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Abstract
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Increasing evidence has shown that coronavirus disease 2019 (COVID-19) can also damage the nervous system. The neurological manifestations of COVID-19 are heterogeneous, ranging from mild symptoms such
as anosmia, ageusia, headaches, dizziness, and myopathy to more severe
conditions such as cognitive impairment, delirium, acute ischemic stroke,
seizures, necrotizing hemorrhagic encephalopathy and Guillain-Barré syndrome. There are also long-term neurologic consequences in many COVID-19 survivors. The definitive evidence of direct neuronal invasion of
this virus is still uncertain. However, immune mediated inflammation and
cytokine storm, mitochondria dysfunction, pro-thrombotic state, hypoxia,
metabolic dysfunction, hormonal dysregulation, and accumulation of toxic
metabolites caused by viral infection in multiple tissues and organs may be
responsible for the most neurological complications. Here we review the
various neurological consequences of Covid-19 and their possible causes.
The need of further studies was also discussed.
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Introduction

The outbreak of Covid-19 has become a serious threat to
global health. At the time of writing, over 250 million cases and
5 million deaths have been reported worldwide. Canada, like
much of the world, is experiencing the emergence of the Omicron wave, and to date, close to two million cases of Covid-19
have been identified and more than 30 thousand deaths have
been reported. While doctors focused mainly on treating the
damage caused to the lungs and circulatory system, evidence of
neurological effects has been accumulating [1-19]. Many people

with the disease had lost their sense of smell and taste. Some
patients were reporting persistent neurological manifestations
from milder symptoms such as headaches, dizziness, muscle
aches, sleep disorders and brain fog to more severe conditions
such as cognitive impairment, ischemic stroke, intracerebral
hemorrhage, encephalopathy, and movement disorders. Some
people hospitalized with COVID-19 were also experiencing delirium. Many people recovered from COVID-19 are continually
experiencing short-term memory loss, confusion, and inability
to concentrate. All these symptoms suggest that the virus infection may also affect the nervous system [20-35]. This review will
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summarize the neurological consequences of COVID-19 based
on various case reports and retrospective clinical studies, and
explore the possible pathogenic mechanisms of neurological
damage after SARS-CoV-2 infection.
The neurological manifestations observed in Covid-19 patients
It has become increasingly apparent that SARS-CoV-2 also attacks the nervous system. In addition to respiratory and cardiovascular problems, neurological manifestations in patients with
COVID-19 are evident in at least 30% of hospitalized patients.
These symptoms fall into 3 categories: central nervous system
(CNS), peripheral nervous system (PNS), and muscular-skeletal
symptoms [28,36,37]. Sometimes the neurological manifestations can be devastating and even lead to death. Awareness
of the possible neurological exhibitions in COVID-19 patients
is very important to assist in the recognition, treatment, and
management of potentially life-threatening neurologic complications. The following neurological manifestations are common
amongst Covid-19 patients:
Headache and dizziness
Headaches and dizziness are common CNS manifestations of
SARS-CoV-2 infection and have been reported in many studies.
Initial reports of COVID-19 related headache described bilateral
cephalgia as pulsating pain in the temporoparietal, forehead,
or periorbital region. Such headaches were reported in 11% to
34% of hospitalized COVID-19 patients and limited to active periods of the COVID-19 infection and resisted conventional analgesia therapy [38]. A retrospective study described a wide array of neurological manifestations at 3 hospitals in Wuhan, the
most common being dizziness (16.8%) followed by headaches
(13.1%) [13]. Headaches occurred in 15.0% of the 1012 noncritically ill patients in the Wuhan Square Cabin Hospital [39]
and 6.5% of 262 patients in Beijing [40], and 34% of patients in a
study in Zhejiang [41]. In Shanghai, dizziness and headache occurred in 11.2% of 249 patients [42]. In a large study conducted
across China, headache was reported in 13.6% of 1099 patients
[43]. A more noteworthy finding was that a greater percentage (15%) of those with more severe illness complained of
headaches. Among 373,883 confirmed symptomatic COVID-19
cases in the US, 34% reported headaches [44]. Headaches has
also been largely present in most cases across the world [34,
37]. However, it is not clear whether headache and dizziness
episodes are nonspecific symptoms of infection or are associated with neurological damage from SARS-CoV-2 infection [34].
Headaches and dizziness can often be a forerunner to viral meningitis or encephalitis and is often the premonitory symptom of
a cerebrovascular disease.
Acute cerebrovascular disease
Acute cerebrovascular disease remains one of the most common and serious CNS complications seen in COVID-19 populations. Its association with COVID-19 was first reported in 2.8% of
total patients and 5.7% of severe patients in Wuhan, China [13].
Another study in Wuhan also discovered that 10/221 patients
(4.6%) with COVID-19 developed acute ischemic stroke, in addition to a cerebral venous sinus thrombosis and a cerebral hemorrhage [45]. In divergent studies conducted across China, 2 to
38% of total deaths were found to be due to cerebrovascular
events [37]. Hundreds of other cases have also been reported
around the world [46]. A group of Canadian doctors found that
1.8% patients of COVID-19 had experienced stroke and the in-

hospital mortality (34.4%) were exceedingly high [47]. A retrospective cohort study at 2 hospitals in New York City had shown
approximately 1.5% of emergency or hospitalized COVID-19 patients experienced an ischemic stroke, a rate 7.5 times higher
than that observed in influenza patients [48]. In an Italian cohort of patients admitted with confirmed SARS-CoV-2 infection,
the rate of ischemic stroke was 2.5%, despite venous thromboembolism prophylaxis on admission [49]. Similarly, there was a
3.7% incidence of ischemic stroke in Dutch COVID-19 patients in
the intensive care unit (ICU) despite venous thromboembolism
prophylaxis [50]. In a British study about neurological and neuropsychiatric complications of COVID-19 with median patient
age of 71 years old, 62% of patients presented with cerebrovascular diseases, 74% with acute ischemic stroke, 12% with intracerebral hemorrhage, and one patient with CNS vasculitis [17].
Although acute cerebrovascular diseases were mainly noted in
older COVID-19 patients, having multiple comorbidities, mainly
hypertension, diabetes and prior stroke, COVID-19 has also led
to younger patients without significant stroke risk factors presenting with ischemic stroke, including large vessel occlusions
[51-54].
Impaired consciousness and neuropsychiatric symptoms
During the acute and convalescent stages of COVID-19, many
patients exhibit impaired consciousness, disorientation, and altered mentation [24, 55]. Clinically, these effects are manifested
as delirium and cognitive deficits [56]. Delirium is an acute disruption of information processing by the brain networks and
the ensuing aberrant behavior [24].
Impaired consciousness has been reported in 7.5% and 9.5%
hospitalized patients of COVID-19 at two hospitals of Wuhan
[13,57]. Doctors in a Chicago medical center found that more
than 40% of patients with COVID-19 showed neurologic manifestations at the outset and more than 30% of those had impaired cognition [58]. Furthermore, similar impairments ranging from 10% to 70% have been reported from Spain [59],
Turkey [60], Italy [61], and the UK [16]. A recent report of 58
COVID-19 patients diagnosed with acute respiratory distress
syndrome (ARDS) in Strasbourg, France, found neurologic
symptoms included agitation (69%), confusion (65%), and corticospinal tract signs (67%) [18]. Taken together, the pathology of
impairment of consciousness in patients with COVID-19 is likely
to be multifactorial, including direct infection and damage to
the parenchyma, hypoxia, as well as toxic–metabolic encephalopathy [62].
Encephalitis and encephalopathy
Encephalopathy and encephalitis are serious CNS manifestations of SARS-CoV-2 infection [34]. Encephalopathy or encephalitis may produce minor symptoms such as headaches, fever
and neck rigidity to more intense symptoms like altered sensorium, agitation, seizures, coma or even focal neurological deficits.
Focal neurological deficits are visible in magnetic resonance imaging (MRI) as altered cortical and subcortical T2-weighted-Fluid-Attenuated Inversion Recovery (T2/FLAIR) signals [5]. In the
acute phase of COVID-19 illness, the intensity of the encephalopathy is related to duration and severity of illness [2].
The first case of viral encephalitis was reported in Japan,
where a 24-year-old man was unconscious and presented generalized convulsions. Interestingly, SARS-CoV-2 RNA was detected in his cerebrospinal fluid (CSF), but nasopharyngeal swabs
remained negative [14]. Another viral encephalitis case was re-
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ported at the Beijing Ditan Hospital in China, where SARS-CoV-2
was found in the CSF of COVID-19 patients using genome sequencing [33,34]. Encephalitis and encephalopathy as clinical
manifestations of COVID-19 have been reported by many since
then [6,63-66]. However, the vast majority of patients with COVID-19-related encephalopathy or encephalitis have negative
SARS-CoV-2 CSF reports. Therefore, encephalopathy-like clinical presentations, such as mental confusion, delirious states,
impaired consciousness and agitation may not be involved in
viral encephalitis, but are most likely a consequence of systemic
factors, such as cytokine sickness, hypoxia, and metabolic dysfunction [21,37].
Seizures
The association of seizure and COVID-19 can be multi-faceted [67]. An early report suggested a very low incidence (0.5%)
of seizure disorder [13]. The occurrence of seizures is a rather
sinister complication of COVID-19, which often heralds a grim
outcome [68]. Known epileptic patients with COVID-19 may experience increased frequency and severity of seizures since the
threshold is reduced by fever [67].
A recurrent generalized tonic-clonic seizures was reported
from a previously healthy young woman with COVID-19 In Iran
[69]. A recent report of 304 patients diagnosed with COVID-19
also documented 2 seizure-like events [70]. Three other cases
of epilepsy associated with COVID-19 have also been reported
[71,72].
Anosmia and ageusia
The most prevalent PNS symptoms of SARS-CoV-2 infection
are olfactory and gustatory dysfunction. Smell and taste impairments have been widely reported in COVID-19 patients, including SARS-CoV-2 positive paucisymptomatic patients which presented with isolated loss of smell and taste onset but without
exhibiting any other COVID-19 symptoms [73-77].
Twelve cases of impaired taste and 11 cases of impaired
smell was reported out of 214 individuals with COVID-19 in
Wuhan at the beginning of the pandemic [13]. Subsequently,
at least 19.4% of 320 Italian COVID-19 patients including 23.7%
of 59 hospitalized patients reported chemosensory dysfunction
[75,78]. Another investigation in Italy found smell reduction in
41.7% of people with COVID-19, while 55.4% experienced taste
reduction [79]. A retrospective study among patients in France
revealed that 47% of COVID 19 patients reported anosmia beginning 4.4 ± 1.9 days after the onset of infection with a mean
duration of anosmia of 8.9 ± 6.3 days [80]. In the USA, 68% smell
and 71% taste loss were reported in Covid-19-positive subjects
[81]. In Europe, a multicenter study of 417 patients reported
357 cases (85.6%) of olfactory impairment, 342 cases (88%)
of taste dysfunction, and 11.8% cases of olfactory dysfunction
preceding other symptoms [82]. Olfactory and gustatory dysfunction were more common in females as compared to males,
which highlights a gender predisposition [82]. In a study done
in Iran, 83% of SARS-CoV-2-infected patients had anosmia as
their first symptom, and two-thirds of them were female [83].
Interestingly, the damage of chemo-senses seems to vary from
different infection of SARS-CoV-2 variants. Based on common
COVID-19 symptoms posted online, the delta variant, which
now sweeps across the globe, seems to have less effect on the
olfactory and gustatory system. However, no evidence has been

published so far. It is not yet clear whether the emerging Omicron variant causes more or less chemosensory symptoms.
Guillain-barré syndrome
Guillain–Barré syndrome causes immune-mediated damage
to the peripheral nerves that usually occur after gastrointestinal
or respiratory illnesses [2]. This progressive neuropathy can be
devastating because in which the immune system attacking the
body’s nerves can lead to paralysis and/or respiratory failure.
There are several reports suspecting that SARS-CoV-2 may result in Guillain–Barré syndrome.
Five patients have been reported in Italy with Guillain-Barré
syndrome after being diagnosed with SARS-Cov-2 infection [84].
The latency between the onset of COVID-19 symptoms and presentation of Guillain–Barré syndrome was from 5 to 10 days [2].
Additional cases were reported from Wuhan where all patients
experienced a prodrome of an upper respiratory infection ranging from 5 to 14 days prior to the development of symmetric
weakness, with 3 patients developing respiratory failure [85].
More cases of Guillain–Barré syndrome associated with SARSCoV-2 have also been reported in several countries [86-88].
Myopathy and neuromuscular disorders
Myalgia, fatigue and arthralgia are common symptoms of
COVID-19 [28,89]. A study of COVID-19 patients found 44%
to 70% of hospitalized patients had these symptoms and 33%
had increased creatine kinase (CK) [90,91]. Another report suggested that 52% of patients aged 22–70 reported symptoms of
myalgia and fatigue as predominant symptoms [92]. Skeletal
muscle injury was recorded in 10.7% of the COVID-19 patients
at 3 hospitals in Wuhan. Creatine kinase (CK), D-dimer, C-reactive protein and lactate dehydrogenase levels in these patients
were found to be elevated [13]. 17.2% of 841 patients hospitalized with COVID-19 in Spain also reported myalgias [59]. In another report, myalgia was noted in 34.8% of COVID-19 patients
[93]. Among 373,883 confirmed symptomatic COVID-19 cases
in the US, 36% of them experienced myalgia [44]. A startling
increase in myalgias in COVID-19 patients has been prevalent
and directly related to the severity of the infection [36]. In addition, COVID-19 patients receiving treatment had symptomatic relief of myalgia, along with the subsequent reduction of
the viral load [94]. However, the nature of the rapid outbreak
and spread of the virus did not allow thorough workup of such
COVID-19 patients that might have included electromyography
testing, muscle imaging, or histopathological examinations [26].
Other neurological manifestations of covid-19
In addition to the aforementioned manifestations, nerve pain
[89], ataxia [29,37], Demyelinating lesions [34], trouble focusing [95], changes in behavior [96], dysexecutive syndrome [18],
sleep disorders [97] have also been reported in some cases.
The pathological mechanisms of neurological manifestations of COVID-19
Despite the neurological manifestations of COVID-19 attracting widespread attention, the exact pathogenic mechanism of
neurological damage after SARS-CoV-2 infection remains obscure. Research into this area is in its infancy and most findings
are preliminary and even controversial. Here, we summarized
some of the potential mechanisms for neurological injury by
COVID-19, and a diagram illustration is shown in Figure 1.

													

Page 3

www.bioaccent.org

Figure 1: Schematic representation of possible pathological
pathways of SARS-Cov-2 causing brain damage.

Direct viral invasion
The possibility of nervous system invasion by SARS-CoV-2 has
been suggested right after the neurological complications were
discovered in patients with COVID-19 [67,98] and has been tested recently in human brain organoids and mouse brain in the
laboratory [99]. It was speculated that the virus may have the
capacity to enter the brain and cause severe infection. Based on
previous studies [100] of other viruses, several potential routes
of entry for SARS-CoV-2 have been proposed.
One possibility is that the virus could get into the brain by
infecting nerves that connect different parts of the body to the
brain [21]. For example, the virus could be internalized in nerve
terminals by endocytosis, transported retrogradely, and spread
trans-synaptically to other brain regions, as described for other
coronaviruses [101]. Since the loss of smell is a common symptom, neurologists wondered whether the olfactory nerve might
provide a route of entry. Virus may be able to get into the brain
through the nasal cavity and into the orbitofrontal cortex, the
only part of the brain that is not covered with the dura membrane [73,102].
The second potential route is the blood-brain barrier (BBB).
Since the size of the viral particle (80–120 nm) is larger than endothelial fenestrae [103], crossing the intact BBB to directly infect the brain would require internalization and transportation
of the virus across the cerebral endothelium [21]. However, the
expression of SARS-CoV-2 docking proteins such as angiotensin
converting enzyme-2 (ACE2), neuropilin-1 (NRP1) and Basigin
(BSG or CD147) in cerebral endothelium remains unclear. On
the other hand, SARS-CoV-2-associated cytokines may disrupt
the BBB [104] and a leaky BBB could facilitate the entry of the
virus.
The third potential route is the infiltration of infected immune cells [21]. It is possible that the virus could be transported
to the brain via cells of the immune system because cells such
as monocytes, neutrophils, and T cells are distributed throughout the body. Cells of the immune system could be infected with
SARS-CoV-2 in one location, such as the respiratory tract, and
then bring the virus to the brain through the vasculature, the
meninges, and the choroid plexus [105].
Although the virus could get into the brain by a couple of
ways, evidence of SARS-CoV-2 using any potential routes of
entry into the brain has not been provided thus far. Clinicalpathological studies that tested for the presence of the virus

in the brain or CSF produced mixed results. Cases reported in
China and Japan found low level of the virus’s genetic material in spinal fluid [14,33] and an autopsy in the USA found viral particles in brain cells [106]. Post-mortem examination of a
patient infected with SARS-CoV-2, who exhibited confusion and
mental status changes, detected virus in frontal lobe neurons by
electron microscopy despite negative CSF PCR testing [1]. Viral
particles were also identified in brain capillary endothelial cells
[107]. SARS-CoV-2 virus had also been identified in brain tissue
samples from 8 of 22 patients (36%) who died from COVID-19
infection [108]. The presence of RNA and protein particles of
viruses in the CNS specimens including fluid or parenchyma implies the possibility of a direct invasion of the brain by viruses.
However, a vast majority of patients with COVID-19-related
encephalopathy or encephalitis have negative SARS-CoV-2 CSF
reports [63,109]. Since virus levels were low and were not consistently detectable, the source of which is a mystery and the
possibility of artifact or contamination has not be excluded [21].
On the other hand, if SARS-CoV-2 indeed enters the brain,
the low concentration seems disproportionate to the profound
deficits that infected people were experiencing [110]. To cause
severe brain damage by direct invasion, the viruses must directly replicate and spread within brain tissues, which may not be
the case. SARS-CoV-2 utilizes ACE2 as the main docking receptor
and needs proteolytic processing of the spike protein by transmembrane protease serine 2 (TMPRSS2) for efficient cell entry
[111]. Besides ACE2, SARS-CoV-2 may also utilize BSG (CD147)
[112] and NRP1 [113] as docking receptors, while a range of
proteases including TMPRSS11A/B, cathepsin B and L, and furin
(FURIN) have been shown to facilitate viral cell entry and replication [114]. However, recent studies have discovered that human
cortical neurons tend to have very little of these docking and
processing proteins [21], implying that the virus may not infect
neurons easily and may be limited to non-neuronal epithelial
tissues. Interestingly, a case report described that in a COVID-19
patient, viral RNA was detected by reverse transcription–quantitative real-time polymerase chain reaction (RT-PCR) but not
by in situ hybridization in medulla and cerebellum. SARS-CoV-2
protein has been found in brain vascular endothelium but not
in neurons or glia [115].
While the question of whether SARS-CoV-2 directly infects
neurons remains unresolved, neurologists are exploring other mechanisms whereby it could affect the human brain. Researchers found that the spike protein can cross the blood-brain
barrier in mice and in-vitro models of human BBB [116,117].
The entrance of the spike protein does not mean the virus can
also cross into the brain. Nevertheless, due to the toxicity of the
spike protein, the protein likely could cause the brain to release
cytokines and inflammatory products which may result in other
mechanisms of neurological manifestations of COVID-19.
As discussed previously, loss of smell is one of the most
prevalent symptoms of SARS-CoV-2 infection and olfactory disturbances occurred even without significant nasal inflammation
and coryzal symptoms [83]. It is therefore reasonable to speculate that olfactory impairment may be a sign of olfactory nerve
or olfactory center being invaded by viruses, particularly the
olfactory bulb, which is located right above the nose and communicates information about smell to the brain [118]. However,
it remains unclear whether there is a definitive causal relationship between the two. ACE2 and TMPRSS2, the two key proteins required for SARSCoV-2 entry have been detected in the
nasal mucosa at both RNA and protein levels, but they seem to
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be localized to epithelial cells (sustentacular cells), not olfactory
sensory neurons [119]. Based on these findings, a few plausible
mechanisms of olfactory dysfunction via viral entry into the olfactory epithelium have been postulated [37,119].
Firstly, local infection of the vascular and sustentacular cells
in the nasal epithelium could result in significant inflammation
that effectively blocks the conduction of smell and alters the
functions of olfactory sensory neurons [119]. Secondly, damage to these cells also results in water and ionic imbalances in
them, indirectly influencing signalling from olfactory sensory
neurons to the brain [119]. Vascular damage causing hypoperfusion may also be responsible for olfactory bulb dysfunctions
[37]. Interestingly, the most implicated receptor, ACE-2, has also
been found to be abundant in the oral mucosal epithelium, thus
proving a possible entry source for the virus [120]. An autopsy
study [121] discovered intact coronavirus particles in supporting cells of the olfactory mucosa at the roof of the nose, along
with evidence of active replication in the tissue [115]. Damage
to the nervous system may be limited to the epithelial cells in
the nose and mouth. Perhaps viral replication destroys those
cells and/or induces inflammation, which could help explain the
frequent loss of taste and smell at the start of SARS-CoV-2 infections [122].
Immune mediated injury and systemic inflammation
Another possibility of nervous system damage is that the
immune system goes into overdrive during fighting with SARSCoV-2, producing a maladaptive inflammatory response that
may cause tissue and organ damage, including the brain. A
maladaptive immune response characterized by hyperactivity
of innate immunity followed by immunosuppression is a key
feature of COVID-19 [123-126]. In patients with severe disease,
massive cytokine release causing a cytokine storm is common
[124,127]. Most COVID-19 patients exhibit increased circulating levels of interleukin (IL)-6, IL-1b, and tumor necrosis factoralpha (TNF-α), as well as IL-2, IL-8, IL-17, G-CSF, GM-CSF, IP10,
MCP1, and MIP1a2 [21,123]. The exuberant flush of proinflammatory cytokines in the body’s periphery could cause inflammatory cytokines within the brain to be more active and cause
BBB dysfunction and neurovascular inflammation [128,129].
Some cytokines and toxic molecules such as pathogen-associated molecules and damage-associated molecules could enter the brain through a compromised BBB or damaged blood
vessel and induce an innate immune response in pericytes,
brain-resident macrophages, and microglia [21]. Such innate
immune response further increases cytokine production and
neuroinflammation, which in turn impairs brain function [130].
These cytokines also increase the entry of calcium into neurons
through α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
(AMPA) and N-methyl-D-aspartate (NMDA) receptors, thereby
increasing the neuronal hyper-excitability and apoptosis [68].
Systemic inflammation also leads to decreased monoamines, trophic factors and activation of microglia [131]. Activated microglia secrete glutamate and quinolinic acid, resulting
in upregulation of NMDA receptors, altered neuroplasticity and
excitotoxicity. The excitotoxic reaction caused by the imbalance
between glutamatergic and GABAergic responses is a potential
mechanism that promotes neuronal loss and further cerebral
tissue damage [132]. These insults induce new onset or re-exacerbation of pre-existing short- and long-term neuropsychiatric
symptoms. Furthermore, COVID-19 infection could also induce
some autoimmune diseases, such as anti NMDA receptor en-

cephalitis [121,133] and Guillain-Barre syndrome [84,85].
Recent publications indeed found signs of inflammation and
large amounts of highly activated microglial cells that could be
the result of a local or peripheral immune over-activation [134].
Analyzing brain tissue samples from 19 people who died from
COVID-19, evidence of damage and leakage from blood vessels
was found in the olfactory bulb and the brain stem, along with
inflammation surrounding the damage site [135]. Therefore,
the virus induced a large-scale immune response and that immune response caused a cytokine storm, which could explain
some neurological complications. Perhaps the immune-mediated injury cause more damage than the virus itself.
Mitochondria disturbance
Mitochondria are key cell organelles with two inner and outer membranes that maintain normal cell function, cell dynamics, and cellular homeostasis (energy homeostasis and calcium
homeostasis), which are important for the normal electrical
activity of neurons and synaptic transmission [136]. These organelles are also involved in the modulation of neurotransmitters in the central nervous system, and the regulation of cell
apoptosis. Any disturbance in mitochondrial function may lead
to abnormal electrical activity of neurons and cause the brain
to malfunction [137]. Oxidative stress is closely related to mitochondria dysfunction, and there is an interplay between mitochondria, oxidative stress, and inflammation during Covid-19
infection [68]. Inflammation increases cytokine release, which
in turn promotes production of mitochondrial reactive oxygen
species (ROS) in the cell, resulting in oxidative stress at the cellular level of most organs including the brain [68]. The role of
mitochondria in the pathology of COVID-19 disease has been
confirmed [138,139]. The SARS-CoV-2 RNA genome and all subgenomic RNAs integrate into the host mitochondrial matrix
to hijack mitochondrial function to promote virus replication
[140,141]. Eventually, the infected cells, including neurons, may
undergo necrosis, apoptosis, or dysfunction due to oxidative
stress and calcium ion influx with impaired mitochondrial function [1,102].
Blood-clotting abnormalities
There is growing evidence and consensus that SARS-CoV-2
infection is associated with a pro-thrombotic state, leading to
an increased incidence of arterial and venous thrombosis and
microvascular coagulopathy, which may be responsible for
some of the most frequent and harmful complications of the
disease [46,142]. SARS-CoV-2 causes a global inflammatory
response and a hypercoagulable state evidenced by increased
D-dimers (fibrin breakdown products indicative of intravascular thrombosis), increased fibrinogen, prolonged prothrombin
time, and disseminated intravascular coagulation [143,144].
The hypercoagulable state can predispose patients to microthrombi, acute clot, and stroke. In a multicenter study, 88% of
patients exhibited a hypercoagulable state and many COVID-19
patients suffered from highly abnormal blood-clots [145]. Clots
can form in veins deep inside the body or in the lungs, cutting
off blood flow. A stroke could occur if a blood clot were to obstruct arteries leading to the brain [145]. In addition to severe
acute ischemic stroke, silent strokes or mini strokes [146] may
frequently occur in COVID-19 patients and are a risk factor for
both large strokes and dementia [147]. Silent strokes typically
affect the brain’s white matter and when it is damaged, the
patient’s sustained attention is impaired [148]. Thus, bloodclotting abnormalities could cause neuronal dysfunction, and
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help explain certain COVID-19 encephalopathy symptoms, such
as ischemic stroke, confusion, excessive sleepiness, and comas.
COVID-19 brain damage indeed demonstrated macro– and micro–hypoxic/ischemic injury and infarcts at autopsy [149].
Hypoxic injury
Since COVID-19 is associated with breathing difficulties in
severe cases, the respiratory failure resulting from lung damage leads to ARDS [150]. When blood cannot carry enough oxygen through the circulatory system to the tissues of vital organs
such as the brain, it can cause the brain to malfunction which
may be one possible explanation for cases in which people with
severe COVID-19 have become unconscious [151]. Consistent
with hypoxic brain injury, autopsy studies have shown neuronal
damage in brain regions most vulnerable to hypoxia, including
neocortex, hippocampus, and cerebellum [106,152,153]. Additionally, hypercoagulable states causing intravascular thrombosis can further increase the risk of significant hypoxia leading
to severe brain damage. This is more pronounced in those with
pre-existing cerebrovascular disease [45,51,145].
Chaos in the body
COVID-19 appears to affect a number of body systems and
damage multiple organs [154-158]. All physiological changes
induced in the body by COVID-19, ranging from high fevers to
multiple organ failures, may also contribute to, or account for,
some of the non-speciﬁc nervous system dysfunctions, such
as the confusion, agitation, headache, delirium or coma seen
in many of the severe COVID-19 patients. Damage to systemic
organs can also harm the brain through chronic hypoxia, metabolic dysfunction (including water and electrolyte imbalance),
hormonal dysregulation, and accumulation of toxic metabolites
[21].
Studies have shown various electrolyte abnormalities in patients with SARS-CoV-2 infection [159,160]. The COVID-19 infection is associated with decreased serum concentrations of
sodium, potassium, magnesium, and calcium. These disorders,
especially hypokalemia, may cause disruption of balance between synaptic excitation and inhibition in the brain, leading to
severe clinical consequences for brain dysfunction [68].
Psychological reasons
COVID-19 infection can be a major traumatic event for patients, particularly if the patient needs to be hospitalized or
stay in the ICU and is intubated or has a near-death experience.
This experience can cause post-traumatic stress disorder (PTSD)
[161]. A high level of PSTD and significantly higher level of depressive symptoms can be found in COVID-19 patients [162].
The symptoms seen in these COVID-19 patients are similar to
those in PTSD survivors—they experience confusion, memory
loss, anxiety or depression [163,164]. A study examined PTSD
symptoms in 13,049 survivors of COVID-19 from the UK general
population, as a function of severity and hospital admission status. Compared with mild COVID-19, significantly elevated rates
of PTSD symptoms were identified in those requiring medical
support at home (effect size 0.178 s.d.), those requiring hospital
admission without ventilation (effect size 0.234 s.d.) and those
requiring hospital admission with ventilator support (effect size
0.454 s.d.). More than 35% survivors among the last group endorsed all ten symptoms of PTSD [165].
Medication interactions and side effects
The outbreak of COVID-19 caught the global health system

completely off guard. There are neither standard treatment
guidelines nor specific effective medicine, while a lot of emergency authorized clinic trials were conducted during initiation
of therapy. It is possible that medication interactions and side
effects may also contribute to some neurological manifestations in Covid-19 patients [5,35]. Many recently proposed medications have significant drug interactions and side effects [6].
Azithromycin, corticosteroids, plasma exchange, biologic agents
(tocilizumab), antivirals (e.g., remdesivir, ribavirin, lopinavir/
ritonavir, favipiravir), and anti-malaria drugs (e.g., hydroxychloroquine, chloroquine) were all investigated in accelerated
trials. Lopinavir/ritonavir and azithromycin interact with many
common medications in patients with prior strokes including
anti-hypertensives, anti-platelets, statins, and anticoagulants
[166-169]. These also carry an increased risk of neurocognitive
impairment in longer courses [169,170]. Ribavirin and interferon alpha have both neuropathic and neuropsychiatric sequelae
[171,172]. Anti-malaria drugs also carry the risk of neuropsychiatric side effects and less common ataxia, seizures, and limbic
encephalitis [173].
The long-term neurological implications of COVID-19
Previous reports have shown that people can suffer from
long-lasting neurological morbidity after severe virus infection
and ARDS [56,174,175]. COVID-19 could leave a similar legacy
[67,102]. Recent research suggests that there may be long-term
neurologic consequences in COVID-19 survivors worldwide. Increasing evidence indicates that brain damage occurs in many
survivors, causing long-term cognitive, behavioral, and psychological problems [18, 95-97].
While some neurological manifestations of COVID-19 may
be transient, viruses and other contaminant agents can be the
initiating etiology of neurodegenerative diseases such as Parkinson’s disease (PD) [176,177]. Infection is a risk factor for decreased cognitive function, both acutely and over time. Severe
infection has been associated with accelerated cognitive decline [175,178], and are also associated with an increased risk
of Alzheimer disease and related dementias [179-181]. One recent publication from a group of German and American doctors
concluded that the combination of direct effects of the virus,
systemic inflammation, strokes, and damage to bodily organs
can put COVID survivors at high risk for Alzheimer’s disease in
the future [182]. Evidence suggested a significant percentage
of ARDS survivors may suffer from long-term cognitive impairment with intensity directly correlated with ARDS severity.
70-100% of ARDS survivors experienced cognitive impairment
at discharge, 46–80% still experienced it one year later [174].
Acute injury to the BBB has been implicated as the underlying
mechanism for cognitive impairment following ARDS. The effect
of such injury may be amplified if there is a pre-existing cognitive impairment that corresponds to chronic BBB damage [67].
Patients with brain injury, on the other hand, have been found
to develop neurogenic pulmonary edema [67]. Psychiatric disease and fatigue may occur in survivors with severe COVID-19,
as was reported after SARS. The impact of COVID-19 on the
cerebrovascular can also speed up aging, placing some survivors at risk of getting early-onset dementia. This leaves unexpected long-term neurological complications in many COVID-19
survivors [181].
People who have been hospitalized in the ICU are more likely
to experience long-term problems with cognition and have an
increased risk of anxiety and depression [161,183]. It is clear
that brain damage is highly likely to occur when patients experi-
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ence severe illness requiring an ICU stay. In daily life, cognitive
effects on memory, attention, and executive function can lead
to difficulties managing medications, handling finances, comprehending written materials, and carrying conversations with
friends and family. Compromised cognition also affects individuals whose professions involve medical care, legal advice, financial planning, or leadership. Commonly observed long-term
psychological effects of ICU stays include anxiety, depression,
and PTSD [184]. Thousands or even tens of thousands of people
could already have these legacy effects, and some might be facing lifelong problems as a result.

are still looking at some very coarse outcome measures such as
survival rate or duration of hospitalization. It may take years to
fully understand the important basic questions, such as “what
neurological symptoms occur and at what frequency?”, “how
is the brain affected after a SARS-CoV-2 infection?”, “why some
people have neurological symptoms and others do not?”, and
“what treatments and interventions are needed?”. Answering
these questions will help detect neurological manifestations
earlier, attempt therapeutic intervention prior to irreversible
injury, and identify compelling neurobiological targets for more
efficient treatment.

As mentioned previously, fully recovered individuals from
COVID infection experience persistent impairment in sustained
attention [95]. One-third (33.62% ) of survivors in a study of
236,379 American patients still had residual issues which manifest neurological problems within six months [185]. 33% of
the patients discharged from a hospital in France were found
to have a dysexecutive syndrome consisting of inattention,
disorientation, or poorly organized movements [18]. In Italy,
patients displayed a wide array of neurological symptoms 6
months after hospitalization due to COVID-19. These symptoms
include fatigue (34%), memory/attention impairment (31%),
and sleep disorders (30%). 37.4% patients with cognitive deficits at follow-up were those who experienced worse respiratory
SARS-CoV-2 infection disease and longer hospitalisation [97]. A
recent multicentre cohort study of 80,388 patients in 302 UK
health-care facilities shows 49.7% of the patients admitted to
hospital had at least one complication. In those who survived,
26.6% of patients had shown regression in self-care than they
did before their illness [96]. It has been discovered recently that
patients who recovered from COVID-10 also experienced longterm micro-structure and cerebral blood flow changes [186]. In
this study, gray matter atrophy, widespread CBF reduction, and
white matter microstructure changes were detected in patients
recovering from COVID-19 using the quantitative MRI technique. This provided new evidence to the neurological damage
of COVID-19 on long-term recovery [186]. A recent review on
cognitive impairment after COVID-19 summarized that patients
with SARS-CoV-2 infection appear to experience global cognitive impairment in memory, attention and executive function,
and in particular verbal fluency, ranging from 15 to 80% of the
sampled patients in 12 studies [187].

Neurological Presentations in COVID-19 are diverse and heterogeneous, ranging from mild symptoms such as anosmia,
ageusia, headaches, dizziness, and muscle aches to more severe pictures such as stroke, seizures, ataxia, encephalopathy
and movement disorders. However, it is not yet established that
whether these are only associations or having an etiological relationship with COVID-19. The distinction between true causality and non-etiological concomitance may pose a real challenge
in epidemiological investigations, but it is very important when
presenting case-reports with neurological manifestations attributable to COVID-19. To cope with this challenge, the precise
definition of patients’ clinical phenotypes is definitely crucial.
Studies need to be carefully designed and they must take into
account of any possible methodological issues, and diagnosis
should be as detailed and exhaustive as possible in order to rule
out causes other than SARS-CoV-2 infection. However, such a
rigorous diagnostic approach was not applied in many of the
studies published to date, with the obvious consequence of
phenotypic heterogeneity producing unreliable findings [62]. To
better address this issue, studies should include careful neurological, imaging, laboratory and neuropsychological evaluation
to examine multiple phenotypes and to determine what extent
of the interplay between central and systemic infection and
neurological alterations. This requires more biomarker tests in
blood, CSF and tissue samples and integrating different diagnostic techniques.

Finally, regardless of any direct or indirect neurological manifestations related to SARS-CoV-2, the COVID-19 pandemic had
a huge impact on the management of neurological patients,
whether infected or not. Normal neurological medical care has
been seriously impaired worldwide [30, 188]. Routine neurological outpatient visits are delayed or suspended, and treatment remains available only for emergency conditions or highly
selective cases [30]. Ongoing and planned critical trials of neurodegenerative and non–life-threatening chronic neurologic
disorders are being paused to keep elderly and vulnerable patients away from hospitals, which could have implications for
those trials and neurodegeneration research [189]. Furthermore, with the growing number in recovery from SARS-CoV-2
infection, rehabilitation issue becomes crucial.
The need for prospective studies
The spectrum of neurological manifestations in COVID-19
is very wide at present. Understanding these manifestations
is still at a very nascent phase [46]. Most studies on patients
with the disease haven’t really drilled down into neurological
outcomes yet [190]. Therapies being tested to treat COVID-19

To date, we still do not have a precise picture of how common these neurological manifestations are. A major problem
in quantifying cases is that clinical studies have mainly focused
on COVID-19 patients who were hospitalized and/or required
intensive care, but there is much less information about those
who had mild illness or no respiratory symptoms [191]. Therefore, information available on the frequency of neurological disorders in people with COVID-19 is based on clinical series that
give us a rough and perhaps biased picture of the purported
association due to absence of controls and population base [4].
To understand this question better, all types of cases have to
be studied, including large-scale, community-based studies.
A useful approach would be a large-scale case–control study
to compare homogeneous groups of patients with confirmed
SARS-CoV-2 infection with non-infected individuals [62].
The most pressing question for many neuroscientists is how
the brain is affected after SARS-CoV-2 infection. Although the
pattern of disorders is fairly consistent, the underlying mechanisms are far from clear. It’s unlikely that one mechanism of
neurological effects will fit all patients [122]. Finding all the
pathological mechanisms will require integrating different techniques and the cooperation between clinical and basic scientists. The definitive clinical and pathological evidence of direct
invasion of the CNS by this virus is still uncertain [21]. Researchers will need to identify biomarkers that can reliably distinguish
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between a viral brain infection and immune activity. That means
more clinical research, post mortems and neurophysiological
studies. Systematic investigation of docking and accessory proteins for SARS-CoV-2 entry that includes their cellular localization and function in human neurons, glia, and vascular cells will
help address this question. In addition to SARS-CoV-2 invasion,
systemic factors, such as cytokine sickness, hypercoagulability, endothelial injury, hypoxia, and metabolic dysfunction are
likely responsible to the most neurological manifestations in
COVID-19. To elucidate these pathogenic pathways, larger and
more systematic studies will be required. Relevant animal and
tissue models must also be developed and refined because they
are amenable to investigate the effects of SARS-CoV-2 on brain
cells as well as the systemic effects of the infection and the longterm neuropsychiatric consequences.
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Finally, although emphasis has been given to the recovery
from the acute phase of the infection, the potential long-term
neurological effects of COVID-19 should not be overlooked.
Longitudinal neurological assessments of patients after recovery will be crucial in evaluating the damage of SARS-CoV-2 in
nervous system and monitoring potential neurological sequelae
[21]. Therefore, clinical and laboratory efforts aiming to elucidate the mechanisms of the acute effects of SARS-CoV-2 on the
CNS need to be coupled with investigations of the deleterious
delayed neuropsychiatric sequelae of the infection. These efforts should be driven by a close cooperation between clinical
and basic scientists and take advantage of the wealth of clinical-epidemiological and biological data that are accumulating
worldwide [21].
Although various vaccines have been developed and shown
to be effective to prevent COVID-19 infection, the SARS-Cov-2
virus continues to mutate and can potentially nullify vaccines.
Therefore, it is also possible that it will become endemic and
circulate in the population like the seasonal influenza virus (flu).
Thus, for the long-term fight against COVID-19, more accurate
information on COVID-19-associated neurological manifestations and the underlying pathological and etiological mechanisms is obviously needed and expected.
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