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a b s t r a c t 

Entering the third year into the pandemic, overwhelming evidence demonstrates that Coronavirus disease 

2019 (COVID-19) infection is a systemic illness, often with involvement of the central nervous system. 

Multiple mechanisms may underlie the development of neurologic manifestations of illness, including hy- 

poxia, systemic illness, hypercoagulability, endothelial dysfunction, general critical illness, inflammatory 

response, and neurotropism of the severe acute respiratory syndrome coronavirus 2 (SARS-Co-V2) virus. 

COVID-19 infection is associated with neurologic involvement in all stages; acute infection, subacute/post- 

infection, and growing evidence also suggests during a chronic phase, the post-acute sequalae of COVID- 

19 (PASC). With over 20,0 0 0 published articles on COVID and the brain at the time of writing, it is vir- 

tually impossible to present an unbiased comprehensive review of how SARS-Co-V2 impacts the nervous 

system. In this review, we will present an overview of common neurologic manifestations, in particular 

focusing on the cerebrovascular complications, and proposed pathophysiology. 

© 2022 Elsevier Inc. All rights reserved. 

N

C

s

s

o

a

b  

s

3

a

t

C  

S

i  

c

t

�

M

i

t

p

c

a

c

d

a

d

l

a

n

c

m

n

t

t

c

h

1

eurologic manifestations 

ommon neurologic signs and symptoms, independent of disease 

everity 

COVID-19 can present with and include a myriad of neurologic 

igns and symptoms throughout its course, regardless of severity 

f illness ( Fig. 1 ). 

Among the most well-discussed symptoms are anosmia and 

geusia. While the prevalence varies, anosmia and ageusia has 

een reported in up to 53% and 44% of patients in one study [1] ,

imilarly, the incidence of new onset anosmia is similarly between 

4 – 68% with a seemingly female predominance [2] . Anosmia and 

geusia are often the initial, and at times the sole, symptoms of 

he disease course. Unlike in other respiratory diseases, anosmia in 

OVID-19 occurs in the absence of rhinitis or nasal swelling [ 3 , 4 , 5 ].

ome studies [6] suggest that the presence of anosmia/dysgeusia 

s associated with a milder course of illness [ 7 , 8 ] though skepti-

ism exists that perhaps this is due to ascertainment bias in pa- 

ients with more severe disease unable to endorse these symp- 
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oms due to encephalopathy or respiratory failure. Preliminary re- 

orts suggest that subsequent SARS-CoV-2 strains (such as omi- 

ron) seem to be associated with approximately half the rates of 

nosmia/dysgeusia [9] . Whether this is explained by the high vac- 

ination rates in the population studied remains to be better un- 

erstood. 

Headache is another common initial or presenting feature and 

ppears to be similar to that which accompanies many viral syn- 

romes. Headaches in patients with COVID-19 are more likely to 

ast for greater than seventy-two hours, be resistant to analgesia, 

nd occur in men [10] . Unfortunately, in rare cases, headache is 

ot a benign symptom and may be caused by COVID-19 associated 

erebrovascular disease or meningoencephalitis (see below). 

In a study observing hospitalized patients, myalgias were the 

ost commonly reported nonspecific symptom. It appeared sig- 

ificantly more often in non-severe versus severe COVID-19 infec- 

ion. Furthermore, myalgias, along with other nonspecific symp- 

oms such as headache and dizziness, appeared early in the disease 

ourse at 3.8 days from onset on average [11] . 

eurologic manifestations in hospitalized patients 

Neurologic involvement in patients with illness requiring hos- 

italization is nearly ubiquitous. In the GCS-NeuroCOVID study, a 

arge multicenter international study of three separate cohorts en- 

olling over 3500 patients, 80% reported any neurologic manifes- 

ation, with the most common being encephalopathy [12] . Other 

https://doi.org/10.1016/j.tcm.2022.04.004
http://www.ScienceDirect.com
http://www.elsevier.com/locate/tcm
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Fig. 1.. This schematic demonstrates the spectrum of neurologic complications which have been associated with SARS-CoV-2 infections. The pathologic manifestations are 

wide ranging from vascular manifestations (hemorrhagic and ischemic strokes, PRES, CVST), generalized CNS disorders (seizures, meningitis, encephalitis), to peripheral 

neuropathies (GBS, cranial neuropathies) and post-infectious sequelae (long COVID). The proposed mechanisms behind these injuries include immune dysregulation, aberrant 

thrombogenesis and multi-organ failure in the setting of critical illness. Please refer to table 1 for a more comprehensive list. 
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erious neurologic manifestations of interest appear to be rarer 

ncluding stroke, seizure, meningoencephalitis, and Guillain-Barre 

yndrome (GBS). Most studies demonstrate that neurologic in- 

olvement in COVID-19 occurs in older patients, often with a prior 

istory of a neurologic disorder, and often in patients with vascular 

isk factors [ 3 , 12 ]. Neurologic involvement appears to be uniformly 

ssociated with worse outcomes including ICU admission, mortal- 

ty, and increased disability in survivors. Though some studies have 

hown that neurologic syndromes are not limited to the critically 

ll [ 6 , 13 ]. 

ncephalopathy 

Encephalopathy is a broad term referring to alterations in gen- 

ralized brain function, encompassing the spectrum of agitation to 

onfusion and somnolence, synonymous with hyper and hypoac- 

ive delirium. Encephalopathy is the most common severe manifes- 

ation of COVID-19 infection, occurring with increasing frequency 

ith severity of illness. An emergency department study reported 

n incidence of 28% [14] , present in up to 55% of critically ill [15] ,

nd 49% in GCS-NeuroCOVID study [12] . 

Encephalopathy in COVID-19 infection is likely multifactorial as 

 consequence of metabolic derangement, hypoxia, medications, 

CU delirium but evidence suggests an important role of vascu- 

ar disease especially in severe cases [16] . Several imaging stud- 

es suggest that cerebrovascular abnormalities contribute heavily 

o encephalopathy with infarction often seen on magnetic reso- 

ance imaging (MRI) even when not clinically apparent as a focal 

eficit [ 17 , 18 , 19 ]. Encephalopathy has been associated with poorer

ospital outcomes and may increase risk for morbidity following 

ischarge in survivors. Encephalopathy during hospitalization was 

ssociated with increased risk of stroke in the 6 months following 

ischarge in a large electronic health records based study [20] . 

erebrovascular disease 

The spectrum of cerebrovascular disease has been reported 

n the context of COVID-19 acute infection [21] . The re- 
324 
orted incidence ranges from 0.5 – 5% of hospitalized cases 

 22 , 23 , 24 , 25 , 26 , 27 , 28 ] depending upon severity of illness in the co-

ort studied and ischemic strokes predominate. The majority of 

tudies [ 24 , 25 ], but not all [ 29 , 30 ], report strokes predominantly

n patients with critical illness. A meta-analysis of the existing 

iterature concludes that stroke in patients with COVID-19 is as- 

ociated with older age, co-morbidities and critical illness [31] . 

trokes which occur in the context of COVID-19 tend to be more 

evere which corresponds to the predominant etiology being large 

essel occlusions and cardioembolism [ 32 , 33 ]. Whether strokes in 

OVID-19 tend to be more severe or whether strokes tend to occur 

ore frequently in patients who are more severely ill or both, is 

ot clear. Regardless, stroke in the context of COVID-19 has been 

niformly associated with poorer outcomes. In one meta-analysis 

ith over 10 0,0 0 0 patients, the odds of in-hospital mortality was 

 times that of uninfected controls [32] . 

schemic stroke 

Acute ischemic strokes (AIS) that occur in the context of COVID- 

9 tend to be more severe with the predominant etiology be- 

ng large vessel occlusions and cardioembolism [ 32 , 33 ]. In a large

ultinational registry sponsored by the Society of Vascular and In- 

erventional Neurology, 42.6% of stroke etiologies were determined 

o be cryptogenic [34] . In this study, patients with cryptogenic 

trokes had higher levels of leukocytosis and a higher national 

nstitutes of health stroke scale (NIHSS) at baseline, and using a 

ultivariable regression model, the authors concluded that acute 

troke from a cryptogenic source was significantly associated with 

n-hospital mortality compared to stroke from any other mecha- 

ism [34] . 

Most patients with cerebrovascular complications have tradi- 

ional underlying risk factors [ 22 , 23 , 24 , 26 , 32 ], but a sizeable mi-

ority do not [32, ]suggesting a potentially important role of virally 

ediated hypercoagulable state, cytokine storm, cardiac effects, or 

erebrovascular arteriopathy [ 35 , 36 , 37 , 38 , 39 , 40 ]. 
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The duration of increased risk of AIS following SARS-CoV-2 in- 

ection is uncertain. In one Swedish controlled case series, incident 

ate ratio was 6.18 (4.06 – 9.42) in the week following infection 

nd dropped to 2.14 (1.36 – 3.38) by the 3-4 th week after infec- 

ion [41] . However, a large electronic medical records based study 

howed that increased risk of stroke was seen in the subsequent 

 months following infection, with those suffering encephalopathy 

uring hospitalization at highest risk [20] . 

With regards to treatment, studies do not support changing the 

pproach to acute stroke management in COVID-19 infected pa- 

ients. In observational studies of people with an active COVID- 

9 infection and acute ischemic stroke, administration of tissue 

lasminogen activator (TPA) showed efficacy and did not have 

ny association with worse morbidity or mortality compared to 

atients with acute ischemic stroke without COVID-19 infection 

 29 , 42 ]. Thrombectomy and intravenous thrombolysis have both 

hown benefit and no substantial increased risk [ 43 , 44 , 45 ]. No ro-

ust studies have shown the benefit of anticoagulation over an- 

iplatelet agents specifically for primary or secondary prevention 

f stroke in COVID-19. 

A thorough investigation into traditional mechanisms of stroke 

s warranted. Additional investigations into hypercoagulable state 

ncluding lupus anticoagulant and antiphospholipid antibodies is 

ontroversial [ 26 , 46 , 47 ]. In atypical cases where vasculopathy is

uspected, investigation using vessel wall imaging may be help- 

ul. Endotheliitis, identified both radiographically and in neu- 

opathology, may be a cause for cerebrovascular disease in some 

ases. There may be a role for steroids in this circumstance 

 40 , 48 ]. 

ntracerebral hemorrhage 

Intracerebral hemorrhage has been less frequently reported in 

OVID-19 [ 49 , 50 , 51 ]. Therapeutic anticoagulation appears to be a

ignificant risk factor, in one study increasing the risk for hemor- 

hage 5-fold [51] . The use of extra corporeal membrane oxygena- 

ion (ECMO) for treatment of refractory acute respiratory distress 

yndrome (ARDS) has also been associated with intracerebral hem- 

rrhage. In the ELSO registry, ischemic stroke occurred in 1% of 

atients and hemorrhagic stroke in 7% of all patients on ECMO 

52] . Hemorrhagic stroke is thought to be induced by a few mech- 

nisms as well. First, as ACE2 receptor expression is downregulated 

nd angiotensin 2 expression is increased, endothelial dysfunc- 

ion and blood pressure dysregulation ensue. Further, the cytokine 

torm induced by SARS-CoV-2 infection results in breakdown of 

he BBB; taken together with elevated blood pressure, hemorrhagic 

troke risk is increased [53] . It should be noted that while both 

emorrhagic and ischemic strokes occur in COVID-19, ischemic 

trokes are far more common. A notable exception are critically 

ll patients on therapeutic anticoagulation and patients on ECMO 

 54 , 55 ]. 

erebral venous sinus thrombosis 

Systemic venous thromboembolic complications, including deep 

ein thromboses (DVT), are frequently observed in hospitalized 

OVID-19 patients. Cerebral venous sinus thrombosis (CVST) ap- 

ear to be less common than DVT but have also been reported in 

hose infected with SARS-CoV-2 [ 56 , 57 ]. Notably, CVST have been 

oted often times in the weeks that follow acute infection and 

ften present with isolated headache and without focal neuro- 

ogic deficit. Unlike most cerebrovascular complications, CVST oc- 

ur more often in women [58] . CVST can often be associated with 

eizure and can lead to both ischemic and hemorrhagic strokes. 

iven the frequency of primary headache with COVID-19 infection 

nd the potentially devastating complications of untreated CVST, 

his is an important diagnosis to keep in mind. 
325
erebrovascular vasculopathies 

Given vascular endothelial expression of ACE-2 receptors, it 

s not surprising that uncommon cerebrovascular disorders have 

een reported with COVID-19 infection. The posterior reversible 

ncephalopathy syndrome (PRES), which is most commonly asso- 

iated with malignant hypertension or chemotherapy agents, has 

een reported in several cases of COVID, in some, associated with 

uch less dramatic alterations in blood pressure and with im- 

unologic treatment of COVID-19 [ 3 , 21 ]. The reversible cerebral 

asoconstriction syndrome (RCVS) is also speculated to be a dis- 

rder of endothelial function and has been associated with SARS- 

oV-2 infections [ 59 , 60 ]. Cerebrovascular and systemic endothe- 

iitis has been observed, in some cases successfully treated with 

teroids [48] , as well as vasculitis [61] . 

ARS-CoV-2 vaccine related Stroke 

Notably, cerebrovascular complications have been noted in pa- 

ients receiving the modified adenovirus based SARS-CoV-2 vac- 

ine. Initially this was reported as cases of CVST, occurring solely in 

oung woman. The pathophysiology is similar to heparin-inducted 

hrombocytopenia with high titer antibodies to platelet factor 4 

hich activates platelets leading to thrombosis. As such, the syn- 

rome has been name vaccine-inducated immune thrombocytope- 

ia and thrombosis (VITT) [62] . Since the initial reports, VITT has 

lso been associated with arterial and venous thrombosis [63] . 

hough the incidence in those less than 50 years of age is low (es- 

imated at 1:50,0 0 0), given the wide availability of mRNA based 

accines, adenovirus based immunizations are no longer preferred. 

nterim surveillance data of 6.2 million persons receiving 11.8 mil- 

ion doses of mRNA vaccines have not shown an increase risk of 

IS or CVT compared to controls [64] . 

eizure 

Seizures appear to be a rare complication of COVID-19 infec- 

ion, reported in less than 2% of hospitalized cohorts [ 12 , 65 , 66 ]. A

imilar number is reported by an Iranian study which showed that 

f the approximately 60 0 0 patients who tested positive for COVID- 

9 in the emergency department, about 1% had solely seizure as 

heir presenting symptom [67] . Most seizures are described in hos- 

italized patients in the context of metabolic derangement, notably 

remia, and/or critical illness, and many patients have a history 

f epilepsy or prior neurologic condition which may predispose 

o triggering seizures. However, new onset seizures have been re- 

orted in the context of COVID-19 infection [68] . In a case series 

f such cases with mild COVID-19 infection, one patient had elec- 

roencephalography (EEG) showing abnormalities including bilat- 

ral dysfunction without epileptiform discharges three weeks after 

nitial presentation [69] . Electrographic seizures have been seen in 

atients with COVID-19 who are in ICUs with altered conscious- 

ess and put on long-term EEG monitoring [3] . 

eningitis/encephalitis 

Meningitis and encephalitis have been infrequently reported in 

onjunction with COVID-19 disease, only 0.5% in the GCS-Neuro 

OVID study [12] . The first reported case of meningitis/encephalitis 

ccurred in Japan, in which a 24-year-old man had MRI hyperin- 

ensities of the right lateral ventricle wall and right mesial tempo- 

al lobe. His cerebrospinal fluid (CSF) study was positive for SARS- 

oV-2 RNA, suggesting potential direct infection versus a para- 

nfectious immune-mediated process [70] . Meningitis can also be 

he initial presenting symptom of COVID-19 as seen in emerging 

ase reports [ 71 , 72 ]. The ENCOVID study is the largest cohort of

atients with encephalitis in the context of COVID, representing 25 

atients within Northern Italy [73] . The most commonly seen pre- 

entation was that of delirium followed by stroke like symptoms of 

phasia/dysarthria and seizures. Intriguingly, most patients in their 
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tudy only had moderately severe respiratory illness and mortality 

as 16% [73] . 

In some cases of meningitis/encephalitis with COVID-19, CSF 

as shown a lymphocytic pleocytosis typical for viral meningoen- 

ephalitis but SARS-CoV-2 RNA was not found [ 3 , 74 ]. 

ovement disorders 

Movement disorders have been occasionally reported in hos- 

italized patients. These have mostly involved myoclonus [75] . In 

ne case series, myoclonus was often heralded by hypoxia and was 

een in patients in the peri-intubation setting and was short lived 

fter recovery [76] . The significance of myoclonus with regards to 

reatment and prognostication remains unknown given its rare na- 

ure. Taken together with worsening myoclonus with movement or 

actile stimuli and exaggerated startle response, proposed mecha- 

isms of disease include post- or para-infection immune mediated 

echanisms or SARS-CoV-2 virus invasion of olfactory bulb and 

rainstem [75] . 

Other movement disorders have been rarely described. Parkin- 

onism showed no significant association with COVID-19 infections 

n cohort studies where patients were matched to influenza infec- 

ions or other respiratory tract infections [20] however, late parkin- 

onism as seen with the encephalitic lethargica after the Spanish 

nfluenza epidemic remains a possibility. Rare case reports of atax- 

as and tremors have also been associated with COVID-19 infec- 

ions. 

ost/para-infectious complications 

GBS in the setting of COVID-19 has been seen as a post- 

nfectious, likely immune mediated, phenomenon, present mostly 

s its classic form with sensorimotor dysfunction but also as rare 

ariants such as Miller Fisher syndrome, in which oculomotor in- 

ults and ataxia are more common. CSF studies in these patients 

ave been negative for SARS-CoV-2 RNA [77] . Within the spectrum 

f inflammatory neuropathies, COVID-19 infections have also been 

ypothesized to provoke cranial nerve problems, most prominently 

ffecting the olfactory nerve causing anosmia. Other prominent as- 

ociations of COVID-19 infections include facial nerve palsy [78] . In 

ne large case series, cranial nerve deficits were found in over 40% 

f the 300 or so patients examined, with many patients demon- 

trating multi-cranial nerve impairments along the spectrum of 

olycranialis neuritis [79] . COVID-19 has also shown rare associa- 

ions with acute disseminated encephalomyelitis (ADEM). In a case 

eries compiled by Wang and colleagues, ADEM associated with 

OVID-19 infections seemed to have a longer incubation period af- 

er viral infection and affected more adult populations compared 

o typical ADEM which affects children [80] . Furthermore, these 

atients had poorer prognoses and higher mortality compared to 

atients with typical ADEM. Transverse myelitis, a disease process 

ausing sensory, motor and autonomic dysfunction due to spinal 

ord lesions has also been seen, albeit rarely with COVID-19 infec- 

ions. Transverse myelitis has been reported in a case series of 43 

atients with a post-infectious latency period of up to 6 weeks in 

ome cases [81] with a mechanism that is proposed to be an im- 

une cross-reaction to viral antigens. 

ASC and long-term neurologic complications 

The trajectory of recovery, including neurologic recovery, is a 

ot area for research. A particular concern in PASC is “long covid”

r long-haul COVID, characterized by severe fatigue, headache, sub- 

ective cognitive impairment (“brain fog”), mood disorders, sleep 

isorders that persist greater than 4 weeks after acute illness 

 82 , 83 ]. This syndrome appears to be independent of acute illness

everity and may occur in patients with and without laboratory 
326 
onfirmed SARS-CoV-2 infection. Many consider long haul COVID 

s a similar entity to the myalgic encephalomyelitis or chronic 

atigue syndrome frequently associated with Epstein Barr virus 

EBV), and others have found evidence of autonomic dysfunction 

eminiscent of postural orthostatic tachycardia syndrome (POTS) 

 84 , 85 , 86 ]. A prospective study by Carfi et al. found that of the pa-

ients discharged from the hospital after recovery from COVID-19, 

bout 87% reported the persistence of at least one symptom, and 

hile the most common persistent symptom was dyspnea, neuro- 

ogic symptoms including anosmia, headaches and dysgeusia were 

lso prominently noted [87] . Though many long COVID patients 

ave undergone extensive diagnostic evaluation, the findings are 

ften negative or nonspecific. In one study by Graham et al., in a 

ost COVID clinic at Northwestern, long COVID appears to be more 

ommon in women with a ratio of 2.3 :1, which is similar to other 

utoimmune illnesses such as multiple sclerosis [88] . In this co- 

ort there was a high prevalence of other autoimmune diseases 

nd high ANA titers all suggesting that there may be an autoim- 

une etiology, but also some overlay with pre-morbid psychiatric 

onditions. In this same cohort, 42% of patients had pre-morbid de- 

ression or anxiety, compared with 21.4% in the US with a mood 

isorder. 

Cognitive dysfunction post-COVID may be multifactorial. Not 

urprisingly, patients who were critically ill with COVID-19 often 

ad prolonged hospitalizations and residual cognitive impairment 

ollowing recovery is common [89] . The brain fog, described in 

ong-COVID, seen at a rate of 81% in a specialized post-COVID 

linic. Objectively, patients were found to have significantly worse 

ttention and working memory function than expected based on 

emographic profile, which in turn negatively impacted patients’ 

uality of life [88] . For those admitted in intensive care units, pa- 

ients who were under intensive care for significant periods of 

ime with COVID-19 have been known to have residual cogni- 

ive impairment following recovery [89] . This long COVID “brain- 

og” has been noted on fluorodeoxyglucose-positron emission to- 

ography scans as a hypometabolic state in the cingulate cor- 

ex [90] . With regards to non-hospitalized patients, a prospective 

tudy found cognitive impairment in patients as assessed by the 

IH toolbox when compared to non-infected age matched peers, 

 months after initial symptom onset [88] . Mechanistically, persis- 

ent and widespread neurologic viral infection does not seem to 

e the case when trying to understand these symptoms. Transcrip- 

ome analysis of parenchymal and barrier cells such as the glia 

nd choroid in autopsy samples suggests a substantial upregula- 

ion of inflammatory genes particularly the interferon and com- 

lement system in the brains of patients infected with COVID-19, 

hich has been previously linked to cognitive dysfunction seen 

ith aging [ 91 , 92 ]. The same study also found peripheral T cell

nfiltration of the brain parenchyma and microglial subpopulations 

hat share features with pathologic cell states in neurodegenerative 

iseases [92] . Further evidence of immune system dysregulation 

uring acute COVID-19 infections comes from B cell profiling of 

ritically ill patients. Studies show extrafollicular B cell activation 

nd proliferation as seen in diseases like lupus and the generation 

f antiphospholipid antibodies that potentiate thromboses [ 93 , 94 ]. 

he persistence or memory of these antibodies in long COVID-19 

emains to be explored; however, pathologic changes that may pre- 

ede recovery are hypothetically attributable to these autoimmune 

ype processes 

echanisms of neurologic injury 

Given the various neurological manifestations of COVID-19, it is 

ot surprising that the SARS-CoV-2 virus has multiple processes by 

hich it can cause a neurologic insult ( Fig. 1 and Table 1 ). 
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Table 1. 

Mechanisms of Cerebrovascular Disease in COVID-19 

Exacerbation of underlying risk factors 

Viral mediated hematologic derangement/hypercoagulable state ( + /- PFO) 

Effects on the Renin-Angiotensin-Aldosterone System 

Hyperinflammatory condition (Cytokine storm) 

Myocarditis, Stress cardiomyopathy 

Atrial Fibrillation 

Cerebrovascular endotheliitis 

General critical illness, hypoxia, hypotension 

Complication of COVID treatments (medications, ECMO) 

Cervical artery dissections 
∗ Vaccine induced thrombotic thrombocytopenia 

V

t

m

s

B

c

m

t

r

b

p

v  

d

a

v

m

V

i

t

g

t

m

a

c

t

o

c

t

a

c

i

C  

g

b

r

i

o

w

M

l

l

n

t

r

s

h

i

I

r

p

h

(

t

i

c

i

s

a

w

l

s

c

t

i

M

r

c

r

t

o

v

s

l

a

P

c

t

a

r

(

v

r

l

m

t

r

a

A

i

e

p

P

s

t

s

a

p

C

w

a

i

r

c

t

i

h

w

c

iral pathogenesis 

The SARS-CoV-2 virus enters cells by binding its viral spike pro- 

ein on the angiotensin converting enzyme (ACE)-2 receptor on 

ammalian host cells and undergoes spike protein priming via 

erine protease transmembrane protease serine 2 (TMPRSS2) [95] . 

oth ACE2 and TMPRSS2 have been found on ciliated epithelial 

ells and oligodendrocytes, the latter of which could provide a 

eans to central nervous system (CNS) penetration [96] . While 

he ACE2 receptor is found on epithelial cells of oral, nasal, and 

espiratory tract mucosa, it also exists at various regions of the 

rain, including motor cortex, ventricles, the olfactory system, hip- 

ocampi, substantia nigra, and various areas of the brainstem in- 

olved in autonomic function [ 4 , 5 ]. As SARS-CoV-2 enters cells, it

ownregulates ACE2 and thus disrupts a balance between ACE1 

nd ACE2; this increased ACE signal overall results in excessive 

asoconstriction and disrupted cerebral autoregulation [96] which 

ay contribute to cerebrovascular complications. 

iral neurotropism 

Neuroinvasion of the SARS-CoV-2 virus can occur through var- 

ous potential mechanisms, including transsynaptic transfer, olfac- 

ory nerve entry, vascular endothelial infection, and leukocyte mi- 

ration across the blood brain barrier (BBB). Using transsynap- 

ic transfer, the virus has been proposed to move in a retrograde 

anner exocytosis and endocytosis once across the synaptic cleft, 

nd then via fast axonal transport along microtubules to neuronal 

ell bodies. The olfactory epithelium, another area of invasion, pu- 

atively allows spread through the cribriform place and into the 

lfactory nerve then olfactory bulb within the CNS. Endothelial 

ells, which express ACE2 throughout the body, including within 

he brain, can become infected with SARS-CoV-2, which can travel 

cross capillaries and into glial cells within the CNS within vesi- 

les. Furthermore, using a Trojan horse mechanism, the virus can 

nfect T lymphocytes which then can cross the BBB and infect the 

NS [ 5 , 96 ]. CSF studies have been particularly difficult to rely on,

iven that the full mechanism of how COVID-19 crosses the blood 

rain barrier remains to be elucidated. That coupled to the lack of 

obust sensitivity of CSF fluid testing for SARS-CoV-2, particularly 

n the initial stages of the pandemic has made it difficult to rely 

n the reliability of the results of the lumbar puncture, especially 

hen negative. 

echanism of cerebrovascular injury 

Though the majority of patients with stroke during COVID-19 

ikely have exacerbation or provocation of underlying cardiovascu- 

ar and cerebrovascular disease, there are many proposed mecha- 

isms by which cerebrovascular insult can occur ( Fig. 1 , Table 1 ). 

Etiologies behind ischemic and hemorrhagic stroke in the set- 

ing of COVID-19 infection have been under investigation. In a Eu- 

opean case series of six consecutive patients with acute ischemic 

troke in the form of large vessel occlusion, five of six patients 

ad a positive lupus anticoagulant; of note, one of the patients 

n this group had medium titer IgM anticardiolipin and low titer 
327 
gG and IgM anti- β2-glycoprotein-1 antibodies [46] . In another Eu- 

opean study, Lupus anticoagulant assays were positive in 91% of 

atients with SARS-CoV-2 infection; all positive blood specimens 

ad accompanying prolonged activated partial thromboplastin time 

aPTT). The percentage of lupus anticoagulant positive studies in 

his group was significantly higher than a control group [97] . 

As the SARS-CoV-2 virus invades, it enforces a pro- 

nflammatory effect by reducing ACE2 expression, which in- 

reases angiotensin 2, activating macrophages that release pro- 

nflammatory cytokines, which in turn activates tissue factor. Tis- 

ue factor gets released from endothelial cells and macrophages, 

nd it works by activating the extrinsic coagulation pathway, 

hich leads to fibrin deposition and blood clotting [53] . This 

eads to the distinctive feature of COVID-19 infection with diffuse 

mall vessel platelet-fibrin thrombosis in venules, arterioles, and 

apillaries, as well as intravascular megakaryocytes [35] . 

Cardiovascular complications secondary to COVID-19 occur due 

o direct effects of the infection but can also arise from systemic 

llness as well as drug effects including proarrhythmic reactions. 

yocardial ischemia seen in COVID-19 predisposes patients to ar- 

hythmias, which can be fatal in and of themselves but also can 

ause worse morbidity due to increased stroke risk [98] . Atrial Fib- 

illation (AF) is a commonly seen arrhythmia in patients hospi- 

alized due to COVID-19, even in patients without a prior history 

f arrhythmias [99] . Proposed mechanisms for onset of AF include 

irus-induced perimyocarditis, hypoxemia, systemic infection, and 

ympathetic nervous system hyperactivity and whether this has 

ong-term implications for lifelong anticoagulation therapy remains 

n outstanding question [98] . 

athophysiology of the post-acute COVID-19 sequelae 

With long-term consideration of neurologic deficits, known 

ytokine release and inflammatory mediators are thought to 

ake part in a systemic inflammatory response that creates 

n environment susceptible to cognitive decline and neu- 

odegenerative disease. Specifically, NOD-Like Receptor Proteins 

NLRP3) inflammasome-mediated inflammation in patients with 

entilation-induced hypercapnia, suffered by many with COVID- 

elated ventilation, has experimentally been shown to cause patho- 

ogical accumulation of amyloid- β . Combined with interleukin- 

ediated modulation of phosphokinases and phosphatases, pa- 

ients with COVID-19 are also likely to have accumulation of neu- 

ofibrillary tangles. Taken together, there is likely induction or 

ggravation of processes seen pathologically in diseases such as 

lzheimer’s disease [100] . Other neurologic diseases potentially 

mplicated as sequelae COVID-19 survivors include Parkinson’s dis- 

ase, multiple sclerosis and narcolepsy. Patients with COVID-19 

resent with anosmia and ageusia, two prodromal features of 

arkinson’s disease. Dysregulated cytokine activation is hypothe- 

ized to initiate α-synuclein seeding by altering CNS homeostasis, 

he pathologic underpinning in Parkinson’s disease [101] . Multiple 

clerosis (MS) and its associated demyelination can be seen years 

fter infection by EBV. Co-infection with EBV has been reported in 

atients with COVID-19, especially in those with a lower CD4 to 

D8 ratio; both T cell counts are notably lower in affected patients 

ith lymphopenia. The inflammatory response to the virus could 

lso initiate a pro-inflammatory status of T cell subsets implicated 

n MS, causing an autoimmune response. Lastly, the inflammatory 

esponse seen in COVID-19 can also cause a response in which T 

ells damage orexin neurons in the hypothalamus; this could lead 

o greater incidence of narcolepsy as orexin neuron degeneration 

s strongly associated with narcolepsy [101] . 

Structurally, patients who have recovered from COVID-19 

ave been found to have significantly enlarged volumes along 

ith micro-structural abnormalities, such as grey matter volume 

hanges, in the central olfactory system which includes bilateral ol- 
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actory cortices, hippocampi, insulae, among other structures three 

onths after recovery [102] . 

onclusion 

In this review, we have attempted to highlight the neuro- 

ogic complications associated with COVID-19 infections. Com- 

only seen phenomena include headaches and anosmia and now 

re often considered part of the typical prodrome of COVID-19 in- 

ections. Cerebrovascular complications are important conditions to 

onsider in these patients but fortunately occur in only a minority 

f patients. COVID-19 infection appears to lower seizure thresh- 

ld and severe infections are often associated with encephalopa- 

hy. Meningoencephalitis in COVID-19 is extremely rare. Emerg- 

ng reports are shedding light on post-acute COVID-19 sequelae 

uch as cranial neuropathies, GBS and transverse myelitis most of 

hich are thought to originate via an autoimmune mechanism. Fi- 

ally, there remains the unsolved mystery of long COVID-19. Sev- 

ral questions remain in the wake of recovery from COVID-19 and 

he widespread dissemination of vaccines. Assuming less severe in- 

ections, will neurologic complications be limited to cranial neu- 

opathies and headaches? Will patients who have recovered from 

OVID-19 infections be at increased risks for future cerebrovas- 

ular disease due to irreparable vascular damage? Will there be 

ost-infectious sequelae such as the encephalitis lethargica cases 

hich were seen after the Spanish influenza epidemic? Does infec- 

ion with COVID-19 variants target the nervous system in selective 

ays? Are the evolving SARS-CoV-2 variants less neurotropic? We 

wait the answers to these and many more as landscape of COVID- 

9 infections changes in the coming years. 
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