influenced by odorants
(response to ammonia presented to a rabbit’s nose), scalp-recorded EEG
by odorants was later demonstrated in humans in the 1960’s [32,33],
leading to the development of chemosensory event-related potentials
[34]. Moreover, smelling produces a voltage change between the surface
of the olfactory epithelium and any other point on the body (called
“electro-olfactogram”, EOG), as first shown by David Ottoson
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(1918-2001) in the frog (1954) [35], many years after the works of
Hosoya & Yoshida in the dog (1937) [36]; however, the first human
EOGs were only published in 1969 [37]. EOG is a helpful tool to provide
a complete picture of the processing of olfactory function, in combina-
tion with nasal endoscopy and air-dilution olfactometry [38].
Nowadays, we know that there are various etiologies for anosmia,
with two main categories identified: “conduction injuries” (due to le-
sions of nose or nasal cavities) and “neuronal injuries” (due to lesions of
olfactory neurons, olfactory bulbs or cerebral cortex) [1], as summarized
in Table 2. The most frequent causes of olfaction impairment are sino-
nasal diseases (7-56%), post-upper respiratory infection (18-45%),
head trauma (8-20%), toxic exposure (2-6%) and congenital disorders
(0-4%); olfactory disorders are idiopathic in up to 34% of cases [39].

4. Anosmia in neurology

More than simply playing a role in the enjoyment of food (by adding
richness, complexity, and variety), olfaction also influences people’s
social behavior, plays a special role in emotions and in memory for-
mation, and even may contribute to the choice of one’s sexual partner
[40]. As a consequence, impairing the ability to smell contributes to
reduced quality of life (QoL) related to social interactions, eating, and
feelings of wellbeing [40]. A reciprocal relationship has been noted
between olfaction and depression: patients with depression have
reduced olfactory performance, and patients with olfactory dysfunction
present some symptoms of depression (that worsen with the severity of
the loss of smell) [41]. So olfactory dysfunction has a negative impact on
daily life (decrease in QoL and reduced body-related self-esteem) and is
likely to predispose a person to a depressed mood [42], although
depressive symptoms are not always severe (probably because of
adaptation to the olfaction disorder in the long-term) [43]. Odor
perception has also an important role in conditioning social and repro-
ductive behaviors, with a role of some genes: precisely, odor perception
between heterosexual partners may have an impact on depression and
anxiety, possibly influenced by genetic variation in the OR7D4 (olfac-
tory receptor, family 7, subfamily D, member 4) gene [44] coding for
one of the most important odorant receptors on the plasma membrane of
olfactory sensory neurons (responding to sex steroid-derived odors as
androsterone andandrostadienone) in primates [45].

Global and local white matter network dysfunction of the brain have
been found in patients with anosmia and intact structural integrity
(without neurodegenerative disorder), these alterations being more
frequent in patients with retronasal olfaction deficit [46]. Finally,
impairment of olfaction is a common disorder in the general population,
this risk increasing in the elderly (up to a quarter of patients over the age
of 65 presenting impaired olfaction) [47,48]; but, anosmia is only pre-
sent in 4-6% of the population [49,50]. Atrophy in the primary olfactory
cortex (entorhinal cortex and amygdala) has been found in previous
studies in young adults with anosmia/hyposmia, supporting the hy-
pothesis of dysfunction and/or degeneration in areas critical to olfactory
processing as a major cause of olfactory deficits in the older population
[51]. Impaired olfaction may predict faster cognitive decline (with
lower volume in the fusiform gyrus and the middle temporal cortex,
including the hippocampus and entorhinal cortex) and indicate neuro-
degeneration in the brain among dementia-free older adults [52].
Recently, the “sniffing bead system” was specifically designed for
screening olfactory function in older adults [53].

Olfactory dysfunction may be a clinical sign of many neurodegen-
erative disorders, including Alzheimer’s disease, Huntington’s disease,
Parkinson’s disease, vascular dementia, frontotemporal dementia,
amyotrophic lateral sclerosis, progressive supranuclear palsy, Wilson’s
disease, idiopathic rapid eye movement sleep behavior disorder, etc.
[54]. In some cases, olfactory dysfunction may be a preclinical sign of a
neurodegenerative disorder, for example occurring many years (usually
4-8 years) before Parkinson’s disease [55]. In such conditions, a key
question remains: is neurodegeneration the basis for the perceptual
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Table 2

Main conditions associated with olfactory dysfunction.

Conduction injuries (nose
and nasal cavities)

Neural injuries (olfactory
neurons to cerebral cortex)

Infection - infectious rhinosinusitis
(viral, bacterial or fungal)
Medications -rhinitis medicamentosa by

using topical decongestants
(oxymetazoline,
phenylephrine, ...) or oral
medications (sympathetic
amines, etc)
-local anesthetics (cocaine,
procaine, tetracaine)
-intranasal saline solution
(acethylchonine or acetyl-
p-methylcholine, zinc
sulfate, strychnine, etc)
Toxics -cocaine
-menthol, pepper, oil of
peppermint, spices, etc

Inflammation -chronic atrophic rhinitis
(syphilis, leprosy, purulent
sinusitis, radiotherapy, etc)
-vasomotor rhinitis
-inflammatory obstruction
of the olfactory clefts
Tumor -nasal polyposis
-intranasal neoplasm
(adenocarcinoma, leukemic
infiltration, etc)
-nasapharyngeal tumor
(neurofibroma,
schwannoma, etc)
-osteoma,

Allergy -allergic rhinosinusitis
(perennial, seasonal)

Nutritional/ -

metabolic

disorders
Degeneration -
Traumatism -deviated nasal septum
Genetic -cephalocele

disorders

Iatrogen causes

-COVID-19

-AIDS (dementia)

-Influenza

-Rickettsia

-Herpes simplex
-neurosyphilis

-meningitis

-anelgesics (antipyrine,
codeine, morphine)
-antimicrobials (griseofulvin,
macrolides, neomycin,
tetracyclines, lyncomycin,
antivirals, etc)

-myorelaxants

-hypnotic agents

-adrenal steroids (chronic use)
-methotrexate

-mercury/gold salts
-cimetidine

-alcohol

-heavy metal (mercury, nickel,
cadmium, lead, manganese, etc)
-acetone, acrylate,
trichloroethylene, benzene,
butylacetate, coke/coal
-multiple sclerosis

-Sjogren’s syndrome

-neuro-olfactory tumor

- frontal or temporal cerebral
tumor, abscess or metastasis
-parasagittal meningioma
-tumor of the corpus callosum
-para-optic chiasma tumor
(aneurysm,
craniopharyngioma, pituitary
tumor)

-osteoma

-chronic renal failure
-abetalipoproteinemia
-cirrhosis of liver
-copper deficiency
-zinc deficiency
-vitamin deficiency (B1, B6,
B12)

-gout

-diabetes
-hypothyroidism
-Addison’s disease
-Cushing’s syndrome
-Froelich’s syndrome
-panhypopituitarism
-Whipple’s disease
-Amyotrophic lateral sclerosis
(ALS)

-Guam ALS/dementia
-Alzheimer’s disease
-Parkinson’s disease
-Huntington’s disease
-Korsakoff’s syndrome
-head trauma
-traumatic blow
-haemorrhage
-Kallman’s syndrome
-Down syndrome
-familial dysautonomia
-Refsum’s disease
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Table 2 (continued)

Conduction injuries (nose
and nasal cavities)

Neural injuries (olfactory
neurons to cerebral cortex)

-nasal surgery
-radiotherapy
-Munchausen’s syndrome

-cranial or brain surgery
-radiotherapy

-olfactory reference syndrome
-schizophrenia/schizotypy
-depression

-anorexia nervosa
-attention deficit disorder
-hysteria

-Paget’s disease -hydrocephalus

-chronic obstructive -stroke

pulmonary disease -migraine

-seizure (temporal lobe
epilepsy)
-psychosis/depression
-myasthenia gravis

-aging

Psychiatric
disorders

Miscelleanous

differences in olfaction, or are disease-specific or other entities (respi-
ratory infections or pollution) responsible for this association [54]?
Most of the neurological causes of anosmia are neurodegenerative, but
profound olfactory dysfunction is also observed in non-degenerative
neurological disorders such as myasthenia gravis that seems to influ-
ence olfactory function to the same degree as that observed in a number
of neurodegenerative diseases in which CNS cholinergic dysfunction has
been documented [56]. Olfactory disorder, also common in many psy-
chiatric disorders (depression, schizophrenia, bipolar disorder, etc)
[57]1, may be observed in many other neurological diseases.

In 1821, Cloquet distinguished between ‘“constitutional” and “ac-
quired” anosmia [58], but Otto Charles Glaser (1880-1851) was prob-
ably the first to consider the possibility of hereditary cases of anosmia,
writing that ‘“smell-blindness’ is heritable” [59]. Congenital anosmia
(absence of sense of smell from birth) may be divided into “syndromic
congenital anosmia” and “isolated congenital anosmia” (when anosmia
is the only symptom and for which no disease-causing gene was iden-
tified) [60]. Kallmann syndrome (characterized by hypogonadotroph
hypogonadism and anosmia/hyposmia) is a classical cause of congenital
syndromic anosmia, with many causative genes (KAL1/ANOS1, KAL2/
FGFR1, FGF8, CHD7, PROK2, etc.; most mutations are inherited in X-
linked, autosomal dominant, or autosomal recessive pattern, but many
genes interact with each other in an oligogenic manner) [61], and
anosmia may be also associated with Klinefelter syndrome (primary
hypogonadism) [62], as it may be part of other syndromes such as
Refsum disease (associated with retinis pigmentosa, deafness, demye-
linating polyneuropathy, ataxia or ichtyosis) [63], congenital insensi-
tivity to pain (SCN9A gene mutations causing disrupted synaptic
signalling at the primary sensory axon terminal) or some ciliopathies
[60]. In Down syndrome (trisomy 21), olfaction is severely impaired,
usually appearing at a relatively young age: in such cases, olfactory
performance correlates with cognitive performance, so the olfactory
deficit may represent an early indicator of neurodegenerative events
(similar to those in Alzheimer’s disease) in this population [64].

Olfactory disturbance may also be the consequence of trauma,
affecting either the peripheral or the central pathways of olfactory sys-
tem, or even the secondary olfactory centers (such as orbitofrontal
cortex): its incidences ranges from 4 to 60%, increasing with the severity
of the head trauma [65]. Spontaneous recovery of olfactory function
may occur over time, possibly due to a role of the subventricular neu-
rogenesis and the increase in glomerular dopaminergic interneurons of
the olfactory bulbs: despite no specific treatment, olfactory training may
be a beneficial therapy in such conditions [66]. Finally, some studies
also found that olfactory dysfunction frequently occurs in stroke patients
(hyposmia and functional anosmia, more than complete loss of smell),
suggesting the inclusion of olfactory assessment in clinical practice [67].
In contrast to congenital anosmia or anosmia due to age and
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neurodegenerative diseases, drug-induced disorders may regress after
cessation of treatment [68]. Similarly, disorders following infection or
head trauma seem to subside during the first year after injury, some-
times beyond [69].

5. Anosmia, infection and COVID-19

Olfactory functioning can be categorized as a range of normal
(normosmic) to diminished (hyposmic) and absent (anosmic) ability to
detect and correctly label odors. The main cause of chronic loss of smell
remains upper respiratory infections, especially the common cold,
influenza, pneumonia, or human immunodeficiency virus: such in-
fections are associated with “dysosmia” (any distortion of the perception
of smell, including “parosmia” and “phantosmia”), then, with time,
sometimes anosmia [1]. Parosmia (also called “troposmia”) corresponds
to the distortion of perceived odor quality, usually described as a “foul”,
“rotten”, “sewage” or “burn” smell, most commonly elicited by some
odorants (mainly gasoline, tobacco and coffee): its prevalence ranges
between 2.1% [49] and 3.9% [70]. The origin of parosmia in unclear but
could be explained by a “peripheral theory” (the loss of functioning
olfactory neurons results in the inability to form a complete picture of
the odorant) and a “central theory” (the integrative or interpretive
centers in the brain form a distorted odor) [71]. Phantosmia is a phan-
tom olfactory sensation (olfactory hallucination, or “phantom odor™),
usually unpleasant, with no apparent olfactory stimulus: its prevalence
is estimated to be 0.8% [49].

Aulus Cornelius Celsus (25 BCE-50 CE), based on Hippocrates
observation of “coryza” (rhinitis inducing transient anosmia by nasal
congestion), suggested that some cases of “phthisis” may be due to
catarrh of the upper limbs [72]. In 1912, by producing experimental
poliomyelitis following the application of the active poliovirus to the
nasal mucous membrane, Simon Flexner (1863-1946) and Paul Franklin
Clark (1882-1983) demonstrated that a microorganism may enter the
body and reach the CNS through the nose [73]. Since then, many viruses
(herpes simplex, influenza, etc) have been shown to have similar prop-
erties [74]. As with other respiratory viruses, coronaroviruses (named
for the crown-like spikes on their surface) also have a propensity for
neuroinvasion [75]. The spike proteins (S) are membrane-anchored
trimers containing a receptor-binding (RBD) S1 segment (RBD binds to
angiotensin-converting enzyme-2, or ACE2) and a membrane-fusion S2
segment: the binding of the S segment to the ACE2 receptor is correlated
with coronavirus infectivity in the targeted tissue, governing clinical
outcomes [76]. SARS-CoV-2 (severe acute respiratory syndrome
coronavirus-2) is responsible for the current coronavirus disease 2019
(COVID-19) pandemic, with 127,749,710 million patients diagnosed
(2,794,174 deaths) worldwide by March 30th 2021 (https://gisanddata.
maps.arcgis.com/apps/opsdashboard/index.html#/bda7594740fd4
0299423467b48e9%ecf6). Recently, a renewed interest in olfaction was
observed following the observation of numerous cases of anosmia due to
COVID-19: the first cases of anosmia and dysgeusia were observed in
China, Italy, and Iran, before many cases were observed in other clusters
[77]. Because SARS-CoV-2 virus causes reduction of smell and taste in a
significant fraction of COVID-19 patients (incidence: 33.9-68%; preva-
lence: 86%) [78,79], there was evidence for considering dysosmia/
anosmia as a symptom of COVID-19 infection; some patients also present
solely with this symptom [80]. Observing that 44% of anosmic and 50%
of hyposmic COVID-19 patients did not report having olfactory prob-
lems, a good tool to detect anosmia in such patients seems to be the
“sniffin’ stick test” [80]. Parosmia and phantosmia were also reported in
COVID-19, respectively in 22% and 21% of the patients in the study of Le
Bon et al [81]. The prognosis for olfaction considered as favorable:
anosmia/hyposmia usually persisted beyond 5 days (about 72.6% of
anosmic patients recovered olfactory function within the first 8 days)
[79], and most of the patients recovered by 30 days [82]; when olfactory
dysfunction due to SARS-Cov-2 infection persists beyond 2 weeks, a
therapy should be considered, especially olfactory training [83].
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However, in the study of Le Bon et al, five weeks after developing sudden
olfactory loss due to COVID-19, more than a third of patients displayed
olfactory dysfunction according to psychophysical testing, suggesting
potential peripheral neurosensory damage [81]. So anosmia may be
persistent, and olfactory mucosa presenting with persistent loss of smell
may reveal the presence of viral transcripts and of SARS-CoV-2-infected
cells [84]. The pathogenic mechanism of this olfactory dysfunction re-
mains unclear: postviral anosmia in the setting of upper respiratory tract
infection is usually related to mucosal congestion and nasal obstruction
(conductive olfactory loss) [85], but sinonasal symptoms are not
frequent in COVID-19, suggesting that mechanisms other than sinonasal
obstruction may play a role [86].

On 4 March 2020 (Beijing Ditan Hospital, China), the first study on
neurological disease following SARS-CoV-2 virus infection was reported,
some patients having positive CSF for SARS-CoV-2 (by gene
sequencing), even though most patients with SARS-CoV-2 infection do
not test positive for the virus in CSF [87]. To date, various neurological
manifestations (other than anosmia/dysgeusia) have been described in
COVID-19: headache, dizziness, impaired consciousness, cerebrovascu-
lar accident, acute necrotizing encephalopathy, meningo-encephalitis,
acute inflammatory polyradiculoneuropathy, myalgia and psychiatric
symptoms (depression, anxiety, insomnia) [88]. The exact mechanism of
SARS-CoV-2 neuroinvasion is still unclear, but two main penetration
routes were first suggested. In the “hematogenous route”, it was hy-
pothesized that the spread of SARS-CoV-2 across the blood-brain barrier
(BBB) could be the consequence of infection of the brain microvascular
endothelial cells (or BMEC, lining the brain capillaries), via interactions
of the S-protein of SARS-CoV-2 with ACE2 on the BMEC cell surface,
facilitating the entry of virus into the CNS; the other hypothesis is the
“trans-synaptic spread” through the olfactory nerve and/or the hypo-
glossal, facial, glossopharyngeal and vagus cranial nerve: the neuronal
expression of ACE2 could facilitate SARS-CoV-2 infection through the
uptake into dendrites and soma [88,89]. Two other mechanism were
suspected: the “immune cell route” (infection of epithelial respiratory
cells, then of the resident immune cells that could carry SARS-CoV-2 to
various organs, including the CNS) and the “autoimmune mechanism”
[88]. It was also proposed that the immune phenomena leading to multi-
organ damage in some COVID-19 patients could be explained by mo-
lecular mimicry (MM): MM between the SARS-CoV-2 protein ORF7b
(Open Reading Frames 7b) and OR7D4 could explain anosmia; in the
same way, MM between the SARS-CoV-2 protein ORFlab and PARP9
(Poly-ADP-Ribose-Polymerase Family Member 9) could explain leuko-
penia, MM between the SARS-CoV-2 nucleocapsid phosphor-protein and
SLC12A6 (Solute Carrier Family 12 Member 6) could explain vascular
damage [86]. Thus, once in the CNS, SARS-CoV-2 can reside either
quiescent, or eventually be active leading to severe acute encephalitis
(with neuroinflammation and prolonged neuroimmune activation) [89].
But, a question remains: are these neurological disorders directly due to
viral invasion of the CNS, or can they be caused by indirect mechanisms
[88]? The evidence of a causal relationship between SARSCoV-2 and
autopsy brain findings remains equivocal (large and small infarcts,
microhaemorrhages, focal parenchymal infiltrate of T-cells, etc), but this
probably represents a combination of direct cytopathic effects mediated
by SARS-CoV-2 replication or indirect effects due to respiratory failure,
injurious cytokine reaction, reduced immune response and cerebrovas-
cular accidents induced by viral infection [88]. According to Matschke
et al., the neuropathological changes in patients with COVID-19 seem to
be mild, with pronounced neuroinflammatory changes in the brainstem
as the most common finding: in their study, SARS-CoV-2 RNA or pro-
teins were detected in the brain of 21 (53%) of 40 examined patients,
with SARS-CoV-2 viral proteins found in cranial nerves originating from
the lower brainstem and in isolated cells of the brainstem (Fig. 1) [90].

For the olfactory system and COVID-19, we know that: a) the sus-
tentacular cells (supporting cells) of the olfactory epithelium (expressing
high levels of ACE2 and the cell surface-associated protease called
“transmembrane protease serine 2” or “TMPRSS2”, allowing viral entry
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following binding of the viral spike protein to ACE2) are the primary
target and entry point of SARS-CoV-2 (initiating a series of events
leading to dysosmia/anosmia) (Fig. 1), b) some findings are consistent
with an inflammatory olfactory neuropathy (prominent leukocytic in-
filtrates in the lamina propria, focal atrophy of the mucosa, and diges-
tion chambers in the olfactory nerve fibers), and c) desquamation of the
olfactory neuroepithelium leads to loss of olfactory cilia [91]. Thus, it
was confirmed that SARS-CoV-2 can also enter the nervous system by
crossing the neural-mucosal interface in olfactory mucosa: SARS-Cov-2
RNA and proteins were found in olfactory bulb, olfactory tubercle,
brainstem and cerebellum (Fig. 1) [92]. Microbleeding or abnormal
enhancement of the olfactory bulbs were reported on MR imaging of
some COVID-19 patients (by using sequences with coronal thin-slice pre-
and/or post-gadolinium fat-suppressed TIWI in the anterior fossa of the
cranium) [93]. Moreover, a few COVID-19 patients may experience
more persistent olfactory dysfunction: in such patients, there is MRI
evidence of the development of olfactory bulb atrophy [94]. As pointed
out below, the olfactory dysfunction in Alzheimer’s disease is well
recognized, largely due to the accumulation of neurofibrillary tangles in
central olfactory regions, especially the entorhinal cortex and hippo-
campus (this regions being considered to be among the first areas
affected by the pathologic changes of classical Alzheimer’s disease)
(Fig. 1) [95]. It was also shown that people carrying one or two copies of
the epsilon-4 allele of apolipoprotein E4 (ApoE4), a key associated ge-
netic risk factor for late onset Alzheimer’s disease, develop significant
odor recognition deficits in comparison to those not carrying this
haplotype [96]. So recently, as highlighted by some authors (and
considering the high prevalence of anosmia in patients with mild-to-
moderate forms of COVID-19), the question of whether SARS-CoV-2
infection will be associated with an increased risk and rate of future
neurodegenerative disorders remains open and subject to speculation
[89,97]. According to Manzo et al., a hypothesis could be that SARS-
CoV-2 may be an increased risk factor for future dementia in anosmic
patients with ApoE4 (higher than in ApoE4 patients with anosmia not
induced by SARS-CoV-2), combined with virus-induced chronic modi-
fications in the CNS, so these authors suggest a long-term follow-up of
COVID-19 patients who develop olfactory dysfunction [97].

6. Conclusion

Centuries of researches have led to a better understanding of the
anatomical bases and physiological mechanisms of olfaction, as well as
the pathologies leading to olfactory dysfunction. Although the current
COVID-19 pandemic has attracted considerable interest in anosmia,
olfaction and its links with neurodegenerative disorders are not fully
understood. Finally, we believe that physicians need to be aware of the
olfactory deficits that may accompany or precede various disorders,
neurological or not, and to consider assessment of olfactory function in
clinical practice.
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