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Abstract

Background Despite the expanding literature that discusses insights into the clinical picture and mechanisms by which the
SARS-CoV-2 virus invades the nervous system, data on the neuropathologic findings of patients who died following SARS-
CoV-2 infection is limited.

Methods A broad literature search was done for published articles that reported on histopathological findings of the brain in
patients with COVID-19 in PubMed by MEDLINE, Embase, CENTRAL by the Cochrane Library, and SCOPUS from
December 31, 2019 to October 31, 2020.

Results The systematic literature search strategy used resulted in a total of 1608 articles of which 14 were included in the analysis
(PROSPERO registration number: CRD42020221022). There were ten case series, two case reports, one retrospective cohort,
and one prospective cohort. The age of the patients ranged between 38 and 90 years old, most of them older than 65 years old
(n=66, 45.2%) and males (n=79, 54.1%). Most tested negative in SARS-CoV-2 immunohistochemistry (n=70, 47.9%). The
striking pathologic changes included diffuse edema (n=25, 17.1%), gliosis with diffuse activation of microglia and astrocytes
(n=52, 35.6%), infarctions involving cortical and subcortical areas of the brain (n=4, 2.7%), intracranial bleed (subarachnoid
hemorrhage and punctate hemorrhages) (n=18, 12.4%), arteriosclerosis (n=43, 29.5%), hypoxic-ischemic injury (n=41, 28.1%),
and signs of inflammation (n=52, 35.6%). The cause of death was attributed to the cardiorespiratory system (n=66, 45.2%).
Conclusions The neuropathologic changes observed likely represent direct cytopathic effects and indirect effects secondary to
host-specific inflammatory response induced by the viral infection. Further studies however are required to better elucidate the
pathologic mechanism.
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In December 2019, a novel coronavirus emerged from
Wuhan, Hubei Province, China, as the causing factor of pneu-
monia and severe acute respiratory syndrome [1]. Coronavirus
disease 2019 (COVID-19) is caused by the severe acute respi-
ratory syndrome coronavirus 2 (SARS-CoV-2) [2]. Although
the involvement of the respiratory system is the most relevant
clinical feature in COVID-19 patients, systematic reviews
with meta-analysis demonstrate that the spectrum of clinical
presentations is wider [3]. It has been reported that some se-
verely affected patients experience neurological symptoms
like headache, dizziness, and impaired sensorium while recent
reports have noted that anosmia, ageusia, ataxia, and seizures
may be early signs and symptoms in SARS-CoV-2-infected
patients, suggesting that this virus may also be neurotropic
[3—6]. In a recent study, it was found that 36.4% COVID-19
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of patients presented with central nervous system (CNS)
symptoms, 8.9% with peripheral nervous symptoms, and
10.7% with skeletal muscle symptoms [4].

The brain has been traditionally the target organ in several
infectious diseases either by direct insult or as a secondary
result of infection [1]. Coronaviruses (CoVs), specifically,
have been known to exhibit neurotropic properties thereby
causing neurologic sequelae [4]. SARS-CoV, for instance,
which is 79.5% genetically similar to SARS-CoV-2, has been
demonstrated in brain tissue from autopsies causing tissue
edema and neuronal degeneration [2, 5]. Two major pathways
have been proposed for entry of neurotropic respiratory virus-
es into the CNS: the hematogenous and neuronal retrograde
routes [7]. Despite the expanding literature that imparts in-
sights into the clinical picture and mechanisms by which
SARS-CoV-2 virus invades the nervous system, data on the
neuropathologic findings of patients who died following
SARS-CoV-2 infection is scarce. The aim of this paper was
to review the currently available neuropathological data on
COVID-19 including post-mortem findings of patients fol-
lowing a death from COVID-19 infection.

Methods

The Preferred Reporting Items for Systematic Reviews and
Meta-Analyses (PRISMA) guidelines were followed for this
study [8]. A broad literature search was performed to retrieve
all relevant articles from December 31, 2019, to October 31,
2020. The protocol of this systematic review was registered in
PROSPERO (registration number: CRD42020221022).

Criteria for considering studies for review

We considered case reports/series, cross-sectional, and cohort
studies that reported on histopathological findings in the brain
of patients with COVID-19. We also considered other article
types such as letters to the editor and brief communications or
correspondence. Preprint articles were included to increase the
sample size. We did not apply any restrictions on age, sex, or
ethnicity of patients in the studies. We excluded animal stud-
ies, unavailable full-text articles, and non-English articles. As
the study was a systematic review of the literature, institution-
al ethical committee approval and informed consent were not
obtained as we limited our study to published information.

Search methods for identification and selection of
studies

Two investigators (ATP, AIE) performed an electronic search
from December 31, 2019 up to October 31, 2020, using the
following major healthcare databases: PubMed by
MEDLINE, Embase, Scopus, CENTRAL by the Cochrane
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Library, and medRxiv for preprint articles. We utilized the
following comprehensive and MeSH terms: (“COVID” OR
“Coronavirus” OR “COVID-19” OR “SARS-CoV-2” OR
“nCoV disease”) AND (“Neuropathology” OR
“Neuropathologic findings” OR “neuropathologic” OR “neu-
ropathological” OR “histopathological brain” OR “pathology
brain” OR “histology” OR “autopsy’). We assessed the titles
and abstracts using predefined screening criteria. Relevant
articles were retrieved in full text and were subjected to
predefined eligibility criteria. Three researchers (ATP, AIE,
and RDGJ) independently examined the papers with titles or
abstracts that appeared to be relevant and selected those that
analyzed neuropathologic COVID-19 findings. The bibliog-
raphies of all identified relevant articles were examined and
cross-referenced to further identify relevant literature to be
included in this review. Studies that satisfied these criteria
were included in the analysis. Disagreements concerning eli-
gibility among the researchers were resolved by consensus.

Methodological assessment of included studies

The methodological quality of the included studies was eval-
uated by two investigators (ATP, AIE) studies using the Murad
tool for non-comparative cohorts and case reports/series [9].
Comparative cohorts and cross-sectional studies were evaluated
using the Newcastle-Ottawa Scale in terms of selection, compara-
bility, and outcome domains [10]. We considered “poor,” “mod-
erate,” or “good” quality when 3 or fewer, 4, or 5 of the criteria
were fulfilled in the Murad tool, and 3 points or fewer, 4-5, or 6
and above in the Newcastle-Ottawa Scale. Any disagreement was
resolved by consensus with one more investigator (ADAOA).

Data collection and analysis

We extracted data from the full text of the articles using a
predefined data extraction form. The following information
was obtained from each included study: author and year, pub-
lication date, study design, study duration, setting, number of
included patients, age/age range, sex, descriptive neuropatho-
logic findings or histopathological findings of the brain, and
other relevant clinical information of patients (COVID testing,
comorbidities, duration of disease, and cause of death).
Categorical variables were pooled as frequencies and percent-
ages while continuous variables were summarized using
means or medians with standard deviation or ranges.

Results
Included studies

The systematic literature search strategy used with a date filter
between December 31, 2019 and October 31, 2020, resulted in
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atotal of 1629 articles. After deduplication, 1065 articles were
screened based on their abstract. We excluded 1041 articles
that were unrelated to the neuropathological findings in pa-
tients with COVID-19. This evaluation left 24 articles, only 14
of which met the eligibility criteria for synthesis in this review.
There were ten case series [11-20], two case reports [21, 22],
one retrospective cohort [23], and one prospective cohort [24].
Figure 1 illustrates our search strategy.

The characteristics of the scientific papers and their quality
assessment are presented in Supplemental Table 1. The in-
cluded studies originated mostly from the USA while others
were performed in the UK, Switzerland, Germany, Finland,
Italy, and the Netherlands. Sample size ranged from 1 to 50
with varying study duration ranging from 1 to 3 months.

Population characteristics

Out of the total 165 cases in the literature included in this
review, only 146 patients were included in the synthesis; 19
of'these cases did not undergo a pathological study of the brain
and were excluded in the final analysis [14, 24]. The demo-
graphic data are summarized in Table 1. The age of the pa-
tients ranged from 38 to 90 years old; however, most of them
fall under those older than 65 years old (n=66, 45.2%).
Majority were males (n=79, 54.1%), and 26.7% were females

—

(n=39), while the rest was unreported (=28, 19.2%). A sig-
nificant number of cases had relevant pre-existing medical
conditions, mainly cardiovascular (n=114, 78.1%), respiratory
(n=31, 21.2%), diabetes mellitus (DM) (n=22, 15.1%), and
renal diseases (=22, 15.1%). A few had neurologic comor-
bidity such as a history of stroke and epilepsy (n=11, 7.5%),
while the rest had metabolic conditions namely gout (n=1,
0.7%), dyslipidemia (n=8, 5.5%), and obesity (n=13, 8.9%).
A few of these patients had a history of smoking (n=3, 2.1%).
Other findings include malignancies (solid or hematologic)
(n=15, 10.3%). The limited available data on presenting neu-
rologic symptoms revealed that altered mental status was the
most common symptom (n=14, 43.8%) followed by delirium
(n=9, 28.1%) [12, 14, 15, 19, 21, 23, 24]. Less common en-
countered presentations included cranial nerve pathologies
signifying a cerebrovascular event (n=2, 6.3%), headache,
nausea and vomiting, aphasia, and ageusia (n=1, 3.1%) while
the rest remained unreported (n=114, 78.1%). The duration of
hospital illness was unreported in most of the cases (=62,
42.5%); however, for the remaining number of patients, most
were cared for more than 10 days in different medical institu-
tions (n=44, 30.1%). The majority died during the confine-
ment period (n=145, 99.3%) while the rest of the patients
(n=1, 0.7%) remained under intensive care thereafter. The
cause of death was mainly attributed to the cardiorespiratory
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Table 1 Characteristics of the included studies and population, and quality assessment
Author Setting Sample  Study design Study duration Age/age range Sex Quality
(n) (mean) (F:M) assessment
Younger, 2020 USA 50 Case series NI NI NI Good
Keller et al., 2020 Switzerland 8% Case series March 9 to April 3, 2020 (67.6) 1:7 Good
Matschke et al., 2020  Germany 43 Case series March 13-April 24,2020 51-94 16:27 Good
Jensen et al., 2020 UK 2 Case series NI 6671 0:2 Good
Kantonen et al., 2020  Finland 4 Case series April 14-May 18,2020 38-90 1:3 Good
Conklin et al., 2020 USA Retrospective March 12-May 14, 2020 57 0:1 Good
cohort
Reichard et al., 2020  USA 1 Case report NI 71 NI Good
Patel et al., 2020 USA 1 Case report NI 48 NI Good
Fabbri et al., 2020 Italy 10 Case series NI 51-74 3.7 Good
Barton et al., 2020 USA 2 Case series March 1-31, 2020 42,77 0:2 Good
von Weyhern et al., Germany 6 Case series April 1-30, 2020 58-82 1:2 Good
2020
Bradley et al., 2020 USA 14 Case series February—March 2020 42-84 4:3 Good
Jaunmuktane et al., UK 2 Case series NI 50-60 1:1 Good
2020
Schurink et al., 2020  Netherlands 217} Prospective cohort March 9 and May 18, 41-78 5:16 Good

2020

N, not indicated
T Only 9 patients consented to autopsy

*Only 1 patient consented to autopsy

system, with viral pneumonia as the underlying condition in
most cases (n=66, 45.2%); however, the cause of death was
not reported in 33.6% (n=49) (Table 2).

Neuropathologic findings in patients with COVID-19
SARS-CoV-2 reactivity in brain sections

A subset of cases (n=146) diagnosed with SARS-CoV-2 in-
fection underwent biopsy or post-mortem examination for
pathologic study of the brain [11-13, 15-23]. SARS-CoV-2
reactivity in brain sections of these patients was positive in
only 15.1% (n=22) [13, 18]. Most patients tested negative in
SARS-CoV-2 immunohistochemistry (n=70, 47.9%) [11, 13,
15, 16, 18, 24], while the rest was unreported (n=54, 37%)
[11, 12, 14, 17, 19-23]. No pathologic findings concerning
the peripheral nervous system (PNS) were reported.

Macroscopic and histopathologic findings

The mean unfixed brain weight was 1378.2 kg [13, 18-20,
23]. All 146 decedents examined by gross standard autopsy
showed absence of gross abnormalities in 10.3% (n=15) [16,
19, 20, 24] while diffuse brain edema commonly seen as non-
specific axonal changes was observed in 17.1% (n=25) [13,
22, 23]. Four brains (2.7%) exhibited glial scars representing
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chronic infarcts [15, 16, 18]. These infarctions were demon-
strated in the cortical and deep-seated areas like the basal
ganglia and the brainstem, and even in watershed areas.
There was evidence of intracranial bleeding localized in the
cerebellum (n=3, 2.1%) [14, 16]. Uncal and tonsillar hernia-
tion was seen in one patient (0.7%) [23]. Other gross findings
were varying degrees of atherosclerotic disease (n=43, 29.5%)
(Fig. 2) [13].

In a significant number of analyzed patients, various stages
of gliosis were observed with diffuse microglial activation and
reactive gliosis documented in 35.6% (n=52) of patients [13,
17, 18, 22, 24]. Diffuse activation of the microglia and astro-
cytes were pronounced in the brainstem and the cerebellum.
Histopathological examination of specimens further demon-
strated hypoxic changes (n=41, 28.1%) [11, 15, 18, 22, 23]
with evidence of leptomeningeal inflammation (n=7, 4.8%)
[11]. These hypoxic changes were seen in the hippocampus
(CAL1 region), parahippocampus, cerebellar Purkinje cells,
neocortex, brainstem nuclei, olfactory bulb, chiasma,
neostriatum, and spinal cord.

Microscopic evaluation further exhibited cellular compo-
nents signifying distinct stages into the inflammatory process
as demonstrated by the presence of cerebral venous neutro-
philic infiltrates (n=2, 1.4%) [21, 22], perivascular lympho-
cytic infiltrates (n=50, 34.2) [11, 13, 16, 22, 24], perivascular
degeneration and calcification (n=5, 3.4%) [15, 16], and
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Table 2  Clinical and pathologic characteristics of cases
Observation Number of cases %o
(N=146)
Sex
Male 79 54.1
Female 39 26.7
Not reported 28 19.2
Age
<21 0 0.0
21-49 6 4.1
50-64 27 18.5
>65 66 452
Not reported 47 322
Duration of hospital illness
0-1 9 6.2
1-10 31 21.2
>10 44 30.1
Not reported 62 425
Neurologic symptoms
Not reported 114 78.1
No neurological symptoms 3 94
Headache 1 3.1
Delirium 9 28.1
Nausea and vomiting 1 3.1
Altered mental status 14 438
Craniopathies 2 6.3
Aphasia 1 3.1
Ageusia 1 3.1
SARS-Cov-2 reactivity in brain sections
Positive 22 15.1
Negative 70 479
Not reported 54 37.0
Neuropathology
No gross abnormalities 15 10.3
Global hypoxic-ischemic injury 41 28.1
Small-vessel ectasia with variable 10 6.8
perivascular
edema and perivascular
microhemorrhages
Perivascular degeneration 4 2.7
Perivascular calcification 1 0.7
Leptomeningeal inflammation 7 4.8
Perivascular infiltrates/lymphocytic 50 342
Endovascular microthrombi 10 6.8
Microglial activation/reactive gliosis 52 35.6
Glial scar/chronic infarcts 4 2.7
Recent microscopic cortical infarcts 24 16.4
Cerebral venous neutrophilic infiltration 2 14
Diffuse brain edema 25 17.1
Uncal and tonsillar herniation 1 0.7
Acute microscopic/punctate hemorrhages 15 10.3
Neuronal cell loss 6 4.1
Axonal degeneration/injury 4 2.7
Arteriosclerosis 43 29.5

variable degrees of neuronal cell loss and axonal
degeneration/injury (n=10, 6.8%) [11, 12, 22]. Other findings
included small-vessel ectasia with variable perivascular ede-
ma and perivascular microhemorrhages (n=10, 6.8%) [18],
endovascular microthrombi (n=10, 6.8%) [18], recent micro-
scopic cortical infarcts (n=24, 16.4%) [11, 13, 14, 16-18, 22],

and acute microscopic/punctate hemorrhages (n=15, 10.3%)
[11,12, 14,17, 19,22, 23].

Discussion

Recent evidence suggests that COVID-19 involve the CNS
and PNS after increasing clinical reports of symptoms sug-
gesting CNS affectation such as headache, impaired con-
sciousness, and acute cerebrovascular diseases [25]. Whether
these neurologic manifestations resulted from direct viral in-
vasion or indirect mechanisms that have yet to be elucidated, it
is essential to establish the pathologic mechanism of the neu-
rotrophic properties of COVID-19. Thus far, published data
on the neuropathological changes associated with COVID-19
have been scarce and controversial, and neuropathological
descriptions have ranged from only modest or no pathology
to severe hemorrhagic and hypoxic phenotypes, thrombotic
complications, acute disseminated encephalomyelitis
(ADEM)-like changes, and encephalitis and meningitis [12,
15, 22, 26, 27]. As a result, studies on the spectrum of neuro-
pathological findings in patients who died of COVID-19 is
now starting to emerge as these pathologic changes likely
represent the direct and indirect effects of COVID-19
infection.

The striking pathologic changes presented in this paper
include findings of (a) diffuse edema, (b) gliosis with diffuse
activation of microglia and astrocytes, (¢) infarctions involv-
ing cortical and subcortical areas of the brain, (d) intracranial
bleed (e.g., subarachnoid hemorrhage (SAH) and punctate
hemorrhages), (e) varying degrees of arteriosclerosis, (f) evi-
dence of hypoxic-ischemic injury, (g) differing stages of in-
flammation as demonstrated by the presence of cellular com-
ponents infiltrating into perivascular areas of the brain, (h)
presence of endovascular microthrombi, and (i) variable de-
grees of neuronal cell loss and axonal degeneration/injury.
Moreover, SARS-CoV-2 reactivity in brain tissue has been
demonstrated in a proportion of the cases.

Direct and indirect effects on the central nervous
system

In terms of CNS involvement, several cases presented with
varying degrees of diffuse edema of the brain surface showing
widened gyri, flattened surface, narrowed sulci, and meninge-
al congestion with diffuse discoloration of the gray-white mat-
ter junction. In addition, some of these revealed foci of
intraparenchymal blood that disrupted the white matter, with
macrophages at the periphery of the lesions on routine hema-
toxylin and eosinophilic histological examination. Findings of
brain swelling were not uncommon in patients affected with
COVID-19 even in the pediatric population [28]. However, in
contrast to the mechanism of injury in lung involvement in
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CORTEX
Infarct/thrombi
Hypoxic changes
Microbleeds

FRONTAL CORTEX
Hypoxic changes

CORPUS CALLOSUM
Punctate hemorrhages

OLFACTORY BULB
Hypoxic changes

SUBCORTICAL
WHITE MATTER
Hypoxic changes
Punctate hemorrhages
Microbleeds

POSTERIOR FOSSA CORTEX
Punctate hemorrhages

CEREBELLUM
Ischemic changes
Hypoxic changes

Subarachnoid hemorrhage

BRAINSTEM
Infarct/thrombi
Reactive gliosis
Hypoxic changes
Microbleeds

WATERSHED AREAS
Infarct

HIPPOCAMPUS AND
PARAHIPPOCAMPAL AREA
Ischemic changes
Hypoxic changes

OPTIC CHIASM
Hypoxic changes

Fig. 2 Neuropathologic findings in patients with SARS-CoV-2 infection.
At the level of the optic chiasm (A), there was a note of hypoxic changes,
while at the level of the basal ganglia (B), prominent changes include
watershed infarctions, hypoxic changes, punctate hemorrhages, and
microbleeds. There was also a note of hypoxic and ischemic changes in
the hippocampus, others with evidence of necrosis. Other pathologic
changes observed include diffuse cerebral edema, gliosis with diffuse
activation of microglia and astrocytes, infarctions involving cortical and

COVID-19, the pathologic mechanism of brain swelling in
these patients remained to be determined as either a result of
direct invasion or a consequence of host-specific inflammato-
ry response as supported by the presence of macrophages and
other inflammatory cellular components surrounding these
tissues [29, 30]. The complexity of the underlying pathophys-
iological mechanism of post-viral olfactory dysfunction as the
route of entry causing direct neural invasion must still be
established in the case of SARS-CoV-2 infection.
Macroscopic examination of some of these brain speci-
mens also revealed a focus of extravasated blood mostly seen
over the cerebellar hemisphere, consistent with a small SAH.
These findings supported the previously reported predisposi-
tion of COVID-19 patients to the development of intracranial
hemorrhage (ICH) during critical illness [31, 32]. The patho-
physiology is unclear, but the tropism of SARS-CoV-2 to the
endothelial lining of the cerebral vasculature via their
angiotensin-converting enzyme (ACE) II receptors may
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Necrosis

BASAL GANGLIA
Infarct/thrombi
Hypoxic changes
Punctate hemorrhages
Microbleeds

subcortical areas of the brain, intracranial bleed (e.g., subarachnoid hem-
orrhage (SAH) and punctate hemorrhages), varying degrees of arterio-
sclerosis, evidence of hypoxic-ischemic injury, differing stages of inflam-
mation as demonstrated by the presence of cellular components infiltrat-
ing into perivascular areas of the brain, presence of endovascular
microthrombi, variable degrees of neuronal cell loss, and axonal degen-
eration/injury

provide an explanation. A recent pathologic study demonstrat-
ed the presence of virus particles within endothelial cells and
an accumulation of inflammatory cells, leading to endothelial
cell death [31]. Angiotensin II receptors, being expressed in
circumventricular organs and in cerebrovascular endothelial
cells, play a role in the regulation of multiple functions in
the brain, including regulation of hormone formation and
sympathoadrenal system, water and sodium intake, vascular
autoregulation, and cerebral blood flow, and with dysfunction,
it may lead to the disruption of autoregulation as well as blood
pressure spikes due to arterial wall rupture [33]. However, this
should not be interpreted independently from the cardiovas-
cular risk factors which pose further risk towards ICH devel-
opment. Among the associated risk factors were older age and
respiratory failure. In addition, the use of anticoagulation was
associated with a fivefold risk of ICH [34].

Encephalitis is the inflammation of the brain parenchyma,
usually caused by an infection or the body’s immune defenses
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[35]. Although it is strictly speaking a pathological diagnosis,
for practical purposes, clinical evidence of brain inflammation
is accepted, such as a CSF pleocytosis, imaging changes, or
focal abnormalities on electroencephalography [35]. The
World Health Organization (WHO) COVID-19 case defini-
tion of possible SARS-CoV-2 meningitis, encephalitis, mye-
litis, or CNS vasculitis is as follows: patient meets suspected
case definition of COVID-19 according to national or WHO
guidance on the basis of clinical symptoms and epidemiolog-
ical risk factors; in the context of known community SARS-
CoV-2 transmission, supportive features include the follow-
ing: the new onset of at least one of cough, fever, muscle
aches, loss of smell, or loss of taste; lymphopenia or raised
D-dimer level, and radiological evidence of abnormalities
consistent with infection or inflammation (e.g., ground glass
changes) [35]. In this review, histopathological studies of sev-
eral brain specimens showed focal or diffuse cortical,
brainstem, or leptomeningeal inflammation, characterized as
T cell-mediated based upon flow cytometry as well as histo-
pathological features of encephalitis including localized
perivascular and interstitial infiltrates with neuronal cell loss
and axonal degeneration involving brainstem nuclei and tracts
without territorial infarctions, or evidence of virus infiltration
[11, 17]. The first case of meningitis associated with SARS-
CoV-2 was published in May 2020 presenting as convulsion
and unconsciousness with brain imaging showing
hyperintensity along the wall of the right lateral ventricle
and hyperintense signal changes in the right mesial temporal
lobe and hippocampus [36]. Months into the pandemic, case
reports of patients presenting as an encephalitis syndrome of
drowsiness, mental disorientation, intermittent fever, and
headache with imaging findings consistent with encephalitis
emerged [37-39]. In a nationwide surveillance study to inves-
tigate the spectrum of neurological and psychiatric complica-
tions of COVID-19 across the UK, altered mental status in-
cluding encephalopathy or encephalitis and primary psychiat-
ric diagnoses was the second most common neuropsychiatric
complication, often occurring in younger patients [40]. The
exact pathogenic mechanism involved in neurologic injury in
these cases is difficult to ascertain; however, given the con-
stellation of pathologic findings described in the cases pre-
sented in this review and the neurologic presentation of these
patients, both direct viral infection and host-specific inflam-
matory response might be pointed as the cause as supported
also by post-mortem studies in different cases of SARS-CoV-
2 infection [38, 41-43].

Intravascular microthrombi and multiple infarcts (either fo-
cal microscopic or deep-seated, i.e., located in the basal gan-
glia and through the brainstem) seen in some of the cases were
consistent with the pro-coagulant state of SARS-CoV-2-
infected patients leading to an increased risk to thrombotic
events and hemorrhagic parenchymal tissue infarction from
large- and small-vessel thrombosis [11, 18]. An association

between COVID-19 and strokes has been described with char-
acteristics including large-vessel occlusion, multi-territory in-
farcts, concomitant venous thromboembolism, raised inflam-
matory markers, antiphospholipid antibody production, youn-
ger age of stroke, premorbid vascular comorbidities, and a
higher incidence of stroke with increasing COVID-19 severity
[44-46]. Additionally, viral components specifically in the
endothelial cells have been documented in the brain in addi-
tion to viral RNA detected in the cerebrospinal fluid (CSF)
and this may be contributory to the pathologic pro-thrombotic
state [17, 31]. This was in keeping with the role of the vascular
endothelium that is indispensable in regulating the vascular
tone and the maintenance of vascular homeostasis [31, 32].
Endothelial dysfunction is a principal determinant in micro-
vascular dysfunction which shifts equilibrium favoring vaso-
constriction and a pro-coagulant state [32]. However, these
findings should be interpreted with caution given the presence
of competing premorbid vascular risk factors in these patients
which could have accentuated their risk for pro-thrombotic
events. Conversely, ischemic lesions in watershed zones
may represent areas of hypoperfusion with hemodynamic in-
stability especially observed in patients with renal failure and
sepsis [47].

The presence of ischemic red neurons and pyknotic and
eosinophilic neurons in hypoxia-sensitive areas (hippocampus
(CA1 region), parahippocampus, cerebellar Purkinje cells,
neocortex, brainstem nuclei, olfactory bulb, chiasma,
neostriatum, and even the spinal cord was consistent with
the global hypoxic injury [15, 18]. Furthermore, the presence
of diffuse microvascular injury (microhemorrhages and mi-
croscopic ischemic lesions) involving the subcortical and deep
white matter in some of the specimens correlates to the dele-
terious effects caused by hypoxia. These findings perplexed
physicians as to direct causality or secondary effect as com-
plications following ventilation assistance, sedation, or hyp-
oxia with hypoperfusion [48, 49]. The neuroanatomic distri-
bution of the microvascular lesions as observed in these cases,
particularly the callosal and capsular predominance, has been
reported as a rare complication of acute respiratory distress
syndrome (ARDS), high altitude exposure, and extracorporeal
membrane oxygenation (ECMO), all of which are associated
with cerebral hypoxia [23]. Further adding to the insult,
ARDS is a major complication in severe COVID-19 pneumo-
nia that necessitates respiratory support, with high percentage
of invasive ventilation [48]. This in turn requires high demand
for other several therapies including sedatives and paralytics
[48]. In many cases, sedation can be prolonged resulting in an
increase in the prevalence of ventilation-associated hypoxia
which further aggravates the condition of these patients
[48-51]. Of note was the detection of microthrombi and is-
chemic damage, reactive gliosis, and microglial activation in
the brainstem which could serve as the driving mechanism
towards consequent brainstem damage appearing as the
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terminal event [18]. This may manifest through the phenom-
enon of prolonged unresponsiveness after extubation follow-
ing long-term ventilatory support in COVID-19 patients. As
such, the use of cerebral hypoxymetry that measures oxyhe-
moglobin saturation has been explored as an “early warning
indicator” of the decreased brain oxygen delivery which can
be utilized to optimize cerebral oxygen supply and demand,
inversing the decreased cerebral perfusion and/or preventing
protracted brain ischemia [52]. However, data in this respect is
still limited.

Finally, an explanation on the inconsistent demonstration
of the virus in the CSF has been put forward in a recently
published study. It could be that the virus is mainly cell-
bound and spread from cell to cell without entering the CSF.
Second, the virus might have been present in the CSF at con-
centrations below the level of detection of the testing method
because of a delay in CSF sampling. Third, the presence of
heme products resulting from the breakdown of erythrocytes
in the CSF could inhibit the action of the polymerase and,
thus, the detection of SARS-CoV-2. Alternatively, the failure
to detect SARS-CoV-2 in CSF despite evidence of inflamma-
tion raises the possibility that in some individuals, COVID-
19-related encephalitis might result from immune-mediated
inflammatory mechanisms, in the absence of direct virus in-
vasion [53].

Possible mechanisms underlying SARS-CoV-2-
mediated neurological injury

Pooling all the neuropathological findings from patients with
COVID-19 provides insight as to the mechanism employed by
SARS-CoV-2 to infect the nervous system. The pathological
features of COVID-19 greatly resemble those seen on SARS
and Middle East respiratory syndrome (MERS) coronavirus
infection [25]. Therefore, previous observations regarding
routes of viral entry and propagation made on the aforemen-
tioned coronaviruses can be hypothesized here as well [54].
There are three proposed routes by which SARS-CoV-2
gain access into the brain: (a) through breach in the blood-
brain barrier (BBB), (b) through retrograde axonal transport/
trans-neuronal transport, and lastly (c) through the vagus
nerve (Fig. 3) [54]. The initial step of SARS-CoV-2 infection
is the receptor recognition on the surface of the host cells
[53-55]. Similar to SARS-CoV-1, this step is mediated by
the viral spike (S) protein, which utilizes the human receptor
angiotensin I-converting enzyme 2 (ACE2) as the docking
receptor [53—55]. Hence, organ distribution of the ACE2 re-
ceptor is crucial in the inciting event in the pathogenesis of
SARS-CoV-2 infection. ACE2 is widely expressed in the air-
way epithelium, lung parenchyma, vasculature, kidney, heart,
and gastrointestinal tract [53—57]. Recent reports indicate that
ACE2 is also expressed in neurons, astrocytes, and oligoden-
drocytes, as well as in the substantia nigra, ventricles, middle
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temporal gyrus, posterior cingulate cortex, and olfactory bulb
[53]. Additionally, it has been determined that tissue patterns
of expression of transmembrane serine protease (TMPRSS2
and TMPRSS4), and cathepsin L is another decisive factor
that determines the tropism of the virus [54]. TMPRSS4 can
be demonstrated in the cerebral cortex, hippocampus, caudate,
thyroid gland, adrenal gland, nasopharynx, bronchi, lung,
stomach, duodenum, colon, rectum, gallbladder, pancreas,
and genitourinary tract [54].

In COVID-19, dissemination of the virus into the blood has
been described in 1-41% of patients [55]. A breach in the
BBB where there is high expression of ACE2 receptors pro-
vides the mechanism for the hematogenous route of viral in-
vasion [5, 31, 33, 54]. After infecting the airways,
coronaviruses can, under certain circumstances, pass through
the epithelial barrier, gain access to the bloodstream, and then
enter the CNS by either infecting endothelial cells of the BBB
or epithelial cells of the blood-CSF barrier in the choroid
plexus. Furthermore, evidence suggests that coronaviruses
can infect leukocytes. Once activated by infection, these leu-
kocytes disseminate towards other tissues and cross the BBB
to access the CNS [53]. The infection of endothelial cells
causes rupture of the capillaries leading to ICH or hemorrhag-
ic infarction and other forms of endothelial damage as dem-
onstrated in this review [25]. However, direct evidence in
cerebral endothelial cells has not been thus far provided
[55]. Further confounding this theory is the implicated effect
of high concentrations of pro-inflammatory cytokines in the
systemic circulation of patients with severe forms of COVID-
19 which induces structural and functional alterations of the
BBB [54].

Retrograde viral dissemination, on the other hand, is a pro-
cess wherein a virus infects neurons in the periphery uses the
transport machinery within those cells to gain access to the
CNS [53]. In this sense, the virus could penetrate the CNS
through the neuroepithelium of the olfactory mucosa to reach
the olfactory bulb, gain access to the mitral cells and the ol-
factory nerve, and then spread to adjacent areas of the brain
such as the hippocampus and other brain structures [53, 54].
This route was demonstrated in mice with intracranially inoc-
ulated SARS-CoV-1 and was supported by anosmia as one of
the early symptoms in COVID-19 infection [3, 5, 54]. As
previously mentioned, ACE2 and TMPRSS2 have been de-
tected in the nasal mucosa; however, reports demonstrated
that they are rather localized to epithelial cells (sustentacular
cells) and not in the olfactory neurons [55]. Therefore, it is still
unclear whether the virus is restricted to the olfactory epithe-
lium or reaches olfactory neurons through endocytosis and
retrograde transport.

A third possible route of entry into the CNS is via the
immune cells which also serves as a reservoir [25, 55]. The
virus enters the body through the respiratory tract and first
infects the epithelial cells of the trachea and bronchi and the
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alveolar cells of the lung, subsequently infecting the resident
immune cells which transport the virus to other organs, includ-
ing the brain [25]. However, conclusive evidence of SARS-
CoV-2 infectivity in immune cells has not been provided at
this point.

Finally, as in the case of other respiratory viruses with
neurotropic potential as in the case of the influenza A virus,
SARS-CoV-2 could gain entry to the CNS by means of the
vagus nerve through its terminals located along the respiratory
and gastrointestinal tract. These sites have high expression of
ACE2 and enriched ACE2+TMPRSS2+enteric neurons.
From this vantage point, the virus could gain entry to the brain
stem, taking advantage of the polarization of neurons and the
machinery responsible for retrograde neuronal communica-
tion, or through endocytosis and clathrin-mediated exocytosis
[54].

Our main limitation in this study was the descriptive nature
of the review. The literature search method may have also
limited the number of outcomes from failure of inclusion of
non-indexed papers which could have contributed to the data.
Second, the lack of age- and sex-matched controls in the cases

Neuronal retrograde transport
through the olfactory epithelium
via the olfactory bulb

Neuronal retrograde transport
from the respiratory epithelium
via the vagus nerve

Fig. 3 Possible mechanisms underlying SARS-CoV-2-mediated neuro-
logical injury. SARS-CoV-2 can possibly gain access to the brain follow-
ing three routes. (A) The virus could penetrate the CNS through the
neuroepithelium of the olfactory mucosa to reach the olfactory bulb, gain
access to the mitral cells and the olfactory nerve, and then spread to
adjacent areas of the brain such as the hippocampus and other brain

presented in the articles included in the synthesis which could
have better delineate the differences in the gross and histo-
pathologic studies of the brain in these two arms.
Furthermore, some of the articles included in the synthesis
failed to provide the neurologic signs and symptoms of the
patients which is important in the interpretation of findings as
to the nature of the neurologic involvement. Lastly, certain
external factors like sample preservation and the different pro-
tocols used in the autopsy could have affected the condition of
the specimens.

Conclusion

Our understanding of the neuropathology of SARS-CoV-2
infection continues to evolve. In this review, we described
the varying neuropathologic findings seen in COVID-19-
infected patients. The pathologic changes observed in the
brain likely represent the direct cytopathic effects mediated
by SARS-CoV-2 infection and the indirect effects secondary
to host-specific inflammatory response induced by the viral

Hematogenous spread,
endothelial and pericyte injury, and
disruption of the blood-brain barrier

o

Neuronal retrograde transport
from the gastric epithelium
via the vagus nerve

structures through retrograde viral transmission. (B and C) SARS-CoV-
2 could also gain entry to the CNS by means of the vagus nerve through
its terminals located along the respiratory and gastrointestinal tract. (D)
Breach in the BBB where there is high expression of ACE2 receptors
provides the mechanism for the hematogenous route of viral invasion
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infection. Further studies are needed to better elucidate the
pathologic mechanism resulting in the neurologic involve-
ment in patients with COVID-19 infection.
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