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Review Article
Hypercoagulability of COVID-19 and Neurological
Complications: A Review
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The SARS-CoV-2 virus, which causes Coronavirus disease 2019 (COVID-19), has
resulted in millions of worldwide deaths. When the SARS-CoV-2 virus emerged
from Wuhan, China in December 2019, reports of patients with COVID-19 revealed
that hospitalized patients had acute changes in mental status, cognition, and enceph-
alopathy. Neurologic complications can be a consequence from overall severity of the
systemic infection, direct viral invasion of the SARS-CoV-2 virus in the central ner-
vous system, and possible immune mediated mechanisms. We will examine the land-
scape regarding this topic in this review in addition to current understandings of
COVID-19 and hemostasis, treatment, and prevention, as well as vaccination.
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Overview of hemostasis

Human blood vessel structure is divided into three ana-
tomical tunicae: intima, media, adventitia. In most vessels,
the intima consists of the endothelium, basal lamina, and
a cell free subendothelial space. Endothelial cells play a
pivotal role in hemostasis by promoting thrombus forma-
tion while also simultaneously producing thrombolytic
factors.1 The endothelium provides a structural barrier
between the circulation and surrounding tissue and
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regulates vascular hemodynamics by releasing both vaso-
dilators [nitric oxide (NO) and prostacyclin (PGI2)] and
vasoconstrictors [endothelin (ET) and platelet-activating
factor (PAF)]. The endothelium also serves to facilitate
blood flow by inhibiting platelet adhesion and clotting.2

Hemostasis is a normal physiologic process by which the
body forms an initial platelet plug at the site of vessel injury
through complex interactions between the vessel wall, plate-
lets, and adhesive proteins. It is a rapid, localized, and care-
fully regulated response to limit blood loss following
vascular injury.3 As described in Fig. 1 the initiation and
amplification of the coagulation cascade is a complex and
detailed process.4 The endothelial cells lining the vascular
wall serve as an antithrombotic barrier with negatively
charged glycosaminoglycans, coagulation inhibitors, and acti-
vators of fibrinolysis. Thrombogenic proteins such as colla-
gen, Von Willebrand factor, and thrombospondin, which are
involved in platelet adhesion, are subsequently locatedwithin
the subendothelial layer. This delicate balance between
thrombogenic and anti-thrombogenic factors disrupts as
endothelial injury, exposing subendothelial elements such as
collagen, recruiting circulating platelets to the site of injury.
Simultaneously, tissue factor initiates blood coagulation by
generating thrombin and fibrin. Both processes lead to plate-
let adherence, activation, and secretion. Thrombosis, due to
excessive quantities of thrombin formation, can occur when
, 2022: 106163 1
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Fig. 1. Initiation and amplification of the coagulation cascade. Initiation (right): upon endothelial damage, subendothelial tissue factor (TF) is exposed to
the bloodstreamand binds factor VII, which is activated to factor VIIa. The TF:VIIa complex enables subsequent activation of factor X. Activated factor Xa inter-
acts with factor Va to form the “prothrombinase” complex on the surface of TF bearing cells and converts prothrombin into thrombin. Amplification (right): small
amounts of thrombin activate platelets via protease-activated receptors (PARs) and will activate the factor XIa-IXa feedback loop on the surface
(PS = phosphatidylserine) of adherent/aggregated platelets. Factor IXa with factor VIIIa forms the “tenase” complex which will then activate additional factor X.
Simultaneously, the trace amounts of thrombin will activate factors Xia, VIII(cofactor to factor IX) and V (cofactor to factor X), which dramatically enhances the
catalytic activity of factors IX and X. Finally, thrombin (factor IIa) activation leads to fibrin formation within the hemostatic plug which can further be stabilized
by thrombin activated factor XIII (not shown). In parallel, local polyphosphate (polyP) release by activated platelets stimulates the contact pathway of coagulation
by activation of factor XII. Fig. reproduced with permission from Gaertner, F. and Massberg, S. Blood coagulation in immunothrombosis-At the front-
line of intravascular immunity. Semin Immunol. 2016.
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pathologic processes overwhelm the regulatory mechanisms
of hemostasis.5,6 Table 1 describes selected thrombogenic and
anti-thrombogenic components that occur naturally in the
body.5 Under normal physiologic conditions, the coagulation
process is naturally inhibited, but this delicate equilibrium
can become interrupted, leading to thrombus formation and
propagation when procoagulant activity is increased or
antithrombotic activity is decreased.5
Inflammatory response and cytokine storm

The ability for viral infections to trigger massive cyto-
kine responses, leading to dysregulation of the immune
Table 1. Thrombogenic and anti-throm

Site Thrombogenic

Vessel wall Subendothelium

Tissue Factor

Collagen

Circulating elements Platelets

Platelet activating

Clotting factor

Prothrombin

Fibrinogen

Von Willebrand Fa

*Adapted from Palta et al Indian J Anaesth. 2014;58(5):515-523.
system is not a new phenomenon. Experiences with Influ-
enza H1N1 and SARS-CoV-1 revealed that the surge of
cytokines that are released in response to these infections
cause endothelial damage and alteration of microvascular
permeability; this results in systemic coagulopathy and
multi-organ failure.7 There have been three highly patho-
genic strains of human coronavirus (CoV) that have been
identified (SARS-CoV, MERS-CoV, and SARS-CoV-2),
each very similar in their genome composition, transmis-
sion, and clinical manifestations.8 Cytokine release syn-
drome (CRS), or cytokine storm, is an acute systemic
inflammatory response that ensure due to a variety of
bogenic components in the body.

Antithrombogenic

Endothelium

Heparin

Thrombomodulin

Tissue plasminogen activator

Antithrombin

factor Protein C and S

Plasminogen

ctor



Table 2. Major types and actions of cytokines.

Structural group

of cytokines

Role Comments

Interferons Regulation of innate immunity, activa-

tion of antiviral properties, anti-pro-

liferative effects

–20 known interferons
– Produced by many cells in response to infection

– Type I: INFα, INFβ,
– Type II: INFγ

Interleukins (IL) Growth and differentiation of

leukocytes

–35 known interleukins (IL 1- IL 35)

– Produced by leukocytes to act on other leukocytes
– Pro-inflammatory: IL-1α, IL-1β, IL-6, IL-8 (IL-6 is a
key mediator of cytokine storm)

– Anti Inflammatory: IL-4, IL-10, IL-13

Chemokines Control of chemotaxis, leukocyte

recruitment; many are

proinflammatory

Tumor necrosis factor (TNF) Proinflammatory, activates cytotoxic T

lymphocytes, Immune cell activation,

differentiation, growth, and cell death

–19 known Tumor necrosis factors

– Produced by mast cells, macrophages, and T cells

– TNFα- major pro-inflammatory cytokines; involved in

potent activation of cytotoxic T cells during infection

and inflammation; prominent role in cytokine storm

Colony-stimulating factors Stimulation of hematopoietic progeni-

tor cell proliferation and

differentiation

- M-CSF: Monocyte Colony-stimulating factor

- GM-CSF: Granulocyte Macrophage Colony-stimulat-

ing factor (growth/differentiation of dendritic cells)

- G-CSF: Granulocyte Colony-stimulating factor

(growth/differentiation of neutrophils)

*Adapted from Tisonick et al, Microbiol Mol Biol Rev. 2012;76(1):16-32.
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factors such as immunomodulatory drugs, haploidentical
donor stem cell transplantation, and graft-versus-host dis-
ease. Clinically, fever, multiple organ dysfunction and a
CRS-like syndrome characterize CRS that may develop
due to a severe viral infection, including COVID-19.9

Cytokines are a diverse group of small proteins secreted
by cells for the purpose of intercellular signaling and com-
munication, leading to control of cell proliferation and dif-
ferentiation, regulation of angiogenesis, and immune and
inflammatory responses.10 Major cytokines associated
with cytokine storm include interferons, interleukins, che-
mokines, colony-stimulating factors, and tumor necrosis
factor (Table 2). Inflammation associated with a cytokine
storm begins locally with increased blood flow to enable
vascular leukocytes and plasma proteins to reach extra-
vascular sites of injury and then spreads throughout the
body. These responses can cause tissue damage to the site
of local response as tissue edema can subsequently
increase extravascular pressures resulting in reduction in
tissue perfusion. Anti-inflammatory cytokines aid in tis-
sue and organ function restoration; however, severe
inflammation damage can heal with fibrosis resulting in
persistent organ damage or dysfunction.10

The clinical presentation of cytokine storm can vary
from mild flu-like symptoms, such as fever, fatigue, head-
ache, rash, arthralgia, and myalgia, to a severe life-threat-
ening systemic response. A severe inflammatory response
may cause hypotension, shock, disseminated
intravascular coagulation (DIC), coagulopathy, and
multi-organ system failure, including neurotoxicity. Labo-
ratory abnormalities may include low blood counts, ele-
vated serum creatinine, transaminitis, and elevated C-
reactive protein (CRP), and coagulation abnormalities.11

The pathophysiology of CRS and cytokine storm is
incompletely understood. Recent reports have described
the interplay between the overproduction of early
response pro-inflammatory cytokines causing coagulop-
athy in patients diagnosed with COVID-19.12 One study
described initial coagulopathy with prominent elevation
of D-dimer and fibrinogen-degradation products in asso-
ciation with COVID-19.13 Furthermore, upon infection by
SARS-CoV-2, there is subsequent monocyte, macrophage
and dendritic cell activation and release of IL-6 that
results in increased systemic cytokine production as
described in Fig. 2. IL-6 also drives up serum CRP levels,
leading to a prominent pro-inflammatory process with
downstream signaling contributing to CRS.14

Finally, an early retrospective study from Wuhan ana-
lyzed patients with confirmed severe COVID-19 pneumonia
baseline coagulation parameters during hospitalization.15

They found that non-survivors had significantly higher D-
dimer and fibrin degradation product (FDP) levels, pro-
longed prothrombin time (PT) compared to survivors on
admission, and fibrinogen and anti-thrombin (AT) levels
were also significantly lower in non-survivors when com-
pared to survivors. Development of DIC was associated



Fig. 2. Pathways leading to cytokine release syndrome. Fig. reproduced with permission from Moore, J. and June, C., 2020. Cytokine Release Syndrome
In Severe COVID-19.
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with a poor prognosis as 71.4% of non-survivors and 0.6%
survivors met the criteria of DIC during their hospital stay.
Overview of thrombosis

In normal physiologic conditions, the endothelium
serves to protect against intravascular thrombosis. Sepsis
is a well-established cause of DIC and can result in activa-
tion of intravascular coagulation. Fibrin deposition leads
to platelet and coagulation factor consumption and fibri-
nolysis resulting in impaired coagulation and bleeding
complications. Additionally, monocytes and endothelial
cell activation causes cytokine release following vascular
injury with expression of tissue factor and secretion of
von Willebrand factor and thus initiating the extrinsic
pathway of coagulation.16

This circulation of free thrombin, uncontrolled from all
physiologic inhibitors, is then able to convert fibrinogen
into fibrin, activate platelets, as well as activate factors V,
VIII, and XIII.16 In a feedback loop, thrombin complexes
with thrombomodulin to form a thrombin:thrombomodu-
lin complex, activating protein C (with cofactor protein S),
irreversibly inactivating Factor Va and Factor VIIIa, which
serve as highly procoagulant cofactors in the generation of
thrombin. The fibrinolytic system is also activated via
endothelial release of tissue plasminogen activator (tPA)
via catalyzing the conversion of plasminogen to plasmin.
Plasmin is then free to degrade factors V, VIII, XIII, devel-
oping fibrin clots, and fibrinogen, thus generating fibrin

https://en.wikipedia.org/wiki/Plasminogen
https://en.wikipedia.org/wiki/Plasmin


Fig. 3. Frequency of venous thromboembolic complications in COVID 19 patients. Reproduced with permission from Al-Ani F, Chehade S, Lazo-
Langner A. Thromb Res. 2020;192:152-160.
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degradation products (FDPs). The simultaneous activa-
tion of these multiple pathways allows for both bleeding
and thrombosis, particularly in the microcirculation. Inap-
propriate deposition of fibrin and platelets in the microcir-
culation may cause organ ischemia.
Thrombosis is associated with poorer patient outcomes

and can be a frequent complication of infection. Infection-
associated thrombosis may produce a stronger inflamma-
tion-mediated component caused by the presence of the
bacterial or viral pathogen when compared to other etiol-
ogies of thrombosis, which then triggers activation of pla-
telets and damage to the endothelium.17 The risk of
thrombosis increases between 2-20 times with a systemic
or localized infection with infection being an independent
risk factor for thromboembolic diseases such as deep vein
thrombosis (DVT) and pulmonary embolism (PE) as well
as cardiovascular and cerebrovascular events.18,19 A
review by Al-Ani et al. described the frequency of venous
thromboembolic complications in COVID-19 patients as
early data demonstrated the possibility of increased inci-
dence of venous thrombosis, particularly in those who
were critically ill (Fig. 3).20 The frequency of DVT and PE
was significantly higher in severely ill patients admitted
to the intensive care unit (ICU), compared to patients
admitted to the general floor, despite the use of prophy-
lactic anticoagulation (either at standard or higher doses).
This review also explored cerebrovascular disease in
patients with COVID-19 who presented with acute
ischemic stroke and identified a reported overall fre-
quency of stroke in approximately 3% of patients. Oxley
et al. reported five cases in New York City hospitals of
new-onset large-vessel ischemic stroke in patients youn-
ger than 50 years old and all five patients were subse-
quently diagnosed with SARS-CoV-2 infection.21
SARS-CoV-2 pathogenesis in the nervous system

Neurologic complications resulting from COVID-19 are
recognized and the pathogenesis is multifaceted. Animal
models of severe acute respiratory syndrome (SARS) and
Middle East respiratory syndrome (MERS) have demon-
strated how coronaviruses can have direct effects on vari-
ous cell receptors leading to hyperinflammation or CRS
that causes edema and tissue hypoxia to produce a pro-
thrombotic state as discussed previously. Furthermore,
data suggests that SARS-CoV-2 has an ability to migrate
through axonal and trans-neural transport, as well as
migration from lungs to the circulatory system.22,23

The spike (S) protein on the viral surface mediates infec-
tion by SARS-CoV-2. When the S protein attaches to its
receptor, the angiotensin-converting enzyme 2 (ACE2), S
protein-ACE2 receptor complex is endocytosed into the
cell where fusion of viral membranes and host mem-
branes occur in the endosomal compartment.24 ACE2
receptors commonly found on lung endothelium, reflect
common respiratory symptoms reported by those infected
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by coronavirus. However, ACE2 receptors are also pres-
ent in the kidney, liver, small intestine, heart, blood ves-
sels, as well as in the brain endothelium as a potential
infectious access to the circulatory and nervous system.25

The ubiquity of the ACE2 receptor can help explain the
profound systemic inflammation and multi-organ failure
seen in severe cases of COVID-19.
Fusion of the viral envelope to the host membrane can

then generate a massive inflammatory response with release
of cytokines including IL-6, IL-12, IL-15, and tumor necrosis
factor alpha (TNF-a) as described previously. The inflamma-
tory process can generate lung alveolar damage, which can
result in severe hypoxia and further cause cerebral vasodila-
tion, cerebral edema, and ischemia contributing to the wide
variety of neurologic symptoms noted in patients presenting
with COVID-19. Additionally, as ACE2 receptor complexes
are endocytosed, this causes a downregulation of ACE2
receptors, leading to uninhibited ACE1 receptor function
resulting in downstream vasoconstriction, salt retention,
worsening hypertension that further potentiated cardiovas-
cular risk in patients with pre-existing risk factors. Early in
2020, the use of ACE inhibitors or angiotensin receptor
blockers in patients with cardiovascular risk factors did
show improvements in all-cause mortality and that patients
should continue ACE inhibitor or angiotensin II receptor
blocker therapy if diagnosed with COVID-19.26

Mao et al. published a small case series that showed signifi-
cant neurologic complications in 36.4% of 21 hospitalized
patients in Wuhan, China with COVID-19.27 In this study,
common neurologic complications included headache, dizzi-
ness, impaired consciousness, ataxia, acute cerebrovascular
disease, epilepsy, hypogeusia, hyposmia, hypopsia, neuralgia
and myalgias. Severe cases of COVID-19 were associated
with increased risk of neurologic complications.27�29 Finally,
due to prevalence of anosmia and hypogeusia, it is postulated
that SARS-CoV-2 may enter the nervous system through the
olfactory nerves in the cribiform plate, as has been previously
demonstrated in animal models for SARS-CoV and MERS-
CoV. Previous experiments utilized transgenic mice overex-
pressing the human ACE2 receptor and upon exposure to
intranasal SARS-CoV, they developed severe respiratory fail-
ure. Following infection of olfactory bulb, these mice devel-
oped rapid infection through transneuronal process causing
infection or death of neurons, notably those in the medullary
cardiorespiratory centers even in the absence of encephalitis.30

This phenomenon seen in animal models could explain the
asymptomatic severe hypoxemic respiratory failure seen in
severe COVID-19 cases with severely low oxygen levels in
patients presenting with minimal symptoms.31
Pre-existing neurologic conditions and SARS-
CoV-2

The prevailing theory for the development of multi-
organ failure in COVID-19 begins with profound systemic
inflammation. Patients with pre-existing neurologic
conditions or receiving chronic immunosuppression due
to neurologic conditions may present with more severe
COVID-19 symptoms but overall survival is similar to the
general population. Gao et al. performed a meta-analysis
of studies evaluating immunosuppressed patients
(N = 4,007) and showed a 3.25-fold increased risk of
severe COVID-19 disease in immunosuppressed patients
though a statistical difference was not reached.32 Patients
with immunodeficiency (N=3,231) had 1.55-fold increased
risk of severe disease though not statistically significant
and no correlation was found between immunodeficiency
and risk of death in COVID-19 patients. Therefore,
patients that are immunosuppressed can be more likely to
develop severe COVID-19 disease, but they do not appear
to have a worse mortality according to this study. The
upcoming sections will review selected COVID-19 cases
in patients with pre-existing neurological conditions.

Multiple cclerosis (MS)

There have been several studies addressing COVID-
19 in the MS patient population. Sormani et al. pre-
sented preliminary results with 232 patients from 38
MS centers in Italy.33 Fifty-seven patients had labora-
tory confirmed COVID-19, 175 had suspected COVID-
19 symptoms without a positive test. Ninety-six per-
cent of patients (N=169) were classified with mild
COVID-19 while 5% (N=6) were classified as severe or
critical. Safavi et al. reported a cross-sectional survey
of 712 patients with relapsing-remitting MS from a ter-
tiary care center in Iran and 34 patients met criteria for
a COVID-19 suspect group (ever and cough or fever
and shortness of breath, or a presumptive diagnosis
based on suggestive chest computed tomography).34

Thirty-two of the 34 COVID-19 suspect patients were
receiving a disease modifying treatment: rituximab
(N=21, 61.8%), fingolimod (N=5, 14.73%), interferons
(B=3, 8.8%), dimethyl fumarate (N=2, 5.9%), or teriflu-
nomide (N=1, 2.9%),. The authors found no statistical
difference in rates of SARS-CoV-2 infection amongst
the groups but commented that there may be a higher
risk of infection seen in patients receiving B-cell
depleting antibodies.
Parkinson's disease (PD)

Observational studies from the TriNetX COVID-19
research network of more than fifty million patients, of
which about 80,000 positive for SARS-CoV-2, 694
patients also had Parkinson’s Disease.35 Case fatality
rates were calculated and the PD patients had a21.3%
mortality rate (p<0.001. Additionally, higher fatality
rates were seen in men vs women, blacks vs whites, and
elderly vs younger patients, a similar trend seen in
other observational studies.
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SARS-CoV-2 and central nervous system
(CNS) complications

There are several known CNS complications reported
with COVID-19. Alteration of consciousness is often a pre-
senting symptom of COVID-19 that can be a direct result
due to cerebral edema or ischemia, toxic encephalopathy,
or a consequence of hyper-inflammation. Patients with
altered consciousness have a more severe COVID-19 dis-
ease course; early studies demonstrated altered conscious-
ness was associated with 14.8% of patients suffered severe
disease as compared to 2.4% in non-severe patient cases.27

A study done by Chen et al. noted changes in conscious-
ness occurred as the initial presenting symptom in 22% of
fatal COVID-19 cases in Wuhan as compared to 1% of
non-fatal cases.36 Later retrospective studies from the US
highlight variability of neurologic presentations. Pinna et
al. described 50 patients admitted to a neurology service
out of 650 hospitalized patients with COVID-19 and esti-
mated a 7.7% prevalence of neurologic manifestations.
Notably, this population was more ethnically diverse and
characterized a higher cerebrovascular incidence than the
previous studies in Wuhan, China.28 Furthermore,
another larger retrospective US study by Liotta et al.
examined 509 patients, with 134 (26.3%) having severe
disease requiring mechanical ventilation.29 Results con-
firmed similar distribution of symptoms, with neurologic
symptoms on presentation found in 215 (42.2%) patients,
during hospitalization in 319 (62.7%) patients, and at any
time course of disease in 419 (82.3%) patients. Develop-
ment of neurologic symptoms was associated with
increased severity of COVID-19 and younger age. Change
in mental status was an independent risk factor for 30 day
mortality (OR 0.22; 95% CI 0.11-0.42; P= <0.001).

Hypogeusia and hyposmia

Patients frequently report hypogeusia (alteration of
taste) and hyposmia (alteration of smell) when initially
diagnosed with COVID-19.37 Mao et al. described a 214-
patient cohort from Wuhan, China with COVID-19 pneu-
monia and hypogeusia was reported in 5.6% of patients
and hyposmia noted in 5.1% on presentation.27 A Euro-
pean study by Lechien et al. examined 417 COVID-19
patients and showed that 85.6% described dysfunctions in
smell and 88% with dysfunctions in taste on presentation.
In 11.8% of cases, hypogeusia and hyposmia where their
first presenting symptoms of COVID-19. Early olfactory
recovery was seen in 44% and these findings were inde-
pendent of sinus congestion or obstruction.37
Acute cerebrovascular disease

Initial studies in COVID-19 began to illustrate the
potential for increased stroke incidence and several coun-
tries issued guidelines underscoring the importance for
early recognition and treatment. Ischemic strokes are
more common than hemorrhagic strokes in the setting of
COVID-19. Several risk factors have been identified from
retrospective studies: coagulopathy, thrombocytopenia,
and arterial hypertension.38 Known risk factors for ische-
mic stroke include hypertension, diabetes mellitus, hyper-
lipidemia, and smoking status.
Several Chinese case series list incidences of acute cere-

brovascular disease around 2-11% in COVID-19 patients.
Mao et al. reviewed 214 patients, of whom six had acute
cerebrovascular disease (2.4%) with correlation toward
older age and pre-existing cardiovascular risks such as
hypertension.27 Li et al. assessed 221 patients and showed
a 5% incidence of ischemic stroke with risk factors of older
age (mean age 71 vs 52), female sex, and vascular risk fac-
tors including hypertension, diabetes, and prior cerebro-
vascular disease.31 Stroke patients also had higher CRP
(mean 51 mg/L), higher D-dimer (mean 6.9 mg/L) and
low white blood cell count than non-stroke patients,
which reflects the procoagulant state caused by COVID-
19. Five patients died following stroke diagnosis which
led to a 38% overall mortality. Aggarawal et al. performed
a metanalysis of six Chinese studies and showed the inci-
dence of acute cerebrovascular disease to be 1-6% and
there was a non-statistically significant 2.5-fold increase
risk of developing severe COVID-19 in those with stroke
than those without.39

Oxley et al. described five case reports of severe stroke
(mean NIHSS = 17) with large vessel obstruction (LVO) in
patients under fifty years old in New York City hospitals.
All these patients initially presented with stroke as their
presenting symptom for COVID-19.21 Increase in diagno-
sis of large vessel disease was confirmed in a prospective
cohort analysis of 328 patients in a comprehensive stroke
center in New Jersey; the authors noted that while inci-
dence of stroke decreased, disease severity at presentation
increased.40 This cohort had a median age of 69 with 136
females (42%), 53 patients (16% of cohort) presented dur-
ing the COVID-19 period. Patients who presented shared
similar age, sex, race, vascular risk factors and stroke
severity, however new daily stroke diagnoses were lower
during the COVID-19 period than pre-COVID-19 (median
1/day vs median 2/day, p=0.04), with more patients
exhibiting cortical signs during COVID-19 than prior
(68% vs 53%, p=0.04). There was also a 59% decrease in
number of mean daily transfers from outside hospitals
(p=<0.01). Patients presented during COVID-19 had
higher prevalence of presenting with cortical signs,
largely driven by increased prevalence of LVO (OR 2.22,
95%CI 1.19-4.15, p=0.01). Notably, the total monthly cases
of large vessel occlusion remained stable even as the pro-
portion of patients with LVO grew. It is unlikely that local
incidence of stroke decreased during COVID-19 and the
authors postulated that despite decrease in incidence of
strokes diagnosed, patients with milder symptoms are
seeking medical attention in smaller amounts. Similar
findings were noted at a stroke center in Florida.41
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Frontotemporal hypoperfusion, agitation/delirium

Helms et al. studied 58 ICU patients and noted 84%
incidence of concurrent neurologic symptoms at admis-
sion. Neurologic symptoms reported included: agitation
(69%), corticospinal tract signs (67%), delirium (65%) as
assessed by Confusion Assessment Method for ICU
(CAM-ICU), and hyperthermia (temp >38.5 C) (16%).
Lumbar punctures were performed in seven patients,
none of whom had positive cerebral spinal fluid (CSF) for
SARS-CoV-2. Brain MRIs showed ischemic strokes in 3 of
13 (23%) patients with two having asymptomatic small
ischemic strokes and one with likely pre-existing subacute
stroke. Arterial spin labeling perfusion MRI showed bilat-
eral frontotemporal hypoperfusion in eleven patients.
Electroencephalography showed diffuse slowing consis-
tent with encephalopathy in one of eight patients. Thirty-
three percent of 45 survivors showed symptoms of dysex-
ecutive symptomwith alterations of attention, orientation,
and poorly organized movements on command, suggest-
ing frontal lobe involvement.42
Acute hemorrhagic necrotizing encephalopathy (AHNE)

One case report described a case of a 58-year-old
woman who presented with three days of cough, fever
and altered mental status subsequently diagnosed with
COVID-19.43 Her CSF showed no bacterial growth, and
was negative for herpes simplex 1-2 virus, varicella-zoster
virus, and West Nile virus. SARS-CoV-2 could not be
tested on CSF. Unenhanced CT of the head showed sym-
metric low attenuation within bilateral medial thalami
with normal CT angiogram and CT venogram. Brain MRI
showed hemorrhagic rim-enhancing lesions in bilateral
thalami, medial temporal lobes, and subinsular regions.
The authors concluded that the patient presented with
acute hemorrhagic necrotizing encephalopathy, generally
considered a parainfectious disease. AHNE is felt to be
caused by a “cytokine storm”with elevation of proinflam-
matory cytokines leading to brain injury through altera-
tions of the blood brain barrier by trypsin and matrix
metalloprotease-9 without vessel wall disruption.
Meningoencephalitis/seizures

Overall presentation of COVID-19 with meningitis/
seizures appears to be rare, despite the high neurotropic
potential of SARS-CoV-2. Notable in published case
reports, CSF RT-PCR was positive in very rare instances
despite clinical diagnoses of encephalitis or seizures, sug-
gesting encephalitis may be due to inflammatory injury
rather than direct viral infection. Additionally, the use of
CSF RT-PCR in diagnosis of COVID-19 has not been stud-
ied and may not be sensitive for detecting disease and fur-
ther studies are warranted in this population.44�46
SARS-CoV-2 and peripheral nervous system
(PNS) complications

Guillain-barre syndrome (GBS)

There are two published case reports of GBS in the set-
ting of COVID-19, characterized by rapid onset muscle
weakness as a result of demyelination of the PNS by the
immune system usually as a response to infection, less
commonly by surgery or vaccination. Symptoms typically
start peripherally in the feet or hands and progress to the
rest of the body in the course of hours to weeks. The first
case of GBS associated with COVID-19 was reported in a
61-year-old patient who presented with bilateral lower
extremity weakness and severe fatigue. On examination,
they had symmetric weakness and areflexia of both legs
and feet (MRC 4/5) which progressed over three days
(MRC 3/5). Lumbar puncture revealed normal values of
CSF cell counts. Nerve conduction studies showed
delayed distal latencies and absent F waves consistent
with a demyelinating neuropathy. They were treated with
intravenous immunoglobulin. On hospital day eight,
nasal swabs were positive for SARS-COV-2 suggesting a
para-infectious profile.47

Another study reported five patients with GBS from
three hospitals in Northern Italy. In general, GBS occurred
5-10 days after onset of COVID-19 symptoms, which is
the typical post-infectious timeline for GBS.48 Clinical
neurophysiology was consistent with axonal-type GBS in
three cases, demyelinating-type in two cases. Patients
were treated with IVIG, two patients received two cycles.
Similar incidence and treatments were seen in MERS out-
break in 2012.49
Miller fisher syndrome, polyneuritis cranialis

Miller Fisher syndrome is a rare, acquired nerve disor-
der considered a variant of GBS characterized by abnor-
mal gait, paralysis of eye muscles and absence of tendon
reflexes. Rare cases have been described in the context of
COVID-19. One case reported two patients from Madrid,
Spain presenting with PNS involvement.50 They described
one 50-year-old patient who initially presented with two
days of fever, vertical diplopia, perioral paresthesias,
anosmia, ageusia, unsteadiness. On examination, they
had a broad ataxic gait and global areflexia, right hyper-
tropia in all fields of gaze, severe limitation of adduction
and down-gaze movements of right eye, left eye nystag-
mus on left gaze consistent with right internuclear oph-
thalmoparesis and right fascicular oculomotor palsy. CSF
showed no cell counts, protein 80 mg/dL. CSR RT-PCR
was negative for SARs-COV-2. Anti-ganglioside antibody
GD1b-IgG and nasal SARS-CoV-2 were positive, thus, the
patient was diagnosed with Miller Fisher syndrome and
treated with IVIG. The second patient was 39 years old
with acute onset diplopia. They presented with a history
of diarrhea, fever, ageusia, fatigue and was positive for
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SARS-CoV-2 by nasal swab. Neuro-ophthalmic exam was
consistent with bilateral abducens palsy. Neurologic
examination revealed global areflexia without motor
weakness. All CSF tests were negative, including SARS-
CoV-2 PCR. CT brain was normal. The patient made a
spontaneous recovery two weeks later of the initial pre-
senting symptoms: diplopia, ageusia and areflexia. They
were diagnosed with polyneuritis cranialis or incomplete
Miller Fisher syndrome sine ataxia. Like GBS, cranial
nerve involvement appears to be para-infectious, likely
from immune mediated response to GD1B antibodies,
and have a positive response to intravenous immunoglob-
ulin.

Myelitis

There are limited available details of SARS-CoV-2 caus-
ing myelitis. One study reported a case of 66-year-old
patient with fever and fatigue for two days.51 After a high
fever (40 C) they developed acute lower extremity flaccid
paralysis along with urinary and bowel incontinence.
Physical examination revealed decreased motor strength
in bilateral upper extremities (MRC 3/5) with normal
bilateral upper extremity reflexes and bilateral flaccid
paralysis in lower extremities (MRC 0/5) with bilateral
hyporeflexia without pathologic reflexes. Sensation was
intact in upper extremities, but globally impaired in lower
extremities at the T10 level. CT brain showed basal gan-
glia and paraventricular lacunar infarcts. The authors pos-
tulated that a possible cytokine storm response to SARS-
CoV-2 was diagnosed based on high fever, leukocytosis,
elevated serum ferritin (>2000 ng/ml) and high levels of
CRP, procalcitonin, and IL-2. Muscle strength improved
with treatment in upper extremities (4/5) though minimal
improvement in lower extremities (MRC 1/5). Infectious
causes of myelitis, Mycoplasma pneumonia, chlamydia
pneumonia, EBV, influenza A/B, parainfluenza virus,
adenovirus, coxsackieviruses, cytomegalovirus, and respi-
ratory syncytial virus were ruled out. Tuberculosis infec-
tion was negative. Muscle biopsy was not performed. The
authors concluded that this myelitis was due to direct
SARS-CoV-2 involvement given presence of ACE2 recep-
tors on surface of membranes of spinal cord neurons.51

Myopathies

The diagnosis for myopathy is also rare in cases of
COVID-19, though case series in China do note a signifi-
cant incidence of myalgia's (36%) and elevated creatinine
kinase (CK) levels (33%). However, these patients did not
have full work up for myopathy with electromyography
or muscle histopathology for full diagnosis of myopathy.
There have been rare cases of rhabdomyolysis noted in
the literature.
Jin et al. reported a 60-year-old patient with COVID-19

who developed severe symptomatic rhabdomyelitis while
in the hospital. To note, admission CK levels were normal,
as was renal and hepatic function. Myoglobin was
>12000 ug/L (REF: <90 ug/L), CK was 11,842 U/L (REF:
22-198 U/L), LDH was 2,347 U/L (REF: 140-280 U/L),
alanine aminotransferase was 111 U/L (REF: 0-35 U/L)
and aspartate aminotransferase was 213 U/L (REF: 0-35
U/L). The patient was treated aggressively with intrave-
nous fluids to prevent renal failure.52

Treatments of COVID-19 related
coagulopathy and stroke

In a short period since the inception of the pandemic in
December 2019, there have also been various treatments
of said conditions, with the primary goal of such therapies
ranging from primary prevention of infection to treat-
ment, mitigation of progression to critical illness, and
treatment of the critically ill, requiring intensive care.
SARS-CoV, the virus causing SARS initially discovered in
April 2003 affected 8,100 people worldwide resulting in
approximately 775 deaths, with about 80% of the cases
occurring in China. Below current published regimens to
prevent, treat, or mitigate the morbidity and decrease the
mortality of COVID-19 will be reviewed.

Pre-exposure prophylaxis (PrEP)

Presently, no viable interventions exist to prevent infec-
tion with SARS-CoV-2; however, there are a myriad of
clinical trials in progress (Table 3). Peg-interferon
Lambda-1a is being assessed for the prevention and treat-
ment of COVID-19 infection by Johns Hopkins University
Hospital. As well, multiple other universities are assessing
the use of topical iodine intranasally as PrEP.

Post-exposure prophylaxis (PEP)

Currently there are no viable agents that have been
proven or recommended against the progression of infec-
tion after suspected or known exposure to someone
already infected with COVID-19.

Treatment of hospitalized COVID-19 patients:
pharmacology

Hydroxychloroquine and Azithromycin

The anti-malarial drug hydroxychloroquine (HCQ) was
hypothesized to help treat COVID-19. Initial data early in
the pandemic; of 3,737 patients screened, 3,119 patients
received HCQ-azithromycin (AZ), 200mg PO TID and
500mg day 1 followed by 250mg daily for 5 days, respec-
tively.53 The data published that this regimen decreased
mortality and risk of transfer to the ICU, (Hazard ratio
[HR], 0.18 0.11 to 0.27), a decreased risk of hospitalization
� 10 days (95% Confidence interval [CI], 0.38 0.27 to 0.54)
and shorted duration of viral shedding (time to negative
PCR: HR 1.29, 1.17 to 1.42). This data has been debunked
and refuted as several flaws were assessed in this



Table 3. International Society of Thrombosis and Hemostasis

(ISTH) Sepsis-Induced Coagulopathy (SIC) Scoring System.

INR ≤1.2 0

>1.2-1.4 1

>1.4 2

Platelet Count cells x109/L ≥150 0

100-150 1

<100 2

Total SOFA Score 0 0

1 1

≥2 2

*Adapted from Ding et al. Blood Coagulation & Fibrinolysis:

2018 (29) 6:551-558
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publication. In a statement from International Society of
Antimicrobial Chemotherapy (ISAC), the publication
“does not meet the Society’s expected standard, especially
relating to the lack of better explanations of the inclusion
criteria and the triage of patients to ensure patient
safety.”54 However, prior to this discovery, the FDA ini-
tially approved an emergency use authorization, which
has since been revoked as several large center studies
have found no overall benefit in the use of HCQ or the
regimen of HCQ-AZ in the treatment of COVID-19.
Current clinical trials are ongoing assess the efficacy of

HCQ in the treatment after exposure and as well the treat-
ment of symptomatic COVID-19. Currently there is no
data showing HCQ is beneficial in the treatment of
COVID-19. The National Institute of Health (NIH) con-
ducted The Outcomes Related to COVID-19 treated with
hydroxychloroquine among In-patients with symptomatic
Disease or the ORCHID study.55 The goal of the trial
included to recruit 500 patients, and at the time of its ces-
sation, the trial had recruited 470 patients, with the proto-
col of giving HCQ to patients 400mg twice a day on day
one, followed by 200mg daily on days 2-5 with a total of
five days treatment. This study was halted early when the
drug was determined to not provide any significant bene-
fit in preventing the progression of the disease in hospital-
ized patients.
Remdesivir

On October 22, 2020, the FDA approved remdesivir for
use in adult and pediatric treatment of patient’s symp-
tomatic COVID-19 requiring hospitalization. Remdesivir
was initially developed for treatment of the Ebola virus.
Remdesivir is a nucleoside analogue prodrug, developed
in the treatment of COVID-19. In October 2020, the
ACTT-1 Trial, a double-blind, randomized, placebo-con-
trolled trial of for the use of intravenous remdesivir in
adults hospitalized with COVID-19 with evidence of
lower respiratory tract involvement.56 The trial reported
on 1062 patients who were randomized, with the
treatment arm receiving remdesivir 200mg on day one,
followed by 100mg daily for nine additional days vs pla-
cebo for ten days, with a primary outcome of the study of
time to recovery, defined by discharge from the hospital
or continued hospitalization without need for supplemen-
tal oxygen or ongoing medical care. Preliminary data
showed those who received remdesivir had a median
recovery time of 11 days (95% CI, 9 to 12), as compared
with 15 days (95% CI, 13 to 19) in those who received pla-
cebo (rate ratio for recovery, 1.32; 95% CI, 1.12 to 1.55;
P<0.001).
Another study by Spinner et al. published data compar-

ing treatment of COVID-19 with remdesivir for five vs ten
days compared with standard care on clinical status on
day eleven after initiation of treatment. This was an open-
label trial in hospitalized patients across 105 hospitals in
the United States, Asia, and European hospitals being
treated for moderate COVID-19 induced pneumonia,
based in imaging showing pulmonary infiltrates and an
oxygen saturation >94%. 596 patients were assessed in
this trial, randomized in a 1:1:1 ratio to receive a 10-day
course of remdesivir (n=197), a 5-day course of remdesivir
(n=199), or standard care (n= 200), at a 100mg per day
dose for the treatment regimen. With the conclusion of
the study by day 11, patients in the 5-day remdesivir
group were noted to have statistically meaningfully
greater odds of an improved clinical status distribution
compared to the patients who received standard care
(odds ratio [OR], 1.65; 95% CI, 1.09-2.48; P = .02).57 To
date, there are still a handful of other actively recruiting
trials assessing the efficacy of remdesivir in the treatment
of COVID-19 (Table 4).

Dexamethasone

In the RECOVERY TRIAL, the low dose dexametha-
sone arm, patients received 6mg daily for ten days or until
discharged, whichever is shorter, orally and/or intrave-
nously, assessing the primary outcome of 28-day mortal-
ity.58 2,104 patients were recruited to this arm and
received dexamethasone and 4132 patients received usual
care, with data showing a lower incidence of mortality
(29.3% vs. 41.4%) in patients requiring mechanical ventila-
tion and patients requiring oxygen support without
mechanical ventilation (23.3% vs. 26.2%) thus showing
promise.

Convalescent plasma

It is hypothesized that plasma obtained from recovered
COVID-19 patients could be infused in symptomatic
COVID-19 patients requiring hospitalization through the
concept of passive antibody-based immunity. This
requires the collected plasma to contain a high number of
neutralizing antibodies and to be given upon the immedi-
ate onset of symptoms for maximum efficacy to prevent
progression of current symptoms. The FDA has
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determined that for a donor to be eligible, specific criteria
would have to be met including the following59:

i Evidence of COVID-19 documented by a laboratory
test either by:

� A diagnostic test (e.g., nasopharyngeal swab) at the
time of illness

OR
� A positive serological test for SARS-CoV-2 antibodies
after recovery, if prior diagnostic testing was not per-
formed at the time COVID-19 was suspected.

ii Complete resolution of symptoms at least 14 days
before the donation. A negative result for COVID-19
by a diagnostic test is not necessary to qualify the
donor.

iii Male donors, or female donors who have not been
pregnant, or female donors who have been tested
since their most recent pregnancy and results inter-
preted as negative for HLA antibodies.

iv SARS-CoV-2 neutralizing antibody titers, if available
v When measurement of neutralizing antibody titers is
available, neutralizing antibody titers of at least 1:160.
A titer of 1:80 may be considered acceptable if an
alternative matched unit is not available.

An open-label trial in China reported on 103 patients to
randomly receive standard treatment with or without
convalescent plasma.60 Results indicated that although
there was decreased time of viral RNA clearance at
72 hours based on nasopharyngeal swab versus standard
treatment (87% vs 38%), there was no significant differ-
ence in clinical improvement (52% versus 43%, HR for
improvement 1.4, 95% CI, 0.79 to 2.49) or mortality (16%
versus 24%, OR 0.59, 95% CI, 0.22 to 1.59) by 28 days.
According to the American Society of Hematology, the
incidence of severe adverse events upon receipt of conva-
lescent plasma is less than 1%, with the known general
risks being allergic reactions, transfusion-associated circu-
latory overload, and transfusion-associated acute lung
injury.61 Recommendations to use convalescent plasma
are left to the discretion of the treating provider; as this
treatment typically has a low incidence of complications,
the potential benefits may outweigh the risks of its use.
Finally, there are multiple international trials underway
assessing the efficacy of convalescent plasma in the treat-
ment of COVID-19 (Table 5).

Anti-inflammatory pathways therapy

Patients with COVID-19, especially those with severe
cases with multi-organ failure, have been shown to have
markedly elevated inflammatory markers (i.e., Ferritin,
D-Dimer) and pro- inflammatory cytokines (i.e., IL-1, IL-
2, IL-6), therefore it has been hypothesized that blocking
these pro- inflammatory pathways will help mitigate
progression of disease. Currently, there are multiple trials
underway to evaluate this hypothesis (Table 6).
Several studies have analyzed the benefit of blocking

the IL-6 pathway, with two humanized monoclonal anti-
bodies: Tocilizumab and Sarilumab. Tocilizumab is an
antagonist to the IL-6 receptor and Sarilumab is a direct
inhibitor of IL-6. A retrospective cohort study assessed
the benefit of tocilizumab in patients with severe COVID-
19 admitted to tertiary care centers in Italy between Feb-
ruary and April 2020.62 A total of 544 patients were
included in the study; 57 (16%) of 365 patients in the stan-
dard care group needed mechanical ventilation, com-
pared with 33 (18%) of 179 patients treated with
tocilizumab (p=0.41; 16 (18%) of 88 patients treated intra-
venously and 17 (19% of 91 patients treated subcutane-
ously). Seventy-three (20%) patients in the standard care
group died, compared with 13 (7%; p<0.0001) patients
treated with tocilizumab (6 [7%] treated intravenously
and 7 [8%] treated subcutaneously). Tocilizumab treat-
ment was associated with a reduced risk of invasive
mechanical ventilation or death (adjusted HR 0.61, 95%
CI, 0.40 to 0.92; p=0.020). Twenty-four (13%) of 179
patients treated with tocilizumab were diagnosed with
new infections, versus 14 (4%) of 365 patients treated with
standard of care alone (p<0.0001). Of note, multiple trials
have shown increased risk of secondary infections after
the use of IL-6 modulators. Lastly, conflicting data pub-
lished by Campochiaro et al. evaluated the safety and effi-
cacy of patients given tocilizumab over a 28-day period.
In this retrospective study, 65 patients were included,
with 32 patients receiving tocilizumab. Mortality was 15%
in the tocilizumab group versus 33% in standard treat-
ment group (p = 0.15); bacterial or fungal infections were
recorded in 13% of tocilizumab patients and in 12% of
standard treatment patients.63

Additionally, further investigations are studying the
effects of IL-1 blockade, a pro-inflammatory cytokine
responsible for a variety of immunological responses noted
to be elevated in COVID-19 patients. One anti-inflamma-
tory compound, anakinra, and IL-1 receptor antagonist,
currently approved for the treatment of rheumatoid arthri-
tis. One case-control study compared outcomes in 52 conse-
cutive patients with COVID-19 acute respiratory distress
syndrome (ARDS) treated with anakinra and 44 historical
controls from March 24 to April 6, 2020. Patients received
the standard dose of 100mg subcutaneously daily for
7 days. The primary outcome of ICU admission for
mechanical ventilation or death occurred among 13 case
patients (25%) and 32 control patients (73%) (HR 0.22; 95%
CI, 0.11 to 0.41). CRP levels decreased by day four among
those receiving anakinra. Thromboembolic events occurred
in ten patients (19%) who received anakinra and in five
control patients (11%).64 While this data is promising in
treatment of the CRS noted in COVID-19, more data and
studies are needed to solidify the place of anakinra in the
treatment of COVID-19.
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IL-2, a cytokine that is responsible for T-cell differentia-
tion, has also been hypothesized to be a potential target in
COVID-19 treatment. Many patients infected with
COVID-19 present with lymphopenia, often marked and
progressive in the critically ill. In a publication by Shi
et al. in June 2020, 54 patients were assessed and divided
into three groups: common, severe, and critically ill based
on their clinical condition. Each patient’s peripheral blood
mononuclear cells (PBMC) were analyzed by mass cytom-
etry and cytokine levels were quantified. Results showed
the sum of T cells, B cells, and NK cells was distinctly
diminished in critical patients versus the normal controls,
and the percentage of CD8+ T cells was also profoundly
decreased in critically ill patients compared to the com-
mon and severe patients with COVID-19 pneumonia.65

Currently, there is an active phase II study assessing low
dose IL-2 (LD-IL-2) vs placebo, with the primary objective
to investigate the therapeutic benefit of LD-IL-2 as a T-reg
inducer for controlling SARS-CoV-2-related ARDS. All
patients will receive the experimental treatment daily for
ten days after being randomized to two arms, LD-IL-2
versus placebo.66

Anticoagulation in the hospitalized COVID-
19 patient

Patients with COVID-19 can suffer from a multitude of
hematologic effects. Patients with COVID-19, especially
the critically ill with ARDS, are presumably at higher risk
when hospitalized for thrombotic complications. VTE is a
significant concern for severe COVID-19 patients due to
multiple factors: immobility, baseline hypercoagulable
state due to sepsis and the cytokine release syndrome,
and requirements of central venous catheters.
In July 2020, a retrospective multicenter study reported

the risk of ischemic stroke in patients with COVID-19
requiring emergency department visits or hospitalizations
from March 4, 2020, to May 2, 2020 versus patients with
emergency department visits or hospitalizations due to
influenza January 1, 2016, through May 31, 2018, in New
York City, New York.67 There were 1,916 COVID-19
patients analyzed in the study and 31 (1.6%; 95% CI,
1.1%-2.3%) were diagnosed with an acute ischemic stroke;
the primary reason for admission for 8 (26%) patients in
this cohort was for ischemic stroke. However, in the influ-
enza group, only 3 out of 1486 patients presenting with
confirmed influenza symptoms were diagnosed with
acute ischemic stroke (0.2%; 95% CI, 0.0%-0.6%). There-
fore, it can be hypothesized that patients with COVID-19
may be at increased risk for stroke compared to influenza.
To mitigate the risk of stroke and/or VTE in high-risk

patients (Table 3), multiple studies have been performed
to assess the efficacy of anticoagulation, prophylactic or
therapeutic, specifically in the hospitalized patient popu-
lation. In 2017, a novel scoring system to help risk stratify
patients with sepsis associated DIC labeled the Sepsis
Induced Coagulopathy Score (SIC) (Table 7).68,69 Based
on this scoring system, patients who were assessed with a
score of 0-1 had an approximate 28-day mortality risk of
0%, a score of 2 with a 20% risk, a score of 3 with a 19%
risk, a score of 4 with a 30% risk, a score of 5 with a 32%
risk, and a score of 6 with a 46% risk. This scoring system
to predict mortality risk has been validated by two other
studies.70,71

Unfractionated heparin (UFH) and its derivatives

In March 2020, Lin et al found that treatment with low
molecular weight heparin (LWMH) due to the rise in D-
Dimer and inflammatory markers at days 7-14 showed a
decrease in the mortality rate.72 The authors proposed
that high-risk patients with a D-dimer greater than four
times the upper limit of normal to recommended adminis-
tration of LWMH 100U/kg twice a day for at least 3-
5 days. The European Society of Cardiology in April 2020
published new recommended guidelines for hospitalized
COVID-19 patients and proposed a standardized anticoa-
gulation algorithm. In this publication, it was emphasized
that patients with a high thrombotic risk, defined as those
with dyspnea, respiratory rate> 24 breaths per minute,
oxygen saturation< 90%, elevated CRP, rising D-dimer
levels, and elevated fibrinogen levels, then higher level
anticoagulation is warranted. In those with high throm-
botic risk requiring ICU care, those patients are recom-
mended to be managed on a heparin drip with the PE
protocol with an aPTT goal of 60-85s, and in those
patients not requiring ICU level care however still with
high thrombotic risk or a D-dimer>3mcg/mL fibrinogen
equivalent units, it was recommended LMWH 1mg/kg
twice a day if renal function is normal. If those with a pos-
itive point of care ultrasound (POCUS), then they should
continue treatment with therapeutic anticoagulation, and
in those where the POCUS is negative, it is recommended
to de-escalate to LWMH if eligible at 40mg twice a day.73

In October 2020, the American Society of Hematology
(ASH) and the American College of Chest Physicians
(CHEST) published preliminary guidelines for clinicians
regarding COVID-19 and coagulopathy. ASH proposed
in critically ill patients and acutely ill patients, hospital-
ized for COVID-19, the committee recommended prophy-
lactic-intensity anticoagulation over intermediate-
intensity or therapeutic-intensity anticoagulation in
patients who do not have a suspected or confirmed
venous thromboembolic event.74 CHEST recommended a
in acutely ill patients, anticoagulant thromboprophylaxis
is recommended with LWMH or fondaparinux over
unfractionated heparin; the favoring of the former agents
over UFH is decrease exposure time for staff. In critically
ill patients, anticoagulant thromboprophylaxis with
LMWH or UFH are recommended over fondaparinux
and DOACs, with LMWH preferred still over UFH again
to limit exposure. However, UFH is preferred over
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fondaparinux and DOACs because in the critically ill pop-
ulation, there is a high incidence and higher risk of acute
kidney injury, hemodynamic instability, and drug-to-
drug interactions. As well, mechanical thromboprophy-
laxis is still recommended if feasible and pharmacological
thromboprophylaxis is contraindicated. CHEST however
recommends against routine screening for asymptomatic
DVTS with point of care ultrasounds, compared to The
European Society of Cardiology.75

It has been hypothesized that UFH & LMWH play a
large role inhibition of multiple factors that lead to ARDS
and hypercoagulability. Specifically, in COVID-19, these
compounds have been shown to inhibit heparinase
(HPSE), an enzyme with the ability to degrade heparin
sulfate in the endothelial glycocalyx (Fig. 4).76 During nor-
mal physiologic maintenance of the endothelium, the
endothelial glycocalyx inhibits leakage of proteins by
maintenance of a charge balance, as well as filtration via
diameter dependent exclusion. One of the most prolific
components of the glycocalyx, heparin sulfate, contributes
to the greatest extent in the charge balance of the gly-
cocalyx. HPSE is able to degrade this component;
therefore, prolonged increased activity leads to degra-
dation of the endothelial barrier, resulting in protein
and fluid leak into the interstitial spaces and increased
permeability in blood vessels, as seen with ARDS and
advanced proteinuria.77,78 It has been established that
UFH and LMWH have been proven to be effective
inhibitors of HPSE.79

Furthermore, UFH and its derivatives may possess anti-
inflammatory characteristics.80�83 As stated previously,
the endothelial glycocalyx provides a barrier to prevent
protein leakage from the vessel membrane, however, it
also moderates multiple inflammatory processes. The spe-
cific sulphation patterns of glycosaminoglycans (GAGs)
in a healthy endothelial glycocalyx weakens binding of
chemokines and leukocytes to the endothelial surface.
Nevertheless, the configuration of GAGs is altered under
the influence of inflammatory environments, which ena-
bles the binding of chemokines, selectins, and integrins
displayed on the cell surface by leukocytes. Increased
HPSE activity is implicated in the generation of a pro-
inflammatory glycocalyx. Cells that encounter HPSE also
display an amplified reaction to stimuli, such as pro-
inflammatory cytokines and chemokines. COVID-19 is
associated with the generation and release of inflamma-
tory chemokines and cytokines, which include TNF-a,
IFN-g, IL-6, and IL-8. One study by Mummery and Rider
demonstrated, using an ELISA approach, recombinant
human and murine IL-6 bind to an immobilized heparin-
bovine serum albumin complex and at certain concentra-
tion's human IL-6 can be displaced by soluble heparin.84

This mechanism supports the use of heparin-based antico-
agulation if there are no contraindications in the setting of
a COVID-19 induced CRS. Furthermore, it has been dem-
onstrated that UFH and LMWH inhibit IL-8 by
competitively binding to heparin sulfate’s cell surface
receptor leading to the conclusion that UFH and its deriv-
atives are effective in a myriad of ways in the treatment of
COVID-19 induced coagulopathy.85

Tissue plasminogen activator (tPA)

There are currently no adequate studies or data to sup-
port the use of tPA in the use of COVID-19 associated
ARDS or coagulopathy. However, there are several case
reports published. A study by Wang et al. published three
cases of patient’s with COVID-19 associated ARDS were
administered tPA. It has been hypothesized that in
COVID-19 related ARDS, especially those admitted to the
ICU, a microvascular occlusive phenomenon contributes
to their distinctive form of respiratory failure.86 Of the
three cases, all of them showed initial improvement in
their partial pressure of oxygen/FiO2 (P/F) ratio, how-
ever two of the cases showed only transient improvement
with subsequent increased requirements in oxygen sup-
port.

Direct oral anticoagulants (DOACs)

There are currently no sufficient data to support the use
of DOACs in the treatment of COVID-19 coagulopathy.
This class of drugs has been avoided thus far for the most
part because of the concern for drug-to-drug interactions,
including azoles, CYP3A4 Inhibitors, and antiplatelet
therapies. However, this does not include the use of
DOACs in the treatment of thromboses discovered during
the treatment of those hospitalized with COVID-19 or in
the outpatient setting. As with any patient on anticoagula-
tion, bleeding risk and risk of ICH should be carefully
assessed prior to implementation by the treating team.

Vaccination

The greatest hope in eradicating COVID-19, as with
many viruses since the 20th century, is to create a vaccine
that is efficacious is producing long term immunity. With
previous viral outbreaks, including SARS and MERS,
prior research helped pave the way to the production of
multiple vaccines. Tozinameran, created by BioNTech
and Pfizer, is the first vaccine approved for mass produc-
tion and distribution in the United States and Canada and
a myriad of other countries. The second approved vaccine
for distribution in the US was mRNA-1273, created by the
biotechnology company Moderna. The mechanism for
both vaccines is the same, nucleoside-modified messenger
RNA (modRNA) compound, which induces immunity to
SARS-CoV-2 by encoding a prefusion stabilized spike (S)
protein naturally present on the surface of SARS-CoV-2
particles. Three other vaccines are also approved for dis-
tribution in other countries, including China and Russia.
In China, there are two approved vaccines for emergency
use or full authorization, BBIBP-CorV and CoronaVac,



Fig. 4. Summary of the potential beneficial mechanisms of heparin/low molecular weight heparin (LMWH) underlying treatment of COVID-19
patients. 1. Reducing viral entry. Heparan sulfate, and heparin/LMWH have been shown to interact with SARS-CoV-2 spike glycoprotein. 2. Inhibition of hep-
aranase activity. Heparin/LMWH has been shown to inhibit heparanase activity, which is increased in COVID-19 and associated with disease severity. 3. Neu-
tralization of the biological effect of chemokines, and cytokines. Heparin/LMWH interact with chemokines, and cytokines, including those produced in the
‘cytokine storm’ in COVID-19. 4. Interference with leukocyte trafficking. Heparin/LMWH neutralization of chemokine, and cytokines may impact on leukocyte
recruitment and trafficking to sites of inflammation, either via neutralization of chemokine, and cytokines or through direct interaction with leukocyte cell surface
ligands, i.e. selectins, and integrins, to prevent leukocyte attachment, and extravasation. 5. Anticoagulation. Heparin/LMWH promotes anticoagulation via anti-
thrombin III binding. 6. Neutralization of extracellular cytotoxic histones. Heparin/LMWH act as a neutralizing compound for histones via ionic interactions of
the negatively charged chemical groups with the positively charged extracellular histones released during COVID-19. (B. Buijsers et al. / EBioMedicine 59
(2020) 102969, Permission obtained from original author for distribution provided original work cited.)
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produced by Sinopharm and Sinovac, respectively. The
mechanism is the same for both vaccines, via chemically
inactivated whole virus.
When comparing the vaccines by Pfizer and Moderna

to the two produced by Sinopharm and Sinovac, there are
pro and cons for both vaccines. Those produced by Pfizer
and Moderna have data thus far that have shown a very
high efficacy of greater than 90% in preventing infection.
Both are also given in two doses, with the Pfizer a second
dose is given 21 days the initial dose, whereas the Mod-
erna vaccine requires a second dose at 28 days after the
initial dose. However, the disadvantage of the Pfizer vac-
cine is the requirement of ultracold storage at 2 to 8°C (36
to 46°F) and transport, between �80 and �60°C (�112
and �76°F). This storage temperature is not feasible for
developing countries, so while the Pfizer has the highest
efficacy at greater than 95 percent, it would likely not be
able to be distributed in unindustrialized developing
countries. On August 23, 2021, the Food and Drug
Administration (FDA) officially approved the Pfizer-
BionTech vaccine for use in individuals sixteen years and
older. Of note, no major side effects have been reported in
the Pfizer or Moderna vaccines, while mild symptoms
include temporary injection site swelling and pain, fevers,
rigors, chills, fatigue, and myalgias were noted in both in
both doses, with the symptoms at greater frequency after
the second dose.
Following the development of subsequent variants,

including the highly contagious Delta variant, there was
concern whether the Pfizer and Moderna vaccines would
have the same efficacy. After multiple studies, it was
learned that most people with these two noted vaccines
had waxing passive immunity with time. With the respect
to the Pfizer vaccine, it was noted to have 79% and 83%
efficacy against preventing asymptomatic and symptom-
atic disease, respectively, from the delta variant, com-
pared to 92% efficacy in preventing asymptomatic and
symptomatic disease due to the alpha variant, along with
95% efficacy in preventing hospitalization from the alpha
variant versus 96% against the delta variant. As of August
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2021, a third booster dose of the Pfizer vaccine has been
offered in multiple countries. Israel required a third dose
within six months of the second dose to maintain the
“green pass” vaccine passport. In the United States,
booster doses have been offered, especially to those
immunocompromised, however there is still conflicting
opinion on this as there has not been any evidence to
show benefit in otherwise healthy individuals, citing
while antibody-mediated immunity may diminish over
time, cell-mediated immunity theoretically should
remain.
In reference to the Moderna vaccine, efficacy has been

noted to be as high as 90% and 94% in preventing symp-
tomatic disease and hospitalization, respectively. How-
ever, as with the Pfizer vaccine, waxing antibody-
mediated immunity was noted, and efficacy decreased to
66% against the delta variant. A booster has also been
offered in multiple countries to those immunocompro-
mised, however like the Pfizer vaccine, no sufficient data
has been produced to support widespread booster admin-
istration.
BBIBP-CorV and CoronaVac have the advantage of

practicality, as these two vaccines can be disseminated at
normal refrigeration temperatures. The technology is also
tried and true, used in many previous vaccines that have
eradicated debilitating disease (i.e., polio, measles,
mumps, rubella); inactivated virus technology has been
well studied. The efficacy of the BBIBP-CorV vaccines is
not as significant as those by Pfizer and Moderna, with
preliminary data showing 86% efficacy against COVID-19
infection, however also a 99% sero-conversion rate of neu-
tralizing antibodies, as well 100% success in preventing
moderate and severe cases of the disease. CoronaVac has
had more promising data compared to that of BBIBP-
CorV. In June 2020, Zhang et al. published data showing
seroconversion of neutralizing antibodies was seen for
109 (92%) of 118 participants in the 3 mg group, 117 (98%)
of 119 in the 6mg group, and two (3%) of 60 in the placebo
group at day 14 after the days 0 and 14 schedule, whereas
at day 28 after the days 0 and 28 schedule, seroconversion
was seen in 114 (97%) of 117 in the 3 mg group, 118
(100%) of 118 in the 6 mg group, and none (0%) of 59 in
the placebo group.87

In Russia, a vaccine produced by Gamaleya Institute
has also been developed for distribution, Gam-COVID-
Vac, which is a viral two-vector vaccine constructed from
two human adenoviruses that encode for the spike protein
of SARS-CoV-2. This vaccine uses the recombinant adeno-
virus type-26 (rAd26, component I) and adenovirus type-
5 (rAd5, Component II); the rAd26 based vaccine is
administered on the Day 1 and the rAd5 vaccine is admin-
istered on the Day 21 as a booster injection.88 The data for
this vaccine’s efficacy has been called into question, as the
phase 1 trial only included 76 participants, however in an
article published in Lancet February 2021, it was reported
to have 92% efficacy against symptomatic disease.89
Currently the phase III data has not been completely pub-
lished, therefore it has not been approved by the World
Health Organization (WHO). In December 2020, the
phase III included over 22,000 participants.90 There are
many vaccines in clinical trials and awaiting approval
(Table 8).
There have been two other viral vector vaccines derived

from human adenovirus. The Ad26.COV2.S, produced by
Janssen pharmaceuticals, and ChAdOx1 nCoV-19/
AZD1222, produced by Oxford-AstraZeneca, contain rep-
lication-incompetent adenoviral vectors, human Ad26.
COV2.S and chimpanzee ChAdOx1, respectively, that
encode the spike glycoprotein on SARS-CoV-2. The Jans-
sen vaccine has EUA approval in the United States and
has a conditional approval with the European Union.
With respect to efficacy, the Janssen vaccine, which is
given in a single dose, is noted to have 66% and 85% effi-
cacy against symptomatic disease and severe disease
requiring hospitalization. The Oxford-AstraZeneca, also
given in two doses, has been shown to have an efficacy of
81% against symptomatic disease with the alpha variant,
however decreased to 61% with the delta variant.
Vaccine-induced immune thrombotic thrombocytopenia

One major side effect has been noted with both Janssen
and Oxford-AstraZeneca vaccines.91,92 Termed vaccine-
induced immune thrombotic thrombocytopenia (VITT),
the pathophysiology parallels that of heparin-induced
thrombocytopenia (HIT), however this mechanism is
independent of heparin and heparin-related products.
VITT is caused by autoantibodies that target platelet fac-
tor 4 (PF4) attached to platelets, which bind to the FcγIIa
receptors on IgG and subsequently activate the platelets
and leading to thrombocytopenia and thromboses. It is
believed that leakage of DNA from the adenovirus
infected cells binds to platelet factor 4 (PF4) and triggers
the production of autoantibodies. Characteristics of the
VITT antibodies include IgG subclass, independent of
heparin exposure. As well, these antibodies recognize PF4
and are detectable in PF4/polyanion and PF4 enzyme-
linked immunosorbent assay (ELISA) and in functional
assays, which leads to platelet activation. The epidemiol-
ogy and possible risk factors are still being assessed; how-
ever, early data is showing most patients assessed have
been on average greater than 30 years old. In a case series
by Greinacher et al.93 Of 11 patients diagnosed with VITT,
the median age was noted to be 36 years old (range 22-49
years). Range of presentation after vaccination was 5-16
days after vaccination with the AstraZeneca vaccine in
Germany and Austria. In a series by Schultz et al.94, five
patients who presented with venous thrombosis and
thrombocytopenia 7 to 10 days after the AstraZeneca vac-
cine. The range of age of the patients were health care
workers who were 32 to 54 years of age. Presenting symp-
toms included visual changes, abdominal pain, nausea
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and vomiting, chest pain, back pain, shortness of breath
and increased oxygen requirement, leg pain and/or
extremity swelling, unexplained petechiae, bleeding, or
bruising, severe/acute headache, changes in speech,
thrombosis, and unilateral weakness. The time of presen-
tation has been identified in most cases as 5-30 days after
vaccination. The most common sites of thrombosis
included cerebral venous thrombosis (CVST), splanchnic
vein thrombosis (including mesenteric vein, portal vein,
splenic vein, hepatic vein), adrenal vein thrombosis, pul-
monary embolism, deep venous thrombosis, and acute
arterial thrombosis. Per the American Society of Hematol-
ogy, the diagnostic criteria include:95

1 COVID vaccine (Janssen or AstraZeneca only to date)
4 to 30 days previously

2 Venous or arterial thrombosis (often cerebral or
abdominal)

3 Thrombocytopenia
4 Positive PF4 HIT antibody testing via Enzyme-linked
immunosorbent assay (ELISA)

A positive PF4 Elisa is the most reliable confirmatory
test thus far. It is to be noted, per most articles published
with cases of VITT, the rapid HIT immunoassays are most
often negative, therefore should not be used in the diagno-
sis of patients suspected for VITT and no recent heparin
exposure. Currently there are no consensus guidelines in
treatment of this syndrome, as it is novel, and the inci-
dence is still being determined.96,97 Treatment recommen-
dations suggest the use of IVIG 1 g/kg daily for two days,
and non-heparin anticoagulation. Because of the
unknown effect of heparin on exacerbation of this syn-
drome and the similarity to HIT, currently the consensus
is avoidance of the use of heparin. Corticosteroids have
been administered along with IVIG in some cases, how-
ever currently there is no consensus on the need for this
concurrent therapy, standardized dosage, and whether it
adds to recover. Lastly, plasma exchange (PLEX) is con-
troversial as different expert groups have conflicting stan-
ces on its efficacy and utility. The American Society of
Hematology advises against PLEX. “The large extravascu-
lar volume of distribution of IgG antibodies, causative in
both HIT and TTS, prevents rapid or complete removal
via PE, and the concurrent bleeding complications in TTS
may make catheter placement and prolonged apheresis
challenging.” The International Society of Thrombosis and
Hemostasis (ISTH) however recommended PLEX in cases
of severe or refractory thrombocytopenia or recurrent
thrombosis.94,98

Conclusion

In this rapidly evolving setting, increasing research and
clinical discovery is being published regarding SARS-
CoV-2 and COVID-19. Potential complications of COVID-
19 are increasingly being understood including potential
ways to prevent them. The neurological complications of
COVID-19 can be minor such as losing sense of taste or
smell or fatal (acute ischemic stroke) and early recognition
of signs and symptoms in patients are essential. Many
patients who become infected with COVID-19 may have
neurologic sequelae. Acute cerebral vascular disease, spe-
cifically acute ischemic stroke, reflects this hypercoagula-
ble state which has been recognized with patients at the
largest risk having severe illness and other co-morbidities
that increase the risk of stroke. True virus encephalitis is
rare but can occur and results in altered mental status and
further testing is warranted. Furthermore, more post-
infectious causes are being recognized like potential Guil-
lain-Barr�e syndrome or acute disseminated myelitis. Fur-
ther study for potential neurologic complications in
patients in the post infectious period are warranted in this
population. Vaccines against COVID-19 have also had
complications regarding thrombosis and thrombocytope-
nia in multiple reports and we are unsure of any neuro-
logical sequelae at this time.
Supplementary materials

Supplementary material associated with this article can
be found in the online version at doi:10.1016/j.jstrokecere
brovasdis.2021.106163.
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