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The issues of neurological complications after coronavirus disease 2019 
(COVID-19) are highlighted, since coronaviruses affect not only the respiratory 
system but also other organs and systems of the body, notably they can 
cause neurological disorders and diseases. There is little evidence for a direct 
mechanism of SARS-CoV-2 virus neuroinvasiveness and neurotoxicity. Various 
mechanisms of coronavirus invasion into the brain are discussed - anterograde 
and retrograde, neuronal spread, transcriptional and hematogenous pathways. 
Retrograde / anterograde transport and transsynaptic transmission of the 
virus have been confirmed by in vitro studies, notably SARS-CoV-2 can enter 
the central nervous system through olfactory nerve receptor cells. Once 
in the olfactory bulb, the coronavirus can spread to the cortex and other 
brain structures, in particular the hippocampus and spinal cord. Invasion 
of the virus into the central nervous system is also possible by spreading 
along peripheral nerves, such as along the vagus nerve, which innervates 
the lungs and intestines. The virus invasion into the central nervous system 
through the blood-brain barrier is considered to be one of the most frequent 
routes. There are several possible mechanisms for the spread of SARS-
CoV-2 across the blood-brain barrier (circulation of viral particles in the 
bloodstream, viral transcytosis through vascular and capillary endothelial 
cells, infection of leukocytes with viruses and their transmission of viruses 
across the blood-brain barrier ("Trojan horse")). However, there is no robust 
evidence of CNS infection with SARS-CoV-2. Hypoxia induced by the cytokine 
storm and respiratory distress lead to the impairment of brain metabolism 
and neurological complications development. There is an ongoing debate 
as to whether neurological disorders are primary neurological symptoms 
or secondary consequences of acute respiratory distress syndrome and 
inflammation.
Among the large number of disorders of the nervous system, there are 
five main types with long-term neurological complications associated with 
COVID-19: 1) encephalopathy with delirium / psychosis, 2) inflammatory 
syndromes of the central nervous system, including encephalitis, myelitis, 
acute disseminated encephalomyelitis, 3) ischemic strokes (half of them with 
pulmonary embolism), 4) peripheral neuropathies, Guillain-Barré syndrome 
and brachial plexopathies, 5) other disorders of the central nervous system.
Incompleteness or inconsistency of statistical data on neurological 
complications after infection was noted. Further study is required of all early 
and long-term manifestations of neurological disorders and diseases in mild 
and asymptomatic manifestations of infection, acute and long COVID-19 and 
after vaccination.
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The SARS-CoV-2 virus is known to be a member 
of the human coronavirus family. Of the 7 viruses, 4 
(NL63-CoV, HKU1-CoV, 229E-CoV and OC43-CoV) usually 
cause cold symptoms ("cold viruses"), while SARS-CoV, 
MERS-CoV and SARS-CoV-2 cause pandemics (SARS - in 
2002 and 2003, MERS - in 2012). The 2019 coronavirus 
infection pandemic (COVID-19) is associated with 
SARS-CoV-2 virus [1].

SARS-CoV-2 is the β-coronavirus that has about 
80% of amino acid sequences identical to those of 

SARS-CoV, and 50% of amino acid sequences identical 
to those of MERS-CoV [2]. Like SARS-CoV, SARS-CoV-2 
binds to the enzymatic domain of the angiotensin-
converting enzyme-2 receptor (ACE-2), present on the 
surface of many body cell types (alveolar cells, intestinal 
epithelial cells, vascular and renal endothelial cells, 
immune cells (monocytes / macrophages, lymphocytes), 
neuroepithelial cells and neurons) [3,4]. After binding 
of the virus spike protein (S) to the ACE-2 receptor, the 
virus enters the cell, the mechanism of which has not 
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been definitively elucidated [5‒7]. SARS-CoV-2, despite 
being similar to other covid viruses, demonstrates 
differences due to their high binding affinity to the ACE-2 
receptor [8]. SARS-CoV-2 S-protein is thought to be more 
positively charged than SARS-CoV, and the ACE-2 binding 
interface has a negative electrostatic potential. The 
electrostatic difference provides a stronger interaction 
between these proteins [9,10]. It is likely that increased 
S-protein binding affinity may lead to higher virulence 
of SARS-CoV-2 [11,12].

It is known that coronaviruses do not always affect 
only the respiratory system. They can also affect the 
central nervous system (CNS), leading to neurological 
damage and diseases. There is no evidence of a direct 
mechanism of neuroinvasiveness and neurotoxicity of 
SARS-CoV-2 [13]. In addition to systemic symptoms 
of the disease, such as cough, fever, respiratory 
complications, patients may have neurological disorders 
(headache, dizziness, hyposmia, myalgia, ataxia and 
convulsions) [14,15]. There are a large number of 
reports of cerebral edema, partial neurodegeneration 
and encephalitis in severe cases of COVID-19 [13,16,17]. 
Neuroinvasive ability has been demonstrated for 
most β-coronaviruses (SARS-CoV [20], MERS-CoV 
[21], 229E-CoV [22], OC43-CoV [23] and HEV [24]). 
Although the mechanisms of SARS-CoV-2 neuroinvasion 
have not been definitively elucidated, given the high 
similarity of viruses and common routes of infection 
(e.g., SARS-CoV), a similar route of virus entry into the 
brain may be characteristic of SARS-CoV-2. [19]. In the 
case of SARS-CoV-2 infection, hyposmia is one of the 
common symptoms [16] indicating olfactory dysfunction, 
probably due to infection of neuronal and non-neuronal 
cells in the olfactory system as well as cranial nerves 
[26,27]. Various mechanisms of coronavirus invasion 
into the brain are suggested, including anterograde and 
retrograde, neuronal spread, transcriptional [8,16,19,28] 
and hematogenous [29] pathways. Retrograde/
anterograde transport and transsynaptic transmission of 
the virus have been confirmed by in vitro studies in which 
SARS-CoV-2 was detected in neuronal soma and neurites 
using human brain organoids [27]. SARS-CoV-2 can 
enter the CNS through olfactory receptor cells, passing 
through the cribiform plate, contacting the second-order 
neurons of spherical glomeruli [28]. The passage of the 
virus along the olfactory nerve through the cribiform 
plate is called the "transcriptional pathway". Once in the 
olfactory bulb, the coronavirus can spread to the cortex 
and other brain structures, including the hippocampus 
and spinal cord [23]. It is also assumed that the virus 
can enter the CNS, spreading to peripheral nerves, for 
example, along the vagus nerve, which innervates the 
lungs and intestines [28]. There is no direct evidence for 
spread of SARS-CoV-2 along the vagus nerve. Further 
research should be carried out in this direction.

A hematogenous route of virus entry into the brain 
is widely discussed. The blood-brain barrier (BBB) is 
one of the most common routes for viruses to enter the 
CNS [58]. There are several possible mechanisms for the 
spread of SARS-CoV-2 through BBB: the circulation of viral 
particles in the bloodstream [25,29], viral transcytosis 
through vascular and capillary endothelial cells, infection 
of leukocytes with viruses and transmission of viruses 
through the BBB - a well-described mechanism "Trojan 

horse" [31] and is characteristic for many other viruses. 
Once in the blood vessels, the virus enters the brain, 
and inside the microvessels, viral S-protein and the 
ACE-2 receptor on the capillary endothelium are bound, 
leading to virus transmission through the basolateral 
membrane [8,32]. Structural analysis showed that virus-
like particles actively pass through endothelial cells of 
brain capillaries, suggesting that the hematogenous 
route is the most likely route of SARS-CoV-2 invasion 
[4]. In addition, SARS-CoV-2 causes a systemic 
inflammatory response and cytokine storm, which 
is accompanied by a significant disruption of BBB 
permeability [30,33]. Disruption of the barrier can lead 
to both virus permeability and infection of immune cells, 
which leads to an increase in the inflammatory response 
[34]. Possible infection of peripheral lymphocytes and 
macrophages with the virus allows them to be used as 
a means of spreading the infection, facilitating passage 
through the BBB into the meninges and vascular plexus 
[30,35]. One noteworthy claim, that the ability to infect 
leukocytes (mainly monocytes / macrophages) is also 
characteristic of other coronaviruses, namely 229E-CoV 
and SARS-CoV [36,37]. The "Trojan horse" mechanism 
usually suggests the extravasation of infected leukocytes 
into the meninges and cerebrospinal fluid [38]. However, 
there is no robust evidence of SARS-CoV-2 immune cell 
infection.

Hypoxia induced by a cytokine storm and respiratory 
distress lead to impaired brain metabolism and the 
development of neurological complications [29]. There is 
debate as to whether neurological disorders are primary 
neurological symptoms or secondary consequences 
of acute respiratory distress syndrome. Most often, 
neurological symptoms are predominantly nonspecific 
and short-lived (loss of smell and taste, headache, 
malaise, myalgia and dizziness). In moderate and 
severe cases, acute cerebrovascular disorders (strokes), 
impairment of consciousness, skeletal muscle damage 
occur. [39,40]. These early manifestations can be 
considered as a direct effect of the virus on the CNS 
[19, 41]. Unfortunately, recovery from an acute infection 
does not always mean the complete disappearance 
of the virus. If the infection becomes chronic, it can 
lead to long-term consequences, in particular, chronic 
neurological disorders and disease [29]. Some authors 
report the persistence of coronaviruses in the CNS 
and other body tissues [39]. Thus, MHV-CoV RNA was 
detected in the brain of mice even 10‒12 months after 
infection. Chronic demyelination of the CNS persists 
for 90 days after infection with the virus, and the virus 
is detected in demyelinated axons 16 months after 
infection [43]. These experimental studies are confirmed 
by clinical observations. Thus, the neurotropic viral 
infection led to an exacerbation of the inflammatory 
response in the brain, leading to encephalitis or an 
autoimmune reaction (i.e., demyelination) in patients 
with COVID-19 [26,30]. There are publications of cases 
of Guillain-Barré and Miller-Fischer syndromes without 
detection of SARS-CoV-2 in spinal cord samples, which 
confirms the role of inflammatory and autoimmune 
response in neurological manifestations [44,45]. 
Regardless of whether the impairment of the immune 
response persists after the end of the disease and 
the release of the body from the virus, neurological 
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disorders can develop, including dementia, depression, 
and anxiety [46]. Although a direct link between 
SARS-CoV-2 and cognitive impairment has not been 
unequivocally proven, viral neurotropism and the long-
term neurological manifestations described confirm 
this possible relevance. Thus, complaints of cognitive 
impairment have been reported following SARS-CoV-2 
infection, particularly 10–35 days after discharge from 
hospital [41]. A number of cohort studies have reported 
changes in neurological and mental status, such as the 
development of encephalopathy, encephalitis, psychosis 
in patients aged 23 to 94 years, which predominated 
in elderly patients [48]. It is still not clear whether 
the neurological symptoms of COVID-19 are the result 
of neuroinflammation caused by a cytokine storm 
and immune disorders, or selective viral damage to 
parts of the brain. However, these CNS damage and 
immune system disorders can significantly affect the 
long-term neurological consequences, in particular, the 
development of neuropsychiatric disorders.

There is an increasing number of publications 
on neurological disorders in COVID-19. Therefore, 
it is impossible to provide accurate statistical data 
on the nature and frequency of these complications. 
Many publications are controversial due to the small 
number of observations and incomplete examination 
of patients. In 2021, a meta-analysis of data from 44 
articles on neurological complications after infection 
was performed, analyzing a sample of 13,480 patients 
of all ages with a different clinical course of COVID-
19. The mean age of patients was 50.3 years. Of the 
neurological complications, myalgia (22.2%), taste 
perversion (19.6%), olfactory disturbance (18.3%), 
headache (12.1%), dizziness (11.3%), encephalopathy 
or cognitive dysfunction (9.4%), ataxia or movement 
disorders (2.1%). About 2.5% of patients with COVID-19 
suffered from acute cerebrovascular disease (ischemic 
stroke, intracerebral hemorrhage, and cerebral venous 
sinus thrombosis). One third of patients (31.1%) were 
seriously injured, of whom 20.6% were hospitalized 
in the intensive care unit. About 37.4% of patients 
had concomitant pathology, 5.7% - had a neurological 
disease before infection. Muscle pain and clinically 
significant muscle damage, as evidenced by elevated 
levels of creatine kinase and lactate dehydrogenase, 
occupied the first place among the complications in 
severe course of the disease. This may be due to the 
direct effect of the virus on skeletal muscles expressing 
the ACE-2 receptor [50,51], or a mediated response to an 
inflammatory response system identified by a cytokine 
storm and muscle tissue damage [52-55]. It is assumed 
that the occurrence of anosmia in patients with COVID-19 
is associated with a high expression of genes responsible 
for the invasion of SARS-CoV-2 on the epithelial cells 
of the nasal mucosa [51]. These findings may explain 
why taste and smell disorders may sometimes be the 
only signs or very early symptoms of COVID-19 [51,52]. 
Although other explanations are possible, such as 
edema, impaired mucous microcirculation, nerve signal 
transmission block, and so on. The increased risk of 
ischemic stroke and venous sinus thrombosis [56] is 
explained by various mechanisms - hypercoagulation 
[57,58], high systemic inflammatory response, cytokine 
storm, vascular endothelial damage [59], heart disorder 

leading to cerebral embolism [60]. The pathophysiological 
mechanisms underlying cerebrovascular events in 
COVID-19 need further study. There is a biological 
rationale for vasculopathy with SARS-CoV-2 damage 
to the endothelium of the vascularature of the brain 
and the whole body, reminiscent of cerebrovascular 
events such as coagulopathy, characteristic of stroke in 
sepsis [49]. To prove this, comprehensive studies with 
control groups (patients hospitalized with COVID-19 but 
without cerebrovascular disorders and patients with 
cerebrovascular disorders without COVID-19) should 
be performed.

Among a large number of disorders of the nervous 
system, there are f ive main types of long-term 
neurological complications associated with COVID-19: 1) 
encephalopathy with delirium / psychosis in the absence 
of characteristic changes on magnetic resonance imaging 
or cerebrospinal fluid, 2) inflammatory syndromes of 
the central nervous system, in particular encephalitis, 
myelitis, acute disseminated encephalomyelitis, which 
is often hemorrhagic, 3) ischemic strokes (half of them 
with pulmonary embolism), 4) peripheral neuropathies, 
including Guillain-Barré syndrome and brachial 
plexopathies, 5) other disorders of the central nervous 
system [62]. There are also indications that neurological 
disorders may occur before the classic signs of COVID-
19, such as fever, cough, nasal congestion, so timely 
diagnosis is required, taking into account the possible 
neurological manifestations of COVID-19.

 A review of 42 publications (late 2019 - early 2020) 
identified 82 cases of COVID-19 with serious neurological 
complications [63]. All patients had positive results of 
polymerase chain reaction of nasopharyngeal swabs for 
the presence of SARS-CoV-2, two patients - cerebrospinal 
fluid. Cerebrovascular strokes were detected in 40 
(48.8%) patients, neuromuscular disorders in 23 
(28.0%), and CNS complications related to infection 
or inflammation of the brain in 19 (23.0%) patients. 
Сonsequences of diseases were different: 27 (32.9%) 
patients recovered, 15 (18.3%) had good results, 21 
(25.6%) had poor results, and 15 (18.3%) died. Thus, 
in more than 40.0% of patients the results of treatment 
of neurological complications were unsatisfactory. The 
long-term effects of COVID-19-related damage and / or 
nervous system dysfunction are unknown. Some reports 
[45,46] describe persistent symptoms of the disease 
several months after the infection has disappeared, 
including smell and / or taste disorders, chronic fatigue, 
and impaired recognition. Long-term complications of 
infection are referred to as "post-acute" sequelae of 
COVID-19 (PASC), or Long COVID. There is little direct 
evidence of such complications. Similar neurological 
disorders are observed in other viral infections that cause 
neurological diseases (human immunodeficiency virus, 
West Nile virus, herpes and picornaviruses). It is unclear 
whether SARS-CoV-2 directly affects neurons or other 
CNS cells, and if so, whether the virus will be destroyed 
in these cells and brain regions after "recovery" from 
COVID-19 [64]. In pathological examination of the tissues 
of patients who "recovered" from the infection, but died 
for other reasons, an active virus in the lung tissue was 
revealed [64]. Findings suggest that the virus does 
not disappear from the body after "recovery" in some 
patients, but remains in the mucous membrane of the 
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upper respiratory tract, which increases the likelihood 
that SARS-CoV-2 can escape from immune surveillance 
and exist in the body for a long time [64]. If the replicative 
virus persists in the CNS after clinical recovery, it can 
have serious consequences for the brain. Even the 
presence of an abortive infection or an inflammatory 
response to the virus can adversely affect cell function. 
The above results of several literature reviews indicate 
not only the insufficiency or inconsistency of statistical 
data as for neurological complications after infection, 
but also the need for further study of all early and late 
manifestations of neurological disorders and diseases 
in COVID-19, clarification of the mechanisms of their 
development and treatment methods taking into account 
pathogenesis and clinical forms of infection.

Thus, it is necessary to study many issues related to 
neurological complications after COVID-19, notably the 
neuroinvasive and neurotropic properties of the virus, 
the mechanisms of direct or indirect action of the virus 
on the nervous system, the role of neuroinflammation 
and immunopathological responses, the nature of 
neurological disorders in mild and asymptomatic 
manifestations of infection, acute and Long COVID-19 
and after vaccination.

Information disclosure
Conflict of interest
The authors declare no conflict of interest.
Ethical approval
This article is a literature review, therefore no ethics 

committee approval was required.
Funding
The study was conducted without sponsorship.

References
1. Zhou Z, Kang H, Li S, Zhao X. Understanding 

the neurotropic characteristics of SARS-CoV-2: 
from neurological manifestations of COVID-19 to 
potential neurotropic mechanisms. J Neurol. 2020 
Aug;267(8):2179-2184. doi: 10.1007/s00415-020-
09929-7. Epub 2020 May 26. PMID: 32458193; PMCID: 
PMC7249973.

2. Lu R, Zhao X, Li J, Niu P, Yang B, Wu H, Wang W, Song 
H, Huang B, Zhu N, Bi Y, Ma X, Zhan F, Wang L, Hu T, 
Zhou H, Hu Z, Zhou W, Zhao L, Chen J, Meng Y, Wang 
J, Lin Y, Yuan J, Xie Z, Ma J, Liu WJ, Wang D, Xu W, 
Holmes EC, Gao GF, Wu G, Chen W, Shi W, Tan W. 
Genomic characterisation and epidemiology of 2019 
novel coronavirus: implications for virus origins and 
receptor binding. Lancet. 2020 Feb 22;395(10224):565-
574. doi: 10.1016/S0140-6736(20)30251-8. Epub 2020 
Jan 30. PMID: 32007145; PMCID: PMC7159086.

3. Lukiw WJ, Pogue A, Hill JM. SARS-CoV-2 Infectivity and 
Neurological Targets in the Brain. Cell Mol Neurobiol 
(2020) 1–8.  10.1007/s10571-020-00947-7 [PMC free 
article] [PubMed] [CrossRef][Google Scholar]

4. Paniz-Mondolfi A, Bryce C, Grimes Z, Gordon RE, Reidy 
J, Lednicky J, Sordillo EM, Fowkes M. Central nervous 
system involvement by severe acute respiratory 
syndrome coronavirus-2 (SARS-CoV-2). J Med Virol. 
2020 Jul;92(7):699-702. doi: 10.1002/jmv.25915. PMID: 
32314810; PMCID: PMC7264598.

5. Millet JK, Whittaker GR. Physiological and molecular 
triggers for SARS-CoV membrane fusion and entry into 
host cells. Virology. 2018 Apr;517:3-8. doi: 10.1016/j.
virol.2017.12.015. Epub 2017 Dec 21. PMID: 29275820; 

PMCID: PMC7112017.
6. Matías-Guiu J, Gomez-Pinedo U, Montero-Escribano 

P, Gomez-Iglesias P, Porta-Etessam J, Matias-Guiu 
JA. Should we expect neurological symptoms in the 
SARS-CoV-2 epidemic? Neurologia (Engl Ed). 2020 
Apr;35(3):170-175. English, Spanish. doi: 10.1016/j.
nrl.2020.03.001. Epub 2020 Apr 6. PMID: 32299636; 
PMCID: PMC7136883.

7. Yang N, Shen HM. Targeting the Endocytic Pathway and 
Autophagy Process as a Novel Therapeutic Strategy in 
COVID-19. Int J Biol Sci. 2020 Mar 15;16(10):1724-1731. 
doi: 10.7150/ijbs.45498. PMID: 32226290; PMCID: 
PMC7098027.

8. Sanclemente-Alaman I, Moreno-Jiménez L, Benito-
Martín MS, Canales-Aguirre A, Matías-Guiu JA, Matías-
Guiu J, Gómez-Pinedo U. Experimental Models for the 
Study of Central Nervous System Infection by SARS-
CoV-2. Front Immunol. 2020 Aug 28;11:2163. doi: 
10.3389/fimmu.2020.02163. PMID: 32983181; PMCID: 
PMC7485091.

9. Baig AM, Khaleeq A, Ali U, Syeda H. Evidence of the 
COVID-19 Virus Targeting the CNS: Tissue Distribution, 
Host-Virus Interaction, and Proposed Neurotropic 
Mechanisms. ACS Chem Neurosci. 2020 Apr 1;11(7):995-
998. doi: 10.1021/acschemneuro.0c00122. Epub 2020 
Mar 13. PMID: 32167747; PMCID: PMC7094171. 

10. Amin M, Sorour MK, Kasry A. Comparing the Binding 
Interactions in the Receptor Binding Domains of 
SARS-CoV-2 and SARS-CoV. J Phys Chem Lett. 
2020 Jun 18;11(12):4897-4900. doi: 10.1021/acs.
jpclett.0c01064. Epub 2020 Jun 9. PMID: 32478523; 
PMCID: PMC7294866.

11. Hassanzadeh K, Perez Pena H, Dragotto J, Buccarello 
L, Iorio F, Pieraccini S, Sancini G, Feligioni M. 
Considerations around the SARS-CoV-2 Spike 
Protein with Particular Attention to COVID-19 Brain 
Infection and Neurological Symptoms. ACS Chem 
Neurosci. 2020 Aug 5;11(15):2361-2369. doi: 10.1021/
acschemneuro.0c00373. Epub 2020 Jul 21. PMID: 
32627524; PMCID: PMC7374936.

12. Gussow AB, Auslander N, Faure G, Wolf YI, Zhang F, 
Koonin EV. Genomic determinants of pathogenicity in 
SARS-CoV-2 and other human coronaviruses. Proc Natl 
Acad Sci U S A. 2020 Jun 30;117(26):15193-15199. doi: 
10.1073/pnas.2008176117. Epub 2020 Jun 10. PMID: 
32522874; PMCID: PMC7334499.

13. Yan R, Zhang Y, Li Y, Xia L, Guo Y, Zhou Q. Structural 
basis for the recognition of SARS-CoV-2 by full-length 
human ACE2. Science. 2020 Mar 27;367(6485):1444-
1448. doi: 10.1126/science.abb2762. Epub 2020 Mar 4. 
PMID: 32132184; PMCID: PMC7164635.

14. Wang L, Shen Y, Li M, Chuang H, Ye Y, Zhao H, Wang 
H. Clinical manifestations and evidence of neurological 
involvement in 2019 novel coronavirus SARS-CoV-2: a 
systematic review and meta-analysis. J Neurol. 2020 
Oct;267(10):2777-2789. doi: 10.1007/s00415-020-
09974-2. Epub 2020 Jun 11. PMID: 32529575; PMCID: 
PMC7288253.

15. Acharya A, Kevadiya BD, Gendelman HE, Byrareddy 
SN. SARS-CoV-2 Infection Leads to Neurological 
Dysfunction. J Neuroimmune Pharmacol. 2020 
Jun;15(2):167-173. doi: 10.1007/s11481-020-09924-
9. Epub 2020 May 23. PMID: 32447746; PMCID: 
PMC7244399.

16. Rothan HA, Byrareddy SN. The epidemiology and 
pathogenesis of coronavirus disease (COVID-19) 
outbreak. J Autoimmun. 2020 May;109:102433. doi: 
10.1016/j.jaut.2020.102433. Epub 2020 Feb 26. PMID: 
32113704; PMCID: PMC7127067.

17. Chen X, Laurent S, Onur OA, Kleineberg NN, Fink 



7Ukrainian Neurosurgical Journal. Vol. 28, N1, 2022

http://theunj.org

GR, Schweitzer F, Warnke C. A systematic review of 
neurological symptoms and complications of COVID-
19. J Neurol. 2021 Feb;268(2):392-402. doi: 10.1007/
s00415-020-10067-3. Epub 2020 Jul 20. PMID: 
32691236; PMCID: PMC7370630.

18. Helms J, Kremer S, Merdji H, Clere-Jehl R, Schenck 
M, Kummerlen C, Collange O, Boulay C, Fafi-Kremer 
S, Ohana M, Anheim M, Meziani F. Neurologic 
Features in Severe SARS-CoV-2 Infection. N Engl J 
Med. 2020 Jun 4;382(23):2268-2270. doi: 10.1056/
NEJMc2008597. Epub 2020 Apr 15. PMID: 32294339; 
PMCID: PMC7179967.

19. Zhang BZ, Chu H, Han S, Shuai H, Deng J, Hu YF, 
Gong HR, Lee AC, Zou Z, Yau T, Wu W, Hung IF, Chan 
JF, Yuen KY, Huang JD. SARS-CoV-2 infects human 
neural progenitor cells and brain organoids. Cell Res. 
2020 Oct;30(10):928-931. doi: 10.1038/s41422-020-
0390-x. Epub 2020 Aug 4. PMID: 32753756; PMCID: 
PMC7399356.

20. Li YC, Bai WZ, Hashikawa T. The neuroinvasive potential 
of SARS-CoV2 may play a role in the respiratory failure 
of COVID-19 patients. J Med Virol. 2020 Jun;92(6):552-
555. doi: 10.1002/jmv.25728. Epub 2020 Mar 11. PMID: 
32104915; PMCID: PMC7228394.

21. Glass WG, Subbarao K, Murphy B, Murphy PM. 
Mechanisms of host defense following severe acute 
respiratory syndrome-coronavirus (SARS-CoV) 
pulmonary infection of mice. J Immunol. 2004 Sep 
15;173(6):4030-9. doi: 10.4049/jimmunol.173.6.4030. 
PMID: 15356152.

22. Li K, Wohlford-Lenane C, Perlman S, Zhao J, Jewell AK, 
Reznikov LR, Gibson-Corley KN, Meyerholz DK, McCray 
PB Jr. Middle East Respiratory Syndrome Coronavirus 
Causes Multiple Organ Damage and Lethal Disease in 
Mice Transgenic for Human Dipeptidyl Peptidase 4. J 
Infect Dis. 2016 Mar 1;213(5):712-22. doi: 10.1093/
infdis/jiv499. Epub 2015 Oct 20. PMID: 26486634; 
PMCID: PMC4747621.

23. Talbot PJ, Ekandé S, Cashman NR, Mounir S, Stewart 
JN. Neurotropism of human coronavirus 229E. Adv Exp 
Med Biol. 1993;342:339-46. doi: 10.1007/978-1-4615-
2996-5_52. PMID: 8209751.

24. Dubé M, Le Coupanec A, Wong AHM, Rini JM, Desforges 
M, Talbot PJ. Axonal Transport Enables Neuron-to-
Neuron Propagation of Human Coronavirus OC43. J 
Virol. 2018 Aug 16;92(17):e00404-18. doi: 10.1128/
JVI.00404-18. PMID: 29925652; PMCID: PMC6096804.

25. Li YC, Bai WZ, Hirano N, Hayashida T, Taniguchi T, Sugita 
Y, Tohyama K, Hashikawa T. Neurotropic virus tracing 
suggests a membranous-coating-mediated mechanism 
for transsynaptic communication. J Comp Neurol. 2013 
Jan 1;521(1):203-12. doi: 10.1002/cne.23171. PMID: 
22700307; PMCID: PMC7162419.

26. Brann DH, Tsukahara T, Weinreb C, Lipovsek M, Van 
den Berge K, Gong B, Chance R, Macaulay IC, Chou 
HJ, Fletcher RB, Das D, Street K, de Bezieux HR, Choi 
YG, Risso D, Dudoit S, Purdom E, Mill J, Hachem RA, 
Matsunami H, Logan DW, Goldstein BJ, Grubb MS, 
Ngai J, Datta SR. Non-neuronal expression of SARS-
CoV-2 entry genes in the olfactory system suggests 
mechanisms underlying COVID-19-associated anosmia. 
Sci Adv. 2020 Jul 31;6(31):eabc5801. doi: 10.1126/
sciadv.abc5801. Epub 2020 Jul 24. PMID: 32937591.

27. Bullen CK, Hogberg HT, Bahadirli-Talbott A, Bishai WR, 
Hartung T, Keuthan C, Looney MM, Pekosz A, Romero 
JC, Sillé FCM, Um P, Smirnova L. Infectability of human 
BrainSphere neurons suggests neurotropism of SARS-
CoV-2. ALTEX. 2020;37(4):665-671. doi: 10.14573/
altex.2006111. Epub 2020 Jun 26. PMID: 32591839.

28.  Yavarpour-Bali H, Ghasemi-Kasman M. Update on 

neurological manifestations of COVID-19. Life Sci. 2020 
Sep 15;257:118063. doi: 10.1016/j.lfs.2020.118063. 
Epub 2020 Jul 9. PMID: 32652139; PMCID: PMC7346808.

29.  Zubair AS, McAlpine LS, Gardin T, Farhadian S, 
Kuruvilla DE, Spudich S. Neuropathogenesis and 
Neurologic Manifestations of the Coronaviruses in the 
Age of Coronavirus Disease 2019: A Review. JAMA 
Neurol. 2020 Aug 1;77(8):1018-1027. doi: 10.1001/
jamaneurol.2020.2065. PMID: 32469387; PMCID: 
PMC7484225.

30. Iadecola C, Anrather J, Kamel H. Effects of COVID-19 
on the Nervous System. Cell. 2020 Oct 1;183(1):16-27.
e1. doi: 10.1016/j.cell.2020.08.028. Epub 2020 Aug 19. 
PMID: 32882182; PMCID: PMC7437501.

31.  Kim WK, Corey S, Alvarez X, Williams K. Monocyte/
macrophage traffic in HIV and SIV encephalitis. J Leukoc 
Biol. 2003 Nov;74(5):650-6. doi: 10.1189/jlb.0503207. 
Epub 2003 Aug 11. PMID: 12960230.

32.  Dey J, Alam MT, Chandra S, Gupta J, Ray U, Srivastava 
AK, Tripathi PP. Neuroinvasion of SARS-CoV-2 may 
play a role in the breakdown of the respiratory center 
of the brain. J Med Virol. 2021 Mar;93(3):1296-1303. 
doi: 10.1002/jmv.26521. Epub 2020 Sep 28. PMID: 
32964419.

33.  Li Z, Liu T, Yang N, Han D, Mi X, Li Y, Liu K, Vuylsteke 
A, Xiang H, Guo X. Neurological manifestations of 
patients with COVID-19: potential routes of SARS-CoV-2 
neuroinvasion from the periphery to the brain. Front 
Med. 2020 Oct;14(5):533-541. doi: 10.1007/s11684-
020-0786-5. Epub 2020 May 4. PMID: 32367431; 
PMCID: PMC7197033.

34.  Al-Obaidi MMJ, Bahadoran A, Wang SM, Manikam R, 
Raju CS, Sekaran SD. Disruption of the blood brain 
barrier is vital property of neurotropic viral infection of 
the central nervous system. Acta Virol. 2018;62(1):16-
27. doi: 10.4149/av_2018_102. PMID: 29521099.

35.  Miner JJ, Diamond MS. Mechanisms of restriction of 
viral neuroinvasion at the blood-brain barrier. Curr 
Opin Immunol. 2016 Feb;38:18-23. doi: 10.1016/j.
coi.2015.10.008. Epub 2015 Nov 16. PMID: 26590675; 
PMCID: PMC4715944.

36. Gu J, Gong E, Zhang B, Zheng J, Gao Z, Zhong Y, Zou 
W, Zhan J, Wang S, Xie Z, Zhuang H, Wu B, Zhong H, 
Shao H, Fang W, Gao D, Pei F, Li X, He Z, Xu D, Shi 
X, Anderson VM, Leong AS. Multiple organ infection 
and the pathogenesis of SARS. J Exp Med. 2005 Aug 
1;202(3):415-24. doi: 10.1084/jem.20050828. Epub 
2005 Jul 25. PMID: 16043521; PMCID: PMC2213088.

37.  Desforges M, Miletti TC, Gagnon M, Talbot PJ. Activation 
of human monocytes after infection by human 
coronavirus 229E. Virus Res. 2007 Dec;130(1-2):228-
40. doi: 10.1016/j.virusres.2007.06.016. Epub 2007 Jul 
31. PMID: 17669539; PMCID: PMC7114174.

38.  Barrantes FJ. Central Nervous System Targets and Routes 
for SARS-CoV-2: Current Views and New Hypotheses. 
ACS Chem Neurosci. 2020 Sep 16;11(18):2793-2803. 
doi: 10.1021/acschemneuro.0c00434. Epub 2020 Aug 
26. PMID: 32845609; PMCID: PMC7460807.

39.  Yachou Y, El Idrissi A, Belapasov V, Ait Benali S. 
Neuroinvasion, neurotropic, and neuroinflammatory 
events of SARS-CoV-2: understanding the neurological 
manifestations in COVID-19 patients. Neurol Sci. 2020 
Oct;41(10):2657-2669. doi: 10.1007/s10072-020-
04575-3. Epub 2020 Jul 28. PMID: 32725449; PMCID: 
PMC7385206.

40.  Mao L, Jin H, Wang M, Hu Y, Chen S, He Q, Chang J, 
Hong C, Zhou Y, Wang D, Miao X, Li Y, Hu B. Neurologic 
Manifestations of Hospitalized Patients With Coronavirus 
Disease 2019 in Wuhan, China. JAMA Neurol. 2020 Jun 
1;77(6):683-690. doi: 10.1001/jamaneurol.2020.1127. 



8

http://theunj.org

Ukrainian Neurosurgical Journal. Vol. 28, N1, 2022

PMID: 32275288; PMCID: PMC7149362.
41.  Almeria M, Cejudo JC, Sotoca J, Deus J, Krupinski J. 

Cognitive profile following COVID-19 infection: Clinical 
predictors leading to neuropsychological impairment. 
Brain Behav Immun Health. 2020 Dec;9:100163. doi: 
10.1016/j.bbih.2020.100163. Epub 2020 Oct 22. PMID: 
33111132; PMCID: PMC7581383.

42.  Jacomy H, Fragoso G, Almazan G, Mushynski WE, Talbot 
PJ. Human coronavirus OC43 infection induces chronic 
encephalitis leading to disabilities in BALB/C mice. 
Virology. 2006 Jun 5;349(2):335-46. doi: 10.1016/j.
virol.2006.01.049. Epub 2006 Mar 9. PMID: 16527322; 
PMCID: PMC7111850.

43.  Mat thews AE, Weiss SR, Paterson Y. Murine 
hepatitis virus--a model for virus-induced CNS 
demyelination. J Neurovirol. 2002 Apr;8(2):76-85. 
doi: 10.1080/13550280290049534. PMID: 11935460; 
PMCID: PMC7095071.

44.  Ellul MA, Benjamin L, Singh B, Lant S, Michael BD, 
Easton A, Kneen R, Defres S, Sejvar J, Solomon 
T. Neurological associations of COVID-19. Lancet 
Neurol. 2020 Sep;19(9):767-783. doi: 10.1016/S1474-
4422(20)30221-0. Epub 2020 Jul 2. PMID: 32622375; 
PMCID: PMC7332267.

45.  Groiss SJ, Balloff C, Elben S, Brandenburger T, Müttel 
T, Kindgen-Milles D, Vollmer C, Feldt T, Kunstein A, 
Ole Jensen BE, Hartung HP, Schnitzler A, Albrecht P. 
Prolonged Neuropsychological Deficits, Central Nervous 
System Involvement, and Brain Stem Affection After 
COVID-19-A Case Series. Front Neurol. 2020 Nov 
5;11:574004. doi: 10.3389/fneur.2020.574004. PMID: 
33224088; PMCID: PMC7674620.

46.  Rogers JP, Chesney E, Oliver D, Pollak TA, McGuire P, 
Fusar-Poli P, Zandi MS, Lewis G, David AS. Psychiatric 
and neuropsychiatric presentations associated with 
severe coronavirus infections: a systematic review 
and meta-analysis with comparison to the COVID-19 
pandemic. Lancet Psychiatry. 2020 Jul;7(7):611-627. 
doi: 10.1016/S2215-0366(20)30203-0. Epub 2020 May 
18. PMID: 32437679; PMCID: PMC7234781.

47.  Bougakov D, Podell K, Goldberg E. Mult iple 
Neuroinvasive Pathways in COVID-19. Mol Neurobiol. 
2021 Feb;58(2):564-575. doi: 10.1007/s12035-020-
02152-5. Epub 2020 Sep 29. PMID: 32990925; PMCID: 
PMC7523266.

48.  Varatharaj A, Thomas N, Ellul MA, Davies NWS, Pollak 
TA, Tenorio EL, Sultan M, Easton A, Breen G, Zandi 
M, Coles JP, Manji H, Al-Shahi Salman R, Menon DK, 
Nicholson TR, Benjamin LA, Carson A, Smith C, Turner 
MR, Solomon T, Kneen R, Pett SL, Galea I, Thomas 
RH, Michael BD; CoroNerve Study Group. Neurological 
and neuropsychiatric complications of COVID-19 in 
153 patients: a UK-wide surveillance study. Lancet 
Psychiatry. 2020 Oct;7(10):875-882. doi: 10.1016/
S2215-0366(20)30287-X. Epub 2020 Jun 25. Erratum 
in: Lancet Psychiatry. 2020 Jul 14;: PMID: 32593341; 
PMCID: PMC7316461.

49. Yassin A, Nawaiseh M, Shaban A, Alsherbini K, El-Salem 
K, Soudah O, Abu-Rub M. Neurological manifestations 
and complications of coronavirus disease 2019 (COVID-
19): a systematic review and meta-analysis. BMC 
Neurol. 2021 Mar 30;21(1):138. doi: 10.1186/s12883-
021-02161-4. PMID: 33784985; PMCID: PMC8007661.

50. Hamming I, Timens W, Bulthuis ML, Lely AT, Navis 
G, van Goor H. Tissue distribution of ACE2 protein, 
the functional receptor for SARS coronavirus. A first 
step in understanding SARS pathogenesis. J Pathol. 
2004 Jun;203(2):631-7. doi: 10.1002/path.1570. PMID: 
15141377; PMCID: PMC7167720.

51. Sungnak W, Huang N, Bécavin C, Berg M, Queen R, 

Litvinukova M, Talavera-López C, Maatz H, Reichart D, 
Sampaziotis F, Worlock KB, Yoshida M, Barnes JL; HCA 
Lung Biological Network. SARS-CoV-2 entry factors are 
highly expressed in nasal epithelial cells together with 
innate immune genes. Nat Med. 2020 May;26(5):681-
687. doi: 10.1038/s41591-020-0868-6. Epub 2020 Apr 
23. PMID: 32327758; PMCID: PMC8637938.

52. Sedaghat AR, Gengler I, Speth MM. Olfactory 
Dysfunction: A Highly Prevalent Symptom of COVID-
19 With Public Health Signif icance. Otolaryngol 
Head Neck Surg. 2020 Jul;163(1):12-15. doi: 
10.1177/0194599820926464. Epub 2020 May 5. PMID: 
32366160.

53. Cabello-Verrugio C, Morales MG, Rivera JC, Cabrera D, 
Simon F. Renin-angiotensin system: an old player with 
novel functions in skeletal muscle. Med Res Rev. 2015 
May;35(3):437-63. doi: 10.1002/med.21343. Epub 2015 
Mar 11. PMID: 25764065.

54. Ding Y, He L, Zhang Q, Huang Z, Che X, Hou J, Wang 
H, Shen H, Qiu L, Li Z, Geng J, Cai J, Han H, Li X, Kang 
W, Weng D, Liang P, Jiang S. Organ distribution of 
severe acute respiratory syndrome (SARS) associated 
coronavirus (SARS-CoV) in SARS patients: implications 
for pathogenesis and virus transmission pathways. 
J Pathol. 2004 Jun;203(2):622-30. doi: 10.1002/
path.1560. PMID: 15141376; PMCID: PMC7167761.

55. Disser NP, De Micheli AJ, Schonk MM, Konnaris MA, 
Piacentini AN, Edon DL, Toresdahl BG, Rodeo SA, 
Casey EK, Mendias CL. Musculoskeletal Consequences 
of COVID-19. J Bone Joint Surg Am. 2020 Jul 
15;102(14):1197-1204. doi: 10.2106/JBJS.20.00847. 
PMID: 32675661; PMCID: PMC7508274.

56. Zakeri A, Jadhav AP, Sullenger BA, Nimjee SM. 
Ischemic stroke in COVID-19-positive patients: an 
overview of SARS-CoV-2 and thrombotic mechanisms 
for the neurointerventionalist. J Neurointerv 
Surg. 2021 Mar;13(3):202-206. doi: 10.1136/
neurintsurg-2020-016794. Epub 2020 Dec 9. PMID: 
33298508.

57. Devreese KMJ, Linskens EA, Benoit D, Peperstraete H. 
Antiphospholipid antibodies in patients with COVID-
19: A relevant observation? J Thromb Haemost. 2020 
Sep;18(9):2191-2201. doi: 10.1111/jth.14994. Epub 
2020 Jul 23. PMID: 32619328; PMCID: PMC7361253.

58. Mankad K, Perry MD, Mirsky DM, Rossi A. COVID-19: 
A primer for Neuroradiologists. Neuroradiology. 2020 
Jun;62(6):647-648. doi: 10.1007/s00234-020-02437-5. 
PMID: 32342126; PMCID: PMC7186113.

59. Mehta P, McAuley DF, Brown M, Sanchez E, Tattersall 
RS, Manson JJ; HLH Across Speciality Collaboration, 
UK. COVID-19: consider cytokine storm syndromes 
and immunosuppress ion. L ancet .  2020 Mar 
28;395(10229):1033-1034. doi: 10.1016/S0140-
6736(20)30628-0. Epub 2020 Mar 16. PMID: 32192578; 
PMCID: PMC7270045.

60. Akhmerov A, Marbán E. COVID-19 and the Heart. Circ 
Res. 2020 May 8;126(10):1443-1455. doi: 10.1161/
CIRCRESAHA.120.317055. Epub 2020 Apr 7. PMID: 
32252591.

61. Montalvan V, Lee J, Bueso T, De Toledo J, Rivas K. 
Neurological manifestations of COVID-19 and other 
coronavirus infections: A systematic review. Clin 
Neurol Neurosurg. 2020 Jul;194:105921. doi: 10.1016/j.
clineuro.2020.105921. Epub 2020 May 15. PMID: 
32422545; PMCID: PMC7227498.

62. Paterson RW, Brown RL, Benjamin L, Nortley R, Wiethoff 
S, Bharucha T, Jayaseelan DL, Kumar G, Raftopoulos 
RE, Zambreanu L, Vivekanandam V, Khoo A, Geraldes 
R, Chinthapalli K, Boyd E, Tuzlali H, Price G, Christofi 
G, Morrow J, McNamara P, McLoughlin B, Lim ST, Mehta 



9Ukrainian Neurosurgical Journal. Vol. 28, N1, 2022

http://theunj.org

PR, Levee V, Keddie S, Yong W, Trip SA, Foulkes AJM, 
Hotton G, Miller TD, Everitt AD, Carswell C, Davies 
NWS, Yoong M, Attwell D, Sreedharan J, Silber E, Schott 
JM, Chandratheva A, Perry RJ, Simister R, Checkley 
A, Longley N, Farmer SF, Carletti F, Houlihan C, Thom 
M, Lunn MP, Spillane J, Howard R, Vincent A, Werring 
DJ, Hoskote C, Jäger HR, Manji H, Zandi MS. The 
emerging spectrum of COVID-19 neurology: clinical, 
radiological and laboratory findings. Brain. 2020 Oct 
1;143(10):3104-3120. doi: 10.1093/brain/awaa240. 
PMID: 32637987; PMCID: PMC7454352.

63. Chen X, Laurent S, Onur OA, Kleineberg NN, Fink 

GR, Schweitzer F, Warnke C. A systematic review of 
neurological symptoms and complications of COVID-
19. J Neurol. 2021 Feb;268(2):392-402. doi: 10.1007/
s00415-020-10067-3. Epub 2020 Jul 20. PMID: 
32691236; PMCID: PMC7370630.

64. Yao XH, He ZC, Li TY, Zhang HR, Wang Y, Mou H, Guo 
Q, Yu SC, Ding Y, Liu X, Ping YF, Bian XW. Pathological 
evidence for residual SARS-CoV-2 in pulmonary 
tissues of a ready-for-discharge patient. Cell Res. 
2020 Jun;30(6):541-543. doi: 10.1038/s41422-020-
0318-5. Epub 2020 Apr 28. PMID: 32346074; PMCID: 
PMC7186763.


