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A B S T R A C T   

In December 2019, the novel coronavirus disease (COVID-19) due to severe acute respiratory syndrome coro
navirus 2 (SARS-CoV-2) infection broke. With the gradual deepening understanding of SARS-CoV-2 and COVID- 
19, researchers and clinicians noticed that this disease is closely related to the nervous system and has complex 
effects on the central nervous system (CNS) and peripheral nervous system (PNS). In this review, we summarize 
the effects and mechanisms of SARS-CoV-2 on the nervous system, including the pathways of invasion, direct and 
indirect effects, and associated neuropsychiatric diseases, to deepen our knowledge and understanding of the 
relationship between COVID-19 and the nervous system.   

1. Introduction 

SARS-CoV-2 was first appeared in December 2019 (Huang et al., 
2020a). It is an RNA virus, which belongs to the coronavirus family 
(Khailany et al., 2020). Viruses invade the body by binding to 
Angiotensin-converting enzyme 2 (ACE2) through Spike protein (S 

protein), at the same time, there are other binding sites, too (Salamanna 
et al., 2020). In addition to respiratory and pulmonary infections, it has 
now been observed that nearly one-third of COVID-19 patients have 
neurological symptoms or only manifested as neurological symptoms 
(Taquet et al., 2021a; Mao et al., 2020). Among severely infected pa
tients, this proportion is as high as 88 % (Mao et al., 2020), and all 
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common types of neurological diseases were observed by researchers 
between them (Mao et al., 2020; Keyhanian et al., 2020). However, the 
specific mechanism that causes this phenomenon and its clinical mani
festations still needs to be explored. In this review, we have collected 
and sorted out the literature on the relationship between COVID-19, 
SARS-CoV-2 and the nervous system, and summarized its mechanisms, 
as well as its clinical manifestations. 

2. How does SARS-CoV-2 affect the nervous system? 

How does SARS-CoV-2 affect the nervous system? There are two 
hypotheses: 1) Direct infection of the nervous system. 2) SARS-CoV-2 
affects the nervous system through its systemic effects on the whole 
body. 

2.1. SARS-CoV-2 directly infects the nervous system 

2.1.1. The expression and distribution of virus-infected binding sites in the 
nervous system 

Most studies have shown that the human ACE2 protein is limited to 
the endothelial and smooth muscle cells of cerebral blood vessels 
(Hamming et al., 2004). But, many studies have also confirmed that 
ACE2 and TMPRSS2 may be expressed at low levels in the brain (Rothan 
and Byrareddy, 2020; Butowt and Bilinska, 2020), and the cell types 
include glial cells, neurons (Wu et al., 2020; Guo et al., 2020), and 
epithelial cells from the veins (Jacob et al., 2020). ACE is expressed in 
the following brain regions: nucleus tractus solitarius, ventral region of 
the medulla oblongata, substantia nigra (SN), olfactory bulb (OB), 
ventricle, middle temporal gyrus, cingulate cortex, motor cortex, and 
other cerebral cortex areas (Flores, 2021; Wang et al., 2021; Faried et al., 
2020). Therefore, the virus should theoretically be able to infect nerve 
cells and possibly spread throughout the brain. 

2.1.2. Neuronal retrograde dissemination 
Peripheral nerves may spread SARS-CoV-2 into the brain through the 

retro-neural route. Current theory believed that the possible pathway is 
afferent parts of the olfactory nerve, trigeminal nerve, glossopharyngeal 
nerve, vagus nerve, dorsal root ganglion, etc., allowing the virus to 
spread from the surrounding to the CNS (Burks et al., 2021). Some 
studies show that the complete SARS-CoV-2 virus particle and its RNA 
are found in the olfactory mucosa and the neuroanatomical area that 
receives the olfactory projection (Meinhardt et al., 2021). However, it is 
very difficult to detect the virus in the form of a single particle in the 
axon (Meinhardt et al., 2021). 

2.1.3. Damage to the blood-brain barrier and endothelial system 
An intact blood brain barrier (BBB) and endothelial system are 

essential lines of defense to protect the health of the brain. However, 
SARS-CoV-2 receptor ACE2 is widely distributed in intracranial blood 
vessels, this will facilitate the SARS-CoV-2 to invade the CNS by destroy 
the tight junctions between BBB endothelium, or penetrate BBB endo
thelial cells (Achar and Ghosh, 2020). Vascular endothelial dysfunction 
has been proposed as an essential complication of COVID-19 (Zhou 
et al., 2020). 

(1) Inflammation and immune mechanism. 
When SARS-CoV-2 invades cells, it can induce damage-related mo

lecular patterns (DAMP), thereby interact with pattern recognition re
ceptors (PRR) and produces cytokines (Azkur et al., 2020). At the same 
time, SARS-CoV-2 caused the activation of inflammasome complexes 
and the release of various inflammatory factors such as interferon and 
interleukin (Brenner, 2021; Hadjadj et al., 2020). If this process is out of 
control, it will cause cytokine storm (CS) and systemic inflammatory 
syndrome throughout the body. These can lead to an increase in the 
permeability of the blood vessel wall, and the severely damage in 
endothelium and BBB (Coperchini et al., 2020). Besides, 
anti-SARS-CoV-2 antibodies may cross-react with specific molecules of 

brain microvascular endothelial cells and damage the BBB by activating 
the complement system (C3 and C4) (Skendros et al., 2020). 

(2) Trojan horse mechanism. 
Under physiological conditions, the number of immune cells that 

enter the CNS from the peripheral circulation is small and limited to 
specific innate and adaptive immune cell subgroups (Engelhardt and 
Ransohoff, 2012). However, during infection, SARS-CoV-2 can be 
swallowed and hide in host immune cells and sneak into the CNS with 
the help of the increased BBB permeability (Achar and Ghosh, 2020). 
Another possibility is that SARS-CoV-2 spreads via extracellular micro
vesicles sloughed off from infected cells (Ratajczak et al., 2006; Roz
myslowicz et al., 2003). But this remains to be confirmed. 

(3) Brain lymphatic drainage system. 
The third way for SARS-CoV-2 to enter the CNS may be through the 

brain lymphatic drainage system (Bostancıklıoğlu, 2020). There are 
endothelial cells in the lymphatic drainage system of the brain, and their 
histological structure is very similar to that of vascular endothelium 
(Aspelund et al., 2015). The presence of viral inclusion bodies in the 
epithelium can also be observed by electron microscopy (Varga et al., 
2020). But there are also different opinions. Because the lymphatic 
drainage system of the brain is a unidirectional transport system from 
intracranial to extracranial (Aspelund et al., 2015), how does the virus 
enter the CNS in this unidirectional transport system? So further 
research is still needed. 

2.1.4. Gastrointestinal route 
The gastrointestinal tract is also an important possibility for the 

spread of SARS-CoV-2 to the nervous system, but this possibility may be 
underestimated (Uversky et al., 2021). There is a higher expression of 
ACE2 receptors in the epithelium of the gastrointestinal tract than in the 
lung. SARS-CoV-2 can directly infect intestinal cells and replicate effi
ciently in them (Uversky et al., 2021). Also, SARS-CoV-2 can directly 
invade the vagus nerve and retrograde into the CNS, or indirectly 
stimulate the enteric nervous system through immune pathways 
(Esposito et al., 2020). 

2.2. Cytokine storm and immune system disorders 

As described above, the CS formed during SARS-CoV-2 infection can 
affect the function of endothelium and BBB. In the brain parenchyma, 
glials are the most common cells involved in the inflammatory response 
(Vargas et al., 2020). In addition, the inflammatory response, accom
panied by an overactivated complement system and a disturbed immune 
system, can also lead to CNS and PNS damage, as well as vascular disease 
(Uversky et al., 2021). This excessive inflammatory response is very 
similar to the state when sepsis occurs (Wilson et al., 2020). In addition, 
severe inflammation and endothelial dysfunction can also change the 
body’s coagulation state, forming a hypercoagulable state to promote 
the formation of microthrombus (Varga et al., 2020). Hypercoagula
bility is one of the main causes of COVID-19-related vascular 
complications. 

2.3. Hypoxia 

COVID-19 patients often suffer from hypoxia, which is directly 
related to the patient’s lung damage. Hypoxia can cause a variety of 
neurological complications (Solomon et al., 2020a). The reasons 
include, hypoxia causes inflammation of the endothelium and triggers 
cytokines release (Eltzschig and Carmeliet, 2011), thus aggravating the 
hypoxia and dysfunction of capillaries and endothelium (Noris et al., 
2020), then forming a hypercoagulable state, promoting microthrombi, 
increasing vascular permeability, and increasing the risk of thrombosis 
and bleeding (Østergaard and CoV-2, 2021). 
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2.4. ACE2 and renin-angiotensin system 

ACE2 is an important part of the renin-angiotensin system (RAS) 
(Abiodun and Ola, 2020). RAS is closely related to blood pressure 
regulation. After the S protein binds to ACE2, it down-regulates the 
ACE2 receptor and the Angiotensin Type 2 receptor (AT2 receptor) of 
angiotensin. At the same time, the Angiotensin Type 1 receptor (AT1 
receptor) is over-activated, and the level of angiotensin II increases (Zou 
et al., 2020). Angiotensin II is a powerful angiotonics in capillary and 
arteriole vasoconstrictor, affecting blood pressure and cerebral blood 
flow regulation, and its increass may lead to cerebral hemorrhage and 
ischemic stroke (Wang et al., 2021). ACE2 expression on endothelial 
cells is higher in COVID-19 patients with dementia and hypertension, 
and these patients have generally poorer prognosis (Buzhdygan et al., 
2020a). In addition, nicotine can increase the expression of ACE2 in 
nerve cells by stimulating nicotine-type acetylcholine (nACh) receptors. 
Therefore, smokers are at higher risk of developing neurological com
plications after infection with SARS-CoV-2 (Kabbani and Olds, 2020). 

2.5. Coagulation abnormalities 

Coagulation disorder is a typical feature and complication of SARS- 
CoV-2 infection (Zhou et al., 2020), which can cause a high incidence 
of thrombosis (Cui et al., 2020). SARS-CoV-2 infection can destroy the 
antithrombotic state of vascular endothelium through the 
above-mentioned CS, hypoxia, ACE2 and RAS system abnormalities 
(Connors and Levy, 2020). In addition, the virus itself also has a specific 
procoagulant effect (Connors and Levy, 2020). After virus infection, the 
body will form immune thrombus to assist the immune process (Henry 
et al., 2020). But if it is out of control, it will lead to disorders of the 
coagulation system and extensive microvascular thrombosis (Kitchens, 

2009). 
The coagulopathy of SARS-CoV-2 infection is characterized by a 

significant increase in D-dimer, high fibrinogen levels, prolonged pro
thrombin time, mild reduction of platelets or normal platelets, and other 
hypercoagulable states (Tang et al., 2020). Sometimes it also manifests 
as antiphospholipid antibody syndrome (lupus anticoagulant) (Levi 
et al., 2020). Fig. 1 and Fig. 2. 

3. Nervous system diseases related to SARS-CoV-2 

3.1. Cerebrovascular disease 

3.1.1. Ischemic stroke 
Studies have shown that the incidence of ischemic stroke in COVID- 

19 patients is 5 %− 6.92 % (Taquet et al., 2021a; Mao et al., 2020). Most 
of them are men (62 %), with a median age of 63 years (Tan et al., 2020). 
COVID-19 patients are more likely to suffer stroke and have worse 
symptoms and prognosis (Maury et al., 2021). COVID-19 with ischemic 
stroke is divided into two categories based on occurrence mechanism. 

The first category is elderly patients who have a history of multiple 
cardiovascular and cerebrovascular risk factors or have potential 
comorbidities before infection. They are more likely to have vascular 
embolism events (Carod-Artal, 2020). When such patients develop 
SARS-CoV-2 infection, they tend to with severe and more types of 
complications (Avula et al., 2020). The second category tends to be 
relatively young patients who have almost no cardiovascular and cere
brovascular risk factors or related comorbidities before being infected 
with SARS-CoV-2. This may be related to the effects of SARS-CoV-2 on 
multiple systems throughout the body (Zhou et al., 2020; Oxley et al., 
2020; Wang et al., 2020). Coagulation is a key factor of it, about a 
quarter of cases have evidence of systemic thrombosis (Morassi et al., 

Fig. 1. The mechanism of SARS affecting the nervous system SARS-COV-2 directly infects the nervous system: (1) Virus-infected binding sites in thenervous system, 
(2) Neuronal retrograde dissemination, (3) Damage to the BBB and endothelial system,(4) Gastrointestinal route. 
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2020). These younger (<50 years) stroke cases have some unique clin
ical features (Oxley et al., 2020; Vogrig et al., 2021): ①Previous risk 
factors and comorbidities seem to be few/non-existent; ②Strokes in 
younger patients were most likely to occur before the onset of COVID-19 
symptoms; ③Occlusion of large blood vessels seems to be very common. 

COVID-19 patients complicated by cerebral infarction has the 
following tendency (Vogrig et al., 2021): ① Large vessel occlusion 
(Siegler et al., 2020; Escalard et al., 2020). ② Multivessel occlusion and 
multiregional stroke (26 % of cases), and the infarct core volume is also 
larger (Escalard et al., 2020). ③ Acute ischemic stroke in the vertebral 
base area is also common and can be observed in 35 % of patients 
(Hernández-Fernández et al., 2020). ④ Neurological deficits are usually 
severe (median of the NIHSS is 19–21) (Morassi et al., 2020). ⑤ The 
incidence of small vessel occlusion is relatively low, accounting for only 
9 % of reported cases (Tan et al., 2020; Siegler et al., 2020). ⑥ More 
than 40 % of patients are diagnosed with cryptogenic stroke, but there is 
evidence of embolism in imaging (Vogrig et al., 2021). ⑦ It may be 
accompanied by multiple cerebral microhemorrhage (Varatharaj et al., 
2020; Keller et al., 2020). ⑧ It may be accompanied by systemic 
thrombosis (Tan et al., 2020; Morassi et al., 2020). 

Laboratory tests: CS and abnormal blood clotting is very common 
(Zhou et al., 2020). In addition, anti-phospholipid antibodies can be 
detected in a large number of cases (Connors and Levy, 2020; Tan et al., 
2020). The incidence of liver and kidney insufficiency is also high, and 
lactate dehydrogenase (LDH) is often elevated (Morassi et al., 2020). 
Imaging: Floating thrombus in the ascending aorta, common carotid 
artery, and internal carotid artery can be observed in CTA of some pa
tients (de Carranza et al., 2021; Viguier et al., 2020). MR vascular wall 
imaging of some patients showed contrast enhancement of large and 
medium-sized cerebral arteries (Vogrig et al., 2021; Dixon et al., 2020). 
In addition, multiple ischemic foci in the brain parenchyma can often be 
observed (Varatharaj et al., 2020; Keller et al., 2020; Beyrouti et al., 
2020). It is also often accompanied by multiple cerebral 

microhemorrhage and subarachnoid hemorrhages (Keller et al., 2020). 
Autopsy results: Multiple cerebral microhemorrhage is an unmistakable 
feature (Keller et al., 2020; Jensen et al., 2021). In addition, intracranial 
lymphocytic endotheliitis can be observed in many severe cases (Varga 
et al., 2020). Acute hemorrhagic cerebral infarction and micro
thrombosis can be observed in a large number of autopsies (Meinhardt 
et al., 2021; Jensen et al., 2021). At the same time, in most autopsies, the 
SARS-CoV-2 virus test result is negative (Solomon et al., 2020b; Kremer 
et al., 2020a). 

3.1.2. Intracranial hemorrhage 
The estimated incidence of a intracranial hemorrhage (ICH) in 

COVID-19 patients is 2.66 % (Taquet et al., 2021a). In addition, a large 
part of bleeding-related problems is hemorrhagic stroke, with an inci
dence of 21.7 %− 25.7 % (Hernández-Fernández et al., 2020; Jain et al., 
2020). The average age of ICH in COVID-19 patients is 52.2 years, which 
is lower than the average expected age of ICH (Rodriguez et al., 2020). It 
is currently believed that cerebral hemorrhage is related to vascular 
endothelial damage and multiple cerebral microhemorrhages caused by 
various reasons. 

Among them, hypertension is a common complication of COVID-19 
(Zhou et al., 2020; Keller et al., 2020). Abnormalities in the ACE2 and 
RAS systems can lead to hypertension and disruption of the BBB 
(Buzhdygan et al., 2020b; Setiadi et al., 2018). However, the distribu
tion range of cerebral microbleeds in most patients is different from that 
of typical hypertensive microbleeds (Keller et al., 2020). In COVID-19 
patients, the microhemorrhage is more concentrated in the brain stem 
area (three-quarters of the cases) (Kirschenbaum et al., 2021), especially 
at the gray-white intersection of neocortex and brainstem, Besides, 
bleeding points are occasionally observed in the corpus callosum (Kir
schenbaum et al., 2021). Another consideration for the cause of bleeding 
is that because many COVID-19 patients are at increased risk of 
thrombosis in pulmonary embolism and are in a hypercoagulable state, 

Fig. 2. COVID related disease.  
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they have received preventive anticoagulants and/or antiplatelet ther
apy, which may make them prone to intracranial hemorrhage (Kir
schenbaum et al., 2021). 

Brain microhemorrhage and vascular damage can cause a variety of 
intracranial hemorrhages (Hernández-Fernández et al., 2020): ① Mass 
hemorrhage involving extensive cerebral hemispheres (Jain et al., 2020; 
Giorgianni et al., 2020). ② Multiple hematomas and hemorrhages in the 
upper and lower tentorial (Morassi et al., 2020; Giorgianni et al., 2020; 
Gonçalves et al., 2020). ③ Spontaneous cerebral hemorrhage, especially 
in critically ill patients (Morassi et al., 2020; Gonçalves et al., 2020). ④ 
Hemorrhagic transformation of acute ischemic stroke (Al Saiegh et al., 
2020). ⑤ Rupture of pseudoaneurysm (Brundin et al., 2020). ⑥ Hem
orrhagic infarction related to cerebral venous sinus thrombosis (CVT) 
(Poillon et al., 2021). ⑦ Subarachnoid hemorrhage related to arterial 
dissection and aneurysm (Al Saiegh et al., 2020). 

At present, the largest COVID-19 autopsy study pointed out that 
many patients have microthrombosis, acute hemorrhagic infarction, and 
multiple cerebral microhemorrhage (Bryce et al., 2020). Evidence of 
diffuse intravascular thrombosis can be observed (Kirschenbaum et al., 
2021; Kremer et al., 2020b). In most autopsies, the reverse 
transcription-polymerase chain reaction of SARS-CoV-2 in the cerebro
spinal fluid (CSF) was negative, but there were also positive cases 
(Solomon et al., 2020b; Menter et al., 2020). 

3.1.3. Cerebral venous thrombosis 
Compared with cerebral infarction and hemorrhage, the occurrence 

of cerebral venous thrombosis (CVT) is relatively rare (Siegler et al., 
2020; Sharifian-Dorche et al., 2020), and the combined prevalence is 
0.3 % (Favas et al., 2020). A study showed that among patients with 
severe COVID-19, 5–15 % of patients had venous and arterial throm
boembolism complications (Speeckaert et al., 2020). CVT is part of the 
hypercoagulable state and systemic thrombosis caused by COVID-19. 
Patients without any risk factors for congenital CVT can develop hy
percoagulability and thrombosis under the influence of COVID-19, 
resulting in CVT (Rigamonti et al., 2021; Chougar et al., 2020). 

The clinical manifestations of CVT caused by COVID-19 are not 
significantly different from CVT caused by other coagulopathy. Based on 
the available evidence, low molecular weight heparin (LMWH) seems to 
be more effective than unfractionated heparin (UFH) and has a lower 
mortality rate. Therefore, LMWH is recommended as the first-line 
treatment (Kow et al., 2020; Thachil et al., 2020). But as mentioned 
above, this also brings about the problem of increased risk of bleeding. 
Currently, there are no reports of positive SARS-CoV-2 detection in CSF 
(Siegler et al., 2020; Sharifian-Dorche et al., 2020; Sweid et al., 2020). 

3.2. Encephalopathy, peripheral neuropathy, and muscle disease 

3.2.1. Nervous system damage caused by direct virus infection 
(1) Encephalitis and meningitis. 
Among COVID-19 patients who exhibit at least one neurological 

symptom, the prevalence of encephalitis is approximately 0–27.9 % 
(Pezzini and Padovani, 2020). Beijing Ditan Hospital reported a case for 
the first time CNS infection caused by SARS-CoV-2, This was confirmed 
by genetic testing of the CSF (Xiang et al., 2020). Later, many people 
proved this (Moriguchi et al., 2020; Huang et al., 2020b; Mardani et al., 
2020). The symptoms, imaging, and CSF examination of this meningo
encephalitis are similar to those of ordinary one. 

But there are not as many reports about meningoencephalitis as we 
estimated. In these reports, brain damage caused by immune inflam
matory response is more than that caused by direct SARS-CoV-2 inva
sion. This is because existing detection methods are not sufficient to 
prove that brain parenchymal damage is directly caused by SARS-CoV-2 
(von Weyhern et al., 2020). In fact, several studies have shown that 
positive SARS-CoV-2 RNA results have been observed in cerebrospinal 
fluid specimens and autopsy by RT-PCR, but this does not mean that 
there must be a complete virus particle in it (von Weyhern et al., 2020). 

This is due to the limitations of PCR technology (Uversky et al., 2021). 
Alternatively, a positive result may come from a virus directly pene
trating the brain or from viral RNA in the blood (Solomon et al., 2020a). 
CSF’s cytological and biochemical tests are similar to the characteristics 
of common viral encephalitis, manifested by mild protein and cell count 
abnormalities (Moriguchi et al., 2020; Huang et al., 2020b; Sun and 
Guan, 2020). It indicates that there may be other factors (such as pe
ripheral infectious inflammation and neurotransmitter changes) that 
lead to meningoencephalitis (Wang et al., 2021). In addition, the 
neurological prognosis of most patients with encephalitis or encepha
lopathy is generally favorable (Wang et al., 2021). 

Some autopsy results show lymphocytic panencephalitis and men
ingitis (von Weyhern et al., 2020), brain edema, and partial neuronal 
degeneration (Xu et al., 2020a). In addition, sparse or moderate aggre
gates composed of chronic inflammatory cells such as monocytes have 
been observed around the cerebral blood vessels (Serrano et al., 2021). 
Focal soft meningitis can also be seen (Solomon et al., 2020a). Common 
MR findings are contrast enhancement of the pia mater and abnormal 
cortical FLAIR signal (Helms et al., 2020). These abnormalities requires 
extensive differential diagnosis (Gulko et al., 2020). Some of these pa
tients may also have limited cortical diffusion or cortical blooming ar
tifacts (Kandemirli et al., 2020). 

(2) Anosmia and ageusia. 
Among COVID-19 patients, the incidence of anosmia and ageusia is 

very high. Anosmia is more than 85.6 %, while ageusia is 88.0 % 
(Lechien et al., 2020). Due to such a high incidence, and anosmia and 
ageusia may be the only signs and symptoms of infection (Lechien et al., 
2020; Baig, 2020), the Centers for Disease Control and Prevention (CDC) 
has now added the sudden appearance of anosmia and ageusia to the 
typical symptoms of COVID-19. It is now generally believed that the 
possible main reason is that SARS-CoV-2 can infect local epithelial cells 
through ACE2 receptors in the tongue epithelium and olfactory epithe
lium, thereby destroying the receptors for smell and taste (Xu et al., 
2020b; Klingenstein et al., 2021). Some researchers believe this is due to 
loss of olfactory sensory neurons from a variety of causes, including 
supportive cell dysfunction, inflammation-related apoptosis, or possible 
direct infection (Welge-Lüssen and Wolfensberger, 2006), but the 
mechanism is still not very clear. The duration of these symptoms in 
mild COVID-19 subjects was reported to be approximately 10 days, and 
89 % of patients recovers 4 weeks after diagnosis (Boscolo-Rizzo et al., 
2020). It can be seen on MRI that most of the anosmia patients have 
basically normal OB morphology (Galougahi et al., 2020; Politi et al., 
2020). 

(3) Brainstem encephalitis. 
Although many experiments and animal models suggest that SARS 

CoV-2 may pass into the brainstem nucleus through the olfactory nerve, 
trigeminal nerve, glossopharyngeal nerve, facial nerve, vagus nerve, 
dorsal root ganglia, etc., but the evidence is not sufficient (Román et al., 
2020). In the results of brain autopsy, only neuronal cell loss and axon 
degeneration were observed in the brain stem (von Weyhern et al., 
2020). It is not ruled out that it is caused by systemic hyperinflammatory 
syndrome and autoimmune abnormalities (Jensen et al., 2021). 

3.2.2. Nervous system damage caused by abnormal immune and 
inflammatory reactions 

Excessive inflammation and immune abnormalities caused by 
infection are important causes of a variety of neurological diseases. It is 
no exception in COVID-19. Due to the low incidence of these diseases, 
there are no precise statistics for some types. In a study involving 2533 
patients: 4 cases of Acute Necrotizing Encephalopathy (ANE), 13 cases of 
Acute disseminated encephalomyelitis (ADEM), 7 cases of acute trans
verse myelitis; 9 cases of limbic encephalitis, 31 cases of Guillain- 
Barré syndrome (GBS), 3 cases of Miller Fisher syndrome(MFS), 2 cases 
of multiple cranial neuritides, 2 cases of facial paralysis; 6 cases of iso
lated oculomotor neuropathy; 6 cases of critically ill myopathy (Maury 
et al., 2021). However, because these are mainly concentrated in case 
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reports, there is no systematic research and summary. 
(1) ANE. 
ANE is a rare disease characterized by brain damage (encephalopa

thy) that usually follows an acute febrile disease, mostly viral infections. 
ANE may be related to intracranial CS and BBB damage (Zubair et al., 
2020; Rossi, 2008). The most typical imaging features are symmetrical 
multifocal lesions and involvement of the thalamus (Poyiadji et al., 
2020). Other commonly involved areas include the brain stem, white 
matter, and cerebellum. The CT image showed a low signal. MR showed 
a high signal on T2 and FLAIR with internal bleeding. Post-contrast 
images may demonstrate a ring of contrast enhancement (Poyiadji 
et al., 2020). Autopsy revealed extensive vasculitis (endothelitis), with 
varying degrees of segmental and complete endothelial destruction; 
thrombosis is mainly in the microcirculation of the vascular bed; sub
stantial hemorrhagic necrosis and inflammation (encephalitis) can be 
seen, as well as severe necrotizing neuronal damage; isolated brain 
edema may also be observed (Mao et al., 2020; Ermilov et al., 2021). 

(2) ADEM. 
ADEM is a rare kind of inflammation that affects the brain and spinal 

cord, usually in children. ADEM is also associated with immune ab
normalities and inflammation after infection (Pusch et al., 2018; Pohl 
et al., 2016). No CSF virus test report was found in ADEM related to 
COVID-19 (Reichard et al., 2020). Existing imaging and autopsy results 
suggest that they are similar to other ADEMs (Najjar et al., 2020). The 
autopsy results showed that similar to vascular disease and demyelin
ation changes (Reichard et al., 2020; Jaunmuktane et al., 2020). 

(3) Myelitis. 
Autoimmune response and CS after viral infection result in myelitis 

(Karakike and Giamarellos-Bourboulis, 2019), primarily manifested as 
acute transverse myelitis. There are not many related reports, some 
cases manifested as simple myelitis or brain involvement (AlKetbi et al., 
2020). Similar to ordinary myelitis, MRI of the spinal cord is the most 
commonly used method of diagnosis (Sotoca and Rodríguez-Álvarez, 
2020). Current cases indicate that CSF changes are similar to viral en
cephalitis and are normal or mildly abnormal (Sotoca and Rodrí
guez-Álvarez, 2020). 

(4) Autoimmune encephalitis. 
Autoimmune encephalitis refers to a group of conditions that occur 

when the body’s immune system mistakenly attacks healthy brain cells, 
leading to inflammation of the brain. Autoimmune encephalitis is also 
rarely seen in COVID-19 (Paterson et al., 2020; Pilotto et al., 2021). The 
main manifestations are similar to ordinary autoimmune encephalitis 
(Bernard-Valnet et al., 2020; Dogan et al., 2020). The vast majority of 
existing cases show that the autoantibody group in serum and CSF has 
no abnormalities (Pizzanelli et al., 2021). However, some studies have 
detected autoimmune antibodies such as CASPR2 (Pizzanelli et al., 
2021; Delamarre et al., 2020). The routine cytology and biochemical 
tests of CSF are negative or mildly abnormal, and the cell count or 
protein level is elevated. So far, the PCR test results of SARS-CoV-2 are 
all negative (Bernard-Valnet et al., 2020; Dogan et al., 2020; Pizzanelli 
et al., 2021). The brain MRI of some cases showed bilateral symmetrical 
limbic system hyperintensity in FLAIR, T2, and DWI sequences (Ber
nard-Valnet et al., 2020; Dogan et al., 2020; Pizzanelli et al., 2021). 
Electroencephalography shows universal slow waves (Bernard-Valnet 
et al., 2020; Dogan et al., 2020; Pizzanelli et al., 2021). 

(5) GBS, MFS, and cranial nerve injury. 
GBS is a rare, autoimmune disorder in which a person’s own immune 

system damages the nerves, causing muscle weakness and sometimes 
paralysis. It has several subtypes, including acute inflammatory demy
elinating polyneuropathy (AIDP), acute motor axonal neuropathy 
(AMAN), acute motor sensory axonal neuropathy (AMSAN), and MFS. In 
COVID − 19 patients, most variants of GBS have been observed (Key
hanian et al., 2020; Rahimi, 2020; Padroni et al., 2020). Some studies 
show partial to complete recovery in 60 % of cases (Alberti et al., 2020). 
In addition to binding to ACE2, SARS-CoV-2 can also need sialic 
acid-containing glycoproteins and gangliosides to get into cell (Fantini 

et al., 2020). These two sites are also closely related to the pathogenesis 
of GBS. Therefore, a cross-reactivity may occur, which is a potential 
mechanism for SARS-CoV-2 to trigger autoimmune GBS (Fantini et al., 
2020). 

The involved nerves show enhancement and high signal in MRI 
(Khalifa et al., 2020; Berciano and Gallardo, 2020). CSF is characterized 
by cell-albumin dissociation (Tiet and AlShaikh, 2020; Sancho-Saldaña 
et al., 2020), but the RT-PCR result of SARS-CoV-2 is negative (Key
hanian et al., 2020). The results of the electrophysiological examination 
are usually consistent with demyelinating polyneuropathy and axonal 
injury. Most appear to be demyelinating electrophysiological subtypes 
(Tatu et al., 2021; Caress et al., 2020). 

In addition, COVID-19 lead to other cranial nerve injuries. For 
example, ①optic neuritis (Mao et al., 2020). ② Pure motor third cranial 
nerve palsy [273]. ③ Non-MFS multiracial nerve injuries (De Gennaro 
et al., 2021). 

Common treatments include intravenous immune globulin (IVIG) or 
plasma exchange. Generally speaking, GBS and MFS show an excellent 
response to immunoglobulin therapy (Harapan and Yoo, 2021). In 
addition, some reported cases of GBS caused by SARS-CoV-2 have also 
received hydroxychloroquine treatment. A combination of chloroquine 
with sialic acid and GM1 ganglioside can prevent SARS-CoV-2 from 
entering cells through S protein (Keyhanian et al., 2020), which may be 
an interesting treatment direction. 

(6) Myalgia and myositis. 
Myalgia is a common symptom observed in COVID-19 patients. The 

prevalence is ranging from 3.36 % to 64 %, and the combined preva
lence is estimated to be 19.3 % (Favas et al., 2020; Tsai et al., 2020). 
Severe patients (19.3 %) may be more prone to muscle damage than 
ordinary patients (4.8 %) (Mao et al., 2020). In rare cases, myalgia and 
muscle damage may progress to rhabdomyolysis (Jin and Tong, 2020). 
The underlying mechanism of myalgia may be the expression of ACE on 
skeletal muscle and CS (Cabello-Verrugio et al., 2015; Jiang et al., 
2020). 

Most patients showed increased creatine kinase (CK) (Shar
ifian-Dorche et al., 2020; Borah et al., 2021). There are case reports of 
CK up to> 11,000 U/L and rhabdomyolysis (Jin and Tong, 2020; 
Suwanwongse and Shabarek, 2020). Electromyography/nerve conduc
tion (EMG/NCS) results indicate features of myopathy (Keyhanian et al., 
2020). Therefore, COVID-19 patients with signs of skeletal muscle 
damage need to do further tests, such as muscle biopsy and antibody 
screening, because IVIG treatment may improve the functional outcome 
of these patients, and there are also cases of using hydroxychloroquine 
treatment (Keyhanian et al., 2020). 

3.3. Other neurological diseases related to COVID-19 

3.3.1. Multiple sclerosis and neuromyelitis optica spectrum disorders 
New cases of Multiple sclerosis (MS) and neuromyelitis optica 

spectrum disorders (NMOSD) observed in COVID-19 patients are rare.In 
a recent report, only 2 cases were observed among nearly 11,000 pa
tients (Yuksel et al., 2021). Almost all cases of NMOSD caused by 
COVID-19 are case reports (Batum and Kisabay, 2020). In MS and 
NMOSD, it is necessary to consider whether disease modification ther
apy (DMT) treatment for MS and NMOSD patients will increase their risk 
of COVID-19. According to existing research, whether MS or NMOSD 
patients receive DMT or not, no increased risk of COVID-19 infection has 
been observed (Fan et al., 2020; Zrzavy et al., 2020). For patients with 
NMOSD, the medication did not increase their chances of contracting 
COVID-19 or aggravate the signs of infection. Still, patients who inter
rupted their medicines due to the epidemic had an increased recurrence 
rate (Yin et al., 2021). However, the overall amount of data on NMOSD 
is relatively small, so many studies suggest that NMOSD treatment 
recommendations should be guided by MS (Fan et al., 2020). 
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3.3.2. Myasthenia gravis 
Myasthenia gravis (MG) is a chronic autoimmune disorder in which 

antibodies destroy the communication between nerves and muscle, 
resulting in weakness of the skeletal muscles. In a survey of about 11,000 
COVID-19 patients, 2 new MG patients were found (Yuksel et al., 2021). 
The mechanism may be related to the immune disorder and inflamma
tion caused by infection (Galassi and Marchioni, 2021; Qin et al., 2020). 
Research on MG patients infected with COVID-19 showed that among 
3558 MG patients, 34 patients (0.96 %) were infected with COVID-19 
(Solé et al., 2021). After MG patients are infected with COVID-19, 
most of them are more serious. 87 % needed ICU treatment, 73 % 
required mechanical ventilation, and 30 % died (Camelo-Filho et al., 
2020). In addition, after suffering from COVID-19, the initial symptoms 
of MG may be aggravated or cause MG crisis (Županić et al., 2021). 

The treatment of MG is also a challenge (Galassi and Marchioni, 
2021; Valencia-Sanchez and Wingerchuk, 2020). Current research 
shows that immunosuppressive drugs and corticosteroids frequently 
used in MG treatment are not risk factors for poor outcomes (Solé et al., 
2021). At the same time, in the MG associated with SARS-CoV-2 infec
tion, the assessment of respiratory muscle function is critical to deter
mine the timing of tracheal intubation (Galassi and Marchioni, 2021). 

3.3.3. Dementia and Alzheimer’s disease 
Current research shows that the incidence of dementia in COVID-19 

patients is 0.67 % (Taquet et al., 2021a). Among people over 65 years 
old, the incidence of dementia diagnosed for the first time within 
14–90 days after COVID-19 is 1.6 % (Taquet et al., 2021b). In an 
observational study conducted in France, more than one-third (15/45) 
of patients had cognitive impairment when discharged from the ICU 
(Helms et al., 2020). 

There is a close relation between dementia and COVID-19. Some 
symptoms of Alzheimer’s disease and related dementia (ADRD) may 
increase the risk of COVID-19 infection, including the inability to 
implement or comply with COVID-19 prevention guidelines and re
quirements due to comprehension, personality changes, and memory 
changes (Brown et al., 2020; Suzuki et al., 2020). Older people with 
chronic diseases such as dementia can develop the more powerful and 
often fatal form of COVID-19 (Miyashita et al., 2020). They have a 
higher probability of suffering from comorbidities and a higher mor
tality rate (Bianchetti et al., 2020; Bauer et al., 2014). 

3.3.4. Parkinson’s disease 
COVID-19 may cause Parkinson’s disease (PD) in healthy in

dividuals, the prevalence is about 0.67 % (Taquet et al., 2021a). The 
mechanism involved may be related to hyposmia and anosmia (Rey 
et al., 2018). In addition, researchers speculated that there are ACE2 
receptors in the SN (Brundin et al., 2020), but after 20 autopsies, no 
virus was found in the SN (Serrano et al., 2021). 

In addition, research on PD patients with COVID-19 shows that 11.7 
% of PD patients are admitted to the ICU or suffer from severe pneu
monia (Kubota and Kuroda, 2021) and face a higher risk of death, with a 
mortality rate ranging from 19.7 % to 50 % (Amruta et al., 2021). One 
hypothesis to explain this is that dysphagia can cause aspiration pneu
monia (Amruta et al., 2021). COVID-19 may also aggravate the neuro
logical and motor symptoms of PD patients. Part of the reason is that 
COVID-19 can cause diarrhea, which reduces the absorption of oral 
medications (Amruta et al., 2021). But PD itself does not seem to in
crease the risk of SARS-CoV-2 infection (Ferini-Strambi and Salsone, 
2021; Brundin et al., 2020). 

3.3.5. Brain fog 
Brain fog is a problem that has re-entered people’s vision with the 

epidemic of COVID-19, and its incidence can be as high as 81 %. The 
main manifestations of brain fog are memory problems and difficulty 
concentrating (Graham et al., 2021). Brain fog first appeared in the 
1980 s. In the 1990 s, it was believed to be related to chronic fatigue 

syndrome caused by infections, and a set of diagnostic criteria was 
established (Sharpe et al., 1991). Symptoms are similar to those of 
cancer patients (chemofog or chemobrain) undergoing or after chemo
therapy, as well as patients with muscular encephalomyelitis/chronic 
fatigue syndrome (ME/CFS) or mast cell activation syndrome (Sharpe 
et al., 1991). The pathogenesis of brain fog is currently unclear, but it 
may involve stimulating mast cells through pathogens and stress, acti
vating microglia through neuroinflammation and causing inflammation 
of the hypothalamus (Theoharides et al., 2021). It is also believed that 
this is related to mitochondrial dysfunction caused by cerebral hypoxia 
(Stefano, 2021). At present, the diagnosis of brain fog is mainly exclu
sive diagnosis based on clinical symptoms (Marshall, 2020). 

3.3.6. Mental disorders 
Mental complications after COVID-19, especially depression, anxi

ety, and post-traumatic stress disorder are very common. The incidence 
of anxiety disorders is 17.39–34.7 % (Taquet et al., 2021a; Kong et al., 
2020). Among patients with no previous history of mental illness, 
approximately 4.6 % will develop a new type of anxiety disorder within 
90 days of infection (Taquet et al., 2021b). The incidence of depression 
is 28.5 % (Kong et al., 2020). The incidence of post-traumatic stress 
disorder (PTSD) is 96.2 % (Bo et al., 2020). In addition, 30 days after the 
patient was discharged from the hospital, the incidence of PTSD, 
depression, anxiety, obsessive-compulsive disorder, and insomnia were 
28 %, 31 %, 42 %, 20 %, and 40 %, respectively (Mazza et al., 2020). 
Two to three months after the onset, COVID-19 patients are more likely 
to experience moderate to severe symptoms of anxiety and depression 
than the control group (Raman et al., 2021). 

In addition to the changes in the social and medical environment 
caused by the SARS-CoV-2 pandemic, the high incidence of mental and 
psychological abnormalities in COVID-19 may be closely related to 
immune and inflammatory mechanisms, such as immune activation 
caused by microorganisms (Steardo et al., 2020). This is also the focus of 
research on the pathogenesis of mental illness in recent years. A large 
number of inflammatory factors are produced during SARS-CoV-2 
infection, including IL-1β, IL-6, TNF-α, et.al, they are closely related to 
depression and anxiety. In particular, the pro-inflammatory mediator 
IL-6 promotes the synthesis and secretion of other inflammatory factors 
and acute-phase proteins through astrocytes and microglia (Wohleb 
et al., 2016; Chen et al., 2020; Raony et al., 2020). 

Similar neuropsychiatric manifestations have also been reported 
between the general public and medical workers (Amruta et al., 2021). 
Due to the worldwide pandemic of SARS-CoV-2, it has also caused a 
great psychological burden to medical staff. The incidence of anxiety 
and depression symptoms is high (12 %− 67.5 %), and there are also a lot 
of insomnia and emotional trauma (Vizheh et al., 2020; Pappa et al., 
2020). In addition, in the general population, due to lockdown and other 
reasons, the social isolation, uncertainty and low control of various risks 
have led to an increase in mood disorders, drug abuse, and suicidal 
tendencies (De Boni et al., 2020; Czeisler et al., 2020). 

4. Conclusion 

The neurological complications of COVID-19 cover almost all known 
neurological diseases, affecting more than one-third of COVID-19 pa
tients, and can occur in various periods of infection. Therefore, the 
nervous system is closely related to COVID-19. We summarize the most 
recent research results on COVID-19 and neurological diseases, hoping 
to help people deepen their understanding of the pathogenic mechanism 
and clinical symptoms of COVID-19 and its associated neurological 
diseases. 

Funding 

This work was supported by grants from 1) Natural Science Basic 
Research Program of Shaanxi (Program No. 2022JM-539); 2) Natural 

Z. Xie et al.                                                                                                                                                                                                                                       



Brain Research Bulletin 187 (2022) 63–74

70

Science Basic Research Program of Shaanxi (Program No. 2022JM-541); 
3) Hospital-level project of Xi’an Internatil Medical Center (Program No. 
2020ZD007); 4) Natural Science Basic Research Program of Xi’an 
(Program No. 2020qn17); 5) Key Research and Development Program of 
Shaanxi (Program No. 2021SF-096); 6) Key Research and Development 
Program of Shaanxi (Program No. 2021SF-356). 

Author’s contribution 

ZX, HH, ZHZ, WJY, RW, BQC, WZS, DZ, YSZ, JCL, QY, YD, JWL, and 
HJZ, performed literature searches and drafted the literature review. 
YZZ, YS, LFZ and XTW assisted in the revision of the article. GZ, YT 
revised and finalized the manuscript. ZX was the major contributor in 
writing the manuscript. All authors read and approved the final 
manuscript. 

Conflicts of Interest 

The authors declare no commercial or financial conflict of interests. 

Acknowledgements 

The authors thank all laboratory members for ongoing discussions 
and all the financial support of the above funds. 

References 

Abiodun, O.A., Ola, M.S., 2020. Role of brain renin angiotensin system in 
neurodegeneration: an update. Saudi J. Biol. Sci. 27, 905–912. 

Achar, A., Ghosh, C., 2020. COVID-19-associated neurological disorders: the potential 
route of CNS invasion and blood-brain relevance. Cells 9. 

Al Saiegh, F., Ghosh, R., Leibold, A., Avery, M.B., Schmidt, R.F., Theofanis, T., 
Mouchtouris, N., Philipp, L., Peiper, S.C., Wang, Z.X., Rincon, F., Tjoumakaris, S.I., 
Jabbour, P., Rosenwasser, R.H., Gooch, M.R., 2020. Status of SARS-CoV-2 in 
cerebrospinal fluid of patients with COVID-19 and stroke. J. Neurol., Neurosurg., 
Psychiatry 91, 846–848. 

Alberti, P., Beretta, S., Piatti, M., Karantzoulis, A., Piatti, M.L., Santoro, P., Viganò, M., 
Giovannelli, G., Pirro, F., Montisano, D.A., Appollonio, I., Ferrarese, C., 2020. 
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De Boni, R.B., Balanzá-Martínez, V., Mota, J.C., Cardoso, T.A., Ballester, P., Atienza- 
Carbonell, B., Bastos, F.I., Kapczinski, F., 2020. Depression, anxiety, and lifestyle 
among essential workers: a web survey from Brazil and spain during the COVID-19 
pandemic. J. Med. Internet Res. 22, e22835. 

De Gennaro, R., Gastaldo, E., Tamborino, C., Baraldo, M., Casula, N., Pedrali, M., 
Iovino, S., Michieletto, L., Violo, T., Ganzerla, B., Martinello, I., Quatrale, R., 2021. 
Selective cranial multineuritis in severe COVID-19 pneumonia: two cases and 
literature review. Neurol. Sci. 42, 1643–1648. 

Delamarre, L., Gollion, C., Grouteau, G., Rousset, D., Jimena, G., Roustan, J., Gaussiat, F., 
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interferon activity and inflammatory responses in severe COVID-19 patients. Sci. (N. 
Y., N. Y. ) 369, 718–724. 

Hamming, I., Timens, W., Bulthuis, M.L.C., Lely, A.T., Navis, G.J., van Goor, H., 2004. 
Tissue distribution of ACE2 protein, the functional receptor for SARS coronavirus. A 
first step in understanding SARS pathogenesis, The. J. Pathol. 203, 631–637. 

Harapan, B.N., Yoo, H.J., 2021. Neurological symptoms, manifestations, and 
complications associated with severe acute respiratory syndrome coronavirus 2 
(SARS-CoV-2) and coronavirus disease 19 (COVID-19). J. Neurol. 1–13. 

Helms, J., Kremer, S., Merdji, H., Clere-Jehl, R., Schenck, M., Kummerlen, C., 
Collange, O., Boulay, C., Fafi-Kremer, S., Ohana, M., Anheim, M., Meziani, F., 2020. 
Neurologic Features in Severe SARS-CoV-2 Infection, The. N. Engl. J. Med. 382, 
2268–2270. 

Henry, B.M., Vikse, J., Benoit, S., Favaloro, E.J., Lippi, G., 2020. Hyperinflammation and 
derangement of renin-angiotensin-aldosterone system in COVID-19: A novel 
hypothesis for clinically suspected hypercoagulopathy and microvascular 
immunothrombosis. Clin. Chim. Acta; Int. J. Clin. Chem. 507, 167–173. 

Hernández-Fernández, F., Sandoval Valencia, H., Barbella-Aponte, R.A., Collado- 
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Stroke in patients with SARS-CoV-2 infection: case series. J. Neurol. 267, 
2185–2192. 

Moriguchi, T., Harii, N., Goto, J., Harada, D., Sugawara, H., Takamino, J., Ueno, M., 
Sakata, H., Kondo, K., Myose, N., Nakao, A., Takeda, M., Haro, H., Inoue, O., Suzuki- 
Inoue, K., Kubokawa, K., Ogihara, S., Sasaki, T., Kinouchi, H., Kojin, H., Ito, M., 
Onishi, H., Shimizu, T., Sasaki, Y., Enomoto, N., Ishihara, H., Furuya, S., 
Yamamoto, T., Shimada, S., 2020. A first case of meningitis/encephalitis associated 
with SARS-Coronavirus-2. Int. J. Infect. Dis.: IJID: Off. Publ. Int. Soc. Infect. Dis. 94, 
55–58. 

Najjar, S., Najjar, A., Chong, D.J., Pramanik, B.K., Kirsch, C., Kuzniecky, R.I., Pacia, S.V., 
Azhar, S., 2020. Central nervous system complications associated with SARS-CoV-2 
infection: integrative concepts of pathophysiology and case reports. 
J. Neuroinflamm. 17, 231. 

Noris, M., Benigni, A., Remuzzi, G., 2020. The case of complement activation in COVID- 
19 multiorgan impact. Kidney Int. 98, 314–322. 

Østergaard, L., CoV-2, S.A.R.S., 2021. related microvascular damage and symptoms 
during and after COVID-19: Consequences of capillary transit-time changes, tissue 
hypoxia and inflammation. Physiol. Rep. 9, e14726. 

Oxley, T.J., Mocco, J., Majidi, S., Kellner, C.P., Shoirah, H., Singh, I.P., De Leacy, R.A., 
Shigematsu, T., Ladner, T.R., Yaeger, K.A., Skliut, M., Weinberger, J., Dangayach, N. 
S., Bederson, J.B., Tuhrim, S., Fifi, J.T., 2020. Large-Vessel Stroke as a Presenting 
Feature of Covid-19 in the Young, The. N. Engl. J. Med. 382, e60. 

Padroni, M., Mastrangelo, V., Asioli, G.M., Pavolucci, L., Abu-Rumeileh, S., Piscaglia, M. 
G., Querzani, P., Callegarini, C., Foschi, M., 2020. Guillain-Barré syndrome following 
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Raony, Í., de Figueiredo, C.S., Pandolfo, P., Giestal-de-Araujo, E., Oliveira-Silva 
Bomfim, P., Savino, W., 2020. Psycho-Neuroendocrine-Immune Interactions in 
COVID-19: Potential Impacts on Mental Health. Front. Immunol. 11, 1170. 

Ratajczak, J., Wysoczynski, M., Hayek, F., Janowska-Wieczorek, A., Ratajczak, M.Z., 
2006. Membrane-derived microvesicles: important and underappreciated mediators 
of cell-to-cell communication. Leukemia 20, 1487–1495. 

Reichard, R.R., Kashani, K.B., Boire, N.A., Constantopoulos, E., Guo, Y., Lucchinetti, C.F., 
2020. Neuropathology of COVID-19: a spectrum of vascular and acute disseminated 
encephalomyelitis (ADEM)-like pathology. Acta Neuropathol. 140, 1–6. 

Rey, N.L., Wesson, D.W., Brundin, P., 2018. The olfactory bulb as the entry site for prion- 
like propagation in neurodegenerative diseases. Neurobiol. Dis. 109, 226–248. 

Rigamonti, A., Mantero, V., Piamarta, F., Spena, G., Salmaggi, A., 2021. Cerebral venous 
thrombosis associated with coronavirus infection: an underestimated entity? Neurol. 
Sci.: Off. J. Ital. Neurol. Soc. Ital. Soc. Clin. Neurophysiol. 42, 317–318. 

Rodriguez, M., Soler, Y., Perry, M., Reynolds, J.L., El-Hage, N., 2020. Impact of Severe 
Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) in the Nervous System: 
Implications of COVID-19 in Neurodegeneration. Front. Neurol. 11, 583459-583459.  

Román, G.C., Spencer, P.S., Reis, J., Buguet, A., Faris, M.E.A., Katrak, S.M., Láinez, M., 
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