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Global Infections: 608 Million 
Global Deaths: 6.8 Million

US Infections: 95 Million
US deaths: 1,050,000; 2-4,000/day

COVID-19



All coronaviruses can cause neurological complications
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Human Coronavirus Genus Receptor

HCoV-OC43 betacoronavirus O-acetylated Sialic Aicd (Protein
Receptor Unknown)

HCoV-229E alphacoronavirus APN

HCoV-HKU1 betacoronavirus O-acetylated Sialic Aicd (Protein
Receptor Unknown)

HCoV-NL63 alphacoronavirus ACE2

SARS-CoV-1 and 2 betacoronavirus ACE2

MERS-CoV betacoronavirus DPP4

Totura & Bavari 2019. DOI:10.1080/17460441.2019.1581171



Variants of Concern

Alpha

Beta

Gamma

Delta

Omicron

BA.1 to BA.5

B1

The variants have become more transmissible

Neurological complications seem similar with 
all of them

More infectious less virulent



Cerebral complications 
from COVID-19



Anosmia

Metabolic/hypoxic encephalopathy

Strokes

Viral Encephalitis (rare)

Sudden death (Ondine’s curse)

Inflammatory Syndromes

Acute disseminated encephalomyelitis 

Acute necrotizing hemorrhagic encephalopathy

Limbic encephalitis

Multisystem Inflammatory Syndrome

Long COVID

Acute Subacute Chronic



VASCULAR INJURY



Strokes and vascular disease with COVID-19

Berlin et al., NEJM 2020
DOI: 10.1056/NEJMcp2009575

Coolen et al., MedRxiv 2020 
DOI:10.1101/2020.10.18.20214221v1

ECHMO (external heart lung 
machine)

Abdalkader et al., J Stroke andCerebrovascularDiseases 2021 
DOI:10.1016/j.jstrokecerebrovasdis.2021.105733
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CVD can occur 
prior to 
development 
of respiratory 
symptoms

Amy L. Ross Russel et al., Brain Communications 2021



Autoantibodies can 
raise the risk of 
strokes

Zuoetal.:
Looked for antiphospholipid 
(aPL) antibodies in blood of 
patients hospitalized with 
COVID-19.
About half the patients 
tested positive for these 
potentially pathogenic 
autoantibodies

10



Chronic 
Long-COVID
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PATTERNS OF LONG-COVID



Symptomatic at onset: n=79,155
at 4 wks: n=39,737 (52%) 
at 12wks: n=28,713 (38%)

Whitaker et al., 2021 
Imperial College London

Recovery is unlikely after 3-6 months of persistent symptoms

3 months3 months



Balcom, et al., Brain 2021

Post-IntensiveCare 
Syndrome
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Seizures 

Gastroinestinal

Tremor 

Psychiatric 

Dizziness 

Anosmia/Agnusia 

Paresthesias 

Palpitations 

Cognitive

Fatigue

Mina et al., unpublished

Neurological Symptoms following Mild COVID



May, 2022

N=136 in each group



18FDG PET scans in subacutely ill hospitalized patients with COVID-19

Hosp et al., Brain 2021

18FDG PET scans in long-COVID patients with COVID-19

Regions of hypometabolism 
(n=44)

Guedj et al., European Journal of Nuclear Medicine and Molecular Imaging (2021) 
48:2823–2833



Douaud et al., 2022
COVID cases: 401
Controls: 384



DIRECT VIRAL INFECTION

Image credit: KATERYNA KON/SCIENCEPHOTO LIBRARY via Getty Images



Images: McQuaid et al., 2021 DOI: 10.1186/s12987-021-00267-y; 
Brann et al., 2020 DOI:10.1126/sciadv.abc5801

20

There is a route the virus can follow to get 
from the nose to the brainstem

Can the virus enter the brain through the olfactory 
pathways?



Robust infection in olfactory mucosa

Images: Meinhardt et al., 2020 DOI:0.1038/s41593-020-00758-5
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Detection of virus in brain at autopsy
• Rarely detected; in small quantities
• We and others have not been able to detect virus by

• Immunostaining
• PCR
• RNA in situ hybridization
• RNA sequencing
• RNA hybridization followed by PCR

Lee et al., NEJM 2021; Lee et al., Brain 2022



SARS-CoV-2 persistence in human body

Chertow et al., Research Square 
2021



Swank et al., MedRxiv 2022

Detection of Spike protein in blood of patients with PASC (Long-COVID)



IMMUNE MEDIATED PATHOGENESIS

Macrophages
Antibodies



Control

COVID-19
Activation of endothelial cells (PECAM-1) 
Deposition of complement
Deposition of IgG and IgM

Lee at al., Brain 2022



Anti-CD61 (activated platelets)

Lee et al., Brain 2022

50 µm

Platelets are activated and form clots in small blood vessels



Perivascular fibrinogen leakage indicates vascular injury

Olfactorybulb

Lee et al., Brain 2022



CD68: Macrophages CD3 T cells

Correlation between leakage
of fibrinogen and infiltration
of macrophages

Lymphocytes in mainly 
perivascular (PV) regions

Lee et al., Brain 2022



Diffuse microglial cell activation in Long-COVID

Visser et al., Med Rxiv 2022



Increased dedifferentiated monocytes Increased T cell exhaustion



CD68
Solitary N Nuc Ambiguus

Pre-Botzinger complex 

Pre-Botzinger complex

Neuronophagia

Post-mortem MRI 
(11.4T scanner)
100 micron sections

Neuronal Injury in 
Brainstem



Ziff et al., J Neurochem 
2021

MARKERS OF NEURONAL INJURY



SARS-CoV-2 causes brain inflammation 
and induces Lewy body formation in 

macaques

Philippens et al.,



Increased pTau in COVID brain

N=5 in each group

Ctx=cortex 
CB=cerebellum



N=17
Mild COVID (n=16)
Age: 43+3 yrs
Female: 68.8%
Small fiber neuropathy

Treatment:
corticosteroids n=6 
IVIG: n=6

N=9
Small fiber neuropathy with autonomic 
dysfunction

N=6



Pain syndromes with Long-COVID

Ballering et al. Lancet; 400: 452-61; 2022

COVID (N=4231)

Controls (N=8462)



Biomarkers
Neuronal injury

NfL, pNfH, GFAP, SNAP25
Vascular injury

sICAM, VEGF, P-selectin, E-selectin, MMP-3, antibodies to ACE2, 
Immune activation

Virological markers
proteins: nucleocapsid, spike 
RNA:
antibodies for epitope mapping

Clinical Trials
Immunomodulatory agents

FUTURE DIRECTIONS



• Innate immune responses:
• IVIg; anti-IL-1 and anti-IL-6 antibodies; BTK 

inhibitors,GM-CSF inhibitors

• Anti-T cell therapies
• Mycophenolate; azathioprine;methotrexate

• Reverse immune exhaustion
• Checkpoint inhibitors

• Anti-B cell therapies
• Rituximab

• Non-specific immune modulators
• Corticosteroids

Potential Therapeutic Targets

Challenges

Subjective endpoints

Natural history unknown



Conclusions

• Direct invasion of the brain by SARS-CoV-2 is rare and does not explain the 
neurological complications

• Neuroimmune dysfunction is driven by activation of innate immunity, 
immune exhaustion and antibody mediated phenomenon

• Endothelial cell damage by immune complexes is the primary 
pathophysiologicalprocess in Neuro-COVID

• Neuroinflammationmay accelerateprotein aggregation
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