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a b s t r a c t

The novel coronavirus disease 2019 (COVID-19), caused by severe acute respiratory syndrome corona-
virus 2 (SARS-CoV-2), has caused a global pandemic in the last year. Along with major respiratory
distress, a myriad of neurological manifestations was also reported to be associated with COVID-19
patients. These cases indicate that SARS-CoV-2 can be considered as an opportunistic pathogen of the
brain. SARS-CoV-2 enters the brain through the olfactory bulb, retrograde axonal transport from pe-
ripheral nerve endings, or via hematogenous or lymphatic routes. Notably, COVID-19 infection can cause
or even present with different neurological features including encephalopathy, impaired consciousness,
confusion, agitation, seizure, ataxia, headache, anosmia, ageusia, neuropathies, and neurodegenerative
diseases. In this paper, we provide a brief review of observed neurological manifestations associated with
COVID-19.

© 2021 Elsevier B.V. All rights reserved.
1. Introduction

The novel coronavirus disease 2019 (COVID-19) has infected
people throughout the globe in an uncontrolled manner showing
no sign of disappearing on its own. Till the end of June 2021, this
virus has infected almost 178 million people around the globe and
caused the death of 38 million people (https://covid19.who.int/).
The majority of the SARS-CoV-2 infected cases were asymptomatic
(80%) or displayed moderate flu-like symptoms, including short-
ness of breath, fever, sore throat, cough, myalgia, loss of taste and
smell, and fatigue. SARS-CoV-2 is a single-stranded positively
sensed RNAvirus, comprising a 26-32 kb-sized genome. The virus is
spherical or oval-shaped with an average of 100 nm diameter,
covered by a crown-like spike (S) protein that binds to the host
cellular angiotensin-converting enzyme 2 (ACE-2) receptors and
enters the host cell [1]. SARS-CoV-2 shares the common neuro-
invasive nature with the SARS-CoV andMERS-CoV viruses [2,3] and
enters the brain by several routes including direct and indirect
pathways. It may enter the central nervous system (CNS) by
infecting endothelial cells of the bloodebrain-barrier (BBB) and
epithelial cells of the blood-CSF barrier. The other routes to the CNS
are through retrograde axonal transport, synapse-connected route
sychology & Neurosciences,
after entering peripheral nerve terminals of the respiratory
network [4], sympathetic afferent neurons of the enteric nervous
system (ENS), and also through blood circulation [5,6] (Fig. 1).

Several studies reported that over one-third of COVID-19 pa-
tients developed a broad spectrum of neurological symptoms
affecting the CNS, peripheral nervous system (PNS), and skeletal
muscles [7,8]. By direct activation of immune response and
neurotoxicity, SARS-CoV-2 causes damage in a host's body. More-
over, SARS-CoV-2 infection leads to a cerebral vascular injury that
increases the risk of chronic brain damage, because of the collective
damaging effect of multifocal cerebral or haemorrhage, endothelial
and BBB dysfunction, and upregulation of pro-inflammatory cyto-
kines within the brain [9]. The neurological manifestations asso-
ciated with COVID-19 can be classified as CNS and PNS
manifestations (see also preceding brief overview by Chokroverty
in this issue).

2. Central nervous system manifestations

2.1. Headache and dizziness

Recent studies reported that headaches and dizziness are the
most common neurological symptoms in COVID-19 patients [7,10].
Mao et al. [7] reported a wide array of manifestations, including
dizziness and headache in 16.8% and 13.1% of patients, respectively.
A population-based study [10] was conducted across China which
included 1099 patients, of which 13.6% of patients reported
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Fig. 1. Possible access of coronavirus to the nervous system. The SARS-CoV-2 can enter
the nervous system directly through the olfactory nerve, blood circulation, ENS, and its
sympathetic afferent neurons. Adapted from Ref. [6].
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headaches. However, headaches, in general, are not considered as
specific symptoms in any viral infections, but in most studies
conducted on COVID-19 patients, it has been largely reported
across the globe, from as low as 3% to as high as 15% in some studies
[10,11]. Nevertheless, headache can often be considered as a pre-
cursor of viral meningitis or encephalitis and can often be the
predictive symptom of cerebrovascular disease [12].

2.2. Anosmia and hypogeusia/ageusia

In adults, post-viral anosmia is one of the major reasons for
olfactory dysfunction in COVID-19, identified in up to 40% of
infected patients [13]. Reports from the United States of America,
Italy, China, United Kingdom, France, and Korea bring forth the
symptoms of hypogeusia/ageusia in the infected patients [11]. A
study from Italy reports that around 33.9% of infected patients have
either disturbance in taste or the olfactory system, whereas around
18.3% of infected patients experienced both disturbances [13].
Anosmia was also reported as the first symptom in about 83% of
infected patients. In most cases, despite the absence of any signif-
icant inflammation in nasal linings or any coryzal symptoms, dis-
turbances in olfactory systems still occurred [14]. Thus, it has been
suggested that the odor-processing mechanism is directly targeted
by the SARS-CoV-2 [15].

2.3. Cerebrovascular events

In the middle of this ongoing pandemic period, several studies
have reported cerebrovascular events including ischemic stroke,
intracerebral hemorrhage (ICH), and cerebral venous sinus
thrombosis in the COVID-19 patients [16,17]. A recent study finds
that out of 214 patients, 6 patients in the later course of infection
experienced acute cerebrovascular disease, 5 out of 6 patients
developed ischemic stroke and only a single patient showed an ICH
and later succumbed to respiratory failure [7]. Studies conducted
across China have reported cerebrovascular events such as ischemic
stroke, ICH, and cerebral venous sinus thrombosis in the infected
patients from as high as 17% to as low as 2% [11]. The larger pro-
portion of the study showed acute ischemic stroke and about 38% of
total deaths in this study occurred due to cerebrovascular events
[17]. Cerebrovascular events consisted of acute ischemia in 62%,
intracerebral haemorrhage in 74%, and CNS vasculitis reported in
12% of patients in a study of 153 total COVID-19 patients across
Britain [18]. In most of the cases, strokes were reported in elderly
232
patients with prior history of stroke along with other comorbidities
(eg, hypertension and diabetes). Some of the studies also reported
stroke in patients less than 50 years and may occur earlier in the
course of infection than the average duration of 10e12 days [19,20].
COVID-19 patients with stroke have a significantly higher in-
hospital mortality rate [21].

2.4. Encephalopathy

Encephalopathy in COVID-19 patients shows common symp-
toms such as headache, fatigue, fever, and neck rigidity. More se-
vere cases may have a seizure, stroke, agitation, altered sensorium,
coma, and focal neurological defects. The first case of COVID-19
viral meningo-encephalitis was reported from Japan in a young
man of 24 years [22]. Theman presentedwith unconsciousness and
generalized convulsions. Since then, many other studies have re-
ported encephalitis as a clinical manifestation of COVID-19. The
study by Helms et al. [8] reported agitation in 40 infected patients
out of 58. The majority of the patients showed confusion of varying
degrees and almost 67% of cases demonstrated diffuse cortico-
spinal tract signs. Another study described Acute Necrotising En-
cephalopathy (ANE) in COVID-19 patients, most likely because of
cytokine storm occurring during infection [23].

2.5. Seizures and SARS-CoV-2

It has been reported that virus particles directly invade cerebral
arteries and cause vasculopathy [24,25]. COVID-19 patients may
also have swollen legs and purple rashes due to blood clots. A study
conducted in Europe confirms blood clotting abnormalities in
20e30% of COVID-19 patients [26]. The clots were even seen in
small capillaries. It is presumed that clotting in the small arteries
lessens cerebral oxygen supply and leads to ischemic stroke. An
infected patient with a history of diabetes, hypertension, and on
kidney dialysis without known seizures developed multiple epi-
sodes of new-onset seizures during infection and died shortly after
the onset of seizure [27]. Many other cases have subsequently been
reported of new-onset seizures in COVID-19 patients [28,29].
Whether such seizures are secondary to multi-organ failure or
intravascular coagulopathy-related brain injury is still not clear.

2.6. Hypoxia and brain damage

COVID-19 can also lead to CNS damage and neurological
symptoms without directly invading the brain itself. In the lungs,
the respiratory viruses can cause inflammation which leads to
alveolar and lung tissue damage. This inflammation and edema
affect the exchange of oxygen at the alveolarecapillary interface
and finally leads to brain hypoxia [30]. Brain metabolic activity
requires high amounts of energy and oxygen for proper func-
tioning. Hypoxia is one of themost serious health problems and can
cause brain-related injury, cardiorespiratory arrest, carbon mon-
oxide poisoning, stroke, and hypotension. Symptoms of poor
judgment, incoordination, and temporary loss of memory can also
arise due to brain hypoxia. Severe hypoxia of the brain can lead to
coma, seizure, and even brain death [31]. SARS-CoV-2 has also been
shown to cause significant hypoxemia in COVID-19 patients and
could represent one of the possible pathways of brain injury [32].

3. Peripheral nervous system (PNS) manifestations

3.1. Guillain-Barre syndrome

Guillain-Barre syndrome (GBS) is a condition in which the host
immune system mistakenly starts attacking the PNS. GBS is also a
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common reason for acute flaccid paralysis. Around two-thirds of
GBS cases can be associatedwith viral infections such as H1N1, Zika,
and influenza [33]. The first case of an association between GBS and
COVID-19 was reported from China. The patient showed symmetric
weakness and areflexia in both legs and feet along with impaired
sensation to light touch and pinprick [34]. Since this report, about
73 more cases of GBS have been reported across the globe show, a
preponderance of male patients [26]. Another case from Italy re-
ported aman of 71 years showing GBS in associationwith COVID-19
infection; the patient did not have any previous neurological his-
tory [35]. Fortunately, during immunoglobulin treatment, 70% of
COVID-19 patients with GBS symptoms were resolved [36]. How-
ever, whether the SARS-CoV-2 itself causes GBS, or secondary to
other infections in COVID-19 patients such as dengue remains to be
determined [37].

3.2. Myopathy

The skeletal muscle damage of myopathy is observed in COVID-
19 patients, ranging from an asymptomatic increase in creatine
kinase and lactate dehydrogenase to rhabdomyolysis [38]. About
11e70% of COVID-19 patients shared common symptoms including
myalgia, weakness, and fatigue as seen with other viral illnesses
[12]. Even though very few cases of rhabdomyolysis have been
reported in the pandemic period, there were significant elevations
of levels of serum myoglobin, lactate dehydrogenase, and creatine
kinase in COVID-19 patients [38,39]. Myopathy can be caused by
multiple routes which include viral invasion via ACE2 receptors,
damage of muscle cell membranes by circulating viral toxins, and
by a strongly generated cytokine storm. Hepatic and renal disease
may also be risk factors for myopathy.

3.3. Somatic Symptom Disorder

Somatic Symptom Disorder (SSD) was initially ignored despite
being commonly observed in COVID-19 patients. SSD is associated
with disturbing emotion, cognition, and behavior. Nausea, head-
ache, chest discomfort, dizziness, and palpitation are some of the
symptoms of SSD. One study reported a 16-year-old child with
extreme and persisting health concerns responding rapidly to low
doses of antidepressant and antipsychotic drugs [40]. Intensive care
Fig. 2. Neurological manifestations are recurrent in diffe

233
unit (ICU) nurses in China were found to be vulnerable to SSD with
varying and overlapping symptoms which were mainly associated
with the failure of personal protective equipment (PPE) [41].
Similarly, in Italy, health care workers were showing increased ir-
ritability, a change in food habits, insomnia, and muscle tension
[42]. Similar cases have also been reported in India and Brazil
[43,44].

4. Similarities between neurological manifestations of SARS-
CoV infections

Current and prior coronavirus (CoV) infections share similarities
in neurological manifestations. Encephalitis is the most common
neurological manifestation in HCoV-OC43, SARS-CoV-1, MERS-CoV,
and SARS-CoV-2 infections [45e49]. Whereas in post-infections of
HCoV-OC43 and SARS-CoV-2, Accurate Disseminated Encephalo-
myelitis (ADEM) was commonly observed. The common neuro-
logical manifestations associated with SARS-CoV-1, MERS-CoV, and
SARS-CoV-2 include headache, ischemic stroke, encephalitis, en-
cephalopathy, seizure, and neuropathy. Intracerebral haemorrhage
(ICH) was also observed in MERS-CoV and SARS-CoV-2, while
myopathy and anosmia were observed in SARS-CoV-1 and SARS-
CoV-2 [50] (Fig. 2).

5. Neurodegenerative diseases and SARS-CoV-2

The long-term post-infectious complications of COVID-19 can be
associated with neurodegenerative diseases [51e54]. Infection
from human immunodeficiency virus (HIV), West Nile virus, herpes
simplex virus type 1 (HSV-1), H1N1 influenza A virus, and the
respiratory syncytial virus can cause several neurological mani-
festations, including encephalitis, protein aggregation, neuro-
degeneration, and Parkinsonian- or dementia symptoms [55].
SARS-CoV-2 invasion into the CNS increases BBB permeability to
both cytokines and peripheral leukocytes which in turn induces the
activation of microglia and their maturation into the M1 neurotoxic
phenotype, thereby contributing to the propagation of neurode-
generative processes [56,57]. Moreover, viral replication can also
hijack protein synthesis machinery in neurons, promote unfolded
protein response, and impair proteostasis, thus leading to the
accumulation of misfolded protein and subsequent aggregation
rent types of viral disorders Adapted from Ref. [50].
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[52,54,58]. The common risk factors between COVID-19 and
neurodegenerative diseases include genetic variations such as
APOE e4 genotype and metabolic risk factors such as diabetes
mellitus or hyperlipidaemia [54] (Table 1).

6. COVID-19 and sleep

Sleep dysfunction can be seen commonly in COVID-19 infected
patients but also those staying home because of the lockdown
(Bhat and Chokroverty in this Issue). People in quarantine re-
ported acute stress disorder, anxiety, poor concentration, failing
work performance, depressive symptoms, and insomnia along
with other factors [59]. There is a two-way link between sleep and
immune function. Activation of the immune system alters sleep
and innate and adaptive immune system are affected by sleep as
well. Adequate sleep strengthens the immune system whereas a
lack of sleep weakens it. Depending upon the time and magnitude
of the inflammatory responses generated by the immune system,
sleep can be increased in duration and in intensity but can also be
disrupted [60]. Recently, a study conducted in June 2020 on the
effect of lockdown on mental health and sleep disturbance on
1515 Italian people reported that 42.2% of the patients reported
sleep disturbances with 17% of them meeting the criteria for
insomnia disorder. The study also reported that females and
people already having any chronic conditionwere associated with
a higher risk of sleep disturbances [61]. A study conducted on
7236 Chinese people showed disturbed sleep quality in 18.2% of
patients [62]. An international COVID-19 sleep study has been
initiated to assess disorders of insomnia, nightmares, sleep apnea,
fatigue, exhaustion, and REM sleep through translated question-
aries and has the relationship to COVID-19 disease and psychiatric
or other physiological disorders [63].

The anxiety of getting infected by COVID-19 and not being able
to go to work was also a contributor to shifting of sleep patterns If
people are confined to home all day, circadian time cue of daily
Table 1
Neurological manifestations associated to COVID-19.

Study Clinical presentation

CNS Diseases
Moriguchi et al. Headache, fever, fatigue, sore throat, seizures, decreased
Sohal et al. Weakness, hypoglycaemia, difficulty in breathing, altered
Wong et al. Ataxia, ascillopsia, and bilateral facial weakness, shortne
Dugue et al. Cough, fever, bilateral leg stiffening, and sustained upwa
Helms st al Agitation, confusion, corticospinal tract signs, momentar

impairment.
Mao et al. Impaired consciousness, seizures, limb twitching, and lo
Poyiadji et al. Cough, fever, and disturbed mental status, ANE
Paniz-Mondolfi et al. History of Parkinson's disease with fever, confusion, and
Zhou et al. COVID-19 pneumonia

PNS manifestations
Camdessanche et al. Cough, fever, paraesthesia in hands and feet, weakness in

respiratory insufficiency.
Toscano et al. Flaccid, areflexic limb weakness, facial weakness, dyspha

paraesthesia, and ataxia
Zhao et al. Cough, fever, weakness of limbs, fatigue, areflexia, neuro

Skeletal muscle disease
Jin et al. Cough, fever, weakness, and tenderness in lower limbs.

Taste and smell dysfunction
Lechien et al. Taste and Smell dysfunction

Ischemic stroke
Avula et al. Hypertension, dyslipidaemia, diabetes and neuropathy, c

deficit, altered mental status, fever, respiratory distress,
Beyrouti et al. Hypertension, ischemia heart disease, atrial fibrillation, s

symptoms.
Li et al. Hypertension, diabetes, cardiovascular disease, malignan
Morassi et al. Hypertension, stroke, ischaemia attack, aortic valve disea
Oxly et al. Hemiplegia, reduced consciousness, dysarthria, dysphasi
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morning sunlight is lost, disrupting their internal clock and sleep
pattern [64]. A study by Dempsey et al. [65] reported a link be-
tween obstructive sleep apnea (OSA) and cardiovascular disease
such as hypertension, left ventricular dysfunction, stroke, coro-
nary artery disease, cardiac arrhythmias, and pulmonary hyper-
tension. Several studies have studied an association between OSA,
obesity, and insulin resistance [66,67]. OSA is a central part of
metabolic syndrome combining obesity, hypertension, hyper-
lipidaemia, and insulin resistance. People with diabetes will be
more likely to have COVID-19 infection along with increased
inflammation and increased insulin requirement to control dia-
betes [68,69].

A study by Philip et al. [70] was conducted on 2069 people to
identify good versus poor sleepers during the pandemic period. The
AI and smartphone technology were used to conduct the study. Out
of the total test subjects, ~37% of people had moderate to severe
insomnia. Similarly, Schlarb et al. [71] conducted a study on chil-
dren of age 5e10 years old along with their parents. The study
found that 67% of children showed reduced sleep patterns during
COVID-19. A study by Kim et al. [72] includes 2884 high-risk health
workers from six countries. The study reported that an increase in
1 h in nocturnal sleep durationwas associated with 12% lower odds
of COVID-19, whereas having severe sleep disorder was associated
with 88% greater odd of covid19. Also, work burnouts was associ-
ated with a 2.6-fold greater odds of COVID-19 including greater
disease duration and severity.

Recently, our group reported brain disease network analysis to
elucidate neurological manifestations of COVID-19, identifying both
direct and indirect links with COVID-19 infection [73]. This study
also reported the genes which were influenced by the SARS-CoV-2
proteins directly or indirectly and were also known to be associated
with OSA in COVID-19 patients (Fig. 3). This study reported a total of
29 genes of which 24 were known to be associated with sleep
apnea and 5 being more specific for obstructive sleep apnea. The
genes involved in sleep apnea were significantly enriched in
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Fig. 3. Network of SARS-CoV-2 virus targeted host genes involved in sleep apnea and chronic sleep apnea.
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pathways such as mitophagy, cell cycle, necroptosis, Rap1 signaling
pathways, regulation of actin cytoskeleton, Human T-cell leukemia
virus 1 infection, Ras signaling pathway, endocytosis, bladder
cancer, and MAPK signaling pathways [74,75]. Genes involved in
sleep apnea and obstructive sleep apnea have also been reported to
be associated with other neurological diseases, suggesting the as-
sociation of obstruction in sleep with neurologically related disor-
ders and vice versa.
7. Conclusion

The global problem of COVID-19 affectedmillions of human lives
with a high infectivity rate. The major proportion of SARS-CoV-2
infected patients showed more frequent respiratory disorders
compared to neurological manifestations. Apart from neurological
manifestations, sleep-related disorders are also prominent in
infected patients. People having a history of neurological or sleep-
related disorders are more prone to covid19 infection and vice-
versa. The nervous system and the sleep cycle are connected in a
two-waymanner, any disturbance in one can cause a disturbance in
the function of the other as well. As the number of cases increase
globally, it is essential to focus on sleep and neurological compli-
cations of COVID-19. Clinical, diagnostic, and epidemiological
studies during acute and recovery phases are required for better
diagnosis and management of the patients with COVID-19.
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