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ABSTRACT

The current Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) pandemic has severely
impacted the economy and health care system in more than 180 countries around the world in an
unprecedented event, which since its inception has resulted in countless case reports focusing on the
potentially fatal systemic and respiratory manifestations of the disease. However, the full extent of possible
neurological manifestations caused by this new virus is not yet known. Understanding the interaction
of SARS-CoV-2 with the nervous system is essential to assessing likely short- and long-term pathologic
consequences. This review seeks to gather and discuss evidence on the occurrence of neurological
manifestations and/or nervous system involvement in SARS-CoV-2 infected patients.

Key words: COVID-19; Coronavirus infection; SARS-CoV-2; Central Nervous System; Brain; Neurologic
Manifestations (source: MeSH NLM).

RESUMEN

La actual pandemia producida por el coronavirus 2 del sindrome respiratorio agudo severo (SARS-CoV-2),
ha impactado gravemente la economia y el sistema de salud en mas de 190 paises de todo el mundo
en un evento sin precedentes, que desde su inicio ha dado lugar a innumerables informes de casos
centrados en las manifestaciones sistémicas y respiratorias potencialmente mortales de la enfermedad.
Sin embargo, alin no se conoce por completo el alcance de las posibles manifestaciones neuroldgicas
causadas por este nuevo virus. Comprender la interacciéon del SARS-CoV-2 con el sistema nervioso es
esencial para evaluar las probables consecuencias patoldgicas a corto y largo plazo. Esta revisién busca
reunir y discutir la evidencia sobre la ocurrencia de manifestaciones neurolégicas y/o compromiso del
sistema nervioso en pacientes infectados con SARS-CoV-2.

Palabras clave: COVID-19; Infecciones por Coronavirus; SARS-CoV-2; Sistema nervioso central; Cerebro;
Manifestaciones Neuroldgicas (fuente: DeCS BIREME).
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INTRODUCTION

The coronavirus disease 2019 (COVID-19) is an acute
respiratory illness caused by the type 2 coronavirus
which causes severe acute respiratory syndrome,
abbreviated SARS-CoV-2, resulting in higher
mortality in adults over 60 years of age and with
previous conditions such as cardiovascular disease,
chronic respiratory disease, diabetes or cancer.
Reported symptoms include fever, cough, fatigue,
sore throat, shortness of breath and in many cases
ageusia and anosmia®. It is mainly disseminated
by air via respiratory droplets, aerosols and fomites,
although the latter route of transmission is unlikely
according to recent research®. COVID-19 has
affected approximately 80 million people around
the world since it first appeared at the end of 2019¢
and there is every reason to believe that the virus will
remain endemic in certain regions of the world®,

SARS-CoV-2is a genus of the coronavirus beta, which
harbors other zoonotic viruses that relatively affect
humans. It causes mainly respiratory and gastro-
intestinal symptoms. However, the virus not only
acutely affects the respiratory tract, but also a variety
of cardiac, endocrine and neurological diseases have
been described. Neurological manifestations have
been reported in at least 36% of infected patients,
supporting the neurotropic potential of the virus®.

The association of COVID-19 with neurological
impairment is mostly observed in serious cases,
in patients with comorbidities and atypical
manifestations of the disease. Likewise, the
clinical manifestations at the neurological level in
infected patients have been robustly described and
supported®. For this reason, the purpose of this
survey was to determine the possible mechanisms by
which SARS-CoV-2 produces the various neurologic
manifestations among COVID-19 patients during
the current pandemic, since identifying whether
the possible dam<age produced by the virus is
direct or indirect will have an impact not only on
the diagnostic scheme but also on the therapeutic
scheme, allowing early management of the disease
and thus preventing the complication of the patient's
condition and the spread of the virus.

MEDLINEdatabases, accessed from PubMed, SciELO,
LILACS and preprint repositories such as bioRxiv,
medRxiv and ChinaXiv using the descriptors
Medical Subject Headings (MeSH) linked to
free terms: COVID-19, SARS-CoV-2, coronavirus
infection, COVID-19 clinical features, neurologic
manifestations, central nervous system, brain,
peripheral nervous system. This strategy has been
adapted to databases, without restriction regarding
the language of publication, until 17 December
2020. Observational studies, case-control studies,
case series, case reports, letters to editors and
reviews referencing neurological damage caused
by COVID-19 were identified as inclusion criteria.
Non-human coronavirus studies, clinical reports
of neurologic manifestations with onset prior to
SARS-CoV-2 infection, duplicate studies, and studies
that did not provide relevant information for the
investigation after reading the abstract or content
were excluded.

DEVELOPMENT

Mechanisms of viral entry into the central
nervous system

Viral infections that escape local control at the site of
primary infection can spread to other tissues, where
they cause more serious problems due to active virus
replication or overreaction of the innate immune
system. This latter reaction is sometimes considered
a "cytokine storm" as proinflammatory and anti-
inflammatory cytokines elevated in the serum
cause a vigorous systemic immune response. Such a
response in the brain can be devastating and lead to
meningitis, encephalitis, meningoencephalitis and
death.

Mutations in  virus-specific virulence genes,
immunosuppression, age, host comorbidities, or a
mix of both determine that some viruses may have
access to the central nervous system (CNS) (figure
1)?. CNS, although protected by meninges and
cerebrospinal fluid (CSF), is not immunized against
alterations that result in neurological diseases. Many
viruses have the capacity to invade the CNS, where
they may infect resident cells, including neurons
(figure 1). Thus, there are mainly two routes of
CNS invasion used by viruses, neuroinvasion via
the bloodstream (hematogenous route) and via
peripheral nerves (neuronal pathway).

METHODS
For the present review we searched the
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Figure 1. Mechanisms of entry of different viruses into the central nervous system. Figure prepared by the

authors.

Neuroinvasion via the bloodstream

(hematogenous route)

After primary infection and once inside the
bloodstream, viruses can pass the blood-brain barrier
(BBB) into nervous tissue by a transendothelial
mechanism, which is cellular transport across the
BBB and pericytes by endocytic vesicles®. Some
viruses directly infect vascular endothelial cells,
enabling them to transition directly from BBB to
CNSY®. Furthermore, there are areas of the CNS such
as the choroid plexus and circumventricular organs
that are not completely protected by the BBB and
serve as entry points for certain viruses. Infected
hematopoietic cells are also used as "Trojan horses"
to transport viruses into the CNS. Finally, systemic
viral infection can lead to inflammation-induced
degradation of BBB, allowing viruses to literally go
through CNS fissures®.

Neuroinvasion via peripheral nerves (neuronal
pathway)

Certain viruses infect and migrate through peripheral
nerves as a second route into the CNS. In this
process, neurons play a critical role, since these cells
innervate peripheral organs and are therefore used
by viruses as a gateway to the CNS. An alternative

route for neuroinvasion is transport through
olfactory neurons®. This pathway is an excellent way
to access CNS for viruses that enter the body through
the intranasal route'%,

Probable mechanism of
neurological infection

SARS-CoV-2

Human coronaviruses (HCoV) contain four structural
proteins (E, M, N and S). The main determinant of
SARS-CoV-2 cell tropism is the S protein, which
binds to angiotensin-converting enzyme 2 (ACE2), a
membrane receptor on host cells"” and is present in
different organs, including lung parenchyma, airway
epithelia, nasal mucosa, gastrointestinal tract, renal,
urinary, lymphoid tissues, reproductive organs,
vascular endothelium and brain®. Regarding
its distribution in the brain, ACE2 is expressed in
glial cells and neurons"?, as well as in the cerebral
vasculature. The complete interaction of the
virus with the ACE2 receptor is enabled once the
viral S protein is cleaved by the surface protease
(transmembrane serine protease 2) scarcely present
in the brain (brainstem, temporal lobe and occipital
lobe). In addition to the ACE2 receptor, other
important receptors have been identified such
as dipeptidyl peptidase 4, present in the lower
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respiratory tract, kidney, small intestine, liver and
immune system cells" and recently the neuropilin-1
receptor (NRP1), whose increased expression in
respiratory and olfactory endothelial and epithelial
cells may facilitate the entry and dissemination of
SARS-CoV-20>19), Cathepsin L and the CD147 receptor
have also been found to play an important role in
the initial viral interaction with the host cell and are
widely distributed in the CNS(317),

SARS-CoV-2 most likely reaches the CNS through
neuronal projections via the olfactory nerve”. The
unique anatomical organization of the olfactory
nerves and olfactory bulb in the nasal cavity and
prosencephalon effectively makes it a channel
between the nasal epithelium and the CNSY),
especially in the early stages of infection (Figure 2)
08 After penetrating the brain, the virus can spread
quickly to other specific areas of the brain, such as
the thalamus and the brainstem(°2%, The importance
of the presence of the virus in the brainstem should
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be emphasized, since this structure contains the
medulla oblongata, which is the primary respiratory
control center?” and in the olfactory tissues, whose
viral invasion could cause olfactory dysfunction in
those affected®. Moreover, it is postulated that
SARS-CoV-2 can advance the CNS from the periphery
via retrograde and transsynaptic neuronal transport,
especially afferent from the vagus nerve® and
with increasing findings that SARS CoV-2 infects
cells in the gastrointestinal tract, the neuroinvasive
potential could even encompass the enteric nervous
system®@?,

Although the hematogenous pathway seems
impossible, theoretically SARS-CoV-2 could reach
BBB through blood circulation, attacking the
endothelial layer to access the CNS?*, This invasion
mechanism has been proposed for other HCVs,
including SARS-CoV, because they can infect various
myeloid cells and thus spread to other tissues,
including CNS(figure 2)1,
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Figure 2. Potential route of infection used by SARS-CoV-2 for neurological damage: Direct entry through
the nasal epithelium, affecting the olfactory nerve, crossing the cribriform plate, gaining access to the
olfactory bulb and spreading to other brain regions. On its way to the pulmonary tissue, it may reach the
CNS from the periphery, from the vagus nerve and subsequently locate in the brain. In the case of a possible
hematogenous route, it can damage and perforate the BBB or mobilize through leukocytes, by a mechanism
called "Trojan horse". Figure modified from article Nervous system involvement after infection with COVID-19
and other coronaviruses. Brain Behav Immun. 2020.doi: 10.1016/j.bbi.2020.03.031.
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Neurologic clinical manifestations associated
with COVID-19

Neurologic manifestations of COVID-19 occur in the
central nervous system (CNS) and peripheral nervous
system (SPS).CNS complicationsinclude encephalitis,
meningitis, acute disseminated encephalomyelitis
(ADEM), myelitis, and encephalopathies (table 1).
COVID-19-associated meningitis/encephalitis has
become increasingly prevalent since it first appeared
in mid-April 2020 in a Japanese patient whose

cerebrospinal fluid sample was positive for SARS-
CoV-2?), This finding suggests that neurological
symptoms can result from a direct viral invasion of
the CNS, as demonstrated by Song et al®” in brain
autopsies of COVID-19 patients. Reports on myelitis
associated with COVID-19 suggest that the spinal
cordis atarget organ for SARS-CoV-2. However, direct
neuronal invasion of the virus in this region has not
been demonstrated, but may be feasible since, like
other organs of the human body, the spinal cord also
expresses ACE29,

Table 1. Central nervous system complications in patients with COVID-19.

Clinical
manifestation

Country

n (sex, age)

Encephalitis / Me-
ningitis

Other
encephalopathies

Acute disseminated
encephalomyelitis
(ADEM)

Myelitis

Duong et al.®?
Moriguchi et al.?®
Sohal et al.®?

Wong et al.®¥

Ye et al.®%
Barreto-Acevedo et al.t®
Xiang et al.®”

Pilotto et al.®®
Varatharaj et al.®”
Paterson et al.“%
Bernard-Valnet et al.“?
Filatov et al.“?

Poyiadji et al.?
Dugue et al.*?

Helms et al.#

Mao et al.®
Paniz-Mondolfi et al.“?
Varatharaj et al.®?
Paterson et al.“?

Zhou et al.“®

Zanin et al.#”

Langley et al.#®
Paterson et al.“%

Novi et al.#?)

Zhang et al.®?

Zhao et al.®"

AlKetbi et al.®?

Chow et al.??
Sotoca et al.®¥
Paterson et al.“?

Sarma et al.*®

United States 1 1 (female, 41)
Japan 1 1 (male, 24)
United States 1 1 (male, 72)
United Kingdom 1 1 (male, 40)
China 1 1 (male, NM)
Peru 1 1 (male, 53)
China 1 1 (male, 53)
Italy 1 1 (male, 60)
United Kingdom 125 7 (NM)
United Kingdom 43 2 (NM)
Switzerland 2 2 (female, 64y 67)
United States 1 1 (male,74)
United States 1 1 (female, 50)
United States 1 1 (male, 6 weeks)
France 58 40 (NM)
China 214 16 (NM)
United States 1 1 (male, 74)
United Kingdom 125 9 (NM)
United Kingdom 43 10 (NM)
China 1 1 (NM, 56)
Italy 1 1 (female, 54)
United Kingdom 1 1 (male, 53)
United Kingdom 43 9 (NM)

Italy 1 1 (female, 64)
United Kingdom 1 1 (female, 40)
China 1 1 (female, 66)
A e
Australia 1 1 (male, 60)
Spain 1 1 (female, 69)
United Kingdom 43 2 (NM)
United States 1 1 (female, 28)

N: simple size (COVID-19 patients); n: number of cases; NM: not mentioned
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Manifestations such as encephalopathy and ADEM
may be theresultofindirectdamageto theinfection,
where the altered response of the immune system
and the "cytokine storm" are the mechanisms
involved, the observations of which are more
noticeable in critically ill patients®?9, Symptoms
such as headache, neck stiffness, altered state of
consciousness, lethargy and irritability, despite not
being specific symptoms, have been considered as
neurological manifestations, some present in the
medium to long term after the disease®®%3",

Neurological findings of COVID-19 and the
peripheral nervous system (PNS) are represented
by olfactory and gustatory dysfunctions, Guillain-
Barré syndrome and variants, rhabdomyolysis

and other muscle diseases (table 2). The early
onset of anosmia and ageusia indicates potential
neurologic damage during disease development.
Therefore, chemosensory impairment is thought
to be at least 10 times more common in positive
COVID-19 cases®®. Since these alterations have
been well documented, surveillance of olfactory
and gustatory disorders has been suggested as a
tool to detect suspected cases of infection®®") or
as indicators of severity for the disease due to the
prognostic potential they represent®®, motivating
their inclusion within early warning features for
the disease®®, as they are considered by many
investigations as important symptoms of SARS-
CoV-2 infection®”.

Table 2. Peripheral nervous system complications and cerebrovascular disease in patients with COVID-19.

Clinical
manifestation

Countries

Enfermedad del SNP

n (sex, age)

Virani et al.©? United States 1 1 (male, 54)
Zhao et al.®¥ China 1 1 (female, 61)
Toscano et al.®? Italy 5 5 (NM)
Camdessanche et al.®” France 1 1 (male, 64)
El Otmani et al.©® Morocco 1 1 (female, 70)
Guijarro-Castro et al.©” Spain 1 1 (male, 70)

Paterson et al.#?

Guillain-Barré

United Kingdom 43

7 (NM)

Padroni et al.©® Italy 1 1 (female, 70)
syndrome

Sedaghat et al.® Iran 1 1 (male, 65)

Sancho-Saldana et al."® Spain 1 1 (female, 56)

Oguz -Akarsu et al.”? Turkey 1 1 (female, 53)

Coen et al.”? Switzerland 1 1 (male, 70)

Paybast et al.7 Iran ) 2 (male and female, 38 and 14

years old)
Scheidl et al.”® Germany 1 1 (female, 54)
Pig.392 | @i’
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GBS variants and
other neuropathies

Rhabdomyolysis
and other muscle
diseases

Olfactory and/or
taste dysfunction

Gutiérrez-Ortiz et al.©®"

Dinkin et al.”

Dinkin et al.”

Sedaghat et al.®

Restivo et al.”®

Caamano et al.””
Pellitero et al.”®

Jinetal.”

Sing et al.®?
Suwanwongse et al.®”
Gefen et al.®?

Beltran-Corbellini et al.®?

Haehner et al.®¥

Hornuss et al.®

Giacomelli et al.??

Klopfenstein et al.®®

Lechien et al.®”

Moein et al.®”

Vaira et al.®®

Yan et al.*®

Lee et al.®

Mao et al.®)

Bénézit et al.®®

Spain

United States

United States

Iran

Italy

Spain
United States

China

United States
United States
United States

Spain

Germany

Germany

Italy

France

Belgium,Fran-

ce,Spain and

Italy

Iran

Italy

United States

South Korea

China

France

_ =a N -

79

34

45

59

114

417

60

72

59

3191

214

68

1 (male, 70), Miller Fisher syn-
drome

1 (male, 36), Miller Fisher syn-
drome

1 (female, 71), ophthalmoplegia

1 (male, 65), acute motor
sensory axonal neuropathy
(AMSAN)

3 (two male and one female,
64 to 71 years old), myasthenia
gravis

1 (male, 61), facial diplegia

1 (female, 30), acute vestibular
dysfunction

1 (male, 60)
4 (NM)

1 (male, 88)
1 (male, 16)

25 and 28 patients reported
olfactory and gustatory dys-
function, respectively

22 patients reported olfactory
and gustatory dysfunction

18, 20 and 7 patients reported
anosmia, hyposmia and nor-
mosmia, respectively

31 and 37 patients reported
olfactory and gustatory dys-
function

54 and 46 patients reported
anosmia and dysgeusia, respec-
tively

357 and 342 patients reported
olfactory and gustatory dys-
function, respectively

59 and 14 patients reported
gustatory and olfactory dys-
function, respectively

39 and 44 patients reported
gustatory and olfactory dys-
function, respectively

42 and 40 patients reported
gustatory and olfactory dys-
function, respectively

389 and 353 patients reported
olfactory and gustatory dys-
function, respectively

11 and 12 patients reported
olfactory and gustatory dys-
function, respectively

51 and 63 patients reported
olfactory and gustatory dys-
function, respectively
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Cerebrovascular disease
Li et al.®" China 219 10 (NM)
Helms et al.“% France 58 3 (NM)
Klok et al.®? Netherlands 184 5 (NM)
Merkler et al.®? United States 1916 31 (NM)
Avula et al.®¥ United States 4 4(NM)
Ischemic stroke Beyrouti et al.®® United Kingdom 6 &l ez e ey, 521
85 years old)
Morassi et al.®® Italy 6 ;'S(tgzz r;:alfsa(;j)one Sl
Varatharaj et al.®? United Kingdom 125 57 (NM)
Paterson et al.“% United Kingdom 43 8 (NM)
Mao et al.®) China 214  6(NM)
Li et al.®" China 219 1 (NM)
zte;r;r)]dez—Fernandez Sini 1683 5(NM)
Intracerebral Sharifi-Razavi et al.®® Iran 1 1 (male, 79)
hemorrhage .
Dogra et al.*” United States 755 33 (NM)
Varatharaj et al.®? United Kingdom 125 9 (NM)
Pavlov et al.(1% Russia 1200 3 (NM)

N: simple size (COVID-19 patients); n: number of cases; NM: not mentioned

Reports of Guillain-Barré syndrome (GBS) and axonal
demyelinating variants associated with COVID-19
usually have a post-infectious profile (range 5-10
days)®?. However, cases of GBS with a "parainfectious"
profile have been observed®, a fact which must be
verified in future research. As well, cases of Miller-
Fisher syndrome, a rare variant of GBS associated
with an aberrant immune response to SARS-CoV-2
infection, were described®” and discussed in detail
in table 2.

SARS-CoV-2 has also been associated with acute
cerebrovascular diseases such as bleeding and
stroke, especially in patients with hypertension
or coagulopathy®?, and the presence of such
complications is thought to be associated with more
severe patients® and the elderly®,

DISCUSSION

This study found that the neurological manifestations
of COVID-19 involved both CNS and PNS. The main
limitations of the study are associated with the
number of scientific papers reporting the in situ
discovery of the virus. In addition to the size of the
population in which it is described, it is mostly the
series of cases that provides evidence of such direct
harm.

The probable mechanism by which SRAS-CoV-2

penetrates the CNS and causes damage to the brain
is an olfactory transmucosal invasion mediated by
olfactory neurons as demonstrated by in vitro and
post mortem studies, where NRP1 is an important
factor for the entry and infectivity of the olfactory
epithelium by SARS-CoV-2>19), findings that partly
justify the different neurological manifestations
described in infected patients (table 1 and table 2).

The neurotropism of SARS-CoV-2 has already been
documented®). This fact has been seen before in
other HCoV infections such as SARS-CoV, where the
virus was isolated from brain tissue(12) and OC43,
where axonal (neuron - neuron) transport was
shown to be the way the virus accesses and spreads
within the CNS"9. These reports show the nervous
tropism of HCoV and therefore raise the hypothesis
of the mechanism used by SARS-CoV-2 to invade
the CNS, being the neuronal route the most likely,
however, these findings must be verified with other
studies mainly in animal models, in vitro and patient
autopsies.

It is known that the Herpesviridae family can persist
in the CNS"®V and although this event is less likely in
RNA viruses, it is known from studies in mice infected
with OC*“? that viral RNA persists for at least one year
in cases where multiple sclerosis (MS) was observed
following infection®. Animportant point to consider
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in SARS-CoV-2 infections, because if this virus has
the capacity of latency in the CNS of "recovered"
patients, then it could be a trigger for various late
neurological and neurodegenerative complications
such as MS, Parkinson's disease or produce relapses
in predisposed individuals.

Olfactory and gustatory dysfunctions areincreasingly
common in patients with COVID-19 and are even
suggested as pathogenic symptoms of the disease®®,
Loss of smell is a challenging clinical problem that
has few proven diagnostic options. Some studies
propose to carry out a rapid inhalation anosmia
test using acetic acid even before other evaluations
such as hyperthermia, cough and headache"%?, Even
though this has not been observed in all reported
COVID-19 cases, it would be important to adequately
identify the presence of this variable and its likely
association with the prognosis and subsequent
development of serious neurologic manifestations
in affected patients.

Although most current evidence suggests that direct
damage or accumulation of thrombus in the alveoli
would cause respiratory distress and failure, it may be
partially related to the damage caused by the virus in
the respiratory centers of the brain. This is due to the
spread of SARS-CoV-2 into the brain, particularly the
encephalic bulb, since this structure contains nuclei
that regulate the respiratory rate and alterations to
these components result in increased or decreased
respiratory effort®. However, although this is a valid
hypothesis, there is a need to consider other signs of
brain dysfunction, which is another reason to pursue
studies on the severity of harm that COVID-19 can
cause.

Authorship contributions: All authors contributed
equally to the present work, interpreted the results,
reviewed the article critically and approved the final
version.

Funding sources: Self-funded.

Conflicts of Interest: The authors declare that there

Correspondence: Jorge Arturo Vega-Ferndndez
Address: Huamachuco, Lambayeque 14013, Perd.
Telephone number: 972968376

E-mail: jarturo.vegaf@gmail.com

Clinical evidence of neurological impairment in
COVID-19 patients is mostly from Asia, Europe
and North America. It also demonstrates the need
to document them in South America in order to
consider them, in many instances, as warning
signs. Likewise, this can motivate the development
of preliminary detection strategies to avoid fatal
outcomes, especially in a scenario of quarantine or
social restriction, where they can be dismissed by
the already known respiratory manifestations. In this
regard, several specialists expressed concern that
during this pandemic, visits for myocardial infarction
and stroke decreased. However, deaths due to the
same causes have risen dramatically. The evidence
is that in New York City, they have increased by
800%"%3),

CONCLUSION

Increasing evidence of neurologic manifestations
demonstrates that SARS-CoV-2 infection is not
limited to the respiratory system and that the
virus has the ability to migrate to nervous tissue
and cause damage. However, the scope and
complications are not entirely clear; therefore, it
is necessary to continue to document and report
these neurological complications that can occur in
COVID-19 patients. Likewise, given the increase in
the number of deaths reported suddenly and, in
some cases, due to neurological damage, remaining
in mandatory isolation without determining the
presence or severity of this type of manifestations
would represent a risk that could worsen the
patient's prognosis, which would result in a high
chance of death or disability.
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