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Abstract

NeuroCOVID is a neuropsychiatric syndrome that overall occurs in 36%-84% of patients suffering from COVID-19 (corona virus disease-2019). The
neuroCOVID symptoms are manifold and heterogeneous, show different levels of severity, and occur both in acute and subacute/chronic phase
of the disease. Two types of neuropsychiatric symptoms can be distinguished on the basis of their pathogenesis: (i) symptoms due to the direct
neuropathogenic effect of SARS CoV-2 (direct symptoms); (ii) symptoms related with indirect neuropathogenic effect of the virus, mediated by
hypoxic/ischemic or by immunopathological mechanisms activated during SARS CoV-2 infection (indirect symptoms). Aim of this review was to
analyze the main neuropsychiatric symptoms of the neuroCOVID and accurately examine, for each of them, facts and advanced hypotheses to
explain their pathogenesis.

Keywords: Severe acute respiratory syndrome coronavirus-2 (SARS CoV-2); Corona virus disease-2019 (COVID-19); Neurogenous and hematogenous
route; Cytokine release syndromes; Autoimmune syndromes; LongCOVID

Introduction

COVID-19 (corona virus disease-2019) is an acute infectious
disease caused by the severe acute respiratory syndrome
coronavirus-2 (SARS CoV-2), which has appeared in China in late
2019 and has rapidly spread worldwide provoking the outbreak of
a pandemic. In most cases, COVID-19 is asymptomatic or mildly
symptomatic, clinically manifesting as an influenza-like syndrome,
but in 15-30% of cases, it is associated with an atypical pneumonia
responsible for Severe Acute Respiratory Distress (ARDS) and with
systemic complications [1-2]. The considerable variability of clinical
manifestations of COVID-19, in terms of heterogeneity of symptoms,
severity and relative frequency of each of them, must be related, at
least partly, with the appearance during the pandemic of a number
of variants of SARS CoV-2, which have led to significant changes in
virus transmissibility, pathogenic power, virulence and ability to resist
host defenses [3-5].

The term neuroCOVID has been introduced to indicate the set
of neuropsychiatric symptoms present in some COVID-19 patients
[6,7]. According to various reports of cases, the neuroCOVID
would affect 36% to 84% of COVID-19 symptomatic patients [6-
9]. This excessive variability of frequency of neuropsychiatric
symptoms in COVID-19 patients can only partially be correlated
with real variability in the clinical manifestations of the disease.
In fact, it is likely that the different countries have failed to adopt
homogeneous and appropriate diagnostic measures that, ultimately,

have led to not uniform collections of epidemiological data [10].
Moreover, a number of factors have contributed to make it difficult
the collection of neuroCOVID symptoms: (i) the emergency health
condition caused by the COVID-19 pandemic, especially at its early
stage, has prevented from carrying out a clinical evaluation of all
COVID-19 patients and, consequently, has not made possible an
exhaustive collection of the neuroCOVID symptoms [11,12]; (ii)
some common symptoms of COVID-19 (e.g., influenza-like and
visceral ones) have been differently interpreted, being considered as
symptoms of neuroCOVID, in some cases, and as symptoms of viral
mucositis of unspecified origin affecting respiratory or alimentary
tracts, in other cases [13]; (iii) some neuroCOVID symptoms have
frequently been confused with those caused by neurological and
psychiatric comorbidities, given the absence of a precise analysis
of the patient’s clinical history and confirmation by appropriate
diagnostic tests [14,15]; (iv) the scarce number of autopsies carried
out on neuroCOVID patients has prevented obtaining data on the
real frequency of neuropathological lesions in patients died from
COVID-19 [16]. On the other hand, the variability of the clinical
picture of neuroCOVID could depend with virus related factors
and/or with host-related factors. Difference in neurotropism and
neuropathogenicity of SARS CoV-2 could be related with the virus
variant, although up to now it has not been ascertained whether
exist virus variants that show greater or lesser capacity to damage the
nervous system [17,18] (actually, in many cases, the variant present in
a neuroCOVID patient is not even known). The host-related factors
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include congenital or acquired factors which increase the vulnerability
of the nervous system to the actions of SARS CoV-2 [19-22]. Also the
results of epidemiological studies reporting data on the frequency of
neuroCOVID symptoms in hospitalized patients have shown some
discrepancy: a study that collected separately symptoms referred by
patients and signs assessed by clinical evaluation, has reported that the
most common among the former are headache (37%) and anosmia/
ageusia (26%), and among the latter are acute encephalopathy (49%),
coma (17%), stroke (6%) and diffuse encephalitis (0.5%) [9]; another
study, in which no separation was made, has reported that the most
common symptoms are headache (13.4%), acute encephalopathy
(10.1%) and coma (9.7%) [23]. On the other hand, both these studies,
conducted on hospitalized patients, have not provided information
on the frequency of all neuroCOVID symptoms, since they have not
taken into account some neuropsychiatric symptoms, such as anxiety
or depression and dysautonomic symptoms, which are very common
in neuroCOVID patients, but usually do not require hospitalization.
At present, the available data on the epidemiology of neuroCOVID
symptoms are incomplete, although the results of some multicenter
retrospective-prospective observational studies have begun to be
published [24,25].

On the basis of the pathogenesis, the neuroCOVID symptoms can
be distinguished: in (i) symptoms deriving from direct pathogenic
mechanisms, or direct symptoms; and (ii) symptoms deriving from
indirect pathogenic mechanisms, or indirect symptoms. The former
are clinical manifestation of pathogenic effects that SARS CoV-2 exerts
on the human nervous tissues, thus attributable to virus neurotropism;
the latter are clinical manifestations of nervous tissue damage caused
by mechanisms that are independent of presence of SARS CoV-2
in the nervous tissues, possibly triggered by hypoxic/ischemic or
immunopathological mechanisms arising in the course of SARS
CoV-2 infection [26]. The neuroCOVID symptoms are manifold and
heterogeneous and show different degrees of severity, according to the
site of Central Nervous System (CNS) or of Peripheral Nervous System
(PNS) where the lesions are localized, and the number and extent of
the lesions [8,27-29].

Aim of this review was to supply an overview of the state of the art
and advances on pathogenic mechanisms underlying the neuroCOVID
symptoms. Starting from an in-depth analysis of data in literature on
the clinical manifestations of neuroCOVID, on the findings obtained
by COVID-19 patients subjected to imaging and neuropathological
examinations, and on the results of in vitro and in vivo experimental
studies, the pathogenic mechanisms for all the neuroCOVID symptoms
have been critically reviewed. The pathogenic mechanisms have been
described separately, distinguishing those from direct mechanisms
from those from indirect ones, and identifying the different routes
through which each mechanism takes places.

Undoubtedly, the data reported in this review have to be considered
as preliminary, firstly because it is not always possible to know exactly
the pathogenetic mechanism of a neuropsychiatric symptom: this
could be due to the fact that the data available in the case reports often
are not sufficient to clarify the pathogenesis, or that the mechanism is
really difficult to identify since the pathogenesis can be due to multiple,
variously associated causes.

The authors assume that the present review, in addition to supply
updated information on the neurobiology of SARS CoV-2 and on
its capacity to damage nervous tissues, could also provide a useful
tool for medical practice for early and precise recognition of each
neuropsychiatric symptom and for implementation of appropriate
therapeutic strategies.

Neuropathogenesis

SARS COV-2 infection is principally contracted by airborne
transmission and the virus primary localization is mainly represented
by the mucosal membrane of the respiratory tracts and the pulmonary
alveoli [30-32]. Less frequently, the primary localization is represented
by mucosal membrane of the alimentary canal [33,34] and of the
conjunctival sac [35], or by the integument [36]. The molecular
basis for SARS CoV-2 attack to human cells is given by the docking
of the spike-protein, present on viral surface, to the Angiotensin-
converting Enzyme-2 (ACE-2), attached to membrane of the target
cells. The subsequent entry into cell prevents the normal functioning
of ACE-2, causing disruption of the Renin-angiotensin-aldosterone
System (RAAS) homeostasis, and leads the cell to lysis or damage
[37-39]. ACE-2 receptors are expressed by a wide range of human
cells, including mature epithelial, connective, muscle and nerve cells
[40,41] as well as stem cells [41,42]. In particular, they have been
detected in ciliated epithelial cells of the mucosa of respiratory tracts
and in epithelial alveolar cells (mainly type II pneumocytes), which
usually are the first cells to be attacked by SARS CoV-2 [43,44]. To a
lesser extent, ACE-2 receptors have been detected in epithelial cells
of oro-pharyngo-esophageal and gastrointestinal mucosa [45,46],
of conjunctival mucosa [47] and of integument [48], which are also
possible target cells of the virus. After the primary localization,
SARS CoV-2 can affect distant sites, so that COVID-19 assumes
connotations of multisystem disease, associated with a polymorphic
clinical picture affecting not only the respiratory system, but also the
nervous, cardiovascular, urinary and endocrine system [1,2,6,8,9].

Among the distant sites, the nervous system is certainly one of most
frequently affected through direct and indirect mechanisms.

Direct mechanisms

The direct mechanisms are supported by interaction between SARS
CoV-2 and ACE-2 receptors expressed by a number of neurons and
gliocytes [49-54]. These ACE-2 expressing neurons have been seen
extensively distributed in brain, including telencephalon (cerebral
cortex), diencephalon (hypothalamus) and brainstem (medulla
oblongata tegmentum) [55,56], particularly in centers involved
in the nervous regulation of the cardiovascular, respiratory and
endocrine system [56]. The molecular basis for SARS CoV-2 attack
has been sufficiently proven by in vitro and in vivo experiments
[52,57]. It would be exerted through the following steps: (i) invasion
of nerve fiber endings (neurogenous route) or cellular constituents of
capillaries (hematogenous route), in the site of primary localization;
(ii) reaching CNS running along peripheral nerves (neurogenous
route) or by the bloodstream (hematogenous route); (iii) invasion of
CNS tissues by transneuronal diffusion (neurogenous route) or by
crossing CNS blood capillary wall (hematogenous route); (iv) attack
of virus-sensitive nervous cells. Actually, none of the above steps has
been ascertained in human. In any case, the detection in the human
brain of lesions with positivity for SARS CoV-2 RNA, using Reverse
Transcriptase Polymerase Chain Reaction (RT-PCR), and for SARS
CoV-2 expressing antigens (e.g., spike protein, nucleocapsid protein),
using immunohistochemistry, are elements that suggest the existence
of the direct neuropathogenic mechanisms [58].

Neurogenous route (Figure 1): Experimental studies have reported
that coronaviruses introduced in the nasal mucosa are detectable,
shortly after the introduction, in both PNS and CN€ tissues [59,60].
Actually, the presence of ACE-2 receptors on nerve endings in the
mucosal membranes, which is the prerequisite for the neurogenous
route, has been only occasionally reported [61]. In general, the precise
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Figures 1: Direct and indirect mechanisms in the pathogenesis of neuroCOVID symptoms.

mechanisms underlying the transmucosal diffusion, involving the
virus transport along nerve fibers, the invasion of the CNS tissues,
involving the virus transneuronal transfer and its progressive spread
in ever larger zones of the brain, involving local diffusion or distant
propagation via central tracts or Cerebrospinal Fluid (CSF), are really
poorly known in human [62-64]. In addition, the detection tests
for SARS CoV-2 markers on postmortem brain samples collected
from neuroCOVID patients have frequently given negative results,
suggesting that the direct mechanisms are not constantly used by the
virus to invade the nervous tissues [58,65,66].

Actually, two main neurogenous routes have been claimed: the
olfactory route and the vagal route. Additional neurogenous routes
have also been postulated, but would be a rare occurrence.

Olfactory route: ACE-2 receptors have been abundantly detected
in epithelial cells and, to a lesser amount, in olfactory neurons of the
olfactory mucosa [67-69]. After attack of epithelial cells or, directly, of
olfactory neurons, SARS CoV-2 would pass in olfactory nerve fibers
and transported retrogradely up to the olfactory bulb; alternatively,
the virus would progress through vessels accompanying the olfactory
nerves or through the perineural spaces surrounding them [62].
Experimental studies on SARS CoV-2 infected mouse have indicated
that the olfactory route is probably the main route used by the virus
to enter the CNS and the olfactory bulb is the brain region where
the virus is localized most frequently [59]. The further spreading of
the virus would happen along the olfactory tract and the medial and
lateral olfactory striae, through which it can reach the olfactory areas
of the cerebral cortex and the septal nuclei [70].

Neuropathological studies carried out on postmortem samples from
neuroCOVID patients have confirmed focal encephalitis localized
in the olfactory regions, histologically characterized by intense
astrogliosis and microgliosis infiltrates of lymphocytes and marked
neuronal degeneration, in most cases positive to detection tests for
SARS CoV-2 markers [58,71]. Electron microscopy observations

carried out on postmortem samples of the olfactory bulb have provided
ultrastructural evidence for presence of SARS CoV-2 particles within
neurons or scattered in the neuropil [72].

Vagal route: In this route, the cell target of SARS CoV-2 are the
ACE-2 expressing epithelial cells in the mucosal membranes of upper
and lower respiratory tract, in the pulmonary alveoli and, to a lesser
extent, in the mucosal membranes of alimentary canal [44-47]. It would
follow the transfer of the virus from the epithelial cells to the free nerve
endings and its transport along vagal nerve fibers to its nuclei in the
medulla oblongata tegmentum, namely the nucleus of solitary tract,
the dorsal motor nucleus of vagal nerve and the nucleus of spinal tract
of trigeminal nerve; at a later stage, the virus could spread from these
nuclei to the surrounding reticular formation, eventually affecting
the full brainstem tegmentum, the cerebellum and the diencephalon
[73,74]. The existence of the vagal route appears in agreement with
the demonstration of high number of ACE-2 expressing neurons in
the medullary tegmentum [51,53], and the frequent finding of focal
encephalitis with positivity for SARS CoV-2 markers in postmortem
samples of medullary tegmentum from neuroCOVID patients [58,71].

Other neurogenous routes: Additional neurogenous routes have
been suggested. The gustatory route would be based on the docking
of SARS CoV-2 to ACE-2 receptors of the gustatory mucosa [45];
subsequent virus invasion of the nerve endings in the gustatory
mucosa and its progression to the brain along fibers of the intermedius,
glossopharyngeal and vagal nerve would probably progress similarly
to the vagal route. The trigeminal route would follow a primary
localization of SARS CoV-2 in conjunctival, nasal (non-olfactory) and
oral (non-gustatory) mucosa [33-35] and reach the brain along nerve
fibers of the trigeminal nerve: demonstration of ACE-2 receptors in the
trigeminal ganglion [75] and SARS CoV-2 markers in the trigeminal
nuclei [66] would support the existence of this route. Finally, the
spinal nerve route has been suggested to explain the central diffusion
of SARS CoV-2 in cases of primary localization in the gastrointestinal
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mucosa [33], through the splanchnic nerves, and in the integument
[36], through cutaneous branches of the spinal nerves; this suggestion
could be supported by the detection of ACE-2 receptors in the dorsal
root ganglia of spinal nerves [76] and by the finding of cases of spinal
myelitis (acute transverse myelitis) positive for SARS CoV-2 markers
[77,78].

Hematogenous route (Figure 1): The simple observation that
brain lesions caused by SARS CoV-2 can localize in any region of it
implies the existence of the hematogenous route. This route would be
activated by the virus docking to ACE-2 receptors expressed by the
cellular components of the wall of capillaries in the site of primary
localization and the subsequent crossing of the capillary wall and
invasion of the bloodstream (viremia). The invasion of the nervous
tissues would be determined by the virus docking to ACE-2 receptors
on the components of CNS capillaries and their crossing. Although the
hematogenous route is widely accepted [79,80], data demonstrating
the existence of this route are largely incomplete in humans. For
example, the data on the expression of ACE-2 receptors in the blood
vessel wall are controversial: although they have been observed in
endothelial cells of arteries and veins [39,40], their demonstration on
endothelial cells of CNS capillaries, indispensable element to support
the hematogenous route, has been only occasionally provided [81].
Evidence exists that SARS CoV-2 is not able or have minimal capacity
to cross the Blood Brain Barrier (BBB), and, therefore, the diffusion
through capillary wall take places only in brain regions where the
BBB is physiologically absent, such as the Circumventricular Organs
(CVO), i.e. subfornical organ, vascular organ of the lamina terminalis,
median eminence and area postrema [82-84]. Experimental studies
have evidenced the SARS CoV-2 spike protein exerts deleterious
effects on primary cultures of human brain microvascular endothelial
cells resulting in loss of BBB functional integrity [85]: this datum could
supply the pathophysiological basis for the hematogenous invasion of
CNS regions with less selective BBB, such as the medulla oblongata
tegmentum. All the brain regions with absent or less selective BBB
are those where inflammatory lesions with positivity for SARS CoV-2
markers have been more frequently found [58,71,86,87].

On the other hand, brain regions affected by chronic inflammatory
or degenerative diseases that cause loss of functional integrity of BBB
seem to be more susceptible to be invaded by SARS CoV-2 through
the hematogenous route. This is suggested by clinical studies reporting
an increased frequency of diffuse encephalitis with positivity for SARS
CoV-2 in patients with Multiple Sclerosis (MS) or with Alzheimer’s
Disease (AD) [88,89]. Finally, it has been suggested that SARS CoV-
2 may invade the CNS tissues traveling inside circulating immune
cells attacked by the virus; this “Trojan horse’ mechanism would be
facilitated by the fact that the infected cells are better able to cross
the BBB [49,60]. Finally, also the hypertension may cause BBB
impairment and therefore enhance the risk of CNS invasion through
the hematogenous route [90]. All these data indicate contributing
causes that reduce BBB selectivity are necessary for the virus to invade
the CNS through the hematogenous route. This would explain why
inflammatory lesions with positive SARS CoV-2 are rarely found in
brain regions where the BBB is intact.

Neuropathological studies have indicated that there is a
correlation between the blood vascularization and the frequency of
SARS CoV-2-positive encephalitis. The most vascularized regions
(e.g., cerebral cortex, basal nuclei, internal capsule, diencephalon
and cerebellum) are among the most frequently affected in the
course COVID-19 [18].

Indirect Mechanisms

The indirect mechanisms are independent of the localization of
SARS CoV-2 in the nervous tissues. The damaging effects on the CNS
are secondary to those exerted by SARS CoV-2 on the respiratory and
the cardiovascular system, hypoxic/ischemic mechanisms, or on the
immune system, immunopathological mechanisms. The CNS lesions
caused by indirect mechanisms vary depending on the pathogenic
mechanisms, but usually consist in diffuse encephalitis with negativity
for SARS CoV-2 markers [91].

Hypoxic/ischemic mechanisms (Figure 1)

Hypoxic/ischemic mechanisms are related with the hypoxemia
caused by SARS CoV-2 pneumonia or with the impaired CNS blood
flow caused by vasculitis, cardiopathy, or hemocoagulation disorders
associated with SARS CoV-2 infection [92-96]. Due to hypoxia,
nervous tissues undergo widespread suffering that results in the Diffuse
Hypoxic Encephalitis (DHE), neuropathologically characterized by
massive vasodilation, edema and neuronal lost [85,87,97]. Since the
lesions are produced through indirect mechanisms, postmortem
samples from COVID-19 patients with DHE usually give negative
results to detection tests for SARS CoV-2 markers [58]. The earliest
and most heavily affected CNS regions are those with most intense
neuronal activity and higher metabolic oxygen and glucose demands,
including the telencephalon, the diencephalon and the cerebellum
(86,87,97].

In addition, single or multiple infarctions, especially localized in
the internal capsule or in the centrum semiovale, have been observed
in association with diffuse encephalitis or as only neuropathological
finding [58,71,98,99]. Actually, it is unclear whether the infarctions are
directly related with the viral infection. COVID-19 patients suffering
from cerebral infarction generally present cardiovascular risk factors,
including advanced age, hypertension, hypercoagulability, diabetes,
and medical history of cerebrovascular disease, which are all factors
that predispose to the onset of infarction and are independent of
the current SARS CoV-2 infection [100-102]. On the other hand,
epidemiological studies have indicated that the frequency of cerebral
infarction is increased in COVID-19 patients [9].

Another possible picture possibly linked to hypoxic/ischemic
mechanisms, detected in some COVID-19 patients undergoing MRI
examinations may consist of diffuse edema localized in the white
matter of both the parietal lobe, responsible for the so-called Posterior
Reversible Encephalopathy Syndrome (PRES) [103,104].

Immunopathological mechanisms (Figure 1)

The immunopathological mechanisms are basically represented by
cytokine-release syndromes and autoimmune syndromes.

Cytokine-release syndromes

ACE-2 expressing hematopoietic stem cells in the bone marrow
is a possible target of SARS CoV-2 [42]. It has been stated that the
infected stem cells may give rise to progenies of lymphocytes and
macrophages responsible for dysregulated synthesis and release of
chemical mediators of immune response and inflammation [105,106].
Accordingly, increased serum levels of inflammatory cytokines have
been detected in COVID-19 patients, including Interleukin-2 (IL-2),
Interleukin-6 (IL-6), Interleukin-7 (IL-7), Granulocyte-macrophage
Colony-stimulating Factor (GM-CSF), Interferon y (IFN vy), IFN
y-induced Protein-10 (IP-10), Monocyte Chemoattractant Protein-1
(MCP-1), Macrophage Inflammatory Protein-1a (MIP-1a) and tumor
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necrosis factor- a (TNF-a) [107]. Among the substances increased
in COVID-19, is the MCP-1, a chemokine responsible for the
transmigration of the monocytes across the BBB [108]: this finding
has supported the hypothesis that a possible route for CNS invasion by
SARS CoV-2 is mediated by circulating monocytes [50].

The release of cytokines is a defense mechanism that intervenes in
the course of SARS CoV-2 infection and is responsible for the onset
of influenza-like symptoms, including headache, arthralgias, myalgias,
asthenia, fatigue and general malaise, which are frequently present in
the course of COVID-19 [1,2]. In some cases, the release of cytokines
is strikingly intense, assuming features of the so-called cytokine
storm, which represents a severe, fatal complication of COVID-19.
It is a systemic inflammatory response syndrome, characterized by
inflammatory processes possibly localized in all organs, including the
encephalon [109].

The neuropathological findings related with the cytokine-
release syndrome are variable, ranging from a modest infiltrates of
lymphocytes and monocytes with minimal or absent phenomena of
neuronal suffering to massive inflammatory infiltrates, intense reactive
astrogliosis and microgliosis (formation of microglial nodules),
hemorrhagic foci and massive neuronal loss [58,18]. In the latter case,
it is referred to as Diffuse Cytokine-Release Encephalitis (DCRE).
Immunohistochemical staining for the astrocytic marker, Glial
Fibrillary Acid Protein (GFAP), has confirmed variable degrees of
astrogliosis; that for the microglia marker, Human Leukocyte Antigen
DR isotype (HLA-DR), has shown high degree of microgliosis; that
for the cytotoxic T-lymphocyte marker CD-8 has revealed increase of
CD8-positive lymphocytes [110]. However, the most relevant datum
is the almost constant negativity to the detention tests for SARS CoV-
2 markers in postmortem samples of nervous tissues and in CSF
[58,71,18]. Since DCRE causes significant reduction of BBB selectivity,
it facilitates the virus invasion of the brain, possibly of every region of
it [111], causing an encephalitis by direct mechanisms with positivity
for SARS CoV-2, which, in extreme cases, it may lead to a diffuse
encephalitis.

In addition, the cytokine-release syndrome present in COVID-19
has been associated with hemocoagulation disorders responsible
for thromboembolic phenomena and Disseminated Ontravascular
Coagulation (DIC) [112,113]. The genesis of these phenomena is
probably multifactorial, as it may depend on concomitant vasculitis
and cardiopathy [92-96]. However generated, they can lead to the
formation of cerebral infarction or hemorrhage or the onset of diffuse
ischemic encephalopathy [58].

Finally An acute multi-systemic vasculitis with possible involvement
of cerebral arteries has been described in pediatric and adolescent
COVID-19 patients, displaying clinical and anatomopathological
features similar to those of the Mucocutaneous Lymph Node
Syndrome (MLNS), or syndrome of Kawasaki; since this syndrome
is caused by uncontrolled immune response to common antigenic
stimuli in genetically predisposed subjects, it has been suggested that
similar mechanisms could intervene during COVID-19 [114,115].

Autoimmune syndromes

Dysregulation of immune mechanisms related with SARS CoV-2
infection may also consist of the triggering of autoimmune response.
This would be supported by mechanisms of molecular mimicry, based
on molecular similarity between virus antigens and nervous tissue
antigens, or by mechanisms of bystander activation, based on non-
specific activation of T-lymphocytes that facilitates the activity of

natural killer cells, the release of cytolytic molecules and, finally, the
production of autoantibodies [116]. Autoimmune mechanisms have
been suggested for the pathogenesis of nervous lesions affecting the
CNS and the PNS.

As regards the CNS lesions, it has been hypothesized that SARS
CoV-2 may act as priming infectious agent of central demyelination
processes, similar to those present in MS, on the basis of the detection
of autoreactive T lymphocytes able to recognize both human
coronaviruses and myelin antigens [117] and of autoantibodies in the
CSF of COVID-19 patients [118]. On the other hand, symptoms of
neuroCOVID and of MS can associate in case of COVID-19 and MS
comorbidity, and significantly interfere with each other, in general
causing a reciprocal aggravation [119].

As regards the PNS lesions, autoimmune mechanisms have been
hypothesized for the pathogenesis of acute peripheral neuropathies
attributable to production autoantibodies against myelin and/or
Schwann cell antigens. This hypothesis has been supported by a
number of observations carried out on COVID-19 patients suffering
from Guillain-Barré-Strohl Syndrome (GBSS): (i) SARS CoV-2 has
never been detected either in the peripheral nerves or in the CSF
[120]; (ii) anti-spike protein antibodies showing molecular mimicry
for nerve gangliosides or other nerve antigens have been detected
[121-123]; (iii) patients have responded positively to Intravenous
Immunoglobulin (IVIg) therapies [121]. Finally, the pathogenic link
between COVID-19 and GBSS has been supported by the observation
of significant increase of incidence of GBSS during the COVID-19
pandemic [124]. However, the actual correlation between COVID-19
and GBSS is a controversial area and some scholars have expressly
denied this correlation [125,126].

Main Localizations-Related Symptomatology

Neuropathological lesions related with SARS CoC-2 are
topographically distinguished in central and peripheral (Table 1).

Central lesions

The CNS regions most often affected include (in order of frequency):
the olfactory regions of the telencephalon, the medulla oblongata
tegmentum, the hypothalamus, the remaining telencephalon, and the
cerebellum.

Olfactory regions: The olfactory bulb is probably the main CNS
target of SARS CoV-2, firstly reached through the olfactory route [58].
Further diffusion in the CNS would happen through the olfactory
tract and the medial and lateral olfactory striae, through which the
virus may affect the olfactory areas of cerebral cortex (entorhinal area,
prepyriform area, uncus and limen insulae), the septal nuclei, the
amygdala and the hypothalamus [70]. Computerized Tomography
Imaging (CTI) or Magnetic Resonance Imaging (MRI) examinations
carried out in neuroCOVID patients have frequently shown areas
of hyperdensity or of hyperintensity in all these regions [99], and
neuropathological investigations carried out on postmortem samples
from neuroCOVID patients have confirmed frequent presence of focal
encephalitis localized in the olfactory regions [58,71,18].

The contemporary inflammation of the olfactory regions as well as
of the olfactory mucosa and of the olfactory nerve explains why the
olfaction disorders are very common symptoms of neuroCOVID, so
much to be considered as pathognomonic symptoms of COVID-19
[127,128]. Clinical studies based on functional-MR and Positron
Emission Tomography (PET) techniques have suggested that
quantitative olfaction deficit, hyposmia/anosmia (i.e., reduction/loss
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Table 1: Synoptic view of the most common neuropathoplgical lesions in patients with neuroCOVID: localization, pathological anatomy, pathogenic
mechanism and most frequent clinical manifestations.

Neuropathological

Response to

Neuropathogenic

of Cranial Nerves

Mechanism
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ocalization Finding SARS CoV-2 Tests Mechanisms ain Symptoms
CNS
Telencephalon:
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Direct Mech :
. Olfactory Bulb Focal Encephalitis Positivity rect Viechanism Olfaction Disorders
. Olfactory Route
. Olfactory Cortex
. Septal Nuclei
Brainstem: R
: Dysautonomic Disorders:
Medullary Tegmentum . . .
. Direct Mechanism: . Respiratory Symptoms
. Nucleus of Solitary Tract . .
» e . Vagal Route . Gastrointestinal Symptoms
. Dorsal Motor Nucleus Focal Encephalitis Positivity .
. . R . Gustatory Route . Taste Disorders
. Spinal Trigeminal . .
. Hematogenous Route . Respiratory Failure
. Nucleus . )
. . . Circulatory Failure
. Reticular Formation
Dysautonomic Disorders:
. Reparatory Symptoms
. Circulatory Symptoms
Direct Mechanism: ’ Hematolyn.1phop0|et|c/
Diencephalon: . Hematogenous Immune Disorders
p ) Focal Encephalitis Positivity g . Endocrine/Metabolic
Hypothalamus Route .
. Spreading in CNS Disorders
P i . Homeostasis of Body Fluids
Disorders
. Behavioral Disorders
. Affective Disorders
Telencephalon: Diffuse Encephalitis | Negativity Indirect Mechanism: Influenza-like Symptoms
. Cerebral Cortex . Hypoxic/Ischemic Psychic Symptoms:
. (various Lobes) Mechanisms (DHE) . Cognitive Symptoms
. White Matter Immunopathologic . Consciousness Disorders
. Basal Nuclei 3 Mechanisms (DCRE) . Sensosimotor Symptoms
. Sensoryperception Disorders
. Motor Disorders
. Ccvo Focal Encephalitis Positivity Direct Mechanism: . Homeostasis of body fluids
. Hematogenous Route Disorders
. Stroke
. Cerebral Cortex Infarction Negativity Indirect Mechanism
. White Matter Hemorrage e  Thromboembolia
Cerebellum:
. Cerebellar Cortex Direct Mechanism:
Focal E haliti Positivi I
. White Matter ocal Encephalitis ositivity e Spreadingin CNS Cerebellar symptoms
. Cerebellar Nuclei
PNS
Polyradiculoneuritis Indirect Mechanism:
GBSS v X Negativity . Autoimmune Spinal Nerve Symptoms
of Spinal Nerves .
Mechanism
Polyradiculoneuritis Indirect Mechanism:
MFS v Negativity 3 Autoimmune Cranial Nerve Symptoms
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of the ability to detect smells), are prevalently symptoms of peripheral
origin, while qualitative deficit, dysosmia (i.e., inability to recognize a
smell or to confuse smells), are prevalently of central origin, therefore
disturbances of olfactory perception [128-131].

Medulla oblongata tegmentum: Through the vagal route, and
probably through the gustatory and trigeminal routes, SARS CoV-2
is able to invade the medulla oblongata tegmentum and progressively
its neighboring regions [66,73,98]. The area postrema and, to a lesser
extent, the nucleus of solitary tract itself, where the BBB is absent or
less selective, may be invaded through hematogenous route [82-84].
MRI and neuropathological studies have frequently confirmed in
neuroCOVID patients presence of lesions localized in all these regions
[58,71,98].

Lesions in medullary tegmentum may affect autonomic centers
involved in parasympathetic regulation of several visceral functions.
Respiratory symptoms (cough, dyspnea) or digestive symptoms
(vomiting, nausea, diarrhea), usually ascribed to inflammation of
the mucosal membranes site of virus primary localization, may be
due or made worse by lesions affecting medullary autonomic centers
nervous [132,133]. Therefore, the above visceral symptoms should
be considered, at least partly, as expression of central Therefore it
should always be useful to keep in mind that such symptoms may
be expression of central dysautonomic disorders, which can have
serious consequences for the patient. In particular, the involvement
of the respiratory centers, localized in the dorsal reticular formation
of medulla (gigantocellular nucleus) and in the dorsolateral reticular
formation of pons (parabrachial nuclear complex), may aggravate
the patient’s respiratory failure, often already severely compromised
by the SARS CoV-2 pneumonia [74,134]. The involvement of the
vasomotor centers, localized in the ventrolateral reticular formation
of caudal pons (parvocellular nucleus) may cause depression of heart
activity and lowering of blood pressure, which can lead the patient to
circulatory failure [135]. The involvement of the area postrema, site
of the Chemoreceptor Trigger Zone (CTZ), localized in the medulla
tegmentum near the floor of fourth ventricle, may cause the onset of
incoercible vomiting associated with nausea and loss of appetite [136].

Other common, pivotal symptoms in COVID-19 patients are
the taste disorders [19,129,137], comprising quantitative deficits,
hypogeusia/ageusia (i.e., reduction/loss of the ability to detect tastes),
and qualitative deficits, dysgeusia (perception of altered or unpleasant
flavors). They may have peripheral or central origin. The disorders of
peripheral origin would be due to the inflammation of the gustatory
mucosa and nerves [129], whereas those of central origin would be
due to virus invasion of the nucleus of solitary tract, through the
gustatory route [45] or even of the superior nervous centers involved
in the gustatory function (hypothalamus, gustatory area of the cerebral
cortex, i.e., frontal operculum, temporal pole and anterior insula).
Since the taste is conditioned by the olfaction, it has been is suggested
that the taste disorders could actually be secondary to the olfaction
ones [138].

Hypothalamus: Routes to invade the hypothalamus are the
hematogenous route [139] and the propagation by continuity from the
olfactory regions or the brainstem tegmentum [70,72,74]. Moreover,
the hypothalamus may be affected by indirect hypoxic/ischemic and
immunopathological mechanisms [140]. All hypothalamic nuclei
are susceptible to be affected, with a preference for the nuclei of the
median eminence (arcuate nucleus), due to the fact that the median
eminence falls within the CVO [82-84] and that these nuclei contain
neurons highly sensitive to inflammatory cytokines [80,141].

The onset of hypothalamic symptoms greatly contributes to enrich
the clinical picture of the neuroCOVID. They include dysautonomic
and limbic disorders: the former affect the respiratory function, the
blood circulation, the homeostasis of body fluids, the metabolism
and the hematolymphopoietic function; the latter include behavioral
disorders affecting the eating or sexual behaviors, anxiety, depression
and emotion disturbances, and sleep-wake cycle disorders [132,142-
145].

Telencephalon: With the exception of the already discussed
olfactory regions, which are telencephalic regions mainly invaded
through the neurogenous route, other regions of the telencephalon are
mainly affected by indirect, hypoxic/ischemic or immunopathological
mechanisms; the most affected regions are the cerebral cortex
(neocortex), the hippocampus (archicortex), the white matter (corpus
callosum, lamina terminalis, centrum semiovale, capsules) and the
basal nuclei, often affected in association, in the context of a DHE
or DCRE [58,86,87,18,97-100,146]. Other centers affected are the
telencephalic CVO (subfornical organ, vascular organ of the lamina
terminalis), which however are invaded through the hematogenous
route [82-84].

The clinical symptomatology of diffuse encephalitis is extremely
heterogeneous depending on location and extent of lesions. Symptoms
include: cognitive impairment, disturbances of the attention, of the
concentration and of the ideation, and memory loss; consciousness
disorders of qualitative type (acute encephalopathy or delirium) and
quantitative type (coma); sensory perception disorders affecting
exteroception, proprioception, vestibular sensitivity, hearing and
vision; motor disorders, such as seizures, muscle paralysis, spasticity,
hypertonia and tremor, and defects of motor planning, including
aphasia, apraxia, dysphagia; affective disturbances) [8,147].

In case of cerebral infarction or hemorrhage, symptoms arise as a
stroke, characterized by hemiplegia, hemianesthesia, aphasia, acute
encephalopathy and coma [147]. The spontaneous resolution of
symptoms with full anatomical and functional recovery indicates that
in some cases, the cause of stroke is due to Transient Ischemic Attack
(TIA) or by Reversible Ischemic Neurologic Deficit (RIND) [148].
In case of PRES, the main symptoms are headache, seizures, acute
encephalopathy and, characteristically, visual loss [103,104].

Finally, In case of isolated affection of the telencephalic CVO,
disorders of body-fluid homeostasis have been reported [149].

Cerebellum: Lesions of the cerebellum occur through direct
mechanisms (propagation by continuity, invasion by hematogenous
route) or indirect mechanisms (DHE, DCRE). The cerebellar
lesions (cerebellitis) have been found mainly in the medullary
center, with possible involvement of the cerebellar cortex and nuclei
[58,18,98,150,151].

Clinical examinations have frequently reported in COVID-19
patients cerebellar symptoms, including impairment of complex,
coordinated and precise movements (asynergia, ataxia, apraxia,
dysarthria, agraphia, dysmetria), disorders of automatic movements
(gaitand gaze disorders), disturbance of balance in static conditions and
during walking [152]. Moreover, according to recent views indicating
a role of cerebellum in the regulation of the cerebral cortex, through
the cerebrocerebellar circuit, and of the hypothalamic nuclei, through
the hypothalamocerebellar circuit [153,154], it has been hypothesized
that the previously described sensorimotor, cognitive, affective and
dysautonomic disorders, usually considered as of telencephalic or
hypothalamic origin, may have a pathogenic component of cerebellar
origin.
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Peripheral lesions

As stated before, the neurogenous route implies firstly an invasion
by SARS CoV-2 of peripheral nerves. In particular, the peripheral
nerves most frequently affected are the olfactory and the vagal nerve.
Infiltrates of lymphocytes and monocytes with reactive numerical
increase of Schwann cells and signs of axon suffering have been
observed in rare postmortem samples of olfactory nerve taken from
neuroCOVID patients [155].

In the course of COVID-19, peripheral nerves may be affected
through indirect mechanisms, mainly represented by autoimmune
mechanisms [116]. These mechanisms have been invoked for the
pathogenesis of a polyneuropathy affecting peripheral nerves (Table
1). In most cases, the polyneuropathy occurs clinically as a variant
of the GBSS, generally as the acute inflammatory demyelinating
polyradiculoneuropathy, but also as the acute motor axonal neuropathy
and the acute motor sensory axonal neuropathy [121].

They comprise a spectrum symptoms characterized by acute
ascending motor weakness, moderate sensory abnormalities and
muscle or radicular pain in the spinal periphery [156,157]. More rarely,
the polyneuropathy manifests clinically as the Miller-Fisher Syndrome
(MFS), clinically characterized by facial nerve palsy, ophthalmoplegia,
facial anesthesia/paresthesia, vestibular, hearing and visual disorders
[158].

Neuropsychiatric Manifestations of the LongCOVID

The post-COVID-19 condition (commonly indicated as
longCOVID) is a clinical syndrome characterized by the persistence of
clinical symptoms of COVID-19 for 4-12 weeks (subacutelongCOVID)
or for more than 12 weeks (chronic longCOVID), which affects 13%
of patients for more than 4 weeks, 5% for more than 8 weeks, and 2%
for more than 12 weeks [159], and is frequently observed in children
and adolescents [160]. In some cases, the syndrome is referred to the
presence of symptoms in patients who have passed the acute phase
of the disease, being negative to the common tests for SARS CoV-2
diagnosis [161].

As regards the pathogenesis of the longCOVID symptoms, different
hypotheses, not necessarily alternatives to each other, have been
formulated: (i) survival of the virus in tissues following a sort of balance
between the virus pathogenicity and the hosts immune response (in
this case the pathogenesis of the neuropsychiatric symptoms would
be due to direct mechanisms); (ii) triggering of delayed mechanisms
based on immunopathological mechanisms (indirect mechanisms);
(iii) sequelae of lesions occurring during the acute phase of the disease
(postCOVID) [162].

The longCOVID symptoms frequently include neuropsychiatric
symptoms, which, similarly to the symptoms of neuroCOVID, can be
divided into symptoms of central origin and symptoms of peripheral
origin.

The main symptoms of central origin occur with the following
relative frequency: asthenia (85%); chronic fatigue with psychophysical
impairment (81%); headache (68%); sensory disorders (paresthesia)
(60%); taste and olfaction disorders (55%); diffuse arthralgias and
myalgias (55%); depression or anxiety (47%); visual, auditory and
vestibular disturbances (29-47%); and insomnia (33%) [163]. Rather
characteristic is the difficulty of concentration, associated with state of
mental confusion and memory disturbances, perceived by the patient
as a sensation of ‘brain fog’ [164,165]. Although the longCOVID
neuropsychiatric symptoms are, at least partly, the same present during
the acute phase of the disease, and presumably share the pathogenic

mechanisms, they tend to be more nuanced with a continuous or
remitting trend [166-168].

Precise data on the pathogenesis of longCOVID symptoms and on
the neuropathology on the CNS tissues after SARS CoV-2 infection are
lacking. According to current views, the neuropsychiatric symptoms of
longCOVID tend to resolve spontaneously, a sign that SARS CoV-2 by
itself would not be able to produce chronic inflammation of the nervous
tissues [165,169]. Consequently, the neuropsychiatric symptoms
of the longCOVID would be related to functional disorders of the
nervous system rather than to structured lesions of it. Accordingly,
some neuropsychiatric symptoms of the longCOVID (e.g., headache,
arthralgias and myalgias, anxiety and depression disorders, sleep
disturbances, brain fog) have suggested the existence of a morbid
association between the neuroCOVID and the still little known central
sensitivity syndromes, including the Primary Fibromyalgia Syndrome
(PFS) and the Chronic Fatigue Syndrome (CES). This association
could be linked to common pathogenetic mechanisms consisting of
abnormal neuroimmunoendocrinological responses triggered by the
viral infection [170,171]. The term ‘fibroCOVID’ has been coined to
indicate the association between fibromyalgia and longCOVID [167].
Moreover, the affective symptoms of the longCOVID have been at least
partly related with the trauma caused by the disease itself, which causes
an abnormally prolonged stress reaction resulting in a Post-traumatic
Stress Disorder (PTSD) [171]. In this regard, a remarkable similarity
between the clinical picture of the longCOVID and that of the chronic
stress syndrome has been noticed. In fact, the two syndromes share
a series of mental disorders, including cognitive symptoms (sense of
mental emptiness, sense of alarm, chronic fatigue, induction of negative
thoughts), affective symptoms (anxiety, depression and emotion
disorders), behavioral symptoms (interpersonal problems, tendency
to self-isolation), somatic symptoms (muscle tension, tremor), and
visceral symptoms affecting respiratory system (tachypnea, shortness
of breath), cardiovascular system (tachycardia, palpitations, chest
pain), digestive symptoms (nausea, inappetence, alteration of intestinal
transit, abdominal pain) and integumentary system (skin rash, profuse
sweating) [172]. In contrast, Diffusion Tensor Imaging (DTI) and 3D
high-resolution TIWI sequences acquired in recovered COVID-19
have revealed possible disruption to microstructural and functional
integrity of brain tissues suggesting the long-term consequences
of SARS-CoV-2 [173]. Finally, it is important to point out that the
affective disturbances may in some cases be attributed to the changes
of lifestyle and of interpersonal relationships and to the prolonged
loneliness condition that COVID-19 patients underwent during the
disease [174].

The symptoms of peripheral origin mainly occur with the late onset
of the GBSS following SARS CoV-2 infection [175,176].

Discussion

The appearance of a neuropsychiatric syndrome in the course of
COVID-19 has been described in an extremely variable percentage of
cases (from 36 to 60%) [6-9], probably because the different countries
have adopted non-homogeneous strategies in the collection of
epidemiological data [10].

The neuroCOVID symptoms may be due to neuropathological
lesions caused by direct or indirect damaging effect of SARS CoV-2
on the nervous tissues (Figure 1). In the first case, the virus is usually
detectable in the nervous tissues, while in the second case, this
detection and therefore the pathogenic role is rarely possible [177].

Actually, the above division into direct and indirect mechanisms
is not easy to apply since the different symptoms of neuroCOVID,
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due to the considerable frequency of the variables, continuously
change their clinical expression. An element that notably contributes
to the neuroCOVID symptoms variability is linked to the fact that
the different neuropathogenic mechanisms can variously combine,
coexisting or overlapping each other, and mutually influence
their clinical manifestation and give rise to extremely complex
neuropsychiatric syndromes different from patient to patient [29].
The possibility of these interactions must be maximally taken into
consideration during the management of COVID-19 patients, because
they can trigger a vicious circle that causes a rapid aggravation of the
clinical picture and aggravates the prognosis of COVID-19 (Figure 2).

Examples of these interactions have been provided below. (i)
Focal encephalitis localized in the olfactory regions or in the medulla
oblongata tegmentum (direct mechanism) can easily spread to
neighboring regions, for example to the hypothalamus or to the
reticular formation, where it involves regulatory centers of the
respiratory and/or cardiovascular systems; this causes the onset or
the worsening of the respiratory and circulatory disorders, which in
turn have a negative impact on the nervous tissues, causing a DHE
(indirect mechanism) (Figure 2a). (ii) Focal encephalitis localized in

hypothalamus (direct mechanism) can affect hypothalamic nuclei
involved in the regulation of the immune system favoring the onset
of a cytokine-release syndrome which in turn can lead to a DCRE
(indirect mechanism) (Figure 2b). (iii) DCRE (indirect mechanism)
can cause inflammatory processes that affect the encephalic vessels,
causing morphofunctional alterations of the BBB and subsequent
massive invasion of nervous tissues by the virus through the
hematogenous route (direct mechanism) (Figure 2c). (iv) Disorders
of hemocoagulation determined by SARS CoV-2 (direct/indirect
mechanism) can cause thromboembolic phenomena that affect cerebral
blood vessels, causing cerebral infarction (indirect mechanism). (v)
Focal or diffuse encephalitis (direct/indirect mechanism) can cause
changes of nervous tissue antigenicity responsible for abnormal
immune system responses supported by mechanisms of molecular
mimicry or of bystander activation. In reality, the series of examples
could still be very long.

All these conditions represent a serious risk for the patient’s survival.
The onset of neuropsychiatric symptoms in a COVID-19 patient
is a fearful event that must be promptly recognized and adequately
treated: a COVID-19 patient must always be subjected to the most

FOCAL ENCEFALITIS INVOLVEMENT OF AUTONOMIC
Direct Mechanism RESPIRATORY/CARDIOVASCULAR CENTER
DIFFUSE HYPOXIC ENCEPHALITIS

Indirect Mechanism H RESPIRATORY/CIRCULATORY FAILURE

a.
FOCAL ENCEFALITIS INVOLVEMENT OF REGULATORY CENTERS
Direct Mechanism OF IMMUNE SYSTEM

DIFFUSE CYTOKINE-RELEASE ENCEPHALITIS ﬁ IMMUNE SYSTEM DYSEUNCTION |

Indirect Mechanism

b.

DIFFUSE CYTDK.INE-RELEASE. ENCEPHALITIS | ALTERATION OF BBB PERMEABILITY |
Indirect Mechanism l
DIFFUSE ENCEFALITIS
Direct Mechanism
C.
CARDIOPATHY/
DISORDERS OF HEMOCOAGULATION THROMBOEMBOLIA CNS VESSELS
Indirect Mechanism l
CNS BLOOD FLOW DISORDERS
Indirect Mechanism
d.

Figures 2: Examples of interactions among neuropathogenic mechanisms in the course of COVID-19, responsible for vicious circles that inevitably

lead to a serious worsening of neuroCOVID symptoms.
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accurate clinical and instrumental examinations for early recognition
of neuropsychiatric symptoms and subsequent management of them
[178].

Also the follow-up study in order to ascertain the long-term
consequences of neuroCOVID must be carried out with accuracy:
the neuropsychiatric symptoms of longCOVID, although milder than
those present in the acute phase of the disease, can lead to significant
disability and deeply impact on the quality of life of patients. To date,
unfortunately, there are no specific therapies to treat disorders related
to the longCOVID. Patients are forced to live with the symptoms until
their regression and try, as far as possible, to alleviate them, finding
personalized solutions that can include: drug therapy for the treatment
of pain syndromes, physical rehabilitation exercises, diets aimed at
restoring optimal conditions of weight and muscle mass, and, finally,
psychological support for those with PTSD.

Conclusion

In these two years of the COVID-19 pandemic, many data on the
pathogenetic mechanisms of neuroCOVID symptoms are still poorly
known and the current opinions on them are often conflicting. Future
research is needed in order to clarify the pathogenic mechanisms
of all the neuroCOVID symptoms and take advantage of these to
implement a series of measures against SARS CoV-2: (i) to standardize
the collection of clinical data, in order to specify the origin of the
neuroCOVID symptoms, evaluate their evolutionary trend and obtain
precise data on their epidemiology; (ii) to deserve a multidisciplinary
approach to treatment of the disease, in a perspective that considers
COVID-19 as a multisystem disease; (iii) to subject the highest
possible number of patients died with neuroCOVID to autopsy, in
order to verify the localization and the type of neuropathological
lesions, verify the presence of SARS CoV-2 markers in nervous
lesions, and understand as much as possible the pathophysiological
mechanisms that led to the patient’s death; (iv) to implement
research programs aimed at identifying predisposing factors to
the onset of neuroCOVID symptoms; (v) to activate experimental
research programs on animal models, human neural cells and brain
organoids aimed at investigating the possible neuropathogenic
mechanisms through which SARS CoV-2 can affect the nervous
system in order to counter or prevent them.

Finally, the appearance of variants of the wild type of SARS CoV-2
(Alpha variant, UK, Sep-2020; Beta variant, South Africa, May-2020;
Gamma, Brazil, Nov-2020; Delta, Oct-2020; and Omicron, multiple
countries, Nov-2021) has raised the question of whether these variants
exhibit changes in neuropathogenicity. The available data on this
important topic are still scarce and it is necessary that experimental
and clinical studies on it are activated as soon as possible.
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