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In December 2019, severe acute respiratory syndrome coronavirus 2 (SARS-CoV-
2) was identified as a virally transmitted disease. Three months later, SARS-CoV-2
became one of the largest pandemics in recent times, causing more than 235 million
cases globally, and accounting for at least 4.8 million deaths to date. SARS-COV-2
infection was initially classified as a respiratory tract infection, but later was recognized
as a multisystemic disease compromising gastrointestinal, hematological, cardiac, and
neurological systems. With this Review, we aim to describe the epidemiology, risk
factors, mechanisms, and management of cerebrovascular events in patients infected
with COVID-19. Neurological manifestations related to thromboembolic cerebrovascular
events in patients infected with COVID-19 have been frequent and associated with
poor prognosis in the majority of cases. A better understanding of the mechanisms
of thrombosis and etiologies of this new disease process are necessary to determine
how to prevent and treat patients to reduce their length of stay, morbidity, and mortality.
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INTRODUCTION

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) causes the infection commonly
known as COVID-19. SARS-CoV-2 virus has infected more than 235 million people globally,
causing 4.8 million deaths. The United States has had a substantial proportion of these cases,
and over 44 million cases have been reported to date (World Health Organization, 2021). The
primary symptoms of infection for COVID-19 are fever, dry cough, dyspnea, and hypoxia, with
the development of an interstitial pneumonia in more severe cases. In addition to substantial
respiratory compromise and typical viral prodrome, other organ systems have been shown to be
affected with COVID-19 infection, including involvement of cardiovascular, hematological, renal,
gastrointestinal, and neurological systems, causing symptoms of shortness of breath, fatigue, nausea
or vomiting, and diarrhea. In the most severe cases, altered mental status, chest pain, discoloration
in the lips or nail beds may also occur. One unique hematologic property affecting all of the organ
systems mentioned is the ability of the virus to cause intravascular thrombosis; this property occurs
in contradistinction from many other viral illnesses, which promote a hemophilic or hemorrhagic
state (Ahmed et al., 2020). In patients who survive acute COVID-19 infection, there is a 30% risk for
the development of Post-Acute Sequelae of COVID-19 syndrome (PASC, also called long-COVID),
which has been described to have lingering symptoms of fatigue (58%), headache (44%), attention
deficit disorder (27%), hair loss (25%), and dyspnea (24%) (Lopez-Leon et al., 2021). Furthermore,
patients previously infected with SARS-CoV-2 are 7.6 times more likely to have an ischemic
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stroke than people who developed other significant viral
infections, such as influenza (Merkler et al., 2020). Given
that both acute and chronic (PASC) infections of COVID-
19 contribute to neurological dysfunction and stroke, it is
imperative that the mechanisms of stroke risk in COVID-
19 be determined. In this Review, we examine the current
data regarding epidemiology, risk factors, mechanisms, and
management of cerebrovascular events in patients infected with
COVID-19. We specifically discuss risk factors for Virchow’s
triad of intravascular thrombosis (Figure 1), and how COVID-
19 infection satisfies all three limbs of this triad in infection-
related stroke.

EPIDEMIOLOGY

The incidence of stroke since the beginning of the COVID-
19 pandemic was initially believed to be reduced with a lower
number of admissions for acute cerebrovascular events (Markus
and Brainin, 2020). However, despite this initial observation,
others have more recently reported a significant increase in
cumulative incidence of stroke in patients with COVID-19
infection, including both intracerebral hemorrhage and ischemic
stroke (Beyrouti et al., 2020). These clinical observations led
to subsequent analyses to determine the relationships between
COVID-19 and stroke. The first report from the Multinational
COVID-19 Stroke Study Group and a recent meta-analysis on
the incidence of stroke in infected patients reported a stroke
incidence rate of 0.5–1.4%, showing that the odds of stroke
after COVID-19 infection might not be greater than in non-
infected patients (Bekelis et al., 2020; Shahjouei et al., 2020;
Yamakawa et al., 2020). A meta-analysis by Nannoni et al.
(2021) reports the incidence of acute cerebrovascular events
in patients with COVID-19 is 0.4–8.1%. Across the 108,571
COVID-19 patients and twenty-four observational cohort studies
that were evaluated in this study, from studies performed between
December 2019 and September 2020, ischemic or hemorrhagic
stroke was reported in 1,106 patients yielding on meta-
analysis an overall pooled incidence of acute cerebrovascular
disease of 1.4% (95%CI: 1.0–1.9). The incidence was higher
in Asia (3.1%; 95%CI: 1.9–5.1) than in Europe (1.2%, 0.7–
1.9) and North America (1.1%; 95%CI: 0.8–1.4). Whether
this difference in stroke incidence was related to genetic,
environmental, or other causes is unknown and currently
under investigation.

Comorbidities may play a significant role in the development
of stroke in COVID-19 infection; for example, strokes in patients
with COVID-19 may be due to usual known causes such as
atherosclerosis, hypertension, and atrial fibrillation (Wang Z.
et al., 2020). In reported cases of stroke among COVID-19
infected patients, acute ischemic stroke was more frequent than
the hemorrhagic stroke (87.4% vs. 11.6%) (Nannoni et al., 2021).
Ischemic events showed large vessel occlusion in 79.6% of cases,
and involvement of multiple vascular territories was found in
42.5% of cases (Markus and Brainin, 2020). Dhamoon et al.
(2021), in a multicenter retrospective observational study, found
that 38% of patients admitted with stroke were COVID-19

positive, and these patients had a more severe stroke (mean
National Institute of Health Stroke Scale of 15.5 vs. 9.6 among
those without COVID-19). Additionally, strokes were more likely
to be cryptogenic when compared with COVID-19 negative
patients (51.8 vs. 22.3%, p < 0.001). These results suggest that
the possible origin of stroke is not associated with large artery
occlusion, cardioembolic, or small vessel occlusion, which are
traditional cardiovascular stroke risk factors. Additionally, only
28.9% of ischemic strokes were proven cardioembolic in COVID-
19 infected patients, that was more common the cause in ischemic
stroke in COVID-19 negative patients with 42.2% (Dhamoon
et al., 2021). Also, they described the anatomical location of the
ischemic stroke was more likely to be lobar and related with
large vessel territories (non-lobar areas: basal ganglia, internal or
external capsule, thalamus, cerebellum, or brainstem).

Similar results were found in one of the largest studies
from New York City during the peak of the pandemic (Yaghi
et al., 2020), which retrospectively evaluated 3,556 hospitalized
patients with COVID-19 infection; only 32 patients (0.9%)
had neurovascular imaging proving ischemic stroke. Stroke was
classified as cryptogenic in 65.6% of cases and interestingly, this
rate is higher than contemporary controls and historical controls
(30.4 and 25.0%, respectively, with a p < 0.001), and similar
to was previously described by Yaghi et al. (2020), Dhamoon
et al. (2021) also showed that COVID-19 patients have a
higher National Institute of Health Stroke Scale (NIHSS) severity
score than contemporary controls (23 vs. 12 p = 0.001) which
indicates higher severity and poorer prognosis for COVID-19
infected patients.

In the cohort evaluated by Dhamoon et al. (2021) they found
that in patients with COVID-19 infection, at the time closest
to stroke, mean coagulation laboratory values showed a mild
coagulopathy and elevated inflammatory markers (prothrombin
time 15.4 ± 3.7 s and INR 1.4 ± 1.3, elevated white blood cells,
platelets, C-Reactive protein, erythrocyte sedimentation rate and
interlukin-6 levels) and 97% of these patient had an elevated
d-dimer. These laboratories are suggestive that the etiology
of stroke in this population is likely secondary to endothelial
inflammation and coagulopathy. Additionally, they observed that
patients infected with COVID-19 had the worst stroke outcomes
and an in-hospital death rate in COVID-19 positive patients
vs. COVID-19 negative patients (33.3 vs. 12.9%, p < 0.0001);
the authors hypothesized that increased stroke severity may be
secondary to multiorgan involvement and more critically ill
status when infected by SARS2-CoV-2 virus.

When comparing with ischemic stroke, the incidence of
intracranial hemorrhage in COVID-19 related stroke is between
0.9 and 15.2% (Rothstein et al., 2020; Shahjouei et al., 2020;
Yamakawa et al., 2020). This large range in incidence may be
associated with the percentage of patients that were on systemic
anticoagulation therapy at the onset of the stroke during their
hospital stay (studies varied between prophylactic to therapeutic
anticoagulation). The Dhamoon group cohort (Dhamoon et al.,
2021) had 45.7% of COVID-19 patients on anticoagulation
and a higher incidence of intracranial hemorrhage (68.6% in
COVID-19 positive patients versus 90.7% in COVID-19 negative
patients). The higher incidence in this group of patients may
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FIGURE 1 | Schematic representation of the overlapping limbs of Virchow’s triad and how COVID-19 affects vascular thrombosis in different organ systems.

indicate a direct correlation between anticoagulation therapy and
intercranial hemorrhage during COVID-19 infection.

On the other hand, Rothstein et al. (2020) found that in 3
Philadelphia hospitals with 844 patients admitted with COVID-
19 infection, ischemic stroke was found in 2.4% of the patients
and intracerebral hemorrhage was present in only 0.9% of cases.
When comparing with prior observational studies, the incidence
of ischemic stroke was similar to the rate reported previously in
Wuhan (2.4%) (Mao et al., 2020), Italy (2.5%) (Lodigiani et al.,
2020), and Netherlands (2.5%) (Klok et al., 2020). COVID-19
related stroke rates appear to be higher than rates presented
in New York City; some have hypothesized that race/ethnicity
may play a role in these differences, given that there is a higher
proportion of black patients in the Philadelphia study (80%) and
higher white population in the New York study (70%) (Yaghi
et al., 2020). Whether this explanation is sufficient to explain the
difference in stroke rates remains to be tested.

Dissecting the Philadelphia group data (Rothstein et al.,
2020), patients developing stroke had a higher cardiovascular
risk profile, as they had nearly twice the rate of hypertension
and diabetes when compared with New York population.
Additionally, in-hospital mortality was higher in New York than
in Philadelphia (43 vs. 25%). The differences found between both
populations may be related to the difference between populations,
additional comorbidities, severity of illness, and compromise of
the health systems during the pandemic. To summarize, COVID-
19 infection begins as an upper respiratory tract disease but may
quickly spread to involve multiple organs during the acute phase.
Severity and extent of COVID-19 disease may vary according
to attendant comorbidities and genetic, ethnic, or geographic
backgrounds. Further studies delineating stroke risk in diverse
populations are forthcoming.

STROKE MECHANISMS AND
VIRCHOW’S TRIAD

Virchow’s Triad was initially used to determine the contributing
factors to venous thromboembolism; however, in recent years,
the observations of Virchow have been also applied to arterial
thromboembolism as well. It is now widely accepted that all three
limbs of Virchow’s Triad are satisfied in the arterial processes of:
inflammation, endothelial dysfunction, atherosclerosis, turbulent
blood flow, and abnormal function of platelet and coagulation
pathways, which lead to arterial thrombosis (Jerjes-Sanchez,
2004). In this section, we review each limb of Virchow’s triad
(hypercoagulable state, vascular damage, and intravascular stasis
of blood) in the context of COVID-19 infection, and discuss the
effects of these factors upon risk of developing stroke and other
related intravascular thrombotic diseases.

Hypercoagulable State
Tan et al. (2020) found that there is a significant increase in overall
blood clot formation in COVID-19 infected patients vs. non-
infected controls. In this study, the Investigators performed a clot
waveform analysis utilizing a global hemostatic assay in which
higher values are related to hypercoagulability. They found that
when SARS-CoV-2 virus enters pulmonary alveolar epithelium
via the human ACE2 receptor, there is a profound change in
the epithelial microenvironment associated with cytokine storm,
similar to the conditions found in acute respiratory distress
syndrome (ARDS). In a related study, Huang et al. (2020) found
that nearly all COVID-19 infected patients have high expression
levels of proinflammatory cytokines including: Interleukins (IL),
IL-1β, IL-1 receptor antagonist, IL-7, IL-8, IL-9, IL-10, basic
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fibroblast growth factor, granulocyte colony stimulating factor,
granulocyte macrophage stimulating factor, interferon gamma,
interferon gamma inducible protein, monocyte chemoattractant
protein, macrophage inflammatory protein-1 alpha, macrophage
Inflammatory protein 1 beta, platelet derived growth factor,
tumor necrosis factor alpha, and vascular endothelial growth
factor (Figure 2). Concentrations of these pro-inflammatory
plasma cytokines were elevated in both ICU patients and non-
ICU patients versus in healthy adult controls. In addition
to direct cytotoxicity, this proinflammatory state increases
hypercoagulability by increasing expression of serum coagulation
factors including: Tissue factor, von Willebrand factor, Factor
VIII, and activation of platelets, leading to thrombin generation
and fibrin clot formation (Figure 2). Thrombin, in turn,
increases inflammation through its direct effect on platelets,
which promote extracellular traps formation in neutrophils. It
also activates endothelium through the PAR receptor, which
leads to release of C5A that further activates monocytes
(Abou-Ismail et al., 2020).

Additionally, in a retrospective observational study in 3
hospitals in Philadelphia Rothstein et al. (2020) reported 78%
of COVID-19 patients had elevated antiphospholipid antibodies
(Zhang et al., 2020), and the burden was almost exclusively
anticardiolipin. In a meta-analysis by Nannoni et al. (2021),
antiphospholipid antibodies were measured in 87 COVID-19
patients, and 17.2% tested positive for IgM/IgG anticardiolipin
or anti-beta-glycoprotein I antibodies.

Microscopic evaluation of tissue affected by SARS-CoV-
2 virus as well as from other systems affected indirectly by
the virus can help clarify the mechanisms of tissue damage
as well as pathologic response. Parra-Medina et al. (2021)
found the presence of microthrombi in 60% of autopsies of
patients with COVID-19 infection. Microthrombi were present
in the lungs (73%), heart (11.2%), kidney (24%), and liver
(16.3%). They found that patients with microthrombi had
more comorbidities as arterial hypertension (62%), obesity or
overweight (64%), diabetes mellitus type 2 (51%), and heart
disease (53%). Hypertension was the strongest predictor of
microthrombi in this group of patients (p < 0.0001) (Parra-
Medina et al., 2021). These findings are suggestive of a strong
correlation to activation of platelets and coagulation factors in
the setting of an abnormal endothelium and vascular system as
most of these risk factors are also associated with risk factors
for development of atrial fibrillation and increase stroke risk as
demonstrated with the CHA2DS2-VASc score that predicts stroke
risk in patients without COVID-19 infection.

All these biochemical findings create the “perfect storm”
for the generation of a hypercoagulable state that facilitates
the formation of intravascular and intracardiac clots leading to
stroke in COVID-19.

Vascular Damage: Vasculitis and
Cardiomyopathy
Vasculitis
COVID-19 infection can generate cutaneous vasculitis-like
lesions and systemic arterial and venous thromboemboli,

including cryptogenic strokes and other related forms of
vasculitis. Likewise, vasculitis has been described in young or
pediatric-age patients that develop cutaneous vasculitis and a
systemic Kawasaki-like syndrome (McGonagle et al., 2021). In a
national registry study from Spain (Galván Casas et al., 2020),
6% of the patients of a cohort 371 presented with necrotic
skin lesions, the most severe presenting in older patients. In
another series of cases, a 30-fold increase of Kawasaki-like
diseases was found (Verdoni et al., 2020). Children present
multiple symptoms of systemic inflammation and in many cases
presenting cardiac involvement and features of macrophage
activation syndrome (Verdoni et al., 2020). Other potential
findings of systemic inflammation in children after a COVID-
19 infection have been the multiple reports of patients with
tachycardia, gastrointestinal symptoms, conjunctival injection
mucosal changes all the symptoms accompanied by high levels
of C-reactive protein, d-dimer and troponin (Dufort et al., 2020).
Kawasaki-like vasculitis has been reported in a few cases (Akca
et al., 2020) but the data are not yet conclusive enough to prove
that the virus can directly cause inflammation of the small vessels
as well; more evidence is necessary to correlate pathophysiology
with the clinical findings in younger patients.

Neurovascular Manifestations
In a post-mortem study with microscopy and high-resolution
magnetic resonance imaging of the brains of patients with
COVID-19 (median age, 50 years) (Lee et al., 2021), abnormalities
were seen in the brains of 10/13 patients. Magnetic resonance
microscopy showed punctate hyperintensities in 9 patients,
which represented areas of microvascular injury and fibrinogen
leakage. These features were observed on corresponding
histopathological examination performed with the use of
fluorescence imaging. In 5 of these patients, thinning of the
basal lamina of the endothelial cells was found. MRI findings
of punctate hypo-intensities in 10 patients corresponded to
congested blood vessels with surrounding areas of fibrinogen
leakage and intact vasculature on autopsy. Interestingly, of
these patients, SARS-CoV-2 virus was not detected by means
of polymerase chain reaction with multiple primer sets, RNA
sequencing of several areas of the brain, or RNA in situ
hybridization and immunostaining. This surprising finding may
be secondary to either low viral load or viral clearing from brain
tissue prior to death. Alternatively, vascular damage may have
directly caused these findings independently from infection of
neuronal tissue. Overall, these findings demonstrate different
pathways by which the SARS-CoV-2 virus can directly or
indirectly affect the brain and evolve to further macroscopic
damage as vessel occlusion or hemorrhage.

Cardiovascular Inflammation and Cardiomyopathy
Multiple studies have shown that COVID-19 infection results
in significant cardiac sequelae. Early autopsy studies report
elevated levels of troponin, myoglobin, C-reactive protein, serum
ferritin and Interlukin-6 in ventricular myocardium (Ruan
et al., 2020). These findings suggest at least two possible
mechanisms for myocarditis. One theory hypothesizes that the
virus produces a cytokine storm syndrome that subsequently
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FIGURE 2 | Hypercoagulable state responsible for causing stroke and PE in SARS-CoV-2 virus. Direct infection of vascular endothelial cells through the ACE2
receptor leads to expression of TF, platelet activation, and increased levels of von Willebrand Factor and Factor VIII, all of which contribute to thrombin generation
and fibrin clot formation. Platelet activation facilitates the creation of neutrophil extracellular traps. All of these inflammatory changes activate monocytes and
leucocytes that contribute to a pro-thrombotic cytokine storm.

provokes a continuous inflammatory cycle within myocardial
tissue. This theory is supported by autopsy reports describing
abundant interstitial mononuclear cells in the myocardium (Liu
et al., 2020). Another theory suggests that pulmonary vascular
compromise from an ARDS-like syndrome restricts oxygen

and nutrient delivery to and from the heart, thus generating
acute cardiac injury leading directly to cardiomyopathy (Nan
et al., 2020). A study by Chen et al. (2020) found elevated
levels of cardiac troponin and pro-brain natriuretic peptides
were related with a significant increase in plasma levels of IL-6
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in 120 COVID-19 infected patients. It is possible that these
two mechanisms are co-existent, creating a hostile environment
in the myocardium for inflammation and vascular damage.
Additionally, a catecholamine surge secondary to stress in
critically ill patients might contribute to myocardial damage
and pump failure, causing hemodynamic instability. Currently,
it is not well understood how cardiomyopathy develops;
more data will be required to answer the true origin of
myocardium compromise.

Vascular Stasis
The third element of Virchow’s triad is vascular stasis. In the
literature, there is not yet an abundance of data describing the
extent and location of vascular stasis in COVID-19; however,
several physiologic principles guide the assessment of this limb of
Virchow’s triad. When endothelial damage and platelet activation
occur with clot formation, there is a reduction of vessel lumen
size and a reduction of vascular flow associated with stasis
(Mehta et al., 2020; Munjal and Khandia, 2020). Hypercoagulable
state is in part responsible for both blood clot formation and
microthrombi and contributes to turbulent blood flow (Bray
et al., 2020). Vascular stasis is commonly present in critically
ill patients and in patients with COVID-19 infection, as both
groups have an increased risk for thrombosis secondary to
multiple external risk factors. Severity of the illness determines
the overall level of mobility of the patient, as patients who are
critically ill will have reduced functional capacity and will stay
in bed more often that those who are asymptomatic. Another
important associated factor is the level of care during admission,
as ICU patients have an increased risk for developing deep
vein thrombosis to 30% in the first week of hospital stay, and
this incidence can be equal or probably higher in ICU patients
admitted for COVID-19 infection (Attia et al., 2001). Also, due
to the high infection rate, the COVID-19 infected patients are
isolated, even when admitted in the hospital, the interaction with
nurses or even physical therapy is typically minimal, and this
reduces the mobility of the patient, potentially precluding rehab
in the convalescent period. All these factors increase vascular
stasis and increase risk of thrombosis facilitating the cascade
for embolic events.

RISK FACTORS FOR DEVELOPMENT OF
STROKE

COVID-19 infected patients who develop acute cerebrovascular
events are typically older (pooled median difference for
age = 4.8 years; 95% CI = 1.7–22.4), and event rates were
not different based on sex or gender alone (Nannoni et al.,
2021). Common cardiovascular risk factors are more frequently
present in COVID-19 infected patients who develop acute
cerebrovascular events (Table 1). In a large meta-analysis,
the common cardiovascular risk factor associated with stroke
in patients with COVID-19 were found to be: hypertension
[81 of 113 vs. 2392 of 11,683; OR:7.35 (95%CI: 1.94–27.87)],
diabetes mellitus [52/113 vs. 1489/11,683; OR:5.56 (95%CI: 3.34–
9.24)], and coronary artery disease [18/38 vs. 508/2181; OR:3.12

(95%CI: 1.61–6.02)]. There are no significant difference in
rates of COVID-19 related stroke among smokers versus non-
smokers [23/71 vs. 560/9374; OR:3.69 (95%CI: 0.47–29.23)].
Hypertension, diabetes mellitus and coronary artery disease
are strong cardiovascular risk factors for the development
of atherosclerosis, endothelial dysfunction and inflammation,
and they are also associated with increased risk of stroke
in patients with non-valvular atrial fibrillation as per the
CHADS2-VASc score. These same risk factors were found in
patients with COVID-19 infection that relate to the risk of
embolic event during the inflammatory phase of the COVID-
19 infection. Another important observation is the evidence of
patients with stroke and COVID-19 infection without known
comorbidities with an incidence of 22%; these findings suggest
a higher incidence of stroke in patients without traditional risk
factors (Shahjouei et al., 2021). Further studies are necessary
to understand if COVID-19 infection is a trigger for stroke
development in patients without know comorbidities or is just a
coincidence or an indirect consequence of critical illness (Walkey
et al., 2011; Moss et al., 2017).

ISCHEMIC VS. HEMORRHAGIC STROKE

Ischemic stroke is the most frequent type of stroke reported
in patients with COVID-19 infection. A very small group
of patients were found to have hemorrhagic stroke. For
patients with intracerebral hemorrhage, Nannoni et al. (2021)
found that of 102 patients identified, 44.1% showed a strictly
lobar hematoma and 18.5% the volume of the hematoma led
to intracranial herniation. Hemorrhagic stroke has been less
frequently described in association with COVID-19 infection and
it might be mostly related with the use of anticoagulation in
these patients as described above. Qureshi et al. (2021) found
in a cohort of 85,645 patients with COVID-19 that 154 patients
(0.2%) had intracerebral hemorrhage versus of 667 patients
of 197,073 patients without COVID-19 (0.3%) in a data set
comprising 62 health care facilities. They found a lower risk of
intracerebral hemorrhage in patients with COVID-19 infection
when compared with the patients without COVID-19 (odds ratio
0.5; 95% CI 0.5–0.6; p < 0.0001) after adjustment for sex, age,
cardiovascular risk factors and long-term anticoagulation use
(Qureshi et al., 2021).

In 23 studies the number of patients with SARS-CoV-
2 infection was 20,850 and the number of patients with
neurological manifestations was 1996 (9.5%). The total number
of patients with neuroradiological abnormalities was 602 (2.8%).
SARS-CoV-2 has led to various neuroimaging abnormalities
(Bahranifard et al., 2021). Of these abnormalities, ischemic
stroke was the most frequent with an incidence of 27%,
followed by microhemorrhages 18%, imaging abnormalities
without diagnosis 12%, and intraparenchymal hemorrhages
in 7% of the population. In another study, a group of 58
ICU patients with COVID-19 infection were evaluated for
infection-related neurological manifestations (Helms et al.,
2020). The median age of the patients in this study was
63 years old. In 13 of these patients, a brain MRI was
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TABLE 1 | Cardiovascular risk factors for acute stroke in COVID-19 patients from recent studies.

Study Patients with stroke Incidence Percentage OR (95% CI) p value

Risk factor for acute stroke in patients with COVID-19

Hypertension Nannoni et al., 2021 113 81/11,683 71.6 7.35 (1.94–27.87)

Qureshi et al., 2021 103 87/7,709 84.5 <0.0001

Dhamoon et al., 2021 105 82/277 78.1 0.78

Diabetes mellitus Nannoni et al., 2021 113 52/11,683 46 5.56 (3.34–9.24)

Qureshi et al., 2021 103 58/7,709 56.3 <0.0001

Dhamoon et al., 2021 105 43/277 40.9 0.56

Coronary artery disease Nannoni et al., 2021 38 18/2,181 47.36 3.12 (1.61–6.02)

Qureshi et al., 2021 105 20/277 19.2 0.13

Hyperlipidemia Qureshi et al., 2021 103 78/7,709 75.7 <0.0001

Dhamoon et al., 2021 105 47/277 44.7 0.93

Atrial Fibrillation Qureshi et al., 2021 103 29/7,709 28.1 <0.0001

Dhamoon et al., 2021 105 11/277 10.4 0.57

Atrial Fibrillation Qureshi et al., 2021 103 34/7,709 33 <0.0001

Dhamoon et al., 2021 105 13/277 12.3 0.7

Incidence and percentage are shown among different patient cohorts with corresponding p-values.

performed for unexplained encephalopathic features and they
found enhancement in leptomeningeal spaces was in 8 patients,
and bilateral frontotemporal hypoperfusion was noted in
all 11 patients who underwent perfusion imaging. Two
asymptomatic patients each had a small acute ischemic stroke
with focal hyperintensity on diffusion-weighted imaging and
an overlapping decreased apparent diffusion coefficient, and
1 patient had a subacute ischemic stroke with superimposed
increased diffusion-weighted imaging and apparent diffusion
coefficient signals. These data demonstrate the potential for
occult involvement of the brain in patients with COVID-
19 infection and they might present with silent strokes that
can also be misdiagnosed in the setting of neuro-depressive
medications, ICU stay, or with other conditions as agitation
and in hospital delirium. Thus, in addition to neurovascular
thrombosis, COVID-19 infection also directly affects brain
parenchyma and has a direct neurotoxic effect, which may
increase the pro-thrombotic milieu.

PULMONARY EMBOLISM

Another frequent complication in hospitalized patients with
COVID-19 is pulmonary embolism (PE). Riyahi et al. (2021) in
a multicenter study found an incidence of pulmonary embolism
of 25% in hospitalized COVID-19 patients. Other similar studies
report an incidence to be around of 1.9–8.9% of patients
(Galeano-Valle et al., 2020; Grillet et al., 2020; Lodigiani et al.,
2020; Stoneham et al., 2020). One possible explanation for the
variation of incidence between difference studies is the condition
and classification of critical ill patients and the short period of
following time in the cohort studies.

The pathophysiology behind PE formation can be attributed
to: hypercoagulable state, vascular damage, venous stasis
and one additional factor an immunological response
to decrease viral load that induces an inflammatory state
followed by local activation of hemostasis that is the product

of the interaction between endothelium and the platelets
(Thachil and Lisman, 2020).

MANAGEMENT

Treatment
The management of stroke in patients with COVID-19 infection
has been performed primarily based on current management
guidelines for patients with stroke without COVID-19 infection.
In ischemic stroke, the evaluation for intravenous thrombolytic
therapy should be performed as in any other patient, but
with taking the necessary precautions for infection control
(Venketasubramanian et al., 2021). Additionally, the use of
mechanical thrombectomy in selected patients should be the
same as COVID-19 negative patients. Nannoni et al. (2021)
showed that around 1,200 patients with acute ischemic stroke,
19.1% (236/1,205) received intravenous thrombolysis and 25.9%
(238/1,223) underwent endovascular thrombectomy. Outcomes
such as stroke or death in this cohort of patients were not
reported; however, other studies after multivariable analysis
showed no significant different in the treatment outcomes
(Siegler et al., 2021). The safety of both therapies during COVID-
19 infection are still being investigated, however, some anecdotal
case studies have reported varying results with mechanical
thrombectomy and have highlighted a possible increase of
re-occlusion risk in patients with initial acute large vessel
occlusion (Escalard et al., 2020; Oxley et al., 2020; Wang
A. et al., 2020). Expanding knowledge of the interplay of
innate immunity with atherothrombosis and stroke treatment
has attracted more attention during the COVID-19 pandemic
(Gerotziafas et al., 2020).

Prevention
Guidelines on the use of anticoagulants in preventing
COVID-19 related venous thromboembolism (VTE) have

Frontiers in Physiology | www.frontiersin.org 7 November 2021 | Volume 12 | Article 769254

https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles


fphys-12-769254 November 8, 2021 Time: 11:10 # 8

Gonzalez-Gonzalez et al. Virchow’s Triad in COVID-Related Stroke

been heterogeneous, and there is much less information
regarding anticoagulant use for prevention of stroke in this
population. The American Society of Hematology suggests
using prophylactic over intermediate levels of anticoagulation
for patients with COVID-19 infection who are critically ill
and who do not have suspected or confirmed VTE, unless
there is high risk of bleeding or significant contraindications
(Cuker et al., 2021). In patients previously on anticoagulation
for stroke prophylaxis, it is recommended that they should
continue full anticoagulation unless contraindicated. Other
studies aimed to understand how beneficial prophylactic
anticoagulation may be in COVID-19 patients. The ACTION
trial, which evaluated the use of prophylactic versus full dose
anticoagulation in hospitalized COVID-19 patients randomly
assigned 615 patients who had elevated d-dimer (Lopes
et al., 2021). They found that an in-hospital anticoagulation
strategy with either rivaroxaban versus enoxaparin, followed
by 30 days of rivaroxaban did not improve clinical outcomes,
and contributed to increased bleeding, as compared with
prophylactic anticoagulation alone (Lopes et al., 2021).
Therefore, the use of full anticoagulation should be used only
when there exists an evidence-based reason for anticoagulation,
as COVID-19 by itself, even when severe, is not considered
a true indication for full anticoagulation (Cuker et al., 2021;
Lopes et al., 2021).

OUTCOMES AND LONG-TERM
CONSEQUENCES AFTER COVID-19
INFECTION

A recent meta-analysis observed that out of 1,655 patients,
521 patients (31.5%) suffered in-hospital death, whereas 19.1%
(376/1315) were discharged home and 25.7% (288/744) were
discharged to a rehabilitation facility (Nannoni et al., 2021).
Huang et al. (2021), published a retrospective six month follow-
up in patients that were previously diagnosed with COVID-19
in Wuhan, China. They were able to follow 1,733 patients of
the 2,469 patients discharged with COVID-19 infection (Huang
et al., 2021). Of this group, only 4% was admitted in the ICU.
The investigators found that 76% of the population had at
least one symptom after COVID-19 infection at 6 months, and
the majority of the COVID-19 survivor patients complained
of fatigue or muscle weakness (63%), sleep problems (26%),
anxiety or depression (23%) (Huang et al., 2021). These findings
are consistent with prior investigations from previous SARS
survivors which had appropriate physical recovery after a year
but 33% reported a significant decrement in mental health a
year later (Tansey et al., 2007). The mechanisms by which
the SARS-CoV-2 virus causes mental sequelae is likely to be
multifactorial and related to immunological response, direct
viral infection, corticosteroid use, social isolation, stigma and
ICU stay (Rogers et al., 2020). At this time, the long-lasting
effects of COVID-19 in multiple organ systems affected by
COVID19 are still unknown, and the National Institutes of
Health has made the study of PASC a major research priority
(Rogers et al., 2020).

CARDIOVASCULAR EFFECTS OF
COVID-19 VACCINES

With the rapid spread of COVID-19 and in the attempt to control
further morbidity and mortality, multiple countries started with
the development of a vaccine for the SARS-CoV-2 virus. During
one of the most rapid vaccine trial rollouts in history, multiple
vaccines were developed each with different mechanisms of
action (messenger RNA, adenovirus vaccine, attenuated virus)
and started clinical trials in late 2020, showing excellent results
for the prevention of severe symptoms, illness and death. In 2021,
there has been wide dissemination of multiple vaccines, though
herd immunity remains elusive.

While the long-term effects of the vaccine are still unknown,
some initial reports of possible cardiovascular effects were
reported that were associated to the administration of the
vaccine. Post-vaccination adverse events recorded from the
United States Military and the Defense Health Agency showed
that 23 male patients (22 currently serving in the military
and 1 retiree) median age of 25-year-old [range 20–51]
presented with acute onset of marked chest pain within
4 days after receipt of an mRNA COVID-19 vaccine. All
military members were previously healthy with a high level
of fitness. Seven received the BNT162b2-mRNA (Pfizer)
vaccine and 16 received the mRNA-1273 (Moderna) vaccine.
A total of 20 patients had symptoms following the second
dose of an appropriately spaced 2-dose series. All patients
had significantly elevated cardiac troponin levels. Among 8
patients who underwent cardiac magnetic resonance imaging
within the acute phase of illness, all had findings consistent
with the clinical diagnosis of myocarditis. Additional testing
did not identify other etiologies for myocarditis, including
acute COVID-19 and other infections, ischemic injury, or
underlying autoimmune conditions. All patients received brief
supportive care and were recovered or recovering at the time of
this report.

As of July 19, 2021, Vaccine Adverse Event Reporting
System (VAERS) has received 1,148 reports of myocarditis or
pericarditis among people ages 30 and younger who received
COVID-19 vaccine. Most cases have been reported after
mRNA COVID-19 vaccination (Pfizer-BioNTech or Moderna),
particularly in male adolescents and young adults. Through
follow-up, including medical record reviews, CDC and FDA
have confirmed 674 reports of myocarditis or pericarditis.
CDC and its partners are investigating these reports to assess
whether there is a relationship to COVID-19. However, despite
these side effects from the vaccine, expert consensus at this
time recommends that the benefits (both individual and
societal) of the vaccines outweighs the risks, and thus vaccines
remain the gold-standard for the prevention and spread of
COVID-19.

CONCLUSION

Although stroke has been recognized as a complication associated
with COVID-19 infection, the correlation between traditional
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cardiovascular risk factors and stroke mechanisms is not well
understood. COVID-19 patients are more likely to have a
cryptogenic stroke, and risk of stroke in this population occurs
with less underlying cardiovascular risk factors versus non-
infected patients. Diagnosis of stroke in COVID-19 patients
indicates a poor prognosis, and management of stroke remains
the same, following usual stroke management guidelines and
by modifying cardiovascular risk factors. Guidelines-based
use of anti-thrombotic and anticoagulant drugs in COVID-
19 patients is recommended, but the use of anticoagulation
in patients with COVID-19 without evidence of embolic
events is not recommended. Use of anticoagulants is guided
by the known mechanisms of Virchow’s triad, whereby
reduction of vascular stasis, hypercoagulability, and endothelial

damage contribute to better stroke prevention and post-
COVID outcomes.
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