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ARTICLE INFO ABSTRACT

Keywords: A spectrum of neurological disease associated with COVID-19 is becoming increasingly apparent. However, the
COVID-19 mechanisms behind these manifestations remain poorly understood, significantly hindering their management.
SARS-CoV-2 The present review subsequently attempts to address the evolving molecular, cellular and systemic mechanisms
E:E:Z?g{/ D of NeuroCOVID, which we have classified as the acute and long-term neurological effects of COVID-19. We place

particular emphasis on cerebrovascular, demyelinating and encephalitic presentations, which have been re-
ported. Several mechanisms are presented, especially the involvement of a “cytokine storm”. We explore the
genetic and demographic factors that may predispose individuals to NeuroCOVID. The increasingly evident long-
term neurological effects are also presented, including the impact of the virus on cognition, autonomic function
and mental wellbeing, which represent an impending burden on already stretched healthcare services. We
subsequently reinforce the need for cautious surveillance, especially for those with predisposing factors, with
effective clinical phenotyping, appropriate investigation and, if possible, prompt treatment. This will be
imperative to prevent downstream neurological sequelae, including those related to the long COVID phenotypes
that are being increasingly recognised.

1. Introduction

The COVID-19 pandemic is now established as the most severe
pandemic since that of Influenza in 1918, with more than 183 million
infected cases and 3.9 million deaths worldwide as of July 2021 [1].
Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) rep-
resents the seventh coronavirus known to infect humans, with present-
ing symptoms that are largely respiratory in nature. More recently there
has been a growing interest into potential neurological complications,
which can present before, during or after the onset of respiratory
symptoms [2]. Whilst mechanistic and epidemiological studies are up-
coming, it remains unclear which patients are predisposed to having
such features. Although these complications may be rare, given the vast
number of patients affected worldwide, the cumulative morbidity and
mortality from them may be significant. Hence, our review aims to
explore the short- and long-term neurological complications of COVID-

19, which we together here term “NeuroCOVID”, highlighting potential
mechanisms and predisposing factors to provide more insight into this
diverse and ever-expanding topic.

2. Methodology of literature search

We searched PubMed for articles written in the English language that
were published between March 2020 and early April 2021, which
detailed clinical information on patients with neurological disorders
associated with SARS-CoV-2 infection. Further papers were retrieved
from respective references and additional information included from
other important resources.

3. Challenges in investigation

Studying the neurovirulence of COVID-19 has continued to pose a
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challenge. Moriguchi and colleagues provided evidence of SARS-CoV-2
RNA in the cerebrospinal fluid (CSF) of a patient with meningitic and
encephalitic signs [3]. Puelles et al. (2020) and Matschke et al. (2020)
also recently detected SARS-CoV-2 RNA in post-mortem brain tissue
samples of confirmed COVID-19 patients [4,5]. These studies potentially
demonstrate some degree of neurotropic potential of the virus, however
more large scale investigations have been unable to replicate such
findings in patients with suspected NeuroCOVID [2]. The inconsistency
in evidence for SARS-CoV-2 neurotropism have led many to suggest that,
whilst changes on brain parenchyma and cerebral vasculature are
confirmed with COVID-19 infection, these are instead more likely
related to subsequent inflammatory changes and effects on the blood-
brain and blood-CSF barriers [6,7]. One could additionally argue the
reported neurological syndromes may be coincidental to COVID-19
infection and the establishment of a causal link requires further exam-
ination. However, a recent article using the principles of Bradford Hill
concluded that a pathophysiological relationship between COVID-19
and its proposed neurological manifestations are biologically plausible
and coherent [8]. Reported neurological manifestations to SARS-CoV-1
and Middle East Respiratory Syndrome (MERS-CoV), to which COVID-
19 is genetically similar, also implies cautious surveillance and further
investigation of the neurotropic effects of SARS-CoV-2 are warranted

1.
4. Entry into the nervous system

If indeed neurotropic, SARS-CoV-2 entry into the central nervous
system (CNS) would likely be driven by the use of its spike (S) protein,
which binds the Angiotensin-Converting Enzyme 2 (ACE2) receptor (see
Fig. 1) [10]. Alongside many other bodily tissues, the ACE2 receptor is
shown to be expressed in several neurological tissue types, including
endothelial and arterial smooth muscle cells, neurons, various brain
nuclei and glial cells [11]. The binding is facilitated by transmembrane
serine protease 2 (TMPRSS2), which primes the S protein, to enable
entry of the virus into its host cell [10].

The method by which SARS-CoV-2 arrives at ACE2 receptors in CNS
tissue, however, remains unclear (see Fig. 2). The virus may breach the
CNS via the olfactory route. The olfactory nerves and bulb are efficiently
organized to allow retrograde neuronal transport of the virus between
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the nasal epithelium and CNS [9]. Findings that show viral infection and
replication occur in the apical layer of the olfactory mucosa, alongside
studies showing ACE2 is widely expressed in the olfactory neuro-
epithelium (particularly the sustentacular cells), further support this
[12,13]. MRI has also confirmed olfactory bulb atrophy in patients with
prolonged COVID-19 infection [14]. On the contrary, one would expect
if COVID-19 neurotropism was facilitated through the olfactory route, a
much greater number of patients would have presented with neurolog-
ical manifestations of the disease, particularly those that present with
anosmia but ultimately do not suffer further complications. Hence,
another mechanism of CNS penetration could be through dissemination
of the virus into the circulation and spread through the haematogenous
route [9]. Associated cytokine production would then increase perme-
ability of the blood brain barrier to further enhance viral penetrance of
the CNS. Finally, the virus could also first invade peripheral nerve ter-
minals and subsequently enter the CNS via trans-synaptic pathways. The
oral mucosa, for example, has been shown to express the ACE2 receptor,

which would allow viral spread through its associated cranial nerves
[15].

5. Pathophysiology of neurological complications

The neurological complications of COVID-19 were first described by
Mao et al. (2020), with 36% of their inpatient cohort developing
neurological symptoms [16]. These included CNS (headache, dizziness,
impaired consciousness, ataxia, stroke and epilepsy), peripheral nervous
system (hypogeusia, hyposmia, neuralgia) and muscular symptoms. In
the early stages of the pandemic it was unclear if these complications
were due to one or a combination of hypoxia, sepsis, intensive care
support (e.g. ventilation and extracorporeal membrane oxygenation) or
a result of direct viral injury, hypercoagulability and/or immune hy-
perstimulation [17].

A rapid overproduction of cytokines and immune cell hyper-
activation, together termed the cytokine storm (see Fig. 3), has partic-
ularly been implicated in the link between COVID-19 and severe
infection, including the development of its neurological manifestations.
This phenomenon has previously been associated with several other
triggers, such as cancers, autoimmune conditions, monogenic disorders
and various therapies [18]. However, there remains no widely accepted

TMPRSS2
Epithelial cell

Immune

response
Viral entry

via
endocytosis

Fig. 1. Epithelial entry of SARS-CoV-2. SARS-CoV-2 entry into respiratory epithelial cells is thought to be analogous to entry into cells of the central nervous system
(CNS). After entering the airways, SARS-CoV-2 uses its spike (S) protein to bind the Angiotensin-Converting Enzyme 2 (ACE2) receptor on the cell surface of alveolar
type II cells. Transmembrane serine protease 2 (TMPRSS2) primes the S protein to facilitate endocytosis of the bound ACE2 receptor [10]. The viral life cycle
continues within the cell, culminating in viral replication and release after pyroptosis. The release of viral particles and cell death triggers downstream immune

response cascades.
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Fig. 2. Routes into the central nervous system. SARS-CoV-2 may reach the CNS in a number of ways: a) Olfactory route: SARS-CoV-2 reaches the nasal epithelium
through the upper respiratory airways and binds to ACE2 receptors on sustentacular and basal olfactory epithelial cells [12]. Following entry into these cells, the
virus travels toward the CNS via retrograde transport along olfactory nerves through the cribriform plate to cells of the olfactory bulb. b) Peripheral route: ACE2
expression at peripheral nerve endings facilitates trans-synaptic spread of the virus into the CNS. ACE2 receptor expression in the oral mucosa, for example, would
allow spread along the mandibular division of the trigeminal nerve (CNViii) into the CNS [15]. ¢) Haematogenous route: SARS-CoV-2 enters the bloodstream
following infection, replication and release from epithelial cells, most typically alveolar and respiratory epithelial cells. The viremia allows spread to multiple tissues.
At the blood brain barrier (BBB), circulating cytokines may also increase permeability to allow passage of the virus and immune cells into the CNS [18].

definition for what the cytokine storm fully entails. Previous cytokine
storms induced by viral triggers are suggested to be secondary to host
defects in pathogen detection, effector and regulatory mechanisms or
resolution of inflammation. The COVID-19 storm may therefore be
similar, either relating to immune hyperactivity or a failure to resolve
the initial inflammatory response as the virus is consistently replicating
[18,19]. There have been previous suggestions of a cytokine storm in
SARS-CoV-1 patients who demonstrated worse outcomes, which further
supports this [20]. On the contrary, demonstrating the role of a cytokine
storm to NeuroCOVID specifically has continued to prove difficult,
although has shown success more recently. A recent study by Perrin
et al. (2021) showed that CSF samples of patients with NeuroCOVID
contain elevated levels of interleukin-6 (IL-6) and hyper-
albuminorrhachia, implying cytokine dysregulation and increased blood
brain barrier permeability [21]. Espindola et al. (2021) discovered
further interleukins and chemokine ligands were abnormally high in the
CSF of their NeuroCOVID cohort [22]. Remsik et al. (2021) additionally
showed cancer patients presenting with NeuroCOVID possessed elevated
CSF interferon-y, chemokine and matrix metalloproteinase-10 levels
[23]. However, there still remain other studies, which have been unable
to replicate such findings, indicating further work is needed to validate
the role of a potential cytokine storm to NeuroCOVID [24].

The brain, unlike the rest of the body, possesses its own innate im-
mune system comprising astrocytes and microglial cells, which can re-
cruit further inflammatory cells, such as macrophages and lymphocytes,
through cytokine production [25]. In COVID-19 there appears to be
over-recruitment of these inflammatory cells, which may lead to several
of the described neurological sequelae [17]. This is supported by
neuropathological studies, which confirm the accumulation of T cells

and macrophages both in perivascular spaces, but also the brain pa-
renchyma of NeuroCOVID patients [26,27]. The reported expansion of
dedifferentiated monocytes and exhausted T cells in the CSF of Neuro-
COVID patients may suggest many of these recruited cells are addi-
tionally ineffective to adequately control the virus [28]. Data correlating
accumulations of inflammatory cells with presenting neurological
symptoms however remains sparse, hence further investigation is
needed to better understand this. Preclinical models suggest microglia
and type 1 astrocytes are particularly responsible for the cytokine storm
associated with COVID-19 [25]. This is again supported by histopatho-
logical data, which show NeuroCOVID patients display activated
microglia and hypertrophilic astrocytes in the cerebral perivascular
spaces and brainstem [26,27]. Furthermore, type 1 astrocytes are shown
to produce IL-1a, IL-1f, IL2, IL13, IL15, IL17, interferons and tumour
necrosis factor in response to coronaviruses, whereas microglia induce
the production of IL-6, interferons and tumour necrosis factor [29].
Young healthy adults may be able to balance this, producing a network
of anti-inflammatory cytokines such as IL-4, IL-5, IL-9 and IL-10 to limit
effects of the virus [30]. With ageing, this anti-inflammatory response
becomes further impaired, providing a potential contributing factor to
explain worse outcomes with COVID-19 in older patients.
Mitochondrial dysfunction may also be important to the patho-
physiology of NeuroCOVID. The intracellular inflammatory response
triggered by the virus leads to the production of reactive oxygen species
at the level of the mitochondria, further driving cytokine production and
inflammation [31]. This is worsened by the limited mitochondrial
release of antiviral factors, such as interferons [28]. A recent study
additionally showed monocytes produced in response to COVID-19
pneumonia possess abnormal mitochondrial ultrastructure, less
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Fig. 3. Tissue-mediated immune response to SARS-CoV-2 infection. Following infection of cells, active replication and viral release generates a local immune
response from neighbouring cells and resident macrophages, which release cytokines, such as Interleukin-6 (IL-6), Monocyte Chemoattractant Protein-1 (MCP1),
Interferon-inducible Protein-10 (IP-10) and Interferon-gamma (IFNy) [20,30]. Further inflammatory cells, such as monocytes, T cells and macrophages are subse-
quently recruited to the site of infection, which can phagocytose infected cells and viral particles. Recruited dendritic cells also carry antigen to lymphoid organs,
leading to major histocompatibility complex (MHC) presentation of antigen and activation of T cells. Further secretion of pro-inflammatory cytokines leads to a
‘cytokine storm’ at the systemic level, causing multi-organ failure. Permeability of the blood-brain-barrier is also enhanced, allowing entry of activated immune cells
from the periphery into the CNS, hence additionally activating CNS immune cells [18]. Further recruitment of T cells triggers the humoral immune response, in which
viral antigen recognition results in B cell-mediated antibody production and subsequently neutralization of the virus.

capable of performing an oxidative burst [32]. Furthermore, the virus
may elicit effects on metabolism and energy production within cells of
the brain. The hypoxia, for example, secondary to COVID-19 pulmonary
disease would lead to increased anaerobic metabolism in the mito-
chondria of brain cells, causing acid accumulation, cerebral vasodila-
tion, interstitial oedema and obstruction of cerebral blood flow [33].
The impaired ability for mitochondria to perform oxidative phosphor-
ylation has additionally been linked to T-cell exhaustion in cancer,
which may be synonymous with the T cell exhaustion suggested in
COVID-19 [34,35].

6. Genetic predispositions

Polymorphisms in genes encoding ACE2 and TMPRSS2 suggestively
relate to COVID-19 susceptibility. The distribution of ACE2 variants, as
well as observed patterns in gene expression, differs amongst ethnic
populations and may contribute to the variation of COVID-19 severity
and susceptibility between ethnicities [36-38]. In particular, a recent
study identified ACE2 variants rs73635825 and rs143936283 to interact
with the SARS-CoV-2 spike protein, which may be especially damaging
to host cells [39,40]. This may also confer a greater susceptibility to
neurological disease, given ACE2 receptors additionally act as the entry
point to the CNS. Moreover, male-associated susceptibility to COVID-19
may partially be explained by ACE2 being localised to Xp22.2
[37,38,41].

The COVID-19 Host Genetics Initiative showed that a cluster of risk
alleles at locus 3p21.31 confers the most significant risk to severe dis-
ease after infection and hospitalisation [36]. The locus comprises six
major candidate genes involved in normal immunity, ACE2 function and
LZTFL1 [42]. LZTFL1 is widely expressed and regulates the ciliary
trafficking important to epithelial cells. Replication in another study of
critically ill patients confirmed this [43]. Homozygous carriers of the
identified risk allele cluster were typically younger, potentially
contributing to the paradoxical number of young patients developing

severe disease [36]. The proportion of allelic carriers differs amongst
ethnicities, which could again partially account for the varied risk of
severe disease amongst different races [44].

The role of genetics specifically with regards to susceptibility to
NeuroCOVID, however, remains unstudied. Using other viral infections
as exemplars, it has been demonstrated that Herpes Simplex 1 (HSV-1)
encephalitis can result from inborn mutations in the TLR3 pathway,
leading to a dysregulated CNS immune response to HSV-1 [45]. It may
be possible that analogous genetic mechanisms are also responsible for
the neuroinflammatory manifestations of COVID-19. For example, a
recent study showed that individuals with loss-of-function variants of
the X-chromosomal TLR7 gene develop worse outcomes with the SARS-
CoV-2 virus, even in young healthy patients [46]. COVID-19 suscepti-
bility and severe disease have additionally been associated with a defi-
cient antiviral host response and type 1 interferon signalling, although
immune-related genes, such as the HLA genes, are shown not to be
related [36,43].

Shared genes between severe COVID-19 and established neurological
diseases may additionally point to shared pathogenic mechanisms, such
as the OAS1 gene in Alzheimer's Disease [47]. Importantly, TMPRSS2
has also been found to be upregulated in several tissues, including the
CNS, in Down's Syndrome (DS) patients, which may partly explain why
these individuals appear to be more susceptible to COVID-19 infection
[48]. Additionally, this may suggest DS patients would be more sus-
ceptible to neurological involvement if infected with the virus. An
upregulation of IFNAR genes involved in the pro-inflammatory inter-
feron signalling and CXCL10 gene have also been demonstrated in DS.
The association between COVID-19 susceptibility and schizophrenia
spectrum disorders, as well as the clinical improvement observed with
aripiprazole, additionally implies there may be shared susceptibility
genes between NeuroCOVID and schizophrenia [49,50]. However, many
of these aforementioned genetic associations to NeuroCOVID require
further study to validate or dismiss potential links.



A. Jesuthasan et al.

7. Mechanisms underlying specific manifestations
7.1. Cerebrovascular syndromes

Amongst its neurological manifestations, COVID-19 has been shown
to predispose patients to multiple large vessel ischaemic strokes, even in
its early stages, as well as cryptogenic strokes (see Fig. 4) [27,51,52].
The mechanisms underlying this remain unclear, complicated further by
the confounding variable that many patients may already possess risk
factors for cerebrovascular disease before becoming infected, such as
hypertension, diabetes and coronary artery disease [53]. Reduced
perfusion to the brain may partly be driven by systemic hypotension
secondary to the cardiovascular compromise caused by COVID-19. This
is supported by findings of ischaemic lesions in the borderzone areas of
patients who died of the infection [54]. Other virally induced cardio-
vascular complications may also occur, including myocarditis, atrial
fibrillation and decompensated heart failure to further increase risk of
ischaemic stroke [55]. Cytokine production could additionally cause
endothelial and mononuclear cell activation, with the virus also directly
infecting brain endothelial cells to produce a diffuse endothelialitis and
further endothelial dysfunction [56]. This would shift the vascular
equilibrium toward vasoconstriction, leading to organ ischaemia and
inflammation. Downstream of this, activation of the coagulation
cascade, production of thrombin and recruitment of platelets leads to
thrombosis and clotting propensity [57]. Elevated antiphospholipid
antibody levels found in some patients may further enhance the
thrombotic risk [58]. The hypercoagulable state of COVID-19 is exem-
plified by elevated D-dimer levels, fibrin degradation products and
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increased clot strength [57]. This explains the higher-than-expected
incidence of thrombotic complications elsewhere in the body, ranging
from pulmonary emboli and deep vein thromboses to micro-
angiopathies. Rarer neurovascular complications, such as cerebral
venous sinus thromboses (CVST), have additionally been described [59].
Importantly, such studies include subjects without significant inherited
or acquired risk factors for developing CVST, further implying the virus
directly drives hypercoagulability rather than exacerbating pre-existing
risk factors for developing thromboses [60].

Intracerebral haemorrhage has also been reported in COVID-19 pa-
tients and has been shown to be a common cause of COVID-related
death, particularly in younger patients [61]. A proposed mechanism is
that the virus interacts with ACE2 receptors expressed in the circum-
ventricular organs and cerebrovascular endothelial cells [62]. As these
cells usually regulate cerebral blood flow by hormonal and sym-
pathoadrenal control, salt and water homeostasis and vascular autor-
egulation, interaction with the virus may lead to their damage and
functional impairment. Consequently, erratic changes in cerebral
perfusion pressure may cause arterial wall rupture, although this is yet
to be formally confirmed in infected patients. The thrombocytopenia
associated with COVID-19 may additionally increase risk of bleeding,
with the coagulopathy appearing similar but not perfectly matched to
disseminated intravascular coagulation [58]. Bleeding risk would be
further enhanced with anticoagulants, which infected patients often
receive to prevent the development of thromboses. The disruption in
haemostasis may also increase risk of haemorrhagic transformation of
ischaemic strokes, especially if anticoagulation has been administered
[55,63]. Another theory suggests cytokine imbalances may lead to
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Fig. 4. Mechanisms of vascular manifestations. Cerebrovascular manifestations can be separated into haemorrhagic and ischaemic diseases: i) Binding the ACE2
receptor on epithelial cells of the circumventricular organs leads to dysregulation of blood pressure homeostasis in the cerebral circulation, causing aneurysmal
rupture and intracerebral bleeds [65]. ii) Impaired gas exchange due to COVID-19 effects on the respiratory system may result in poor oxygen delivery to the CNS.
Cardiovascular compromise may also cause systemic hypotension and decreased perfusion to the CNS. Furthermore, circulating pro-inflammatory cytokines lead to
activation of the coagulation cascade and vessel wall inflammation in the periphery and cerebrovasculature to increase the risk of various thrombotic complica-

tions [58].
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instability of existing intracranial aneurysms, which is shown to occur
with other viruses such as Influenza [64]. Systemic inflammation caused
by COVID-19 may additionally elevate levels of substances, such as
matrix metalloproteinases, to cause breakdown of collagen within basal
arterial wall membranes resulting in aneurysmal rupture [65]. Post-
mortem high resolution magnetic resonance imaging and histopatho-
logical examination has suggested injury on the microvascular level as
well, with accumulating inflammatory cells in the perivascular spaces of
infected patients causing a thinning of the endothelial wall, subse-
quently leading to fibrinogen leakage and microhaemorrhages [26,27].

7.2. Central and peripheral demyelinating syndromes

The virus is also postulated to cause demyelination of the nervous
system, which may be due to the cytokine storm and excessive activation
of glial cells (see Fig. 5). Alternatively, COVID-19 may induce the pro-
duction of autoantibodies against glial cells [66]. Histopathological data
have indeed confirmed a demyelinating process with the infection,
showing haemorrhagic white matter lesions with surrounding axonal
injury and macrophage accumulation [6]. Numerous publications have
particularly reported an association between COVID-19 and acute
demyelinating encephalomyelitis (ADEM). This is not unexpected since
the syndrome has been frequently described following vaccination or
infection with Influenza, Enterovirus and Epstein-Barr virus, with a
particular preference toward affecting children [67]. Paterson et al.
(2020) recently described 9 cases of ADEM associated with COVID-19,
supported by imaging or, in one of their cases, brain biopsy [2]. The
authors emphasized that this case number was found over a 5-week
period in their hospital when, in usual circumstances, it would take
approximately 5 months to accrue this number of cases. Hence, an as-
sociation between COVID-19 and ADEM appeared likely, although the

Journal of the Neurological Sciences 428 (2021) 117608

virus could not be identified in any CSF or neuropathological samples.
Other studies have shown that whilst ADEM tends to affect patients with
severe COVID-19 pulmonary infection, often on ventilation, it may
additionally present in infected patients with mild or occasionally no
respiratory symptoms [68-71]. Karapanayiotides et al. (2020) also re-
ported an association between COVID-19 and acute haemorrhagic leu-
koencephalitis using MRI, which showed haemorrhagic demyelination
in a pattern encountered in Balo's concentric sclerosis [72]. This pattern
has previously been attributed to a combination of hypoxia-induced
tissue preconditioning and abnormally high proinflammatory cytokine
levels, which may similarly explain the mechanism here [73]. The au-
thors also found a symmetric distribution of leukoencephalopathy
affecting both external capsules, which they suggested may be related to
a clustering of ACE2 expression. However, ACE2 clusters have not been
reported to be abundantly expressed in these regions in other studies
[11].

Reports of Guillain-Barre Syndrome (GBS) and Miller-Fisher Syn-
drome with the virus additionally suggested SARS-CoV-2 may utilize
molecular mimicry to lead to antibody-mediated destruction against
cranial and peripheral nerve components [74-76]. More recently the
association between COVID-19 and GBS was contradicted by a UK
epidemiological study, which refuted a causal link between the two
[77]1. The authors conversely showed a reduced incidence of GBS during
the first wave of the pandemic when compared to previous years. Lunn
et al. (2020), further suggested the increase in GBS and implied asso-
ciation between COVID-19 and GBS identified in the Northern Italian
population was likely to be smaller than thought and could be attributed
to chance rather than a causal link [75,78]. Another study looking at
hospitals in Liguria during the period of lockdown showed their total
incidence of GBS cases was similar to numbers identified the year prior
[79]. This was despite the risk of C. jejuni transmission, which is the
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Fig. 5. Mechanisms of immune-mediated manifestations. Circulating T cells and macrophages release pro-inflammatory cytokines, such as Interleukin-6 (IL-6),
tumour necrosis factor alpha (TNFa) and interferons (IFNs) in response to SARS-CoV-2 infection [20]. In severely ill patients, the immune cells and cytokines may
cross the blood brain barrier (BBB), further activating microglia and astrocytes [25]. This causes inflammation within the CNS, resulting in a spectrum of neuro-
inflammatory diseases [29]. In addition, circulating B cells may produce autoantibodies to either surface or intracellular neuronal antigens, which cross the BBB into
the CNS, binding to neurons and leading to cell dysfunction and death [66,82]. There is additional evidence that, in some cases, the virus directly gains access to the
CNS via the ACE2 receptor to infect CNS immune cells and neurons, subsequently causing cell damage, death and CNS inflammation [11].



A. Jesuthasan et al.

infection most commonly associated with GBS, likely being much lower
than normal. Moreover, only one of their six GBS patients who also
tested positive for COVID-19 had preceding symptoms of diarrhoea,
which would usually be indicative of C. jejuni infection, leaving the rest
as idiopathic cases that could be linked to COVID-19. The conflicting
findings therefore highlight that the relationship between COVID-19 and
GBS remains unclear and warrants further investigation.

7.3. Encephalitic syndromes

Encephalitis is another rare neurological complication of COVID-19,
reported both in children and adults [2,80]. The encephalitis may be
autoimmune driven and it remains unclear if it is facilitated by direct or
indirect effects of the virus on the brain, although the reported
improvement with immunotherapy implies an immune-related mecha-
nism likely exists [2,81]. Studies correlating sites of ACE2 expression to
posed locations of encephalitic lesions remain scarce, however imaging
findings associated with encephalitis show abnormalities in subcortical
and cortical areas, including the temporal and frontal lobes [82,83].
Chen et al. (2021) confirmed ACE2 is highly expressed in the temporal
lobe, particularly the medial temporal gyrus, whilst only a minority of
patients show ACE2 expression in the frontal lobe [11]. The relationship
between ACE2 expression and COVID-19 encephalitis therefore requires
further exploration. Recent identification of various serum and CSF anti-
neuronal autoantibodies in patients with NeuroCOVID additionally
implicated molecular mimicry mechanisms to the pathology [66].
Conversely, one study of nine suspected cases of autoimmune enceph-
alitis (AE) related to COVID-19 found no evidence of the antibodies
typically associated with AE, including those to N-methyl-p-aspartate
receptor (NMDAR), Myelin oligodendrocyte glycoprotein (MOG),
Aquaporin 4 (AQP4), Leucine-rich glioma inactivated 1 (LGI1) and
Glutamic Acid Decarboxylase (GAD) [2]. The additional absence of
SARS-CoV-2 RNA in the CSF of these patients also implied indirect
mechanisms more likely drive the encephalitis, again perhaps through
cytokine imbalances, although there have since also been isolated re-
ports of encephalitis with CSF-confirmed COVID-19 [82,84]. Alterna-
tively, this may imply the virus is largely intracellular within astrocytes,
neuronal and endothelial cells, but can on occasions also present in the
CSF. Crunfli et al. (2021) recently suggested using histopathology that
intracellular astrocytic infection with SARS-CoV-2 may take place, but
this remains a heavily controversial and under validated theory [85].

8. Paediatric neurological involvement

A further poorly researched complication of COVID-19 is its hin-
drance on neurodevelopment, particularly within the paediatric popu-
lation who are at greatest risk of developmental insult. A similar
spectrum of NeuroCOVID is observed in children as in adults, including
thrombo-ischemic disease, which follows stereotyped patterns accord-
ing to acute, post-acute and post-infectious phases [86]. Brain mani-
festations are typically ADEM-like in presentation affecting the brain
and spinal cord, particularly showing MRI signal changes in the sple-
nium of the corpus callosum [80,87]. In the largest paediatric Neuro-
COVID study thus far, although most children had recovered upon
follow-up, nine out of 38 retained mild neurological deficits, such as
ataxia, limb weakness and encephalopathy [80]. A further two children
had very poor outcomes, which included quadriplegia following myelitis
and ventilation-dependence following anti-NMDAR encephalitis. Four
children also died. It is clear that neurological deficits will prevent
children from being able to acquire and develop skills at critical ages.
Furthermore, patients who demonstrate a more severe profile and dis-
ease trajectory requiring longer hospital admission with persistent
physical disability may experience a more significant impact on neuro-
development [87]. With the majority of paediatric reports existing as
single case studies, the effects on neurodevelopment are difficult to
interpret equally across patients, warranting the need for larger
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longitudinal studies.
9. Long-term sequelae

It is becoming apparent the longer-term symptoms of COVID-19 (also
termed long COVID), which are largely defined as symptoms persisting
beyond 4-12 weeks of their onset, are widespread in patients previously
assumed to have recovered from the acute illness [88]. Similar to acute
COVID-19, long COVID is also a multisystem disorder. An Italian study
reported 87% of patients discharged from hospital had ongoing symp-
toms after 60 days, including fatigue, cough, dyspnoea, myalgia and
chest heaviness [89]. Chronic neurological symptoms, such as cognitive
impairment, dysautonomia, prolonged anosmia, psychiatric distur-
bances including anxiety, have also been widely reported [90-92]. This
extends to patients who do not require hospitalisation during the acute
phase of their illness, although those with severe infection particularly
requiring intensive care possess the greatest risk of suffering substantial
chronic neurological and psychiatric complications [93,94]. A UK study
reported that patients with COVID-19 achieved significantly worse
scores in a multi-organ assessment at 2-3 months when compared to
unaffected controls [91]. The severity of chronic symptoms appears to
be heterogeneous amongst patients and symptoms may additionally
present in a remitting and relapsing manner [90,95].

The COVID Symptom Study identified several risk factors for per-
sisting symptoms, such as obesity, female sex, age and having 5 or more
listed symptoms in the first week of illness [96-98]. Coincidental illness,
such as asthma and vitamin D deficiency, have been associated with
persistent symptoms [97,99]. Disease severity, hospital admission and
abnormal auscultation at symptom onset also increase the risk of long
COVID [100]. Moreover, polymorphisms in the ACE gene have been
suggested to play a role in the link between COVID-19 and chronic fa-
tigue syndrome [101]. It remains vital for subsequent studies, with the
increasing incidence of long COVID, to identify further genetic and de-
mographic risk factors as this may reveal components to its patho-
physiology and improve surveillance of affected patients.

The prevalence of neurological and neuropsychiatric sequelae is
particularly concerning, as SARS-CoV-1 patients reported a high inci-
dence of depression, fatigue, post-traumatic stress disorder and panic
disorder even several years after the acute phase of their illness
[102,103]. Although these may partly be driven by the effects of hos-
pitalisation rather than the disease itself, if COVID-19 follows a similar
trajectory this could pose a major burden on available healthcare ser-
vices in the coming years. Recent studies show that 55.7% of patients,
one month after being discharged from hospital with COVID-19, self-
report psychiatric symptoms and impaired ability to carry out daily,
work and social activities, further indicating this may be an impending
problem [90,104].

It is particularly important, therefore, to first enable future studies to
be readily accessible for long COVID patients, for example through pa-
tient advocacy and support groups, to facilitate their further contribu-
tion to this field [88]. Secondly, the use of functional assessment tools to
promptly identify and manage such chronic symptoms are highly
encouraged. As with acute COVID-19 infection, rigorous clinical
neurological assessment dissecting the multiple presenting symptoms is
also essential. This will be supported by investigations, including im-
aging studies, blood and CSF examination for immune markers, neuro-
cognitive assessment and neurophysiological studies that are now being
utilised in COVID-19 follow-up studies [88]. Management protocols may
then follow rationally to prevent the development of further complica-
tions [91].

10. Conclusions and limitations
Here, we explore potential pathophysiological links between COVID-

19 and its suggested neurological manifestations, additionally taking
into account genetic susceptibilities. We want to emphasize the
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importance of recognizing and addressing the long-term effects of
COVID-19, which are becoming increasingly apparent, including its
impact on mental wellbeing as well as neurodevelopment.

We appreciate the obvious limitations to our work. In particular,
studies exploring the neurological manifestations of COVID-19 are
rapidly emerging and an inclusive and up-to-date summary is chal-
lenging if not impossible. Studies exploring mechanisms behind these
manifestations additionally remain sparse, hence many of our in-
terpretations were derived from non-uniform study types with differing
methodologies. Furthermore, whilst it is an exciting and growing area of
COVID-19 research at the moment, we chose not to study treatment
options in this review, given this has been reviewed thoroughly else-
where. This includes the effects of the recently developed vaccines,
which show promising potential in limiting the acute and long-term
complications of the virus. Finally, future studies are encouraged to
validate contemporary findings with, as the disease persists and time
goes on, a special emphasis on thorough pursuit of longer follow-up
periods to improve our understanding of long COVID and its potential
features that need monitoring, treatment and prevention.
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