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ABSTRACT
Coronavirus disease 2019 (COVID-19) is an acute infectious respiratory disease (AIRD) caused by infection with the new severe 
acute respiratory syndrome coronavirus 2 (SARS-CoV-2). The first cases were diagnosed and reported in Wuhan, central China, 
in November 2019. The disease initially occurred locally. However, the number of infected individuals increased dynamically 
and spread worldwide. The most common symptoms of the SARS-CoV-2 infection include malaise, fever, dry cough and dysp-
noea. Over time, reports of new COVID-19 symptoms included taste and smell disorders. A potential cause of these disorders 
is related to neurotropism, i.e. the affinity of SARS-CoV-2 to the nervous system. Angiotensin-converting enzyme 2 receptor is 
essential in the pathogenesis of SARS-CoV-2 infection. The receptor is found in many tissues and organs, including the olfactory 
epithelium, neurons and neuroglial cells. Another potential cause is neuroinvasiveness, i.e. the ability of the virus to invade the 
central nervous system, and thereby damage its structures. As a result, olfactory disorders may occur. Other concepts, such as 
the inflammatory response of the body and the concept of stroke or damage to olfactory supporting cells, are also considered.
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Introduction 

In November 2019, coronavirus disease 2019 (COVID-19) 
caused by infection with the new severe acute respiratory syn-
drome coronavirus 2 (SARS-CoV-2) was first diagnosed and 
reported in Wuhan, China. The epidemic initially occurred 
locally, with the first cases detected in individuals at a sea-
food market [1]. Over time, the number of patients increased 
rapidly and spread worldwide, reaching even Antarctica 
[2, 3]. Coronaviruses are RNA viruses that were originally 
associated with mild upper respiratory infections. However, 
in 2002, the first cases of severe acute respiratory syndrome 
(SARS) were reported in China. This syndrome causes severe 
respiratory failure due to an uncontrolled immune response 
leading to significant lung damage. The mortality rate for 
SARS is estimated to be 11% [4]. The first cases of Middle East 
Respiratory Syndrome (MERS), also caused by coronavirus 

infection, were reported in Saudi Arabia in 2012. The course 
of the disease can be asymptomatic or symptomatic. The 
symptoms may include a mild cold with flu-like symptoms 
or pneumonia. Furthermore, severe acute respiratory distress 
syndrome (SARS), multiple organ failure and death can also 
occur. Frequent gastrointestinal complaints and kidney failure 
are also common. 

MERS has a high mortality rate of up to 35%. However, it 
is characterised by relatively low infectiousness [5]. In turn, 
the COVID-19-related mortality rate ranges from 2.3–7.2% 
due to the different courses of the disease resulting from age, 
race and comorbidities [6]. SARS-CoV-2, SARS-CoV-1 and 
MERS-CoV are coronaviruses of animal origin (zoonoses) [7].

COVID-19 is the first pandemic to have been caused by 
coronaviruses and the fifth documented pandemic overall, 
starting from the Spanish flu outbreak in 1918 [8]. From the 
outbreak of the COVID-19 pandemic until 29 October 2022, 
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more than 626 million cases of infection and more than 
6.5 million deaths had been confirmed worldwide [9]. Of 
note, the pandemic has had a devastating impact on the global 
economy and social life caused by many restrictions whose 
aim was to limit the spread of the virus [10], which occurs 
via airborne particles and droplets through direct contact 
with a sick person or contact with contaminated objects and 
other surfaces. Therefore, maintaining social distance and 
personal protective measures are of vital importance [6, 11]. 
The introduction of the COVID-19 vaccines was a significant 
breakthrough in the fight against the pandemic in November 
2020. The vaccines reduce the risk of disease, hospitalisation 
and death, and carry a low risk of adverse reactions [12, 13]. 

Fever, dry cough, malaise and shortness of breath (dysp-
noea) are the most common symptoms of SARS-CoV-2 in-
fection [11]. However, smell and taste disorders became the 
symptoms increasingly reported by patients. Indeed sometimes 
such symptoms were the only symptoms reported. In our study, 
we focused on olfactory and taste disorders in COVID-19, 
paying particular attention to possible causes of their occur-
rence, including potential neurotropism, i.e. the affinity of 
SARS-Cov-2 to the nervous system.

Smell and taste disorders and other 
symptoms of COVID-19

During the first months of the COVID-19 pandemic, re-
searchers paid special attention to the most common systemic 
symptoms, such as fever, dry cough, malaise, or shortness 
of breath.   In their meta-analysis summarising 54 papers, 
Alimohamadi et al. found fever (81.2%), cough (58.5%), fatigue 
(38.5%), and dyspnoea (26.1%) to be the most prevalent symp-
toms. Of note, of these 54 reports, as many as 50 came from 
China [14]. In another meta-analysis, Grant et al. summarised 
the symptoms in 24,410 patients from nine countries based 
on 148 papers (127 of them from China). The most prevalent 
symptoms were fever (78%), cough (57%) and fatigue (31%). 
Smell disorders were very rare, being found in 317 (1.3%) pa-
tients [15]. Over time, the virus spread to other countries and 
continents. As a result, new reports began to appear, describing 
patients from many countries and races. New symptoms were 
often reported. Their severity and type were related to patients’ 
age, the time elapsed since infection, and the occurrence of 
comorbidities. In their meta-analysis, Aziz et al. summarised 
reports from European, Asian and North and South American 
countries that included the symptoms of 11,074 patients with 
COVID-19. Of the 51 papers, only three came from China. 
Smell disorders were found in many patients (52%) [16]. The 
above differences may have been due to the fact that at the be-
ginning of the pandemic, more attention was paid to the most 
prevalent severe systemic symptoms that could be health- and 
life-threatening. Smell and taste disorders in COVID-19 may not 
have been included since they may well have been considered 
less important. Early identification and diagnosis of systemic 

symptoms were significant for adequate treatment and isolation 
of patients. These differences may have been caused by muta-
tions of the virus that could have led to different symptoms. 
They may also have been due to genetic and racial variability of 
patients, and hence a different immune response to infection and 
a diversity of symptoms. Over time, smell and taste disorders in 
COVID-19 were recognised as the early indicator of the disease. 

Callejon-Leblic et al. analysed symptoms in 777 patients, 
and observed that smell and taste disorders correlated with 
a subsequent diagnosis of COVID-19 with an accuracy of 80%, 
sensitivity of 82%, and specificity of 78% [17]. Smell and taste 
disorders were also analysed as predictors of disease severity 
and subsequent hospitalisation. In their meta-analysis, Purja 
et al. noted a lower prevalence of smell and taste disorders 
in patients with severe disease and in those who required 
hospitalisation [18]. Next to smell and taste disorders, the 
occurrence of a wide range of other neurological disorders in 
COVID-19 was also significant. These symptoms could have 
resulted from damage to the central nervous system, such as 
encephalitis, headache, or encephalopathy, as well as to the 
peripheral nervous system, such as Guillain-Barré syndrome, 
or skeletal muscle symptoms (myalgia and myasthenia gravis). 
Delirium and psychosis were also reported [19, 20]. 

Anatomy and characteristics of olfactory 
epithelium

The olfactory epithelium is located in the upper nasal cavities, 
in the area known as the olfactory field or olfactory region. It 
occupies an area of about 4–6 cm2. It is formed by the upper nasal 
concha with the adjacent upper part of the nasal cavity. Sometimes 
the olfactory field reaches the middle concha [21]. The approx-
imate location of the olfactory epithelium is given in Figure 1.

The olfactory epithelium is composed of basal cells, ol-
factory sensory neurons (bipolar neurons) and sustentacular 
(or supporting) cells. It is covered with mucus produced 
by Bowman’s glands on the lamina propria of the mucous 
membrane and by the secretion of goblet cells and supporting 
cells of the olfactory epithelium. The mucus contains odorant- 
-binding proteins essential for binding odorants to bipolar 

Upper nasal concha  
with the adjacent 
upper part of the nasal cavity

Figure 1. Approximate location of olfactory epithelium (olfactory field)
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cell receptors [22]. The structure of the olfactory epithelium 
is shown in Figure 2. 

The olfactory epithelium, including bipolar cells, is charac-
terised by high regenerative abilities after damage and constant 
cell replacement. However, these abilities decrease as a result of 
ageing, neurodegenerative diseases (e.g. Alzheimer’s Disease, 
Parkinson’s Disease), chronic and acute inflammation (e.g. 
chronic sinusitis, chronic rhinitis), and as a result of surgical 
treatment of the anterior cranial fossa [22, 23]. 

Does SARS-CoV-2 virus have neurotropic 
properties?

The neurotropism of the SARS-Cov-2 virus can be under-
stood as its affinity and ability to penetrate, and replicate with-
in, cells of the nervous system. Angiotensin-converting enzyme 
2 (ACE2) is vital in this process. This is the main membrane 
receptor for SARS-Cov-2 to which the virus attaches via the 
spike protein. In addition, transmembrane serine protease 2  
(TMPRSS2), which catalyses this process, is also crucial [24]. 
SARS-CoV-2 has a high affinity to the ACE2 receptor. It binds 
to this receptor 10–20 times more strongly than SARS-CoV. 
ACE2 is a commonly found receptor in the human body. It 
is located in the vascular endothelium, skeletal muscle, and 
nervous system cells. As a result, it can infect many organs 
and tissues [25]. In the brain, ACE2 is highly expressed in the 
choroid plexus, olfactory bulb and paraventricular nuclei of the 
thalamus [26, 27]. It is present in neuronal and non-neuronal 
cells of the central nervous system, such as endothelial cells 
and neuroglial cells (astrocytes and oligodendrocytes). 

However, the highest expression of this receptor is found 
in excitable nerve cells of the medial temporal gyrus and 
posterior cingulate cortex. Note that very low expression 
of ACE2 is found in the hippocampus, which is the cortical 
olfactory centre [27]. When analysing neurotropism as a po-
tential feature of the SARS-CoV-2 virus, three possible ways 
in which the virus could enter the CNS should be considered:

Figure 2. Structure of olfactory epithelium

I.  Blood-borne route via the systemic circulation. Crossing  
the blood-brain barrier (BBB) is crucial for the entry 
of SARS-CoV-2. One of the theories about the penetra- 
tion of SARS-CoV-2 through the BBB is its ability to infect 
the endothelium of BBB vessels due to the presence of the 
ACE2 receptor in its cells [28]. Another potential cause is 
the ability of the virus to induce a cytokine storm, i.e. an 
excessive inflammatory and immune response which is 
typical of COVID-19. This results in increased permeabil-
ity of the BBB by the increased inflammatory response of 
the vascular endothelium [29]. Another theory is related 
to the possibility of the virus entering the CNS through the 
mechanism known as the Trojan horse. It is possible that 
infected leukocytes, which express ACE2, can carry SARS- 
-CoV-2 across the BBB to infect the CNS. This is facilitated 
by the increased production of leukocytes during infection 
and hypoxia often associated with COVID-19 [30]. The 
rich blood supply of the nasal mucosa and olfactory epi-
thelium, as well as their vascular connection to the brain, 
may also be important in the blood-borne mechanism of 
viral access to the CNS [31].

II.  Peripheral nerve route. Another possible route of infec-
tion is penetration of SARS-CoV-2 through the axons 
of the peripheral nerves. The following may be of vital  
importance: the trigeminal (V) and olfactory (I) nerves 
due to innervation of the nasal cavities, the vagus nerve 
(X) innervating the lower respiratory tract, and the glos-
sopharyngeal (IX) and facial (VII) nerves innervating the 
upper respiratory tract. Of the above nerve pathways, no 
evidence of viral invasion via the glossopharyngeal or 
facial nerves has been reported yet [32]. 

III.  Lymphatic route. The exact structure of the lym-
phatic system of the brain is not fully understood. 
It must be underlined that there is no classical lym-
phatic system in the CNS. However, it may be relat-
ed to the pathogenesis of neuroinvasiveness of SARS-
CoV-2. Bostancikliogliu proposed the thesis that the  
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olfactory and cervical lymphatic vessels could be part of  
the lymphatic drainage of the brain, which could provide 
a direct entry route for SARS-CoV-2 to the CNS [33].

Possible mechanisms of smell disorders  
in COVID-19

Local/systemic inflammation
An important aspect of a viral infection such as 

COVID-19 is related to increased inflammatory parameters 
in the serum of patients. This phenomenon can affect the 
occurrence of hyposmia. As early as 2013, Henkin et al. noted 
a clear relationship between the severity of systemic or local 
inflammation and the loss of smell. Levels of IL-6 were meas-
ured in samples of plasma, urine, saliva, and nasal mucus. The 
levels of IL-6 in nasal mucus were higher than those in any 
other biological fluid [34]. The above thesis may be confirmed 
by the occurrence of hyposmia in chronic systemic inflamma-
tory rheumatic diseases, such as rheumatoid arthritis [35] or 
granulomatosis with polyangiitis [36]. In turn, Cazzolla et al. 
analysed serum IL-6 levels in patients with COVID-19 and 
found a correlation between increased serum IL-6 levels and 
the severity of olfactory impairment. In addition, it was noted 
that as hyposmia resolved, IL-6 levels decreased. Of note, there 
have also been frequent cases of a short duration of hyposmia 
in COVID-19, which may suggest the effect of local inflamma-
tion on olfactory receptor cells, rather than their permanent 
damage resulting from the SARS-CoV-2 infection [37].

Indirect damage to bipolar receptor cells  
and olfactory bulb neurons

As mentioned above, ACE2 receptor is a key enzyme in 
the aetiopathogenesis of the SARS-CoV-2 infection. It is found  
in the cells of many organs and tissues. However, ACE2 is not 
expressed in bipolar receptor cells or olfactory bulb neurons. 
The expression of ACE2 in non-neuronal cells of the olfactory 
epithelium, such as supporting cells and vascular pericytes, is also 
important. They are significant for the normal functioning of the 
olfactory epithelium through the delivery of nutrients and oxygen, 
and the removal of metabolic products [37, 38]. Therefore, olfac-
tory impairment may be the result of indirect damage to neuronal 
and receptor cells due to a lack of nutrition resulting from the 
destruction of supporting cells by SARS-CoV-2. A potential cause 
of olfactory impairment in COVID-19 is also the effect of SARS-
CoV-2 on olfactory epithelial cells at the molecular level. The viral 
infection causes a decrease in the activity of olfactory receptors 
and their signalling pathways. This is caused by reorganisation 
of the nuclear architecture of neuronal cells, which results in 
dispersion of the genes encoding olfactory receptors [40].

Concept of stroke/brain tissue damage
As stated previously, SARS-CoV-2 is neuroinvasive 

and can cause changes in the CNS. The causes of stroke in 
COVID-19 are usually complex and result from three factors 

known as Virchow’s triad. They can occur due to venous sta-
sis resulting from patient immobilisation during treatment, 
vascular endothelial injury resulting from the inflammatory 
response, and coagulopathy as a result of a generalised inflam-
matory response [41].

Nannoni et al. performed a meta-analysis that included 
108,571 patients with COVID-19. Acute cerebrovascular dis-
ease was found in 1.4%. The most common manifestation was 
ischaemic stroke (87.4%), while intracerebral haemorrhage  
was much less prevalent (11.6%). The risk of stroke was sig-
nificantly increased by cardiovascular disease, diabetes, and 
smoking [42]. However, when analysing the stroke/vascular 
aetiology of olfactory impairment in COVID-19, it is impor-
tant to consider the relatively rapid recovery of the sense of 
smell in patients. Printza et al. reported that the great majority 
of patients (88%) had recovered their sense of smell by 61 days 
[43]. In another paper, McWilliams et al. summarised the 
severity of olfactory impairment during a 2-year follow-up. 
38.2% of patients reported complete recovery, 54.3% partial, 
and 7.5% no recovery [44]. Based on the above, it can be 
concluded that the recovery of smell function in most patients 
was reported in a relatively short period of time. However, 
in some patients recovery was longer, or no recovery was 
reported. Neurological recovery in stroke patients is usually 
the highest during the first weeks of rehabilitation, reaching 
a plateau after three months. Six months after the occurrence 
of stroke, the effects of rehabilitation are usually lower [45]. 
Analysing the duration of symptoms, it is difficult to conclude 
whether olfactory impairment is related to the stroke/vascular 
concept of the CNS, since the recovery of smell function is 
characterised by relatively high variability in patients. Of note, 
stroke must involve the structures of the olfactory pathway 
to lead to olfactory impairment. Given the above-mentioned 
prevalence of stroke in COVID-19 (1.4% of cases), the concept 
of stroke would seem to be only a marginal cause of olfactory 
disorders in COVID-19.

Is COVID-19-related hearing loss also an 
example of SARS-CoV-2 neurotropism?

As the pandemic continued, there were reports of new 
disease symptoms, including hearing loss.  Jaffari et al. and 
Dusan et al. reported the prevalence of hearing loss at 3.1%  
and 40.5% respectively, which is a large discrepancy. Therefore, 
it is impossible to assess the approximate prevalence of hearing 
loss in COVID-19 patients [46, 47]. Uranaka et al. evaluated 
the expression of ACE2, TMPRSS2 and Furin in mouse ear 
tissue. ACE2 was present in the nucleus of the epithelium of 
the middle ear and Eustachian tube, as well as in some nuclei 
of the hair cells in the organ of Corti, in the stria vascularis, 
and the spiral ganglion cells. The expression of TMPRSS2 and 
Furin was also reported in the cochlea [48]. The presence of 
the above substances in the human ear is possible, but further 
studies are warranted to confirm it.
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Olfactory disorders in COVID-19 as  
a potential cause of neurodegeneration

Olfactory impairment is a common symptom in neuro-
degenerative diseases such as Parkinson’s and Alzheimer’s 
Diseases. Olfactory impairment is one of the initial symptoms 
of these conditions, and occurs long before cognitive impair-
ment or motor dysfunction. Indeed it is considered one of 
the clinical markers of the early stages of the disease [49, 50]. 
Damage to brain tissue in the area of the limbic system and 
the olfactory bulb in the early stages of the disease can lead 
to long-term hearing impairment, which is characteristic of 
both Parkinson’s and Alzheimer’s and can occur in the course 
of COVID-19 [51, 52]. Given the previously mentioned simi-
larities between neurodegenerative diseases and COVID-19, 
long-term olfactory loss with cognitive and emotional distur-
bances in the course of SARS-CoV-2 may be a symptom of 
dementia in the course of neurodegenerative processes [53]. To 
limit the extent of neurodegenerative processes in COVID-19, 
olfactory training is significant [54]. 

Conclusions 

The COVID-19 pandemic that began in November 2019 has 
caused millions of deaths and paralysed the global economy and 
social life. The most common symptoms of SARS-CoV-2 infection 
were systemic symptoms such as fever, shortness of breath, malaise 
and cough. Over time, reports of new non-specific symptoms during 
COVID-19 were published. They included olfactory and taste disor-
ders, which became characteristic features of the disease. Neurotropism, 
defined as the affinity to the nervous system and the ability of  
the virus to infect cells, was identified as a potential cause  
of these disorders. There have been several theories attempting to 
explain this phenomenon. 

The crucial role is attributed to ACE2, which is the mem-
brane receptor for the SARS-CoV-2 virus in many organs and 
tissues, including nervous tissue and the olfactory epithelium. 
It is also likely that the SARS-CoV-2 virus is characterised by 
neuroinvasiveness, i.e. the ability to invade the CNS, which can 
lead to olfactory disorders due to damage caused by the virus to 
CNS structures. Several potential pathomechanisms for these 
disorders are listed, i.e. inflammatory response, the concept of 
stroke, and damage to the supporting olfactory cells. This issue 
has not yet been fully understood, and requires further research.

Acknowledgements: The authors wish to thank Assistant 
Professor Arkadiusz Badziński, DHSc, for translating the 
manuscript. 
Conflicts of interests: None.
Funding: None.

References 

1. Worobey M, Levy JI, Malpica Serrano L, et al. The Huanan Seafood 
Wholesale Market in Wuhan was the early epicenter of the COVID-19 

pandemic. Science. 2022; 377(6609): 951–959, doi: 10.1126/scien-
ce.abp8715, indexed in Pubmed: 35881010.

2. Frame B, Hemmings AD. Coronavirus at the end of the world: An-
tarctica matters. Soc Sci Humanit Open. 2020; 2(1): 100054, 
doi: 10.1016/j.ssaho.2020.100054, indexed in Pubmed: 34173494.

3. Kumar A, Singh R, Kaur J, et al. Wuhan to World: The COVID-19 Pan-
demic. Front Cell Infect Microbiol. 2021; 11: 596201, doi: 10.3389/
fcimb.2021.596201, indexed in Pubmed: 33859951.

4. Chan-Yeung M, Xu RH. SARS: epidemiology. Respirology. 2003 Nov;8 
Suppl. (Suppl 1): S9–14.

5. Rabaan AA, Al-Ahmed SH, Sah R, et al. MERS-CoV: epidemiology, mo-
lecular dynamics, therapeutics, and future challenges. Ann Clin Micro-
biol Antimicrob. 2021; 20(1): 8, doi: 10.1186/s12941-020-00414-7, 
indexed in Pubmed: 33461573.

6. Chowdhury SD, Oommen A. Epidemiology of COVID-19. Journal of 
Digestive Endoscopy. 2020; 11(01): 03–07, doi: 10.1055/s-0040-
1712187.

7. Gautam A, Kaphle K, Shrestha B, et al. Susceptibility to SARS, 
MERS, and COVID-19 from animal health perspective. Open Vet 
J. 2020; 10(2): 164–177, doi: 10.4314/ovj.v10i2.6, indexed in 
Pubmed: 32821661.

8. Liu YC, Kuo RL, Shih SR. COVID-19: The first documented coronavirus 
pandemic in history. Biomed J. 2020; 43(4): 328–333, doi: 10.1016/j.
bj.2020.04.007, indexed in Pubmed: 32387617.

9. WHO COVID-19 Dashboard. Geneva: World Health Organization, 2020. 
Available online: https://covid19.who.int/ [29.10.2022].

10. Kolahchi Z, De Domenico M, Uddin LQ, et al. COVID-19 and Its Glo-
bal Economic Impact. Adv Exp Med Biol. 2021; 1318: 825–837, 
doi: 10.1007/978-3-030-63761-3_46, indexed in Pubmed: 33973214.

11. Hu B, Guo H, Zhou P, et al. Characteristics of SARS-CoV-2 and COVID-19.  
Nat Rev Microbiol. 2021; 19(3): 141–154, doi: 10.1038/s41579-020-
00459-7, indexed in Pubmed: 33024307.

12. Lin DY, Gu Yu, Wheeler B, et al. Effectiveness of Covid-19 Vacci-
nes over a 9-Month Period in North Carolina. N Engl J Med. 2022; 
386(10): 933–941, doi: 10.1056/NEJMoa2117128, indexed in 
Pubmed: 35020982.

13. Xing K, Tu XY, Liu M, et al. Efficacy and safety of COVID-19 vacci-
nes: a systematic review. Zhongguo Dang Dai Er Ke Za Zhi. 2021; 
23(3): 221–228, doi: 10.7499/j.issn.1008-8830.2101133, indexed 
in Pubmed: 33691913.

14. Alimohamadi Y, Sepandi M, Taghdir M, et al. Determine the most 
common clinical symptoms in COVID-19 patients: a systematic review 
and meta-analysis. J Prev Med Hyg. 2020 Oct 6. ; 61(3): E304–E312.

15. Grant MC, Geoghegan L, Arbyn M, et al. The prevalence of symp-
toms in 24,410 adults infected by the novel coronavirus (SARS-CoV-2;  
COVID-19): A systematic review and meta-analysis of 148 studies from  
9 countries. PLoS One. 2020; 15(6): e0234765, doi: 10.1371/journal.
pone.0234765, indexed in Pubmed: 32574165.

16. Aziz M, Goyal H, Haghbin H, et al. The Association of “Loss of Smell” 
to COVID-19: A Systematic Review and Meta-Analysis. Am J Med Sci. 
2021; 361(2): 216–225, doi: 10.1016/j.amjms.2020.09.017, inde-
xed in Pubmed: 33349441.

17. Callejon-Leblic MA, Moreno-Luna R, Del Cuvillo A, et al. Loss of Smell 
and Taste Can Accurately Predict COVID-19 Infection: A Machine-Lear-
ning Approach. J Clin Med. 2021; 10(4), doi: 10.3390/jcm10040570, 
indexed in Pubmed: 33546319.

18. Purja S, Shin H, Lee JY, et al. Is loss of smell an early predictor of  
COVID-19 severity: a systematic review and meta-analysis. Arch Pharm 
Res. 2021; 44(7): 725–740, doi: 10.1007/s12272-021-01344-4, 
indexed in Pubmed: 34302637.

http://dx.doi.org/10.1126/science.abp8715
http://dx.doi.org/10.1126/science.abp8715
https://www.ncbi.nlm.nih.gov/pubmed/35881010
http://dx.doi.org/10.1016/j.ssaho.2020.100054
https://www.ncbi.nlm.nih.gov/pubmed/34173494
http://dx.doi.org/10.3389/fcimb.2021.596201
http://dx.doi.org/10.3389/fcimb.2021.596201
https://www.ncbi.nlm.nih.gov/pubmed/33859951
http://dx.doi.org/10.1186/s12941-020-00414-7
https://www.ncbi.nlm.nih.gov/pubmed/33461573
http://dx.doi.org/10.1055/s-0040-1712187
http://dx.doi.org/10.1055/s-0040-1712187
http://dx.doi.org/10.4314/ovj.v10i2.6
https://www.ncbi.nlm.nih.gov/pubmed/32821661
http://dx.doi.org/10.1016/j.bj.2020.04.007
http://dx.doi.org/10.1016/j.bj.2020.04.007
https://www.ncbi.nlm.nih.gov/pubmed/32387617
http://dx.doi.org/10.1007/978-3-030-63761-3_46
https://www.ncbi.nlm.nih.gov/pubmed/33973214
http://dx.doi.org/10.1038/s41579-020-00459-7
http://dx.doi.org/10.1038/s41579-020-00459-7
https://www.ncbi.nlm.nih.gov/pubmed/33024307
http://dx.doi.org/10.1056/NEJMoa2117128
https://www.ncbi.nlm.nih.gov/pubmed/35020982
http://dx.doi.org/10.7499/j.issn.1008-8830.2101133
https://www.ncbi.nlm.nih.gov/pubmed/33691913
http://dx.doi.org/10.1371/journal.pone.0234765
http://dx.doi.org/10.1371/journal.pone.0234765
https://www.ncbi.nlm.nih.gov/pubmed/32574165
http://dx.doi.org/10.1016/j.amjms.2020.09.017
https://www.ncbi.nlm.nih.gov/pubmed/33349441
http://dx.doi.org/10.3390/jcm10040570
https://www.ncbi.nlm.nih.gov/pubmed/33546319
http://dx.doi.org/10.1007/s12272-021-01344-4
https://www.ncbi.nlm.nih.gov/pubmed/34302637


41www.journals.viamedica.pl/neurologia_neurochirurgia_polska

Paweł Sowa et al., SARS-CoV-2 neurotropism and other possible causes of olfactory disorders in COVID-19

19. Ousseiran ZH, Fares Y, Chamoun WT. Neurological manifestations 
of COVID-19: a systematic review and detailed comprehension. Int  
J Neurosci. 2021 [Epub ahead of print]: 1–16, doi: 10.1080/002074
54.2021.1973000, indexed in Pubmed: 34433369.

20. Zielińska-Turek J, Jasińska A, Kołakowska J, et al. Clinical features 
of neurological patients with coronavirus 2019: an observational 
study of one centre. Neurol Neurochir Pol. 2021; 55(2): 195–201, 
doi: 10.5603/PJNNS.a2021.0011, indexed in Pubmed: 33528832.

21. Bochenek A, Reicher M. Anatomia człowieka, t. V. Układ nerwowy 
obwodowy. Układ nerwowy autonomiczny. Powłoka wspólna. Narządy 
zmysłów. Warszawa: Wydawnictwo Lekarskie PZWL. 1989: 377–378, 
ISBN 83-200-1230-9.

22. Hauser SL, Josephson SA. Harrison - Neurologia w Medycynie Klinicz-
nej. Czelej: Lublin. 2008.

23. Choi R, Goldstein BJ. Olfactory epithelium: Cells, clinical disorders, 
and insights from an adult stem cell niche. Laryngoscope Investig 
Otolaryngol. 2018; 3(1): 35–42, doi: 10.1002/lio2.135, indexed in 
Pubmed: 29492466.

24. Hoffmann M, Kleine-Weber H, Schroeder S, et al. SARS-CoV-2 Cell 
Entry Depends on ACE2 and TMPRSS2 and Is Blocked by a Clini-
cally Proven Protease Inhibitor. Cell. 2020; 181(2): 271–280.e8, 
doi: 10.1016/j.cell.2020.02.052, indexed in Pubmed: 32142651.

25. Ni W, Yang X, Yang D, et al. Role of angiotensin-converting enzyme 2  
(ACE2) in COVID-19. Crit Care. 2020; 24(1): 422, doi: 10.1186/
s13054-020-03120-0, indexed in Pubmed: 32660650.

26. Klingenstein M, Klingenstein S, Neckel PH, et al. Evidence of 
SARS-CoV2 Entry Protein ACE2 in the Human Nose and Olfac-
tory Bulb. Cells Tissues Organs. 2020; 209(4-6): 155–164, 
doi: 10.1159/000513040, indexed in Pubmed: 33486479.

27. Chen R, Wang K, Yu J, et al. The Spatial and Cell-Type Distribution of 
SARS-CoV-2 Receptor ACE2 in the Human and Mouse Brains. Front 
Neurol. 2020; 11: 573095, doi: 10.3389/fneur.2020.573095, inde-
xed in Pubmed: 33551947.

28. Krasemann S, Haferkamp U, Pfefferle S, et al. The blood-brain barrier 
is dysregulated in COVID-19 and serves as a CNS entry route for SARS-
-CoV-2. Stem Cell Reports. 2022; 17(2): 307–320, doi: 10.1016/j.
stemcr.2021.12.011, indexed in Pubmed: 35063125.

29. Reynolds JL, Mahajan SD. SARS-COV2 Alters Blood Brain Barrier Inte-
grity Contributing to Neuro-Inflammation. J Neuroimmune Pharmacol. 
2021; 16(1): 4–6, doi: 10.1007/s11481-020-09975-y, indexed in 
Pubmed: 33405097.

30. Chen Y, Yang W, Chen F, et al. COVID-19 and cognitive impairment: 
neuroinvasive and blood–brain barrier dysfunction. J Neuroinflamma-
tion. 2022; 19(1): 222, doi: 10.1186/s12974-022-02579-8, indexed 
in Pubmed: 36071466.

31. Adamczyk-Sowa M, Niedziela N, Kubicka-Bączyk K, et al. Neurological 
symptoms as a clinical manifestation of coronavirus disease 2019: 
implications for internists. Pol Arch Intern Med. 2021; 131(1): 54–62, 
doi: 10.20452/pamw.15575, indexed in Pubmed: 32820884.

32. Bauer L, Laksono BM, de Vrij FMS, et al. The neuroinvasiveness, 
neurotropism, and neurovirulence of SARS-CoV-2. Trends Neurosci. 
2022; 45(5): 358–368, doi: 10.1016/j.tins.2022.02.006, indexed in 
Pubmed: 35279295.

33. Bostancıklıoğlu M. SARS-CoV2 entry and spread in the lympha-
tic drainage system of the brain. Brain Behav Immun. 2020; 87: 
122–123, doi: 10.1016/j.bbi.2020.04.080, indexed in Pubmed:  
32360606.

34. Henkin RI, Schmidt L, Velicu I. Interleukin 6 in hyposmia. JAMA Oto-
laryngol Head Neck Surg. 2013; 139(7): 728–734, doi: 10.1001/
jamaoto.2013.3392, indexed in Pubmed: 23868430.

35. Steinbach S, Proft F, Schulze-Koops H, et al. Gustatory and olfac-
tory function in rheumatoid arthritis. Scand J Rheumatol. 2011; 
40(3): 169–177, doi: 10.3109/03009742.2010.517547, indexed in 
Pubmed: 21077800.

36. Proft F, Steinbach S, Dechant C, et al. Gustatory and olfactory function 
in patients with granulomatosis with polyangiitis (Wegener’s). Scand  
J Rheumatol. 2014; 43(6): 512–518, doi: 10.3109/03009742.2014.
915056, indexed in Pubmed: 25204208.

37. Cazzolla AP, Lovero R, Lo Muzio L, et al. Taste and Smell Disorders in 
COVID-19 Patients: Role of Interleukin-6. ACS Chem Neurosci. 2020; 
11(17): 2774–2781, doi: 10.1021/acschemneuro.0c00447, indexed 
in Pubmed: 32786309.

38. Brann DH, Tsukahara T, Weinreb C, et al. Non-neuronal expres-
sion of SARS-CoV-2 entry genes in the olfactory system suggests 
mechanisms underlying COVID-19-associated anosmia. Sci Adv. 
2020; 6(31), doi: 10.1126/sciadv.abc5801, indexed in Pubmed:  
32937591.

39. Park JW, Wang X, Xu RH. Revealing the mystery of persistent smell 
loss in Long COVID patients. Int J Biol Sci. 2022; 18(12): 4795–4808, 
doi: 10.7150/ijbs.73485, indexed in Pubmed: 35874953.

40. Zazhytska M, Kodra A, Hoagland DA, et al. Non-cell-autonomous 
disruption of nuclear architecture as a potential cause of COVID-19-in-
duced anosmia. Cell. 2022; 185(6): 1052–1064.e12, doi: 10.1016/j.
cell.2022.01.024, indexed in Pubmed: 35180380.

41. Gonzalez-Gonzalez FJ, Ziccardi MR, McCauley MD. Virchow’s Triad 
and the Role of Thrombosis in COVID-Related Stroke. Front Physiol. 
2021; 12: 769254, doi: 10.3389/fphys.2021.769254, indexed in 
Pubmed: 34858214.

42. Nannoni S, de Groot R, Bell S, et al. Stroke in COVID-19: A systema-
tic review and meta-analysis. Int J Stroke. 2021; 16(2): 137–149, 
doi: 10.1177/1747493020972922, indexed in Pubmed: 33103610.

43. Printza A, Katotomichelakis M, Valsamidis K, et al. Smell and Ta-
ste Loss Recovery Time in COVID-19 Patients and Disease Severity. 
J Clin Med. 2021; 10(5), doi: 10.3390/jcm10050966, indexed in 
Pubmed: 33801170.

44. McWilliams MP, Coelho DH, Reiter ER, et al. Recovery from Co-
vid-19 smell loss: Two-years of follow up. Am J Otolaryngol. 2022; 
43(5): 103607, doi: 10.1016/j.amjoto.2022.103607, indexed in 
Pubmed: 35987099.

45. Lee KBo, Lim SH, Kim KH, et al. Six-month functional recovery of 
stroke patients: a multi-time-point study. Int J Rehabil Res. 2015; 
38(2): 173–180, doi: 10.1097/MRR.0000000000000108, indexed 
in Pubmed: 25603539.

46. Dusan M, Milan S, Nikola D. COVID-19 caused hearing loss. Eur Arch 
Otorhinolaryngol. 2022; 279(5): 2363–2372, doi: 10.1007/s00405-
021-06951-x, indexed in Pubmed: 34235578.

47. Jafari Z, Kolb BE, Mohajerani MH. Hearing Loss, Tinnitus, and Dizzi-
ness in COVID-19: A Systematic Review and Meta-Analysis. Can J Neu-
rol Sci. 2022; 49(2): 184–195, doi: 10.1017/cjn.2021.63, indexed in 
Pubmed: 33843530.

48. Uranaka T, Kashio A, Ueha R, et al. Expression of ACE2, TMPRSS2, 
and Furin in Mouse Ear Tissue, and the Implications for SARS-CoV-2 
Infection. Laryngoscope. 2021; 131(6): E2013–E2017, doi: 10.1002/
lary.29324, indexed in Pubmed: 33296096.

http://dx.doi.org/10.1080/00207454.2021.1973000
http://dx.doi.org/10.1080/00207454.2021.1973000
https://www.ncbi.nlm.nih.gov/pubmed/34433369
http://dx.doi.org/10.5603/PJNNS.a2021.0011
https://www.ncbi.nlm.nih.gov/pubmed/33528832
http://dx.doi.org/10.1002/lio2.135
https://www.ncbi.nlm.nih.gov/pubmed/29492466
http://dx.doi.org/10.1016/j.cell.2020.02.052
https://www.ncbi.nlm.nih.gov/pubmed/32142651
http://dx.doi.org/10.1186/s13054-020-03120-0
http://dx.doi.org/10.1186/s13054-020-03120-0
https://www.ncbi.nlm.nih.gov/pubmed/32660650
http://dx.doi.org/10.1159/000513040
https://www.ncbi.nlm.nih.gov/pubmed/33486479
http://dx.doi.org/10.3389/fneur.2020.573095
https://www.ncbi.nlm.nih.gov/pubmed/33551947
http://dx.doi.org/10.1016/j.stemcr.2021.12.011
http://dx.doi.org/10.1016/j.stemcr.2021.12.011
https://www.ncbi.nlm.nih.gov/pubmed/35063125
http://dx.doi.org/10.1007/s11481-020-09975-y
https://www.ncbi.nlm.nih.gov/pubmed/33405097
http://dx.doi.org/10.1186/s12974-022-02579-8
https://www.ncbi.nlm.nih.gov/pubmed/36071466
http://dx.doi.org/10.20452/pamw.15575
https://www.ncbi.nlm.nih.gov/pubmed/32820884
http://dx.doi.org/10.1016/j.tins.2022.02.006
https://www.ncbi.nlm.nih.gov/pubmed/35279295
http://dx.doi.org/10.1016/j.bbi.2020.04.080
https://www.ncbi.nlm.nih.gov/pubmed/32360606
http://dx.doi.org/10.1001/jamaoto.2013.3392
http://dx.doi.org/10.1001/jamaoto.2013.3392
https://www.ncbi.nlm.nih.gov/pubmed/23868430
http://dx.doi.org/10.3109/03009742.2010.517547
https://www.ncbi.nlm.nih.gov/pubmed/21077800
http://dx.doi.org/10.3109/03009742.2014.915056
http://dx.doi.org/10.3109/03009742.2014.915056
https://www.ncbi.nlm.nih.gov/pubmed/25204208
http://dx.doi.org/10.1021/acschemneuro.0c00447
https://www.ncbi.nlm.nih.gov/pubmed/32786309
http://dx.doi.org/10.1126/sciadv.abc5801
https://www.ncbi.nlm.nih.gov/pubmed/32937591
http://dx.doi.org/10.7150/ijbs.73485
https://www.ncbi.nlm.nih.gov/pubmed/35874953
http://dx.doi.org/10.1016/j.cell.2022.01.024
http://dx.doi.org/10.1016/j.cell.2022.01.024
https://www.ncbi.nlm.nih.gov/pubmed/35180380
http://dx.doi.org/10.3389/fphys.2021.769254
https://www.ncbi.nlm.nih.gov/pubmed/34858214
http://dx.doi.org/10.1177/1747493020972922
https://www.ncbi.nlm.nih.gov/pubmed/33103610
http://dx.doi.org/10.3390/jcm10050966
https://www.ncbi.nlm.nih.gov/pubmed/33801170
http://dx.doi.org/10.1016/j.amjoto.2022.103607
https://www.ncbi.nlm.nih.gov/pubmed/35987099
http://dx.doi.org/10.1097/MRR.0000000000000108
https://www.ncbi.nlm.nih.gov/pubmed/25603539
http://dx.doi.org/10.1007/s00405-021-06951-x
http://dx.doi.org/10.1007/s00405-021-06951-x
https://www.ncbi.nlm.nih.gov/pubmed/34235578
http://dx.doi.org/10.1017/cjn.2021.63
https://www.ncbi.nlm.nih.gov/pubmed/33843530
http://dx.doi.org/10.1002/lary.29324
http://dx.doi.org/10.1002/lary.29324
https://www.ncbi.nlm.nih.gov/pubmed/33296096


42

Neurologia i Neurochirurgia Polska 2023, vol. 57, no. 1

www.journals.viamedica.pl/neurologia_neurochirurgia_polska

49. Marin C, Vilas D, Langdon C, et al. Olfactory Dysfunction in Neuro-
degenerative Diseases. Curr Allergy Asthma Rep. 2018; 18(8): 42, 
doi: 10.1007/s11882-018-0796-4, indexed in Pubmed: 29904888.

50. Doty RL. Olfactory dysfunction in neurodegenerative diseases: is the-
re a common pathological substrate? Lancet Neurol. 2017; 16(6): 
478–488, doi: 10.1016/S1474-4422(17)30123-0, indexed in Pubmed:  
28504111.

51. Douaud G, Lee S, Alfaro-Almagro F, et al. SARS-CoV-2 is associa-
ted with changes in brain structure in UK Biobank. Nature. 2022; 
604(7907): 697–707, doi: 10.1038/s41586-022-04569-5, indexed 
in Pubmed: 35255491.

52. Bhatia-Dey N, Heinbockel T. The Olfactory System as Marker of Neu-
rodegeneration in Aging, Neurological and Neuropsychiatric Disor-
ders. Int J Environ Res Public Health. 2021; 18(13), doi: 10.3390/
ijerph18136976, indexed in Pubmed: 34209997.

53. Kay LM. COVID-19 and olfactory dysfunction: a looming wave of de-
mentia? J Neurophysiol. 2022; 128(2): 436–444, doi: 10.1152/
jn.00255.2022, indexed in Pubmed: 35894511.

54. Ojha P, Dixit A. Olfactory training for olfactory dysfunction in COVID-19:  
A promising mitigation amidst looming neurocognitive sequelae of 
the pandemic. Clin Exp Pharmacol Physiol. 2022; 49(4): 462–473, 
doi: 10.1111/1440-1681.13626, indexed in Pubmed: 35090056.

http://dx.doi.org/10.1007/s11882-018-0796-4
https://www.ncbi.nlm.nih.gov/pubmed/29904888
http://dx.doi.org/10.1016/S1474-4422(17)30123-0
https://www.ncbi.nlm.nih.gov/pubmed/28504111
http://dx.doi.org/10.1038/s41586-022-04569-5
https://www.ncbi.nlm.nih.gov/pubmed/35255491
http://dx.doi.org/10.3390/ijerph18136976
http://dx.doi.org/10.3390/ijerph18136976
https://www.ncbi.nlm.nih.gov/pubmed/34209997
http://dx.doi.org/10.1152/jn.00255.2022
http://dx.doi.org/10.1152/jn.00255.2022
https://www.ncbi.nlm.nih.gov/pubmed/35894511
http://dx.doi.org/10.1111/1440-1681.13626
https://www.ncbi.nlm.nih.gov/pubmed/35090056

