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Abstract
Coronavirus disease 2019 (COVID-19) is associated with a high inflammatory burden that can induce severe respiratory disease
among other complications; vascular and neurological damage has emerged as a key threat to COVID-19 patients. Risk of severe
infection and mortality increases with age, male sex, and comorbidities including cardiovascular disease, hypertension, obesity,
diabetes, and chronic pulmonary disease. We review clinical and neuroradiological findings in five patients with COVID-19 who
suffered severe neurological disease and illustrate the pathological findings in a 7-year-old boy with COVID-19-induced encepha-
lopathywhose brain tissue sample showed angiocentric mixedmononuclear inflammatory infiltrate.We summarize the structural and
functional properties of the virus including the molecular processes that govern the binding to its membrane receptors and cellular
entry. In addition, we review clinical and experimental evidence in patients and animal models that suggests coronaviruses enter into
the central nervous system (CNS), either via the olfactory bulb or through hematogenous spread. We discuss suspected pathophys-
iological mechanisms including direct cellular infection and associated recruitment of immune cells and neurovirulence, at least in
part, mediated by cytokine secretion. Moreover, contributing to the vascular and neurological injury, coagulopathic disorders play an
important pathogenic role. We survey the molecular events that contribute to the thrombotic microangiopathy. We describe the
neurological complications associated with COVID-19 with a focus on the potential mechanisms of neurovascular injury. Our thesis
is that following infection, threemain pathophysiological processes—inflammation, thrombosis, and vascular injury—are responsible
for the neurological damage and diverse pathology seen in COVID-19 patients.
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Introduction

Highly pathogenic coronavirus infections in humans include
severe acute respiratory syndrome (SARS) and Middle East
respiratory syndrome (MERS). On December 31, 2019, the
WHOCountry Office in China was first alerted about a cluster
of cases of atypical pneumonia of unknown etiology originat-
ing in Wuhan, the capital of Central China’s Hubei province.
The emerging pathogen was rapidly characterized as a novel
β-coronavirus and temporarily designated 2019-nCoV by the
WHO [1]. The International Committee on Taxonomy on
Viruses would later rename it SARS-CoV-2, given the struc-
tural similarity and sequence conservation to SARS-CoV-1,
the β-coronavirus responsible for the SARS epidemic that
occurred between 2002 and 2004 [2]. Coronavirus disease
2019 (COVID-19) caused by this novel virus would quickly
escalate into a pandemic, spreading to countries and regions in
all continents, with over 37,686,000 confirmed cases and
1,078,000 deaths worldwide, exceeding by far the total of
SARS and MERS in 2002 and 2012, respectively, and
representing the greatest medical challenge in decades.

The severity of COVID-19 correlates with the presence of
comorbidities including cardiovascular diseases, hyperten-
sion, obesity, diabetes mellitus, chronic pulmonary diseases,
and cancer. SARS-CoV-2 primarily causes a mild respiratory
tract infection, but can also progress to interstitial pneumonitis
and severe acute respiratory distress syndrome (ARDS), con-
ditions most frequently seen in older patients. However, it also
affects other organs including the liver, kidney, and heart.
Importantly, it has become evident that COVID-19 can cause
severe vascular damage and serious neurological manifesta-
tions [3, 4]. Experimental evidence in animal models shows
that coronavirus’ spread starts in the olfactory bulb and pro-
gressively invades the subcortical structures and cerebral cor-
tex [5]. Other authors theorize that coronavirus can use a he-
matogenous route to penetrate the central nervous system
(CNS) through infected dendritic or white blood cells [6].
Experimental evidence and clinical data also suggest that the
pathogenesis of neurovascular disease due to SARS-CoV-2
rests on a multifactorial process that involves primary direct
infection of the vascular or neuronal cells, with subsequent
inflammatory responses causing vasculitis, intravascular co-
agulation, and thromboembolic events, resulting in secondary
ischemic and hemorrhagic strokes. Thus, there is an urgent
need for further investigation of the mechanisms underlying
SARS-CoV-2 pathogenesis, the associated vascular and CNS
pathology, and the neurological manifestations. We review
clinical and neuroradiological findings in five COVID-19 pa-
tients with severe neurological disease and illustrate the path-
ological findings in a 7-year-old boy with COVID-19-induced
encephalopathy. We then review important structural and
functional properties of SARS-CoV-2 and of its cell surface
receptor angiotensin-converting enzyme (ACE2) and

summarize molecular mechanisms controlling the binding
and cellular entry of SARS-CoV-2. We comprehensively re-
view and illustrate SARS-CoV-2-induced vascular and neu-
rological injury and describe mechanistic considerations
linked to COVID-19 including CNS tropism. Finally, we dis-
cuss pathogenesis of COVID-19-associated cellular and mo-
lecular mechanisms and propose a novel pathophysiological
mechanism that could explain the secondary brain involve-
ment in COVID-19 patients. We intend to provide a rationale
for the development of novel preventive and therapeutic strat-
egies to improve patient outcome.

Illustrative Cases

Case 1 A 77-year-old female with a past medical history of
hypertension presented with progressive left-sided
hemiparesis for 2 days. She was afebrile but hypoxic to 89%
on room air with positive SARS-CoV-2 nasopharyngeal PCR.
Computerized tomography (CT) scan revealed a large acute
right middle cerebral artery (MCA) infarction involving the
right basal ganglia, insula, and frontal, parietal, and temporal
lobes (Fig. 1). Her hospital course was complicated by rapidly
progressive ARDS requiring mechanical ventilation, bilateral
deep vein thromboses of lower extremities, and persistent hy-
potension requiring vasopressors. Given severe diffuse irre-
versible brain damage, the family agreed to transition to com-
fort care measures and palliative extubation.

Case 2 A 62-year-old male with remote history of resected
colon cancer presented to the hospital with respiratory symp-
toms and was found to be positive for SARS-CoV-2 by naso-
pharyngeal PCR. He developed COVID-19 pneumonia and,
despite medical therapy, required intubation 4 days later. He
was placed on unfractionated heparin due to bilateral deep
vein thrombosis and elevated D-dimer levels. He developed
hypotension and acute renal failure requiring continuous renal
replacement therapy/hemodialysis. Due to persistent enceph-
alopathy over the next week, a CT scan of the head was per-
formed and showed (Fig. 2) multiple acute intraparenchymal
hemorrhages involving both cerebral hemispheres, with
marked edema, mass effect, and herniation. He developed
bilateral fixed and dilated pupils with diminished brain stem
reflexes and was unresponsive to stimulation. The patient died
on hospital day 17.

Case 3 A 72-year-old male with a past medical history of
hypertension presented with acute onset of dry cough and
dyspnea, and was found to be hypoxic to 86% on room air
with severe patchy bilateral opacities on chest x-ray and pos-
itive SARS-CoV-2 nasopharyngeal PCR. On the fifth hospital
day, he fell out of bed and was noted to have left facial droop
with left hemiparesis. Magnetic resonance imaging (MRI)
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showed acute infarction within the right MCA territory
(Fig. 3). He was administered tPA and underwent mechanical
thrombectomy. Further investigation also revealed the pres-
ence of an aortic arch thrombus.

Case 4 A 40-year-old male with a past medical history of
hypertension and type 2 diabetes mellitus presented with acute
global aphasia and right hemiparesis. CT scan showed early
ischemic changes in the left insula and frontal operculum and
hyperdensity involving the distal M1 and proximal M2 seg-
ments of the left MCA, concerning for acute thrombus (Fig.
4). Despite not having respiratory symptoms, he was swabbed
and was found to be SARS-CoV-2-positive. He underwent
mechanical thrombectomy and was discharged to rehabilita-
tion after 8 days of hospital stay.

Case 5 A previously healthy 7-year-old male, whose parents
had been sick with COVID-19 1 month prior, presented to the

emergency department with abdominal pain, vomiting, head-
ache, dizziness, and 3 days of fever. His nasopharyngeal swab
was SARS-CoV-2-positive. CT venogram of his head was
normal at that time. The following evening, he developed
worsening headache and his mental status began to fluctuate.
He then became unresponsive with left gaze deviation. Head
CT and CT angiography again showed no intracranial pathol-
ogy or thrombosis. He was loaded with levetiracetam and an
electroencephalogram (EEG) showed no epileptiform activity.
During that night, the EEG developed left frontotemporal
slowing followed by a loss of fast activity on the right with
an increase in delta waves on the left. Several hours later, the
EEG suddenly showed bilateral voltage attenuation. He devel-
oped fixed and dilated pupils, and lost his brainstem reflexes.
Head CT at that time demonstrated diffuse cerebral edema
with loss of gray-white differentiation (Fig. 5). His inflamma-
tory markers, including procalcitonin, C-reactive protein, and
D-dimer, were significantly elevated, though his white blood

Fig. 1 CT scan in a 77-year-old
COVID-19 patient. An acute in-
farct is present in the right MCA
territory
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cell count remained normal. An emergently placed intracrani-
al pressure monitor measured pressures up to 100 mmHg
which were refractory to aggressive medical therapy. Two
hours after death, a brain biopsy from the right frontal region
was obtained. Pathological evaluation showed a mixed mono-
nuclear inflammatory infiltrate in leptomeningeal space and
cortical tissue (Figs. 6 and 7). Ultrastructural analysis, PCR
testing, and specific immunohistochemistry for SARS-CoV-2
performed on the central nervous system tissue were all
negative.

Characteristics of SARS-CoV-2

SARS-CoV-2 is a newly discovered member of the broad
coronavirus family and the seventh of these viruses known
to infect humans after HCoV-229E, HCoV-NL63 (both α-
coronaviruses), and the β-coronaviruses HCoV-HKU1,
HCoV-OC43, SARS-CoV-1, and MERS-CoV. It is an
enveloped positive-sense single-stranded linear RNA virus,
and, similarly to other coronaviruses, it contains four essential
structural proteins: the Spike (S) glycoprotein, responsible for
its crown-like appearance on electron microscopy, the
Envelope (E) protein, the Membrane (M) protein, and the
Nucleocapsid (N) protein, which binds the RNA genome
(Fig. 8) [7]. SARS-CoV-2 entry into host cells is mediated
by the S glycoprotein, which is composed of two functional

subunits responsible for binding to the host cell (S1 subunit)
and fusion of the viral and host cell membranes (S2 subunit).
The S1 subunit contains the receptor-binding domain (RBD),
which determines the virus host range and cellular tropism. As
with SARS-CoV-1, the RBD of this novel coronavirus binds
to angiotensin-converting enzyme 2 (ACE2) to enter cells [7].
Membrane fusion and viral entry into the host cell are depen-
dent on host proteases including transmembrane protease ser-
ine 2 (TMPRSS2) [8]. Cathepsin L, a lysosomal protease, has
also been implicated in cell entry through endocytosis [9]. The
S glycoprotein is cleaved at the S1/S2 and at the S2’ sites,
exposing the S2 fusion peptides [8]. It is known that several
viruses including filoviruses (Marburg and Ebola), HIV, high-
ly pathogenic forms of influenza, and dengue fever must have
their envelope proteins cleaved by furin or furin-like proteases
to become fully functional. In HIV for example, furin is one of
the proteases responsible for the proteolytic cleavage of the
polyprotein precursor gp160 into gp120 and gp41 [10]. A
novel furin cleavage site at the S1/S2 boundary of SARS-
CoV-2 S glycoprotein was identified, setting it apart from
SARS-CoV-1 and other SARS-related viruses [11, 12]. This
novel polybasic cleavage site could potentially expand SARS-
CoV-2 cell and tissue tropism and enhance its transmissibility,
given the near-ubiquitous distribution of furin-like proteases
[11, 12].

Tracing the origin of this novel virus has been the subject of
intense research. Zhou et al. analyzed full-length genome

Fig. 2 CT scan in a 62-year-old COVID-19 patient. Multiple acute parenchymal hemorrhages involving both cerebral hemispheres, leading to marked
swelling, mass effect, and brain herniation
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sequences from five patients at the early stage of the outbreak
and reported that SARS-CoV-2 shares 79.6% sequence iden-
tity to SARS-CoV-1 and is very closely related to the inter-
mediate horseshoe bat (Rhinolophus affinis) RaTG13 corona-
virus, with 96.2% genomic similarity [13]. This close phylo-
genetic relationship suggests SARS-CoV-2 may have origi-
nated in bats. The Rhinolophus genus of horseshoe bats is now
recognized as a natural reservoir of SARS-related
coronaviruses, some of which have crossed the species barrier
into humans. Whereas palm civets, raccoon dogs, and drom-
edary camels have been recognized as the intermediate hosts
for zoonotic transmission of SARS and MERS respectively,
the SARS-CoV-2 intermediate host remains the subject of
debate [11, 13]. Zhang et al. reported genomic evidence of
the occurrence of a coronavirus similar to SARS-CoV-2 in
dead Malayan pangolins (Pangolin-CoV). Based on whole-
genome level comparisons, the Pangolin-CoV is the second

closest related coronavirus to SARS-CoV-2 with 91.02% ge-
nomic similarity. Interestingly, five key amino acid residues
involved in the tight interaction between RBD and ACE2 are
completely consistent between Pangolin-CoV and SARS-
CoV-2, whereas only four of them are present in RaTG13.
Neither Pangolin-CoV nor RaTG13-CoV contain the furin
cleavage site present in SARS-CoV-2 [14]. This higher se-
quence identity at a crucial segment of the genome involved
in host infection between Pangolin-CoV and SARS-CoV-2
suggests a more complex origin for the latter.

Angiotensin-Converting Enzyme 2:
a Functional Receptor for SARS-CoV-2

SARS-CoV-2, following proteolytic cleavage of its S pro-
tein by a serine protease, binds to the transmembrane

Fig. 3 MRI in a 72-year-old
COVID-19 patient. Diffusion-
weighted imaging shows a large
acute infarction in the right MCA
territory
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ACE2, a homolog of ACE [7]. ACE2 is a counter-
regulatory enzyme to the Renin-Angiotensin-Aldosterone
System (RAAS) widely distributed throughout the body.
It degrades angiotensin II to angiotensin-(1–7) and angio-
tensin I to angiotensin-(1–9), attenuating their effects on
vasoconstriction and sodium retention [15]. Following the
2002 SARS epidemic, several authors studied the expres-
sion of ACE2 in human tissues. ACE2 receptor is
expressed by type I and II pneumocytes in the epithelial
alveolar lining, and to a variable extent on a variety of
cells including arterial and venous endothelial cells, in-
cluding those in cerebral capillaries, arterial smooth mus-
cle cells, perivascular pericytes, neurons and microglia,
macrophages, and cardiomyocytes. [16, 17] Renal proxi-
mal and distal tubular cells and enterocytes of the small
intestine also express ACE2 [18, 19]. Through the use of
human small intestinal organoids, Lamers et al. recently

demonstrated that intestinal epithelium supports SARS-
CoV-2 replication [20]. This may explain the gastrointes-
tinal symptoms seen in a subset of patients with COVID-
19 [21] and the detection of viral RNA and even infec-
tious virions in stool samples and rectal swabs after naso-
pharyngeal testing has turned negative [21, 22].
Remarkably, SARS-CoV-2 binds ACE2 with higher affin-
ity (at least ten times) than SARS-CoV-1 S glycoprotein
[7]. These findings could explain, at least partially, the
higher transmissibility and infectivity of this emergent
pathogen compared to the phylogenetically related
SARS-CoV-1. One critical property of ACE2 is its
hypoxia-inducibility regulated by hypoxia-inducible fac-
tor-1 [23]. Although low levels of SARS-CoV-2 are de-
tected in post-mortem samples of the kidney, liver, heart
and brain [24], in hypoxic patients, such as those with
severe COVID-19, an enhanced ACE2 expression on

Fig. 4 CT scan in a 40-year-old
COVID-19 patient. A large acute
infarct in the left MCA territory
involves a large part of the left
cerebral hemisphere with associ-
ated swelling, mass effect, and
mild midline shift. Also noted is a
small acute infarct in the right
temporal lobe
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endothelial cells could increase the binding of SARS-
CoV-2 in remote organs such as the CNS.

Vascular Injury and Microvascular
Dysfunction

Several histological studies in COVID-19 patients reveal
marked vascular pathological changes including vascular wall
thickening, lumen occlusion, microthrombi, vascular hyper-
plasia and congestion, focal hemorrhage, edematous changes,
and accumulation of inflammatory cells with infiltration of
monocytes and lymphocytes within and around blood vessels
[25, 26]. The pathophysiological mechanisms of the damage
associated with COVID-19 are partially understood, but sev-
eral experimental and clinical observations suggest that
COVID-19 pathology is, at least in part, linked to a vascular
injury (Fig. 9). These include (i) the expression of ACE2

receptor on vascular cells including endothelial cells and
pericytes, [18, 27] (ii) the demonstration of SARS-CoV-2-
induced vascular cell infection and apoptosis, (iii) the pres-
ence of a frequent angiocentric mixed inflammatory infiltrate,
(iv) the prominence of interstitial exudates likely to be linked
to increased vascular permeability, and (v) the presence of
numerous microvascular microthrombi.

Indeed, several observations have been made confirming
the microvascular injury and dysfunction including direct en-
dothelial and pericytic viral infection. For example, the ultra-
structural detection of viral particles in endothelial cells and
associated endothelial cell apoptosis observed across vascular
beds of different organs of patients with COVID-19 [28] is
powerful evidence that the virus can infect endothelial cells
and pericytes. Some literature, however, has suggested that
these particles may have been misinterpreted as coronavirus
and instead represent the rough endoplasmic reticulum [29].
SARS-CoV-2 can directly infect engineered human blood

Fig. 5 CT scan in a 7-year-old COVID-19 patient. Non-contrast images show diffuse loss of gray-white matter differentiation and diffuse cerebral edema
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vessel organoids in vitro [30], and the occurrence of apoptosis
underscores the vascular damage and the SARS-CoV-2-
induced endotheliitis. This could explain, at least in part, the
systemic impairment of microcirculatory function in vascular
beds of organs including the lung, kidney, myocardium, and
brain seen in patients with COVID-19 [28].

Several additional mechanisms have been proposed to ex-
plain the vascular injury seen in COVID-19 patients.
Frequently cited is an exaggerated and uncontrolled inflam-
matory response resulting in a “cytokine storm” associated
with COVID-19. Immune cells release high levels of proin-
flammatory cytokines including interleukin (IL)-6, IL-7, IL-8,
IL-10, IL-17, IL-22, IL-1β, and tumor necrosis factor-α [31]
resulting in overactivation of T cells, Th17 skewing, and in-
creased cytotoxicity of CD8 T cells [25]. In addition, immune
complexes, associating an immunoglobulin and a viral anti-
gen, can lead to vasculitis activating complement and inflam-
matory cells [32]. Indeed, the fact that histopathologic alter-
ations are reduced inMERS-CoV inoculated but immunosup-
pressed rhesus macaques emphasizes the role of the deleteri-
ous immune response in coronavirus-induced diseases [33].

Further highlighting the important pathophysiological role
of vascular injury are reports of COVID-19 manifestations in

children and adolescents likely resulting from endothelial
damage and microthrombi, initially reported as “acute acro-
ischemia” of the extremities. These skin lesions usually pres-
ent as multiple, often painful, variably sized (5–15 mm in
diameter), erythematous reddish-purple irregular round le-
sions of the plantar and/or dorsal surfaces of the toes and
occasionally the hands with intense itching and burning.
These sometimes become bullous with dark crusts and can
be associated with fever, muscle pain, and headache but usu-
ally regress within days [34]. More recently, another serious
manifestation of vascular involvement is the multisystem in-
flammatory syndrome in children (MIS-C) also seen in chil-
dren and young adults [35]. This syndrome shares features
with Kawasaki disease (Fig. 10). Both acro-ischemia and
MIS-C are linked to vascular inflammation and injury, forma-
tion of microthrombi, and release of cytokines produced in
association with an excessive immune response to SARS-
CoV-2 [34].

SARS-CoV-2 induces vascular pathology because of
the persistent dysregulated inflammatory response marked
by the overproduction of proinflammatory cytokines caus-
ing vascular injury, cell death, and increased vascular per-
meability (capillary leak syndrome). A recent publication

Fig. 6 a Lymphocytes and histiocytes in the leptomeninges. b, c
Perivascular infiltrates of lymphocytes and histiocytes in the right
superior frontal cortex. d Shrunken and hyperchromatic pyramidal

neurons in an edematous neuropil (hematoxylin and eosin; original
magnification a, c, d × 400, b × 200)
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reports on the analysis of SARS-CoV-2-infected lung tis-
sue and reveals the upregulation of several angiogenic
factors [36] including some that are known to increase
vascular permeability [37]. Moreover, SARS-CoV-2 bind-
ing to the ACE2 receptor impairs ACE2 activity [8], in-
directly activating the kallikrein–bradykinin pathway and
increasing vascular permeability [38].

Coagulation Abnormalities as a Feature
of COVID-19

Another critical pathophysiological process seen in COVID-
19 is the increased incidence of thrombosis. Early in the pan-
demic, coagulation abnormalities were recognized as a prom-
inent feature in COVID-19 patients that were noted to have a

Fig. 7 a Perivascular
inflammatory infiltrates
composed partly of CD3-
immunopositive lymphocytes in
the cerebral cortex. b
Lymphocytes are also
immunopositive for CD5. c
Leptomeningeal infiltrates of
CD3-immunopositive lympho-
cytes. d Lymphocytes are also
immunopositive for CD5. e, f
Leptomeningeal infiltrate of
mostly perivascular CD163-
immunopositive histiocytes. g, h
Perivascular infiltrate of CD163-
immunopositive histiocytes and
numerous microglia in the cere-
bral cortex. (a and c CD3
immunostains, b and d CD5
immunostains, e–h CD163
immunostains; original magnifi-
cation a and h × 400; b × 800; c,
d, and f × 200; e × 40; g × 100)
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predisposition for developing thrombotic complications
[39–41]. During quiescence, the endothelium and the adjacent
pericytic cells maintain vascular integrity and function. For
example, the normal endothelium expresses several molecules
that prevent platelet aggregation and initiation of coagulation,
providing a resting-state “anticoagulant” surface. These in-
clude serine protease inhibitors anchored to glycosaminogly-
cans (GAGs) such as the tissue factor pathway inhibitor
(TFPI), which prevents the activation of Factor X by the TF-
FVIIa complex; and antithrombin (AT), which inhibits the
activated forms of several factors of the contact activation
(formerly intrinsic) pathway, predominantly Factor X and
thrombin. The endothelium also expresses thrombomodulin
(TM) and endothelial protein C receptor (EPCR), which sup-
port the generation of activated protein C by thrombin, and
secretes tissue-type plasminogen activator (tPA), which

promotes fibrinolysis [42]. Abundant experimental evidence
suggests that viral induced endothelial damage results in the
disruption of this natural antithrombotic state controlled by
several molecules and that endothelial activation in response
to inflammatory cytokines and other signals released during
cell death induces a prothrombotic transformation. Several
events contribute to this prothrombotic state: (i) production
of GAGs is downregulated, and anticoagulant proteins like
TFPI, AT, TM, and EPCR are cleaved from the endothelial
cell surface [42]; (ii) increased production of tissue factor (TF)
with thrombin generation and subsequent fibrinogen transfor-
mation into fibrin; (iii) IL-1β and TNF-α activation of endo-
thelial cells leads to P-selectin expression that causes platelet
recruitment and aggregation [38]; (iv) activation of platelets
by coagulation proteases such as thrombin; and (v) release of
preformed granules containing von Willebrand factor (vWF),

Fig. 9 Diagram summarizing the
three proposed
pathophysiological processes that
underlie the neurovascular injury
associated with COVID-19.
Three main pathophysiological
processes including infection,
inflammation, and thrombosis are
responsible for the neurovascular
injury and could separately or
together cause the pathology seen
in COVID-19 patients

Fig. 8 Diagram of the structure of
SARS-CoV-2. Similarly to other
coronaviruses, SARS-CoV-2
contains four essential structural
proteins: the Spike (S) glycopro-
tein, the Envelope (E) protein, the
Membrane (M) protein, and the
Nucleocapsid (N) protein, which
binds the single-stranded posi-
tive-sense RNA genome
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by the activated endothelium further promoting platelet aggre-
gation [42] and vascular endothelial growth factor (VEGF)
upregulation [43] that leads to TF expression by endothelial
cells [38] and increased vascular permeability [37].

It is well known that microbial penetrance into the organ-
ism initiates thrombogenesis and coagulation pathways with
fibrin deposition and platelet aggregation. This dense network
contributes to host defense by preventing spread of infectious
microorganisms in a manner similar to neutrophil extracellular
traps (NETs) and by providing anchoring sites for leukocytes,
antimicrobial proteins, and lytic enzymes [44]. The interplay
between hemostasis and innate immune responses inhibits the
spread of pathogens and provides an activation site for innate
immune cells through the formation of “immunothrombi.”
[45] This process is inherently beneficial at the local level,
but uncontrolled stimulation of the release of cytokines can
lead to dysregulation of the coagulation system, widespread
microvascular thrombosis, ischemic events, and subsequent
depletion of hemostatic factors with concomitant potential
for bleeding [46]. For example, thrombotic microvascular in-
jury, accompanied by extensive deposition of alternative and
lecithin-based complement components in the microvascula-
ture, has been reported in lung and skin samples from patients
with severe COVID-19 [32]. Increased markers of endothelial
inflammation have been reported in intensive care unit pa-
tients with COVID-19, including increased vWF activity, cir-
culating vWF antigen, and Factor VIII [47]. This could ex-
plain the post-mortem findings in some COVID-19 patients
where microvascular platelet-rich thrombotic depositions are
found in the lung [32, 48] (Fig. 11), liver (Fig. 12), and other
organs [32]. Of note, although thrombi formation is a common
feature seen in diffuse alveolar damage (DAD) regardless of
the etiology [49], severe COVID-19 likely causes a separate,
true thrombotic vasculopathy. Evidence to support this hy-
pothesis lies in the fact that the amount of platelet-rich thrombi

found in the lungs is greater than usually seen in DAD [50]
and that they can be present even in the absence of prominent
DAD pathology [32]. Furthermore, DAD alone would certain-
ly not explain the microvascular thromboses seen in distant
organs in some cases [32].

Importantly, the high incidence of venous and arterial
thromboembolism in patients with COVID-19 despite
anticoagulation therapy with low molecular weight heparin
(LMWH) [40, 47] could indicate that additional procoagulant
mechanisms are at play, specifically those that bypass Factor
Xa, the molecular target of LMWH. One of these potential
pathways lies in fibrinogen-like protein 2 (FGL2), a
prothrombinase that has been implicated in thrombotic pro-
cesses related to the innate arm of immunity, such as in acute
vascular xenograft rejection [51]. During the past SARS epi-
demic, some studies showed that SARS-CoV-1-induced tran-
scription of FGL2 [52] an observation that was debated [53].
Nevertheless, the emerging evidence that COVID-19 has im-
portant vascular and thrombotic consequences has prompted
clinical trials to evaluate different anticoagulant/
antithrombotic therapies.

Clinically, COVID-19 coagulation abnormalities include
marked elevation of D-dimer and fibrinogen levels, normal
or modestly decreased platelet count, and concurrent large-
vessel and microvascular venous and arterial thrombosis, an
unusual pattern when compared to coagulopathies seen in
other severe inflammatory disorders such as DIC, cytokine
release syndrome, macrophage activation syndrome, or cata-
strophic anti-phospholipid antibody syndrome [54].
Abnormal coagulation tests at the time of hospitalization in-
cluding longer prothrombin time (PT) and significantly ele-
vated D-dimer and fibrin degradation products (FDPs) are as-
sociated with poor prognosis and correlate with increased
mortality risk [55], suggesting a potential role for D-dimer as
a tool for risk stratification [56]. The prothrombotic state can

Fig. 10 Multisystem inflammatory syndrome in children (MIS-C). a
Superficial and deep scant perivascular inflammation (arrows) with
microthrombi in the papillary dermal capillaries (arrowheads) (features
of thrombotic microangiopathy). b The perivascular inflammatory

infiltrate (arrows) consists mostly of lymphocytes and some histiocytes
(hematoxylin and eosin; original magnification a × 100; b × 400) (cour-
tesy of Drs Michael Occidental and George Jour)
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lead to both venous and arterial thromboembolism [41, 57],
even in the absence of overt DIC [47, 58] and despite prophy-
lactic or therapeutic anticoagulation [40, 47]. Similar to other

viral infections, some authors have detected the presence of
circulating lupus anticoagulant (anti-phospholipid antibodies)
in COVID-19 patients which may contribute to the

Fig. 11 Alveolar and vascular pathology in lung. a Large-vessel throm-
bus (arrows) in lung with DAD picture with hyaline membranes (arrow-
heads). b DAD with hyaline membranes (arrowheads) and thrombosis
seen in medium- and small-sized vessels (arrows) highlighted with CD61
immunoreactive platelets (c). d Mononuclear mixed perivascular

inflammatory infiltrate composed of CD163-immunopositive macro-
phages (e) and CD3-immunopositive T lymphocytes (f). (a, b, and d
hematoxylin and eosin and c CD61, e CD163, f CD3 immunostains;
original magnification a × 40, b–f × 100)

Fig. 12 Venous thrombosis within portal space. The thrombus is seen in
the portal vein with highlighted CD61 immunoreactive platelets. The
hepatic artery (HA) is patent and the bile duct (BD) is unaffected. (a

hematoxylin and eosin and b and c CD61 immunostains, original mag-
nification a × 40, b and c × 100) (courtesy of Drs Neil Theise and
Christina Hajdu)
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prothrombotic state [47, 59]. Of note, one report describes the
association between acro-ischemia and coagulation disorders
[34].

COVID-19-Associated Neurological Injury

COVID-19-related neurological clinical manifestations are in-
creasingly recognized in the current pandemic and include head-
ache, nausea, vomiting, and confusion [4, 60]. Cerebrovascular
events including ischemic and hemorrhagic strokes and cerebral
venous thrombosis are also emerging as important complica-
tions [4, 60, 61]. Common especially in elderly COVID-19
patients [3, 60], their prevalence increases threefold in severe
cases [62]. However, It is also possible that the COVID-19
infection in neurological patients is purely coincidental and not
directly implicated in the pathogenesis of the neurological com-
plication. Also worrisome are the reports of younger COVID-19
patients presenting with large-vessel stroke [63, 64]. Both ve-
nous and arterial thromboembolic events are likely to be, at least
in part, responsible for the neurological complications seen in
COVID-19 patients. Moreover, vascular inflammation and cy-
tokines released during the acute infection can elicit activation of
cells within pre-existing atherosclerotic lesions, augmenting
thromboembolic risk and ischemic syndromes [65]. Other neu-
rological complications involving the central and peripheral ner-
vous system include epileptic seizures [66, 67], anosmia [68],
ageusia, meningoencephalitis, necrotizing hemorrhagic enceph-
alitis [68, 69], acute disseminated encephalomyelitis-like pathol-
ogy [70], and severe cases of Guillain-Barré syndrome [71]. Of
great relevance is the difficulty in clinical diagnosis of a neuro-
logical event in patients sedated for prolonged mechanical
ventilation.

Neuroimaging has demonstrated that acute ischemic and
hemorrhagic stroke with an overall incidence of 1–2% in all
hospitalized COVID-19 patients is the most common abnormal-
ity and is a strong prognostic marker of poor outcome [72].
Importantly, many of these hospitalized patients are treated with
anticoagulation due to high thrombotic risk. In one recent pub-
lication, approximately 80% of all hemorrhagic stroke patients
were shown to be on therapeutic or prophylactic anticoagulation
[61]. Leukoencephalopathy and cerebral microhemorrhages are
also seen in critically ill COVID-19 patients and are likely asso-
ciated with thrombotic microangiopathy as well as prolonged
hypoxemia [73]. Of note, MRI evaluation is more sensitive than
CT scan yield and should be preferred when possible.

Self-reported anosmia and dysgeusia by up to a third of
COVID-19 patients [74] are common features of most upper
respiratory infections. ACE2 expression has been found in
olfactory epithelial support cells, olfactory stem cells, and na-
sal respiratory epithelium, providing a possible explanation
for these symptoms as well as a SARS-CoV-2 entry route into
the brain. Indeed, studies using transgenic mice expressing

human ACE2 showed that SARS-CoV-1 has the potential to
infect the CNS, entering through the olfactory bulb and rap-
idly disseminating via transneural spread to connected areas of
the brain [75, 76]. In addition, at least two other pathogenic
pathways have also been proposed to explain the CNS entry
and neurotropic properties of this virus: (i) hematogenous
spread of SARS-CoV-2 and binding of the virus to ACE2
receptors present on cerebral endothelial cells and (ii) crossing
of SARS-CoV-2-infected activated monocytes through a per-
meable blood-brain barrier. These pathways have been ob-
served in experimental animal models of SARS and MERS,
both of which are known to occasionally cause clinically rel-
evant CNS infections, further supporting the neuroinvasive
capacity of coronaviruses [6, 77]. These animal models ad-
dress the possibility of neuroinfection by SARS-CoV-2 and
importantly provide a mechanism for its entry into the CNS.
Some have also proposed that SARS-CoV-2 may reach the
brainstem through a neural route from lung chemoreceptors,
severely affecting the cardiorespiratory center and suggesting
that the acute respiratory failure in some COVID-19 patients
may have a central origin [78]. Further stressing the
neurotropism of SARS-CoV-2, it has been shown that
SARS-CoV-2 binds the ACE2 receptor present on endothelial
cells and neurons with a higher affinity compared to SARS-
CoV-1 [79].

The pathophysiological processes responsible for the neu-
rological impact of COVID-19 are incompletely understood.
Variable direct and indirect mechanisms have been proposed.
Overall, five potentially linked mechanisms have emerged as
important pathophysiological processes causing the neurolog-
ical damage: (i) direct viral infection of vascular, neuronal,
microglial, and astrocytic cells and injury; (ii) direct viral in-
fection of circulating monocytes and macrophages; (iii) exces-
sive host immune-mediated release of proinflammatory cyto-
kines, including IL-6, TNF-α, IL-1β, and IL12 [79] and as-
sociated systemic inflammatory response syndrome causing
CNS dysfunction; (iv) microvascular damage and dysfunction
with intravascular coagulation and microthrombi; and (v) in-
creased frequency of embolic events. Thus, the varying degree
of cellular injury, host immune-mediated responses, and
thromboembolic events may explain the heterogeneity in the
neurological clinical manifestations. The relative contribution
of the direct viral infection of cellular elements of the CNS and
of the secondary processes including immune exaggerated
inflammatory-mediated injury and thromboembolic events re-
mains to be determined.

Conclusions

Although it is clear that SARS-CoV-2 primarily affects the
respiratory system, vascular and neurological injury are im-
portant components of COVID-19. Major routes of CNS
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infection include intranasal olfactory route and hematogenous
spread with vascular cell infection, subsequent inflammation,
associated cytokines release, and permeable blood-brain bar-
rier. We have reviewed clinical and neuroradiological findings
in five COVID-19 patients who suffered severe neurological
disease and illustrated the pathological findings in a 7-year-
old boy with COVID-19-induced encephalopathy whose
brain tissue sample showed angiocentric mixed mononuclear
inflammatory infiltrate. We have emphasized the extent of the
neurovascular injury and reviewed neurological complica-
tions associated with COVID-19. We summarized the key
concepts linked to the pathogenesis of the neurovascular com-
plications of COVID-19. Direct viral and immune-mediated
injury result in widespread microvascular dysfunction includ-
ing vasoconstriction, inflammation, a procoagulant state, is-
chemic and hemorrhagic damage, and edematous changes.
Our central thesis is that three major pathophysiological pro-
cesses, vascular injury, inflammation, and thrombosis, some-
times associated with embolic complications, resulting from
SARS-CoV-2 infection can explain the broad spectrum of
pathology seen in COVID-19 patients. Individual susceptibil-
ity factors that underlie the variable presentation and severity
of neurovascular disease, as well as the occurrence of serious
complications such as stroke and encephalitis seen in individ-
ual COVID-19 patients, remain unclear. Although we have
emphasized the neurovascular complications, it is now appar-
ent that COVID-19 can also affect the vasculature in several
organs, and in severe cases, this disease could be best charac-
terized as a multisystemic vascular disease [80]. Further in-
vestigations to test our proposed mechanistic models and help
develop novel preventive and therapeutic strategies to im-
prove patient outcome are needed.
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