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Abstract
Background Covid-19 became a global pandemic in 2019. Studies have shown that coronavirus can
cause neurological symptoms, but clinical studies on its neurological symptoms are limited. In this meta-
analysis, we aim to gather and discuss COVID-19 various neurological symptoms of infection, and to
assess the prevalence of each of the nervous system symptoms, and characterized by neurological in-
depth discussions of nervous system damage mechanism, biomarkers and inspection methods, recovery
and prognosis, and provide the research behind the potential target and direction. Methods We
systematically searched all published English literature related to the neurological manifestations of
COVID-19 from January 1, 2020 to November 20, 2020 in Pubmed, Embase, and Cochrane library.The
keywords used were COVID-19 and terminology related to nervous system performance.All included
studies were selected by two independent reviewers using EndNote and NoteExpress software, any
disagreement was resolved by consensus or by a third reviewer, and the selected data was then collected
for meta-analysis using a random-effects model. Results A total of 62 articles (n =32729) were included
in the study, and the meta-analysis showed that the most common neurological manifestations of
COVID-19 were altered mental status (39% ; 95% CI 0.17-0.64 ; I 2 98.59%), encephalopathy (37% ; 95% CI
0.17-0.60 ; I 2 97.36%), myalgia(31% ; 95% CI 0.25-0.38; I 2 98.79%), headache(30% ; 95% CI 0.22-0.37; I 2
99.28%), smell impairment(28% ; 95% CI 99.57% ; I 2 0.17-0.39), taste dysfunction (27% ; 95% CI 0.18
-0.38 ; I 2 99.35%), acute ischemic stroke (23% ; 95% CI 0.06-0.47 ; I 2 99.30%), alteration of
consciousness(17% ; 95% CI 0.06-0.31 ; I 2 96.78%), dizziness (10% ; 95% CI 0.06-0.15; I 2 95.30%),
intracerebral haemorrhage (7% ; 95% CI 0.02-0.14 ; I 2 93.64%), vision impairment(5% ; 95% CI 0.02-0.10 ; I
2 92.73%), seizure(2% ; 95% CI 0.01-0.04 ; I 2 84.67%). Conclusions Neurological symptoms are common
and varied in Covid-19 infections, and a growing number of reports suggest that the prevalence of
neurological symptoms may be increasing. In the future, the role of COVID-19 neurological symptoms in
the progression of COVID-19 should be further studied, and its pathogenesis and assessment methods
should be explored, so as to detect and treat early neurological complications of COVID-19 and reduce
mortality.

Introduction
At the end of December 2019, an epidemic of COVID-19 occurred in Wuhan, Hubei Province, China. As the
epidemic has spread, cases have been found in many countries. At the time of writing, it has spread to
215 countries and regions, with a total of 84.38 million con�rmed cases and 1.83 million deaths.
Coronavirus has caused two fatal outbreaks in the past, the �rst in China in 2003, with a 10 percent
mortality rate; The second outbreak was Middle East Respiratory syndrome (MERS) in Saudi Arabia in
2012, with a mortality rate of 35%[1-2].Novel Coronavirus was named severe acute respiratory syndrome
coronavirus Type 2 (SARS-COV-2). Sars-cov-2 is a single-stranded RNA coronavirus, belonging to the
same -coronavirus branch as SARS-COV and MERS-CoV. Its genome sequence is 89.1% similar to the
nucleotide sequence of a group of SARS-like coronaviruses. Studies have found that the viral structure
and receptor binding domain of SARS-COV-2 are similar to that of SARS-COV, and both of them enter
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human cells by binding to ACE2 receptors [3-4].In order to evaluate the genetic variation of SARS-COV-2, 86
complete or nearly complete genomes were genetically analyzed, and many mutations and deletions
were found in both coding and non-coding regions [5].At present, the biological characteristics and genetic
variation of SARS-COV-2 are still not very clear and deserve further study.

Although COVID-19 is typically characterized by respiratory symptoms, numerous clinical studies have
shown that patients infected with SARS-COV-2 are associated with acute injuries to external pulmonary
organs, including the heart, digestive tract, liver, kidney and nervous system [6-7].More and more clinical
evidence indicates that SARS-COV-2 may invade the central nervous system. A retrospective analysis of
214 patients with COVID-19 found that 78 (36.4%) had nervous system involvement, and 28.2% of them
had severe central nervous system injury [8].Studart-neto A et al. retrospectively analyzed 1208 patients
with COVID-19 and found that 89 (7.4%) presented neurological manifestations, including
encephalopathy (44.4%), stroke (16.7%), epilepsy (9.0%), neuromuscular disease (5.6%), other acute brain
injury (3.4%), and other mild non-speci�c diseases (11.2%) [9].Takeshi et al. detected SARS-COV-2 RNA in
cerebrospinal �uid specimens, providing direct evidence for the nerve invasiveness of SARS-COV-2
[10].There are three main types of COVID-19 nervous system involvement :(1) central nervous system
involvement, such as dizziness, headache, disturbance of consciousness, acute cerebrovascular disease,
and epilepsy;(2) peripheral nervous system involvement, including anosmia, decreased taste, decreased
vision, and neuralgia;(3) skeletal muscle injury [11-12].COVID - 19 possible mechanisms include: nerve
injury by angiotensin  converting enzyme (ACE2) receptor function, blood and break through the blood
brain barrier, through the way such as olfactory nerve attack the nervous system[13-14].

Neurological manifestations are an extremely important part of the clinical manifestation of COVID-19,
but the prevalence, severity, and mechanism of action of neurological symptoms are still not well
understood, and the reasons for the differences in the incidence of neurological symptoms reported in
different studies remain unclear. The clinical prognosis of COVID-19 neurological injury is poor, and early
detection and intervention may be most bene�cial. Therefore, understanding the characteristics of
neurological impairment of COVID-19 is of positive clinical signi�cance for better epidemic prevention
and control, clinical diagnosis and treatment in the future.

Methods
Search strategy and research selection

We searched the following electronic databases for literature published between 1 January 2020 and 20
November 2020: Pubmed, Embase and Cochrane library. The search terms used include: ((severe acute
respiratory syndrome coronavirus 2) OR (SARS-CoV-2) OR (2019-nCoV) OR (2019 novel coronavirus) OR
(COVID-19) OR (coronavirus) OR (novel coronavirus pneumonia) OR (NCP)) AND ((neurologic
manifestations) OR (neurological manifestations) OR (neurologic manifestation) OR (neurologic signs
and symptoms) OR (neurological manifestation) OR (neurologic de�cits) OR (neurologic de�cit) OR
(neurologic symptoms) OR (neurologic symptom) OR (neurologic �ndings) OR (neurologic �nding) OR
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(neurologic signs) OR (neurologic sign) OR (neurologic dysfunction) OR (neurologic dysfunctions) OR
(nervous system diseases) OR (nervous system disease) OR (neurologic disorders) OR (neurologic
disorder) OR (neurological disorders) OR (neurological disorder) OR (nervous system disorders) OR
(nervous system disorder) OR (neurological complication) OR (neurological complications) OR (nerve
function injury)) .

Inclusion and exclusion criteria

The inclusion criteria for this study are as follows: all English literature from 1 January 2020 solstice 20
November 2020 that has been published reporting neurological manifestations of COVID-19 patients.
Study types include randomized controlled trials, non-randomized controlled trials, case-control studies,
cohort studies, cross-sectional studies and case series. Only those subjects who were diagnosed with
SARS-COV-2 infection by real-time reverse transcription polymerase chain reaction or high-throughput
sequencing of swab samples or serological or culture analyses were included in the study. Only those
studies whose results included speci�c neurological manifestations were included.

Exclusion criteria included :(1) no clinical manifestations of related neurological symptoms and lack of
relevant data;(2) Age<18 years old;(3) Repeated studies;(4) Editorials, reviews, systematic reviews, meta-
analyses, comment, animal studies, postmortem studies, etc.(5) Documents not written in English.

Data extraction and quality assessment

A comprehensive and rigorous review of all literature retrieved was conducted by two independent study
members according to inclusion and exclusion criteria, and any disagreement between the reviewers was
determined by consultation between the two or by a third investigator. Extracting data from each study
include: the �rst author's name, year, country, research design, time and duration, participants details
(gender, age, the overall sample size and speci�c symptoms of patients number) and neurologic
manifestations, such as headache, dizziness, altered mental status, stroke, acute cerebrovascular
disease, acute ischemic stroke, intracerebral haemorrhage, seizure, myalgia, smell impairment, taste
dysfunction, vision impairment, alteration of consciousness and encephalopathy.

The STROBE Statement was used to evaluate the quality of the included studies. It consists of 22
projects and is used to evaluate six main components, including Title and abstract, Introduction,
Methods, Results, Discussion, and Other information. Quality evaluations were conducted by two
independent researchers, and any differences between them were resolved by discussion or by the
intervention of a third researcher.

Statistical analysis

The main purpose of our study is to synthesize the results of several similar studies to provide a
quantitative summary. The extracted data details and instructions are presented in tables and �gures. We
used Stata (version 15.1) for the meta-analysis.I2 was calculated to assess the level of heterogeneity and
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can be divided into four categories: may be unimportant (0-40%), may represent moderate heterogeneity
(30-60%), may represent signi�cant heterogeneity (50-90%) and signi�cant heterogeneity (75-100%).In
this study, �xed effect model or random effect model was used to calculate the comprehensive
prevalence rate and 95% con�dence interval. When there was no heterogeneity, �xed effect model was
selected; when there was heterogeneity, random effect model was selected. Forest maps are used to
visually indicate the magnitude of the effects that the study summarizes and their 95% con�dence
intervals. Funnel plot and Egger's test were used to assess the publication bias of all literature, and P <
0.05 was considered statistically signi�cant.

Results
A total of 3,286 studies were selected from the database, including 2998 in Pubmed, 267 in Embase and
21 in Cochrane Library. After the elimination of repeated studies (n =454), 2,832 studies met the
preliminary screening criteria based on titles and abstracts. After preliminary screening, 2687 articles
were excluded, and the remaining 145 were screened in accordance with the inclusion and exclusion
criteria. After full-text screening, 62 articles (n =32729) were included in the meta-analysis. Figure 1
shows the Study �ow Diagram. All of the studies were published in 2020.Among the included studies, 5
studies were case series, 6 were cohort studies, and 9 were cross-sectional studies. Among the included
studies, 34 retrospective studies, 11 prospective studies and 11 multicenter studies were included. The
major countries included were 10 studies in Italy, 7 each in China, the United States, and France, 6 in
Spain, and 5 in Turkey. Table 1 shows the details and characteristics of the included studies.

Altered mental status was the most common neurological manifestation (39%;95% CI 0.17 - 0.64;I2

98.59%) (7 studies: 17,31,37,38,41,48,74), encephalopathy (37%;95% CI0.17 - 0.60;I2 97.36%) (5 studies:
9,28,48,49,74), myalgia (31%;95% CI0.25 - 0.38;I2 98.79%) (35 studies: 15-22,27,29-30,32,35,37,41,43-
45,47,49-51,53-54,58-59, 62-64,68-71,73), headache (30%;95% CI 0.22 - 0.37;I2 99.28%) (49 studies: 8-9,15-
22,26-32,35,37-41,43-55,58-60, 67-74), smell impairment (28%;95% CI 0.17 - 0.39;I299.57%) (44 studies: 8-
9,15-20,27,29-30,35-45,48-54, 56-61, 63-66,68-71,73), taste dysfunction (27%;95% CI 0.18-0.38;I2 99.35%)
(33 studies: 8-9,15,17,19-20,27,29-30,36,39-40,43-45,49-53,56-61,63-64,66,69-70,73-74), acute ischemic
stroke (23%;95% CI0.06 - 0.47;I2 99.30%) (8 studies: 23-25,33,41,48-49,69), alteration of consciousness
(17%;95% CI0.06 - 0.31;I2 96.78%) (7 studies: 8-9,26,37,39,44,55), Dizziness (10%;95% CI 0.06- 0.15;I2

95.30% )(19 studies: 8, 15-17 to 39,41,45,21,27,38-50,58,63,67,69), intracerebral haemorrhage (7%;95% CI
0.02 - 0.14;I2 93.64%) (8 studies: 9,23-25,28,31,33,48), vision impairment (5%;95% CI 0.02 - 0.10;I2 92.73%)
(7 studies: 8,17,30,39,46,58,73), seizure (2%;95% CI 0.01 -0.04;I2 84.67%) (13 studies: 8-9,17,26,31,34,38-
39,41-42,48-49,69).

The included studies had good methodological quality. Figure 2 shows a forest map of acute
cerebrovascular disease acute ischaemic stroke alteration of consciousness altered mental status
encephalopathy intracerebral haemorrhage seizure stroke vision impairment headache, dizziness,
myalgia smell impairmentand taste dysfunction. Visual symmetry of funnel plots and Egger’s test
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showed no publication bias for headache, acute ischemic stroke, intracerebral haemorrhage,seizure,
myalgia, smell impairment, taste dysfunction and vision impairment .The funnel plot is shown in Figure
3.

Discussion
The characteristics of SARS-CoV-2

SARS-CoV-2 was an enveloped positive single-stranded RNA virus, belonging to the genus B coronavirus
[75-76].The genomic sequence of the infected patients with SARS-CoV-2 has 79.5% genetic similarity to
SARS-CoV, about 50% homology to MERS-CoV [77-79], and 96% genetic similarity to bat
coronavirus [80].SARS-CoV-2 contains four structural proteins (spines (S), envelope proteins (E),
membrane proteins (M) and nucleocapsid proteins (N)) and 16 non-structural proteins (NSP1 −16).The
entry of coronavirus into host cells is mediated by spiking glycoprotein (S protein), so spiking
glycoprotein is the key for the entry and infection of coronavirus [81].Tang X. et al. found a total of 149
mutations in 103 SARS-CoV-2 genomic strains [84].The most easily altered sequence in the coronavirus
genome is the receptor binding domain (RBD) of the S gene [82-83]. Up to now, 13 mutations have been
found in Spike proteins.D614G mutation in Spike protein increases infectivity and transduction of a
variety of human cell types. D614G mutation also reduces serum neutralization sensitivity of COVID-19
patients during recovery [85-86].

Evidence of neurological damage in COVID-19 patients

Firstly, according to our meta-analysis, the most common neurological manifestations of COVID-19
patients were altered mental status(39%) and encephalopathy (37%).Then, myalgia (31%), Headache
(30%), smell impairment (28%), taste dysfunction (27%), acute ischemic stroke (23%), vision impairment
(5%) and seizure (2%) were less common. Among them, smell impairment and taste dysfunction
appeared earlier. This suggests that SARS-CoV-2 will affect functional areas such as temporal lobe,
parietal lobe and occipital lobe, which will lead to clinical manifestations of the nervous system in
patients.

Secondly, the etiological evidence are as follows (1) Evidence related to cerebrospinal �uid: On March 8,
2020, Moriguchi et al. reported evidence of SARS-CoV-2 in cerebrospinal �uid for the �rst time in
Japan [87].On June 20, 2020, Domingues et al. reported that the SARS CoV-2 virus genome was detected
in cerebrospinal �uid and sequenced, and its sequence similarity with that of the world virus was 99.74-
100%[88].(2) Autopsy evidence: Remmelink et al. conducted an autopsy study on August 12, 2020 on 17
adult patients with CoviD-19, and the results showed that SARS-CoV-2 RNA was found in 9 out of 11
brain samples [89].Other studies have also demonstrated that SARS-CoV-2 RNA or viral protein can be
detected in the brain, olfactory bulb, trigeminal ganglion, medulla oblongata and cerebellum [90].At the
same time, autopsy results of brain tissue of patients with CoviD-19 death showed edema, hemorrhage,
infarction, atrophy, encephalitis, olfactory bulb asymmetry, glial cell proliferation, neuron loss or
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degeneration, etc. [91,107-109].(3) Experimental evidence: Zheng et al. [92] found that the primary target
organ of SARS-CoV-2 was the lung in the early stage and the brain in the late stage by studying the K18-
HCE2 mouse model.At 6 days after infection, immunostaining showed extensive staining in cerebral
cortex, caudate nucleus/putamen, thalamus, hypothalamus, ventral striatum, olfactory bulb and other
brain regions, as well as sublingual and postlingual nuclei.

Biomarkers re�ecting nervous system damage in COVID-19 patients

A prospective study showed that total Tau, GFAP, and NFL protein levels in cerebrospinal �uid were
elevated in 63%, 37%, and 16% of patients, respectively, and NFL protein was associated with disease
severity, duration of intensive care and level of consciousness [110].Multiple studies on COVID-19 patients
with ischemic stroke have shown that the neutrophil-lymphocyte ratio (NLR) is increased in 90% of the
patients [111], CRP is increased in over 90% of the patients [112], and serum ferritin is also increased [113], in
which serum ferritin can also predict the degree of nerve injury in patients with acute ischemic stroke
[114].There was a signi�cant correlation between the decrease of interleukin-6 level and the improvement
of olfaction and taste function in COVID-19 patients [115].Elevated serum nerve �lament light chain
(SNFL) levels in critically ill patients with COVID-19 are closely associated with poor prognosis [116].

Examination methods re�ecting nervous system damage in COVID-19 patients

In the early stages, acute thromboembolic infarction is the most common intracranial presentation. At
present, the most common neurological imaging �ndings of acute infarction with a large number of
blood clots, and intracranial hemorrhage (brain hemorrhage, subarachnoid hemorrhage, subdural
hemorrhage or bleeding), the second including leukoencephalopathy, total lack of injury (basal ganglia,
globus pallidus, hypothalamus, hippocampus and cortex), meningitis, and encephalitis, corpus callosum
lesions, the olfactory bulb lesion, cranial nerve, spinal lesions and long-term changes in diffusion tensor
imaging of the brain.Covid-19 is an independent risk factor for acute ischemic stroke, which is a valid
indicator of poor prognosis.Meningitis and encephalitis are not very common [117-118].In one study,
continuous EEG monitoring was performed in 11 of 16 patients with Covid-19, most of which showed
non-speci�c encephalopathy[119].

Mechanisms of nervous system injury in COVID-19 patients

(1) ACE2 ACE2 has been proved to be a functional receptor of SARS-CoV-2, which binds to the ACE2
receptor through its Spike (S) protein C-terminal domain (CTD) [93].The expression pro�le of ACE2 is very
extensive, and it is expressed in various regions of human brain, such as ventricle, motor cortex and
posterior cingulate gyrus, middle temporal gyrus, substantia nigra, olfactory bulb, ventrolateral medulla
oblongata, nucleus solitarius, vagus nerve, neurons, astrocytes, microglia and oligodendroglias, etc [120-

121].Therefore, the nervous system is at risk of SARS-COV-2 infection.
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(2) AXL and NRP1 It is worth noting that, in addition to ACE2, recent studies have shown that receptor
tyrosine kinase AXL is a new phenotype receptor of choice for SARS-CoV-2, and AXL is widely expressed
in almost all human organs, especially in human lung and bronchial epithelial tissues and cells, the
expression of AXL is much higher than that of ACE2 [122].AXL is also found in cells in the brain, including
radiating glia, astrocytes, and microglia [123].Another cellular mediator, neurociliary protein-1 (NRP1), also
promotes the entry of SARS-CoV-2 into host cells, thereby increasing its infectivity.NRPs are involved in a
variety of physiological processes, including neuronal development and axon control. Studies have
observed high expression of NRP1 in olfactoric epithelial cells infected with SARS-CoV-2 [124-

125].Therefore, AXL and NRP1 provide us with new research directions and intervention targets.

(3) Cross-neuronal hypothesis: Results from an animal experiment showed that SARS-CoV-2 may invade
the brain retrograde along taste and trigeminal pathways in the early stage of infection [94].Some studies
also found signi�cant structural changes in olfactory nerve, olfactory bulb, olfactory cortex and other
olfactory pathways in the MRI examination of CoviD-19 patients, suggesting that SARS-CoV-2 may enter
the central nervous system through the olfactory bulb mediated cross-neuronal pathway [95-96].

 (4) Hemogenous transmission and BBB transmission: viruses can infect the central nervous system by
infecting BBB endothelial cells, acquiring access or infecting white blood cells [97].Perrin et al [98] found in
an in vivo study that SARS-CoV-2 may also invade the central nervous system through the impaired
blood-brain barrier.In addition, it has also been found that SARS-CoV can infect monocytes and
macrophages and migrate through the blood-brain barrier[99].

(5) Hypoxia: Patients with COVID-19 are highly hypoxic, and persistent hypoxia can eventually lead to
disorders in neurotransmitter metabolism, mitochondrial failure, and intracellular Ca2+ accumulation.The
immediate consequence is irreversible nerve damage and even neuronal death, which increases the risk
of stroke [100].

(6)In�ammatory response and hypercoagulability: The in�ammatory response of severe pneumonia is
not limited to lung tissue; when the systemic in�ammatory response is activated, its ampli�cation
cascade impairs the function of distal organs [101].Intravascular coagulation secondary to systemic
in�ammation is the main cause of thrombosis, bleeding and stroke [103].

(7) Immune mechanism: After SARS-CoV-2 enters the human body through ACE2, the host triggers an
immune response to the virus.When the virus invades the human brain, it will cause immune damage,
causing brain damage and acute or chronic in�ammation, thus forming a vicious cycle [102].

Prognosis of nervous system injury in COVID-19 patients

Nervous system damage is closely associated with the mortality of SARS-COV-2 infection, and whether
the neurological symptoms are reversible is not yet clear.Patients with COVID-19 who require ICU
admission for neurological problems or develop neurological dysfunction in the ICU have signi�cantly
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increased mortality [104].In one animal study, 4 out of 14 infected mice developed signi�cant respiratory
distress and neurological symptoms 2 days after infection, and only the mice showing neurological
symptoms died, suggesting that neurological involvement may be a cause of death [105].Some studies
have con�rmed that recovery from acute SARS-CoV-2 infection does not completely clear the virus, and
has been found to have a higher potential risk for long-term residual neuropsychiatric and neurocognitive
impairments, including depression, obsessive-compulsive disorder, psychosis, Parkinson's disease and
Alzheimer's disease [106].An experimental animal study has also shown that coronavirus can persist in the
central nervous system of its host [126].The study results of Helms et al. showed that 36% of severe
COVID-19 survivors developed Dysfunction Syndrome [127], and some studies also reported that patients
with severe Dysfunction after the acute phase had signi�cant recovery after active neurological
rehabilitation [128].In a prospective study, 68.33% of patients developed neurological symptoms during
infection with SARS-CoV-2, and 50% recovered 3 months after infection but still had neurological
symptoms [117].Imaging results of 60 patients after recovery of COVID-19 neurological symptoms suggest
that the microstructure and functional brain integrity of the brain may be damaged during the
rehabilitation phase, which may require long-term neurological and neuroimaging follow-up [118].

Advantages and disadvantages of this study

Our meta-analysis, involving 32,729 patients, detailed various common neurologic symptoms in COVID-
19 patients and provided a comprehensive view of COVID-19 neurologic symptoms. The results were
comprehensive.We started the discussion from the clinical manifestations, and analyzed the evidence,
possible mechanism and prognosis of the nervous system injury caused by SARS-CoV-2.We also
discussed the biomarkers and examination methods of nervous system injury caused by SARS-COV-2,
providing some valuable suggestions for early identi�cation, monitoring, screening, diagnosis and follow-
up of nervous system injury and poor prognosis in patients with COVID-19 and potential targets for future
clinical intervention strategies.

This study also has some limitations.Firstly, most of the included literatures were retrospective studies,
which may cause some potential bias. Secondly, this study failed to provide an analysis of the correlation
between various neurological manifestations and disease severity and mortality. The question of which
neurological manifestations are the most insidious and which are the most di�cult to recover from is
currently unanswered, and more �ndings are needed in the future. Finally, the high degree of
heterogeneity in our study may be due to differences in patient race selection, disease severity,
comorbidities, only a few studies speci�cally assessed neurological symptoms, differences in the number
of patients in different studies, or due to differences in publication bias and study methodology. 

Conclusion
In conclusion, our study suggests that nervous system expression in COVID-19 is diverse and pervasive,
but easily underestimated. Therefore, the long-term pathophysiological results of SARS-COV-2
neuropathy should be of serious concern to us. At the same time, summarizing the entire symptom
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spectrum, biomarkers and examination methods of the disease is conducive to predicting the severity of
neurological impairment and providing better suggestions for preventing misdiagnosis, early diagnosis,
preventing disease transmission, early intervention treatment, evaluation of therapeutic effect and follow-
up. In the future, more clinical and experimental studies should be carried out to provide strong evidence
to support clinical practice, and further explore the role of nervous system symptoms in the incidence of
COVID-19 and its possible mechanism, so as to reduce mortality, reduce disease severity, control disease
progression and prevent possible long-term nervous system complications.

Declarations
1.Ethics approval and consent to participate:  Not applicable.

2.Consent for publication:   Not applicable.

3.Availability of data and materials:  Not applicable.

4.Competing interests:   The authors declare that they have no competing interests.

5.Funding:

"Prevention, control and treatment" three ring linkage, major emergency rescue medical team construction
research.

Health soft science research key project of Anhui province in 2020

6.Authors' contributions:

ZH and HY proposed the research idea. HY completed the data analysis and paper writing,and was a
major contributor in writing the manuscript.BX and ZT were responsible for literature retrieval and data
extraction.HJ �nished the quality evaluation.All authors read and approved the �nal manuscript.

7.Acknowledgements:  Not applicable.

References
1. Uhlén M, Fagerberg L, Hallström BM, et al. Proteomics. Tissue-based map of the human

proteome. Science. 2015;347(6220):1260419. doi:10.1126/science.1260419

2. Koralnik IJ, Tyler KL. COVID-19: A Global Threat to the Nervous System. Ann Neurol. 2020;88(1):1-11.
doi:10.1002/ana.25807

3. Zhou Z, Kang H, Li S, Zhao X. Understanding the neurotropic characteristics of SARS-CoV-2: from
neurological manifestations of COVID-19 to potential neurotropic mechanisms. J Neurol.
2020;267(8):2179-2184. doi:10.1007/s00415-020-09929-7



Page 11/24

4. Das G, Mukherjee N, Ghosh S. Neurological Insights of COVID-19 Pandemic. ACS Chem Neurosci.
2020;11(9):1206-1209. doi:10.1021/acschemneuro.0c00201

5. Phan T. Genetic diversity and evolution of SARS-CoV-2. Infect Genet Evol. 2020;81:104260.
doi:10.1016/j.meegid.2020.104260

�. Lai CC, Ko WC, Lee PI, Jean SS, Hsueh PR. Extra-respiratory manifestations of COVID-19. Int J
Antimicrob Agents. 2020;56(2):106024. doi:10.1016/j.ijantimicag.2020.106024

7. Khan S, Gomes J. Neuropathogenesis of SARS-CoV-2 infection. Elife. 2020;9:e59136. Published
2020 Jul 30. doi:10.7554/eLife.59136

�. Mao L, Jin H, Wang M, et al. Neurologic Manifestations of Hospitalized Patients With Coronavirus
Disease 2019 in Wuhan, China. JAMA Neurol. 2020;77(6):683-690.
doi:10.1001/jamaneurol.2020.1127

9. Studart-Neto A, Guedes BF, Tuma RLE, et al. Neurological consultations and diagnoses in a large,
dedicated COVID-19 university hospital. Arq Neuropsiquiatr. 2020;78(8):494-500. Published 2020 Aug
3. doi:10.1590/0004-282x20200089

10. Moriguchi T, Harii N, Goto J, et al. A �rst case of meningitis/encephalitis associated with SARS-
Coronavirus-2. Int J Infect Dis. 2020;94:55-58. doi:10.1016/j.ijid.2020.03.062

11. Khalili N, Haseli S, Bahrami-Motlagh H, et al. Neurologic Involvement in COVID-19: Radiologists'
Perspective. Acad Radiol. 2020;27(7):1051-1053. doi:10.1016/j.acra.2020.04.035

12. Wu P, Duan F, Luo C, et al. Characteristics of Ocular Findings of Patients With Coronavirus Disease
2019 (COVID-19) in Hubei Province, China. JAMA Ophthalmol. 2020;138(5):575-578.
doi:10.1001/jamaophthalmol.2020.1291

13. Wu Z, McGoogan JM. Characteristics of and Important Lessons From the Coronavirus Disease 2019
(COVID-19) Outbreak in China: Summary of a Report of 72 314 Cases From the Chinese Center for
Disease Control and Prevention. JAMA. 2020;323(13):1239-1242. doi:10.1001/jama.2020.2648

14. Ellul MA, Benjamin L, Singh B, et al. Neurological associations of COVID-19. Lancet Neurol.
2020;19(9):767-783. doi:10.1016/S1474-4422(20)30221-0

15. Abalo-Lojo JM, Pouso-Diz JM, Gonzalez F. Taste and Smell Dysfunction in COVID-19 Patients. Ann
Otol Rhinol Laryngol. 2020;129(10):1041-1042. doi:10.1177/0003489420932617

1�. Acar T, Acar BA, Aras YG, et al. Demographic characteristics and neurological comorbidity of patients
with COVID-19. Rev Assoc Med Bras (1992). 2020;66Suppl 2(Suppl 2):82-85. Published 2020 Sep 21.
doi:10.1590/1806-9282.66.S2.82

17. Agarwal P, Ray S, Madan A, Tyson B. Neurological manifestations in 404 COVID-19 patients in
Washington State [published online ahead of print, 2020 Aug 6]. J Neurol. 2020;1-3.
doi:10.1007/s00415-020-10087-z

1�. Avcı H, Karabulut B, Farasoglu A, Boldaz E, Evman M. Relationship between anosmia and
hospitalisation in patients with coronavirus disease 2019: an otolaryngological perspective. J
Laryngol Otol. 2020;134(8):710-716. doi:10.1017/S0022215120001851



Page 12/24

19. Biadsee A, Biadsee A, Kassem F, Dagan O, Masarwa S, Ormianer Z. Olfactory and Oral
Manifestations of COVID-19: Sex-Related Symptoms-A Potential Pathway to Early
Diagnosis. Otolaryngol Head Neck Surg. 2020;163(4):722-728. doi:10.1177/0194599820934380

20. Çalıca Utku A, Budak G, Karabay O, Güçlü E, Okan HD, Vatan A. Main symptoms in patients
presenting in the COVID-19 period. Scott Med J. 2020;65(4):127-132.
doi:10.1177/0036933020949253

21. Caronna E, Ballvé A, Llauradó A, et al. Headache: A striking prodromal and persistent symptom,
predictive of COVID-19 clinical evolution. Cephalalgia. 2020;40(13):1410-1421.
doi:10.1177/0333102420965157

22. Chary E, Carsuzaa F, Trijolet JP, et al. Prevalence and Recovery From Olfactory and Gustatory
Dysfunctions in Covid-19 Infection: A Prospective Multicenter Study. Am J Rhinol Allergy.
2020;34(5):686-693. doi:10.1177/1945892420930954

23. Li Y, Li M, Wang M, et al. Acute cerebrovascular disease following COVID-19: a single center,
retrospective, observational study. Stroke Vasc Neurol. 2020;5(3):279-284. doi:10.1136/svn-2020-
000431

24. Rothstein A, Oldridge O, Schwennesen H, Do D, Cucchiara BL. Acute Cerebrovascular Events in
Hospitalized COVID-19 Patients. Stroke. 2020;51(9):e219-e222.
doi:10.1161/STROKEAHA.120.030995

25. Siegler JE, Cardona P, Arenillas JF, et al. Cerebrovascular events and outcomes in hospitalized
patients with COVID-19: The SVIN COVID-19 Multinational Registry [published online ahead of print,
2020 Sep 30]. Int J Stroke. 2020;1747493020959216. doi:10.1177/1747493020959216

2�. Kremer S, Lersy F, de Sèze J, et al. Brain MRI Findings in Severe COVID-19: A Retrospective
Observational Study. Radiology. 2020;297(2):E242-E251. doi:10.1148/radiol.2020202222

27. Vacchiano V, Riguzzi P, Volpi L, et al. Early neurological manifestations of hospitalized COVID-19
patients. Neurol Sci. 2020;41(8):2029-2031. doi:10.1007/s10072-020-04525-z

2�. Espíndola OM, Brandão CO, Gomes YCP, et al. Cerebrospinal �uid �ndings in neurological diseases
associated with COVID-19 and insights into mechanisms of disease development. Int J Infect Dis.
2021;102:155-162. doi:10.1016/j.ijid.2020.10.044

29. Lechien JR, Chiesa-Estomba CM, Place S, et al. Clinical and epidemiological characteristics of 1420
European patients with mild-to-moderate coronavirus disease 2019. J Intern Med. 2020;288(3):335-
344. doi:10.1111/joim.13089

30. Kacem I, Gharbi A, Harizi C, et al. Characteristics, onset, and evolution of neurological symptoms in
patients with COVID-19. Neurol Sci. 2021;42(1):39-46. doi:10.1007/s10072-020-04866-9

31. Yoon BC, Buch K, Lang M, et al. Clinical and Neuroimaging Correlation in Patients with COVID-
19. AJNR Am J Neuroradiol. 2020;41(10):1791-1796. doi:10.3174/ajnr.A6717

32. Huang C, Wang Y, Li X, et al. Clinical features of patients infected with 2019 novel coronavirus in
Wuhan, China [published correction appears in Lancet. 2020 Jan 30;:]. Lancet. 2020;395(10223):497-
506. doi:10.1016/S0140-6736(20)30183-5



Page 13/24

33. Requena M, Olivé-Gadea M, Muchada M, et al. COVID-19 and Stroke: Incidence and Etiological
Description in a High-Volume Center. J Stroke Cerebrovasc Dis. 2020;29(11):105225.
doi:10.1016/j.jstrokecerebrovasdis.2020.105225

34. Frontera JA, Sabadia S, Lalchan R, et al. A Prospective Study of Neurologic Disorders in Hospitalized
Patients With COVID-19 in New York City. Neurology. 2021;96(4):e575-e586.
doi:10.1212/WNL.0000000000010979

35. Klopfenstein T, Kadiane-Oussou NJ, Toko L, et al. Features of anosmia in COVID-19. Med Mal Infect.
2020;50(5):436-439. doi:10.1016/j.medmal.2020.04.006

3�. Jalessi M, Barati M, Rohani M, et al. Frequency and outcome of olfactory impairment and sinonasal
involvement in hospitalized patients with COVID-19. Neurol Sci. 2020;41(9):2331-2338.
doi:10.1007/s10072-020-04590-4

37. García-Azorín D, Trigo J, Talavera B, et al. Frequency and Type of Red Flags in Patients With Covid-19
and Headache: A Series of 104 Hospitalized Patients. Headache. 2020;60(8):1664-1672.
doi:10.1111/head.13927

3�. Iltaf S Sr, Fatima M, Salman S Sr, Salam JU, Abbas S. Frequency of Neurological Presentations of
Coronavirus Disease in Patients Presenting to a Tertiary Care Hospital During the 2019 Coronavirus
Disease Pandemic. Cureus. 2020;12(8):e9846. Published 2020 Aug 18. doi:10.7759/cureus.9846

39. Makda A, Kumar S, Kumar A, Kumar V, Rizwan A. The Frequency of Neurological Symptoms in
COVID-19 Patients at a Tertiary Care Hospital in Pakistan. Cureus. 2020;12(9):e10360. Published
2020 Sep 10. doi:10.7759/cureus.10360

40. Rocha-Filho PAS, Magalhães JE. Headache associated with COVID-19: Frequency, characteristics
and association with anosmia and ageusia. Cephalalgia. 2020;40(13):1443-1451.
doi:10.1177/0333102420966770

41. Mahammedi A, Saba L, Vagal A, et al. Imaging of Neurologic Disease in Hospitalized Patients with
COVID-19: An Italian Multicenter Retrospective Observational Study. Radiology. 2020;297(2):E270-
E273. doi:10.1148/radiol.2020201933

42. Guilmot A, Maldonado Slootjes S, Sellimi A, et al. Immune-mediated neurological syndromes in
SARS-CoV-2-infected patients [published online ahead of print, 2020 Jul 30]. J Neurol. 2020;1-7.
doi:10.1007/s00415-020-10108-x

43. Lechien JR, Chiesa-Estomba CM, Hans S, Barillari MR, Jouffe L, Saussez S. Loss of Smell and Taste
in 2013 European Patients With Mild to Moderate COVID-19. Ann Intern Med. 2020;173(8):672-675.
doi:10.7326/M20-2428

44. Mariotto S, Savoldi A, Donadello K, et al. Nervous system: subclinical target of SARS-CoV-2
infection. J Neurol Neurosurg Psychiatry. 2020;91(9):1010-1012. doi:10.1136/jnnp-2020-323881

45. Liguori C, Pierantozzi M, Spanetta M, et al. Subjective neurological symptoms frequently occur in
patients with SARS-CoV2 infection. Brain Behav Immun. 2020;88:11-16.
doi:10.1016/j.bbi.2020.05.037



Page 14/24

4�. Cocco A, Amami P, Desai A, Voza A, Ferreli F, Albanese A. Neurological features in SARS-CoV-2-
infected patients with smell and taste disorder [published online ahead of print, 2020 Aug 7]. J
Neurol. 2020;1-3. doi:10.1007/s00415-020-10135-8

47. Yan N, Xu Z, Mei B, Gao Y, Lv D, Zhang J. Neurological Implications of Non-critically Ill Patients With
Coronavirus Disease 2019 in a Fangcang Shelter Hospital in Wuhan, China. Front Neurol.
2020;11:895. Published 2020 Aug 26. doi:10.3389/fneur.2020.00895

4�. Meppiel E, Peiffer-Smadja N, Maury A, et al. Neurologic manifestations associated with COVID-19: a
multicentre registry [published online ahead of print, 2020 Nov 13]. Clin Microbiol Infect. 2020;S1198-
743X(20)30698-4. doi:10.1016/j.cmi.2020.11.005

49. Salahuddin H, Afreen E, Sheikh IS, et al. Neurological Predictors of Clinical Outcomes in Hospitalized
Patients With COVID-19. Front Neurol. 2020;11:585944. Published 2020 Oct 30.
doi:10.3389/fneur.2020.585944

50. Garg R, Jain R, Sodani A, et al. Neurological Symptoms as Initial Manifestation of Covid-19 - An
Observational Study. Ann Indian Acad Neurol. 2020;23(4):482-486. doi:10.4103/aian.AIAN_560_20

51. Petrocelli M, Ruggiero F, Baietti AM, et al. Remote psychophysical evaluation of olfactory and
gustatory functions in early-stage coronavirus disease 2019 patients: the Bologna experience of 300
cases. J Laryngol Otol. 2020;134(7):571-576. doi:10.1017/S0022215120001358

52. Lee DJ, Lockwood J, Das P, Wang R, Grinspun E, Lee JM. Self-reported anosmia and dysgeusia as
key symptoms of coronavirus disease 2019. CJEM. 2020;22(5):595-602. doi:10.1017/cem.2020.420

53. Liang Y, Xu J, Chu M, et al. Neurosensory dysfunction: A diagnostic marker of early COVID-19. Int J
Infect Dis. 2020;98:347-352. doi:10.1016/j.ijid.2020.06.086

54. Klopfenstein T, Zahra H, Kadiane-Oussou NJ, et al. New loss of smell and taste: Uncommon
symptoms in COVID-19 patients on Nord Franche-Comte cluster, France. Int J Infect Dis.
2020;100:117-122. doi:10.1016/j.ijid.2020.08.012

55. Xiong W, Mu J, Guo J, et al. New onset neurologic events in people with COVID-19 in 3 regions in
China. Neurology. 2020;95(11):e1479-e1487. doi:10.1212/WNL.0000000000010034

5�. Lechien JR, Chiesa-Estomba CM, De Siati DR, et al. Olfactory and gustatory dysfunctions as a
clinical presentation of mild-to-moderate forms of the coronavirus disease (COVID-19): a multicenter
European study. Eur Arch Otorhinolaryngol. 2020;277(8):2251-2261. doi:10.1007/s00405-020-05965-
1

57. Lee Y, Min P, Lee S, Kim SW. Prevalence and Duration of Acute Loss of Smell or Taste in COVID-19
Patients. J Korean Med Sci. 2020;35(18):e174. Published 2020 May 11.
doi:10.3346/jkms.2020.35.e174

5�. Karadaş Ö, Öztürk B, Sonkaya AR. A prospective clinical study of detailed neurological
manifestations in patients with COVID-19. Neurol Sci. 2020;41(8):1991-1995. doi:10.1007/s10072-
020-04547-7

59. Tudrej B, Sebo P, Lourdaux J, et al. Self-Reported Loss of Smell and Taste in SARS-CoV-2 Patients:
Primary Care Data to Guide Future Early Detection Strategies. J Gen Intern Med. 2020;35(8):2502-



Page 15/24

2504. doi:10.1007/s11606-020-05933-9

�0. Vaira LA, Deiana G, Fois AG, et al. Objective evaluation of anosmia and ageusia in COVID-19
patients: Single-center experience on 72 cases. Head Neck. 2020;42(6):1252-1258.
doi:10.1002/hed.26204

�1. Dell'Era V, Farri F, Garzaro G, Gatto M, Alu� Valletti P, Garzaro M. Smell and taste disorders during
COVID-19 outbreak: Cross-sectional study on 355 patients. Head Neck. 2020;42(7):1591-1596.
doi:10.1002/hed.26288

�2. Díaz LA, García-Salum T, Fuentes-López E, Ferrés M, Medina RA, Riquelme A. Symptom Pro�les and
Risk Factors for Hospitalization in Patients With SARS-CoV-2 and COVID-19: A Large Cohort From
South America. Gastroenterology. 2020;159(3):1148-1150. doi:10.1053/j.gastro.2020.05.014

�3. Levinson R, Elbaz M, Ben-Ami R, et al. Time course of anosmia and dysgeusia in patients with mild
SARS-CoV-2 infection. Infect Dis (Lond). 2020;52(8):600-602. doi:10.1080/23744235.2020.1772992

�4. Fantozzi PJ, Pampena E, Di Vanna D, et al. Xerostomia, gustatory and olfactory dysfunctions in
patients with COVID-19. Am J Otolaryngol. 2020;41(6):102721. doi:10.1016/j.amjoto.2020.102721

�5. Chua AJ, Charn TC, Chan EC, Loh J. Acute Olfactory Loss Is Speci�c for COVID-19 at the Emergency
Department. Ann Emerg Med. 2020;76(4):550-551. doi:10.1016/j.annemergmed.2020.05.015

��. Beltrán-Corbellini Á, Chico-García JL, Martínez-Poles J, et al. Acute-onset smell and taste disorders in
the context of COVID-19: a pilot multicentre polymerase chain reaction based case-control study. Eur
J Neurol. 2020;27(9):1738-1741. doi:10.1111/ene.14273

�7. Spinato G, Fabbris C, Polesel J, et al. Alterations in Smell or Taste in Mildly Symptomatic Outpatients
With SARS-CoV-2 Infection. JAMA. 2020;323(20):2089-2090. doi:10.1001/jama.2020.6771

��. Gupta N, Ish P, Kumar R, et al. Evaluation of the clinical pro�le, laboratory parameters and outcome
of two hundred COVID-19 patients from a tertiary centre in India. Monaldi Arch Chest Dis.
2020;90(4):10.4081/monaldi.2020.1507. Published 2020 Nov 9. doi:10.4081/monaldi.2020.1507

�9. Luigetti M, Iorio R, Bentivoglio AR, et al. Assessment of neurological manifestations in hospitalized
patients with COVID-19. Eur J Neurol. 2020;27(11):2322-2328. doi:10.1111/ene.14444

70. Sakalli E, Temirbekov D, Bayri E, Alis EE, Erdurak SC, Bayraktaroglu M. Ear nose throat-related
symptoms with a focus on loss of smell and/or taste in COVID-19 patients. Am J Otolaryngol.
2020;41(6):102622. doi:10.1016/j.amjoto.2020.102622

71. Jiménez E, Fontán-Vela M, Valencia J, et al. Characteristics, complications and outcomes among
1549 patients hospitalised with COVID-19 in a secondary hospital in Madrid, Spain: a retrospective
case series study. BMJ Open. 2020;10(11):e042398. Published 2020 Nov 10. doi:10.1136/bmjopen-
2020-042398

72. Huang Y, Tu M, Wang S, et al. Clinical characteristics of laboratory con�rmed positive cases of SARS-
CoV-2 infection in Wuhan, China: A retrospective single center analysis. Travel Med Infect Dis.
2020;36:101606. doi:10.1016/j.tmaid.2020.101606

73. Zayet S, Kadiane-Oussou NJ, Lepiller Q, et al. Clinical features of COVID-19 and in�uenza: a
comparative study on Nord Franche-Comte cluster. Microbes Infect. 2020;22(9):481-488.



Page 16/24

doi:10.1016/j.micinf.2020.05.016

74. Scullen T, Keen J, Mathkour M, Dumont AS, Kahn L. Coronavirus 2019 (COVID-19)-Associated
Encephalopathies and Cerebrovascular Disease: The New Orleans Experience. World Neurosurg.
2020;141:e437-e446. doi:10.1016/j.wneu.2020.05.192

75. Lai CC, Shih TP, Ko WC, Tang HJ, Hsueh PR. Severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) and coronavirus disease-2019 (COVID-19): The epidemic and the challenges. Int J Antimicrob
Agents. 2020;55(3):105924. doi:10.1016/j.ijantimicag.2020.105924

7�. Coronaviridae Study Group of the International Committee on Taxonomy of Viruses. The species
Severe acute respiratory syndrome-related coronavirus: classifying 2019-nCoV and naming it SARS-
CoV-2. Nat Microbiol. 2020;5(4):536-544. doi:10.1038/s41564-020-0695-z

77. Zhou P, Yang XL, Wang XG, et al. A pneumonia outbreak associated with a new coronavirus of
probable bat origin. Nature. 2020;579(7798):270-273. doi:10.1038/s41586-020-2012-7

7�. Lu R, Zhao X, Li J, et al. Genomic characterisation and epidemiology of 2019 novel coronavirus:
implications for virus origins and receptor binding. Lancet. 2020;395(10224):565-574.
doi:10.1016/S0140-6736(20)30251-8

79. Zhou P, Yang XL, Wang XG, et al. A pneumonia outbreak associated with a new coronavirus of
probable bat origin. Nature. 2020;579(7798):270-273. doi:10.1038/s41586-020-2012-7

�0. Wu A, Peng Y, Huang B, et al. Genome Composition and Divergence of the Novel Coronavirus (2019-
nCoV) Originating in China. Cell Host Microbe. 2020;27(3):325-328. doi:10.1016/j.chom.2020.02.001

�1. Li F. Structure, Function, and Evolution of Coronavirus Spike Proteins. Annu Rev Virol. 2016;3(1):237-
261. doi:10.1146/annurev-virology-110615-042301

�2. Wu F, Zhao S, Yu B, et al. A new coronavirus associated with human respiratory disease in China
[published correction appears in Nature. 2020 Apr;580(7803):E7]. Nature. 2020;579(7798):265-269.
doi:10.1038/s41586-020-2008-3

�3. Hoffmann M, Kleine-Weber H, Schroeder S, et al. SARS-CoV-2 Cell Entry Depends on ACE2 and
TMPRSS2 and Is Blocked by a Clinically Proven Protease Inhibitor. Cell. 2020;181(2):271-280.e8.
doi:10.1016/j.cell.2020.02.052

�4. Li T, Tang X, Wu C, et al. The use of SARS-CoV-2-related coronaviruses from bats and pangolins to
polarize mutations in SARS-Cov-2. Sci China Life Sci. 2020;63(10):1608-1611. doi:10.1007/s11427-
020-1764-2

�5. Daniloski Z, Jordan TX, Ilmain JK, et al. The D614G mutation in SARS-CoV-2 Spike increases
transduction of multiple human cell types. Preprint. bioRxiv. 2020;2020.06.14.151357. Published
2020 Jun 15. doi:10.1101/2020.06.14.151357

��. Plante JA, Liu Y, Liu J, et al. Spike mutation D614G alters SARS-CoV-2 �tness [published online
ahead of print, 2020 Oct 26]. Nature. 2020;10.1038/s41586-020-2895-3. doi:10.1038/s41586-020-
2895-3

�7. Moriguchi T, Harii N, Goto J, et al. A �rst case of meningitis/encephalitis associated with SARS-
Coronavirus-2. Int J Infect Dis. 2020;94:55-58. doi:10.1016/j.ijid.2020.03.062



Page 17/24

��. Domingues RB, Mendes-Correa MC, de Moura Leite FBV, et al. First case of SARS-COV-2 sequencing
in cerebrospinal �uid of a patient with suspected demyelinating disease. J Neurol.
2020;267(11):3154-3156. doi:10.1007/s00415-020-09996-w

�9. Remmelink M, De Mendonça R, D'Haene N, et al. Unspeci�c post-mortem �ndings despite multiorgan
viral spread in COVID-19 patients. Crit Care. 2020;24(1):495. Published 2020 Aug 12.
doi:10.1186/s13054-020-03218-5

90. Meinhardt J, Radke J, Dittmayer C, et al. Olfactory transmucosal SARS-CoV-2 invasion as a port of
central nervous system entry in individuals with COVID-19. Nat Neurosci. 2021;24(2):168-175.
doi:10.1038/s41593-020-00758-5

91. Reichard RR, Kashani KB, Boire NA, Constantopoulos E, Guo Y, Lucchinetti CF. Neuropathology of
COVID-19: a spectrum of vascular and acute disseminated encephalomyelitis (ADEM)-like
pathology. Acta Neuropathol. 2020;140(1):1-6. doi:10.1007/s00401-020-02166-2

92. Zheng J, Roy Wong LY, Li K, et al. K18-hACE2 Mice for Studies of COVID-19 Treatments and
Pathogenesis Including Anosmia. Preprint. bioRxiv. 2020;2020.08.07.242073. Published 2020 Aug
10. doi:10.1101/2020.08.07.242073

93. Wang Q, Zhang Y, Wu L, et al. Structural and Functional Basis of SARS-CoV-2 Entry by Using Human
ACE2. Cell. 2020;181(4):894-904.e9. doi:10.1016/j.cell.2020.03.045

94. Fagre A, Lewis J, Eckley M, et al. SARS-CoV-2 infection, neuropathogenesis and transmission among
deer mice: Implications for reverse zoonosis to New World rodents. Preprint. bioRxiv.
2020;2020.08.07.241810. Published 2020 Aug 7. doi:10.1101/2020.08.07.241810

95. Li CW, Syue LS, Tsai YS, et al. Anosmia and olfactory tract neuropathy in a case of COVID-19
[published online ahead of print, 2020 Jun 20]. J Microbiol Immunol Infect. 2020;54(1):93-96.
doi:10.1016/j.jmii.2020.05.017

9�. Swanson PA 2nd, McGavern DB. Viral diseases of the central nervous system. Curr Opin Virol.
2015;11:44-54. doi:10.1016/j.coviro.2014.12.009

97. Desforges M, Le Coupanec A, Stodola JK, Meessen-Pinard M, Talbot PJ. Human coronaviruses: viral
and cellular factors involved in neuroinvasiveness and neuropathogenesis. Virus Res. 2014;194:145-
158. doi:10.1016/j.virusres.2014.09.011

9�. Perrin P, Collongues N, Baloglu S, et al. Cytokine release syndrome-associated encephalopathy in
patients with COVID-19. Eur J Neurol. 2021;28(1):248-258. doi:10.1111/ene.14491

99. Gu J, Gong E, Zhang B, et al. Multiple organ infection and the pathogenesis of SARS. J Exp Med.
2005;202(3):415-424. doi:10.1084/jem.20050828

100. Nathaniel TI, Williams-Hernandez A, Hunter AL, et al. Tissue hypoxia during ischemic stroke: adaptive
clues from hypoxia-tolerant animal models. Brain Res Bull. 2015;114:1-12.
doi:10.1016/j.brainresbull.2015.02.006

101. Warren-Gash C, Blackburn R, Whitaker H, McMenamin J, Hayward AC. Laboratory-con�rmed
respiratory infections as triggers for acute myocardial infarction and stroke: a self-controlled case



Page 18/24

series analysis of national linked datasets from Scotland. Eur Respir J. 2018;51(3):1701794.
Published 2018 Mar 29. doi:10.1183/13993003.01794-2017

102. Li G, Fan Y, Lai Y, et al. Coronavirus infections and immune responses. J Med Virol. 2020;92(4):424-
432. doi:10.1002/jmv.25685

103. Natoli S, Oliveira V, Calabresi P, Maia LF, Pisani A. Does SARS-Cov-2 invade the brain? Translational
lessons from animal models. Eur J Neurol. 2020;27(9):1764-1773. doi:10.1111/ene.14277

104. Wu C, Chen X, Cai Y, et al. Risk Factors Associated With Acute Respiratory Distress Syndrome and
Death in Patients With Coronavirus Disease 2019 Pneumonia in Wuhan, China [published correction
appears in JAMA Intern Med. 2020 Jul 1;180(7):1031]. JAMA Intern Med. 2020;180(7):934-943.
doi:10.1001/jamainternmed.2020.0994

105. Jiang RD, Liu MQ, Chen Y, et al. Pathogenesis of SARS-CoV-2 in Transgenic Mice Expressing Human
Angiotensin-Converting Enzyme 2. Cell. 2020;182(1):50-58.e8. doi:10.1016/j.cell.2020.05.027

10�. Nath A. Neurologic complications of coronavirus infections. Neurology. 2020;94(19):809-810.
doi:10.1212/WNL.0000000000009455

107. von Weyhern CH, Kaufmann I, Neff F, Kremer M. Early evidence of pronounced brain involvement in
fatal COVID-19 outcomes. Lancet. 2020;395(10241):e109. doi:10.1016/S0140-6736(20)31282-4

10�. Jaunmuktane Z, Mahadeva U, Green A, et al. Microvascular injury and hypoxic damage: emerging
neuropathological signatures in COVID-19. Acta Neuropathol. 2020;140(3):397-400.
doi:10.1007/s00401-020-02190-2

109. Lacy JM, Brooks EG, Akers J, et al. COVID-19: Postmortem Diagnostic and Biosafety
Considerations. Am J Forensic Med Pathol. 2020;41(3):143-151.
doi:10.1097/PAF.0000000000000567

110. Virhammar J, Nääs A, Fällmar D, et al. Biomarkers for central nervous system injury in cerebrospinal
�uid are elevated in COVID-19 and associated with neurological symptoms and disease severity
[published online ahead of print, 2020 Dec 28]. Eur J Neurol. 2020;10.1111/ene.14703.
doi:10.1111/ene.14703

111. Tiwari A, Berekashvili K, Vulkanov V, et al. Etiologic Subtypes of Ischemic Stroke in SARS-CoV-2
Patients in a Cohort of New York City Hospitals. Front Neurol. 2020;11:1004. Published 2020 Sep 17.
doi:10.3389/fneur.2020.01004

112. Yaghi S, Ishida K, Torres J, et al. SARS-CoV-2 and Stroke in a New York Healthcare System [published
correction appears in Stroke. 2020 Aug;51(8):e179]. Stroke. 2020;51(7):2002-2011.
doi:10.1161/STROKEAHA.120.030335

113. Avula A, Nalleballe K, Narula N, et al. COVID-19 presenting as stroke. Brain Behav Immun.
2020;87:115-119. doi:10.1016/j.bbi.2020.04.077

114. Millán M, Sobrino T, Arenillas JF, et al. Biological signatures of brain damage associated with high
serum ferritin levels in patients with acute ischemic stroke and thrombolytic treatment. Dis Markers.
2008;25(3):181-188. doi:10.1155/2008/380356



Page 19/24

115. Cazzolla AP, Lovero R, Lo Muzio L, et al. Taste and Smell Disorders in COVID-19 Patients: Role of
Interleukin-6. ACS Chem Neurosci. 2020;11(17):2774-2781. doi:10.1021/acschemneuro.0c00447

11�. Sutter R, Hert L, De Marchis GM, et al. Serum Neuro�lament Light Chain Levels in the Intensive Care
Unit: Comparison between Severely Ill Patients with and without Coronavirus Disease 2019. Ann
Neurol. 2021;89(3):610-616. doi:10.1002/ana.26004

117. Lu Y, Li X, Geng D, et al. Cerebral Micro-Structural Changes in COVID-19 Patients - An MRI-based 3-
month Follow-up Study. EClinicalMedicine. 2020;25:100484. doi:10.1016/j.eclinm.2020.100484

11�. Moonis G, Filippi CG, Kirsch CFE, et al. The Spectrum of Neuroimaging �ndings on CT and MRI in
Adults with Coronavirus Disease (COVID-19) [published online ahead of print, 2020 Nov 25]. AJR Am
J Roentgenol. 2020;10.2214/AJR.20.24839. doi:10.2214/AJR.20.24839

119. Zafar S, Aydemir S, Karceski S, et al. COVID-19 Continuous-EEG Case Series: A Descriptive Study
[published online ahead of print, 2021 Feb 16]. J Clin Neurophysiol.
2021;10.1097/WNP.0000000000000832. doi:10.1097/WNP.0000000000000832

120. Generoso JS, Barichello de Quevedo JL, Cattani M, et al. Neurobiology of COVID-19: how can the
virus affect the brain? [published online ahead of print, 2021 Feb 10]. Braz J Psychiatry. 2021;S1516-
44462021005003203. doi:10.1590/1516-4446-2020-1488

121. Xia H, Lazartigues E. Angiotensin-converting enzyme 2 in the brain: properties and future
directions. J Neurochem. 2008;107(6):1482-1494. doi:10.1111/j.1471-4159.2008.05723.x

122. Wang S, Qiu Z, Hou Y, et al. AXL is a candidate receptor for SARS-CoV-2 that promotes infection of
pulmonary and bronchial epithelial cells. Cell Res. 2021;31(2):126-140. doi:10.1038/s41422-020-
00460-y

123. Meertens L, Labeau A, Dejarnac O, et al. Axl Mediates ZIKA Virus Entry in Human Glial Cells and
Modulates Innate Immune Responses. Cell Rep. 2017;18(2):324-333.
doi:10.1016/j.celrep.2016.12.045

124. Cantuti-Castelvetri L, Ojha R, Pedro LD, et al. Neuropilin-1 facilitates SARS-CoV-2 cell entry and
infectivity. Science. 2020;370(6518):856-860. doi:10.1126/science.abd2985

125. Kyrou I, Randeva HS, Spandidos DA, Karteris E. Not only ACE2-the quest for additional host cell
mediators of SARS-CoV-2 infection: Neuropilin-1 (NRP1) as a novel SARS-CoV-2 host cell entry
mediator implicated in COVID-19. Signal Transduct Target Ther. 2021;6(1):21. Published 2021 Jan
18. doi:10.1038/s41392-020-00460-9

12�. Coraci D, Fusco A, Frizziero A, Giovannini S, Biscotti L, Padua L. Global approaches for global
challenges: The possible support of rehabilitation in the management of COVID-19. J Med Virol.
2020;92(10):1739-1740. doi:10.1002/jmv.25829

127. Fridman S, Bres Bullrich M, Jimenez-Ruiz A, et al. Stroke risk, phenotypes, and death in COVID-19:
Systematic review and newly reported cases. Neurology. 2020;95(24):e3373-e3385.
doi:10.1212/WNL.0000000000010851

12�. Foster AM, Armstrong J, Buckley A, et al. Encouraging family engagement in the rehabilitation
process: a rehabilitation provider's development of support strategies for family members of people



Page 20/24

with traumatic brain injury. Disabil Rehabil. 2012;34(22):1855-1862.
doi:10.3109/09638288.2012.670028

Table
Due to technical limitations, Table 1 is only available as a download in the supplementary �les section.
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Figure 1

Study �ow diagram
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Figure 2

Forest map of acute cerebrovascular disease acute ischaemic stroke alteration of consciousness altered
mental status encephalopathy intracerebral haemorrhage seizure stroke vision impairment headache,
dizziness, myalgia smell impairmentand taste dysfunction.
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Figure 3

Funnel plot
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