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A b s t r a c t

This article constitutes a summary of the knowledge on the involvement of the nervous system in COVID-19, con-
cerning its general pathobiology, clinical presentation and neuropathological features as well as the future directions 
of investigation. Variable definitions, selection bias, mainly retrospective analyses of hospitalized patients and dif-
ferent methodologies are implemented in the research of this new disease. Central nervous system (CNS) pathology 
presents most frequently features of non-specific neuroinflammation with microglial activation and lymphoid infil-
trations, ischemic/hypoxic encephalopathy, acute cerebrovascular disease, and microthrombi. Some brain specimens 
remain unaffected or show only non-specific changes of the critical status. Interpretations of the neuropathological 
findings are not always balanced in a clinical context and discrepant in consequence. Designing of longitudinal neu-
ropathological studies, more frequent autopsies, and building of COVID-19 brain banks, together with neuroimaging 
analyses is essential. Genetic predispositions or immunological factors corresponding to the disease profile as well 
as cerebrospinal fluid (CSF) or serum biomarkers of COVID-19, the impact of different virus variants and influence of 
the therapy need to be identified. The mechanisms causing neuroCOVID and cognitive impairment – whether they 
are infectious, toxic, vascular or metabolic – create other aspects under research. There are also many existential 
questions about post-COVID and delayed sequelae of the infection. The fight with pandemic is a challenge for the 
global society, with neuropathologists and neuroscientists as important allies in struggle for understanding and 
conquering COVID-19. 
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Introduction

The coronavirus disease COVID-19 is caused by 
a  new virus – severe acute respiratory syndrome 
coronavirus 2 (SARS-CoV-2), originated in Wuhan, 

China in late 2019, and soon spread across the world 
as a  persistent pandemic with recurrent waves in 
most countries [14,94]. Official statistics show more 
than 130 million people infected with SARS-CoV-2 
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and about 3 million fatalities; however, the real num-
bers are significantly higher. SARS-CoV-2 belongs 
to the positive-sensed RNA betacoronavirus family 
together with SARS-CoV-1 and MERS-CoV sharing 
some structural features as well as high transmissi-
bility [9,14,63]. 

This article constitutes a summary of the knowl-
edge on the involvement of the nervous system in 
COVID-19, concerning its general pathobiology, clin-
ical presentation and neuropathological features as 
well as the unanswered questions and future direc-
tions of investigation. Revealing the nature of neural 
involvement in COVID-19 is of great importance for 
comprehension of this new disease, with substan-
tial implications in directing the clinical attitude.  
The mechanisms responsible for neurological aspects 
in COVID-19 on the clinical, histological, and molecu-
lar level are under intensive investigation because its 
acute and late consequences constitute an important 
topic for global health.

Pathobiology of COVID-19 

The SARS-CoV-2 virus is primarily transmit-
ted between people through respiratory droplets 
and contact routes. Its genome encodes proteins 
involved in replication and four structural proteins 
consisting of the spike glycoprotein, nucleocapsid, 
membrane, and envelope [3,11,14,26]. Viral nucleo-
capsid is surrounded by an envelope where glycopro-
tein spikes called S-proteins are located. The interac-
tion between the S-proteins and the host receptors, 
mainly angiotensin converting enzyme 2 (ACE2) 
plays the most important role in SARS-CoV-2 cellular 
infectivity and invasion. The receptor is expressed 
on various levels in the respiratory tract (bronchi-
al epithelial cells, pneumocytes), olfactory mucosa, 
endothelial cells, enterocytes, renal proximal tubu-
lar cells, and different components of the nervous 
system [3,14,26]. The data on topographic cerebral 
ACE2 expression are conflicting, the mRNA level of 
ACE2 does not accurately reflect protein expression 
[9,19,26,85,89,91]. This receptor has uneven distri-
bution in the brainstem, motor cortex, glutaminergic 
neurons, and choroid plexus [19,27]. Virally induced 
downregulation of ACE-2 expression can enhance 
sympathetic activity in mice, through the angio-
tensin-renin-aldosterone axis control, and modifies 
the neuroimmunological response. It seems that 
infection can be prevented by blocking the central 

nervous system (CNS) located ACE-2 receptors with 
antibodies [89]. Other important receptors involved 
in SARS-CoV-2 invasion are basigin, neuropilin-1, and 
proteases priming S proteins, such as serine prote-
ase TMPRSS2, furin and cathepsin [11,19]. The exact 
mechanisms of SARS-CoV-2 neurovirulence or neu-
rotoxicity remain unknown [3,4,29,44,84]. However, 
there is some evidence for direct neurotropism, the 
role of aberrant immune response, local circulatory 
dysfunction and hypoxia, inflammatory cytokines 
in the cerebrospinal fluid (CSF), and migration of 
infected monocytes/macrophages across the blood-
brain barrier (BBB). Potential tracts of SARS-CoV-2 
spread to the CNS include: 1) transsynaptic neuro-
nal – from peripheral to CNS through the olfactory 
nerves and probably also facial, glossopharyngeal, 
and vagus nerve; 2) haematogenous path due to 
interaction between the virus and ACE2 receptor in 
endothelial cells, with consecutive BBB penetration; 
3) immunological route as the virus infects resident 
mucosal immune cells that disperse to other organs; 
4) meningeal structures, choroid plexus, and circum-
ventricular organs (CVO) entry via CSF and fenes-
trated blood vessels [3,4,29,56,63]; and 5) pathogen 
transmission via enterocytes, enteric plexus, sympa-
thetic nerves and dendritic cells, as in herpes, influ-
enza and enteroviral entities [19]. However, a capac-
ity to enter the CNS and infect neurons directly does 
not seem to determine whether or when a  strain 
causes neurovirulence. The most likely explanation 
for this is induced neuroinflammation in various 
forms [3,9,56]. Peripheral cytokine release following 
an infection may lead to important consequences in 
the CSF and brain, particularly due to indirect activa-
tion of microglia [8,84]. It is known from the H1N1 
novel influenza A  infection that microglial priming 
affecting the brain in several contexts might lead to 
long-lasting brain dysfunction and/or increased sus-
ceptibility to various inflammatory stimuli [8]. 

The immune response induced by SARS-CoV-2 
has the first phase of adaptive local innate immune 
response in the naso-, pharyngeal and bronchial 
mucosa, with activation of NLRP3 inflammasome 
[54,60]. Replication of the virus is greatest just 
before or soon after symptom onset. Antigen-pre-
senting cells induce a  population of virus-specific  
T and B lymphocytes. When innate mechanisms are 
ineffective or exhausted, the hyper-inflammatory 
disease develops with pneumonia, ARDS and severe 
systemic symptoms [29,32,49,56,63,100]. A  crucial 
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role in this phase of the disease is played by a com-
plex mechanism of “cytokine storm” [4,21,38,49,52, 
56,63,67,91,100,101]. SARS-CoV-2 is able to delay 
the induction of type I  interferon (IFN) and trigger 
a  huge release of proinflammatory factors, partic-
ularly interleukin (IL)-6, and also tumour necrosis 
factor α (TNF-α), IL-2R, IL-8, IL-10, IL-15, IL-1β, sol-
uble TNF receptor, INF-γ [25,76,85]. Highly impaired 
IFN type I response is characterized by no IFN-β and 
low IFN-α production and activity [36]. The addition-
al immune dysregulation occurs through the hypo-
thalamus-pituitary-adrenocortical axis activation of 
the autonomic nervous system and neurohumoral 
induced emergency myelopoiesis [32,63,85,99]. The 
cytokine storm leads to BBB damage, dysfunction of 
astrocytes, and activation of microglia. Altogether 
it can cause acute encephalopathy, hypoperfusion, 
hypoxia and coagulation disturbances [26,44], demy-
elination, aberrant neuronal signalling, cell damage, 
and death [2,3,29,48,62,85]. Inflammatory cytokines 
can be detected in the CSF weeks after SARS-CoV-2 
infection, with IFN-β and IL-8 specifically enriched in 
the CSF compared with plasma [84].

Song et al. [89] modelling SARS neuroinva-
sion, observed a  hypermetabolic state unique to 
SARS-CoV-2-infected cells adapting the host neu-
ron machinery for replication, and a  large number 
of neural cells dying in human brain organoids.  
The locally hypoxic environment affected survival 
of nearby cells, and host metabolic reprogramming. 
In this study, the electron microscope revealed viral 
replication as particles budding from neuronal endo-
plasmic reticulum. The increasing viral titres in the 
brain of mice after intranasal administration, with 
viral distribution throughout forebrain were seen. 
The next finding was remodelling and disturbance of 
brain vasculature and vulnerability of metabolically 
active regions to ischemia and higher susceptibility 
to a further viral invasion [89].

Recently, de Virgiliis et al. [94] have showed 
a  possibility of neuroinfectivity in COVID-19 with-
in the lung parenchyma. The afferent and efferent 
innervation crosstalk with the immune system to 
modulate lung and respiratory tract function through 
sensory, autonomic fibres, and neuroepithelial cell 
bodies with different neurotransmitters. Nerve- and 
airway-associated macrophages constitute a  new 
subset of resting macrophages taking part in viral 
response via neural control, creating a so-called neu-
roimmune unit [44,94].

When considering SARS-CoV-2 it is necessary to 
mention other epidemic viruses. The most common 
extra-respiratory complications of the influenza 
A and measles virus are also neurological [62]. Some 
authors notice resemblance even between HIV/AIDS 
and COVID-19. HIV as a  lympho- and neurotropic 
virus enters the CNS during early infection. Chronic 
HIV infection relates to BBB alteration and a spec-
trum of neuropathological changes comprising, inter 
alia, vasculopathy, amyloid deposits, and HIV-de-
mentia even in young patients [5,6,40,46]. Moreover, 
long-term HIV infection, with virus-positive CSF is 
associated with the risk of poorer neurocognitive 
performance [90]. There are data that SARS-CoV-2 
infects lymphocytes, granulocytes, and monocytes 
and can be detected in CSF [44,96]. Lymphopenia 
accompanied by drastic reduction of CD4+ T cell 
count points poor clinical outcome in COVID-19 
patients, similarly to HIV infection evolution. In CSF 
in severe neuroCOVID, expansion of dedifferentiated 
monocytes, exhausted CD4+ T cells, and lower inter-
feron response than in viral encephalitis have been 
described [40]. Furthermore, CD4+ lymphocytes 
control gut microbiota, so together with the infec-
tion of enteric mucosa, dysbiosis-immune hyper-re-
sponse-inflammation axis can in addition trigger 
gut-brain axis alterations [76]. 

The specific spectrum of symptoms caused 
a  focus of attention on the neural profile of 
COVID-19. The prevalence of subjective olfactory 
and gustatory dysfunction depends on the virus sub-
type, but in a big series of 2020 European patients 
was found in 73.7% and 46.8% respectively, being 
most common in milder cases [57]. The general data 
are not consistent if the targets of a viral neuroinva-
sion are sustentacular cells, olfactory epithelium or 
sensory neurons [54,88]. Experimental models prove 
that SARS has the potential of brain invasion after 
intranasal application in laboratory animals [68,89].  
The virus undergoes replication with consecutive 
neural cell damage and death through autophagy, 
apoptosis, pyroptosis or other ways [54,60]. De Melo  
et al. [69] report that SARS-CoV-2 proliferation in the 
olfactory epithelium is associated with local inflam-
mation, induces acute anosmia and ageusia in ham-
sters, both lasting as long as the virus remains in 
the olfactory epithelium and bulb. Similarly, olfactory 
mucosa sampling in COVID-19 patients reveals the 
presence of virus transcripts and of SARS-CoV-2-in-
fected cells, together with protracted inflammation 
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[10,11,38,62,68]. Meinhardt et al. [68] studied nasal 
mucosal-nervous niche and carried out regional 
mapping of the olfactory pathway in autopsy mate-
rial of 33 COVID-19 patients. Polymerase chain reac-
tion (PCR), immunohistochemistry (IHC) and elec-
tron microscopy (EM) demonstrated the presence 
of SARS-CoV-2 RNA and protein in nasopharynx and 
brain specimens. The virus followed neuroanatom-
ical structures, consecutive areas and brainstem 
cardiovascular regulatory centres, with site-specif-
ic local CNS infection. They found upregulation of 
HLA-DR on microglia/macrophages with microglial 
nodule formation, a  relatively low number of viral 
particles, and relation between the duration of the 
disease and the viral load and location [68]. Impor-
tantly, it should be mentioned that anosmia with 
diverse mechanisms is also observed in a significant 
proportion of cases of chronic rhinosinusitis, aging, 
neurodegenerative diseases, and in a  so-called 
post-viral olfactory disorder [16,58]. Normally, the 
replacement of olfactory neurons is accomplished by 
the basal stem and progenitor cells in the basal ger-
minal olfactory epithelium zone, which is an active 
neurogenic niche. In inflammatory conditions, cyto-
kines may directly impair olfactory sensory neurons 
and the regenerative response of basal cells [88]. 
In aging and neurodegenerative diseases, hypos-
mia/anosmia often precedes the typical symptoms. 
Post-viral olfactory disorder has unclear aetiology, 
and approximately 1/3 of patients do not recover 
completely. Biopsies reveal peripheral damage to the 
olfactory epithelium, with a  failure in regeneration 
[16,58].

Clinical presentation of COVID-19

The clinical image of COVID-19 patients ranges 
from an asymptomatic course, through common 
cold, sinusitis, acute respiratory illness with fever, 
bronchitis, to pneumonia and acute respiratory dis-
tress syndrome (ARDS) [14,34,94]. Importantly, the 
disease is not always confined to the respiratory 
profile, and acute extrapulmonary COVID-19 such 
as gastrointestinal, cardiac, neurologic, psychiatric, 
dermatological, and mixed forms constitute a  sig-
nificant proportion of cases [3,36,87]. The course 
of the disease depends on the patient’s age and 
comorbidities, where risk factors for complications 
include older age, cardiovascular disease, chron-
ic lung disease, diabetes, and obesity. The ongo-

ing mutations of the virus influence its infectivity, 
virulence and clinical symptomatology [11,54,94]. 
For clinical management, COVID-19 is divided into 
asymptomatic, mild, moderate, severe, and critical. 
Patients with mild cases usually recover isolated at 
home, moderate disease should be monitored and 
sometimes hospitalized, while severe cases need 
hospitalization, sometimes ending in an inten-
sive care unit [26,40,75,86]. Laboratory tests in 
COVID-19 patients usually show lowered lympho-
cyte and platelet counts and higher blood urea nitro-
gen or d-dimer levels [11,75]. COVID-19-associated 
alterations of the innate immune system can lead 
to secondary infections with serious consequences.  
The severe form of the disease is characterized 
by poor oxygen saturation, massive pneumonia, 
a  hyper-inflammatory state, generalized hypoxia, 
and thrombotic coagulopathy with multifaceted 
complications, and possibility of a  fatal outcome. 
One of specific COVID-19 courses is multisystem 
inflammatory syndrome (MIS-C), first described 
in children [8]. Treatment of COVID-19, depending 
on the stage, includes antiviral drugs (remdesivir, 
etc.), chloroquine, antibiotics, convalescent plas-
ma, antibodies, steroids, mechanic ventilation, and 
symptomatic control [16,26,75,82,95,101]. The ther-
apeutic approach is constantly evolving, based on 
the progress in knowledge of disease pathobiolo-
gy, resulting in updating guidelines which improve 
patient care and survival. 

Neurological and psychiatric 
manifestations in COVID-19

Diverse neurological manifestations in COVID-19 
patients play an important role in different phases 
of the disease, as a separate form or parallel to the 
respiratory illness [61]. It was observed that a signif-
icant number of patients treated for SARS-CoV-1 and 
MERS exhibited acute conditions and chronic neu-
ropsychiatric sequelae [28,37]. Different other coro-
naviruses have been previously identified and con-
sidered as co-factors in pathogenesis of a variety of 
chronic neurological diseases [4]. SARS-CoV-2 affects 
the central and peripheral nervous system causing 
frequent olfactory and gustatory disturbances, acute 
or chronic headaches, acute cerebrovascular disease 
in ischemic and haemorrhagic form, encephalop-
athies and seizures. Much more rarely there occur 
encephalitis, myelopathies, Guillain-Barré syndrome, 
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neuropathies or neuritis [21,50,85]. Skeletal muscle 
injury with myalgia, hyperCKemia and a few rhabdo-
myolysis cases, caused by viral or autoimmune myo-
sitis, were reported [85]. Heavy neurological mani-
festations can cause intensive care unit admission, 
higher risk of mortality and long-term neural and 
mental disorders [21,26,28,50,85]. The respiratory 
failure in COVID-19 has a  postulated neural com-
ponent owing to the viral injury to the brainstem 
respiratory centres [10,85]. Prolonged neurological 
symptoms are accompanied by a  wide range of 
inflammatory cytokines, mediators that may persist 
in CSF for months after convalescence of the system-
ic disease [84]. The prevalence of significant neuro-
logical symptoms in COVID-19 varies between indi-
vidual studies, ranging from 4.1% to 57.4% [40] and 
some aspects are underreported due to poor repre-
sentativity of studied cohorts [14,21,49,52]. The dis- 
crepancies also result from other methodological 
deficits and short observation times as SARS-CoV-2 
is regarded primarily as a  respiratory infection. 
Fotuhi et al. [28] proposed a  neuroCOVID staging: 
stage I  – olfactory and taste disturbances, stage II  
– general inflammatory and cytokine reaction, 
hypercoagulable state, hyperimmunity, and neuro 
central/peripheral symptoms, stage III – cytokine 
storm, brain neuroinvasion, and heavy neuro symp-
toms. In addition, COVID-19 has also important neu-
ropsychiatric effects in both short and longer term. 
The neuropsychiatric spectrum disorders consist of 
the altered mental status comprising unspecified 
encephalopathy, psychosis, delirium, cognitive and 
memory dysfunction. Moreover, insomnia, fatigue, 
depression, anxiety, agitation, brain fog, impaired 
consciousness, confusion, and coma occur. In gener-
al, patients with SARS-CoV-2 show higher symptoms 
of depression, anxiety and post-traumatic stress dis-
order symptoms when compared with non-COVID 
controls (Fig. 1) [23,28,39,43,75]. 

Stroke is one of the most serious complications 
of a  SARS-Cov-2 infection in acute and subacute 
phases. The heterogenic forms of stroke may occur 
as non-specific effects of inflammation, endotheli-
al dysfunction, hypoxia and coagulation disorders, 
imposed on pre-existing cerebrovascular risk factors 
[41,45,85]. During the first wave of the pandemic the 
hospitals significantly reduced care delivery [22,66]. 
The probability of an ischemic stroke incidence is 
much higher in hospitalized patients with severe 
COVID-19 than in patients with influenza [70] and 

it is a strong prognostic marker of a poor outcome. 
A significant group among the COVID patients pre-
sented with large vessel occlusion [65]. The data on 
the use of intravenous thrombolysis (IVT) and endo-
vascular thrombectomy (EVT) during the first wave 
indicated significant limitations of these therapies. 
The information on the safety and effectiveness of 
IVT and EVT during next waves of the pandemic are 
promising, but in terms of long-term outcome are 
not available [12,13,24].

 
Neuroradiology in COVID-19 

In the majority of COVID-19 patients with anosmia, 
magnetic resonance imaging (MRI) shows bulb hyperin-
tensity in a fluid-attenuated inversion recovery (FLAIR) 
sequence [51,78], whereas in other patient groups with 
the same symptoms, the olfactory nerve was normal 
[33]. Moreover, multiple focal hyperintense inflamma-
tory lesions in FLAIR and T2 weighted images can be 
visible in the brain and spinal cord, with contrast-en-
hancement in some patients. These lesions should be 
differentiated between acute disseminated encephalo-
myelitis (ADEM) and multiple sclerosis (MS), especially 
in young people [72]. Meningoencephalitis is another 
possible CNS manifestation of a SARS-CoV-2 infection 
and requires contrast MRI study. ADEM can be diag-
nosed using MRI with a FLAIR sequence [72]. Diagnosis 
of Guillain-Barré syndrome may be established by con-
trast enhancement of nerve roots of the cauda equina 
and conus medullaris in MRI scans [103]. Radiological 
studies describe also small infarcts, microbleeds, poste-
rior reversible encephalopathy syndrome [30,64], and 
CNS demyelination [79]. Multifocal necrotizing leuko-
encephalopathy as a result of COVID-19-related endo-
thelial injury or thrombotic microangiopathy has been 
recently described [1]. The patients with persistent 
neurological symptoms manifesting as a  chronic  

Fig. 1. Summary of neurological and psychiatric 
COVID-19 manifestations.

NEUROLOGICAL – central and periph-
eral nervous system involvement
• hyposmia, dysgeusia 
• headache 
• acute cerebrovascular disease 
• encephalopathy 
• seizure 
• encephalitis 
• myelopathy 
• myopathy 
• Guillain-Barré syndrome 
•  other neuropathies and neuritis

PSYCHIATRIC manifestation 
• insomnia 
• fatigue 
• depression 
• anxiety 
• agitation 
• cognitive impairment 
•  impaired consciousness,  

confusion, coma, delirium
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fatigue syndrome, did not show specific neuroimaging 
[35]. Ischemic stroke rates range from 1.6% in a Dutch 
case series of intensive care unit patients to 5% in two 
case series from Wuhan, China [55,102]. At present, 
COVID-19 patients currently undergo the same stan-
dards and protocols as non-COVID patients in order to 
make a timely decision about treatment in the acute 
stroke. Computed tomography (CT) is the gold standard 
in stroke diagnostics. In order to establish therapeutic 
strategy, CT-angiography, ASPECT score (Alberta stroke 
program early CT score) evaluation and/or other exam-
inations such CT-perfusion or MRI are indicated (Fig. 2).  
The patients who present a  hypercoagulable state 
may also develop venous thrombosis, which should 
be diagnosed with contrast-enhanced CT supplement-
ed by CT-venography and CT-angiography because of 
possible multiple blood vessel simultaneous occlusion 
[73]. Haemorrhagic strokes can also occur in COVID-19 
patients, even with normal platelet levels and without 
cardiovascular risk factors [18]. Some microhaemor-
rhages are caused by the endothelium damage by the 
virus, but a big haemorrhage can also be caused by 
acute hypertension or medium-size vessel endotheli-
tis [93]. Vasculitis can be diagnosed by a contrast-en-
hanced-MRI high-resolution study, in the form of vessel 
wall thickening and a concentric enhancement pattern 
of the vessel wall. Microbleeds should be visualized 
in susceptibility weighted imaging (SWI) or T2* (gra-
dient-echo imaging), sometimes in atypical locations, 

with a  predominance in the corpus callosum. In the 
subacute and chronic phase, MRI with T1 weighted 
imaging with fat saturation and SWI is the method of 
choice. Longitudinal studies are needed in post-COVID 
population to assess microstructural and functional 
brain damage using diffusion tractography imaging 
and functional MRI because neuronal disorganization 
due to viral infection is possible. The amyloid positron 
emission tomography (PET) can also give a look inside 
such monitoring [35].

COVID-19 neuropathology

Autopsy studies provide a wealth of information 
regarding proportional, and cause-specific mortality, 
including death rates associated with leading pub-
lic health priorities. Collection of specimens from 
cadavers can be useful in deciphering the causative 
pathogens and pathomechanisms, even after many 
years, which happened for example in the case of 
the Spanish flu and some other infectious diseas-
es [53,59,92]. During the last West African Ebola 
epidemic, oral swabs were taken from cadavers to 
ensure that Ebola deaths did not go undetected. 
This practice led to the recognition of undocument-
ed chains of transmission and permitted target-
ing of control measures and outbreak control [17]. 
Post-mortem testing for tissue viral load and drug 
metabolites can also provide some insight into treat-

Fig. 2. A) A 66-year-old male patient hospitalized for severe COVID-19 with a clinical manifestation of 
stroke for 3 hours. This patient was transferred from another hospital to our centre. Non-contrast CT scans 
show the features of a large infarct in the left cerebral hemisphere, including the loss of insular ribbon, 
obscuration of lentiform nucleus, loss of grey-white matter differentiation. B) e-ASPECT highlights the acute 
ischemia within ASPECTS regions (ASPECT score – 5). Authors’ own material.

A B
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Fig. 3. Histopathology of pulmonary changes in COVID 70-year-old patient, showing: A) acute interstitial 
pneumonia and hyaline membranes, B) organizing bacterial pneumonia superimposing viral interstitial 
process, visible haemorrhages and thrombi (HE, own material).

A B

ment uptake and effect. Even minimally invasive 
autopsies with targeted tissue sampling can provide 
reliable data on a certain disease [17]. At the begin-
ning of the SARS-CoV-2 pandemic, the autopsies 
have been limited due to a lack of knowledge about 
its infectivity and limited personal protective equip-
ment availability [17]. General post-mortem findings 
in COVID-19 most frequently show acute interstitial 
pneumonia, diffuse alveolar damage, ARDS features, 
bacterial pneumonia (Fig. 3), multi-organ throm-
bosis, myocarditis, spleen atrophy, shock kidneys, 
hemophagocytosis, and pancreatitis [3,8,9,38]. Many 
more other findings can be associated with this ill-
ness, but multicentre autopsy studies are necessary.

The reported post-mortem systematic neuro-
pathological studies in COVID-19 patients are lim-
ited, since only circa 200 brain autopsies have been 
published per 2.5 million deaths. 29 available publica-
tions concerned post-mortem nervous tissue analysis 
[2,3,10,11,20,25,31,32,38,48,49,52,56,67,68,71,74, 
80,81,9,82,83,86,87,97,99-101]. Table I summarizes 
neuropathological studies in the literature. These 
reports usually regard small groups and case studies 
with different inclusion criteria, and diverse, often 
incomplete data. The patients varied in severity of 
the COVID-19 disease, neurological symptoms, age 
or comorbidities, often having a terminal mechan-
ical ventilation. Thus, the pathological CNS chang-
es represent a combination of direct effects of the 
virus and indirect effects of generalized or local-
ized inflammatory response, thrombosis, multi-or-
gan failure and individual sequelae [3,32,54,87]. 
The methods used to detect SARS-CoV-2 in tissues 
include immunohistochemistry with mono- or poly-

clonal antibodies for spike proteins or nucleocapsid. 
The obtained results depend on the type of antibody 
applied, individual standardization of the protocol, 
and tissue pretreatment. The other methods of virus 
detection are in situ hybridization, qRT-PCR, and elec-
tron microscopy. Some published studies prompted 
a discussion in the literature due to an ambiguous 
picture or inadequate criteria used for morphologic 
diagnosis [80,97]. 

Gross examination of COVID brain specimens 
usually shows oedema and congestion, with rarely 
different extent or focal vascular injury in the haem-
orrhagic or ischemic form. Some cases present pre-
dominant changes of the “respiratory brain” type. 
Microscopic findings range from no changes to mul-
tifactorial coexisting acute lesions [61,67,87,99]. In 
some cases, acute changes occur with pre-existing 
neuropathological diseases [61,71]. Common neuro-
pathological observation is a mild perivascular, paren-
chymal as well as leptomeningeal reaction of T lym-
phocytes [61,67]. Moreover, a moderate to intense 
microglial reaction with activated forms, rods, and 
nodule formation is described, particularly in the 
brainstem [20] (Fig. 4). The analysis of the olfactory 
system revealed inflammation with a lymphocytic 
reaction, myelin and hypoxic injury [10,11,61,68]. 
The features of full-blown viral encephalitis were 
only incidentally described. The next common abnor-
mality described was mild to moderate hypoxic inju-
ry, while infarcts were less frequent in the available 
neuropathological autopsy material. In some cases 
demyelination was detected, most probably sec-
ondary to vascular or axonal damage. Microbleeds 
and evident intravascular thrombosis were not  
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Table I. Comparison of main neuropathological findings in COVID-19

Authors Number  
of patients

Main findings SARS-CoV-2 RNA in central 
nervous system

Al-Dalahmah  
et al. [2]

1 Neuronophagia and microglial nodules with 
perivascular lymphocytic infiltrates

qRT-PCR positive in nasal 
epithelium, olfactory bulb, 
cerebellar clot, cerebellum

Bryce et al. [9] 23 Large and small infarcts, multiple small subcortical 
infarcts, ischemic necrosis, microbleeds, focal 

parenchymal infiltrate

Not reported

Bulfamante et al. 
[10]

1 Extensive damage of neurons, glia, nerve axons  
and myelin sheath, more severe in olfactory bulb  

and brainstem

Particles referable to virions  
of SARS-CoV-2

Cantuti-Castelvetri  
et al. [11]

6 Pathobiology of anosmia Not reported

Deigendesch et al. 
[20]

7 Microglia activation, particularly in brainstem qRT-PCR positive in olfactory 
bulb (n = 4), optic nerve (n = 2), 
not detected in brainstem and 

cerebellum

Delamarre et al. [21] 1 Acute necrotizing encephalopathy SARS-CoV-2 not detected

Freij et al. [31] 1 Meningoencephalitis with tuberculosis co-infection CSF qRT-PCR negative

Hanley, Al-Sarraj  
et al. [38]

10 Moderate to intense activation of microglia, few 
perivascular T lymphocytes, ischemia, haemorrhagic 

transformation, mucormycosis

qRT-PCR positive

Jaunmuktane et al. 
[48]

2 Infarcts, microbleeds, medulla inflammation Not reported

Jensen et al. [49] 2 Cerebral microangiopathy, multifocal infarcts, 
brainstem encephalitis

SARS-CoV-2 not detected

Kantonen et al. [52] 4 Microhaemorrhages, enlarged perivascular spaces, 
hypoxia-associated features, minor intravascular 
deposits of fibrinoid in cerebral and subarachnoid 

vessels, axonal spheroids

qRT-PCR negative in brain and 
olfactory mucosa

Matschke et al. [67] 110 Ischemic infarcts, astrogliosis, activation of microglia 
in the brainstem and cerebellum, HLA-DR positive 

stain in subpial and subependymal location, 
cytotoxic infiltration of T lymphocytes in meninges

qRT-PCR positive in the frontal lobe 
and/or medulla

Meinhardt et al. [68] 32 Cerebral infarcts RT-qPCR positive in olfactory 
mucosa

Paniz-Mondolfi  
et al. [74]

SARS-CoV-2 particles in endothelial cells in frontal 
lobes

qRT-PCR positive

Puelles et al. [80] 27 Viral copies in the brain qRT-PCR positive in the frontal lobe 
and/or medulla

Reichard et al. [82] 1 Mild oedema, white matter haemorrhages, infarcts, 
hypoxic-ischemic injury

Not reported

Remmelink et al. 
[83]

17 Cerebral focal necrosis, haemorrhage, oedema, 
cerebral spongiosis

qRT-PCR positive in the frontal lobe 
and/or medulla

Schaller et al. [86] 10 Brain unaffected Not reported

Solomon et al. [87] 18 Hypoxic injury of the cerebrum and cerebellum qRT-PCR positive

Weyhern et al. [97] 6 Encephalitis and/or lymphocytic meningitis, 
microbleeds, neuronal loss, axon degeneration 

(mainly brainstem)

Not reported

Xu et al. [99] 1 Cerebral oedema due to hypoxia SARS-CoV-2 negative

Younger et al. [101] 50 Hypoxic-ischemic injury, interstitial brainstem 
inflammation with neuronal loss, leptomeningeal 

inflammation, microbleeds, perivascular 
parenchymal T-cells 

Not reported
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a very common finding [3,48,49]. The short review 
of available neuropathological studies is presented 
below. In a study by Hanley et al. (8 autopsies) the 
main feature was moderate to intense activation of 
microglial cells, with a few perivascular T lympho-
cytes [38]. Recent ischaemia of different extent was 
observed by them and Reichard et al. in the cortex 
and white matter as well as axonal damage proved 
by β amyloid precursor protein (B-APP) accumula-
tion [82]. In these studies, one case of haemorrhagic 
transformation of a recent cerebral infarction in the 
territory of the middle cerebral artery was detected. 
Al-Sarraj et al. [3] showed perivascular T lymphocyte 
infiltration in the frontal lobe and activated microg-
lial cells in the unselected white matter [3,38]. Large 
and small subcortical infarcts, ischemic necrosis and 
small microbleeds were reported in several stud-
ies, by Bryce et al., Jaunmuktane et al., Reichard  
et al. or Remmelink et al. [9,48,82,83]. Bryce et al. 
in the examined 23 brains, found focal parenchymal 
T cell infiltrates in 2 cases [9]. Jaunmuktane et al. 
detected lymphocytic inflammation in the medulla 

in one case. SARS-CoV-2 presence was not proved 
in the above series [48]. The case report by Reichard  
et al. showed haemorrhages up to 1 cm dissemi-
nated through the white matter and few organizing 
microinfarcts. Myelin lesions/loss and oligodendro-
cyte apoptosis, together with generalized reactive 
gliosis in the white matter, was also seen [29,82]. 
Remmelink et al. [83] studied 17 cases, revealing 
brain oedema, cerebral haemorrhage or ischemic 
necrosis. Interestingly, they also noted no viral brain 
presence, although SARS-CoV-2 was found with real 
time (RT)-PCR in different organs. The important 
cofactors influencing the neuropathological picture 
are the effects of pharmacotherapy, ventilation, and 
lesions connected to the critical illness. Younger et al. 
analysed autopsies of 50 COVID-19 patients [101], 
but the study was limited due to missing clinical 
data regarding age and often even cause of death. 
SARS-CoV-2 reactivity in brain sections was nega-
tive. In this series, 25 patients had hypoxic ischemic 
changes and neuronal loss, there were 6 patients 
with brainstem inflammation, and seven with lep-

Fig. 4. Histopathology of cerebral changes in a 59-year-old patient, showing: A) grouping of macrophages, 
hemosiderin deposits around cerebral temporal lobe microvessel (HE), B) slight gliosis, selected neuronal 
shrinkage, tissue swelling (HE), C, D) with insert (HE) – brain stem section with microglial reaction showing 
activated forms and microglial nodules (CD68). Authors’ own material.

A

C

B

D
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tomeningeal inflammatory reaction [101]. Kantonen  
et al. [52] reported two autopsies including one of 
the patients with severe neurological symptoms. 
They found abundant small haemorrhages, hypox-
ia associated features, minor intravascular deposits 
of fibrinoid material in blood vessels, and dispersed 
axonal spheroids. Some vessels contained suben-
dothelial haemorrhage and mild inflammation [52].  
Von Weyhern et al. in a series of six patients 
described features of encephalitis and/or lympho-
cytic meningitis and petechial bleedings, addition-
ally wide neuronal cell loss and axonal degenera-
tion, especially in the brainstem [97]. Morphological 
changes in hypoxia-susceptible regions were consis-
tent with those commonly revealed in other brains. 
This report provoked a discussion in “Lancet” in Janu-
ary 2021, where three groups of authors underlined 
that encephalitis is a rare entity in COVID, and all 
lesions need careful patho-clinical and neuropatho-
logical interpretation to avoid misinterpretation [97]. 
A study by Deigendesch et al. showed pronounced 
microglial activation mainly in the brainstem, but 
similar to the group of patients deceased from oth-
er, non-COVID septic conditions [20]. Jensen et al. 
presented one case with multi-territorial cerebral 
vascular disease, mainly in the form of watershed 
zone infarcts and cerebral microangiopathy, and 
the second case with brainstem encephalitis [49]. 
Bulfamante et al. in his case study depicted exten-
sive damage of neurons, glia, axons and myelin, 
the most severe in the olfactory nerve, becoming 
milder with the growing distance from the gyrus 
rectus and brainstem. An abundance of SARS-CoV-2 
virions was found [10]. Al-Dalahmah et al. reported  
a case of a diabetic man with a haemorrhagic focus 
in the cerebellar hemisphere [2]. Neuronophagia and 
microglial nodules in the inferior olives, and in the 
dentate nuclei, with mild perivascular lymphocytes, 
were present. RT-PCR was positive for SARS-CoV-2 in 
the nasal epithelium, olfactory bulb and cerebellum, 
but spike protein was not detected with immunohis-
tochemistry [2].

Matschke et al. published a systematic neuro-
pathological study of a series of 43 patients posi-
tive for SARS-CoV-2 in qRT-PCR, hospitalized in the 
spring 2020 [67]. The most common finding was 
neuroinflammation of the brainstem, astrogliosis, 
HLA-DR-reactivity and activation of the microglia 
with occasional microglial nodules in the medulla 
oblongata, perivascular and parenchymal infiltration 

with CD8-positive T cells. In only two cases neurono-
phagy was observed, in six other – ischemic infarc-
tions, but no evidence of cerebral bleeding or small 
vessel thrombosis was found. 37 brains showed 
astrogliosis in all assessed regions since gliosis with 
different intensity and location was seen in all cases. 
Brainstem and cerebellum revealed diffuse activation 
of microglia. Additionally, positive staining for HLA-
DR was found in subpial and subependymal regions. 
Proteins promoting viral entry: ACE2, TMPRSS2, 
TPCN2, TMPRSS4, NRP1 and CTSL were identified 
within the brain tissue. Frontal cortex and brain-
stem revealed a small amount of cytotoxic T lym-
phocytes. In the brainstem, lymphocytes had mainly 
perivascular location, and 34 brains presented with 
low cytotoxic lymphocyte T infiltration in the menin-
ges. In the olfactory bulb, a high level of astrogliosis 
and microglial reaction was found [67]. Delamarre  
et al. [21] reported a case of a SARS-CoV-2-associat-
ed acute necrotizing encephalopathy, probably due 
to specific antibodies. This patient’s IgG adminis-
tered on rat and monkey samples presented unusual 
binding of immunoglobulin G (IgG) on specific areas 
in the nerve tracts [21]. Solomon et al. carried out 
a detailed clinical-neuropathological correlation of 
18 patients hospitalized in April 2020, finding only 
hypoxic injury in the cerebrum and cerebellum in all 
cases. 11 patients received mechanical ventilation, 
all the patients had a confusional state and no MRI 
was available in this group. No thrombi, encephali-
tis or vasculitis were found, and no viral presence 
in immunohistochemistry. In qRT-PCR SARS-CoV-2 
analysis, viral material was detected at low levels 
in 6 brain sections obtained from 5 patients, with 
inconsistent relation to the interval between the 
onset of symptoms and death [29,87]. Schaller et al. 
in 10 patients with ARDS obtained positive RT-PCR 
from respiratory tract specimens in all cases but 
negative in CSF, and the brains were reported as 
unaffected [86].

Cantuti-Castelvetri et al., detected SARS-CoV-2 
in the olfactory epithelium in most of the analysed 
COVID-19 patients, using antibodies against S-pro-
tein. Infected olfactory epithelial cells presented 
a high expression of neuropilin 1, which was also 
observed in Olig2 positive olfactory neuronal pro-
genitors [11]. Meinhardt et al. examined brains from 
33 individuals with COVID-19 (March-August 2020), 
where they proved SARS-CoV-2 neurotropism and 
revealed cerebral microthrombosis with viral reac-
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tivity in endothelial cells. Olfactory mucosa samples 
were positive for RT-PCR. In 4 out of 13 samples, RNA 
assessment showed active virus replication. Viral load 
was extended in the olfactory bulb, trigeminal gangli-
on and medulla oblongata [68]. This study also sup-
ports the myeloid-derived inflammatory response in 
CSF and brain, upregulation of HLA-DR on microglia 
and neuroinflammation [68]. A study by Puelles et al. 
focused directly on multiorgan tropism of SARS-CoV-2 
[80], showing the highest number of SARS-CoV-2 cop-
ies in the respiratory tract, then kidneys, liver, heart, 
brain and blood. Paniz-Mondolfi et al. reported one 
case where they found SARS-CoV-2 particles in neu-
ral and capillary endothelial cells in frontal lobe tissue 
[74]. Tested frozen tissues in RT-PCR assays targeting 
different regions of the viral genome were all positive 
for viral presence in brain tissue [32,74]. Freij et al.  
reported a case of fatal meningoencephalitis due to 
coinfection with tuberculosis in a child, showing neg-
ative tests for SARS-CoV-2 in CSF, but positive in the 
cerebellar sample [31]. Ramani et al., studying three 
patients, detected anti-Spike immunopositivity in 
cortical neurons and endothelial cells [81], and anti-
bodies in CSF in a heavy course of COVID-19. They 
concluded that SARS-CoV-2 is neurotropic but does 
not invoke immune response similar to typical neuro- 
tropic viruses.

The above review shows that the knowledge 
about COVID-19 and neuroCOVID is limited. Col-
lections of COVID-19 brain tissue with elaboration 
of international guidelines and establishment of 
research priorities are needed for the recognition 
of the real unbiased neuropathological spectrum of 
SARS-CoV-2 infection [97].

Post-COVID-19 syndrome

Some of the COVID-19 patients suffer from vari-
able symptoms for many months from their initial 
infection, which is called long COVID or post-COVID 
syndrome [26,32,56]. This is the next challenge in 
the current pandemic. This condition can present as 
persistent fatigue, myalgia, abnormal thermoregu-
lation, dysautonomia, intestinal disturbances, and 
often neurological as well as psychiatric dysfunc-
tion [3,14,26,32,56,67,88]. Some patients with mild 
COVID-19 develop prolonged cognitive alterations, 
headaches, sustained anosmia/dysgeusia or senso-
ry hallucinations, brain fog, different forms of apha-
sia, and memory disturbances.

Many mechanisms are proposed: ongoing neuroin-
flammatory destruction, autoimmunity, viral latency, and 
accelerated neurodegeneration [3,14,26,38,49,56,87]. 
Persistent autoreactive T cells and antibodies can 
migrate to the brain and cause a smouldering inflam-
matory process. Kreye et al. detected BBB dysfunction, 
neuronal damage and high levels of autoantibodies 
in CSF that target endothelial, glial and neuronal epi-
topes [56]. They also detected a fraction of high-affinity 
SARS-CoV-2-neutralizing antibodies that cause cross-re-
activity with some antigens found in the CNS [56]. Rem- 
sik et al. [84] reported CSF presence of leptomeninge-
al inflammatory cytokines in the absence of the virus.  
The majority of these mediators driven by type II inter-
feron are known to induce neuronal injury in other dis-
eases. The levels of cytokines and metalloproteinase 10 
correlated with the degree of neurologic dysfunction 
in this series [84]. The autoimmune reaction can be 
induced by the virus by autoreactive T cells or cross-re-
active virus neutralizing antibodies, both after the acute 
phase of infection or after viral clearance [26,49,56]. The 
autoimmunity can potentially affect the brain later, like 
post-herpetic autoimmune encephalitis with anti-NMDA 
antibodies, demanding careful differential diagnosis 
[56,98]. Another pathogenetic concept for post-COVID 
symptoms is the autonomic syndrome due to infection 
of postganglionic neurons and/or autoimmunity later on 
[99]. COVID-related dysautonomia can comprise circula-
tory component with chronic fatigue, postural tachycar-
dia syndrome, palpitations, exercise intolerance, as well 
as GI component in the form of chronic abdominal pain, 
gastroparesis and nausea [91,99].

Finally, there is also a possibility of prolonged 
SARS-CoV-2 presence in the nervous tissue reser-
voir, but such studies are lacking. Early reinfections 
observed in some convalescents occur even after two 
months, suggesting reactivation of the virus from, for 
example, pulmonary tissue or nervous system. It is 
important to follow-up patients after COVID-19 acute 
illness, who have experienced or exhibit persistent/
fluctuating neurologic symptoms. It is suspected that 
these patients may have a higher risk of developing 
chronic neurodegenerative disease or other cogni-
tive disorders [59,76,91]. The relations between viral 
infections and inflammatory/neurodegenerative dis-
orders have been known for a long time, like in West-
ern equine encephalitis, measles or influenza A H1N1 
[53,77,91]. Common non-neurotrophic strains of influ-
enza can cause injury to the hippocampus, interfering 
with normal behaviour after the acute infection [43]. 
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Viral infections, such as HSV or flu may be associated 
with acceleration of tissue and molecular process-
es in Alzheimer’s disease (AD) [62]. Post COVID- 19 
shares also some similarities with the chronic phase 
of encephalitis lethargica – a disease of unestab-
lished origin. This epidemic affected more than mil-
lion individuals from 1916 till mid-twenties, coex-
isting for two years with Spanish flu (1918-1920). 
The 1918 influenza pandemic had a changing pro-
file of morbidity and mortality, with mutating viral 
genotype [42,92]. In postencephalitic parkinsonism 
– late sequelae of encephalitis lethargica, inter alia 
neurofibrillary tangles composed of both 3R and 
4R tau isoforms were encountered [42,92]. Recent-
ly, Ramani et al. [81] found that SARS exposure on 
brain organoids associates with altered distribution 
of tau protein from axons to soma, tau hyperphos-
phorylation, neurotoxicity and death, driving neuro-
degeneration. Furthermore, Wang et al. [95] provide 
a causal link between the AD risk factor, ApoE4 and 
COVID-19. In their experiment, the ApoE4 neurons 
and astrocytes showed a higher susceptibility and 
a more severe response to SARS-CoV-2 infection in 
comparison to the neutral ApoE3 cells. Interestingly, 
the infection in neurons and astrocytes was inhibit-
ed by remdesivir [95]. 

The so-called “brain fog” reported by many 
patients during the active disease and post-COVID-19 
is a term previously used for description of CNS side 
effects of chemotherapy. In this context, the cognitive 
and emotional changes in cancer patients are par-
tially explained by many factors, including neuronal, 
axonal, glial lesions, alterations in brain perfusion 
and microenvironment, BBB dysfunction on the cellu-
lar interactions level. Moreover CVO region alteration 
mechanisms, oxidative stress, excitotoxicity, synap-
tic toxicity, and genetic polymorphic predisposal are 
debated. The important hypothesis comprises the 
inhibition of hippocampal and striatal neurogenesis 
and regeneration capacity [7,15]. All these ideas are 
plausible for the explanation of protracted neurolog-
ical post-COVID-19 syndrome. Recently, long-term 
cerebral volume and blood flow variations have been 
reported (Qin, Wang and Zhu group) even in neurolog-
ically unchanged convalescents.

Neuropathological studies in post-COVID-19 cas-
es do not exist yet, but together with neuroimaging 
studies should answer some questions. Neurocog-
nitive and systemic complications associated with 
COVID-19 are extremely significant since these dis-

eases affect global health nowadays, with limited 
treatment and prophylaxis options. Their influence 
on healthcare systems including social and econom-
ic burden can be even higher in the future [23,47].

Summary

Neuropathological data in COVID-19 are relative-
ly sparse and inconsistent as the studies concern the 
patients with different comorbidities and disease 
course, and are often performed on small groups. 
Variable definitions, selection bias, mainly retrospec-
tive analyses of hospitalized patients and different 
methodologies are implemented in the research of 
this new disease. 

CNS pathology includes most frequently features 
of non-specific neuroinflammation with microglial 
activation and lymphoid infiltrations, ischemic/hypox-
ic encephalopathy, astrogliosis, acute cerebrovascular 
disease, secondary myelin injury, and microthrombi. 
Some brains of COVID-19 patients remained unaf-
fected or show only non-specific changes. Many neu-
ropathological findings are discrepant and not always 
comparable. Researchers should focus on designing  
longitudinal studies, with more frequent autopsies 
and creating dedicated brain banks. Cognitive impair-
ment should be studied with the involvement of 
advanced neuroimaging techniques. Genetic predis-
positions or immunological factors corresponding to 
the disease profile as well as CSF or serum biomark-
ers of COVID-19, the impact of different virus variants 
and influence of therapy and vaccination need to be 
identified. The mechanisms causing neuroCOVID and 
cognitive impairment – whether they are infectious, 
toxic, vascular or metabolic – create other aspects 
under research. There are also many existential ques-
tions about post-COVID and delayed sequelae of the 
infection. The fight with this pandemic is a challenge 
for the global society, with neuropathologists and 
neuroscientists as important allies in struggle for 
understanding of the pathomechanisms of COVID-19 
for better prevention and therapy of the patients. 
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